
Genome-wide association study for soybean cyst nematode
resistance in Chinese elite soybean cultivars

Jun Zhang & Zixiang Wen & Wei Li & Yanwei Zhang &

Lifeng Zhang & Haiying Dai & Dechun Wang & Ran Xu

Received: 3 February 2016 /Accepted: 31 March 2017 /Published online: 20 April 2017
# Springer Science+Business Media Dordrecht 2017

Abstract Soybean cyst nematode (SCN) (Heterodera
glycines Ichinohe) is a highly recalcitrant endoparasite
of soybean roots, causing more yield loss than any other
pest. To identify quantitative trait loci (QTL) controlling
resistance to SCN (HG type 2.5.7, race 1), a genome-
wide association study (GWAS) was performed. The
association panel, consisting of 120 Chinese soybean
cultivars, was genotyped with 7189 single nucleotide
polymorphism (SNPs). A total of 6204 SNPs with mi-
nor allele frequency >0.05 were used to estimate linkage
disequilibrium (LD) and population structure. The mean
level of LD measured by r2 declined very rapidly to half
its maximum value (0.51) at 220 kb. The overall popu-
lation structure was approximately coincident with geo-
graphic origin. The GWAS results identified 13 SNPs in

7 different genomic regions significantly associated
with SCN resistance. Of these, three SNPs were local-
ized in previously mapped QTL intervals, including
rhg1 and Rhg4. The GWAS results also detected 10
SNPs in 5 different genomic regions associated with
SCN resistance. The identified loci explained an average
of 95.5% of the phenotypic variance. The proportion of
phenotypic variance was due to additive genetic vari-
ance of the validated SNPs. The present study identified
multiple new loci and refined chromosomal regions of
known loci associated with SCN resistance. The loci
and trait-associated SNPs identified in this study can be
used for developing soybean cultivars with durable re-
sistance against SCN.

Keywords Soybean cyst nematode . Genetic
architecture . GWAS . Quantitative trait locus . Single
nucleotide polymorphism

Introduction

Soybean cyst nematode (SCN) (Heterodera glycines
Ichinohe) is a plant-parasitic nematode that attacks the
roots of soybeans. The nematode is the most devastating
soybean pest worldwide, causing more than US$1.5
billion in yield losses annually in the USA alone
(Wrather and Koenning 2006). The use of resistant
cultivars and cultural practices, such as crop rotation,
are the principal strategies to limit SCN damage (Chen
et al. 2001). Therefore, the development of elite culti-
vars with SCN resistance is a major goal of soybean
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breeding programs. Although soybean breeders have
been successful in incorporating resistance genes from
a few plant introductions (PIs), such as PI88788 and
Peking (PI548402), into commercial soybean cultivars,
soybean germplasm still has a narrow genetic base of
SCN resistance (Concibido et al. 2004). Due to the
overuse of the few resistance sources, SCN populations
have emerged which show increasing reproductive ca-
pacity on previously resistant soybean cultivars
(Colgrove and Niblack 2008; Mitchum et al. 2007).
Therefore, it is urgent to screen and incorporate new
sources of resistance to SCN in breeding programs for
effective management of SCN globally.

