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Abstract

Soybean [Glycine max (L.) Merr.] is an important legume crop worldwide, which provides abundant plant protein and oil
for human beings. Soybean mosaic virus (SMV) can cause serious damage to the yield and quality of soybean, but it is
difficult to control SMV with chemicals, breeding SMV-resistant varieties has become the most effective way to control
the disease. Therefore, it is important to identify SMV resistance genes from soybean resources and apply them to soybean
breeding. In this study, the disease rates (DRs) of 219 soybean accessions to SMV strain SC7 in two environments were
investigated. A high-density NJAU 355 K SoySNP array was used for genome-wide association study (GWAS) of DR. A
274 kb region on chromosome 15 (1,110,567 bp to 1,384,173 bp) was repeatedly detected in two environments. Six new
significant single nucleotide polymorphisms (SNPs) on chromosome 15 were identified. Four of these six SNPs were located
within two candidate genes, Glyma.15G015700 and Glyma.15G015800. The elite haplotype Glyma.15G015700% ! with
low DR exhibited strong resistance to SC7. The expression of Glyma.15G015700 in the SMV-resistant accession increased
significantly after inoculation with SC7. Furthermore, most of the proteins predicted to interact with Glyma.15G015700 are
heat shock proteins, which have been shown to be related to disease resistance. In summary, new SMYV resistance loci and a
new candidate gene, Glyma.15G015700, were identified and might be utilized in further soybean disease resistance breeding.
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Introduction

Soybean [Glycine max (L.) Merr.] originated from China and
is the most important legume crop in the world, serving as
a primary source of edible vegetable oil and protein (Cheng
et al. 2022). Soybean plants are susceptible to various
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However, most SMV resistance genes identified from SMV-
resistant varieties are R genes with leucine-rich repeats
(LRRs) (Widyasari et al. 2020). R genes usually exert strong
selection pressure on pathogens, but pathogens can easily
overcome resistance by developing escape mutations in their
effector genes (Dodds and Rathjen 2010). R genes generally
do not provide broad-spectrum resistance (Widyasari et al.
2020), thus SMV-resistant soybean varieties bred with
the R genes are not suitable for widespread cultivation.
Therefore, the identification of new SMV resistance genes
from soybean with rich genetic resources is important for the
practical application of soybean disease resistance breeding.

During long-term interactions with the host and
environment, SMV can produce various pathogenic
differentiations, resulting in different pathogenic strains.
The 98 SMV isolates collected in the U.S. were divided into
seven main strains (G1-G7) by Cho and Goodman (1979).
Four major SMV resistance loci (RsvI, Rsv3, Rsv4 and Rsv5)
have been identified from different SMV-resistant germplasm
resources (Widyasari et al. 2020). These resistance loci are
located on different chromosomes and resistant to different
SMV strains. Rsv/ has been mapped on chromosome 13, and
more than 10 genes encoding nucleotide-binding leucine-
rich repeat (NLR) proteins have been found to be resistant
to G1-G6 (Hayes et al. 2004). Rsv3 has been mapped on
chromosome 14, and Glyma.14G204700 is a candidate gene
of Rsv3, encoding coiled-coil NLR, which confers resistance
to G5—-G7 (Tran et al. 2018). Rsv4 is located on chromosome
2 and encodes an RNase H family protein that inhibits
Potyvirus multiplication by degrading dsRNA and confers
resistance to G1-G7 (Ishibashi et al. 2019). Rsv5 has been
mapped on chromosome 13 and is resistant to G1 (Zheng
et al. 2005), but the mechanism underlying Rsv5-mediated
resistance is still unknown.

