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Abstract

Key message Four major SPC-specific loci were iden-
tified, and these accounted for 8.5-15.1 % of the phe-
notypic variation, thus explaining why certain soybean
varieties have a high PC but a low SPC.

Abstract Water-soluble protein content (SPC) is a criti-
cal factor in both food quality and the production of iso-
lated soybean proteins. However, few data are available
regarding the genetic control and the mechanisms con-
tributing to elevated SPC. In this study, a soybean col-
lection of 192 accessions from a wide geographic range
was used to identify genomic regions associated with
soybean protein content (PC) and SPC using an associa-
tion mapping approach employing 1,536 SNP makers and
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232 haplotypes. The diverse panel revealed a large genetic
variation in PC and SPC. Association mapping was per-
formed using three methods to minimize false-positive
associations. This resulted in 4/8 SNPs and 3/6 haplotypes
that were significantly associated with soybean PC/SPC
in two or more environments based on the mixed model.
An SNP that was highly significantly associated with PC,
BARC-021267-04016, was localized 0.28 cM away from
a published glycinin gene, G7, and was detected across all
four environments. Four major SPC-specific loci, BARC-
029149-06088, BARC-018023-02499, BARC-041663-
08059 and haplotype 15 (hpl5), were stably identified on
chromosomes five and eight and explained 8.5-15.1 %
of the phenotypic variation. Moreover, a glutelin type-B
2-like gene was identified on chromosome eight and may
be related to soybean protein solubility. These markers,
which are located in previously reported QTL, recon-
firmed previous findings and may be important targets for
the identification of protein-related genes. These novel
SNPs and haplotypes are important for further under-
standing the genetic basis of PC and SPC. In addition, by
comparing the correlation and genetic loci between PC
and SPC, we provide new insights into why certain soy-
bean varieties have a high protein content but a low SPC.

Introduction

Soybean is the only vegetable food that contains complete
protein, as it provides all the essential amino acids for
human nutrition (Erdman 2000). Soybean proteins are used
as functional and nutritional ingredients in a wide variety
of food products and as a substitute for animal-derived pro-
teins (Singh et al. 2008). In actual production, processed
soybean protein appears in foods mainly in three forms:
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soy flour, soy protein isolates and soy protein concentrates
(Singh et al. 2008). A high level of solubility is essential
for the functional characteristics of these protein forms.
In addition, the utility of soybean proteins in foodstuffs of
moderate acidity may be reduced when solubility is low,
particularly when the desired functional properties are
directly linked to solubility (Walstra 1989; Lu et al. 2013).
Therefore, solubility is very important for the application
of soybean protein product, and high solubility is normally
a desired functional property. Although elevated solubility
is not a requirement for all functional properties of food
proteins, the percentage of extractable soluble protein is a
traditional criterion in the evaluation of soybean product
quality (Malhotra and Coupland 2004; Walsh et al. 2003).

In soybean, protein content (PC) and water-soluble pro-
tein content (SPC) are complex quantitative traits involving
multiple genes. Although plant breeding through pheno-
typic selection has resulted in major progress in enhancing
PC and SPC, this approach is time-consuming and labori-
ous. Increasing the genotype selection intensity by marker-
assisted selection (MAS) would improve the development
of cultivars with increased PC and SPC. However, most
QTL/gene studies have focused on PC. More than 100 QTL
related to soybean PC have been reported over the past dec-
ade (http://www.soybase.org/), but only a few QTL under-
lying SPC have been reported (Lu et al., 2013). Moreover,
these QTL encompass a relatively larger genomic region
because linkage mapping is limited by allelic diversity
and QTL resolution (Bergelson and Roux 2010; Zhu et al.
2008). Genome-wide association studies (GWASs) based on
linkage disequilibrium (LD) overcome these limitations and
have recently been successfully applied to map QTL and
genes in plants, including Arabidopsis (Atwell et al. 2010),
rice (Cai et al. 2013; Huang et al. 2011), maize (Kump et al.
2011), soybean (Sonah et al. 2013) and other plants (Cock-
ram et al. 2010; Zhu et al. 2008). Association mapping is
a powerful technique that is used to study genetic loci
involved in the inheritance of complex traits. This technique
can provide increased accuracy for the localization of QTL
because of the higher recombination rate between mark-
ers and QTL alleles in random-mating populations (Flint-
Garcia et al. 2005). In addition, haplotype association is
likely to be more powerful than association based on single
markers (Garner and Slatkin 2003; Bagos 2011). The use of
haplotypes for QTL mapping could compensate for the bi-
allelic limitation of SNPs and substantially improve the effi-
ciency of QTL mapping (Lu et al. 2012; Hao et al. 2012b).
In addition, haplotype—trait association analyses are helpful
for the precise mapping of important genomic regions and
localization of favorable alleles or haplotypes for breeding
(Barrero et al. 2011; Hao et al. 2012a).

