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Abstract
Key message  A soybean natural population genotyped by resequencing and another RIL population genotyped by 
SoySNP6K were used to explore consistent genetic loci and genes under greenhouse- and field-conditions for SMV-
SC8 resistance.
Abstract  Soybean mosaic virus (SMV) is a member of the genus Potyvirus that occurs in all soybean-growing areas of the 
world and causes serious losses of yield and seed quality. In this study, a natural population composed of 209 accessions 
resequenced at an average depth of 18.44 × and another RIL population containing 193 lines were used to explore genetic 
loci and genes conferring resistance to SMV-SC8. There were 3030 SNPs significantly associated with resistance to SC8 
on chromosome 13 in the natural population, among which 327 SNPs were located within an ~ 0.14 Mb region (from 28.46 
to 28.60 Mb) of the major QTL qRsc8F in the RIL population. Two genes among 21 candidate genes, GmMACPF1 and 
GmRad60, were identified in the region of consistent linkage and association. Compared to the mock control, the changes 
in the expression of these two genes after inoculation with SC8 differed between resistant and susceptible accessions. More 
importantly, GmMACPF1 was shown to confer resistance to SC8 by significantly decreasing virus content in soybean hairy 
roots overexpressing this gene. A functional marker, FMSC8, was developed based on the allelic variation of GmMACPF1, 
and a high coincidence rate of 80.19% between the disease index and marker genotype was identified in the 419 soybean 
accessions. The results provide valuable resources for studies on the molecular mechanism of SMV resistance and genetic 
improvement in soybean.

Introduction

Soybean [Glycine max (L.) Merr.] is a main source of edible 
vegetable oil and protein around the world. Many diseases 
pose a serious threat to soybean production (Hartman et al. 

2011), among which Soybean mosaic virus (SMV) is an 
important viral pathogen that causes significant yield loss 
and quality deterioration (Malapi-Nelson et al. 2009). The 
management of SMV is limited to the use of good agricul-
tural practices and the development of disease-resistant vari-
eties through conventional and molecular breeding (Galvez 
et al. 2014). To achieve the goal of controlling SMV, it is 
necessary to understand the genetic basis of soybean resist-
ance to SMV.

Due to the long-term coevolution between SMV and its 
host, numerous SMV strains with diverse virulence char-
acteristics have arisen worldwide. According to the patho-
genicity differences among diverse hosts, SMV has been 
divided into different strains in different countries, including 
seven strains in the USA (Cho et al. 1979), five strains in 
Japan (Takahashi et al. 1980), 22 strains in China and six 
strains in the Republic of Korea (Cho et al. 1983; Kim et al. 
1991; Kim et al. 2003). Some genetic loci for resistance 
to these SMV strains have been found, including the four 
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dominant disease resistance loci Rsv1, Rsv3, Rsv4 and Rsv5 
identified in the United States (Shi et al. 2008, 2013). Rsv1 
on chromosome 13 in accession PI96983 confers resistance 
to SMV strains G1 ~ G6 but does not prevent susceptibility 
to the G7 strain (Chen et al. 1991). Rsv3 on chromosome 14 
in accession L29 is associated with susceptibility to strains 
G1 ~ G4 but resistance to strains G5 ~ G7 (Ma et al. 2002). 
Rsv4 on chromosome 2 in accession V94-5152 confers 
perfect resistance to strains G1 ~ G7. A new Rsv5 locus on 
chromosome 13 from soybean ‘York’ was assigned as the 
resistance gene replacing the original Rsv1-y allele (Kle-
padlo et al. 2017).

In China, 22 strains (SC1 ~ SC22) were identified accord-
ing to the pathogenicity differences in ten hosts from soy-
bean planting regions worldwide, and SC8 was identified as 
one of the predominant SMV strains in the Yangtze River 
valley and the Huang-Huai-Hai soybean-growing eco-region 
(Guo et al. 2005; Li et al. 2010; Yang et al. 2014). How-
ever, there have been few reports on SMV-SC8 resistance 
loci and genes until now. Wang et al. (2011a) constructed 
F2, F2:3 and F7:11 recombinant inbred line (RIL) populations 
to study the inheritance of SC8 resistance and mapped one 
resistance locus. Two simple sequence repeat (SSR) markers 
were identified as flanking markers of QTLs for resistance 
to SC8. Zhao et al. (2016) generated an F2 population to 
pinpoint the SC8 resistance gene, and it was narrowed to a 
30.8-kb region containing two annotated genes. Recently, 
the MADS-box transcription factor GmCAL was identified 
as a positive regulatory factor conferring soybean resistance 
to diverse SMV strains (Ren et al. 2021).

To date, only a few studies have identified QTLs associ-
ated with SC8 resistance in soybean, and all of these QTLs 
were derived from family-based segregating populations 
based on SSR and SNP-chip markers. The QTLs and candi-
date genes identified via this strategy are usually restricted 
due to the narrow range of genetic variation and large map-
ping region. Genome-wide association study (GWAS) com-
bined with a resequencing strategy could overcome this 
limitation resulting from multiple allelic variations in the 
natural population (Yan et al. 2017; Zhang et al. 2017, 2018; 
Li et al. 2018).

