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Abstract

Background: Soybean cyst nematode (SCN, Heterodera glycines Ichinohe) is one of the most fatal pests of soybean
(Glycine max (L) Merr.) worldwide and causes huge loss of soybean yield each year. Multiple sources of resistance
are urgently needed for effective management of SCN via the development of resistant cultivars. The aim of the
present study was to investigate the genetic architecture of resistance to SCN HG Type 0 (race 3) and HG Type
1.2.3.5.7 (race 4) in landraces and released elite soybean cultivars mostly from China.

Results: A total of 440 diverse soybean landraces and elite cultivars were screened for resistance to SCN HG Type 0
and HG Type 1.2.3.5.7. Exactly 131 new sources of SCN resistance were identified. Lines were genotyped by SNP
markers detected by the Specific Locus Amplified Fragment Sequencing (SLAF-seq) approach. A total of 36,976
SNPs were identified with minor allele frequencies (MAF) > 4 % that were present in 97 % of all the genotypes.
Genome-wide association mapping showed that a total of 19 association signals were significantly related to the
resistance for the two HG Types. Of the 19 association signals, eight signals overlapped with reported QTL including
Rhg1 and Rhg4 genes. Another eight were located in the linked regions encompassing known QTL. Three QTL were
found that were not previously reported. The average value of female index (Fl) of soybean accessions with
resistant alleles was significantly lower than those with susceptible alleles for each peak SNP. Disease resistance
proteins with leucine rich regions, cytochrome P450s, protein kinases, zinc finger domain proteins, RING domain
proteins, MYB and WRKY transcription activation families were identified. Such proteins may participate in the
resistant reaction to SCN and were frequently found in the tightly linked genomic regions of the peak SNPs.
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gene(s) underlying SCN resistances.

Conclusions: GWAS extended understanding of the genetic architecture of SCN resistance in multiple genetic
backgrounds. Nineteen association signals were obtained for the resistance to the two Hg Types of SCN. The
multiple beneficial alleles from resistant germplasm sources will be useful for the breeding of cultivars with
improved resistance to SCN. Analysis of genes near association signals may facilitate the recognition of the causal

Keywords: Heterodera glycines, Genome-wide association study, SCN resistance, HG Types

Background

Soybean cyst nematode (SCN, Heterodera glycines Ichi-
nohe) is one of the most destructive pests of soybean
(Glycine max (L.) Merr.). SCN suppresses soybean yield,
and causes an estimated seed yield loss of approximately
$1.5 billion dollars per year only in United States [1]. H.
glycine probably evolved either in China or Japan and
had been spread to the New World [2].

An SCN race was first recognized in 1954, and a total
of 16 races were reported based on all the possible com-
binations on four soybean differentials including Peking,
Pickett, PI 88788 and PI 90763 [3]. Recently, the HG
Type based on eight diffferential cultivars was intro-
duced to more accurately represent the H. glycine popu-
lation types found in soil instead of the previously
described race [4]. H. glycine is now widely distributed
in more than 15 countries, particularly in those areas
where soybean is grown on a commercial scale, like USA
and China [5]. Hg Type 0 or 7 (race 3) was mainly dis-
tributed in the south of 37°N latitude in the United
states. And the Hg Type 1.2.5- (races 4 and 14) were
predominant for soybean production areas in the north
of 37° N latitude in the United states [6]. In China eight
races of SCN predominate (races 1, 2, 3, 4, 5, 6, 9 and
14) [2]. Hg Type 0 was predominant in the northeastern
provinces of China (north of 41° N latitude), and Hg
Type 1,2,5- was one of the two predominant races in
Huang-Huai valleys (between 32° N and 41° N latitude
in China) [2, 7].

A limited control of this pest is achieved by different
forms of rotations and the application of pesticides.
However, breeding cultivars with resistance has been the
most effective and economical way to control SCN. A
number of soybean lines have resistance to SCN, but
only a few of them have been used to breed commercial
soybean [8]. Currently, most SCN-resistant cultivars in
the north central United States were developed from a
single source of resistance, PI88788. Only a few cultivars
were derived from PI 548402 (Peking) and PI 437654
(via ‘CystX’ or ‘Hartwig’) [9]. Pathogen populations have
the ability to mutate, recombine and/or drift quickly to
new Hg Types that overcome plant resistances [10].
Therefore, using the soybean varieties with the genetic
background of a few (but not many) resistant cultivars,

like PI88788 and Peking, would lead to the changes of
predominant races and the loss of resistance [11]. Hence,
multiple sources of resistance are urgently needed for ef-
fective management of SCN in the world.

The knowledge of genetic architecture of SCN resist-
ance is very important for breeding resistance varieties
[11]. So far, genetic architecture analyses mainly depended
on traditional quantitative trait locus (QTL) linkage map-
ping based on bi-parental populations. Once the desired
QTL were mapped, molecular markers that were tightly
linked to the QTL could be applied in marker-assisted
breeding to improve and shorten the process for develop-
ing cultivars with resistance to SCN. Many QTL confer-
ring resistance to SCN in soybean have been mapped on
almost all chromosomes (except of Gm02; LG D1b) based
on SSR markers [12—19]. Of them, two major QTL, Rhgl
on Gml8 and Rhg4 on GmO8 [12], were identified in
many different resistance sources. Genes and their alleles
underlying both loci were identified from PI88788 and
cultivar Forrest, respectively [20, 21]. Fine mapping, se-
quencing and gene analysis of Rhgl and Rhg4 were re-
ported [19-23]. The receptor like kinase at Rhgl-a caused
pleiotropic resistance to sudden death syndrome and soy-
bean cyst nematode as a transgene by altering signaling
responses [23, 24]. The study on Rhgl-b allele’s locus by
Cook et al. [20] considered the SCN resistance of Rhgl in
PI 88788 was conferred by three genes, and the copy
number variation of these genes caused the phenotypic
differences between susceptible and resistant varieties.
The SCN resistance of Rhg4 in Forrest was controlled by a
serine hydroxymethyl transferase gene, that acted in cellu-
lar one-carbon metabolism [21]. The mutation of this
gene could disturb the concentration of folate and lead to
a nutritional deficiency detrimental to the life cycle of
SCN [21]. Although few SCN resistance genes have been
cloned based on the identified QTL, the large confidence
genomic intervals of most QTL impaired the precise iden-
tification of causative genes.

