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Weighted gene co-expression
network analysis identifies
genes related to HG Type 0
resistance and verification of
hub gene GmHg1

Haipeng Jiang1†, Changjun Zhou2†, Jinglin Ma1†, Shuo Qu1,
Fang Liu1, Haowen Sun1, Xue Zhao1* and Yingpeng Han1*

1Key Laboratory of Soybean Biology in Chinese Ministry of Education (Key Laboratory of Soybean
Biology and Breeding/Genetics of Chinese Agriculture Ministry), Northeast Agricultural University,
Harbin, China, 2Soybean Molecular Breeding Faculty Daqing Branch, Heilongjiang Academy of
Agricultrual Science, Daqing, China
Introduction: The soybean cyst nematode (SCN) is a major disease in soybean

production thatseriously affects soybean yield. At present, there are no studies on

weighted geneco-expression network analysis (WGCNA) related to SCN resistance.

Methods: Here, transcriptome data from 36 soybean roots under SCN HG Type 0

(race 3) stresswere used in WGCNA to identify significant modules.

Results and Discussion: A total of 10,000 differentially expressed genes and 21

modules were identified, of which themodulemost related to SCNwas turquoise. In

addition, the hub gene GmHg1 with high connectivity was selected, and its function

was verified. GmHg1 encodes serine/threonine protein kinase (PK), and the

expression of GmHg1 in SCN-resistant cultivars (‘Dongnong L-204’) and SCN-

susceptible cultivars (‘Heinong 37’) increased significantly after HG Type 0 stress.

Soybean plants transformed with GmHg1-OX had significantly increased SCN

resistance. In contrast, the GmHg1-RNAi transgenic soybean plants significantly

reduced SCN resistance. In transgenic materials, the expression patterns of 11 genes

with the same expression trend as the GmHg1 gene in the ‘turquoise module’ were

analyzed. Analysis showed that 11genes were co-expressedwith GmHg1, whichmay

be involved in the process of soybean resistance to SCN. Our work provides a new

direction for studying the Molecular mechanism of soybean resistance to SCN.

KEYWORDS

soybean cyst nematode, WGCNA, hub gene, protein kinase, GmHg1
1 Introduction

The soybean cyst nematode (SCN), a worldwide soybean disease caused by soil-borne

plant parasitic nematodes, can generally reduce soybean yields by 30–50%; however, in severe

cases, they can cause complete loss (Cook et al., 2012). At present, SCN directly damages

more than one million hectares of land in China’s soybean-producing areas, causing direct
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economic losses of up to 20 billion yuan per year (Cook et al., 2012).

These losses have driven the development of several technologies

aimed at combating SCN to reduce associated yield losses.

Many years of research and practice have shown that reasonable

crop rotation, biological control, and chemical use can control SCN to

some extent, but breeding soybean varieties resistant to SCN is the

most economical, safe, and effective way to control this disease (Han

et al., 2017). The rhg1 locus from SCN-resistant soybean plant

introgression ‘PI 88788’ and the Rhg4 locus from ‘Peking (PI

548402)’ are the main sources of resistance used in commercial

varieties to reduce yield losses in fields infested with SCN

(Mitchum, 2016). However, over-reliance on a small number of

resistance sources (particularly PI 88788 and Peking) has resulted

in SCN populations gradually overcoming this resistance in the field

(Colgrove and Niblack, 2008; Wu et al., 2009; Jiao et al., 2015).

Therefore, it is necessary to continuously identify new resistance

sources and genes to control SCN more effectively.

When plants are disturbed by external pests and diseases, gene

expression is re-coded at the transcriptional, post-transcriptional, and

post-translational levels in response to external interference to

produce defense mechanisms (Alkharouf et al., 2006; Ithal et al.,

2007a; Ithal et al., 2007b). With the rapid development of second-

generation sequencing in recent years, the application of second-

generation sequencing technologies in transcriptome sequencing has

become increasingly common (Bhattacharyya et al., 2013). Because of

the advantage of sequencing depth, RNA sequencing (RNA-Seq) is a

better method for revealing individual gene expression in a specific

time and tissue and has been widely used for SCN (Barakat et al.,

2009; Dassanayake et al., 2009; Bhattacharyya et al., 2013; Jain et al.,

2016). A range of cell wall repair genes, defense genes (PPR and

NLRs), MAPK (mitogen-activated protein kinase), WRKY and MYB

transcription factors (TF), heat shock protein (HSP) genes, PR genes,

and phenanthrene metabolism genes have been identified based on

microarray and RNA-Seq transcriptome analysis (Klink et al., 2007;

Puthoff et al., 2007; Kandoth et al., 2011; Mazarei et al., 2011; Wan

et al., 2015; Kang et al., 2018; Neupane et al., 2019; Song et al., 2019;

Jiang et al., 2020; Miraeiz et al., 2020). Some of these genes are

differentially expressed genes (DEGs) among resistant and susceptible

varieties, and some are SCN-stress responsive genes. However, there

are many screened differential genes associated with SCN, and it is

time-consuming and laborious to validate them all; therefore, further

screening of the differential genes screened by transcriptome

sequencing is particularly important.

Weighted gene correlation network analysis (WGCNA) is a

bioinformatics algorithm used to describe the correlation patterns

of gene expression. It relies on easy-to-understand statistical methods

and improvements to simple correlation networks (Zhang and

Horvath, 2005). WGCNA was developed to more efficiently analyze

microarray datasets by quantifying not only the correlation between

individual gene pairs but also the extent to which these genes share

the same neighbors (Langfelder and Horvath, 2008). WGCNA uses

systems biology to find similarities in gene expression, cluster genes

with highly related expression into a module, obtain biologically

significant co-expression modules, and screen the core gene (hub

genes) (Langfelder and Horvath, 2008). Compared with other co-

expression analysis methods, it uses the soft threshold approach to

improving the sensitivity of module recognition (Wang et al., 2014;
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Giulietti et al., 2016). WGCNA has been applied to many crops. Tai

et al. (2018) identified 35 co-expression modules, 20 of which were

related to the synthesis of catechin, theanine, and caffeine, from which

core genes regulating the metabolism of these three substances were

obtained by analyzing the transcriptome data of different tissues of tea

(Camellia sinensis) by WGCNA. Qi et al. (2018) identified 7,482

DEGs and 45 expression pattern clusters using paired comparison

and K-means cluster analysis; 46 DEGs pattern modules were

revealed by WGCNA analysis, and 7 hub genes involved in soybean

oil and seed storage protein accumulation were identified. Therefore,

the construction of high-throughput sequencing and gene co-

expression networks are effective ways to rapidly identify the key

regulatory factors in pathways associated with target traits. However,

this has not been reported in the transcriptome sequencing of SCN-

infected plants.

