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Abstract: Soybean mosaic virus (SMV) is one of the main pathogens that can negatively affect soybean
production and quality. To study the gene regulatory network of soybeans in response to SMV SC15,
the resistant line X149 and susceptible line X97 were subjected to transcriptome analysis at 0, 2, 8, 12,
24, and 48 h post-inoculation (hpi). Differential expression analysis revealed that 10,190 differentially
expressed genes (DEGs) responded to SC15 infection. Weighted gene co-expression network analysis
(WGCNA) was performed to identify highly related resistance gene modules; in total, eight modules,
including 2256 DEGs, were identified. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of 2256 DEGs revealed that the genes significantly clustered into resistance-
related pathways, such as the plant–pathogen interaction pathway, mitogen-activated protein kinases
(MAPK) signaling pathway, and plant hormone signal transduction pathway. Among these path-
ways, we found that the flg22, Ca2+, hydrogen peroxide (H2O2), and abscisic acid (ABA) regulatory
pathways were fully covered by 36 DEGs. Among the 36 DEGs, the gene Glyma.01G225100 (protein
phosphatase 2C, PP2C) in the ABA regulatory pathway, the gene Glyma.16G031900 (WRKY transcrip-
tion factor 22, WRKY22) in Ca2+ and H2O2 regulatory pathways, and the gene Glyma.04G175300
(calcium-dependent protein kinase, CDPK) in Ca2+ regulatory pathways were highly connected
hub genes. These results indicate that the resistance of X149 to SC15 may depend on the positive
regulation of flg22, Ca2+, H2O2, and ABA regulatory pathways. Our study further showed that
superoxide dismutase (SOD) activity, H2O2 content, and catalase (CAT) and peroxidase (POD) activ-
ities were significantly up-regulated in the resistant line X149 compared with those in 0 hpi. This
finding indicates that the H2O2 regulatory pathway might be dependent on flg22- and Ca2+-pathway-
induced ROS generation. In addition, two hub genes, Glyma.07G190100 (encoding F-box protein) and
Glyma.12G185400 (encoding calmodulin-like proteins, CMLs), were also identified and they could
positively regulate X149 resistance. This study provides pathways for further investigation of SMV
resistance mechanisms in soybean.

Keywords: soybean; SMV; RNA-Seq; WGCNA; regulatory pathway; hub genes; RT-qPCR

1. Introduction

SMV disease, caused by the aphid-transmitted and seed-borne SMV from the genus
Potyvirus and the family Potyviridae, is a serious yield-suppressing disease [1–3]. The
disease was first found in the United States as early as 1915, after which it appeared in
soybean-growing countries, including Brazil, Canada, China, Japan, and South Korea,
as well as the United States [4]. Currently, many SMV strains have been identified and
classified according to disease symptoms in soybean differentials; 5 strains (A–E) were
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identified in Japan [5], 98 isolates were classified into 7 strains (G1-G7) in North America [6],
and more than 4500 isolates were collected and classified into 22 strains (SC1-SC22) in
China [7–13].

Based on the interaction between viruses and plants, the types of plant resistance to
viruses are thought to include dominant resistance and recessive resistance [14,15]. To
our knowledge, approximately 34 single dominant resistance loci for SMV located on
six chromosomes have been identified and reported in soybean: chromosome 02 (Rsv4,
RSC5, RSC6, RSC7, RSC8, RSC10, RSC17, RSC18A, RSC3(w), RkSC13, Rsc13, RSC9, and
Rsc3k) [16–21], chromosome 03 (qTsmv-13) [22], chromosome 06 (RSC15, RSC18) [2,20], chro-
mosome 11(RSMV-11) [23], chromosome 13 (Rsv1, Rsv5, RSC3Q, RSC11, RSC12, RSC14Q,
RSC18B, RSC20, RSC-pm, RSC-ps, Rsv1-r, RSC15ZH, qSMV13, and Rsvg2) [20,24–28], and
chromosome 14 (Rsv3, RSC4, and rySC13) [20,29]. Among the above five resistance loci,
for which gene cloning and functional analysis have been completed, Glyma.14g204700
on Rsv3 [30], Rsc4-3 on Rsc4 [31,32], GmCAL on Rsc8 [33], GmST1 on Rsvg2 [28], and a
recombinant gene on Rsc3k are involved in soybean resistance to SMV [17].

Resistance genes have also been screened by RNA sequencing (RNA-Seq) technology.
The expression of transcripts related to pathogen recognition, autophagy, and defense
inductors was up-regulated upon SMV infection [34]. The involvement of genes related to
ABA, siRNA, and autophagy pathways in L29 Rsv3-mediated resistance to SMV strain G5H
was indicated by transcriptome analysis [35]. The transcriptome analysis revealed a down-
regulation of NBS-LRR family genes in the susceptible variety Hefeng25 when infected with
SMV N1 [36]. Potential genes related to ABA, plant–pathogen interaction, and jasmonic
acid (JA) pathways related to Rsc3Q-mediated resistance to SMV strain SC3 were identified
via transcriptome analysis between the R (RSC3Q) and S (rSC3Q) lines from the cross
Qihuang-1 (which carries the resistance gene RSC3Q) × Nannong1138-2 (which carries
the susceptible gene rSC3Q) [37]. Transcriptome analysis of the response of the resistant
variety Kefeng-1 to SMV strain SC18 and the susceptible variety NN1138-2 also revealed
that several genes related to the ethylene (ETH), jasmonic acid (JA), and salicylic acid (SA)
signaling pathways may be involved in the disease resistance to SC18 [38]. In addition, the
transcriptome analysis also revealed the influence of genes involved in Ca2+ regulatory and
MAPK cascade pathways on SC15 resistance in the resistant variety Kefeng-1 [39]. In short,
the aforementioned genes were acquired through conventional transcriptome analysis and
are predominantly situated within the pathways of plant–pathogen interaction and plant
hormone signal transduction pathways. The only exception is that one of the two pathways
for Ca2+ regulation is a complete pathway, while the others are incomplete [39].

The WGCNA method, which is based on conventional transcriptome analysis, has
been widely and successfully employed in the field of bioinformatics to identify the relation-
ship between module eigengenes and hub genes with sample traits [40]. Two modules and
seven hub genes were identified as being associated with the resistance of pepper to pepper
mild mottle virus [41]. The three pathways (MAPK signaling pathway, plant–pathogen
interaction, and glutathione metabolism) and 14 hub genes were identified based on the
modules’ highest correlation with eggplant bacterial wilt-resistance [42]. To date, WGCNA
study has not yet been reported on soybean response to SMV infection.

The present study aimed to investigate gene co-expression networks associated with
SC15 resistance in soybeans. Firstly, the expression of DEGs between resistance line X149
and susceptible line X97 was analyzed at the transcriptional level. Secondly, WGCNA was
performed based on DEGs, and target gene modules associated with SC15 resistance were
screened. Thirdly, the KEGG pathway enrichment analysis was conducted to reveal the
key resistance-related regulatory pathways in the target gene modules. The hub genes
in the target gene modules were identified according to the connectivity of genes in the
co-expression network. Lastly, oxidase activity and H2O2 content measurements in resistant
line X149 were used to explore the response of soybean to SC15 infection. These findings
have important theoretical significance for revealing the molecular mechanism of soybean
to SMV and provide new genetic resources for breeding of SMV resistance in soybean.
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2. Materials and Methods
2.1. Plant Materials, SC15 Inoculation, and Detection of SMV Virus

The soybean resistant line X149 and susceptible line X97, obtained from the Soy-
bean Germplasm Innovation and Utilization Laboratory of Shanxi Agricultural Univer-
sity in 2019, had been used to map resistance loci by genome-wide association mapping
(GWAS) [43]. The SC15 strain was provided by Professor Haijian Zhi of Nanjing Agricul-
tural University.

X149 and X97 were planted in 14 cm diameter plastic pots containing nutrient soil
and vermiculite (volume ratio 1:2). A total of 15–20 seedlings were planted in each pot,
and the seedlings were subsequently placed in a greenhouse at 25 ◦C with a 16 h light/8 h
dark photoperiod. In total, three pots were planted, and one pot represented one biological
replicate. The fully expanded primary leaves were inoculated with SC15 using the gentle
rubbing method [2]. Approximately four SC15-infected leaves were collected at 0, 2, 8, 12,
24, and 48 h post-inoculation (hpi), and three replicates were performed. These 36 samples
were used for RNA-Seq.

Further, X149 and X97 were also planted and inoculated with SC15 according to the
method mentioned above for SC15 detection by real-time quantitative PCR (RT-qPCR).
After 20 days post-inoculation, leaves of necrotic symptoms in X97 and of no symptoms
in X149 were collected. Three replicates were performed, with X149 and X97 inoculated
with phosphate-buffered saline (PBS, 0.01 M, pH 7.4) as controls. Total RNA was isolated
and extracted using the EZ-10 DNAaway RNA Mini-Preps Kit (Sangon Biotech, Shanghai,
China) according to the manufacturer’s protocol. Subsequently, SC15 cDNA synthesis
was performed using the GoScriptTM Reverse Transcription System (Promega, Beijing,
China) commercial kit as per the manufacturer’s instructions. The CP genome sequence of
SC15 was obtained from GenBank (MH919386.1) and primers for RT-qPCR were designed
by Primer Premier 5.0. The volume and program settings for RT-qPCR were adjusted
according to the specifications of MomAmpTM Chemohs qPCR (Monad Biotech, Suzhou,
China). RT-qPCR was subsequently conducted using a Bio-Rad CFX96 system. Primer
information of SC15 CP is shown in Table S1.