Association mapping, which exploits historical recom-
bination events at the population level, could supple-
ment linkage mapping in the dissection of complex trait
variation [25]. Genome-wide association (GWAS) map-
ping, a specific association mapping stage, is a powerful
complementary strategy for an alternation of classical bi-
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parental linkage mapping to dissect complex traits by
using the naturally occurring population [26]. GWAS
mapping approach has been used with success in studies
on important traits of model plants and crops, such as
Arabidopsis thaliana, rice, maize, sorghum, barley [27-37].
Recently, GWAS mapping of seed quality related traits and
disease resistance of soybean were reported. Hwang et al
[37] identified 40 single nucleotide polymorphisms (SNPs)
in 17 different genomic regions significantly associated
with seed protein content using a data set of 55,159 SNPs.
A major seed protein QTL has been previously mapped to
the same location and potential candidate genes have
recently been identified in this region. Twenty five SNPs
in 13 different genomic regions associated with seed oil
content were also detected by GWAS. GWAS mapping of
Sclerotinia sclerotiorum resistance in soybean with a
genotyping-by-sequencing approach [30], have also been
used to identify QTL for sudden death syndrome using
soybean reference genome sequence and high throughput
SNP assays. Both known QTL and new quantitative trait
nucleotide (QTN) were detected and candidate genes
were predicted in the above two studies [30, 32]. There-
fore, GWAS mapping could detect beneficial alleles from
excellent germplasm with different genetic background in
one mapping panel and obtain the fine map of association
genomic regions and candidate genes by using sufficient
density of SNP markers. Whole genome sequencing
(WGS) is the most straightforward method for GWAS;
however, WGS is not still affordable for most researcher,
especially for genotyping hundreds of samples. Different
form WGS, reduced representation sequencing have many
advantage such as reducing the genome complexity and
lower cost. To date, many reduced representation se-
quencing have been developed such as restriction site—
associated DNA (RAD) tag sequencing 2b-RAD [38], and
specific-locus amplified fragment sequencing (SLAF-seq)
[39]. With comparison with other reduced representation
sequencing method, SLAF-seq have definite advantage
such as higher genotyping accuracy, lower sequencing
costs, higher efficient detect system, which was success-
fully applied in rice [40], sesame [41] and soybean [42, 43].
The objectives of the present study were; 1) to investigate
the genetic architecture of soybean resistance to SCN Hg
Type 0 and Hg Type 1.2.3.5.7 by GWAS using reduced
genomic sequencing data from 440 diverse soybean germ-
plasm mostly collected from China where SCN resistant
germplasm was enriched; 2) to evaluate the beneficial al-
leles of each SNP marker associated with the resistance to
the two tested Hg Types in order to provide valuable
markers to breed soybean lines with SCN resistance; and
3) to analyze the genetic landscape of each association sig-
nal to identify genes that may participate in the interaction
of SCN and soybean roots.
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Results

SNP genotyping

The genotyped samples included a set of 440 soybean
germpasm collected mostly in China, representing a
broad diversity of genotypes (Additional file 1). The
Genomic DNA of the 440 accessions were partially se-
quenced using specific-locus amplified fragment sequen-
cing (SLAF-seq) approach by Illumina Genome Analyzer
I [39]. The 347 million paired-end reads with 45 bp
read length were mapped to the reference soybean gen-
ome (Wm82.a2.vl) and a mean of 57,418 high quality
tags were identified from paired-end reads for each ac-
cession. A data set of 36,976 SNPs at Minor Allele Fre-
quency (MAF)=>4 % was generated from 57,418 high
quality tags (Additional file 2). The rate of missing data
was controlled at less than 10 % for each accession. The
set of SNPs covered 20 chromosomes of soybean and
the SNP numbers ranged from 1,165 (Gm12) to 2,914
(Gm18) with an average number of 1,848 for each soybean
chromosome. Because the length of G. max genome was
around 950 megabases [44], the resulting SNP density of
one SNP per 27 Kbp was available in the present study.
This sequencing-based SNP map would offer benefits for
mapping studies for many other soybean traits.

Linkage disequilibrium (LD) and population structure
analysis
To characterize the mapping resolution for genome wide
association study, the distributions of the average extent
of LD decay and r* between the different physical dis-
tances were quantified. LD decay for each chromosome
was different (Fig. 1). The mean LD decay distance also
varied among all chromosomes, ranging from 106 Kbp
to 633 Kbp. The average r* for all chromosomes was es-
timated at 227 Kbp. The marker density would meet the
demand of GWAS mapping based on this LD pattern.
To understand the population stratification of map-
ping panel, principle component analysis was conducted
for the association panel based on 35,760 SNP markers.
The result showed that the total amount of genetic vari-
ation explained by the first 10 principal components was
only 24.4 %, indicating that the lines of the association
panel were randomly sampled. The association panel
was separated into three sub-populations by the first two
PCs with some intermediate individuals among them
(Fig. 2a). However, the accessions could not to be grouped
clearly by either PC1 and PC3, or PC2 and PC3 (Fig. 2b—c).
The genetic variation was decreased sharply at the point of
PC3 (Fig. 2d). Therefore, the population structure could be
well controlled with the first three PCs.

Trait variation and genome-wide association study (GWAS)
The female index (FI) value of the phenotypic measure-
ments of 440 soybean accessions for the GWAS was
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shown in Fig. 3. The observed FI values of soybean sus-
ceptibility to HG type 0 were 0-245.18 % with an aver-
age FI value of 53.14 %. FI values of HG type 1.2.3.5.7
resistant soybeans were 0-212.77 % with an average
value of 58.23 %. The phenotypic data were in a condi-
tion of continuous distribution approximately.

