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Abstract

Two low-phytate soybean (Glycine max (L.) Merr.) mutant lines— V99-5089 (mips mutation
on chromosome 11) and CX-1834 (mrp-land mrp-n mutations on chromosomes 19 and 3,
respectively) have proven to be valuable resources for breeding of low-phytate, high-
sucrose, and low-raffinosaccharide soybeans, traits that are highly desirable from a nutri-
tional and environmental standpoint. A recombinant inbred population derived from the
cross CX1834 x V99-5089 provides an opportunity to study the effect of different combina-
tions of these three mutations on soybean phytate and oligosaccharides levels. Of the 173
recombinant inbred lines tested, 163 lines were homozygous for various combinations of
MIPS and two MRP loci alleles. These individuals were grouped into eight genotypic classes
based on the combination of SNP alleles at the three mutant loci. The two genotypic classes
that were homozygous mrp-I/mrp-n and either homozygous wild-type or mutant at the mips
locus (MIPS/mrp-l/mrp-n or mips/mrp-l/mrp-n) displayed relatively similar ~55% reductions
in seed phytate, 6.94 mgg ' and 6.70 mg g™ respectively, as compared with 15.2mg g™ in
the wild-type MIPS/MRP-L/MRP-N seed. Therefore, in the presence of the double mutant
mrp-lI/mrp-n, the mips mutation did not cause a substantially greater decrease in seed phy-
tate level. However, the nutritionally-desirable high-sucrose/low-stachyose/low-raffinose
seed phenotype originally observed in soybeans homozygous for the mips allele was
reversed in the presence of mrp-l/mrp-n mutations: homozygous mips/mrp-l/mrp-n seed dis-
played low-sucrose (7.70%), high-stachyose (4.18%), and the highest observed raffinose
(0.94%) contents per gram of dry seed. Perhaps the block in phytic acid transport from its
cytoplasmic synthesis site to its storage site, conditioned by mrp-I/mrp-n, alters myo-inositol
flux in mips seeds in a way that restores to wild-type levels the mips conditioned reductions
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in raffinosaccharides. Overall this study determined the combinatorial effects of three low
phytic acid causing mutations on regulation of seed phytate and oligosaccharides in
soybean.

Introduction

Seed metabolite reserves are crucial for seed protection during dormancy, seed germination
and development into a seedling. Sucrose (disaccharide), raffinose (trisaccharide), and sta-
chyose (tetrasaccharide) are the three main forms of carbohydrates found in soybean [Glycine
max (L.) Merr.] seeds. Sucrose forms the major portion of the total seed carbohydrate, ranging
from 5-7% of the seed dry weight [1]. Raffinose and stachyose, which make up the raffinose
family oligosaccharides (RFOs) could range from 3-4% and 1% of the seed dry weight, respec-
tively [1]. These RFOs are also involved in transporting photo-assimilates from the leaves to
the phloem [2], serving as storage carbohydrates and cryoprotectants to promote freezing-tol-
erance [3, 4], or desiccation tolerance and longevity of seeds [5]. Seed RFOs are quickly broken
down during early germination to provide the seedling with energy and substrates for growth
[6]. In addition to carbohydrates, seeds also store phosphorus (P) in the form of “phytate” salts
of phytic acid (inositol hexakisphophate (IP6)). In major cereal and legume crops, seeds nor-
mally contain between 3.0 and 8.0 mg of P per gram of dry weight, and out of this total P, 65-
75% is phytic acid [7].

Interaction between phytic acid and RFO biosynthesis pathways supplies and regulates the
levels of sucrose, raffinose, stachyose, phytate, and inositol in soybean seeds. During phytic
acid biosynthesis, myo-inositol phosphate synthase (MIPS, EC 5.5.1.4) catalyzes the conver-
sion of glucose-6-phosphate to inositol-3-phosphate, which is the sole synthetic source of the
myo-inositol backbone [8]. Inositol-3-phosphate is then dephosphorylated to form myo-inosi-
tol by inositol monophosphatase enzyme. Free myo-inositol is then utilized in two ways rele-
vant to this study; to produce phytic acid in a multi-step phosphorylation process and to
produce galactinol from UDP-D-galactose by galactinol synthase (EC 2.4.1.123) [8]. Both the
phytic acid and RFO pathways utilize free myo-inositol as an intermediate, which links the
phytate and RFOs biochemical pathways. Suppression of MIPS gene expression with RNAi in
potato (Solanum tuberosum L.) was shown to drastically reduce levels of inositol, galactinol,
and raffinose [9]. Other studies have also shown a direct correlation between myo-inositol and
RFOs and galactinol levels in soybean [10], pea (Pisum sativum L.) and barley (Hordeum vul-
gare L.) [11]. Together, these studies indicate that complex regulatory pathways play a role in
maintaining substrates such as myo-inositol, sucrose, phytate, and RFOs.

Both phytic acid and RFO levels have become targets for manipulation in recent years in
order to improve soybean seed quality [12]. RFOs are indigestible in monogastric animals and
supply little metabolizable energy because these animals do not synthesize enough of the
enzyme o-galactosidase to digest these RFOs [13]. Although RFOs can provide a beneficial
probiotic function [14], they may also cause gastric discomfort, and flatulence [15, 16]. Because
phytic acid chelates mineral cations including calcium, iron, and zinc, these mixed salts are
often excreted by non-ruminant animals such as humans, swine, poultry, and fish [17]. Excre-
tion of phytic acid can cause water pollution due to the excess P in animal waste that has the
potential to run off into bodies of water [18]. Animal feeding trials based on barley, corn, or
soybean containing low levels of oligosaccharide and/or phytic acid were found to increase the
metabolizable energy and available P to animals, satisfying more of their dietary requirement
[19-25]. Therefore, due to the indigestibility of phytate and RFOs and the undesirable envi-
ronmental consequences, low-phytate and low-RFO varieties of soybeans are desired [7, 21].
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Several attempts have been made to produce soybeans with low-phytate and RFO levels via
random mutagenesis or traditional breeding methods. These mutations were later found to
exist in the genes involved in regulating phytate/RFO pathway such as MIPS [10, 26-30], mul-
tidrug resistance-associated protein (MRP) ATP-binding cassette (ABC) transporters [31-36],
and myo-inositol kinase (EC 2.7.1.64) [37]. The role of MRP transporters in phytate accumula-
tion is not entirely clear, but Panzeri et al. [33] hypothesized that since phytate cannot be prop-
erly stored in the vacuole in low-phytate lines with defective MRPs, phytase enzymes in the
cytoplasm break it down into its precursor, myo-inositol. This could cause negative feedback
regulation, leading to lower levels of phytate. Despite the eco-friendly and pro-nutritional
nature of these low-phytate and low-RFO soybeans, such genetic material exhibits poor seed
vigor and reduced germination and emergence rates.

Several studies have been conducted to examine agronomic traits in low-phytate (‘CX-
1834-1-6" and ‘V99-5089’) and low-RFO (PI 200508 and V99-5089) soybeans. For example,
Oltmans et al. [38] investigated multiple agronomic and seed traits in three CX-1834-1-
6-derived (hereafter, CX1834) soybean populations across three environments [38]. Only seed-
ling emergence, phytate P, and inorganic P were found significantly different between selected
low-phytate and normal-phytate lines from each of the three populations [38]. Boehm et al.
[39] examined seed yield and field emergence of two CX1834-derived Ipa soybean lines across
six environments and concluded that [pa crops can produce seed yields statistically equivalent
to high-yielding control cultivars with no germination issues [39]. Bilyeu and Wiebold [40]
examined stability of the PI 200508-derived soybean seed carbohydrate profile across nine
environments and found that soybean seed sucrose content was more variable across environ-
ments than stachyose [40]. They also observed strong correlation between cooler temperatures
during the later pod-filling stages and increased sucrose and decreased stachyose contents
[40]. Maupin et al. [41] examined agronomic and seed traits of a V99-5089-derived recombi-
nant inbred line (RIL) population over two years in three environments and found genotype
by environment interactions to be key determinants of seed inorganic P, but not sugar content
in low-phytate mutants [41]. They also observed significant negative correlation between Pi
concentration and seed emergence [41]. Understanding genetic and molecular bases of the Ipa
trait is required to comprehend regulation of seed P and carbohydrates, address the low emer-
gence problem, and accomplish the development of high yielding Ipa crops.

The current study is focused on understanding the impact of combining Ipa causing
mutations in a MIPS gene (in Ipa line V99-5089) [42] and two MRP genes (in Ipa line
CX1834) [31, 43] on seed phytate and oligosaccharides in soybean. Seeds of V99-5089 exhibit
a low-phytate, low-stachyose, and high-sucrose phenotype; whereas, seeds of CX1834, exhibit
low-phytate, normal-stachyose, and normal-sucrose phenotype. A recombinant inbred line
population was developed from a cross of V99-5089 x CX1834 and studied the effects of differ-
ent combinations of the mutations of MIPS located on chromosome 11 (Linkage group (LG)
B1) and the MRPs on chr. 19 (LG L) and chr. 3 (LG N) on phytate, and oligosaccharide. The
V99-5089 x CX1834 RIL population has provided an opportunity to determine the effects of
all possible combinations of these three mutations on seed phenotypes of interest. It was
hypothesized that combining all three mutations would lead to low-phytate, low-RFOs, and
normal-sucrose.

