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Complex transcriptional networks regulate plant defense against pathogen

attack, and plant transcription factors act as key regulators of the plant

immune responses. The differences between transcription factor expression

and regulation in Chinese cabbage soft rot (Pectobacterium carotovorum; Pc)

have not been revealed. In this study, a total of 148 putative Chinese cabbage

WRKY genes (BrWRKYs) were identified from the Chinese cabbage genome

(v3.0). These genes were divided into seven subgroups (groups I, IIa–e, and III)

based on phylogenomic analysis, with distinct motif compositions in each

subgroup. Time-series RNA-seq was carried out to elucidate the dynamic

expression patterns of the BrWRKYs on the resistant mutant (sr) and the

susceptible wild-type (inbred WT) challenged by Pc. Transcriptional analysis

showed that 48 WRKY transcription genes at 0–24 hpi were significantly

upregulated in sr under soft rot stress. At the 12-h post-inoculation critical

time point, we identified three specifically upregulated genes and two

downregulated genes in the resistant mutant, which may provide potential

applications for genetic improvement against soft rot. The findings improved

our understanding of the WRKY-mediated soft rot stress response regulation in

Chinese cabbage. The study thus lays a foundation for the genetic improvement

of soft rot resistance.
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1 Introduction

Plants have an innate immune system to avoid the invasion of pathogens (Jones and

Dangl, 2006; Garner et al., 2016). Various transcription factors (TFs) via transcription

networks regulate this plant immune system at the transcriptional level (Kunkel and

Brooks, 2002; Dodds and Rathjen, 2010; Birkenbihl et al., 2017). Numerous studies have
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shown that few plant TF families, such as AP2/ERF, bHLH, ZIM,

NAC, JAZ, and WRKY, are the key regulators of defense

responses (Tsuda and Somssich, 2015). The WRKY gene

family is one of the most widely studied TF families of higher

plants. In recent years, it has been reported that WRKY

transcription factors are involved in disease resistance such as

in tomatoes (Chinnapandi et al., 2019), pepper (Dang et al., 2013;

Dang et al., 2014; Cheng et al., 2020), potato (Yogendra et al.,

2013)and other crops (Liu et al., 2007; Ko et al., 2015). Studies

have shown that WRKY protein is involved in a variety of plant

disease resistance responses from basic immunity to acquired

resistance, and it participates in plant defense responses to

pathogens by regulating a multi-pathway and multi-level

disease resistance signal pathways (Eulgem and Somssich.,

2007; Phukan et al., 2016; Birkenbihl et al., 2018). Although

research has been extensive and in-depth, the Brassica WRKY

family has been comprehensively identified and analyzed (He

et al., 2016; Kayum et al., 2015; Tang et al., 2014). However, on

the one hand, these studies are relatively early and cannot match

the update of the genome version. On the other hand, its

transcriptional expression is more related to the expression

under abiotic stress, and there is a relative lack of research on

the expression and regulation of WRKY transcription factors

under biological stress of Brassica plants, especially under the

stress of Chinese cabbage soft rot.

Chinese cabbage (Brassica rapa ssp. pekinensis) is an

important vegetable, which is very popular in Asia. Soft rot

caused by the pathogen Pectobacterium carotovorum (Pc) is one

of the three major diseases of Chinese cabbage. Pc is a

necrotrophic bacterium with a wide host range and usually

stays on the plant surface and soil (Reverchon et al., 2016;

Rabia et al., 2020). It infects the host through natural pores

on the plant surface or wounds. It secretes hydrolases that

degrade plant cell walls, extracts nutrients from plant tissues

to support their own growth and reproduction, and when

environmental conditions such as moisture, oxygen, and

temperature are conducive, it further infects and enters plants,

causing diseases. However, this is very complicated with regard to

resistance to Pc in Chinese cabbage. Some studies have

preliminarily clarified the hypothetical molecular mechanism

of Chinese cabbage’s resistance to Pc (Liu et al., 2019), but

the molecular basis of our resistance to this soft rot plant

pathogen, especially the role of transcription factors, remains

to be explored. Some studies have shown that WRKY

transcription factors play an important role in Pc stress. On

the other hand, WRKY70 plays a key role in balancing SA-

dependent and JA-dependent signal defense Pc (Li et al., 2004).