The genetic basis of natural variation for soybean re-
sistance to SCN HG Type 0 and HG Type 1.2.3.5.7 were
explored by using an association panel of 440 diverse
germplasm genotyped with 36,976 SNP markers. A total of
19 association signals were identified with P <1.35 x 107°
for the two traits in a genome wide scan under compressed
mixed linear model that controlled the population struc-
ture and familial relatedness (Fig. 4 and Table 1). Among
the 19 association signals, eighteen were declared signifi-
cant under the threshold of P<2.70 x 10", The 19 peak
SNPs explained 6.2—-15.4 % of the total phenotypic vari-
ation. Twelve signals were significantly associated with the

resistance to Hg Type 0 and another seven signals were
found to be related to the resistance to Hg Type 1,2,3,5,7.
The known SCN resistant loci, Rhgl and Rhg4, were iden-
tified by the present study for soybean resistance to Hg
Type 0. The Rhg4 locus was also found to contribute re-
sistance to Hg Type 1.2.3.5.7. The rs33704130 located on
Gml6 was significantly associated with the resistance for
both Hg Types. It could be an important locus that offered
resistance to multiple Hg Types. Eight signals overlapped
with reported QTL, and another eight were located in the
linked region of known QTL (Additional file 3). Three
QTL were newly found in the present study.

Beneficial allele evaluation of peak SNP and genetic
architecture of significantly associated genomic regions
To confirm the beneficial allele of each peak SNP associ-
ated with SCN resistance, the average FI value of the
soybean accessions that carried each allele of peak SNPs



Han et al. BMC Genomics (2015) 16:598 Page 5 of 11

a b 30 4
o 3
8 o
-~
-30 . )
30 20 10 0 10 20 30
PC1

C d 1000 -

800 o
- = 600 -
O e
o s

S 400 -
>
200 -
| 0 T T T T T T T T T 1
60 1 2 3 4 5 6 7 8 9 10
PC2 Principle components
Fig. 2 Population structure evaluation based on principle component analysis. a-c population structure was revealed by principle component 1
(PC1) and principle component 2 (PC2), PC1 and PC3, PC2 and PC3. d genetic variations of the first 10 PCs

\

were calculated. The result indicated that the average FI ~ soybean genome was around 200 Kbp according to the
values of accessions with resistant alleles were signifi- present study and the reports of Hwang et al (~360
cantly lower than that of the accessions with susceptible ~ Kbp) and Lam et al. (~150Kbp) [37, 45]. A total of 395
alleles for all 19 association signals. They were also lower  soybean gene models were found in the flanking regions
than the average FI value of the whole association panel  of each peak SNP. Of these gene models, 64 genes had
(Table 1). Therefore, these resistant alleles could be useful no functional annotation. Fourteen genes belonged to
for marker-assistant selection (MAS) of SCN resistance. the domains of unknown function families. Among the

The candidate genes related to the identified loci other 317 gene models, several genes encoded serine/
against SCN Hg Type 0 and Hg Type 1.2.3.5.7 was fur-  threonine protein kinases known to be involved in plant
ther evaluated. Gene models that located in 200 Kbp disease response. Genes encoding leucine-rich repeat-
genomic region upstream and downstream of each peak  containing proteins, which might function in plant disease
SNP in the reference soybean genome (Wm82.a2.vl, see  resistance pathways in response to a variety of external
‘www. phetozome.net’) were considered to be resistance  stimuli from pathogens, were also identified. Five other
gene candidates since the mean LD decay distance of domain types were common including cytochrome P450s,
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protein kinases, zinc fingers, RING domains, MYB and
WRKY families (Fig. 5). Of these gene families, there were
five clusters of genes with disease resistance protein and/
or LRR protein domains that were found in both side of
rs33704130 on Gm16 that was associated with the resist-
ance to both Hg Type 0 and Hg Type 1.2.3.5.7. The Hg
Type 0 resistance loci (rs46050545 on GmO04, rs33843704
on GmO5, rs33488383 on Gmll and rs43617172 on
Gml4), as well as Hg Type 1.2.3.5.7 resistance locus
(rs172388849 on Gm17) were tightly linked with the genes
of RING/U-box superfamily protein or RING-H2 finger
C1A gene. The distance of each RING gene to their corre-
sponding peak SNP ranged from 8.9 Kbp to 161.7 Kbp
with an average distance of 59.1 Kbp. It could be inferred
that the RING/U-box superfamily protein might be in-
volved in the disease resistance responsive to Hg Type 0
and Hg Type 1.2.3.5.7.

Discussion

The precisely identifying and positioning of QTL are
crucial for successful MAS. Up to now, many QTL asso-
ciated with SCN resistance have been effectively tagged
with different molecular marker systems, including SSR,
RAPD, RFLP and SNP [12, 14, 19, 46-48]. However, no

sequencing based mapping like GWAS for QTL or genes
underlying the resistance to SCN has been reported so
far. In the present study, the GWAS mapping approach
and sequence based SNP maps with a large and diverse
sample of soybean germplasm collection were used to
identify the quantitative trait loci associated with the
resistance to SCN Hg Type 0 (race 3) and Hg Type
1.2.3.5.7 (race 4). A total of 19 QTL were identified.
Among the 12 QTN (nucleotides) associated with
QTL underlying resistance to SCN Hg Type 0, one QTN
(rs8050006) was identified on chromosome 8 (Gm 08,
LG A2), where a known and major QTL region associated
with Rhg4 locus had been commonly reported before
[12, 17, 47, 49-51]. Concibido et al. [52] reported that
a QTL near the Rhg4 locus could explain 15 % of the
total phenotypic variation in PI 209332 to SCN Hg
Type 0. The Rhg4 locus was confirmed as one of the
major QTL controlling soybean resistance against SCN
Hg Type 0 [50, 53]. Moreover, Kazi et al. and Ferreira
et al. [17, 19, 49, 54] confirmed the effect of Rhg4 on
resistance to race 3 and 14, while Rhg4 was less associated
with resistance to races 1, 2, 4 and 5. However, this locus
was also detected to be related to the resistance to Hg
Type 1.2.3.5.7 (race 4) in our study, indicating that it could



Table 1 Peak SNP associated with resistance to the two Hg Types (race 3 and race 4) identified by GWAS and evaluation of beneficial alleles