In China, researchers have classified thousands of SMV
isolates into 22 strains, named SC1-SC22 (Li and Zhi
2016). The SMYV resistance locus is named Ry (resistance
of SMV in China), mainly includes Rgc30, Rgcs, Rscys Rscss
Rsc7 Rscs Rsciz Rsciagr Rscrs and Ryezg (Widyasari et al.
2020). The R plus strain indicates loci with resistance to
a specific strain; for instance, Rg.s represents locus with
resistance to SC5. Similar to Rsv, the reported R resistance
loci are also mainly detected on chromosomes 2, 13 and
14. Rycs, Rgeg and Rgq;g are all located on chromosome
2 and were identified from the SMV-resistant accession
Kefeng No. 1 (Widyasari et al. 2020). Among them,
Glyma02g13495 is considered the most likely candidate
gene of Rgcs (Karthikeyan et al. 2017). Glyma.02G121500
and Glyma.02G121600 are candidate genes of Rg-g (Zhao
et al. 2016). Glyma.02G127800, Glyma.02G128200
and Glyma.02G128300 are candidate genes of Rgq;¢ (Li
et al. 2015). Additionally, a coding gene GmMLRK]I of
malectin-like receptor kinase located on chromosome 2
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may be candidate gene for Ry, (Che et al. 2023). Rgc;,
Rgcs. Rscrag and Rgeyg are all located on chromosome
13 and were identified from the SMV-resistant accession
Qihuang-1 (Widyasari et al. 2020). Glymal3g25730,
Glymal3g25750, Glymal3g25950, Glymal3g25970 and
Glymal3g26000 are considered candidate genes of Rgc;30
(Zheng et al. 2014). Glymal3g25920, Glymal3g25950,
Glymal3g25970 and Glymal3g26000 are candidate genes of
Rgcs (Lietal. 2017). Rgcpq9 (Ma et al. 2011) represents the
resistance locus of SC14 strain identified from Qihuang-1,
but the candidate gene of Rg¢;y0 is unknown at present.
Glyma.13G194700 and Glyma.13G195100 are candidate
genes of Rgqy, (Karthikeyan et al. 2018). Rq;, is also
located on chromosome 13 and has been identified from
the SMV-resistant accession Qihuang-22 (Ma et al. 2010).
Rgc, is located on chromosome 14 and was cloned from the
SMV-resistant accession Dabaima. Glyma.14G205000 is
candidate gene of R¢.,, which encodes a cell wall-localized
NLR-type resistant protein (Yin et al. 2021).

The SMV strain SC7 utilized in this study is a prevalent
strain in the Huang-Huai soybean planting region in China
(Yang et al. 2014), it can infect most soybean varieties and
can cause severe yield loss. Regarding this SMV strain, a
quantitative trait locus (QTL) near Rsv4 on chromosome 2
was found to be repeatedly detected by both QTL mapping
and GWAS (Yan et al. 2015). Che et al. (2023) identified
20 SNPs by GWAS that were significantly associated with
resistance to SC7 in soybean population. These SNPs were
located on chromosomes 2, 13, and 19, and the candidate
gene for resistance to SC7 was the malectin-like receptor
kinase-encoding gene GmMLRKI. To date, the SMV
resistance loci have been identified primarily by QTL
mapping (Hayes et al. 2004; Zheng et al. 2005; Tran et al.
2018; Ishibashi et al. 2019; Yin et al. 2021) and partly by
GWAS (Yan et al. 2015; Che et al. 2023). Therefore, the
purpose of this study was to identify new SMV resistance
genes that differ from the known R genes by performing a
GWAS on 219 soybean accessions. These findings of this
study will benefit to SMV resistance breeding.

Materials and methods
Materials and planting conditions

In this study, 219 soybean accessions (39 cultivars, 180
landraces) from all over the world (Wang et al. 2016)
provided by the National Center for Soybean Improvement
(NCSI, Nanjing Agricultural University, Nanjing, China)
were utilized as soybean natural population accessions with
extensive genetic variation. The accessions were mainly from
the northern region of China (NR, 20 soybean accessions),
Huang-Huai region of China (HR, 57 soybean accessions)
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and southern region of China (SR, 122 soybean accessions)
(Supplementary Table 1). The SMV inoculation experiments
were conducted at the Jiangpu Experimental Station (32° 1’
53" N and 118° 37" 50" E) and Baima Experimental Station
(31°36'50” N and 119° 10" 50" E) of Nanjing Agricultural
University in two different environments (E1, September
2018, the Jiangpu Experimental Station; E2, May 2019, the
Baima Experimental Station). The SMV strain selected in
this study was the virulent strain SC7, which is prevalent in
the Huang-Huai region, and preserved the virus in the SMV-
susceptible accession Nannong 1138-2.

