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Abstract Soybean mosaic virus (SMV) disease is one of the
most serious and broadly distributed soybean (Glycine max
(L.) Merr.) diseases. Here, we combine the advantages of
association and linkage analysis to identify and fine-map the
soybean genes associated with resistance to SMV strain SC7.
A set of 191 soybean accessions from different geographic
origins and 184 recombinant inbred lines (RILs) derived from
Kefeng No.1 (resistant)�Nannong 1138-2 (susceptible) were
used in this study. The SC7 resistance genes were previously
mapped to a 2.65Mb region on chromosome 2 and a 380 kb
region on chromosome 13. Among 19 single nucleotide
polymorphisms (SNPs) detected via association analysis in
the study, the SNP BARC-021625-04157 was located in the
2.65Mb region, and the SNP BARC-041671-08065 was
located near the 380 kb region; three genes harboring the
SNPs were probably related to SC7 resistance. The resistance
gene associated with BARC-021625-04157 was then fine-

mapped to a region of approximately 158 kb on chromosome
2 using 184 RILs. Among the 15 genes within this region, one
NBS-LRR type gene, one HSP40 gene and one serine
carboxypeptidase-type gene might be candidate SC7 resist-
ance genes. These results will be useful for map-based
cloning and marker-assisted selection in soybean breeding
programs.
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INTRODUCTION
Soybean (Glycine max (L.) Merr.) is one of the most important
oil crops in the world. Soybean mosaic virus disease caused by
soybean mosaic virus (SMV) is one of the most serious and
broadly distributed soybean diseases, and leads to significant
yield loss and seed quality deterioration. In China, all soybean-
producing regions have been affected by SMV. So far, there is
no effective chemical to control this virus disease, and
developing resistant cultivars is the most effective, econom-
ical, and environmentally friendly approach for controlling this
disease. In the USA, SMV has been classified into seven strains
(G1-G7) (Cho and Goodman 1979, 1982), while in China, SMV
has now been classified into 21 strains (SC1 - SC21) (Wang et al.
2003; Guo et al. 2005; Li et al. 2010).

Three independent, single-dominant SMV resistance gene
loci (Rsv1, Rsv3, Rsv4) have been mapped on soybean chromo-
somes 13, 14, and 2, respectively (Yu et al. 1994; Hayes et al.
2000; Hayes and Saghai Maroof 2000; Gore et al. 2002; Jeong
and Saghai Maroof 2004; Saghai Maroof et al. 2010). In China,
several SMV resistance genes have been localized to chromo-
somes 2, 13, 14, and6 (Fu et al. 2006; Li et al. 2006;Maet al. 2011;
Wang et al. 2011a, 2011b; Yang and Gai 2011; Yang et al. 2013).

The resistance genes to SC3, SC6, and SC17 in the soybean
accession PI96983 were all localized in a 345 kb region
designated Rsc-pm on chromosome 13, and the resistance

gene to SC7 in PI96983 was mapped to a 380 kb region
designated Rsc-ps near the Rsc-pm (Yang et al. 2013). Fu et al.
(2006) reported that SC7 resistance in the soybean cultivar
Kefeng No.1 was controlled by a dominant gene that was
designated RSC7; this resistance gene was previously mapped
to a 2.65Mb region based on the simple sequence repeat
(SSR)markers on soybean chromosome 2. To conductmarker-
assisted selection and clone RSC7 on chromosome 2, molecular
markers that are more tightly linked to this gene must be
identified.

The SMV resistance genes identified thus far weremapped
to four different chromosomes by linkage analysis. Linkage
analysis can only investigate very limited variations from the
two parents in a single population. However, association
analysis in natural populations based on linkage disequilibrium
(LD) could be used to investigate high natural variations
caused by accumulated historic recombination events in the
evolutionary history (Yu and Buckler 2006; Yan et al. 2011).
Thus, association analysis and linkage analysis could be
complementary to each other, and the integration of linkage
analysis and association analysis might provide a higher power
and resolution to detect quantitative trait loci (QTLs) or genes
than that obtained by either strategy alone (Goddard 2005).
This joint strategy has been used to dissect complex
quantitative traits, such as drought tolerance, downy mildew
resistance, and seed size and shape (Lu et al. 2010; Nemri et al.