In our present work, a genome-wide association study 
was performed in a natural population containing 209 acces-
sions showing SC8 different resistance phenotypes in differ-
ent environments that were resequenced with an ~ 20 × depth. 
QTL mapping for SC8 resistance was also performed in an 
RIL population including 193 lines based on SoySNP6K 
array genotypes. The purpose of this study was to identify 
stable genetic loci, candidate genes and functional mark-
ers significantly associated with resistance to SC8 and to 
provide elite germplasms with more favourable alleles and 
higher resistance to SC8 for the genetic improvement of 
resistance in soybean varieties.

Materials and methods

Plant materials and SMV strain

A natural population composed of 209 soybean accessions 
(50 landraces and 159 cultivars) (Table S1) and an RIL 
population (F6:8, 193 lines) derived from a cross of the sus-
ceptible accession C813 and the resistant accession KN7 
(Chu et al. 2021) were used for experiments conducted 
under greenhouse and field conditions. SC8, a moderately 
virulent SMV strain, was provided by the National Center 
for Soybean Improvement, Nanjing Agricultural Univer-
sity, China.

SC8 inoculation and resistance evaluation

The natural soybean population was planted under three 
different environments in 2021 and 2022 and designated 
as E1–E3. E1 and E2 represented plants grown under 
greenhouse conditions in 2021 and 2022, while E3 rep-
resented plants grown under  field condition in 2022. The 
RIL population was planted in two environments in 2022, 
and were designated as E4–E5, where E4 represented the 
plants grown under greenhouse condition in 2022, while 
E5 represented the plants grown under field condition in 
2022. In these five experiments conducted in these two 
populations, a complete randomized block design with 
three replications was used.

In the greenhouse experiment, seeds of the soybean 
population were planted in round plastic pots (diam-
eter × depth: 30 cm × 25 cm) filled with vermiculite and 
nutrient soil (3:1) and grown in an aphid-free greenhouse 
with 14 h of supplemental light (~ 10,000 lx) per day at 
room temperature (26 °C ± 1 °C) at Hebei Agricultural 
University. Twelve seeds of each accession were planted 
in one plastic pot, and three pots were included for each 
accession. Seven days after planting, ten plants were left 
in each pot.

In the field experiment, six seeds were planted in one 
porcelain pot (diameter × depth: 50 cm ×   45 cm), with 
two pots per accession, and the plants were grown at 
Hebei Agricultural University (Baoding City, N 38°10′, 
E 113°40′) from May to July in 2022. Seven days after 
planting, five plants were left in each pot.

Fresh leaves of the NN1138-2 soybean accession 
infected with the SC8 virus were ground in 0.01 mol/L 
sodium phosphate buffer (approximately 10 mL per g leaf 
tissue, pH 7.4) with a small amount of carborundum (600 
mesh). Seedlings were inoculated with the obtained inocu-
lum by rubbing unfolded primary leaves at the soybean 
V1 stage and were inoculated again on the first trifoliate 
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leaf at the V2 stage. The inoculated leaves were rinsed 
with tap water. In greenhouse and field experiments, resist-
ance to SC8 was evaluated by calculating the disease index 
(DI) score one month after SC8 inoculation as previously 
described (Zhi et al. 2005):

where Si is the disease severity; fi is the number of plants 
with Si; Smax is the highest Si; and n is the total number of 
surveyed plants.

Statistical analysis of disease index of SC8 infection

The genetic variation analysis of the two populations was 
performed with SPSS V19.0 software. The broad-sense her-
itability was estimated based on the arcsine-transformed data 
according to the method described by Nyquist and Baker 
(Nyquist et al. 1991). The best linear unbiased prediction 
(BLUP) value was estimated in R (lme4 package) (Che et al. 
2017).

Resequencing of the natural population

Sequence alignment and SNP calling

Genomic DNAs of the accessions were extracted via the 
modified CTAB method, and approximately 350-bp libraries 
were constructed for resequencing. The low-quality paired 
reads were filtered according to criteria similar to those 
applied in a previous study, and the high-quality reads were 
aligned to the Williams82 reference genome (Wm82a4v1) 
with BWA software. SNP calling was performed with the 
Genome Analysis Toolkit (GATK, version v3.1), and the 
filtration parameters were set as in a previous study (Shao 
et al. 2022). SNPs were annotated according to Williams82 
(Wm82a4v1) with the package ANNOVAR and were classi-
fied into four different types as described in a previous study 
(Shao et al. 2022).

Population structure and linkage disequilibrium analysis

To analyse the phylogenetic relationships of the natural pop-
ulation, an individual-based NJ tree was constructed based 
on the P distance with TreeBestv1.9.2 software. The popula-
tion structure was analysed by the expectation maximization 
algorithm, as implemented in the Admixture program. The 
number of assumed genetic clusters (K) was set at 2–8, with 
10,000 iterations for each run. PCA was carried out with 
GCTA software. The linkage disequilibrium (LD) coefficient 
(r2) between pairwise high-quality SNPs was determined 
with Haploview with the parameters (maxdistance 500, 
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MAF > 0.05, miss ≤ 0.2). LD was evaluated according to 
half of the maximum value at 75 kb for soybean accessions.