In China, the main physiological races of SCN causing serious

economic loss of soybean are HG Type 2.5.7, HG Type 0 and HG

Type 1.2.3.5.7, among which HG Type 0 is the most widely

distributed (Han et al., 2017). We previously analyzed the

transcriptome sequencing results of the SCN-resistant cultivars

‘Dongnong L-10’ and ‘Dongnong L-204’ and the SCN-susceptible

cultivars ‘HN37’ after HG Type 0 stress and predicted that MAPK

signaling cascades, transcription factors (AP2/EREBP, WRKY,

MYB, NAC, bHLH, and C2H2), and plant hormone signal

transduction pathways (jasmonic acid and salicylic acid pathway)

may be involved in the response of soybean to HG Type 0 (Jiang

et al., 2020; Jiang et al., 2021). To further screen for HG Type 0-

related hub genes, we used transcriptome sequencing data obtained

in the previous stage to mine the core genes associated with SCN

resistance using WGCNA. We performed bioinformatic analysis

and expression pattern analysis of core genes and constructed

overexpression and RNAi interference materials for gene SCN-

resistance identification, which helped to clarify gene function in

depth and provided a good basis for further research to identify

SCN-resistance mechanisms in this study.
2 Materials and methods

2.1 Transcriptome data

The RNA-Seq data of 36 soybean root samples treated with HG

Type 0 stress were obtained from our previous study (Jiang et al.,

2020; Jiang et al., 2021). ‘Heinong 37’ (developed by Heilongjiang

Agricultural Academy, susceptible to SCN HG type 0), ‘Dongnong L-

10’, and ‘Dongnong L-204’ (provided by Northeast Agricultural

University, resistant to SCN HG type 0) were planted in pots with a

diameter of 13 cm in a greenhouse (day/night temperature: 27–28°C;

relative humidity: 60–70%; day/night illumination time 16h/8h),

collected and inoculated with SCN using the method described by

Wan et al. (2015). A random complete block design (RCBD) was used

with 3 replicates of 10 seedlings each. Root samples inoculated with

2000 SCN (J2) were collected and sequenced at 0, 3, 7, and 10 days

after inoculation. The RNA-Seq data of these 36 samples included

transcriptome data of 28,656 genes, from which 10,000 genes with an

average transcriptome FPKM value greater than 2.5 were selected for

co-expression network analysis.
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2.2 Building a sample clustering tree

The good “Genes Samples” function in the R packet of WGCNA

was used to eliminate the genes and samples with too many missing

values, and the sample-level clustering-pruning graph method was

used to eliminate outlier samples—that is, to remove outlier samples

that were significantly higher than other samples (Giulietti et al.,

2016). The hclust function in R was used to construct the clustering

tree. The Pick-Soft threshold function was used to analyze the

network topology information, and the appropriate b value was

selected as the soft threshold to construct the network to make the

network meet the scale-free topology characteristics. The

topological difference value of the network was calculated, and the

genes were divided using a hierarchical clustering method to

generate the gene clustering tree. The gene module with a high

degree of correlation was identified by the one-step construction

method; 50 was set as the minimum number of genes in the module,

and the threshold of cutting height was 0.25 ( (Giulietti et al., 2016)).

The gene module was identified by the cutting tree method, and

modules with high similarity were combined. The gene groups were

named with different colors, which is convenient for distinguishing

different gene modules in subsequent gene functional recognition

and visual analysis. The WGCNA package (https://horvath.genetics.

ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/

Tutorials/) in R was used to perform the analysis, as described

previously (Mason et al., 2009). The genes of MM > 0.85 and GS >

0.6 in the key modules were introduced into Cytoscape using the

MMC (Maximum Margin Criterion) algorithm, and the core genes

were selected according to their weight and gene network

regulation position.
2.3 Plant materials, growth conditions,
and inoculation

The soybean variety ‘Dongnong 50’ (DN50, SCN-susceptible

cultivars) was used as the WT and the background plant for genetic

transformation. ‘Dongnong L-204’ and ‘Heinong 37’ were used as

resistant and susceptible cultivars, respectively, for gene expression

pattern analysis. The seeds of soybean were germinated in vermiculite

and peat soil (1:1). Plants were grown under long-day conditions (16

h light/8 h dark) at 25 ± 1°C for routine maintenance. HG Type 0 was

obtained from the Soybean Research Institute of Northeast

Agricultural University and was isolated and purified for many

generations. A randomized complete block design (RCBD) was

utilized, with 3 replicates and 10 seedlings per replicate. Each

seedling was inoculated with approximately 2000 second-stage

juvenile nematodes (J2s). Accordingly, mock-inoculation with

distilled water was also conducted for each line as a control. All

treatments and controls were watered daily to maintain soil moisture

and promote uniform infection throughout the root system. Both

SCN-inoculated and mock-inoculated root samples were harvested at

0, 5, 10, and 15 day post inoculation (dpi). A randomized complete

block design (RCBD) was utilized with three replicates and ten

seedlings per replicate. The preparation of the SCN egg suspension

and its identification by acid fuchsin staining were performed

following Jiang et al. (2021).
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2.4 RNA extraction, gene expression
analysis, and bioinformatics analysis

The RNA extraction methods were described previously (Jiang

et al., 2021). The extracted complete RNA was reverse transcribed

into cDNA. DEGs were selected and verified by qRT-PCR based on

SYBR Green PCR Master Mix (TIANGEN BIOTECH, BeiJing,

China) and the 7500 Fast PCR detection system. The relative

mRNA level of each candidate gene was evaluated against soybean

GmACTIN (GenBank Accession Number AF049106) as a reference

gene. Three technical replicates were performed per gene, and the

relative levels of transcript abundance were calculated using the 2-

DDCT method (Jain et al., 2016). The sequences of the primer pairs

were used to amplify the candidate genes (Table S4). The promoter

elements of the 1000 bp pro-GmHg1 sequence were analyzed using

PlantCARE software (http://bioinformatics.psb.ugent.be/webtools/

plantcare/html/).
2.5 Plasmid construction and transformation
of soybean

We identified the Coding sequence (CDS) of the soybean GmHg1

gene in the plant database (https://phytozome.jgi.doe.gov/pz/portal.