On the other hand, WRKY75 positively regulates JA- or SA-

dependent defenses, and WRKY33 is a positive regulator of JA-

dependent genes, which plays an important role in resistance to

Pc infection (Zheng et al., 2006; Birkenbihl et al., 2012; Choi et al.,

2014). In summary, the analysis of the WRKY transcription level

of Chinese cabbage inoculated with Pc is an important way to

understand the response mechanism of soft rot and to select

resistant varieties.

In this study, we performed another characterization and

analysis of the WRKY gene family using the Chinese cabbage

v3.0 genome.We also analyzed the genome-wide identification of

the WRKY gene family such as the chromosomal location, gene

structures and protein conserved sequence alignment, and

conserved domains. We also integrated transcriptional

regulation and expression analyses of the WRKY gene: time-

series RNA-seq was carried out to elucidate the dynamic

expression patterns of the BrWRKYs under Pc in Chinese

cabbage. Also, we screened the key BrWRKYs of Pc resistance

by differential analysis and expression analysis. This discovery

will enrich our understanding of the role of WRKY in soft rot

disease resistance and provide novel insights on approaches to

improve disease resistance in Chinese cabbages.

2 Results

2.1 Identification of WRKY in Chinese
cabbage and basic structure analysis

We identified all members of the Chinese cabbage WRKY

TFs. According to the Chinese cabbage Brassica_rapa. Brapa

3.0 genome version PEP (V 3.0) (BRAD V3.0, http://brassicadb.

org/brad/) (Chen et al., 2022), 148 Chinese cabbageWRKY genes

were identified. Due to the update of the genome version, there is

a quantitative difference between this (148) and the results (145)

found by predecessors (Tang et al., 2014). Concretely,

BrWRKY53 (Bra019123) and BrWRKY58 (Bra023983) are the

same loci that were merged into BrWRKY56 (BraA03g056960.

3C); BrWRKY41 (Bra000202) and BrWRKY71 (Bra016975) are

the same loci that were merged into BrWRKY70

(BraA04g028830.3C); and we re-identified BrWRKY26

(BraA02g030090.3C), BrWRKY108 (BraA08g002070.3C),

BrWRKY109 (BraA08g002100.3C), and BrWRKY146

(BraAnng003190.3C) as four BrWRKYs. To avoid confusion,

we designated these WRKY genes from BrWRKY1 to

BrWRKY148 based on their chromosomal location. The main

WRKY genetic characteristics of B. rapa are summarized in

additional file 1, including the gene names, gene ID,

chromosome location, group, full length of cDNA, molecular

weights, isoelectric points, instability index, aliphatic index, and

grand average of hydropathicity. For all BrWRKYs, the molecular

weights range from 13,583.14 Da to 98,194.09 Da, the full length

of cDNA from 117 bp to 868 bp, and the isoelectric points from 4.

85 to 9.92, as shown in additional file 1. The location of the

WRKY genes on the chromosomes is shown in Figure 1A. Except

for the three members on the scaffold, the other 145 BrWRKYs

were mapped to A01–A10 chromosomes. Most WRKY genes

(98/148) were on chromosomes 2, 3, 4, 8, and 9. The analysis

revealed the largest number of TFs on chromosome A03 (25/
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148 members; 17%) and the least number of TFs on chromosome

A10 (4/148, <3%).
To better understand the phylogenetic relationships of WRKY

genes in Chinese cabbage, Arabidopsis, a neighbor-joining (NJ)

phylogenetic tree was built based on the multiple sequence

alignment of the 148 BrWRKYs and 71 AtWRKYs from

Arabidopsis thaliana (Figure 1B). The TAIR (http://www.

arabidopsis.org/) website has announced three major categories

and five subcategories of the Arabidopsis WRKY family.

