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Abstract: Mineral deficiencies, particularly for iron and zinc, affect over two billion people worldwide,
mainly in developing countries where diets are based on the consumption of staple crops. Mineral
biofortification includes different approaches aimed to increase mineral concentration and to improve
mineral bioavailability in the edible parts of plants, particularly the seeds. A multidisciplinary
approach, including agronomic, genetic, physiological, and molecular expertise, is necessary to
obtain detailed knowledge of the complex homeostatic mechanisms that tightly regulate seed mineral
concentrations and the molecules and mechanisms that determine mineral bioavailability, necessary
to reach the biofortification objectives. To increase bioavailability, one strategy is to decrease seed
content of phytic acid, a highly electronegative molecule present in the cell that chelates positively
charged metal ions, many of which are important for human nutrition. All the contributions of the
current Special Issue aim at describing new results, reviewing the literature, and also commenting
on some of the economic and sociological aspects concerning biofortification research. A number of
contributions are related to the study of mineral transport, seed accumulation, and approaches to
increase seed micronutrient concentration. The remaining ones are mainly focused on the study of
low phytic acid mutants.

Keywords: biofortification; low phytic acid (lpa) mutants; metal transporter; mineral deficiencies;
phytic acid

1. Introduction

In 2015, we edited a Plants Special Issue on “Phytic Acid Pathway and Breeding in Plants”, with the
aim to provide a unique compendium that highlighted new developments in our understanding of
how perturbation in phytic acid (PA) synthesis and accumulation contributes to plant function, growth,
and response to the environment. After 4 years, we believe that the development of biofortified crops to
respond to mineral deficiencies is still challenging. For this reason, we decided to launch a new Special
Issue on “Phytic Acid and Mineral Biofortification Strategies: From Plant Science to Breeding and
Biotechnological Approaches” in which we collected articles and reviews providing new knowledge
and technical advances in the field.

The review from Jha and Warkentin [1] can be considered as an introduction to the topics of the
present Special Issue. Although it focuses on the approaches used to biofortify pulses for different key
micronutrients, it also provides a general overview of the different strategies to tackle micronutrient
deficiency. The authors first describe the requirements and functions of the different key micronutrients
in humans and the negative impacts of their deficiency in the diet. Then, different approaches that can

Plants 2020, 9, 553; doi:10.3390/plants9050553 www.mdpi.com/journal/plants1



Plants 2020, 9, 553

be used to improve micronutrient content and absorption from the diet are presented. These approaches
include dietary diversification, the use of food supplements, food fortification, and biofortification.

The main objectives for crop seed biofortification are: (i) to increase seed micronutrient
concentration; (ii) to decrease seed content of antinutritional factors that reduce micronutrient
bioavailability, mainly PA.

To reach the first objective, it is important to acquire basic knowledge of the genes involved in
mineral transport, such as the Vacuolar Iron Transporter-Like (VTL) genes described in the article from
Sharma et al. [2], and of how minerals accumulate into seeds, the focus of the article by Pongrac et al. [3].
An overview of breeding approaches used to develop pulses with increased seed mineral concentration
is presented in the already cited review [1].

The other contributions of the present Special Issue cover different aspects related to the second
objective of crop biofortification. A very fascinating review from Raboy evaluates the possible economic
and social impact of low phytic acid (lpa) mutants [4]. A review and a commentary are focused on lpa
mutants in transporters [5,6]. Four articles describe the isolation and characterization in different
crops of lpa mutants [7–10], derived from mutagenized populations [7,9,10] or from the genome
editing technology approach [8]. An overview of the role of inositol pyrophosphates and useful
recommendations for the development of novel lpa mutants is presented by Freed et al. [11].

2. Mineral Transport, Seed Accumulation, and Breeding to Increase Concentration in Seeds

2.1. Mineral Transport and Seed Accumulation

Seed iron is mainly stored in vacuoles. Hence, improving iron uptake into the vacuole is a
valuable alternative strategy to increase total iron content. For this reason, the role of vacuolar iron
transporters needs to be addressed and exploited. The article by Sharma et al. describes the isolation
and preliminary characterization of the family of the VTL genes in hexaploid wheat. The authors report
data on phylogenetic analysis and on a quantitative expression analysis of VTL genes in response to
iron surplus and deficiency, under zinc, manganese, and copper deficiency, and under heavy metals
treatments [2]. Particularly, 23 wheat VTL gene sequences were identified that can be phylogenetically
distinguished from the Vacuolar Iron Transporters (VIT) ones and are grouped as 4 VTL genes due to the
occurrence of homeologs. The expression data in response to treatments with different concentrations
of minerals suggest that these genes have an important role in mineral homeostasis [2].

The knowledge of mechanisms involved in mineral accumulation, in terms of tissue-specificity,
speciations, and ligand compounds, is very important to set up a precise biofortification program. In the
wheat ear, awns (bristle-like structures extending from lemmas) have transpiration and photosynthetic
activity. Hence, their presence could contribute to the translocation of elements taken up by roots on the
one hand and/or to the phloem-driven (re)allocation of assimilates on the other hand, thereby affecting
mineral element density in the grain. The study by Pongrac et al. presents a comparison of mineral
element composition between awned and awnletted (those that have short or no awns) wheat cultivars.
Moreover, tissue-specific iron speciation and iron ligands in the cultivars contrasting for seed iron
content were also investigated using micro X-ray absorption near edge structure (micro-XANES) [3].
The authors found that among the 20 different cultivars, the awnletted ones showed lower whole-grain
concentrations of calcium and manganese, but higher iron concentration, compared to the awned
cultivars. Interestingly, no differences were observed either in iron speciation (the percentages of ferric
and ferrous iron are similar in the four most contrasting analyzed awned and awnletted cultivars) or in
terms of ligands, as on average 53% of the iron is in a phytate form. On the contrary, there was a distinct
tissue-specificity in iron speciation and ligands, with the pericarp containing the largest proportion
of ferric species with only non-phytate ligands, as also in the nucellar projection. In other tissues,
such as the aleurone, scutellum, and embryo, iron was predominantly bound to phytate. The authors
conclude that, as iron bioavailability is dependent on iron ligands, its bioavailability in wheat is tissue
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specific. Further investigation on the genetic and/or metabolic reasons behind the observed differences
is needed [3].

2.2. Germplasm Screening: Genetic Variation and Identification of Genomic Regions and Molecular Markers
(Quantitative Trait Loci (QTLs), Single Nucleotide Polymorphisms (SNPs))

The increase of seed micronutrient concentration can be achieved through agronomic interventions,
genetic engineering, and plant breeding. The first two approaches are briefly summarized in the
review by Jha and Warkentin [1]. However, a long section of the review is dedicated to conventional
plant breeding approaches that have been used to biofortify pulses, particularly common bean, lentil,
chickpea, mungbean, and pea, for some minerals (iron, zinc, and selenium), carotenoids, and folates.
The advantages of using conventional plant breeding, compared to the genetic engineering strategy,
are the relatively low costs and the high acceptability by consumers. The first step in this kind of
approach is the screening for genetic variability for micronutrients’ seed concentration. The authors
report that a significant effect of the genotype in the determination of micronutrient seed concentration
has been shown for the different micronutrients in the various pulses, although the environment
(weather and soil factors, such as aeration, water availability, pH, and texture) may have significant
effects, for example, in the case of zinc and selenium seed concentrations. Moreover, for the pulses
studied, they report the identification of genomic regions (Quantitative Trait Loci, QTLs) and molecular
markers, mainly Single Nucleotide Polymorphisms (SNPs), which can be used in marker-assisted
selection procedures, aimed at improving micronutrient seed concentration. In some cases, candidate
genes involved in the accumulation of the different micronutrients are described. The authors mention
the different crops, not only pulses, with increased micronutrient concentration that have been released
in recent years in developing countries, mainly thanks to the activity of HarvestPlus, an initiative of the
Consultative Group on International Agricultural Research (CGIAR), started in 2003 to enrich various
major crops with iron, zinc, and vitamin A. Evidence that the introduction of some of these crops in the
diet has helped in overcoming nutrient deficiency is well documented [1].

3. Decreasing Antinutritional Compounds Concentration: Four Decades of Research and Novel
Perspectives for lpa Mutants

3.1. Some Possibilities to Redeem the so far Neglected lpa Crops?

PA is the most abundant form of phosphorus (P) occurring in seeds. However, it is a “non-available”
form of P for monogastric animals devoid of phytase (poultry, swine, fish). Moreover, it is a strong
cation chelator, reducing the bioavailability of cations important for nutrition. PA is also a very
important signaling molecule involved in different regulatory processes during plant development
and responses to different stimuli [12]. Different contributions to the present Special Issue treat aspects
related to PA and lpa mutants [4–10].

Different lpa mutants have been isolated and characterized so far in different species, starting from
the first ones, the maize lpa1-1 and lpa2-1, isolated in the early 1990s in the USDA-ARS laboratory of
Raboy, but none of them has been commercialized, as the scientist underlines, with a certain regret,
in his very interesting commentary [4]. The commentary is strongly felt, as the author is “a person
intimately involved in the entire process across a 40-year period,” as written in his/her report by
one of the anonymous reviewers of the manuscript (the review reports are publicly available at the
webpage of the commentary). As still observed by one of the two reviewers, the view presented in this
commentary is multidisciplinary, as scientific, economic, and social aspects of the subject are discussed,
“encompassing the issues faced by all breeders (and probably agronomists as well) attempting to
develop new materials with significant social benefit but difficult to capture short term economic benefit
when favored alternatives exist with the reverse tendencies”. The author underlines that these mutants
have some potential advantages, mainly (i) improving phosphorus management in non-ruminant
production, contributing to enhance sustainability and reduce animal waste P, and (ii) increasing
mineral bioavailability as a strategy to combat mineral deficiencies, as shown by different studies.
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Nevertheless, these mutants have received very little interest. The author thinks that the reasons for
this are primarily due to the reduced yield (5–10% decrease) and field performance that characterize
some of these mutants, together with the criticism that reducing PA is not wholly advantageous as it
may also have positive nutritional benefits (antioxidant and anticancer properties, shown through
in vitro studies [13], although it has been shown that no phytate is present in human biofluids [14])
that might be lost in the lpa mutants. Moreover, another simple explanation may be the tendency to
use a conservative approach to crop improvement strategies for crops that provide staple foods to
at-risk populations in developing countries. However, no support or time to improve the agronomic
performance of these mutants has been provided. Some alternatives that have been preferred in recent
years exist. Concerning methods to increase P for feed, it can be directly added or phytase can be used
to increase the component of available P. The author says that these methods have been preferred to
the use of lpa crops, without calculating the possible long-term money-saving deriving from using
the lpa crops. Moreover, the positive results from animal nutrition studies when animals are fed lpa
crops (for example: leaner pigs, with enhanced muscle density and less backfat when fed lpa maize;
eggs with reduced cholesterol from hens fed lpa maize) ironically pushed farmers to apply phytase
superdoses, also in this case not considering the long-term money-saving if, instead, lpa crops might
have been used [4]. These savings would have overcome the reduced yield problem with the further
advantages of having more nutritious crops. Raboy is also quite critical of the HarvestPlus program
and the international agricultural centers participating in the Gates Foundation that concentrated
all their efforts only to promote biofortification through breeding crops for elevated micronutrient
density and, therefore, pushed the development and promotion of lpa crops to the sidelines, although
a combination of both approaches would likely give the most promising results.

After the publication of this Special Issue, an article has been published by different authors,
including scientists from HarvestPlus and CIAT (a CGIAR institute), comparing the retention of iron
and zinc when preparing common household recipes with conventional, biofortified, or lpa common
beans [15]. The retention of iron was very high and similar using the different bean genotypes, while lpa
beans exhibited lower retention for zinc. Further studies are needed to understand this difference.
However, the authors encourage the development of beans with an increased mineral content combined
with a low PA trait, and also with low concentrations of specific polyphenolic compounds, as the
research target for the next generation of biofortified beans [15]. This publication can lay the foundation
for a brighter future for lpa crops.

3.2. lpa Mutants in Different Classes of Transporters: Not Always so Obvious

PA reduction can be achieved with mutations in different types of transporters that control PA
transport to the vacuole (MRP-type ABC transporters), or by modifying inorganic P (Pi) availability
for PA synthesis through mutations in transporters involved in Pi loading and organ/intracellular
distribution (SULFATE TRANSPORTER 3;3 -SULTR3;3- and SULTR3;4, members of the group 3 of
putative sulfate transporters) or by Pi acquisition and mobilization during seed development
(PHOSPHATE TRANSPORTER 1;4, PHT1;4). The review by Cominelli et al. is focused on the
description of genes, proteins, and mutants of these different transporters in cereals and legumes [5].
Particular attention is dedicated to those mutants devoid of negative pleiotropic effects, such as mutants
affected by the common bean MRP1 gene and by the rice and barley SULTR3;3 and rice SULTR3;4
genes, suggesting strategies to develop useful lpa mutants in other species as well [5].

Sacchi and Nocito in their opinion paper propose a deeper discussion on group 3 putative sulfate
transporters and suggest some hypotheses to unveil the links between sulfate and P accumulation in
seeds [6]. The fact that genes predicted to encode for sulfate transporters, when mutated, cause a lpa
phenotype is anything but obvious. Differently from other sulfate transporters, for which capability to
transport sulfate has mainly been proven through complementation of yeast mutants, the function of
SULTR3s has only been hypothesized based on their sequence homologies. The rice and Arabidopsis
SULTR3;4 proteins are able to transport phosphate and not sulfate, as recently shown [16,17], explaining
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the lpa phenotype of the rice mutant. However, the OsSULTR3;3 protein does not show either phosphate
or sulfate transport activity. Some hypotheses on the link between sulfate and phosphate homeostasis
and the development of the lpa phenotype in sultr3;3 mutants are proposed in the opinion paper [6].

3.3. Response to P Fertilization

Seed PA content is affected by the amount of supplied P in various crops [18–20]. In this Issue,
two articles investigate the effects of P fertilization in genotypes differing in their PA content, particularly
in a soybean lpa mutant compared with two normal-phytate cultivars [10] and in two rice cultivars
described for their contrasting grain PA content [9].

In the first article, Taliman et al. [10] compare different parameters, such as dry weight,
photosynthetic rate, dinitrogen fixation, mineral accumulation, and grain yield between a soybean
lpa line and two varieties normally cultivated in Japan (wild type, wt) in response to high and low
P fertilization. The authors generally observed increased plant performance and yield at higher P
concentration in all three genotypes but very little difference between lpa and wt genotypes. Seed yield
was higher in the lpa line than in the normal-phytate cultivars at both fertilization doses. The results
show that the already positive properties of lpa seeds in terms of increased mineral cations bioavailability
can be also accompanied by good agronomic performance [10].

In the second article, Fukushima et al. [9] analyzed the response to P fertilization of two
previously selected rice genotypes differing for their PA content with the World Rice Core Collection 5
(WRC 5) genotype showing the lowest and WRC 6 showing the highest PA content among different
accessions [21]. The authors reported that differences in PA content between the two contrasting
cultivars were observed only under standard P fertilization conditions, while, if two different doses of P
fertilizer were applied at different developmental stages (at seedling or heading stage) an increase in PA
content was observed in both genotypes, highly reducing the differences between the two genotypes.
Interestingly, the expression level of the myo-inositol 3-phosphate synthase 1 (INO1) gene was suggested
to be the genetic basis explaining the natural variation in PA accumulation in rice. Although the DNA
sequences of the coding region and a putative promoter region of 1000 bp of the INO1 gene were
identical between WRC 5 and WRC 6, the gene is more expressed in the WRC 6 accession than in the
WRC 5 one. Moreover, the INO1 gene transcript accumulation increased in response to P fertilizer only
in the WRC 6 accession. The authors hypothesized the existence of different regulatory mechanisms of
PA content besides the DNA mutation in the INO1 gene [9].

3.4. lpa Mutants: Isolation and Characterization of New Mutants and Description of a Novel Screening Method
in Maize

The articles by Jiang et al. and Borlini et al. focus on the isolation and characterization of novel
lpa mutants in rice and maize, respectively; in the second article, a particularly easy new screening
method for maize lpa mutants is also described [7,8].

Most of the lpa mutants have been isolated by screening mutagenized populations and few
examples using transgenic approaches have been also reported [12]. Some maize lpa mutant lines
were obtained through a genome-editing based method, when this technology was not so popular as
today [22] and very recently barley mutant lines have been isolated through the same technology [23].
In the article presented by Jiang et al. [8], the CRISPR/CAS9 method was used to generate four rice
mutants in the OsITPK6 gene, coding for inositol 1,3,4-triphosphate 5/6 kinase. Very recently barley
lpa allelic variants have been isolated through the same technology. Jiang et al. described that the
decrease in PA content and the severity of the negative pleiotropic effects depended on the induced
mutations, with the three frameshift mutations resulting in a major reduction in PA content and in a
stronger impact on plant germination, growth, reproduction, and abiotic stress tolerance compared to
the effects due to the 6-bp in-frame mutation. There is a discrepancy between results obtained from the
present study and from a previous one [24], where another mutant affected in the same gene showed a
higher decrease in PA content than reported for the mutant in the article by Jiang et al., but normal
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plant growth. Further studies on other ositpk6 mutants could clarify this discrepancy and the role of
this gene in plant growth and reproduction in addition to its role in PA biosynthesis [8].

Different papers have reported the isolation of lpa mutants in different species by the screening
of F2 mutagenized populations through the disruption of the seeds analyzed by Chen’s assay [12].
In the paper by Borlini et al. [7], it was proposed to directly identify the putative mutant seeds by a
cheap and fast screening method based on the lower density of lpa1 seeds with respect to the wild type,
as reported in previous papers, where among the pleiotropic effects associated with the lpa mutation it
was also shown that there was a reduction of seed density in maize and rice. This assay was able to
identify the lpa mutant seeds because the lpa1 seeds can float in a concentrated sugar solution (density
1.218–1.222 g/cm3) due to their lower density, unlike the wild sibs that sink [7]. Hence, this method
could be used in massive screening of mutagenized populations with the aim to isolate allelic variants
at the lpa locus.

3.5. Inositol Pyrophosphate: Suggested Strategies for the Development of Novel lpa Mutants

In the cell, a small pool of PA can be further phosphorylated to form inositol pyrophosphates
(PP-InsP), containing one or two diphosphate groups (InsP7 and InsP8), through the activity
of inositol triphosphate kinase (ITPK) enzymes that phosphorylate PA to InsP7 and the
diphosphoinositol-pentakisphosphate kinases (PPIP5Ks) that phosphorylate InsP7 to InsP8. PP-InsP
have important roles in energy metabolism, hormone signaling (mainly jasmonate), and Pi sensing.
It has been shown that different Arabidopsis lpa mutations, affecting PA biosynthetic genes,
also cause a reduction in the content of InsP8 and in some cases of InsP7. Starting from this point,
Freed et al. recommend the breeders aiming at developing lpa mutants to take into account this aspect to
avoid negative pleiotropic effects that may reduce pathogen defense, mediated by jasmonate, and affect
phosphate homeostasis [11]. To overcome this possibility, one strategy is to develop transgenic lpa
lines using tissue-specific promoters active only in the seed. However, also in the seed, InsP7 and
InsP8 may have important roles in phosphate homeostasis not yet investigated. On the other hand,
the Arabidopsis mrp5 mutant, affecting the PA-MRP vacuolar transporter, shows increased content of
both InsP7 and InsP8, representing an interesting target for the development of new lpa mutants not
compromised in Pi homeostasis and in jasmonate signaling. In this way, the review intends to bridge the
gap between the basic science aspects of PP-InsP synthesis and function and the breeding/engineering
strategies aimed at developing lpa crops [11].

4. Conclusions

Although micronutrient malnutrition is still a challenging problem, progress has been achieved
in the development of biofortified crops, either by enhancing the content of key microelements such
as iron and zinc or by developing lpa mutants with good agronomic performance [1]. Enhancing
the content of key microelements has been achieved essentially by breeding, while studies on the
elucidation of the mechanisms, and therefore of the genes, involved in micronutrient uptake and
efficient storage in the seed are still in progress [1–3].

Advances have been achieved in understanding the function of a number of structural genes
involved in PA biosynthesis [7,8,11] and new genes, not obviously correlated to PA biosynthesis and
storage, have been discovered to play a role in PA accumulation in the seed [5,6]. Furthermore, there is
increasing evidence that many negative pleiotropic effects commonly associated with lpa mutants
may be overcome by efficient breeding, thus making reasonable and convenient the production of
lpa mutants [4,9,10]. To reinforce this convenience, there are also social and economic considerations,
as clearly explained in the review by Raboy [4].

In conclusion, it is quite clear that, at the moment, the most promising strategy to produce effective
biofortified crops is by combining seed PA reduction (lpa mutants) with increased seed mineral content,
as a number of results provide evidence showing that PA is still the main limiting factor to cations’
bioavailability in the diet of humans and monogastric animals [15].
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Abstract: Biofortification through plant breeding is a sustainable approach to improve the nutritional
profile of food crops. The majority of the world’s population depends on staple food crops; however,
most are low in key micronutrients. Biofortification to improve the nutritional profile of pulse crops
has increased importance in many breeding programs in the past decade. The key micronutrients
targeted have been iron, zinc, selenium, iodine, carotenoids, and folates. In recent years, several
biofortified pulse crops including common beans and lentils have been released by HarvestPlus with
global partners in developing countries, which has helped in overcoming micronutrient deficiency in
the target population. This review will focus on recent research advances and future strategies for the
biofortification of pulse crops.
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1. Introduction

Micronutrients, iron (Fe), zinc (Zn), selenium (Se), iodine (I), carotenoids, and folates are essential
nutrients required for human growth and development, as these contribute to various metabolic
functions in human. The majority of the world’s population depends on plant-based foods which
are often low in key micronutrients [1], and do not meet the recommended daily allowances (RDA).
Micronutrient malnutrition is commonly known as “hidden hunger” and affects one in three people
worldwide [2]. Micronutrient deficiencies may lead to serious illnesses such as poor growth, intellectual
impairments, perinatal complications, and increased risk of morbidity and mortality [3]. Further, they
aggravate infectious and chronic diseases including osteoporosis osteomalacia, thyroid deficiency,
colorectal cancer, and cardiovascular diseases and thus greatly impact quality of life [4].

Deficiencies of Fe, Zn, folic acid, and β-carotene are global issues, but they are more predominant
in Asian, African, and Latin American countries and affect more than two billion people [4,5].
Micronutrient deficiency and undernourishment of pregnant mothers affects nearly 50% of the world’s
population, potentially leading to intrauterine growth restriction, low birth weight, protein-energy
malnutrition, and chronic energy deficit [6]. Though rates are higher in Africa and Asia, deficiencies
of the four common micronutrients, Fe, I, Zn, and vitamin A, alone are responsible for about 12% of
deaths globally among children under 5 years of age [6].

Food crops rich in nutrients could address deficiencies of micronutrients and thus provide a
sustainable solution to global health issues [7]. Peas (Pisum sativum L.), chickpeas (Cicer arietinum L.),
lentils (Lens culinaris Medik.), common beans (Phaseolus vulgaris L.), and mungbeans (Vigna radiate L.)
are major pulse crops grown worldwide [8]. They are great sources of dietary proteins, complex
carbohydrates, vitamins, and minerals required for human nutrition [9–15]. Pulse crops are used in
traditional diets of people in many parts of the world since they are rich in proteins and amino acid
and are slowly digestible carbohydrates [8,9,16]. They are easily available to all groups of people

Plants 2020, 9, 73; doi:10.3390/plants9010073 www.mdpi.com/journal/plants9



Plants 2020, 9, 73

on a regular basis and provide the least expensive source of proteins and micronutrients [17]. Pulse
consumption has been increasing owing to their health and environmental benefits [18].

Micronutrient malnutrition has received increased attention in recent decades at a global level
and efforts have been made to combat them by various strategies such as increased food production,
supplementation, food fortification, and biofortification. Biofortification, enriching the nutritional
quality of food crop using either conventional plant breeding or modern biotechnology, is a balanced
approach to overcome mineral deficiencies [19–22]. Biofortification through plant breeding to improve
the nutritional profile of pulse crops has gained momentum in the past decade. In this regard, several
studies in pulse crops have identified genetic variation for the key micronutrients in the available gene
pools, with promising breeding lines being used in breeding, and associated genotypic markers for
marker assisted selection [11–13,23–30]. This review will focus on recent research advances for the
improvement of key micronutrients, Fe, Zn, Se, I, carotenoids, and folates in pulse crops. This review
will also discuss challenges and future strategies for the biofortification of pulse crops.

2. Key Micronutrients

2.1. Iron

Iron (Fe) is indispensable for living organisms and vital for various metabolic processes such
as electron transport and deoxyribonucleic acid synthesis [31]. In the human body, Fe is required
for the synthesis of oxygen transport proteins (hemoglobin and myoglobin) and enzymes involved
in electron transfer and oxidation-reductions [32,33]. In hemoglobin, it serves as a transporter of
oxygen from the lungs to the tissues. According to the Food and Nutrition Board of the Institute of
Medicine, National Academy of Sciences, the RDA of Fe is 8 mg/day for adult males and 18 mg/day for
females (https://ods.od.nih.gov/Health_Information/Dietary_Reference_Intakes.aspx). Iron deficiency
is considered the most predominant among various micronutrient deficiencies and the major contributor
of anemia and affects more than two billion individuals globally [34,35]. It can cause loss of energy,
dizziness, and poor pregnancy outcomes such as premature births, low birth weight babies, delayed
growth and development in infants, and poor cognitive skills [3,36,37].

2.2. Zinc

Zn is an another important mineral required by humans and is involved in many biological
functions, such as improving wound healing by its involvement in membrane signaling systems in cell
growth and proliferation [38,39], protecting cells from oxidative damage by quenching reactive oxygen
species [40,41], and reducing risk of various cancers including prostate and pancreatic [42]. The RDA
for Zn is 11 mg/day for adult males and 8 mg/day for adult females (https://ods.od.nih.gov/Health_
Information/Dietary_Reference_Intakes.aspx). Deficiency of Zn has many consequences including a
weak immune system, recurrent infections, mental illness, and retarded growth and fertility [43]. It
plays an important role in cell division; it thus significantly affects pregnant women.

2.3. Selenium

Se, an essential micronutrient, is required for growth and development and protects the human
body against infection, oxidative stress, and progression of cancer [44–47]. The RDI for Se is 55μg/day for
both males and females (https://ods.od.nih.gov/Health_Information/Dietary_Reference_Intakes.aspx).
In humans, Se deficiency is associated with several diseases, such as Keshan, Keshin-Beck, and
myxedematous cretinism [48].

2.4. Iodine

Iodine is a vital constituent of the thyroid hormones, thyroxine (T4), and triiodothyronine
(T3) and essential for normal growth, development, and metabolism. According to the Food and
Nutrition Board, Institute of Medicine, the RDI for I is 150 μg/day for both adult males and females
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(https://ods.od.nih.gov/Health_Information/Dietary_Reference_Intakes.aspx). Deficiency of iodine
causes hypothyroidism, goiter, cretinism, mental retardation, and reduced fertility and is accountable
for increased prenatal death and infant mortality [49–51]. Deficiency during pregnancy can cause
cognitive impairment in the offspring as it is critical for brain development [52,53].

Deficiency of iodine in human populations is different from other micronutrients as it is
predominant in developing as well as developed countries [54–56]. This could be due to the low
concentration of this mineral in agricultural soils and cereal-based foods [55].

2.5. Carotenoids

Carotenoids are natural pigments produced by plants. Plant-derived foods are sources of carotenoids
as humans and animals cannot synthesize carotenoids [57]. Carotenoids act as important antioxidants
in the human body and play a key role in various physiological processes. Overall, more than 600
carotenoids are known. Lutein and zeaxanthin prevent age-related macular degeneration [57,58]. Lutein
reduces the risk of cataracts and is associated with cardiovascular disease prevention [59,60]. Vitamin
A is important for normal vision, bone growth, and cell division in mammals [61]. β-Cryptoxanthin
stimulates osteoblastic bone formation and inhibits osteoclastic bone resorption [62], therefore playing
an important role in bone formation. Carotenoids have strong cancer-fighting properties [63] and
protect cellular organelles from oxidative damage by efficiently scavenging free radicals generated
during various metabolic processes [64,65]. Carotenoids are considered as Fe absorption promoters as
these improve human Fe bioavailability from plant-based foods [7]. For example, improvement of Fe
status was reported in the Venezuelan population after the addition of vitamin A in their food [66,67].

2.6. Folates

Folates are B9 vitamins and act as cofactors in various metabolic functions such as nucleotide
biosynthesis and amino acid metabolism in the human body [68,69], and are therefore required for
human growth and development. In plants, folates are important for biosynthesis of biomolecules
including lignin, alkaloids, and chlorophyll [70]. Humans are dependent on plant and/or animal-based
food sources as they cannot synthesize folates [69,71]. Deficiency of folates has been associated
with greater risk of various chronic diseases, such as neural tube defects [72], impaired cognitive
function [73], Alzheimer’s disease [74], cardiovascular diseases [75], and certain types of cancers [76].
Folate-rich diets are highly recommended during pregnancy as these effectively reduce the risk of
neural tube defects in newborns [77]. Insufficient folate intake during pregnancy increases the risk
of pre-term delivery and fetal growth retardation [78]. Wallock et al. [79] observed a correlation
between seminal plasma folate with blood plasma folate; hence, folates are also important for human
reproductive health [80].

3. Approaches for Improvement of Nutritional Profile

Dietary diversification, food supplements, food fortification, and biofortification are different
approaches used for improvement of the nutritional profile of crops to tackle micronutrient deficiency.

3.1. Dietary Diversification

Dietary diversification is a food-based strategy that involves consuming a wide range of different
foods, especially different plant based foods such as vegetables, fruits, and whole grains. Dietary
diversification also uses strategies at the household level, such as preparation of food that involves
soaking, fermentation, and germination, as these enhance micronutrient content and bioavailability [81].
Fruits and vegetables rich in promoter substances (ascorbate and β-carotene) that increase mineral
absorption should be taken along with a reduced intake of foods rich in anti-nutrients (phytic acid and
polyphenols), which inhibit mineral absorption. For example, for iron improvement, foods rich in
ascorbic acid (Fe absorption promoter) should be consumed [82,83]. Germination and fermentation can
improve iron bioavailability, as these methods increase the activity of phytase enzymes that hydrolyze
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phytic acid in whole grain cereals and legumes [84]. Levels of folates in diets can be improved by the
consumption of naturally folate-rich foods [85] or sprouted seed [86].

3.2. Food Supplements

Food supplements are micronutrients consumed in the form of pills, powders, and solutions
when diets alone cannot provide an adequate amount of nutrition. Supplementation can be used as a
short-term method to improve nutritional health and may be unsustainable for large populations. For
example, improvement of folate levels in diets was achieved by the use of folic acid supplements [85,87].
Further, this method had some success with vitamin A and zinc supplementation [88]. Folic acid, iron,
and zinc supplements have been helpful for children and pregnant women; however, this method is not
cost-effective, especially for low-income consumers [3,89]. Supplementation is a relatively cost-effective
method, but may not solve the root cause of micronutrient deficiencies. Supplements for folic acid,
zinc, and iron could show different physiological responses and absorption than consuming them in
food [3]. Supplementation requires access to medical centers, adequate educational programs, and
management of supplies vs. demand, with adequate storage facilities [3,90]. These are manageable in
developed countries, but not in rural populations and/or those of developing countries who have little
access to these facilities.

3.3. Food Fortification

Fortification is the addition of essential micronutrients including vitamins and minerals to foods to
improve their nutritional quality. Several food assistance programs by the World Food Program (WFP)
are in place using partially pre-cooked and milled cereals and pulses fortified with micronutrients to
overcome nutritional deficiencies and provide health benefits with nominal risk. For food fortification
with iron, ferrous sulfate, ferrous fumarate, ferric pyrophosphate, and electrolytic iron powder
compounds are commonly used [91]. Similarly, food can be fortified with folic acid to improve levels
of folates in diets [85,87]. Salt iodization (fortification with iodine) was successfully achieved to reduce
the incidence of goiter [92].

3.4. Biofortification

Biofortification is a process of improvement of nutritional profile of plant-based foods through
agronomic interventions, genetic engineering, and conventional plant breeding (Figure 1).

Figure 1. Different approaches of biofortification for improvement of nutritional profile.
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3.4.1. Agronomic Approaches

Biofortification through agronomic approaches can be achieved by applying mineral fertilizers to
the soil, foliar fertilization [93], and soil inoculation with beneficial microorganisms (http://www.fao.
org/agriculture/crops/).

Mineral Fertilizer

Mineral fertilizers are inorganic substances containing essential minerals and can be applied to the
soil to improve the micronutrient status of soil and thus plant quality. The phytoavailability of minerals
in the soil is often low; thus, to improve the concentration of minerals in the edible plant tissues, the
application of mineral fertilizers with improved solubility and mobility of the minerals is required [93].
This method can be used to fortify plants with mineral elements, but not organic nutrients, such as
vitamins, which are synthesized by the plant itself. This method was successfully implemented for Se,
I, and Zn, as these elements had good mobility in the soil as well as in the plant [93–96]. For example,
supplementation of inorganic fertilizers with sodium selenate significantly increased Se concentration
in various food items, fruits, vegetables, cereals, meat, dairy products, eggs, and fish in Finland [97,98].
Thus, supplementation of fertilizers with sodium selenate proved to be an effective way to increase Se
intake in the human population [99]. Similarly, plants were successfully enriched with I and Zn in
China and Thailand using inorganic fertilizers, respectively [100]. However, Fe fertilization was not
successful due to a low mobility of Fe in soil [101]. The concentration of Zn was increased in field pea
grains by either soil application of Zn fertilizer alone or combined with foliar treatments; thus, these
methods could be potentially used for the biofortification of field peas [102].

The fertilization strategy for biofortification typically requires regular applications, which could
become harmful for environmental health and may limit the availability of other minerals [93,100,103].
Further, soil composition in the specific geographical location, differences in mineral mobility, and the
potential of antinutrient compounds limiting mineral bioavailability are also constraints for successful
application of this strategy [104,105].

Foliar Fertilization

Foliar fertilization is the application of fertilizers directly to the leaves. It could be successful
when mineral elements are not available immediately in the soil or not readily translocated to edible
tissues [93,106]. Pulse crops were biofortified with micronutrients, Fe, Zn, and Se, through foliar
application in various studies that resulted in increased levels of these micronutrients in the harvested
grain. Márquez-Quiroz et al. [107] reported increased concentration of Fe (29–32%) in seeds of cowpeas.
Ali et al. [108] reported increased Fe concentration (46%) in mungbeans upon foliar application of Fe.
Similarly, foliar application of Fe and Zn significantly increased the concentration of these minerals
along with protein in seeds of cowpeas [109] and chickpeas [110].

Shivay et al. [111] observed a correlation between Zn uptake and the grain yield of chickpeas
following foliar application of Zn, and reported that this approach was better than soil application.
Similarly, Hidoto et al. [112] evaluated the effects of three Zn fertilization strategies on five varieties of
chickpeas and observed that foliar application was an effective method for Zn biofortification with a
greater accumulation of Zn in grain compared to soil application and seed priming. Foliar application
of Zn fertilizer for Zn biofortification was also reported in common beans [113–115] and field peas [102].

Increased concentration of Se was reported in seeds of peas [116], chickpeas [117], common
beans [118], and lentils [119] upon foliar application of Se fertilizers. Further, increased concentration
of I was observed in various crops by foliar application, and this could prevent I deficiency in human
populations with low dietary I intake [55].
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Plant Growth Promoting Microorganisms

Rhizobia, mycorrhizal fungi, actinomycetes, and diazotrophic bacteria are beneficial soil
microorganisms associated with plant roots by symbiotic association, and these protect plants by
various methods such as promotion of nutrient mineralization and availability and production of
plant growth hormones [120]. Though these are naturally present in the soil, their populations can be
enhanced by inoculation or agricultural management practices. Various plant growth-promoting (PGP)
soil microorganisms including Enterobacter, Bacillus, and Pseudomonas can be exploited to increase the
phytoavailability of micronutrients. These are used mostly as seed inoculants and enhance plant growth
through the production of growth hormones, antibiotics, chitinases, and siderophores and the induction
of systemic resistance and mineralization [121]. PGP microorganisms chelate iron via the production
of siderophore compounds, solubilize phosphorus, and inhibit growth of pathogens [122,123], thus
playing a significant role in soil fertility and iron fortification. PGP microbes are usually present in soil,
compost, and decomposing organic materials and provide an economical and harmless method for
increasing crop production and improve environmental and soil health [124].

Numerous studies have shown increased concentrations of Fe, Se, and Zn using microorganism
inoculants via mycorrhizal associations [125–127]. Further, enhancement of nitrogen fixation, plant
growth, and grain yield have been reported in legumes including chickpeas, soybeans and peas by
colonization of Pseudomonas sp., Brevibacterium sp., Bacillus sp., Enterobacter sp., and Acinetobacter sp. in
their roots and nodules [128–132].

In chickpeas, inoculation of PGP actinobacteria increased the concentration of seed minerals
including Fe (10–38%) and Zn (13–30%) compared to control (uninoculated) plants [133]. Similarly,
arbuscular mycorrhizal fungi field inoculation improved the nutritional profile of chickpea grains
by increasing Fe and Zn concentration along with yield and protein content [134]. Khalid et al. [135]
reported that application of PGP rhizobacteria with Fe compound (FeSO4) in soil increased
iron concentration (up to 81%) in chickpeas compared to a control, and suggested a potential
role of microorganisms in the additional uptake of Fe from soil upon supplementation with Fe.
Gopalakrishnan et al. [124] inoculated the seeds before sowing and the field plots of chickpeas and
pigeonpeas every 15 days until the flowering stage with seven strains of bacteria, P. plecoglossicida
(SRI-156), B. antiquum (SRI-158), B. altitudinis (SRI-178), E. ludwigii (SRI-211), E. ludwigii (SRI-229),
A. tandoii (SRI-305), and P. monteilii (SRI-360), and observed that these bacterial strains significantly
improved several growth parameters including nodule, pod number, and grain yield compared
to un-inoculated control plots. The harvested grains showed increased concentration of minerals
including Fe and Zn. Iron concentration was increased up to 18 and 12%, whereas the concentration of
Zn was increased up to 23 and 5% in chickpeas and pigeonpeas, respectively.

3.4.2. Genetic Engineering

Biofortification through genetic engineering is an alternative approach when variation in the
desired traits is not available naturally in the available germplasm, a specific micronutrient does not
naturally exist in crops, and/or modifications cannot be achieved by conventional breeding [136,137].
This approach was supported by the availability of fully sequenced genomes in various crops in
recent years. Along with increasing the concentration of micronutrients, this approach can also be
targeted simultaneously for removal of antinutrients or inclusion of promoters that can enhance the
bioavailability of micronutrients [93,106,138]. This approach had not only utilized genes associated with
various metabolic pathways operated in plants, but also from bacteria and other organisms [139,140].
Development of transgenic crops requires a substantial investment during the initial stage, but this
could be a sustainable approach that has the potential to target large populations, especially in
developing countries [96,103,141].

Several crops have been successfully modified using a transgenic approach to overcome a
micronutrient deficiency. For example, enhanced accumulation (3 to 4 times) of Fe was noted in
rice via expression of the iron-storage protein, ferritin [142,143]. In rice, the national levels for Fe
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and Zn biofortification nutrition targets were attained under field settings in the Philippines and
Colombia [144]. The genetically engineered rice (golden rice) was developed to produce β-carotene
(pro-vitamin A) to fight against vitamin A deficiency [145]. Recently, transgenic multivitamin corn was
produced by the simultaneous modification of three distinct metabolic pathways to increase the levels
of three vitamins, i.e., β-carotene (169-fold), ascorbate (6-fold), and folate (2-fold), in the endosperm,
and this could pave the way to develop nutritionally complete cereals [146]. Using metabolic
engineering, the folate concentration was increased in tomato and rice [85,147]. Storozhenko et al. [148]
reported more than 100-fold increase in folate concentration in rice by overexpression of Arabidopsis
thaliana pterin and para-aminobenzoate genes, precursors of the folate biosynthesis pathway, whereas
Hossain et al. [149] reported a two- to four-fold increase in Arabidopsis by overexpression of the gene
involved in pterin biosynthesis.

To the best of our knowledge, there are no examples of biofortified pulse crops developed through
a transgenic approach for Fe, Zn, Se, I, carotenoids, or folates in the available literature. However,
a genetic engineering approach has been applied in pulse crops for improvement of other nutritional
profile. For example, the concentration of the essential amino acid methionine was significantly
increased in transgenic common bean plants (up to 23%) by expression of a methionine-rich storage
albumin from the Brazil nut [150], and in the concentration of methionine in transgenic lupins (up to
94%) by expressing a sunflower seed albumin gene [151].

In recent years, targeted gene editing technologies using artificial nucleases, zinc finger nucleases
(ZFNs), transcription activator-like effector nucleases (TALENs), and the clustered regularly interspaced
short palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9) system (CRISPR/Cas9) have
given rise to the possibility to precisely modify genes of interest, and thus have potential application
for crop improvement [152,153]. These technologies have been used in various crops including
rice [154,155], wheat [156], and tomatoes [157]. Recently, CRISPR/Cas9 and TALENs technologies were
used to generate mutant lines for genes involved in small RNA processing of Glycine max and Medicago
truncatula [158]. Similarly, CRISPR/Cas9-mediated genome editing technology was used in cowpeas to
successfully disrupt symbiotic nitrogen fixation (SNF) gene activation [159]. These findings pave the
way for applicability of use of gene editing technologies for various traits of interest in legumes.

3.4.3. Plant Breeding

Limitations in the long-term effectiveness and sustainability of fertilizer approaches necessitates
the development of economical and longstanding strategies for increasing micronutrient density in
plants. Genetic engineering technology to produce genetically modified plants with desirable traits has
been used in corn, rice, wheat, and soybeans. This can be an effective approach for crop improvement;
however, political opposition to GMOs in many countries, a complex legal framework for the acceptance
and commercialization of transgenic crops, along with expensive and time-consuming regulatory
processes are the major limitations of this method [100,160,161]. For example, golden rice has been
available since the early 2000s and has the potential to deliver more than 50% of the estimated average
requirement for vitamin A, but unfortunately it has not been commercially introduced in any country
to date due to risk factors involved in the regulatory approval processes [162,163]. In developed and
developing countries, several groups endorse the arguments made by Greenpeace that approval of
golden rice will allow multinational corporations to control developing countries’ food supplies and
pose risks to human health and the environment (https://gmo.geneticliteracyproject.org/).

Restrictions on the use of genetically modified crops in many countries prompted HarvestPlus to
take the initiative to address micronutrient deficiencies through conventional plant breeding [20,22].
Biofortification through plant breeding is a cost-effective and sustainable approach that can improve
the health status of low-income people globally [19,21,147]. This approach has been used to control
deficiencies of micronutrients including carotenoids, Fe, and Zn [96,164].

HarvestPlus was started in 2003 by the initiative of the Consultative Group on International
Agricultural Research (CGIAR) to target several major food crops, including rice, common beans,
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cassava, maize, sweet potatoes, pearl millet, and wheat in Asia and Africa, to enrich them with
three major nutrients, Fe, Zn, and vitamin A through an interdisciplinary and global alliance of
scientific institutions and implementing agencies [165,166]. HarvestPlus is part of the CGIAR Research
Program on Agriculture for Nutrition and Health (A4NH). The HarvestPlus program is administered
by joint venture of the International Center for Tropical Agriculture and the International Food Policy
Research Institute and provides global leadership on biofortification evidence and technology. The UK
Government, the Bill and Melinda Gates Foundation, the US Government’s Feed the Future initiative,
the EU Commission, and donors to A4NH are principal investors [163] https://www.harvestplus.org.

Conventional plant breeding approaches can benefit not only large populations but also people
living in relatively remote rural areas who have limited access to commercially marketed fortified
foods [19,21,22,167]. This approach requires a one-time investment in plant breeding and can be grown
and multiplied across years by farmers at virtually zero marginal cost. Recurrent costs are low, and
germplasms can be available internationally without any adverse effect on productivity and health;
thus, biofortification has widespread public acceptance [20,21,100,168].

Genetic diversity is required in the gene pool to achieve success in biofortification through the
plant breeding approach. Several studies have shown substantial variation in the concentration
of minerals and vitamins in various crops [93,106]. Parental genotypes with high micronutrient
concentration can be identified by screening a wide range of germplasms, and these can be utilized in
making crosses, genetic studies, and the development of molecular markers to facilitate marker-assisted
selection in breeding. Promising lines can be tested at multiple locations to determine the genotype X
environment interaction (G X E) [163]. These can be submitted to national government agencies for
testing for agronomic performance and release after robust regional testing across multiple locations
over multiple seasons [163]. Using the above-mentioned strategy, various studies in pulse crops have
identified substantial variation in the available gene pools and recombinant inbred line populations
developed from promising parental genotypes. These were utilized for identifying genomic regions
and associated markers for their use in marker-assisted selection. Recent research advances in pulse
crops for improvement of key micronutrients, including Fe, Zn, Se, I, carotenoids, and folates, through
conventional plant breeding approaches, will be discussed in the following section.

4. Recent Research Advances for Biofortification of Pulse Crops

4.1. Iron

In several studies, a wide range of variation in Fe concentration has been observed in peas,
chickpeas, common beans, mungbeans, and lentils (Table 1). Significant genetic variability in
Fe concentration was observed in the core collection of common beans [169,170], common bean
populations [171–173], and a large collection of lentil accessions [174,175]. Cultivars of lentils (18),
peas (17), common beans (10), and chickpeas (8) grown at several locations in Southern Saskatchewan
(2005–2006) had Fe concentration of 75.6–100 mg kg−1, 47.7–58.1 mg kg−1, 57.7–80.7 mg kg−1, and
48.6–55.6 mg kg−1, respectively [11]. A 100 g serving of any of these pulse crops provided over 50% of
the RDA for Fe. A substantial variation in concentration of Fe was observed in 94 diverse accessions
each of chickpeas [12] and peas [13]. Further, Diapari et al. [12] identified several chickpea accessions
with high Fe concentration (52–60 mg kg−1) that could be utilized for the development of cultivars
with high Fe concentration. Significant variation was observed in Fe concentration (35–87 mg kg−1) in
mungbean lines commonly grown in South Asia [176]. In a recent study, Dissanayaka [29] reported
significant variation in a pea genome wide association study (GWAS) panel of 177 accessions evaluated
at Saskatoon and Rosthern Saskatchewan, Canada, and Fargo, North Dakota, USA.

The environment significantly affected the concentration of minerals in field peas, chickpeas,
common beans, and lentils grown at different locations in Saskatchewan, Canada [11]. Diapari et al. [13]
and Dissanayaka [29] reported a significant effect of genotypes, year, and location with higher Fe
concentration at Rosthern compared with Saskatoon in peas.
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Effect of genotypes was also significant in lentils [25,28] and chickpea [12,28]. Along with environment,
Fe concentration was also affected by varieties and locations. For example, Ariza-Nieto et al. [177] in
common beans and DellaValle et al. [178] in lentils observed differences in Fe concentration at the same
location due to varieties, whereas Moraghan et al. [179] reported higher Fe concentration in seeds
harvested from acid soil compared to calcareous soil. Diapari et al. [13] reported that the genetic factor
was responsible for substantial variation in Fe concentration in pea seeds grown at different locations
in Saskatchewan.

Table 1. Genetic variation and identified genomic regions and/or markers for the seed concentration of
various micronutrients in pulse crops.

Micronutrient Pulse Crop Plant Material
Concentration

Range (mg kg−1)

Genomic
Region/Marker

Reference

Iron Common bean Genotype 34–89 7 QTLs [169]
Common bean Genotype 35–92 [170]
Common bean DOR364 X G19833 40–85 13 QTLs [171]
Common bean G14519 X G4825 36–97 5 QTLs [172]
Common bean G21242 X G21078 28–95 6 QTLs [173]
Common bean Genotype 30–110 [175]

Lentil Genotype 41–109 [174]
Lentil ILL 8006 X CDC Milestone 37–176 21 QTLs [24]
Lentil Genotype 41–102 9 SNPs [25]

Lentil Genotype 69–86 [28]
Chickpea Genotype 48–57 [28]

Lentil Genotype 76–100 [11]
Pea Genotype 48–58 [11]

Common bean Genotype 58–81 [11]
Chickpea Genotype 49–56 [11]

Chickpea Genotype 36–86 4 SNPs [12]
Chickpea ICC 4958 X ICC 8261 40–67 6 QTLs [23]
Chickpea Genotype 40–91 10 SNPs [23]

Mungbean Genotype 35–87 [176]

Pea Genotype 26–94 9 SNPs [13]
Pea PI 648006 X PI 357292 37–62 5 QTLs [26]
Pea Orb X CDC Striker 26–49 4 QTLs [27]
Pea Carerra X CDC Striker 34–67 6 QTLs [27]
Pea Genotype 29–91 3 SNPs [29]

Zinc Common bean Genotype 21–54 11 QTLs [169]
Common bean Genotype 21–60 [170]
Common bean DOR364 X G19833 18–42 13 QTLs [171]
Common bean G14519 X G4825 17–49 8 QTLs [172]
Common bean G21242 X G21078 17–57 3 QTLs [173]
Common bean Genotype 25–60 [175]

Lentil Genotype 22–77 [174]
Lentil Genotype 23–54 12 SNPs [25]

Lentil Genotype 46–55 [28]
Chickpea 35–43 [28]

Lentil Genotype 37–51 [11]
Pea Genotype 27–34 [11]

Common bean Genotype 25–33 [11]
Chickpea Genotype 21–28 [11]

Chickpea Genotype 19–62 5 SNPs [12]
Chickpea ICC 4958 X ICC 8261 28–48 5 QTLs [23]
Chickpea Genotype 27–62 10 SNPs [23]

Mungbean Genotype 21–62 [176]

Pea Genotype 14–93 2 SNPs [13]
Pea PI 648006 X PI 357292 31–62 5 QTLs [26]
Pea Orb X CDC Striker 25–34 4 QTLs [27]
Pea Carerra X CDC Striker 17–41 6 QTLs [27]
Pea Genotype 13–51 7 SNP [29]
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Table 1. Cont.