This study aimed to genetically dissect the mechanisms
underlying PC and SPC in a diverse collection of soybean
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accessions using association mapping. The collection was
chosen to represent a wide range of soybean genetic diver-
sity and was previously successfully applied in a whole-
genome association analysis of several traits (Hao et al.
2012b; Wang et al. 2011; Hu et al. 2013; Zhang et al.
2014). The objectives of the current study were: (1) to dis-
sect genetic variation in PC and SPC in a diverse soybean
panel; (2) to identify SNPs and haplotypes associated with
soybean PC and SPC; and (3) to identify major loci affect-
ing PC and SPC in soybean to enable the genetic improve-
ment of PC and SPC. Our results revealed several major
loci that significantly contribute to PC and SPC; the SPC-
specific loci might be responsible for the low SPC of soy-
bean varieties with high PC. Many QTL detected for both
traits by GWAS were found to be located in or near regions
where QTL for protein-related traits have been mapped by
linkage analysis, suggesting that GWAS is an alternative,
powerful mapping approach for identifying QTL underly-
ing PC and SPC in soybean.

Materials and methods
Plant materials and field experiments

The association panel used in this study consisted of 192
soybean accessions (Table S1) originating from 26 differ-
ent provinces and six ecological regions of soybean culti-
vation in China (latitude 53 to 24°N and longitude 134 to
97°E) (Wang and Gai 2002). This global collection was
initially examined by Wang et al. (2011) using an associa-
tion mapping approach to map resistance genes with micro-
satellite markers. Hao et al. (2012a) used this collection to
study yield QTL employing SNP markers and haplotypes.
The same population was also used in a whole-genome
scan using SNP markers to identify QTL associated with
seed shape traits and phosphorus efficiency-related traits
(Hu et al. 2013; Zhang et al. 2014). This association panel
was selected for use in this study, because this collection
is representative of the diverse genetic variation in soybean
PC and SPC.

The field experiments were performed in 2009, 2011
and 2012 at the following three locations: Jiangpu Experi-
mental Station of Nanjing Agricultural University (32.1°N
118.4°E), Nanjing, in 2009 (designated as E1); Maozhuang
Experimental Station of Henan Agricultural University
(34.8°N 113.6°E), Zhengzhou, in 2009 (designated as
E2) and 2011 (designated as E3); and the Experimental
Farm of Henan Agricultural University (33.2°N 112.9°E),
Fangcheng, in 2012 (designated as E4). A randomized
complete-block design was used for all trials. At El, all
accessions were planted with two replications. At all other
locations (E2, E3 and E4), all accessions were planted with
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three replications. In all four environments, each accession
was planted in three rows per plot, each row was 200 cm
long, and the row spacing was 50 cm.

Measurement of soybean PC and SPC

Three traits, PC, SPC and oil content, were evaluated in all
environments. The PC and SPC in soybean seed were ana-
lyzed with a near-infrared spectrophotometer (NIR) seed
analyzer (DA7200, Perten Instrument, Huddinge, Sweden).
The calibrations were performed by Perten Instruments and
the Inspection and Testing Center for Quality of Cereals
and Their Products of the Ministry of Agriculture. These
calibrations involved more than 700 uniform soybean sam-
ples that varied in seed PC, oil content and 146 soybean
samples in seed SPC. Each sample (60 g) was fitted in a
75-mm-diameter cup that rotated during NIRS scanning.
Three scans were conducted on each sample, and the data
were read three times per sample and the averages were
used in statistical analysis.

Genotyping and haplotype construction

The 192 soybean accessions used in this study were geno-
typed for 1,536 good-quality single nucleotide polymor-
phism (SNP) markers using the Illumina Bead lab system
at the National Engineering Center for Biochip (Shanghai,
China) by Hao et al. (2012a). In addition, marker profil-
ing and haplotype construction based on the 1,142 SNPs
with minor allele frequencies (MAFs) >10 % have been
described in detail (Hao et al. 2012a). However, in this
study, SNPs with MAFs lower than 5 % were excluded.
The final set of 1,298 SNPs distributed over the whole soy-
bean genome was used to study genetic diversity, popula-
tion structure, genetic relatedness and marker—marker asso-
ciations in relation to genetic distance. The average spacing
between markers was approximately 0.77 Mb. From the
1,298 SNPs, 232 haplotypic loci were identified, each con-
sisting of two or more SNPs. All haplotypes (including
the rare haplotypes) were used for further analyses in this
study.

