3 Biotech (2020) 10:121
https://doi.org/10.1007/513205-020-2113-x

ORIGINAL ARTICLE q

Check for
updates

Development and validation of breeder-friendly gene-based markers
for Ipa1-1 and Ipa2-1 genes conferring low phytic acid in maize kernel

Krishnan P. Abhijith'© - Vignesh Muthusamy'® . Rashmi Chhabra'® - Sweta Dosad' - Vinay Bhatt' - Gulab Chand" -
Sunil K. Jaiswal® - Rajkumar U. Zunjare'® - Sujata Vasudev' - Devendra K. Yadava' - Firoz Hossain'

Received: 18 September 2019 / Accepted: 2 February 2020 / Published online: 17 February 2020
© King Abdulaziz City for Science and Technology 2020

Abstract

Based on C (wild) to T (mutant) transition at amino acid position 1432 bp of [pal-1I gene, two dominant markers each specific
to wild type (LPAI) and mutant (Ipal-1) allele were developed and validated across seven F, populations. Joint segregation
of these markers behaved in co-dominant fashion, clearly distinguishing heterozygote from two other homozygote genotypes.
Full length sequence alignment between wild type (LPA2) and mutant (lpa2-1) allele revealed one transition mutation (A to G)
and a co-dominant CAPS marker was developed which differentiated all three types of segregants across seven F, populations.
Across populations, segregants with Ipal-1/lpal-1 (1.77 mg/g) and Ipa2-1/Ilpa2-1 (1.85 mg/g) possessed significantly lower
phytic acid compared to LPAI/LPAI (2.58 mg/g) and LPA2/LPA2 (2.53 mg/g). Inorganic phosphorus was however higher in
recessive homozygotes (Ipal-1/lpal-1: 0.77 mg/g, lpa2-1/Ipa2-1: 0.53 mg/g) than the dominant homozygotes (LPAI/LPAI:
0.33 mg/g, LPA2/LPA2: 0.19 mg/g). Overall, homozygous segregants of [pal-1 and Ipa2-1 showed 31% and 27% reduction
of phytic acid, respectively. Analysis of phytate and inorganic phosphorous in the maize kernel in these segregating popula-
tions confirmed co-segregation of trait and markers specific to [pal-1 and Ipa2-1. This is the first report of the development
of breeder-friendly gene-based markers for I[pal-1 and Ipa2-1; and it holds great significance for maize biofortification.
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Introduction

Maize is the third most important food grain crop in India,
next to rice and wheat (Gupta et al. 2019). It is being cul-
tivated in 9.6 million ha of area with an annual production
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of 27.14 million metric tonnes in the country (AICRP-
Maize Progress Report 2018). Considering the growing
significance of maize as food and animal feed; enhance-
ment of micronutrients in grain assumes great importance
in the scenario of micronutrient deficiency which affects
two billion people globally (De Steur et al. 2015; Hos-
sain et al. 2019). Among micronutrients, deficiency of iron
(Fe) and zinc (Zn) poses most serious health constraints
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worldwide (Bouis 2018). In developing countries, major
portion of the population depends on plant-based foods
particularly cereals, where lack of required levels of Fe
and Zn cause severe metabolic disorders (Yadava et al.
2017). Breeding efforts were made to develop crop varie-
ties with high kernel Fe and Zn, although success could
not be achieved due to its polygenic nature and high geno-
type X environment interactions (Gupta et al. 2015a).

Bioavailability is the degree to which food nutrients are
available for absorption and utilization in the body. One of the
major anti-nutritional factors (e.g. phytic acid in maize kernel)
plays a key role in reducing the bioavailability of kernel Fe and
Zn to both humans and animals (Adams et al. 2000). Therefore,
reducing the phytic acid content in crops like maize would be an
important strategy in genetic bio-fortification and significantly
improve the bioavailable kernel Fe and Zn content (Gupta et al.
2015b). Moreover, monogastric animals including humans,
poultry and swine cannot digest phytic acid in their gut, so
the phytate is expelled directly to the environment along with
excreta posing a serious concern where the continuous expul-
sion of high phosphorous load causes pollution in the nearby
water bodies (Jorquera et al. 2008). These low phytic acid (/pa)
mutants are available in many crops, and maize is the first crop
in which /pa mutations were isolated (Raboy et al. 2000). These
Ipa mutations hamper various steps in the phytic acid biosyn-
thesis pathway thereby reducing the levels of phytic acid in the
grain (Raboy et al. 2000). These mutants produce seeds that
have normal levels of total phosphorous but greatly reduced
levels of phytic acid phosphorous. These mutations, therefore,
do not affect the ability of a plant to uptake phosphorous and
its transportation to a developing seed; instead, block the ability
of a seed to synthesize phosphorous into phytic acid (Pilu et al.
2003; Raboy 2009). Several Ipa mutants have been isolated in
maize viz. Ipal, Ipa2, Ipa3 and Ipa241. Of these, Ipal-1 muta-
tion causes up to 55-65% reduction of phytic acid in maize
grain; and is due to a mutation in trans-membrane transporter
protein (ZmMRP4) i.e., C to T transition which led to alanine to
valine amino acid change (Shi et al. 2007). The /pa2-1 mutation
causes 50% reduction in phytic acid and is due to mutation in
inositol phosphate kinase (ZMIPK) enzyme (Raboy et al. 2000)
and this /pa2-1 mutation may be due to a genomic sequence
rearrangement in the ZmlIpk gene (Shi et al. 2003). The maize
Ipa3 gene is located near adhl locus on chromosome 1S, and
it encodes myo-inositol kinase (MIK) which is an enzyme and
causes reduction of phytic acid up to 50% (Shi et al. 2005). The
Ipa241 mutation has shown 90% reduction in phytic acid and
tenfold increase in the grain-free phosphate, however, there is a
30% reduction in germination in mutant lines compared to the
wild types (Pilu et al. 2003). Therefore, the use of mutations
such as Ipa241 has been limited by severe negative effects on
seed viability, seed germination and plant growth, resulting in
various levels of yield penalty (Pilu et al. 2003).
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Currently, low phytic acid mutations are available in the
temperate genetic background and it is very important to
transfer them in the locally adapted maize lines. Non-availa-
bility of widely adapted low phytic acid maize inbreds poses
serious limitation in breeding programme. Further, pheno-
typic selection for kernel phytic acid is destructive and can
be done only after harvest, accounting for increase in cost,
time and resources, hence these objectives can be achieved
with the aid of marker-assisted selection (MAS).

