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Abstract

Key message Association and linkage mapping techniques were used to identifyand verify single nucleotide poly-
morphisms (SNPs) associated with Sclerotiniasclerotiorum resistance. A novel resistant gene, GmGST , was cloned
and shown tobe involved in soybean resistance to SSR.

Abstract Sclerotinia stem rot (SSR), caused by the fungus Sclerotinia sclerotiorum, is one of the most devastating diseases
in soybean (Glycine max (Linn.) Merr.) However, the genetic architecture underlying soybean resistance to SSR is poorly
understood, despite several mapping and gene mining studies. In the present study, the identification of quantitative trait loci
(QTLs) involved in the resistance to S. sclerotiorum was conducted in two segregating populations: an association population
that consisted of 261 diverse soybean germplasms, and the MH population, derived from a cross between a partially resist-
ant cultivar (Maple arrow) and a susceptible cultivar (Hefeng25). Three and five genomic regions affecting resistance were
detected by genome-wide association study to control the lesion length of stems (LLS) and the death rate of seedling (DRS),
respectively. Four QTLs were detected to underlie LLS, and one QTL controlled DRS after SSR infection. A major locus
on chromosome (Chr.) 13 (QDRS13-1), which affected both DRS and LLS, was detected in both the natural population and
the MH population. GmGST, encoding a glutathione S-transferase, was cloned as a candidate gene in qDRS13-1. GimGST
was upregulated by the induction of the partially resistant cultivar Maple arrow. Transgenic experiments showed that the
overexpression of GmGST in soybean increased resistance to S. sclerotiorum and the content of soluble pigment in stems
of soybean. The results increase our understanding of the genetic architecture of soybean resistance to SSR and provide a
framework for the future marker-assisted breeding of resistant soybean cultivars.
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humid and cool (<25 °C) weather (Moellers et al. 2017;
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< Xue Zhao
xuezhao @neau.edu.cn

P4 Yingpeng Han

hyp234286@aliyun.com increased since 1978, spreading over the entire world result-

ing in yield losses of up to 94% in severe SSR outbreak sea-

' Key Laboratory of Soybean Biology in Chinese Ministry sons in the major growing areas such as Canada, China and

of Education, Key Laboratory of Soybean Biology the USA (Boland and Hall 1986; Cline and Jacobsen 1983;
and Breeding/Genetics of Chinese Agriculture Ministry, . . ..

Northeast Agricultural University, Harbin 150030, China Wang et al: 201?) - For every 10% increase in SSR 1n.01dence,

) soybean yield is reduced by 170-330 kg/ha (Peltier et al.

Zhumadian Academy of Agricultural Sciences, . .
Zhumadian 463000 yChinag 2012). Although chemical (Briard et al. 1997; Mueller et al.

. . . . 2004) and biological (Bastien et al. 2012) methods as well
Institute of Crop Science, National Key Facility for Crop

Gene Resources and Genetic Improvement (NFCRI) Chinese as some agronomic cultural practices such as crop rotation,
Academy of Agricultural Sciences, Beijing 100081, China reduced tillage and wide row spacing (Kurle et al. 2001;

@ Springer


http://orcid.org/0000-0002-9829-6588
http://crossmark.crossref.org/dialog/?doi=10.1007/s00122-021-03855-6&domain=pdf

2700

Theoretical and Applied Genetics (2021) 134:2699-2709

Mila and Yang 2008; Mueller et al. 2002) have been uti-
lized to control SSR, the use of resistant cultivars is the most
effective management method (Kurle et al. 2001). The SSR-
resistant mechanisms in soybean cultivars include physio-
logical resistance and escape or avoidance resistance (Coyne
et al. 1974; Kim and Diers 2000; Rousseau 2004). Although
complete resistance has not been reported in soybean, partial
resistance or incomplete resistance has been proven to be
effective in increasing the resistance of soybean cultivars to
SSR (Zhao et al. 2015). Hence, screening resistant cultivars
with partial resistance and subsequent breeding utilization
are the objectives of some breeding programs (Grau 1982).