Phenotypic data analysis

Statistical analysis of all phenotypic data across the four
environments was conducted using the software SAS ver-
sion 9.0 (SAS Institute, Inc., Cary, NC). All phenotypic
data were subjected to analysis of variance (ANOVA) to
compare differences in the means of traits of each acces-
sion across the four environments; this analysis was con-
ducted using PROC GLM. The linear statistical model
includes the effects of genotype, environment and the
environment X genotype interaction. The decomposition

of variance components was evaluated using PROC VAR-
COMP. The broad-sense heritability (h?) of each trait was
estimated as h* = V/(Vy + V/y), where h? is broad-sense
heritability, Vg is genetic variance, V, is environmental vari-
ance and y is years. The correlation coefficients between
PC, SPC, SPC:PC and oil content in soybean were calcu-
lated with PROC CORR.

Association analysis

In this study, the phenotypic data for the genotypes from
the association mapping panel across four environments
and the marker scores for a set of 1,298 SNPs with 232 hap-
lotypes were used to perform marker—trait association anal-
ysis. To account for the effects of the population structure
of the mapping panel and genetic relatedness among panel
members, various statistical models were evaluated: (1) the
GLM model without considering Q and K; (2) the GLM
model considering Q, in which the Q matrix was included
as a cofactor in the regression model to correct population
structure; and (3) the MLM model considering Q and K,
which considers both population structure and kinship as
cofactors. According to the quantile—quantile (Q-Q) plot
from the output of TASSEL4.0 (Bradbury et al. 2007; Yu
et al. 2006), the Q + K methods were appropriate for the
present study. Markers were identified as significantly
associated with traits by comparison with the Bonferroni
threshold (P < 1/1,298 = 7.7e — 04, —logP > 3.11).

Results

Genetic diversity, population structure and genetic
relatedness

The genetic diversity, population structure, genetic related-
ness and haplotypes for the diverse panel had been previ-
ously described for 1,142 of the 1,526 SNPs by Hao et al.
(2012a). This study differed from that of Hao et al. because
we selected SNPs from the initial dataset with MAFs > 5 %
rather than those that had MAFs > 10 %. As a result, we
used 156 more SNPs and 23 more haplotypes than Hao
et al. (2012a). Therefore, the final set used for analysis
included 1,298 SNPs and 232 haplotypes. As a result, the
genetic diversity and genetic relatedness observed in our
study were slightly different from those reported by Hao
et al. (2012a). For example, the average genetic diversity,
heterozygosity and PIC of the 1,298 SNPs were 0.387,
0.011 and 0.302, with ranges of 0.056-0.615, 0-0.234 and
0.052-0.537, respectively. The 232 haplotypes consisted of
678 alleles, and 82 % of the haplotypes consisted of two
SNPs. PICs for the 232 haplotype loci ranged from 0.075
to 0.887, with an average of 0.586. Because a significantly
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Table 1 Descriptive statistics, ANOVA, broad-sense heritability and percentage of phenotypic variation explained by population structure for

PC and SPC in 192 soybean accessions

Trait Environment Mean + SD Min-max G* EP G x B¢ H* (%) R (%)
PC El 40.01 £+ 4.15 30.27-50.03 sk sk ok 91.7 2.4
E2 44.09 £+ 4.01 37.27-50.80
E3 4557 £1.98 38.67-52.52
E4 41.85+3.22 34.66-49.73
SPC El 25.93 £5.02 7.39-40.52 ok ok ok 84.2 19.5
E2 27.50 & 4.85 8.04-40.82
E3 29.05 + 4.08 10.08-45.51
E4 24.42 4+ 3.75 6.99-37.70

** Significant at P < 0.001
% Genotype

° Environment

¢ Genotype x environment
4 Broad-sense heritability

¢ Percentage of phenotypic variation explained by population structure

higher level of allelic diversity was observed for haplotypes
compared to SNP markers, it was expected that haplotypes
would be more powerful tools in genetic diversity analysis
and gene mapping. In addition, genetic relatedness analy-
sis showed that more than 82 % of the kinship coefficient
values were <0.05, suggesting that there was no (or weak)
relatedness between pair-wise soybean accessions. A K
matrix of the relatedness analysis based on the 1,298 SNPs
was constructed for association analysis.