Materials and methods
Genetic materials

Source of parental lines. CX1834 is a low-phytate line derived from a cross between
‘Athow,” a normal-phytate soybean cultivar, and M153-1-4-6-14, a low-phytate mutant [43].

PLOS ONE | https://doi.org/10.1371/journal.pone.0235120  June 25, 2020 3/18


https://doi.org/10.1371/journal.pone.0235120

PLOS ONE

Genetic interactions controlling low phytic acid trait in soybean

CX1834 carries two-point mutations, one in an MRP gene (Glyma.03G167800, MRP-N) on
chr. 3 (LG N), and one in an MRP gene (Glyma.19G169000, MRP-L) on chr. 19 (LG L) [31,
34]. V99-5089 is a Virginia Tech experimental line with low-phytate, low-RFOs, and high-
sucrose due to mutation in MIPS gene (Glyma.11G238800, MIPS) on chr. 11 (LG B1) [42].
Both parental lines (CX1834 and V99-5089) were planted in the field in 2008 along with the
rest of the Fg population. One bulk sample for each parent was collected and assayed for phy-
tate and oligosaccharide content (nine times for V99-5089 and seven times for CX1834).

Recombinant inbred line (RIL) population. The CX1834 x V99-5089 RILs population
was planted at Kentland Farm, Virginia in 2006, 2007, 2008, 2009, and 2010, and from which
Fe, F7, Fg, Fo, and F generation seeds were harvested, respectively. Total of 173 RILs was used
for marker and phenotypic data collection (Fg population for seed phytate, Fs and Fg popula-
tions for oligosaccharide content). The Fg population was tested for the presence of Ipa causing
mutations on the MIPS gene (mips on chr. 11) and the MRP genes (mrp-I on chr. 19 and mrp-
n on chr. 3) (see below Marker Data Collection).

Low-phytate causing mutations. The three-point mutations controlling phytate and oli-
gosaccharide content occur in the MIPS gene on chr. 11 (LG B1) and in the MRP ABC trans-
porter genes on chr. 19 (LG L) and chr. 3 (LG N). Soybean line V99-5089 hasa ‘C’ to a ‘G’
mutation (henceforth ‘mips’) in the MIPS gene that is responsible for low-stachyose, high-
sucrose, and low-phytate content in seeds [42]. Soybean line CX1834 has two Ipa causing
mutations—an ‘A’ to a “I” mutation (henceforth ‘mrp-»’) on chr. 3 (LG N), and a ‘G’ to ‘A’
mutation on chr. 19 (LG L) (henceforth ‘mrp-I') in two different MRP ABC transporter genes
[31, 34]. The genotypes at these three mutation sites were represented as “MIPS/MRP-L/
MRP-N”, where the mutant allele was indicated by an italicized gene name in lower case letters
and the wild-type allele was indicated by its gene name in uppercase letters. For example, the
“mips/MRP-L/MRP-N” genotypic class has only one mutation in MIPS gene on chr. 11 (LG
B1), similar to the first parent V99-5089; whereas, “MIPS/mrp-l/mrp-n” genotypic class con-
tains mutations in two MRP genes on chr. 19 (LG L) and chr. 3 (LG N), similar to the second
parent CX1834 (see also Table 1 and its footnote for allele and genotype designations).

Table 1. Genotypic classes of the homozygous RILs of V99-5089 x CX-1834 population.

Genotypic class ? SNP alleles ° N
MIPS MRP-L MRP-N

mips/MRP-L/MRP-N g G A 15
mips/MRP-L/mrp-n g G t 14
mips/mrp-I/MRP-N g a A 20
mips/mrp-l/mrp-n g a t 14
MIPS/MRP-L/MRP-N C G A 29
MIPS/MRP-L/mrp-n C G t 24
MIPS/mrp-l/MRP-N C a A 30
MIPS/mrp-l/mrp-n C a t 17

* Genotypic class are designated in order of MIPS allele on chr. 11 (LG B1)/MRP-L allele on chr. 19 (LG L)/MRP-N
allele on chr. 3 (LG N). Lower case, italicized letters indicate mutant alleles and upper-case letters indicate wild-type
alleles.

® For MIPS gene (Glyma.11G238800) on chr. 11, the mutation is ‘G’ and the wild type is ‘C’. For the MRP-L gene
(Glyma.19G169000) on chr. 19, the mutation is ‘A’, and wild type is ‘G’”. For the MRP-N gene (Glyma.03G167800) on
chr. 3, the mutation is “T” and wild type is ‘A’.

https://doi.org/10.1371/journal.pone.0235120.t001
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Marker data collection

Approximately 30 Fg seeds for each of 173 RILs were planted in the greenhouse. Trifoliate leaf
tissue from 10 to 16 plants for each RIL were pooled for DNA extraction, performed according
to Yu et al. [44]. The physical locations of the MRP mutations in CX1834 on chr. 19 and chr. 3
[31, 34] as well as the MIPS mutation in V99-5089 were used to design primers for single
nucleotide polymorphism (SNP) genotyping. The RIL genotyping was performed at the Uni-
versity of Georgia, using the SimpleProbe melting curve analysis (TIB MOLBIOL, Adelphia,
NJ, USA). Three sets of SNP assays were designated as SNP-L, SNP-N, and SNP-B1 for chr. 19,
chr. 3, and chr. 11, respectively. Every assay consisted of forward and reverse primers and a
fluorescein tagged probe for SNP detection. The SNP-L forward primer sequence was 5/ ~CT
GAATTTAAATGCACGTC-3", the reverse primer sequence was 5/ ~TGTGAAGCTGAGGTT
AG-3’, and the SimpleProbe primer sequence was 5 *~TTGGCTGTACTGATAXIAATTCT
CTCAATAG-Phosphate-3’. The SNP-N forward primer sequence was 5’ ~CCTGGAGGC
ATCTGTTATGAC-3’, the reverse primer sequence was 5’ ~CTGCCATGTATGAAAGAT-3’,
and the SimpleProbe primer sequence was 5’ ~-CAAGCTGTTXITCTTTCACGATCGTT—
Phosphate-3’. The SNP-B1 forward primer sequence was 5’ ~AACAATGATGGTATGAAT
CTTTCG-3", the reverse primer sequence was 5’ ~-CCTGACAAGAGAAAGAAACAGA-3’,
and the SimpleProbe primer sequence was 5 *~gTgAACAXITCCAgACCATGTTgTTgTT -
Phosphate-3’. “XI” was the internal SimpleProbe label, and the position of the SNP in the
probes is underlined and bolded. Fluorescein was used to internally label the SimpleProbes.

DNA from the Fg CX1834 x V99-5089 RILs was used for genotyping the SNP mutations on
all three chromosomes. A LightCycler 480 (Roche Applied Science, Indianapolis, IN, USA)
was used for PCR reactions, with a total volume of 3 uL per well, using the protocol for asym-
metrical PCR. Each PCR reaction consisted of 20-30 ng of genomic DNA, 0.5 pM of limiting
primer, 1.0 pM of excess primer, 0.2 M of SimpleProbe, 3.0 mM MgCl,, and 0.5X of LightCy-
cler 480 Genotyping Master mix (Roche Applied Science, Indianapolis, IN, USA).

Fifty PCR cycles were performed with 10 s of denaturation at 95°C, 15 s of annealing at
60°C, and 20 s of extension at 72°C. A final melting cycle was performed at 95°C for 2 min,
40°C for 2 min, and increasing the temperature to 85°C, at this point using continuous fluores-
cent acquisition, and followed by a decrease in temperature to 40°C. To generate melting
curves for each sample, the fluorescence signal (F) was plotted against temperature (T) in real
time. Negative derivative curves of fluorescence with respect to temperature (-dF/dT) were
produced by the LightCycler Data Analysis software (Roche Diagnostics, Indianapolis, IN,
USA). In order to confirm the SNP marker data for DNA samples collected from mips/mrp-I/
mrp-n RILs (n = 14) from this population, the samples were sequenced for the mutations on
MIPS gene (Glyma.11G238800) on chr. 11 and two MRP genes (Glyma.19G169000 and Gly-
ma.03G167800) on chr. 19 and chr. 3 with the procedure according to Saghai Maroof et al.
[34].

Phytate data collection

Approximately 75 seeds from each of the 173 RILs were ground to fine powder for measuring
phytate levels in seeds using a modified colorimetric method [45, 46]. Briefly, 0.5 g of soybean
powder was weighed into 14 mL falcon tubes. To each tube, 10 mL of 0.65 M HCl was added,
and the tubes were vortexed and put on a shaker overnight (220 rpm at room temperature).
The samples were then centrifuged at 3300 rpm at 10°C for 15 min, 500 pL of the supernatant
was transferred to a microcentrifuge tube and mixed with 500 pL of 20% NaCl solution. After
2-hour precipitation of the crude extract, the samples were centrifuged at 13200 rpm for 15
min. From each sample, 120 pL of the supernatant was added to 2.88 mL of ddH,0O (25 times

PLOS ONE | https://doi.org/10.1371/journal.pone.0235120  June 25, 2020 5/18


https://doi.org/10.1371/journal.pone.0235120

PLOS ONE

Genetic interactions controlling low phytic acid trait in soybean

dilution), and an additional 1 mL of Wade’s Reagent (0.03% FeCl;-6H,0 + 0.3% sulfosalicylic
acid) was added for color development. Next, the samples were centrifuged at 3500 rpm for 10
min at 10°C, and absorbance was measured on a Beckman Coulter DU 800 Spectrophotometer
(Fullerton, CA) at 500 nm to determine phytate content. Phytate concentrations of the samples
were calculated using a calibration curve consisting of eight standards (0, 1.12, 2.24, 3.36, 5.6,
7.84, 8.96, and 11.2 ppm phytate). These standards also contained HCl and NaCl to decrease
matrix effects.