Approximately 30 seedlings of each soybean accession
were planted in a pot for inoculation. A random complete
block design with 3 replicates for each soybean accession
was used. After the real leaves had fully expanded, they were
manually and evenly rubbed with prefabricated solution
for inoculation. The solution was made by grinding virus-
infected leaves of SC7 in 0.01 mol/L phosphate buffer
(PB) (pH 7.2-7.4). The soybean leaves infected by SC7
were stored in —80 °C refrigerator. Prior to the inoculation
of the 219 soybean accessions, Nannong 1138-2 was
inoculated with the original SC7-infected leaves, which were
subsequently used for the inoculation of the 219 soybean
accessions.

Based on the standard survey method described in a
previous report (Pu et al. 1983), the disease rate (DR)
was defined as the percentage of plants showing mosaic
symptoms out of the total number of inoculated plants.
Accessions with DRs > 10% were considered susceptible,
while those with DRs < 10% were considered resistant.
The DRs of 219 soybean accessions were observed from
the first week to the third week after inoculation, and the
DRs were investigated at the fourth week after inoculation.
Symptoms of soybean infection appeared several weeks after
inoculation, and the DRs remained stable in the fourth week.
Thus, the stable DRs of the fourth week were chosen as the
trait for GWAS.

Analysis of phenotypic data

A statistical analysis of phenotypic data, including
descriptive statistics, analysis of variance (ANOVA) and
broad-sense heritability (the ratio of genetic variance to
phenotypic variance), was performed with R software (Team
2010) and SPSS software (Arkkelin 2014). The formula for
calculating the broad-sense heritability (h°) for DR was as
follows Kim et al. (2014): i’ =06’ /(6°,+ &° In + 6" nr),
where ¢° o Tepresents the genotype variance, o’ ge TEprESents
the interaction variance between genotype and environment,
0'26, represents the error variance, n represents the number of
environments, r represents the number of replications in each
environment. To assess the consistency of the phenotypic
data, the Cronbach’s alpha coefficient of the DRs of two

environments was calculated with SPSS software (Sun et al.
2007).

GWAS and haplotype analyses

The 219 soybean accessions were genotyped by the NJAU
355 K SoySNP array as previously reported (Wang et al.
2016). A total of 292,053 single nucleotide polymorphisms
(SNPs) were identified on 20 chromosomes of soybean
using Williams 82 as the reference genome (a2 version).
In addition, 207,608 SNPs with a minor allele frequency
(MAF) >0.05 were screened for association analysis. A
mixed linear model (MLM) (Lipka et al. 2012) in the GAPIT
package (Zhang et al. 2010) was used to perform GWAS for
the DRs of two environments. The threshold for significant
association was set at 1/n (n represents the number of
markers), with a threshold of P <(1/207608)=4.82¢—06
or —log,,(P) >5.3. Manhattan plots and quantile—quantile
(Q—Q) plots were generated by the qqman package in R
software (Turner 2014). The linkage disequilibrium (LD)
decay distance was 130 kb (Wang et al. 2016). LD block
analysis and haplotype analysis were performed by the
LD plot package and haplotype package of Haploview 4.2
software (Barrett et al. 2005).

Prediction and expression analysis of candidate
genes

For the GWAS results, we extracted all genes within the
LD decay distance (130 kb) of significant SNPs that were
repeatedly detected in two environments. Subsequently, their
functions were annotated based on the soybean reference
genome of Williams 82 (a2 version).