html) and amplified the full-length CDS sequence of GmHg1 from the

developing seeds of ‘Dongnong L-204’ by RT-PCR. For construction

of the recombinant vectors GmHg1-OX and GmHg1-GFP, 2130-bp

CDS of GmHg1 were amplified from the cDNA of ‘DN50’ by

overlapping PCR. Then, the PCR products were ligated to the linear

vectors pCAMBIA3300 and pCAMBIA1302 using a homologous

recombination system (ClonExpress II One Step Cloning Kit,

Vazyme, China). For the construction of GmHg1-RNAi, the

specific sequences of the 498-bp sense and antisense fragments of

the GmHg1 gene were cloned into the RNA interference plant

expression vector pFGC5941 through homologous recombination.

According to this method (Zhao et al., 2018), the recombinant

plasmid GmHg1-GFP was transformed into Arabidopsis protoplasts

and analyzed under a fluorescence microscope (Leica, Germany). The

recombinant plasmids GmHg1-OX and GmHg1-RNAi were

transformed into Agrobacterium rhizogenes EHA105 according to a

previously described method (Zhao et al., 2018), and transgenic

soybean was obtained.
3 Results

3.1 Constructing the clustering tree
of all samples

We used the roots of SCN-resistant cultivars (‘Dongnong L-10’,

‘Dongnong L-204’) and SCN-susceptible cultivars (‘Heinong 37’)

under SCN HG type 0 stress for transcriptome sequencing, and 36

transcriptome samples were obtained. The transcriptome data of 36

samples were analyzed using WGCNA, and 10,000 genes with FPKM

values greater than 2.5 were selected for soft threshold clustering.

According to the expression trend, 10,000 genes were divided into 12

modules. Cluster analysis showed that the three biological repeat
frontiersin.org
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sequences of the samples were close to each other, and the overall

effect was good (Figure 1).
3.2 Construction of a weighted gene co-
expression network

To ensure that it conforms to the scale-free network distribution,

the WGCNA needs to choose the appropriate weighting coefficient b.
The soft threshold function of Pick in the WGCNA software package

was used to calculate b. Topology analysis showed that, when the

threshold was b = 18, the scale-free topology fitting index (R2) was

close to 0.85. This indicates that the network was close to a scale-free

network (Figure 2). Thus, we used b = 18 as the soft threshold for

constructing a co-expression network. Using the WGCNA package in

R, the genes with similar expression patterns were divided into

modules; 50 was set as the minimum number of genes in the

module, and the threshold of cutting height was 0.25. The gene

modules were identified using the dynamic cut tree method, and the
Frontiers in Plant Science 04
modules with high similarity were combined to obtain 21 modules

(Figure 3). Because of the large number of genes, the displayed

network was difficult to identify in detail. The association diagram

between modules was drawn, and the proximity of different color

modules and the correlation of genes between modules were

evaluated (Figure S1). At the same time, a visual gene network was

also drawn to show the degree of association of specific genes (Figure

S2). After generating the characteristic gene map for each module, the

correlation between the characteristic genes and SCN stress was

analyzed. The module most related to SCN stress was the turquoise

module, with 632 DEGs, the correlation was 0.86, and the p-value was

less than 0.001 (Figure 4).
3.3 Analysis of the co-expression network of
the hub gene in the turquoise module

In the gene co-expression network, highly connected genes are

called central genes, and central genes play an important role in

response to stress (Koido et al., 2018). We selected genes with an MM

> 0.85 and GS > 0.6 in module turquoise (Figure S3), introduced them

into Cytoscape, and screened them using the MMC algorithm, and

selected the gene with the highest connectivity as the hub gene. The

central gene GmHg1 was found in module turquoise, and the co-

expression network of the hub gene GmHg1 was constructed

(Figure 5). The hub gene GmHg1 (Glyma.06G035000) encodes

serine/threonine protein kinase. At the same time, 11 genes that

were closest to the hub gene expression trend were found (Table 1).

They included Glyma.09G027700 (wall-associated receptor kinase-

like 1), Glyma.06G109900 (C2H2-like zinc finger protein),

Glyma.07G009700 (Hydroxyproline-rich glycoprotein family),

G lyma .11G148500 (Arab inoga lac tan-pro te in 11) , and

Glyma.10G035400 (Basic helix-loop-helix (bHLH) DNA-binding

superfamily protein). The domains of these genes have been

identified as being involved in plant disease resistance or abiotic
FIGURE 1

Cluster analysis diagram.
A B

FIGURE 2

Screening of optimal soft threshold. (A): The soft threshold was determined by the scale-free network index. R2 was set to 0.85, and the best soft
threshold was 18; (B): The soft threshold was determined by network connectivity. The average value of the gene adjacency coefficient in the gene
network corresponding to different soft thresholds reflects the average network connection level. The network connectivity was better when the soft
threshold was 18.
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stress responses (Simon et al., 2005; Lamport et al., 2006; Meier et al.,

2010; Wang et al., 2019; Hao et al., 2021). Genes with the same

expression trend may have the same function. It is speculated that

these genes may be involved in soybean resistance to SCN.
Frontiers in Plant Science 05
3.4 Molecular cloning and bioinformatics
analysis of the GmHg1 gene

To understand the function of GmHg1 in soybean, we isolated the

CDS fragment of GmHg1 from ‘Dongnong L-204’. The fragments

comprised 2130-bp open reading frames and were predicted to

encode 710 residue polypeptides. To verify the basic characteristics

of GmHg1, a fusion expression vector of 35S::GmHg1-GFP was

constructed and transiently expressed in Arabidopsis protoplasts.