Oligosaccharide data collection

Oligosaccharide data was collected for 173 RILs from F¢ and Fg generations. The oligosaccha-
ride data was also collected for a subset of F, seeds (14 RILs with mips/mrp-I/mrp-n genotype).
Determination of sugar content in soybean seeds by high performance liquid chromatography
(HPLC) was based on the procedure originally described by Cicek et al.[47], with modifica-
tions. Briefly, about 1 g of ground sample from each of the 173 RILs in the population was
weighed into 12 mL centrifuge tubes, and 10 mL of ddH,O were added to each sample. The
samples were mixed by vortexing and shaking at 200 rpm for 20 min. Next, the samples were
centrifuged for 10 min at 4000 rpm. From these centrifuged samples, 0.5 mL of supernatant
was transferred into another 1.5 mL centrifuge tube, and 0.7 mL of 100% acetonitrile was
added to each tube. The contents of the tube were mixed and allowed to sit at room tempera-
ture for 2 hrs. Next, 1.0 mL of the supernatant was taken from each sample and was dried at
80°C under airflow. The samples were then dissolved with 0.5 mL of 65% acetonitrile, centri-
fuged at 13,000 rpm for 10 min, and transferred to HPLC vials for analysis.

Sucrose, raffinose, and stachyose were measured with an Agilent 1200 high performance
liquid chromatograph with a differential refractrometer detector (refractive index detector)
(Santa Clara, CA). A Supelco apHera NH, analytical column (4.6 x 250 mm, 5 pm) was used
for separation, along with a Supelco apHera NH, guard column (1 cm x 4.6 mm, 5 pm). All
reagents were prepared using ddH,O, and chemicals were all analytical or HPLC grade. The
mobile phase, 65% acetonitrile, was made by combining 65 mL of 100% acetonitrile and 35
mL of ddH,O and filtering through a 0.45 um filter. The elution method was 65% acetonitrile
with a flow rate of 1 mL min ™}, and 10 uL from each sample was used for injection.

Statistical analyses

For seed phytate and oligosaccharide data, we were only interested in the homozygous lines.
Thus, 10 RILs that were heterozygous at either of the MIPS, MRP-L, or MRP-N mutation sites
were not included in this study. All statistical analyses including descriptive statistics and prob-
ability density distributions of the seed phenotype data for 163 RILs were performed with the
R statistical program. Data normality was tested with the Shapiro-Wilk normality test and was
found not normally distributed. Kruskal-Wallis rank sum test was used to determine if there
are statistically significant differences in seed phenotype data between the eight genotypic clas-
ses. A Pairwise Wilcox test was used to compare group means at the significance level of 0.01
(for oligosaccharides data) and 0.05 (for phytate data).

Results

SNP genotyping reveals eight genotypic classes of the V99-5089 x CX1834
RIL population

SNP alleles at these three mutation sites on chr. 11, 19, and 3 that control phytate and/or oligo-
saccharide content were collected for 173 RILs of the V99-5089 x CX1834 population (Fg
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generation). Ten RILs were heterozygous at one, two or all three-mutation sites, while the
remaining 163 RILs were homozygous at all three mutation sites. The 163 homozygous RILs
could be divided into eight genotypic classes, each representing different combinations of the
mutations on chr. 11, 19, and 3: mips/MRP-L/MRP-N, mips/MRP-L/mrp-n, mips/mrp-l/
MRP-N, mips/mrp-l/mrp-n, MIPS/mrp-l/mrp-n, MIPS/MRP-L/mrp-n, MIPS/mrp-l/MRP-N,
and MIPS/MRP-L/MRP-N (Table 1). The observed segregation ratio for these genotypic clas-
ses was significantly different from the expected 1:1:1:1:1:1:1:1 segregation ratio (x> = 15.28,
df = 7, p-value = 0.0396, o = 0.05). The number of RILs within a genotypic class ranged from
14 individuals for the mips/mrp-I/mrp-n and mips/MRP-L/mrp-n classes to 30 individuals for
the MIPS/mrp-l/MRP-N class.

Lowest soybean phytate content is solely attributed to combination of two
MRP mutations

The phytate values for the low-phytate parental lines ranged from 8.78 mg g™ for CX1834 to
10.62 mg g for V99-5089, as compared with 15.2 mg g™ observed in the homozygous wild-
type RILS (MIPS/MRP-L/MRP-N) (Table 2). The phytate values for the RILs in this study ran-
ged from 4.01 to 17.83 mg g, with the overall mean of 11.73 mg g* (Table 2). The genotypic
class mips/mrp-l/mrp-n containing all three Ipa causing mutations showed the lowest mean
phytate content of 6.70 mg g”'; whereas the genotypic class MIPS/MRP-L/MRP-N without any
Ipa causing mutations showed the highest mean phytate content of 15.22 mg g* (Table 2). The
density of the phytate values for all homozygous RIL individuals (N = 163) in this population
appears to be multimodal distribution with three peaks located at approximately 5-6 mg g,
9-10mg g, and 14-15 mg g"' (Fig 1A). The mean phytate values for the eight genotypic clas-
ses formed three statistically different groups (Pairwise Wilcox test p-value < 0.01) with den-
sity peaks in close proximity to the three phytate ranges described above (Fig 2A). In other
words, each phytate peak represented RIL individuals with different combinations of Ipa caus-
ing mutations.

Table 2. Mean phytate, sucrose, raffinose, and stachyose contents for the genotypic classes of the V99-5089 x CX1834 population.

Parental lines Phytate (mg g'l)" Sucrose (%)° Raffinose (%)° Stachyose (%)®
V99-5089 (mips/MRP-L/MRP-N) 10.62 12.50 0.53 0.25
CX1834 (MIPS/mrp-l/mrp-n) 8.78 7.14 0.73 4.48
Genotypic classes of RILs* N Mean * S.D. Range Mean * S.D. Range Mean * S.D. Range Mean * S.D. Range
mips/MRP-L/MRP-N 15 |10.09+2.0a 7.65-14.47 10.91+1.04a | 8.82-12.78 0.34+0.12 a 0.16-0.56 0.30+0.17 a 0.13-0.78
mips/MRP-L/mrp-n 14 |9.55+1.97a 5.43-14.0 10.81+1.63a | 8.22-13.65 0.37+0.11 a 0.25-0.64 0.36+0.18 a 0.15-0.67
mips/mrp-I/MRP-N 20 9.36+1.27 a 7.06-12.43 10.23+1.63 a 7.24-13.51 0.33+0.07 a 0.22-0.49 0.30+0.13 a 0.17-1.53
mips/mrp-l/mrp-n 14 6.70£2.40 b 4.01-11.96 7.70+1.10 b 5.64-9.17 0.94+0.28 b 0.55-1.71 4.1840.90 b 2.87-5.92
MIPS/MRP-L/MRP-N 29 15.22+1.4 ¢ 12.29-17.24 6.95+0.78 b 5.83-9.15 0.85+0.13 b 0.63-1.25 4.02+0.50 b 3.04-5.10
MIPS/MRP-L/mrp-n 24 14.37£1.3d 11.53-17.33 6.89+1.15b 4.96-9.48 0.83+0.15b 0.51-1.07 3.98+0.42 b 3.16-4.82
MIPS/mrp-I/MRP-N 30 14.97+14cd | 11.26-17.83 | 6.75£0.94b 4.66-8.49 0.87+0.19b 0.65-1.57 3.84+0.57 b 2.90-5.58
MIPS/mrp-l/mrp-n 17 6.94+2.45b 4.14-11.22 7.29+1.07 b 4.52-9.27 0.95+0.12 b 0.82-1.29 4.25+0.65b 3.16-5.49
All classes (N = 163) 11.73+3.68 4.01-17.83 8.10+2.02 4.52-13.65 | 0.72+0.29 0.16-1.71 | 2.89+1.77 0.13-5.92

* Genotypic classes are designated in order of MIPS allele on chr. 11 (LG B1)/MRP-L allele on chr. 19 (LG L)/MRP-N allele on chr. 3 (LG N). Lower case, italicized
letters indicate mutant alleles and upper-case letters indicate wild-type alleles.