Molecular markers are very useful tool for recognizing
genomic regions responsible for the control of traits of inter-
est and marker-assisted selection (Singh and Singh 2015). The
use of molecular markers to select for the trait of interest not
only saves time but also huge resources involved in the breed-
ing programme (Muthusamy et al. 2014; Hossain et al. 2018;
Sarika et al. 2018; Zunjare et al. 2018). Gene-based markers
have polymorphic sites present within the gene, and it nullifies
the chance of recombination between marker and the gene,
which often lead to false positives, hence selection become
more precise (Das et al. 2019). So far only few attempts have
been made to develop markers for /pa gene(s). Naidoo et al.
(2012) crossed two inbred parental lines viz. CM32 (temper-
ate LPA line) and P16 (tropical wild type line) to produce F,
heterozygotes, designed SNP primers for Ipal-1 and used high
resolution melt (HRM) analysis to successfully distinguish
among the homozygous dominant (wild type), homozygous
recessive (mutant) and heterozygous genotypes. Sureshku-
mar et al. (2014) reported a linked SSR marker umc2230 for
Ipa2-2gene. However, linked markers pose problems during
the MAS process, as there is always a possibility of recom-
bination between gene and the marker loci, thereby leading
to false positives during the selection process. Therefore, the
development of breeder friendly gene-based marker(s) for
the Ipa genes would be of immense significance in breed-
ing for low phytate maize. The present study addressed this
issue by developing gene-based markers for both Ipal-1 and
Ipa2-1genes and validated them in a set of seven segregating
populations each, for its use in MAS.

Methods
Plant materials

A diverse panel of seven high phytic acid (wild type) geno-
types viz.HKI161PV, HKI163PV, HKI193-1PV, HKI193-
2PV, HK1323Q, HKI1105Q andHKI1128Q were selected
for the study (Table 1). Four of these lines, HKI161-PV,
HKI163-PV,HKI193-1PV and HKI193-2PV are QPM
inbreds enriched with provitamin A, whileHKI323Q,
HKI1105Q and HKI1128Q are QPM inbreds rich in lysine
and tryptophan developed through marker-assisted selec-
tion (MAS) at ICAR-IndianAgricultural Research Institute
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Table 1 Details of the wild type

D S. no. Genotype
and mutant maize inbreds used

Pedigree

Source institution

in the study Wild type
1 HKI161PV (HKI161///HP704-23)-®-®-®-® ICAR-TARI, New Delhi
2 HKI163PV (HKI163///HP704-22)-Q-®-®-® ICAR-TARI, New Delhi
3 HKI193-1PV (HKI1193-1///HP704-23)-®-®-®-&Q ICAR-IARI, New Delhi
4 HKI193-2PV (HKI1193-2///HP704-22)-Q-Q®-®-&Q ICAR-IARI, New Delhi
5 HKI323Q (HKI323///HKI161)-Q-Q-®-Q-Q-Q-R-R-Q ICAR-IARI, New Delhi
6 HKI1105Q (HKI1105///CML161)-®-®-®-Q-Q-®-Q-Q-Q ICAR-IARI, New Delhi
7 HKI1128Q (HKI1128///HKI1193-1)-®-®-Q-Q-®-R-®-Q ICAR-IARI, New Delhi
Mutant
1 A619 Ipal-1 EC860912 USDA-ARS, Idaho, USA
2 A632 Ipal-1 EC860913 USDA-ARS, Idaho, USA
3 A619 Ipa2-1 EC860914 USDA-ARS, Idaho, USA

& Number of selfed generation

(TIARI), New Delhi. Three low phytic acid (Ipa) mutants viz.
A619 Ipal-1 (EC860912), A632 Ipa 1-1 (EC860913) and
A619 Ipa2-1(EC860914) obtained from Dr. Victor Raboy,
United States Department of Agriculture (USDA), Idaho,
United States were also used in the study. Crosses were
attempted between the normal (high phytate) lines and Ipa
mutants ([pal-I and Ipa2-1) (Table S1).