Inheritance of partial resistance in soybean is compli-
cated and is controlled by major and minor genes/quantita-
tive trait loci (QTLs) and is easily affected by the environ-
ment and genotype and their interaction (Zhao et al. 2015).
The advance of DNA markers has allowed the detection of
QTL underlying partial resistance to SSR. To date, more
than 100 QTLs distributed on 18 of the 20 soybean chro-
mosomes, based on linkage mapping strategy and the bi-
parent population, have been reported in the SoyBase data-
bank (David et al. 2010), most of which are not observed
in another population due to the limited resolution and
accuracy of these QTLs or genomic regions with higher
linkage disequilibrium (LD). Hence, these identified SSR
QTLs are difficult to directly utilize in molecular-assisted
breeding (MAS). Compared with traditional linkage map-
ping, genome-wide association studies (GWAS) are an
alternative method to detect SSR QTLs. GWAS, based
on the natural population, have been shown to have the
potential to dissect the genetic basis of complex traits in
crops, which have more extensive recombination events
and shorter LD segments, and therefore increased resolu-
tion and accuracy of marker—phenotype associations (Li
et al. 2015). Recently, the high-throughput sequencing
method was applied in GWAS, which has further acceler-
ated the development of GWAS. GWAS of SSR in soybean
have been conducted. Bastien et al. identified four SSR
QTLs in chromosome 01 (Chr. 01), Chr. 15, Chr. 19 and
Chr. 20 through 130 lines and 7864 single nucleotide poly-
morphisms (SNPs) (Bastien et al. 2014). Moellers et al.
found 58 significant main-effect loci and 24 significant
epistatic interactions associated with partial resistances of
SSR based on 466 soybean accessions and a SoySNP50K
BeadChip, respectively (Moellers et al. 2017). Zhao et al.
identified five SNPs that were significantly associated
with SSR resistance in 330 soybean samples and 25,179
SNPs based on stem pigmentation after treatment with
oxaloacetic acid (Zhao et al. 2015). Sun et al. reported
seven SNPs and 46 SNPs related to partial SSR resist-
ance using GWAS via CMLM and mrMLM methods,
respectively (Sun et al. 2020). However, these studies on
QTL and GWA mapping for SSR resistance lacked mutual
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verification. Up to now, few studies combining results of
GWAS and linkage mapping have been reported for SSR
resistance, except for the research of Zhao et al. (2015).
There were also few reports about SSR resistance genes
obtained by map-based cloning.

To address the knowledge gap, the present investigation
aimed to analyze the genetic architecture of soybean resist-
ance to SSR using both GWAS and linkage analysis based
on several datasets: 24,619 SNPs from 261 diverse soy-
bean germplasms; a high-density genetic map generated
from 5,221 bins; and 149 RILs. The study also aimed to
identify the beneficial alleles of each associated SNP loci
to provide valuable markers for marker-assisted selection
(MAS) and to identify and verify potential candidate genes
that might be associated with soybean resistance to SSR.

Materials and methods
Plant materials and phenotypic evaluation

Two mapping populations were used in the present study.
A natural population consisting of 261 accessions rep-
resenting the genetic diversity inside and outside China
collected from the Chinese National Soybean GeneBank
(CNSGB) was used for the GWAS (Han et al. 2016).
Among the 261 soybean accessions, 238 germplasms
covered the regions of China from 22 to 48° N and from
74 to 128° E and other 23 germplasms were collected
representing the genetic diversity of non-Chinese regions
(Table S1). Soybean cultivars with high and low resist-
ance to S. sclerotiorum were included in the panel of 261
germplasms, including Maple Arrow (a partially resistant
cultivar), and Hefeng 25 (a susceptible cultivar) (Li et al.
2009a; Zhao et al. 2015). The MH population, consisting
of 149 Fs., RILs, was derived from the cross of Hefeng 25
and Maple Arrow and was used for QTL mapping.

The inoculated plant materials were germinated in a
greenhouse (27 + 1 °C) with a 16-h day length according
to the ‘cut stem method’ described by Kull et al. (2003).
The experiment was designed as a randomized complete
block with three replications. The main stems of 5-week-
old plants were inoculated by S. sclerotiorum grown on
PDA culture medium and incubated in a mist chamber
(relative humidity > 80%) for 24 h and were transferred
to an adjacent greenhouse (25 + 1 °C). After 14 days, the
lesion length (LL) on the main stem was measured. The
death rate of the seedlings (DRS) of each accession was
calculated 14 days post-inoculation according to the fol-
lowing formula: DRS =Nd X 100/Na; Nd is the number of
dead plants, Na is the total number of inoculated plants.
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Genotyping and genetic feature analysis
of the association population

The CTAB method was used to isolate the genomic DNA
of each tested accession. For the association panel, spe-
cific locus-amplified fragment sequencing (SLAF-seq)
methodology was conducted for genotyping (Sun et al.
2013). The alignment between raw paired-end reads and
the soybean reference genome was conducted using Short
Oligonucleotide Alignment Program 2 (SOAP2) software
(Li et al. 2009b). The raw reads in the same genomic posi-
tion were used to define the SLAF groups. The SNPs were
defined based on MAF >0.05. The genotype was regarded
as heterozygous when the depth of the minor allele/the
total depth of the sample > 1/3.