JIPB Journal of  Integrative
Plant Biology

August 2015 | Volume 57 | Issue 8 | 722–729 www.jipb.net

R
es
ea

rc
h
A
rt
ic
le



2010; Hu et al. 2013). Zhang et al. (2012) fine-mapped a major
flowering time QTL on soybean chromosome 6 by combining
linkage and association analysis.

The soybean genome has a relatively high LD compared to
other plant species. Hyten et al. (2007) reported that LD
decayed to r2¼ 0.1 at a distance of less than 100 kb in Glycine
soja, and 90–574 kb in G. max. Lam et al. (2010) showed that
the average distance over which LD decays to half of its
maximum value is approximately 150 kb in cultivated soybean
and 75 kb in wild soybean. By comparison, similar levels of LD
decay were estimated to be <1 kb in maize and wild and
cultivated rice (Zhu et al. 2007; Gore et al. 2009) and 3–4 kb in
Arabidopsis thaliana (Kim et al. 2007). Lam et al. (2010) also
reported that the longest LD block in wild soybeans was
approximately 500 kb, whereas the longest LD block in
cultivated soybeans was approximately 1 Mb. In the presence
of high LD, a small subset of SNP may be sufficient to define
the QTLs completely (Rafalski 2002).

Although several studies have fine-mapped resistance loci
for SMV by linkage analysis, none of these studies has used
combined linkage and association analysis. In the present
study, we first scanned the whole soybean genome to detect
the SNPs associated with SC7 resistance using the natural
accessions. We then fine-mapped the resistance gene that
associated with one identified SNP in previous QTL on
chromosome 2. These results will be useful for map-based
cloning of the SC7 resistance gene and marker-assisted
selection in soybean breeding programs.

RESULTS
Phenotypic variation analysis
In the natural population, the means, standard deviation,
coefficient of variation, broad-sense heritability and percent-
age of phenotypic variation explained by the population
structure of the disease rate (DR) were described in 191
soybean accessions (Table 1). Highly significant variation was
observed among the 191 natural accessions, with the DR per

accession averaging 68.71–76.80% across different environ-
ments and ranging from 0 to 100% among the population
(Table 1). ANOVA revealed that the genotype effect and the
genotype� environmental interaction effects on the DRwere
significant (P� 0.01) (Table 1). Broad-sense heritability for the
DRwas 86.40%. The effects of population structure on the DR,
which demonstrated that the population structure can explain
the phenotypic variation, were 4.05%–10.63% in four environ-
ments using the General Linear Model (GLM). The results
of the one-way analysis of variance (ANOVA) between the
two subpopulations demonstrated that the variation of the
DR was significantly different (Table 2). In this study, the RIL
population contained 101 resistant lines and 83 susceptible
lines, in good agreement with an expected ratio of 1R:1S. This
result demonstrates that the resistance of Kefeng No.1 to SC7
is controlled by a dominant gene, as also described by Fu et al.
(2006).

Association analysis to identify the SNP associated with DR
In this study, 1,142 SNPs with minor alleles frequency (MAF)
greater than 10% were used for association analysis. The
association analysis population could be clustered into two
major subpopulations and more than 80% of the kinship
coefficient values were less than 0.05 (Hao et al. 2012). This
population had weak relatedness between pairwise, and the
average distance over which LD decays to r2¼ 0.1 was around
500 kb (Hao et al. 2012).

Different models (GLM, GLM with Q, Mixed Linear Model
(MLM) with K, and MLM with QþK) were compared for
the best fit, and the QþK model was the best model fitted
for the control of type I errors, demonstrated by a much
closer distribution between the observed and expected P-
values (Figure S1). Therefore, the optimal model MLM with
QþK was selected to conduct association analysis in this
study.