GWAS analysis of SC8 resistance

The GWAS analysis of SC8 resistance was conducted by 
genome-wide efficient mixed-model association (GEMMA) 
software via a similar method to that described in a previous 
study (Shao et al. 2022). In the present study, the top three 
PCs were used to build the S matrix for population-structure 
correction, and the matrix of simple matching coefficients 
was used to build the K matrix. According to the physical 
distance of significant SNPs and LD, the SNPs within the 
LD range were attributed to the same locus, as in a previous 
study (Huo et al. 2019).

Regression analysis of associated SNPs

To further verify the associated SNPs obtained in the present 
study, the soybean accessions were divided into different 
groups based on the numbers of elite alleles for SNPs with 
the most significant P value at each locus. Then, regression 
analysis between the elite allele numbers and disease index 
was conducted with SPSS V25.0 software.

Linkage mapping of the disease index of SC8 
infection in the RIL population

The genotypes of the RIL population were analysed by using 
the SoySNP6K array based on 5403 SNPs (core subset from 
the SoySNP50K Illumina Bead Chip array), and the genetic 
linkage map was constructed by using Joinmap v4.0 soft-
ware in our previous study (Chu et al. 2021). In the present 
study, linkage mapping of the disease index of SC8 infection 
was conducted via the inclusive composite interval mapping 
method in ICIMapping v4.2 software, similar to our previ-
ous description (Chu et al. 2021).

Screening of candidate genes for SC8 resistance 
in the consistent region

To further reveal candidate genes controlling SC8 resistance 
in the consistent region of GWAS and linkage mapping, the 
genes in this region were searched, and the variant types of 
associated SNPs in these genes were analysed. Meanwhile, 
the full sequence alignments of these genes between the RIL 
parents KN7 and C813 were analysed via the resequenc-
ing data of these two varieties in our previous study (Sun 
et al. 2022). Thereafter, the expression of these genes in 
soybean (transcriptome data of Williams 82 from https://​
phyto​zome.​jgi.​doe.​gov) and the positions of variants in gene 
promoter regions (https://​www.​dna.​affrc.​go.​jp) as well as 
the corresponding protein-encoding regions (https://​www.​

https://phytozome.jgi.doe.gov
https://phytozome.jgi.doe.gov
https://www.dna.affrc.go.jp
https://www.ncbi.nlm.nih.gov
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ncbi.​nlm.​nih.​gov) were analysed. Finally, by combining the 
gene annotations (Wm82.a4.v1, https://​www.​soyba​se.​org) 
and SMV resistance-related reports, candidate genes were 
screened.

qRT‒PCR analysis of candidate genes for SC8 
resistance

For the expression analysis of candidate genes, the leaves of 
the resistant accession KN7 and the susceptible accession 
C813 were sampled at 0, 4, 8, 12, 24, 48, and 72 h post-inoc-
ulation (hpi) with SC8. The leaves were also sampled at the 
same time points after inoculation with sodium phosphate 
buffer, which was used as a control. Subsequently, real-time 
qPCR (qRT‒PCR) was conducted via a method similar to 
that applied in our previous study (Kong et al. 2018), with 
three technical replicates for each sample. The qRT‒PCR 
primers of the candidate genes and the internal control gene 
are listed in Table S2.

Functional analysis of the candidate genes for SC8 
resistance

The open reading frames (ORFs) of the candidate genes 
(GmMACPF1 and GmRad60, screened later in the present 
study) were PCR amplified from KN7 leaf cDNA using 
the primers listed in Table S2. Subsequently, the ORF was 
inserted into the plant expression vector pCam::GFP (Wu 
et al. 2014) to construct the recombinant overexpression 
vectors pCam-GmMACPF1 and pCam-GmRad60, while the 
empty vector was used as a negative control.

The functions of the GmMACPF1 and GmRad60 candi-
date genes in the SC8 strain were analysed by the “Agrobac-
terium rhizogenes-induced soybean hairy roots versus Soy-
bean mosaic virus (ARISHR-SMV)” method as described 
in a previous study (Jiang et al. 2019), and the procedure is 
presented in Fig. S1.

First, the constructed pCam-GmMACPF1 and pCam-
GmRad60 vectors were transformed into the Agrobac-
terium rhizogenes K599 strain via the electroporation 
method, and the mature seeds of C813 were surface-steri-
lized and soaked in sterilized water overnight. Thereafter, 
the seeds of C813 were placed on agar medium (0.7%) 
for germination after the seed coats were removed. Sub-
sequently, the cotyledons were harvested and used for 
Agrobacterium rhizogenes-mediated transformation in 
White's medium. After ~ 10 days, the calli grown from 
the incubated cotyledon pieces were used for SC8 virus 
inoculation. After 7 ~ 10 days, the hairy roots from the 
calli were observed for green fluorescence via fluorescence 
microscopy. Nearly twenty days later, the transgenic soy-
bean hairy roots were screened and used for the evaluation 
of SC8 virus accumulation and target gene expression, 

with three technical replicates for each sample with five 
hairy roots per replicate. Moreover, a reverse back-inocu-
lation experiment in which the SC8 virus was applied to 
NN1138-2 leaves was performed to verify the presence of 
the virus in the transgenic soybean hairy roots.