The fusion protein was expressed in the nucleus, cell membrane,

and cytoplasm of protoplasts. (Figure 6). At the same time, promoter

element analysis of the 1000-bp upstream GmHg1 sequence was

carried out (Table S1). There were 16 elements in the GmHg1

promoter sequence, among which TGACG-motif and CGTCA-

motif were cis-acting elements of methyl jasmonate, which

responded to abiotic stress. ABRE, ARE, and TGACG-motif

elements were corresponding elements for defense and response to

stress. These results suggest that GmHg1 may be involved in

resistance to stress.
3.5 Analysis of the expression pattern
of GmHg1

To clarify the expression pattern of GmHg1 under SCN stress and

verify the accuracy of transcriptome data, we treated the roots of the

SCN-resistant cultivar (‘Dongnong L-204’) and the SCN-susceptible

cultivar (‘Heinong 37’) with HG Type 0. The expression of GmHg1

was determined at 0, 5, 10, and 15dpi. Before HG Type 0 induction,

GmHg1 expression in resistant varieties was higher than in susceptible

varieties. After HG Type 0 induction, GmHg1 expression in SCN-

resistant/-susceptible cultivars was significantly upregulated

compared with that before induction (Figure 7). The expression of

GmHg1 reached the highest level after 10 days of HG Type 0 stress. At
FIGURE 3

Identification of gene co-expression modules via hierarchical average linkage clustering. The color row underneath the dendrogram shows the module
assignment determined by the dynamic tree cut.
FIGURE 4

Heat map of the correlation between templates and traits. Each row
represents a module eigengene, and each column represents a
different characteristic. Each cell contained the corresponding
correlation and p-value. The table is color-coded by correlation
according to the color legend.
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the same time, the upregulation multiple in SCN-resistant cultivars

was significantly higher than that in SCN-susceptible cultivars.

Therefore, GmHg1 may be involved in the resistance response of

soybean to SCN, and the difference in GmHg1 expression may lead to

the difference in SCN resistance among SCN-resistant and

-susceptible cultivars.
3.6 Identification of the disease resistance
function of the GmHg1 gene under HG Type
0 stress

To verify whether GmHg1 was involved in the response to HG

Type 0 stress, we used ‘Dongnong 50’ as a WT and transformed the

35S::GmHg1 recombinant vector into soybean by the semi-seed

transformation method (Zhao et al., 2018). We obtained T2

generation 35S::GmHg1 overexpressing soybean and identified

GmHg1-OX soybean using PCR, qRT-PCR, and bar test strips
Frontiers in Plant Science 06
(Figure 8). qRT-PCR showed that the GmHg1 expression levels

were significantly increased in T2 generation plants. At the same

time, we constructed a pFGC5941-GmHg1-RNAi vector, interfered

with the expression of the GmHg1 gene by RNAi, and created pure

and stable soybean plants transformed with the GmHg1-RNAi vector

in ‘Dongnong 50’. qRT-PCR showed that the expression levels of

GmHg1 were significantly decreased in T2-generation plants (Figure

S4). The roots of transgenic soybean with GmHg1-OX and GmHg1-

RNAi genes were further stressed by HG Type 0, and the phenotype

was observed by acid fuchsin staining 10 days after inoculation

(Tables S2, S3). Compared with ‘Dongnong 50’, the number of HG

Type 0 in transgenic soybean plants with the GmHg1-OX gene

decreased significantly from 5.34 to 2.9 per root. However, the

number of cyst in transgenic soybean plants with the GmHg1-

RNAi gene increased significantly from 5.34 to 7.74 per root. At the

same time, cyst formation in soybean plants overexpressing the

GmHg1 gene was severely inhibited compared with that of soybean

plants that interfered with GmHg1 gene expression. The increase in

GmHg1 gene expression may improve the resistance of soybean to

HG Type 0. The GmHg1 gene plays a positive regulatory role in the

process of soybean resistance to HG Type 0.
3.7 Expression analysis of other genes
in the co-expression network in
transgenic materials

To identify the expression pattern of genes similar to the hub gene

expression trend in transgenic materials, we detected the expression

of 11 genes in soybean seedlings transformed with GmHg1-OX and

GmHg1-RNAi genes. The expression of 11 genes in GmHg1-OX

transgenic soybean seedlings was significantly higher than that in

‘Dongnong 50’ (Figure 9). Among them, the expression of

Glyma.09G027700 (wall-associated receptor kinase-like 1) increased

the most, and that of Glyma.08G161700 (Seed storage 2S albumin

superfamily protein) and Glyma.03G036600 (Ovate family protein 2)

genes increased the least.
FIGURE 5

Co-expression network analysis of the hub gene in the turquoise
module. The network of highly connected genes in the turquoise
module. Red represents the hub gene.
TABLE 1 MCC algorithm result.

Gene Score Annotation

Glyma.06G035000 128 Protein kinase family protein

Glyma.09G027700 102 wall-associated receptor kinase-like 1

Glyma.06G109900 80 C2H2-like zinc finger protein

Glyma.07G009700 66 Hydroxyproline-rich glycoprotein family

Glyma.11G148500 64 Arabinogalactan-protein 11

Glyma.10G035400 60 Basic helix-loop-helix (bHLH) DNA-binding superfamily protein

Glyma.15G265900 59 Seed storage 2S albumin superfamily protein

Glyma.18G256400 58 Cysteamine dioxygenase/Persulfurase

Glyma.10G210700 55 Phosphoglucomutase

Glyma.08G161700 57 Seed storage 2S albumin superfamily protein

Glyma.10G058600 53 ACT-like superfamily protein

Glyma.03G036600 52 Ovate family protein 2
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The expression of 11 genes in GmHg1-OX transgenic soybean

seedlings was significantly lower than that in ‘Dongnong 50’ (Figure

S5). This indicates that these 11 genes were co-expressed with GmHg1

and may be involved in the process of soybean resistance to SCN.

However, the specific resistance mechanisms of these genes and

GmHg1 need to be further studied.
4 Discussion

With the continuous development of second-generation

sequencing technology, researchers are increasingly inclined to use

high-throughput sequencing methods to study gene function.

Through traditional RNA-Seq analysis, the expression changes of

all genes in the sample can be obtained, but it lacks purposeful

screening (Du et al., 2017). The combination of transcriptome data

and the WGCNA algorithm can effectively identify the gene module

of co-expression and calculate the relationship between the gene

network and the phenotype concerned by the researchers (Du et al.,

2017). The combination of transcriptome data and the WGCNA

algorithm to mine core genes related to target traits has been widely

used in plants (Luo et al., 2019). In this study, WGCNA was used to

analyze the transcriptome data of soybean roots before and after HG

Type 0 treatment, and a co-expression network of genes related to

SCN resistance was constructed. Through systematic average linkage

cluster analysis, the co-expressed genes were divided into 21 modules.
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The module most related to SCN stress was the turquoise module. We

identified the hub gene GmHg1 in the turquoise module and

speculated that it plays an important role in soybean resistance

to SCN.