To clarify whether the candidate genes associated with
disease resistance were induced by SC7, the SMV-resistant
accession Kefeng No. 1 and SMV-susceptible accession
Nannong1138-2 were inoculated with SMV strain SC7
and PB to detect the expression of the candidate genes.
The real leaves at O h, 2 h, 4 h, 8 h, 12 h, 24 h and 48 h
after inoculation were collected and rapidly frozen in
liquid nitrogen. Total RNA from the leaves was extracted
by a High-purity Total RNA Extraction Kit (Proteins
Sci Biotech), and complementary DNA (cDNA) was
synthesized using HiScript® II Q RT Super Mix for gPCR
(+gDNA wiper) (Vazyme) following the manufacturer’s
instructions. The ChamQ SYBR qPCR Master Mix
(without ROX) (Vazyme) was used for quantitative real-
time polymerase chain reaction (QRT—PCR) to detect the
expression of candidate genes in the leaves. Three biological
replicates were conducted for each sample, and fubulin
(Glyma.05G157300) was used as the reference gene. The
primer sequences for the candidate genes and internal
reference gene are shown in Supplementary Table 2.
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To analyze the expression patterns of the candidate genes,
their expression levels in different tissues of soybean were
examined using the SoyBase database (https://www.soyba
se.org/soyseq/). To visualize the expression data, heatmaps
were constructed with Heml software (Deng et al. 2014).

Bioinformatic analysis of candidate genes

The amino acid sequences of the candidate genes were
subjected to BLAST-P analysis to screen for Arabidopsis
homologous genes and predict the conserved structural
domains of the candidate genes. The protein sequence of
a candidate gene was used to predict possible interacting
proteins through the STRING database (https://cn.string-db.
org/).

Results

Phenotypic variation in the disease rates
of the soybean natural population

A total of 219 soybean accessions were inoculated with
SMYV strain SC7 to investigate the DRs in two environments
(E1, September 2018; E2, May 2019) (Table 1). The mean
values of the DRs in two environments were 0.50 and 0.17,
ranging from O to 1. The descriptive statistics showed that
the standard deviations of the DRs in two environments
were 0.24 and 0.13, and the median values were 0.52 and
0.13. The ANOVA revealed that genotype of soybean
accession significantly affected the DR of soybean to SC7.
The DRs of 219 soybean accessions in two environments
were approximately normal distribution (Supplementary
Fig. 1), indicating the wide variation in DRs among
different soybean accessions. The broad-sense heritability
for two environments was 58.58%, indicating that the
genetic effect was dominant in phenotypic variation, and
the DR trait was stably inherited in the soybean natural
population. The Cronbach's alpha coefficient of the DRs
across two environments was 0.67, indicating that the DRs
of the 219 soybean accessions in two environments were
relatively consistent. These results indicated that the soybean
natural population has high levels of variation diversity and

heritability for DR, which is a complex quantitative trait
controlled by multiple genes. Therefore, DR is suitable for
genome-wide association study (GWAS).

GWAS revealed significant SNPs conferring
resistance to SMV strain SC7

This study utilized the DRs of 219 soybean accessions
to conduct a GWAS aimed at identifying significant loci
associated with resistance to SMV strain SC7.The GWAS
results are shown in Fig. 1la. The Q—Q plot was used to
represent the difference between the observed value and the
predicted value. The X coordinate represents the predicted
value, and the Y coordinate represents the observed value.
The Q—Q plots showed that the first half of the observed
and predicted values fit well (Fig. 1a), indicating that the
MLM was suitable for the trait of DR. The Manhattan plots
revealed SNP clusters above the significance threshold
[—log,((P)>5.3] on chromosomes 13 and 15 (Fig. la).
Six significant SNPs (AX-93833468, AX-93833469,
AX-93833470, AX-93833471, AX-93833472 and
AX-94130556), which were located on chromosome 15,
were repeatedly detected in two environments (Fig. la;
Table 2).

Some loci on chromosome 15 were also identified in
previous studies as being significantly associated with
SMYV (Yan et al. 2015). Currently, no candidate gene for
SMV resistance on chromosome 15 has been reported,
and there may be new SMV resistance genes. Therefore,
the six newly identified significant SNPs [AX-93833468
(Fig. 1b), AX-93833469, AX-93833470, AX-93833471,
AX-93833472 and AX-94130556] located on chromosome
15 were chosen for further study.