Understanding the genetic basis of SCN resistance is
critical for developing resistant cultivars. Mapping
quantitative trait loci (QTL) for SCN resistance with
molecular markers is a basic tool for dissection of the
genetic basis of soybean resistance to SCN. Traditional
bi-parental mapping studies have identified a total of
164 QTL (http://www.soybase.org/search/index.
php?search=true&result=qtl&qtl=SCN). Among these,
the QTLs on chromosomes (Chr.) 18 and 8 (rhg1 and
Rhg4, respectively) have been well studied (Concibido
et al. 1997; Matthews et al. 1998; Meksem et al. 2001;
Guo et al. 2005, 2006; Kim et al. 2010) and are involved
in resistance to SCN races 1 to 5. Recently, genes
underlying the loci have been cloned (Cook et al. 2012
; Liu et al. 2012). However, due to the limited coverage
of resistance sources, inadequate statistical procedures,
and small mapping populations, many QTLs underlying
SCN resistance, therefore, have remained un-detected.
With the availability of a soybean reference genome
sequence and the development of high-throughput sin-
gle nucleotide polymorphism (SNP) assay platforms,
association mapping (AM) has been demonstrated to
be a powerful approach to dissect various traits, such
as disease resistance, yield, and quality-related traits in
soybean (Wen et al. 2014, 2015; Hao et al. 2012a, b;
Bastien et al. 2014; Hwang et al. 2014). Recent genome-
wide association study (GWAS) on 282 accessions of
soybean breeding lines have detected significant signals
at two loci corresponding to rhg1 and FGAM1, plus a
third locus located at the end (55.9 Mb) of Chr. 18
underlying resistance to SCN HG type 0 (Bao et al.
2014). By using a data set of 55,159 SNPs across 440
diverse soybean landraces and elite cultivars, Han et al.
(2015) also identified 19 association loci significantly
related to the resistance for two SCNHG types. Another
GWAS was performed by using a diverse set of 553

soybean PIs belonging to maturity groups from III to V
to detect QTL/genes associated with SCN resistance to
HG type 0 (Vuong et al. 2015). They confirmed six QTL
that were previously mapped using bi-parental popula-
tions and also identified eight novel QTL.

SCN HG type 2.5.7 (race 1) is the predominant race
in the Huang-Huai region (between 32° N and 41° N
latitude) of China (Lu et al. 2006). To deploy the major
SCN resistance genes of this race in breeding germ-
plasm, understanding the genetic basis of resistance to
SCN in soybean is essential. To the best of our knowl-
edge, GWAS has not yet been employed to study the
resistance of this HG type in soybean. By selecting a
representative collection of soybean cultivars, the objec-
tive of this study was to apply GWAS to dissect the
genetic architecture of resistance to SCN in a panel of
120 diverse soybean varieties. To this end, the soybean
accessions were genotyped with a high-quality custom-
designed 7189 oligonucleotide genotyping array, and
phenotyped for plant responses to SCN HG type 2.5.7
(race 1). The present research will aid efforts to dissect
the genetic architecture of SCN resistance in soybean.

Materials and methods

Sampling and genotyping

One hundred twenty released cultivars representing ma-
turity groups (MGs) II to IV were collected and used in
this study (Supplementary Table S1). DNAwas extract-
ed from young leaves of each accession using standard
CTAB method (Kisha et al. 1997). DNA sample from
each accession was genotyped with SoySNP8k iSelect
BeadChip (Illumina, San Diego, Calif., USA), which
consists of 7189 SNPs. The quality of each SNP was
checked manually as previously reported by Yan et al.
(2010). The SNPs with >5% minor allele frequency
(MAF) and a missing data rate <20% were retained. A
total of 6204 SNPs markers passed the filters and were
used in the subsequent analyses.

Phenotyping

A greenhouse assay of plant responses to SCN HG type
2.5.7 (race 1) was performed at the Shandong Academy
of Agricultural Sciences in the summer of 2013 using
established methods (Riggs and Schmitt 1988). The
greenhouse experiment was run twice with 20 plants
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for each accession in first run and 10 plants for second
run. Three seeds of each accession were planted in 120-
by 150-mm plastic pot with 10 replications. After ger-
mination, the seedlings were thinned to two seeding per
pot for first run and one seedling for second run. Thirty
days after inoculation, the plant roots were washed and
the cysts on the roots were counted. Resistance evalua-
tions were conducted by counting the number of cysts
(NC) on the roots and calculating the index of parasitism
(PI) (Schmitt and Shannon 1992) using Jindou 21 as
susceptible control line. The linear model for PI was
yij = u + gi + rj + (gr)ij + eij, where yij was the PI of each
plant, u was the total mean, gi was the genetic effect of
ith genotype, rj was the mean effect of jth run, (gr)ijwas
the interaction effect between the ith accession and jth
run, and eij was the residual. The heritability estimates
were calculated using variance components obtained by
the abovementioned linear model (Nyquist 1991).