Isolation and quantification of DNA

Genomic DNA was isolated from leaves of young seedlings
of each plant using standard CTAB procedure (Murray and
Thompson 1980) optimized at Maize Genetics Unit, Divi-
sion of Genetics ICAR-Indian Agricultural Research Insti-
tute (IARI), New Delhi. The DNA was dissolved in Tris-
EDTAbuffer (10 mMTris: 1 mM EDTA) and quantified
using a UV-Spectrophotometer (BenchTop Labsystems,
US). The quality of DNA was checked using 0.8% agarose
gel electrophoresis, followed by dilution with Tris—-EDTA
buffer to the concentration of 20 ng/pl, the final concentra-
tion required for PCR reaction.

Table 2 Details of the primers designed for [pal-1 gene

Designing of primers to amplify the target genes

The primers for I[pal-1 and Ipa2-1 has been designed using
Primer3online (v.0.4.0) software (Rozen and Skaletsky
2000). The method of designing of primers for each of the
genes has been described below.

Ipal-1  The sequence information of [pal-1 was available
for both the mutant and the wild type in the public
domain (Shi et al. 2007). Based on the available
sequence data the primers were designed for the
polymorphism between the mutant and the wild
type (C to T transition) using Primer3 online soft-
ware (v.0.4.0) (Table 2).

Sequence information of Ipa2-1 mutant allele
was not available in the public domain. Hence,
overlapping primers from the sequence of Ipa2-
1 of B73 genome were designed (Accession No.
NMO001112431.2) to cover the full-length gene of
2.26 kb, seven overlapping primers each ampli-
fying around 400-500 base pairs were designed
(Table S2). Using the designed overlapping
primer(s), the [pa2-1 gene was amplified in both

Ipa2-1

S. no. Name Sequence (5-'3") No. of bases Position of mismatch Remarks
(from 3’ end)

1 WTSM-F1 TCGATGAGGCGACCGC 16 3rd base Non-specific

2 WTSM-F2 TACTCGATGAGGCGACAGC 19 Nil Highly specific
3 MSM-F1 TTGGTACTCGATGAGGCGAAAGT 23 4th base Highly specific
4 MSM-F2 GGTACTCGATGAGGCGACCGT 21 3rd base Non-specific

5 M-R1 CATGGCAGATACGGGCTATT 20 Nil Highly specific
6 M-R2 CAATAACGGTGGGAATACGG 20 Nil Non-specific

WTSM wild type specific marker, MSM mutant specific marker, M marker, F forward primer, R reverse primer
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the mutant and wild types. PCR products were
custom sequenced in both the directions using
forward and reverse primers with two replica-
tions (MacrogenlInc., South Korea). The consen-
sus sequence for each amplicon in the selected
genotypes was generated using both forward and
reverse sequence chromatograms and aligned with
BioEdit programme (Hall 2011). The aligned
sequences were used to analyze the presence of
nucleotide polymorphisms specific to the mutant
and the wild type. Specific primers were designed
for the polymorphism that could differentiate the
mutant and wild type.

PCR amplification of the and markers
in the segregating populations

Ipai-1

The PCR was carried out in 20 pl reaction mixture con-
taining 0.25 pM each primer (forward and reverse), 100 ng
genomic DNA as template and 10 pl of master mix (Gen-
eDirex Inc., Taiwan). The amplification was carried out
with initial denaturation of 94 °C for 5 min, 35 cycles of
denaturation at 94 °C for 45 s, annealing at 61 °C for 45 s,
extension at 72 °C for 45 s and final extension step was car-
ried out at 72 °C for 5 min. The above conditions were used
for amplification using mutant specific primer; and the wild
type-specific primers with annealing temperature at 61.5 °C.

Ipa2-1

The PCR was carried out in 20 pl reaction mixture containing
0. 25 pM each primer (forward and reverse), 1000 ng genomic
DNA as template and 10 pl of master mix GeneDirex Inc.,
Taiwan). The amplification was carried out with initial dena-
turation of 94 °C for 5 min, 35 cycles of denaturation at 94 °C
for 45 s, annealing at 60 °C for 45 s, extension at 72 °C for 45 s
and final extension step was carried out at 72 °C for 5 min.

The PCR product was digested using HindIII (New Eng-
land BioLabs, USA) restriction enzyme as follows: 8 ul of PCR
product, 2.5 pl of 1X digestion buffer (supplied with enzyme),
0.05 U of enzyme and made up to 25 pl with nuclease-free
water. The mixture was then incubated at 37 °C for 2 h.

Resolution of digested PCR products and scoring
of marker profiles

The final PCR amplified products for the markers were
resolved through horizontal electrophoresis system at
120 V for 3 to 4 h using 1.0X TBE buffer. 2.0% agarose
(SeaKemR LE Agarose, USA) gels stained with ethidium
bromide (10 mg/ml) were used. A100 bp DNA ladder
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(G-Biosciences, USA) were loaded at bothends of gel and
images were recorded using a gel documentation system
(Alpha Innotech, USA), followed by the scoring of marker
profiles. The amplicons were scored as alleles for the loci.
The alleles were scored manually and allele sizes (base
pairs) were determined comparing with 100 bp DNA ladder
which was run parallel with the genotypes.