A total of 19 SNPs associated with DR were identified
(P� 0.01, �LogP� 2.00) by the QþK model in TASSEL3.0
(Table 3; Figure S2). Of these SNPs, two SNPs were in/near the
QTLs reported in previously studies (Fu et al. 2006; Yang et al.

Table 1. Descriptive statistics, ANOVA, broad-sense heritability, and percentage of phenotypic variation explained by the
population structure of the DR for 191 accessions

Trait Year/month Mean (%) SD (%) CV (%) Range (%) Ga G� Eb R2c (%) h2d (%)

DR 2010.9 76.80 29.43 38.32 0–100 ** ** 4.05 86.40
2011.6 74.99 24.73 32.98 0–100 ** ** 9.55
2011.9 70.51 31.14 44.16 0–100 ** ** 10.63
2012.9 68.71 34.13 49.67 0–100 ** ** 7.83

aGenotype across different environments. bGenotype� environment. cPercentage of phenotypic variation explained by
population structure. dBroad-sense heritability. CV, coefficient of variation; DR, disease rate; SD, standard deviation. **Significant
at P� 0.01.

Table 2. The difference in DR between the two subpopulations of the 191 soybean accessions

Subpopulations

Disease rate

Number Mean (%) SD (%) Range (%) F-value P-value

Pop1 161 81.45 14.67 31.41–100 3.89 <0.0001
Pop2 30 60.77 23.52 0–97.45
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2013). The SNP BARC-021625-04157 was located in the region
between Satt266 and Satt634 on chromosome 2, and the SNP
BARC-041671-08065 was located near the region between
BARCSOYSSR_13_1140 and BARCSOYSSR_13_1155 on chromo-
some 13. However, 17 other SNPs significantly associated with
the DR had not been previously reported, and these new loci
may be candidate regions for further research on SC7
resistance genes. When we analyzed the locations of these
SNPs, we observed that some SNPs associated with the DR
were located in an adjacent region, such as BARC-013561-
01160, BARC-017957-02480 and BARC-013599-01171 on chro-
mosome 3, BARC-014837-01682 and BARC-014847-01910 on
chromosome 8, BARC-016563-02128 and BARC-038909-07393
on chromosome 9, BARC-039977-07624 and BARC-014509-
01564 on chromosome 19, and BARC-025815-05092 and BARC-
027542-06604 on chromosome 20 (Table 3). Thus, there may
be QTLs or genes associated with the DR in these regions on
chromosome 3, 8, 9, 19, and 20.

Fine-mapping of RSC7 on chromosome 2
A previous study reported that the SSR markers Satt266 and
Satt634 are closely linked to RSC7 (Fu et al. 2006). The SNP
BARC-021625-04157 was located in this region on chromosome
2, confirming the presence of a SC7 resistance gene. The
physical distance between Satt266 and Satt634 was 2.65 Mb
based on the soybean Williams 82 genome sequence. Next,
184 RILs were used to fine-map this resistance gene
associated with BARC-021625-04157 on chromosome 2. Thus,
80 soybean SSR markers between Satt266 and Satt634 were
selected from the BARCSOYSSR_1.0 database developed by
Song et al. (2010) and the polymorphisms in these markers
between resistant and susceptible parents were evaluated.
Polymorphism markers in this region were used for fine-
mapping this resistance gene. Finally, 10 SSR markers with
polymorphisms in this interval were used to identify the cross-

over points between Satt266 and Satt634 in the 184 RILs.
Based on the SSR marker data and the phenotypic data,
the 184 RILs were classified into 21 categories based on
similarity (Figure 1). Analysis of the cross-over points and
phenotypes demonstrated that the genomic-SSR markers
BARCSOYSSR_02_0621 and BARCSOYSSR_02_0632 flank this
SC7 resistance gene. Sequence analysis of this interval
based on the soybeanWilliams 82 genome sequence revealed
that there was approximately 158 kb between the two
genomic-SSR markers on chromosome 2. After the analysis,
15 putative genes were concluded to exist within this region
based on the Williams 82 soybean sequence annotation
database (http://www.phytozome.net/soybean) (Table 4).
This further narrowed interval will be very useful for more
accurate marker-assisted selection and map-based cloning
of RSC7.