® Mean and standard deviation ($.D.) for phytate, sucrose, raffinose, and stachyose is calculated from all the lines in each genotypic class. Phytate data was collected at

the Fg generation, while oligosaccharide data were collected at the F¢ generation. The oligosaccharide (sucrose, raffinose, stachyose) contents are represented as

percentage of dry seed weight. For each trait, genotypic classes with values significantly different from one another are indicated by different letters, as determined with

Pairwise Wilcox test to compare genotypic class means at significance level of 0.05 (for phytate) and 0.01 (for oligosaccharides).

https://doi.org/10.1371/journal.pone.0235120.t002
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Fig 1. Distribution of seed phytate and oligosaccharide contents in the V99-5089 x CX1834 recombinant inbred population. Density plots
represent data from RILs (N = 163) with homozygous alleles at three [pa causing mutational sites. (a) Phytate data was collected at the Fq
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each of these datasets is indicated in red. The oligosaccharide (sucrose, raffinose, stachyose) contents are represented as percentage of dry seed

weight.
https://doi.org/10.1371/journal.pone.0235120.g001

RILs from two genotypic classes—mips/mrp-I/mrp-n (N = 14, phytate = 6.70 mg g'') and
MIPS/mrp-l/mrp-n (N = 17, phytate = 6.94 mg g ™) with lower mean phytate values showed
overlapping density peaks around the lowest range (5-6 mg g™") of phytate values (Table 2; Fig
2A). There was no significant difference between phytate values of RIL individuals from these
two genotypic classes (Table 2). Two mutations in common between these two genotypic clas-
ses are the Ipa causing mutations in MRP genes on chr. 19 (LG L) and chr. 3 (LG N). This sug-
gests that perhaps only MRP gene mutations (mrp-l/mrp-n) are enough to achieve the lowest
levels of phytate. However, the MIPS/mrp-I/mrp-n genotypic class showed lower phytate values
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Fig 2. Distribution of seed phytate and oligosaccharide contents of recombinant inbred lines in the eight genotypic classes within the V99-
5089 x CX1834 RIL population. Gaussian kernel density estimation for each of these datasets is represented for each genotypic class at the
bandwidth of 0.8 for (a) phytate, (b) sucrose, (c) stachyose, and 0.08 for (d) raffinose. The oligosaccharide (sucrose, raffinose, stachyose) contents
are represented as percentage of dry seed weight.

https://doi.org/10.1371/journal.pone.0235120.9002

than the parental line CX-1834 (phytate = 8.78 mg g"') with identical mutation combinations.
This difference in the phytate values of the MIPS/mrp-I/mrp-n genotypic class and the parent
CX-1834 could be due to some unidentified genetic contributions from the second parent
V99-5089.

Similarly, three genotypic classes—mips/MRP-L/MRP-N (N = 15, phytate = 10.09 mg g*),
mips/MRP-L/mrp-n (N = 14, phytate = 9.55 mg g*), and mips/mrp-I/MRP-N (N = 20, phy-
tate = 9.36 mg g') showed overlapping density peaks around midrange (9-10 mg g™") of phy-
tate values (Table 2; Fig 2A). One mutation in common between these three genotypic classes
is the mips mutation on chr. 11 (LG B1). This suggests that mips mutation alone could be
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enough to achieve the midrange of phytate levels and perhaps combining this mutation with
either of the mrp mutations does not contribute to any further reduction in the phytate levels.

The remaining three genotypic classes-MIPS/MRP-L/MRP-N (N = 29, phytate = 15.22 mg
g"), MIPS/MRP-L/mrp-n (N = 24, phytate = 14.37 mg g"'), and MIPS/mrp-l/MRP-N (N = 30,
phytate = 14.97 mg g'') showed overlapping density peaks around 14-15 mg g™ of phytate
(Table 2; Fig 2A). This represents phytate levels typical of wild-type soybeans. This suggests
that wild type MIPS allele is required to confer highest phytate levels, provided either one or
both MRP alleles are wild type. In summary, the combination of mrp-I and mrp-n mutations
(like CX-1834 parent) could drop seed phytate content to the lowest levels; whereas the mips
mutation alone (like V99-5089) could reduce the phytate level but cannot achieve the lowest
levels.

Effects of mips mutation on seed oligosaccharides are reversed in the
presence of mrp-l/mrp-n mutations

The two parents of this population (V99-5089 and CX1834) have contrasting oligosaccharide
contents, in particular sucrose and stachyose. V99-5089 is a high-sucrose, low-stachyose line
having a mean sucrose at 12.5% and stachyose at 0.25% of the dry seed weight (n = 9 assays).
CX1834 has a low-sucrose value, averaging 7.14%, and high-stachyose, at 4.48% of the dry seed
weight (n = 7 assays). Raffinose values for two parents were roughly similar (V99-

5089 = 0.53% and CX-1834 = 0.73% of dry seed weight) (Table 2). The oligosaccharide data
for the RIL population (N = 163) was as follows: mean sucrose at 8.10% (range 4.52-13.65%),
mean raffinose at 0.72% (range 0.16-1.71%), and mean stachyose at 2.89% (range 0.13-5.92%)
of the dry seed weight (Table 2).

The density of oligosaccharide (sucrose, stachyose and raffinose) data for all homozygous
RIL individuals (N = 163) in the population followed differing distributions: an unimodal dis-
tribution for sucrose with peak at 7%, and bimodal distribution for stachyose and raffinose
with two peaks at approximately 0.32% and 4.05% for stachyose, and 0.34% and 0.88% for raf-
finose (Fig 1B, 1C and 1D). For each of these oligosaccharides, two statistically different
groups were formed (Pairwise Wilcox test p-value < 0.01), comprised of five (indicated by
group letter ‘b’ in Table 2) and three (indicated by group letter ‘a’ in Table 2) genotypic classes
each (Table 2, Fig 2). The genotypic classes within each group showed overlapping peaks for
all three oligosaccharides (Table 2, Fig 2).

The first group included five genotypic classes (indicated by group letter ‘b’ in sucrose, raffi-
nose and stachyose columns in Table 2), with no mutation common in all five genotypes. This
group showed lower sucrose (~7%), and higher stachyose (~ 4%) and raffinose (~0.8%) con-
tents compared to that of the second group (sucrose >10%, stachyose ~0.3%, and raffinose
~0.3% of dry seed weight) (Fig 2B, 2C and 2D). The second group included three genotypic
classes—mips/MRP-L/MRP-N, mips/MRP-L/mrp-n, and mips/mrp-I/MRP-N. These classes had
mips mutation in common, suggesting that mips mutation is required to achieve the higher
sucrose, lower stachyose and raffinose levels; provided either one or both MRP alleles are wild
type. In other words, mrp-I and/or mrp-n alleles alone do not affect oligosaccharide levels in
the soybean seeds.

Interestingly, oligosaccharide values for the mips/mrp-l/mrp-n class were unexpected
(Table 2). Since this genotypic class has all three mutations, it was expected to have low-phy-
tate as well as high-sucrose and low-stachyose (low-phytate being conferred by V99-5089 and
CX1834, and low-stachyose being conferred by V99-5089). Instead, the mips/mrp-l/mrp-n
class showed lower sucrose, high-stachyose and raffinose contents (Table 2). Due to this unex-
pected outcome, we evaluated phenotypic data for mips/mrp-l/mrp-n genotypic class from
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Table 3. Recombinant inbred lines in the mips/mrp-1/mrp-n genotypic class of the V99-5089 x CX1834 population.

RIL IDs *

819
821
831
833
853
859
866
884
886
903
887
959
998
1006

Mean

Fs
5.09
ND
6.53
5.43
ND
ND
7.85

4.5

4.6

5.4
ND
7.89

5.6
4.67
5.76

Phytate (mg/g)
Fo
3.96
5.90
6.26
5.12
5.35
6.1
7.59
6.52
5.43
5.59
ND
8.67
6.87
5.58
6.07

Fio

4.97
5.59
6.52
6.19
4.43
4.92
5.19
2.41
4.50
6.15
ND
3.90
3.33
ND
4.84

Sucrose (%) Stachyose (%) Raffinose (%)

133 Fg Fio Es Fg Fio Es Fg Fio
8.09 8.06 11.28 3.76 4.20 6.67 0.90 0.77 1.14
8.09 5.89 7.85 3.22 2.87 6.71 0.62 0.55 1.40
8.29 8.23 7.05 2.78 4.09 6.10 0.68 0.89 1.47
7.56 8.27 5.74 3.85 4.61 5.33 0.66 0.88 0.99
7.27 6.96 6.84 3.42 3.50 4.97 0.80 0.72 1.07
6.86 6.43 6.35 3.04 3.18 5.48 0.68 0.71 1.03
7.96 7.83 6.52 3.32 512 5.69 0.70 0.80 1.10
8.23 9.17 10.45 3.32 3.48 5.43 0.84 1.10 1.14
7.68 8.81 6.75 4.03 5.25 6.40 0.81 0.94 0.90
ND 7.35 5.30 ND 3.50 5.26 ND 0.96 1.48
ND 5.64 ND ND 5.92 ND ND 1.19 ND
9.88 8.23 8.23 2.63 5.09 5.09 0.62 0.89 0.89
7.43 8.79 6.70 3.30 3.51 4.48 0.88 1.71 0.72
7.98 8.16 ND 3.64 4.16 ND 0.98 1.10 ND
7.94 7.70 7.42 3.36 4.18 5.63 0.76 0.94 1.11

* Oligosaccharide content data were collected by HPLC for the Fg, Fg, and Fy generations. Phytate data were collected for the Fg, Fo, and Fy, generations. All fourteen

lines were confirmed to each have all three mutations. Abbreviation: ND means ‘not determined’. The oligosaccharide (sucrose, raffinose, stachyose) contents are

represented as percentage of dry seed weight.

https://doi.org/10.1371/journal.pone.0235120.t003

subsequent generations (phytate data from the Fy and F;, generations and the oligosaccharide
data from the Fg and F, generations). For all subsequent generations, it was confirmed that
combining all three [pa causing mutations results in low-sucrose, high-stachyose, and high-raf-
finose contents in soybean (Table 3). This suggests that the high-sucrose and low-stachyose,
and low-raffinose phenotype conferred by the mips mutation could be reversed when both
mrp-l and mrp-n mutations are in the genetic background.