Significant variation among soybean accessions
with respect to PC and SPC

The means, standard deviation, range and broad-sense her-
itability of PC and SPC as well as the percentage of phe-
notypic variation explained by the population structure are
shown in Table 1. The mean PC for the individual accessions
in the natural population ranged from 30.3 to 52.5 %, and
the maximum value for SPC was approximately seven times
the minimum value (Table 1). The SPC reached 45.5 %;
however, one soybean accession had an SPC of only 7.0 %.
ANOVA revealed that the genotype and environmental fac-
tors were all significant at the 0.001 probability level for PC
and SPC (Table 1). Overall, each trait clearly exhibited con-
siderable natural variation among different environments and
displayed very high genetic diversity. The broad-sense herit-
ability for PC (91.7 %) indicated that PC was less affected
by environmental factors than SPC (84.2 %). The GLM
model was employed to infer the effect of population struc-
ture on PC and SPC. This model demonstrated that the pop-
ulation structure can explain 2.5 and 19.5 % of the pheno-
typic variation for PC and SPC, respectively (Table 1). SPC
was significantly correlated with PC (r = 0.336 P < 0.001),
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Table 2 Phenotypic correlations between PC, SPC, the SPC:PC ratio
and oil content based on the means of the traits in 192 soybean acces-
sions

Trait PC SPC SPC:PC
SPC 0.336%*

SPC:PC 0.113 " 0.972%%*

Oil content —0.692%%* —0.480%** —0.343%*

ns not significant
** Significant at P < 0.001

with the SPC:PC ratio (r = 0.973, P < 0.001) and with the
oil content (r = —0.480, P < 0.001) (Table 2). There was no
significant correlation between PC and SPC: PC (r = 0.113,
P = 0.119), suggesting that the SPC was not necessarily
high in the accessions with high PC.

SNP markers and haplotypes associated with PC and SPC

Three models accounting for the population structure of
the mapping panel and genetic relatedness among panel
members were used in the association mapping analysis.
When the GLM method (considering Q or not) was applied
in the association analysis across all accessions, most of
the marker—trait associations that belonged to SPC groups
were detected (Bonferroni threshold P < 7.7¢e — 04 or
—logP > 3.11). However, most of these associations were
identified as false-positive results by the quantile—quantile
test (in TASSEL 4.0) because the P values from the SPC
groups deviated from the expected value (Fig. 1). As shown
in Fig. 1, the MLM model (Q + K) was significantly better
than the GLM model with respect to reducing the effect of
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Fig.1 Quantile—quantile (Q-Q) plots of estimated —log;, (P). Q-Q
plots for marker—trait association analysis across four environments
for PC and SPC are shown using three models: a the GLM method, b
the Q method and ¢ the Q 4+ K method. The black line is the expected
line under a null distribution. The observed P values are indicated in
red for PC in El, blue for PC in E2, purple for PC in E3, green for
PC in E4, light blue for SPC in El, light green for SPC in E2, yel-
low for SPC in E3 and light red for SPC in E4. The gray horizontal
dashed line indicates the significance threshold of —log;, (P) > 3.11

population structure and genetic relatedness on soybean PC
and SPC. P values from the Q + K model were close to the
expected values, indicating that this model is suitable for
association analysis. Thus, we conducted GWAS for soy-
bean PC and SPC with the MLM model (Q + K) to correct
for population structure and genetic relatedness using 1,298
SNPs and 232 haplotypes.

As a result, 12 SNPs for PC and 24 SNPs for SPC
were identified as having significant marker—trait asso-
ciations at the Bonferroni-adjusted significance threshold
(P <7.7e — 04 or —logP > 3.11) across various environ-
ments (Fig. 2). Among these significant SNPs, some were
detected only in a specific environment, and only the
SNPs that were identified in two or more environments are
listed in Table 3. For PC, two SNPs were identified in two
environments, one was identified in three environments,
and one was identified in all four environments (Fig. 2;

Table 3). The most significant SNP associated with PC,
BARC-021267-04016 (—logP = 3.41-5.04), was detected
across all four environments on chromosome 19 and
explained 6.8-10.9 % of the phenotypic variation. For SPC,
eight SNPs were identified in two or more environments,
four were identified in two environments, one was identi-
fied in three environments, and three were identified in all
four environments (Fig. 2; Table 3). Compared with the
QTL for PC, the most significant SNPs were detected for
SPC specifically, and only one SNP was identified that was
synchronously associated with both PC and SPC (Table 3).
This co-associated SNP, BARC-042857-08439, was iden-
tified on chromosome 15 in environments E2 and E3
(Table 3). Other major stable QTL, such as BARC-029149-
06088 on chromosome 5 as well as BARC-018023-02499
and BARC-030485-06876 on chromosome 8, were SPC-
specific, suggesting that these loci may be responsible for
the genetic variation in SPC between genotypes.