DISCUSSION
In the present study, the resistance to SC7 of 191 soybean
accessions was evaluated based on the DR, which averaged
68.71%–76.80% in 3 years, and ranged from 0 to 100%. Many
SC7-resistant individuals were identified that can be used as
materials for breeding resistant soybean cultivars. In this
study, we detected SNPs associated with the genes resistant
to SC7 using the natural accessions. The effect of population
structure on the DR was calculated using the GLMmodel, and
the average effect was 8.02%. ANOVA revealed significant
difference on the DR between the two subpopulations. The
mean disease rate of pop1 accessionsmainly from South China
was higher than those of pop2 accessions from North China.
This may partly be explained in that the SMV strain SC7 was
a prevalent virulent strain widespread in southern China
(Li et al. 2010).

Table 3. Single nucleotide polymorphisms (SNPs) that were significantly associated with the DR in 191 soybean accessions
(�Log P� 2.00)

Traits Markers CHR Position �LogP R2 (%)

DR BARC-021625-04157 2 12623121 2.71 4.98
BARC-013561-01160 3 35318068 3.66 7.40
BARC-017957-02480 3 35348641 2.88 6.19
BARC-013599-01171 3 35583088 2.01 3.52
BARC-015121-02570 4 46896096 2.10 3.74
BARC-014837-01682 8 34980680 2.48 4.60
BARC-014847-01910 8 34980792 2.48 4.60
BARC-016563-02128 9 40649476 2.12 3.68
BARC-038909-07393 9 40728098 2.21 3.89
BARC-021149-03992 11 5990269 2.72 5.15
BARC-041671-08065 13 30268682 2.52 4.57
BARC-018959-03045 15 1303817 2.88 5.53
BARC-018889-03033 16 6473873 2.06 3.65
BARC-041267-07957 16 31575631 2.24 4.05
BARC-021483-04130 19 38062972 2.54 5.91
BARC-039977-07624 19 48609423 3.34 6.61
BARC-014509-01564 19 48637997 3.73 7.55
BARC-025815-05092 20 41492425 2.28 4.15
BARC-027542-06604 20 41803190 2.17 3.89

CHR, chromosome; R2 (%): The percentage of phenotype variance explained by the marker.
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Using the QþK model, 19 SNPs associated with the DR
were identified in this study. Among these SNPs, two SNPs
were in/near previously reported QTLs (Fu et al. 2006; Yang
et al. 2013), while the remaining 17 SNPs may be new loci that
will be attractive candidate regions for further research on
SC7 resistance genes. Of the 17 SNPs, several SNPs were
located as a cluster on chromosomes 3, 8, 9, 19, and 20
(Table 3). This result suggests that there are more likely to be
QTLs or genes resistant to SC7 within the genomic regions
that are in LDwith the SNPs locations on these chromosomes.
Further studies will be needed to confirm these results using
other mapping populations.

Many plant disease resistance genes contain conserved
nucleotide binding sites (NBS) and leucine rich repeat (LRR)
domain. Among the genes harboring these SNPs detected

in this study, three likely causal genes, Glyma09g34200,
Glyma11g08480, and Glyma16g27560 (harboring BARC-
016563-02128, BARC-021149-03992, and BARC-041267-07957,
respectively), may be involved in the resistance to SC7 in
soybean. Two genes (Glyma09g34200 and Glyma16g27560)
containing an NBS-LRR domain may be resistance genes for
SC7. Previous studies have shown that C3HC4-type RING
finger genes are related to disease resistance (Wang et al.
2006; Cheung et al. 2007; Ma et al. 2009); the gene
Glyma11g08480 belongs to this gene family and may be
related to SC7 resistance. These results should be confirmed in
future studies. Other genes harboring the SNPs identified in
our study were not found to be involved in the resistance to
SC7, possibly due to the high level of LD (approximately
500 kb) in this association analysis population (Hao et al. 2012),