Development of the functional gene marker FMSC8

First, primer pairs were designed for the functional marker 
analysis of SC8 (FMSC8) based on a nonsynonymous muta-
tion (T/C) in the functional gene GmMACPF1 related to SC8 
infection in KN7 and C813 (Table S2). Subsequently, the 
primers were used to amplify the DNA of these two varie-
ties and 417 other soybean accessions. The KN7 accession 
genotype was recorded as “T”, while the C813 accession 
was recorded as “C”. Next, by combining the phenotypes 
of these accessions (DI < 15, resistant accession; DI ≥ 15, 
susceptible accession), the detection rate of FMSC8 was cal-
culated using the following formula: (resistant accessions 
with T + susceptible accessions with C)/number of detected 
accessions.

Results

Genetic variation of the disease index of SC8 
infection in two soybean populations

The genetic variation and broad heritability of the disease 
index were analysed in the natural population under three 
environments (Table 1). The average disease indices of the 
accessions ranged from 14.54 to 24.04. The natural popula-
tion showed relatively broad genetic variation  to SC8, with 
a disease indices ranging from 0 to 100 and coefficients of 
variation (CV) ranging from 129.2 ~ 181.77%. Histogram 
analysis showed that the segregation of the disease index 
presented a skewed distribution in the population. In addi-
tion, the broad-sense heritability for the disease index was 
as high as 88.45% in this population, which showed that the 
disease index could be stably inherited in soybean and that 
some resistant accessions with a lower disease index might 
be used as parents in breeding programs.

The comparison of the RIL parents showed that C813 
presented a higher disease index (65.91) than KN7 (9.69) 
under two environments (Table 1). The leaves of C813 were 
severely curled after inoculation with SC8, while KN7 
showed slight necrotic spotting (Fig. S2). The descrip-
tive statistics of the RIL population showed that the dis-
ease index ranged from 0 ~ 100, and the CV ranged from 
99.09 ~ 125.71%, which indicated wide genetic variation in 
the disease index in the RIL population (Table 1).

https://www.ncbi.nlm.nih.gov
https://www.soybase.org
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Genome‑wide association analysis of SNPs for SC8 
resistance

Approximately 4.45 T bases were obtained from the rese-
quenced natural population, with an average depth of 
18.44 × , as described in our previous study (Shao et al. 
2022). Based on the 5,057,494 filtered SNPs, the 209 acces-
sions were clustered into two clades, with 50 landraces in 
clade I and 159 cultivars in clade II, and the LD decreased 
to half of its maximum value at 75 kb for the population 
(Fig. 1).

In total, 5930 SNPs on 18 chromosomes were obtained, 
among which 3035 SNPs on five chromosomes (Gm01, 
Gm07, Gm09, Gm12 and Gm13) were associated with 
resistance to SC8 across three environments and BLUP 
values simultaneously (Fig. 2, Table S3). The 3035 SNPs 
were attributed to 36 loci and included one stopgain, two 
stoploss, 120 nonsynonymous, 89 synonymous, 522 intronic, 
71 UTR3, 53 UTR5, 278 upstream, 249 downstream and 
1650 intergenic SNPs (Table S4). There were 3030 SNPs at 
32 loci located on chromosome 13, accounting for 99.84% 
of the total SNPs. Importantly, 31 loci were first discovered 
to confer resistance to SMV-SC8 in our study (Table S4).

Verification of SNPs associated with SC8 resistance

To verify the 3035 significantly associated SNPs identified 
at 36 loci for SC8 resistance, regression analysis between the 
numbers of elite alleles and the disease indices of soybean 
accessions was conducted. The regression analysis showed 
that the proportion of elite alleles was linearly related to the 
disease index, with determination coefficients (R2) of 0.43, 
0.44 and 0.36 in the three environments, respectively (Fig. 
S3), which indicated that SC8 resistance was significantly 
correlated with the proportion of elite alleles.

Moreover, to provide special germplasms for the genetic 
improvement of SC8 resistance, the numbers of elite 

alleles of the most significantly associated SNPs at the 36 
loci were analysed in 10 accessions with different disease 
indices (the top five and bottom five indices in 209 acces-
sions). The results showed that the five resistant accessions 
possessed 33 ~ 36 elite alleles, while the five susceptible 
accessions possessed 0 ~ 9 elite alleles (Table S5). Simul-
taneously, the analysis of differences in the proportion of 
elite alleles between the landrace and cultivar showed that 
the cultivar presented a higher proportion of elite alleles 
(84.71%) and a lower disease index (6.45) than the lan-
drace (proportion = 34.72%, DI = 46.55) (Fig. S3). This 
result indicated that the cultivar had accumulated more 
elite genes in the long-term breeding selection process.