SNP Chromosome  Physical -log10(P) Minor Allele R? of Model Resistant ~ Susceptible  Average FI of accessions Average Fl of accessions with  Average Fl of Hg
position Frequency with SNP (%) allele alleles with resistant allele susceptible allele population Type'
rs8009636  GmO1 8009636 587 0.07 10.58 A C 5144 90.14 5823 race 4
1521804864 GmO02 21804864 6.54 0.04 6.21 T C 24 53.22 53.14 race 3
15949365  GmO4 949365 6.25 0.05 749 A C 12 61.56 53.14 race 3
rs46050545 Gmo04 46050545 7.2 0.11 1293 A T 17 12334 53.14 race 3
1526781135 GmO5 26781135 721 0.04 9.78 C T 53.58 145.55 58.23 race 4
rs33843704 GmO5 33843704 821 0.08 74 T C 14 95.36 53.14 race 3
1536404700 GmO07 36404700 10.7 0.13 10.03 G A 13 9245 53.14 race 3
rs8050006  GmO8 8050006 6.57 0.1 104 C A 18 56.33 53.14 race 3
rs8050006  GmO8 8050006 9.11 0.16 14.29 C A 753 56 53.14 race 4
141643371 GmO08 41643371 5.58 0.01 8.77 C G 54.13 98.22 5823 race 4
rs34608484 GmO9 34608484 7.55 0.05 9.26 C A 20 78.26 53.14 race 3
rs33488383 Gm11 33488383 743 0.04 10.73 C A 20 86.75 53.14 race 3
rs30581306 Gm14 30581306 7.76 0.05 12.62 C A 50.54 11544 5823 race 4
143617172 Gm14 43617172 8.07 0.1 10.65 C T 12 84.22 53.14 race 3
rs33704130 Gm16 33704130 841 0.07 11.66 A C 24 114 53.14 race 3
rs33704130 Gm16 33704130 647 0.07 12.66 A C 53 124.14 5823 race 4
1517238884 Gm17 17238884 7.19 042 13.53 T A 53.65 87.47 58.23 race 4
rs1643660 Gm18 1643660 713 0.1 154 G C 18 25 53.14 race 3
rs2085816  Gm20 2085816 6.1 048 6.85 G A 23 87 53.14 race 3

1: race 3 equals to Hg type O; race 4 equals to Hg type 1,2,3,5,7

86591 (510T) s wouan g '|p 32 ueH
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underlie SCN resistance more than one races simultan-
eously and might facilitate to breed new soybean varieties
resistant to SCN race 3, 4 and 14.

In soybean, Gm 18 (LG G) was very important for
SCN resistance. The rhgl loci, located on Gm 18, had
been conformed to have an impact on the depression of
SCN development in several resistance lines and pro-
vided SCN resistance in many commercial varieties from
several resistance sources [12, 17, 19, 55-57]. For ex-
ample, Concibido et al. [12] reported the recessive gene
rhg 1 that located on Gm 18 was identified to resistant
to SCN race 3 and 14 as a major SCN resistance source.
Similarly, Wu et al. [17] also detected a major QTL near
rhgl with a relative large R?, resistant to SCN race 1, 2, 3,
5 and 14, respectively. Here, the SNP rs1643660, associ-
ated with the resistance to SCN Hg Type 0 (race 3), was
detected to fall within the rkigl locus and was located in
the 31 Kbp copy number variation (CNV) region of Rhgl
locus. The SNP marker rs1643660 was 5.1 Kpb, 4.6
Kbp and 5.1 K bp distances from the three key genes
(Glyma.18 g022400, Glyma.18 g022500) in CNV region
[20]. However, the distance between SSR marker BARC
SOYSSR_18_0090 and rhg I-b was 67 Kbp in a fine
mapping study of rig I locus that was reported by Kim
et al. [58]. The distance from marker to causal genes in
our study was much shorter than that reported by Kim
et al.,, indicating that better mapping result could be
available from GWAS using SNP markers. The locus
rs1643660 could be more effective for marker-assisted
selection of lines resistant to SCN.

Additionally, most of the SNPs associated with the re-
sistance to SCN Hg Type 0 (race 3) fell within the previ-
ously reported SCN resistant QTL intervals in the present
study [17, 19, 47, 49, 52, 54, 59—-63]. For example, two loci
(rs949365 and rs46050545), resistant to SCN Hg Type 0
on Gm 04 (LG C1), were similar to the results reported by
Yue et al. and Vuong et al. [61, 63]. In particular, the locus
rs33704130 on Gm 16 (LG J) was detected to associate
with the resistance to SCN Hg Type 0 (race 3) and Hg
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Type 1.2.3.5.7 simultaneously, which was similar to the re-
sults reported by Chang et al. [57].

A total of seven SNPs were associated with the re-
sistance to SCN Hg Type 1.2.3.5.7 (race 4), and six of
them were within the previously reported marker in-
tervals [17, 52, 57, 61, 63, 64]. Of them, rs8050006
and rs33704130 were overlapped with the same loci
associated with resistance to SCN Hg Type 0, sug-
gesting that they could accelerate the development of
soybean varieties with the resistance both to SCN Hg
Type 0 and Hg Type 1.2.3.5.7.

In the present study, rs2085816 on Gm 20 (LG I),
rs21804864 on GmO2 (LG DI1b) and rs30581306 on
Gml14 (LG B2) were the novel loci reported for SCN re-
sistance. They might have the potential to be used in
MAS for enhanced SCN Hg Type 0 and Hg Type
1.2.3.5.7 resistance.

Here, we mapped 19 QTL representing 17 genomic re-
gions associated with soybean resistance to Hg Type 0
and/or Hg Type 1.2.3.57. More than 300 candidate
genes were found in the linked region of these QTL, and
as many as 25 % might have SCN response. Disease
resistance-like proteins were found to be induced by dif-
ferent Hg Types of SCN in other studies too such as by
Mazarei et al. and Matsye et al. [65, 66]. That suggested
that disease resistance like proteins was a class of genes
with broad-spectrum resistance to SCN. In addition, ex-
pression patterns of genes that encoded cytochrome P450,
zinc finger protein, MYB domain protein, and WRKY
DNA-binding protein that were mapped here were chan-
ged in SCN induced soybean roots [65-68]. SAUR-like
genes has been suggested to encode short-lived nuclear
proteins involved in auxin signaling by interacting with
calmodulin [69, 70]. A report about auxin-responsive fac-
tor (ARF) in Arabidopsis thaliana described that double
mutants of ARF gene showed a strong auxin phenotype
that resulted in the absence of lateral root formation than
single mutant expression. In addition, Glyma.02¢161600
that encoded the RING-H2 finger domain was the nearest
gene to rs21804864 which is a novel locus associated with
resistance to SCN. RING-H2 finger as an domain in E3
ubiquitin ligase was considered to participate in the
degradation of proteins from the endoplasmic reticulum
in Human [71]. E3 ubiquitin ligases was known to play an
important role in mediating plant defence signaling [72].
Therefore, Glyma.02g161600 with RING-H2 finger do-
main might be a new gene source of SCN resistance.
However, many such genes alter the degree of suscepti-
bility (60 < FI < 300) more than the degree of resistance
(FI < 10).