Figure 1. Physical map and cross-over points of the 184 recombinant inbred lines (RILs)
(A) Physical positions of the RSC7 and SSR markers on chromosome 2; the physical distances were calculated based on the
positions of the simple sequence repeat (SSR) markers developed by Song et al. (2010). (B) The possible cross-over events
occurring in the 184 RILs are shown in the schematic diagram. Black and gray bars indicate chromosome regions derived from the
parent Kefeng No.1 and Nannong 1138-2, respectively. The yellow box represents the interval of resistance gene for SC7. The
number in parentheses after R and S indicates the number of lines for each category.
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which reduces the probability that the associated markers
were just right from the genes of interest. That is, the genes
associated with the DR might exist within genomic regions in
LD with the associated-markers location in this study.

Hao et al. (2012) identified 19 SNPs and five haplotypes
associated with soybean yield and yield components in three
or more environments, using this association analysis
population and 1536 SNPs. Lots of these markers were
located in or close to previously reported quantitative trait loci
mapped by linkage analysis. Combining linkage analysis,
genome-wide and candidate-gene association analyses, and
plant transformation, Zhang et al. (2014) identified a soybean
gene related to P efficiency using this association analysis
population with 1536 SNPs and a RIL population. In this study,
we intend to gain approximate locations with resistance to
SC7 using association analysis, and then we can choose
suitable population on the basis of these locations to fine-map
the resistance genes via linkage analysis. Thus, this association
analysis population with 1536 SNPs might be sufficient for this
purpose. These results could provide useful information for
fine-mapping the resistance genes via linkage analysis.

The SNP BARC-021625-04157, which is located in the
2.65Mb region between Satt266 and Satt634, may be
associated with the dominant resistance gene on chromo-
some 2. The resistance gene associated with this SNP was
fine-mapped to an interval less than 200 kb flanked by
the genomic-SSR markers BARCSOYSSR_02_0621 and
BARCSOYSSR_02_0632 via linkage analysis; these tightly
linked markers will be useful for accelerating marker-assisted
selection in resistant cultivar breeding programs. Fifteen
putative genes were identified in the interval between these
two markers, and three of these genes may be candidate SC7
resistance genes (Table 4). In this region, Glyma02g13600 was
the only R gene that contained the LRR domain and is very
likely a candidate gene for SC7 resistance. In addition, several
genes of other types in this interval are likely associated with
disease resistance. Liu and Whitham (2013) reported that
silencing of the gene GmHSP40.1 increased the SMV
susceptibility in soybean plants, and Glyma02g13520 in this
interval was a HSP40 gene that may relate to the SC7
resistance. Liu et al. (2008) observed that the overexpression

of a serine carboxypeptidase-like gene (OsBISCPL1) in plants
enhanced disease resistance against pathogens. Rech et al.
(2013) reported that the serine carboxypeptidase (SCP1)
has a powerful influence on mycorrhizal establishment
and arbuscule development in Medicago truncatula. Thus,
Glyma02g13620 identified in this study encoding a serine
carboxypeptidase is likely a candidate SC7 resistance gene.

Yang et al. (2013) reported that the SMV resistance genes
Rsc-pm for SC3, SC6, and SC17, and Rsc-ps for SC7 on chromo-
some 13, were closely linked in PI 96983. We determined
that the resistance gene for SC7 on chromosome 2 is
flanked by the genomic-SSR markers BARCSOYSSR_02_0621
and BARCSOYSSR_02_0632. Wang et al. (2011a) mapped
the resistance gene RSC8 to the region between
BARCSOYSSR_02_0606 and BARCSOYSSR_02_0618 (Gm2:
11,573,385–11,791,629; http://www.phytozome.net/soybean).
Using whole-genome sequencing of soybean, Saghai Maroof
et al. (2010) mapped Rsv4 to a physical interval of less than
100 kb between 11,651,991 and 11,771,944 on chromosome 2.
Taken together, our results and those of previous studies
indicate that RSC7, RSC8, and Rsv4 on chromosome 2 are tightly
linked, similar to the result indentified by Yang et al. (2013) and
it will be useful to pyramid several resistance genes into one
cultivar using marker-assisted selection.