QTL mapping of the disease index of SC8 infection 
in the RIL population

Based on the genetic linkage map of the RIL popula-
tion with 2234 SNP markers and a total genetic distance 
of 4229.01 cM in 23 linkage groups constructed in our 
previous study (Chu et al. 2021), additive QTL mapping 
for the disease index was conducted in the present study. 
One major QTL, qRsc8F (ss715614742 ~ ss715614764), 
was found to control the disease index with PVEs 
of 30.08 ~ 51.17% under all environments; this QTL 
was located on chromosome 13 (physical position 
28.46  Mb ~ 28.60  Mb) (Fig.  2, Table  S6). Moreover, 
based on the two flanking markers, the 193 RILs could be 
divided into resistant and susceptible types with disease 
indices of 6.84 vs. 50.13 (P = 3.34 × 10–4) and 9.05 vs. 
44.38 (P = 1.09 × 10–6), respectively (Fig. 3). The addi-
tive effect of qRsc8F was derived from the resistant RIL 
parent KN7 (Table S6). Importantly, 327 associated SNPs 
were located within the ~ 141.6-kb interval of the qRsc8F, 

Table 1   Genetic variations of disease index to SMV-SC8 in soybean natural and RIL populations

E1 ~ E3: Different environments for natural population. E1: Greenhouse condition in 2021; E2: Greenhouse condition in 2022; E3: Field condi-
tion in 2022
E4 ~ E5: Different environments for RIL population. E4: Greenhouse condition in 2021; E5: Field condition in 2022
SD Standard deviation; CV Coefficient of variation; Max Maximum; Min Minimum; Skew: Skewness;
Kurt: Kurtosis; hB

2: Broad heritability

Type Environment RIL parents Mean SD CV(%) Max Min Skew Kurt hB
2(%)

C813 KN7

Natural population E1 – – 14.54 26.43 181.77 95.31 0.00 1.39 1.67 88.45
E2 – – 24.04 31.06 129.20 100.00 0.00 1.07  − 0.37
E3 – – 18.57 28.32 152.50 100.00 0.00 1.31 0.12

RIL population E4 75.00 8.67 38.35 38.00 99.09 100.00 0.00 1.00 0.18 79.39
E5 56.82 10.71 25.98 32.66 125.71 100.00 0.00  − 0.42  − 1.70
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Fig. 1   Phylogenetic tree, PCA, genetic structure and LD decay analy-
sis of soybean natural population. A Phylogenetic tree of natural pop-
ulation with 5,053,585 high-quality SNPs. B PCA plot of the first two 
components (PC1 and PC2). C Structure analysis with K = 2. The y 

axis is cluster membership, and x axis is the different accessions. D 
Delta K based on the rate of change of LnP (K) between successive 
K. E Genome-wide average LD decay of 209 accessions
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Fig. 2   Association and linkage analysis of disease index to SMV-
SC8. A–D Distribution, Manhattan and QQ plots for disease index 
of soybean natural population in three environments (E1 ~ E3) and 
BLUP-values. E Distribution for disease index of soybean RIL pop-

ulation in two environments (E4 and E5) and BLUP-values. F QTL 
qRsc8F on chromosome 13 for disease index to SC8 in RIL popula-
tion
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indicating a region of colocalization between the associa-
tion and linkage analyses (Fig. 3).

Screening of the candidate genes for SC8 resistance

There were 21 genes in the overlapping ~ 141.6-kb region 
on chromosome 13 according to the Williams82 reference 
genome (Wm82.a4.v1), and the types of variants (SNPs and 
Indels) in these genes were analysed (Tables S7 and S8). 
Thereafter, the expression of these genes in different soy-
bean organs and the positions of these SNPs and Indels in 
the corresponding protein-encoding regions were analysed. 

Genes that were expressed in at least one organ or showed 
amino acid alterations in conserved domains were screened 
out (Fig. S4). Next, the positions of SNPs and Indels in the 
5’UTR and the upstream region were analysed. Finally, 
by combining the gene annotations and SMV resistance-
related reports, two candidate genes, Glyma.13G176600 
and Glyma.13G176100, were screened out for further study 
(Fig. 3, Table S7).