Quantification of phytic acid and inorganic
phosphorous

Determination of phytic acid and inorganic phosphorous
in the seeds of the mutant and wild type was carried out
as per the method described by Lorenz et al. (2007) with
minor modifications. 100 mg of ground kernels from each
individual genotype was weighed and placed in 2 ml micro-
centrifuge tube with 2 ml of 0.65 M HCI. The tubes were
then shaken for overnight at room temperature at 120 rpm
and then centrifuged at 12,000 rpm for 5 min. A total of
500 pl of the extract of the respective genotype was trans-
ferred to a clean 2 ml micro-centrifuge tube for estimation
of phytic acid and to a 15 ml tube for estimation of inorganic
phosphorus. Equal volumes of the phytic acid and inorganic
phosphorous quantitative standards were used. Phytic acid
dodecasodium salt from corn (Sigma) and KH2PO4 (HiMe-
dia) were used as phytate and Pi standards, respectively. The
Pi reagent was made immediately before use and it consisted
of two parts of distilled H,O, one part each of 0.02 M ammo-
nium molybdate, 0.57 M ascorbic acid and 3 M sulphuric
acid. For the estimation of inorganic phosphorus, 1 ml of Pi
reagent and 1 ml of distilled H,O were added to each tube.
Once, the blue colour develops after 15 to 20 min of incu-
bation at room temperature, the optical density (OD 820)
was measured at 820 nm (Figure S1). For measurement of
phytate, 1.25 ml of Wade reagent was added to each tube
and allowed to react for 15 min at room temperature and
after the development of pink colour the optical density at
490 nm (OD 490) was measured (Figure S1). Wade reagent
consisted of 0.3 g 5-sulfosalycyclic acid, 0.03 g FeCI*.6H,0
and 80 ml distilled H,O and could be stored in a refrigerator
for 1 month. The above solution was refrigerated overnight
and adjusted to a pH of 3.05 with NaOH the following day.
After pH adjustment, dist. H,O was added to a final volume
of 100 ml. Phytate was converted to phytate P by dividing
phytate by 3.55 (Raboy and Dickinson, 1984).

Statistical analysis

Chi-square (y?) test was performed using the standard proce-
dure for testing the goodness of fit of the observed segrega-
tion pattern of the Ipal-1 and Ipa2-1 genes in the respective
F, generation. ‘#’-test to differentiate the allelic class means
was performed using Microsoft Excel (2010).
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Results and discussion

Targeting the anti-nutritional factors that reduce the bio-
availability of the micronutrients present in the diet of
humans is a viable approach of genetic improvement of the
targeted micronutrients due to profound effect of one or few
genes (Gupta et al. 2015a). Low phytic acid is one of the
anti-nutritional factors that chelates with positively charged
mineral elements such as Fe and Zn and makes them una-
vailable to human metabolism (Zhou and Erdman 1995).
Low phytate mutants were reported in maize and their role
in reducing the phytic acid in maize grain is well established
(Raboy et al. 2000).

Ipai-1

The Ipal-1 mutation is an EMS induced recessive mutation
developed by Raboy et al. (2000) and it has been mapped to
chromosome 1S. Shi et al. (2007) sequenced the full-length
gene and reported that the [pal-1 mutation is dueto Cto T
transition in the ZmMRP4 gene which governs the mem-
brane transporter protein. Though the sequence information
for Ipal-1 was available, to the best of our knowledge, no
report is available on the development of breeder friendly
PCR based markers for its use in MAS. The sequence infor-
mation (GenBank Accession Number: EF586878) was used

M1 wri

wT2 WI3 Wwi4

to develop gene-based markers for Ipal-I. Allele-specific
primers were designed using the wild type and the mutant
sequence. While designing the primers, efforts were also
made to have a mismatch in the penultimate bases (3—4 base
from 3’end) to have higher specificity for primer binding
(Liu et al. 2012). Based on the T, value of each primer, the
PCR conditions were optimised using gradient PCR. With
the standardised cycle conditions, these primers were ampli-
fied in a set of mutant and wild type genotypes. From the dif-
ferent primer combinations (Table 2), the primer combina-
tion WTSM-F2 and M-R1 and MSM-F1 and M-R1 selected
as wild type-specific marker (Fig. 1) and mutant specific
marker (Fig. 2), respectively, based on their high specificity
in amplification. Both of these markers work in dominant
fashion. Genotyping of the seven segregating populations
with the WTSM and showed that the marker segregation was
as per the Mendelian fashion (3:1) (AA + Aa: aa) (Table 3).
Similarly, the segregation pattern of the MSM also fit to the
expected Mendelian segregation of 3:1 (aa+ Aa: AA) across
the seven populations (Table 4). Co-dominant markers are
always preferred over dominant markers as they easily differ-
entiate the homozygotes from the heterozygotes. However,
in the present study only dominant markers (WTSM and
MSM) for Ipal-I has been developed. Hence, to differenti-
ate the homozygous and the heterozygous genotypes, we
analysed the joint-segregation of WTSM and MSM in all the
seven segregating populations to differentiate heterozygote

WTsS WT6 wT7

Fig.1 Segregation pattern of wild type specific marker (WTSM-
LPAT) among the mutant and wild type genotypes. M1: A619 lpal-1,
M2 A632 Ipal-1, WT1 HKI161PV, WT2 HKI163PV, WT3 HKI193-

M1 M2 WT1 WT2

WT3

1PV, WT4 HKI193-2PV, WT5 HKI323Q,
HKI1128Q, L 100 bp DNA ladder

WT6 HKI1105Q, WT7,

WT4 WTS WT6 W17 L

Fig.2 Segregation pattern of mutant specific marker (MSM-Ipal-1I)
among the mutant and wild type genotypes. MI: A619 Ipal-1, M2
A632 Ipal-1, WT1 HKI161PV, WT2 HKI163PV, WT3 HKI193-

1PV, WT4 HKI193-2PV, WT5 HKI323Q, WT6 HKI1105Q, WT7,
HKI1128Q, L 100 bp DNA ladder
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(Lpal/lpal)) from two different homozygotes (Lpal/Lpal
and [pal/lpal) (Fig. 3). Joint segregation of both WTSM
and MSM has also revealed that the segregation is as per
the expected Mendelian pattern across all the seven popula-
tions (Table 5).