The principal component analysis (PCA) approach was
used to analyze the population structure of the tested popu-
lation using TASSEL version 3.0 (Bradbury et al. 2007).
LD between pairs of SNPs was defined based on SNP
(MAF > 0.05 and missing data < 10%), and r* (squared
allele frequency correlations) using the software TAS-
SEL version 3.0 (Bradbury et al. 2007). In contrast to
the GWAS, missing SNP genotypes were not attributed
to the major allele before LD analysis. Parameters in the
program included MAF (>0.05) and the integrity of each
SNP (>80%).

Association mapping

The association signals of resistance to SSR were identified
using 24,619 SNPs from 261 tested accessions. GWAS was
conducted using restricted two-stage multi-locus genome-
wide association analysis (RTM-GWAS) (He et al. 2017).
The Bonferroni method at « <0.05 (p<2.03 X 107%) was uti-
lized to calculate the p value, which was set as the threshold
to declare whether significant association signals existed.

Rl population genotyping and linkage map
construction

For the MH population, DNA sequencing libraries of the
two parents (Maple arrow and Hefeng25) and each line of
the RI population were constructed and sequenced on an
IIIumina HiSeq2500 sequencing platform following the
manufacturer’s instructions. The sequencing reads for the
RI population and the parental lines were aligned to the
soybean reference genome (assembly Glycine_max_v2.1)
(Schmutz et al. 2010) using the SOAP2 program (Li et al.
2009b). GATK (McKenna et al. 2010) was used to iden-
tify polymorphic SNPs between the RI population and the
parental lines. Co-segregating SNPs were separated into

bins, and a bin map was constructed based on the recom-
binant breakpoints of the MH population with HighMap
(Liu et al. 2014).

Linkage analyses were performed using IciMapping v4.1
(Meng et al. 2015); putative QTLs were identified based on
an LOD threshold of 2.5. Genetic distances among mark-
ers were calculated using the Kosambi mapping function
(Kosambi 1944). Linkage groups were discriminated at a
log-likelihood threshold of 3.0.

Quantitative real-time PCR (qRT-PCR)

For candidate gene identification, the dynamic changes in
the expression of nine candidate genes were analyzed by
gRT-PCR assay after inoculation with S. sclerotiorum. Prim-
ers of the candidate genes are listed in Table S2. Stems were
collected from the SSR-susceptible line Hefeng25 and the
SSR-partially resistant line Maple arrow at the first trifoliate
stage at 0, 4, 8, 12, and 24 h post-inoculation (hpi). Three
replicate samples were collected per line for RNA extraction.

In addition, the expression of the candidate gene GmGST
was assessed in various plant tissues with two aims stated
below.

First, to compare tissue-specific expression patterns, plant
tissues including stems, leaves, petioles, terminal buds, cot-
yledons, hypocotyls, flower, roots, seed, and root nodules
were collected from Hefeng25 and Maple arrow (three sam-
ples collected per tissue).

Second, to determine the abundance of GmGST in wild-
type Hefeng25/Maple arrow and in the GmGST-overexpress-
ing transgenic Hefeng25/Maple arrow leaves were collected
at the third trifoliate stage.

The primer pair qGmGST (F/R) was used in the above
two experiments (Table S2). Plants were grown in a green-
house under a 16-h light/8-h dark photoperiod at 25+ 1 °C
until sampling.

Total RNA was isolated from different tissues using
RNAprep Pure Plant kits (DP432, Tiangen). First-strand
cDNA was synthesized from total RNA using TIANScript
RT kits (KR104, Tiangen). qRT-PCRs were performed on
an ABI 7500 Fast platform using SuperReal PreMix Plus
(SYBR Green) kits (FP205, Tiangen). Each qRT-PCR
(20 pl) included 2 pl cDNA, 10 pl 2 X SuperReal PreMix
Plus, 0.4 pl 50 x ROX Reference Dye”, 5 pl of each for-
ward and reverse primer, and 6.6 ul ddH,0,. The qRT-PCR
amplification conditions were 95 °C for 2 min, followed by
40 cycles of 95 °C for 10 s, 60 °C for 30 s, and 72 °C for
30 s. Three technical replicates were performed per sample,
and the relative levels of transcript abundance were calcu-
lated using the 2722T method (Livak and Schmittgen 2001).
The housekeeping gene GmActin4 (GenBank accession no.
AF049106) was used as the internal standard.
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GmGST cloning and vector construction