Population genetic analyses

Principal component analysis and neighbor-joining tree
were applied to infer population stratification. A
pairwise distance matrix derived from a modified
Euclidean distance for all polymorphic SNPs was cal-
culated to construct neighbor-joining trees using the
TASSEL 5.0 software (Bradbury et al. 2007). Principal
component analysis was done using TASSEL 5.0 based
on 4549 SNPs with minor allele frequency (MAF)
>20% and physical distance >60 kb. Kinship matrixes
were calculated using TASSEL 5.0 to determine relat-
edness among individuals based on the same sets of
SNPs. TASSEL 5.0 was used to make all pairwise
comparisons of alleles to calculate squared correlation
coefficient (r2) of alleles between markers. The extent of
linkage disequilibrium (LD) decay was measured as the
chromosomal distance at which the average pairwise
correlation coefficient (r2) dropped to half its maximum
value.

Genome-wide association analysis

GWAS were performed with a mixed linear model
(MLM, Zhang et al. 2010), to test the associations be-
tween the SNPs (MAF > 5%) and the resistance varia-
tions. The top five principal components were used to
build up the P matrix for population structure correction.
Analyses were performed by the software TASSEL 5.0.
False discovery rate (FDR) ≤ 0.05 was used to identify

significant associations. To select major QTLs among all
the significant SNPs, these SNPs were clumped by using
an LD block as a criterion (Gabriel et al. 2002), and the
strongest association within each LD block was kept. In
order to make sure that the present sample size has
enough power to conduct GWAS, GWApower (Feng
et al. 2011) was used to estimate the power of the present
study with a SNP number, heritability score, and sample
size with 6204, 0.81, and 120, respectively.

Results

Analysis of phenotypic variation

Averaged over two runs, a large variation in SCN resis-
tance was observed across assayed soybean accessions.
NC on the root had a mean of 30.5 with a range from 1
to 83, whereas index of parasitism (IP) ranged from 1.8
to 120 with a mean of 43 (Fig. 1). ANOVA for the IP
indicated that the effect of accession, run, and accession
by run had significant effects (Table 1, Supplementary
Fig. S1). The broad-sense heritability estimates for NC
and IP were 0.74 and 0.81, respectively, not only indi-
cating that the number of cysts per plant within inbred
lines was relatively consistent but also suggesting that
there was a major genetic component conditioning SCN
resistance in this population. Having high heritability
and expecting few genetic loci contributing to the phe-
notypic variation, the population size of 120 lines
should be adequate to detect the QTL.

Totally, 70% of the tested accessions were moderate-
ly susceptible to completely susceptible to SCN HG
type 2.5.7 (race 1), with only six accessions being highly
resistant (IP < 10) and 30 accessions being moderately
resistant (10 < IP < 30; Fig. 1). We checked the pedigree
information of the six accessions with high resistance
level to SCN, and then found that four of them have
Peking as an ancestral resistance source.

Patterns of linkage disequilibrium and profile
of population structure

A total of 6204 SNPs distributed across the soybean
genome with minor allele frequency > 0.05 and missing
data of less than 20%were used for the estimation of LD
level in the association panel. These SNP markers
spanned 934 Mbp, which represents approximately
84.9% of the 1100-Mbp soybean genome, resulting in
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an average SNP density of 1 SNP every 162 kilobase
(kb). The mean level of LD measured by r2 declined
very rapidly to half its maximum value (0.51) at 220 kb
(Supplementary Fig. S2). Therefore, the estimate of LD
decay rate is approximately 220 kb in our diversity
panel.