2.2. RNA Extraction, Library Preparation, and Sequencing

A total of 36 RNA samples were extracted with a TRIzol® reagent (Invitrogen, Carlsbad,
CA, USA) following the manufacturer’s instructions. The qualitative and quantitative
assessments of the RNA were detected using a Nanodrop2000 (NanoDrop Technologies,
Thermo Fisher Scientific, Waltham, MA, USA). The deterioration and contamination of
RNA was detected using 1% agarose gel electrophoresis [44], and RNA integrity (RIN)
was determined with an 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
Finally, only RNA samples that met the following criteria were used to construct the
sequencing library: OD260/280 =1.8~2.2, OD 260/230 ≥ 2.0, and RIN ≥ 7.0 [45]. The RNA-
seq transcriptome libraries of 36 samples were prepared at Shanghai Majorbio Biopharm
Biotechnology Co., Ltd. (Shanghai, China) following the manufacturer’s instructions
protocol (Illumina, San Diego, CA, USA) and sequenced using the Illumina NovaSeq
6000 platform.

2.3. Analysis of RNA-Seq Data

Clean reads from each sample were obtained after the raw reads were filtered with
fastp [46]. The mapped reads of each sample were evaluated by clean reads alignment
of the reference genome willimas82. a4 (http://phytozome.jgi.doe.gov/pz/portal.html
(accessed on 10 November 2021)) with HISAT 2. 2.1 software [47]. All the mapped
gene functional annotations are described by six databases: Non-Redundant Protein Se-
quence Database (NR) (ftp://ftp.ncbi.nlm.nih.gov/blast/db/ (accessed on 10 Novem-
ber 2021)) [48], Swiss-Prot (http://web.expasy.org/docs/swiss-prot_guideline.html (ac-
cessed on 10 November 2021)) [49], Pfam (http://pfam.xfam.org/ (accessed on 10 Novem-
ber 2021)) [50], Evolutionary Genealogy of Genes: Non-supervised Orthologous Groups
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(EggNOG) (http://www.ncbi.nlm.nih.gov/COG/ (accessed on 10 November 2021)) [51],
Gene Ontology (GO) (http://www.geneontology.org (accessed on 10 November 2021)) [52],
and KEGG (http://www.genome.jp/kegg/ (accessed on 10 November 2021)) [53]. The
gene abundance of each transcript was quantified with RSEM v1.3.3 software (http://
deweylab.github.io/RSEM/ (accessed on 15 November 2021)) [54]. The quantitative in-
dex was the number of fragments per kilobase per million reads (FPKM). The differential
expression genes (DEGs) between different transcripts were identified using the DESeq2
R package 1.42.0 [55,56]. Genes with a fold change ≥2 and FDR adjusted p-value < 0.05
were considered significant DEGs. Upset diagrams were constructed on the online tool of
the Majorbio cloud platform (https://cloud.majorbio.com/page/tools/ (accessed on 15
November 2021)) [57].

2.4. Gene Co-Expression Network Analysis

WGCNA was performed using the Majorbio cloud platform [57]. To improve the
accuracy of the WGCNA, genes with low expression (FPKM < 1) were removed. The
modules were identified using the parameter soft threshold power (β value), the minimum
value of cluster size was 30, and the merging threshold was 0.25. Determination of the
β value was based on the adjacency matrix using WGCNA. The adjacency matrix was
weighted by the power of correlation data between different genes, and the β value was
determined from the scale-free topology and average connectivity criterion [58]. The
modules correlating with resistance were calculated and p < 0.01 was used as the relation
module screening criterion. The correlation coefficient between the modules and resistance
was positive for positive correlations and negative for negative correlations. The visual
co-expression network was constructed using the Cytoscape [59], representing the top
30 hub genes of modules correlating with resistance. Enrichment analysis of the KEGG
pathways associated with the modules was carried out by KOBAS [60].

2.5. RT-qPCR Analysis

The template cDNA of the RNA-Seq samples was synthesized using the MonScriptTM
RTIII Super Mix with dsDNase (Monad Biotech., Suzhou, China) following a standard
protocol. The soybean CDS for verification genes were obtained from the Phytozome
database. The gene primers for RT-qPCR were designed by Primer Premier 5.0. The
housekeeping gene Tubulin [61] was employed as a reference control in RT-qPCR analysis
of RNA-Seq samples. The volume and program settings for RT-qPCR were adjusted
according to the specifications of MomAmpTM Chemohs qPCR (Monad Biotech., Suzhou,
China). RT-qPCR was subsequently conducted using a Bio-Rad CFX96 system. Three
technological replicates were conducted for each sample, and the relative expression of
four genes was calculated with the relative 2−∆CT method. Information on the primers
used is shown In Table S1.

2.6. SOD, CAT, POD Activity, and H2O2 Content Assays

The SC15-infected leaves of X149 were collected at 0, 2, 8, 12, 24, and 48 hpi, and three
replicates were performed. Subsequently, SOD, CAT, and POD activities were detected
using Nanjing Jiancheng Bioengineering Institute (NJBI) kits (A001-1, A007-1, and A084-3;
NJBI, Nanjing, China) following the manufacturer’s instructions. The H2O2 content was
detected using a Beijing boxbio determination kit (AKAO009C, Boxbio, Beijing, China)
following the manufacturer’s instructions. The instrument used for enzyme activity de-
termination was an ultraviolet-visible spectrophotometer (UV-1100, Molecular Devices.,
Tianjin, China).

3. Results
3.1. Detection of SMV Virus in Soybean Lines

The leaf phenotype of X149 inoculated with SC15, X149 inoculated with PBS, and X97
inoculated with PBS exhibited no symptoms after inoculation for twenty days, whereas the
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leaf phenotype of soybean line X97 inoculated with SC15 displayed necrotic symptoms. We
employed SC15 CP primer to detect the presence of SC15 in both X149 and X97 leaves using
RT-qPCR. The results revealed that amplification was not observed in X149 inoculated with
SC15 (Figure 1), X149 inoculated with PBS, and X97 inoculated with PBS, while normal
amplification was observed in X97 inoculated with SC15 (Figure 1). These findings indicate
that necrotic symptoms were caused by SC15 infection.
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Figure 1. Real-time fluorescence amplification curves of SMV SC15 in resistant line X149 inoculated
with SC15 and susceptible line X97 inoculated with SC15.

3.2. Transcriptome Sequencing Data Analysis

To analyze the genes involved in the response to SC15 resistance in soybeans, tran-
scriptome sequencing was carried out with the resistant line X149 and susceptible line X97
at six time points (0, 2, 8, 12, 24, and 48 hpi). Approximately 45,531,879 clean reads were
generated on average (Table S2). The Q20 and Q30 percentages of each sample were more
than 97.97% and 94.10%, respectively (Table S2). The average GC content of all the samples
was 45.33% (Table S2). An average of 93.38% of the clean reads were mapped to the refer-
ence genome, and 86.64% were uniquely mapped (Table S2). A total of 52,872 unique genes
were described, and the expression levels were quantified according to the expected FPKM
values. Among these, 24,636 DEGs with a fold change ≥ 2 and FDR-adjusted p-value < 0.05
were screened and considered for further analysis.

3.3. Identification of DEGs

To identify DEGs that responded to SC15 infection, transcriptome comparisons after
inoculation (2 hpi vs. 0 hpi, 8 hpi vs. 0 hpi, 12 hpi vs. 0 hpi, 24 hpi vs. 0 hpi, and 48 hpi
vs. 0 hpi) were conducted for the resistant material X149 and susceptible material X97,
respectively. A total of 16,272 union DEGs (X149_hpi vs. X149_0hpi) were found in the
resistant material X149 at five different time points after inoculation compared to 0 hpi
(Figure 2A). In the susceptible material X97, a total of 17,711 union DEGs (X97_hpi vs.
X97_0hpi) were also identified (Figure 2B). Following analysis of union DEGs in X149 and
X97, a total of 22,177 DEGs were identified to respond to SC15 infection (Figure 2D).
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(C) Upset diagram of DEGs after inoculation between X149 and X97. (D) Upset diagram of the DEGs
based on (A–C). The horizontal bar chart on the left represents the comparison groups, different colors
represent different comparison groups on A–D figures, respectively. The vertical bar chart represents
the shared DEGs numbers of comparison groups, different colors represent different shared DEGs
numbers on A-D figures, respectively. In the middle matrix, a single grey point represents the unique
DEGs of a comparison group, greater than two connecting gray points represent shared DEGs of
different comparison group. X149_hpi includes 0, 2, 8, 12, 24, 48 hpi; X97_hpi includes 0, 2, 8, 12, 24,
48 hpi.

To further clarify whether the 22,177 DEGs also differed between the resistant and
susceptible materials after SC15 infection, the DEGs were analyzed between the resistant
and susceptible materials at 0, 2, 8, 12, 24, and 48 hpi, with 11,452 (X149_hpi vs. X97_hpi)
union DEGs identified (Figure 2C). There were 10,190 shared genes in 22,177 DEGs and
11,452 DEGs were found (Figure 2D). These 10,190 DEGs responded to SC15 infection and
were differentially expressed in the resistant and susceptible materials, meaning they may
be involved in soybean resistance to SC15.

3.4. Functional Annotation of DEGs

To evaluate potential function categories of DEGs, 10,190 DEGs were subjected to
GO and KEGG annotation analysis. GO annotation analysis revealed that 10,190 DEGs
were classified into 50 functional categories, including 22 biological processes, 14 cellular
components, and 14 molecular function terms (Table S3). The top eight annotation terms
were “binding”, “catalytic activity”, “cell part”, “metabolic process”, “cellular process”,
“membrane part”, “organelle”, and “biological regulatory” (Figure S1A). KEGG annotation
analysis of 10,190 DEGs revealed that the main enrichment pathways were “carbohydrate
metabolism”, “signal transduction”, and “amino acid metabolism” (Figure S1B).