Conclusions
GWAS was successfully used to examine the genetic
architecture of resistance to SCN Hg Types 0 and Type
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1.2.3.5.7 in multiple genetic backgrounds. Nineteen asso-
ciations were obtained for SCN resistance to the two Hg
Types. The multiple beneficial alleles from resistant germ-
plasm may be useful to breed varieties with improved re-
sistance to SCN. Identification of causal gene(s) underlying
SCN resistance may be assisted.

Methods

Evaluation of soybean resistance to HG types

Exactly 402 of the 440 accessions of soybean were col-
lected from the soybean production areas between 19° N
and 48° N of China. They included landraces and elite
cultivars. The maturity groups of these germplasm were
ranged from MG 000 to MG IX. Another 38 accessions
were from the non-Chinese regions to represent the
world-wide genetic diversity of G. max. Seeds of the soy-
bean accessions were germinated in vermiculite and
transplanted singly into 7.5 cm diameter clay pots when
cotyledons opened. To evaluate the susceptibility to Hg
Type 0 and Hg Type 1.2.3.5.7 the plants from each acces-
sion were transplanted into five pots. Plants were inocu-
lated with 2,000 eggs and/or second-stage juveniles in a
10-ml suspension 2 days later. All plants were grown in a
greenhouse at 25-28 °C. Thirty days after inoculation, the
cysts and females were collected and counted. The female
index was calculated as follows: FI = (number of cysts and
females on detected plant)/(average number of cysts and
females on ‘Lee 68’) x 100. FI > 10 was assigned “+” and
FI <10 was assigned “-” [73]. Each accession for each
treatment contained five plants. A complete random-
ized design was used with three replicates. Each experi-
ment was repeated twice.

Genotyping of soybean germplasm collection

Genomic DNA was isolated from fresh leaves of a single
plant per accession using the methods described by Wu
et al. [74]. Subsequently, the DNA was analyzed by Spe-
cific Locus Amplified Fragment (SLAF) sequencing
(SLAF-seq) [39]. Sequencing libraries of each accession
were constructed through in silico digestion prediction
and double digestion with enzymes Msel and Haelll
which could digest soybean genome DNA into more
than 50,000 sequencing tags with 300-500 bp in length.
These tags were evenly distributed in unique regions of
genome. The 45 bp sequence read at both ends of each
library was generated by Illumina Analyser II using a
barcode approach to identify each sample.

The Short Oligonucleotide Alignment Program 2
(SOAP2) was used to map raw paired-ends reads onto
the reference genome (Glycine_ max_Williams_82 8x
Release v1.01) [75]. The SLAF groups were generated
by reads that mapped to the same position. Because of
sequencing errors, some reads appeared to be unique
singletons. These reads were coalesced the sort of reads
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with lower quality but higher depth by allowing 1-3
mismatches. If an accession was only partially digested
by the restriction enzymes, some reads mapped to refer-
ence genome should have overlaps with two SLAF tags.
Such reads were assigned to both SLAF tags in that acces-
sion. A total of 60 thousand high quality SLAF tags were
obtained from each of the 440 genotypes.

In SNP calling, minor allele frequencies (MAF) thresh-
old was set at 0.04. If depth of minor allele was larger than
1/3 of sample total depth, the genotype were regarded as
heterozygous.

Population structure evaluation and LD analysis
Population structure of soybean natural population was
conducted using principle component analysis (PCA)
approach in GAPIT software package [76]. LD between
pairs of SNPs was estimated by using squared allele fre-
quency correlations (r?) in TASSEL version 3.0 [77].
Only SNPs with a MAF more than 0.04 and less than
10 % missing data were used to estimate LD. In contrast
to the GWAS, missing SNP genotypes were not imputed
with the major allele before LD analysis. Parameters in
the program included MAF (20.04) and the integrity of
each SNPs (=80 %).

Genome-wide association analysis

A total of 35,760 SNPs from soybean accessions were
used for association analysis with Compressed Mixed
Linear Model (MLM) in GAPIT [76]. The p values were
adjusted with the Bonferroni method at a<0.01 and
0.05 level (corresponding p<2.70 x 10”7 and 1.35 x 10°°,
respectively) and was used as the threshold to determine
whether a significant association existed [78]. Candidate
genes that located within 200 Kbp around the 5" and 3’
direction of peak SNP were identified.

Additional files

Additional file 1: Sources and distributions of 440 soybean
accessions. (PDF 433 kb)

Additional file 2: SNP list of 440 soybean accessions. (ZIP 2495 kb)

Additional file 3: The overlap or linkage relationship of peak SNP
and known QTL associated with SCN resistance. (PDF 242 kb)

Competing interests
The authors declare that they have no competing interests.

Author’s contributions

WBL designed and supervised the research; XZ and GLC conducted the field
trial to evaluate SCN resistance; WLT and DML conducted the molecular
experiment; HKZ and DYL conducted sequencing and SNP calling; YHL, XZ,
YPH and ZWZ analysed the data; XZ, YPH, YW, LJQ and WBL wrote the
manuscript. All authors read and approved the manuscript.

Acknowledgements
This study was conducted in the Key Laboratory of Soybean Biology of
Chinese Education Ministry, Soybean Research & Development Center, CARS


http://www.biomedcentral.com/content/supplementary/s12864-015-1800-1-s1.pdf
http://www.biomedcentral.com/content/supplementary/s12864-015-1800-1-s2.zip
http://www.biomedcentral.com/content/supplementary/s12864-015-1800-1-s3.pdf

Han et al. BMC Genomics (2015) 16:598

and the key Laboratory of Northeastern Soybean Biology and Breeding/
Genetics of Chinese Agriculture Ministry, and financially supported by
National Core Soybean Genetic Engineering Project (20152X08004-003),
National Sustained Project (2011BAD35B06 and 2014BAD22B00), National 863
Project (2012AA101106-1-9 and 2013AA102602-3), Chinese National Natural
Science Foundation (31301339), Provincial Ministry of Education Scientific
Research Project (12541049), "Young Talents" Project of Northeast Agricultural
University (14QC27) and Provincial/National Education Ministry for the team
of soybean molecular design.