Protein kinase (PK) is an enzyme that catalyzes the process of

protein phosphorylation, which can catalyze the transfer of g-
phosphate groups on ATP to the amino acid residues of the

substrate (Trewavas and Malho, 1997). It uses its own extracellular

region to identify pathogen signals, triggers, or closes the signal

transduction channels of downstream proteins through

phosphorylation and dephosphorylation, regulates the function of

signal transduction in plants, and participates in plant stress

resistance and defense responses (Sheen, 1996). Protein kinase

SOBIR1 in Arabidopsis thaliana plays a positive regulatory role in

plant defense, indicating that PK is involved in plant stress resistance

and defense responses (Gao et al., 2009). In previous studies, MAPK

responded to HG Type 0 stress (Jiang et al., 2020), suggesting that

protein kinase may be involved in soybean anti-SCN response, but

whether it has an anti-SCN function has not been identified. In this

study, transcriptome data and the WGCNA algorithm were used to

mine the hub gene GmHg1 related to SCN, which encodes a serine/

threonine-specific protein kinase domain. To further verify the anti-

SCN function of GmHg1, we obtained stable transgenic soybean

seedlings overexpressing the GmHg1-OX and GmHg1-RNAi genes.

As expected, compared with wild soybean ‘Dongnong 50’, the number

of HG Type 0 cysts in GmHg1-OX transgenic soybean roots
FIGURE 6

Subcellular localization of GmHg1.
A B

FIGURE 7

Analysis of the expression pattern of GmHg1. (A) Relative expression of GmHg1 in resistant and susceptible varieties. LT, ‘Dongnong L-204’ treatment;
LC, ‘Dongnong L-204’ control; HT, ‘Heinong 37’ treatment; HC, ‘Heinong 37’ control. (B) Increase in GmHg1 expression. Asterisks indicate a significant
difference compared with the corresponding control (Student’s t-test: **p < 0.01). Values represent the means of three biological replicates. *p < 0.05.
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decreased significantly, while the number of cysts in GmHg1-RNAi

transgenic soybean roots significantly increased. These results suggest

that protein kinase GmHg1 promotes soybean anti-HG Type

0 response.

The analysis of the expression pattern of GmHg1 showed that the

expression of GmHg1 in SCN-resistant cultivars was higher than that

in SCN-susceptible cultivars, and GmHg1 expression was significantly

upregulated in both resistant and susceptible varieties induced by HG

Type 0, which was consistent with the expression trend of
Frontiers in Plant Science 08
transcriptome data measured before (Jiang et al., 2020; Jiang et al.,

2021). It also showed that GmHg1 positively regulated the resistance

of soybean to HG Type 0. GmHg1 expression reached the highest level

on the 10th day after HG Type 0 stress, which may be due to the fact

that this stage is the key period for SCN to form syncytids in soybean

(Klink et al., 2007). In the turquoise module, which was most related

to SCN stress, we also found 11 genes with the same expression trend

as the hub gene. Among these genes, Glyma.09G027700 (wall-

associated receptor kinase-like 1) has been demonstrated to activate

the expression of defense genes, such as course-related proteins, and

improve plant disease resistance (Meier et a l . , 2010) .

Glyma.06G109900 encodes a C2H2-like zinc finger protein, which

regulates leaf senescence and drought stress (Wang et al., 2019).

Glyma.07G009700 belongs to the Hydroxyproline-rich glycoprotein

family, which acts as lectins, lignin deposition sites, and structural

barriers in the process of plant–pathogen interactions (Simon et al.,

2005). Glyma.11G148500 encodes Arabinogalactan-protein 11, which

promotes root and fiber elongation and improves plant defense ability

(Lamport et al., 2006). Glyma.10G035400 encoded the bHLH DNA-

binding superfamily protein; bHLH transcription factors play an

important regulatory role in plant growth and development and

resistance to abiotic stress, such as drought, high salinity, and low

temperature (Hao et al., 2021). However, other genes have not yet

been reported to be related to disease resistance, and whether these

genes are related to SCN resistance needs to be further verified. In this
D

A B

C

FIGURE 8

Identification of GmHg1-OX transgenic soybeans. (A) Gel image of PCR products obtained with primer sets for Bar gene regions of the vector. M:
DL2000 marker. 1–3: transgenic soybeans; WT: DNA of wild-type soybean plants. +: Plasmid of the pCAMBIA 3300-GmHg1 vector. (B) GmHg1 gene
expression level in transgenic and WT soybean by qRT-PCR. GmACTIN4 was used as an internal reference gene. Asterisks indicate a significant difference
compared with the corresponding controls (Student’s t-test: **p < 0.01). Values represent the means of three biological replicates. (C) Detection of the
selectable marker gene by bar test strip. WT, wild-type soybean plants. (D) Hairy roots with magenta dye. The white arrow points to the soybean cyst
nematode observed under 20 times magnification of the microscope.
FIGURE 9

Analysis of the expression pattern of genes in the co-expression
network. Asterisks indicate a significant difference compared with the
corresponding controls (Student’s t-test: **p < 0.01). Values represent
the means of three biological replicates. *p < 0.05.
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study, we measured the expression of 11 genes in soybean seedlings

transformed with GmHg1-OX and GmHg1-RNAi genes. The results

showed that 11 genes were co-expressed with GmHg1, which further

verified the accuracy of WGCNA and suggested that these genes may

be involved in the process of resistance to SCN with GmHg1.

In summary, we mined a central gene, GmHg1, and verified its

function for HG Type 0 resistance using transcriptome andWGCNA.