Parents and individual segregants in all the F, popula-
tions were phenotyped for kernel phytic acid phosphorus

(PAP) and inorganic phosphorus (iP) content (Tables 6
and 7). The effect of Ipal-1 allele is prominent that the
recessive homozygotes showed significantly lesser PAP
and higher iP as compared to the dominant homozy-
gotes and the heterozygotes. This scenario was repeat-
ably observed across all the seven populations. Raboy
(2009) has reported that use of Ipal-I mutation leads to

Table 3 Segregation pattern

- . S.no. Cross Total no. of No. of genotypes with geno-  »? P value
of wild type specific marker F,s genotyped typic class
(WTSM-LPAI) for Ipal-1
Presence Absence (a;a;)
(AJA[/A )

1 HKI161PV X A619 Ipal-1 108 87 21 1.778™  0.182
2 HKI163PV x A632 Ipal-1 95 75 20 0.790™  0.374
3 HKI193-1PV X A619 lpal-1 102 79 23 0.327"  0.568
4 HKI193-2PV X A619 Ipal-1 104 82 22 0.821™  0.365
5 HKI323Qx A632 Ipal-1 99 75 24 0.030™  0.030
6 HKI1105Qx A632 Ipal-1 110 86 24 0.594™  0.441
7 HKI1128Q X% A619 Ipal-1 104 80 24 0.205™  0.441
A,A; LPAI/LPAI, Aa; LPAl/lpal, ,,;,; Ipal/lpal, ns not significant

Table 4 Segregation pattern of S.no.  Cross Total no. of F,s  No. of genotypes with Vs P value

mutant specific marker (MSM- genotyped genotypic class

Ipal-1) for lpal-1

Presence Absence
(aa,/Aa)  (AA)

1 HKI161PV X A619 Ipal-1 108 79 29 0.198"™  0.657
2 HKI163PV X A632 Ipal-1 95 67 28 1.014™  0.314
3 HKI193-1PV X A619 Ipal-1 102 73 29 0.641™ 0424
4 HKI193-2PV X A619 Ipal-1 104 76 28 0.205™  0.651
5 HKI323Qx A632 Ipal-1 99 71 28 0.569™  0.451
6 HKI1105Q X A632 Ipal-1 110 79 31 0.594™  0.441
7 HKI1128Qx A619 Ipal-1 104 76 28 0.205™  0.651

A,A; LPAI/LPAIL A,a; LPAl/lpal-1, a;a; Ipal-1/Ipal-1, ns not significant

LWIrM 1 2 3 4 5 6 7 8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 L

AAaa MM MmMmaMAMAMAMM MMM MMM MM 2 e

Fig. 3 Joint segregation pattern of WTSM-LPAI and MSM-Ipal-1 in HKI161PV X A619 Ipal-1. WT HKI161PV, M A619 Ipal-1, 1-22 F2 indi-

viduals, L 100 bp DNA ladder
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Table 5 Joint segregation S.no.  Cross Total no. of F,s  No. of genotypes with Ve P value

pattern of WTSM-LPAI and genotyped genotypic class

MSM-Ipal-1 marker for Ipal-1

used in the study AA A aga
1 HKI161PV xA619 Ipal-1 108 29 58 21 1.778"  0.411
2 HKI163PV x A632 Ipal-1 95 28 47 20 1.357"  0.507
3 HKI193-1PV X A619 Ipal-1 102 29 50 23 1.357"  0.507
4 HKI193-2PV X A619 Ipal-1 104 28 54 22 0.846™  0.655
5 HKI323Q x A632 Ipal-1 99 28 47 24 0.576™  0.749
6 HKI1105Q % A632 Ipal-1 110 31 55 24 0.890™  0.640
7 HKI1128Q X% A619 Ipal-1 104 28 52 24 0.308™  0.857

AA; LPAI/LPAI, Aa;, LPAl/lpal-1, a;a; Ipal-1/Ipal-1, ns not significant

the reduction in PAP followed by corresponding increase
in the iP. In this study, there was no significant differ-
ence observed between the dominant homozygotes and
the heterozygotes, indicating the complete dominance of
the trait. Raboy et al. (2000) reported that recessive allele
of Ipal-Iconfered low phytic acid in the maize grain.
Across the seven populations used in this study, ~25 to
36% (mean 31.2%) reduction in PAP was observed in the
recessive homozygotes (Ipal/lpal), when compared to the
dominant homozygotes (LPA1/LPAI). Though there is a
reduction in the PAP in the recessive Ipal-1 genotypes,
the extent of reduction is relatively low as compared to the
earlier reports (Raboy et al. 2000, Raboy 2001, 2002; Shi
et al. 2007; Naidoo et al. 2012). About, 61 to 335% (mean
164.8%) of iP has increased in the Ipal/lpal genotypes
as compared to LPAI/LPAI genotypes. This has clearly
shown the increase in iP content while the reduction in the
phytic acid by the recessive Ipal-1 allele. The percentage
of PAP to total phosphorus has also reduced to 70% in the
homozygous recessive genotypes compared to the domi-
nant homozygotes (87%) (Table 7).