The full-length cDNA sequence of GmGST was amplified
from the stem of line ‘Maple arrow’ using RT-PCR. RT-
PCRs were performed using the KOD One PCR Master
Mix (Code No. KMM-201; Toyobo (Shanghai) Biotech
Co. Ltd., China), following the manufacturer’s instructions.
The primers used were GmGST-F and GmGST-R, which
were designed based on sequences flanking GmGST in the
Phytozome database (Goodstein et al. 2012), with the 5’
ends modified to include Bg! II and Bs?E II restriction sites
(Table S2). The qRT-PCR cycling conditions were as fol-
lows: 5 min at 94 °C; 35 cycles of 30 s at 94 °C, 30 s at
60 °C, and 45 s at 72 °C; and a final 10 min at 72 °C. The
purified PCR products were ligated into the pPGM-T vector
(VK207, Tiangen). Positive clones expressing the correct
sequence were further inserted into the pPCAMBIA3301 vec-
tor using double digestion and ligation. The bar gene was
used as a selection marker in the pPCAMBIA3301 vector.
Two expression vectors (35S:GmGST or 35S:bar) were con-
structed for transformation using the recombinant pCAM-
BIA3301 plasmid.

To construct a plasmid vector expressing Cas9 and
sgRNA of GmGST, two vectors were used. First, the
sgRNA of GmGST was designed using the web-based tool
CRISPR-P (http://cbi.hzau.edu.cn/crispr/) (Lei et al. 2014)
and then synthesized (BOSHI Biology, Harbin, China). A
pUC19 vector with a soybean U6-10 promoter (Sun et al.
2015) was used as a template to conduct two independent
PCRs to generate GmU6-10-sgRNA (primer pair GmU6-
10-F/sgRNA-GST-R) and the sgRNA-scaffold (primer pair
sgRNA-GST-F/scaffold-R). The third PCR was conducted
using the PCR products from the two reactions above as tem-
plates to generate the GmU6-10-sgRNA-scaffold. Then, the
GmU6-10-sgRNA-scaffold was cloned into the binary vector
with a codon-optimized Cas9 gene for dicotyledons driven
by the CaMV 35S promoter by in-fusion ligation reaction
(Clontech 5xIn-HD Enzyme Premix, Takara, Japan) to
generate the gene-editing vector pCas9-sgGmGST. All the
primers for the vector construction are listed in Table S2.

Plant transformation

To verify that GmGST expression was associated with the
resistance of soybean to SSR, the GmGST gene was over-
expressed and edited. For gene overexpression, Hefeng25
and Maple arrow were selected as the recipients of genetic
transformation. For gene editing, Maple arrow was used as
a target.

To develop transgenic soybean, the 355:GmGST recom-
binant plasmid and pCas9-sgGmGST plasmid were trans-
formed into Agrobacterium tumefaciens strain EHA105,
followed by stable transformation into the cotyledon nodes
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of soybean cultivars Hefeng25 and Maple arrow according
to Paz et al. (2004). Transgenic soybean plants were grown
in a greenhouse under a 16-h light/8-h dark photoperiod at
25+ 1 °C. For overexpression detection, the expression of
GmGST in leaves of T2 transgenic soybean plants was veri-
fied using PCR amplification (3301-bar-F/R), western blot-
ting, and qRT-PCR (qGmGST-F/R) (Table S2). For GmGST-
mutant identification, the DNA fragment containing sSgRNA
was sequenced with primer pair mtseq-F/R (Table S2).

Evaluation of transgenic plant resistance
to Sclerotinia stem rot

Effects of S. sclerotiorum were tested on the GmGST-over-
expressed soybean and mutant plants using an excised leaf
inoculation method (Kull et al. 2003) with minor modifica-
tion. Briefly, the fully expanded leaves of 2-week-old soy-
beans were cut from the stem and then placed in a labeled,
moistened paper towel. An 8-mm? plug with mycelium was
placed on one side of the middle trifoliolate leaf between the
main leaf vein and the leaf edge and gently pressed to ensure
good contact with the leaf surface. After 48 h, the diameter
of lesions on inoculated leaves was measured during the
following 5 days. To test the effects of GmGST expression
on the content of soluble pigments in soybean stems, the
pigment content in transgenic plants was measured using
the method described by Wegulo et al. (1998a).