3.5. Gene Co-Expression Network Analysis

To avoid the influence of outlier samples, a 36-sample clustering dendrogram was con-
structed based on the expression of all genes (Figure S2A). Finally, one sample X149_24hpi_1
was eliminated and 35 samples remained for follow-up analysis (Figure S2B). To identify
hub modules of resistance in X149 to SC15, co-expressed gene modules were determined
using WGCNA based on 6596 DEGs (10,190 DEGs eliminate FPKM < 1 remaining DEGs).
For accurate building of the modules, a β value = 7 was chosen (Figure 3A). When the β

value was 7, 15 modules with module sizes ranging from 36 to 1260 genes and 2950 genes
outside of the 15 modules were classified into a grey module, which was then generated
(Figure 3B). Module eigengenes were evaluated in correlation with the resistance pheno-
type. The results showed that four module eigengenes correlated significantly (p < 0.01)
positively with SC15 resistance in X149 (Figure 3C): magenta (R = 0.866, p = 0), greenyellow
(R = 0.696, p = 0), midnightblue (R = 0.509, p = 0.00179), and turquoise (R = 0.447, p = 0.0071)
modules. The genes in these correlating modules may positively regulate SC15 resistance.
In addition, four module eigengenes had a negative correlation in X149 (Figure 3C): pink
(R = −0.886, p = 0), black (R = −0.515, p = 0.00155), yellow (R = −0.515, p = 0.00155), and
green (R = −0.475, p = 0.00393). The genes in these modules may negatively regulate
SC15 resistance. There were 97 genes in the magenta, 61 genes in greenyellow, 36 genes in
midnightblue, 1260 genes in turquoise, 103 genes in pink, 130 genes in black, 402 genes in
yellow, and 167 genes in green modules (Table S4).
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To screen hub genes from the eight modules, a co-expression network of eight mod-
ules was constructed. The results showed that the 30 most highly connected hub genes
belonged to the turquoise module (Figure 4, Table S5). One core hub gene Glyma.07G190100,
encoding F-box protein, was identified, and its co-expressed hub genes, including gene
Glyma.12G185400 (CMLs), Glyma.01G225100 (PP2C), Glyma.16G031900 (WRKY22), and
Glyma.04G175300 (CDPK), were annotated in the plant hormone signal transduction path-
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way (map04075), plant–pathogen interaction pathway (map04626), and MAPK signaling
pathway (map04016), respectively. We speculated five hub genes may be involved in X149
resistance to SC15.
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Figure 4. Co-expression networks of the 30 most highly connected hub genes in the eight modules
related to resistance. The purple circle represents the core hub gene Glyma.07G190100, green circle
represents the co-expression hub genes Glyma.12G185400, Glyma.01G255000, Glyma.16G031900, and
Glyma.04G175300.

3.6. Validation of RNA-Seq Data by RT-qPCR

To validate the level of RNA-Seq expression, five genes related to resistance were
randomly selected from the above eight modules for RT-qPCR at the six time points in
X97 and X149. RT-qPCR expression analysis revealed that the overall expression trends
were consistent with the RNA-Seq data for all genes, and the expression levels differed
(Figure 5A–E). The statistical analysis also showed very good correspondence (correlation
coefficient of 0.8025) among the results of the RT-qPCR and RNA-seq analysis (Figure 5F).
Considering all these findings, we believe that the RNA-Seq data are reliable.
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genes Glyma.12G185400, Glyma.12G07300, Glyma.13G109800, Glyma.16G084700, and Glyma.18G238200
in the susceptible line X97 (left) and the resistant line X149 (right). The left vertical axis indicates
the FPKM value obtained via RNA-Seq, and the right vertical axis indicates the relative expression
level determined via RT-qPCR. (F) Correlation analysis between RT-qPCR and RNA-seq data. r is the
correlation coefficients; p represents a significant correlation.

3.7. KEGG Pathway Enrichment Analysis of DEGs of Eight Modules

To further explore the regulatory pathway for X149 resistance to SC15, KEGG pathway
enrichment analysis was performed based on the 2256 DEGs of eight modules. The results
showed that a total of 20 pathways were enriched (Figure 6). The top three pathways
were significantly clustered into pathogen-resistance-related pathways, such as “Plant–
pathogen interaction (map04626)”, “MAPK signaling pathway (map04016)”and “Plant
hormone signal transduction (map04075)”. These results could provide a reference for
further screening of resistance-related key pathways in X149.
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3.8. Key Regulatory Pathways in the Plant–Pathogen Interaction Pathway, MAPK Signaling
Pathway, and Plant Hormone Signal Transduction Pathway Analysis

According to the KEGG pathway enrichment analysis results, 58 and 39 DEGs were
involved in the plant–pathogen interaction pathway and MAPK signaling pathway, respec-
tively (Table S6). The genes were clustered into pathways, which revealed that the complete
Ca2+ and flg22 (well-conserved N-terminal region of flagellin) regulatory pathways were
found in the plant–pathogen interaction pathway, and the complete H2O2 regulatory
pathway was found in the MAPK signaling pathway (Figure 7A). These three complete reg-
ulatory pathways were considered most likely to be involved in SC15 resistance. Mitogen-
activated protein kinase (MPK3) and WRKY transcription factors (WRKY22/29) were found
in both the Ca2+ and H2O2 regulatory pathways (Figure 7A).

In the flg22 regulatory pathway, Glyma.08G083300, which encodes leucine-rich repeat
(LRR) receptor-like serine/threonine-protein kinase FLS2 (FLS2), exhibited lower expres-
sion at 0 hpi and up-regulated expression at 2 hpi in the resistance line X149 and susceptible
line X97, followed by higher expression in X149 than in X97 overall (Figure 7B). In the Ca2+

regulatory pathway, Glyma.08G219300, Glyma.08G241600, and Glyma.16G218200 encode
cyclic nucleotide-gated channels (CNGCs); seven DEGs (Glyma.01G166100, Glyma.03G138000,
Glyma.04G175300, Glyma.08G316500, Glyma.18G096500, Glyma.19G140800, and
Glyma.19G201400) encode CDPK; three DEGs (Glyma.03G236300, Glyma.08G018900, and
Glyma.19G233900) encode the respiratory burst oxidase homologue Rboh; two DEGs encode
MPK3 (Glyma.11G150452 and Glyma.12G073000); Glyma.01G222300 encodes WRKY29; and
three DEGs (Glyma.09G254800, Glyma.16G031900, and Glyma.18G238200) encode WRKY22,
which also showed lower expression at 0 hpi and was up-regulated at 2 hpi in resistance line
X149 and susceptible line X97, followed by higher expression in X149 than in X97 as a whole
(Figure 7B). In addition, Glyma.11G128900, which encodes CDPK, and Glyma.05G211900,
which encodes WRKY29, exhibited lower expression in X149 than in X97 (Figure 7B). In the
H2O2 regulatory pathway, Glyma.03G088800 and Glyma.16G084700, which encode OXI1,
exhibited lower expression at 0 hpi and up-regulated expression at 2 hpi in the resistance
line X149 and susceptible line X97, followed by higher expression in X149 than in X97
overall (Figure 7B). The expression data of DEGs related to MPK3, WRKY29, and WRKY22
were consistent with the Ca2+ regulatory pathway. These results indicated that the ex-
pression of all 24 DEGs was induced by SC15 infection and that there were differences in
expression of X149 and X97. We speculated that these genes may be involved in soybean
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resistance to SC15. The resistant line X149 may resist SC15 infection via Ca2+, flg22, and
H2O2 regulatory pathways.
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regulation pathway in the plant–pathogen interaction pathway, the purple arrow shows the H2O2

regulation pathway in the MAPK signaling pathway. The yellow parts indicate the presence of
the corresponding DEGs. (B) Heatmaps of flg22, Ca2+ and H2O2 regulation pathway DEGs. The
log2FPKM values are colored. Yellow, up-regulated; blue, down-regulated. (C) Key pathways of
DEGs in plant hormone signal transduction. The black arrow shows the ABA regulation pathway.
The yellow parts indicate the presence of the corresponding DEGs. (D) Heatmaps of ABA regulation
pathway DEGs. The log2FPKM values are colored. Yellow, up-regulated; blue, down-regulated.

The plant hormone signal transduction pathway included 50 DEGs (Table S6) and
the complete ABA regulatory pathway was covered with 12 DEGs (Figure 7C). Over-
all, Glyma.06G126100, which encodes PYRABACTIN resistance/PYR-like (PYL), exhib-
ited higher expression in X97 than in X149, while Glyma.14G056300 was the opposite
(Figure 7D). Among the six DEGs, Glyma.04G053800 (PP2C) was more highly expressed in
X97 than in X149 as a whole, and the other five DEGs (Glyma.01G225100, Glyma.11G018000,
Glyma.11G222600, Glyma.14G162100, and Glyma.18G035000) were more highly expressed
in X149 than in X97 as a whole (Figure 7D). Glyma.04G205400, Glyma.06G160100, and
Glyma.08G005100 encode SnRK2 (sucrose non-fermenting 1-related protein kinase 2), and
the expression of Glyma.04G205400 and Glyma.08G005100 were greater in X149 than in
X97 overall, while the opposite trend was observed for Glyma.06G160100 (Figure 7D). The
expression of Glyma.08G077400, which encodes ABA-responsive element binding factors
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(ABF), was greater in X149 than in X97 overall (Figure 7D). These results showed that the
expression of 12 DEGs in the ABA regulatory pathway was induced by SC15 infection,
and differences in the expression of these genes were detected between X149 and X97. We
speculate that these genes may be involved in soybean resistance to SC15. The resistant
line X149 may resist SC15 infection via the ABA regulatory pathway.