Received: 5 February 2015 Accepted: 27 July 2015
Published online: 13 August 2015

References

1.

20.

21.

Wrather J, Koenning S. Estimates of Disease Effects on Soybean Yields in the
United States 2003 to 2005, vol. 38. Marceline: ETATS-UNIS: Society of
Nematologists; 2006.

Liu X, Li J, Zhang D. History and status of soybean cyst nematode in China.
Int J Nematol. 1997;7(1):18-25.

Riggs R, Schmitt D. Complete characterization of the race scheme for
Heterodera glycines. J Nematol. 1988;20(3):392-5.

Niblack TL, Noel GR, Lambert KL. The lllinois SCN type test: practical
application of the Hg type classification system. J Nematol. 2003;35(355):345.
Noel GR, Wrather JA. Biology and Management of the Soybean Cyst
Nematode. Paul, USA: American Phytopathological Society; 1992.

Kim D, Riggs R, Robbins R, Rakes L. Distribution of races of heterodera
glycines in the Central United States. J Nematol. 1997,29(2):173-9.

Liu P. Advances in study of screening and utilization for antigen to soybean
cyst nematode. Heilongjiang Agric Sci. 2005;6:44-7 (in Chinese with English
Abstract).

Shannon J, Arelli P, Young L. Breeding for Resistance and Tolerance. In:
Biology and Management of the Soybean Cyst Nematode. Marceline:
Schmitt&Associates of Marceline; 2004.

Shier M. Soybean sarieties with soybean cyst nematode resistance.
University of lllinois Extension. 2011.

Niblack T, Heinz R, Smith G, Donald P. Distribution, density, and diversity of
heterodera glycines in Missouri. J Nematol. 1993;25(4 Suppl):880-6.

Zheng JW, Chen SY. Estimation of virulence type and level of soybean cyst
nematode field populations in response to resistant cultivars. Int J Nematol
Entomol. 2013;1(6):111-6.

Concibido VC, Diers BW, Arelli PR. A decade of QTL mapping for cyst
nematode resistance in soybean. Crop Sci. 2004;44(4):1121-31.

Wang D, Graef GL, Procopiuk AM, Diers BW. Identification of putative QTL
that underlie yield in interspecific soybean backcross populations. Theor
Appl Genet. 2004;108(3):458-67.

Guo B, Sleper DA, Arelli PR, Shannon JG, Nguyen HT. Identification of QTLs
associated with resistance to soybean cyst nematode races 2, 3 and 5 in
soybean PI 90763. Theor Appl Genet. 2005;111(5):965-71.

Kabelka EA, Carlson SR, Diers BW. Localization of two loci that confer
resistance to soybean cyst nematode from glycine soja Pl 468916. Crop Sci.
2005;45(6):2473-81.

Winter SJ, Shelp B, Anderson T, Welacky T, Rajcan I. QTL associated with
horizontal resistance to soybean cyst nematode in Glycine soja Pl4649258.
Theor Appl Genet. 2007;114(3):461-72.

Wu X, Blake S, Sleper D, Shannon JG, Cregan P, Nguyen H. QTL, additive
and epistatic effects for SCN resistance in Pl 437654. Theor Appl Genet.
2009;118(6):1093-105.

Vuong T, Sleper D, Shannon J, Nguyen H. Novel quantitative trait loci for
broad-based resistance to soybean cyst nematode (Heterodera glycines
Ichinohe) in soybean PI 567516C. Theor Appl Genet. 2010;121(7):1253-66.
Kazi S, Shultz J, Afzal J, Hashmi R, Jasim M, Bond J, et al. Iso-lines and
inbred-lines confirmed loci that underlie resistance from cultivar ‘Hartwig’ to
three soybean cyst nematode populations. Theor Appl Genet.
2010;120(3):633-44.

Cook DE, Lee TG, Guo X, Melito S, Wang K, Bayless AM, et al. Copy number
variation of multiple genes at Rhg1 mediates nematode resistance in
soybean. Science. 2012;338(6111):1206-9.

Liu S, Kandoth PK, Warren SD, Yeckel G, Heinz R, Alden J, et al. A soybean
cyst nematode resistance gene points to a new mechanism of plant
resistance to pathogens. Nature. 2012;492(7428):256-60.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 10 of 11

Igbal MJ, Ahsan R, Afzal AJ, Jamai A, Meksem K, EI-Shemy HA, et al.
Multigeneic QTL: the laccase encoded within the soybean Rfs2/rhg1 locus
inferred to underlie part of the dual resistance to cyst nematode and
sudden death syndrome. Curr Issues Mol Biol. 2009;11:111-9.

Afzal AJ, Srour A, Saini N, Hemmati N, EI Shemy HA, Lightfoot DA.
Recombination suppression at the dominant Rhg1/Rfs2 locus underlying
soybean resistance to the cyst nematode. Theor Appl Genet.
2012;124(6):1027-39.

Srour A, Afzal AJ, Blahut-Beatty L, Hemmati N, Simmonds DH, Li W, et al.
The receptor like kinase at Rhg1-a/Rfs2 caused pleiotropic resistance to
sudden death syndrome and soybean cyst nematode as a transgene by
altering signaling responses. BMC Genomics. 2012;13:368.

Zhu C, Gore M, Buckler ES, Yu J. Status and prospects of association
mapping in plants. Plant Genome. 2008;1(1):5-20.

Huang XH, Han B. Natural variations and genome-wide association studies
in crop plants. Annu Rev Plant Biol. 2014;65:531-51.

Huang X, Wei X, Sang T, Zhao Q, Feng Q, Zhao Y, et al. Genome-wide
association studies of 14 agronomic traits in rice landraces. Nat Genet.
2010;42(11):961-7.

Tian F, Bradbury PJ, Brown PJ, Hung H, Sun Q, Flint-Garcia S, et al. Genome-
wide association study of leaf architecture in the maize nested association
mapping population. Nat Genet. 2011,43(2):159-62.