Subcellular localization of GmGST

The full-length coding region of GmGST was inserted
into the pCAMBIA1302 vector under the control of the
35S promoter to generate a GFP-fused GmGST vector
(35S:GmGST-GFP). This recombinant vector and the con-
trol vector (35S:GFP) were transfected into separate groups
of tobacco mesophyll cells (SIndel4fova and Slndel4r 1991).
The transfected cells were examined and imaged under a
confocal laser scanning microscope (DMi8, Leica, China).
The primer sequences GmGST-GFP-F and GmGST-GFP-R
were used for subcellular localization (Table S2).

Results

Phenotyping and statistical analysis
for soybean resistance to Sclerotinia stem rot

The distribution of the lesion length of stems (LLS) after
inoculation by S. sclerotiorum in RILs was an approximate
normal distribution and ranged from 3 to 14 cm with mean
of 6.83 cm +2.45 cm, and that in natural population was
similar in distribution to the RI population. The phenotypic
value of LLS ranged from 1.26 cm to 17.8 cm with a mean


http://cbi.hzau.edu.cn/crispr/

Theoretical and Applied Genetics (2021) 134:2699-2709

2703

of 6.08 cm +2.50 cm in the natural population. The coef-
ficients of variation of lesion length were 0.36 in the RI
population and 0.41 in the association population.

The distribution of the death rate of seedlings (DRS)
after inoculation by S. sclerotiorum in RILs was skewed
and ranged from O to 1 with a mean of 0.86 +0.22, and that
in the natural population was also skewed and ranged from
0.2 to 1 with a mean of 0.80 £ 0.20. The coefficients of vari-
ation of DRS were 0.26 in the RI population and 0.25 in
the association population. The two traits reflecting soybean
resistance to SSR showed that the resistance was quantitative
in terms of genetics, and no immune type was found (Fig.
S1, Table S3).

Bin map construction and QTL mapping for SSR
resistance

Genome resequencing was conducted to genotype the paren-
tal lines (Maple arrow and Hefeng25) and the 149 RILs in
the mapping population. For Maple arrow, 31.58 GB of raw
data was generated, and 78.8% of the reads were success-
fully aligned to the soybean reference genome with an aver-
age depth of 32.27-fold; for Hefeng25, 29.81 GB of raw data
was generated, and 78.3% of the reads were successfully
aligned to the soybean reference genome with an average
depth of 29.81-fold (Table S4). Across all RILs, 962.54 GB
of raw data was generated, with an average sequencing depth
of 6.12-fold (Table S4). A total of 319 million SNPs were
identified among the 149 RILs; all SNP sites in the RILs
were integrated as recombination bin units. Finally, a genetic
linkage map with 5221 bin markers was constructed across
the 20 chromosomes (Table S5). The total length of the bin
map was 6307.03 centimorgans (cM), with a mean interval
between markers of 1.21 cM (Table S5, Fig. S2).

Based on linkage mapping, four QTLs on Chr. 03, Chr.
08, Chr. 12 and Chr. 15 were significantly associated with the
LLS in soybean RILs (Table 1). Each QTL explained 1.06
to 13.17% of the phenotypic variation (Table 1). qLLS15-1
flanked with markers Block3520 and Block3519 is a major
QTL with the largest effect with respect to genetic contri-
bution. Only one, but still a major QTL, was detected on
Chr. 13 to underlie the death rate of seedlings and explained

21.14% of the phenotypic variation. The beneficial allele
of the two major QTLs was from resistant parent ‘Maple
Arrow’.

SNP-based genotyping in natural population
and GWA mapping for resistance to SSR

A total of 50,000 high-quality SLAF from each of the 261
genotypes in the association panel were obtained, contain-
ing 24,619 SNPs (MAF > 0.05) (Han et al. 2016). The mean
genomic distance between SNP tags was approximately 37.9
Kbp (Fig. S3A). The mean linkage disequilibrium (LD)
across all tested soybean accessions was 202 kbp (Fig.
S3B). GWAS based on 24,619 SNPs showed that five and
three quantitative trait nucleotides (QTNs) were significantly
associated with LLS and DRS, respectively (Table 2). No
pleiotropic loci were found to control both of the traits in
the natural population, indicating that the two traits might
be controlled by different genes.

One major QTL mapped to Chr. 13, between the inter-
val of Block2994 and Block2997 (named qDRS13-1),
was associated with LLS and DRS in the RI population,
and the locus controlled DRS in both the linkage analysis
(R*=21%; Fig. 1a) and the GWAS (Chr13-17,472,342;
—Log,,(P)=34.70; Fig. 1b). Thus, it was tentatively identi-
fied gDRS13-1 as a stable, widely adaptable locus associated
with SSR resistance in soybean.