3.9. Assay of SOD, CAT, and POD Activitives and H2O2 Level in X149

To confirm that H2O2 generation occurred after SC5 infection, SOD (which catalyzes
O2•− dismutation to H2O2), H2O2 content, and CAT and POD activities (which catalyze the
degradation of H2O2) were measured in the resistant line X149. Overall, the results showed
that SOD activity (Figure 8A), H2O2 content (Figure 8B), and POD activity (Figure 8D) were
significantly up-regulated compared with those at 0 hpi, and CAT activity (Figure 8C) was
significantly up-regulated at 2 hpi–12 hpi. These findings indicated that H2O2 was indeed
generated in the resistant line X149 in response to SC15 infection. In addition, the H2O2
was related to ROS, so we speculate that the H2O2 regulatory pathway may depend on
flg22 and Ca2+ regulatory pathway to induce ROS generation in the resistance of X149 to
SC15 (Figure 9).
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parts indicate the presence of the corresponding DEGs.

4. Discussion

Conventional transcriptome analysis has been applied to the analysis of molecular
regulatory networks of soybean resistance to SMV. Although the plant–pathogen interaction
pathway, MAPK signaling pathway, and plant hormone signal transduction pathway have
been showed to respond to SMV infection, this response was mainly due to the role of
some individual genes in the pathways [35–39]. The WGCNA method can identify the
relationship between module eigengenes and hub genes with sample traits. In this study,
we used the WGCNA method to obtain resistance genes, and then resistance pathways
were screened by KEGG pathway enrichment analysis. In total, four complete pathways,
including flg22, Ca2+, H2O2, and ABA regulatory pathways, and five hub genes were
identified. This realized the transformation from macroscopic pathways to microscopic
complete pathways. We also found that there is a cascade relationship between complete
pathways by measuring H2O2.

4.1. flg22 Regulatory Pathway as Crucial SC15-Responsive Pathway

When plants are infected with pathogens, PRR-triggered immunity (PTI) is activated
by pattern recognition receptors (PRRs) that recognize pathogen- or microbe-associated
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molecular patterns (PAMPs or MAMPs) or damage-associated molecular patterns
(DAMPs) [62]. PTI can trigger various responses, including rapid generation of reactive oxy-
gen species (ROS), activation of MAPKs, and expression of immune-related genes [62,63].
PTI against bacteria depends on the recognition of the flagellin-derived MAMP flagellin 22
(flg22) by the receptor kinase FLS2 [63,64]. It has been reported that the tomato yellow leaf
curl virus (TYLCV) C4 protein can also interact with FLS2 of Arabidopsis [65]. This means
that the recognition of the virus and FLS2 can trigger PTI. Coat protein (CP) of Tobacco
mosaic virus (TMV) can elicit ROS bursts in tobacco [66]. Silencing of movement implicated
that protein P6 from the Cauliflower mosaic virus (CaMV) could suppress PAMP-induced
ROS generation in Arabidopsis [63]. In the present study, the flg22 regulatory pathway
was investigated. The expression level of the FLS2 gene in the resistant line 149 was greater
than that in the susceptible line 97 after SC15 infection. The flg22 regulatory pathway
mainly triggers the rapid generation of ROS according to the KEGG pathway enrichment
results. In conclusion, flg22 regulatory pathway may positively affect X149 resistance to
SC15 through the production of ROS.

4.2. Ca2+ and H2O2 Regulatory Pathways as Crucial SC15-Responsive Pathways

Ca2+ signaling is linked to the activation of plant defense reactions [67]. The concen-
tration of intracellular Ca2+ increases immediately when PAMPs are present, and Ca2+

influx is influenced by cyclic nucleotide-gated channels (CNGCs) [67]. CDPKs are Ca2+

sensors and transducers, and their main function is related to biotic and abiotic stresses
in plants [68,69]. In Arabidopsis, the N-terminal EF-hands of RbohF and RbohD were
bound directly by Ca2+ and were also activated at the main sites by CDPK, and then RbohF
and RbohD regulated ROS generation [64]. AtRbohF is probably involved in resistance
to Magnaporthe oryzae in Arabidopsis [70]. When RbohD was knocked out in Arabidopsis
thaliana, the Turnip mosaic virus (TuMV) infection was promoted in rbohD plants, suggesting
that RbohD plays a role in TuMV resistance [71]. In this study, DEGs related to CNGCs,
CDPK, and Rboh in the Ca2+ regulatory pathway were all enriched, and the expression
of most DEGs was higher in X149 than X97. These findings suggest that Ca2+ regulatory
pathway may positively influence X149 resistance to SC15 through the production of ROS.
But it has been reported that Ca2+ regulatory pathway showed a negative influence on SC15
resistance in resistance line Kefeng 1 [39]. This difference may be caused by the different
genetic backgrounds of the soybean resources and samples times.

In the H2O2 regulatory pathway, the mitogen-activated protein kinase (MAPK) MPK3
is activated by OXI1 and has been reported to regulate the defense response pathway against
pathogens via WRKY22 and WRKY29 [72,73]. MPK3 in resistance cultivar L29 showed
hallmarks of Rsv3-mediated extreme resistance (ER) against SMV-G5H [74]. WRKY22
can regulate programmed cell death (PCD) to restrict the spread of the pathogen Pst [75].
WRKY29 was induced in Arabidopsis in response to Fusarium graminearum infection [76]. In
this study, DEGs related to OXI1, MPK3, and WRKY22/29 in the H2O2 regulatory pathway
were all enriched, and the expression of most DEGs in X149 was greater than that in the
susceptible line 97 after SC15 infection. This indicates that the H2O2 regulatory pathway
positively influenced X149 resistance to SC15. In addition, MPK3 and WRKY22/29 were
also enriched in the Ca2+ regulatory pathway. These findings suggest that there may be
potential cross-talking between the Ca2+ regulatory pathway and H2O2 regulatory pathway.

4.3. ABA Regulatory Pathway as Crucial SC15-Responsive Pathway

ABA, as a signal-regulated signal transduction network, is a plant hormone that can
be synthesized in higher plants by carotenoid biosynthesis and plays an important role in
plant responses to abiotic and biotic stresses [77,78]. In the present study, DEGs related to
PYL, PP2C, SnRK2, and ABF in the ABA regulatory pathway were completely enriched,
and the expression of most DEGs was higher in X149 than X97. The soybean PP2C-type
gene GmPP2C3a was proven to mediate the extreme resistance of soybeans to SMV Rsv3
and was up-regulated in the resistant line after infection with SC3 [37,79]. Similarly, the
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expression of PtrSnRK2.4 and PtrABF2 in trifoliate orange increased in response to drought
stress [80]. We believe that the resistance of X149 to SC15 may depend on the positive
regulation of the ABA regulatory pathway.

4.4. Candidate SC15-Resistance Hub Gene Mining

Hub genes play a crucial role in interpreting plant phenotypes. Three hub genes were
found to belong to above three pathways, Glyma.01G225100 (PP2C), located in the ABA
regulatory pathway; Glyma.16G031900 (WRKY22), located in the H2O2 and Ca2+ regulatory
pathways; and Glyma.04G175300 (CDPK), located in the Ca2+ regulatory pathway. These
suggest that it is reliable to use these three pathways as SC15-resistance-related pathways.
Further, Glyma.12G185400 (CMLs) , another sensor of Ca2+ that acts as a hub gene, was
identified in this study, and its expression was higher in X149 than in X97 (Figure 5A). Three
CML genes (Glyma03g28650, Glyma19g31395, and Glyma11g33790) with down-regulated
expression in the susceptible line NN1138-2 were very likely to promote SMV infection [37].
Overexpression of a CML named rgs-CaM can enhance resistance to cucumber mosaic virus
(CMV) [81]. These showed that gene Glyma.12G185400 positively regulated SC15 resistance
in X149.

One core gene, Glyma.07G190100, encoding F-box protein, was also identified. The
F-box-domain-containing proteins are a superfamily found in eukaryotic cells, including
plants, yeast, and mammals. Proteins encoded by plant F-box genes play a variety of
roles in developmental processes, including plant hormonal signal transduction, secondary
metabolism, and responses to both biotic and abiotic stresses, etc. [82]. The F-box gene
OsDRF1 was induced by ABA treatment and rice blast fungus Magnaporthe grisea infection.
Overexpressing OsDRF1 in tobacco plants leads to enhanced disease resistance against
tomato mosaic virus (ToMV) and Pseudomonas syringae pv. Tabaci [83]. The expression of
F-box gene TaFBA1 of wheat is induced by oxidative stress. Overexpression of TaFBA1 in
tobacco plants enhanced oxidative stress tolerance through lower ROS accumulation and
higher activities of antioxidant enzymes, including SOD, CAT, and POD, observed in the
transgenic plants than those in WT [84]. This manifested F-box gene was related to ABA
treatment and ROS accumulation. Glyma.07G190100 and other hub genes all belonged to
turquoise module and they owned similar expression profiles. We conjectured that gene
Glyma.07G190100 positively regulated X149 resistance to SC15.

4.5. Change of Antioxidant Enzyme Activities and H2O2 Content in X149 under SC15 Infection

ROS are unavoidable by-products of metabolism [44]. In infected plants, the accumu-
lation of ROS has a dual role. It can promote programmed cell death (PCD) in pathogenic
cells and restrict invading pathogens to the infected places [85]. But excess production of
ROS can damage lipids, proteins, and DNA [86]. So, the production and elimination of
ROS must be tightly regulated. Rbohs, plant NADPH oxidases, are responsible for this
ROS generation [71]. The localization and distribution of RbohD differed in potato virus Y
(PVYNTN)-compatible potatoes and PVYNTN-incompatible potatoes. RbohD localization,
followed by H2O2 detection, was concentrated in the apoplast in the higher-resistance
cultivar, while distribution of RbohD was concentrated in the plant cell organelles in the
lower-resistance cultivar. Further, high induction of RbohD, found in PVYNTN-compatible
potatoes, was associated with necrotization [87]. Scavenging or detoxification of the excess
ROS can be carried out through the enzymatic antioxidants encompassing SOD, POD, and
CAT [85]. In an antioxidant defense mechanism, SOD catalyzes O2•−dismutation to H2O2,
which is later reduced to water and molecular oxygen through CAT, POD, and ascorbate
peroxidase (APX) enzymes catalyzing [88]. In the present study, H2O2 levels and SOD
activity were up-regulated after SC15 infection. These results indicated that ROS, including
H2O2, were generated in X149 after SC15 infection. Meanwhile, the increased activities of
CAT and POD in the resistant line X149 were found after SC15 infection and can reduce the
damage of ROS to cells.
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H2O2 content in resistant soybean cultivar RN-9 was also increased after SC15 infec-
tion [2]. Abundant H2O2 was produced on the cell wall and cell membrane in soybean
resistance cultivar Jidou 7 after SMV strain N3 infection, and could increase callose accu-
mulation [89]. According to regulatory pathways study, we found that flg22 and the Ca2+

regulatory pathway can induce ROS generation. The H2O2 regulatory pathway was an
important SC15-responsive pathway. H2O2 levels were indeed induced to accumulate in
the resistant line X149 when infected with SC15. In summary, we believe that the H2O2
regulatory pathway may depend on flg22 and the Ca2+ regulatory pathway to induce ROS
generation in the resistance of X149 to SC15.