Micronutrient Pulse Crop Plant Material
Concentration

Range (mg kg−1)

Genomic
Region/Marker

Reference

Selenium Lentil Genotype 0.3–2.6 [180]
Lentil Genotype 0.01–0.3 [181]

Lentil Genotype 0.4–0.5 [28]
Chickpea Genotype 0.3–0.4 [28]

Lentil Genotype 0.9–1.6 [11]
Pea Genotype 0.4–0.5 [11]

Common bean Genotype 0.4–0.5 [11]
Chickpea Genotype 0.6–0.9 [11]

Mungbean Genotype 0.2–0.9 [176]

Pea Genotype 0.03–1.8 [182]
Pea Genotype 0.08–5.5 [13]
Pea Orb X CDC Striker 0.3–2.2 3 QTLs [27]
Pea Carerra X CDC Striker 0.1–6.8 6 QTLs [27]
Pea Genotype 0.1– 8.7 44 SNPs [29]

Carotenoids Chickpea Not available 5 QTLs [183]
Chickpea Genotype 311–880 [184]
Chickpea Genotype 11–19 [185]
Chickpea Genotype 9–31 [186]
Chickpea Genotype 22–44 [187]
Chickpea CDC Jade X CDC Frontier 15–58 8 QTLs [188]
Chickpea Cory X CDC Jade 2–78 5 QTLs [188]
Chickpea ICC4475 X CDC Jade 22–84 5 QTLs [188]

Pea Genotype 7–23 [185]
Pea Genotype 6–27 [186]

Folates Pea Genotype 0.6 [189]

Pea Genotype 0.3–0.7 [190]
Common bean Genotype 1.4–1.6 [190]

Lentil Genotype 1.5–2.0 [190]

Pea Genotype 0.5 [87]
Lentil Genotype 0.7 [87]

Faba bean Genotype 1.0 [87]
Chickpea Genotype 1.5 [87]

Chickpea Genotype 2.7 [191]
Common bean Genotype 1.1–1.6 [191]

Lentil Genotype 1.1–1.5 [191]
Pea Genotype 0.1–0.2 [191]

Pea Genotype 0.4–2.0 [192]
Chickpea Genotype 0.4–1.2 [192]

Lentil Genotype 2.2–2.9 [192]

Chickpea Genotype 3.5–5.9 [15]
Common bean Genotype 1.6–2.3 [15]

Lentil Genotype 1.4–1.8 [15]
Pea Genotype 0.2–0.3 [15]

Chickpea Genotype 4.0–4.3 [193]
Common bean Genotype 2.4–3.0 [193]

Lentil Genotype 1.2–1.6 [193]
Pea Genotype 0.1–0.2 [193]

Lentil Genotype 1.7–5.0 [194]

Pea Genotype 0.1–0.6 31 SNPs [30]

Several SNP markers associated with Fe concentration were identified in peas [13,26,27,29],
chickpeas [12,23], and lentils [24,25] that can be used in marker-assisted selection (Table 1). In peas,
Diapari et al. [13] reported an association of nine SNPs with Fe concentration in 94 diverse accessions,
whereas Dissanayaka [29] reported significant association of three SNP markers with Fe concentration
in a pea GWAS panel of 177 accessions. Ma et al. [26] identified five QTLs for Fe concentration in a pea
population developed from “Aragorn” (PI 648006) and “Kiflica” (PI 357292). Similarly, Gali et al. [27]
observed several QTLs for seed iron concentration on four LGs of pea population PR-02 (Orb X CDC
Striker) and six LGs of PR-07 (Carerra X CDC Striker).
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In chickpeas, Diapari et al. [12] identified two SNPs on Chromosome (chr) 4 and one each on chr1
and chr6 in 94 diverse accessions, whereas Upadhyaya et al. [23] observed associations of six QTLs for
Fe concentration on Chromosomes 1, 3, 4, 5, and 7 in a population developed from a cross between
ICC 4958 and ICC 8261. In lentils, Aldemir et al. [24] identified 21 QTLs for Fe concentration on several
linkage groups (three each on LG1, LGII, and LGVII, six QTLs on LGIV, four QTLs on LGV, and two
QTLs on LGVI), whereas Khazaei et al. [25] reported nine QTLs in a panel of 138 accessions, and two
of them were tightly linked to Fe concentration in Chromosomes 5 and 6. Similarly, several QTLs
were identified for Fe concentration in common bean populations, DOR364 X G19833 [171], G14519 X
G4825 [172], and G21242 X G21078 [173].

4.2. Zinc

Like Fe, a wide range of variation in Zn concentration was observed in peas, chickpeas, common
beans, and lentils (Table 1). A significant variation in Zn concentration was noted in 94 diverse chickpea
accessions evaluated under field conditions in Saskatchewan, Canada [12]. This study identified three
kabuli type accessions, CDC Verano, ILC 2555, and FLIP85-1C (43–48 mg kg−1), and two desi type
accessions, FLIP97-677C and FLIP84-48C (42 and 41 mg kg−1), with the greatest Zn concentrations.

A substantial variation in Zn concentration was observed in common beans (24.8–33.3 mg kg−1),
peas (27.4–34 mg kg−1), chickpeas (21.1–28.3 mg kg−1), and lentils (36.7–50.6 mg kg−1) grown in two
years (2005–2006) at various locations in Saskatchewan [11], and each of these provided over 50% of the
RDA in 100 g of dry pulses. Significant variation for Zn was observed in the core collection of common
beans (>2400) [169,170], three common bean populations [171–173], lentil accessions (>1600) [174,175],
20 mungbean lines [176], a panel of 94 pea accessions [13], a panel of 177 pea accessions [29], and two
pea populations, PR-02 and PR-07 [27].

In various studies, the effect of genotypes, year, and/or location was significant for Zn concentration
in peas [13,29], chickpeas [12,28], and lentils [25,28]. Further, Zn concentration was often positively
correlated with Fe concentration [12,13,25,26,29].

Several QTLs and/or SNP markers were identified for Zn concentration in common beans,
chickpeas, lentils, and peas (Table 1). For example, QTLs were identified for Zn concentration in three
common bean populations [171–173]. Five SNPs were identified for Zn concentration in chickpeas,
and these were located on Chromosomes 1, 4, and 7 [12]. Further, in chickpeas, Upadhyaya et al. [23]
observed an association of eight genomic loci for Zn concentration. In lentils, Khazaei et al. [25]
reported twelve SNP markers for Zn concentration in a panel of 138 accessions grown at two locations
in Saskatchewan, Canada in 2013–2014.

Using a GWAS, Diapari et al. [13] found two SNPs for Zn on LG III in 94 pea accessions.
Ma et al. [26] identified five QTLs for Zn concentration on LGs II, III, V, and VII in a pea population
developed from Aragorn X Kiflica. Similarly, Gali et al. [27] identified one QTL each on LG1a and
LG3b, two QTLs on LG6 in PR-02, and numerous QTLs on various LGs (1a, 1b, 2b, 3b, 4, and 7a) in
the PR-07 pea population. In a recent study, Dissanayaka [29] reported a significant association of
seven SNP markers with Zn concentration in a pea GWAS panel of 177 accessions. Further, the SNP
marker Sc1512_36017 was co-localized with Sc11336_48840 on LG IIIb in PR-07. In a previous study,
Sc11336_48840 was identified as the flanking marker of a QTL for seed Zn concentration [27].

4.3. Selenium

Soil and weather conditions play important roles in Se concentration in harvested pulse crop
seeds. Among soil factors, aeration, water availability, pH, and texture are important, as these affect
the availability of Se [195]. Diapari et al. [13] observed that variation in Se concentration in peas was
mainly due to environment, whereas the effect of genotype was minimal (only 2.7% of the total). Se
concentration was higher at the Saskatoon location than Rosthern, and differences in Se concentration
were not significant across the 94 genotypes.
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Soils of Saskatchewan are generally rich in Se, so pulses grown in this region provide a natural
dietary source of this element [180,182,196]. Lentils grown in the Dark Brown and Brown soil zones of
Western Canada had a high concentration of Se (425–672 μg kg−1) [180] (Table 1). In comparison, lentils
grown in six major lentil-producing countries, Nepal (180 μg kg−1), Southern Australia (148 μg kg−1),
Turkey (47 μg kg−1), Morocco (28 μg kg−1), Northwestern USA (26 μg kg−1), and Syria (22 μg kg−1),
had a substantially lower Se concentration [181]. A wide range of variation was observed for Se
concentration in common beans (381–500μg kg−1), peas (405–554μg kg−1), chickpeas (629–864 μg kg−1),
and lentils (990–1637 μg kg−1) grown at several locations in Saskatchewan [11]. A 100 g dry weight of
any of these pulses could provide 100% of the RDA. Nair et al. [176] observed significant variation for Se
concentration (210–910 μg kg−1) in mungbean lines grown in two environments near Hyderabad, India.

Total Se concentration varied from 373 to 519 μg kg−1 in 17 field pea cultivars grown at six locations
for 2 years in Saskatchewan [182], and this provided 68–94% of the RDA upon the serving of 100 g peas.
Evaluation of 80 pea breeding lines obtained from Australia, Czech Republic, Serbia, and the United
States had relatively low concentration of Se; however, these lines showed greater concentration of
Se when planted in Saskatoon [182]. Similarly, Gali et al. [27] observed a considerable variation in Se
concentration in pea populations, PR-02 and PR-07, with a greater range in variation among RILs at
the Saskatoon location compared with Rosthern. Compared to Fe and Zn, Dissanayaka [29] observed a
substantially different pattern for Se at different locations, with a high coefficient of variation, and the
concentration varied from 0.06 to 8.75 ppm. The effects of genotype, genotype × year, and genotype ×
location were not significant, with the exception of the genotype effect at the trial grown in 2014 at
Fargo, North Dakota.

Several QTLs were identified for Se concentration in the PR-02 pea population on LGs 4a, 5a
and 7, and in the PR-07 pea population on LG4 and 5b [27] (Table 1). Using a pea GWAS panel of
177 accessions, 44 significant SNP markers were identified for Se concentration, but the majority of
the markers were not common among the location-years [29], and this could be due to substantial
variation in Se concentration and high coefficient of variation at different locations.

4.4. Iodine

Several studies have reported various methods such as foliar fertilization and application of salt
in soil and/or irrigation water for biofortification of crops with iodine; however, little information is
available on within-species variation. The consumption of cereal-based foods with low I concentration
is the major cause of I deficiency in humans [55,56,197]. Compared to grain, biofortification of leaves
and leafy vegetables could be easily achieved due to translocation of the majority of I to xylem tissues,
thus the majority of research is focused on I biofortification of vegetables instead of grains [56,198–200].

4.5. Carotenoids

Several studies have reported a carotenoid profile in pulse crops [183,185,186,201–204] (Table 1).
Lutein, zeaxanthin, and β-cryptoxanthin were reported in chickpeas [183,202], whereas violaxanthin,
lutein, and β-carotene were reported in field peas [201,203]. Thavarajah and Thavarajah [184] reported
a high concentration of carotenoids, beta-carotene (166–431 μg/100 g), canthoxanthine (21–68 mg/100 g),
and xanthophyll (9–20 mg/100 g) in 10 chickpea genotypes grown in Minot, North Dakota.

Ashokkumar et al. [185] evaluated carotenoids profile in 12 pea and 8 chickpea cultivars grown
at multiple locations in Saskatchewan, Canada, using high performance liquid chromatography
with a diode array detector. This method is sensitive, reliable, and accurate for the separation and
quantification of putative carotenoids. In peas, the concentration of carotenoids was greatest in
cotyledon, followed by embryo axis and seed coat. Green cotyledon cultivars (16–21 μg g−1) had
generally higher concentrations compared to yellow cotyledon cultivars (7–12 μg g−1). Lutein was the
major component (11.45 μg g−1) followed by violaxanthin (0.52 μg g−1), β-carotene (0.47 μg g−1), and
zeaxanthin (0.16 μg g−1). In kabuli type chickpea cultivars, carotenoid concentration was highest in the
cotyledon, followed by the embryo axis and seed coat, whereas in the desi type, the seed coat, followed
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by the cotyledon and embryo axis, had the highest carotenoid concentration. Lutein (7.70 μg g−1) was
the major component followed by zeaxanthin (5.76 μg g−1), β-carotene (0.40 μg g−1), and violaxanthin
(0.05 μg g−1).

In subsequent work, Ashokkumar et al. [186] observed a wide range of variation in concentration
of carotenoids in genetically diverse pea (94) and chickpea (121) accessions grown at multiple locations
in Saskatchewan, Canada. In the peas, the concentration of lutein was highest (11.2 μg g−1) followed
by β-carotene (0.5 μg g−1), zeaxanthin (0.3 μg g−1), and violaxanthin (0.3 μg g−1), whereas in the
chickpeas, the concentration of lutein (8.2 μg g−1) was highest followed by zeaxanthin (6.2 μg g−1),
b-carotene (0.5 μg g−1), β -cryptoxanthin (0.1 μg g−1), and violaxanthin (0.1 μg g−1). Green cotyledon
peas and desi chickpeas had a greater carotenoid concentration than yellow cotyledon peas and kabuli
chickpeas, respectively. Pea and chickpea accessions with high carotenoid concentration that can be
utilized in future breeding were identified. In five chickpea cultivars with different cotyledon colors,
total carotenoid concentration varied from 22 μg g−1 (yellow cotyledon kabuli) to 44 μg g−1 (green
cotyledon desi), with lutein and zeaxanthin as major components [187]. In a recent study, a wide range
of total carotenoid concentration was observed in three F2 populations developed by crossing cultivars
with different cotyledon and seed coat colors, CDC Jade X CDC Frontier (14.9–58.1 μg g−1), CDC Cory
X CDC Jade (1.9–77.6 μg g−1), and ICC4475 X CDC Jade (21.6–83.7 μg g−1) [188].

Total carotenoids (5.8–26.9 μg g−1) and β-carotene (2.6 μg g−1) were greater in peas [186] compared
with potato accessions (1.4–14.3 μg g−1) [205] and golden rice endosperm (1.6 μg g−1) [206]. Similarly,
in 121 chickpea accessions, the concentration of total carotenoids (15.0 μg g−1) was three times
greater than in 42 banana accessions (4.7 μg g−1) [207] and 37 potato accessions (4.4 μg g−1) [208].
Of all carotenoids identified, lutein was the major compound in chickpeas [183,185,186,202] and
peas [185,186,201,203,204]. Further, lutein has positive correlations with chlorophyll concentration in
peas [203] and zeaxanthin concentration in chickpeas [183].

Previously, four QTLs for beta-carotene concentration and a single QTL for lutein concentration
were detected in chickpeas [183] (Table 1). Using a GWAS, Rezaei et al. [187] identified 32 candidate
genes involved in isoprenoid and carotenoid pathways across all eight chromosomes of chickpeas. They
observed positive correlation between the expression of genes of carotenoid biosynthesis with various
carotenoid components. In a subsequent study, several QTLs were identified for total carotenoids and
individual components in three F2 populations, CDC Jade × CDC Frontier (8 QTLs on LGs 1, 5, and 8),
CDC Cory × CDC Jade (5 QTLs on LG 8), and ICC4475 × CDC Jade (5 QTLs on LGs 3 and 8) [188].
Further, several candidate genes associated with carotenoid components were observed with a major
gene for cotyledon color on LG 8 in each population.

4.6. Folates

A wide exploration of available genetic resources is necessary to identify the rich source of folates
for their potential use for the biofortification of pulse crops. Various methods have been employed
to quantify folates from different food sources including pulse crops, and these methods include
microbiological assays [209–211], liquid chromatography (LC) coupled with fluorescence detection
(FD) [87,192], and mass spectrometry (MS) detection [15,30,191,193,194,212–214].

Previously, researchers have identified a wide range of variation in folates quantified from pulse
crops (Table 1). For example, using a microbiological assay, Han and Tyler [190] reported 24.9–64.8 μg/
100 g folates in green cotyledon peas and 23.7–55.6 μg/100 g in yellow cotyledon peas grown at multiple
locations in Saskatchewan, Canada. Vahteristo et al. [189] and Hefni et al. [87] observed the folate
concentration of 59 and 52 μg/100 g using LC-MS in vegetable peas consumed in Finland and dry
green peas consumed in Egypt, respectively. Rychlik et al. [191] reported variable folate concentration
in different pulse crops—275 μg/100 g (chickpeas), 106–164 μg/100 g (white beans), 110–154 μg/ 100 g
(green lentils), and 10–20 μg/100 g (peas) using an LC-MS method, whereas Sen Gupta et al. [192]
reported a higher total folate concentration in field peas (41–202 μg/100 g) grown in the USA compared
to chickpeas (42–125 μg/100 g) using LC-FD.
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Using ultra-performance LC (UPLC), six folate monoglutamates were quantified in four pulse
crops, and the total folate concentration was the highest in chickpeas (351–589 μg/100 g), followed
by common beans (165–232 μg/100 g), lentils (136–182 μg/100 g), and pea (23–30 μg/100 g) [15]. This
method provided high accuracy in quantification of specific folates with the use of isotopically labeled
internal standards. Zhang et al. [193] identified eight folate monoglutamates using an optimized
one-step extraction approach in peas, chickpeas, beans, and lentils using UPLC-MS. They also observed
the highest folate concentration in chickpeas and the lowest concentration in peas. Zhang et al. [194]
quantified eight folate monoglutamates in six wild lentil species and one cultivated species using
UPLC-MS. They observed that wild lentil species (195–497 μg/100 g) had generally higher folate
concentration than cultivated genotypes (174–361 μg/100 g). Most recently, Jha et al. [30] quantified
five folate monoglutamates in 85 diverse pea accessions originating from worldwide sources using
UPLC-MS, and the results indicated a wide range of variation in the concentration of the sum of folates
(14–55 μg/100 g dry seed weight).

Tetrahydrofolate (THF), 5-methyltetrahydrofolate (5-MTHF), and 5-formyltetrahydrofolate
(5-FTHF) were the most abundant in common beans, lentils, chickpeas, and peas [15,30,208]. Further,
5-MTHF represented 56% of the total folate concentration in peas [15,30], whereas 5-MTHF and
5-FTHF represented 35–39% and 33–51% of the total folates in common beans, lentils, and chickpeas,
respectively [15]. Other studies also reported 5-MTHF as the predominant form of folate in common
beans [87,215], lentils [87,191], and chickpeas [87]. 5-MTHF was also the major folate in cereals,
vegetables, fruit, bread, milk, and meat products [87,216], and in humans [217]. Scaglione and
Panzavolta [218] reported various advantages to using naturally occurring 5-MTHF over synthetic
folic acid. For example, it helps in the prevention of the potential negative effects of unconverted folic
acid in peripheral circulation. Thus, 5-MTHF may be the most important folate that could be targeted
for improvement by breeders. Jha et al. [30] identified several pea accessions with greater folate
concentration including MPG87 (42 μg/100 g), Kahuna-NIAB (40 μg/100 g), and OZP0902 (50 μg/100 g).

Using a GWAS, five SNP markers were associated with the sum of folates, and fifteen, eight,
and three SNP markers were associated with major individual folates 5-MTHF, 5-FTHF, and THF,
respectively [30] (Table 1). Further, SNP markers Sc_6992_86348 and Sc_3060_11265 were validated
in an additional 24 accessions, and these markers have potential for marker-assisted selection in
pea breeding.

5. Status of Biofortification

In recent years, several crops with increased micronutrient concentration have been introduced
in several developing countries, and this has helped in overcoming nutrient deficiency in the target
population. For example, the introduction of the orange sweet potato biofortified with β-carotene
increased vitamin A intake among children and women in Mozambique [219] and Uganda [220], and
maize biofortified with provitamin A increased the concentration of vitamin A in 5–7-year-old children
in Zambia who consumed it for three months [221]. Similarly, serum ferritin and total body iron
were improved in iron-deficient adolescent boys and girls from Maharashtra, India, who consumed
Fe-biofortified pearl millet flat bread for four months [222]. Regarding pulse crops, the consumption of
Fe biofortified beans for 4.5 months improved the hemoglobin and total body iron in iron-depleted
university women in Rwanda [223].

By the end of 2016, more than 150 biofortified varieties of 10 crops had been released in
30 countries, and these are consumed by more than 20 million people in developing countries [163].
To date, HarvestPlus has released or tested more than 290 varieties of 12 staple food crops including
vitamin A orange sweet potato, iron beans, iron pearl millet, vitamin A yellow cassava, vitamin A
orange maize, zinc rice, and zinc wheat in 60 countries (www.harvestplus.org). Iron beans are delivered
in Rwanda and Democratic Republic of Congo, zinc rice is in Bangladesh, and zinc wheat is in India
and Pakistan.
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Among pulse crops, HarvestPlus has released 10 Fe-biofortified bean varieties each in Rwanda
(RWR 2245, RWR 2154, MAC 42, MAC 44, CAB 2, RWV 1129, RWV 3006, RWV 3316, RWV 3317,
and RWV 2887) and the Democratic Republic of Congo (COD MLB 001, COD MLB 032, HM 21-7,
RWR 2245, PVA 1438, COD MLV 059, VCB 81013, Nain de Kyondo, Cuarentino, and Namulenga)
(www.harvestplus.org). Similarly, several varieties of lentils with high iron and zinc have been released
by HarvestPlus and The International Center for Agricultural Research in the Dry Areas (ICARDA)
in various countries: seven in Nepal (ILL 7723, Khajurah-1, Khajurah-2, Shital, Sisir Shekhar, Simal),
five in Bangladesh (Barimasur-4, Barimasur-5, Barimasur-6, Barimasur-7, and Barimasur-8), two each
in India (L4704, Pusa Vaibhav) and Syria (Idlib-2, Idlib-3), and one in Ethiopia (Alemaya). For the
effective delivery and production of these crops, HarvestPlus works closely with various public and
private organizations [163]. For example, in Rwanda, HarvestPlus with the help of Rwanda Agriculture
Board (RAB) facilitated the production of bean seeds through contracted farmers and cooperatives and
acquired about 80% of certified seeds during 2011–2015.

Biofortification to enrich nutrient profile of pulse crops is one of the major goals in the pulse crop
breeding program at the Crop Development Centre (CDC), University of Saskatchewan, which was
established in 1971 with the objectives to improve existing crops and develop new crops (https://agbio.
usask.ca/research/centres-and-facilities/crop-development-centre.php#MoreAbouttheCDC). In recent
years, several projects have been undertaken to evaluate pulse crops for the profiling of folates,
carotenoids, polyphenols, Fe, Zn, and Se.

6. Challenges and Future Strategies for Biofortification

A greater micronutrient density and a high yield are prerequisites for effective biofortification,
and these crops must be adopted by farmers and consumed by the target population [21]. Bouis and
Saltzman [163] outlined three important challenges for HarvestPlus to reach one billion people by 2030,
i.e., building consumer demand, mainstreaming biofortified traits into public and private breeding
programs, and integrating biofortification into public and private policies.

Various factors such as genetic diversity in the gene pool, the reduction of antinutrients (especially
phytate and polyphenols), and increasing the concentration of promoter substances including certain
amino acids (cysteine, lysine, and methionine) and ascorbic acid (vitamin C), which enhance
the absorption of essential minerals, and/or high yield, are key for the success of biofortification
strategies [93,167].

Narrow genetic variation in the plant gene pool, a long-development time for generating cultivars
with a desired trait, and the dependence on the phytoavailability of the mineral nutrients in the soil are
limitations for conventional breeding approach [138].

The issue of narrow genetic variation for micronutrient concentration might be overcome by
the use of wild germplasm and land races, which may contain a high variation in micronutrient
concentration [93,106,138].

For efficient biofortification, the focus should be on increasing the bioavailability of micronutrients
simultaneously with increase in their concentration. This can be achieved by increasing the concentration
of promoters that stimulate the absorption of minerals and by reducing the concentrations of
antinutrients that interfere with absorption [93].

Vitamin E, vitamin D, vitamin C, choline, niacine, and provitamin A are considered promoter
substances and stimulate the absorption of Se, Ca P, Fe, Zn, methionine, and tryptophan [224].
In contrast, certain antinutrients including phytate and certain polyphenols reduce the bioavailability
of micronutrients in crops [93]. Phytate, a form of phosphorus stored in seed, is not digested by humans
or monogastric animals [225]. During digestion, it can bind to iron and zinc and thus restrict their
absorption [226]. The concentration of phytate can be controlled by identifying low phytate lines by
germplasm screening [227], manipulating the biosynthesis of phytate via mutation of a myo-inositol
kinase (MIK) gene [228], and overexpressing phytase, a phytate degrading enzyme [229].
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In the recent past, low-phytate lines in pulse crops have been developed and characterized to reduce
the concentration of phytate and thus improve mineral absorption [225,230–233]. Warkentin et al. [225]
developed low-phytate pea lines, 1-150-81 and 1-2347-144, using chemical mutagenesis of cultivar CDC
Bronco, a high-performing pea variety. They observed an approximately 60% reduction in phytate
phosphorus in low-phytate lines with an increase in inorganic phosphorus. However, these lines
had a slightly lower seed weight and a lower yield compared to CDC Bronco. Nevertheless, these
lines are being used to breed for improvement of phosphorus and micronutrient bioavailability, along
with high grain yield. Subsequently, Liu et al. [226] evaluated the effects of phytate and seed coat
polyphenols on the bioavailability of iron using low-phytate pea lines (1-150-81 and 1-2347-144). The
iron bioavailability (FEBIO) was 1.4–1.9 times greater in low-phytate lines compared to normal phytate
varieties. Further, pigmented seed coat pea showed a seven times lower FEBIO than non-pigmented
seed coats; however, the removal of seeds coats increased the FEBIO up to six times. To understand
the genetic basis of the low phytic acid (lpa) mutation in the pea, Shunmugam et al. [232] amplified
a 1530 bp open reading frame of myo-inositol phosphate synthase (MIPS), the rate-limiting step in
the phytic acid biosynthesis pathway, from CDC Bronco and two lpa pea genotypes, 1-150-81 and
1-2347-144. They did not observe any difference in coding sequence in MIPS between CDC Bronco and
lpa genotypes and noticed that mutation in MIPS did not cause the lpa trait in pea lines.

Various studies in common beans suggested that lpa lines can improve iron bioavailability by
reducing the phytic acid level up to 90% [230,234]. Homozygous lpa mutant line (lpa-280-10) was
isolated in common beans from a mutagenized population, and this mutant had 90% less phytic acid
and higher free Fe in the seeds compared to the wild type [230]. Further, at the molecular level, it
was observed that a recessive mutation was responsible for the lpa character. Panzeri et al. [231]
mapped the lpa1(280-10) mutation and identified and sequenced a candidate gene in common beans
for comparison with the soybean genome. They observed that the lpa1(280-10) mutation co-segregated
with the mutated multidrug resistance-associated protein (MRP) type ATP-binding cassette transporter
gene (Pvmrp1), which is orthologous to the lpa genes of Arabidopsis AtMRP5 and maize ZmMRP4.
They further observed that a defective Mrp1 gene caused an lpa1 mutation in common beans that
downregulates the phytic acid pathway at the transcriptional level and thus reduced seed myo-inositol.
Recently, a new lpa line influencing the PvMRP1 phytic acid transporter was identified in common
beans using ethyl methane sulfonate mutagenesis [233]. Further, PvMRP promoters were characterized
in Arabidopsis thaliana and Medicago truncatula transgenic plants.

Polyphenols are secondary metabolites including flavonoids and proanthocyanidins [235] and
provide protection against various fungal pathogens [236]. They are natural sources of antioxidants
in the human diet and are present in fruits, vegetables, cereals, and legumes [237,238]. Previously,
all polyphenols were considered as inhibitors of Fe bioavailability in humans. A recent study by
Hart et al. [239] reported that four polyphenols inhibited Fe uptake, whereas four other polyphenols
promoted Fe uptake upon evaluating the effect of polyphenols present in black bean seed coats on Fe
uptake using Caco-2 cells (human cell line). They further concluded that specific polyphenols (promoter
of Fe uptake) can be targeted in future breeding for improved Fe bioavailability. Jha et al. [240] detected
30 polyphenols in a recombinant inbred line population developed from crossing pea cultivars
CDC Amarillo (white flower) and CDC Dakota (purple flower). Among 30 polyphenols, catechin,
3,4-dihydroxybenzoic acid, and kaempferol 3-glucoside were present in all pea lines, and these were
considered promoters of Fe uptake by Hart et al. [239]. Thus, promising accessions having Fe promoter
polyphenols can be identified via a wide exploration of germplasms for developing cultivars with
additional health benefits.

Postharvest processing can also play an important role in efficient utilization of biofortified
crops, as a substantial amount of minerals from the diet can be lost by milling or polishing [241] and
cooking. Therefore, efforts should be made to retain the micronutrient concentration in edible seeds,
and their absorption by the consumer after processing and cooking [242]. Retention of zinc content
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after cooking in biofortified rice varieties produced either through traditional breeding or genetic
engineering approaches has been discussed in detail by Tsakirpaloglou et al. [243].

Iodization of salt was not enough to overcome I deficiency due to several factors such as the
unavailability of iodized salt for all households, the volatilization of I during cooking, and insufficient
consumption due to health issues [55,93,200,244]. Hence, for successful biofortification, further research
was needed to identify traits that control uptake, mobilization, and retention of I in the plant, and these
can be manipulated in plant breeding or using a genetic engineering approach [56].

In pulse crops, growth and productivity are affected by various abiotic and biotic stresses, which
can result in significant reduction of grain yield [245–250]. These stresses can significantly alter the
nutritional profile of the harvested seeds. As mentioned previously, the targeted micronutrients are
either antioxidants or part of enzymes involved in various metabolic processes including electron
transfer and oxidation reductions; thus, they protect cells from oxidative damage by quenching reactive
oxygen species generated under environmental stresses [32,33,40,41,46,68,69]. Biofortified crops with
a greater concentration of micronutrients can better withstand adverse environmental conditions and
demonstrate improved adaptation under these conditions.

7. Conclusions

Micronutrients are essential for human growth and development, and their deficiency is a major
concern that affects one in three people worldwide. Among various strategies, biofortification through
plant breeding is considered the most economical and sustainable approach to tackle micronutrient
deficiencies. This approach is universally accepted and has the potential to reach people living in
relatively remote rural areas that have limited access to commercially marketed fortified foods. Further,
it requires a one-time investment, and seeds can be multiplied across years by farmers at virtually zero
marginal cost. In recent years, significant progress has been made with the release of several biofortified
crop varieties that are helping to overcome micronutrient deficiencies in the target populations. Pulse
crops are an important source of protein and energy, so improvement in their nutritional profile will
significantly increase their consumption. Biofortification to improve the nutritional profile of pulse
crops has gained momentum in the past decade. However, there are several challenges ahead that
need to be addressed if the use of biofortified foods is to be successfully maximized.
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Abstract: Iron is one of the important micronutrients that is required for crop productivity and
yield-related traits. To address the Fe homeostasis in crop plants, multiple transporters belonging to
the category of major facilitator superfamily are being explored. In this direction, earlier vacuolar
iron transporters (VITs) have been reported and characterized functionally to address biofortification
in cereal crops. In the present study, the identification and characterization of new members of
vacuolar iron transporter-like proteins (VTL) was performed in wheat. Phylogenetic distribution
demonstrated distinct clustering of the identified VTL genes from the previously known VIT genes.
Our analysis identifies multiple VTL genes from hexaploid wheat with the highest number genes
localized on chromosome 2. Quantitative expression analysis suggests that most of the VTL genes are
induced mostly during the Fe surplus condition, thereby reinforcing their role in metal homeostasis.
Interestingly, most of the wheat VTL genes were also significantly up-regulated in a tissue-specific
manner under Zn, Mn and Cu deficiency. Although, no significant changes in expression of wheat VTL
genes were observed in roots under heavy metals, but TaVTL2, TaVTL3 and TaVTL5 were upregulated
in the presence of cobalt stress. Overall, this work deals with the detailed characterization of wheat
VTL genes that could provide an important genetic framework for addressing metal homeostasis in
bread wheat.

Keywords: micronutrient uptake; Triticum aestivum L.; Zinc transport; biofortification; Iron deficiency

1. Introduction

Successful micronutrient biofortification of crops through biotechnology requires detailed
knowledge of complex homeostatic mechanisms that tightly regulate the micronutrient concentrations
in plants. Iron (Fe) is one of the important micronutrients that is involved in multiple important
cellular and physiological processes in plants [1–3]. Some of the important functions include its
importance in photosynthesis, nitrogen fixation and respiration [4,5]. Although Fe may be present
in the soil, yet due to alkaline rhizospheric conditions or unfavorable circumstances, it is not being
efficiently taken up by plants [6–9]. Moreover, the Fe is mobilized through a multistep process
that overcomes transport bottlenecks and eventually is loaded in the developing grains [10–13].
Researchers worldwide are utilizing multiple approaches to either enrich Fe in grains or their storage
with enhanced bioavailability [14–17]. To improve Fe content in cereal grains, multiple transporters
and chelators have been targeted through multiple molecular approaches [14,15,18]. A number of
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additional micronutrient transporters have been identified, those are good candidates for micronutrient
biofortification, including transporters belonging to the major facilitator superfamily (MFS) gene
family [19,20]. Limited evidences are available that have performed molecular characterization of
wheat genes or gene families those which are specifically involved in Fe and Zinc (Zn) homeostasis.
Recent reports are emerging for the identification of few functional gene families belonging to, yellow
stripe like transporters [21], nicotianamine synthase (NAS), deoxymugineic acid synthase (DMAS) [22],
yet many genes families remained to be characterized in hexaploid wheat. Similarly, other wheat genes
including Zinc–Induced Facilitator-Like Family (ZIFL) transporters have been characterized for their
role in mobilizing the uptake of micronutrient such as Fe and Zn [23]. Most of these gene families are
highly upregulated in roots subjected to Fe starvation conditions [24,25]. These works identify some of
the important candidate genes as an important resource to strategize approaches for micronutrient
biofortification in wheat [26].

Fe storage in seeds gets compartmentalized in major subcellular organelles including chloroplasts
and vacuoles. For example, 95% of the iron is stored in vacuoles in the Arabidopsis seeds [27]. Vacuoles
are an important site for Fe mobilization wherein, they are bound to various chelators like phytic acid,
nicotianamine and other organic acids etc. Therefore, uptake of Fe into vacuoles could be an alternate
strategy to enhance total micronutrient content with a minimized tradeoff for its toxicity in the tissue.
To design such strategy, the role of vacuolar transporters needs to be addressed and exploited [14,28].
Previously, vacuolar iron transporters (VIT) were shown to be play an important role in maintaining
Fe in the optimal physiological range and prevent cellular toxicity [14]. VIT genes from multiple plant
species have been characterized and assessed for their ability to enhance Fe content in cereal crops [15].
These VIT genes show high homology with a small family of nodulin like protein containing a CCC-1
(Ca2+-Sensitive Cross Complementer) like domain with yeast CCC1p1 [29]. CCC-1 like the domain was
initially discovered in yeast encoded for the vacuolar iron transporter in yeast. Furthermore, mutant
ccc1 cells show increased sensitivity to external iron [27,30] AtVIT1 is one of the early characterized
genes showing the presence of CCC-1 like domain and transport of iron to vacuoles [27].

Utilizing the bioinformatics resources, subsequent studies led to the identification of many
vacuolar iron transporters-like (VTL) proteins from different plant species. Model species, Arabidopsis
genome encodes five VTL proteins and overexpression of the few genes have shown increased Fe
content in seeds. AtVIT1 protein can transport iron into the vacuoles to counter the toxicity and
support the seedling development under enhanced iron conditions [29,31].

Wheat is an important crop that is consumed in many developing countries, including India and
is therefore being targeted for trait improvement for nutritional quality. Therefore, the characterization
of vacuolar transporters in an important crop such as wheat becomes a prerequisite to address the
global issue of biofortification. In the current work genome-wide identification of wheat VTL genes
was performed. Further, expression studies during different regimes of Fe, Zn and multiple heavy
metals was done to gain insight for the regulation of wheat VTL genes in a tissue-specific manner.

2. Results

2.1. Identification, Phylogenetic Analysis and Genomic Distribution of Wheat VTL Genes

Thirty-one wheat VIT family sequences were identified based on Ensembl Pfam search and
bidirectional BLAST analysis (Table S1). Subsequently, to study the phylogenetic relationship among
VIT and VTL family protein sequences from wheat, Brachypodium, maize, rice, Arabidopsis and
S. cerevisiae, an unrooted neighbour-joining tree was constructed. This analysis separated the sequences
into two distinct clades representing VTL and VIT proteins. This also led to the clustering of the wheat
VIT family members into 8 VIT and 23 VTL sequences (Figure 1, Table S2). Due to the occurrence of
homoeologs, the 23 VTL sequences were grouped into 4 VTL genes and named as TaVTL1, TaVTL2,
TaVTL4 and TaVTL5 that corresponds to the rice orthologs followed by the chromosome number.
None of the orthologs in wheat showed high confidence similarity with rice vacuolar iron transporter
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homolog 3. TaVTL1 and 4 were found to have three homoeologs, while TaVTL2 had four. In contrast,
the phylogenetic analysis grouped 13 highly similar sequences together with rice vacuolar iron
transporter homolog 5, these were named as TaVTL5 (Figure S1).

TaVIT1 and TaVIT2 have already been reported earlier [14]. Interestingly, another new wheat VIT
with two homoeologs on chromosome 7 (sub-genomes A and D) was identified (referred as TaVIT3).
VIT genes were located on chromosome groups 2, 5 and 7, while VTL genes were on chromosome
groups 2, 4, and 6 with a maximum contribution from chromosome 2. Nine VTL genes were present
in the B sub-genome, while seven each on A and D sub-genomes. The maximum number of VTL
sequences were located on chromosome 2B (Figure 2A).

Figure 1. Phylogenetic analysis showing separation of vacuolar iron transporter (VIT) family in
Arabidopsis, Brachypodium, Oryza sativa, Zea mays and Triticum aestivum into two distinct clades; vacuolar
iron transporter-like (VTL) clade and VIT clade. The neighbour-joining phylogenetic tree was generated
using MEGA. The numbers represent bootstrap values from 1000 replicates.

2.2. Gene, Protein Structure and Subcellular Localization

VIT genes in wheat have three and four intronic and exonic regions respectively, while VTL genes
have a single exon each with the absence of any introns (Figure 2B), clearly dividing the VIT family
into two sub-families based on gene structure also. CDS length was found to be varying from 657
to 747 nucleotides for wheat VIT genes. The CDS length for VTL genes was ranging from 549 to
810 nucleotides except for TaVTL5-2A_3 that was 378 nucleotides long. The short length of one VTL
gene is due to the missing sequence information at the stop site. The length of TaVIT peptides ranged
from 218 to 256 while TaVTL protein length varied from 125 to 269 amino acids. The division of VIT and
VTL proteins was also evident from the sub-cellular localization (Table S2); while TaVIT proteins were
predicted to be predominantly localized on the plasma membrane and chloroplast thylakoid membrane,
maximum TaVTL proteins were predicted to be present on the vacuolar membrane (87%). TaVTL4-4A
was predicted to be localized on plasma membrane. VIT proteins had 3–4 predicted trans-membrane
(TM) domains. TaVTL1, 2 and 4 had five TM domains majorly, except for TaVTL4-4B which was
predicted to have 6 TM domains. Only TaVTL5-2D_3 had five TM domains; other paralogs/homoeologs
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of TaVTL5 had lesser number of TM domains probably due to gene duplication events or missing
information. To summarize, TaVTLs have five TM domains predominantly, which are depicted in
Table S2. VIT1 from Eucalyptus grandis (EgVIT1) crystal structure was deciphered recently [32] that
was used to confirm the VIT family protein topology prediction using Phobius [33]. EgVIT1 was
predicted to have only three TM domains while the crystal structure stated the presence of five TM
domains. Therefore, VIT, as well as VTL protein sequences from wheat, were aligned to EgVIT1 to see
the possible TM domains in addition to those predicted by Phobius (Figure S2).

Figure 2. Genomic distribution and exon intron arrangements of VTL genes. (A) VTL genes genomic
distribution. Wheat VTL genes were present on chromosome groups 2, 4 and 6 with maximum VTL
genes on chromosome group 2, which was selected to show the VTL gene distribution on 2A, 2B and
2D chromosomes. (B) Genomic structure for wheat VTL and VIT genes. The intron-exon arrangement
was identified using Gene Structure Display Server (GSDS). Exons and introns are represented using
pink boxes and cyan lines, respectively. The scale determines the size of the genomic regions.

2.3. Conserved Domain and Motif Analysis

All the VIT and VTL genes were found to have the typical CCC1-like superfamily domains of
yeast, which were demonstrated earlier for the iron and manganese transport from the cytosol to
vacuole. Motif analysis using MEME webserver suggested that motifs 6, 9, and 10 are VIT specific with
exceptions for motif 10 been absent in TaVIT3 and motif 6 absent in TaVIT3-7A. Similarly, motifs 5, 7, 8,
11 to 14 are VTL specific with the exception that motif 5 was absent in TaVTL5-2B_3 and TaVTL5-2B_5,
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where motif 7 was specific for TaVTL5 sequences except in TaVTL5-2A_3, TaVTL5-2B_6, TaVTL5-2D_3.
Motif 8 was specific for TaVTL1, 2 and 4. Motif 11 for TaVTL1 and 2. Motifs 12 and 13 were unique for
TaVTL2, whereas Motif 14 was present only in TaVTL1 (Figure 3, Table S3).

Figure 3. Conserved motifs identified for TaVIT and TaVTL proteins using MEME suite 5.1.0. The colored
rectangles on each sequence represent specific conserved motifs numbered 1 through 14, as depicted by
the color codes in the box.

2.4. Expression of Wheat VTL Genes under Fe Deficiency and Surplus Condition

To check the regulation of VTL genes at the transcriptional level, the promoters for the wheat
VTL genes were scanned for the cis-elements responsive for Fe and heavy metals. The analysis
revealed the presence of multiple such sequences, including iron-deficiency-responsive element 1
(IDE1), metal response element (MRE), heavy metal responsive element (HMRE) and iron-related
bHLH transcription factor 2 (IRO2) binding site (Table S4). In the most abundant category,
iron-deficiency-responsive element 1 (IDE1) was predominant. Interestingly, the IRO2 binding
site was present only in the regulatory region of TaVTL2B/D. These observations suggest that VTL
expression could be regulated by the presence-absence of specific metals including micronutrients
such as Fe and Zn.

Previously, VTL genes were reported to have differential expression patterns under the changing
regimes of Fe and Zn [31]. Therefore, we tested if wheat VTL genes could respond at the transcript level
when subjected to changing Fe concentration. The expression in roots and shoots of wheat seedlings
was measured after subjecting them for three and six days of starvation. Our expression analysis
suggests that in roots all the VTL genes (TaVTL1, TaVTL2, TaVTL4 and TaVTL5) were downregulated at
both the days, whereas, only TaVTL5 was upregulated at six days of starvation (Figure 4A).
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Figure 4. Tissue-specific qRT-PCR expression analysis of wheat VTL genes during Fe deficiency (-Fe)
and in the control (C) conditions. Wheat seedlings were subjected to Fe deficiency for three and six days
represented as -Fe(3D) and -Fe(6D). The controls for the respective time points are represented as C(3D)
and C(6D). (A) Fold expression analysis was performed in roots and (B) in shoots. 2 μg of total RNA for
the cDNA preparation. Relative fold expression levels were calculated relative to C(3D). Ct values were
normalized using wheat ARF1 as an internal control. Vertical bars represent the standard deviation.
# represents the significant difference at p < 0.05 with respect to their respective control treatments.

Similarly, in shoots also all the expression of wheat VTL genes was suppressed except for
TaVTL2 that was upregulated only on six days post starvation (Figure 4B). These expression data
demonstrate that under Fe deprivation VTL gene expression are negatively regulated in wheat seedling.
Transcriptomic sequencing data from wheat seedlings after 20 days of Fe starvation (SRP189420) were
also used to check expression response upon Fe starvation. Categorically, TaVTL5 group genes were
seen to be upregulated upto 12-fold, with TaVTL5-2B_6 showing upregulation of ~60 fold, although
the expression was not very high (Figure S3).

Next, we performed the gene expression analysis under the excess Fe regime. This was done
to test if wheat VTL genes could be potentially involved in detoxification of excess Fe. Interestingly,
we observed a significant up-regulation of all the TaVTL genes in roots at both the time points. Out
of all, TaVTL4 showed the highest fold gene expression (~100 fold) when compared to its control
(Figure 5A).
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Figure 5. Tissue-specific qRT-PCR expression analysis of wheat VTL genes during Fe surplus (+Fe)
and in the control (C) conditions. Wheat seedlings were subjected to Fe surplus for three and six days
represented as +Fe(3D) and +Fe(6D). The controls for the respective time points are represented as
C(3D) and C(6D). (A) Fold expression analysis was performed in roots and (B) in shoots. 2 μg of
total RNA for the cDNA preparation and relative fold expression levels were calculated relative to
C(3D). Ct values were normalized using wheat ARF1 as an internal control. Vertical bars represent the
standard deviation. # represents the significant difference at p < 0.05 with respect to their respective
control treatments.

TaVTL2 show very early and high expression response, whereas both TaVTL1 and TaVTL5 were
highly expressed at six days of treatment. At this time their gene expression level was more than
~14 fold compared to control. In contrast, in shoots most of the wheat VTL genes were expressed at the
three days of treatment with TaVTL1 and TaVTL2 showing the transcript accumulation of 8–14 folds
with respect to their control (Figure 5B).

2.5. Manganese, Zinc and Copper Deficiency Causes Differential Changes in VTL Expression

Wheat VTL genes showed high similarity to previously known VIT genes. In addition to Fe,
VIT genes are known to be affected by the perturbed concentration of Mn [14]. Since many of these
cation transporters are known for their reduced substrate specificity [34,35], therefore, expression of
wheat VTL genes during Zn, Cu and Mn deprivation was also studied (Figure S4A). In general, during
the changing regimes of Zn and Mn, wheat VTL genes showed specific expression in a tissue-specific
manner (Figure 6). TaVTL2 was the only gene showing enhanced accumulation of its transcript under
Zn deficiency in both root and shoot tissue, whereas TaVTL1 and TaVTL5 showed high expression in
roots only under Zn deficiency (Figure 6A and B). No significant changes in the expression of TaVTL4
were observed for the studied time point under the changing Zn regime. In contrast, no induction
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of wheat VTL genes was observed in roots under Mn deficiency with respect to its control, whereas,
in shoots, TaVTL2 and TaVTL4 showed high transcript accumulation (Figure 6A). Under Cu deficiency,
all VTL genes showed an induced expression in shoots while only two of the genes, including TaVTL1
and TaVTL2 were upregulated in roots.

Figure 6. Tissue-specific qRT-PCR expression analysis of wheat VTL genes during Mn (-Mn), Zn (-Zn)
and Cu (-Cu) deficiency with respect to the control (C) conditions. (A) Fold expression analysis was
performed in roots and (B) in shoots. 2 μg of total RNA was used for the cDNA preparation and relative
fold expression levels were calculated relative to control tissue (C). The Ct values were normalized
using wheat ARF1 as an internal control. Vertical bars represent the standard deviation. # represents
the significant difference at p < 0.05 with respect to Control tissue.

2.6. Heavy Metal (Ni, Cd and Co) Mediated Expression of VTL Genes

To check the effect of the heavy metal stress on the gene expression pattern, wheat seedlings
were subjected to treatment with Ni, Cd and Co and expression of VTL genes was performed. In the
treated plants, decreased growth of the shoot and root length was observed, suggesting that heavy
metals could affect the plant performance (Figure S4A). In general, the presence of heavy metals led to
significant retardation in the growth of roots and shoots, thereby impacting the total plant growth
(Figure S4B). Interestingly, none of the wheat VTL genes showed enhanced expression in roots after
15 days of heavy metal exposure, but downregulation was observed for TaVTL1, TaVTL4 and TaVTL5
(Figure 7A). In shoots, only Co stress could influence the gene expression when compared to the
control. Only, TaVTL2, TaVTL4 and TaVTL5 genes were upregulated during the Co stress as compared
to control shoot samples (Figure 7B). Altogether, this suggests the metal-specific expression of VTL
genes in a tissue-specific manner. The previously reported wheat VIT genes showed grain specific
expression data. Surprisingly, VTL genes showed very low or no expression in grains or their tissue
parts, suggesting their probable roles in the specific organs of the plants (Figure S5).
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Figure 7. Tissue-specific qRT-PCR expression analysis of wheat VTL genes upon heavy metal treatments.
Wheat seedlings were exposed to Ni (+Ni, 50 μm), Cd (+Cd, 50 μm) and Co (+Co, 50 μm). Control
seedlings (C) without any exposure to heavy metals were compared with the treated ones. (A) Fold
expression analysis was performed in roots and (B) in shoots. 2 μg of total RNA for the cDNA
preparation and relative fold expression levels were calculated relative to control samples. Ct values
were normalized using wheat ARF1 as an internal control. Vertical bars represent the standard deviation.
# represents the significant difference at p < 0.05 with respect to their respective control treatments.

3. Discussion

Fluctuation in the nutrient availability in the soil results in suitable adaptations by the plants.
In general, plants rely on different physiological and molecular processes to minimize nutrient
stress [36]. In this regard, MFS gene family plays an important role to provide the tolerance as well as
mobilization of important minerals, including micronutrient translocation to the foliar parts including
seeds [19]. In this study, the characterization of VTL was done in the hexaploid wheat. Our data
reinforce the importance of VTL genes for their roles during metal homeostasis and substantiated them
as a good candidate for micronutrient biofortification in cereal crops such as wheat and rice.

MFS family has been widely explored for its role as metal transporters and providing the necessary
support for multiple functions in plants [37]. Previously, five VTL genes were reported in Arabidopsis and
rice for this sub-class. Our study in wheat resulted in the identification of a maximum number of VTL
genes from any crop plants. The high number of genes is due to the presence of multiple homoeologous
and occurrence of the duplication of multiple wheat VTL genes. Interestingly, chromosome 2 having
the highest number of wheat VTL genes has been linked with multiple quantitative trait loci (QTL)
for the high grain Fe and Zn content [38]. Further dissection is required in this direction to identify
if any of the wheat VTL could be linked with the loading of micronutrient in grains. Based on our
expression analysis and the support from the previous studies, it could be suggested that VTL genes
could also be involved in providing the tolerance to high levels of Fe and Zn in the soils [31]. In fact,
the predicted localization data indicate that VTL could be localized at either the plasma membrane or
the vacuolar membrane (Table S2). AtVTL1 was reported to be localized in the vacuolar membrane and
others been associated with the plasma membrane [31]. Our PSORT analysis suggests that most of the
wheat VTL proteins are localized in the vacuolar membrane, thus making them a suitable candidate
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for sequestering micronutrients such as Fe and Zn. AtVTL1 also rescued Δccc1 function in yeast by
catalysing Fe uptake [31]. Vacuoles are the prime sites for the sequestration of micronutrients such as
Fe. Whether, any of these predicted vacuolar TaVTL proteins could perform similar function as TaVIT2
for Fe biofortification needs to be studied [14].

The substrate specificity of the metal transporters is a major bottleneck to achieve high Fe and Zn
in grains. Manipulating the specificity of these metal transporters to enrich the Fe and Zn remains the
major challenge [23,34,39]. Therefore, studying the expression pattern of VTL genes in the presence of
heavy metals could provide preliminary clues for employing such strategies. Consequently, the study
was undertaken to see the influence of other metals like Ni, Cd and Co. The expression of wheat
VTL genes in roots and shoots suggested an interesting phenomenon, where no significant changes
in the expression of their transcript was observed when exposed to either Ni or Cd. In contrast,
only Co was able to induce the expression of TaVTL1, TaVTL2, TaVTL4 and TaVTL5 in shoots only
(Figure 7B). These data suggest the controlled expression of wheat VTL genes in a tissue specific manner.
Additionally, besides Fe homeostasis, the vacuolar transporters are also linked with the impaired
activity of Zn and Mn transport [39]. In our study only, TaVTL2 was significantly induced by the Mn
deficiency in shoots (Figure 6B). No such effects were observed in roots wherein, all the quantified
wheat VTL showed downregulation under Mn deficiency (Figure 6A). Interestingly, TaVTL1 and
TaVTL2 showed upregulation in roots under Zn deficiency (Figure 6A). The tissue dependent expression
patterns of wheat VTL genes under the changing regimes of the metal exposure was observed. It has
been observed that VTL genes from Arabidopsis showed transcriptional changes in response to Fe,
Zn and Mn [31]. Based on the previous work and our results it could be suggested that regulation of
the VTL genes at the transcript level could be conserved. Infact, wheat VIT genes can also transport Mn
and Fe [14]. This suggest that VTL/VIT genes could be regulated only by Fe but also by other metals
like Mn and Zn. Additionally, our gene expression data also corelate with the presence of multiple
cis-elements in the promoter of wheat VTL genes. This indicated that primarily VTL genes could be
involved during metal homeostasis related responses. Coupled with the localization information, it is
possible that few wheat VTL proteins could sequester metals in an organelle specific manner.