Haplotype analysis of significant SNPs
and prediction of candidate genes conferring
resistance to SMV strain SC7

A 274 kb region centered on the six significant SNPs (AX-
93833468, AX-93833469, AX-93833470, AX-93833471,
AX-93833472 and AX-94130556) on chromosome
15 (1,110,567 bp to 1,384,173 bp) was identified as
the candidate region by LD decay (Wang et al. 2016).

Table 1 Descriptive statistics, analysis of variance and broad-sense heritability of 219 soybean accessions for DR in two environments

Env. Mean SD Median Min Max Skewness Kurtosis G GXE W (%)
El 0.50 0.24 0.52 0 1 —0.17 —-0.98 * % % * ok % 58.58
E2 0.17 0.13 0.13 0 0.55 0.93 0.21

Env., environment, SD standard deviation, Min minimum, Max maximum, G genotype, G X E genotype X environment, K broad-sense

heritability
***Significant at P <0.001
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Fig. 1 Significant loci related to soybean resistance to SMV strain
SC7. a Manhattan plots and Q—Q plots of GWAS for DR in the
soybean natural population across two environments. The horizontal
line indicates the significance threshold —log;,(P)>5.3. b GWAS

Table2 The SNPs significantly associated with the DRs of soybean
detected repeatedly in two environments

SNP Chromosome  Position —log,o(P) R%(%)
(Williams ————
82. a2) El E2
AX- 15 1,247,332 557 63 22.66-27.78
93833468
AX- 15 1,248,951  5.31 5.75 21.44-27.29
93833469
AX- 15 1,251,576 5.31 5.75 21.44-27.29
93833470
AX- 15 1,252,151  5.62 6.12 22.25-27.89
93833471
AX- 15 1,254,173  5.76 6.41 22.91-28.15
93833472
AX- 15 1,240,567  5.31 5.75 21.44-27.29
94130556

EI environment 1, E2 environment 2, R’ phenotypic variation
explained by the SNP

Subsequently, all the genes in the candidate region were
functionally annotated (Supplementary Table 3). LD block
analysis was performed on the candidate region. All SNPs
in the 274 kb region were divided into three haplotype
blocks (block 1, block 2 and block 3) (Fig. 1c), and the
six significant SNPs were located within block 2. Notably,
four of these six SNPs were located within two genes.
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signal of a 0.3 Mb region on chromosome 15 in El and E2. The
arrow denotes a significant SNP identified in the GWAS results of E1
and E2. ¢ LD heatmap and three haplotype blocks (block 1, block 2
and block 3) of the 0.3 Mb region on chromosome 15

AX-93833468 and AX-93833469 were located within
Glyma.15G015700, while AX-93833470 and AX-93833471
were located within Glyma.15G015800. Haplotype analysis
was performed on 219 soybean accessions using these four
SNPs (Fig. 2a), and the results revealed two haplotypes
(Hap 1: AGTA; Hap 2: GACG). Hap I and Hap 2 included
166 accessions and 40 accessions from the soybean natural
population, respectively (Supplementary Table 4). The mean
DR of Hap I and Hap 2 in two environments (E1 and E2)
was 0.30 and 0.55, respectively. The ANOVA revealed that
the DR of Hap I was significantly lower than that of Hap 2
(P<0.001).

In addition, AX-93833468 was located within the
coding sequence of Glyma.15G015700, resulting
in a nonsynonymous mutation. This SNP also
divided the soybean natural population into two
different haplotypes (Glyma.15G015700%% I: AA;
Glyma.15G015700%: GG) (Fig. 2b). Glyma.15G015700"%!
and Glyma.15G015700%% ! included 168 accessions and 40
accessions from the soybean natural population, respectively
(Supplementary Table 5). The mean DR of
Glyma.15G015700"% ! and Glyma.15G015700" ! in two
environments (E1 and E2) was 0.30 and 0.55, respectively.
The ANOVA revealed that the DR of Glyma.15G015700"%!
was significantly lower than that of Glyma.15G015700% 1!
(P<0.001). Interestingly, these results were highly consistent
with the haplotype analysis results of the above four SNPs,
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Fig.2 Haplotype analysis of a 1.0- ok % b 1.0 ¢ ok 5k
significant SNPs. a Haplotype
analysis of significant SNPs 1 -1
(AX-93833468, AX-93833469, 0-84 0.8
AX-93833470 and
AX-93833471). b Haplotype 0.6 T 0.6 1T
analysis of a significant SNP (27 &~
(AX-93833468). ***Significant A 0.4 A 04
at P<0.001 ’ ’