According to the number of WRKY domains and the

composition of the zinc finger structure, the 148 BrWRKYs are

divided into three major categories and seven large subcategories: I,

IIa, IIb, IIc, IId, IIe, and III which had 36, 6, 17, 38, 14, 13, and

24 members, respectively. Typically, the DNA-binding activity of

WRKY transcription factors depends on the conserved sequence of

WRKYGQK. Therefore, we performed gene structure conserved

domain and motif analysis of BrWRKYs and constructed an ML

phylogenetic tree to reveal the relationship between the WRKY

family structure and evolution. Additional file 2 shows that all

BrWRKYs contain at least one motif1 (WRKY) domain, and each

subgroup has its canonical motif composition; these motifs are

essential for the function of WRKY proteins.

2.2 Identification of cis-acting elements of
BrWRKY promoters

We first analyzed the cis-acting elements of the promoter

sequences 2000 bp upstream of all these BrWRKYs in Chinese

cabbages. Our analysis revealed that the whole family of BrWRKY

has multiple cis-acting elements, especially hormone-related

elements (the ABA-responsive element ABRE, jasmonic acid-

responsive element TGACG, salicylic acid-responsive element

CCATCTTTTT, gibberellin-responsive element TCTGTTG, and

ethylene-responsive element ERE) and stress-related elements (the

stress response element TC-rich repeats, low-temperature

FIGURE 1
Chromosomal location and phylogenetic tree analysis of BrWRKY family members. (A) Classification and distribution of the 145 BrWRKY genes
in Chinese cabbage identified in this study on 10 chromosomes and visualized by TBtools (another three located in subgenomes are not shown). (B)
Multiple alignment of the 148 BrWRKYs and 71 AtWRKYs from Arabidopsis thaliana, and the phylogenetic treewas constructed byMEGA based on the
neighbor-joining (NJ) method.

Frontiers in Genetics frontiersin.org03

Yan et al. 10.3389/fgene.2022.958769

http://www.arabidopsis.org/
http://www.arabidopsis.org/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.958769


response element LTR, drought response element MBS, and

wound response element), which respond to biotic and abiotic

stresses (Figure 2). These BrWRKYs’ cis-acting elements combine

with various stress-related trans-acting factors to regulate gene

expression and response of stress resistance genes in Chinese

cabbage.

2.3 Analysis of BrWRKY expression in
Chinese cabbage

Expression differences of BrWRKY genes in Chinese cabbage

under Pc and the raw RNA-seq data used here were generated

from a previous study conducted in our research group (Liu et al.,

FIGURE 2
All 148 BrWRKYs cis-element originals were analyzed as a cluster heatmap. The 2000-bp upstream region of the BrWRKYs was extracted as the
promoter sequence and submitted to the PlantCARE database (http://bioinformatics.psb.ugent.be/). In this way, the cis-acting element of the
Chinese cabbage WRKY family genes was predicted.

FIGURE 3
DEG identification and enrichment analysis between susceptibleWT and resistant sr after Pc. (A) In total, 6,945 and 9,951 differentially expressed
genes (DEGs) were identified fromWT and sr, respectively, and 2,762 DEGs were commonly identified in both lines. The upward arrow represents the
upregulated expression. The downward arrow represents the downregulated expression. (B) Enrichment analysis of upregulated TF DEGs between
Chinese cabbage linesWT and sr after Pc infection. To gain insights into the 148 TF families in response to Pc infection, enrichment analysis was
performed using all TF DEGs in the two lines. Among all these TF families, the WRKY family was most significantly enriched both in WT and sr. The
enrichment analysis was performed by the ggplot2 package (http://had.co.nz/ggplot2/).
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2019). Based on the published transcriptome data, we reconducted

the quality control and mapped it to the B. rapa reference genome

(v3.0) in the Brassica database (BRAD V3.0, http://brassicadb.org/

brad/) (Chen et al., 2022). We further analyzed the expression of

BrWRKY genes to soft rot stress and identified a group of abnormal

BrWRKY genes of the two lines.