Since population structure can result in spurious as-
sociation, it has constrained the use of association stud-
ies in human and plant genetics (Yu et al. 2006). To
understand the geographic structure of genetic diversity
and population stratification in the diversity panel,
neighbor-joining (NJ) tree plots and principal compo-
nents analysis (PCA) were applied to determine the
relatedness among the sampled accessions (Fig. 2).
The resulting NJ trees and PCA plots showed that the
landraces had four subgroups. Based on the analysis of
origin of each accession for every subgroup, we found
that overall population structure was approximately co-
incident with geographic origin (Supplementary
Table S2). For example, accessions from Sichuan prov-
ince, developed in the southwest of China, dominate
subgroup 1; subgroup 3 contained 73 accessions, of
which 49 were from Huang-Huai river region of
China. The chi-squared test was used to test whether
the four SNP data-based subgroups were associated
with geographic origin (Supplementary Table S2). The
results showed very significant association (P < 0.0001)

between the two grouping factors. These results show
population structuring along geographic origin,
confirming previous analyses (Li et al. 2010; Hao
et al. 2012a, b) and providing additional insights into
the fine-scale patterns of ancestry resulting from region-
al soybean breeding efforts. Taken together, these results
highlight the need to account for population structure
when performing association analyses in soybean.

GWAS for SCN resistance

GWAS was conducted by using the mean value of IP
over two runs in a MLM, which accounts for both
population structure (top five PCs) and familial related-
ness (K). A total of 13 SNPs significantly associated
with IP were identified (Table 2 and Fig. 3a). Since the
distribution of observed −log10 P values fromMLMdid
not depart from the expected distribution under a model
of no association with significant inflation of nominal P
values (Fig. 3b), our MLM model showed good control
of type I error rate. Moreover, after running GWApower
(Feng et al. 2011) with three parameters specific to
present study (SNP number, heritability, and sample size
of 6204, 0.81, and 120, respectively), the results showed
that the theoretical sample size is 126 to reach the power
= 1.0. Given that the sample size of the present study is
120, we believe that the present study has enough power
to detect significant SNP associated with SCN
resistance.

After the clumping of SNPs within same LD block,
we identified seven significant loci associated with SCN
race 3 resistance on the Chr. 8, 11, 13, 17, and 18
(Table 2). The peak SNPs at the identified loci explained
approximately 90% of the total phenotypic variance
with FDR < 0.05. Since the variance explained by the
validated SNPs is similar with the heritability, therefore,
there is no failure of the validated SNP associations to
explain the estimated heritability like the previous

Fig. 1 Number of cyst nematode
(NC, a) and index of parasitism
(IP, b) for 120 soybean
accessions. R resistant (IP < 10),
red, MR moderately resistant
(10 < IP < 30), blue, MS
moderately susceptible
(30 < IP < 60), green, S
susceptible (IP > 60), brown
(color figure online)

Table 1 Descriptive statistics, ANOVA, and broad-sense herita-
bility (h2) of soybean SCN resistance index

Index Min. Max. Mean Std. G G × R h2

NC 1.3 83.4 30.5 1.5 * * 0.74

IP 1.8 120.0 43.0 2.2 * * 0.81

Std. standard deviation,G genotype across different environments,
G × R genotype × run, h2 broad-sense heritability

*Significant at P < 0.01,
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Fig. 2 Population structures of soybean cultivars in the association panel. aNeighbor-joining tree of 120 accessions. b PCA plots of the first
two components of 120 accessions. The four subgroups identified from the tree are color coded in (a) and (b) (color figure online)

Table 2 SNPs significantly associated with the SCN and the adjacent candidate genes

Loci SNP Chr Positiona P Alleleb R2 (%) QTLc Candidate genese

1 Gm08-8013021 8 8017355 (8013021) 5.5 × 10−5 T/C 8.2 Rhg4 Glyma.08g108900 (serine
hydroxylmethyltransferase)Gm08-8281564 8 8285888 (8281564) 7.97 × 10−5 A/G 6.4

2 Gm08-41427473 8 42069304 (41427473) 9.21 × 10−6 A/G 16.0 Nd Glyma.08g303900 (sterol
regulatory element binding)Gm08-41503963 8 42145795 (41503963) 2.19 × 10−5 T/C 13.1