Haplotype mapping demonstrated that three and six hap-
lotype loci were significantly associated with PC and SPC,
respectively (Table 4). Similar to the results with SNPs,
only one haplotype locus (hp191) was co-associated with
PC and SPC, and most of the haplotypes were SPC-specific
in two or more environments (Table 4). For PC, one hap-
lotype (hp74) was identified across all four environments
and explained 8.98-10.1 % of the phenotypic variation. A
total of six significant haplotype loci were identified for
SPC across two or more environments. Among them, the
hp15 haplotype on chromosome 8, consisting of the three
closely linked markers BARC-018023-02499, BARC-
028361-05839 and BARC-028361-05840, was associated
with SPC in all four environments and explained 15.1 % of
the phenotypic variation. This QTL was previously identi-
fied by Lu et al. (2013) as associated with SPC in soybean.
In addition, the haplotype hpl131 on chromosome 18 was
SPC-specific in all four environments and explained 8.2—
10.0 % of the phenotypic variation.

Comparison of significant loci identified by single SNP
and haplotype-based mapping

Using haplotype mapping, three and six significant haplo-
type loci were identified for PC and SPC across the vari-
ous environments, respectively. For the nine haplotype loci
identified in this study for PC and SPC, five contained at
least one SNP that was also identified by single SNP-based
mapping (Tables 3, 4). Furthermore, a comparison of the
significant loci identified by SNP and haplotype mapping
revealed that the haplotype loci tended to explain much
higher proportions of phenotypic variation compared with
single SNPs. For example, haplotype locus 2 (hp2), which
was associated with SPC, contained the SNP BARC-
029149-06088, which was also significantly associated
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Fig. 2 Genome-wide association mapping of PC and SPC based on
SNPs in four different environments (E1-E4). Chromosomes marked
with red font denote the significant SNP clusters associated with PC

with SPC based on single SNP-based mapping. However,
hp2 explained a much higher proportion of the phenotypic
variation (10.9 %) than a single SNP (8.5 %). Within hap-
lotype locus 15 (hp15), the SNP BARC-018023-02499 was
also significantly associated with SPC and was identified
by single SNP-based mapping, which explained a relatively
low proportion of the phenotypic variation (10.0 %). How-
ever, its corresponding haplotype locus, which included
this SNP plus two additional nearby SNPs, explained a
higher proportion of the phenotypic variation (15.1 %).
Within hp131 on chromosome 18, BARC-030691-06926
was also significantly associated with SPC, was identified
by single SNP-based mapping and explained a relatively
low proportion of the phenotypic variation (8.5 %). Its cor-
responding haplotype locus, which included this SNP plus
an additional five nearby SNPs, could explain 13.1 % of the
phenotypic variation. In conclusion, some chromosomal
regions defined by haplotype loci were closely linked to
the specific traits for which significant single SNP mark-
ers were identified. Furthermore, significant haplotype loci
explained a much higher proportion of the phenotypic vari-
ation than single SNPs.
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or SPC that were identified in two or more environments. The dashed
line indicates a significant association signal (—logP > 3.11)

Allelic effects of the associated SNPs on PC and SPC

Based on marker polymorphisms, the distribution of PC
and SPC was examined in 192 soybean accessions based
on the four stable markers BARC-021267-04016, BARC-
030485-06876, BARC-029149-06088 and BARC-018023-
02499 (Fig. 3). The significant SNP BARC-021267-04016
was associated with PC across all four environments and
was identified in 177 C-type and 15 G-type soybean acces-
sions (Fig. 3a). The PC of G-type soybean accessions was
significantly higher than that of C-type soybean acces-
sions (¢ test, P = 8.86 x 10~'%), with an average increase
of 3.9 % per G allele. In addition, many QTL containing
this SNP were previously associated with both PC and
protein component content by linkage mapping using seg-
regating populations (Orf et al. 1999; Panthee et al. 2004,
2006). For the significant SNP BARC-030485-06876,
a comparison of the SPC of 34 C-type and 150 G-type
soybean accessions demonstrated that the G-type acces-
sions have a higher SPC than the C-type accessions (t test,
P =312 x 107 (Fig. 3b). A comparison of the SPC of
142 C-type and 43 G-type soybean accessions genotyped at
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Table 3 SNPs with significant association signals (P < 7.7e — 04 or —logP > 3.11) for soybean PC and SPC detected in two or more