Ipa2-1

Shi et al. (2007) reported that the [pa2-1 mutation is due
to genomic sequence rearrangement in the ZmITPK gene,
which governs the synthesis of inositol-4-phosphate from
inositol-3-phosphate. The exact causative polymorphism
and the mutant gene sequence has not been reported,.
Unlike Ipal-1, the Ipa2-1 mutant sequence could not be
obtained from the public domain. To identify the causa-
tive polymorphism between the wild type and the mutant
allele, we sequenced both the Ipa2-1 and LPA2-1 alleles.
From that information, a set of eight overlapping primers
were designed using the sequence of the wild type available
from the public domain (Accession No. NM001112431.2)
to cover the full-length gene i.e., LPA2-1 allele of 2263 bp
(Table S2). The consensus nucleotide sequence of Ipa2-1
gene of the mutant line, A619 Ipa2-1 (GenBank acces-
sion number-MNO917647) and the wild type genotypes viz.
HKI161PV (GenBank accession number-MN917648),
HKI163PV (GenBank accession number-MN917649),
HKI193-1PV (GenBank accession number-MN917650),

Table 6 Kernel phytic acid and

. . S.no.  Name of the genotype =~ Genotype PAP (mg/g) iP(mg/g) TP (mg/g) PAP/TP (%)

inorganic phosphorus among

wild type and mutant parents Wild type
1 HKI161PV AAJAA, 258 0.31 2.89 89.27
2 HKI163PV AA/AA, 249 0.26 2.75 90.55
3 HKI193-1PV AA/AA, 240 0.31 2.71 88.56
4 HKI193-2PV AA/AA,  2.63 0.21 2.84 92.61
5 HKI323Q AA/AA,  2.69 0.43 3.12 86.22
6 HKI1105Q AAJAA, 271 0.25 2.96 91.55
7 HKI1128Q AA/AA, 253 0.28 2.81 90.04

Mutant

1 A619 Ipal-1 a;a,/A,A, 1.79 0.85 2.64 67.80
2 A632 Ipal-1 a;a,/A,A, 1.81 0.91 2.72 66.54
3 A619 Ipa2-1 a,/A A, 1.83 0.62 245 74.69

PAP phytic acid phosphorous, iP inorganic phosphorous, TP total phosphorous, A;A; LPAI/LPAI, AA,
LPA2/LPA2, a,a; lpal-1/1lpal-1, a,a, Ipa2-1/1lpa2-1
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HKI193-2PV (GenBank accession number-MN917651),
HKI323Q (GenBank accession number-MN917652),
HKI1105Q (GenBank accession number-MN917653) and
HKI1128Q (GenBank accession number-MN917654) were
generated and subsequently submitted to NCBI to have the
accession number.

Sequence alignment between the mutant and seven wild
type allele along with the B73 genome sequence identified
an A to G transition between the wild type and mutant
(Figure S2) at 90 bp position from the transcription initia-
tion site. The nucleotide polymorphism does not change
amino acid and codon with both nucleotide codes for glu-
tamine. Though Shi et al. (2003), has reported genomic
sequence rearrangement in the gene that alters the phytic
acid concentration, we could identify a SNP in the gene
that clearly differentiated the mutant /pa2-1 allele and wild
type allele. A set of primers which amplifies the region
involving the SNP that differentiated the mutant Ipa2-1
allele and wild type allele were designed (Table S3), that
could specifically amplify the polymorphic region (Fig. 4).
The sequence was analysed and the presence of restric-
tion site within the polymorphism (A to G), for HindlIIl

Fig.4 Amplification among L M1
the wild type and mutant allele
using the primers designed

for polymorphic region of
Ipa2-1. M A619 Ipa2-1, WT1
HKI161PV, WT2 HKI163PV,
WT3 HKI193-1PV, WT4
HKI193-2PV, WT5 HKI323Q,
WT6 HKI1105Q, WT7
HKI1128Q, L 100 bp ladder

WT1

Fig.5 Amplification among L M1
the wild type and mutant allele
using the CAPS marker. M
A619 lpa2-1, WT1 HKI161PV,
WT2 HKI163PV, WT3 HKI193-
1PV, WT4 HKI193-2PV, WT5
HKI323Q, WT6 HKI1105Q,
WT7 HKI1128Q, L 100 bp
ladder

LWIM 1 2 3 4 5 6 7 8

WT1 WT2 WT3 WT4 WTS WT6

restriction enzyme was identified. HindIII is a hexacutter
restriction enzyme and the target site is AAGCTT. Restric-
tion digestion of the mutant PCR product using HindlIl
generated an intact amplicon of 459 bp due to the absence
of restriction site. On the other hand, wild type genotypes
yielded two fragments of size 169 bp and 290 bp, owing to
the presence of the restriction site (Fig. 5). Use of restric-
tion enzyme has exactly differentiated the mutant and the
wild type allele, resulting in a Cleaved Amplified Poly-
morphic Sequence (CAPS) as marker to select for [pa2-1
allele. Development and use of CAPS markers for the tar-
get gene has also been reported for disease resistance and
nutritional quality in maize and other crops (Udoh et al.
2017). Based on the polymorphism obtained among the
mutant and wild type, the CAPS marker developed in the
study was selected for further genotyping the segregating
populations (Fig. 6). Genotyping of the seven segregating
populations with the CAPS marker revealed the marker
segregation as per the Mendelian fashion (1: 2: 1) (AA:
Aa: aa) (Table 8).