Gm08-41504420 8 42146252 (41504420) 3.01 × 10−6 T/C 20.2

Gm08-41568898 8 42210730 (41568898) 1.44 × 10−6 T/C 18.7

Gm08-41651455 8 42293287 (41651455) 3.22 × 10−5 T/C 19.7

3 Gm11-18083338 11 11983839 (18083338) 5.67 × 10−5 T/C 14.2 23-1 Glyma.11g151500
(catechol oxidase activity)

4 Gm13-27796524 13 28990627 (27796524) 2.8 × 10−5 G/T 8.9 N Glyma.13g175200
(GTP-binding protein)

5 Gm17-835879 17 829587 (835879) 2.03 × 10−5 T/C 16.2 N Glyma.17g010200
(homeobox transcription factor)Gm17-910402 17 904110 (910402) 3.22 × 10−5 T/G 18.1

6 Gm18-1979161 18 1979690 (1979161) 2.39 × 10−5 C/T 15.5 Rhg1 Glyma.18g022700
(wound-induced protein)

7 Gm18-51128392 18 46858485 (51128392) 2.19 × 10−5 G/A 15.8 34-1 Glyma.18g95000
(protein of unknown function)

Chr chromosome
a Position in base pairs for the peak SNP was provided according to Glycine maxWm82.a2.v1, and the corresponding position on Glycine
max Wm82.a1.v1 was also provided in the parentheses
b Allele with underline stands for resistance allele
c The position of significant SNP is located in one of the QTL intervals as reported previously (http://www.soybase.org/search/index.
php?qtl=SCN)
dN stands for candidates not located in any known QTL intervals
e A plausible biological candidate gene in the locus or the nearest annotated gene (Glycine max Wm82.a2.v1) to the peak SNP
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GWAS result (Han et al. 2015). Note that the known loci
rhg1 on Chr. 18 and Rhg4 on Chr. 8 were identified in
this study (locus no. 1 and locus no. 6). Moreover, locus
no. 3 (Gm11-18083338), on Chr. 11, fell within the
interval of previously described QTL associated with
resistance to SCN race 1 in a bi-parental mapping pop-
ulation derived from a PI 89772 × Hamilton cross (Yue
et al. 2001). Locus no. 7 (Gm18-5112839) was not only
within the previously reported interval (Winter et al.
2007) but also 4 Mb away form an SNP marker
(BARC-019001-03050) tagging a previously described
locus associated with resistance to SCNHG type 0 (Bao
et al. 2014). Apart from these overlaps, our GWAS
identified 3 novel QTL, including QTL on Chr. 8 (locus
no. 2), 13 (locus no. 4), and 17 (locus no. 5), which have
not been previously mapped by using a bi-parental
population. The gene that is nearest to the peak SNP in
each locus was listed in Table 2 as the most likely
candidate gene underlying SCN resistance. Three candi-
date gene identified in the novel GWAS loci are
Glyma.08g303900 , Glyma.13g175200 , and
Glyma.17g010200. Among them, Glyma.08g303900
codes for a sterol regulatory element-binding protein
(SREBP). A homologous gene in Arabidopsis plays a

role in the regulation of endodermal plastid size and
number. These plasmids are involved in ethylene-
dependent gravitropism of light-grown hypocotyls (Guo
et al. 2008). Glyma.13g175200, a GTP-binding related
gene, is believed to be associated with resistance genes
(R-genes) and regulates the activity of an NADPH oxi-
dase complex in plants (Grant and Loake 2000).
Glyma.17g010200 is annotated as homologous to ho-
meobox transcription factor genes previously shown to
be involved in response to aphid feeding (Smith and
Boyko 2006).