Herein, a detailed inventory, structure and expression characterization of wheat VTL genes was
performed. The expression analysis and analysis for the cis-elements in the promoters of wheat VTL
genes implicated for their role in metals homeostasis including in Fe and Zn. Overall, the work
presented here provide an important framework for identifying the molecular and physiological
functions in bread wheat.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

For stress experiments, hexaploid wheat Triticum aestivum cv. C-306 (received from Punjab
Agriculture University, Ludhiana) was used. Briefly, seeds were surface sterilized using 1.2% sodium
hypochlorite prepared in 10% ethanol and then rinsed twice with autoclaved MQ. The seeds were kept
on moist filter paper inside a Petri dish and stratified for 1 day at 4 ◦C in dark condition. Stratified seeds
were further kept for germination for six days at room temperature. The remaining seed/endosperm
were excised from seedlings at one leaf stage and was shifted to phytaboxes (10–12 seedling/phytabox)
containing the Hoagland nutrient media for respective treatments. The standard composition of
nutrient media for control includes 6 mM KNO3, 1 mM MgSO4, 2 mM Ca(NO3), 2 mM NH4H22PO4,
20 μM Fe-EDTA, 25 μM H3BO3, 2 μM MnSO4, 0.5 μM CuSO4, 2 μM ZnSO4, 50 μM KCl and 0.5 μM
Na2MoO4. The variable concentrations used for treatments were excess Fe (+Fe; 200 μm), Fe starvation
(-Fe; 2 μm), Zn deficiency (-ZnSO4; 0 μm), Mn deficiency (-MnSO4; 0 μm), Cu deficiency (-CuSO4;
0 μm), Cadmium stress (+Cd; 50 μm) [40], Cobalt stress (+Co; 50 μm) [41] and Nickel stress (+Ni;
50 μm) [42]. The aerobic condition was provided in hydroponics and the media was replaced every
alternate day to avoid any contamination and drastic nutrient depletion. The respective roots and
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shoots samples belonging to iron deficient and sufficient plant groups were collected at three and
six days after stress (D). For the rest of the treatments, root and shoot, samples were collected on the
15th Day of treatments. All the experiments were performed in a growth chamber under controlled
environmental conditions at 22–24 ◦C temperature, 65%–70% humidity, at a photoperiod of 16 h day
and 8 h night and 300 nm of light.

4.2. Identification of VIT Family and Classification of VTL Genes in Wheat

For the identification of wheat VTL genes, the Ensembl database was used to extract VIT family
genes (Pfam ID: PF01988) for wheat. The identification was confirmed by bidirectional BLAST analysis.
VIT family sequences from Arabidopsis, rice, maize, Brachypodium were also extracted using Pfam
search. The identity of VIT family genes was further validated by confirming the presence of CCC1-like
superfamily domain using NCBI-CDD domain search. CCC1 sequence for S. cerevisiae was also
retrieved from its genome database. To separate out VTL genes from VIT genes and for further
phylogenetic analysis, all the proteins were aligned through MUSCLE alignment and an unrooted
neighbor-joining phylogenetic tree with 1000 bootstrap replicates was constructed with all the retrieved
sequences. The tree was constructed through MEGA-7 [43]. Rice vacuolar iron transporter homolog
1–5 from UniProt were used for the nomenclature of the 23 TaVTL sequences based on the closest
orthologs. The naming of the genes indicates the chromosome number and the sub-genome on which
they are present.

4.3. Conserved Domains and Motif Detection, Analysis of Gene, Promoter and Protein Structure

Wheat VIT family genes were searched for conserved domains using NCBI-CDD database [44].
MEME suite v5.1.0 was used for further analysis to identify the common conserved motifs for both VIT
and VTL proteins. The maximum number of motifs was set to 15 for MEME analysis. Gene structure
for VITs and VTLs was studied using (GSDS) (http://gsds.cbi.pku.edu.cn/) [45] using genomic and CDS
sequences. Sub-cellular localization and TM domains were predicted using web-based prediction
programs Wolf PSORT and Phobius respectively [46]. For promoter analysis, ~2 Kb promoter elements
of the corresponding wheat VTL genes were surveyed for the presence of the respective cis-elements.
The promoter sequence was obtained for the respective genes using the IWGSC

4.4. Total RNA Isolation and cDNA Preparation

The collected root and shoot samples were ground separately in liquid nitrogen. Total RNA from
respective samples was extracted by TRIZOL based method. The extraction was followed by the
DNase treatment using Turbo DNAfree kit (Invitrogen, Carlsbad, CA, USA) to remove any genomic
DNA contamination in the RNA samples. Subsequently, RNA purity was checked and quantified for
the preparation of the cDNA. 2 μg of total RNA was used for cDNA synthesis using superScript III
First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA). The cDNA quality was ascertained by
using internal control and was further diluted 20X and used for gene expression studies.

4.5. Quantitative-Real Time PCR (qRT-PCR) Expression Analysis

To perform quantitative real time-PCR (qRT-PCR), forward and reverse primers of TaVTL genes
were designed and used as listed in Table S5. The primers were designed from the conserved region of
the all homoeolog of each gene. For TaVTL5 the primers were designed from the conserved region
of nine sequences, the significant conserved region was not found for remaining four homoeologs
(TraesCS2B02G454900, TraesCS2B02G610400, TraesCS2D02G431900, TraesCS2D02G588000). qRT-PCR
was performed in 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) using
1/20 times dilution of the respective cDNAs. All qRT-PCR reactions were performed using SYBR Green I
(QuantiFast® SYBR® Green PCR Kit, Qiagen, Hilden, Germany) chemistry and ARF (ADP-Ribosylation
Factor: TaARF1—AB050957.1) as an internal control [40]. The efficiency of the qRT-PCR was checked and
melt curve analysis was performed for each of the PCR reactions as per the guidelines. Gene expression
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analyses was carried out with three biological replicates and 2–3 technical replicates. Relative fold
expression of genes was determined based on delta-delta CT-method (2ΔΔCT) [47].

4.6. RNA-Seq Expression Analysis for VIT Family Genes

To get the transcript expression levels for VIT family genes under Fe stress, RNAseq data from
SRA project ID SRP189420 were utilized to extract transcript expression values (as FPKM) from control
as well as Fe starved wheat root samples using the cufflinks pipeline. Subsequently, for expression
analysis of VTL and VIT genes in wheat grain tissue developmental time course [48], expression values
as Transcripts Per Kilobase Million (TPM) were retrieved from expVIP database [49]. Expression values
from both studies were then used to plot heatmaps using MeV software (mev.tm4.org).

4.7. Statistical Analysis

Excel was used for data analysis. The mean values were calculated form the standard deviation
including three technical replicates from at least three biological replicates. Student t-tests were
used to observe the significant differences between the mean values of treatment and control plants.
The significance threshold used was #p < 0.05.

5. Conclusions

The present work led to the identification of high number of VTL genes from hexaploid wheat.
Because of polyploidization, a very high number of genes from this sub-family was identified.
The presence of high number of VTL been restricted to only chromosome 2, 4 and 6 of the wheat
genomes. The expression of these gene under metal stress including changes in the presence of Fe and
Zn concentrations and exposure to heavy metals reinforce the importance of this gene-family during
metal homeostasis. Our work will help in better understanding of the Fe transporters significance in
metal homeostasis so as to biofortify wheat.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/2/229/s1,
Table S1: List of 31 VIT family genes extracted from ensembl biomart using Pfam ID: PF01988. Table S2:
Subcellular localization (WolfPsort). Table S3: Conserved motifs identified in VTL and VIT proteins using MEME
suite. The color code, consensus sequence logo, E-value and the number of proteins in which each motif was
found are listed in the table. Table S4: Metal-responsive cis-elements found in VTL and VIT gene promoter
regions. Table S5: List of gene specific primers used for qRT-PCR for TaVTL genes. Figure S1: Phylogenetic tree
for VIT family genes from Arabidopsis, Brachypodium, Oryza sativa, Zea mays and Triticum aestivum. Sequences were
extracted using Pfam ID followed by alignment by Muscle and construction of NJ tree using MEGA software.
Figure S2: Transmembrane domains in wheat VIT family proteins. Figure shows potential TM domains in TaVIT
and TaVTL proteins, based on the alignment with EgVIT1 protein, using MUSCLE. Figure S3: Heatmap depicting
the expression of VIT family genes (VIT and VTL genes) in Control (FPKM_Control) and Fe starved (FPKM_Fe)
wheat roots. FPKM values were extracted using Cufflinks pipeline from SRA projectID SRP189420. Increasing
intensity of blue colour shows increase in expression as shown by the colour bar above. Figure S4: Effect of
different metals on the phenotype and growth of wheat seedlings. (A) Phenotype of wheat seedlings showing
retarded growth of shoots and roots. (B) Impact of different metals on the growth (in cm) of roots and shoots.
Figure S5: Heatmap depicting the expression of VIT family genes (VIT and VTL genes) in Control (FPKM_Control)
and Fe starved (FPKM_Fe) wheat roots. FPKM values were extracted using Cufflinks pipeline from SRA project
ID SRP189420. Increasing intensity of blue colour shows increase in expression as shown by the colour bar above.
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Abstract: In wheat (Triticum aestivum L.), the awns—the bristle-like structures extending from
lemmas—are photosynthetically active. Compared to awned cultivars, awnletted cultivars produce
more grains per unit area and per spike, resulting in significant reduction in grain size, but their
mineral element composition remains unstudied. Nine awned and 11 awnletted cultivars were
grown simultaneously in the field. With no difference in 1000-grain weight, a larger calcium and
manganese—but smaller iron (Fe) concentrations—were found in whole grain of awned than in
awnletted cultivars. Micro X-ray absorption near edge structure analysis of different tissues of
frozen-hydrated grain cross-sections revealed that differences in total Fe concentration were not
accompanied by differences in Fe speciation (64% of Fe existed as ferric and 36% as ferrous species) or
Fe ligands (53% were phytate and 47% were non-phytate ligands). In contrast, there was a distinct
tissue-specificity with pericarp containing the largest proportion (86%) of ferric species and nucellar
projection (49%) the smallest. Phytate ligand was predominant in aleurone, scutellum and embryo
(72%, 70%, and 56%, respectively), while nucellar projection and pericarp contained only non-phytate
ligands. Assuming Fe bioavailability depends on Fe ligands, we conclude that Fe bioavailability from
wheat grain is tissue specific.

Keywords: biofortification; phytate; iron; awn; X-ray fluorescence; X-ray absorption spectrometry;
phosphorus; sulphur; nicotianamine

1. Introduction

Mineral micronutrient sufficiency—a prerequisite for human well-being—can be ensured by diet
diversification or consumption of mineral-dense produce [1]. In human diets, mineral micronutrients
are predominantly acquired from plant-based sources, in particular staple grain [2,3]. However,
most mineral micronutrients (manganese (Mn), iron (Fe), copper (Cu) and zinc (Zn)) in grain are
tightly bound in phytate (myo-inositol hexakisphosphate), a phosphorus (P)-rich salt, which cannot
be digested by mammals. This makes phytate-bound mineral elements poorly bioavailable and
ineffectively exploited for normal body functions [4]. Furthermore, mineral density of the cereal grain
has been for a long time regarded as of minor importance compared to the crop yield [5] resulting in
prevalent micronutrient deficiencies in humans [6].

Efforts to increase bio-available concentrations of mineral elements in staple crops to remedy
mineral micronutrient deficiencies—particularly in marginal populations—have been invested recently,
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and are referred to as biofortification [7,8]. Of the seven mineral elements often lacking in our diets,
Fe deficiency is most widespread, affecting up to 60% of the global population [7]. However, increasing
bio-available Fe concentration through the agronomic and genetic approaches in crops is challenging [9]
for several reasons: (i) poor Fe availability in the soils limits uptake into plant roots [10], (ii) strict
metabolic control over Fe accumulation and sequestration in plants tissues (sufficiency ranging between
50 and 150 mg Fe·kg−1 dry weight in leaves of crop plants [11]), (iii) removal of Fe-rich layers during
the processing of staple grain [12], and (iv) poor Fe bioavailability from phytate-rich produce such as
cereal grain [13].

A large degree of variation in the accumulation of Fe in grain and seeds has been found in
different crops, which is not a result from just the environmental factors. For example, in bread wheat
(Triticum aestivum L.) grain, the variation in total Fe concentration, i.e., a ratio between the minimum
and maximum total Fe concentration in grain, was up to 1.76 [14], in barley (Hordeum vulgare L.) the
variation was up to 4.5 [15], in rice (Oryza sativa L.) up to 10.7 in flooded conditions and up to 288 in
unflooded conditions [16], in pearl millet (Pennisetum glaucum (L.) R. Br.) up to 4.4 [17], in chickpea
(Cicer arietinum L.) up to 3.2, and in pea (Pisum sativum L.) up to 3.5 [18]. Following predominantly
classic breeding strategies, the existing natural variation in Fe density has been exploited for the
development of biofortified varieties within the HarvestPlus programme [8], which demonstrated,
for different crops and in different populations, that consumption of Fe-biofortified crops provides
significantly more bioavailable Fe.

Despite its obvious importance for human nutrition, the filling of the staple grain with Fe, and
understanding tissue-specific partitioning of Fe and Fe ligands remains a poorly understood subject [19].
Most grain filling processes take place through phloem tissues, which deliver Fe remobilised from
the leaves. The presence of awns (bristle such as structures extending from lemmas), exhibiting
photosynthetic activity accompanied by transpiration activity in wheat [20], may therefore play a role
in the grain filling. This connection has not been investigated so far. It is, however, well-accepted
that the level of phloem-mobility of a mineral element significantly affects its concentration and
location in the grain, with elements such as calcium (Ca), exhibiting poor phloem mobility, not easily
reaching the filial tissues of the grain and mostly remaining in the pericarp (maternal) tissues of the
grain [12,21,22]. Iron has intermediate phloem mobility [23,24], so relatively large concentrations
(exceeding those in leaves) of Fe have been found in some filial tissues of different staple grain,
particularly the aleurone and embryo with values in the range from 200 to 400 mg Fe·kg−1 and from
100 to 200 mg Fe·kg−1, respectively [12,15,25–28]. In these grain tissues, Fe was found to strongly
co-localise with P [12,28–30]. Since approximately 80% of total P in the grain is in the form of phytate
stored mainly in the aleurone cells [31], it has been inferred that the majority of Fe is bound to phytate in
these tissues. Co-localisation analyses can, however, only predict potential ligands, not unambiguously
determine the Fe binding environment, so conclusions must be drawn carefully when P is being used as
a proxy for phytate. Using X-ray absorption near edge structure (XANES), which enables simultaneous
analysis of Fe chemical form (speciation) and the type of complexing agents, it has been shown that
around 80% of Fe in the whole grain of different wheat cultivars is bound to phytate, 15% to 24% as
Fe2+ (ferrous) and 57% to 85% as Fe3+ (ferric) species [25]. Obtaining Fe K-edge XANES spectra of
sufficiently high signal-to-noise ratio is a challenging task, with Fe concentrations typically found
in grains and particularly in endosperm (<20 mg Fe·kg−1 in wheat [12,32], barley [15], and Tartary
buckwheat (Fagopyrum tataricum Gaertn.) [21]), thus such studies remain scarce. One way to circumvent
these technical challenges is to combine reliable Fe distribution mapping, which identifies tissues or
cell-types with the largest Fe concentrations, with micro-XANES analysis. One such study, conducted
on cotyledons (containing on average 187 mg Fe·kg−1 [21]) of Tartary buckwheat grain showed that 47%
of Fe was bound to phytate, 22%, of that as Fe2+ and 25% as Fe3+, while the remaining Fe3+ was bound
to citrate [33]. Furthermore, in wheat aleurone, modified aleurone (surrounding the crease) and in
nucellar projection the micro-XANES analysis indicated that Fe was bound to phytate/citrate, phytate,
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and Fe-nicotianamine/Fe oxide-hydroxide, respectively [28]. However, tissue-specific Fe speciation
was not resolved [28] and the XANES analysis in pericarp and embryo have not been acquired so far.

Therefore, the aim of the study was to compare mineral element composition of the awned and
awnletted (those that have short or no awns) cultivars and to determine tissue-specific Fe speciation
and Fe ligands in the contrasting cultivars to test the following hypotheses: (i) the presence of awns
affects the mineral element composition of the wheat grain, (ii) majority of Fe is bound to phytate in
different tissues of wheat grain, (iii) Fe speciation and Fe ligands across different wheat cultivars are
stable, and (iv) Fe ligand profile depends on local Fe concentration.

2. Results

2.1. Total Concentrations of Mineral Elements in Whole Wheat Grain

A significantly larger total concentration of Ca and Mn, but significantly smaller total concentration
of Fe was found in whole grain of awned wheat cultivars than in awnletted cultivars (Figure 1).

Figure 1. Variability in the total concentration of phosphorus (P), sulphur (S), potassium (K), calcium
(Ca), manganese (Mn), iron (Fe), and zinc (Zn) in whole grain of wheat (Triticum aestivum L.) cultivars
differing in the awn type (awned cultivars have long awns and awnletted cultivars have short or no
awns) grown in the same field. Shown are boxplots representing 25th and 75th percentile of the data,
with the middle line representing the median, whiskers representing the 5th and 95th percentile and
the black dots representing outliers (n = 87 and n = 100 data points of nine awned and 11 awnletted
wheat cultivars, respectively). Asterisks indicate significant differences between the awned and the
awnletted cultivars (Student t-test; *** p < 0.001 and * p < 0.05).

The total concentration of Fe in the awned wheat cultivars ranged from 50.8 to 94 mg·kg−1 dry
weight (1.85-fold variability) and in the awnletted wheat genotypes from 67.3 to 103 mg·kg−1 dry
weight (1.53-fold variability). Considering all wheat cultivars studied, total Fe concentration in whole
grain varied 2.03-fold.

There was no difference in 1000-grain weight (Table S1) and in concentrations of P, sulphur (S),
potassium (K) and Zn in the whole grain between the awned and the awnletted wheat cultivar group
(Figure 1), nor was there any apparent separation of awned and awnletted cultivars when the whole
elemental profile was considered (Figure S1). The hierarchical clustering indicated that Fe and Zn were
grouped apart from the rest of the mineral elements, among which P, K, and S grouped apart from Ca
and Mn (Figure S1). A significant positive correlation was observed between grain concentrations of P
and those of K, S, and Fe, but no significant correlation between grain concentrations of P and Ca, Mn,
and Zn (Figure S2a). Positive correlation was found between grain concentration of Fe and Mn, and of
Fe and Zn (Figure S2b).
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Four wheat cultivars with contrasting Fe concentrations were selected for further in-depth
analyses: Two awned cultivars (cv. Vulkan and cv. Soissons) of low-Fe accumulation (the average
total concentrations in the grain was 73.4 and 77.0 mg Fe·kg−1 dry weight, respectively), and two
awnletted cultivars (cv. Katarina and cv. Super Zitarka) of high-Fe accumulation (the average total
Fe concentrations in the grain was 83.7 and 91.3 mg Fe·kg−1 dry weight, respectively; Figure 2).
In agreement with observations for all wheat cultivars studied, there was a positive correlation between
grain P concentrations and grain S, K, and Fe concentration (Figure S3a) and between grain Fe and
grain Zn (but not Mn) concentrations (Figure S3b) in these four wheat cultivars.

Figure 2. Total iron (Fe), sulphur (S) and phosphorus (P) concentrations in the grain of wheat (Triticum
aestivum L.) cultivars differing in the awn type (awned cultivars have long awns and awnletted cultivars
have short or no awns) grown in the same field. Circles represent awned cultivars and triangles
represent awnletted cultivars. The four cultivars (Katarina, Super Zitarka, Vulkan and Soissons)
selected for further in-depth analyses are highlighted in colour. Shown are averages (n = 6–12).
d.w.—dry weight.

2.2. Tissue-Specific Iron, Phosphorus and Sulphur Concentrations, Iron Speciation and Iron Ligands

Iron species and Fe ligands were studied in two different regions of interests (Figure 3) of the
frozen-hydrated grain cross-sections of the four wheat cultivars. The first region of interest comprised
nucellar projection, modified aleurone, endosperm, transfer cells, and scutellum. The second region of
interest comprised aleurone, scutellum, embryo, endosperm, and pericarp.

Figure 3. A representative wheat (Triticum aestivum L.) grain cross section with the two regions of interest
(ROI) highlighted with red squares, namely ROI1 (the crease) and ROI2 (the scutellum). E—endosperm.
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To identify higher Fe signal pixels—selected for subsequent micro-XANES analysis—the regions
of interest were first subjected to a fast (to avoid photoreduction of Fe by the focused X-ray beam)
micro-XRF mapping at the ID21 beamline at ESRF to localise Fe, P, and S (the quantitative maps
are shown in Figures S4 and S5). By identifying Fe hotspots, the best signal-to-noise ratio in Fe
K-edge micro-XANES spectra was ensured. In endosperm, the concentrations of Fe were too small
(on average 3.5 mg·kg−1 fresh weight in imbibed grains of awned cultivars and 11.4 mg·kg−1 fresh
weight in imbibed grains of awnletted cultivars) to yield micro-XANES spectra of sufficient quality.
Similarly, larger Fe concentrations were found in aleurone and in pericarp of the awnletted cultivars
(82.3 and 24.6 mg·kg−1 Fe fresh weight, respectively) than in aleurone of the awned cultivars (49.2
and 12.2 mg·kg−1 Fe fresh weight, respectively). By contrast, in embryo and nucellar projection the
average Fe concentration of awned cultivars (33.8 and 160 mg·kg−1 Fe fresh weight, respectively) was
larger than in awnletted cultivars (12.5 and 92 mg·kg−1 Fe fresh weight, respectively). In scutellum,
both cultivars contained similar Fe concentration (60.5 mg·kg−1 Fe fresh weight in awned cultivars and
64 mg·kg−1 Fe fresh weight in awnletted cultivars).

The micro-XANES spectra from selected Fe hotspots (2 to 4 per section as indicated on the Fe,
P and S co-localisation maps in Figures 4 and 5) were compared to the spectra of the Fe reference
compounds and complexes (Figure S6; reported previously [25,33]).

Figure 4. Co-localisation images of iron (Fe) in red, sulphur (S) in green and phosphorus (P) in blue in
the two regions of interest (ROI): the crease (ROI1) and the scutellum (ROI2) in the frozen-hydrated
grain of wheat (Triticum aestivum L.) cultivar Vulkan (a) and Soissons (b), the awned wheat cultivars.
× indicates pixels where Fe K-edge micro-XANES spectra were recorded and ¤ indicates where the
selected Fe K-edge micro-XANES spectra (solid line) was recorded and is displayed on the right-hand
side. The best linear combination fit (red dashed line) was obtained by the spectra of the reference
Fe compounds. The relative amount of each component is given in parentheses. eV—electron volts;
NA—nicotianamine. Scale bars = 200 μm. Quantitative distribution maps of Fe, P and S can be found
in Figure S4.
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Figure 5. Co-localisation images of iron (Fe) in red, sulphur (S) in green and phosphorus (P) in blue in
the two regions of interest (ROI): the crease (ROI1) and the scutellum (ROI2) in the frozen-hydrated
grain of wheat (Triticum aestivum L.) cultivar Katarina (a) and Super Zitarka (b), the awnletted wheat
cultivars. × indicates pixels where Fe K-edge micro-XANES spectra were recorded and ¤ indicates
where the selected Fe K-edge micro-XANES spectra (solid line) was recorded and is displayed on the
right-hand side. The best linear combination fit (red dashed line) was obtained by the spectra of the
reference Fe compounds. The relative amount of each component is given in parentheses. eV—electron
volts; NA—nicotianamine. Scale bars = 200 μm. Quantitative distribution maps of Fe, P and S can be
found in Figure S5.

The Fe K-edge micro-XANES spectra could be described as linear combinations of the Fe K-edge
XANES spectra of the following Fe complexes: Fe2+ phytate, Fe2+ sulphate, Fe2+ nicotianamine,
Fe3+ phytate, Fe3+ nicotianamine, Fe3+ citrate, and α-Fe3+OOH (Fe oxide-hydroxide; goethite).
Relative amount of each Fe complex in the combination (Table S2) was obtained from the best fit with a
± 1% error for the Fe2+/Fe3+ complex ratio and a ± 5% error for the Fe3+ phytate/Fe3+ non-phytate ratio.

On average, the four cultivars did not differ in the Fe species and Fe ligand composition
(Figure 6a,c). Ferric species was predominant in all four cultivars, with 64% of the total Fe found in this
form (Figure 6a), which was a cumulation of 26% being phytate ligand and 38% non-phytate ligands.
The remaining Fe was present as ferrous species (36%) in all four cultivars, which was a cumulation of
27% bound to phytate and 9% to non-phytate ligands. In total, 53% of Fe was found bound to phytate
and the remaining 47% to non-phytate ligands (Figure 6b and Table S2).
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Figure 6. Average relative amounts (%) of iron (Fe) species, Fe ligands and Fe, phosphorus (P) and
sulphur (S) concentration in the grain of wheat (Triticum aestivum L.) cultivars Vulkan and Soissons
(awned wheat cultivars) and Katarina and Super Zitarka (awnletted wheat cultivars) (a,c,e) and in
grain tissues (b,d,f). Phosphorus, Fe and S concentrations are in mg·kg−1 dry weight (e) or fresh weight
(f). In (b,d,f) results indicate average across all four cultivars.

A significant tissue-specificity for Fe speciation and Fe ligand composition was observed
(Figure 6b,d). In all tissues studied, the majority of Fe species were ferric—except in nucellar
projection, with equal contribution of ferric and ferrous species (Figure 6b). In the order of decreasing
content of ferric species, the list of tissues is: pericarp < aleurone = scutellum < embryo < nucellar
projection (Figure 6b). By the proportion of phytate ligands, the tissues were ordered as: aleurone <
scutellum << embryo << nucellar projection = pericarp, with the latter two tissues having no phytate
ligands, but only non-phytate ligands (Figure 6d and Table S2). Of non-phytate ligands in nucellar
projection Fe3+ citrate was most prominent (34%), followed by Fe2+ nicotianamine (29%), Fe2+ sulphate
(22%) and Fe3+ nicotianamine. By contrast, the pericarp contained mostly Fe3+ oxide-hydroxide (52%),
followed by Fe3+ nicotianamine (23%), Fe2+ sulphate (14%) and Fe3+ citrate (12%). Of non-phytate
ligands in other tissues, only Fe3+ citrate was found, with the largest proportions in embryo (45%),
followed by scutellum (30%) and aleurone (27%). No clear correlation between the total and local Fe, P
and S concentration and the Fe ligand profile in tissues could be discerned (Figure 6e,f). The nucellar
projection contained the largest concentration of Fe, while pericarp contained the smallest concentration
of Fe, P and S (Figure 6f).

3. Discussion

The frequent lack in intake of essential mineral elements in human diets can be significantly
improved by shaping agronomic practice and/or designing staple crops to generate mineral-dense
produce [7]. Agronomic approaches have been efficient when (i) the soil contains insufficient amounts
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of certain element(s), which can be added to the agricultural system as fertilizers or (ii) when changes
to phytoavailability of elements in the rhizosphere are required and pH-related intervention can
offer solutions. On the other hand, variability in the elemental composition of the edible produce
can be exploited to (i) introduce cultivars with superior mineral-use efficiency, provided there is
no penalty to agronomically important traits or (ii) to identify candidate genes for future genetic
optimisation [9]. After these interventions are implemented and a produce with the largest possible
inherent concentration is available, the Fe status of the individual and other food components
(e.g., dietary fibre, organic acids) will still play crucial roles in the availability of a certain element, with
Fe being particularly problematic [34], further complicating the efforts to ensure optimal nutrition
in humans.

3.1. Awned Cultivars Accumulate More Ca and Mn But Less Fe in Grain than Awnletted Wheat Cultivars

We investigated the diversity in grain mineral element accumulation in 20 wheat cultivars and
found that there is a link between the awn length and the Ca, Mn and Fe concentrations (Figure 1).
In wheat, awns have been shown to have transpiration and photosynthetic activity [20], thus their
presence could contribute to the translocation of elements taken up by roots on the one side and/or to
the phloem-driven (re)allocation of assimilates on the other side, thereby affecting mineral element
density in the grain. This connection has, however, not been investigated so far. Awnletted wheats have
been shown to produce significantly more grains per unit area and per spike, resulting in a significant
reductions in grain size and an increased frequency of small, shrivelled grains [35]. Our observations
did not fully support this report, since there was no significant difference in 1000-grain weight between
the awned and awnletted cultivars, both for the established agronomic values and for those from our
experiment (Table S1). The observed differences in elemental concentrations are conceivably not a
consequence of dilution by grain weight, but rather arise from genetic differences in uptake, allocation
and/or mobilisation or Ca, Mn and Fe in these cultivars. It may however be, that by accumulating
larger Fe concentration in the embryo and particularly in the nucellar projection in awned cultivars
compared to awnletted cultivars as observed in our study, less Fe is being translocated to other grain
tissues, resulting in larger total Fe concentration in the whole grain.

On average, total Fe concentrations in grain from our experiment showed 2.03-fold variability
(Figure 2), which is in a similar range as the value 1.76 reported for 150 bread wheat cultivars [14].
The whole grain Fe concentrations in all studied cultivars exceed the reported maximum value
(50.8 mg Fe·kg−1) for the bread wheat cultivars [14], but were within the range of observations in spelt
(Triticum spelta L.) grain, for which up to 99 mg Fe·kg−1 was found, but with significant variation due
to the year and the location [36]. Iron concentration in barley grain exceeding 100 mg·kg−1 has also
been reported [37].

The positive correlation between P and Fe concentrations was observed (Figures S2 and S3)
in agreement with findings in bread wheat [14] and in spelt [36], suggesting that the increased Fe
concentration may be accompanied by a decreased bioavailability (i.e., due to phytate), presenting a
further challenge for biofortification. However, the positive relationship has not been observed in all
instances [38,39] and a strong genotype, environment and/or genotype × environment interaction has
been shown to affect the relationship [40,41]. The positive correlation between grain Fe and Zn observed
also in our experiment (Figures S2 and S3), seems to be quite stable as it has been consistently reported,
over different seasons and locations, for example in wheat [14,38], durum wheat [39], spelt [36], and
barley [15,37]. It could be attributed to the limited specificity of transporters and metal ligands for
either Zn or Fe [42], suggesting that the increased density could be achieved simultaneously for a
larger number of trace elements. Still, the issues with the bioavailability of these trace elements will
have to be addressed before any such observations are implemented into breeding strategies.
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3.2. Iron Speciation and Iron Ligands in Wheat Grain Are Stable across Cultivars Differing in Total
Iron Concentration

To complement the current knowledge on Fe speciation and Fe ligands in whole wheat grain [25]
and some of its tissues [28] we studied these traits in five grain tissues of four wheat cultivars. Initial
X-ray fluorescence mapping in frozen hydrated cross-sections of the grain revealed Fe hotspots and
provided information on P and S distribution as well. Based on the co-localisation of Fe, P, and S
(Figures 4 and 5), selected regions of interest (Figure 3) were easily distinguished and high-Fe pixels
were investigated by micro-XANES. There was no apparent difference in the Fe speciation or Fe ligands
in the grain of awned and awnletted cultivars, regardless of the differences in the Fe concentrations
(Figure 6a,c) indicating that the total Fe concentration in the grain does not influence Fe species or Fe
ligands. Similar results were found by Singh et al. [25], who included in the analysis a wild relative
of common wheat, Aegilops kotschyi Boiss., which contains up to three times larger Fe concentrations
than grain of wheat landraces. The relative amounts of ferrous (36%) species in wheat grain—up to
one third of total Fe as assessed by micro-XANES in our experiment (Figures 4–6)—was somewhat
larger than in previous findings in whole wheat with values between 14% and 24% [25]. Furthermore,
on average 53% of Fe was bound to phytate. The proportion of non-phytate ligands is in agreement
with another study [28] on wheat and Tartary buckwheat grain, where 22% of total Fe was bound to
non-phytate ligands [33]. Perplexingly, no direct association of the Fe ligand profile could be found
with Fe bioavailability (assessed using Caco-2 cell system) in Tartary buckwheat sprouts containing
a much larger proportion (55%) of Fe3+ citrate [33]. In legume seeds, which store large amounts of
Fe in ferritin, progressive accumulation of phytate with seed maturity limits Fe bioavailability, as
demonstrated by comparing immature and mature pea (Pisum sativum L.) seeds [43]. Apparently, more
studies are required to reach consensus on the connection between Fe ligands and Fe bioavailability
from different plant-based sources.

3.3. Distinct Tissue Specificity in Iron Speciation, Iron Ligands and Iron Concentration in Wheat Grain

At the tissue level a large variability in the Fe speciation and Fe ligands was found (Figure 6) in line
with a previous report [28], suggesting differences in bioavailability of Fe from different grain tissues.
All tissues contained >60% of ferric species in line with analyses in whole grain [25]. The only exception
was nucellar projection, where equal amounts of Fe3+ and Fe2+ were found (Figure 6b). Regarding the
Fe ligands, the presence of non-phytate ligands in the pericarp and nucellar projection was particularly
striking (Figure 6d). The pericarp is a maternal tissue and is typically accessed by xylem, which
may be a reason for the Fe-citrate pool. There is some evidence that Fe from the Tartary buckwheat
pericarp [33] and from the wheat bran [44] is relatively bioavailable. While Tartary buckwheat pericarp
is not edible, the inclusion of wheat bran in the meal would, despite markedly increased phytate
concentration, outweigh the negative effect of phytate-induced losses in bioavailability.

The major part of cereal grain loading with micro and macronutrients is presumed to take place
through vasculature, which in mature grain is shrunk and borders the pigment strand, which in turn
borders the nucellar projection (Figure 3). During grain maturity the tissues within the crease undergo
a series of transformations, and nutrients passing into the endosperm must cross the pigment strand,
the nucellar projection, and the endosperm transfer cells [45]. The nucellar projection is a part of the
nucellar tissue that faces the vascular tissue, has a morphology characteristic of transfer cells [46]
and contains large concentration of Fe, while the pigment strand was rich in Mn, making these two
tissues clearly distinguishable [12,25,32]. As already follows from the apparent lack of co-localisation
of Fe and P in the nucellar projection (Figures 4 and 5; [12,25]) only non-phytate ligands were found
there. Our analysis also confirms the presence of nicotianamine in the nucellar projection reported
previously in [28]. For the first time, ferric and ferrous nicotianamine compounds are demonstrated to
exist in a grain tissue (together 45% of Fe ligands). In addition, some Fe was bound to sulphate (22%),
in agreement with previous reports [28] and predicted from S localisation in this tissue (Figures 4–6,
Figures S4 and S5) and exclusion of P [25].
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In embryo, scutellum and aleurone, the only non-phytate ligand found was citrate, which is in
agreement with results for cotyledons in Tartary buckwheat grain [33]. Most of the Fe present in the
liquid endosperm in pea was found as a mixture of Fe3+ citrate and malate [47]. The mixture has
been shown to undergo an ascorbate-driven reduction [47] which makes Fe more mobile within the
developing seedling. Ferric citrate-malate complexes have been demonstrated as the main form of Fe
circulating in pea (Pisum sativum L.) plants [19]. In pea, the mother plant transports Fe3+ malate/citrate
complexes via the seed coat to the embryo, which in turn secretes ascorbate to reduce Fe3+ to Fe2+ for
uptake during germination [47]. These observations suggest active participation of all grain tissues
and not only crease tissues in Fe loading of the grain and seed.

4. Conclusions

Because awns presumably have photosynthetic activity, awned and awnletted wheat cultivars
were compared for their 1000-grain weight, mineral composition and Fe speciation and Fe local chemical
environment. While there was no difference in 1000-grain weight, a larger Ca and Mn, but smaller
Fe concentrations, were found in whole grain of awned than in awnletted cultivars. Genetic and/ or
metabolic reasons behind the observed differences in mineral composition will need to be studied
in future experiments. The evaluation of Fe speciation and Fe ligands revealed that differences in
total Fe concentration were not accompanied by differences in Fe speciation (on average 64% of Fe
existed as ferric and 36% as ferrous species) or Fe ligands (on average 53% were phytate and 47%
were non-phytate ligands) in the two awned and two awnletted cultivars studied using micro-XANES.
Contrastingly, there was a distinct tissue-specificity with pericarp containing the largest proportion
(86%) of ferric species and nucellar projection (49%) the smallest. Iron was predominantly bound
to phytate in aleurone, scutellum and embryo (72%, 70%, and 56%, respectively), while in nucellar
projection and pericarp Fe was bound only to non-phytate ligands. Assuming Fe bioavailability
depends on Fe ligands, we conclude that Fe bioavailability from wheat grain is tissue specific.

5. Materials and Methods

5.1. Plant Material and Total Element Concentration in Grain

The grain of 20 different wheat (Triticum aestivum L.) cultivars were obtained from the Agricultural
Institute of Slovenia, with their agronomic characteristics reported in Table S1. Among these wheat
cultivars, nine were awned (cv. Euclide, cv. Lukullus, cv. Vulkan, cv. Isengrain, cv. Renan, cv. Soissons,
cv. Ingenio, cv. Bologna, and cv. Element) and 11 were awnletted (cv. BC Nina, cv. BC Renata, cv.
Rosario, cv. Felix, cv. Renata, cv. Katarina, cv. BC Zdenka, cv. Anđelka, cv. Gracia, cv. Bastide, and cv.
Super Zitarka). The plants were grown in the field of the Infrastructure centre Jablje (central Slovenia:
46◦8′59” N, 14◦33′31” E, 307 m above sea level) in 2014/2015 on pseudogley-gley soil type, which has
a silty clay texture. The previous crop on the field site was grain maize (Zea mays L.). The field was
fertilised with 205 kg·ha−1 N (in 5 rations), 90 kg·ha−1 P2O5 and 120 kg·ha−1 K2O; 400–750 germinative
seeds m−2 were sowed respecting interrow spacing of 12.5 cm. Trial layout was a randomized block
design with four repetitions, with each plot having 7.5 m2. At maturity, the plants were harvested,
the 1000-grain weight was determined (g), the grain was homogenised and milled or stored for the
localisation analyses. The ground material was pressed into pellets (6–12 for each cultivar) using a
pellet die and hydraulic press. Total concentrations of P, S, K, Ca, Mn, Fe, and Zn were measured in
whole grain samples and in standard reference material NIST SRM 1573a (tomato leaves) for quality
assurance using X-ray fluorescence, as described previously [48]. Based on the total Fe concentration in
the whole grain of the 20 wheat cultivars, four contrasting cultivars were selected. Cultivars Katarina
and Super Zitarka, the two awnletted wheat cultivars, had a larger total Fe concentration than the two
awned cultivars Vulkan and Soissons.
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5.2. Sample Preparation and Micro-XRF Mapping and Micro-XANES Analysis

The grain of the four wheat cultivars was soaked in MiliQ water for 2 h at 4 ◦C. Whole grain was
hand-cut transversely at the embryo location under a stereomicroscope into approximately 200 μm
thick sections using new stainless-steel platinum-coated razor blades and frozen immediately in liquid
isopentane (Sigma-Aldrich, St. Louis, MO, USA) cooled by liquid nitrogen [49]. Frozen-hydrated
sections were sandwiched between two Ultralene® foils (each 4 μm thick), deposited on custom made
Cu holders and analysed at the ID21 beamline (ESRF, Grenoble, France) as described previously [33].
In short, measurements of Fe K-edge micro-XANES (recorded in the energy region from 7040 to
7250 eV) were performed on high Fe pixels (n = 2–9) identified by fast mapping of grain sections using
synchrotron radiation micro-X-ray fluorescence (micro-XRF) at the same beamline. This approach
enabled the best quality micro-XANES spectra of the two regions of interest in the wheat grain: the
crease and the scutellum. Specific attention was paid to avoid radiation damage and photoreduction
of Fe3+ [50], as described in detail in [25,33].

The qualitative distribution maps of Fe, P, and S were quantitatively analysed, as described
previously [51,52] and the quantitative distribution maps and co-localisation maps were generated
with PyMCA software [53]. The Fe K-edge micro-XANES spectra were analysed with the IFEFFIT
program package Athena [54], where linear combination fitting was performed using the following
reference Fe2+ and Fe3+ complexes: Fe2+ phytate, Fe2+ nicotianamine, Fe2+ sulphate, Fe3+ phytate, Fe3+

nicotianamine, Fe3+ citrate and α-Fe3+OOH - oxide/hydroxide (goethite). The preparation and analysis
of these reference Fe complexes has been described elsewhere [25,33], except for Fe nicotianamine
standards, which were synthesized by mixing water solution of nicotianamine (CAS 34441-14-0, Santa
Cruz Biotechnology, Inc., USA) with FeCl2 × 4H2O (Sigma-Aldrich) or FeCl3 × 6H2O (Sigma-Aldrich)
water solution at the molar ratio of 10:1 in water. Final pH was adjusted to 6.5–7.0. XANES spectra
of the reference compounds Fe2+ nicotianamine and Fe3+ nicotianamine were measured at XAFS
beamline of synchrotron Elettra (Trieste, Italy) in transmission detection mode, on homogeneous pellets
with optical thickness of about 2 above Fe absorption K-edge. Iron species and Fe ligands for each
wheat cultivar were obtained by averaging across all tissue-specific XANES results in each cultivar.

5.3. Statistical Analysis

Pairwise comparisons were tested by Student t-test at p < 0.05 and linear regression analysis was
performed in SigmaPlot version 13.0 (Systat Software, San Jose, CA). Clustering and heatmap was
created using z-transformed average total concentrations in whole grain using function heatmap.2 in
gplots package within R i386 3.0.2 software.
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Correlations between element concentrations in whole grain for the selected four wheat cultivars. Figure S4:
Quantitative distribution maps in the grain of awned wheat cultivars. Figure S5: Quantitative distribution maps
in the grain of awnletted wheat cultivars. Figure S6: Iron K-edge XANES of reference compounds used in the
linear combination fitting. Table S1: Agronomic characteristics of the wheat cultivars studied. Table S2: Relative
amounts of iron ligands in the grain wheat cultivars and in different grain tissues.
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Abstract: The low phytic acid (lpa), or “low-phytate” seed trait can provide numerous potential benefits
to the nutritional quality of foods and feeds and to the sustainability of agricultural production. Major
benefits include enhanced phosphorus (P) management contributing to enhanced sustainability in
non-ruminant (poultry, swine, and fish) production; reduced environmental impact due to reduced
waste P in non-ruminant production; enhanced “global” bioavailability of minerals (iron, zinc,
calcium, magnesium) for both humans and non-ruminant animals; enhancement of animal health,
productivity and the quality of animal products; development of “low seed total P” crops which
also can enhance management of P in agricultural production and contribute to its sustainability.
Evaluations of this trait by industry and by advocates of biofortification via breeding for enhanced
mineral density have been too short term and too narrowly focused. Arguments against breeding for
the low-phytate trait overstate the negatives such as potentially reduced yields and field performance
or possible reductions in phytic acid’s health benefits. Progress in breeding or genetically-engineering
high-yielding stress-tolerant low-phytate crops continues. Perhaps due to the potential benefits of the
low-phytate trait, the challenge of developing high-yielding, stress-tolerant low-phytate crops has
become something of a holy grail for crop genetic engineering. While there are widely available and
efficacious alternative approaches to deal with the problems posed by seed-derived dietary phytic
acid, such as use of the enzyme phytase as a feed additive, or biofortification breeding, if there were
an interest in developing low-phytate crops with good field performance and good seed quality,
it could be accomplished given adequate time and support. Even with a moderate reduction in
yield, in light of the numerous benefits of low-phytate types as human foods or animal feeds, should
one not grow a nutritionally-enhanced crop variant that perhaps has 5% to 10% less yield than a
standard variant but one that is substantially more nutritious? Such crops would be a benefit to
human nutrition especially in populations at risk for iron and zinc deficiency, and a benefit to the
sustainability of agricultural production.

Keywords: phytic acid; phosphorus; phytate; low phytic acid; lpa; seed; genetics; animal nutrition;
human nutrition; sustainability

1. Introduction: The low phytic acid Trait

Phytic acid (myo-inositol-1,2,3,4,5,6-hexakisphospate; Figure 1A) is the storage form of phosphorus
(P) in seeds, typically representing from 75 ± 10% of seed total P [1]. Following synthesis during
seed development, it accumulates and is deposited as mixed “phytate” or “phytin” salts primarily of
potassium (K) and magnesium (Mg). These salts may also contain iron (Fe) and zinc (Zn) and other
mineral cations. Prior to 1980 (the year I began my PhD studies of genetic and environmental factors
impacting soybean phytic acid), there was no “Mendelian” genetics of seed phytic acid; there were no
known mutations or variant alleles that perturbed seed phytic acid synthesis or accumulation. The first
low phytic acid (lpa) mutants of any crop species, maize (Zea mays L.) low phytic acid 1-1 (Zmlpa1-1) and
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Zmlpa2-1, were isolated around 1990 in my then fairly new USDA-ARS (Agricultural Research Servic)
lab [2]. Homozygosity for these first two maize mutations reduced seed phytic acid (myo-inositol
hexakisphosphate) by 50% to 70% while having little discernible effect on seed total phosphorus (P)
(illustrated in Figure 1B for maize lpa1-1). Isolation of maize lpa1-1 and lpa2-1 was followed in my
lab and many others with the isolation of mutations in a third maize locus [3], lpa mutants in barley
(Hordeum vulgare L.), rice (Oryza sativa L.), wheat (Triticum aestivum L.), soybean [Glycine max (L.) Merr.],
common bean (Phaseolus vulgaris L.), in several additional crops and model systems such as Arabidopsis
thaliana (L. (Heynh)), and increasingly via genetic engineering in a number of crops [4–6]. In seed
homozygous for most but not all lpa mutations or genotypes, reductions in phytic acid P are largely
matched by increases in inorganic P, with little or no change in seed total P. In some cases (such as
maize lpa2) reductions in phytic acid P result in increased inorganic P and increases in other inositol
phosphates such as myoinositol tris-, tetrakis, or pentakisphosphate, but the seed total P remains similar
to wild-type (data not shown).

 
Figure 1. (A) Phytic acid, myo-inositol-1,2,3,4,5,6-hexakisphosphate. (B) The basic seed phosphorus
(P) phenotype of “normal phytic acid” or wild-type and low phytic acid (lpa) genotypes, as illustrated
by the initial analyses of wild-type and low phytic acid 1-1 maize isolines [2]. While seed total P may
vary in any given genotype depending on various environmental, non-genetic factors, the relative
contributions of phytic acid P, inorganic P and “other P” to seed total P typically remain fairly constant.
“Other P” refers to all P other than phytic acid P and inorganic P, such as P found in other inositol
phosphates, DNA, RNA, protein, carbohydrate, lipids, etc.

Here, I will present what I think are a few interesting observations and views about the practical
or “applied” side of seed phytic acid and the potential role of lpa crops, first in reference to phytic
acid’s role in animal and human nutrition and second in reference to questions about breeding or
engineering the low-phytate trait. The two main problems that the lpa trait can be used to address are
(1) P management in non-ruminant animal production and; (2) mineral deficiency in humans. For many
years there have been attractive alternative approaches and technologies to address these problems.
For the P management issue, there is the use of phytase (phytic acid-specific phosphohydrolases;
myo-inositol hexakisphosphate 3- and 6-phosphohydrolase; EC 3.1.3.8 and EC 3.1.3.26) as a feed
additive [7,8] and for the human mineral nutrition problem, there is “biofortification” breeding for
enhanced mineral density [9]. Both of these alternatives are less challenging to implement and more
readily accessible than breeding the lpa trait and perhaps in specific cases have advantages over it,
resulting in much wider acceptance, utilization and recognition. Does the lpa approach have a useful
place in addressing these two problems? Does the lpa trait possibly have any advantages over these
alternative approaches?
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I will address these questions and present views developed through the course of nearly four
decades of work. In summary, I have two main observations. First, in regards to the “low-phytate”
trait and the alternative approaches to the problems it presents in human health and animal agriculture,
people tend to “miss the forest for the trees”. People tend to look at or address isolated effects or
problems, but do not consider the bigger picture which is the sum of the positive effects described
below. For example, studies might address the effect of reducing dietary phytate on iron retention
but not on zinc, calcium or magnesium retention. Or biofortification breeding programs might target
iron-dense crops, or zinc-dense crops, but usually not both in the same germplasm. Few if any have
addressed what I define as “global” mineral nutritional quality; the nutritional quality of food in terms
of all the major mineral nutrients. Programs or studies might address the problem of P management in
animal production or the problem of mineral deficiency in humans, but not both. Second, I believe
people’s efforts or views are often too short-term, such that one might miss the long-term goals and
benefits. For example, the development of a high-yielding low-phytate crop might require long-term,
sustained effort in breeding or genetic engineering. This sort of long-term effort is not typical of
most institutions.

First, an estimate of the potential value of the low-phytate trait will provide a basis for subsequent
discussion. This will include a brief review of the role seed phytic acid plays as a major bottleneck in
the flow of P through the world’s agricultural ecosystem. Next, the fundamentally important question
of the role of phytic acid in animal and human nutrition will be addressed. Last, a few points regarding
the breeding the low-phytate crops will be addressed.

2. An Estimate of the Potential Value of the low phytic acid Trait

Studies conducted over the years with lpa mutants and genotypes of maize and other species
indicate that the positive impact of this single-gene or simply-inherited trait on seed nutritional
quality compares very favorably with any other single- or multigenic trait described to-date. As a
preliminary example, in the case of maize lpa1-1 anecdotal evidence (unpublished) from researchers
in the early 1990s indicated that pigs whose diet consisted solely of lpa1-1 maize, with no additional
supplementation, did fairly well. They did not display the severe P and mineral deficiency and poor
bone density observed if they were solely fed wild-type maize, which has low bioavailable P. The single
lpa1-1 mutation erased these deficiencies and bone disease, converting maize into a nearly complete
food. Can one imagine a situation where it might be beneficial to have a staple food and feed grain
crop that is a nearly complete food, requiring little additional supplementation?

Seed phytic acid P was recognized as early as 1939 as a “non-available” form of P for monogastric
animals (poultry, swine, fish) [10–12]. In the 20th century, there was growing concern over the
contribution of phytic acid-derived P in animal waste to water pollution and eutrophication [13]. So,
as the first major benefit of the lpa trait, studies utilizing lpa lines (reviewed in [6]) revealed that use of
these lines in non-ruminant animal feeds enhanced seed-derived P bioavailability proportional to the
decrease in seed phytic acid P and increase in inorganic P, and depending on diet formulation, could
substantially reduce animal waste P.

Since the mid-20th century, seed-derived dietary phytic acid was well known to play an important
role in the nutritional quality of human foods, via its negative impact on mineral (iron, zinc, magnesium,
calcium, phosphorus) retention and utilization [14,15]. Mineral deficiency, especially iron and zinc
deficiency, was widely recognized as a major international public health problem [16,17]. As the
second major benefit of the lpa trait, studies indicated that human and non-ruminant mineral nutrition
including iron, zinc, and calcium nutrition, is enhanced following consumption of foods or feeds
prepared with lpa types as compared with normal-phytate types (reviewed in [6]).

Perturbation of phytic acid synthesis or accumulation may also favorably alter the distribution
of minerals across the tissues of the cereal grain, in some cases resulting in higher mineral levels in
the central starchy endosperm, in turn resulting in higher mineral density in milled products like
white rice (Oryza sativa L.; reviewed in [6]). It is also likely that protein utilization will be enhanced by

69



Plants 2020, 9, 140

reductions in seed-derived dietary phytic acid [7]. The biosynthetic pathways to both phytic acid and
the raffinosaccharide series of sugars share a common precursor, myo-inositol [18]. Knock-out of the
soybean (Glycine max L. (Merr.)) genome’s seed-specific myo-Inositol 1-phosphate synthase (“MIPS”)
gene, encoding the enzyme which is the sole biosynthetic source of the myo-inositol ring, resulted in
seeds with both reduced phytic acid and reduced raffinosaccharides, the later an undigestible and
undesirable component of foods [18].

A study published in 2000 found that pigs consuming lpa1-1 diets as compared with normal-phytate
diets were leaner, had enhanced muscle density and had less “backfat” [19]. A patent was then awarded
to a reputable company claiming a method to produce eggs with reduced overall cholesterol and
enhanced cholesterol quality (reduced relative levels of low-density lipoproteins), this method being
consumption of maize lpa1-1 as compared with wild-type [20]. Since crop lines with varying,
genetically-determined levels of endogenous seed phytic acid were not available prior to the isolation
of these first lpa mutants, one might predict that their subsequent use in nutrition studies would
yield unexpected findings or outcomes not anticipated based on prior science. The finding of the
potential benefit of the low-phytate trait in cholesterol management represents an early example of
this. Mechanisms that might contribute to enhanced “leanness” and muscle density, desirable traits
in humans as well as pigs, include the possibility that consumption of lpa feeds leads to enhanced
overall mineral nutritional health, enhanced P/Ca status, and enhanced protein digestion resulting in
enhanced amino-acid nutritional status.