Discussion

The current study was focused on understanding the impact of combining Ipa causing muta-
tions in a MIPS gene (in line V99-5089) and two MRP genes (in line CX1834) on phytate and
oligosaccharides in the soybean RIL population from a cross of V99-5089 x CX1834. Three
SNP markers were designed to detect mutant alleles for each of the three genes that cause the
low-phytate phenotype in soybean. These markers allowed for easy genotyping of the recombi-
nant inbred population and should be more effective than phenotypic selection, or even selec-
tion using tightly linked SSRs (Simple Sequence Repeats). These perfect markers could be a
valuable asset to the soybean breeding programs for marker-assisted selection of phytate and
oligosaccharide content.

Eight genotypic classes of the RILs, comprised of all possible combinations of mutant and
wild type alleles of the three genes (mips or MIPS, mrp-l or MRP-L, and mrp-n or MRP-N),
were identified using these SNP markers and were further evaluated for the seed phenotypes
in their advanced generations (from Fg to F;o). With reference to sucrose and raffinosachhar-
ides, these eight genotypic classes formed two groups. The first group, comprised of RIL indi-
viduals from mips/MRP-L/MRP-N, mips/mrp-I/MRP-N, and mips/MRP-L/mrp-n classes,
showed moderately reduced phytate, high-sucrose, low-stachyose, and low-raffinose pheno-
types, similar to the V99-5089 Ipa parent. The second group, comprised of RIL individuals
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from remaining five genotypic classes (MIPS/MRP-L/MRP-N, MIPS/MRP-L/mrp-n, MIPS/
mrp-I/MRP-N, MIPS/mrp-l/mrp-n, and mips/mrp-l/mrp-n) showed normal-sucrose, high-sta-
chyose, and high-raffinose phenotypes, similar to the CX-1834 parent. Two contrasting trends
were noticed for the phytate phenotype within this second group. The genotypic classes MIPS/
mrp-l/mrp-n and mips/mrp-l/mrp-n showed similar, more substantially reduced phytate typical
of the CX-1834 parent, whereas the remaining genotypic classes within this group displayed
wild-type levels of seed phytate. Overall, combining three mutations resulted in lowest phytate
levels. This suggests, although both mips and mrp-I/mrp-n mutations can independently result
in reduced seed phytate, mrp-I/mrp-n mutations show dominance over mips mutation in regu-
lating seed phytate levels. This research also provided evidence for the reversal of the seed oli-
gosaccharide phenotype of mips mutation in the presence of mrp-I/mrp-n mutations. These
findings confirm the interaction of MIPS and MRP genes in regulating phytate and RFO bio-
synthesis pathways in soybean.

The MIPS and MRP gene interactions were previously studied using soybean breeding
lines originating from V03-5901 (mips) x 04-05N32 (mrp-I/mrp-n) cross [48]. Compared to
this study, the triple mutants from Averitt et al. [48] showed higher sucrose (8.25%), lower raf-
finose (0.86%) and lower stachyose (3.69%) levels; however, only phytate and raffinose levels
were significantly different from the mips mutant. Despite the fact that the lowest phytate level
(ranging from 0.227-4.864 mg g"') was attained for triple mutant in Averitt et al. [48], it was
not significantly different from mrp-I/mrp-n mutant, and this observation is consistent with
the current study. Different seed phytate levels of triple mutants in these two studies could be
due to dissimilarities in the genetic backgrounds of the parental lines used in two studies.
Importantly though, Averitt et al. [39] observed a similar effect of homozygosity for mrp-I/
mrp-n (referred to as Ipal and Ipa2) on the mips low-stachyose phenotype. As observed here,
Averitt et al. [39] reported what appeared to be a trend for normal, not-reduced levels of sta-
chyose in homozygous mips lines that were also homozygous mrp-l/mrp-n.

Another study with a low-phytate Phaseolus (common bean) mutant line [pal (280-10),
with mutations in two MRP genes encoding ABC transporters (most likely orthologous to soy-
bean mrp-I and mrp-n mutations) was shown to have 90% and 25% reductions in the phytate
and RFOs contents, respectively [49]. Panzeri et al. [33] did not notice any accumulation of
phytate in the cytoplasm even though there was no obstruction in the phytate biosynthesis
pathway, suggesting that a potential negative feedback regulation results in degradation of phy-
tate in the cytoplasm to produce myo-inositol that is subsequently used in the RFO biosynthe-
sis pathway. It is possible that such a negative feedback mechanism may also exist in soybean,
where highly unstable free phytate in the cytoplasm could breakdown into its precursors, free
myo-inositol and lower-order phosphates, ultimately reducing phytate levels.

A possible negative feedback mechanism and the interconnectedness between the phytate
and RFO biosynthesis pathways could explain the observed seed phenotypes in the current
study (Fig 3A). Myo-inositol-a common intermediate between the phytate and RFO biosyn-
thesis pathways is utilized as a substrate for formation of galactinol in the first step of the RFO
biosynthesis pathway. In this pathway, sucrose (the end product of starch metabolism) is uti-
lized for synthesis of raffinose, which is then utilized for synthesis of stachyose. Myo-inositol is
synthesized from inositol-3-phosphate in the second step of the phytate biosynthesis pathway.
It is subsequently phosphorylated in multiple steps to form phytate [50-52]. MRP gene-
encoded ABC transporters are involved in phytate transport from cytoplasm to protein storage
vacuoles, where it is stored as a mineral nutrient reserve for seed germination [35, 53]. Both
MRP mutations must coexist to impair ABC transporters and prevent phytate translocation [7,
32,33, 35, 36, 53, 54]. This scenario (Fig 3A) applies to MIPS/MRP-L/MRP-N, MIPS/mrp-I/
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Fig 3. Interaction between the MIPS and MRP genes in V99-5089 x CX1834 recombinant inbred population. (A)
Proposed model of MIPS and MRP gene interactions for seed phytate and oligosaccharide phenotypes in soybean. This
model is applicable to three genotypic classes—MIPS/MRP-L/MRP-N, MIPS/mrp-I/MRP-N, and MIPS/MRP-L/mrp-
n. (B) In V99-5089, MIPS is defective, therefore myo-inositol supply is reduced leading to low-phytate, low-RFOs,
accumulation of unutilized sucrose. This model is also applicable to three genotypic classes—mips/MRP-L/MRP-N,
mips/mrp-I/MRP-N, and mips/MRP-L/mrp-n. (C) In CX1834, phytic acid transport into the protein storage vacuoles is
reduced due to mutation in MRP genes, causing low-phytate. The RFO and sucrose levels are unaffected in these
mutants. This model is also applicable to MIPS/mrp-l/mrp-n genotypic class. (D) When three mutations are combined
(as in mips/mrp-l/mrp-n genotypic class), lower levels of myo-inositol and phytate are being produced as a result of
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mips mutations. As ABC transporters are impaired by mrp-I/mrp-n mutations, cytoplasmic phytate gets broken down
into its precursors, myo-inositol and lower-order intermediates and phosphates. This replenishes the levels of cytosolic
myo-inositol, which is then diverted into the RFO pathway for biosynthesis of raffinose and stachyose. Therefore,
oligosaccharide levels in the triple mutant appear to be unaffected.

https://doi.org/10.1371/journal.pone.0235120.9003

MRP-N, and MIPS/MRP-L/mrp-n genotypic classes with a functional MIPS enzyme and ABC
transporters.

When the mips mutation limits the formation of myo-inositol precursor (inositol-3-phos-
phate), reduced levels of myo-inositol are produced, which is then shared between the two bio-
synthesis pathways. A lower level of myo-inositol explains the reduction in the phytate,
raffinose and stachyose (biosynthesis products) and the increase in sucrose (substrate) (as in
V99-5089 parent and mips/MRP-L/MRP-N class) (Fig 3B). Similar trends were also noted for
mips/mrp-l/MRP-N and mips/MRP-L/mrp-n genotypic classes with functional ABC transport-
ers. However, when mrp-Il and mrp-n mutations coexist, only transport of phytate is compro-
mised, not the phytate and RFO biosynthesis pathways (Fig 3C). Theoretically, the myo-
inositol supply for raffinosaccharide levels is not affected in these mutants, since the sucrose,
raffinose and stachyose levels are maintained (as in CX-1834 parent and MIPS/mrp-I/mrp-n
genotypic class). While both MIPS and MRP gene mutations could only reduce, but not
completely eliminate seed phytate level, the extent of reduction achieved with mrp-lI/mrp-n
mutations (8.78 mg g™’ phytate in CX-1834) was greater than with mips mutation (10.62 mg g’
! phytate in V99-5089).