To facilitate molecular breeding, it is necessary to
determine which allele is the resistant allele. Therefore,
average IP value of the soybean accessions that pos-
sessed each allele of significant SNPs was calculated.
The resistance alleles of each significant SNP were
identified (Table 2). The relationships between number
of resistance allele possessed by soybean cultivars and
corresponding average IP was showed in Fig. 3c. It
clearly showed that the proportion of phenotypic vari-
ance is due to additive genetic variance of the validated
SNPs. Since our GWAS model is still based on single-
locus tests, we cannot exclude the possibility that struc-
tural variation, such as copy number variation, or other

Fig. 3 Genome-wide association study of SCN in the association
panel. a Manhattan plots of the MLM model for IP in the associ-
ation panel. The −log10 P values from a genome-wide scan are
plotted against the position on each of the 20 chromosomes. The
horizontal red line indicates the genome-wide significance

threshold (FDR < 0.05). b Quantile-quantile (QQ) plot of simple
model for IP in the association panel. cNumber of resistance allele
possessed by soybean cultivars and corresponding average IP
(color figure online)
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compound gene interaction may have functional
importance.

Discussion

During the past few years, GWAS has been now
well established in soybean with the availability of
high-throughput genotyping platforms such as SNP
array or genotyping by sequencing (GBS). The in-
breeding nature of soybean has resulted in a long-
range LD decay. The long extent of LD decay esti-
mate (220 kb) is very similar with previously pub-
lished values (Wen et al. 2014). The estimates of LD
decay herein suggests that at least 5000 markers will
be needed for whole genome scanning in soybean,
as the soybean genome is known to extend over
1000 Mb. Since the number of polymorphic marker
in this panel is 6204, which ensures the coverage of
most LD block and reasonable power to identify
common variants of large effect associated with SCN
resistance. Note that LD decay varies across different
chromosomes and even within heterochromatic and
euchromatic chromosome regions. Sonah et al. (2015)
has shown LD for each of the chromosomes separately
and observed range from 250 kb to 2.5Mb. Hwang et al.
(2014) identified that the LD decay rate in heterochro-
matic and euchromatic chromosome regions was 360
and 9600 kb, respectively. On one hand, populationwith
long extent of LD is amenable to coarse mapping with
fewer markers (Abdurakhmonov and Abdukarimov
2008). On the other hand, LD decay rate is also the
primary factor limiting the mapping resolution in
GWAS for soybean. Therefore, the low rate of LD decay
in the present study also may lead to resolution limita-
tions for the following association mapping.

In soybean, QTL on Chr. 18 (rhg1) and 8 (Rhg4)
have been consistently mapped in a bi-parental popula-
tion and a variety of soybean germplasm (Meksem et al.
2001; Kim et al. 2010; Liu et al. 2012; Han et al. 2015;
Vuong et al. 2015). Two loci, rhg1 and Rhg4, represent
the major sources of resistance in soybean cultivars
(Concibido et al. 2004). Our association mapping results
for SCN resistances were compared with the QTL and
GWAS hit loci that were previously reported in SoyBase
(http://www.soybase.org/search/index.php?search=
true&result=qtl&qtl=SCN) and in l i terature
(Supplementary Fig. S3). Of the seven loci identified
in present study, four overlapped with previously