5. Conclusions

In this study, a co-expression network of weighted genes associated with X149 SC15-
resistant traits was constructed to identify 15 target modules. Eight target gene modules
were significantly associated with SC15 infection. KEGG pathway enrichment analy-
sis showed 2256 DEGs of eight modules enriched the top three pathways, which were
pathogen-resistance-related pathways, MAPK signaling pathway, and plant hormone signal
transduction pathway. In total, 147 DEGs were included in top three pathways, and among
these, 36 DEGs could annotate four complete pathways, including flg22, Ca2+, H2O2, and
ABA regulatory pathways. The expression levels of 33 DEGs out of 36 DEGs were higher in
resistant line X149 than in susceptible line X97. Four complete regulatory pathways were
hypothesized to positively regulate soybean resistance. Meanwhile, the 30 most highly
connected hub genes belonging to the turquoise module were identified. Among three
hub genes, Glyma.01G225100 (PP2C), Glyma.04G175300 (CDPK), and Glyma.16G031900
(WRKY22) were annotated in the ABA, Ca2+, and H2O2 regulatory pathways and their
expressions in X149 were greater than in X97. This can further verify the accuracy of the
resistance regulatory pathways. Further, other hub genes, Glyma.12G185400 (CMLs) and
F-box protein gene Glyma.07G190100, were reported to be involved in biotic and abiotic
stresses and their expressions were higher in resistant line X149 than in susceptible line
X97. These two hub genes were thought to positively regulate soybean resistance. We
also found H2O2 levels were up-regulated after SC15 infection. We believe that the H2O2
regulatory pathway may depend on flg22 and the Ca2+ regulatory pathway to induce
ROS generation. The results of this study benefit further understanding of the molecular
mechanisms of SC15 resistance and provide a new gene resource for future SC15 resistance
breeding in soybean.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/genes15050566/s1, Figure S1: Functional annotation of
10,190 DEGs. (A) GO annotations analysis. (B) KEGG annotations analysis; Figure S2: Clustering
dendrograms of samples. (A) Dendrogram of all 36 samples. The one outlier sample is written in
red fonts. (B) Dendrogram of 35 samples after removing the one outlier. Table S1: Primers used for
RT-qPCR; Table S2: A statistical summary for all RNA-Seq samples; Table S3: GO annotation analysis
of 10,190 DEGs; Table S4: Information of 2256 DEGs in 8 modules related to SC15 resistance; Table
S5: Information of the most highly connected 30 hub genes; Table S6: DEGs ID information of three
major resistance-related pathways.

Author Contributions: W.D. designed the research. J.N., J.Z. (Jing Zhao), Q.G., H.Z., A.Y., J.Z.
(Jinzhong Zhao), C.Y. and M.W. performed the experiments and analyzed the data. J.N. drafted the
manuscript. W.D. revised the paper. All authors have read and agreed to the published version of the
manuscript.

Funding: This study was supported by the National Key Research and Development Program
of China (2021YFD1600601-2), The Central Guidance for Local Science and Technology Develop-
ment Projects (No.YDZJSX2022A035), Science and Technology Major Project of Shanxi Province
(202201140601025-3-06), The Science and Technology Innovation Fund of Shanxi Agricultural Uni-
versity (2018YJ29), Shanxi Breeding Innovation Joint Research and Development Projects in 2023
(YZGG-03-04), and Construction of Modern Agricultural Industry Technology System in Shanxi
Province in 2023 (2023CYJSTX05-07).

https://www.mdpi.com/article/10.3390/genes15050566/s1


Genes 2024, 15, 566 19 of 22

Institutional Review Board Statement: This study did not include any research involving human or
animal subjects.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/supplementary material.

Acknowledgments: We thank Haijian Zhi (Nanjing Agricultural University) for providing the
SC15 strain.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References
1. Hill, J.H.; Bailey, T.B.; Benner, H.I.; Tachibana, H.; Durand, D.P. Soybean mosaic virus: Effects of primary disease incidence on yield

and seed quality. Plant Dis. 1987, 71, 237–239. [CrossRef]
2. Ren, R.; Liu, S.C.; Karthikeyan, A.; Wang, T.; Niu, H.P.; Yin, J.L.; Yang, Y.H.; Wang, L.Q.; Yang, Q.H.; Zhi, H.J.; et al. Fine-mapping

and identification of a novel locus Rsc15 underlying soybean resistance to soybean mosaic virus. Theor. Appl. Genet. 2017, 130,
2395–2410.

3. Wrather, J.A.; Anderson, T.R.; Arsyad, D.M.; Tan, Y.; Ploper, L.D.; Porta-Puglia, A.; Ram, H.H.; Yorinori, J.T. Soybean disease loss
estimates for the top ten soybean-producing countries in 1998. Can. J. Plant Pathol. 2001, 23, 115–121. [CrossRef]

4. Usovsky, M.; Chen, P.Y.; Li, D.X.; Wang, A.M.; Shi, A.N.; Zheng, C.M.; Shakiba, E.; Lee, D.H.; Vieira, C.C.; Lee, Y.C.; et al. Decades
of genetic research on soybean mosaic virus resistance in soybean. Viruses 2022, 14, 1122. [CrossRef] [PubMed]

5. Takahashi, K.; Tanaka, T.; Iida, W.; Tsuda, Y. Studies on virus diseases and causal viruses of soybean in Japan. Bull. Tohoku Natl.
Agric. Exp. Stn. 1980, 62, 1–130.

6. Cho, E.K.; Goodman, R.M. Strains of soybean mosaic virus: Classification based on virulence in resistant soybean cultivars.
Phytopathology 1979, 69, 467–470. [CrossRef]

7. Guo, D.Q.; Zhi, H.J.; Wang, Y.W.; Gai, J.Y.; Zhou, X.A.; Yang, C.L.; Li, K.; Chao, L.H. Identifcation and distribution of soybean
mosaic virus strains in Middle and Northern Huang Huai Region of China. Chin. J. Oil Crop Sci. 2005, 27, 64–68.

8. Li, K.; Xia, Y.C.; Wang, D.G.; Yang, Y.Q.; Ren, R.; Gao, L.; Zhang, K.; Zhi, H.J. Analysis of dynamic change of soybean mosaic virus
strains in Heilongjiang province of China. Soybean Sci. 2014, 33, 880–884.

9. Jiang, H.; Li, K.; Gai, J. Agrobacterium rhizogenes-induced soybean hairy roots versus soybean mosaic virus (ARISHR-SMV) is an
efficient pathosystem for studying soybean-virus interactions. Plant Methods 2019, 15, 1–11. [CrossRef]

10. Wang, X.Q.; Gai, J.Y.; Pu, Z.Q. Classifcation and distribution of strain groups of soybean mosaic virus in middle and lower
Huang-Huai and Changjiang valleys. Soybean Sci. 2003, 22, 102–107.

11. Wang, Y.W.; Zhi, H.J.; Guo, D.Q.; Gai, J.Y.; Chen, Q.S.; Li, K.; Li, H.C. Classifcation and distribution of strain groups of soybean
mosaic virus in northern China spring planting soybean region. Soybean Sci. 2005, 24, 263–268.

12. Wang, D.G.; Li, H.W.; Zhi, H.J.; Tian, Z.; Hu, C.; Hu, G.Y.; Zhi, H.J.; Zhang, L. Identifcation of strains and screening of resistance
resources to soybean mosaic virus in Anhui Province. Chin. J. Oil Crop Sci. 2014, 36, 374–379.

13. Zhan, Y.; Zhi, H.J.; Yu, D.Y.; Gai, J.Y. Identifcation and distribution of SMV strains in Huang-Huai valleys. Sci. Agric. Sin. 2006, 39,
2009–2015.