Among these two candidate genes, Glyma.13G176600 
possessed a synonymous mutation (C-T) and a nonsynony-
mous mutation (T-C) in the first and fourth exons (Table S7), 
which resulted in an amino acid change (Val-Ala) in the 

Fig. 3   Identification and function analysis of causal gene 
GmMACPF1. A Regional GWAS signals on chromosome 13 for dis-
ease index to SC8. The red dashed line shows the consistent region 
of GWAS and linkage mapping. Red arrow indicates the position 
of causal gene GmMACPF1. B QTL qRsc8H and its containing 
genes in the consistent region. Red arrow indicates the causal gene 
GmMACPF1. C LD heat-map for the consistent region of GWAS and 
linkage mapping. D Gene structure of GmMACPF1. Type-R indicates 
the resistant soybean accessions, Type-S indicates the susceptible 
accessions. Blue rectangles indicate exons. Vertical lines indicate dif-
ferent SNP variations. E Box plots for disease index of RIL popula-
tion, based on the classify results of QTL qRsc8H flanking markers 
ss715614742 and ss715614764. The significance of difference was 
analyzed by two-tailed t-test. F Box plots for disease index of natu-

ral population, based on the classify results of nonsynonymous SNP 
mutation (T/C) and synonymous SNP mutation (C/T) in the exons of 
GmMACPF1. The significance of difference was analyzed by two-
tailed t-test. G Expression analysis of GmMACPF1 by qRT-PCR. 
Y-axis indicates the relative expression ratio of samples inoculated 
with SC8 and mock at different time-points (0 ~ 72 hpi), X-axis indi-
cates different time-points after inoculation. Asterisks represents sta-
tistical significance at 0.01 level. H Expression level of GmMACPF1 
in transgenic soybean hairy roots, compared with the empty-vector 
and wild-type controls. I Expression level of coat protein (CP) gene 
of SMV-SC8 in transgenic soybean hairy roots with over-expressed 
GmMACPF1, compared with the empty-vector and wild-type con-
trols. Asterisks represents significance at 0.01 level
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conserved domain of the encoding membrane attack com-
plex component/perforin (MACPF) protein (Fig. 3); this 
gene was designated GmMACPF1. Moreover, based on the 
two associated SNPs, the 209 accessions could be divided 
into two types, and the disease index of the resistant type 
(11.94 and 4.86) was extremely significantly lower than that 
of the susceptible type (52.57 and 41.85) (Fig. 3).

By predicting the tertiary structure of the GmMACPF1, 
we found that its peptide chain folding exhibited obvious 
alterations near the nonsynonymous mutation site, which 
might affect protein function (https://​swiss​model.​expasy. 
org/interactive) (Fig. S5). Subsequently, the expression 
of GmMACPF1 was analysed via qRT‒PCR after SC8 
inoculation. Compared to the mock control, GmMACPF1 
showed significantly higher expression at 4, 8, 12 and 48 
hpi in the resistant accession KN7 but presented no obvi-
ous change at the four time points in the susceptible acces-
sion C813 (Fig.  3). Additionally, the Rad60-SLD  gene 
Glyma.13G176100  had one associated SNP in its 5’UTR 
and three associated SNPs in the downstream region and was 
designated GmRad60 (Table S7). Compared to the mock 
control, GmRad60 showed significantly higher expression 
at several time points in the resistant accession KN7 and 
the susceptible accession C813 (Fig. S6). In addition, some 
SNPs identified in the promoters of these two genes could 
be used to divide the soybean accessions into two groups 
with significant differences in disease index of SC8 infec-
tion (Fig. S7).

GmMACPF1 overexpression inhibits 
the accumulation of SC8 in soybean hairy roots

The functions of the two candidate genes, GmMACPF1 
and GmRad60, were analysed via the “Agrobacterium 
rhizogenes-induced soybean hairy roots versus Soybean 
mosaic virus” method as described in a previous report 
(Jiang et  al. 2019). First, the comparison of the ORF 

sequences of GmMACPF1 in the RIL parents KN7 and 
C813 revealed the same synonymous mutation (C-T) and 
nonsynonymous mutation (T-C) identified in the 209 
resequenced accessions, while the ORF sequences of 
GmRad60 showed no difference between the RIL parents.

Subsequently, we transformed C813 with these two 
genes and analysed the expression of the genes and the 
SC8 coat protein (CP) gene in transgenic soybean hairy 
roots. The results showed that the expression levels of 
GmMACPF1 and GmRad60 were significantly higher 
than those in the empty-vector control and wild-type 
(WT) (Fig. 3, Fig. S6). More importantly, the SC8 CP 
gene expression level in transgenic hairy roots overex-
pressing GmMACPF1 was significantly decreased 3.3- and 
3.1-fold compared to the empty-vector control and WT, 
respectively, while there were no significant differences in 
the GmRad60-overexpressing hairy roots, indicating that 
GmMACPF1 significantly decreased the SC8 virus con-
tent and positively regulated resistance to SC8 in soybean 
(Fig. 3, Fig. S6).