0.2 0.2
0.0 T 0.0 I
AGTA GACG AA GG
Haplotype Haplotype

all of which were highly linked. The results indicated that
the polymorphisms of these four SNPs (AX-93833468,
AX-93833469, AX-93833470 and AX-93833471) in
Glyma.15G015700 and Glyma.l15G015800, particularly
AX-93833468, significantly affected the DRs of the soybean
natural population.

In summary, Glyma.15G015700 and Glyma.15G015800
were identified as candidate genes related to SMV strain
SC7. Glyma.15G015700 is 68% similar to the Arabidopsis
gene AT3G16110 and encodes the protein disulfide
isomerase like-3b (PDIL-3b), which belongs to the
thioredoxin superfamily. Glyma.15G015800 is 65% similar
to the Arabidopsis gene AT3G24600 and encodes a late
embryogenesis abundant protein (LEA).
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Expression patterns of Glyma.15G015700
and Glyma.15G015800

The experimental group was inoculated with SMV strain
SC7 (SC7), while the control group was inoculated with
PB (Mock). The expression levels of two candidate genes in
the SC7-inoculated and mock-inoculated leaves are shown
in Fig. 3.The expression levels of Glyma.l15G015700 in
Kefeng No.1 (4, 8, 12, 24 and 48 h) and Nannong 1138-2
(2, 4, 8, 12 and 24 h) were significantly increased than
that at O h in the experimental group (SC7) (Fig. 3a).The
expression levels of Glyma.15G015800 in Kefeng No.1
(4, 24 and 48 h) were significantly increased than that at
0 h in the experimental group (SC7), but the expression
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Fig. 3 Expression analysis of two candidate genes in leaves after SC7 inoculation. Error bars indicate the standard deviation. *Significant at

P <0.05; **Significant at P<0.01.
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levels of Glyma.15G015800 in Nannong 1138-2 (2, 4, 8,
12, 24 and 48 h) were significantly decreased than that at
0 h in the experimental group (SC7) (Fig. 3b). In addition,
in the control group (Mock), the expression levels of
Glyma.15G015700 and Glyma.15G015800 in Kefeng No.1
and Nannong 1138-2 were also significantly increased or
decreased, respectively (Fig. 3a, b).

After analyzing the above results, it was concluded
that the expression levels of Glyma.15G015700 and
Glyma.15G015800 were not only induced by the virus but
also affected by the friction inoculation method and PB.
Next, the expression levels of candidate genes were analyzed
by determining the ratio of plants inoculated with SC7 to
mock inoculated plants (Fig. 3c, d). The results indicated
that the expression levels of Glyma.15G015700 in Kefeng
No. 1 peaked at 4 h, with a significant increase compared
to expression levels at O h. In contrast, the expression level
of Glyma.15G015800 in Kefeng No. 1 was not significantly
different at any time point compared to the expression level
atOh.

The expression levels of Glyma.15G015700 and
Glyma.15G015800 were relatively stable in the SMV-
susceptible accession Nannong 1138-2, but changed
significantly in the SMV-resistant accession Kefeng No.
1. These results suggested that the two candidate genes,
particularly Glyma.15G015700, actively responded to the
induction of SC7 to increase expression levels.