environments
Trait Marker Chr. Position —logP* MAF® Related QTL? References
El E2 E3 E4
PC BARC-021803-04214 4 42715649 ns® 3.17 3.75 ns  0.167 Prot7-2 Orf et al. (1999)
BARC-032467-08977 10 50073557 3.14 346 3.773 ns 0276 /
BARC-042857-08439 15 3828443 ns 343 34 ns 0432 Protl7-3 Tajuddin et al. (2003)
BARC-021267-04016 19 42262311 3.42 491 5.04 341 0.078 Prot8-1 Orf et al. (1999) and Panthee et al.
Basic fraction 1-1 (2004, 2006)
Prot 30-7
Prot 17-6
Acidic fraction 1-4
sd-Glu 1-5
sd-Leu 1-5
SPC BARC-028709-05992 3 31006419 3.22 3.87 ns ns 0.221 Beta conglycinin I-1  Panthee et al. (2004)
BARC-029149-06088 5 1035515 3.83 4 4.54 375 0234 /
BARC-018023-02499 8 7955046 4.52 3.89 4.55 5.18 0.214 Alpha conglycinin 1-1 Panthee et al. (2004, 2006) and Lu
sd-lle 1-1 etal. (2012)
sd-Glu 1-1
sd-Asp 1-1
qsp8-4, qsp8-5
BARC-041663-08059 8 9622940 4.25 497 5 495 0.195 7/
BARC-031037-06989 8 14358588 ns  3.12 3.33 ns 0.167 Prot 26-1 Reinprecht et al. (2006)
BARC-042857-08439 15 3828443 ns 3.36 3.78 ns 0.173 Prot17-3 Tajuddin et al. (2003)
BARC-017679-03103 15 38000598 3.22 3.87 ns ns 0271 /
BARC-030691-06926 18 34177951 ns  3.28 3.34 3.53 0.143 sd-Leu 1-4 Panthee et al. (2005, 2006)
sd-Trp 1-5
sd-Pro 1-3
Prot 20-1

@ Significant at P < 7.7e — 04 or —logP > 3.11

¢ Minor allele frequencies

BARC-029149-06088 demonstrated that the SPC of G-type
accessions was increased by 6.7 % relative to that of the
C-type accessions (f test, P = 1.22 x 107%) (Fig. 3c). For
the significant SNP BARC-018023-02499, which was asso-
ciated with SPC, G-type accessions (36 accessions) showed
higher SPC than C-type accessions (146 accessions)
(Fig. 3d). The SPC increased by 8.9 % per G allele, and
the SNP explained 10.1 % of the total phenotypic variation.
These results confirmed that these loci might be responsible
for the genetic variation in PC and SPC between genotypes
and also suggest that some loci were specifically associated
with SPC.

Discussion
Protein solubility is a critical factor in the food quality

and yield of soybean products. Low solubility will not
only result in a low yield of the food products, but also

Marker was not detected at a significant level in the corresponding environment

Previously reported protein-related QTL in SoyBase (http://www.soybase.org/)

cause proteins to separate and settle out, resulting in irreg-
ular and reduced dispersion in the food products. A high
level of protein solubility is required to obtain prefer-
able emulsifying and foaming properties (Lu et al. 2013).
Past efforts to improve the SPC of soybean have included
enzymatic and other chemical approaches. Among these,
the use of anionic surfactants, bromelain digestion and
hydrolysates were effective in solubilizing soybean seed
proteins (Malhotra and Coupland 2004; Molina Ortiz
and Wagner 2002; Walsh et al. 2003). Although the pro-
cessing of soybean protein in this manner is effective, it
increases the cost of the finished product and is not a sus-
tainable approach. Increasing the genotype selection inten-
sity by marker-assisted selection (MAS) would facilitate
the development of cultivars with enhanced PC and SPC.
Unfortunately, soybean SPC is a complex trait involving
multiple genes, and MAS for SPC in soybean has suffered
from limitations, including issues related to resolution and
genetic diversity.
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Table 4 Haplotypes with
significant association

signals (P < 7.7e — 04 or
—logP > 3.11) for soybean PC
and SPC detected in two or
more environments