When three mutations are combined (mips/mrp-l/mrp-n), we hypothesize that the reduced
levels of myo-inositol due to mips mutations are in part balanced by myo-inositol released
from the breakdown of cytoplasmic phytate build-up resulting from the block in its transport
to storage vacuoles conditioned by the mrp-I/mrp-n mutations (Fig 3D). It appears that this
free myo-inositol is then being utilized for RFO biosynthesis. This could explain why sucrose,
stachyose, and raffinose levels are maintained in the mips/mrp-l/mrp-n genotypic class.

Remarkably, the mips/mrp-l/mrp-n genotypic class has shown greater reduction in seed
phytate as compared to the parental lines. Although lines with reduced phytate level are
favored in breeding programs, the major challenge is to overcome the low seedling emergence
[55, 56]. Four scenarios (Fig 3) described above do not clearly indicate the relationship of
these mutations with the seed emergence phenotype, although the storage form of phytate
could be the key to uncover this relationship. Other mechanisms may also be interfering at dif-
ferent levels to regulate seed phenotypes in [pa mutants. For example, several transcription fac-
tors and biological processes were found differentially expressed in the developing seeds of
mips/mrp-l/mrp-n and MIPS/MRP-L/MRP-N lines [57, 58]. Similarly, near isogenic lines with
mrp-l/mrp-n and MRP-L/MRP-N genotypes were shown to differ in seed metabolites known
to be associated with germination process [59]. Epigenetic heritable regulation via paramuta-
genic interaction between ZmMRP4 alleles (lpa241 mutation) in maize was also reported in
low-phytate maize [27]. Further research is needed to understand the multifaceted regulation
of seed germination in low-phytate lines.

In conclusion, genotypic and phenotypic evaluations of the V99-5089 (mips mutant line) x
CX1834 (mrp-l/mrp-n mutant line) recombinant inbred population have revealed the merits
of this population in understanding the effects of combining three /pa mutations on seed phy-
tate and oligosaccharides on a population-wide level. This population could be a valuable
genetic resource to study the [pa trait in soybean and its implications on seed emergence
and yield, to overcome the challenges of producing high yielding commercial low-phytate
soybean.

PLOS ONE | https://doi.org/10.1371/journal.pone.0235120  June 25, 2020 14/18


https://doi.org/10.1371/journal.pone.0235120.g003
https://doi.org/10.1371/journal.pone.0235120

PLOS ONE

Genetic interactions controlling low phytic acid trait in soybean

Acknowledgments

We would like to thank Dr. Roger Boerma of University of Georgia for the use of his labora-
tory facilities in performing certain aspects of the experiments. This project was funded in part
by the United Soybean Board and Virginia Soybean Board. Additional funding was provided
by the Agricultural Experiment Station Hatch Program and Open Access Subvention Fund-
both at Virginia Tech.

Author Contributions

Conceptualization: Victor Raboy, M. A. Saghai Maroof.

Data curation: Neelam R. Redekar, Natasha M. Glover.

Formal analysis: Neelam R. Redekar, Natasha M. Glover.

Funding acquisition: M. A. Saghai Maroof.

Investigation: Neelam R. Redekar, Natasha M. Glover, Ruslan M. Biyashev, Bo-Keun Ha.
Methodology: Neelam R. Redekar, Natasha M. Glover, Bo-Keun Ha.

Project administration: M. A. Saghai Maroof.

Resources: M. A. Saghai Maroof.

Supervision: M. A. Saghai Maroof.

Visualization: Neelam R. Redekar, Natasha M. Glover, Victor Raboy.

Writing - original draft: Neelam R. Redekar, Natasha M. Glover.

Writing - review & editing: Neelam R. Redekar, Natasha M. Glover, Ruslan M. Biyashev, Bo-

Keun Ha, Victor Raboy, M. A. Saghai Maroof.

References

1.

Skoneczka JA, Saghai Maroof MA, Shang C, Buss GR. Identification of candidate gene mutation asso-
ciated with low stachyose phenotype in soybean line P1I200508. Crop Sci. 2009; 49(1):247-55. https://
doi.org/10.2135/cropsci2008.07.0403

Ayre BG, Keller F, Turgeon R. Symplastic continuity between companion cells and the translocation
stream: long-distance transport is controlled by retention and retrieval mechanisms in the phloem. Plant
Physiol. 2003; 131(4):1518-28. https://doi.org/10.1104/pp.012054 PMID: 12692312

Sprenger N, Keller F. Allocation of raffinose family oligosaccharides to transport and storage pools in
Ajuga reptans: the roles of two distinct galactinol synthases. The Plant Journal. 2000; 21(3):249-58.
Epub 2000/04/12. https://doi.org/10.1046/j.1365-313x.2000.00671.x PMID: 10758476.

Pennycooke JC, Jones ML, Stushnoff C. Down-regulating a-galactosidase enhances freezing tolerance
in transgenic petunia. Plant Physiol. 2003; 133(2):901-9. Epub 2003/09/23. https://doi.org/10.1104/pp.
103.024554 PMID: 14500789; PubMed Central PMCID: PMC219063.

Horbowicz M, Obendorf RL. Seed desiccation tolerance and storability: Dependence on flatulence-pro-
ducing oligosaccharides and cyclitols—review and survey. Seed Science Research. 1994; 4(04):385—
405. https://doi.org/10.1017/S0960258500002440

Peterbauer T, Richter A. Biochemistry and physiology of raffinose family oligosaccharides and galacto-
syl cyclitols in seeds. Seed Science Research. 2001; 11(03):185-97. https://doi.org/10.1079/
SSR200175

Raboy V. Seed phosphorus and the development of low-phytate crops. In: Turner BL, Richardson A.E.,
and Mullaney E.J., editor. Inositol Phosphates: Linking Agriculture and the Environment. Oxfordshire,
UK: CAB International; 2007. p. 111-32.

Loewus FA, Murthy PPN. Myo-inositol metabolism in plants. Plant Science. 2000; 150(1):1-19. hitps://
doi.org/10.1016/S0168-9452(99)00150-8 1S1:000084378700001.

PLOS ONE | https://doi.org/10.1371/journal.pone.0235120  June 25, 2020 15/18


https://doi.org/10.2135/cropsci2008.07.0403
https://doi.org/10.2135/cropsci2008.07.0403
https://doi.org/10.1104/pp.012054
http://www.ncbi.nlm.nih.gov/pubmed/12692312
https://doi.org/10.1046/j.1365-313x.2000.00671.x
http://www.ncbi.nlm.nih.gov/pubmed/10758476
https://doi.org/10.1104/pp.103.024554
https://doi.org/10.1104/pp.103.024554
http://www.ncbi.nlm.nih.gov/pubmed/14500789
https://doi.org/10.1017/S0960258500002440
https://doi.org/10.1079/SSR200175
https://doi.org/10.1079/SSR200175
https://doi.org/10.1016/S0168-9452(99)00150-8
https://doi.org/10.1016/S0168-9452(99)00150-8
https://doi.org/10.1371/journal.pone.0235120

PLOS ONE

Genetic interactions controlling low phytic acid trait in soybean

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Keller R, Brearley CA, Trethewey RN, Miller-Rober B. Reduced inositol content and altered morphol-
ogy in transgenic potato plants inhibited for 1D-myo-inositol 3-phosphate synthase. The Plant Journal.
1998; 16(4):403-10. https://doi.org/10.1046/j.1365-313x.1998.00309.x

Hitz WD, Carlson TJ, Kerr PS, Sebastian SA. Biochemical and molecular characterization of a mutation
that confers a decreased raffinosaccharide and phytic acid phenotype on soybean seeds. Plant Physiol.
2002; 128(2):650-60. Epub 2002/02/14. https://doi.org/10.1104/pp.010585 PMID: 11842168; PubMed

Central PMCID: PMC148927.

Karner U, Peterbauer T, Raboy V, Jones DA, Hedley CL, Richter A. myo-inositol and sucrose concen-
trations affect the accumulation of raffinose family oligosaccharides in seeds. Journal of Experimental
Botany. 2004; 55(405):1981-7. Epub 2004/08/03. https://doi.org/10.1093/jxb/erh216 PMID: 15286144.

Wang TL, Domoney C, Hedley CL, Casey R, Grusak MA. Can we improve the nutritional quality of
legume seeds? Plant Physiol. 2003; 131(3):886—91. Epub 2003/03/20. https://doi.org/10.1104/pp.102.
017665 PMID: 12644641; PubMed Central PMCID: PMC1540288.

Gitzelmann R, Auricchio S. The handling of soya alpha-galactosides by a normal and galactosemic
child. Pediatrics. 1965; 36(2):231-5. Epub 1965/08/01. PMID: 14320033.

Mussatto S, Mancilha IM. Non-digestible oligosaccharides: A review. Carbohydrate Polymers. 2007;
68(3):587-97. https://doi.org/10.1016/j.carbpol.2006.12.011

Coon CN, Leske KL, Akavanichan O, Cheng TK. Effect of oligosaccharide-free soybean meal on true
metabolizable energy and fiber digestion in adult roosters. Poultry Science. 1990; 69(5):787-93. Epub
1990/05/01. https://doi.org/10.3382/ps.0690787 PMID: 2164189.

Hata Y, Yamamoto M, Nakajima K. Effects of soybean oligosaccharides on human digestive organs
estimation of 50% effective dose and maximum noneffective dose based on diarrhea. J Clin Biochem
Nutr. 1991; 10(2):135-44. 1ISI1:A1991FY42100007.