In this study, we detected 19 SNPs associated with the DR
using association analysis. Among these identified SNPs,
three genes (Glyma09g34200, Glyma11g08480, and Gly-
ma16g27560) harboring SNPs were related to SC7 resistance.
Of these three genes, two genes contained the NBS-LRR
domain, and the other belonged to the C3HC4-type RING
finger gene family. A dominant resistance gene for SC7 was
previously reported between the markers Satt266 and
Satt634 on chromosome 2 (Fu et al. 2006). The SNP BARC-
021625-04157 located in this QTL may be associated with this
resistance gene. Then, this gene was mapped to an interval of
less than 200 kb using the 184 RILs. Finally, we obtained three
genes likely to be candidate genes for SC7 resistance. These
SNPs identified by association analysis and the interval fine-
mapped by linkage analysis will facilitate the identification and
cloning of the SC7 resistance gene. In the present study, we
detected SNPs related to the DR by scanning the whole

Table 4. Annotations of the 15 candidate genes in the RSC7 region of chromosome 2

Gene name Position Exon(s) AA Gene annotations

Glyma02g13520 11805400–11812625 4 557 HSP40, subfamily A, member 3
Glyma02g13530 11814335–11814649 1 105 Unknown protein
Glyma02g13540 11822112–11826514 8 453 Ribonucleoprotein
Glyma02g13550 11859782–11861521 8 460 SWIM zinc finger
Glyma02g13570 11890308–11895815 4 486 Unknown protein
Glyma02g13580 11913963–11916199 4 137 Unknown protein
Glyma02g13590 11923044–11928693 6 368 BSD domain
Glyma02g13600 11929071–11931473 11 402 Leucine-rich repeat domain
Glyma02g13610 11931043–11931594 2 159 Unknown protein
Glyma02g13620 11935725–11940272 9 512 Serine carboxypeptidase S28
Glyma02g13630 11943213–11949714 11 766 Predicted serine protease
Glyma02g13640 11952950–11958557 8 494 GDP-fucose protein O-fucosyltransferase
Glyma02g13650 11960052–11965260 15 666 Protein prenyltransferase alpha subunit repeat
Glyma02g13660 11966705–11968109 4 126 Unknown protein
Glyma02g13670 11970000–11975404 7 336 Helix-loop-helix DNA-binding domain
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soybean genome using association analysis and then fine-
mapped the resistance gene associated with the identified
SNPs in previous QTL using linkage analysis. Thus, association
analysis and linkage analysis are complementary, and the
integration of these techniques will be useful to dissect
complex traits.

MATERIALS AND METHODS
Materials and mapping populations
The SMV strain SC7 used in this study was preserved on the
SMV-susceptible parent Nannong 1138–2 in an aphid-free
greenhouse. A population of 191 soybean (Glycine max (L.)
Merr.) accessions including landraces, cultivars, and breeding
lines collected from different geographic origins andwith high
phenotypic variations was selected to construct the associ-
ation analysis panel. The 184 recombination inbred lines (RILs,
F7:16) used for the linkage analysis were derived from a cross
between Kefeng No.1 (resistant) and Nannong 1138–2
(susceptible) by the single-seed descent method. All materials
used in the present study were provided by the gene pool of
the National Center for Soybean Improvement, Nanjing
Agricultural University, Nanjing, China.

Resistance evaluation
All plants, including the 184 RILs and their parents for linkage
analysis and 191 soybean accessions for association analysis,
were planted in plastic pots (approximately 35 seeds/pot)
filled with sand in an aphid-free greenhouse. The trials were
performed at the Pailou Experimental Station of Nanjing
Agricultural University (32°0101900N 118°5100900E) in September
of 2010, 2011, 2012 and June of 2011. About 30 plants of each
plastic pot were inoculated and the reactions to SMV
inoculation were observed.