Rubin C-J, Zody MC, Eriksson J, Meadows JRS, Sherwood E, Webster MT, et
al. Whole-genome resequencing reveals loci under selection during chicken
domestication. Nature. 2010:464(7288):587-91.

Bastien M, Sonah H, Belzile F. Genome wide association mapping of
Sclerotinia sclerotiorum resistance in soybean with a genotyping-by-sequencing
approach. Plant Genome. 2014;7(1):1-13.

Hao D, Chao M, Yin Z, Yu D. Genome-wide association analysis detecting
significant single nucleotide polymorphisms for chlorophyll and chlorophyll
fluorescence parameters in soybean (Glycine max) landraces. Euphytica.
2012;186(3):919-31.

Wen Z, Tan R, Yuan J, Bales C, Du W, Zhang S, et al. Genome-wide
association mapping of quantitative resistance to sudden death syndrome
in soybean. BMC Genomics. 2014;15(1):809.

Zhao K, Tung G-W, Eizenga GC, Wright MH, Ali ML, Price AH, et al. Genome-wide
association mapping reveals a rich genetic architecture of complex traits in
Oryza sativa. Nat Commun. 2011;2:467.

Mamidi S, Lee RK, Goos JR, McClean PE. Genome-wide association studies
identifies seven major regions responsible for iron deficiency chlorosis in
soybean (Glycine max). PLoS ONE. 2014;9(9):e107469.

Atwell S, Huang YS, Vilhjalmsson BJ, Willems G, Horton M, Li Y, et al.
Genome-wide association study of 107 phenotypes in Arabidopsis thaliana
inbred lines. Nature. 2010;465(7298):627-31.

Kump KL, Bradbury PJ, Wisser RJ, Buckler ES, Belcher AR, Oropeza-Rosas MA,
et al. Genome-wide association study of quantitative resistance to southern
leaf blight in the maize nested association mapping population. Nat Genet.
2011;43(2):163-8.

Hwang E-Y, Song Q, Jia G, Specht J, Hyten D, Costa J, et al. A genome-wide
association study of seed protein and oil content in soybean. BMC
Genomics. 2014;15(1):1-12.

Wang S, Meyer E, McKay JK, Matz MV. 2b-RAD: a simple and flexible method
for genome-wide genotyping. Nat Meth. 2012;9(8):808-10.

Sun X, Liu D, Zhang X, Li W, Liu H, Hong W, et al. SLAF-seq: an efficient
method of large-scale de novo SNP discovery and genotyping using
high-throughput sequencing. PLoS ONE. 2013;8(3):e58700.

Xu F, Sun X, Chen Y, Huang Y, Tong C, Bao J. Rapid identification of major
QTLs associated with rice grain weight and their utilization. PLoS ONE.
2015;10(3):20122206.

Zhang Y, Wang L, Xin H, Li D, Ma C, Ding X, et al. Construction of a
high-density genetic map for sesame based on large scale marker
development by specific length amplified fragment (SLAF) sequencing.
BMC Plant Biol. 2013;13(1):141.

Qi Z, Huang L, Zhu R, Xin D, Liu C, Han X, et al. A high-density genetic map
for soybean based on specific length amplified fragment sequencing. PLoS
ONE. 2014,9(8):2104871.

Zhao X, Han Y, Li Y, Liu D, Sun M, Zhao Y, et al. Loci and candidate gene
identification for resistance to Sclerotinia sclerotiorum in soybean (Glycine
max L. Merr.) via association and linkage maps. Plant J. 2015;82(2):255.
Schmutz J, Cannon SB, Schlueter J, Ma J, Mitros T, Nelson W, et al. Genome
sequence of the palaeopolyploid soybean. Nature. 2010;463(7278):178-83.



Han et al. BMC Genomics (2015) 16:598

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Lam HM, Xu X, Liu X, Chen W, Yang G, Wong FL, et al. Resequencing of 31 69.
wild and cultivated soybean genomes identifies patterns of genetic

diversity and selection. Nat Genet. 2010;42(12):1053-9.

Abdelmajid K, Ramos L, Hyten D, Kantartzi S, Bond J, Grier R, et al. 70.
Quantitative Trait Loci (QTL) that Underlie SCN resistance in the soybean

[Glycine max (L) Merr.]'P1438489B'by ‘Hamilton'Recombinant inbred line

population. Atlas J Plant Biol. 2014;1(3):29-38. 71.
Arriagada O, Mora F, Dellarossa J, Ferreira MS, Cervigni GL, Schuster I.

Bayesian mapping of quantitative trait loci (QTL) controlling soybean cyst

nematode resistant. Euphytica. 2012;186(3):907-17. 72.
Kim M, Diers BW. Fine Mapping of the SCN resistance QTL cqSCN-006 and
cgSCN-007 from glycine soja PI 468916. Crop Sci. 2013;53(3):775-85. 73.

Guo B, Sleper DA, Nguyen HT, Arelli PR, Shannon JG. Quantitative trait loci
underlying resistance to three soybean cyst nematode populations in

soybean Pl 404198A. Crop Sci. 2006;46(1):224-33. 74.
Liu X, Liu S, Jamai A, Bendahmane A, Lightfoot DA, Mitchum MG, et al.

Soybean cyst nematode resistance in soybean is independent of the Rhg4 75.
locus LRR-RLK gene. Funct Integr Genomics. 2011;11(4):539-49.

Mahalmgam R, Skorupska HT. DNA markers for resistance to heterodera 76.

glycines I. Race 3 in Soybean Cultivar Peking. Jon J Breed. 1995;45(4):435-43.
Concibido V, Denny R, Boutin S, Hautea R, Orf J, Young N. DNA marker
analysis of loci underlying resistance to soybean cyst nematode (Heterodera /7.
glycines Ichinohe). Crop Sci. 1994;34(1):240-6.

Afzal AJ, Natarajan A, Saini N, Igbal MJ, Geisler M, El Shemy HA, et al. The
nematode resistance allele at the rhg1 locus alters the proteome and /8.
primary metabolism of soybean roots. Plant Physiol. 2009;151(3):1264-80.
Ferreira MFD, Cervigni GDL, Ferreira A, Schuster |, Santana FA, Pereira WD, et
al. QTLs for resistance to soybean cyst nematode, races 3, 9, and 14 in
cultivar Hartwig. Pesqui Agropecu Bras. 2011;46(4):420-8.