Individual segregants in all the F, populations were phe-
notyped for kernel phytic acid and inorganic phosphorus

WT2 WT3 Wi WTS WT6 WT7 L

W17 L

9 1011 12 13 14 151617 1819 20 21 2

Fig.6 Segregation pattern of CAPS marker for /pa2-1 in HKI1128Q X A619Ipa2-1. WT HKI1128Q, M A619 Ipa2-1, 1-22 F2 individuals, L

100 bp DNA ladder
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Table 7 Kernel phytic acid and inorganic phosphorus in the different genotypic classes of each lpal-1 F, population

S.no Cross Genotype PAP (mg/g) iP (mg/g) TP (mg/g) PAP/TP (%) % Reduction % Increase in iP
in PAP (aavs (aja;vs AJA))
AjA)

1 HKI161PV X A619 Ipal-1 AA 2.53 0.29 2.82 89.7 32.0 151.7
a,a, 1.72% 0.73%* 2.45 70.5
A 2.42 0.27 2.69 88.0

2 HKI163PV X A632 Ipal-1 AA 2.61 0.46 3.07 82.4 345 104.3
a,a, 1.71% 0.94 2.65% 64.7
A, 2.55 0.42 297 82.4

3 HKI193-1PV X A619 Ipal-1 A A 2.43 0.29 2.72 87.3 24.7 100.0
aa, 1.83%* 0.58%* 2.41 75.9
Aja; 2.32 0.28 2.60 87.3

4 HKI193-2PV X A619 Ipal-1 A A, 2.73 0.17 2.90 92.5 32.6 3353
aa, 1.84%* 0.74* 2.58 714
Aja, 2.63 0.18 2.81 92.1

5 HKI323Qx A632 Ipal-1 AA; 2.66 0.49 3.15 81.2 29.7 61.2
a,a, 1.87* 0.79* 2.66 70.8
Aja; 2.53 0.47 3.00 81.5

6 HKI1105Q % A619 Ipal-1 AA; 2.68 0.21 2.89 90.6 36.2 309.5
a;a; 1.71* 0.86* 2.57 67.2
Aja; 2.59 0.24 2.83 89.4

7 HKI1128Qx A619 Ipal-1 AA; 2.41 0.38 2.79 86.3 29.0 91.2
aa; 1.71* 0.73* 2.44 70.0
Aja 2.39 0.47 2.86 83.5

8 Average across populations  AjA, 2.58 0.33 291 87.1 31.2 164.8
a,a, 1.77%* 0.77* 2.54 70.1
Aja; 2.49 0.33 2.82 86.3

PAP phytic acid phosphorous, iP inorganic phosphorous, TP total phosphorous, A;A; LPAI/ILPAI-1, A;a; LPAl/llpal-1, a,a, lpal-1/lpal-1

*Different from A|A, and a,a, at 5% level of significance

content. The same trend observed in [pal-1 allele also
observed in [pa2-1 in the case of inverse relationship
between phytic acid and the inorganic phosphorous. Across
the seven populations, ~25 to 30% (mean 26.9%) reduc-
tion in phytic acid was observed in the recessive homozy-
gotes (Ipa2/lpa2), compared to the dominant homozygotes
(LPA2/LPA2). Shi et al. (2003) also reported a similar level
of 28-30% reduction in phytic acid in the [pa2 mutants of
maize. Though the reduction in the phytic acid was observed
in the recessive Ipa2-1 genotypes developed in the present
study, the extent of reduction is relatively low compared to
the earlier reports (Raboy et al. 2000, Raboy 2009). About,
96 to 258% (mean 179.8%) of inorganic phosphorus has
increased in the Ipa2/Ipa2 genotypes as compared to LPA2/
LPA2 genotypes. This clearly showed the increase in inor-
ganic phosphorus content with the reduction in the phytic
acid by recessive Ipa2-1 allele. The percentage of phytic
acid to total phosphorus was also reduced to 78% in the
homozygous recessive genotypes compared to the dominant
homozygotes (93%) (Table 9).

The CAPS marker for [pa2-1 was able to differentiate the
three possible genotypic classes (AA: Aa: aa). Their Men-
delian segregation pattern and the phenotypic effects of the
Ipa2-1 allele in reducing the phytic acid with increase in
inorganic phosphorus across all the seven segregating popu-
lations shows the robustness, reliability and feasibility of
the marker developed in the study. Thus, the CAPS marker
developed for Ipa2-1 would offer tremendous assistance to
breed for low phytate maize through MAS.