Candidate gene mining in a major locus on Chr. 13

In the interval of gDRS13-1 and the linkage genetic region
of QTN (Chr13-17,472,342), nine coding genes were pre-
dicted (Table S6). In order to identify the candidate gene
for the target locus on Chr. 13, the expression patterns of
the nine coding genes were analyzed in the parental lines
Maple arrow (partially resistant to SSR) and Hefeng25 (sus-
ceptible to SSR) after infection with S. sclerotiorum by qRT-
PCR. The expressions of six of the nine genes were detected
except for those of Glyma.13G073000, Glyma.13G073100
and Glyma.13G073300. Of the detected genes, the expres-
sion patterns of Glyma.13G072700, Glyma.13G072900
and Glyma.13G073400 shared a similar tendency in Maple

Table 1 QTL mapping of SSR resistance of soybean based on the MH population

Trait Locus name Chromosome Genetic posi- Marker interval Physical interval LOD PVE (%) Add
tion (cM)

LLS gqLLS15-1 15 213.60 Block3520-Block3519 12,677,751-12,778,261 3.13 13.17 -1.73

LLS qLLS3-1 3 104.70 Block456-Block455 2,173,694-2,334,790 2.67 1.06 —-0.85

LLS gqLLS13-1 13 174.00 Block2994-Block2997 17,233,137-17,548,123 4.11 5.25 -2.16

LLS gqLLS12-1 12 1.90 Block2877-Block2897 35,766,547-38,843,925 4.57 5.23 -2.17

DRS gDRS13-1 13 174.00 Block2996-Block2997 17,417,745-17,548,123 3.50 21.14 —-0.45
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Table 2 Genome-wide

“. ) Trait  Locus name Alleles Chromosome  Position —Log;o(P) MAF  Beneficial
association mapping of soybean allele/
resistance to SSR based on 261 effect
soybean germplasms

LLS  Chr04-51,367,426 A/T 51,367,426 10.55 0.05 A/-1.48
LLS  Chr03-5,216,761 A/T 5,216,761 6.81 0.08 A/-4.02
LLS  Chr08-3,477,233 G/T 3,477,233 6.22 0.06 G/-1.68
LLS  Chr20-44,170,264 G/T 20 44,170,264  6.22 0.08 G/-0.62
LLS  Chrl16-34,207,580 A/T 16 34,207,580 5.71 0.16 A/-2.17
DRS Chrl13-17,472,342 A/G 13 17,472,342 34.67 0.47 G/-0.14
DRS  Chr20-34,900,979 C/T 20 34,900,979  6.49 0.06 T/-0.09
DRS  Chr03-29,889,328 A/C 3 29,889,328  6.07 0.05 A/-0.15

A ¢ Physical interval: Chr.13: 17461369-17548123bp
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Fig.1 QTL and association mapping results of the major resistance
locus on Chr. 13. a QTL mapping result of Chr. 13. The red dotted
line indicates a threshold of LOD value above 2.5. b Association
mapping result of Chr. 13. The red dotted line indicates a threshold
of —log,,(P) value above. ¢ Candidate genes in the flanking region of
peak SNP associated with soybean resistance to SSR

arrow and Hefeng25 after inoculation. However, the basic
expression abundance was different between the two parents.
Glyma.13G072600 and Glyma.13G072800 were slightly
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unregulated in Maple arrow at 4 hpi, but the difference in the
expression abundance between the two parents was not obvi-
ous. With respect to Glyma. 13G072300, the expression was
significantly unregulated in Maple arrow compared to that
in Hefeng25 at 4 and 8 hpi, indicating that the gene might be
induced by infection with S. sclerotiorum and was differen-
tially expressed in different cultivars with different sensitiv-
ity resistance (Fig. 2). Thus, Glyma.13G072300, encoding
Glutathione S-transferase (GST) C-terminal-like/translation
elongation factor EF1B and named GmGST, was considered
the candidate gene of gDRS13-1 for a further study.

Patterns of GmGST transcript expression
and location of the GmGST protein

The results of qRT-PCR showed that the GmGST gene were
expressed in all the tested tissues or organs but differed in
expression abundance between resistant and susceptible
lines. Overall, the abundance of expression in tested sam-
ples from the disease-resistant line Maple arrow was higher
than that from disease-susceptible line Hefeng25 except for
the cotyledons. In the hypocotyl especially, the GmGST tran-
script level was significantly higher in Maple arrow than in
Hefeng25 (Fig. 3a).