Meanwhile, we can speculate that genes in the turquoise module may

also be involved in the resistance response of soybean to SCN.
5 Conclusion

A gene encoding serine/threonine protein kinase named GmHg1

has been identified to be associated with SCN resistance. Soybean

plants transformed with GmHg1-OX had significantly increased SCN

resistance. In contrast, the GmHg1-RNAi transgenic soybean plants

significantly reduced SCN resistance. We found that 11 genes with the

same expression trend as GmHg1 gene may be involved in the process

of soybean resistance to SCN. Our study provides a new direction for

clarifying the molecular mechanism of soybean resistance to SCN.
Data availability statement

The original contributions presented in the study are included in

the article/Supplementary Material. Further inquiries can be directed

to the corresponding authors.
Author contributions

HJ: methodology, writing-original draft, writing-review and

editing. CZ: data curation. JM: data curation. SQ, FL and HS: data

curation. XZ: supervision. YH: project administration, supervision,

writing-review and editing. All authors contributed to the article and

approved the submitted version.
Funding

This study was conducted in the Key Laboratory of Soybean

Biology of the Chinese Education Ministry, Soybean Research &
Frontiers in Plant Science 09
Development Center (CARS), and the Key Laboratory of

Northeastern Soybean Biology and Breeding/Genetics of the

Chinese Agriculture Ministry and was financially supported by

Heilongjiang’s Provincial projects (ZD2022C002, JD22A015), the

Chinese National Natural Science Foundation (31971967,

U22A20473), the National Key Research and Development Project

(2021YFD1201604), the Youth Leading Talent Project of the Ministry

of Science and Technology in China (2015RA228), The National Ten-

thousand Talents Program, Postdoctoral Fund in Heilongjiang

Province (LBH-Q20004), The national project (CARS-04-PS04).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1118503/

full#supplementary-material

SUPPLEMENTARY TABLE 1

Analysis of promoter elements of GmHg1.

SUPPLEMENTARY TABLE 2

Average number of female plants(cm-1). P is for plant.

SUPPLEMENTARY TABLE 3

Paired samples t-test results.

SUPPLEMENTARY TABLE 4

Primer list.
References
Alkharouf, N. W., Klink, V. P., Chouikha, I. B., Beard, H. S., Macdonald, M. H.,
Matthews, B. F., et al. (2006). Timecourse microarray analyses reveal global changes in
gene expression of susceptible glycine max (soybean) roots during infection by heterodera
glycines (soybean cyst nematode). Planta 224, 838–852. doi: 10.1007/s00425-006-0270-8

Barakat, A., DiLoreto, D. S., Zhang, Y., Smith, C., Baier, K., Carlson, J. E., et al. (2009).
Comparison of the transcriptomes of american chestnut (castanea dentata) and chinese
chestnut (castanea mollissima) in response to the chestnut blight infection. Bmc. Plant
Biol. 9, 51–62. doi: 10.1186/1471-2229-9-51

Bhattacharyya, D., Sinha, R., Hazra, S., Datta, R., and Chattopadhyay, S. (2013). De
novo transcriptome analysis using 454 pyrosequencing of the himalayan mayapple,
podophyllum hexandrum. Bmc. Genomics 14, 748–748. doi: 10.1186/1471-2164-14-748
Colgrove, A. L., and Niblack, T. L. (2008). Correlation of female indices from virulence
assays on inbred lines and field populations of heterodera glycines. J. Nematol. 40, 39–45.

Cook, E., Lee, G., Guo, X., Melito, X., Wang, K., Bent, F., et al. (2012). Copy number
variation of multiple genes at Rhg1 mediates nematode resistance in soybean. Science 338,
1206–1209. doi: 10.1126/science.1228746

Dassanayake, M., Haas, J. S., Bohnert, H. J., and Cheeseman, J. M. (2009). Shedding
light on an extremophile lifestyle through transcriptomics. New. Phytol. 183, 764–775.
doi: 10.1111/j.1469-8137.2009.02913.x

Du, J., Wang, S., He, C., Zhou, B., Ruan, Y. L., and Shou, H. (2017). Identification of
regulatory networks and hub genes controlling soybean seed set and size using RNA
sequencing analysis. J. Exp. botany. 68, 1955–1972. doi: 10.1093/jxb/erw460
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2022.1118503/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1118503/full#supplementary-material
https://doi.org/10.1007/s00425-006-0270-8
https://doi.org/10.1186/1471-2229-9-51
https://doi.org/10.1186/1471-2164-14-748
https://doi.org/10.1126/science.1228746
https://doi.org/10.1111/j.1469-8137.2009.02913.x
https://doi.org/10.1093/jxb/erw460
https://doi.org/10.3389/fpls.2022.1118503
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Jiang et al. 10.3389/fpls.2022.1118503
Gao, M., Wang, X., Wang, D., Xu, F., Ding, X., Zhang, Y., et al. (2009). Regulation of
cell death and innate immunity by two receptor-like kinases in arabidopsis. Cell Host
Microbe 6 (1), 0–44. doi: 10.1016/j.chom.2009.05.019

Giulietti, M., Occhipinti, G., Principato, G., and Piva, F. (2016). Weighted gene co-
expression network analysis reveals key genes involved in pancreatic ductal
adenocarcinoma development. Cellular. Oncol. 39, 379–388. doi: 10.1007/s13402-016-
0283-7

Han, Y. P., Tan, Y. F., Hu, H. B., Chang, W., and Teng, W. L. (2017). Quantitative trait
loci with additive and epistatic effects underlying resistance to two hg types of soybean
cyst nematode. Plant Breeding. 136, 720–727. doi: 10.1111/pbr.12484

Hao, Y. Q., Zong, X. M., Ren, P., Qian, Y., and Fu, A. (2021). Basic helix–loop—helix (
bHLH) transcription factors regulate a wide range of functions in arabidopsis. Int. J. Mol.
Sci. 22 (13), 7152–7172. doi: 10.3390/ijms22137152

Ithal, N., Recknor, J., Nettleton, D., Hearne, L., Maier, T., Mitchum, M. G., et al.
(2007a). Parallel genome-wide expression profiling of host and pathogen during soybean
cyst nematode infection of soybean. Mol. Plant-Microbe Interact. 20, 293–305. doi:
10.1094/MPMI-20-3-0293

Ithal, N., Recknor, J., Nettleton, D., Maier, T., Baum, T. J., and Mitchum, M. G. (2007b).
Developmental transcript profiling of cyst nematode feeding cells in soybean roots. Mol.
Plant-Microbe Interact. 20, 510–525. doi: 10.1094/MPMI-20-5-0510