RNA-seq data from a public database (https://www.
soybase.org/soyseq/) was used to analyze the expression
patterns of candidate genes in different soybean tissues,
which was helpful for understanding their potential
functions. The results showed that Glyma.15G015700
and Glyma.15G015800 had the highest expression levels
in roots, but had low expression levels in leaves, flowers
and pods, with almost no expression in seeds and root
nodules (Supplementary Fig. 2). Combined with the results
of SC7-induced expression (Fig. 3), it showed that the
expression levels of these two candidate genes, particularly
Glyma.15G015700, will be significantly increased in the
leaves of SMV-resistant accession after inoculation with
SC7. These results indicated that Glyma.15G015700 may
play a crucial role in SMV resistance.

Prediction of interacting proteins
of Glyma.15G015700

The DNA coding sequence of Glyma.15G015700 is 1572 bp,
encoding 523 amino acids, including the structural domain
of protein disulfide isomerase like-3b (PDIL-3b), which is
predicted to be located on the endoplasmic reticulum (http://
linux 1.softberry.com).

To further investigate the function of Glyma.15G015700,
the interacting proteins were predicted, and the

results showed that ten proteins may interact with
Glyma.15G015700 (which is named Glymal5G01880 in
Wm82.al) (Fig. 4). Interestingly, there are six interacting
proteins: GMBIP4 (expressed by Glyma05G36620,
which is named Glyma.05G219400 in Wm&82.a2),
GMBIP2 (expressed by Glyma08G02960, which is named
Glyma.08G025900 in Wm82.a2), GLYMAO05G36600.1
(expressed by Glyma05G36600, which is named
Glyma.05G219600 in Wm82.a2), GLYMA20G16070.1
(expressed by Glyma20G16070, which is named
Glyma.20G065900 in Wm82.a2), GLYMA13G10700.1
(expressed by Glymal3G10700, which is named
Glyma.13G003700 in Wm82.a2), and GLYMA08G02940.1
(LOC547838) (expressed by Glyma08G02940, which is
named Glyma.08G025700 in Wm82.a2). These six proteins
are all heat shock protein 70 (HSP70) family proteins, which
have been shown to be associated with plant virus resistance
(Satyanarayana et al. 2000; Jungkunz et al. 2011).

In conclusion, Glyma.15G015700 was identified as a
candidate gene related to resistance to SMV strain SC7,
and these results provided valuable information for further
research on the function of SC7 resistance candidate genes.

The geographical distribution of different
Glyma.15G015700 haplotypes

The geographical distribution of two haplotypes of
Glyma.15G015700 in three major soybean production
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Fig.4 Predicted interacting proteins of Glyma.15G015700
(PDIL-3b). The colored nodes indicate query proteins and the
first shell of interactors, the solid wathet blue lines indicate known
interactions from curated databases, the solid pink lines indicate
known interactions from experimentally determined data, the solid
light green lines indicate gene neighborhoods, the solid navy-blue
lines indicate gene co-occurrence, the solid black lines indicate
co-expression, and the solid purple lines indicate protein homology
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areas in China (NR, HR and SR) was investigated in 219
soybean accessions. Both Glyma.15G015700%% I and
Glyma.15G015700"% T were present in all regions (Fig. 5a)
(Supplementary Table 6). However, the proportion of the
elite haplotype Glyma.15G015700"% ! with low DR in NR
and HR was much greater than that in SR, especially in HR,
indicating that Glyma.15G015700"% ! might be selected
naturally or artificially in HR. As a result, some soybean
accessions in HR have stronger resistance to SMV strain
SC7, which is a prevalent strain in HR. This may led to the
DR of soybean accessions in HR significantly lower than
that in SR among the 219 soybean accessions (Fig. 5b).

Discussion

SMYV can seriously affect soybean yield and quality, and
occurs in soybean production areas around the world (Song
et al. 2016). Chemicals can only kill virus transmitted
mediator-aphids and are less effective in controlling
soybeans already infected with SMV (Usovsky et al. 2022).
Therefore, the identification of SMV resistance genes and
applying them to soybean molecular breeding will beneficial
to improve the SMV resistance breeding in soybean. SMV
resistance loci were mainly identified from SMV-resistant
soybean varieties, and most of the resistance loci were
located on chromosomes 2, 13 and 14 (Widyasari et al.
2020). Many potential resistance loci cannot be detected
due to the narrow genetic background of SMV-resistant
soybean varieties. In this study, a GWAS was performed
on the DR-related trait of 219 soybean accessions with rich
genetic background inoculated with SMV strain SC7 in
two environments, aiming to identify new SMV resistance
loci and resistance genes. Six newly significant SNPs were
identified on chromosome 15 that could be repeatedly
detected in two environments. One of these SNPs was
located within the coding sequence of Glyma.15G015700

and caused a nonsynonymous mutation. In addition,
Glyma.15G015700, as a candidate gene, can be strongly
induced by SMV strain SC7.