Any discussion of real-world problems relating to seed phytic acid should include the fact that it
represents a major bottleneck in P flux through the world-wide agricultural ecosystem (Figure 2). The
total amount of seed phytic acid P annually produced by major crops represents a sum equivalent
to nearly 65% of fertilizer P manufactured annually worldwide [21]. This bottleneck represents a
potentially valuable target in efforts to reduce the negative environmental impact of agricultural
production. Agricultural P runoff contributes to surface water pollution and eutrophication, which in
turn leads to oxygen depletion, die-off and “dead zones” [22]. This is a major, ongoing, world-wide and
newsworthy (https://www.nytimes.com/interactive/2019/12/25/world/europe/farms-environment.html)
problem. For example, a recent survey [23] found that in terms of eutrophication, greater than 95%
of the Baltic sea is considered a “problem area”. Low-phytate genetics can help with the global
eutrophication problem in two ways: (1) first and foremost via its beneficial change in seed chemistry
where total P remains unchanged but substantially more of that P is bioavailable for non-ruminants,
resulting in more P in “product” and less P in “waste” (Figure 2); (2) via lpa alleles that both alter seed
chemistry and condition reduced seed total P amount. For example, if one could reduce seed P by 20%
but not impact yield, that would be equivalent to increasing the “fuel efficiency” of that crop, at least
in terms of the macronutrient P; one would obtain the same amount of grain per unit of production but
during harvest remove or ”mine” 20% less P from the field, leaving it in the field for subsequent years
of production [24].

That is exactly the case with barley lpa1-1 [25–27] (reviewed in [24]). In addition to a ~50%
reduction in grain phytic acid P, it also conditions a 15% to 20% reduction in grain total P, while having
little or no effect on crop yield (see below). Thus barley lpa1-1 represents the first low-seed total P
crop variant necessary for this novel approach to enhancing P management in crop production. In
fact, it conditions a seed P phenotype that represents the ideal for all end uses: reduced seed total P
accompanied by reduced phytic acid P.

It has estimated that for annual global rice production alone, a 20% reduction in soil P mining
during crop production, achieved via a genetic reduction of a similar extent in seed total P, could save
producers “several hundred million US dollars annually in fertilizer inputs” [28]. It would also help
address a potentially even more important long-term problem, “Peak Phosphorus” (reviewed in [22]).
Phosphorus used for fertilizer is obtained from a potentially limiting resource, rock phosphate. Future
reserves may for both political and technical reasons become limiting to agricultural production. A

70



Plants 2020, 9, 140

20% reduction in phosphate use that has little impact on crop productivity could significantly enhance
the long-term sustainability of agricultural production.

 

Figure 2. Phosphorus (P) flow through the world-wide agricultural ecosystem.

Barley lpa1-1′s good field performance and yield has led to the breeding and subsequent release
of two barley cultivars with this unique seed P phenotype; “Herald” [29] and “Clearwater” [30]. The
release of such cultivars represents a very solid proof-of-principle and validation of the feasibility of
both (1) the “low-phytate” approach to enhancing the nutritional value of crops and (2) the “low-seed
total P” approach to enhancing P management in agriculture.

The gene perturbed in barley lpa1-1 was subsequently identified as encoding a member of the
sulfate family of transporters and thus termed HvST (H. vulgare Sulfate Transporter; [31]). Some members
of this large gene family have functions other than sulfate transport. Thus the ortholog perturbed
in barley lpa1-1 probably functions in P transport specific to phytic acid synthesis. This possibility
was confirmed via analysis of a rice ortholog of this gene, termed SULT-like Phosphorus Distribution
Transporter (SPDT; [32]). A knock-out of this rice ortholog resulted in a seed P phenotype almost
identical to that of barley lpa1-1, reduced phytate and a 20% to 30% reduction in seed total P, and like
barley lpa1-1, appeared to have little impact on plant performance in an initial field trial.

The work with the barley lpa1-1 and the rice the SPDT knockouts also illustrate an important
value of the classical “forward genetics” approach represented by the isolation of lpa mutants. Forward
genetics is defined as the isolation of a mutant phenotype followed by identification of the mutation
and gene conditioning that phenotype. That value is that it provides the information needed to then
conduct “reverse genetics”, where perturbations of that gene are first obtained and the phenotypes
they condition subsequently described. In the case of the low-phytate trait, the first example of this
process was the isolation of maize lpa1-1 [2], which then led to the identification of the gene perturbed
in maize lpa1-1, the sequence of which was then subsequently used to genetic engineer the trait into
soybean. [33].

As a summary of this estimate of the potential value of the low phytic acid trait: taken together, these
various nutritional and P-management benefits, of value to human nutrition and animal production,
and to efforts to reduce the environmental impact and enhance the sustainability of agricultural
production, are pretty amazing for a single-gene or simply-inherited seed chemistry trait.

In 1987, when starting my career in the USDA-ARS, it was helpful to have the positive rationale
that isolating lpa mutants would be useful in breeding of lpa crops, which in turn could be used to
reduce water pollution from animal agriculture, then a popular concern. However, I viewed breeding
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low-phytate crops as a long-term and even speculative goal. I had two other initial goals that I
thought were more straightforward in the short-term: to use such genetics resources to study the
biology of phytic acid in plants, such as figuring out phytic acid’s biosynthetic pathway; to use the
near-isogenic lines we could develop to better analyze the role of seed phytic acid in human and animal
nutrition. In the 1980′s it was not yet widely understood that inositol hexaphosphate is the most
abundant inositol phosphate in nature, and a central metabolic pool in the eukaryotic cell [34,35]. The
“inositol phosphate pathways” are central to cellular sensing and signaling including P sensing and
signaling [4], and several other critically important cellular processes in all eukaryotes, such as RNA
processing. In this context, the first maize lpa mutants were essentially the first inositol phosphate
pathways mutants identified in any eukaryotic species. The isolation of these and other lpa mutants
has led to the identification of several novel genes and functions and thus has contributed to our
understanding of the biosynthesis of phytic aid during seed development and has contributed to
basic cell biology [3,4,33,36,37]. For example, the maize lpa1 gene was the first inositol hexaphosphate
transporter identified in any species, and such transporters are key to the roles inositol hexaphosphate
plays in cellular metabolism and signaling [33].

But here I will mostly focus on the applied side of things, the role of seed phytic acid in animal
and human nutrition and the breeding/genetic engineering of lpa crops.

3. Lessons Learned From Animal and Human Nutrition Studies

Working for four decades in the field of genetics, breeding, and engineering food and feed crops for
enhanced nutritional value gives one some perspective. Below I will attempt to explain why: (1) I think
that in the case of the use of the lpa trait in animal feeds, decisions were made early on that focused too
much on short-term profitability and too much solely on P management and; (2) in breeding or genetics
to enhance nutritional value of crops for human foods, too great a focus was placed on biofortification
via enhanced mineral density to the detriment of support for breeding aimed at antinutrients like
phytic acid. In both the feed and food cases, these decisions then impacted long-term strategies
and long-term funding support possibly to the detriment of agricultural production’s efficiency and
sustainability, and environmental and public health. This is only an opinion and I, of course, could be
biased or wrong, or perhaps simply just “venting” about what I perceive as the lack of support for the
low-phytate approach.

3.1. The Low Phytic Acid Trait and “Available Phosphorus” in Non-Ruminant Animal Agriculture

First let us take the example of how the lpa trait was initially viewed and evaluated by an Ag
biotech company when it was first available for use in crop breeding in the early 1990s. The main
interest in seed phytic acid in the agricultural industry in the U.S. and Europe was and largely
remains its role as the major P fraction in grains and legumes destined for use in poultry and
swine feeds. Since phytic acid P is “non-available P” whereas essentially all other forms of P are
“available P” (Figure 3A; reviewed in [6]), the low-phytate trait in maize was initially referred to as
“High Available P” or “HAP” corn [38]. The approach initially used by this Ag biotech company
to determine the value of the lpa trait was in terms of the dollar value of the increase in available
P, using then-current (early 1990s) P prices. For example, using the market cost for rock phosphate
(https://www.indexmundi.com/commodities/?commodity=rock-phosphate&months=300); if an lpa
allele converts half of the phytic acid P in seeds from “non-available P” to “available P”, in 1990 the
available P in a low-phytate line would represent ~$5 billion (US) (Figure 3B, right), as compared with
$1.66 billion (US) for the available P in the “normal phytate” line (Figure 3B, left).
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Figure 3. (A) Typical seed phosphorus (P) fractions and their bioavailability to non-ruminant animals,
in a wild-type or “normal phytate” crop type versus a low-phytate line. “Available phosphate” and
“non-available phosphate” refers to that fraction of seed total P that would be absorbed and utilized
following consumption by non-ruminants. This is only an illustration for discussion purposes and
does not represent actual data for any given crop or low-phytate line. Cereal crops usually have 3.0 to
4.0 mg Total P g-1, such as in the illustration. Legume and oil-seed crops can often have 5.0 or more mg
Total P g-1, but the relative proportions of phytic acid P, inorganic P and “cellular P” remain similar to
that observed in cereal grains. “Cellular P” refers to all P other than phytic acid P and inorganic P, such
as P found in DNA, RNA, protein, carbohydrate, lipids, etc. (B) The same bar graph of seed P fractions
but with: (1) the relative value in U.S. dollars of the respective seed P fractions, expressed in terms of
the market price for rock phosphate (adjusted for inflation), in 1990 versus 2015 and (2) the relative
value of the current “phytase market” and the proposed “superdosing” of phytase.

Since P was relatively inexpensive in 1990, valuating the low-phytate trait in terms of “feed P
equivalents” created several hurdles to development and production. Rather than using the well-proven
“penetration pricing” strategy, where new products are initially sold at relatively low prices to capture
market share [39,40], industry participants at that time wanted to attach a “technology surcharge” to
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HAP hybrid seed, in my opinion, a short-sighted business strategy. The problem was the “feed P value”
of the first lpa types, based on market prices for P in the early 1990s, was not sufficient to accommodate
this “technology surcharge”. But what if the price of P for use in feeds and fertilizers dramatically
increased over the next 10 to 20 years? What if the price of P will continue to increase or experience
price spikes? It takes a minimum of ten but often many more years to go from the initial development
of a new biotech trait to its widespread marketing [41]. Should not that early decision been based on
future projections of P prices? Today the increasing cost and potential future scarcity of rock phosphate
for use in fertilizer P and feed P production is changing views of the importance of seed phytic acid. By
2015, the cost of rock phosphate had roughly tripled since 1990, so that net available P in a low-phytate
line where half the phytate is converted to available P would represent $15 billion (US) (Figure 3B,
right). Also, using this same estimate of the dollar value of seed P, if the 20% to 30% reduction in
seed total P trait of barley lpa1-1 or the rice SPDT knock-outs were engineered into all major grain and
legume seed crops, that could potentially represent a savings of up to$ 4.5 billion (US), annually.

A second way to look at the value of the seed P represented by phytic acid P (non-available P) is to
consider the total market value for the feed additive phytase needed to break down a given amount of
feed phytic acid (Figure 3B, middle). In this discussion, it is useful to remember that the world market
for phytase as a feed additive is the largest market for any industrial enzyme. In 2015, the total market
value for the standard rate of the feed additive phytase (500 units enzyme/kilo feed, an application
rates designed to breakdown ~50% of feed-derived phytic acid), was >$500 million (US). The objective
of this application rate is not to improve animal health or productivity, but rather to meet regulatory
standards designed to ameliorate water pollution by dictating acceptable levels of animal waste P.
Subsequently, participants in the industry started advocating phytase “superdosing”; application
rates twice, three times or more than 500 units per kilo feed (http://phytate.info/superdosing-phytase).
The primary rationale for phytase superdosing was that the resulting application rates achieved a
near-complete breakdown of dietary phytic acid and that this had added benefits beyond the 50%
improvement in dietary P utilization achieved via the “500 enzyme unit” application rate. These
additional benefits were enhanced overall animal health, resulting largely from optimized mineral
nutritional health, leading to enhanced productivity. A secondary benefit was more efficient use of
increasingly expensive P and optimized reduction in waste P. If a proposed “superdosing” use of
phytase becomes industry standard, this would then add at a minimum another >$500 mMillion (US)
(Figure 3B, middle).

So if annual phytase costs were used to value a genetically-determined 50% reduction in seed
phytic acid, it would at a minimum be worth $0.5 Billion for maize alone. But who gets that value? Is
it the grain grower, the phytase producer, or the livestock producer? If the dollar value of enhancing
P management and reducing P waste is captured in the grain, breeding low-phytate crops should
ultimately bring profits to the grain grower.

The rationale for phytase superdosing was based in part on the findings of the first generation of
animal nutrition studies using the initial maize and barley lpa near-isogenic lines my lab USDA-ARS
lab-produced: genetically-determined reductions in crop seed phytic acid translated into enhanced
mineral nutritional health in a global sense (enhanced P, Ca, Zn, Fe, Mg etc.), and in other possible
benefits such as enhanced protein utilization, that in sum resulted in healthier, more productive
animals. This validated one of my major initial objectives in studying seed phytic acid genetics: that
the resulting development of sets of near-isogenic lines that largely differ only in seed phytic acid P
level will be valuable in studying the role of phytic acid in animal and human nutrition. Thus the
resulting research was not only of value in studying the role of dietary phytic acid but also led to
rationalizing increased phytase use!

That an opportunity was missed in the 1990s by the maize breeding industry is highlighted by the
fact that little known subsequent studies have shown that both corn farmers who might grow HAP corn
and consumers of foods produced using the non-GMO HAP corn favorably viewed its environmental
benefits [42,43]. A survey of the Delmarva Peninsula (on the eastern side of the Chesapeake Bay, US)
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corn farmers found a willingness to grow non-GMO HAP corn due to the environmental benefits but
increasing resistance if doing so was accompanied by higher production costs or reduced yield [42]. A
separate study found consumers looked favorably on chicken produced using HAP corn [43], again
due to the environmental benefits. This also serves as a good example of how focusing just on P
management limits a full appreciation of the value of the lpa trait. What if those farmers or consumers
were instead asked if they would look favorably on use of a new corn type in feeds that are “high
available P”, with the resulting environmental benefits, but also results in healthier animals due to
a global enhancement of mineral nutritional health and possibly healthier animal products, due to
reduced cholesterol and increased “leanness”?

One critical hurdle to the adoption of HAP corn was that initial yield studies of lines into which an
lpa allele had been crossed indicated that it was associated with a yield loss of perhaps 5% to 10%. Since
lpa corn is competing with commodity “yellow-dent” corn for the end-use strictly as a feed ingredient,
in the horizontally-organized agricultural system in the U.S., where grain growers in most cases derive
their income entirely from the amount of grain they can produce, that initial lpa-associated yield loss
represented a financial hurdle. There was little consideration at the time of how sustained breeding
and research, meaning over five to 10 years or longer, might result in elite performance of a non-GMO
lpa type. That is simply too great a time span for any private-sector company’s balance sheet. Further,
in these initial deliberations in the early 1990′s, consideration of environmental issues or sustainable
management of P issues were secondary to the simple question of the cost of feed P. No predictions of
possible changes in feed P costs over the long-term, meaning over decades, were included.

These ways of estimating the value of the lpa trait are meant only to provide a historical perspective
on views and attitudes that impact decision making in the agricultural industry. Looking at this trait
simply in terms of the value of the P in seeds as determined by market rates for P fertilizer or feed P
undervalues the trait over the longer term, and does not take into account sustainability, the value of
reduced environmental impact and water quality, nor the potential full benefits for animal health and
productivity independent of P nutrition.

3.2. Low Phytic Acid Near-Isogenic Lines: A Powerful Model to Study the Impact of Seed-Derived Dietary
Phytic Acid in Human and Animal Nutrition

The power of lpa near-isogenic lines as an experimental tool in human and animal research is that
one can produce test foods or feeds with very accurately known levels of seed-derived endogenous
phytic acid that are stable and vary from wild-type levels in a step-wise fashion, through moderate
reductions to lines which produce seed with a near-absence of phytic acid. No additional experimental
(“artificial”) manipulations are needed. As a result, when using these lines, the impact of dietary
phytic acid on some aspect of nutrition can be assayed more quantitatively, and with a higher degree
of accuracy, than is possible using other experimental approaches. Furthermore, any difference in
nutritional outcomes observed between wild-type versus lpa near-isogenic lines can be attributed
to the single-gene allelic difference conditioning the trait. As an illustration, consider two nutrition
studies, one with pigs (Sus scrofa domesticus (Erxleben)) and one with trout (Oncorhynchus mykiss
(Walbaum)), that were conducted with a set of four barley near-isogneic lines (Figure 4) [44,45]. These
four lines produce seed with either wild-type levels of seed phytic acid (cv. Harrington), or seed
with step-wise reductions in phytic acid: a ~40% reduction in Hvlpa1-1, a ~70% reduction in Hvlpa3-1,
and a >95% reduction in HvlpaM955. This provides a nicely linear set of feed phytic acid treatments
that in both studies revealed a highly linear negative correlation between grain phytic acid level and
calcium bioavailability (“% apparent digestibility coefficient” or (ADC) in the trout study and “%
retention/intake” in the pig study).
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Figure 4. The highly linear negative relationship between dietary calcium bioavailability and grain
phytic acid level, as observed in two separate studies, one with pigs [44] and one with trout [45].
Calcium bioavailability was measured in trout as “apparent digestibility coefficient” (ADC) and in
pigs as “% retention/intake”. Animals were fed diets prepared with four barley near-isogenic lines
produced in the same location: (1) wild-type (for grain phytic acid, the cv. Harrington); Hvlpa1-1
with a ~40% reduction in grain phytic acid; Hvlpa3-1 with a ~70% reduction in grain phytic acid; and
Hvlpa-M955 with a >95% reduction in grain phytic acid. Error bars are the standard deviation of the
mean or “standard error” (SE) for each variable: grain phytic acid P, SE = 0.03, n = 3; Trout Ca ADC %,
SE = 5.01, n = 2; Pig Ca retention/intake %, SE = 3.50, n = 5.

Calcium nutritional health is both important to animal health and productivity and is a significant
public health issue worldwide, impacting at least 200 million people, many of whom consume diets
rich in phytic acid. A study with human subjects confirmed the findings in studies with pigs or trout
(Figure 4): that genetically-determined reductions in seed phytic acid (in this case maize) translated
into enhanced calcium bioavailability [46]. Tortillas were prepared using seed produced by a pair of
maize near-isogenic “Dent Corn” hybrids: a “wild-type” hybrid that produced seed with wild-type
levels of phytic acid, or Zmlpa1-1 hybrid that produced seed with a ~66% reduction in phytic acid.
“Fractional calcium absorption” was 43% greater following consumption of the Zmlpa1-1 tortillas
compared with that observed following consumption of “wild-type” tortillas.

One important conclusion arrived at via observation of linearity of response has to do with the
historical use of thresholds of dietary phytic acid in studying its impact on iron and zinc bioavailability.
While defining such thresholds is important if not essential to progress in understanding the impact
of dietary phytic acid, a large number of studies utilizing wild-type and lpa isolines in various
crop species, and conducted with both human subjects and animal models, clearly illustrates that
genetically-determined, step-wise reductions in grain- or seed-derived dietary phytic acid typically
results in what appears to be fairly linear increases in iron and zinc bioavailability. For example,
an oft-quoted paper established a widely-accepted threshold that a reduction in dietary phytic acid
of at least 90% was essential to see benefits for iron bioavailability [47]. But studies with maize lpa
isolines revealed that iron absorption was 49% greater in human subjects following consumption
of foods prepared with maize grain with reductions in phytic acid of only 66%, as compared with
normal-phytate grain [48].

In the case of zinc, reductions in the phytic acid:zinc molar ratio to <10 to 20 (depending on
levels of phytic acid, zinc, calcium, and other dietary constituents) have been viewed as necessary
to observe positive impacts in zinc bioavailability [49,50]. An initial study with human subjects that
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evaluated a pair of “near-isogenic” maize hybrids, one a “normal-phyate” hybrid and the second an
lpa hybrids, found that the reduction of the phytic acid:zinc molar ratio from 36 in the normal-phytate
grain to 17 in the lpa grain nearly doubled fractional zinc absorption (from 0.17 to 0.30) [51]. A second
study using two sets of near-isogenic hybrids reported a linear negative relationship between phytic
acid:zinc molar ratios (ranging from 7.5 to 35), and fractional zinc absorption [52]. While the phytic
acid:zinc molar ratios in both low-phytate types was <20, what is important is that there appeared
to be a linearity of response [52]. In addition to the importance these observations have for public
policy and the development of strategies to address mineral nutritional health, they also should inform
the selection of targets for breeding lpa crops: even moderate reductions as compared with wild-type
would result in enhanced iron and zinc bioavailability.

3.3. “Biofortification” via Breeding for Elevated Zinc or Iron vs. the Low Phytic Acid Approach? Has the
Harvest Plus Project Been Too One-Sided? Has it Missed an Opportunity to Support a Type of Crop Breeding
that would Benefit Human Health?

Biofortification via breeding crops for elevated micronutrient density is an effective approach to
addressing micronutrient deficiency in at-risk populations, both in terms of crop genetics but also as
an “appropriate technology”, the latter defined in part as a technology that is practical for and suitable
to the social and economic conditions of specific locale, culture or society [53,54]. In recognition of the
importance of this strategy to enhancing human health in at-risk populations through crop breeding,
one of its main advocates, Howarth Bouis of the International Food Policy Research Institute (IFPRI),
was recognized in 2016 with the World Food Prize (https://www.ifpri.org/news-release/howarth-bouis-
wins-world-food-prize). As of 2017, it is estimated that 20 million people in farm households in the
developing world were growing biofortified crops [54]. That is impressive. This was in part the result
of the vision and the ultimately successful acquisition of support and funding that did not come
without struggle and substantial persistence (https://www.harvestplus.org/about/our-history).

I’ve often wondered though that this success may have resulted in “paradigm block” and pushed
other approaches to the sidelines. It may have resulted in the “canalization” of funding. But in the case
of mineral deficiency, if one considers not just iron and zinc but other important mineral nutrients such
as calcium and magnesium, is breeding for elevated levels of micronutrients going to be efficacious
if phytic acid levels remain high? In at least one case, the biofortification breeding of common bean
(Phaseolus vulgaris L.) for elevated iron levels, the short answer is no [55]. I will return to these particular
studies and the recommendations that resulted from them in more detail below.

If the goal is to enhance mineral nutritional health globally (to enhance mineral status for all
nutritionally-important minerals), can one simultaneously breed or engineer high levels of many of
the most nutritionally-important minerals? The argument has been made that in some cases selection
or breeding for elevated levels of one element may also result in elevated levels of other elements
because there are positive correlations between the seed concentrations of some elements [56]. This
may occur in some cases, but I find arguments for this approach to understate its complexities. For
example, seed calcium levels are not well correlated with zinc or iron levels, and the distribution of
calcium, iron, and zinc in the grain differ greatly, impacting levels in food products made from differing
grain fractions. In contrast, the results of animal and human trials of low-phytate types described here
indicate that reducing dietary phytic acid via the low-phytate approach would result in enhanced
global mineral nutrition.

Furthermore, there are other substantial considerations that argue for combining the low-phytate
approach with the “high mineral” approach. Consider the cases of zinc and iron. In the case of
zinc, the negative impact of dietary phytic acid is both on the zinc consumed in a meal, but also on
endogenous zinc encountered in the intestinal tract, and this latter effect may contribute substantially
to net zinc loss [57]. Thus in the case of populations that consume substantial amounts of phytic acid
in the grain- and legume-based diets, the full benefits of elevated dietary zinc may be reduced by high
phytate levels.
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Consider the results of a study that evaluated zinc nutrition with chicks consuming feeds
prepared with a normal-phytate barley and barley lpa-M955, in which seed phytic acid is reduced
95% (Figure 5) [58]. Chicks were fed six different diets. These were prepared such that the sole source
of phytic acid was either a wild-type (for grain phytic acid) barley near-isogenic line or a sibling
near-isogenic line (“M955” for Hvlpa-M955) in which grain phytic acid is reduced by >90%. Further,
diets prepared with each barley were supplemented with either 0.0, 10 mg/kg or 20 mg/kg zinc. The two
grain types had similar endogenous zinc levels (about 23 to 24 mg Zn/kg). The results (Figure 5) clearly
illustrate that zinc nutritional health, as measured by tibia zinc, was enhanced by zinc supplementation
only in those animals consuming wild-type barley. Zinc nutritional health as assayed by tibia zinc was
optimal in animals consuming the M955 barley regardless of zinc supplementation level. Thus, in the
case of this low-phytate barley, increasing levels of zinc supplementation resulted in no added benefit.
This clearly illustrates that the endogenous zinc levels of barley grain are adequate for optimal zinc
health, if not for the endogenous phytic acid. From this perspective, zinc supplementation functions
only to overcome reduced bioavailability due to dietary phytic acid. Should not this be a consideration
in policy-making for approaches to deal with world-wide zinc deficiency?

Still, these results (Figure 5) do illustrate the value of zinc supplementation or biofortification for
those crops/foods where seed-derived dietary phytic acid is at the high levels typical of many cereal-
and legume-based foods. A good example of this is a recent evaluation of fractional and total zinc
absorption in young rural Zambian children from meals prepared with zinc-biofortified maize [59].
Despite relatively high phytate levels, consumption of meals prepared with zinc-biofortified maize
(34 μg Zn/g grain) resulted in a near-doubling of total absorbed zinc (1.1 mg Zn absorbed/day) when
compared with that resulting from consumption of meals prepared with standard maize (21 μg Zn/g
grain; 0.6 mg Zn absorbed/d). The authors note that this increase in total zinc absorption from the
biofortified grain “occurred despite the high phytate concentration and high dietary phytate:zinc molar
ratio of the biofortified grain” [59]. Of course one might wonder how combining “high grain zinc”
with low-phytate might have further enhanced zinc bioavailability?

 

Figure 5. Effect of barley grain phytic acid level and supplemental zinc on chick tibia zinc at 21 days of
age. The standard deviation of the mean or “standard error” (“SE”) was 6.08, n = 4.
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In the case of iron, consider that as part of the Harvest Plus program (https://www.harvestplus.org/),
common bean was chosen as one of the main targets for iron biofortification efforts. But in fact, the
negative impact of phytic acid in foods prepared from a high-iron common bean produced via
biofortification breeding led leading experts in the field to the conclusion that the common bean
has “limited potential as a vehicle for iron biofortification” [60]. These stable isotope studies with
Rwandese women found that any benefit in the consumption of meals prepared with iron-biofortified
beans versus “normal iron” beans was negated by the phytic acid content of the bean. In a subsequent
study, this same group found that fractional iron absorption was increased 60% to 130% (depending on
polyphenol content) and total iron absorption was increased 60% to 163% (again depending on the
polyphenol content) when foods were prepared using an lpa bean with a 90% phytic acid reduction as
compared with a normal-phytate bean [60]. This group subsequently concluded [61] that “due to the
low bioavailability of bean iron . . . exclusively breeding for high iron concentration may not provide
enough additional absorbable iron to impact iron status” and that “the focus should now be on PA
reduction”. Of relevance to questions of agronomic performance, the low-phytate bean line used in
this study had previously been found to have little effect on plant performance or yield [62]. I will
return to this last point below.

This group’s results and recommendations are informative when addressing what I view as
the “paradigm-lock” in the biofortification field. The paradigm in question, as repeatedly stated by
proponents of the biofortification approach [9,53,63], can be summarized as follows: (1) breeding
for enhanced mineral density is feasible for many different staple food crops and is an “appropriate
technology” for addressing micronutrient deficiency in the most at-risk populations in the developing
world; (2) it will have little or no negative effects on crop yields but rather probably will enhance
crop yields; (3) breeding for low-phytate may be problematic since dietary phytic acid may also have
positive nutritional benefits that might be lost; (4) those who attempt breeding for low-phytate should
proceed with caution since phytic acid is so important to a plant’s basic biology that breeding for
low-phytate will inevitably harm plant growth and productivity. One can get the impression that in
the case of breeding for enhanced mineral nutritional quality, biofortification breeding for enhanced
mineral density is all good and low-phytate is all bad!

I have a few problems with this paradigm. Take the case of zinc. Leading experts in the
international nutrition field have identified phytate “as the most important inhibitor of zinc absorption
in adult human diets” [64]. The model and equation currently used for determining the bioavailable
zinc in food [65] requires knowledge of the phytic acid content of that food. The European Food Safety
Authority (EFSA) used this model to generate a new set of dietary zinc recommendations for adults
based on four levels of dietary phytate [66]. Seed-derived dietary phytic acid plays a similar negative
role in iron bioavailability and deficiency [15,16,47]. Therefore it seems obvious that addressing the
phytic acid content of foods is critical to the question of iron and zinc deficiency. In this regard, it is
telling that in two recent reviews of progress in iron and zinc biofortification [54,67] there is not one
mention of phytic acid or phytic acid:zinc molar ratios. In these reviews, curiously, there is also no
mention of negative or inconclusive results, such as those reported by Petry et al. [55].

But in cases such as foods prepared with legumes or whole grains, breeding for enhanced mineral
density may not be needed at all, if one breeds for reduced phytic acid. As indicated in the studies
with barley (zinc) and beans (iron) discussed above [58,60], simply reducing phytic acid may provide
sufficient enhancement of both zinc and iron bioavailability in many foods. Furthermore, consider
the results of analysis of iron bio-availability from grain of maize wild-type and lpa1-1 lines, the later
producing grain with a ~66% reduction in phytic acid, when assayed using the human Caco-2 (colon
adenocarcinoma) cell in vitro assay (Figure 6; unpublished results kindly provided by Ray Glahn,
USDA-ARS). The Caco-2 assay was designed to study the intestinal absorption of nutrients [68,69].
Use of this assay indicated that the addition of ascorbic acid, a known enhancer of iron absorption, to
wild-type maize flour more than doubled iron uptake observed in assays of wild-type maize with no
ascorbic acid (Figure 6). Importantly, iron uptake from lpa1-1 maize flour was essentially identical to
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that observed from wild-type flour plus ascorbic acid. Furthermore, the addition of ascorbic acid to
lpa1-1 maize flour further increased iron uptake by 40%.

 

Figure 6. Caco-2 Assay for iron bioavailability from flour produced from maize wild-type (WT) and
lpa1-1 isohybrid grain. The lpa1-1 grain contained 66% less phytic acid than WT. Bars indicated standard
deviations, n = 3 (data provided by Ray Glahn, USDA-ARS Plant, Soil and Nutrition Lab, Cornell
University, Ithaca, NY, USA).

These Caco-2 results provide further evidence that the inherent nutritional value of lpa grain can
provide benefits equal to those achieved via supplementation or via the use of additives like ascorbic
acid. This view is supported by the results of a recent analysis of the iron content and bioavailability, as
determined via the Caco-2 assay, of the maize germ versus endosperm [70]. In maize, the germ fraction
contains ~80% of the grain’s total phytic acid, and 27–54% of its iron. Yet this iron is poorly bioavailable.
Removal of the germ enhanced the iron bioavailability of the remaining grain fraction (endosperm
plus aleurone), indeed to the extent that there was more bioavailable iron, as determined by the Caco-2
assay, in de-germed maize flour than in common bean flour, despite the fact that the common bean
flower contained five times the absolute level of iron. Phytic acid is clearly the culprit here.

Most biofortification breeding efforts and nutritional studies of biofortified foods only address
one micronutrient, iron or zinc or calcium for example. That simply reflects the standard approach to
these types of programs and studies. But in viewing the real world of “global” mineral nutrition, what
about the fact that greatly reducing dietary phytic acid will probably enhance bioavailability of all of
these? Of course, there are many cases such as foods obtained following milling of grain crops where
following the removal of bran the resulting food is a relatively poor source of iron or zinc yet is also
low in phytic acid. In those cases, such as white rice, breeding for enhanced mineral density has many
straightforward beneficial applications where the low-phytate trait might have little benefit.

The lpa beans used in the studies of Petry et al. [60,61] were not isolated with support from Harvest
Plus [62]. In fact to the best of my knowledge, to date Harvest Plus and international agricultural
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centers participating in Gates Foundation-supported biofortification efforts have not provided support
for the development of any low-phytate crops. Has this lack of support for “the lpa approach” by
the most prominent programs in crop nutritional quality breeding for the international community
been to the benefit or detriment of those populations at greatest risk for mineral deficiency? Consider
the truly global improvement in mineral nutritional health obtained via the consumption of lpa types
documented above. When field-dominating programs develop broad strategies that target specific
approaches, a “canalization effect’ can occur: support for other approaches might be negatively
impacted. Consider the progress that might have been made in the breeding of low-phytate crops if it
had the support of such well-funded programs, not post 2015 following the results of Petry et al. [60],
but about 1995 about when low-phytate genetic variants first became available?

Biofortification breeding for mineral density may have another problem: it ignores the fact that in
many societies, grain and legume crops or products made from them are used both in human foods
and animal feeds. Thus an lpa crop might be more broadly useful and simply more practical. Consider
the cases of rice. The vast majority of rice is consumed as white rice consisting almost entirely of
central endosperm, the product of milling/polishing process that removes the germ and aleurone layer
as the “bran fraction”. Since in the cereal grains nearly all the phytic acid and most mineral stores
are found in the germ and aleurone layer, they end up in the bran fraction. Rice bran is an important
and valuable side-product in areas of major rice production and is used in animal feeds [71]. As a
result, while a low-phytate mutation that primarily impacts the chemistry of the bran fraction might be
relatively less valuable for white rice improvement, low-phytate bran would be far more nutritious
than a “normal-phytate” bran when used in animal feeds. When chickens were fed a diet where
rice bran, wheat bran, corn bran, soy bran, and oat hulls were used as fiber, only the ones fed rice
bran had reduced body growth [71]. This was attributed to a higher phytic acid level in the rice bran
diet (1.3%) as compared with that in other diets (0–0.4%). Furthermore, where rice is consumed as a
whole-grain “brown rice”, or for that matter any cereal grain crop when consumed as a whole-grain,
the low-phytate trait would be of value for both human and animal consumption. Therefore, policy
and research direction should more often take into account the value of lpa types both in human and
animal feeds.

The quality of judgment about questions pertaining to the agronomics of breeding for enhanced
mineral density versus low-phytate may have also been less than optimal. For example, the claim that
breeding for enhanced mineral density will have little or no effect on yield but rather will probably
enhance yield is not uniformly supported by published results. A thorough and well-conducted study
of the relationship between grain yield and grain zinc concentration of zinc-biofortified rice cultivars,
conducted over four locations and five years, found “high grain Zn concentration was at the cost of
grain yield” [72]. Of course, a negative relationship between high seed mineral density and yield will
not always be the case, but statements that imply that such a negative relationship will not likely be
the case are misleading for several reasons [56]. For example, it is well known that there is often an
inverse relationship between grain yield and grain mineral density [56]. There is a straightforward
biological explanation for this: as “harvest index” (the amount of grain produced by a unit of crop
biomass) increases, the concentration of minerals per unit of grain decreases. Thus the inverse of
this suggests that one of the easiest ways to select for enhanced seed mineral density would be to
select for reduced yield! The well-known negative relationship between grain yield and grain mineral
density may explain the observation that enhanced iron and zinc density resulting from biofortification
breeding is sometimes accompanied by increased phytic acid [55,59,73]. Of course, this could be due
to other factors such as selection for transport functions that enhance the concentration of all three
minerals simultaneously. But given the published observations, should not one ask if breeding for
enhanced gain iron or zinc density typically results in elevated phytate levels?

With all of that said, an important recent study found that the adoption of improved “iron
biofortified beans” by smallholder farmers in Rwanda led to a 23% increase in yields and a “potential”
24% increase in farmer income [74]. While non-breeding or non-biological factors not related to enhanced
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grain mineral density might have contributed to these benefits, such as the simple introduction of
advanced cultivars or other cultural or economic factors, this represents a notable outcome and will
factor into future policy supporting the adoption of biofortified crops. However, the assumption in the
above “biofortification paradigm” that lpa types will inevitably have poor field performance, is also
not supported by all agronomic studies or by crop breeding theory (see below).

What was the rationale behind this lack of support for the “low-phytate approach”, given its
potential? Perhaps it simply reflects a justifiably conservative approach to crop improvement strategies
for those crops providing staple foods for at-risk populations in the developing world. After all,
there may be some fundamental flaws for the low-phytate trait. For example, perhaps the change
in seed P chemistry that results in reduced phytic acid P accompanied by elevated inorganic P
might increase the incidence of fungal infection, which could increase the incidence of mycotoxin
contamination [75]. Alternatively, the rationale might reflect a concern that dietary phytic acid also
may have health-beneficial roles, as an anti-oxidant and anti-cancer agent or as an inhibitor of renal
stone formation (reviewed in [76]). While highly significant, these are largely problems of aging in
the developed world, but the vast majority of persons in mineral deficiency at-risk populations are
primarily infants, children and women of child-bearing age of lower economic status in the developing
world. For these individuals, malnutrition leading to “stunting” in adolescents, or iron-deficiency
anemia in women, is of more pressing concern than is cancer or kidney stones.

But there is a second issue with the claim of health benefits for dietary phytic acid; some of the
claims may be problematic. While the anti-oxidant and mineral chelation role of dietary phytic acid
in the digestive tract is based on good science, claims for health benefits that require uptake and
transport in bodily fluids such as blood or urine, for example, the claimed role in preventing renal
stone formation, probably are unfounded, since a recent study demonstrated that there is no phytate in
human plasma or urine [77]. These authors, in fact, conclude that administering phytate as a dietary
supplement “in the hope that it might impact directly or indirectly on cancer or other pathologies
seems highly inadvisable” [77]. The problem of widespread transmission of this false claim is not
helped by a research article with the deceptive title “[3H] Phytic acid (inositol hexaphosphate) is
absorbed and distributed to various tissues in rats” [78]. If one reads that paper, one finds that it was
not phytic acid but primarily it’s inositol backbone that was absorbed and distributed. myo-Inositol
can have health beneficial effects, but myo-inositol is not phytic acid. Thus dietary phytate no doubt
has some beneficial roles, but they probably are much fewer then is often claimed, including claims
cited in papers advocating for biofortification breeding of high mineral density.

4. The Low-Phytate Trait, Yield and Seed/Grain Quality: Issues and Attitudes

4.1. Does the Low-Phytate Trait Mean Low Yield or Poor Seed Quality? Yes, If You Only Have Six Months to
Breed or Engineer It!

One would be hard-pressed to find research reports or reviews of the low-phytate trait that do
not begin with the statement to the effect that while it has many benefits, it is obligately associated
with negative effects on plant and seed performance and yield. But as time goes there have been some
reports of low-phytate genotypes of various crops, whether developed via conventional breeding
or via genetic engineering, which have good field performance and yield [27,32,62,79]. Perhaps this
attitude might slowly change as these developments become more widely known [80].

To be clear, studies indicate that alleles of genes that condition the lpa trait, including variant
alleles of the same gene, can have greatly differing impacts on plant or seed performance. An excellent
example of this is the maize lpa1 gene, alleles of which range from having a modest impact on plant
and seed performance and yield [81] to lethality [82]. Maize lpa1 encodes one of the maize genome’s
multiple multidrug resistance-associated protein (MRP) genes, which encodes an ABC transporter
specific to phytic acid transport [33]. Of the first 20 or so alleles of maize lpa1 that we isolated, two
were lethal as homozygotes [82]. Furthermore, studies of another allele of maize lpa1, lpa1-241, found
it negatively impacted seed viability via reduced protection against oxidative stress during seed
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maturation and storage, indicating a protective role for phytic acid as an anti-oxidant [83]. In contrast,
recent studies of a rice lpa mutant (perturbed gene unknown), 9311-lpa, indicated that it’s delayed or
impaired germination, as compared with its non-mutant parental line, may be due to decreased ROS
(reactive oxygen species ) in seed tissues during germination [84]. This, in turn, is possibly due to a
higher level of InsP3 rather than to detoxification of the ROS burst during germination.

Alleles of an MRP gene provides another instructive example via studies of the low-phytate
soybean and common bean lines conditioned by recessive alleles of their genomes’ MRP genes. Each
of these two close relatives’ genomes contains multiple copies of this gene, two in the common bean
and three in the soybean. The soybean low-phytate line CX1834 line [85], homozygous for the first
soybean lpa mutations, was found to be conditioned by mutations in two copies of this particular MRP
gene [86]. Initial studies of its agronomic properties revealed the interesting “seed source effect”: via a
still unknown mechanism, seed maturation of this genotype in a tropical environment (Puerto Rico)
resulted in negative effects on subsequent germination, emergence and yield not observed when seed
maturation occurred in a temperate environment (Iowa) [87]. However, a common bean low-phytate
mutant conditioned by a mutation in only one of the common bean’s two MRP duplications displays
little or no negative impact on germination, emergence or subsequent plant growth, performance or
yield [62,88]. Furthermore, a sustained breeding effort [79] using the soybean CX1834 line as the source
of the low-phytate trait produced two soybean lines whose yields and germination were statistically
similar to high-yielding check cultivars (discussed below). These studies of maize and bean mutations
in MRP genes, and studies of other lpa mutants [84], also illustrate that apart from any agronomic
value, lpa genetics represent a valuable resource in studies of plant and seed biology and the role that
the phytic acid and inositol phosphate pathways may play in it.

But the main point is that yes, one can readily isolate lpa alleles homozygosity for which greatly
impact performance and yield. If a program isolates lpa mutations in a given crop, or engineers
a knock-out of a phytic acid pathway gene, and simply evaluates performance of early-generation
homozygotes, the chance that they will observe poor performance is fairly high. For example, if nine
out of ten randomly-isolated alleles have a clear negative impact, as was the case with maize lpa1,
then the chance of reporting an lpa line with poor yield is pretty high. I think this is exactly what has
happened. But with hard work and some breeding, that one-in-ten high-yielding lpa line can probably
be developed.

Very good examples of this are field trials of barley lpa lines, representing variant alleles of at
least four genes (Figure 7, [27,89]). Four pairs of near-isogenic lines were included in both rounds
of trials and those will be discussed here. These pairs consisted of a wild-type sibling and a sibling
homozygous for one of four independent lpa mutations: barley lpa1-1 conditioning a ~47% reduction
in seed phytic acid; barley lpa2-1 conditioning a 50% reduction in seed phytic acid; barley lpa3-1
conditioning a ~65% reduction in seed phytic acid; barley lpa-M955, conditioning a ~95% reduction in
seed phytic acid (also illustrated in part in Figure 4). The appropriate comparison in these studies
is between the wild-type (“normal phytic acid”) sib line versus the homozygous lpa sib line in each
pair of near-isogenic lines. For the first round of trials in 2002 and 2003, these homozygous mutant or
wild-type lines were obtained after only two to four generations of backcrossing to the recurrent parent,
the progenitor cultivar “Harrington”, followed by self-pollination. Lines for subsequent study were
selected via visual inspection for plants displaying nice growth equivalent to the wild-type progenitor
cultivar “Harrington”. However, no rigorous selection for plant performance or seed weight or quality
within the lpa class in a given generation of backcrossing was conducted; in each generation seed
from essentially all members of a given progeny class (wild-type or mutant) were bulked to plant the
next generation.

This first round of field trials were conducted in 2002 and 2003 in four locations in Idaho USA,
two of which were irrigated and two of which were only “rain-fed”, the latter representing much
more stressful and less productive environments (Figure 7A,B). The first important observation is
that in the irrigated trials in 2002–2003, we observed no effect of homozygosity for lpa1-1 on yield
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(Figure 7A, left). However, with larger decreases in grain phytic conditioned by lpa2-1, lpa3-1, and
lpa-M955 respectively, a very linear and negative relationship between phytic acid reduction and
yield was observed (indicated by the red regression line). The second important observation in the
2002-2003 trials is that the absent or modest reductions in yield in the lpa sib lines for the lpa1-1, lpa2-1,
and lpa3-1 mutations when assayed in irrigated trials is much more pronounced in the rain-fed trials
(Figure 7B). Although not statistically significant in every case, there is clearly a much larger impact of
the lpa trait on yield, including for the lpa1-1 sib line, in this first round of trials in the rain-fed versus
irrigated locations. Thus in this first round of field trials: (1) the lpa1 line performed best overall and
its performance in irrigated locations was excellent; (2) there appeared to be a very linear and negative
relationship between the level of phytate reduction and yield in the irrigated trials; (3) this negative
impact on yield was very pronounced in the more stressful, non-irrigated locations.

Breeding with these lpa mutations continued and a second round of field trials were conducted
in 2010 and 2011 (Figure 7C,D; [27]). For this second round seed was obtained following further
backcrossing (four or five generations) but again, no rigorous selection for plant performance or seed
traits within a given lpa progeny class was conducted. When subsequently tested over two years
in five locations in Idaho, USA, including locations that again were either irrigated or not, barley
lpa1-1 had no discernable effect on yield, regardless of location. Furthermore, in the irrigated locations
(Figure 7C), the difference in performance between a given wild-type sib line versus its homozygous
lpa sib was much less pronounced than in 2002 and 2003: yield of lpa1-1, lpa2-1 and lpa3-1 homozygous
mutant lines were as good or better than their wild-type sib lines and the loss of yield conditioned by
lpa-M955, as compared with its wild-type sib, was less dramatic than that observed in 2002 and 2003.
While there still was a clear, negative relationship between yield and phytic acid reduction (indicated
by the red regression line), the impact of phytic acid reduction on yield was approximately half of
that observed in 2002: the regression coefficient was -0.035 in 2002/2003 (Figure 7A) versus -0.018 in
2010/2011 (Figure 7C). One cannot rule out the possibility that this difference in regression of yield
against phytic acid reduction is due in whole or part to differences in overall production conditions
between 2002/2003 and 2010/2011. For example, overall, yields were lower in the irrigated locations in
2010/2011 as compared with 2002/2003.

While field performance of the barley lpa lines was again much more impacted in the far more
stressful rain-fed locations (Figure 7D), in 2010 and 2011 lpa1-1 still yielded as good as its wild-type
sib. The excellent field performance of barley lpa1-1 probably is due to the fact that this mutation’s
phenotype is highly tissue-specific, reducing phytic acid accumulation in the aleurone but not the
germ, the two sites of phytic acid accumulation in cereal grains [26,27]. Since the germ of barley lpa1-1
is wild-type in terms of phytic acid, the impact of this mutation on germination, emergence, plant
growth, and performance is minimal.

Taken together, these data indicate that even a minimal amount of breeding, limited to backcrossing,
works! This conclusion is supported by the results of backcrossing the first soybean low-phytate
mutations [85] into an elite background in a breeding program at the Univ. or Tennessee (USA, [79]).
Two low-phytate soybean lines were obtained after five generations of backcrossing to an elite line.
Field trials of these lines found their yield statistically equivalent to the yield of two high-yielding
culivars included as checks, and also found no effect of the low-phytate trait on germination. Thus
good germination, field performance and yield of low-phytate types has now been documented in two
important food legumes, the common bean and the soybean [62,79].
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Figure 7. Two rounds of yield trials of barley low phytic acid (lpa) near-isogenic wild-type (normal phytic
acid) lines, conducted in 2002 and 2003 and then in 2010 and 2011. Four pairs of near-isogenic lines,
each pair consisting of a wild-type (normal phytic acid) sib and a lpa sib, were evaluated in several
locations in Idaho (USA). These locations were either irrigated (two locations in 2002/2003 and three
locations in 2010/2011) or rain-fed (non-irrigated; two locations in both 2002/2003 and 2010/2011) [27,89].
The homozygous lpa member of each isoline pair are: lpa1-1, which conditions a ~47% reduction in
seed phytic acid; lpa2-1, which conditions a ~50% in seed phytic acid; lpa3-1, which conditions a ~65%
reduction in seed phytic acid; lpa-M955, which conditions a ~95% reduction in seed phytic acid. (A,B):
Trials conducted in 2002 and 2003. (C,D): Trials conducted in 2010 and 2011. The error bars represent
the standard deviation of the mean, or standard error, n = 12 to n = 36. Linear regression of yield against
% phytate reduction (indicated by red lines) was calculated for the lpa isolines in the irrigated trials.

However, what is lacking in these as well as in all other cases of breeding with lpa genotypes
is recurrent selection within the lpa progeny class, over several generations, for seed and plant
performance traits. For example, while studies show that recurrent selection might improve the
germination and emergence of low-phytate soybean lines [90], the results of such selection have not
been reported to date.

There are two additional problems with the viewpoint that the lpa trait is obligately associated
with reduced yield or seed quality that cannot be overcome with traditional crop breeding methods.
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First, the genetics of the lpa trait is still in its infancy, as compared with other seed chemistry traits
like starch, protein or oil content or chemistry. In addition to the relatively few major lpa loci that
have been identified to date, to my knowledge there has been only two studies to date documenting
secondary loci or allelic variants of genes that have a valuable modifier effect in an lpa background
(discussed below, [91,92]). Such modifiers are well known for genes that perturb or alter starch, protein
and oil content and chemistry, and critically important to breeding elite-performance lines with such
traits [93–95]. Consider the genes and loci that modify starch, sugar or carbohydrate content in maize.
Not only are already well-known modifiers important in breeding and end-use quality, such as sugary
enhancer used to modify sugary in sweet corn breeding [93], but additional loci continue to be identified
that have modifying effects. These new discoveries continue even after many decades of intensive
research, thus the “supply” has not been exhausted, even in the case of truly major seed constituents
such as starch, oil and protein.

The first genetic engineering of a gene to serve as a modifier of poor fertility and growth of an lpa
mutant targeted the Arabidopsis “Gle mRNA export factor” [91]. The negative effects on vegetative
growth and fertility observed in low-seed phytate Arabidopsis lines conditioned by knock-out of its
Ipk1 (inositol pentakisphosphate 2-kinase) gene were rescued by engineering allelic variants of the Gle
mRNA export factor for elevated Ins P6 sensitivity [91].

A sustained classical breeding effort can also overcome seed quality issues associated with the
low-phytate trait via selection for beneficial modifiers. An excellent example of this concerns efforts
to combine the low-phytate and low-saturated fat traits in soybean. Low-saturated fat represents an
important health-beneficial trait for soybean oil. The U.S. Food and Drug Administration set an upper
threshold of 89 g saturated fats per kg product in order to refer to a product as “low saturated fat” [96].
A breeding program targeted developing low-phyate/low saturated fat soybean cultivars [92,97]. The
low-phytate donor line was the original low-phytate soybean mutant CX1834 [85], and its seed had
a relatively high saturated fatty acid (palmitate + stearate) concentration ranging from ~100 to 174
g per kg seed [97]. This line was crossed with a “low saturate donor parent”, a line homozygous
for alleles of two genes that confer the low-saturated fat seed phenotype, and whose seed saturated
fatty acid concentration was 71 g per kg seed [97]. Normal-phytate and low-phytate progeny classes
were identified following one generation of backcrossing to the low-saturate parent (followed by self
pollination), and amongst these two classes, 20 normal-phytate and 20 low-phytate progenies were
further identified that produced seed with less than 50 g palmitate per kg. These lines were then field
tested and the normal-phyate and low-phytate progenies were found to produce seed that had 77
and 83 g palmitate+stearate per kg seed, respectively. This difference was not statistically significant
and both levels are below the FDA’s threshold, but the level of saturated fatty acids in seed of the
low-phytate lines was still consistently higher than that observed in the normal-phytate progenies and
higher than that observed in the standard low-saturated fat parent. These lines produced seed that was
deemed to close to the FDA threshold to warrant recommendation for commercial production [97].

How this group’s work illustrates the value of a sustained effort and identification of beneficial
modifier alleles is that following further crossing and selection, low-phyate soybean lines with saturated
fatty acid levels less than 70 g per kg seed were successfully identified. It was concluded that this was
accomplished via selection for “favorable modifying genes for low saturate concentration” [92].