Brinch-Pedersen H, Sarensen LD, Holm PB. Engineering crop plants: getting a handle on phosphate.
Trends in Plant Science. 2002; 7(3):118—-25. Epub 2002/03/22. https://doi.org/10.1016/s1360-1385(01)
02222-1 PMID: 11906835.

Sharpley AN, Chapra SC, Wedepohl R, Sims JT, Daniel TC, Reddy KR. Managing agricultural phos-
phorus for protection of surface waters—issues and options. Journal of Environmental Quality. 1994;
23(3):437-51. 1SI:A1994NM67000005.

Ertl DS, Young KA, Raboy V. Plant genetic approaches to phosphorus management in agricultural pro-
duction. J Environ Qual. 1998; 27(2):299-304.

Jang D, Fadel J, Klasing K, Mireles A Jr, Ernst R, Young K, et al. Evaluation of low-phytate corn and bar-
ley on broiler chick performance. Poult Sci. 2003; 82(12):1914—24. Epub 2004/01/14. https://doi.org/10.
1093/ps/82.12.1914 PMID: 14717549.

Raboy V. Low phytic acid crops: Observations based on four decades of research. Plants (Basel).
2020; 9(2). Epub 2020/01/26. https://doi.org/10.3390/plants9020140 PMID: 31979164; PubMed Cen-
tral PMCID: PMC7076677.

Yamka RM, Harmon DL, Schoenherr WD, Khoo C, Gross KL, Davidson SJ, et al. In vivo measurement
of flatulence and nutrient digestibility in dogs fed poultry by-product meal, conventional soybean meal,
and low-oligosaccharide low-phytate soybean meal. Am J Vet Res. 2006; 67(1):88—94. Epub 2006/01/
24. https://doi.org/10.2460/ajvr.67.1.88 PMID: 16426217.

Bohlke RA, Thaler RC, Stein HH. Calcium, phosphorus, and amino acid digestibility in low-phytate corn,
normal corn, and soybean meal by growing pigs. J Anim Sci. 2005; 83(10):2396—403. Epub 2005/09/
15. https://doi.org/10.2527/2005.83102396x PMID: 16160052.

Spencer JD, Allee GL, Sauber TE. Growing-finishing performance and carcass characteristics of pigs
fed normal and genetically modified low-phytate corn. J Anim Sci. 2000; 78(6):1529-36. Epub 2000/06/
30. https://doi.org/10.2527/2000.7861529x PMID: 10875635.

Cichy K, Raboy V. Evaluation and development of low-phytate crops. Modification of Seed Composition
to Promote Health and Nutrition. Agronomy Monographs. 51, 2009. p. 177—200.

Nunes A, Vianna G, Cuneo F, Amaya-Farfan J, de Capdeville G, Rech E, et al. RNAi-mediated silencing
of the myo-inositol-1-phosphate synthase gene (GmMIPS1) in transgenic soybean inhibited seed devel-
opment and reduced phytate content. Planta. 2006; 224(1):125-32. Epub 2006/01/06. https://doi.org/
10.1007/s00425-005-0201-0 PMID: 16395584.

Pilu R, Panzeri D, Gavazzi G, Rasmussen SK, Consonni G, Nielsen E. Phenotypic, genetic and molecu-
lar characterization of a maize low phytic acid mutant (jpa241). Theor Appl Genet. 2003; 107(6):980-7.
Epub 2003/10/03. https://doi.org/10.1007/s00122-003-1316-y PMID: 14523526.

Sebastian SA, Kerr PS, Pearlstein RW, Hitz WD. Soybean germplasm with novel genes for improved
digestibility. In: Drackley JK, editor. Soy in Animal Nutrition. Savoy, IL: Federation of Animal Science
Societies; 2000. p. 56-74.

PLOS ONE | https://doi.org/10.1371/journal.pone.0235120  June 25, 2020 16/18


https://doi.org/10.1046/j.1365-313x.1998.00309.x
https://doi.org/10.1104/pp.010585
http://www.ncbi.nlm.nih.gov/pubmed/11842168
https://doi.org/10.1093/jxb/erh216
http://www.ncbi.nlm.nih.gov/pubmed/15286144
https://doi.org/10.1104/pp.102.017665
https://doi.org/10.1104/pp.102.017665
http://www.ncbi.nlm.nih.gov/pubmed/12644641
http://www.ncbi.nlm.nih.gov/pubmed/14320033
https://doi.org/10.1016/j.carbpol.2006.12.011
https://doi.org/10.3382/ps.0690787
http://www.ncbi.nlm.nih.gov/pubmed/2164189
https://doi.org/10.1016/s1360-1385(01)02222-1
https://doi.org/10.1016/s1360-1385(01)02222-1
http://www.ncbi.nlm.nih.gov/pubmed/11906835
https://doi.org/10.1093/ps/82.12.1914
https://doi.org/10.1093/ps/82.12.1914
http://www.ncbi.nlm.nih.gov/pubmed/14717549
https://doi.org/10.3390/plants9020140
http://www.ncbi.nlm.nih.gov/pubmed/31979164
https://doi.org/10.2460/ajvr.67.1.88
http://www.ncbi.nlm.nih.gov/pubmed/16426217
https://doi.org/10.2527/2005.83102396x
http://www.ncbi.nlm.nih.gov/pubmed/16160052
https://doi.org/10.2527/2000.7861529x
http://www.ncbi.nlm.nih.gov/pubmed/10875635
https://doi.org/10.1007/s00425-005-0201-0
https://doi.org/10.1007/s00425-005-0201-0
http://www.ncbi.nlm.nih.gov/pubmed/16395584
https://doi.org/10.1007/s00122-003-1316-y
http://www.ncbi.nlm.nih.gov/pubmed/14523526
https://doi.org/10.1371/journal.pone.0235120

PLOS ONE

Genetic interactions controlling low phytic acid trait in soybean

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Yuan F-J, Zhao H-J, Ren X-L, Zhu S-L, Fu X-J, Shu Q-Y. Generation and characterization of two novel
low phytate mutations in soybean (Glycine maxL. Merr.). Theor Appl Genet. 2007; 115(7):945-57.
Epub 2007/08/19. https://doi.org/10.1007/s00122-007-0621-2 PMID: 17701395.

Yuan F-J, Zhu D-H, Deng B, Fu X-J, Dong D-K, Zhu S-L, et al. Effects of two low phytic acid mutations
on seed quality and nutritional traits in soybean (Glycine max L. Merr). Journal of Agricultural and Food
Chemistry. 2009; 57(9):3632—-8. Epub 2009/03/28. https://doi.org/10.1021/jf803862a PMID: 19323582.

Gillman JD, Pantalone VR, Bilyeu K. The low phytic acid phenotype in soybean line CX1834 is due to
mutations in two homologs of the maize low phytic acid gene. The Plant Genome. 2009; 2(2):179-90.
https://doi.org/10.3835/plantgenome2008.03.0013

Nagy R, Grob H, Weder B, Green P, Klein M, Frelet-Barrand A, et al. The Arabidopsis ATP-binding cas-
sette protein AtMRP5/AtABCCS is a high affinity inositol hexakisphosphate transporter involved in
guard cell signaling and phytate storage. Journal of Biological Chemistry. 2009; 284(48):33614—22.
Epub 2009/10/03. https://doi.org/10.1074/jbc.M109.030247 PMID: 19797057; PubMed Central PMCID:
PMC2785203.

Panzeri D, Cassani E, Doria E, Tagliabue G, Forti L, Campion B, et al. A defective ABC transporter of
the MRP family, responsible for the bean /pa 1 mutation, affects the regulation of the phytic acid path-
way, reduces seed myo-inositol and alters ABA sensitivity. New Phytologist. 2011; 191(1):70-83. Epub
2011/03/15. https://doi.org/10.1111/j.1469-8137.2011.03666.x PMID: 21395595.

Saghai Maroof MA, Glover NM, Biyashev RM, Buss GR, Grabau EA. Genetic basis of the low-phytate
trait in the soybean line CX1834. Crop Sci. 2009; 49(1):69-76. https://doi.org/10.2135/cropsci2008.06.
0362

ShiJ, Wang H, Schellin K, Li B, Faller M, Stoop JM, et al. Embryo-specific silencing of a transporter
reduces phytic acid content of maize and soybean seeds. Nat Biotech. 2007; 25(8):930—7. Epub 2007/
08/07. https://doi.org/10.1038/nbt1322 PMID: 17676037.

Xu X-H, Zhao H-J, Liu Q-L, Frank T, Engel K-H, An G, et al. Mutations of the multi-drug resistance-asso-
ciated protein ABC transporter gene 5 result in reduction of phytic acid in rice seeds. Theor Appl Genet.
2009; 119(1):75-83. Epub 2009/04/17. https://doi.org/10.1007/s00122-009-1018-1 PMID: 19370321.

ShiJ, Wang H, Hazebroek J, Ertl DS, Harp T. The maize low-phytic acid 3 encodes a myo-inositol
kinase that plays a role in phytic acid biosynthesis in developing seeds. The Plant Journal. 2005; 42
(5):708—19. Epub 2005/05/28. https://doi.org/10.1111/].1365-313X.2005.02412.x PMID: 15918884.