2.3.1 Global analysis of TF DEGs in response of
Chinese cabbage to Pc infection

We identified differentially expressed genes (DEGs, p-value < 0.05

and FDR ≤ 0.01) in transcriptome data, of which we identified

6,945 DEGs in WT, 3,731 were upregulated, and 3,215 were

downregulated. Meanwhile, 9,951 DEGs were identified in sr, of

which 6,399 were upregulated and 3,552 were downregulated

(Figure 3A). Among these identified DEGs, we identified 3,295 TFs

and classified them into 45 families based on the Plant Transcription

Factor database (PlantTFDB V5.0) (Ko et al., 2015). We identified

839 differentially expressed TF genes in the resistant mutant sr after Pc

inoculation, accounting for approximately 25.5%of all the identifiedTF

genes. In comparison, 664 TF genes showed significant changes in the

susceptible WT. These results indicate substantial transcriptional

changes during Pc infection in both sr and WT, with more DEGs

and differentially expressed TFs in sr. Furthermore, to understand the

role of these 45 TF families in response to Pc infection, we performed

enrichment analysis using the identified TFDEGs in the two lines. The

analysis revealed that the top five enrichment values of TFs according

to the p-value wereWRKY, AP2-ERFBP, ZIM, ZF-HD, and bHLH in

all the identified TF genes. The WRKY TF had an extremely

significant enrichment p-value in both sr and WT and

significantly enriched DEGs in both lines among the different TF

families (Figure 3B). Thus, our comparative transcriptome analysis

indicates the putative role ofWRKY in regulating the host’s immune

response to Pc. In addition, we also made an in-depth analysis of

Chinese cabbage WRKY TFs in order to study the molecular

mechanism and resistance genes of Chinese cabbage resistance to Pc.

2.3.2 Response of BrWRKYs to soft rot stress
We analyzed the time-course transcriptome data to

determine the response of WRKY genes to soft rot stress. The

analysis detected no expression for 71 of 148 BrWRKYs, while

the expression of 77 BrWRKYs in response to Pc infection is

shown in the heatmap; eight samples (WT and sr at 0,6,12, and

24 hpi) were grouped into two subgroups by a heatmap

(Figure 4A). The first subgroups mainly consist of five samples,

FIGURE 4
Expression response of BrWRKYs to Pc inoculation. (A) Heatmap of WRKY family members in Chinese cabbage response to Pc infection. (B)
Analysis of the expression trend of BrWRKYs under soft rot stress. These BrWRKYs can be divided into early response (6 hpi, ER), middle response
(12 hpi, MR), andmiddle and late response (24 hpi, MLR) genes. (C) Transcriptional patterns of the expression of 77 BrWRKYmembers inWT and sr are
shown in (C). (D)Relative to clusters 0–2, cluster 3 is the dominant type, with the largest number, and the p-value ismore significant, including sr
48 and WT 29 BrWRKYs, and 28 were identified in both lines and are shown in the Venn diagram. (E) KEGG functional enrichment analysis for cluster
3. Cluster 3 expression was upregulated at 0–24 hpi of soft rot stress.
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including WT and sr at 0 and 6 hpi, and WT at 12 hpi. The other