A problem associated with rice lpa1 is that it is associated with grain “chalkiness”, an undesirable
characteristic [98]. This is reminiscent of the case of opaque 2/high-lysine maize. Perhaps the most
important and relevant example of the problem of field performance for a nutritionally-enhanced
major crop is the case of opaque 2/high-lysine maize. If anyone well versed in the history of efforts to
breed nutritionally-enhanced staple crops read that there is concern with the agronomic performance
of the early generations of lpa crops, that person might think of the story of opaque2/high-lysine
corn [94]. After its initial identification, excitement led to disappointment; homozygosity for o2
resulted in undesirable grain characteristics including chalkiness, and impaired field performance
and yield. But addressing the amino acid deficiencies such as lysine deficiency of standard maize
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is critically important to nations like Mexico where maize is such an important staple food. As a
result, there has been substantial government and institutional support for this work in several nations.
Sustained breeding and research over several decades has yielded high-performance high-lysine,
“Quality Protein” maize with excellent yields and good grain characteristics. Elite performance of any
line or hybrid, regardless of specific end-use or quality traits they might contain, reflects favorable
combinations of alleles at large numbers of dispersed loci that only result from sustained and ongoing
breeding over many generations. As discussed above, reports of recurrent selection for performance
within a lpa line, or in fact any sustained effort at lpa breeding, has been very limited. In a parallel to
the o2 story, perhaps recurrent selection might correct the problem of “chalkiness” in rice lpa1.

Second, recurrent selection within a lpa line for field performance or yield probably would not
only select for favorable genetic alleles, in the sense of sequence-differing variants, but also will
very likely select for favorable epigenetic variants [99]. This latter type of variation, and its role in
breeding crop lines with elite performance, is not yet well understood in terms of science nor is its
importance appreciated in the crop breeding community. I predict that that will change greatly over
the next decade.

This discussion so far has only addressed “conventional” approaches to breeding high-yielding
low-phytate crops. Clearly, genetic engineering for the trait provides an additional and powerful
approach to developing low-phytate crops with good performance characteristics [33]. There are a
growing number of targets for such engineering [3–5,31–33,36,91]. It is interesting that in maize, one of
the worlds’ most important food and feed crops, both the first use of zinc-finger nucleases and more
recently the methods of TALENS and CRISPR/Cas for sequence-targeted gene engineering, targeted
genes involved in the low-phytate trait [100,101]. Perhaps due to the significant potential benefits
of the trait, developing high-yielding stress-tolerant low-phytate crops has become something of a
holy grail for crop genetic engineering. Perhaps the most powerful approach might turn out to be
engineering crops with seed tissue-targeted phytase overexpression. This has been accomplished with
a growing number of crops including maize [102], soybean [103] and barley [104]. This approach can
result in quantitative conversion of phytate P to inorganic P in mature seed [103], but would also
provide active phytase action against any source of phytate in a food or feed.

4.2. Is Comparing the Yield of a Low-Phytate Type Against a Wild-Type Like “Comparing Apples and Oranges”,
or More Appropriately, Comparing Yields of Sweet Corn with Field (Starchy) Corn?

One would not insist that sweet corn yields compare favorably with field or starchy corn yields.
But is not that exactly what people have been doing with the low-phytate trait? The problem is that
in the context of crop production for mainstream poultry and swine production in the U.S., often lpa
crops must compete with standard commodity crops. In the industry’s primarily horizontal structure,
lpa crops have to yield close to standard crops and would also have to be handled as a “specialty-use
crop”, where they are segregated in both storage and shipment. In light of the fact that a practical
alternative to the problem that lpa crops address in this context already exists, the feed additive phytase,
the “yield issue” and need for segregated production and handling present barriers to widespread
production. But should lpa types be compared directly with standard types? For example, in the case
of maize, should not the lpa type simply be considered a “specialty use” corn or perhaps represent a
new maize commodity classification? For example, in the case of maize, we have “dent corn”, “flint
corn”, “sweet corn”, “waxy corn”, and “amylomaize”. To this we should add low-phytate maize.
Would it be appropriate to compare the yield of waxy corn, or sweet corn, with a starchy field corn?
Absolutely not. In light of the numerous benefits of low-phytate types as human foods or animal feeds,
should one not grow a nutritionally-enhanced crop variant that perhaps has 5% to 10% less yield than
a standard variant but one that is substantially more nutritious?
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5. Conclusions

The lpa or “low-phytate” seed trait can provide numerous potential benefits to the nutritional
quality of foods and feeds and to the sustainability of agricultural production. These include enhanced
phosphorus management contributing to enhanced sustainability in non-ruminant (poultry, swine,
and fish) production; reduced environmental impact via reduced waste P in non-ruminant production;
enhanced “global” bioavailability of minerals (iron, zinc, calcium, magnesium) for both humans
and non-ruminant animals; altered distribution of minerals in cereal grains potentially resulting in
enhanced mineral contents of milled products; enhancement of animal health, productivity and the
quality of animal products; potential enhancement of food and feed protein and starch utilization;
development of “low seed total P” crops which also can enhance management of P in agricultural
production and contribute to its sustainability. Evaluations of this trait by industry, and by advocates
of biofortification via breeding for enhanced mineral density, have been too short term and too
narrowly focused. Arguments against breeding for the low-phytate trait overstate the negatives such
as potentially reduced yields and field performance or possible reductions in phytic acid’s health
benefits. Progress in breeding or genetically-engineering high-yielding stress-tolerant low-phytate
crops continues. While there are widely available and efficacious alternative approaches to deal with
the problems posed by seed-derived dietary phytic acid, such as use of the enzyme phytase as a
feed additive, or biofortification breeding, if there were an interest in developing low-phytate crops
with good field performance or good seed-quality, it could be accomplished given adequate time and
support. Perhaps due to the potential benefits of the low-phytate trait, the challenge of developing
high-yielding, stress-tolerant low-phytate crops has become something of a holy grail for crop genetic
engineering. Even with a moderate reduction in yield, in light of the numerous benefits of low-phytate
types as human foods or animal feeds, should one not grow a nutritionally-enhanced crop variant that
perhaps has 5% to 10% less yield than a standard variant but one that is substantially more nutritious?
Such crops would be a benefit to human nutrition especially in populations at risk for iron and zinc
deficiency, and a benefit to the sustainability of agricultural production.
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Abstract: Phytic acid has two main roles in plant tissues: Storage of phosphorus and regulation
of different cellular processes. From a nutritional point of view, it is considered an antinutritional
compound because, being a cation chelator, its presence reduces mineral bioavailability from the
diet. In recent decades, the development of low phytic acid (lpa) mutants has been an important goal
for nutritional seed quality improvement, mainly in cereals and legumes. Different lpa mutations
affect phytic acid biosynthetic genes. However, other lpa mutations isolated so far, affect genes coding
for three classes of transporters: A specific group of ABCC type vacuolar transporters, putative
sulfate transporters, and phosphate transporters. In the present review, we summarize advances in
the characterization of these transporters in cereals and legumes. Particularly, we describe genes,
proteins, and mutants for these different transporters, and we report data of in silico analysis aimed
at identifying the putative orthologs in some other cereal and legume species. Finally, we comment
on the advantage of using such types of mutants for crop biofortification and on their possible utility
to unravel links between phosphorus and sulfur metabolism (phosphate and sulfate homeostasis
crosstalk).

Keywords: phytic acid; low phytic acid mutants; MRP transporter; ABCC transporter; SULTR
transporter; Pht; phosphate transporter; sulfate transporter

1. Introduction

Phytic acid (PA), chemically myo-inositol-1,2,3,4,5,5-hexakisphosphate, is the major form of
phosphorus (P) storage in seeds (up to 85% of total P) and in other plant organs, such as pollen, roots,
tubers, and turions. However, PA is not only an important molecule for P storage but, together with
its precursors (lower InsPs and myo-inositol) and its derivative molecules (InsP7 and InsP8 inositol
pyrophosphates), it is involved in the regulation of different cell signaling and plant processes in
vegetative tissues, such as abiotic and biotic stress response, storage and polar transport of auxin,
P homeostasis, photomorphogenesis, chromatin modification, and remodeling and mRNA nuclear
export [1].

In seeds, where P amounts may even be 1000-fold higher than those detected in vegetative
tissues, PA is accumulated during development, reaching a plateau at the end of the “cell expansion
phase” [2,3]. PA is synthesized in the cytosol through two different routes: (i) The lipid-independent
pathway, the most used in the seed, consisting of the sequential phosphorylation of the 6-carbon
myo-inositol and soluble inositol phosphates (InsPs), and (ii) the lipid-dependent pathway, using
precursors that include phosphatidylinositol (PtdIns) and PtdIns phosphates. PA is transferred from
the cytosol to the vacuole where it is accumulated into globoids, spherical inclusions found within
protein bodies [4–7]. Interestingly, the amount and distribution of PA in different seed/grain portions
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vary among different species. In cereals, there are differences between Zea mays L. (maize) kernels,
where PA is mainly present in the embryo and scutellum, and the small grains of Hordeum vulgare L.
(barley), different Triticum (wheat) species and Oryza sativa L. (rice), where 80% of PA is stored in the
aleurone and bran (maternal teguments) and only a limited amount accumulates in the embryo [8].
However, in legumes, more than 95% seed PA is accumulated in the cotyledons [9]. During germination,
phytases degrade PA and in this way, P is remobilized to support seedling growth [10]. Due to its high
negative charge at physiological pH (~6–7), PA easily precipitates in the form of phytate salts binding
cations, such as iron, zinc, potassium, calcium, magnesium, some of them (mainly iron and zinc)
important from a nutritional point of view, in this way reducing their bioavailability. Only ruminants
are able to degrade PA, due to the presence of microbial phytases in their digestive tracts, while for
monogastric animals, including humans, mainly in those populations whose diet is largely based on
staple crops, the presence of PA decreases seeds’ nutritional value [11,12]. Moreover, as undigested PA
is excreted by non-ruminants, such as swine, fowl, and fish, the supplementation of feed with nutrient
P is a common practice, in order to provide for an animal’s nutritional requirement. In this way P
concentrations increase in manure, consequently in soils, finally contributing to P pollution in runoff
water [13]. Hence, PA is considered an antinutrient and in recent decades, many efforts were spent to
isolate and develop low phytic acid (lpa) crops, in which a 45–90% reduction of PA was achieved [1].
Unfortunately, it was shown that the reduction in PA content may affect plant growth, plant stress
response and seed development and germination, thus limiting the efficacy of the introgression of the
lpa trait into breeding programs [14]. The negative pleiotropic effects of the lpa mutations depend on
the previously mentioned important roles PA has in different regulatory processes.

Hence, it is very important to identify the best strategy in order to specifically decrease PA
content in the seeds without affecting plant and seed performance and possibly contribute to
reducing the environmental impact. The lpa mutations so far isolated can be classified into three
classes, depending on the step of the biosynthetic pathway or transport they affect: (i) Mutations
altering the MIPS activity, the first steps of the biosynthetic pathway (from glucose 6-P to
myo-inositol[3]-monophosphate), (ii) mutations affecting the following phosphorylation of the InsP6
pathway (from myo-inositol[3]-monophosphate to PA), (iii) mutations perturbing the final transport
of PA.

Only mutants belonging to class (ii) accumulate InsPs intermediates. The mutations belonging to
the (i) and (iii) classes induce a decrease of PA amount, accompanied by a molar equivalent increase of
inorganic phosphate (Pi) in the homozygous mutants. Moreover, they are usually perturbed in different
branches of the biosynthetic pathway common to PA and other compounds (e.g., galactinol, raffinose,
stachyose, and ascorbic acid). Mutants in three classes of transporters have been characterized for their
lpa phenotype, affected in: (i) A specific group of ABCC type vacuolar transporters [15], orthologues
to the Arabidopsis thaliana (L.) Heinh AtMRP5 (also referred to as AtABCC5) [16,17], also known as
multidrug resistance-associated proteins (MRPs), (ii) putative sulfate transporters, orthologues of
the Arabidopsis AtSULTR3;3 [18,19] and AtSULTR3;4 proteins [20]; (iii) the rice OsPht1;4 phosphate
transporter [21,22]. Only in the case of an ABCC transporter was it shown that the protein is able to
actually transport PA [16].

In this review we will discuss the advances in the characterization of PA-MRP, PA-SULTR, and
OsPht1;4 transporters, and of the corresponding mutants described so far in cereals and legumes.
Particular emphasis will be given to the reported differences among cereals and legumes of lpa mutant
phenotypes in the PA-MRP genes, depending on the presence of one or more partially redundant
copies of these genes and to their tissue-specific expression. Moreover, we identified in silico the
putative orthologs of PA-SULTR in species of interest for the isolation of lpa mutants. We will also
discuss the advantages of these mutants for crop biofortification. Furthermore, we will highlight how
the study of these mutants may help to elucidate phosphate and sulfur metabolism, and the possible
roles that the transporters described here may play.
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2. PA-MRP Transporters

MRP proteins are transmembrane transporters involved in several functions, such as organic
ions transport, xenobiotic detoxification, oxidative stress tolerance, and transpiration control [23].
The first evidence of the involvement of an MRP-type ABC transporter in PA transport was reported
for the maize ZmMRP4 protein from the analysis of the insertional lpa1 mutant [24]. ZmMRP4 gene is
orthologous to AtMRP5, which had already been characterized some years ago as an anion transporter
involved in root growth, lateral root formation, regulation of stomatal movement, guard cell hormonal
signaling, and water use efficiency [25–27], aspects not immediately attributable to PA transport.
The biochemical demonstration that PA transport was dependent on the presence of a functional MRP
transporter in an ATP-dependent manner was given for AtMRP5, showing a very high affinity for PA
(maximum reaction velocity -Vmax- values of about 1.6–2.5 μmol min−1 mg−1 and Michaelis—Mentent
constant -Km- ranging between 263 and 310 nM) and a vacuolar subcellular localization [16].

As summarized in Table 1, other PA-MRP genes and the corresponding mutants/transgenics have
been hereafter characterized in rice, Glycine max (L.) Merr. (soybean), Phaseolus vulgaris L. (common
bean) and Triticum aestivum L. (soft wheat) [28–33]. Moreover, the putative Pennisetum glaucum (L.)
R.Br. (pearl millet) PA-MRP gene has recently been described [34].

The main difference between cereals and legumes for which PA-MRPs have been characterized so
far is the gene number: While only one gene is present in diploid maize, pearl millet, and rice genomes,
and three copies in the hexaploid Triticum aestivum, two and three paralogues are present in common
bean and soybean, respectively [17,32,33]. The presence of more than one member of the PA-MRP
genes seems to be a common feature of legumes, for example also in Medicago truncatula it is possible
to predict two PA-MRP genes [35], unlike the situation in other dicotyledons, such as Arabidopsis and
Solanum lycopersicum L. (tomato) in which only one PA-MRP gene was described [16,36]. As discussed
below, the gene copy number has a significant influence on the lpa mutant phenotypes.

The gene structure of PA-MRP transporters is very highly conserved: All analyzed genes in the
present study have 11 exons and 10 introns with very similar lengths, only some differences can be
found in the lengths of some introns between cereals and legumes. In Figure 1a, the rice OsMRP5 and
the soybean GmABCC1 gene schematic representations are given as examples.

PA-MRP proteins are full-length ABC transporters (length from 1501 aa of TaABCC13–4B
to 1539 aa of GmABCC1) with three membrane-spanning domains (TMD0, containing five
transmembrane α-helices and TMD1, TMD2, each with six α-helices) and two cytosolic
nucleotide-binding domains (NBD1 and NBD2, containing the Walker A and B motifs), arranged
in the TMD0-TMD1-NBD1_TMD2-NBD2 so-called forward orientation (Figure 1b), as previously
described [17]. Although it is not known which specific amino acids are involved in PA transport, a
conserved lysine residues stretch, located in the cytosolic loop linking NBD1 and TMD2 and a number
of charged amino acid residues (mostly lysine and arginine) found in other conserved stretches in
TMD1 and TMD2 have been suggested to be involved in PA transport [17].

PA-MRP protein sequences are phylogenetically very highly conserved among different species,
mainly in the TMD and NBD domains, but also outside, particularly among cereals or legumes (Figure 1
and Figure S1). As shown in Figure 1c, the degree of aminoacid identity among different PA-MRP
proteins belonging to different species is very high, also between cereals and legumes where it ranges
from 67 to 71.5% (similarity between cereals and legumes ranges from 86 to 89%, data not shown).
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Figure 1. (a) Gene structure of OsMRP5 and GmABCC1 genes, as an example of a cereal and a
legume PA-MRP gene, respectively. Light and dark blue rectangles represent UTRs and coding
exons, respectively, the black bars correspond to introns. Gene Structure Display Server [46] was
used; (b) Predicted domains of the PA-MRP protein. The transmembrane domains (TMD) and the
nucleotide-binding domains (NBD) are represented in red and green, respectively. The structure of the
PA-MRP proteins was previously described [17]; (c) Distances between PA-MRP proteins, expressed as
a percentage of identity. Phylogenies were constructed with the Geneious Tree Builder tool, using the
Jukes—Cantor distance model, neighbor-joining tree build method.

In Figure 2, pictographic representations of the different organs’ expression patterns of the OsMRP5
and the soybean PA-MRP genes, taken as examples for cereals and legumes, are reported from the rice
and soybean eFP Browsers [47]. The rice gene is expressed at high levels in different organs including
the caryopsis, as previously reported [41]. The maize ortholog shows a similar expression pattern [24].
The TaABCC13 genes are expressed in different plant organs, preferentially during grain developmental
stages, with the transcript accumulation derived from the B genome the highest one, mainly at 14 days
after anthesis [33,48].

The expression pattern of the different legume genes varies. As shown in Figure 2, GmMRP3 and
GmMRP19 genes are expressed in different organs and highly expressed in seed, particularly at the
late stage of development, while the GmMRP13 gene is mainly expressed in root and flower and at a
very low level in seed. As discussed below, when both GmMRP3 and GmMRP19 are mutated an lpa
seed phenotype occurs [30]. It suggests that GmMRP3 and GmMRP19 have an important role in PA
accumulation and their function is redundant, while GmMRP13 is not active in the seed.

A similar diversified expression pattern was observed in common bean, where the PvMRP1 gene,
coding for a protein more similar to GmMRP3 and GmMRP19 (Figure 1c and Figure S1), is highly
expressed in cotyledons, where its transcript levels continue to increase during seed development,
reaching the highest levels at 28 days after flowering (DAF) with a similar kinetics to that reported for
the accumulation of PA in the same organ. The PvMRP2 gene, ortholog of GmMRP13, is expressed
similarly to PvMRP1 in vegetative organs, but at no appreciable level in cotyledons. Interestingly, both
genes are expressed in root nodules, organs specialized in symbiosis with nitrogen-fixing bacteria, in
which the role of PA is still unknown [35]. Recently, a detailed analysis was reported of GUS activity in
Arabidopsis thaliana and Medicago truncatula plants, harboring a promoter sequence of PvMRP1 and
PvMRP2 genes, fused upstream of the GUS reporter gene. The strongest GUS activity, driven by both
constructs, in organs other than the seeds was present in the vascular tissues [35]. Similar patterns of
reporter gene activity were previously shown in transgenic plants harboring the AtMRP5 promoter [25]
and promoters of different Arabidopsis genes coding for enzymes involved in different steps in PA
pathway [49–56]. These data suggest that vascular tissues are an important site for synthesis and
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transport of PA involved in the regulation of different cellular processes, the so-called “signaling
PA” [57].

 

Figure 2. PA-MRP gene expression data in various rice and soybean organs and tissues were obtained
from the rice and soybean eFP Browsers [47]. Rice MAS and soybean Severin data sources were used.
For rice, the default signal threshold was used, while for the three soybean genes the signal threshold
was arbitrarily put to the same value (8.00) in order to compare expression data between different genes.

lpa Mutants in PA-MRP Transporters

As shown in Table 1, the majority of the lpa mutations affecting transporters concern mutations
in PA-MRP proteins. Differences exist between cereal and legume lpa mutants, with cereal mutants
generally affected by more pronounced negative pleiotropic effects mainly due to: (i) The different
accumulation of PA in seed/caryopsis compartments, as previously mentioned, (ii) the presence of only
one gene coding for a PA-MRP transporter in cereal genomes and more than one in legumes [17,37,38].
As previously discussed, there are similarities between mutants affected in PA biosynthetic genes and
in PA transport in the reduction of PA content, accompanied by a molar equivalent increase of Pi and
the absence of accumulation of InsPs intermediates. For this reason, the first efforts to map the maize
lpa1 mutation suggested that the myo-inositol 3-phosphate synthase (MIPS) gene coding for the first
enzyme of the pathway was mutated [37,38]. This was also corroborated by mapping and expression
data, since in maize the ZmMIPS1S and the ZmMRP4 genes map very closely on chromosome 1S,
and in mutants affecting ZmMRP4 the expression of ZmMIPS1S is reduced [24,37,38,58]. However,
transposon mutagenesis tagging experiments conducted by Shi et al. (2007) demonstrated that lpa1
gene encodes a multidrug-associated-protein (MRP) named ZmMRP4 (accession number EF586878).
As shown in Table 1, different lpa mutations were isolated in the maize ZmMRP4 and the rice OsMRP5
PA transporters [4,24,28,37,38,41,58–63]. Due to the previously mentioned important roles of PA in
different regulatory processes and due to the fact that in these species only a PA-MRP gene is present,
these mutants display negative pleiotropic effects on plants (stunted vegetative growth) and seeds,
such as reduced seed development and weight, low germination rates, making these mutants of
limited value to breeders [37,59,64–66]. In maize, the most studied model species, four different
mutants affecting the ZmMRP4 locus were isolated: lpa1-1, consisting of a point mutation that causes
an A1432V substitution in the NBD2 region [24,37], lpa1-241, a paramutagenic allele [60] that causes a
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remarkable variability of expression with a different degree of negative pleiotropic effects depending on
its strength [59], lpa1-7, whose molecular feature is not known, although the nature of a paramutagenic
allele can be excluded [39] and lpa1-5525, not yet fully characterized [67]. In the lpa1-1 mutant, kernel
PA was reduced by 66% [37], whilst lpa1-241 and lpa1-7 mutants showed the highest reduction in PA
with more than 80% [39,59]. All these mutants do not perturb the total P present but are characterized
by a five- to ten-fold increase in the amount of free phosphate in the kernel [37–39].

In rice, the Os-XS-lpa2-1 and Os-XS-lpa2-2 mutations have been isolated at the OsMRP5 locus [28].
The Os-XS-lpa2-1 mutant shows a grain PA reduction of about 20% caused by a single base pair
substitution mutation in the transmembrane domain TMD2 [41]. In the case of Os-XS-lpa2-2 the PA
reduction is more than 90% due to a 5-bp deletion determining a frame shift causing a premature
stop codon at aa 474. The same phenotype was observed in a T-DNA knock outline (4A-02500),
demonstrating the important involvement of this gene in PA transport [41]. Unfortunately, in these
maize and rice mutants, there is a correlation between the severity of the negative pleiotropic effects
and the PA content. In fact, the strongest maize lpa1-241 and lpa1-7 mutants and rice Os-XS-lpa2-2 and
4A-02500 are lethal in the homozygous state, while the other milder mutants (lpa1-1 and Os-XS-lpa2-1)
are viable, although showing yield losses compared to wild type [37,39,41,59]. The incapacity to
germinate is probably due to the impaired embryo development, mainly because of the displacement
of the root primordium and the consequent asymmetry in the body plan, as shown in the maize
lpa1-241 mutant [39,59]. Furthermore, the maize lpa1-1 mutant and barley lpa mutants, such as Hvlpa1,
Hvlpa2, Hvlpa3, and Hv-M955 mutants affected in other genes, are more sensitive to drought stress
in the field [68]. The negative pleiotropic effects could be associated with an alteration of the mature
root system, as demonstrated in the case of the maize lpa1-7 mutant [39]. In the latter mutant, other
pleiotropic effects associated with the lpa mutation have been described, such as reduced carotenoid
and chlorophyll content and increased length and trichome density compared with wild type sibling
leaves [39].

Another explanation for the lethal phenotype due to the strongest mutations was proposed by
Doria and colleagues [62]: They showed that whole lpa1-241 mutant kernels contained about 50% more
free iron associated with a higher content of free radicals than the wild type control. Furthermore,
higher production of hydrogen peroxide was found in the embryo of lpa1-241 grains, particularly in
the ones artificially aged. Taken together, these results confirmed that PA is involved in the prevention
of oxidative stress in grains, previously only suggested [69–71] and considered to be important for the
maintenance of the viability of grains [37,72]. Another hypothesis to explain the negative pleiotropic
effect associated with mutations affecting the multidrug-associated-protein (MRP) in lpa mutants could
be that this protein is involved directly or indirectly in the transport of other molecules in addition to
PA. In fact, it was observed that the lpa1-241 mutation, in a genetic background capable of accumulating
anthocyanins in the scutellum (embryo tissue), conferred a bluish color in comparison to the reddish
wild type control. This alteration was attributed to a defect in the pigment transport in the vacuole,
causing a mislocalized accumulation of these pigments in the cytosol, suggesting that ZmMRP4 could
have a direct or indirect role in anthocyanin transport [62].

To overcome the negative pleiotropic effects present in maize and rice, lpa mutants affected
in ZmMRP4 and OsMRP5 genes, respectively, seed-specific silencing of both MRP genes was
undertaken [24,42]. Transgenic lines expressing an antisense sequence for a fragment of the cDNA for
the ZmMRP4 transporter under the control of the embryo-specific Ole16 and Glb promoters produced
lpa, high Pi grains that germinated normally and did not have any significant reduction in grain dry
weight, revealing the potential of this approach in maize nutritional quality improvement [24]. On the
other hand, plants silenced in the OsMRP5 gene through the artificial microRNA (amiRNA) technology,
under the control of the Ole18 promoter, active in the embryo and aleurone, produced lpa grains
(PA reduced by 35.8–71.9% with increased levels of Pi of up to 7.5 times). Although no consistent
significant differences of plant height or number of tillers per plant were observed, significantly lower
grain weights (up to 17.8% reduction) and reduced seed germination were observed, suggesting
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that this strategy is not successful for practical application in rice breeding. The different results
obtained in maize and rice may depend on the different promoters used, with the rice ones also being
active in aleurone and endosperm beyond the embryo [42]. A similar approach was also used in
hexaploid wheat, where the three copies of the TaABCC13 gene, previously shown to encode a protein
able to transport cadmium [73] were silenced through RNA-interference (RNAi). In transgenic lines,
a reduction in PA content of 34–22% was observed. Moreover, these lines were characterized by
reduced grain filling, reduced numbers of spikelets, reduced kernel viability, delayed germination,
early emergence of lateral roots, and defects in metal uptake and development of lateral roots in the
presence of cadmium stress, compared to non-transgenic lines. These data show that TaABCC13 is
important for several other aspects of growth as well as for grain nutritional quality and for root
development and detoxification of heavy metals [33].

Mutations in PA-MRP transporters have also been reported in soybean and common bean, two
of the most relevant legume crops worldwide [43,44]. Following EMS mutagenesis of the soybean
breeding line CX1515-4, the two independent M153 and M766 mutant lines were isolated, with the M153
line displaying a stronger PA reduction compared to the M766 one (80% vs. 76.3%, respectively) [43].
However, the content of PA drops to 94% of that of the parental line when the double mutant is
produced [31,43,74,75]. Although at the beginning it was hypothesized that a mutation in the MIPS
gene could be responsible for the lpa phenotype of these lines [29,76], genetic and fine-mapping studies
revealed that the trait was under the control of two loci, named lpa1 and lpa2 [74,77]. These contained
independent but interactive recessive alleles coding for PA-MRP transporters, GmMRP3/GmABCC1,
and GmMRP19/GmABCC2, respectively [30,31] (Table 1). It was shown that the lpa1-a allele (line
M153) carries a nonsense mutation at R893, which results in a truncated protein [29,30], while in the
case of the lpa1-b allele (M766 line) a single T > A SNP 7 bp upstream of the start of exon 10 was
identified, which introduced an alternative splicing site producing five additional base pairs from the
intron sequence and a frame shift starting at exon 10. Concerning the second locus, an R1039K change
was identified in the lpa2-a allele (M153 line), while in the lpa2-b allele (M766 line) a single base change
at position 1039 causes a premature termination [31].

A number of agronomic analyses have been performed on the soybean breeding line CX1834-1-6
(derived from the mutant lines M153), and in different studies, a reduction in seedling emergence
(about 22–30% less than wt) has been reported [75,78–80]. In particular, Anderson et al. (2008)
demonstrated that the environment of reproduction of the lpa plants has important implications for
seedlings’ field emergence. In fact, lpa seeds harvested in Puerto Rico (tropical environment) displayed
decreased germination, compared to those harvested in Iowa (temperate environment). However,
genetic improvement through advanced backcrossing was successful and lpa lines with normal seedling
emergence were obtained [79].

In common bean, two lpa mutants in the PA-MRP transporter have been isolated in two different
backgrounds [35,44]. In the lpa1 mutant, a highly conserved Glu changed to Lys at position 1155, in the
transmembrane domain TMD2, while in the lpa12 mutant a single base pair change in the first exon
caused a non-sense mutation (R500Stop) leading to a truncated protein. Reduction of PA accumulation
was about 90% and 75% compared with the wt parent, for the lpa1 and lpa12 mutants, respectively,
suggesting a highly critical functional role of the conserved Glu1155 residue. In the lpa1 mutant, it has
also been demonstrated that PA accumulation is accompanied by a decrease of raffinose-containing
sugars by 25% and myo-inositol by 30% [32,44], thus indicating metabolic rearrangements of derived
pathways. Despite the strong PA reduction in the seed, the different bean lpa1 mutant lines showed
that seedling emergence, seed yield, and plant growth were not statistically different from those of wt
and parental genotypes [81]. Furthermore, germination of lpa1 seeds in stressful conditions: By the
accelerated aging test (AAT) and the stress integrated germination test (SIGT) showed that there was
equal (SIGT) or even better (AAT) germination performance of lpa1 seeds compared to the wt ones [44].
The finding that in common bean a second gene, PvMRP2, paralog of PvMRP1, is present, indicates
that most likely it is able to complement the absence of a functional PvMRP1 in tissues and organs
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other than the seed. Another interesting feature of the lpa1 mutant is that its seeds when germinated in
the presence of ABA were hypersensitive to the presence of this phytohormone [26] a result contrasting
with the finding of Klein and coworkers who reported that the Arabidopsis mrp5 mutant has reduced
sensitivity to ABA during germination [26]. Since the sensitivity of seed germination to ABA has been
reported to correlate negatively to seed myo-inositol content [32,50,82,83], it is possible that myo-inositol
levels are not reduced or may even be increased in the Arabidopsis mrp5 mutant.

3. SULTR3.3 and SULTR3.4 Transporters Involved in PA Metabolism

Two lpa mutants isolated in barley and rice are affected in HvST and OsSULTR3;3 genes,
respectively [19,28,45,84], coding for two putative sulfate transporters, belonging to the SULTR3;3
class [18]. Recently, another rice lpa mutant, affected in the OsSULTR3;4 putative sulfate transporter,
also called SULTR-like Phosphorus Distribution Transporter (SPDT), was isolated [20].

Here, we present an in silico analysis of SULTR3;3 and SULTR3;4 genes, including the ones already
described (Table 1) and also putative SULTR3;3 and SULTR3;4 orthologs from other cereal and legume
crops for which interest in the isolation of lpa mutants is considered an important challenge, such as
maize, barley, common bean and soybean (Table 2). A phylogenetic tree with all the SULTR3;3 and
SULTR3;4 proteins of cereals and legumes analyzed in the present work is shown in Figure S3.

Table 2. Putative orthologous genes of OsSULTR3;3/HvSULTR3;3 and OsSULTR3;4, identified in maize,
common bean, and soybean by in silico analysis.

SULTR Group. Species Gene Name Phytozome Accession Number

SULTR3;3

Zea mays ZmSULTR3;3 GRMZM2G395114

Phaseolus vulgaris PvSULTR3;3 Phvul.002G095300

Glycine max GmSULTR3;3a Glyma.20G017100
GmSULTR3;3b Glyma.07G218900

SULTR3;4

Zea mays ZmSULTR3;4 GRMZM2G444801

Phaseolus vulgaris PvSULTR3;4a Phvul.005G171800
PvSULTR3;4b Phvul.010G151000

Glycine max

GmSULTR3;4a Glyma.07G006500
GmSULTR3;4b Glyma.08G207100
GmSULTR3;4c Glyma.13G360000
GmSULTR3;4d Glyma.15G014000

3.1. SULTR3;3

In all analyzed species, one putative ortholog belonging to the SULTR3;3 group was found by
BLAST analysis of HvST or OsSULTR3;3 against the different genomes, except for soybean, in which
two different genes have been identified (Table 2, Figures S3 and S4). Indeed, this is not unexpected, as
soybean underwent an ancient event of genome duplication [85]. The SULTR3;3 gene structure is quite
conserved among species and consists of 13 exons in the majority of the genes, with the exceptions of
barley and maize with only 12 exons. All genomic sequences are characterized by the presence of a long
fourth or fifth intron, as reported in Figure 3a, where the structure of the characterized OsSULTR3;3
and HvST and of PvSULTR3;3 is shown as an example.
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Figure 3. (a) Gene structure of OsSULTR3;3, HvST and putative PvSULTR3;3 genes. Light and dark
blue rectangles represent UTRs and coding exons, respectively, the black bars correspond to introns.
Table 1. a legend. (b) Predicted domains of the SULTR3;3 protein. The sulfate transporter and the
anti-sigma factor antagonist (STAS) domains are represented in red and green, respectively. Picture
reproduced from [84]. (c) Distances between SULTR3;3 proteins, expressed as the percentage of identity.
Phylogenies were constructed as described in Figure 1c.

Predicted domains of SULTR3;3 proteins are represented in Figure 3b and correspond to a sulfate
transporter domain and an anti-sigma factor antagonist (STAS) domain, as previously reported [84].
Protein length varies from 647 aa of PvSULTR3;3 to 661 aa of OsSULTR3;3 (Figure S4).

Protein identity is generally very high among different species, ranging from 84.1% to 86.5%
among the considered cereals and from 90.9% to 91.7% among legumes, and at 97.9% in the two
paralogs of soybean, as shown in the Figure 3c diagram.

In the case of the OsSULTR3;3 gene detailed expression analysis was reported: Transgenic lines
harboring the promoter of this gene fused to the GUS reporter gene revealed that a strong GUS
activity was present in vascular bundles of shoots, leaves, flowers, and grains, where it was mainly
detected in the scutellum. Moreover, the subcellular localization was defined to be in the endoplasmic
reticulum [84]. Interestingly, both GmSULTR3;3a and GmSULTR3;3b are expressed in leaves and
flowers, while only GmSULTR3;3a was expressed in the seed, with an increasing expression during
seed development with a peak at 35 DAF (data not shown, in silico analysis performed using the
soybean eFP Browser [47]).

The exact function of this family of proteins is still unknown and in the case of OsSULTR3;3,
which was the only one analyzed in detail, no activity was revealed for the transport of phosphate,
sulfate, inositol or inositol 1,4,5 triphosphate by heterologous expression in either yeast or Xenopus
oocytes [84].

3.2. SULTR3;4

In the case of the SULTR3;4 group of transporters a similar situation to the one previously
described for MRP proteins is present: In cereals, only one protein for each species can be found
by BLAST analysis of OsSULTR3;4 against the different genomes, while in legumes, two or four
paralogous proteins are present in common bean and soybean, respectively (Table 2 and Figures S3
and S5). The gene structure differs between cereals with 10 exons (the barley sequence present in the
Phytozome database is incomplete with only eight exons) and legumes with 13 exons and also in this
case, the fourth (the fifth in maize) intron is quite long. In Figure 4a the structures of the characterized
OsSULTR3;4 and of putative ZmSULTR3;4 and PvSULTR3;4a genes are given as examples.
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Figure 4. (a) Gene structure of OsSULTR3;4 and putative ZmSULTR3;4 and PvSULTR3;4a genes. Light
and dark blue rectangles represent UTRs and coding exons, respectively, the black bars correspond
to introns. The gene structure was obtained as described in Figure 1a legend. (b) Distances between
SULTR3;4 proteins, expressed as the percentage of identity. Phylogenies were constructed as described
in Figure 1c.

Predicted domains are the same as those already described for SULTR3;3, represented in Figure 3b.
Protein length varies from 648 aa of the soybean protein to 670 aa of the rice one (Figure S5).

Also for SULTR3;4 proteins, identity is quite high ranging from 78.8% to 81.3% among cereals,
from 83% to 91.9% among legumes and from 61.3% to 67% between cereals and legumes, as shown in
the diagram in Figure 4b.

Analysis of the phylogenetic tree (Figure S3) clearly shows a separation between monocotyledons
and dicotyledons. Furthermore, in the two legume species, the gene is duplicated, with soybean
carrying four genes arising from an ancient event of genome duplication [85].

qRT-PCR expression analysis of OsSULTR3;4 gene revealed that during grain filling it was mainly
expressed in node I, a very important hub for mineral distribution to upper node and panicle in
Poaceae [86]. Moreover, immunostaining against GFP in lines harboring OsSULTR3;4 promoter fused
to GFP, showed the highest staining in the xylem region of both enlarged- and diffuse-vascular bundles
of the basal node and in node I, as well as in the parenchyma tissues between them, but not in the
phloem region [20]. The activity of OsSULTR3;4 as an influx plasma-membrane localized H+/Pi

symporter was shown in proteoliposomes as well as in Xenopus oocytes. Particularly, it was found
that OsSULTR3;4 is involved in the intervascular transfer of P at the nodes, unloading P from xylem
towards phloem [20].

3.3. lpa Mutants in SULTR Transporters

The first mutants affected in SULTR3;3 and SULTR3;4 genes were described in Arabidopsis thaliana.
They have been characterized for phenotypic alterations related to sulfate translocation between
seed compartments [87]. Moreover, using the quintuple mutant defective in all SULTR3 subfamily
members, it was recently shown that they have functional redundancy in chloroplast sulfate uptake
and consequent influence on Cys, glutathione, and ABA biosynthesis, with the resulting growth
retardation and altered stress responses in the multiple mutants [88]. Otherwise, no evidence of the
involvement of these Arabidopsis genes in PA metabolism has been reported so far, with the only
exception of AtSULTR3;4 for which contrasting results have been reported. In fact, very recently, Ding
and co-workers [89] demonstrated that AtSULTR3;4/SPDT functions as a high-affinity Pi transporter,
being able to mediate Pi uptake when injected in the Xenopus oocyte. Furthermore, it has been shown
to localize to the plasma membrane, while Chen et al. reported a chloroplast localization [89]. On the
other hand, these data are in agreement with those reported below on mutations affecting the HvST,
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OsSULTR3;3 and OsSULTR3;4 genes which confer grain lpa phenotype and in which the relevant
proteins are localized in the endoplasmic reticulum and plasma membranes, respectively [19,20,84].

3.3.1. Mutants Affected in the SULTR3;3 Genes

In the case of HvST a nonsense mutation (M422) in the last exon of the barley lpa1-1 gene was
isolated from a sodium azide mutagenized population [19], and in the case of OsSULTR3;3 the two
different Os-lpa-Z9B-1 and Os-lpa-MH86-1 mutations were a 6 bp deletion in the first exon and a 1
bp deletion in the 12th exon, identified through screening of a gamma-ray irradiation mutagenized
population [28,45,84]. These barley and rice mutants exhibit a decrease in phytic acid-P like other
lpa mutants, but also a decrease in total P in the seed (about 15% in barley mutant and 27.5–18.9%
in rice mutants) [19,84,90], differently from lpa mutants affected in biosynthetic or MRP-transporter
genes. Particularly, an endosperm-specific total P reduction [90] was reported that is not due to a
reduction in the uptake of P in the maternal plant, suggesting that HvST functions as a seed-specific
or filial determinant of barley endosperm total P. Moreover, OsSULTR3;3 disruption dramatically
alters the grain metabolite profile. In fact, an increase was observed in the concentration of sugars
involved in the close biosynthetic pathway leading to PA, sugar alcohols, free fatty acids, organic acids,
biogenic amine GABA, serine, and lysine. However, the concentration of cysteine was decreased [84].
These traits were also stably maintained in the homozygous lpa progeny of generations F4 to F7 of
crosses between the original Os-lpaMH86-1 mutant with a commercial rice cultivar [91]. In addition,
the metabolic profiles of the lpa progenies were strongly influenced by the lipid profiles of the wild
type cultivar used as the crossing parent [92].

The OsSULTR3;3 mutants also show a significant increase in seed total sulfur and in sulfate
concentration in embryo and pericarp/aleuronic layers. The mutations also increase root and leaf
P and Pi concentrations and decrease root and leaf sulfate concentration in comparison to their
corresponding wild type parents. Moreover, the analysis performed on developing seeds of the MH86
mutant showed that the expression of genes coding for the last steps of PA biosynthesis was altered:
Generally, an up-regulation was shown, and the expression of genes for sulfur metabolism and sulfate
transport was different in the mutant compared to the corresponding wild type. However, the most
dramatic effects on gene expression concern several genes involved in P signaling and homeostasis [84].
A redistribution of Pi in endosperm and a reduction of lysophospholipid content were also observed in
the rice mutant [93].

As previously mentioned, the role of the SULTR3;3 transporter is not clear, as, when expressed
in heterologous systems, such as yeast or Xenopus oocytes, it is unable to transport either sulfate, or
phosphate, or PA precursors [84]. However, it cannot be excluded that in plant systems OsSULTR3;3
may transport these molecules as well as PA. In plant cells OsSULTR3;3 is ER-localized. Previous
studies have suggested that the final steps of PA synthesis (from InsP3 to InsP6) take place in the
ER [94]. Zhao and collaborators suggested that OsSULTR3;3 may have a specific role in the existing
cross-talk between sulfate and phosphate homeostasis and/or signaling, as it has effects on phosphate
as well as on sulfate concentrations in both vegetative tissues and grain [84].

Unfortunately, from an agronomic point of view, these mutants show some negative pleiotropic
effects. In the rice mutant, grain weight reduction and yield per plant reductions have been shown [45].
In barley, only in rain-fed locations and not in irrigated ones, the mutation is associated with reduced
test weight and percentage of plump kernels [95].

Interestingly, the mutant barley straws, although not showing significant differences in terms of
fiber composition, compared to the wild type, after an acidic pre-treatment, showed increased fiber
hydrolysibility, thus representing a promising material for cellulosic ethanol production [96].

3.3.2. The spdt Mutants

The rice spdt mutants, affected in the OsSULTR3;4/SPDT gene are retrotransposon Tos-17 insertion
lines (the transposon is in the fourth exon in spdt1 and in the eighth exon in spdt-2 and spdt-3).
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The analysis of these mutants, grown under field conditions, revealed that the distribution of P in
different organs was greatly altered, with a reduction by 20% of P concentration and P content in
the seeds, without a significant penalty on grain yield, and a comparable 20% increase of P in the
straw. Moreover, in the mutant seeds, a reduction in the concentration of PA by 25–32% was observed,
compared to the wild type. However, neither the seed germination rate nor the early growth was
affected by the reduced phytate content. P in the grain comes from re-translocation from old leaves
or from node-based distribution of P newly taken up after the flowering stage. The reported results
indicate that SPDT, localized in the nodes, especially in the uppermost node I, functions as a switch
for P distribution to the grains. Indeed, another meaning of the acronym SPDT, used by Yamaji et al.
(2017), is “single-pole, double throw”, corresponding to a type of two-way electrical switch.

As knockout of SPDT resulted in a 20% reduction of total P and about 30% of PA in the grain
without an obvious penalty of grain yield, and in increased P in the straw, the use of these mutants
may present some advantages: As straw will be returned to the field after harvest, less P will be
removed from the field, reducing the requirement for P fertilizer input. Their lpa phenotype may
increase mineral bioavailability and lower the risk of eutrophication of waterways [20]. Very recently,
the atsultr3;4 mutant of Arabidopsis has been characterized and demonstrated to be a high-affinity Pi

transporter that mediates xylem to phloem transfer of phosphate. In particular, it has been shown that,
like the OsSULTR3;4/SPDT mutant, atsultr3;4 seeds accumulate less P (about 15%) than the wt ones.
This decrease is accompanied by a P increase in the shoot, indicating a role of AtSULTR3;4/SPDT in
mediating P allocation to the seeds [89].

4. OsPht1;4 Phosphate Transporter

The OsPht1;4 (or OsPT4, corresponding to LOC_Os04g10750) phosphate transporter, belonging to
the Pht1 family, was described as influencing grain PA content, as the corresponding mutant produces
lpa grains [21]. As the identification of putative orthologs of this protein in other species is not so
obvious, due to the high number of Pht1 genes and to their sequence similarity, (in rice there are
26 [97]), in the present review we limit our consideration to OsPT4.

The genomic sequence is characterized by the presence of a single exon (Figure 5a) and the protein,
538 aa long, by a major facilitator superfamily domain, characteristic of different transporters, including
phosphate transporters (Figure 5b).

Figure 5. (a) Gene structure of OsPHT1;4. Light and dark blue rectangles represent UTRs and coding
exons, respectively, the black bars correspond to introns. The gene structure was obtained as described
in Figure 1a legend. (b) Predicted domain of the OsPHT1;4 protein by PFAM [98] software. The major
facilitator superfamily (MFS) domain is represented.

The OsPT4 gene is mainly expressed in roots, flag leaves and embryos, and its expression is
increased in response to prolonged P starvation conditions in shoots and roots, where the signal is
specifically localized to the exodermis. The protein is localized to the plasma membrane, as shown in
the protoplast system and it is a functional Pi influx transporter, able to complement a yeast mutant
defective in Pi uptake and to facilitate the increased accumulation of Pi in Xenopus oocytes.
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Ospt4 Mutants, OsPT4 RNAi and Overexpression Lines

The OsPT4 functional characterization was performed using transposon insertional mutants,
knockdown lines harboring the OsPT4-RNAi construct and overexpression lines. Pi and total
P concentration is strongly reduced in mutant lines, attenuated in RNAi lines and increased in
overexpression lines, in roots as well as in shoots. Moreover, a dramatic reduction in Pi uptake in
mutants, a small reduction in RNAi lines, and an increase in overexpression lines were observed [21,22].
There was altered expression of genes that regulate Pi absorption and homeostasis, such as OsPHO2,
OsPHR2, and OsSPX1. A detailed analysis of the grains revealed a decrease in total P concentration in
the embryo and in one line also in the endosperm, attenuated and increased effects in RNAi lines and
overexpression lines, respectively. Moreover, a decrease of 32–22% in PA concentration was observed
in ospt4-1 and RNAi lines’ grains and an increase of 10% in overexpression lines. The alteration in
mutant and RNAi embryos correlates with a reduction in the transcript levels of OsRINO (coding
for myo-inositol 3-phosphate synthase—MIPS) and of OsIPK1 (coding for 1,3,5,6-pentakisphosphate
2-kinase), coding for enzymes catalyzing the first and the last step of the PA biosynthetic pathway,
respectively. Both genes’ transcript levels were also significantly reduced in the endosperm of mutant
grains and only partially reduced in RNAi lines [21]. From all these data, it is clear that OsPT4
has an important role in acquisition and mobilization of Pi and also during embryogenesis and
seed development, so it is a good candidate to improve P efficiency, although alterations in panicle
robustness, grain-setting rates, grain weight, grain yield per plant and seed germination registered in
ospt4 and OsPt4 RNAi lines need breeding actions to ensure acceptable agronomic performance and
avoid yield penalties.

5. Conclusions

Strategies for controlling the accumulation of specific metabolites are commonly based on
switching off structural or regulatory genes of the biosynthetic pathway. However, in order to avoid or
reduce downstream effects on derived pathways, a different approach is to interfere with compound
transport to the site of accumulation (organ, cell type, subcellular compartment). In this review
we reported data showing how PA reduction can be achieved with mutations in different types of
transporters that control PA transport to the vacuole (MRP), or by modifying Pi availability for PA
synthesis through mutations in transporters involved in Pi loading and organ/intracellular distribution
(SULTR) or by Pi acquisition and mobilization during seed development (PHT1;4) (Figure 6).

Figure 6. Rice transporters identified to modulate PA homeostasis. Modified from [99].
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These types of lpa mutants are potentially advantageous over other lpa mutants in structural
biosynthetic genes to achieve a triple goal: (i) Increased bioavailability of mineral cations, which are no
longer chelated by PA, (ii) less PA is excreted into the environment with manures, and hence there
is reduced impact on water eutrophication, (iii) increased P use efficiency as the seeds are loaded
with less P which remains in the straw and may potentially contribute to reducing the demand for P
fertilizers, hence increasing crop sustainability [99].

From an agronomic point of view, mutants in MRP and PHT1;4 genes show compromised yields,
seed setting, seed germination, and/or seedling growth, etc., so that they are not very attractive for
breeders [21,22,37]. However, good field performance has been demonstrated for MRP mutants of
common bean, which is due to the presence of duplicated MRP gene(s) able to complement the mutated
seed-specific copy [32]. So far, sultr3;3 and sultr3;4/spdt mutants, besides Arabidopsis, have been
isolated and described only in rice and barley. Interestingly, these mutants do not display negative
pleiotropic effects as observed for the other transporters described above, hence they potentially
represent a valuable tool to simultaneously achieve seed biofortification and a more sustainable crop
while reducing the environmental impact of the crop cultivation. It would be very interesting to verify
the role and function of sultr3;3 and sultr3;4/spdt genes in legume crops as well, since contrasting data
on function and subcellular localization have been reported for Arabidopsis mutants and a possible
species-specific and/or development-specific behavior has been proposed [100].

Finally, the finding that both phosphate and putative sulfate transporters produce similar lpa
phenotypes suggests the “existence of a multilevel coordination in the regulation of the two ions
in which currently unidentified key elements are actively cross-talking between the two signaling
pathways” [101,102]. The availability of such mutants from different crops may help towards
understanding this cross-talk and identifying new players.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/1/69/s1.
Figure S1. PA-MRP proteins alignment. See Table 1 for the correspondence with genes accession numbers.
The Clustal W alignment (cost matrix Blosum, gap open cost 10, gap extend cost 0.1) of Geneious 11.0.2 software
was used. Figure S2. Phylogenetic tree of characterized crop PA-MRP proteins, listed in Table 1. Phylogenies were
constructed with the Geneious Tree Builder tool, using the Jukes-Cantor distance model, Neighbor-Joining tree
build method. Figure S3. Phylogenetic tree of SULTR3;3 and SULTR3;4 proteins, listed in Table 2. Phylogenies
were constructed as described in Figure S2. Figure S4. SULTR3;3 proteins alignment. See Tables 1 and 2
for the correspondence with genes accession numbers. The method used is described in Figure S1 legend.
Figure S5. SULTR3;4 proteins alignment. See Tables 1 and 2 for the correspondence with genes accession numbers.
The method used is described in Figure S1 legend.
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Abstract: A few new papers report that mutations in some genes belonging to the group 3 of
plant sulfate transporter family result in low phytic acid phenotypes, drawing novel strategies and
approaches for engineering the low-phytate trait in cereal grains. Here, we shortly review the current
knowledge on phosphorus/sulfur interplay and sulfate transport regulation in plants, to critically
discuss some hypotheses that could help in unveiling the physiological links between sulfate transport
and phosphorus accumulation in seeds.
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1. Background

Phytic acid (PA)—the major phosphorus (P) store in seeds—cannot be digested by humans and
monogastric animals who lack the digestive enzyme phytase. For this reason, almost 90% of phytate
consumed by humans is excreted, contributing to eutrophication of rivers, lakes, and oceans [1].
Furthermore, high levels of PA largely prevent the absorption of essential metals in the intestine, thus
reducing further the nutritional value of the seeds [2,3].

In the last decades, several approaches have been proposed to solve the seed PA-related problems,
including the engineering of crops for high phytase activity in seeds, or the selection of suitable
low phytic acid (lpa) genotypes for crop breeding [4]. Today, numerous lpa genotypes have been
identified and studied in several major crops, including maize, barley, wheat, rice, soybean, and
common bean, reveling several mutations and alleles that could be potentially useful for breeding.
However, a large part of the lpa phenotypes is caused by mutations in genes involved in PA biosynthesis
or compartmentalization and often results in undesirable pleiotropic effects on yield-related traits
and agronomic performances, since PA and inositol phosphates play pivotal roles in a plethora of
developmental and signaling processes [4,5]. As a result, the use of these genetic resources to engineer
seed PA content has proven to be challenging. Most recent advances in this research topic revealed
that mutations in some members of the sulfate transporter gene family might result in lpa phenotypes.
Unfortunately, little data are available to explain such effects fully or to develop new strategies for
engineering seed PA content. Trying to fill this gap, here, we shortly review the current knowledge
on plant sulfate transporters, trying to provide a glimpse into the complex and, in many respects,
unexpected connections among the regulatory layers of sulfur (S) and P homeostasis in plants.