Development of the functional gene marker FMSC8

The functional gene marker FMSC8 was developed based 
on the nonsynonymous mutation of GmMACPF1, and the 
corresponding primers could amplify a 671-bp fragment 
in genotypes similar to KN7 but produced no PCR prod-
uct in genotypes similar to C813 (Fig. 4). By using the 
FMSC8 marker to evaluate the 419 accessions (including 
209 resequencing accessions, two RIL parents and 208 
other accessions), 327 accessions were attributed to the 
KN7 genotype, among which 263 had a disease index lower 
than 15 (0 ~ 14.55, resistant to SC8), while the remaining 
92 accessions were attributed to the genotype C813, among 
which 73 had a disease index higher than 15 (21.23 ~ 89.68, 
susceptible to SC8). Accordingly, the detection rate of the 

Fig. 4   PCR amplification of resistant and susceptible soybean 
accessions via the functional marker FMSC8. Marker DNA marker 
DL2000; Samples 1 ~ 8 indicate resistant accessions (1: KN7, 
DI = 9.69; 2: Shiheidou2, DI = 0.00; 3: Handou7, DI = 6.30; 4: Cang-
dou10, DI = 2.17; 5: Yudou19, DI = 0.00; 6: Fendou95, DI = 4.17; 7: 

Jian7, DI = 0.00; 8: Shanda1, DI = 0.00); Samples 9 ~ 16 indicate sus-
ceptible accessions (9: C813, DI = 65.91; 10: Kexuan13, DI = 46.80; 
11: Weidou267, DI = 75.00; 12: Yudou17, DI = 51.79; 13: Ji17-J6, 
DI = 79.98; 14: Cangdou13, DI = 58.56; 15: Huangaizao, DI = 68.39; 
16: Tiejiaqing, DI = 64.62)

https://swissmodel.expasy
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FMSC8 functional marker was calculated as 80.19% in the 
419 soybean accessions (Table S9, Fig. 4).

Discussion

First application of deep resequencing 
of populations to study soybean SMV resistance

A high density of molecular markers is critical for improv-
ing the accuracy of QTL mapping (Song et al. 2016; Cao 
et al. 2017). Different molecular marker systems have been 
developed and used to map resistance genes in soybean. 
In recent years, the SNP array technique has been increas-
ingly applied for the mining of genetic loci and candi-
date genes resistant to SMV in soybean. Chu et al. (2021) 
identified a major QTL related to resistance to soybean 
mosaic virus in diverse genetic populations based on the 
SoySNP6K array, and 5046 high-performing SNPs with an 
MAF > 0.05 and call rate > 80% were used for GWAS. Che 
et al. (2017) revealed a novel locus for SC7 resistance in 
a soybean mutant panel based on a 355-K SoySNP array, 
and a total of 61,543 SNPs with an MAF > 0.05 were used 
for GWAS.

With the development of resequencing technology, a 
large number of SNP markers have been used to find SNPs 
associated with important agronomic and economic traits 
and to mine functional genes in rice, corn, cotton and other 
crops (Ma et al. 2018; Yang et al. 2021). However, there 
has been no previously report of the application of GWAS 
to investigate resistance to SMV based on the resequenc-
ing of soybean populations. In the present study, a natural 
population composed of 209 soybean accessions subjected 
to deep resequencing with an average sequencing depth of 
18.44 × was first used to identify genetic loci and candidate 
genes for resistance to SMV-SC8. More than 5.0 M SNPs 
were applied in the GWAS, which laid a solid foundation 
for identifying genetic loci for disease resistance.

Genetic loci associated with SC8 resistance 
on chromosome 13

Plants have gradually developed diverse defence mecha-
nisms against viruses and other pathogens over time, but 
the underlying genetic basis of plant resistance still needs 
to be further dissected. In soybean, three independent loci 
(Rsv1, Rsv3 and Rsv4) have been characterized as con-
ferring resistance to SMV strains G1 ~ G7 (Maroof et al. 
2008; Shakiba et al. 2012), and several loci (Rsc4, Rsc5, 
Rsc7, Rsc8, Rsc15 and Rsc20) has been reported to confer 
resistance against SMV-SC strains (Wang et al. 2011a, 
2011b, 2017; Karthikeyan et al. 2017, 2018; Rui et al. 

2017). Eight of these loci (Rsv4, RSC5, RSC6, RSC7, RSC8, 
etc.) were located on chromosome 2, ten loci (Rsv1, Rsv5, 
RSC3Q, RSC11, RSC12, etc.) were located on chromosome 13, 
and two loci were located on each of chromosome 6 (RSC15 
and RSC18) and chromosome 14 (Rsv3 and RSC4).

In China, SMV-SC8 has become a main epidemic virus 
strain in many soybean-growing regions, but only a few stud-
ies with a small number of molecular markers have focused 
on the mining of relevant genetic loci and candidate genes 
via a linkage mapping strategy to date (Wang et al. 2011b; 
Zhao et al. 2016; Ren et al. 2021). Therefore, more than 
5.0 M SNPs were used for GWAS in the present study, and 
3035 SNPs were identified as significantly associated with 
resistance to SC8. Additionally, a major QTL, qRsc8F, was 
shown to control SC8 resistance in one genetic population 
across multiple environments. More importantly, 327 SNPs 
on chromosome 13 obtained from the association analysis 
were located in the region of the qRsc8F, which was first 
reported to confer resistance to SMV-SC8.