14. Galvez, L.C.; Banerjee, J.; Pinar, H.; Mitra, A. Engineered plant virus resistance. Plant Sci. 2014, 228, 11–25. [CrossRef] [PubMed]
15. Widyasari, K.; Alazem, M.; Kim, K.H. Soybean resistance to soybean mosaic virus. Plants 2020, 9, 219. [CrossRef]
16. Hayes, A.J.; Ma, G.R.; Buss, G.R.; Maroof, M.S. Molecular marker mapping of Rsv4, a gene conferring resistance to all known

strains of soybean mosaic virus. Crop Sci. 2000, 40, 1434–1437. [CrossRef]
17. Jin, T.T.; Yin, J.L.; Wang, T.; Xue, S.; Li, B.W.; Zong, T.X.; Yang, Y.H.; Liu, H.; Liu, M.Z.; Xu, K.; et al. RSC3K of soybean cv. Kefeng

No. 1 confers resistance to soybean mosaic virus by interacting with the viral protein P3. J. Integr. Plant Biol. 2022, 65, 838–853.
[CrossRef]

18. Luan, H.X.; Zhong, Y.K.; Wang, D.G.; Ren, R.; Gao, L.; Zhi, H.J. Genetic analysis and fine-mapping of soybean mosaic virus SC7 and
SC13 resistance genes in soybean (Glycine max). Crop Pasture Sci. 2020, 71, 477–483. [CrossRef]

19. Shen, Y.; Xie, L.J.; Chen, B.Y.; Cai, H.; Chen, Y.Y.; Zhi, H.J.; Li, K. Fine mapping of the RSC9 gene and preliminary functional
analysis of candidate resistance genes in soybean (Glycine max). Plant Breed. 2022, 141, 49–62. [CrossRef]

20. Wang, D.G.; Li, K.; Zhi, H.J. Progresses of resistance on soybean mosaic virus in soybean. Sci. Agric. Sin. 2018, 51, 3040–3059.
21. Wang, D.G.; Chen, S.N.; Huang, Z.P.; Yu, G.Y.; Wu, Q.; Hu, G.Y.; Li, J.K. Inheritance and gene mapping of resistance to soybean

mosaic virus strain SC3 in soybean cultivar Wandou 33. Chin. J. Oil Crop Sci. 2019, 41, 531–536.
22. Lin, J.; Lan, Z.J.; Hou, W.H.; Yang, C.Y.; Wang, D.G.; Zhang, M.C.; Zhi, H.J. Identification and fine-mapping of a genetic locus

underlying soybean tolerance to SMV infections. Plant Sci. 2020, 292, 110367. [CrossRef] [PubMed]
23. Zhang, Y.; Song, J.L.; Wang, L.; Yang, M.P.; Hu, K.F.; Li, W.W.; Sun, X.H.; Xue, H.; Dong, Q.Z.; Zhang, M.M.; et al. Identifying

quantitative trait loci and candidate genes conferring resistance to soybean mosaic virus SC7 by quantitative trait loci-sequencing in
soybean. Front. Plant Sci. 2022, 13, 843633. [CrossRef] [PubMed]

https://doi.org/10.1094/PD-71-0237
https://doi.org/10.1080/07060660109506918
https://doi.org/10.3390/v14061122
https://www.ncbi.nlm.nih.gov/pubmed/35746594
https://doi.org/10.1094/Phyto-69-467
https://doi.org/10.1186/s13007-019-0442-8
https://doi.org/10.1016/j.plantsci.2014.07.006
https://www.ncbi.nlm.nih.gov/pubmed/25438782
https://doi.org/10.3390/plants9020219
https://doi.org/10.2135/cropsci2000.4051434x
https://doi.org/10.1111/jipb.13401
https://doi.org/10.1071/CP19548
https://doi.org/10.1111/pbr.12987
https://doi.org/10.1016/j.plantsci.2019.110367
https://www.ncbi.nlm.nih.gov/pubmed/32005375
https://doi.org/10.3389/fpls.2022.843633
https://www.ncbi.nlm.nih.gov/pubmed/35295631


Genes 2024, 15, 566 20 of 22

24. Chu, J.H.; Li, W.L.; Piao, D.R.; Lin, F.; Huo, X.B.; Zhang, H.; Du, H.; Kong, Y.B.; Jin, Y.; Li, X.H.; et al. Identification of a major QTL
related to resistance to soybean mosaic virus in diverse soybean genetic populations. Euphytica 2021, 217, 1–11. [CrossRef]

25. Li, M.; Liu, N.X.; Ma, Q.B.; Lian, T.X.; Cai, Z.D.; Nian, H. Fine mapping and analyses of the RSC15ZH resistance candidate gene
for the soybean mosaic virus. Euphytica 2020, 216, 1–11. [CrossRef]

26. Li, Y.; Liu, X.L.; Deng, W.J.; Liu, J.H.; Fang, Y.; Liu, Y.; Ma, T.S.; Zhang, Y.; Xue, Y.G.; Tang, X.F.; et al. Fine mapping the soybean
mosaic virus resistance gene in soybean cultivar Heinong 84 and development of CAPS Markers for rapid identification. Viruses
2022, 14, 2533. [CrossRef] [PubMed]

27. Wu, M.; Liu, Y.N.; Zhang, C.; Liu, X.T.; Liu, C.C.; Guo, R.; Niu, K.X.; Zhu, A.Q.; Yang, J.Y.; Chen, J.Q.; et al. Molecular mapping of
the gene(s) conferring resistance to soybean mosaic virus and bean common mosaic virus in the soybean cultivar Raiden. Theor.
Appl. Genet. 2019, 132, 3101–3114. [CrossRef] [PubMed]

28. Zhao, X.; Jing, Y.; Luo, Z.H.; Gao, S.N.; Teng, W.L.; Zhan, Y.H.; Qiu, L.J.; Zheng, H.K.; Li, W.B.; Han, Y.P. GmST1, which encodes a
sulfotransferase, confers resistance to soybean mosaic virus strains G2 and G3. Plant. Cell Environ. 2021, 44, 2777–2792. [CrossRef]
[PubMed]

29. Chen, S.Y.; Wang, D.G.; Zheng, G.J.; Ma, Y.; Yang, Z.L.; Cao, D.D.; Huang, Y.T.; Zhi, H.J. Inheritance and gene mapping of
resistance to soybean mosaic virus strain SC13 in soybean[Glycine soja Sieb. & Zucc.]. J. Plant Genet. Resour. 2020, 21, 139–145.

30. Tran, P.T.; Widyasari, K.; Seo, J.K.; Kim, K.H. Isolation and validation of a candidate Rsv3 gene from a soybean genotype that
confers strain-specific resistance to soybean mosaic virus. Virology 2018, 513, 153–159. [CrossRef]

31. Li, N.; Yin, J.L.; Li, C.; Wang, D.G.; Yang, Y.Q.; Karthikeyan, A.; Luan, H.X.; Zhi, H.J. NB-LRR gene family required for
Rsc4-mediated resistance to soybean mosaic virus. Crop Pasture Sci. 2016, 67, 541–552. [CrossRef]

32. Yin, J.L.; Wang, L.Q.; Jin, T.T.; Nie, Y.; Liu, H.; Qiu, Y.L.; Yang, Y.H.; Li, B.W.; Zhang, J.J.; Wang, D.G.; et al. A cell wall-localized
NLR confers resistance to soybean mosaic virus by recognizing viral-encoded cylindrical inclusion protein. Mol. Plant 2021, 14,
1881–1900. [CrossRef] [PubMed]

33. Ren, Q.Y.; Jiang, H.; Xiang, W.Y.; Nie, Y.; Xue, S.; Zhi, H.J.; Li, K.; Gai, J.Y. A MADS-box gene is involved in soybean resistance to
multiple soybean mosaic virus strains. Crop J. 2022, 10, 802–808. [CrossRef]

34. Díaz-Cruz, G.A.; Cassone, B.J. A tale of survival: Molecular defense mechanisms of soybean to overcome soybean mosaic virus
infection. Physiol. Mol. Plant Pathol. 2018, 102, 79–87. [CrossRef]

35. Alazem, M.; Tseng, K.C.; Chang, W.C.; Seo, J.K.; Kim, K.H. Elements involved in the Rsv3-mediated extreme resistance against an
avirulent strain of soybean mosaic virus. Viruses 2018, 10, 581–597. [CrossRef]

36. Zhao, Q.Q.; Li, H.N.; Sun, H.Y.; Li, A.G.; Liu, S.X.; Yu, R.N.; Cui, X.Q.; Zhang, D.J.; Wuriyanghan, H.D. Salicylic acid and
broad spectrum of NBS-LRR family genes are involved in SMV-soybean interactions. Plant Physiol. Biochem. 2018, 123, 132–140.
[CrossRef]

37. Yuan, Y.; Yang, Y.Q.; Yin, J.L.; Shen, Y.C.; Li, B.W.; Wang, L.Q.; Zhi, H.J. Transcriptome-based discovery of genes and networks
related to RSC3Q-mediated resistance to soybean mosaic virus in soybean. Crop Pasture Sci. 2020, 71, 987–995. [CrossRef]

38. Chen, Y.Y.; Shen, Y.; Chen, B.Y.; Xie, L.J.; Xiao, Y.M.; Chong, Z.; Cai, H.; Xing, G.N.; Zhi, H.J.; Li, K. Comparative transcriptome
analyses between resistant and susceptible varieties in response to soybean mosaic virus infection. Agronomy 2022, 12, 1785.
[CrossRef]

39. Li, H.; Liu, J.Y.; Yuan, X.X.; Chen, X.; Cui, X.Y. Comparative transcriptome analysis reveals key pathways and regulatory networks
in early resistance of Glycine max to soybean mosaic virus. Front. Microbiol. 2023, 14, 1241076–1241096. [CrossRef]

40. Langfelder, P.; Horvath, S. WGCNA: An R package for weighted correlation network analysis. BMC Bioinf. 2008, 9, 1–13.
[CrossRef]

41. Zhang, Z.M.; Chang, X.F.; Luo, S.X.; Wang, Y.H.; Xuan, S.X.; Zhao, J.J.; Shen, S.X.; Ma, W.; Chen, X.P. Transcriptome analysis of
two pepper genotypes infected with pepper mild mottle virus. Front. Genet. 2023, 14, 1164730–1164745. [CrossRef] [PubMed]

42. Peng, J.C.; Wang, P.; Fang, H.R.; Zheng, J.M.; Zhong, C.; Yang, Y.J.; Yu, W.J. Weighted gene co-expression analysis network-based
analysis on the candidate pathways and hub genes in eggplant bacterial wilt-resistance: A plant research study. Int. J. Mol. Sci.
2021, 22, 13279–13298. [CrossRef] [PubMed]

43. Niu, J.P.; Yang, C.N.; Zhao, J.Z.; Chen, Y.T.; Wang, Y.X.; Li, L.; Wang, M.; Yue, A.Q.; Du, W.J. Genome-wide association mapping of
resistance to soybean mosaic virus SC7 and SC15 in soybean. Chin. J. Oil Crop Sci. 2024, 46, 166–174.