Oltmans SE, Fehr WR, Welke GA, Raboy V, Peterson KL. Agronomic and seed traits of soybean lines
with low-phytate phosphorus. Crop Science. 2005; 45(2):593-8. https://doi.org/10.2135/cropsci2005.
0593

Boehm JD, Walker FR, Bhandari HS, Kopsell D, Pantalone VR. Seed inorganic phosphorus stability
and agronomic performance of two low-phytate soybean lines evaluated across six southeastern US
Environments. Crop Science. 2017; 57(5):2555-63. https://doi.org/10.2135/cropsci2017.02.0107

Bilyeu KD, Wiebold WJ. Environmental stability of seed carbohydrate profiles in soybeans containing
different alleles of the raffinose synthase 2 (RS2) gene. J Agric Food Chem. 2016; 64(5):1071-8. Epub
2016/01/283. https://doi.org/10.1021/acs.jafc.5b04779 PMID: 26800264.

Maupin LM, Rosso ML, Rainey KM. Environmental effects on soybean with modified phosphorus and
sugar composition. Crop Science. 2011; 51(2):642-50. https://doi.org/10.2135/cropsci2010.07.0396

Saghai Maroof MA, Buss GR, inventors; Google Patents, assignee. Low phytic acid, low stachyose,
high sucrose soybean lines. United States2008.

Wilcox JR, Premachandra GS, Young KA, Raboy V. Isolation of high seed inorganic P, low-phytate soy-
bean mutants. Crop Sci. 2000; 40(6):1601-5.

Yu YG, Saghai Maroof MA, Buss GR, Maughan PJ, Tolin SA. RFLP and microsatellite mapping of gene
for soybean mosaic virus resistance. Phytopathology. 1994; 84:60—4.

Gao Y, Shang C, Saghai Maroof MA, Biyashev RM, Grabau EA, Kwanyuen P, et al. A modified colori-
metric method for phytic acid analysis in soybean. Crop Sci. 2007; 47(5):1797-803. https://doi.org/10.
2135/cropsci2007.03.0122

Gao Y, Biyashev RM, Saghai Maroof MA, Glover NM, Tucker DM, Buss GR. Validation of low phytate
QTLs and evaluation of seedling emergence of low phytate soybeans. Crop Sci. 2008; 48:1355-64.

Cicek MS, Chen P, Saghai Maroof MA, Buss GR. Interrelationships among agronomic and seed quality
traits in an interspecific soybean recombinant inbred population. Crop Sci. 2006; 46(3):1253-9. https:/
doi.org/10.2135/cropsci2005.06—0162

Averitt B, Shang C, Rosso L, Qin J, Zhang M, Rainy KM, et al. Impact of mips1, lpa1, and Jpa2 alleles for
low phytic acid content on agronomic, seed quality, and seed composition traits of soybean. Crop Sci-
ence. 2017; 57(5). https://doi.org/10.2135/cropsci2016.12.1028

PLOS ONE | https://doi.org/10.1371/journal.pone.0235120  June 25, 2020 17/18


https://doi.org/10.1007/s00122-007-0621-2
http://www.ncbi.nlm.nih.gov/pubmed/17701395
https://doi.org/10.1021/jf803862a
http://www.ncbi.nlm.nih.gov/pubmed/19323582
https://doi.org/10.3835/plantgenome2008.03.0013
https://doi.org/10.1074/jbc.M109.030247
http://www.ncbi.nlm.nih.gov/pubmed/19797057
https://doi.org/10.1111/j.1469-8137.2011.03666.x
http://www.ncbi.nlm.nih.gov/pubmed/21395595
https://doi.org/10.2135/cropsci2008.06.0362
https://doi.org/10.2135/cropsci2008.06.0362
https://doi.org/10.1038/nbt1322
http://www.ncbi.nlm.nih.gov/pubmed/17676037
https://doi.org/10.1007/s00122-009-1018-1
http://www.ncbi.nlm.nih.gov/pubmed/19370321
https://doi.org/10.1111/j.1365-313X.2005.02412.x
http://www.ncbi.nlm.nih.gov/pubmed/15918884
https://doi.org/10.2135/cropsci2005.0593
https://doi.org/10.2135/cropsci2005.0593
https://doi.org/10.2135/cropsci2017.02.0107
https://doi.org/10.1021/acs.jafc.5b04779
http://www.ncbi.nlm.nih.gov/pubmed/26800264
https://doi.org/10.2135/cropsci2010.07.0396
https://doi.org/10.2135/cropsci2007.03.0122
https://doi.org/10.2135/cropsci2007.03.0122
https://doi.org/10.2135/cropsci2005.060162
https://doi.org/10.2135/cropsci2005.060162
https://doi.org/10.2135/cropsci2016.12.1028
https://doi.org/10.1371/journal.pone.0235120

PLOS ONE

Genetic interactions controlling low phytic acid trait in soybean

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Campion B, Sparvoli F, Doria E, Tagliabue G, Galasso |, Fileppi M, et al. Isolation and characterisation
of an /pa (low phytic acid) mutant in common bean (Phaseolus vulgaris L.). Theor Appl Genet. 2009;
118(6):1211—-21. Epub 2009/02/19. https://doi.org/10.1007/s00122-009-0975-8 PMID: 19224193.

Lehle L, Tanner W. The function of myo-inositol in the biosynthesis of raffinose. European Journal of
Biochemistry. 1973; 38(1):103—-10. Epub 1973/09/21. https://doi.org/10.1111/j.1432-1033.1973.
tb03039.x PMID: 4774118.

Loewus FA, Loewus MW. myo-Inositol: Its biosynthesis and metabolism. Annual Review of Plant Physi-
ology. 1983; 34(1):137-61. https://doi.org/10.1146/annurev.pp34.060183.001033

Tanner W, Kandler O. Myo-Inositol, a cofactor in the biosynthesis of stachyose. European Journal of
Biochemistry. 1968; 4(2):233-9. Epub 1968/04/03. https://doi.org/10.1111/j.1432-1033.1968.tb00199.x
PMID: 5655499.

Raboy V. The ABCs of low-phytate crops. Nat Biotechnol. 2007; 25(8):874-5. Epub 2007/08/10. https:/
doi.org/10.1038/nbt0807-874 PMID: 17687363.

Raboy V. Approaches and challenges to engineering seed phytate and total phosphorus. Plant Science.
2009; 177(4):281-96. https://doi.org/10.1016/j.plantsci.2009.06.012

Hulke BS, Fehr WR, Welke GA. Agronomic and seed characteristics of soybean with reduced phytate
and palmitate. Crop Sci. 2004; 44(6):2027-31.

Oltmans SE, Fehr WR, Welke GA, Cianzio SR. Inheritance of low-phytate phosphorus in soybean.
Crop Sci. 2004; 44(2):433-5.

Redekar N, Pilot G, Raboy V, Li S, Saghai Maroof MA. Inference of transcription regulatory network in
low phytic acid soybean seeds. Front Plant Sci. 2017; 8:2029. Epub 2017/12/19. https://doi.org/10.
3389/fpls.2017.02029 PMID: 29250090; PubMed Central PMCID: PMC5714895.

Redekar N, Biyashev R, Jensen R, Helm R, Grabau E, Saghai Maroof MA. Genome-wide transcriptome
analyses of developing seeds from low and normal phytic acid soybean lines. BMC Genomics. 2015;
16:1074. Epub 2015/12/19. https://doi.org/10.1186/s12864-015-2283-9 PMID: 26678836; PubMed
Central PMCID: PMC4683714.

Jervis J, Kastl C, Hildreth S, Biyashev R, Grabau E, Saghai Maroof MA, et al. Metabolite profiling of soy-
bean seed extracts from near-isogenic low and normal phytate lines using orthogonal separation strate-
gies. J Agric Food Chem. 2015; 63(44):9879-87. Epub 2015/10/22. https://doi.org/10.1021/acs.jafc.
5b04002 PMID: 26487475.

PLOS ONE | https://doi.org/10.1371/journal.pone.0235120  June 25, 2020 18/18


https://doi.org/10.1007/s00122-009-0975-8
http://www.ncbi.nlm.nih.gov/pubmed/19224193
https://doi.org/10.1111/j.1432-1033.1973.tb03039.x
https://doi.org/10.1111/j.1432-1033.1973.tb03039.x
http://www.ncbi.nlm.nih.gov/pubmed/4774118
https://doi.org/10.1146/annurev.pp34.060183.001033
https://doi.org/10.1111/j.1432-1033.1968.tb00199.x
http://www.ncbi.nlm.nih.gov/pubmed/5655499
https://doi.org/10.1038/nbt0807-874
https://doi.org/10.1038/nbt0807-874
http://www.ncbi.nlm.nih.gov/pubmed/17687363
https://doi.org/10.1016/j.plantsci.2009.06.012
https://doi.org/10.3389/fpls.2017.02029
https://doi.org/10.3389/fpls.2017.02029
http://www.ncbi.nlm.nih.gov/pubmed/29250090
https://doi.org/10.1186/s12864-015-2283-9
http://www.ncbi.nlm.nih.gov/pubmed/26678836
https://doi.org/10.1021/acs.jafc.5b04002
https://doi.org/10.1021/acs.jafc.5b04002
http://www.ncbi.nlm.nih.gov/pubmed/26487475
https://doi.org/10.1371/journal.pone.0235120