After inoculation with S. sclerotiorum, GmGST in the
stems was significantly upregulated in Maple arrow and
slightly upregulated in Hefeng25 from 4 to 24 hpi (Fig. 3b).
However, the increased duration of the GmGST expression
level in Maple arrow was longer than that in Hefeng25.
These results suggested that GmGST was regulated by S.
sclerotiorum infection and that this gene was differentially
expressed between SSR-resistant and SSR-susceptible soy-
bean lines. It is speculated that the difference in the GmGST
expression level might cause the differentiation in soybean
response to S. sclerotiorum.

The green fluorescent protein (GFP) and the GmGST-
GFP fusion protein were expressed both under the control
of the 35S promoter in separate tobacco mesophyll cells.
In cells carrying 35S:GFP and 35S:GmGST-GFP, the GFP
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Fig.2 Candidate gene screening for JDRS13-1 based on qRT-PCR assay

signal was dispersed throughout the cell, indicating that
GmGST is a cytoskeletal protein with nuclear localization
(Fig. 3¢).

Expression of GmGST influenced soybean resistance
to SSR and soluble pigment content in stem

GmGST was overexpressed in the SSR partially resistant line
Maple arrow and SSR-susceptible line Hefeng25 to gener-
ate GmGST-ox Maple arrow and GmGST-ox Hefeng25. Two
and three independent T2 lines of GmGST-ox Maple arrow
and GmGST-ox Hefeng25 were generated, respectively (Fig.
S4 A-C). At 3 days post-inoculation (dpi) with S. sclero-
tiorum, the leaves of both the non-transgenic Maple arrow
and Hefeng25 plants were infected and exhibited lesions. As
shown in Fig. 4a, the leaves of the susceptible line Hefeng25
detached and exhibited larger water-soaked lesions than
those of the partially resistant line Maple arrow. Although
the GmGST-ox Hefeng25 transgenic plants exhibited lesions,
the lesion areas were significantly smaller than those of
non-transgenic Hefeng25. The GmGST-ox Maple arrow
transgenic plants at 3 dpi exhibited slight necrosis, and the
lesion area was significantly smaller than that of non-trans-
genic Maple arrow. These results indicated that constitutive

expression of GmGST not only enhances the resistance of
susceptible soybean lines but also increases the resistance of
partially resistant soybean lines to S. sclerotiorum.

Two sgRNAs that targeted GmGST were designed. The
targeted DNA mutations were detected in soybean hairy
roots. There was a base deletion in the sgRNA-1 target
region at the sgRNA-1 site, which was identified in six of
the ten independent transgenic hairy roots, with a muta-
tion frequency of 60% (Fig. 4b). A total of three transgenic
lines that had a mutation at the GmGST-sgRNA-1 site were
created. The leaves of wild-type Maple arrow plants and
GmGST-mutant (GmGST-mt) plants were inoculated with
S. sclerotiorum.

The leaves of GmGST-mt plants exhibited obvious,
large, water-soaked lesions at 3 dpi (Fig. 4c). In contrast,
the leaves of wild-type Maple arrow showed only a slight
lesion, and the lesion was significantly smaller than those of
the GmGST-mt plants (P <0.01). These results indicated that
the resistance of GmGST-mt plants to SSR was weakened.

To verify whether the GmGST gene influences the soluble
pigment content in soybean stems, the soluble pigment con-
tents of the stems of Hefeng25-ox, Maple arrow-ox, GmGST-
mt Maple arrow were compared. The soluble pigment con-
tents in the stems of the GmGST-ox line were significantly
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higher than those in the wild type (Fig. 4d). The average
soluble pigment content of Hefeng25-ox plants was 2.33
times higher than that of Hefeng25 wild-type plants, with
an increase of 133.3%. The average soluble pigment content
of Maple arrow-ox plants was 1.75 times higher than that
of Maple arrow wild-type plants, with an increase of 75%.
Correspondingly, the soluble pigment contents in the stems
of the GmGST-mt line were significantly lower than those in
the wild type (a decrease of 69.15%; Fig. 4d).

Discussion

Soybean resistance to SSR is complex in terms of the patho-
genic mechanism and resistance pathway and is related to
the scope of the quantitative traits (Sun et al. 2020; Vuong
et al. 2015). Five QTLs and eight QTNs underlying soybean
resistance to SSR were identified. Remarkably, the major
locus, qDRS13-1, underlying the seedling death rate after S.
sclerotiorum inoculation was detected by linkage mapping
and GWAS. It was also reported a major locus overlapping
with gDRS13-1 and found it controlled an SSR resistance-
related trait, the soluble pigment content in soybean stems
under oxalic acid treatment, which can be detected by two
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The first compound leaf; P: Petiole; RN: Root nodule. b The expres-
sion pattern of GmGST after treatment with SSR. ¢ Subcellular locali-
zation of the GmGST protein

types of mapping populations (Zhao et al. 2015). The results
from the present study and the previous study reported by
Zhao et al. (2015) supported the deduction that gDRS13-1
should be a stable QTL related to soybean resistance to SSR.