Ruben E, Jamai A, Afzal J, Njiti VN, Triwitayakorn K; Igbal MJ, et al. Genomic
analysis of the rhg1 locus: candidate genes that underlie soybean resistance
to the cyst nematode. Mol Gen Genomics. 2006;276(6):503-16.

Kazi S, Shultz J, Afzal J, Johnson J, Njiti VN, Lightfoot DA. Separate loci
underlie resistance to root infection and leaf scorch during soybean sudden
death syndrome. Theor Appl Genet. 2008;116(7):.967-77.

Chang W, Dong L, Wang Z, Hu H, Han Y, Teng W, et al. QTL underlying
resistance to two HG types of Heterodera glycines found in soybean
cultivar ‘L-10". BMC Genomics. 2011;12:233.

Kim M, Hyten DL, Bent AF, Diers BW. Fine mapping of the SCN resistance
locus rhg1-b from PI 88788. Plant Genome-Us. 2010;3(2):81-9.

Vierling RA, Faghihi J, Ferris VR, Ferris JM. Association of RFLP markers with
loci conferring broad-based resistance to the soybean cyst nematode
(Heterodera glycines). Theor Appl Genet. 1996,92(1):83-6.

Chang S, Doubler T, Kilo V, Abu-Thredeih J, Prabhu R, Freire V, et al.
Association of loci underlying field resistance to soybean sudden death
syndrome (SDS) and cyst nematode (SCN) race 3. Crop Sci.
1997,37(3):965-71.

Yue P, Sleper DA, Arelli PR. Mapping resistance to multiple races of in
soybean PI 89772. Crop Sci. 2001;41(5):1589-95.

Glover K, Wang D, Arelli P, Carlson S, Cianzio S, Diers B. Near isogenic lines
confirm a soybean cyst nematode resistance gene from PI 88788 on linkage
group. J Crop Sci. 2004;44(3):936-41.

Vuong T, Sleper D, Shannon J, Wu X, Nguyen H. Confirmation of
quantitative trait loci for resistance to multiple-HG types of soybean cyst
nematode (Heterodera glycines Ichinohe). Euphytica. 2011;181(1):101-13.

Page 11 of 11

Yang T, Poovaiah BW. Molecular and biochemical evidence for the
involvement of calcium/calmodulin in auxin action. J Biol Chem.
2000;275(5):3137-43.

Knauss S, Rohrmeier T, Lehle L. The auxin-induced maize gene ZmSAUR2
encodes a short-lived nuclear protein expressed in elongating tissues. J Biol
Chem. 2003;278(26):23936-43.

Kikkert M, Doolman R, Dai M, Avner R, Hassink G, van Voorden S, et al.
Human HRD1 is an E3 ubiquitin ligase involved in degradation of proteins
from the endoplasmic reticulum. J Biol Chem. 2004;279(5):3525-34.

Craig A, Ewan R, Mesmar J, Gudipati V, Sadanandom A. E3 ubiquitin ligases
and plant innate immunity. J Exp Bot. 2009;60(4):1123-32.

Golden A, Epps J, Riggs R, Duclos L, Fox J, Bernard R. Terminology and
identity of infraspecific forms of the soybean cyst nematode (Heterodera
glyecines). Plant Dis Rep. 1970;54(7):544-6.

Wu X, Ren C, Joshi T, Vuong T, Xu D, Nguyen H. SNP discovery by
high-throughput sequencing in soybean. BMC Genomics. 2010;11(1):469.
LiR YuC LiY, Lam T-W, Yiu S-M, Kristiansen K, et al. SOAP2: an improved
ultrafast tool for short read alignment. Bioinformatics. 2009;25(15):1966-7.
Lipka AE, Tian F, Wang Q, Peiffer J, Li M, Bradbury PJ, et al. GAPIT: genome
association and prediction integrated tool. Bioinformatics.
2012;28(18):2397-9.

Bradbury PJ, Zhang Z, Kroon DE, Casstevens TM, Ramdoss Y, Buckler ES.
TASSEL: software for association mapping of complex traits in diverse
samples. Bioinformatics. 2007;23(19):2633-5.

Holm S. A simple sequentially rejective multiple test procedure. Scand

J Stat. 1979,6(2):65-70.

Webb DM, Baltazar BM, Rao-Arelli AP, Schupp J, Clayton K, Keim P, et al. Ve
Genetic mapping of soybean cyst nematode race-3 resistance loci in the
soybean Pl 437.654. Theor Appl Genet. 1995,91(4):574-81.

Matsye PD, Kumar R, Hosseini P, Jones CM, Tremblay A, Alkharouf NW, et al.
Mapping cell fate decisions that occur during soybean defense responses.
Plant Mol Biol. 2011;77(4-5):513-28.

Mazarei M, Liu W, Al-Ahmad H, Arelli PR, Pantalone VR, Stewart CN. Gene
expression profiling of resistant and susceptible soybean lines infected with
soybean cyst nematode. Theor Appl Genet. 2011;123(7):1193-206.

Ithal N, Recknor J, Nettleton D, Hearne L, Maier T, Baum TJ, et al. Parallel
genome-wide expression profiling of host and pathogen during soybean
cyst nematode infection of soybean. Mol Plant Microbe Interact.
2007;20(3):293-305.

Li XY, Wang X, Zhang SP, Liu DW, Duan YX, Dong W. Comparative profiling
of the transcriptional response to soybean cyst nematode infection of
soybean roots by deep sequencing. Chinese Sci Bull. 2011;56(18):1904-11.

~
Submit your next manuscript to BioMed Central
and take full advantage of:
¢ Convenient online submission
¢ Thorough peer review
* No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
* Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central
J




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	SNP genotyping
	Linkage disequilibrium (LD) and population structure analysis
	Trait variation and genome-wide association study (GWAS)
	Beneficial allele evaluation of peak SNP and genetic architecture of significantly associated genomic regions

	Discussion
	Conclusions
	Methods
	Evaluation of soybean resistance to HG types
	Genotyping of soybean germplasm collection
	Population structure evaluation and LD analysis
	Genome-wide association analysis

	Additional files
	Competing interests
	Author’s contributions
	Acknowledgements
	References