2. Sulfate Transporters: A Short Overview

S is an essential nutrient for plants. It is found in the amino acids cysteine and methionine, which
are essential components of proteins and peptides, in vitamins and cofactors, and in a plethora of
secondary compounds. S plays important and critical roles in a wide variety of cellular processes
involved in plant development and response to environmental changes [6–9].
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Sulfate (SO4
2−) ions in the rhizosphere are the major source of S for plants. They are absorbed

by roots and then allocated to different sinks by mean of specific sulfate transporters (SULTRs).
The oxidized S atom in SO4

2− is then reduced and assimilated into cysteine, before entering other
metabolic pathways, or directly used for sulfation reactions [9–11]. SULTRs are classified as H+/SO4

2−
co-transporters, are integrated into membranes by 12 membrane-spanning domains, and contain a
carboxyl-terminal region, named STAS (Sulfate Transporter/AntiSigma-factor), which is thought to
be critical for both activity and stability of the transporters, as well as for their interaction with other
proteins [9,12–14].

A multigene family encodes plant SULTRs. In the best-characterized species—Arabidopsis thaliana
and, to a lesser extent, rice (Oryza sativa L.)—12 SULTR genes have been reported [14,15]. SULTRs
can be divided into four functional groups or subfamilies, according to their amino acid sequences.
The members of each group have specialized functions for SO4

2− uptake and distribution within the
cells and among plant organs, as indicated by their different tissue and subcellular localization, and
regulation pathways.

Group 1 of the family encodes high-affinity SULTRs. Two members of this group, SULTR1;1
and SULTR1;2, are mainly expressed in the outermost cell layers of the root (root hairs, epidermis,
and cortex), where they largely contribute in determining the rate of SO4

2− uptake. Arabidopsis
sultr1;1sultr1;2 double-knockout lines are severely impaired in growth and unable to take up SO4

2− at
low external concentrations [16–19]. Although these transporters seem to share the same function,
they are differently regulated to fulfill the plant demand for S-containing compounds under different
SO4

2− availabilities or soil conditions. In the currently accepted model, SULTR1;2 is thought to be the
major component of the SO4

2− uptake system under normal S supply, whereas SULTR1;1 should play
a most significant role under S deficiency or during other stresses [16,17,20–22].

Sulfate ions absorbed by root are translocated to shoot throughout the xylem and then distributed
to different sink organs and tissues. It has been proposed that SULTR2;1, a low-affinity SULTR
expressed in pericycle and xylem parenchyma, may play a pivotal role in controlling the amount of
SO4

2− available to be loaded into the xylem, by acting as a scavenger reabsorbing the excess of the
anion in the apoplastic space inside the root stele. Under S starvation, the increase in the transcript
level of SULTR2;1 could help in maintaining adequate fluxes of SO4

2− directed to the xylem [16,23]. It is
important to note that a local expression of SULTR2;1 has also been observed in the xylem parenchyma
and phloem cells of the leaves, and that it is not possible to rule out that SULTR2;1 transcript is also
expressed below detection levels in the phloem companion cells of the root [16,24].

An interesting regulatory circuit controls SO4
2− translocation and partitioning at the

post-transcriptional level (Figure 1). The SULTR2;1 mRNA is targeted and degraded by the miRNA-395
(miR395), which accumulates under S deficiency mainly in the companion cells of the phloem of both
root and shoot [24]. The induction of miR395 is, in turn, activated by SLIM1/EIL3 (SULFUR LIMITATION
1/ETHYLENE-INSENSITIVE3-LIKE3), a major regulator gene belonging to the EIL family transcription
factors, which controls the expression of several S-responsive genes [25,26]. The mechanism by which
miR395 controls SULTR2;1 transcript level is not conventional, since the accumulation of both miR395
and SULTR2;1 mRNA is induced under S starvation. However, the non-overlapping spatial expression
domains of the two transcripts allows miR395 to restrict the expression of SULTR2;1 to the xylem
parenchyma cells of the root, thus inhibiting long-distance SO4

2− transport to sink tissues via the
phloem and facilitating, at the same time, xylem SO4

2− translocation to the leaves [24,25].
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Figure 1. Main regulatory circuits controlling SO4
2− distribution in response to P or S status. Under S

deficiency, the induction of SULTR2;1, in xylem parenchyma cells, and miR395, in phloem companion
cells, enhances root-to-shoot SO4

2− translocation. In this condition, the co-expression of SULTR3,5
could help the activity of SULTR2;1 in reabsorbing the excess of SO4

2− in the apoplastic space of the
root. Under P deficiency, an extra regulatory circuit involving PHR1 allows changes in SO4

2− to support
sulfolipids biosynthesis.

Another low-affinity SULTR belonging to group 2, SULTR2;2, seems to be involved in controlling
the source-to-sink distribution of SO4

2− inside the plant. Localization analyses indicate that SULTR2;2
may play a role in the transport of SO4

2− via root phloem, as well as in the distribution of the anion
from leaf vasculature to the leaf palisade and mesophyll, which are thought to be the primary sites for
SO4

2− assimilation [16]. Finally, long-distance transport of SO4
2− from source to sink organs could also

involve SULTR1;3, a high-affinity SULTR of group 1, as indicated by the peculiar expression of this
transporter in sieve elements and companion cells of the phloem [27].

Inside the cells, SO4
2− is further transported into the vacuole and chloroplast/plastid, where it is

compartmentalized as S store or reduced and assimilated into cysteine for further metabolic processes,
respectively. To date, tonoplast proteins mediating vacuolar SO4

2− influx have not been identified.
On the other hand, SULTR4;1 and SULTR4;2 are known to be involved in downloading SO4

2− from the
vacuoles under S limiting conditions [28].

Recently, all five members of group 3 have been indicated as redundantly involved in SO4
2−

uptake across the chloroplast envelope membrane [29,30]. However, these observations do not appear
to be conclusive, since several other functions could be postulated for these transporters on the base of
observations that are crucial for our dissertation about the hypothetical links between SULTRs and
lpa phenotypes. It is important to note that if, on the one hand, reasonable uncertainties about the
capacity of both SULTR1s and SULTR2s to selectively move SO4

2− do not exist, on the other, no direct
evidence has been provided about the actual SO4

2− transport activity of most of the SULTR3 subfamily
members [14]. A few papers indeed indicate that both substrate preference and subcellular localization
of some SULTR3s could be different than expected.

Kataoka et al. [31] reported that SULTR3;5 is expressed in the root vasculature of Arabidopsis—
showing the same expression domain of the low-affinity SULTR2;1—and subcellular localizes on the
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plasma membrane. The heterologous expression of SULTR3;5 in yeasts defective for SO4
2− uptake

shows that this protein does not transport SO4
2− itself, whereas it enhances the SO4

2− uptake capacity
of SULTR2;1 when co-expressed in the same yeast mutant. These results, along with the observation
that the Arabidopsis sultr3;5 mutant retains more SO4

2− in the root under S starvation, strongly suggest
that SULTR3;5 may have the function to help SULTR2;1 in retrieval apoplastic SO4

2−, contributing in
this way to root-to-shoot SO4

2− translocation (Figure 1).
SULTR3;4 from rice and Arabidopsis have been recently indicated as SULTR-like phosphorus

distribution transporters (SPDTs) playing essential roles in controlling the allocation of phosphate
to grains and developing tissues, respectively [32,33]. Tissue-specific expression analyses show that
SULTR3;4/SPDT of rice is expressed in the xylem region of both enlarged- and diffuse-vascular bundles
of nodes [32]. The Arabidopsis ortholog gene shows a more complex expression pattern, since it is
mainly expressed in the fascicular cambium between the xylem and phloem and in the interfascicular
cambium of lower stem, as well as in the cambial zone of the leaf petiole, rosette basal region, hypocotyl,
and in the parenchyma cells of both xylem and phloem surrounding the cambial zone [33]. Moreover,
the SULTR3;4/SPDTs are localized at the plasma membrane, show proton-dependent transport activities
for phosphate, do not transport SO4

2−, and are up-regulated by phosphate deficiency but not under S
starvation [32,33]. Mutations in OsSULTR3;4/SPDT alter the distribution of P in rice plants, decreasing
both total P (−20%) and phytate (−30%) in the brown de-husked grains, without affecting yield, seed
germination, and seedling vigor.

Another member of group 3, SULTR3;3, has been indicated as implicated in PA accumulation in
barley and rice grains. Zhao et al. [34] recently reported that disruptions in rice SULTR3;3 gene are the
casual events of two interesting allelic mutations, previously described as lpa-MH86-1 and Os-lpa-Z9B-1,
since they produce grains with a reduced concentration of both PA and total P [35]. Tissue-specific
expression analyses reveal that OsSULTR3;3 is expressed in the vascular bundles of shoots, leaves,
flowers, and seeds, but not in the roots. This protein seems to be localized in the endoplasmic reticulum,
when expressed in onion epidermal cells, and it does not show any transport activity for both SO4

2− and
phosphate when heterologously expressed in yeast mutant strains defective for SO4

2− or phosphate
uptake, or Xenopus oocytes. However—as underlined by Zhao et al. [34]—the lack of transport activity
for SO4

2− or phosphate in heterologous systems does not necessarily mean that OsSULTR3;3 does
not have a role in SO4

2− of phosphate transport, since its activity may depend on other proteins or
post-translational modifications not present in non-plant hosts. Moreover, OsSULTR3;3 mutations
affect the concentrations of total P and phosphate of both root and shoot—which result higher in
the mutants than in the wild type—but also reduce the concentrations of SO4

2− in the same organs.
Finally, transcriptional analyses performed on developing grains reveal that OsSULTR3;3 disruptions
are associated with significant changes in the transcript level of genes involved in S and P homeostasis,
suggesting a possible role of this gene in the cross-talk between the two nutrients [34]. Interestingly, a
single base pair substitution in the last exon of an ortholog gene of OsSULTR3;3 (designed as HvST)
has also been identified as the causal event for the low phytic acid phenotype of the lpa1-1 barley
mutants [36].

Taken as a whole, these findings strongly indicate that expression domains and subcellular
localizations, as well as substrate preferences of the SULTR3 subfamily members are variable, and may
depend on plant species, development stage, or experimental approaches used to study their functions.
Further efforts will be necessary to understand better whether this variability could play a role in the
regulation of SO4

2− fluxes under different environmental conditions, also concerning the level of other
essential mineral nutrients.

3. Sulfur and Phosphorous Interplay

Similar to S, P is also an essential macronutrient for plants. P is found as phosphate ester in
the majority of the molecular constituents essential for plant cell functions, including nucleic acids,
proteins, phospholipids, sugars, ATP, and NADPH. Important aspects related to P acquisition and
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homeostasis in plants have been recently reviewed elsewhere [37–39]. Here, we mainly focus our
attention on S and P interplay by analyzing specific aspects related to SO4

2− transport and distribution
inside the plants.

Although it is clear that S or P deficiencies have diverse phenotypic effects on plant growth,
development, and productivity, intriguing interconnected responses to the internal levels of these
two nutrients have been described at metabolic and transcriptional levels, suggesting the existence
of coordination between S and P homeostasis. Rouached [40] pointed out that deficiency or surplus
of only one of the two nutrients often results in changes in the expression levels of genes specifically
involved in controlling the homeostasis of the other nutrient and underlined as comparable molecular
mechanisms regulate both SO4

2− and phosphate transport in plants.
At the metabolic level, one of the most evident relationships between S and P is linked to membrane

composition. It is known that cells can replace sulfolipids by phospholipids under S starvation, as well
as they are able to replace phospholipids by sulfolipids and/or galactolipids under P starvation [41–46].
In Arabidopsis, the synthesis of sulfolipids is catalyzed by two enzymes, SQD1 and SQD2, whose
expressions are increased by P starvation [42,43]. Although lipid shifts could be interpreted as adaptive
mechanisms for plant survival under different nutrient availabilities, the physiological and biochemical
consequences of phospholipids-sulfolipids substitutions on plant membrane functions are still unclear.
Reprogramming membrane compositions under nutrient deficiency could have profound impacts on
both S and P availability for plant metabolism. Moreover, recent studies have shown that the lipid
environment and lipid-protein interactions may have crucial roles in modulating the functions as well
as the conformational dynamics of membrane transporters [47].

Unfortunately, our basic knowledge about the interactions between P metabolism and SO4
2−

transport is limited. A few papers show that P deficiency or perturbations in P metabolism may impact
the SO4

2− allocation inside the plants. It has been reported that SO4
2− concentration increases in roots

and decreases in shoots of Arabidopsis as a consequence of reduced phosphate availabilities in the
growing medium [48]. Transcriptional analysis of the main SULTR genes implicated in long-distance
SO4

2− transport reveals that, under P starvation, the transcript of AtSULTR1;3 accumulates in both roots
and shoots, whereas that of AtSULTR2;1 weakly accumulates only in the roots. In the same conditions,
AtSQD1 transcript increases in both roots and shoots, indicating that adaptive modulations of SULTRs
controlling the inter-organ distribution of SO4

2− are required for the replacement of phospholipid
by sulfolipids induced by P starvation [48]. Most of these responses seem to be dependent on PHR1
(PHOSPHATE RESPONSE1), a gene encoding a protein belonging to the MYB-CC family transcription
factors involved in the activation of several phosphate starvation-induced genes (PSI) [38,49]. PHR1
binds to an imperfect palindromic motif, named P1BS, which is prevalent in the promoter of the PSI
genes [49,50]. Interestingly cis-regulatory motifs for PHR1-dependent gene activation are also present
in the promoters of both AtSULTR1;3 and AtSQD1 genes, whose expressions are coherently reduced
in the Arabidopsis phr1 mutant grown under P starvation [48,51,52]. Interestingly, other evidence
indicates PHR1 as the convergent point for the cross-talk between P and other essential nutrients, such
as zinc and iron [53,54]. AtSULTR2;1, is up-regulated by P starvation in a PHR1-independent manner,
since AtSULTR2;1 transcript further accumulates in phr1 P deficient plants [48]. In this context, the
observation that the expression of miR395—the microRNA that mainly controls the spatial expression
of SULTR2;1 in vascular tissues—is suppressed under P deficiency, allows us to speculate about the
existence of an extra regulatory circuit which controls the inter-organ distribution of SO4

2− under P
starvation [55]. In this circuit (Figure 1): (i) the suppression of miR395 should allow SULTR2;1 to control
root-to-shoot SO4

2− translocation via the xylem route, as well as the source-to-sink SO4
2− re-allocation

via the phloem; (ii) PHR1 activates the expression of SULTR1;3 increasing further the capacity of the
plants to move SO4

2− from source to sink tissues. Unfortunately, no other evidence is available to
support this extra regulatory circuit further and to fully appreciate its possible physiological impact
on S metabolism in P deficient plants. Finally, the observation that Arabidopsis lines engineered for
low PA content show alterations in SO4

2− distribution and changes in expression of some SULTRs
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suggests the existence of another level of complexity in the cross-talk between S and P, which directly
involves PA [56].

4. SULTRs as Novel Elements in the lpa Network

As mentioned above, genetic lesions in some genes putatively involved in sulfate transport result
in lpa phenotypes in rice and barley [32,34,36]. Interestingly, all the mutations described thus far affect
putative SULTR genes belonging to the SULTR3 subfamily, which includes elements whose functions
are still objects of debate. For a detailed description of the SULTR3/lpa alleles, readers are referred to
Cominelli et al. [57].

Differently from other SULTRs, whose capability to transport SO4
2− has mostly been proven using

yeast mutants as heterologous expression systems, the function of the SULTR3s as SO4
2− transporters

has only been hypothesized on the base of their sequence homologies with other SULTRs. Moreover,
species-specific differences could explain the variability observed for the subcellular membrane
localization of SULTR3 subfamily members.

Mineral nutrients required for plant growth are absorbed by the roots from the soil solution and
then released to the xylem to be translocated to different tissues together with the transpiration flow.
However, transpiration cannot be considered as the sole driving force for the root-to-shoot movement
of nutrients, since developing organs such as new leaves and seeds are not photosynthetically active.
Recently, nodes of gramineous plants have been identified as the main actors controlling nutrient
delivery to developing tissues in a transpiration-independent way [58,59]. Several rice transporters
involved in the intervascular transfer of nutrients from enlarged vascular bundles to diffuse vascular
bundles of nodes seem to be essential to ensure this process [59]. Among these, OsSULTR3;4/SPDT
has been indicated as pivotal in controlling phosphate delivery to developing tissues since it shows
a proton-dependent transport activity for phosphate (but not for SO4

2−), and it is highly expressed
in the node 1 of rice at the reproductive stage [32]. Moreover, OsSULTR3;4/SPDT knockout mutants
reduce P allocation to new leaves and grains, raveling the essential role of this transporter in switching
phosphate toward developing leaves and grains.

The recent finding that the Arabidopsis SULTR3;4 ortholog gene also controls xylem-to-phloem
phosphate transfer, strongly suggests that sequence homology of SULTR3;4 with other SULTRs does
not necessarily indicate that they share the same function [33]. All these observations not only show
SULTR3;4s as phosphate transporters rather than as SO4

2− transporters, but may also explain the role
of these proteins in the lpa network.

If, on the one hand, the recent description of SULTR3;4/SPDTs as phosphate transporters seems
to leave no room for doubt, on the other, assessment of the role of SULTR3;3s on P allocation still
appears challenging. Rice SULTR3;3 is mainly expressed in vascular tissues and does not show any
transport activity for SO4

2− and phosphate [34]. Further studies are thus needed to uncover its function
and subcellular localization. However, the lack of specific transport activity for SO4

2− has also been
indicated for the Arabidopsis SULTR3;5, which has been described as an essential component of the
SO4

2− transport system that facilitates the root-to-shoot SO4
2− translocation in the vasculature [31].

Although the mechanisms controlling SO4
2− allocation in rice are still known, it is possible to speculate

that also OsSULT3;3 could have a role in SO4
2− partitioning among organs, by helping the activity

of some other vascular transporter, or in SO4
2− transport into the chloroplast, as recently suggested

for its ortholog in Arabidopsis [30]. Rice sultr3;3 mutants show significant alterations in S and P
homeostasis, as indicated by the reduced concentration of SO4

2− in both shoots and roots, as well as by
the accumulation of transcripts of several S- and P-responsive genes in developing grains. Disruption
in OsSULTR3;3 also affects the concentrations of various grain metabolites not directly involved in PA
biosynthesis. In particular, the reduced level of cysteine, along with the accumulation of its precursor
serine, seems to indicate an insufficient supply of S during seed differentiation. Interestingly, reduced
levels of cysteine have also been observed in the chloroplasts isolated from different Arabidopsis sultr3
mutants [30]. Thus, the alterations in S homeostasis could be interpreted as the primary physiological
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event that reduces the accumulation of P in the grains of sultr3;3 mutants. Finally, since total P and
phosphate concentrations in root and shoot are higher in mutants than in the wild type, we may further
speculate about the existence of mechanisms that somehow limit the systemic mobility of P in the
plant. The analysis of the membrane lipid composition could provide in the next future a possible
explanation for this phenomenon since substitution of sulfolipids by phospholipids caused by an
insufficient S supply could increase the amount of P immobilized within cell membranes.

5. Conclusions and Perspectives

The implication of SULTRs in seed P accumulation not only provides novel opportunities to
design routes for the breading of new lpa varieties in important cereal crops but also reveals the
existence of a complex network of interactions between S and P homeostasis. The recent finding
showing the involvement of SULTR3;4/SPTDs in delivering phosphate, and not sulfate, to developing
tissues opens new questions about the nature of the other members of the SULTR3 subfamily [32,33].
Further investigations aimed at determining their substrate preference between sulfate and phosphate
are then essential to unveil the actual role of these transporters in the control of nutrient homeostasis.
In this context, the recent study of Cao et al. [29], suggesting that all the Arabidopsis SULTR3 homologs
may redundantly mediate sulfate import into the chloroplast, needs to be carefully reconsidered since
chloroplasts isolated from the sultr3 quintuple mutant retain about 50% of the sulfate uptake capacity
of the wild type. Redundancy versus diversity will be the novel challenge to face.
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Abstract: Phytic acid, or myo-inositol 1,2,3,4,5,6-hexakisphosphate, is the main storage form of
phosphorus in plants. It is localized in seeds, deposited as mixed salts of mineral cations in protein
storage vacuoles; during germination, it is hydrolyzed by phytases to make available P together with
all the other cations needed for seed germination. When seeds are used as food or feed, phytic acid
and the bound cations are poorly bioavailable for human and monogastric livestock due to their
lack of phytase activity. Therefore, reducing the amount of phytic acid is one strategy in breeding
programs aimed to improve the nutritional properties of major crops. In this work, we present data
on the isolation of a new maize (Zea mays L.) low phytic acid 1 (lpa1) mutant allele obtained by
transposon tagging mutagenesis with the Ac element. We describe the generation of the mutagenized
population and the screening to isolate new lpa1 mutants. In particular, we developed a fast, cheap
and non-disrupting screening method based on the different density of lpa1 seed compared to the
wild type. This assay allowed the isolation of the lpa1-5525 mutant characterized by a new mutation
in the lpa1 locus associated with a lower amount of phytic phosphorus in the seeds in comparison
with the wild type.

Keywords: maize; low phytic acid; regional mutagenesis; Ac transposon; density assay; free
phosphate; Chen’s assay; PCR based molecular marker

1. Introduction

Phytic acid (myo-inositol-1,2,3,4,5,6-hexakisphosphate, or InsP6) is the most common form of
phosphate present in cereal kernels as well as in seeds of most plants [1,2]. Cereals’ seeds contain
on average 10 mg of phytic acid, which account from 65% to 90% of the total phosphorus present
inside the seed [3]. Among cereals, maize possesses a great importance not only in human and animal
nutrition but also in the use of its derivatives in many industrial sectors. As animal feed, maize can
be considered one of the most important staple foods available and, in many cases, is indispensable
for the formulation of animal rations. Moreover, maize is a model plant in genetic studies aimed
at understanding the role of genes involved in biosynthetic pathways and in plant morphogenesis.
For those reasons, maize is considered one of the most important plants studied and used in genetic
improvement programs.

Phytic acid is synthesized in the endoplasmic reticulum, and then is deposited in protein bodies
organized in specific structures called globoids as a mixture of phytic salts of several cations, such
as potassium, iron, zinc and magnesium [4]. In cereals’ seeds, the phytates are mainly localized in
the embryo (80%) and in the aleurone layer (20%) [1]. During germination, the phytate salts are
broken down by phytase activity releasing free phosphate, minerals and myo-inositol, necessary for
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seedling growth [5]. Furthermore, phytic acid, by firmly chelating iron cations, is able to counteract
the formation of reactive oxygen species and is thus involved in the preservation of viability of plant
seeds [6,7]. Phytic acid is poorly digested by monogastric animals, and since it is a chelator of cations,
it is considered an anti-nutritional factor. Moreover, as it is not assimilated, it is expelled with manure,
becoming a pollutant of cultivated land and contributing to the eutrophication of surface waters [8]. It
has been estimated that nearly 50% of elemental P used in global agricultural activities is accumulated
in the phytic acid fraction. For these reasons, its reduction or elimination in the seeds is a major
challenge in genetic improvement programs.

The conventional breeding protocols designed for reducing phytic acid content, rely on the
isolation of low phytic acid (lpa) mutations impairing the biosynthesis or the storage of phytic acid in
the seed; the increased P and mineral cation bioavailability in the lpa mutant seeds so far isolated was
confirmed by nutritional trials [9–11]. Low phytic acid mutations in maize can be classified into three
categories: type 1 are mutations altering the biosynthetic pathway (MIPS, myo-inositol 3-phosphate
synthase, catalyzing the step from glucose 6-P to myo-inositol[3]-monophosphate); type 2 are mutations
altering the following phosphorylation steps (e.g., ITPKS, inositol tris/tetra kisphosphate kinases); type 3
are mutations altering the transport of phytic acid to the vacuole (MRP, multidrug-resistance-associated
protein) [12,13]. In recent years, several breeding programs aimed at selecting new maize varieties with
seeds characterized by a lower level of phytic acid compared to traditional cultivars, have been carried
out [14,15]. The lpa phenotype has been isolated in different crops, maize [16–18], barley [19–21],
wheat [22], rice [23–26] and common bean [27], by physical, chemical or transposon tagging mediated
mutagenesis. In maize, there are three different lpa mutations (lpa1, 2 and 3), with the lpa1 mutation
showing the lowest phytic acid content in the seed [16,17].

Due to the strong pleiotropic effects associated with the lpa mutations, the mutants thus far isolated
are generally lethal; the challenge will be to isolate new lpa mutants in which the pleiotropic effects
will be absent or dramatically reduced, allowing the lpa mutation to be viable.

lpa1 mutation does not modify the total amount of seed P but reduces phytic acid content, thus
leading to a proportionally increased level of free phosphate [18]. Owing to this, an HIP (high inorganic
phosphate) phenotype is diagnostic for the presence of the lpa1 mutation, making it quite easy to
identify the lpa1 phenotype. The screenings so far used to identify the lpa mutants are destructive
methods based on the quantification of P in the flour obtained by milling the seeds (as, for example,
the Chen method [28]). For this reason, these screenings are not performed on the M1 generation but
on the M2 progeny, with the consequent increase of time required to acquire the samples and number
of samples to be analyzed.

Transposon tagging mutagenesis experiments [29] demonstrated that lpa1 gene encodes a
multidrug-associated-protein (MRP) named ZmMRP4 (accession number EF586878). MRP proteins are
transmembrane transporters involved in several functions such as organic ions transport, xenobiotic
detoxification, oxidative stress tolerance and transpiration control [30,31].

The transposon tagging mutagenesis consists in introducing, by crossing, a known DNA sequence
in the genome of a target species. If the insertion event occurs within a gene sequence, altering its
expression, a mutant phenotype can be observed [32]. Because of the possibility of the transposon
moving within the genome, transposon tagging mutagenesis provides the so-called mutable alleles
that cannot be directly used in genetic improvement programs but that may be useful to clone the gene
responsible for the mutated phenotype and to isolate stable excision events that lead to stable genomic
mutations which can be used in genetic improvement programs.

The Ac/Ds transposon system of maize is often used in transposon tagging mutagenesis experiments.
In fact, the elements of this transposon family can be transferred into the genome of different species,
determining the generation of insertional mutants.

The Ac/Ds system is made up with two types of transposons: the autonomous element, which
can transpose (the Activator element, Ac), and the non-autonomous element, which cannot transpose
independently (the Dissociator element, Ds). Sequence analyses have shown that the Ds element is
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derived by deletion from the autonomous element of the family, with the loss of the function of one or
more genes required for transposition. Therefore, only the Ac element encodes for the transposase, the
enzyme required to mobilize both the Ac and the non-autonomous Ds elements [33]. Studies on Ac/Ds
transposition have revealed a strong preference for insertion in regions of the genome in close genetic
linkage to the donor site. In particular, it has been reported that the majority of Ac transpositions were
within 10cM from the donor site [34]. This characteristic short-range transposition is used in regional
mutagenesis studies to create multiple alleles in a target locus close to an Ac donor site.

In this work we present a new non-disrupting, fast and simple method to select lpa1 mutants. We
describe the development and the screening of a transposon tagging mutagenized population which
enabled the isolation of a new lpa1 mutant, named lpa1-5525.

2. Results

2.1. Transposon Tagging Mutagenesis

In order to isolate new lpa1 mutants, a transposon-mediated mutagenesis experiment was
performed. The mutagenized population was generated by crossing the lpa1-1 mutant with a line
carrying the Ac transposon (Figure 1). We chose an Ac line in which the transposon was inserted on
the short arm of chromosome 1 in the 1.03/1.04 bin region, where ZmMRP4 gene maps (Figure 1a).

We used lpa1-1 homozygous plants as female and the Ac line as pollen donor. The mutagenized
population, consisting of 4787 F1 seeds, was screened to find new lpa1 mutants.

Figure 1. (a) Diagram of chromosome 1, the position of the Ac element and of ZmMRP locus, bin
1.02/1.03 are indicated. (b) Genetic scheme used to generate the F1 mutagenized population.
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2.2. Density Assay Screening of the Mutagenized Population

As previously reported, the lpa1 mutation showed the lowest phytic acid content in the seed in
comparison to the lpa mutations thus far characterized [16,17]. This mutation does not modify the
total amount of seed P, but reduces phytic acid content, leading to a proportionally increased level
of free phosphate [18]. The screening methods to identify lpa1 mutations were thus far based on the
identification of HIP (high inorganic phosphate) phenotypes by the quantification of the phosphate
level in the seeds with disruptive methods [28].

In order to isolate new lpa1 mutants inside the mutagenized populations, we developed a
non-disrupting, fast, simple and cheap method. In particular, this assay was able to identify the
mutants’ seeds because in an highly concentrated sugar solution (1.218–1.222 g/L) the lpa1 seeds, due
to their lower density [35], can float, unlike the wild controls that sink and stay on the bottom of the
beaker (Figure 2a). Among the 4787 F1 seeds screened with this test, 271 were identified as low density
seeds (Table 1).

Table 1. Density assay on mutagenized F1 seeds obtained by crossing lpa1-1/lpa1-1 (codes R3962 to
R3966 and R3893 and R864) with Ac line (R3967, R3970 and R916).

Code Total Seeds Tested
Putative Mutant Seeds

Isolated
Sucrose Solution
Density (23 ◦C)

R3962/R3967 (1) 138 0 1.218
R3962/R3967 (2) 271 2 1.218
R3962/R3967 (3) 108 0 1.218
R3962/R3967 (4) 232 4 1.218
R3962/R3967 (5) 246 12 1.218
R3962/R3967 (6) 175 5 1.218
R3962/R3967 (7) 132 3 1.218
R3963/R3967 (1) 159 25 1.218
R3963/R3967 (2) 196 1 1.218
R3963/R3967 (3) 170 1 1.218
R3963/R3967 (4) 101 14 1.218
R3963/R3970 (1) 194 3 1.218
R3963/R3970 (2) 143 7 1.218
R3964/R3967 (1) 232 4 1.218
R3964/R3967 (2) 258 4 1.218
R3964/R3967 (4) 219 27 1.218
R3964/R3967 (5) 232 20 1.218
R3964/R3967 (6) 217 29 1.218
R3965/R3970 (2) 160 23 1.218
R3966/R3970 (8) 114 2 1.218
R3893/R916-300 166 8 1.218
R864/R916/(3) 335 20 1.222
R864/R916 (5) 285 14 1.222
R864/R916 (8) 159 27 1.222
R864/R916 (9) 145 16 1.222

Total 4787 271

Out of these 271 seeds, 50 were put aside and stored for further analyses, 41 were tested for the
HIP phenotype by the Chen method [28] and the remaining 180 were sown in the experimental field
(Figure 2b).
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Figure 2. (a) Density assay used to isolate new lpa1 mutants: in the sucrose solution lpa1 mutant seeds
float and wild type seeds stay on the bottom of the beaker. (b) Scheme of the experimental plan used to
generate and to screen the F1 mutagenized population.

2.3. Confirmation of the HIP Phenotype of the Low Density Seeds

The density assay we developed was very rapid, cheap and easy, but it also revealed a limitation,
i.e., since this screening is based only on the low density of the seeds to be selected, it did not allow the
exclusive identification of lpa1 seeds, but it selected all seeds characterized by low density, including
seeds affected by any kind of mutations impairing endosperm/embryo development and moldy
seeds present inside the mutagenized population. For this reason, 41 out of the 271 seeds selected
by the density assay were chosen and tested for the phosphate content (HIP phenotype) in order
to verify that the low density character was associated with the lpa1 phenotype (Figure 2b). The
determination of the free phosphorus content inside the seeds was carried out using a semi-quantitative
colorimetric method based on the Chen reagent [28]. Based on the availability of the free phosphorus
inside the seeds, it was possible to classify the seeds into four categories: WT (wild type—Free
P < 0.3 mg/g), W (weak—0.3 mg/g < Free P < 0.5 mg/g), I (intermediate—0.5 mg/g < Free P < 1.4 mg/g)
and S (strong—Free P > 1.4 mg/g) (Figure 4a). This assay allowed us to confirm the HIP phenotype for
20 out the 41 seeds selected with the density assay, with six seeds belonging to the Strong and 14 to the
Intermediate categories (Figure 2b).

2.4. Molecular Analysis of the F1 Plants of the Mutagenized Population

The lpa1-1 mutant was used as female parent in the initial cross we made to generate the
mutagenized population. To identify and discard the contaminant seeds produced by the accidental
self-fertilization of the lpa1-1 female parent, the 27 F1 plants, obtained from 180 F1 seeds sown in
the open field (Figure 1), were genotyped by PCR analysis. The coding sequence of the lpa1-1 allele
is characterized, in comparison with the wild type allele, by the presence of a Single Nucleotide
Polymorphism (SNP), C to T, in position 5759 with respect to the ATG on the genomic sequence. This
allowed the design of two different forward primers, one specific for the wild type (ZmMRP430L)
and the other specific for the lpa1.1 allele (ZmMRP432L) [29,36]. We used the two specific forwards
primers in combination with a reverse common primer (ZmMRP410R). Out of the 27 plants analyzed,
26 resulted in heterozygous Lpa1/lpa1-1; one plant was found to be a contaminant lpa1-1/lpa1-1 and
discarded (data not shown).
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2.5. Screening and Selection of the Putative New lpa1 Mutant

Among the 26 F1 heterozygous plants (Lpa1/lpa1-1), we selected the 19 more vigorous that were
self-fertilized (Figure 3). The four best F2 ears were tested for the HIP phenotype: 24 seeds were
collected from each ear and the disruptive assay for free phosphate was performed. All the seeds
tested were found to belong to the Strong or Intermediate categories, indicating an HIP phenotype for
all the four selected ears and 50 seeds from each ear were sown in the field.

⊗

Figure 3. Scheme of the procedure used to obtain the NIL (Near Isogenic Line) lpa1-5525, homozygous
for the new lpa1 mutation.

Among the 90 plants that survived we selected the 30 more vigorous that were genotyped with
the primers specific for Lpa/lpa1 alleles, to identify the Lpa1/Lpa1 F2 plants, i.e., the putative new lpa1
mutants, provisionally indicated as lpa1*.

The six F2 plants lpa1*/lpa1* were selfed and F3 seeds were tested for the HIP phenotype. The best
F3 ears were selected (R4638, R4639, R4641) and generated the following six F4 families: R4889, R4890,
R4891, R4892, R4893 and R4894. The F4 seeds were tested for HIP phenotype (Table 2) and the F4 ear
R4893, showing high amount of S-I seeds and the best agronomic performance, was selected, sown
in the field and the F4 plants were selfed. The F5 seeds (R5525) representing the lpa1* mutant were
further analyzed.

Table 2. Chen’s assay performed on F5 progenies. The S+I/total ratio is reported. S: Strong; I:
Intermediate; W: Weak; WT: Wild Type.

Code N◦ of Seeds Tested
Phenotype

S/I %
S/I W/WT

R4889 ⊗ 24 13 11 54.17%
R4890 ⊗ 36 15 21 41.67%
R4891 ⊗ 36 8 28 22.22%
R4892 ⊗ 42 41 1 97.62%
R4893 ⊗ 18 17 1 94.44%
R4894 ⊗ 36 29 7 80.56%

Total 192 123 69 64.06%
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2.6. Quantitative Analysis of Phosphorus Content

The lpa1* mutant and wild type control seeds were tested for total P, free P and phytic acid content.
No significant alterations in total P amount were observed between the putative new lpa1 mutant and
the control: in fact, even if the new lpa1 mutation caused approximately an eight-fold increase in the
amount of free phosphate, this was balanced by a reduction of phytic acid that was nearly halved in
comparison to the wild type content (1.28mg/g and 3mg/g, respectively) (Figure 4). In the lpa1 mutant,
total phosphorus is 50% free P and 50% phytic P.

Figure 4. (a) Chen assay performed on F4 families mutant seeds. Microtiter rows 1, 2 and 3 show the
results of the assay performed on nine mutant seeds, st row correspond to the standard used for the
semiquantitative classification. (b) lpa1-5525 mutant and wild type control mature dry kernels were
analyzed for total P, free inorganic P and phytic acid P amount. Values are expressed as milligrams of P
(atomic weight 31) in 1 g of flour. Confidence intervals at 95% are shown.

2.7. Structure Analysis of the ZmMRP4 Locus

The lpa1* mutant was isolated through a transposon-mediated mutagenesis experiment with the
Ac element. To check for the presence of the 4.6 kb sequence of the Ac transposon into the ZmMRP4
locus, the sequence of lpa1 gene, spanning from the 5’UTR (nucleotide -313) to the 3’UTR (nucleotide
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6460) (Figure 5a) was amplified in the lpa1* mutant and in wild type. The gel electrophoresis of the
amplicons obtained failed to reveal any difference in length between wild type and the lpa1* mutant
(also in the promoter region till about -1500bp, data not shown), thus suggesting the absence of the Ac
transposon inside the ZmMRP4 locus (Figure 5b).

Figure 5. (a) Structure of the ZmMRP4 gene. The primers used to amplify the coding sequence of
ZmMRP4 gene are indicated by the arrows. (b) Agarose gel showing the amplicons obtained amplifying
wt (B73) and mutant (lpa1-5525) genomic DNA with primers 5L/ZM2r and ZM2F/51R.

3. Discussion

Phytic acid is an insoluble phosphate derivative, present in maize kernels, as in other seeds such
as legumes. This element represents the main form of phosphorus reserve in the mature seed [3,37],
degraded during germination by the activity of a group of enzymes called phytases [38]. Phytic
acid has remarkable chelating properties and besides making phosphorus unavailable, it binds many
minerals including calcium, iron, zinc, magnesium and manganese [10,39], which are not available for
monogastric animals because of the lack of phytases in their digestive tract. According to the FAO data
(www.FAO.org), maize is the leading cereal for production in the world, providing 1.04 billion tons
of grain and occupying an area of 184.8 million hectares. For this reason, phytic acid is considered a
strong worldwide food and feed antinutritional factor.

Furthermore, in recent years, phosphorus has become one of the main sustainability issues because
it is a non-renewable resource. Being widely used in agriculture as an essential component of fertilizers
and feed, the increasing production of food has increased the rate of mobilization of reserves and the
price of the mineral is continuously increasing. It is estimated that, at the current consumption rates,
the phosphorus reserves available with the current technology will run out in 90 years. To date, several
strategies have been developed to improve the bioavailability of phosphate in animal feed based
on seeds and to reduce its environmental impact [40–42]. Some strategies were aimed at increasing
phytase activity in the feed by incubation of the feed in water before administration, or by addition
of purified phytases, other projects were based on the use of GMO maize that accumulates fungal
phytases in kernels [43] or on the development of pigs engineered for the presence of phytases in
the saliva [44]. Classical breeding programs, furthermore, allowed the isolation of mutant plants
whose seeds were characterized by a low phytic acid content, the low phytic acid (lpa) mutants, (i.e.,
mutants defective in phytine synthesis). The peculiarity of these mutants concerns the distribution of
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phosphorus fractions: despite the fact that a smaller quantity of phytin is produced, phosphorus is
accumulated in the seed during its maturation, remaining in a free form, directly assimilable by the
monogastrics [16,17]. Thus far, various studies have reported the isolation of low phytic acid mutations
in different species by the screening of a mutagenized population through Chen’s assay [12]. This
disrupting assay is characterized by a high requirement of time and work [28]. In fact, F1 populations
cannot be analyzed directly because of the disruption of the seeds analyzed, thus, we have to wait for
F2 generation, and then for each F2 family, about 15–25 seeds have to be milled and the flour processed.
For these reasons, to identify the putative mutagenized seeds in the F1 progeny, we developed and used
a novel fast and cheap screening method based on the different density of lpa1 seeds in comparison
with the wild type. In fact, in a previous paper [35], we showed that among the pleiotropic effects
associated with the lpa1 mutation there is also a significant reduction of seed density in comparison
with the wild type. More recently, the role of the lLpa1 gene in influencing how densely starch granules
are packed in the grain has also been confirmed in rice [45].

In this work, in order to isolate new mutations inside the ZmMRP4/lpa1 locus, we generated a
mutagenized population through a regional mutagenesis program based on the Ac/Ds transposons
family. The initial crosses were performed between the lpa1-1/lpa1-1 mutant line and a wild type line
(Lpa1/Lpa1) carrying the Ac transposon [32] on the short arm of chromosome 1 (bin 1.02-03) where the
ZmMRP4 gene maps (Figure 1). This Ac line was chosen to increase the frequency of mutations at the
locus lpa1 because of the reported tendency of Ac transposons to reinsert in close linkage to the donor
site [33]. The lpa1-1 allele used in this work was characterized by a decrease in phytic acid synthesis
(from 50% to 95%) and by a proportional increase of the level of free phosphorus inside the kernel. The
lpa-1-1 mutation leads to an alteration of the ABC transporter (ATP-Binding Cassette transporter) due
to an SNP (Single Nucleotide Polymorphism) mutation, alanine to valine, on the amino acid 1432 [29].
This mutation impairs the transport and the subsequent impaired accumulation of phytic acid.

This density assay allowed the isolation of 271 low density putative lpa1 seeds among the 4787 F1
seeds tested (Figure 2 and Table 1).

The selection for low density also allowed the selection of moldy seeds and seeds with other
kinds of mutations impairing seed (embryo and/or endosperm) development. For this reason, as
confirmation of the validity of this test for isolating lpa mutants, we checked for the free phosphate
content a sub set of the 271 low density seeds and we identified 50% of seeds (20 out 40 tested) showing
the HIP phenotype (Figure 2).

Furthermore, the low density assay did not allow the identification of the out of type lpa1.1 seeds
coming from self-pollination events. We performed this analysis by genotyping the 27 F1 mature plants
obtained from the 180 low density seeds sown in the open field and we found 26 plants heterozygous
Lpa1/lpa1 and one plant was an out of type homozygous lpa1/lpa1, which was discarded (data not
shown). The best four F2 ears were further analyzed by Chen’s assay and sown in the open field, the
six best F3 ears were analyzed by Chen’s assay and we selected the plant coded R 4892 that showed
almost 100% of HIP seeds (Figure 3 and Table 2). After two more cycles of self-fertilization, F5 seeds
were tested for the HIP phenotype, allowing the confirmation of the isolation of a new lpa1* mutant
that we named lpa1-5525. Performing analysis regarding the P repartition (Total P, Free P and Phytic P)
in this new mutant we registered values similar to those reported for lpa1-1 [16,36] (Figure 4b).

Molecular analysis excluded the presence of the Ac element in the ZmMRP4 coding sequence due
to the fact that the length of the two amplicons obtained by PCR is the same compared to the control
(Figure 5). Of course, this result leaves open the possibility that the lpa1 mutant phenotype is caused
by an Ac insertion into the promoter or in other regulative sequences, which could be very distant from
the lpa1 locus. However the stability of the lpa1-5525 progeny for what concerns the Free P content
(in Figure 4a, nine out of 50 seeds were shown to be assayed for HIP) led us to suppose that we have
isolated a “solid spontaneous mutation” in ZmMRP4 locus because usually the insertion of an active
Ac element produces “unstable alleles” [46]. For the same reason we could exclude an epigenetic origin
for the lpa1 mutant here reported [47].
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In conclusion, we developed a cheap, rapid and easy method to isolate lpa mutants. This method,
not only allowed us to save money (fewer samples to be analyzed) and time (no need to wait for the F2
generation) but it also has a great potential based on the possibility to screen populations obtained
with any methods of mutagenesis chosen (chemical, physical, transpositional). Furthermore, it is open
to being adapted to the screening of low density seeds of other species than maize. Finally, we reported
data about the isolation of a new lpa1 mutant, vital and thus useful in future breeding programs aimed
at improving the nutritional value and decreasing the environmental problems associated with the
high phytic acid content in maize seeds. Future work will be necessary to characterize the molecular
lesion responsible for the lpa1 phenotype we isolated.

4. Materials and Methods

4.1. Genetic Stocks and Sampling Material

The lpa1-1 mutant stock was kindly provided by Dr. Victor Raboy, USDA ARS, Aberdeen, ID, USA.
To generate the mutagenized population, we used a line (genetic background B73/W22) carrying

the Ac transposon on short arm of chromosome 1 (bin 1.02/03) kindly provided by Dr. Thomas Brutnell,
Shandong Agricultural University, China.

4.2. Density Assay

Previous analyses [35] indicated that the lpa1 seeds were characterized by a lower density in
comparison to the corresponding wild type controls. Starting from these data, we developed a
non-disrupting, fast, cheap and rapid test to screen the mutagenized populations looking for the
putative mutants containing the Ac transposon, lpa1-1/lpa1-Ac.

The test was performed by putting the F1 seeds of the mutagenized populations in a concentrated
sucrose solution, density 1.28 g/cm3 or 1,122g/cm3 at the temperature of 23 ◦C. This density assay
allowed the isolation of the lpa1 putative mutants, which, because of their low density, were able to
float while the wild type seeds stayed on the bottom of the beaker.

This assay is non-disrupting, i.e., the selected seeds can be recovered from the beaker, rinsed,
dried and used for further analysis, stored or sown.

4.3. Assay for Free Phosphate Content in the Seeds

The Chen assay [28] was performed with some little modifications. The seeds were ground in a
mortar with a steel pestle, and 100 mg of the flour obtained was extracted for 1 h at room temperature
with 1 mL of 0.4 M HCl solution. After overnight incubation in a shaker at room temperature, 100 μL
of extract was used for the free phosphate assay, adding 900 μL of Chen’s reagent (6 N H2SO4, 2.5%
ammonium molybdate, 10% ascorbic acid, H2O [1:1:1:2, v/v/v/v]) in microtiter plates. After incubation
of 1 h at room temperature the blue-colored phosphomolybdate complex was observed: the intensity
of the blue color is directly proportional to the free phosphate content. The free phosphate content was
quantified by using a spectrophotometer (λ 650 nm) and adopting a series of calibration standards
obtained from a stock solution of KH2PO4.

4.4. Assay for Seed Phytate Content

In order to measure the content of phytic acid we used Megazyme’s kit K-PHYT 11/15
(Astori-Tecnica). Flour samples were obtained using a ball mill (Retsch MM200, Retsch GmbH
Germany), grinding the seeds for 1 minute at 21 oscillations s−1 frequency. For each sample, in a beaker
we added 20 mL of hydrochloric acid (0.66 M) to 1 g of flour that was vigorously stirred overnight
at room temperature. 1 mL of extract was transferred into a 1.5 mL microfuge tube and centrifuged
at 13,000 rpm for 10 min; then 0.5 mL of supernatant was transferred in a fresh microfuge tube and
neutralized by the addition of 0.5 mL of sodium hydroxide solution (0.75 M). The neutralized extracts
were submitted to enzymatic dephosphorylation reaction using the solutions supplied by the kit and
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trichloroacetic acid (50% w/v). The reactions were done in duplicate, to determine free phosphorus
and total phosphorus. For colorimetric determination of phosphorus, 1 mL of sample extract was
transferred into a 1.5 mL microfuge tube with 0.50 mL of color reagent (Ascorbic acid: 10%, Sulfuric
acid: 1 M, Ammonium molybdate: 5%). The samples were mixed by vortex and incubated in a water
bath at 40 ◦C for 1 h.

The standard phosphorus solutions were prepared as described in manufacturers’ instructions,
with the only modification that after preparation the standards were not treated as samples, i.e.,
incubated at 40 ◦C, but were left at room temperature for 1 hour. The phytic acid content was quantified
by using a spectrophotometer (λ 655 nm). The data obtained with the Megazyme software were
expressed as g phytic acid/100 g of flour that we converted into mg phytic P/g of flour.

4.5. lpa1 Locus Molecular Genotyping

A molecular analysis was performed using ZmMRP4 sequence-specific amplification
polymorphism (S-SAP) markers that allowed the identification of the lpa1-1 versus Lpa1
allele. The allele-specific forward primers were designed on the single nucleotide substitution
polymorphism in the ZmMRP4 10th exon [29,36]. The Lpa1 wild type–specific forward primer
was ZmMRP430L (5’-GTACTCGATGAGGCGACAGC-3’), whereas lpa1-1 mutation-specific forward
primer was ZmMRP432L (5’-GTACTCGATGAGGCGACAGTG-3’). The reverse primer ZmMRP410R
(5’-CCTCTCTATATACAGCTCGAC-3’) was used to amplify both wild type and lpa1-1 alleles.

The reaction mixture of the Lpa1/lpa1-1 allele-specific amplifications contained an aliquot of
genomic DNA, 1 × Green Go Taq buffer (Promega, Madison, WI), 2.5 μM MgCl2, 0.2 μM each of
dATP, dCTP, dGTP, and dTTP, 0.3 μM of forward ZmMRP430L/ZmMRP432L-specific primer, 0.3 μM of
reverse ZmMRP410R primer and 1.25 unit of Go Taq Flexy DNA polymerase (Promega), in a final
volume of 25 μL.

The reaction mix underwent an initial denaturation step at 94 ◦C for 2 min, 37 cycles of denaturation
at 94 ◦C for 45 s, annealing at 62 ◦C for 1 min, extension at 72 ◦C for 1.5 min. Extension at 72 ◦C for
5 min was performed to complete the reaction. The Lpa1 and lpa1-1 amplicons were 468 bp long. The
amplicons were loaded on 1% (w/v) agarose gels and visualized by ethidium bromide staining under
ultraviolet light.

4.6. Structural Analysis of ZmMRP4 Locus in Putative New lpa 1 Mutant

ZmMRP4 locus was amplified in wild type and in putative new lpa1 mutant using an
high fidelity long range DNA polymerase (Platinum Super Fi DNA Polymerase, Invitrogen)
with the primers 5L (5’-TGGTGAGGGGATCAGAGACG-3’) (forward primer, position -313)
and ZM 2R (5’-GAACTTCCAAAGGCAAGGGACA-3’) (reverse primer, position +3413),
ZM2F (5’-GGAAAAGTGAGCTCCAAAGTTTA-3’) (forward primer, position +3218) and 51R
(5’-AAGCATCAGCTTCGGGTAATGT-3’) (reverse primer, position +6460). The primers positions are
referred to the ATG on the genomic sequence.

The amplicons obtained were run on 1% agarose gel and visualized by ethidium bromide staining
under UV light.
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Abstract: Inositol 1,3,4-trisphosphate 5/6-kinase (ITPK) is encoded by six genes in rice (OsITPK1-6).
A previous study had shown that nucleotide substitutions of OsITPK6 could significantly lower
the phytic acid content in rice grains. In the present study, the possibility of establishing a genome
editing-based method for breeding low-phytic acid cultivars in rice was explored, in conjunction with
the functional determination of OsITPK6. Four OsITPK6 mutant lines were generated by targeted
mutagenesis of the gene’s first exon using the CRISPR/Cas9 method, one (ositpk6_1) with a 6-bp
in-frame deletion, and other three with frameshift mutations (ositpk6_2, _3, and _4). The frameshift
mutations severely impaired plant growth and reproduction, while the effect of ositpk6_1 was relatively
limited. The mutant lines ositpk6_1 and _2 had significantly lower levels (−10.1% and−32.1%) of phytic
acid and higher levels (4.12- and 5.18-fold) of inorganic phosphorus compared with the wild-type
(WT) line. The line ositpk6_1 also showed less tolerance to osmotic stresses. Our research demonstrates
that mutations of OsITPK6, while effectively reducing phytic acid biosynthesis in rice grain, could
significantly impair plant growth and reproduction.

Keywords: genome editing; growth; ositpk6; phytic acid; rice

1. Introduction

Myo-inositol-1,2,3,4,5,6-hexakisphosphate (IP6), also known as phytic acid (PA), is the main
storage form of phosphorous (P) (65–80%) in cereal and legume seeds, accounting for ~1.5% of the dry
weigh [1]. In most cereal grains, PA exists as mixed salts (phytates) in protein storage bodies and can
chelate several mineral cations, including Zn2+, Fe2+, Ca2+, and Mg2+ [2]. During seed germination,
endogenous grain phytase is activated to degrade phytate, releasing myo-inositol, phosphorus, and
bound mineral cations [3], which are utilized by the developing seedlings. The PA biosynthetic
pathway is still not well defined, but a number of genes involved in its biosynthesis or transport have
already been cloned in several plants. Mutations of these genes could result in low-phytic-acid (lpa)
grains in rice [4–14] and other plants, e.g., wheat [15] and maize [3,16,17]. In rice, 12 genes have been
identified that catalyze the production of intermediate inositol polyphosphates in seeds [18].