Impact of low phytic acid on the bioavailability
of iron and zinc

Maize inbreds possessing 40 ppm of kernel Fe is avail-
able (Pandey et al. 2015; Prasanna et al. 2011) but inbreds
with target level of 60 ppm is quite uncommon (Gupta
et al. 2015b). Similarly, inbreds with ~30 ppm of kernel
Zn is available (Pandey et al. 2015; Prasanna et al. 2011),
but inbreds with the target level of 37 ppm to meet rec-
ommended daily allowance (RDA) is also not normally
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Table 8 Segregation pattern of

- S.no.  Cross Total no. of F2s No. of genotypes with 2 P value
Ipa2-1 gene using Fhe CAPS genotyped genotypic class
marker developed in the study
AAy Ay Ay
1 HKI161PV X A619 Ipa2-1 105 26 58 21 1.629™ 0.443
2 HKI163PV x A619 Ipa2-1 98 28 51 19 1.816ns  0.403
3 HKI193-1PV X A619 Ipa2-1 104 30 53 21 1.596™ 0.450
4 HKI193-2PV X A619 Ipa2-1 107 24 54 29 0.477" 0.788
5 HKI323Q x A619 Ipa2-1 98 25 54 19 1.755™ 0.416
6 HKI1105Q %X A619 Ipa2-1 109 27 57 25 0.303"™ 0.860
7 HKI1128Q % A619 Ipa2-1 97 24 52 21 0.691™  0.708
A,A, LPA2/LPA2, Aya, LPA2/Ipa2-1, aya, Ipa2-1/lpa2-1, ns not significant
Table 9 Kernel phytic and inorganic phosphorus in the different genotypic classes of each F, population
S.no.  Cross Genotype PAP (mg/g) iP (mg/g) TP (mg/g) PAP/TP(%) Reduction Increase iniP (%)
in PAP (%)
1 HKI161PV X A619 Ipa2-1 AA, 2.46 0.24 2.70 91.0 27.4 225.1
a,a, 1.78* 0.79* 2.57 69.4
Aja, 2.43 0.32 2.75 88.4
2 HKI163PV X A619 Ipa2-1 AA, 2.41 0.19 2.60 92.7 259 2579
a,a, 1.78* 0.68* 2.46 72.4
Aya, 2.34 0.20 2.54 92.1
3 HKI193-1PV X A619 Ipa2-1 A,A, 2.42 0.23 2.65 91.5 25.3 112.4
a,a, 1.81* 0.48* 2.29 79.0
Aya, 2.33 0.23 2.55 91.1
4 HKI193-2PV x A619 Ipa2-1  A,A, 2.53 0.17 2.70 93.9 24.5 180.3
a,a, 1.91* 0.46* 2.37 80.4
Aya, 2.45 0.18 2.63 93.2
5 HKI323Qx A619 Ipa2-1 ALA, 2.48 0.13 2.61 95.0 26.2 221.7
a,a, 1.83* 0.42% 2.25 81.3
Aya, 2.43 0.23 2.66 91.3
6 HKI1105Qx A619 Ipa2-1 ALA, 2.68 0.18 2.87 93.6 29.6 165.3
a2, 1.89% 0.49* 2.38 79.5
Aya, 2.60 0.18 2.78 93.7
7 HKI1128Qx A619 Ipa2-1 AA, 2.69 0.20 2.89 93.1 29.2 95.7
a2, 1.91* 0.39* 2.29 83.1
Aya, 2.69 0.21 2.90 92.9
8 Average across populations AA, 2.53 0.19 2.72 93.0 26.9 179.8
a3, 1.85% 0.53* 2.38 7179
Aya, 2.47 0.22 2.69 91.8

PAP phytic acid phosphorus, iP inorganic phosphorus, 7P total phosphorus, A,A, LPA2/LPA2, A,a, LPA2/lpa2-1, a,a, lpa2-1/lpa2-1

*Different from A,A, and a,a, at 5% level of significance

available (Gupta et al. 2015b). The polygenic nature of
the trait, high influence of G X E and minor effects QTLs
limit the development of inbreds with target level for Fe
and Zn (Gupta et al. 2015a). However, considering the
bioavailability of 5% for Fe and 25% for Zn, only 3 ppm
and 9.25 ppm of Fe and Zn. respectively is available in
human gut. On the other hand, the low phytic acid maize
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developed in the present study offers potential scope to
meet the RDA due to its profound effects on reduction of
phytic acids (Raboy et al. 2000; Raboy 2009). The aver-
age reduction of phytic acid observed in the present study
was 30%, which will lead to increase in bioavailability
of the Fe by 1.5% (30% of 5%) and Zn by 7.5% (30% of
25%). Therefore, use of the low phytate maize genotypes
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developed in the study will offer higher bioavailability of
kernel Fe (6.5%) and Zn (32.5%). With the increased bio-
availability of Fe, 2.6 ppm of kernel Fe (6.5% of 40 ppm)
could be achieved even with the average level available in
the germplasm. To achieve the target of 3 ppm, breeding
for 45 ppm alone would be sufficient which can easily be
achieved through breeding approaches. Most importantly,
the target of Zn can easily be achieved by use of the low
phytate maize genotypes developed in the study. With the
average of 30 ppm and increased bioavailability of 32.5%,
around 9.75 ppm of Zn (32.5% of 30 ppm) would be avail-
able in the diet, which is similar to the target level. Thus
the low phytate maize genotypes developed in the study
can be used for the development of low phytate maize
hybrids which would offer potential scope on bio-fortifi-
cation of kernel Fe and Zn in maize.

Conclusion

Maize serves as an important source of energy as food but
possesses high concentration of phytic acid. Thus, reduc-
tion of the phytic acid in maize through genetic manipula-
tion holds immense promise for enhancing the bioavailable
Fe and Zn. This study successfully developed and validated
gene-based markers in seven segregating populations each
for Ipal-1 and Ipa2-1 genes which offers tremendous benefit
and assistance in accelerated development of low phytate
maize genotypes. The low phytate maize genotypes devel-
oped across the populations in the present study would serve
as a rich genetic resource in the future breeding programmes.
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