44. Liu, Z.M.; Faizan, M.; Chen, C.; Zheng, L.H.; Yu, F.Y. The combined analysis of transcriptome and antioxidant enzymes revealed
the mechanism of EBL and ZnO NPs enhancing Styrax tonkinensis seed abiotic stress resistance. Genes 2022, 13, 2170–2188.
[CrossRef] [PubMed]

45. Wu, Q.B.; Pan, Y.B.; Su, Y.C.; Zou, W.H.; Xu, F.; Sun, T.T.; Grisham, M.P.; Yang, S.L.; Xu, L.P.; Que, Y.X. WGCNA identifies a
comprehensive and dynamic gene co-expression network that associates with smut resistance in sugarcane. Int. J. Mol. Sci. 2022,
23, 10770. [CrossRef] [PubMed]

46. Chen, S.F.; Zhou, Y.Q.; Chen, Y.R.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890.
[CrossRef]

47. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357–360. [CrossRef] [PubMed]

48. Deng, Y.Y.; Li, J.Q.; Wu, S.F.; Zhu, Y.P.; Chen, Y.W.; He, F.C. Integrated nr database in protein annotation system and its localization.
Comput. Eng. 2006, 32, 71–74.

https://doi.org/10.1007/s10681-021-02907-8
https://doi.org/10.1007/s10681-020-02581-2
https://doi.org/10.3390/v14112533
https://www.ncbi.nlm.nih.gov/pubmed/36423142
https://doi.org/10.1007/s00122-019-03409-x
https://www.ncbi.nlm.nih.gov/pubmed/31432199
https://doi.org/10.1111/pce.14066
https://www.ncbi.nlm.nih.gov/pubmed/33866595
https://doi.org/10.1016/j.virol.2017.10.014
https://doi.org/10.1071/CP15165
https://doi.org/10.1016/j.molp.2021.07.013
https://www.ncbi.nlm.nih.gov/pubmed/34303025
https://doi.org/10.1016/j.cj.2021.10.003
https://doi.org/10.1016/j.pmpp.2017.11.006
https://doi.org/10.3390/v10110581
https://doi.org/10.1016/j.plaphy.2017.12.011
https://doi.org/10.1071/CP20253
https://doi.org/10.3390/agronomy12081785
https://doi.org/10.3389/fmicb.2023.1241076
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.3389/fgene.2023.1164730
https://www.ncbi.nlm.nih.gov/pubmed/37152997
https://doi.org/10.3390/ijms222413279
https://www.ncbi.nlm.nih.gov/pubmed/34948076
https://doi.org/10.3390/genes13112170
https://www.ncbi.nlm.nih.gov/pubmed/36421844
https://doi.org/10.3390/ijms231810770
https://www.ncbi.nlm.nih.gov/pubmed/36142681
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1038/nmeth.3317
https://www.ncbi.nlm.nih.gov/pubmed/25751142


Genes 2024, 15, 566 21 of 22

49. Apweiler, R.; Bairoch, A.; Wu, C.H.; Barker, W.C.; Boeckmann, B.; Ferro, S.; Gasteiger, E.; Huang, H.; Lopez, R.; Magrane, M.
UniProt: The universal protein knowledgebase. Nucleic Acids Res. 2004, 32, 115–119. [CrossRef]

50. Finn, R.D.; Alex, B.; Jody, C.; Penelope, C.; Eberhardt, R.Y.; Eddy, S.R.; Andreas, H.; Kirstie, H.; Liisa, H.; Jaina, M. Pfam: The
protein families database. Nucleic Acids Res. 2014, 42, D222–D230. [CrossRef]

51. Tatusov, R.L.; Galperin, M.Y.; Natale, D.A.; Koonin, E.V. The COG database: A tool for genome-scale analysis of protein functions
and evolution. Nucleic Acids Res. 2000, 28, 33–36. [CrossRef] [PubMed]

52. Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, J.T. Gene
ontology: Tool for the unification of biology. Nat. Genet. 2000, 25, 25–29. [CrossRef] [PubMed]

53. Kanehisa, M.; Goto, S.; Kawashima, S.; Okuno, Y.; Hattori, M. The KEGG resource for deciphering the genome. Nucleic Acids Res.
2004, 32, D277–D280. [CrossRef] [PubMed]

54. Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC
Bioinf. 2011, 12, 1–16. [CrossRef] [PubMed]

55. Hastie, T.; Tibshirani, R.; Balasubramanian, N.; Chu, G. Impute: Imputation for Microarray Data, R package version 1.42. 0; 2017.
Available online: https://bioconductor.org/packages/devel/bioc/html/impute.html (accessed on 23 April 2024).

56. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 1–21. [CrossRef] [PubMed]

57. Ren, Y.; Yu, G.; Shi, C.P.; Liu, L.M.; Guo, Q.; Han, C.; Zhang, D.; Zhang, L.; Liu, B.X.; Gao, H.; et al. Majorbio Cloud: A one-stop,
comprehensive bioinformatic platform for multiomics analyses. IMeta 2022, 1, e12. [CrossRef]

58. Luo, C.B.; Li, Y.Q.; Liao, H.; Yang, Y.J. De novo transcriptome assembly of the bamboo snout beetle Cyrtotrachelus buqueti reveals
ability to degrade lignocellulose of bamboo feedstock. Biotechnol. Biofuels 2018, 11, 1–20. [CrossRef]

59. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]

60. Xie, C.; Mao, X.Z.; Huang, J.J.; Ding, Y.; Wu, J.M.; Dong, S.; Kong, L.; Gao, G.; Li, C.Y.; Wei, L.P. KOBAS 2.0: A web server for
annotation and identification of enriched pathways and diseases. Nucleic Acids Res. 2011, 39, 316–322. [CrossRef]

61. Shen, Y.C.; Karthikeyan, A.; Yang, Y.H.; Ma, N.; Yin, J.L.; Yuan, Y.; Wang, L.Q.; Zhi, H.J. Functional Analysis of A Soybean
Ferredoxin-NADP Reductase (FNR) Gene in Response to soybean Mosaic Virus. Agronomy 2021, 11, 1592. [CrossRef]

62. Macho, A.P.; Zipfel, C. Plant PRRs and the activation of innate immune signaling. Mol. Cell 2014, 54, 263–272. [CrossRef]
[PubMed]

63. Zvereva, A.S.; Golyaev, V.; Turco, S.; Gubaeva, E.G.; Rajeswaran, R.; Schepetilnikov, M.V.; Srour, O.; Ryabova, A.L.; Boller, T.;
Pooggin, M.M. Viral protein suppresses oxidative burst and salicylic acid-dependent autophagy and facilitates bacterial growth
on virus-infected plants. New Phytol. 2016, 211, 1020–1034. [CrossRef] [PubMed]

64. Marcec, M.J.; Tanaka, K. Crosstalk between calcium and ROS signaling during flg22-triggered immune response in Arabidopsis
leaves. Plants 2022, 11, 14. [CrossRef] [PubMed]

65. Garnelo, G.B.; Zhang, D.; Rosas-Díaz, T.; Wei, Y.L.; Macho, A.P.; Lozano-Durán, R. The C4 protein from tomato yellow leaf curl
virus can broadly interact with plant receptor-like kinases. Viruses 2019, 11, 1009. [CrossRef] [PubMed]

66. Allan, A.C.; Lapidot, M.; Culver, J.N.; Fluhr, R. An early tobacco mosaic virus-induced oxidative burst in tobacco indicates
extracellular perception of the virus coat protein. Plant Physiol. 2001, 126, 97–108. [CrossRef] [PubMed]

67. Sun, X.; Wang, Y.; Pan, B.S.; Xu, W.Y.; Zhang, S.L. Transcriptome analysis of pear leaves in response to calcium treatment during
botryosphaeria dothidea infection. Phytopathology 2021, 111, 1638–1647. [CrossRef] [PubMed]

68. Cheval, C.; Aldon, D.; Galaud, J.P.; Ranty, B. Calcium/calmodulin-mediated regulatory of plant immunity. Biochim. Biophys. Acta
Mol. Cell Res. 2013, 1833, 1766–1771. [CrossRef]

69. Dekomah, S.D.; Bi, Z.Z.; Dormatey, R.; Wang, Y.H.; Haider, F.U.; Sun, C.; Yao, P.F.; Bai, J.P. The role of CDPKs in plant development,
nutrient and stress signaling. Front. Genet. 2022, 13, 996203. [CrossRef]

70. Nozaki, M.; Kita, K.; Kodaira, T.; Ishikawa, A. AtRbohF contributes to non-host resistance to Magnaporthe oryzae in Arabidopsis.
Biosci. Biotechnol. Biochem. 2013, 77, 1323–1325. [CrossRef]

71. Otulak-Kozieł, K.; Kozieł, E.; Bujarski, J.J.; Frankowska-Łukawska, J.; Torres, M.A. Respiratory burst oxidase homologs rbohd
and rbohf as key modulating components of response in Turnip mosaic Virus—Arabidopsis thaliana (L.) Heyhn System. Int. J. Mol.
Sci. 2020, 21, 8510. [CrossRef]

72. Rentel, M.C.; Lecourieux, D.; Ouaked, F.; Usher, S.L.; Petersen, L.; Okamoto, H.; Knight, H.; Peck, S.C.; Grierson, C.S.; Hirt, H.;
et al. OXI1 kinase is necessary for oxidative burst-mediated signalling in Arabidopsis. Nature 2004, 427, 858–861. [CrossRef]