Inositol 1,3,4-trisphosphate 5/6-kinase (ITPK) plays a pivotal role in phytic acid biosynthesis, whereby
the inositol triphosphate (IP3) molecule is further phosphorylated at the 5th or 6th position [19,20].
ITPK belongs to the ATP-grasp fold proteins group [21] and is conserved from plants to humans with
diverse functions. ITPK has even been found in the anaerobic protozoan Entamoeba histolytica [22], where
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its transcription is slightly induced by heat shock, demonstrating its role in the cellular response to
stress [21]. The first plant ITPK, AtITPK1, was identified in Arabidopsis [20]. AtITPK1 is involved in
photomorphogenesis possibly by interacting with the constitutive photomorphogenic (COP) signalosome
under red light [23]. The kinase activity of AtITPK1 is indispensable for maintaining inorganic
phosphorus (Pi) homeostasis under Pi-replete conditions, and itpk1 mutants exhibited decreased levels of
IP6 and diphosphoinositolpentakisphosphate (IP7). Disruption of another ITPK family enzyme, ITPK4,
also caused depletion of IP6 and IP7 but did not display similar Pi-related phenotypes as itpk1 [24].
AtITPK4 is an outlier to its family and does not display inositol 3,4,5,6 tetrakisphosphate 1-kinase activity;
rather, it displays inositol 1,4,5,6-tetrakisphosphate and inositol 1,3,4,5-tetrakisphosphate isomerase
activity [21]. AtITPK2 was required for seed coat development and lipid polyester barrier formation [25],
and ABA or phosphorus deficiency could induce AtITPK2 expression. In maize (Zea mays L.), ZmITPK1
exhibits multiple inositol phosphate kinase activities and is involved in phytic acid biosynthesis in
developing seeds [17]. In soybean (Glycine max L.), GmITPK1 is a potential candidate for developing
low-phytate soybean [26], and GmITPK2 may play a role as a dehydration and salinity stress regulator [27].

In rice (Oryza sativa L.), the OsITPK genes can be divided into three sub-families [18]. OsITPK1,
OsITPK2, and OsITPK3 belong to subgroup I, each with 10 exons and 9 introns; OsITPK4 and OsITPK5
belong to subgroup II, which has no intron; and OsITPK6 belongs to subgroup III, with 12 exons and
11 introns. OsITPK2 is a negative regulator of osmotic stress signaling [28], and its disruption could
affect the expression of some of its homologous genes, OsITPK1 and OsITPK4 [29]. The expression
of OsITPK4, but not of OsITPK1, 2, 3, and 5 can be strongly induced by cold and heat stresses [29].
The IP3 level was not affected by the ositpk2 mutation, probably owing to redundant functions of other
homologs [29].The expression of OsITPK6 could also be induced by heat [29], and mutations of OsITPK6
were already demonstrated to result in significant reduction of IP6 in rice grains [30], i.e., mutant lines
with the amino acid substitution P522L had IP6 content about half that of the wild-type (WT) line.
Among the ositpk6 mutants, one line with a P522L amino acid substitution had agronomic performance
(seed weight, germination, and seedling growth) similar to that of its WT parent, suggesting OsITPK6
could be a desirable target of mutagenesis for breeding yield-competitive lpa rice [30]. Since the
binding site for nucleotide or ATP is between 200 and 500 amino acids in OsITPK6, the substitution
mutation (P522L) is localized outside of this binding region. The effect of the P522L mutation in
OsITPK6 on IP6 biosynthesis could be related to the interaction of the enzyme with another substrate
inositol polyphosphate. On the other hand, a splicing mutant of OsITPK6 at the 9th intron showed a
more severe lpa phenotype: lower phytic acid content with reduced seed set [30]. Hence, it would be
worthwhile to examine the function of OsITPK6 by generating more and different mutants, particularly
by disruption of the ATP-binding region.

The clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated
protein 9 (Cas9) system, CRISPR/Cas9, is an efficient and precise genome-editing technique and has
the potential to be used for crop improvement [31–33], including rice [34–36]. In the present study,
we explored the possibility of establishing a genome-editing-based method for the fast breeding
of yield-competitive lpa rice by evaluating OsITPK6 mutants generated by CRISPR/Cas9-mediated
mutagenesis. Our results showed that mutation of OsITPK6 not only significantly reduced the
accumulation of IP6 in rice grains but also impaired plant growth and tolerance to abiotic stress.

2. Results

2.1. Mutations of OsITPK6 and Development of Homozygous Transgene-Free Mutant Lines

In total, we obtained 23 hygromycin phosphotransferase (HPT)-positive T0 plants transformed
with the CRISPR/Cas9 vector pH-itpk6. Among them, seven plants were found mutated at the target
region, which represents an editing efficiency of 30.4%. T1 plants were tested for the presence of
mutations and T-DNA, and transgene-free T1 plants with four types of mutation were identified.
The mutations included a single-nucleotide (nt) insertion and three types of deletion (Figure 1A). Seeds
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were harvested from T1 plants with different mutations and developed into homozygous mutant lines,
which were designated ositpk6_1, _2, _3, and _4.

 
Figure 1. Schematic diagram of OsITPK6 and sgRNA target site for CRISPR/Cas9-mediated mutagenesis
of OsITPK6, and prediction of the related wild-type and mutant proteins. (A) Exons, introns, and
UTRs are indicated by solid boxes, lines, and blank boxes, respectively. P6-F and P6-R are primers for
mutation genotyping, and their positions are indicated by arrowheads. Mutation identified within the
target site of OsITPK6 generated through CRISPR/Cas9-mediated genome editing in rice. The PAM
sequences (NGG) are boxed, and the 20-nt target sequences are underlined. Mutations are shown in
lowercase letters (for insertions) or ‘–’ (for deletions). (B) The amino acid sequences of mutant proteins
were aligned to that of the wild-type protein using the Clustal Omega Multiple Sequence Alignment
(https://www.ebi.ac.uk/Tools/msa/clustalo/). The numbers represent the total number of amino acids,
and the amino acid V521 and P522 are highlighted in red box. (C) The three-dimensional structures of
OsITPK6 and its mutants were analyzed on SWISS-MODEL (https://www.swissmodel.expasy.org/).

The ositpk6_1 (a 6-nt in-frame deletion) mutation would result in the loss of two amino acids at
positions 91 to 92 (Figure 1B). In contrast, all the other three mutations, i.e., ositpk6_2 (a 1-nt insertion),
ositpk6_3 (a 5-nt deletion), and ositpk6_4 (a 2-nt deletion), would generate a premature stop codon
almost right after the mutation site and, hence, significantly shorten the encoded proteins (Figure 1B).
Consequently, the ositpk6_2, _3 and _4 mutant alleles were predicted to produce proteins of only 105, 103,
and 104 amino acids, respectively (Figure 1C). Analysis of ITPK6 proteins of six organisms indicated
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that the two amino acids missing in the ositpk6_1 mutant were located in a highly conserved segment
(Figure S1), suggesting the mutation of ositpk6_1 could have a potential functional consequence.

2.2. Impact of ositpk6 Mutations on Plant Growth and Seed Germination

Plant growth of ositpk6_2, _3, and _4 was significantly impaired. First, their panicles were
significantly shorter (−30.1%, −28.8%, and −29.1%, respectively) than that of the WT parental cultivar
Xidao 1 (Figure 2A). Second, the mutant panicles had a high percentage of empty grains with darkened
glumes (Figure 2B). Third, the height of the mutant plants was significantly reduced (−37.5%, −36.9%,
and −39.1%, respectively) compared with that of their parental cultivar Xidao 1 (Figure 2C). The impact
of ositpk6_1 on plant growth and seed set was limited and not obvious (Figure 2A–C). No significant
differences of tiller number per plant were observed between Xidao 1 and all four ositpk6 mutant
lines (Figure 2D). Compared with Xidao 1, the seed set and 1000-grain weight of ositpk6_1 were also
significantly decreased (−11.7% and −10.8%, respectively) (Figure 2E,F). Due to the extremely low
seed set, we were not able to harvest enough seeds from ositpk6_3 and ositpk6_4 for the evaluation of
1000-grain weight and other characteristics. The germination of ositpk6_1 was slower in the first three
days (Figure 3A) but gradually caught up with that of the WT after five days and reached ~80% on the
7th day (Figure 3B). The germination rate of ositpk6_2 was far lower than that of the WT (Figure 3A),
being only ~20% on the 7th day (Figure 3B).

Figure 2. Agronomic traits of mutant OsITPK6 line and wild-type plant. (A) Panicle phenotype of
mutant OsITPK6 and wild-type plants. (B–D) Twenty replicates were performed for four OsITPK6
mutant lines and the wild-type plant. Error bars represent the standard error. The different letters
show significant differences at a probability of p < 0.05. (E,F) Twenty replicates were performed for
four OsITPK6 mutant lines and the wild type. Error bars represent the standard error. Data with an
asterisk(s) are significantly different from those of the wild type (* p < 0.05, ** p < 0.01).
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Figure 3. Germination rate of mutant seeds. (A) The pictures were taken on the 5th day after soaking.
(B) The germination rate was recorded from 1 to 7 days after soaking, and three replicates were
examined in each group.

2.3. Effect of ositpk6 Mutations on Inorganic Phosphorus (Pi), Phytic Acid Phosphorus (PA-P), and Total
Phosphorus (TP) in Brown Rice

A colorimetric assay showed that ositpk6_1 and ositpk6_2 had significantly higher Pi levels than
the control (Figure 4A). To quantify the mutational effect of ositpk6_1 and ositpk6_2, the Pi, PA-P, and
TP contents were assessed in seeds of these two mutant lines, together with Xidao 1 as the WT control.
All mutant lines had significantly lower levels of PA-P and higher levels of Pi compared with the
control, while TP was not significantly different from that of the control (Figure 4B–D). ositpk6_1 and
ositpk6_2 had Pi levels of 1.13 mg g−1 and 1.43 mg g−1, respectively, which were 4.12- and 5.18-fold
higher than those of the control (0.28 mg g−1), respectively (Figure 4B). Xidao 1 seeds had a PA-P
content of 2.30 mg g−1, which was significantly greater than those of the two mutant lines; the reduction
of PA-P levels was 10.1% and 32.1% in ositpk6_1 and ositpk6_2, respectively (Figure 4C). Xidao 1 seeds
had a TP content of 3.9 mg g−1, which was not significantly different from those of the two mutant
lines (Figure 4D).

Figure 4. Cont.
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Figure 4. Inorganic P (Pi), phytic acid P (PA-P), and total phosphorus (TP) contents of the mutant
OsITPK6 lines and the wild type. (A) Qualitative assay of inorganic phosphorus (Pi) in mutant seeds.
The concentration of the Pi standard samples is shown above. Five replicates were performed for
two OsITPK6 mutant lines and the wild type. (B–D) Six replicates were performed for two OsITPK6
mutant lines and the wild type. Error bars represent the standard error. Data with an asterisk(s) are
significantly different with respect to the wild-type data (* p < 0.05, ** p < 0.01).

2.4. Effect of ositpk6 Mutation on Stress Tolerance

To further test whether the mutation also had any impact on stress tolerance, we subjected the
ositpk6_1 and Xidao 1 plants to osmotic stress treatment (because of the limited number of seeds
harvested and the low germination rate, ositpk6_2, was not further analyzed). The growth of ositpk6_1
seedlings appeared to be inferior to that of the WT control grown either under normal or stressed
conditions (Figure 5A). The shoot length of ositpk6_1 was shorter than that of the WT with or without
stress treatment (100 mM NaCl or 20 mM mannitol), while the root length of ositpk6_1 was shorter than
that of the WT only under stress (Figure 5A,B). There was no significant difference in the number of
leaves and roots with or without stress treatment between ositpk6_1 and WT (Figure 5C).

 

Figure 5. The phenotypes of the mutant OsITPK6_1 and wild type under salt stress (100 mM NaCl) and
drought stress (20 mM mannitol). (A) The picture was taken on the 7th day after treatment. (B,C) Six
replicates were performed for the OsITPK6 mutant line and the wild type. Error bars represent the
standard error. The different letters show significant differences at a probability of p < 0.05.
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3. Discussion

ITPK6 is a unique gene in the ITPK gene family, and knowledge of its function has so far been
very limited. The identification and characterization in rice of two itpk6 mutant lines were reported in
a study, which is the only study on the function of ITPK6 in all organisms [30]. Our present study
demonstrated that the knockout of OsITPK6 could severely impair plant growth and reproduction,
implying that ITPK6 may play important roles in plant growth and development, in addition to the
biosynthesis of inositol polyphosphates.

First, we observed that the OsIPTK6 knockout mutants (ositpk6_2, _3, and _4) generated in the
present study grew poorly, e.g., their plant height was reduced to almost half of that of the WT, and their
fertility was almost abolished (Figure 2). These results suggested that ITPK6 plays an important role not
only in the vegetative growth but also in the reproduction of rice. Because the reduction of phytic acid
content in ositpk6_1 grains (−32.1%) was less than in the P522L mutant line (−46%) [30], the reduction
of phytic acid alone could not explain the inferior performance of ositpk6_1. Further studies are needed
to uncover the biological basis leading to the discrepancy between our present study and that reported
in reference [30] regarding the mutational effect on rice growth and reproduction.

In the present study, we identified an ositpk6 mutant, i.e., ositpk6_1, with a 6-bp deletion. Though
only two amino acids are expected to be removed from the derived protein, ositpk6_1 did reduce IP6

content. This may be because these two amino acids are located in a conserved region (Figure S1).
We previously also observed a similar case of lpa rice, where a 6-bp deletion (and, hence, a deletion
of two amino acids) in OsSultr3;3 significantly reduced grain phytic acid content [14]. Although this
mutation only reduced phytic acid content by less than 20%, it did exert a negative effect on seed set,
grain weight, seed germination, and tolerance to abiotic stresses. This was somehow unexpected,
because the P522L mutant line with a 46% reduction of phytic acid content still had normal plant
growth as its WT parent [30]. Further studies are needed to fully evaluate the mutational effect by
examining more ositpk6 mutants.

The usefulness of CRISPR/Cas9-based mutagenesis for improving a particular trait is strictly
dependent on the performance of the generated mutants. There are often trade-offs for mutating
a gene for a specific purpose, and the overall performance of the mutated plant could be affected
as a consequence of pleiotropic effects. Enlightened by the findings of Kim and Tai [30], we hoped
to establish a fast and effective method for breeding yield-competitive, lpa rice cultivars by using
genome-editing techniques. However, our results suggest that OsITPK6 or its product plays an
important role in multiple cellular processes, and simply knocking out OsIPTK6 would impair rice
growth and reproduction and, hence, would not work for our purpose.

Because [30] of the success in the production of lpa mutants without a significant negative impact
on plant growth and seed development, it is still possible to generate ositpk6 mutants without a
significant effect on plant growth, if more appropriate vectors can be designed and more mutants are
identified and assessed.

In summary, the present study demonstrates that the OsITPK6 gene is essential for rice growth
and reproduction.

4. Materials and Methods

4.1. CRISPR/Cas9 Vector Construction and Rice Transformation

To generate OsITPK6 mutants, the 1st exon of OsITPK6 (Os09g0518700) was chosen as a target
(Figure 1A). The sgRNAs were designed by searching UniProt for precise positions (http://www.uniprot.
org/), and CRISPR-P program (http://cbi.hzau.edu.cn/cgi-bin/CRISPR/) was used to minimize off-target
effects [37]. Because of the homology of the target sequence among OsITPK genes, it is unlikely to
cause mutations in the other five OsITPK homolog genes (Figure S2). DNA oligonucleotides were
synthesized (Tsingke, Hangzhou, China) for the construction of a CRISPR/Cas9 vector, pH_itpk6,
using the pHun4c12s as the starting plasmid, which harbors a CYP81A6-hpRNAi element [38] and
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was modified from pHun4c12 [39]. Correspondingly, the pH_itpk6 plasmid was transformed into
Agrobacterium tumefaciens and used for rice transformation.

Rice calli were induced from mature seeds of the cultivar ‘Xidao 1’ (O. sativa L. japonica) and
were transformed with the pH-itpk6 vector by Agrobacterium-mediated transformation according to
reference [40]. Transgenic plantlets were regenerated from hygromycin-resistant calli and acclimatized
inside a moist growth chamber (28 ◦C with a 12 h photoperiod) for one week before being transplanted
to experimental facilities.

Ethics Approval and Consent to Participate: The experiments did not involve endangered or
protected species. No specific permits were required for these locations/activities.

4.2. Mutation Detection in T0 Plants

For detection of transgenes and mutations in regenerated T0 plants, total genomic DNA
was extracted from leaf tissues following a modified cetyltrimethylammonium bromide (CTAB)
method [41]. The presence of the HPT gene was assessed by PCR using the primers HygR-F
(5′-AGAAGAAGATGTTGGCGACCT-3′) and HygR-R (5′-GTCCTGCGGGTAAATAGCT-3′) [42].
Site-specific mutations were detected by PCR amplification using primer pairs flanking the
designated target sites in OsITPK6, i.e., P6-F (5′-CTCGACCCATCCGGTGTTAC-3′) and P6-R
(5′-AAATCGCAGGGGAGAGATCG-3′) (Figure 1A). The following generalized PCR program was
used: 5 min at 94 ◦C, followed by 35 cycles of 30 s at 94 ◦C, 1 min at 60 ◦C, and 1 min at 72 ◦C, with a
final extension of 10 min at 72 ◦C.

The PCR products were first subjected to HRM analysis for mutations according to reference [43],
putative mutants were sequenced (TSINGKE, Hangzhou, China), and mutated sequences were decoded
using the DSDecode program (http://skl.scau.edu.cn/dsdecode/) [44]. Mutations of a few selected
plants were further confirmed by clone sequencing.

4.3. Development of Transgene-Free Mutant Lines

To obtain homozygous transgene-free mutants, T1 seedlings were foliar-sprayed with 1000 mg/L
bentazon (approximately 100 mL/m2) at about the four-leaf stage according to a previous study [38].
At least five surviving T1 plants from each independent T0 plants were selected for further analysis of
the presence of T-DNA and site-specific mutations. Eventually, four OsITPK6 mutant lines (ositpk6_1,
_2, _3, and _4) (Figure 1A) were identified; the T2 and advanced-generation seeds were used for
the experiments.

4.4. Agronomic Traits Assay

The transgene-free mutant lines and their wild-type parent control (Xidao 1) were grown at
the Experimental Farm of Zhejiang Zhijiang Seed Tec. Ltd., Hangzhou, China, during the summer
season, and their agronomic traits were evaluated either in fields or post-harvest. Plants were grown
in randomized plots, each with 60 plants. Twenty inner plants of each plot were evaluated for
each parameter.

4.5. Seed Germination Assay

A controlled germination test was performed to assess seed germination capability, each with
100 seeds and replicated for three times [45]. Seeds were soaked in water for 48 h at 30 ◦C and then
germinated on filter paper soaked with distilled water at 30 ◦C in the dark for one week, and the
germination percentage was recorded daily.

4.6. Seed Phosphorus Assay

Seed inorganic P (Pi) levels were assayed qualitatively according to the micro-determination
method developed in reference [46] with modifications. The qualitative assay was used for the
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identification of the high-inorganic-P (HIP) phenotype. The seeds were transferred to 96-well plates
and extracted in 0.4 M HCl solution (10 μL per mg sample) overnight at 4 ◦C. Aliquots of 10 μL of
supernatant per each sample were used for Pi level determination, according to reference [4] with
slight modifications [6]. The development of a blue color implied increased level of Pi (HIP), while
colorless samples typified the WT levels of parent varieties (Figure S1).

Seed Pi levels were also quantitatively determined according to reference [47] in triplicates,
as follows. Brown rice grains were ground into rice flour, and ~400 mg rice flour per sample were
extracted in 12.5% (w/v) TCA (trichloroacetic acid containing 25 mM MgCl2) by gentle shaking overnight
at 4 ◦C. After centrifugation at 15,000× g for 10 min, the supernatants were used for Pi assay according
to reference [2].

The PA content was determined for brown rice flour according to reference [48] by using a
commercial assay kit (Megazyme, Irland) in triplicate. Briefly, ~1 g of brown rice grains was mixed
with 20 mL of hydrochloric acid (0.66 M), stirred vigorously for 3 h at room temperature, and then
centrifuged at 13,000 rpm for 10 min. Then, 0.5 mL of the supernatant was immediately neutralized by
the addition of 0.5 mL of sodium hydroxide solution (0.75 M). The neutralized sample extract was
subjected to an enzymatic dephosphorylation reaction procedure. The absorbances at 655 nm was
determined using an ultraviolet spectrophotometer.

Total seed phosphorus and mineral elements were determined according to reference [49] in
triplicate. Briefly, brown rice samples were digested in a microwave digestion system (Mars6, USA) at
160 ◦C for 40 min, using ~200 mg of sample in 7 mL of HNO3. The digested solution was concentrated
at 140 ◦C for 2 h until less than 1 mL of solution was left and then brought to 30 mL with ultrapure
water [50]. Total seed phosphorus and mineral elements were analyzed by Inductively Coupled
Plasma–Mass Spectrometry (ICP–MS) (PerkinElmer, MA, USA).

4.7. Stress Treatment

For stress treatment, 14-day-old seedlings were planted in 1×Murashige and Skoog (MS) liquid
medium [51], supplemented with 100 mM NaCl or 20 mM mannitol and grown for 7 days before
sampling at midday.

4.8. Statistical Analysis

All statistical analyses were performed using the student’s t-test. The experimental data are
presented with the mean standard errors (SE) based on three to six replications. The means were
compared by ANOVA, and the significance of the differences between group means were calculated by
the Bonferroni Post-tests.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/8/5/114/s1.
Figure S1: Multiple sequence alignment of ITPK6s. All the data are from RAP-DB (http://rapdb.dna.affrc.go.jp/)
and Gramene (http://www.gramene.org/). Analysis of ITPK6 sequences from six organisms using BioEdit software.
Identical amino acid residues are boxed in same color. Short lines indicate gaps introduced during alignment.
The mutant site of OsITPK6 is marked by a redbox. Figure S2. Multiple sequence alignment of OsITPKs. All data
are from RAP-DB (http://rapdb.dna.affrc.go.jp/) and Gramene (http://www.gramene.org/). Analysis of OsITPK1,
OsITPK2, OsITPK3, OsITPK4, OsITPK5, and OsITPK6 sequences using the BioEdit software. Identical DNA bases
are in the same color. Dotted lines indicate gaps introduced during alignment. The target site of OsITPK6 is
marked by a red box.
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Abstract: Phytic acid (PA) prevents the absorption of minerals in the human intestine, and it is
regarded as an antinutrient. Low PA rice is beneficial because of its higher Zn bioavailability and it is
suggested that the gene expression level of myo-inositol 3-phosphate synthase 1 (INO1) in developing
grain is a key factor to explain the genotypic difference in PA accumulation among natural variants of
rice. P fertilization is also considered to affect the PA content, but it is not clear how it affects INO1
gene expression and the PA content in different genotypes. Here, we investigated the effect of P
fertilization on the PA content in two contrasting rice genotypes, with low and high PA accumulation,
respectively. Based on the results of the analysis of the PA content, inorganic P content, INO1 gene
expression, and xylem sap inorganic P content, we concluded that the effect of P fertilization on PA
accumulation in grain differed with the genotype, and it was regulated by multiple mechanisms.

Keywords: inorganic P; P fertilizer; phytic acid; rice

1. Introduction

Many people living in developing countries have a higher risk of malnutrition due to Zn deficiency,
as they mainly take micronutrients from cereals, such as legumes, wheat, and rice. Atmospheric carbon
dioxide (CO2) concentration is increasing and expected to reach 700 ppm by the end of this century [1].
Elevated CO2 (e[CO2]) causes a reduction in the mineral content in staple crops [2]. In the future, Zn
deficiency is expected to expand globally, especially in developing countries, due to e[CO2]. Phytic acid
(myo-insitol-1,2,3,4,5,6-hexakisphate; PA) is the storage form of P in cereal grains; it accounts for 75% of
total P in grains [3]. Phytic acid is also known to chelate with minerals, such as Fe, Mg, Ca, K, and Zn.
It prevents the absorption of minerals in the human intestine and is regarded as an antinutrient. Research
conducted using a suckling rat pup model showed a negative correlation between dietary PA and Zn
absorption from the grains of maize, rice, and barley [4]. In addition, PA inhibits enzymes needed for
protein degradation and disturbs proteolysis in the stomach and small intestine [5]. Ruminants, such as
cows, secrete phytase, an enzyme digesting PA, but humans lack phytase and therefore cannot digest PA.
Thus, reducing the PA content in cereals is essential to overcome Zn deficiency.

The regulation of PA content has to take into account the P status in plants, P absorption from the
roots, and remobilization from plant organs. P transporters are known to be involved in the uptake
of inorganic P (Pi) from the root and transport to plant organs. So far, 13 Pi transporters belonging
to the PHT1 family have been identified in rice [6,7]. OsPT8 known as a high affinity Pi transporter
is essential for Pi translocation from vegetative organs into rice gain [8]. SULTR-like phosphorus
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distribution transporter (SPDT) controls the allocation of P to the grains [9]. These findings suggest
that it might be possible to control the PA content by manipulating P transporter.

To identify the biosynthetic pathway of PA and reduce the PA content in the grain, low phytic
acid (lpa) mutants of wheat [10], maize [11–13], soybean [14,15], barley [16–18], and rice [19] have
been used. These mutants have disrupted PA biosynthesis genes and exhibit low PA accumulation
in the grains; however, in most cases, these mutants showed a significant reduction in germination
and yield [20]. On the contrary, mutants that repress INO1 with an 18-kDa oleosin promoter showed
an approximately 70% reduction in the PA content, with no negative effects on plant growth [21].
Similarly, no undesirable yield reduction was observed in lpa mutants of barley [22] and soybean [23].
Developing stable lpa mutants without yield loss is indispensable to overcome malnutrition.

P is one of the most essential elements for plant growth. P fertilizer is indispensable in practical
agriculture and therefore P application cannot be reduced [24]. The applied P is absorbed from the root
and remobilized to the shoot, and then PA is synthesized in developing seeds using the transported
P [25]. It has been reported that the PA content is affected by the amount of supplied P in various
crops [26–28], including rice [29]. In a low-phytate soybean line, which derived from a cross of the
normal-phytate Japanese cv. Tanbakuro and the low-phytate line CX1834, no negative effects were
reported on plant growth and yield, leaf photosynthesis, and nitrogen fixation by different levels of P
fertilizer application [30]. These results suggest that the lpa mutant can exhibit a low PA phenotype
without any loss of growth-related performances at various levels of P fertilizer application. Thus,
information on the effect of P fertilizer on seed PA content and yield in the lpa mutant is accumulating;
however, it is not clear how P fertilizer affects the PA content in natural genotypic variants.

Previously, we examined variations in the PA content in 69 accessions of the World Rice Core
Collection (WRC) and identified WRC 5 and WRC 6 as cultivars with the lowest and highest PA content
in the collection [31]. We then compared WRC 5 and WRC 6 to identify the molecular determinant
of the natural variation in the PA content in rice. The results suggested the gene expression level of
myo-inositol 3-phosphate synthase 1 (INO1) was the genetic basis explaining the natural variation
in PA accumulation in rice [32]. Interestingly, DNA sequences of the coding and promoter region
(1000 bp) of the INO1 gene were identical between WRC 5 and WRC 6. This suggests there are different
regulation mechanisms of PA content besides DNA mutation of the biosynthesis gene. To elucidate
these regulation mechanisms, WRC 5 and WRC 6 will be useful cultivars. In this study, we evaluated
the effect of P fertilization on the PA content in WRC 5 and WRC 6 to clarify how the PA content is
regulated under a different P status in natural variants of rice.

2. Results

2.1. Differences in Yield-Related Traits

2.1.1. Effect of P Fertilization in Low and High PA Rice

Yield-related traits of WRC 5 and WRC 6 are shown in Table 1. There were no significant differences
in the panicle number and panicle weight between low and high PA plants. The panicle length of WRC
6 was significantly shorter than that of WRC 5. The panicle weight of WRC 5 was slightly higher than
that of WRC 6. No significant difference was observed in the total yield per plant.

Table 1. Yield-related traits in WRC 5 and WRC 6. Data are shown as the mean ± SD of 5–10 replicates.
Data with asterisks indicate a significant difference between WRC 5 and WRC 6 (Student’s t-test,
***p < 0.001).

WRC No.
Panicle

Number
Panicle Length

(cm)
Panicle Weight

(g)
1000 Seed
Weight (g)

Total Yield per
Plant (g)

WRC 5 16.6 ± 1.1 24.7 ± 2.0 2.8 ± 0.5 20.2 ± 0.7 35.3 ± 4.3
WRC 6 15.2 ± 1.1 20.3 ± 0.7 2.5 ± 0.3 23.4 ± 0.6 36.8 ± 2.2

ns *** ns *** ns
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2.1.2. Effect of the Amount of P Fertilizer on Initial Growth and Yield

To investigate the effect of P fertilizer on yield-related traits, the panicle weight and number
(Table 2) and initial growth at the seedling stage (Table 3) were measured in WRC 5 and WRC 6.
No significant differences were observed in WRC 5 and WRC 6.

Table 2. Panicle number and total yield per plant of WRC 5 and WRC 6. Data are shown as the mean ±
SD of four replicates. Different letters indicate statistical differences (Tukey’s HSD test, p < 0.05).

Cultivar Treatment Panicle Number Total Yield per Plant (g)

WRC 5
Control 8.8 ± 0.5 ab 19.9 ± 3.6 ab

P1 6.3 ± 1.0 b 13.3 ± 1.7 b

P4 10.0 ± 1.4 a 20.5 ± 4.5 a

WRC 6
Control 9.0 ± 2.7 ab 14.6 ± 2.6 ab

P1 9.0 ± 0.8 ab 16.1 ± 2.5 ab

P4 10.0 ± 1.4 a 17.9 ± 3.4 ab

Table 3. Initial growth of WRC 5 and WRC 6 at the seedling stage. Data are shown as the mean ± SD of
four to five replicates. ns indicates that there was no significant difference between WRC 5 and WRC 6
(Student’s t-test).

Shoot Root

Weight (g) Length (mm) Weight (g) Length (mm)

WRC 5 0.76 ± 0.087 333 ± 39 0.52 ± 0.15 151 ± 23
WRC 6 0.73 ± 0.033 306 ± 24 0.62 ± 0.037 171 ± 17

ns ns ns ns

2.2. Effects of the Time of P Fertilizer Application

WRC 5 showed a lower PA content than WRC 6 under the control condition (Figure 1). When P
fertilizer was applied at the seedling stage, WRC 5 presented increased PA content compared with that
of the control, whereas WRC 6 presented no increase. When P fertilizer was applied in the heading
stage, there was no significant difference in the PA content compared with that when P fertilizer was
applied in the seedling stage.

Figure 1. Effect of the time of P fertilizer application on the PA content in WRC 5 and WRC 6. White,
green, and orange indicate control, P applied in the seedling stage, and P applied in the heading stage,
respectively. Each value represents the mean ± SD of four replicates. Different letters indicate statistical
differences (Tukey’s HSD test, p < 0.05).

2.3. Variation in the PA Content with Change in the P Concentration in the Soil

To examine the effect of the amount of P fertilizer on PA accumulation in the grain, we applied
different amounts of P fertilizer at the seedling stage and measured the PA concentration and content
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in harvested grains (Figure 2). In the control, WRC 6 showed a higher PA concentration and content
than WRC 5 as expected (Figure 2a,b). We observed that the PA concentration and content in both
cultivars increased under P4 treatment.

Figure 2. Effect of the amount of P fertilizer on PA accumulation in WRC 5 and WRC 6. (a) PA
concentration per gram dry weight (mg/gDW), (b) PA content per grain (μg/grain), (c) PA content
per plant (mg/plant). White, pale pink, and pink indicate control, P1 treatment, and P4 treatment,
respectively. Each value represents the mean ± SD of four replicates. Different letters indicate statistical
differences (Tukey’s HSD test, p < 0.05).

2.4. PA-P and Pi Content

The Pi content and PA-P/Pi ratio at 10 days after flowering (DAF) and at harvest are shown in
Figure 3. We found that the Pi content showed no response to P fertilizer treatment (Figure 3a). WRC
6 showed a significantly higher Pi content at 10 DAF than WRC 5. The PA-P/Pi ratio presented no
significant difference between P treatments or genotypes at 10 DAF (Figure 3b). The PA-P/Pi ratio at
harvest was increased under P4 treatment and was associated with the PA content per grain (Figures
2b and 3b).
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Figure 3. Effect of the amount of P fertilizer on Pi and PA-P/Pi in WRC 5 and WRC 6. (a) Pi content
per gram dry weight (μg/grain) and (b) PA-P/Pi ratio at 10 DAF and harvest. Gray and blue represent
the value at 10 DAF and harvest, respectively. Each value represents the mean ± SD of four replicates.
Different letters indicate statistical differences (Tukey’s HSD test, p < 0.05).

2.5. INO1 Expression and PA Content at 10 DAF

The expression of INO1 at 10 DAF was significantly increased by P fertilizer treatment in WRC
6, whereas WRC 5 showed no response to P fertilizer treatment (Figure 4). We also investigated
the expression levels of eight PA biosynthesis genes in Nipponbare (Figure 5). Among these eight
genes, no significant differences in the expression level were observed except for the multidrug
resistance-associated protein 13 (MRP13) gene, which showed a significant decrease under the
P4 treatment.

Figure 4. Relative gene expression of INO1 at 10 DAF in WRC 5 and WRC 6. White and pink indicate
the control and P treatment, respectively. Each value represents the mean ± SD of three replicates.
Different letters indicate statistical differences (Tukey’s HSD test, p < 0.05).
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Figure 5. Expression level of PA biosynthesis genes in Nipponbare. White, pale pink, and pink indicate
the control, P1 treatment, and P4 treatment, respectively. Each value represents the mean ± SD of three
replicates. Different letters indicate statistical differences (Tukey’s HSD test, p < 0.05).

2.6. Short-Term Response of Pi Uptake in WRC 5 and WRC 6

To evaluate Pi uptake on WRC 5 and WRC 6 in the initial growth stage, we measured the Pi
content in xylem sap using the molybdenum blue method (Figure 6). When additional P fertilizer was
applied, the Pi content in xylem sap per root dry weight (μg/gDW/2 h) was significantly increased,
whereas there was no significant difference between WRC 5 and WRC 6.

Figure 6. Short-term response of Pi uptake using the xylem sap analysis in WRC 5 and WRC 6. (a) Pi
content in xylem sap oozed out from one seedling for 2 h (μg/plant/2 h) and (b) Pi content per root DW
(μg/gDW/2 h). White and pink indicate the control and P treatment, respectively. Each value represents
the mean ± SD of three replicates. Different letters indicate statistical differences (Tukey’s HSD test,
p < 0.05).
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3. Discussion

3.1. Effect of P Fertilizer on the PA Content

To develop lpa mutants, DNA mutations in the PA biosynthesis genes have been used. These lpa
mutants helped reveal the mechanism of PA biosynthesis; however, lpa mutant rice often exhibited low
plant biomass and yield compared with those of wild type [20]. Therefore, the use of lpa rice mutants
in commercial agriculture is not very competitive. In our study, two contrasting rice cultivars selected
in terms of PA content from natural variation in the rice germplasm did not show any significant
difference in the initial growth (Table 3) and yield-related traits (Table 1). P fertilization did not affect
the panicle weight and yield in both WRC 5 and WRC 6 (Table 2). It suggested that the sensitivity
of P application in terms of plant growth and yield was similar between WRC 5 and WRC 6. Thus,
these contrasting lines are effective in analyzing the mechanism of P fertilizer response of PA synthesis
without consideration of the plant yield and growth differences.

In rice, P is accumulated in the leaves until the heading stage, and then transported to the stem
in the heading stage. Finally, P is stored in the grain at maturity [33]. According this P translocation
system, we expect that rice would show a different response of PA content with the time of P fertilizer
application. Our study showed that the PA content increased with P fertilizer in WRC 5, irrespective of
the time of P fertilizer application (Figure 1). Moreover, the PA content did not change in WRC 6 with
P fertilizer. These results indicate that the effect of P fertilizer on the assimilation and translocation of P
is not stage dependent but differs with the genotype.

When a higher amount of P was applied, the PA content increased in both cultivars (Figure 2a).
Because the grain yield was not affected by higher P (P4) application, the PA content per grain
(Figure 2b) or per plant (Figure 2c) also increased, indicating that PA biosynthesis was upregulated by
P application. On the contrary, the PA content under the control treatment differed with the genotype;
WRC 5 showed a significantly lower PA content than WRC 6. This result suggests that WRC 5 and
WRC 6 have a different responsiveness toward soil P, and WRC 6 might be sensitive to PA accumulation
under lower soil P conditions. The Pi content in WRC 6 at 10 DAF was higher than that in WRC 5
(Figure 3a), and this might be due to the higher PA content in WRC 6. Interestingly, the Pi content at 10
DAF did not respond to P fertilizer application, and Pi influx in the early development stage of grain
might determine the genotypic differences in the PA content.

3.2. Effect of P Fertilizer on PA Biosynthesis

While the PA content varied in response to P application, the Pi content remained constant and
was not affected by the P application and genotype (Figure 3a). The Pi content in the grain was
found to be regulated at a constant level. While the Pi content was constant, the ratio of PA-P to Pi
responded to P fertilizer, and it was associated with the PA content (Figure 3b). This suggests that
the biosynthesized PA using influxed Pi determines the PA response to P application. To assess the
PA biosynthesis level, we analyzed INO1 gene expression, which we previously reported as the key
determinant that explains genotypic differences between WRC 5 and WRC 6 [32]. The expression of
INO1 differed with genotype; WRC 6 responded to P fertilizer, whereas WRC 5 did not show any
response to P fertilizer (Figure 4). This differential response to P fertilizer might be one of the key
factors explaining the genotypic difference in the PA content and the difference in P responsiveness.
Simultaneously, while INO1 showed no response to P fertilizer, the PA content was stimulated by P
fertilizer in WRC 5 (Figure 2b), suggesting there might be other factor(s), besides INO1 gene expression,
that regulate the PA biosynthesis response to P fertilizer.

3.3. Other Factors Regulating Grain PA Content

The biosynthesis of PA continues until 25 DAF [32,34]; we investigated the expression level of
other genes related to PA synthesis identified from the Nipponbare genome database [35]. Seven genes,
namely, inositol 1, 3, 4-trisphosphate 5/6-kinase 2 (ITPK2), 2-phospho-glycerate kinase (2-PGK),
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inositol-pentakisphosphate 2-kinase 1 (IPK1), myo-inositol kinase (MIK), inositol 1, 3, 4-trisphoshate
5/6-kinase 2 (ITPK6), inositol 1, 3, 4-triskisphosphate 5/6-kinase 1 (ITPK1), and INO1 showed no response
to P fertilizer treatment in Nipponbare (Figure 5). We could not compare these gene expression levels
in WRC 5 and WRC 6 directly because WRC 5 and WRC 6 might have different DNA sequences in the
priming site of the polymerase chain reaction (PCR) and this interferes with the accurate comparison
of the gene expression level. Although we should further analyze gene expression using WRC 5 and
WRC 6, the results indicated that the PA content response to P fertilizer might not be regulated by PA
biosynthesis in Nipponbare.

There are three potential steps that determine the grain PA content, namely, uptake of soil-Pi,
translocation of Pi within the plant body, and biosynthesis and accumulation of PA in the grain.
To analyze Pi uptake by the root system and Pi translocation capacity from the root to shoot, we
analyzed the xylem sap in seedlings grown by hydroponic culture (Figure 6). The Pi content in xylem
sap increased with P fertilizer application, but there was no difference between WRC 5 and WRC 6.
These results indicate that the Pi uptake and translocation in the seedling stage are stimulated by P
fertilizer; this additional Pi might be used for additional PA biosynthesis. Contrarily, we could not find
any genotypic difference in the Pi content in xylem sap in the seedling stage. Further investigation of
xylem sap collected at various growth stages will be required to asses Pi uptake and Pi translocation
capacities. Recently, SPDT is reported to regulate Pi distribution between the leaves and grains [9].
A comprehensive analysis throughout Pi uptake, translocation, and grain accumulation will be
important to further elucidate the effect of P fertilizer on PA accumulation in grains.

4. Materials and Methods

4.1. Plant Materials

We obtained WRC accessions from the National Agriculture and Food Research Organization
(NARO) Genebank in Tsukuba, Ibaraki, Japan. The selected WRC 5 (NABA) and WRC 6 (PULUIK
ARANG) lines were grown in an outside paddy field or in 1/5000 Wagner pots filled with soil (Bon-sol
#2; Sumitomo Chemical, Tokyo, Japan; containing 1.5 g each N, P, and K) in Itakura, Gunma, Japan
(36◦13′23”N 139◦36′37”E) in 2018 to 2019. First, to compare the effect of the time of application of P
fertilizer, 1 g of P fertilizer (as Ca(H2PO4)2) containing 0.26 g of P was applied into the pots at the
seedling stage or heading stage in 2018. Second, we applied different amounts of P fertilizer, 1 g (P1)
and 4 g (P4), containing respectively 0.26 and 1.1 g P at the seedling stage in 2019. Developing (10 DAF)
and matured (30 DAF) grains were used for further analysis. In the pot experiments, 2 plants were
planted in a pot and we used 2 pots to generate 4 replicates. Rice plants grown in the outside paddy
field were used for the analysis of yield-related traits. Panicle number, 1000 seed weight, and total yield
per plant were analyzed in 5 replicates and panicle length and weight were analyzed in 10 replicates.

4.2. Determination of the PA and Pi Content

The Pi and PA content were determined using the enzymatic method [36]. Pi and PA were
extracted for 17 h in 0.66 M HCl from one grain of brown rice, and then the Pi and PA content was
determined colorimetrically using the Phytic Acid (Phytate)/Total Phosphorus kit (K-PHYT; Megazyme
International, Wicklow, Ireland) according to the manufacturer’s instruction after neutralization. This
kit measures Pi released from the extracted grain sample after treatment with phytase and alkaline
phosphatase. The free Pi content was estimated from samples not treated with phytase.

4.3. Analysis of Gene Expression

Developing ovaries collected at 10 DAF were used for gene expression analysis. RNA was
extracted using the cetyl trimethyl ammonium bromide method from approximately 6–7 frozen ovaries.
First strand cDNA was synthesized from 5 ng of total RNA using the Primer Script RT Reagent kit
(PR037A; Takara Bio Inc., Shiga, Japan) according to the manufacturer’s instructions. Quantitative
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RT-PCR was performed with the LightCycler system (Light Cycler 480, Roche Diagnostics, Basel,
Switzerland) using Universal Probe Library (UPL, Roche Diagnostics, Basel, Switzerland). GAPDH
was used as the reference gene, and the relative expression levels were calculated using the 2−ΔΔCT

method [37]. The primers and probes are listed in Table 4.

Table 4. List of primer and probes used in the gene expression analysis.

Gene Forward (5′–3′) Reverse (5′–3′) Probe#

INO1 CAGGGTCGGGAGCTACAA AAGGTCATCAGGGTTCACCA #52
ITPK1 AAGGTGAAGAGCTTCCTCCAG TTCAGAGAGAGGACGAGTCTCA #72
MRP13 GCACTAGCAAGCAAGACCGTA TGATATGACCATCCTTAAGAACCA #146
ITPK6 GGCAAACCTCTTACATTCAACAGT TTGCACCTCGTTTTGCAG #68
MIK CGATGAAGGAGTTTGTGTCACT GAAGATCCTTGGCACTTAGCC #120
IPK1 GCTCTTCTAATTTCTGACCACACA GCCTTTATCTCCACTGCTATGC #38

2-PGK TGAAGAAAGAGATATGCACGAGA CAGATCGTCGTATTCCTCGTC #22
ITPK2 GTACGCCCTCACCAAGAAGA CAATTGCTACAAGATTAATTCCCTTC #41

GAPDH GCTGCTGCTCACTTGAAGG AAACATCGGAGCATCTTTGC #142

4.4. Analysis of xylem sap

Rice was grown for 4 weeks hydroponically in a growth chamber as described by Nagai et al. [38].
The shoots were cut 3–4 cm above the shoot meristem; the section was covered with silicon tube
containing glass wool, and then xylem sap was collected for 2 h (10:00–12:00 h). The glass wool was
transferred into an ultrafiltration filter tube (Nanosep, ODGHPC34; Pall Corporation, NY, USA) and
centrifuged at 17 800 g for 3 min. Xylem saps were stored at –80 ◦C. Xylem sap diluted 10 times with
distilled water was used to determine the Pi content. Diluted saps (50 μL) were treated with 25 μL
of color reagent containing 10% (w/v) ascorbic acid, 97% (w/w) H2SO4, and 5% (w/v) ammonium
molybdate. After incubation at 40 ◦C for 1 h, the absorbance of the sample at 655 nm was measured
using a microplate spectrophotometer (xMark, Bio-Rad, Hercules, CA, USA). A P calibration curve
was prepared using P standard solution.

4.5. Data Analysis

We conducted statistical analyses using JMP (SAS Institute, Cary, NC, USA) software. Tukey’s
HSD test and student’s t-test were used to determine significant differences between means at p < 0.05.

5. Conclusions

In this study, we investigated how P fertilization affects the PA content in rice. WRC 5 showed a
lower PA content than WRC 6, and the Pi content at 10 DAF might be related to this genotypic difference
in the PA content. In both genotypes, the PA content increased with P fertilizer treatment; this might
be due to the stimulation of Pi uptake and translocation. On the contrary, the INO1 gene expression
responded to P fertilizer only in WRC 6, and the response of PA biosynthesis differed with the genotype.
It can be concluded that the PA content is regulated by multiple mechanisms, and the response of
plants to P fertilizer differed with the genotype. Further comprehensive investigation is required to
understand the regulation mechanisms of PA accumulation by different P fertilizer treatments.
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Abstract: Crop seed phosphorus (P) is primarily stored in the form of phytate, which is generally
indigestible by monogastric animals. Low-phytate soybean lines have been developed to solve
various problems related to seed phytate. There is little information available on the effects of P
fertilization on productivity, physiological characteristics, and seed yield and quality in low-phytate
soybeans. To address this knowledge gap, studies were conducted with a low-phytate line and
two normal-phytate cultivars from western Japan when grown under high- and low-P fertilization.
The whole plant dry weight, leaf photosynthesis, dinitrogen fixation, and nodule dry weight at the
flowering stage were higher in the higher P application level, but were not different between the
low-phytate line and normal-phytate cultivars. As expected, seed yield was higher in the higher
level of P application for all lines. Notably, it was higher in the low-phytate line as compared with
the normal-phytate cultivars at both levels of fertilizer P. The total P concentration in the seeds
of the low-phytate line was the same as that of the normal-phytate cultivars, but the phytate P
concentration in the low-phytate line was about 50% less than that of the normal-phytate cultivars.
As a result the molar ratio of phytic acid to Zn, Fe, Mn, and Cu in seed were also significantly lower
in the low-phytate line. From these results, it can be concluded that growth after germination, leaf
photosynthesis, nitrogen fixation, yield and seed quality were not less in the low-phytate soybean
line as compared with two unrelated normal-phytate cultivars currently grown in Japan, and that
low-phytate soybeans may improve the bioavailability of microelements.

Keywords: low-phytate soybean; microelement; phosphorus; phytic acid; seed yield; seed quality

1. Introduction

Phosphorus (P) is one of the most essential macro elements, along with nitrogen, required by
plants to grow. Adequate P fertilization is essential for effective crop production to attain optimum
yields. However, excessive P fertilization increases the risk of P losses to surface and ground waters,
with detrimental effects on aquatic ecosystems through eutrophication [1,2]. Phosphorus absorbed by
plants is translocated from the roots and leaves to the seeds during seed development, where phytic
acid (phytate; myo-inositol 1, 2, 3, 4, 5, 6-hexakisphosphate) is synthesized [3,4]. Phytate accounts for up
to 80% of the total P concentration in seeds and its breakdown during germination supplies P and other
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cations needed for early seedling growth. However, phytate is poorly digested by non-ruminants such
as pigs, chickens, and humans, which don’t express phytase, an enzyme that degrades phytate [2,5].
To provide the nutritional requirements of P for animals, and thereby ensure optimal productivity, feeds
are supplemented with inorganic phosphorus (inorganic P). Therefore, poultry and chicken manure
contain a large amount of phytate-derived P. When these manures are applied to fields, inorganic P is
released by the phytase expressed by microorganisms in the soil. If this P is not absorbed by plants, a
large amount of P flows into rivers and lakes through rainwater. In addition, dietary phytate chelates
divalent cations, including iron (Fe), zinc (Zn), copper (Cu), manganese (Mn), magnesium (Mg), and
calcium (Ca), and this reduces the bioavailability and utilization of these essential nutrients [6–8].

One approach to these phytate-related problems that increases the bioavailability of P and minerals
in seeds is to breed low-phytate crops. Low-phytate lines have been isolated from various agronomic
plants such as major cereal crops such as barley (Hordeum vulgare L.) [9,10], rice (Oryza saviva L.) [11],
maize (Zea mays L.) [12], wheat (Triticum aestivum L.) [13], soybean (Glycine max (L.) Merr.) [14],
and common bean (Phaseolus vulgaris L.) [15,16]. Compared with normal-phytate lines, with one
known exception [10] these low-phytate lines have a total P concentration that is no different from
normal-phytate lines. They have a 40 to 80% reduction in phytate P, resulting in up to an 80% increase
in inorganic P (available P) for animals. From animal feeding experiments using low-phytate lines, it
has been confirmed that the P-utilization rates of animals is improved, and the amount of P excreted is
decreased [1].

The phytate concentration of seed depends both on the crop variety or its genetics and
environmental factors, especially P fertilization. It has been reported that the phytate concentration of
seed gradually increases and is positively correlated with applied P levels in soybean [17], oat [18], and
maize [19]. However, there have been relatively few reports of analyses of the productivity and seed
quality of low-phytate lines grown under varying P fertilization levels [10,20]. Therefore in this study
we compared the yield, mineral and phytate concentration of the seeds, and physiological factors
such as nitrogen fixation, between a soybean low-phytate line (hereafter referred to as LP) descended
(F10 and F11) from a cross of the normal-phytate Japanese cv. Tanbakuro and the low-phytate line
CX1834 [14,21], and two normal-phytate soybean cultivars Enrei and Akimaro, when grown under
two different levels of nutrient P fertilization. We asked if phytate accumulation in the seeds of the
low-phytate soybean line in response to P fertilization differs from that observed in normal-phytate
cultivars and whether a low P fertilizer condition differentially affects seed yield and quality, as well as
plant growth and physiological factors such as photosynthesis and nitrogen fixation.

2. Results

2.1. Biomass Production at the Flowering Stage

In Experiment 1 we compared the LP-F10 progeny with the cultivar Enrei (Figures 1–3 and Table 1).
The whole plant weight of both the LP-F10 line and Enrei was significantly affected by the higher
P application at the flowering stage (Figure 1). The whole plant weight in both the LP line and
normal-phytate cultivar in the P150 treatment was 1.5 to 1.6 times higher than that in the P50 treatment,
respectively. However, there was no difference in the whole plant weight between the LP line and
normal-phytate cv. Enrei within the same P treatment.
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Figure 1. Effect of phosphorus fertilization on whole plant dry weight of the LP-F10 progeny and the
normal-phytate cv. Enrei (Experiment 1). The same letter indicates no significant difference (p ≤ 0.05).

Figure 2. Effect of phosphorus fertilization on seed yield in LP-F10 and the normal-phytate cv. Enrei in
Experiment 1. The same letter indicates no significant difference (p ≤ 0.05).