Jain, S., Chittem, K., Brueggeman, R., Osorno, J. M., Richards, J., and Nelson, B. D. J.
(2016). Comparative transcriptome analysis of resistant and susceptible common bean
genotypes in response to soybean cyst nematode infection. PloS One 11, e0159338. doi:
10.1371/journal.pone.0159338

Jiang, H., Bu, F., Tian, L., Sun, Q., Bao, D., Han, Y., et al. (2020). RNA-Seq-based
identification of potential resistance mechanism against the soybean cyst nematode
(Heterodera glycines) HG type 0 in soybean (Glycine max) cv. dongnong l-204. Crop
Pasture Sci. 71, 539–551. doi: 10.1071/CP20060

Jiang, H., Tian, L., Bu, F., Sun, Q., Zhao, X., and Han, Y. (2021). Rna-seq-based
identification of potential resistance genes against the soybean cyst nematode (Heterodera
glycines) hg type 1.2.3.5.7 in 'Dongnong l-10'. Physiol. Mol. Plant Pathol. 114, 101627. doi:
10.1016/j.pmpp.2021.101627

Jiao, Y., Vuong, T. D., Liu, Y., Meinhardt, C., Liu, Y., and Nguyen, H. T. (2015).
Identification and evaluation of quantitative trait loci underlying resistance to multiple hg
types of soybean cyst nematode in soybean pi437655. Tag.theor. Appl. Genet. theor. Und
Angewandte Genetik. 128, 15–23. doi: 10.1007/s00122-014-2409-5

Kandoth, P. K., Ithal, N., Recknor, J., Maier, T., Nettleton, D., Mitchum, M. G., et al.
(2011). The soybean rhg1 locus for resistance to the soybean cyst nematode heterodera
glycines regulates the expression of a large number of stress- and defense-related genes in
degenerating feeding cells. Plant Physiol. 155, 1960–1975. doi: 10.1104/pp.110.167536

Kang, W., Zhu, X., Wang, Y., Chen, L., and Duan, Y. (2018). Transcriptomic and
metabolomic analyses reveal that bacteria promote plant defense during infection of
soybean cyst nematode in soybean. BMC Plant Biol. 18, 86. doi: 10.1186/s12870-018-
1302-9

Klink, V. P., Overall, C. C., Alkharouf, N. W., MacDonald, M. H., and Matthews, B. F.
(2007). Laser capture microdissection (LCM) and comparative microarray expression
analysis of syncytial cells isolated from incompatible and compatible soybean (Glycine
max) roots infected by the soybean cyst nematode (Heterodera glycines). Planta 226,
1389–1409. doi: 10.1007/s00425-007-0578-z

Koido, M., Tani, Y., Tsukahara, S., Okamoto, Y., and Tomida, A. (2018). InDePTH:
detection of hub genes for developing gene expression networks under anticancer drug
treatment. Oncotarget 9, 29097–29111. doi: 10.18632/oncotarget.25624

Lamport, D. T., Kieliszewski, M. J., and Showalter, A. M. (2006). Salt stress upregulates
periplasmic arabinogalactan proteins: using salt stress to analyse AGP function. New
phytol. 169 (3), 479–492. doi: 10.1111/j.1469-8137.2005.01591.x

Langfelder, P., and Horvath, S. (2008). WGCNA:an r package for weighted correlation
network analysis. BMC Bioinf. 9, 559–559. doi: 10.1186/1471-2105-9-559

Luo, Y., Pang, D., Jin, M., Chen, J., and Wang, Z. (2019). Identification of plant
hormones and candidate hub genes regulating flag leaf senescence in wheat response to
water deficit stress at the grain-filling stage. Plant Direct. 3, e00152. doi: 10.1002/pld3.152

Mason, M. J., Fan, G., Plath, K., Zhou, Q., and Horvath, S. (2009). Signed
weighted gene co- expression network analysis of transcriptional regulation in
Frontiers in Plant Science 10
murine embryonic stem cells. BMC Genomics 10, 327–352. doi: 10.1186/1471-
2164-10-327

Mazarei, M., Liu, W., Al-Ahmad, H., Arelli, P. R., Pantalone, V. R., and Stewart, C. N.
(2011). Gene expression profiling of resistant and susceptible soybean lines infected with
soybean cyst nematode. Theor. Appl. Genet. 123, 1193–1100. doi: 10.1007/s00122-011-
1659-8

Meier, S., Ruzvidzo, O., Morse, M., Donaldson, L., Kwezi, L., and Gehring, C. (2010).
The arabidopsis wall associated kinase-like 10 gene encodes a functional guanylyl cyclase
and is co-expressed with pathogen defense related genes. PloS One 5, e8904. doi: 10.1371/
journal.pone.0008904

Miraeiz, E., Chaiprom, U., Afsharifar, A., Karegar, A., Drnevich, J. M., and Hudson, M.
E. (2020). Early transcriptional responses to soybean cyst nematode HG type 0 show
genetic differences among resistant and susceptible soybeans. Theor. Appl. Genet. 133, 87–
102. doi: 10.1007/s00122-019-03442-w

Mitchum, M. G. (2016). Soybean resistance to the soybean cyst nematode heterodera
glycines: an update. Phytopathology 106, 1444–1450. doi: 10.1094/PHYTO-06-16-0227-
RVW

Neupane, S., Mathew, F. M., Varenhorst, A. J., and Nepal, M. P. (2019). Transcriptome
profiling of interaction effects of soybean cyst nematodes and soybean aphids on soybean.
Sci. Data 6, 133–141. doi: 10.1038/s41597-019-0140-4

Puthoff, D. P., Ehrenfried, M. L., Vinyard, B. T., and Tucker, M. L. (2007). GeneChip
profiling of transcriptional responses to soybean cyst nematode, heterodera glycines,
colonization of soybean roots. J. Exp. Bot. 58, 3407–3418. doi: 10.1093/jxb/erm211

Qi, Z., Zhang, Z., Wang, Z., Yu, J., Qin, H., Chen, Q., et al. (2018). Meta-analysis and
transcriptome profiling reveal hub genes for soybean seed storage composition during
seed development. Plant Cell Environ. 41, 2109–2127. doi: 10.1111/pce.13175

Sheen, J. (1996). Ca2+-dependent protein kinases and stress signal transduction in
plants. Science 274, 1900–1902. doi: 10.1126/science.274.5294.1900