Increasing evidence has shown that the levels of tran-
scription and enzymatic activity of plant glutathione
S-transferases (GST) are regulated by pathogen invasion
(Dudler et al. 1991; Hahn and Strittmatter 1994; Liao et al.
2014). For example, a GST gene, HaGSTp1, cloned from in
sunflower (Helianthus annuus L.) was induced by S. scle-
rotiorum and oxalic acid, overexpression of the HaGSTpl
gene enhanced S. sclerotiorum and oxalic acid resistance in
tobacco (Ma et al. 2018a, b). Similarly, a soybean GST gene,
GmGST, as one of candidate genes in qDRS13-1 locus, was
screened by analyzing expression abundance in the present
study. Our results showed that GmGST was upregulated in
disease-resistant variety Maple arrow after S. sclerotiorum
infection. Hence, GST gene might be the causal gene of
gDRS13-1 that involved in the resistance of soybean to the
infection of S. sclerotiorum.

In soybean, a variation in expression patterns was
found among tau, phi, lambda, and TCHQD class GSTs,
whereas all of the EF1By, DHAR, theta, and zeta GSTs
were expressed in all tissues of the terminal bud, unifoliate
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leaves, cotyledons, hypocotyl, roots, pods, stems, trifoliate
leaves and flowers (Liu et al. 2015). Consistently, our results
showed that GmGST gene was expressed in all tested tissues
in the present study (Fig. 3a). Remarkably, the transcript
abundance of GmGST was higher in resistant line Maple
arrow than in susceptible line Hefeng25 in almost all the
tested tissues except roots and cotyledons. According to the
gene annotation, GmGST belongs to GSTs, i.e., the EF1By
class. Previously, it was shown that the loss of eukaryotic
elongation factor 1 (eEF1By) from the yeast Saccharomyces
cerevisiae resulted in resistance to oxidative stress (Esposito
and Kinzy 2010). Our result showed that overexpression of
GmGST increased the soybean resistance to S. sclerotiorum
and the resistance to S. sclerotiorum decreased in GmGST
gene-mutant plants. GSTs are involved in the detoxification
of xenobiotic and endobiotic compounds by conjugating

Maple Arrow-mt

Hefeng25-WT Hefeng25-OE

and its wild-type plants after SSR infection for 3 days. d The solu-
ble pigment content of over-expressed Hefeng25 and Maple arrow,
GmGST-mutant Maple arrow and their wild-type plants. ** indicates
significance at p <0.01

glutathione (GSH) to various hydrophobic and electrophilic
substrates (Messner et al. 2003). All three GST genes of the
EF1By class showed GSH-conjugating activity with CDNB
and DCNB in Populus (Liu et al. 2015). Hence, these results
suggest that the GST genes of the EF1By class might have
detoxification and antioxidant functions, and GmGST might
be involved in the reaction against S. sclerotiorum as a GST,
i.e., the EF1By class. The soluble pigment content in the
stem, based on the oxalic acid reaction, was found to be
positively correlated with SSR resistance of soybeans under
both controlled environmental and field conditions (Li et al.
2009a; Wegulo et al. 1998a). As one of the soluble pigment
components, anthocyanins were reported to be involved in
the resistance to plant diseases. For example, anthocyanin
extracts from sugarcane cultivars had an inhibitory effect
on conidial germination (Padmanaban et al. 2000). GSTs is

@ Springer



2708

Theoretical and Applied Genetics (2021) 134:2699-2709

involved in a late step of anthocyanin biosynthesis in plants
(Alfenito et al. 1998). Our results showed that overexpres-
sion of GmGST significantly increased the soluble pigment
content in soybean stems after exogenous oxalic acid treat-
ment and the soluble pigment content significantly decreased
in the stem of GmGST-mutant plants. These results suggest
that the GmGST gene might play a role in SSR resistance of
soybean partially by regulating the anthocyanin content in
stems. However, the mechanism of GmGST-mediated soy-
bean resistance to SSR still needs further study.
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tary material available at https://doi.org/10.1007/s00122-021-03855-6.
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