 Significant at P < 7.7e — 04
or —-logP > 3.11

b Haplotype was not detected
at a significant level in the
corresponding environment

Fig. 3 Association of marker
allele polymorphisms with

PC and SPC. a Box plot of PC
in 177 C-type and 15 G-type
soybean accessions. The verti-
cal axis indicates the PC. The
PC of G-type accessions was
significantly higher than that
of C-type accessions (t test,

P =28.86x 107). b Box
plot of SPC in 34 C-type and
150 G-type soybean acces-
sions. G-type accessions had
significantly higher SPC (z test,
P =3.12 x 107%). ¢ The SPC
of 142 C-type and 43 G-type
soybean accessions; G-type
accessions had higher SPC
than C-type accessions (7 test,
P =122 x 107%). d Com-
parison of the SPC between
the 146 C-type and 36 G-type
accessions in the diverse panel,
showing that G-type acces-
sions have higher SPC (z test,
P=213 x 1075)
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Trait Haplotype SNP Chr. Position —logP?
El E2 E3 E4
PC hp74 BARC-018835-03260 1 53,570,643 3.19 3.46 3.77 4.21
BARC-025941-05177 1 53,622,732
hp90 BARC-021403-04096 2 50,936,699 ns® 5.18 5.34 3.46
BARC-039653-07533 2 51,233,372
BARC-019805-04378 2 51,243,058
BARC-041469-08004 2 51,406,882
hp191 BARC-028709-05992 3 31,006,419 ns 3.13 3.15 ns
BARC-022187-04294 3 31,584,252
BARC-016467-02618 3 33,395,967
SPC hp191 BARC-028709-05992 3 31,006,419 3.37 3.27 3.57 4.11
BARC-022187-04294 3 31,584,252
BARC-016467-02618 3 33,395,967
hp197 BARC-016627-02152 3 41,779,517 ns 3.12 ns 3.12
BARC-013865-01261 3 41,779,568
hp2 BARC-044271-08652 5 1,023,208 3.83 4 4.54 ns
BARC-029149-06088 5 1,035,515
hpl15 BARC-028361-05839 8 7,716,379 4.61 3.29 3.95 5.99
BARC-028361-05840 8 7,716,379
BARC-018023-02499 8 7,955,046
hp21 BARC-031037-06990 8 14,358,588 ns 3.11 3.22 ns
BARC-031037-06989 8 14,358,588
BARC-043207-08554 8 14,435,034
hp131 BARC-013825-01250 18 30,313,574 3.86 3.65 4.28 33
BARC-030691-06926 18 34,177,951
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In the diverse panel examined in this study, the range
of PC was 30.3-52.5 %, and the range of SPC was 7.0—
45.5 %, indicating greater genetic variation in PC and
SPC in this study compared with previous studies (Lu
et al. 2013; Pathan et al. 2013; Jun et al. 2008). Associa-
tion mapping based on the performance of diverse germ-
plasms would provide more relevant markers in a broad
genetic background and enable breeders to search for
favorable alleles. Heritability for PC and SPC in our study
was moderately high and similar to that reported by Hyten
et al. (2004) and Panthee et al. (2005). The heritability
observed in our panel indicated that much of the variation
was genetic; therefore, a selection response could achieve
genetic gain. In addition, we observed only a relatively low
correlation (r = 0.336, P < 0.001) between PC and SPC.
Therefore, even though water-soluble protein is a signifi-
cant component of total protein, the manner in which SPC
is genetically controlled differs from the processes that
affect the total PC, as reported by Lu et al. (2013).

First, given the significant correlation between soybean
PC and SPC, we predicted that QTL/genes associated
with PC and SPC may have pleiotropic effects. However,
the reverse was also true: several PC and SPC QTL were
identified independently in our study and mapped to dif-
ferent genomic regions. No QTL have been reported with
pleiotropic effects that simultaneously increase both PC
and SPC, and there has been no comparison of the genetic
loci that control the two traits. In this study, we compared
association mapping results for PC and SPC with QTL pre-
viously reported within a 2-Mb vicinity. The Williams 82
physical map and the soybean whole-genome sequence in
SoyBase (http://www.soybase.org/pmd/index.php) were
used for comparison and discussion of sequence-based
genetic markers, comparative analyses with other genomes
and various informatic analyses. The significant SNP
BARC-042857-08439 and the haplotype hp191 were con-
sistently associated with PC and SPC across various envi-
ronments (Tables 3, 4). The SNP marker BARC-042857-
08439 on chromosome 15, which was associated with PC
and SPC, was located in the region of the PC QTL Prot 4-5
(Lee et al. 1996), Prot 17-3, Prot 30-3 (Tajuddin et al. 2003)
and Prot 31-2 (Pandurangan et al. 2012). The significant
chromosomal region hp191 on chromosome 3 is a novel
QTL that has not been previously identified. These results
indicate that some causal gene/genes might exist in these
regions, and these associated markers may be useful for the
aggregation of causal genes of interest to improve soybean
PC and SPC simultaneously. In addition, we reconfirmed
previous findings indicating that protein QTL flanked by
SNP markers and haplotypes may be important targets that
could lead to the identification of candidate genes involved
in the modification of protein levels using genetic and
genomic approaches.