Simon, U. K., Bauer, R., Rioux, D., Simard, M., and Oberwinkler, F. (2005). The
intercellular biotrophic leaf pathogen cymadothea trifolii locally degrades pectins, but not
cellulose or xyloglucan in cell walls of trifolium repens. New phytol. 165, 243–260. doi:
10.1111/j.1469-8137.2004.01233.x

Song, W., Qi, N., Liang, C., Duan, F., and Zhao, H. (2019). Soybean root transcriptome
profiling reveals a nonhost resistant response during heterodera glycines infection. PloS
One 14, e0217130. doi: 10.1371/journal.pone.0217130

Tai, Y., Liu, C., Yu, S., Yang, H., Sun, J., Wan, X., et al. (2018). Gene co-expression
network analysis reveals coordinated regulation of three characteristic secondary
biosynthetic pathways in tea plant (Camellia sinensis). BMC Genomics 19, 616–629.
doi: 10.1186/s12864-018-4999-9

Trewavas, A. J., and Malho, R. (1997). Signal perception and transduction: The origin
of the phenotype. Plant Cell. 9, 1181–1195. doi: 10.1105/tpc.9.7.1181

Wang, K., Ding, Y., Cai, C., Chen, Z., and Zhu, C. (2019). The role of C2H2 zinc finger
proteins in plant responses to abiotic stresses. Physiol. Plant 165, 690–700. doi: 10.1111/
ppl.12728

Wang, J., Zhang, X., Shi, M., Gao, L., Niu, X., Zhang, W., et al. (2014). Metabolomic
analysis of the salt-sensitive mutants reveals changes in amino acid and fatty acid
composition important to long-term salt stress in synechocystissp. Funct. Integr.
Genomics 14, 431–440. doi: 10.1007/s10142-014-0370-7

Wan, J., Vuong, T., Jiao, Y., Joshi, T., Zhang, H., Nguyen, H. T., et al. (2015). Whole-
genome gene expression profiling revealed genes and pathways potentially involved in
regulating interactions of soybean with cyst nematode (Heterodera glycines ichinohe).
BMC Genomics 16, 148–162. doi: 10.1186/s12864-015-1316-8

Wu, X., Blake, S., Sleper, D. A., Shannon, J. G., Cregan, P., and Nguyen, H. T. (2009).
Qtl, additive and epistatic effects for scn resistance in pi437654. Theor. Appl. Genet. 118,
1093–1105. doi: 10.1007/s00122-009-0965-x

Zhang, B., and Horvath, S. (2005). A general framework for weighted gene co-
expression network analysis. Stat. Appl. Genet. Mol. Biol. 4, 17–60. doi: 10.2202/1544-
6115.1128

Zhao, L., Li, M., Xu, C., Yang, X., Li, D., Liu, L., et al. (2018). Natural variation in
GmGBP1 promoter affects photoperiod control of flowering time and maturity in
soybean. Plant J. 96, 147–162. doi: 10.1111/tpj.14025
frontiersin.org

https://doi.org/10.1016/j.chom.2009.05.019
https://doi.org/10.1007/s13402-016-0283-7
https://doi.org/10.1007/s13402-016-0283-7
https://doi.org/10.1111/pbr.12484
https://doi.org/10.3390/ijms22137152
https://doi.org/10.1094/MPMI-20-3-0293
https://doi.org/10.1094/MPMI-20-5-0510
https://doi.org/10.1371/journal.pone.0159338
https://doi.org/10.1071/CP20060
https://doi.org/10.1016/j.pmpp.2021.101627
https://doi.org/10.1007/s00122-014-2409-5
https://doi.org/10.1104/pp.110.167536
https://doi.org/10.1186/s12870-018-1302-9
https://doi.org/10.1186/s12870-018-1302-9
https://doi.org/10.1007/s00425-007-0578-z
https://doi.org/10.18632/oncotarget.25624
https://doi.org/10.1111/j.1469-8137.2005.01591.x
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1002/pld3.152
https://doi.org/10.1186/1471-2164-10-327
https://doi.org/10.1186/1471-2164-10-327
https://doi.org/10.1007/s00122-011-1659-8
https://doi.org/10.1007/s00122-011-1659-8
https://doi.org/10.1371/journal.pone.0008904
https://doi.org/10.1371/journal.pone.0008904
https://doi.org/10.1007/s00122-019-03442-w
https://doi.org/10.1094/PHYTO-06-16-0227-RVW
https://doi.org/10.1094/PHYTO-06-16-0227-RVW
https://doi.org/10.1038/s41597-019-0140-4
https://doi.org/10.1093/jxb/erm211
https://doi.org/10.1111/pce.13175
https://doi.org/10.1126/science.274.5294.1900
https://doi.org/10.1111/j.1469-8137.2004.01233.x
https://doi.org/10.1371/journal.pone.0217130
https://doi.org/10.1186/s12864-018-4999-9
https://doi.org/10.1105/tpc.9.7.1181
https://doi.org/10.1111/ppl.12728
https://doi.org/10.1111/ppl.12728
https://doi.org/10.1007/s10142-014-0370-7
https://doi.org/10.1186/s12864-015-1316-8
https://doi.org/10.1007/s00122-009-0965-x
https://doi.org/10.2202/1544-6115.1128
https://doi.org/10.2202/1544-6115.1128
https://doi.org/10.1111/tpj.14025
https://doi.org/10.3389/fpls.2022.1118503
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Weighted gene co-expression network analysis identifies genes related to HG Type 0 resistance and verification of hub gene GmHg1
	1 Introduction
	2 Materials and methods
	2.1 Transcriptome data
	2.2 Building a sample clustering tree
	2.3 Plant materials, growth conditions, and inoculation
	2.4 RNA extraction, gene expression analysis, and bioinformatics analysis
	2.5 Plasmid construction and transformation of soybean

	3 Results
	3.1 Constructing the clustering tree of all samples
	3.2 Construction of a weighted gene co-expression network
	3.3 Analysis of the co-expression network of the hub gene in the turquoise module
	3.4 Molecular cloning and bioinformatics analysis of the GmHg1 gene
	3.5 Analysis of the expression pattern of GmHg1
	3.6 Identification of the disease resistance function of the GmHg1 gene under HG Type 0 stress
	3.7 Expression analysis of other genes in the co-expression network in transgenic materials

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