Figure 3. Effect of phosphorus fertilization on seed total P, phytate P and inorganic P concentrations in
LP lines and normal-phytate soybean cultivars of soybean in Experiment 1 (A) and Experiment 2 (B).
The same letter indicates no significant difference (p ≤ 0.05).
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2.2. Photosynthesis and Dinitrogen Fixation Activity at the Flowering Stage

In Experiment 1 the photosynthetic rate and dinitrogen fixation activity in LP-F10 and cv. Enrei
were 1.3 and 1.5 times higher (respectively) in the P150 treatment than in the P50 treatment, but
there was no substantial differences between LP-F10 and Enrei within a given P treatment (Table 1).
The nodule number was higher in the higher P application level for both LP-F10 and Enrei however
the nodule number of LP-F10 was higher than that of Enrei when grown under the P50 treatment.
The specific nodule activity in both LP-F10 and Enrei, obtained by dividing the nitrogen fixation rate
by the root nodule weight, was greater in the P50 treatment than in the P150 treatment. No significant
differences were observed in specific nodule activity of LP-F10 as compared with Enrei within a given
P treatment.

Table 1. Effect of phosphorus fertilization on photosynthesis and nitrogen fixation in LP-F10 and the
normal-phytate cv. Enrei (Experiment 1). The same letter indicates no significant difference (p ≤ 0.05).

Line or
Cultivar

Treatment

Photosynthetic
Rate

Nitrogen
Fixation

Nodule
Number

Specific Nodule
Activity

(μmol CO2

m−2 s−1)
(μmol C2H4

plant−1 h−1)
(number
plant−1)

(μmol g−1 nodule
weight h−1)

LP-F10
P50 14b ± 1 158b ± 9 119b ± 6 310a ± 12
P150 18a ± 1 227a ± 8 146a ± 5 236b ± 15

Enrei
P50 13b ± 2 151b ± 6 102c ± 3 336a ± 14
P150 18a ± 2 203a ± 10 138a ± 4 246b ± 16

2.3. Seed Yield and Yield Components

In Experiment 1, seed yield of both LP-F10 and cv. Enrei was 1.7 times higher in the P150 treatment
as compared with the P20 treatment (Figure 2). In Experiment 2 seed yield was 2.4 times higher
in LP-F11 and 2.2 times higher in Akimaro in the P100 treatment as compared to the P50 treatment
(Table 2). Importantly, in both experiments, in a given P treatment level the seed yield of the LP line
was significantly (p ≤ 0.05) higher than the normal-phytate line, by 16% to 34%. Pod number data
was not collected in Experiment 1. In Experiment 2, the number of pods per plant was significantly
higher (p ≤ 0.05) in the P100 treatment as compared with the P20 treatment in both the LP-F11 line
(2.1 times higher) and Akimaro (2.3 times higher, Table 2). Of importance here is that the pod number
per plant of the LP-F11 line was higher than that of Akimaro in both P treatments; 1.41 and 1.28 times
higher in the P20 and P100 treatments, respectively, but only significantly different, p ≤ 0.05 in the
P100 treatment. P treatment did not greatly affect 100 seed weight in either line or cultivar (Table 2).
The 100 seed weight was about 1.6 times higher in LP-F11 than in Akimaro in both P treatments, but
only significantly greater (p =≤ 0.05) in the P20 treatment.

Table 2. Effect of phosphorus fertilization on yield and yield attributes in LP-F11 and the normal-phytate
cv. Akimaro in Experiment 2. The same letter indicates no significant difference (p ≤ 0.05).

Line or Cultivar Treatment
Yield Pod Number 100 Seed Weight

(g plant−1) (number plant−1) (g)

LP-F11
P20 42c ± 4 75c ± 2 24a ± 1
P100 99a ± 4 156a ± 3 26a ± 1

Akimaro
P20 33d ± 4. 53c ± 2 15b ± <1
P100 74b ± 4. 122b ± 5 16b ± 1

2.4. Seed Total P, Phytate P and Inorganic P Concentration

In Experiment 1, the seed total P concentration in both LP-F10 and cv. Enrei was ~5–6 mg g−1

DW in the P50 treatment and ~6–7 mg/g DW in the P 150 treatment but did not differ between LP-F10

and Enrei (Figure 3A). The percentage of total P represented by phytate P in LP-F10 (~32–35%) was
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about half that of Enrei (~72–75%), and the percentage of total P represented by inorganic P in LP-F10

(~46–49%) was ~5–6 times greater than that of Enrei (~6–9%). Seed phytate P concentration within in
a given line or cultivar was not consistently impacted by P treatment, whereas inorganic P was 15%
higher in LP lines grown with P150 as compared with P50. Overall, similar results were observed in
Experiment 2 (Figure 3).

2.5. Seed Crude Protein, Lipid and Mineral Concentrations

Data for seed crude protein, lipid and mineral concentrations was only collected in Experiment 2
(Table 3). Seed crude protein and lipid concentrations in both LP-F11 and cv. Akimaro were about 10%
higher in the P100 versus the P20 P treatments (Table 3). The seed crude protein concentration in both
P treatments was 3% to 12% higher in LP-F11 than in the Akimaro; however, the lipid concentration
was 5% to 12% higher in Akimaro that in LP-F11.

The K and Ca concentrations in the seeds of both LP-F11 and cv. Akimaro were 13% to 37% higher
in the P100 treatment as compared with the P20 treatment (Table 3). While the seed Mg concentration in
LP-F11 was not different between the P20 and P100 treatments, the seed Mg concentration in Akimaro
was 15% higher in the higher P application level. Seed K concentration in the P20 treatment was
17% higher in LP-F11 than in Akimaro, but no differences between lines were observed in the P100
treatment. Statistically significant differences in seed Ca and Mg concentrations were not observed
between LP-F11 and Akimaro at a given level of P application. In contrast, the seed Zn, Mn, and Cu
concentrations in both LP-F11 and Akimaro were 20% to 30% lower in the P100 fertilization level as
compared with the P20 level, probably due to a dilution effect resulting from the higher seed yields at
the higher P fertilization rate. With the exception of seed Fe levels in the P100 treatment and Cu at the
P100 level, these element’s concentrations were 11% to 43% higher in LP-F11 seed than in Akimaro
in both P application levels. For both LP-F11 and Akimaro there was little difference in the molar
ratio of phytic acid to Zn, Fe or Mn between the two levels of P fertilization. However for Cu, the
phytic acid:Cu molar ratio observed for the P100 treatment was 1.68 and 1.73 times as great in the P100
versus P20 fertilization levels for LP-F11 and Akimaro, respectively. Of importance for this study, due
to Akimaro’s 2.5 to 2.7-times higher level of phytic acid as compared with LP-F11, phytic acid molar
ratios to Zn, Fe, Mn, and Cu were 2.5 to 3.5-times higher in Akimaro seed as compared with LP-F11

seed across both P fertilization treatments (Table 3).

Table 3. Effect of phosphorus fertilization on seed quality in the low-phytate LP-F11 as compared with
the normal-phytate cv. Akimaro soybean in Experiment 2. The same letter indicates no significant
difference (p ≤ 0.05).

Seed Quality
LP-F11 Akimaro

P20 P100 P20 P100

Protein (%) 33b ± 2 38.9a ± 1.9 31.9b ± 1.3 34.8b ± 1.5
Lipid (%) 19c ± < 1 23a ± <1 22b ± <1 24a ± <1

K (mg g−1) 203b ± 16 229a ± 17 174c ± 15 238a ± 14
Ca (mg g−1) 0.97b ± 0.1 1.35a ± 0.2 1.13b ± 0.1 1.49a ± 0.1
Mg (mg g−1) 2.2a ± 0.2 2.2a ± 0.3 2.5a ± 0.3 2.9a ± 0.3
Zn (μg g−1) 48a ± 3 39b ± 3 39b ± 3 35c ± 3
Fe (μg g−1) 51a ± 7 49a ± 6 41b ± 6 49a ± 7
Mn (μg g−1) 63a ± 6 50b ± 4 44bc ± 4 38c ± 4
Cu (μg g−1) 7.3a ± 0.7 4.1b ± 0.4 6.4a ± 0.6 3.8b ± 0.4

Phytic acid (mg g−1) 7.8b ± 04 7.4b ± 0.2 19.2a ± 1 19.8a ± 1
Phytic acid:Zn (Molar ratio) 18.4c ± 0.7 18.0c ± 0.9 45.3b ± 4.2 56.3a ± 3.4
Phytic acid:Fe (Molar ratio) 12.9b ± 0.6 12.8b ± 0.8 39.7a ± 4.2 34.4a ± 3.3
Phytic acid:Mn (Molar ratio) 10.3c ± 0.8 12.4c ± 0.6 36.1b ± 1.6 43.7a ± 2.5
Phytic acid:Cu (Molar ratio) 103.9d ± 6.8 174.5c ± 8.7 291.0b ± 20.5 503.6a ± 18
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3. Discussion

Many studies on the influence of P application on the growth, photosynthesis, nitrogen fixation,
and yield of soybean and other crop species have been reported [17,22–26]. Most of these studies were
carried out with crop cultivars that have “standard” (non-mutant) levels of seed phytic acid. In contrast
relatively few such studies have been conducted with low-phytate variants of crops species [10,20]
including one with low-phytate soybean lines [20] which will be discussed below. The proportion of
phytate P to total P concentration in the seed of normal soybean cultivars is about 70–80%, but that
of the low-phytate lines that we bred is about 30–35%. It has been reported that many low-phytate
mutants impact plant growth and productivity and have decreased yield as compared with sibling
normal-phytate/wild-type lines [27–29]. However in the case of soybean lines developed from crosses
using the same low-phytate parent used here, CX1834 [14], previous studies demonstrated that while
yields of low-phytate progeny were 85% to 90% of sibling normal-phytate lines, the yield loss was
largely due to negative impacts on germination and emergence that led to reduced stand establishment,
rather than impacts on plant growth and productivity subsequent to emergence and germination [30,31].
Therefore, in this study, we further investigated whether in the low-phytate lines that we bred, there
was an effect on the growth, photosynthesis, nitrogen fixation, seed yield, and seed quality subsequent
to germination and emergence. In addition, it has been reported that the phytate concentration of
the seed of normal-phytate cultivars is increased by P application [17,19], and that there is a highly
positive correlation between total P and phytate in seeds [17]. Therefore, we investigated whether the
phytate concentration of seed increases with a higher P application level even in a low-phytate line.

Highly significant effects of the P application level on the plant growth, leaf photosynthesis,
biological nitrogen fixation of nodules, and yield of seed were observed in this study. With higher
application of P, the whole plant dry weight was markedly higher in Experiment 1 (Figure 1). However,
while an increase in whole plant dry weight in the P 150 treatment compared to the P 50 treatment
was observed, there were no differences in whole plant dry weight between the low-phytate line
and normal-phytate cultivar in either P treatment. These results suggest that the decrease of phytate
in the seeds of the low-phytate line did not substantially affect the growth of plants subsequent to
germination at any P application level.

At the low P level, the photosynthetic rate and dinitrogen fixation activity of both the low-phytate
line and normal phytate cultivar were less than those of the higher P application level (Table 1).
There are many reports that photosynthesis increases with P application. Wang et al. [26] reported
that the activity of Rubisco, which is a key enzyme of photosynthesis, and the protein concentration
of leaves were higher in a high P application than in a low P application. Furthermore, Singh and
Reddy [32] also reported that Rubisco activity, RUBP regeneration, and maximum quantum yield
related to the photochemical system were decreased under a P-deficient condition. Dinitrogen fixation
activity was also increased by P application. It is assumed that the increase in dinitrogen fixing activity
by P application is due to an increase in nodule weight (Table 1). In any case, photosynthesis and
dinitrogen fixation were lower in the low P level, but the reduction was not significantly different
between the low-phytate line and normal-phytate cultivar. These results indicate that both seed phytate
concentration and low-phytate genotype, at least those low-phytate lines derived from crosses using
the CX-1834 source used here, have little impact on photosynthesis and dinitrogen fixation in soybeans
at the growth stages following germination.

In this study, yield and yield components of both the low-phytate line and normal-phytate cultivar
were significantly affected by P application. As expected, the yield of both the low-phytate line and
normal-phytate cultivar was higher in the high P level than in the low P level. However, the low-phytate
line had significantly higher seed yields than the normal-phytate cultivar in all the treatments (Figure 2
and Table 1). These differences were mainly attributed to the number of productive pods and 100 seed
weight (Table 1).

Since comparisons here were made between low-phytate soybean lines obtained from the cross
of cv. Tanbakuro and the low-phytate line CX1834 [14], and the unrelated normal-phytate cultivars
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Enrei and Akimaro, and not between the low-phytate line and a sibling normal-phytate/wild-type line
derived from the same Tanbakuro by CX1834 cross, we cannot attribute any observed differences in
yield or any trait to allelic differences in genes conditioning the low-phytate trait. We can only conclude
that on a single-plant basis and not taking into account any effect on germination and emergence, yield
and other traits of these specific low-phytate soybean progeny was observed to be equal to or better
than either of these unrelated normal-phytate cultivars currently grown in Japan.

A previous study of several low-phytate soybean lines grown under varying levels of P supply
in hydroponics reported that two such lines were more productive in terms of seed yield at given
level of nutrient P than were the non-mutant, normal-phytic acid parental line, even when these lines
were grown under a very growth-limiting low-nutrient P level [20]. However, one other low-phytate
soybean line evaluated in this earlier study displayed reduced seed yield when grown under limiting
nutrient P. Therefore one can conclude from the present and earlier studies that in soybean the impact
of the low-phytate trait on growth and yield when grown under varying levels of nutrient P is variable,
depending on genotype and level of nutrient P, but that some low-phytate soybean lines appear to be
as productive if not more productive than normal-phytate lines.

In the two closely related food legume species soybean and common bean, there are two copies of
the gene perturbed in the mutant studied here, a member of the MRP gene family that encodes an ABC
transporter specific to phytic acid transport [16,33,34]. The low-phytate trait in the original low-phytate
soybean parental line CX1834 line [14] that was used as the trait donor in breeding the low-phytate line
studied here [21], was found to be conditioned by mutations in both copies of this particular MRP gene
in the soybean genome [33]. In contrast, in the common bean low-phytate mutants that are conditioned
by mutations in its MRP ortholog, the low-phytate trait is the result of a mutation in only one of the two
MRP duplications, and there is little or no negative impact on germination, emergence or subsequent
plant growth, performance or yield [15,16]. It was hypothesized that this lack of negative impact or
pleiotropic effect is due to a buffering effect resulting from functional complementation provided by
the second wild-type duplication of the gene [16,34]. Therefore it is possible that when transferring the
trait from CX1834 into the parental background cv. Tanbakuro used to breed the of the low-phytate
line studied here, a similar buffering effect was obtained, either provided by variant alleles of one
of the two MRP orthologs, or perhaps by other components of the Tanbakuro genome. However
the most likely explanation for the good growth and performance of the low-phytate soybean lines
studied here is that problems with performance of this specific genotype are probably due to negative
impacts on germination and emergence, rather than to negative impacts on subsequent growth and
performance [29–31].

Highly significant effects of higher P application on the total P and phytate P concentrations of
the seeds were found in both Experiment 1 (Figure 3A) and Experiment 2 (Figure 3B). While total P
concentration was higher in the higher level of P application there was little difference in total P between
the low-phytate line and normal-phytate cultivar. However the substantial effects of P fertilization
on phytate P and inorganic P concentrations differed between low-phytate lines and normal-phytate
cultivars. For example, in Experiment 1 the phytate P concentration in the normal-phytate cultivar was
4.09 mg g−1 at the 50 P application level and 5.26 mg g−1 at the 150 P level. However, in the low-phytate
line, phytate P concentrations were similar at both P fertilization levels, about 2.0 mg g−1 dry weight.
Similar results were obtained in Experiment 2 (Figure 3B). In the low-phytate line, inorganic P increases
occurred instead of increasing phytate P in response to increasing nutrient P supply. As an outcome of
this, the proportion of phytic acid P to total P concentration was reduced with increased P fertilization
in the low-phytate lines but not greatly affected by the level of P application in the normal phytate lines
(Figure 3). These results support the finding of previous studies that indicate that the accumulation
and synthesis of phytic acid in seed is highly dependent on the soil P level [35]. A highly significant
positive relationship between P supply and phytic acid P in seeds has been observed in soybean [17]
and maize [19]. The results of this study agree with that of Oltmans et al. [36] who reported that the
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mean total P of a similar low-phytate line and its sibling normal-phytate lines was not significantly
different, but the mean phytate P, inorganic P, and other P concentrations were significantly different.

Lipids and protein are important factors in seed quality. There are some reports that the lipid
and protein concentrations of seed were increased or decreased by P fertilization, and the influence an
lipids and proteins by P application was different depending on the study. For example, in soybean,
Abbasi et al. [37] reported that P application increased the oil (lipid) and protein concentrations, but Yi
et al. [38] reported that the protein concentration was increased, and oil concentration was decreased
with increased P application. Krueger et al. [39] reported that oil (lipid) and protein concentrations
were not affected by P fertilization. Bethlenfalvay et al. [40] also found that soybean seed lipid and
protein concentrations were not significantly correlated, and there was a highly significant negative
correlation between seed P and lipid concentration. In this study, the lipid and protein concentration of
seed in both the low-phytate line and normal-phytate cultivar were significantly higher in the higher P
application level (Table 3). From this study and previous reports, the influence of P application on the
protein and lipid concentration of soybean seed may be different depending on the P application level,
soil moisture condition, and characteristics of the cultivar used in the study. In any case, from this
study, even when the low-phytate line and normal-phytate cultivar were cultivated under the same P
application condition, there was no difference in the lipid and protein concentration of the seed.

The differences in seed K, Ca, and Mg concentrations observed here could be attributed to
the differences in seed phytate concentration that result either from differences in P fertilization or
low-phytate genotype (Table 3). A similar result was found by Toda et al. [41]: since Ca and Mg
ions form salts with phytic acid and as a result diminish its buffering effect, unbound phosphate
groups of phytic acid would result from the low concentration of Ca and Mg. In contrast to K, Ca,
and Mg, microelements, such as Zn, Fe, Mn, and Cu in the both low-phytate line and normal-phytate
cultivar were less in the higher P application level. It is well known that the concentration of these
microelements is affected by P fertilization. Naeem et al. [23] reported that the Zn concentration of
seed in wheat was decreased by P application and Sánchez-Rodríguez et al. [42] reported the same in
wheat and barley. Zhang et al. (2012) [43] also reported that P application significantly decreased Zn
and Cu, but had no effect on the Fe and Mn concentrations of wheat seed. Zhang et al. (2017) [44] also
reported that total P to Zn, Cu, Fe, and Mn molar ratios in maize seed were increased, which indicates
that P application in maize may affect the bioavailability of these minerals. In this study, Zn, Fe, and
Mn levels and the phytic acid:mineral molar rations for Zn, Fe and Mn were not greatly affected by
differing P fertilization in either the low-phytate line or normal-phytate cultivar (Table 3). However the
higher level of phytic acid in the normal-phytate cultivar as compared with the low-phytate line when
grown on low or high fertilizer P resulted in much higher (2.5 to 3.5-fold) phytic acid:mineral molar
ratios. From this result, it can be suggested that the low-phytate line maintained high bioavailability of
these microelements in comparison to the normal-phytate cultivar regardless of P application, and will
likely have positive effects on the nutrition of monogastric animals.

4. Materials and Methods

4.1. Plant Material and Growing Condition

The low-phytate soybean line CX1834, isolated from the mutant originally referred to as M153 [14],
was obtained from USDA-ARS, National Small Seeds Germplasm Research Unit, Aberdeen, Idaho.
This low-phytate line was used as the pollen parent in a cross with the Japanese commercial cultivar
“Tanbakuro” [21]. These two parents were crossed in August 2004 under greenhouse conditions, and
ten progeny populations were developed from the F1 seeds. The F1 generation and the parents were
grown in a field of the Graduate School of Biosphere Science, Hiroshima University, Higashi-Hiroshima,
Japan, during the summer of 2005, and low-phytate lines were selected by measuring the phytate and
inorganic and total phosphorus concentrations in seeds after harvesting. In this study, we conducted
two experiments using one selected low-phytate line each (F10 line for Experiment 1 and F11 line
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for Experiment 2) and one normal-phytate cultivar each (Enrei for Experiment 1 and Akimaro for
Experiment 2), that are cultivated in western Japan. Both the low-phytate and normal-phytate soybeans
were sown in a seed bed containing a soil mixture of granite regosol soil, perlite, peat moss, and
nursery soil with compost (2:1:1:1 per volume base). Inoculation of root nodule bacteria (Bradyrhizobium
japonicum) was performed by mixing a small amount of soil from the previous year’s cultivation into
the seedbed. Both experiments were conducted in the greenhouse for prevention of rainfall.

Experiment 1: Both soybean F10 line and cv. Enrei were planted in seed beds containing a mixture
of soil as above on 3 June, 2016. After 13 days of germination, uniform seedlings were transplanted to
a wooden container (30 cm in width, 10.5 m in length, and 18 cm in depth) filled with a mixture of
soil. The plant-to-plant space was 20 cm in containers separated by 100 cm distance from each other.
Each treatment was separated by inserting a water proof plastic sheet in order to prevent moisture and
nutrient movement between the treatments in the container. Before transplanting, the soil mixture
was fertilized with a basal fertilization of 100 kg ha−1 of K2O as potassium sulfate. The soil pH (H2O)
was adjusted to about 6.0 with dolomitic calcium carbonate. P treatment provided the following two
fertilization levels: 50 and 150 kg P2O5 ha−1 as single super phosphate in a randomized complete
block design with four replications. At the flowering stage in mid-July, the leaf photosynthetic rate
and nitrogen fixation of the nodule were measured. At the full-maturity stage in mid-October, plants
were harvested and the stem was separated. The seeds and stem were dried at 80 °C in an air-forced
oven for more than 3 days, and weighed.

Experiment 2: Both soybean F11 line and cv. Akimaro were planted in seed beds containing a
mixture of soil on 11 June, 2017. After 14 days of germination, one seedling each was transplanted to
9 liters pots (25 cm in diameter, and 23 cm in depth) filled with soil mixture. The pot-to-pot distance
was 30 cm with no interaction between the plant roots. Before transplanting, as in Experiment 1, the
soil mixture was fertilized with a basal fertilization of 100 kg ha−1 of K2O as potassium sulfate. The soil
pH (H2O) was adjusted to about 6.0 with dolomitic calcium carbonate. P treatment provided the
following two fertilization levels: 20 and 100 kg P2O5 ha−1 as single super phosphate in a randomized
complete block design with four replications. The plants were harvested at full-maturity stage in
mid-October. After pod and seed numbers were counted and the seeds were weighed, the seeds were
oven dried at 70 °C for 72 h for analysis of the mineral and oil concentration.

4.2. Determination of Leaf Photosynthesis and Dinitrogen Fixation

The dinitrogen fixation activity and leaf photosynthetic rate were determined at flowering stage
in Experiment 1. The photosynthetic rate was measured on the upper most fully-expanded leaf
using portable infrared gas analyzer (Model LI-6400, Licor Co. Ltd., NE, USA) between 10:30 a.m.
and 12:30 p.m. While taking the measurements, the photosynthetic active radiation was adjusted
at 1200 μmol m−2 S−1, the humidity was 65%, the leaf temperature was 28 °C, and the ambient
CO2 concentration was 350 mol L−1. Dinitrogen fixation was analyzed by measuring the reduction
of acetylene to ethylene at flowering time as follows. Intact root systems were excised and gently
separated from the soil. The root system and attached nodules were quickly placed in a 1000 mL glass
bottle. The bottle was sealed with a rubber stopper and 100 mL of air in the bottle was replaced with
acetylene. Samples were incubated at ambient laboratory temperatures. During the incubation periods,
0.3 mL of gas samples were extracted at 10 min and 1 hour and injected into a gas chromatograph
(Shimazu GC-14B, Shimazu Co., Kyoto, Japan) fitted with a flame ionization detector to determine
the ethylene concentration. Specific nitrogenase activity was calculated by dividing the nitrogenase
activity of each sample by the dry weight of the nodules.

4.3. Determination of Seed Mineral Concentration

Samples of dried seeds were finely ground using a vibrating sample mill (TI-100, Heiko, Japan)
and the mineral concentrations of the seed were measured. Finely ground samples were digested
by Sulfuric Acid-Hydrogen Peroxide (H2SO4–H2O2), and the K concentration was measured using a
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flame photometer (ANA 135, Tokyo Photoelectric, Tokyo, Japan). Ca and Mg were measured using
an atomic absorption flame emission spectrophotometer (AA-6200, Shimadzu, Japan). The total P
was determined using a UV-Spectrophotometer (U-3310, Hitachi Co. Ltd. Tokyo, Japan) following
the molybdenum reaction solution method [45]. The total nitrogen was measured using the Kjeldahl
method after sample digestion with concentrated H2SO4 and H2O2. The crude protein concentration
was calculated based on converting the seed nitrogen to protein percentage by multiplying by a
conversion factor of 6.25 [46].

4.4. Determination of Phytate P and Inorganic P Concentration

Seed phytate P was measured according to the method by Raboy et al. [47], where aliquots of flour
were extracted in extraction media (0.2 M HCl: 10% Na2SO4) overnight at 4 ◦C with shaking. Extracts
were centrifuged, and phytate was obtained as a ferric precipitate and assayed for P calorimetrically
using ammonium molybdate reaction reagent. Inorganic phosphorus was extracted in trichloroacetic
acid (12.5%) +MgCl2 (2 mmol L−1) while stirring overnight, and Pi was measured using colorimetric
methods [45]. The phytic acid concentration was calculated by multiplying phytic acid P values by
3.55 as described by Raboy and Dickinson [48].

4.5. Determination of Zn, Fe and Mn Concentration

Determination the Zn, Fe, and Mn concentration, the seeds were digested by HNO3 and H2O2

(4:1) and measured using an inductively coupled argon atomic emission spectrometer (iCAP 6000,
Thermo Fisher Scientific Inc. USA).

4.6. Determination of Lipid Concentration

The lipid concentration was measured by chloroform–methanol 2:1 (v/v) according to the method
by Folch et al. [49]. For each sample, a mixed solution of chloroform–methanol (2:1) was added to the
dried fine seed samples in a vented conical Erlenmeyer flask, and heated at 65°C for 30 min and boiled
for 1 hour. After extraction, the samples were cooled and filtered in an eggplant-type flask using a glass
filter with additional mixed solution of chloroform-methanol. The chloroform–methanol solution was
evaporated from the sample and were petroleum ether and sodium sulfate were added, the solution
was shaken. The samples were centrifuged at 3000 rpm, and the supernatant was transferred to a
weighing glass tube and dried at 105°C. After evaporation of the ether, the glass tube was weighed and
the lipid concentration calculated.

4.7. Statistical Analysis

All the collected data were subjected to analysis of variance using SPSS statistics package, Student
Version 19, and means (n = 4) were separated using the Duncan Multiple Range Test at p = 0.05.

5. Conclusions

It is evident from previous literature that phosphorus fertilizer will significantly increase the
whole plant growth, leaf photosynthesis, dinitrogen fixation of nodules, and yield of seed. In this
study, we further found no significant differences in these physiological parameters between the
low-phytate line and normal-phytate cultivar under any fertilization conditions. While seed crude
protein and lipid concentrations were found to be higher in the higher levels of P application in both
the low-phytate line and normal-phytate cultivar, seed crude protein concentration was higher in
the low-phytate line than in the normal-phytate cultivar. These results suggest that reducing phytic
acid in seeds does not affect growth after leaf photosynthesis, dinitrogen fixation of nodules, or final
yield of plants following germination and stand establishment. P application had little effect on seed
Zn, Fe, and Mn, but increasing P fertilization increased seed Cu by 1.7-fold regardless of genotype
or cultivar background. The lower molar ratios of phytic acid to Zn, Fe, Cu, and Mn in seed of the
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low-phytate soybean lines as compared with the normal-phytate soybean cultivars should enhance the
bioavailability of these microelements.
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Abstract: Inositol pyrophosphates (PP-InsPs) are an emerging class of “high-energy” intracellular
signaling molecules, containing one or two diphosphate groups attached to an inositol ring, that
are connected with phosphate sensing, jasmonate signaling, and inositol hexakisphosphate (InsP6)
storage in plants. While information regarding this new class of signaling molecules in plants is
scarce, the enzymes responsible for their synthesis have recently been elucidated. This review focuses
on InsP6 synthesis and its conversion into PP-InsPs, containing seven and eight phosphate groups
(InsP7 and InsP8). These steps involve two types of enzymes: the ITPKs that phosphorylate InsP6 to
InsP7, and the PPIP5Ks that phosphorylate InsP7 to InsP8. This review also considers the potential
roles of PP-InsPs in plant hormone and inorganic phosphate (Pi) signaling, along with an emerging
role in bioenergetic homeostasis. PP-InsP synthesis and signaling are important for plant breeders
to consider when developing strategies that reduce InsP6 in plants, as this will likely also reduce
PP-InsPs. Thus, this review is primarily intended to bridge the gap between the basic science aspects
of PP-InsP synthesis/signaling and breeding/engineering strategies to fortify foods by reducing InsP6.

Keywords: inositol; inositol phosphate; inositol pyrophosphate; inositol phosphate signaling; inositol
phosphate kinases; PPIP5K; ITPK; phytate

1. Introduction

The inositol phosphate (InsP) signaling pathway has been implicated in a diverse array of cellular
processes across eukaryotic organisms (for reviews, see [1–3]). Inositol phosphates are intracellular
signaling molecules built around a simple 6-carbon myo-inositol (inositol) scaffold used in signal
transduction (Figure 1). Differing phosphorylation patterns on the inositol ring convey specific
cellular information, and several combinations of phosphorylation events are possible. Inositol
hexakisphosphate (InsP6), also called phytate when complexed with cations, is a molecule where all
hydroxyl (OH) groups on the inositol ring are phosphorylated, that serves as both a storage pool of
phosphate as well as a signaling molecule in plants [4–6].

InsP6 is the major phosphorus storage sink within the plant seed, comprising up to ~1% of an
Arabidopsis seed’s dry weight, and roughly 65–85% of total seed phosphorus in cereal crops [6]. InsP6 is
one of the most highly electronegative molecules present in the cell, resulting in a greatly limited
ability to cross cell membranes. It can be transported into the vacuole by MRP5, an ABC-transporter
localized in the vacuolar membrane that has been shown to specifically transport InsP6 [4]. During seed
development, the electronegative properties of InsP6 result in the chelation of positively charged metal
ions such as Mg2+, Fe2+, Zn2+, Mn2+, Ca2+, and these InsP6 metal complexes accumulate within the
protein storage vacuole (PSV) (Figure 2) [7,8].
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Figure 1. Simplified structures of myo-inositol, InsP6, phytate, and PtdInsP. Inorganic phosphate (Pi)
groups, covalently bound to the myo-inositol ring by an oxygen molecule, are represented in red. For
simplification purposes, this figure does not take into account the axial and equatorial positions of
the moieties.

While InsP6 is important for plant survivorship and yield, it is also, unfortunately, an anti-nutrient,
as it can prevent useful cations and minerals from being absorbed by the animal gut [9–11].
Additionally, non-ruminant animals cannot digest InsP6, and that which is excreted from livestock
is a major environmental concern as it leads to phosphorus pollution, eutrophication, and toxified
watersheds [12,13]. Given this, plant breeders and biotechnologists have sought to limit the production
of InsP6 in plants, resulting in the so-called low-phytate crops [14]. However, reducing InsP6 synthesis
and accumulation in plants can come with consequences, such as a significant decline in vital plant
signaling molecules derived from InsP6.

 

Figure 2. Diagram illustrating phytate storage in wheat granules. Phytate and other cations are stored
in the protein storage vacuole (PSV) within small, crystalline storage bodies, known as globoids [9,15].
While the location of globoids varies across species, a majority of these are found within the aleurone
layer of cereal crops, such as wheat and barley, as well as oilseed crops including peanuts, hemp,
sunflower, and cotton [6,9,16]. Maize globoids are concentrated within the germ, whereas soybean
phytate is distributed throughout the entire seed [6,17,18]. PSVs also contain crystalloid bodies,
containing stored proteins and lipids [9].

Our primary expertise and focus are on an emerging class of InsPs derived from InsP6 that contain
one or two diphosphate or pyrophosphate groups (PP) attached to the inositol ring (Figure 1) [5,19].
These inositol pyrophosphates (PP-InsPs) are gaining significant attention due to their newly discovered
roles in energetic metabolism as well as hormone signaling and Pi sensing (for a review, see [20]).
The presence of pyrophosphate bonds in PP-InsPs has resulted in their consideration as “energetic
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signaling” molecules, and we note that PP-InsPs are similar in structure to ADP or ATP. PP-InsP
biosynthesis is well described in non-plant eukaryotes, such as yeast and mammals, and many
physiological roles have been linked to these molecules [1–3]. Elucidating the route of PP-InsP
biosynthesis in plants has recently been accomplished and is fundamentally critical to our understanding
of these molecules, which is described in the following sections. We will start with an overview of how
plants synthesize the precursor to PP-InsPs, InsP6, as several of the enzymes in this pathway are key to
understanding the PP-InsP pathway.

2. InsP6 Synthesis: The Lipid-Dependent Pathway

InsP6 can be synthesized by two interconnected pathways in plants. The pathways are named for
their starting material: the Lipid-Dependent pathway and the Lipid-Independent pathway (Figure 3).
The Lipid-Dependent pathway is present in all eukaryotic organisms [21–25]. The Lipid-Independent
pathway for synthesizing InsP6 was originally discovered in Dictyostelium in a landmark paper by
Stephens and Irvine in 1990, and followed up on in Spirodela polyrhiza [26,27]. This pathway was
thought be unique to these organisms, along with land plants. However, a very recent publication
by Desfougères et al. shows that the Lipid-Independent pathway is also present in mammals [28].
This work is the first to report evidence of the Lipid-Independent pathway in mammals and will be
crucial for exploring the evolution of enzymes across organisms.

 

Figure 3. A simplified view of the InsP synthesis and degradation pathway. InsP synthesis starts
in the Loewus Pathway (tan), where InsP is synthesized from Glucose-6-Phosphate (G6P). InsPs are
synthesized through the Lipid-Dependent (pink) or Lipid-Independent (yellow) pathways. PP-InsPs
in plants are synthesized from InsP6 (purple). The enzymes involved in the pathway are discussed
throughout the review.

The lipid component in the Lipid-Dependent pathway is phosphatidylinositol phosphate (PtdInsP),
a molecule containing inositol as the head group (Figure 1). While plants synthesize a myriad of
lipid-soluble PtdInsPs, phosphatidylinositol (4,5) bisphosphate (PtdIns(4,5)P2), is important for the
Lipid-Dependent pathway as it is acted on by the enzyme phospholipase C (PLC) [29]. Phospholipases,
by definition, hydrolyze phospholipids. The hydrolysis of PtdIns(4,5)P2 by PLC produces Ins(1,4,5)P3

and diacylglycerol (DAG), which essentially converts a phosphorylated lipid-signaling molecule
(PtdIns(4,5)P2) into a water-soluble, InsP-signaling molecule (Ins(1,4,5)P3) (Figure 3) [29].
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Ins(1,4,5)P3 can be subsequently phosphorylated into InsP4, and then InsP5, by a dual specific
inositol polyphosphate multikinase (IPMK). The IPMK enzyme is encoded by two genes in Arabidopsis,
AtIPK2α and AtIPK2β (Table 1) [30]. Both genes encode enzymes with a 6/3-kinase activity, catalyzing
the conversion of Ins(1,4,5)P3 to Ins(1,4,5,6)P4 and to a final Ins(1,3,4,5,6)P5 product [31]. 5-kinase
activity towards Ins(1,3,4,6)P4 and Ins(1,2,3,4,6)P5 was also reported by Stevenson-Paulik et al. Notably,
these genetic studies show that the AtIPK2β gene can complement a yeast ipk2 mutant, and that
Arabidopsis T-DNA loss-of-function atipk2βmutants have a 35% reduction in seed InsP6 (Table 1) [30].
atipk2α mutants are not easily studied as those that are recovered are lethal. This, along with the
generally ubiquitous expression of AtIPK2α, supports the idea that AtIPK2α supplies the major IPK2
or IPMK activity in the plant cell.

Table 1. Loss-of-function Arabidopsis mutants and impacts on InsP6 and PP-InsP levels. Arabidopsis
is a simple model system that can be used to gauge the impacts of genetic changes on InsPs. The table
shows the impact on InsP6 and PP-InsPs in Arabidopsis mutants for enzymes involved in InsP synthesis.
Mutants for enzymes important in both the Lipid-Dependent and Lipid-Independent pathways are
indicated (*).

Pathway Mutant Impact on InsP6 Impact on PP-InsPs

Lipid-Dependent
Pathway

plc Nine genes; characterized single mutants
have no change in InsP6 [32] No Change [32]

ipk2α * Lethal Knock-Out [30] Unknown

ipk2β *
35% reduction in mass seed InsP6; no

change in seedling tissue as measured by
radiolabeling [30]

Unknown

ipk1 *
83% reduction in mass seed InsP6; 93%
reduction in seedlings as measured by

radiolabeling [30]
InsP7 and InsP8 are reduced [33,34]

Lipid-Independent
Pathway

mik 62–66% reduction in mass seed InsP6 [35] Unknown

lpa1 47–57% reduction in mass seed InsP6 [35] Unknown

itpk1–4
46% reduction in mass seed InsP6 in

Atitpk1 mutants; no changes in Atitpk2 or
Atitpk3; 40–51% reduction in Atitpk4 [35]

Atitpk1 and Atitpk4 have reduced
InsP7 and InsP8 [33,36]

Phytate Storage mrp5
73–80% reduction in mass seed InsP6 [35];
decreased InsP6 in seeds and vegetative
tissue as measured by radiolabeling [4]

Elevated InsP7 and InsP8 [5]

PP-InsP Synthetic
Pathway

vip1 No change reported [34,37] Increased InsP7 and Decreased
InsP8 [34,37]

vip1/vip2 No change reported [37] Increased InsP7 and Decreased
InsP8 [37,38]

The last step in the Lipid-Dependent pathway of InsP6 biosynthesis is the phosphorylation of
Ins(1,3,4,5,6)P5 to InsP6. This step is catalyzed by only one type of enzyme in nature, the inositol
pentakisphosphate 2-kinase (IPK1), so named because all known IPK1 enzymes phosphorylate
the 2-position of InsP5 [30]. While there are seven genes in Arabidopsis that are predicted to
encode IPK1 enzymes, the At5g42810 gene (AtIPK1) is the only one actively expressed in plants [30].
Complementation assays reveal that AtIPK1 is able to complement a yeast ipk1 mutant, restore InsP6

levels, and rescue the mutant’s temperature-sensitive growth phenotype [39]. As loss of IPK1 function
results in an 83% reduction in InsP6 in seeds (Table 1), this shows that IPK1 plays a major role in
maintaining seed InsP6 levels [30].

3. InsP6 Synthesis: The Lipid-Independent Pathway

Given the importance of Pi storage in plants, it is not surprising that plants evolved a separate
way to synthesize InsP6, apart from the PtdInsP pathway. In the Lipid-Independent pathway, “free”
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myo-inositol is acted on by a series of inositol kinases. The first is the myo-inositol kinase (MIK),
which was first identified in maize as a product of the Low Phytic Acid gene [40]. Loss-of-function
maize lpa3 mutants have reduced InsP6 and elevated inositol levels in the seeds [40]. Arabidopsis
atmik mutants have a large reduction in total seed mass InsP6 levels (Table 1) [35]. The second step in
the Lipid-Independent pathway is likely catalyzed by a gene/protein named LPA1 in rice [41]. This
gene product was originally categorized as a potential 2-phosphoglycerate kinase that impacts InsP6

accumulation [41]. However, recent structural modeling indicates that InsP3 can be accommodated in
the active site of this kinase, supporting a role for it as an InsP kinase [42].

The next step in this pathway should involve an inositol kinase capable of phosphorylating
an InsP2 substrate. As no such kinase has been identified, this prompted speculation that InsP2’s
conversion to InsP3 is catalyzed by a moonlighting function of another inositol phosphate kinase,
which has yet to be identified. The last novel component of the Lipid-Independent pathway is the
inositol triphosphate kinase (ITPK), which can phosphorylate specific InsP3 and InsP4 molecules [39,43].
A gene encoding ITPK1 was also identified in a maize mutant named lpa2 [44]. There are four ITPK
enzymes (AtITPK1–4) in Arabidopsis [45]. It is interesting to note that only Arabidopsis atitpk1 and
atitpk4 mutants have reduced seed InsP6 levels (Table 1) [33,35]. Our own work with AtITPK1 and
AtITPK2 enzymes shows that these proteins are also efficient at converting InsP6 to InsP7 [38]. Laha
et al. additionally used NMR to show that 5PP-InsP5 is the isoform synthesized by AtITPK1 and
AtITPK2 [36]. These are key findings that highlight the catalytic flexibility of the ITPKs, as well as
indicating that the Lipid-Independent pathway may have an important relationship with, and impact
on, PP-InsP synthesis.

The ITPKs are thought to act in concert with the IPK2 enzymes in producing Ins(1,3,4,5,6)P5 in the
Lipid-Independent pathway [27,31,43]. The final step is the conversion of Ins(1,3,4,5,6)P5 to InsP6. Both
pathways utilize IPK1 to synthesize InsP6 and converge at this last step in InsP synthesis. This further
highlights the importance of IPK1 in InsP6 synthesis. A very recent publication on non-plant organisms
suggests that there might be some conserved functions of the Lipid-Independent pathway in other
eukaryotes. Humans, for example, contain ITPK genes, and the expression of these enzymes appears
to complement mutants defective in PLC, which cannot synthesize InsP6 [28,46]. Although more work
needs to be done, this suggests that animals may also utilize ITPKs in a Lipid-Independent InsP6

pathway. In the same work, these authors also found that the plant ITPK1 could complement the yeast
PLC mutant, suggesting that the plant ITPK may also have a very flexible substrate preference, and
may act at several different steps in the Lipid-Independent pathway [28].

4. PP-InsP Synthetic Pathway

While a great majority of InsP6 is stored as phytate, a small pool can be further phosphorylated
to form PP-InsPs. Our group and others have examined a class of enzymes involved in PP-InsP
synthesis named the diphosphoinositol-pentakisphosphate kinases (PPIP5Ks), known as VIP or VIH in
plants, and Vip1 in Chlamydomonas reinhardtii (algae) [5,34,47]. Mammalian and yeast PPIP5K enzymes
phosphorylate the 1-position on InsP6 and 5PP-InsP5 to generate an InsP7 molecule, 1PP-InsP5, and an
InsP8 molecule, 1,5(PP)2-InsP4, respectively [48–52]. Two Arabidopsis genes, AtVIP1 and AtVIP2, are
orthologous to the mammalian PPIP5K genes [5,34]. AtVIP1 (also referred to as AtVIH2) and AtVIP2
(AtVIH1) are dual-domain enzymes, consisting of an ATP-grasp N-terminal kinase domain (KD) and
a C-terminal histidine phosphatase domain (PD) [5]. We recently found that the KD of both AtVIP
enzymes can phosphorylate 5PP-InsP5 in vitro [38]. Additionally, the Hothorn group used NMR and
showed that the product of the AtVIP enzymes is indeed 1,5-PP-InsP4 [37].

A second class of enzymes, known as the inositol hexakisphosphate kinases (IP6Ks), function
in non-plant organisms by phosphorylating the 5-position of InsP5 and InsP6 to generate InsP7 [53].
While the genes coding for IP6Ks are present in humans and yeast, there is no identifiable IP6K gene in
the plant genome [5]. This prompted us and other groups to speculate the AtVIPs might be bifunctional
enzymes, phosphorylating both InsP6 and InsP7. While our biochemical analyses of the AtVIP KDs
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did not rule out the possibility that these enzymes can phosphorylate InsP6, they suggested that other
enzymes likely had to exist in plants to drive this reaction [38]. As the ITPKs phosphorylate the
5-position of lower InsPs, we decided to target this class of enzymes, and found that both AtITPK1
and AtITPK2 are able to phosphorylate InsP6 in vitro [36,38]. We also demonstrated that the AtITPK1
product could be further phosphorylated by the AtVIP1-KD, resulting in InsP8 [38]. Based on our
findings, as well as recent work by Laha et al., we conclude that the AtITPKs are the missing enzyme
in the pathway [36,38].

5. How Do PP-InsPs Function in Plants?

Williams et al. suggested, in a review published in 2015, that a major function of PP-InsPs
in plants was as a “glue” to bring together various protein binding partners [20]. At the time of
the review, it was known that InsP6 could bind to the transport inhibitor response 1 (TIR1) auxin
receptor [54]. Additionally, InsP7 was hypothesized to bind to the jasmonate (JA) receptor based on
structural modeling experiments [34]. Exciting data, of importance to crop breeders, details how
InsP6 and InsP7 are able to complex with key proteins involved in Pi-sensing in plants [55]. Soils
depleted in phosphorus lead plants to induce a suite of molecular and physiological mechanisms to
enhance Pi scavenging, known as the Pi starvation response (PSR) [56,57]. The PSR is facilitated by
an increase in transcription of a group of PSR genes, leading to increases in Pi transport and uptake.
Upregulation of PSR gene expression is regulated by Phosphate Starvation Response Regulator 1
(PHR1), a transcription factor, along with its homologs [56,57]. PHR1 and homologous transcription
factors have a high binding affinity for promoters containing PHR1 binding sequences (P1BS), which
allows for the binding and up-regulation of PSR genes under low Pi conditions [56,57].

InsP6 and PP-InsPs regulate Pi sensing via facilitating complex formations between the PHR1
transcription factor and the SPX domain-containing proteins (Figure 4) [58]. PHR and SPX proteins
isolated from Oryza sativa (rice), known as OsPHR2 and OsSPX4, respectively, can complex with InsP6

or InsP7 in vitro [55]. InsP8 has an even lower dissociation constant than InsP7 in the OsPHR2–OsSPX4
complex formation [59]. Together, these data support the idea that InsP8 is the main mediator of the
PHR1:SPX complex formation in plants.

  
(a) (b) 

Figure 4. Model depicting how PP-InsPs regulate plant Pi sensing and the Pi starvation response (PSR).
(a) PSR gene regulation under deplete (top) and replete Pi conditions (bottom). SPX1 binds to PHR1
under replete Pi, preventing SPX1 from binding to promoters containing P1BS. Under deplete Pi, PHR1
is uninhibited from binding to P1BS promoters. Adapted from [60]. (b) Model depicting a complex
formation between SPX1, PHR1, and InsP8. This model represents interactions between other SPX
proteins and PSR regulators, such as PHR1 and its homolog, PHT1, along with others.
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While InsP7 has a ~7-fold stronger binding affinity than InsP6 to OsSPX4, recent genetic analyses
greatly support the idea that InsP8 is the major signaling molecule, or proxy, that conveys information
on the Pi status within the plant cell [37,61]. First, atipk1, atitpk1, atitpk4 and atvip1/vip2 mutants
commonly show defects in Pi sensing, such that the PSR is turned on even when grown under Pi-replete
conditions [30,33,37,61]. Additionally, all of these particular mutants have decreased InsP8 levels
(Table 1). In the case of atvip1/vip2 double mutants, the PSR is likely so highly upregulated that growth
becomes stunted and lethality occurs in double homozygotes [37,61]. In contrast, atipk1 and atitpk1
mutants can grow fairly normally under certain conditions, and can be stimulated to further increase
the PSR under Pi-replete conditions [33,62]. All of this information suggests that InsP8 functions to
turn off the PSR.

We now know in greater detail that PP-InsPs likely function in binding to plant hormone
receptors and transcription factor complexes involved in Pi sensing. One example where PP-InsPs
potentially function as cofactors is in the case of auxin signaling [54]. Auxin is a phytohormone which
regulates numerous plant developmental processes and responses to environmental stress [63,64].
Auxin modulates gene expression by binding to the auxin receptor TIR1, an F-box protein, and
mediates the SCF ubiquitin–ligase-catalyzed proteolysis of AUX/IAA transcriptional repressors [65,66].
The crystallized Arabidopsis TIR1 protein complex has a tightly bound InsP6 in the leucine-rich repeat
(LRR) domain of TIR1, suggesting that InsP6 is a cofactor for the auxin receptor [54].

A later study identified Ins(1,2,4,5,6)P5 in the crystallized structure of a homologous plant
hormone-JA co-receptor [67]. JA is a phytohormone critical for environmental and pathogen defense
signaling as well as plant physiology [68]. Similar to auxin signaling with TIR1, JA is also perceived
by interactions between F-box protein, coronatine-insensitive 1 (COI1), and the JA zim domain (JAZ)
transcriptional repressors [69–71]. JA gene regulation is modulated by JA-hormone binding to COI1 and
the degradation of JAZ repressors, freeing repressed transcription factors to upregulate JA genes [67].
Sheard et al. showed that Ins(1,2,4,5,6)P5 binds to and stabilizes COI, suggesting that Ins(1,2,4,5,6)P5 is
a cofactor for the JA receptor [67,72]. A study using structural modeling predicted that the PP-InsPs
have a much stronger binding affinity for COI1-JAZ1 than Ins(1,2,4,5,6)P5 and InsP6, suggesting that
the PP-InsPs might be the true cofactor for the JA receptor [34].

6. Consequences for Targeting InsP6 for Reduction

With our current understanding of PP-InsP synthesis, and analyses of genetic mutants in the
pathway, it seems reasonable to question whether reducing InsP6 in plants will also result in reduction
in PP-InsPs. Most characterized Arabidopsis mutants showing alterations in InsP6 also have impacted
the intracellular levels of InsP7 and InsP8 (Table 1). Mutants with reduced PP-InsPs, such as atipk1,
atitpk1, and atvip1/vip2 mutants, show an upregulation of the PSR, which could impact engineered crop
performance in the field [33,37,61]. Specifically, altered Pi sensing could negatively impact plant growth
and development, reduce viability, and alter root architecture [56,57]. Alterations in Pi sensing can
affect other signaling systems, such as the sensing and accumulation of nitrate and other micronutrients,
along with the ABA signaling pathway, often linked to stress pathways [73,74].

Given the link between InsP8 and JA signaling, decreasing PP-InsPs might result in crops that are
more susceptible to pathogens and insects [34]. This impact is seen in Arabidopsis atvip1 mutants,
which have reduced InsP8, and show increased susceptibility to insect herbivory as compared to
WT plants [34]. Additionally, both transgenic potato plants and Arabidopsis mutants with reduced
myo-inositol phosphate synthase (MIPS), the first committed step in inositol synthesis, have decreased
InsP6 and are more susceptible to pathogenic viruses [75]. While the PP-InsPs were not quantified
in these mutants, it is possible that the PP-InsPs were also reduced and are a causative factor in the
increased susceptibility to pathogens.
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7. Concluding Remarks

Ultimately, understanding the genetic mechanisms for controlling PP-InsP synthesis and function
is critical for developing novel low-phytate crops that are not compromised by changes in PP-InsP
signaling. A recent review nicely details existing transgenic strategies used to reduce phytate in
plants [76]. A common strategy is to use tissue-specific promoters to drive the overexpression of
enzymes that break down InsP6, such as Phytase, or to knock-down the expression of genes required for
InsP6 synthesis. By doing so, the idea is that only specific tissues will have reduced InsP6. This strategy
works well to reduce InsP6 in seeds, for example, without negatively impacting vegetative tissues.
One potential drawback of this approach is that the reduction in InsP6 may also affect the precursor
available for PP-InsP synthesis in these transgenic plants. It is also important to consider that plants
store approximately 1% InsP7 and InsP8 in seeds [5]. We do not know much currently about whether
and how PP-InsPs might regulate seed phosphate storage, however, we point out that existing data
on mrp5 InsP6 transporter mutants indicate that InsP6 modulation in seed can result in increases in
PP-InsPs [5]. Given the emerging role of PP-InsPs in controlling critical plant sensing and signaling
pathways, the future development of strategies for phytate reduction without compromising PP-InsP
synthesis and function should be considered by plant breeders.
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