However, the relatively low correlation between PC and
SPC suggests that the manner in which SPC is genetically
controlled differs from the processes that affect PC. The
results also demonstrated that most QTL detected in our
study were independent and mapped to different genomic
regions (Tables 3). For PC, BARC-021267-04016 on chro-
mosome 19 was located in the same region as QTL for seed
protein content (Hyten et al. 2004; Orf et al. 1999; Panthee
et al. 2006), protein components (Panthee et al. 2004) and
the filling rate of protein (Jiang et al. 2010). Moreover, this
locus was localized 0.28 c¢cM away from a published gly-
cinin gene, G7, a major gene controlling the synthesis and
assembly of glycinin in soybean (Beilinson et al. 2002).
Another significant SNP, BARC-021803-04214, was also
associated with PC by Orf et al. (1999). On chromosome 8,
the loci containing BARC-018023-02499, BARC-041663-
08059 and hpl5 were identified as significantly associ-
ated with SPC by SNP and haplotype-based mapping in
our study. Previously, two key QTL (gsp8-4 and gspS8-5)
related to SPC were identified in this region by Lu et al.
(2013) using linkage mapping with an RIL population.
QTL for a-conglycinin and PC were previously mapped in
the same genomic region (Panthee et al. 2006; Pathan et al.
2013). Moreover, we predict that a candidate gene, glute-
lin type-B 2-like (0.49 cM away from the marker BARC-
041663-08059), which belongs to the cupin superfamily
and functions in the storage of nutrient substrates, might
play an important role in determining soybean protein con-
tent (Dunwell 1998; Dunwell et al. 2004). In addition, four
significant SNP markers, BARC-028709-05992, BARC-
041663-08059, BARC-031037-06989 and BARC-030691-
06926 on chromosomes 3, 8 and 18, were determined to
be associated with SPC, coinciding with a previously
mapped soy SPC QTL (Lu et al. 2013), beta conglycinin
(Panthee et al. 2004) and other protein-related components
(Tajuddin et al. 2003; Reinprecht et al. 2006; Panthee et al.
2005; Panthee et al. 2006). These SPC-specific loci may be
responsible for the genetic variation in SPC between geno-
types. In this study, we also detected several novel SNPs
and haplotypes that were significantly associated with soy-
bean PC and SPC, including BARC-032467-08977 and
hp74 on chromosomes 10 and 1 (associated with PC) and
BARC-029149-06088, BARC-017679-03103 and hp2 on
chromosomes 5, 15 and 5 (associated with SPC), which
generally had considerable effects and displayed expres-
sion stability across various environments. These new loci
are attractive candidate regions that may help to further elu-
cidate the genetic basis of PC and SPC in soybean.

In conclusion, this study represents the latest analysis
of the genetic basis of PC and SPC using GWAS based
on single SNPs and haplotypes in soybean. The present
study demonstrates the power of whole-genome associa-
tion analysis to identify phenotype—genotype relationships
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and genomic regions underlying quantitative variation. By
comparing the correlation between and genetic loci under-
lying PC and SPC, we provide new insights into the low
SPC of soybean varieties with high PC. These SPC-specific
QTL will be invaluable in breeding new varieties with high
SPC. In addition, this study provides an example of the use
of both single SNP markers and their combinations/haplo-
types for improving association mapping. Our study also
lays the foundation for understanding the genetic basis of
SPC, which will enable the enhancement of SPC in soy-
bean. The favorable alleles and haplotypes not only facili-
tate more efficient selection of soybean genotypes with
high levels of SPC, but also indicate that this method can
be used to enhance the power of QTL mapping for other
quantitative traits in soybean.
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