identified genes (or QTLs) (Table 2). Notably, one
significant SNP on Chr. 18 (Gm18-1979161) associ-
ated with IP was found to be located at 290 kb
upstream of three key genes (Glyma.18g022400,
Glyma.18g022500, and Glyma.18g022700) in rhg1,
which consistently contributes much more effective
SCN resistance than any other known loci (Cregan
et al. 1999). The distance from marker to causal
genes (rhg1) in our study was shorter than that
(350 kb) reported by Vuong et al. (2015), but longer
than that (5 kb) reported by Han et al.(2015). Note
that the two functional SNP markers (GSM381 and
GSM383) have been developed from Glyma.18
g022500 for the selection of the rhg1 resistance
(Shi et al. 2015). Another significant SNP on Chr. 8
(Gm08-8281564) associated with IP was found to be
located within an exon of one putative rhg4 gene
(Glyma.08g107700, Lightfoot and Meksem 2002),
but 110 kb away from another gene (Glyma.08
g108900) identified by Liu et al. (2012). Moreover,
Gm18-1979161and Gm08-8281564 also overlapped
with the same loci associated with resistance to SCN
HG type 0 (Han et al. 2015), confirming that they can
be used as molecular markers to accelerate the devel-
opment of soybean varieties with the resistance to
both SCN HG type 0 and HG type 2.5.7. Previous
studies have identified that Peking needs both rhg1
and Rhg4 resistance alleles for a resistant phenotype
(Liu et al. 2012; Meksem et al. 2001). As mentioned
earlier, a few resistance sources in this panel derive
resistance from Peking. The identification of signifi-
cant SNPs in both rhg1 and Rhg4 regions is what we
expected and reasonable. Apart from the two loci, we
also identified two significant SNPs, Gm18-51128392
and Gm11-18083338 on Chr. 11 and 18, respectively.
The two loci explained about 30% of the phenotypic
variation, which were also located at the interval of
previously identified QTL underlying resistance to
SCN race 1 (Yue et al. 2001). In the present study,
Gm08-41568898 on Chr. 8 (LG A2), Gm13-27796524
on Chr. 13 (LG F), and Gm17-835879 on Chr. 17 (LG
B2) were the novel loci that have not been previously
mapped by using bi-parental populations. However,
Gm08-41568898 was approximately 400 kb away from
an SNP marker (rs41643371) tagging a previously
GWAS hit loci associated with resistance to SCN HG
type 0 (Han et al. 2015). They have the potential to be
used in MAS for developing soybean cultivars with
more durable resistance against SCN HG type 2.5.7.
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Since marker-assisted selection using DNA markers
is currently cost-effective compared with greenhouse
screening, it is useful to determine the beneficial allele
of each peak SNP associated with SCN resistance.
Although no accession has all 13 resistance alleles,
however, the average IP values of accessions with resis-
tant alleles gradually decrease with the increasing of
resistance allele possessed by soybean accessions. In
other words, the more resistance alleles one accession
possesses, the higher resistance level the accession has.
Pedigree information of the six accessions with high
resistance level to SCN showed that two of them do
not have Peking or PI 88788 as ancestral resistance
source. Moreover, there are 30 accessions which exhib-
ited moderate resistance (10 < IP < 30). We believe that
the use of these germplasm with different genes for
resistance will broaden genetic diversity and stabilize
yield for soybean. Undoubtedly, the loci and trait-
associated SNPs identified in this study will facilitate
developing soybean cultivars with durable resistance
against SCN. Those resistant alleles identified in the
present study could be useful for marker-assistant selec-
tion (MAS) of SCN resistance. In the past, the develop-
ment of the cultivars carrying SCN resistance genes is
labor intensive and costly. The advantage of MAS over
conventional SCN screening was obvious. Mudge et al.
(1997) showed that with using two SSR markers,
Satt038 and Satt130, they were 98% accurate in identi-
fying resistant lines. Recently, three robust Kompetitive
Allele Specific PCR (KASP) SNP marker assays
(GSM381, GSM383, and GSM191) were developed
and proved to be high throughput and efficient for
MAS in identifying plants with resistance of SCN race
3 (Shi et al. 2015). These SNP markers have been
validated, and a strong correlation was observed be-
tween the SNP genotypes and the reactions to SCN race
3 using a panel of 153 soybean lines, as well as a bi-
parental population, F5-derived recombinant inbred
lines (RILs) from G00-3213 × LG04-6000 (Shi et al.
2015).

Taken together, the results of this work have provided
SNPs for the application for high-throughput selection
of SCN resistance. GWAS was successfully used to
examine the genetic architecture of resistance to SCN
HG type 2.5.7 in multiple genetic backgrounds. A total
of seven loci were obtained for SCN resistance to this
HG type and will expand the diversity for SCN resis-
tance genes in soybean cultivars. Themultiple beneficial
alleles showed additive genetic variance and may be

useful to breed varieties with improved resistance to
SCN.
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