The inoculum was prepared by grinding Nannong 1138–2
fresh leaves that had been infected with SC7 in 0.01mol/L
sodium phosphate buffer (approx. 3–5mL per gram leaf
tissue, pH 7.0), using a mortar and pestle. A small amount of
600-mesh carborundum powder was added to the inoculum
as an abrasive. Young plants in the aphid-free greenhouse
were inoculated by gently rubbing the newly unfolded primary
leaves with inoculum at the V1 stage and were inoculated
again on the first trifoliate leaf at the V2 stage. After
inoculation, the inoculated leaves were lightly rinsed with tap
water. Symptom reactions to SC7 were observed at one-week
intervals for 2 months after the first inoculation. Reactions of
the plants to SMV were divided into symptomless (resistant)
andmosaic (susceptible). The ratio of susceptible plants to the
total inoculated plants of an accession or a line was defined as
the disease rate (DR). In the RIL population, line was classified
as resistant (R) if the DR was 10% or less than 10% and as
susceptible (S) if the DR was greater than 10% (Pu et al. 1983).
x2 analyses were performed to test the goodness of fit
between the observed segregations ratios and the expected
genetic ratios in the RILs.

SNP genotyping and the development of molecular markers
for fine mapping
The panel of 191 soybean accessions was genotyped with
1,536 single nucleotide polymorphism (SNP) markers via

the Illumina GoldenGate assay platform at the National
Engineering Center for Biochip (Shanghai, China) and has
been described by Hao et al. (2012). In addition, 1,142 SNPs
with a minor allele frequency (MAF) of greater than 10%
in the present population were used for the association
analysis.

DNA was extracted from fresh leaves of the RIL
population. SSR primers used for fine-mapping were synthe-
sized by Invitrogen Biotech (Shanghai, China). Each polymer-
ase chain reaction (PCR) contained 50 ng of genomic
DNA, 0.15mM each primer, 0.6 U Taq DNA polymerase
(TIANGEN, Beijing, China), 1mL of 10� PCR buffer containing
20mM MgCl2, and 0.2mM dNTPs in a total volume of 10mL.
The PCRs were performed as follows: 95 °C for 5min,
followed by 30 cycles of 94 °C for 30 s, 55 °C for 50 s, and
72 °C for 50 s, with a final incubation at 72 °C for 10min before
cooling to 12 °C. The PCR products were separated by
electrophoresis in an 8% polyacrylamide gel and visualized
via silver staining.

Phenotypic data analysis
Statistical analysis of the phenotypic data was performed
using the software SAS 8.0 (SAS Institute 1999). Analysis of
variance (ANOVA) was performed for the DR of the
association analysis population, and the percentage of
phenotypic variation explained by the population structure
based on the DR were calculated using the GLMmodel in SAS.
The mean values of DR in four environments over 3 years of
natural accessions were calculated, and the difference in the
mean values of DR between subpopulations was examined by
one-way analysis of variance (ANOVA). The broad-sense
heritability value for the DR was also calculated.

Association analysis
The natural population comprising 191 soybean accessions
genotyped by Hao et al. (2012) with 1,536 SNPs was used for
the association analysis with the QþKmodel (MLM) using the
TASSEL 3.0 software package (http://www.maizegenetics.
net) to identify SNPs that were associated with the resistance
to SC7 (Yu et al. 2006). The population structure (Q) and the
kinship matrix (K) described by Hao et al. (2012) were used in
the association analysis as fixed and random effect in this
study. The association analysis was performed based on the
mean values of DR over 3 years. The panel can be divided into
two subpopulations: the accessions of pop1 were mainly from
southern China, while pop2 mostly contained northern China
accessions. Markers were identified as significantly associated
with the DR based on the significant association threshold
�Log P� 2.00.

Fine-mapping of RSC7 on chromosome 2
In this study, 80 soybean SSR markers selected from the
interval between Satt266 and Satt634 (Song et al. 2010) were
screened for polymorphisms between the resistant and
susceptible parents. Then, 10 SSR markers with polymor-
phisms between the two parents were used to identify
the cross-over points between the markers Satt266 and
Satt634 in the 184 RILs. After analyzing the cross-over points
and phenotypes of the 184 RILs, we obtained a further
narrowed interval containing the resistance gene RSC7 on
chromosome 2.
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