73. Fujita, M.; Fujita, Y.; Noutoshi, Y.; Takahashi, F.; Narusaka, Y.; Yamaguchi-Shinozaki, K.; Shinozaki, K. Crosstalk between abiotic
and biotic stress responses: A current view from the points of convergence in the stress signaling networks. Curr. Opin. Plant Biol.
2006, 9, 436–442. [CrossRef] [PubMed]

74. Alazem, M.; Bwalya, J.; Hsuan, P.; Yu, J.; Chu, H.C.; Burch-Smith, T.; Kim, K.H. Viral synergism suppresses R gene-mediated
resistance by impairing downstream defense mechanisms in soybean. Plant Physiol. 2023, 192, 3088–3105. [CrossRef] [PubMed]

75. Ramos, R.N.; Martin, G.B.; Pombo, M.A.; Rosli, H.G. WRKY22 and WRKY25 transcription factors are positive regulators of
defense responses in Nicotiana benthamiana. Plant Mol. Biol. 2021, 105, 65–82. [CrossRef]

76. Sarowar, S.; Alam, S.T.; Makandar, R.; Lee, Y.; Trick, H.N.; Dong, Y.H.; Shah, J. Targeting the pattern-triggered immunity pathway
to enhance resistance to Fusarium graminearum. Mol. Plant Pathol. 2019, 20, 626–640. [CrossRef]

https://doi.org/10.1093/nar/gkh131
https://doi.org/10.1093/nar/gkt1223
https://doi.org/10.1093/nar/28.1.33
https://www.ncbi.nlm.nih.gov/pubmed/10592175
https://doi.org/10.1038/75556
https://www.ncbi.nlm.nih.gov/pubmed/10802651
https://doi.org/10.1093/nar/gkh063
https://www.ncbi.nlm.nih.gov/pubmed/14681412
https://doi.org/10.1186/1471-2105-12-323
https://www.ncbi.nlm.nih.gov/pubmed/21816040
https://bioconductor.org/packages/devel/bioc/html/impute.html
https://doi.org/10.1186/s13059-014-0550-8
https://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1002/imt2.12
https://doi.org/10.1186/s13068-018-1291-9
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/nar/gkr483
https://doi.org/10.3390/agronomy11081592
https://doi.org/10.1016/j.molcel.2014.03.028
https://www.ncbi.nlm.nih.gov/pubmed/24766890
https://doi.org/10.1111/nph.13967
https://www.ncbi.nlm.nih.gov/pubmed/27120694
https://doi.org/10.3390/plants11010014
https://www.ncbi.nlm.nih.gov/pubmed/35009017
https://doi.org/10.3390/v11111009
https://www.ncbi.nlm.nih.gov/pubmed/31683645
https://doi.org/10.1104/pp.126.1.97
https://www.ncbi.nlm.nih.gov/pubmed/11351074
https://doi.org/10.1094/PHYTO-10-20-0458-R
https://www.ncbi.nlm.nih.gov/pubmed/33471562
https://doi.org/10.1016/j.bbamcr.2013.01.031
https://doi.org/10.3389/fgene.2022.996203
https://doi.org/10.1271/bbb.130092
https://doi.org/10.3390/ijms21228510
https://doi.org/10.1038/nature02353
https://doi.org/10.1016/j.pbi.2006.05.014
https://www.ncbi.nlm.nih.gov/pubmed/16759898
https://doi.org/10.1093/plphys/kiad255
https://www.ncbi.nlm.nih.gov/pubmed/37099452
https://doi.org/10.1007/s11103-020-01069-w
https://doi.org/10.1111/mpp.12781


Genes 2024, 15, 566 22 of 22

77. Alazem, M.; Lin, K.Y.; Lin, N.S. The abscisic acid pathway has multifaceted effects on the accumulation of Bamboo mosaic virus.
Mol. Plant Microbe Interact. 2014, 27, 177–189. [CrossRef] [PubMed]

78. Li, S.H.; Liu, S.; Zhang, Q.; Cui, M.X.; Zhao, M.; Li, N.Y.; Wang, S.N.; Wu, R.G.; Zhang, L.; Cao, Y.P.; et al. The interaction of ABA
and ROS in plant growth and stress resistances. Front. Plant Sci. 2022, 13, 1050132. [CrossRef] [PubMed]

79. Seo, J.K.; Kwon, S.J.; Cho, W.K.; Choi, H.S.; Kim, K.H. Type 2C protein phosphatase is a key regulator of antiviral extreme
resistance limiting virus spread. Sci. Rep. 2014, 4, 5905. [CrossRef] [PubMed]

80. Song, J.; Sun, P.P.; Kong, W.N.; Xie, Z.Z.; Li, C.L.; Liu, J.H. SnRK2. 4-mediated phosphorylation of ABF2 regulates arginine
decarboxylase expression and putrescine accumulation under drought stress. New Phytol. 2023, 238, 216–236. [CrossRef]

81. Jeon, E.J.; Tadamura, K.; Murakami, T.; Murakami, T.; Inaba, J.; Kim, B.M.; Sato, M.; Atsumi, G.; Kuchitsu, K.; Masuta, C.;
et al. rgs-CaM detects and counteracts viral RNA silencing suppressors in plant immune priming. J. Virol. 2017, 91, e00761-17.
[CrossRef]

82. Zhang, X.B.; Gonzalez-Carranza, Z.H.; Zhang, S.L.; Miao, Y.C.; Liu, C.J.; Roberts, J.A. F-Box proteins in plants. Annu. Plant Rev.
2019, 2, 307–328.

83. Cao, Y.F.; Yang, Y.Y.; Zhang, H.J.; Li, D.Y.; Zheng, Z.; Song, F.M. Overexpression of a rice defense-related F-box protein gene
OsDRF1 in tobacco improves disease resistance through potentiation of defense gene expression. Physiol. Plant. 2008, 134, 440–452.
[CrossRef] [PubMed]

84. Zhou, S.M.; Kong, X.Z.; Kang, H.H.; Sun, X.D.; Wang, W. The involvement of wheat F-box protein gene TaFBA1 in the oxidative
stress tolerance of plants. PLoS ONE 2015, 10, e0122117. [CrossRef] [PubMed]

85. Sehrish, A.; Wei, Y.; Yuan, Y.; Khan, M.T.; Qin, L.F.; Powell, C.A.; Chen, B.S.; Zhang, M.Q. Gene expression profiling of reactive
oxygen species (ROS) and antioxidant defense system following Sugarcane mosaic virus (SCMV) infection. BMC Plant Biol. 2020,
20, 1–12.

86. Garg, N.; Manchanda, G. ROS generation in plants: Boon or bane? Plant Biosyst. 2009, 143, 81–96. [CrossRef]
87. Otulak-Kozieł, K.; Kozieł, E.; Valverde, R.A. The respiratory burst oxidase homolog D (RbohD) cell and tissue distribution in

potato-potato virus Y (PVYNTN) hypersensitive and susceptible reactions. Int. J. Mol. Sci. 2019, 20, 2741. [CrossRef]
88. Sharma, P.; Jha, A.B.; Dubey, R.S.; Pessarakli, M. Reactive oxygen species, oxidative damage, and antioxidative defense mechanism

in plants under stressful conditions. Aust. J. Bot. 2012, 2012, 217037. [CrossRef]
89. Sun, T.J.; Sun, X.Z.; Li, F.K.; Ma, N.; Wang, M.X.; Chen, Y.; Liu, N.; Jin, Y.; Zhang, J.; Hou, C.Y.; et al. H2O2 mediates transcriptome

reprogramming during soybean mosaic virus-induced callose deposition in soybean. Crop J. 2021, 10, 262–272. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1094/MPMI-08-13-0216-R
https://www.ncbi.nlm.nih.gov/pubmed/24224533
https://doi.org/10.3389/fpls.2022.1050132
https://www.ncbi.nlm.nih.gov/pubmed/36507454
https://doi.org/10.1038/srep05905
https://www.ncbi.nlm.nih.gov/pubmed/25082428
https://doi.org/10.1111/nph.18526
https://doi.org/10.1128/JVI.00761-17
https://doi.org/10.1111/j.1399-3054.2008.01149.x
https://www.ncbi.nlm.nih.gov/pubmed/18573188
https://doi.org/10.1371/journal.pone.0122117
https://www.ncbi.nlm.nih.gov/pubmed/25906259
https://doi.org/10.1080/11263500802633626
https://doi.org/10.3390/ijms20112741
https://doi.org/10.1155/2012/217037
https://doi.org/10.1016/j.cj.2021.04.005

	Introduction 
	Materials and Methods 
	Plant Materials, SC15 Inoculation, and Detection of SMV Virus 
	RNA Extraction, Library Preparation, and Sequencing 
	Analysis of RNA-Seq Data 
	Gene Co-Expression Network Analysis 
	RT-qPCR Analysis 
	SOD, CAT, POD Activity, and H2O2 Content Assays 

	Results 
	Detection of SMV Virus in Soybean Lines 
	Transcriptome Sequencing Data Analysis 
	Identification of DEGs 
	Functional Annotation of DEGs 
	Gene Co-Expression Network Analysis 
	Validation of RNA-Seq Data by RT-qPCR 
	KEGG Pathway Enrichment Analysis of DEGs of Eight Modules 
	Key Regulatory Pathways in the Plant–Pathogen Interaction Pathway, MAPK Signaling Pathway, and Plant Hormone Signal Transduction Pathway Analysis 
	Assay of SOD, CAT, and POD Activitives and H2O2 Level in X149 

	Discussion 
	flg22 Regulatory Pathway as Crucial SC15-Responsive Pathway 
	Ca2+ and H2O2 Regulatory Pathways as Crucial SC15-Responsive Pathways 
	ABA Regulatory Pathway as Crucial SC15-Responsive Pathway 
	Candidate SC15-Resistance Hub Gene Mining 
	Change of Antioxidant Enzyme Activities and H2O2 Content in X149 under SC15 Infection 

	Conclusions 
	References