Most of the identified SMV resistance genes are R genes
containing leucine-rich repeats (LRRs). The SMV-resistant
soybean varieties cultivated from R genes are usually
resistant to only one or a few SMV strains, and the resistance
is easily overcome by pathogens (Dodds and Rathjen 2010;
Widyasari et al. 2020). Notably, Glyma.15G015700 does
not belong to the R genes and encodes a protein disulfide
isomerase (PDI). PDI and PDI-like (PDIL) proteins are
members of the thioredoxin (TRX) superfamily (Chen
et al. 2013). In plants, TRX can regulate the activity of
many enzymes by regulating intracellular redox reactions
and ultimately plays an important role in redox regulation,
growth, development and disease resistance (Sun 2009).
Rivas et al. (2014) reported that the resistant protein cf-9
could interact with CITRX (cf-9-interacting thioredoxin) in
tomato, and virus-mediated CITRX silencing increased the
content of reactive oxygen species in plants, thus improving
disease resistance in tomato leaf mold. In addition, ZmTrxh
could improve maize resistance to mosaic virus SCMV by
inhibiting virus accumulation in the cytoplasm (Liu et al.
2017). According to the available studies, TRX can be used
as a positive or negative regulatory protein in resistance to
pathogenic bacteria. Furthermore, the proteins interacting
with Glyma.15G015700 are heat shock proteins (HSPs).
Studies have shown that HSPs can be involved in plant
virus life through folding, translocation, localization,
assembly or degradation of recruited proteins (Wang et al.
2018). HSP70 is a member of the HSP family and has been
reported to be related to plant diseases, such as rice stripe
virus (Satyanarayana et al. 2000) and turnip mosaic virus
(Jungkunz et al. 2011).

In conclusion, a GWAS revealed that the TRX encoding
gene Glyma.15G015700 was related to SMV resistance,
and Glyma.15G015700 could be strongly induced by

a
15 Glyma.15G015700#1 b
| Glyma.15G015700P 1T -
¢_>,‘ 104 n=55 n=18 n=117 1.0 ns
& -1 =1
Q [
5 A
(0.5 0.5 ?
0.0 I I T 0.0 ! r T
HR NR SR HR NR SR
Fig.5 The geographical distribution and DR variations of and SR represents the southern region of China. b DR variations

two haplotypes of Glyma.15G015700. a Distribution of two
haplotypes in different regions of China. HR represents the Huang-
Huai region of China, NR represents the northern region of China,
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significant; **Significant at P <0.01
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SMV strain SC7. Furthermore, the elite haplotype
Glyma.15G015700"% ! with low DR was identified to be
highly resistant to SC7 and might be selected naturally or
artificially in the Huang-Huai region. Glyma.15G015700"%!
accounted for high percentage of the soybean population
in the Huang-Huai region where SC7 is prevalent, which
might enhance the resistance of soybean to SC7 in this
region. These results indicated that Glyma.15G015700
may play an important role in regulating soybean resistance
to SC7, but the related mechanism needs to be further
explored. In further study, transgenic soybean plants with
Glyma.15G015700-overexpressing lines and knockout
mutants could be generated to further verify the function of
Glyma.15G015700. Notably, Glyma.15G015700 is not an
R gene. A variety of SMV strains could be utilized to verify
whether Glyma.15G015700 has broad-spectrum resistance
to SMV. These results could provide information and new
gene resources for further SMV resistance breeding.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s00438-024-02151-4.
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