Moreover, to analyse the relationship of qRsc8F and 
previously reported QTLs on chromosome 13 with other 
SMV strains (such as the relationship of the Rsv1 locus 
with strains G1 ~ G7) (Table S4), we conducted a haplotype 
analysis based on the SNPs in the 28.42 ~ 30.30 Mb region 
(the region including qSC8F, Rsv1 and ten other resistance 
QTLs) (Fig. S8). The results showed that nine of the eleven 
previous QTLs (including Rsv1) were attributed to differ-
ent LD blocks relative to qSC8F; the two remaining QTLs, 
Rsc18A and Rsc15ZH, were shown to confer resistance to 
the SMV-SC18 and SMV-SC15 strains, partially overlapped 
with qSC8F, indicating a broad-spectrum resistance of this 
genomic region for diverse SMV strains, including the SC8 
resistance identified in the present study.

The causal gene regulating SC8 resistance

The colocalization interval of ss715614742 ~ ss715614764 
on chromosome 13 was obtained from linkage mapping 
and association analysis in the present study; this interval 
is close to the physical positions of genetic loci related to 
other SMV strains reported previously. There are a large 
number of genes in this region, two of which have been pre-
dicted to be related to the resistance of the SC15 strain (Rui 
et al. 2017). To further determine the causal gene related 
to the SC8 strain in this region, two previously predicted 
genes (GmRad60 and Glyma.13g176300) and another gene, 
GmMACPF1, were transformed into soybean hairy roots, 
and the results demonstrated that only GmMACPF1 over-
expression significantly decreased the SC8 virus content 
of the transgenic soybean hairy roots, which indicated that 
GmMACPF1 was the causal gene of SC8 resistance in this 
consistent genomic region (Fig. 3, S6).
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Some studies have reported that the functions of the 
MACPF protein are involved in plant resistance to different 
pathogens via the salicylic acid (SA) pathway. AtMACP2 can 
regulate resistance to diverse diseases through the SA path-
way (Zhang et al. 2022). Another MACPF protein-encoding 
gene, CAD1, plays an important role in immunity-induced 
programmed cell death (PCD) (Tsutsui et al. 2006). Simi-
larly, the mutation of necrotic spotted lesion 1 resulted in 
obviously spotted necrotic lesions, retarded plant growth and 
high accumulation of SA (Noutoshi et al. 2006). In soybean, 
SA has already been reported to affect resistance to different 
diseases (Baebler et al. 2014; Alazem et al. 2015; Zhang 
et al. 2012), such as Rsv1-mediated resistance to most SMV 
strains. The silencing of GmEDS1a/GmEDS1b or GmPAD4 
reduced SA accumulation and enhanced susceptibility to 
SMV-G5 in soybean (Wang et al. 2014). Thus, we deduced 
that the functional gene GmMACPF1 might confer resist-
ance to SC8 via the SA pathway.

The causal gene GmMACPF1 identified in the present 
study encoded a homologous protein to AtMACP2, and a 
nonsynonymous mutation in this gene induced an altera-
tion in peptide chain folding between the resistant and sus-
ceptible soybean accessions. Previous studies showed that 
GmMACPF1 was highly expressed in soybean leaf and root, 
and was induced by the inoculation of bean pod mottle virus 
and SMV-G7 (Fig. S9). In the present study, the expression 
of GmMACPF1 was much higher at 4, 8, 12 and 48 hpi 
after SC8 inoculation in the resistant accession KN7 but 
presented no obvious change in the susceptible accession 
C813 (Fig. 3). Further analysis showed that there were some 
variations in the promoter of GmMACPF1, and several of 
them altered regulatory elements of the promoter, suggest-
ing that the difference in GmMACPF1 expression might be 
due to allelic variations in the promoter region. To further 
verify this, we cloned the promoter of GmMACPF1 from 
the two parents KN7 and C813, and the much higher expres-
sion of GUS and β-galactosidase activity were observed in 
GmMACPF1KN7-Pro::GUS, compared to GmMACPF1C813-
Pro::GUS (Fig. S10). Furthermore, a functional gene marker 
of GmMACPF1 was developed based on the nonsynony-
mous mutation (T/C), which could divide the soybean acces-
sions into resistant and sensitive types (Table S9). This also 
demonstrated the function of the SC8 resistance gene from 
another point of view.

Conclusion

A deeply resequenced natural soybean population and a 
RIL population were used to explore genetic loci and genes 
for SMV-SC8 resistance. In total, 3030 SNPs on chromo-
some 13 were identified as significantly associated with 
SC8 resistance in the natural population, among which 

327 were located within an ~ 0.14 Mb region of the major 
QTL qRsc8F in the RIL population. One candidate gene, 
GmMACPF1, screened in the region of consistent linkage 
and association showed different expression levels between 
resistant and susceptible accessions after SC8 inoculation, 
and a significant decrease in virus content was observed in 
GmMACPF1- overexpressing soybean hairy roots. Further-
more, a functional gene marker, FMSC8, was developed 
based on the variant in GmMACPF1, and a high coincidence 
rate of 80.19% between the disease index and marker geno-
type was determined in 419 soybean accessions. Thus, these 
results provide valuable resources for studies of the molecu-
lar mechanism of SMV resistance and genetic improvement 
in soybean.
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