subgroups have three samples, including WT at 24 hpi, and sr at

12 and 24 hpi. We can find that sr 12 hpi has more similar

expressions to WT and sr at 24 hpi, which means that the

defense response of sr to Pc may start from 12 hpi and continue

to 24 hpi. Furthermore, according to the difference analysis of

detected gene expression, 59 BrWRKYs were differentially

expressed in the sr, while only 55 genes were differentially

expressed in WT. The responses of these differentially expressed

genes to Pc inoculation were significantly different at different time

points. According to the time when BrWRKYs begin to respond to

Pc, it can be divided into early response (6 hpi, ER), middle response

(12 hpi, MR), and middle and late response (24 hpi, MLR) genes

(Figure 4B). Among the 59 BrWRKYs expressed in sr, 0 were ER

genes, 31 were MR genes, and 28 were MLR genes. In the WT,

8 were ER genes, 0 were MR genes, and 47 were MLR genes. Based

on the aforementioned results, there were significant differences in

the expression patterns of BrWRKY transcription factors between

the two lines. We speculate that 12 hpi is the key time point for

transcriptional expression of theWRKY family members of Chinese

cabbage under Pc stress, which may be the reason for the difference

in resistance to soft rot in Chinese cabbage.

We clustered the expression of BrWRKYs to study its

trend analysis and constructed four clusters (cluster_0–3)

based on a K-means clustering method (Figures 4C,D).

Cluster_0 containing 17 members in WT, the same as in

sr, decreased significantly in response to Pc infection at

0–24 hpi. Cluster_1 containing 6 members in WT, but

three members in sr, had 0–6 hpi downregulated genes,

6–12 hpi stably expressed genes, and 12–24 hpi

upregulated genes. Cluster_2 containing 19 members in

WT, but 6 members in sr, had the exact opposite

expression pattern to cluster_1. However, these clusters do

not seem to be the response pattern of Chinese cabbage

defense against Pc. Relative to cluster_0–2, cluster_3 is the

dominant type, with the largest number, and the p-value is

more significant. It contains 29 (p = 5.8 × 10–4) members in

WT, but 48 members in sr (p = 1.1 × 10–10), and the

expression was upregulated at 0–24 hpi of soft rot stress.

We also found that the sr had relatively more upregulated

genes in cluster_3, which may be another reason for the

difference of resistance to soft rot between the two lines. On

the other hand, the KEGG functional enrichment analysis for

cluster_3, which was mapped to two KEGG pathways and

those KEGG pathways that were most significantly identified,

included the MAPK signaling pathway–plant and

plant–pathogen interaction (Figure 4E).

2.3.3 Analysis of the differential expression of
BrWRKYs under soft rot stress between the two
lines

In depth, we analyzed the differential expression of the two

lines at different time points; only five BrWRKYs (three

upregulated and two downregulated) were identified at 12 hpi

(Figure 5), for which the BrWRKY5 were 140, 33, 125, and 102.

Therefore, these BrWRKYs differentially expressed at the critical

time point of 12 hpi may be one of the reasons for the resistance

of the two lines to soft rot.

3 Discussion

WRKYs are one of themost prominent families of TFs in higher

plants that play key roles in response to biotic and abiotic stresses

(Cheong et al., 2002; Rushton et al., 2010; Wang et al., 2011). A

number of WRKY TFs have been identified with genome-wide

analysis, for example, Arabidopsis, rice, and other plants and even

Chinese cabbage (Brassica rapa ssp. pekinensis), such as the Chinese

cabbage Brassica_rapa. Brapa_1.0 genome. Despite the continuous

improvement of the reference genomes of Brassica_rapa. Brapa,

genome-wide analysis of WRKY TFs cannot match the update of

the genome version. According to the Chinese cabbage

Brassica_rapa. Brapa_3.0 genome version PEP (V 3.0) (Chen

et al., 2022), the study identified 148 WRKY TFs in Chinese

cabbage. Also, the number of WRKYs in Brapa_3.0 was

more than that of Brapa_1.0, while in Chinese cabbage

Brapa_1.0 145 WRKYs were found (Tang et al., 2014).

Due to the rapid advances of sequencing technology in

recent years, high-quality reference genome sequences of

BRAD have been either decoded or upgraded, which

guarantee better accuracy of gene annotation. Among the

Chinese cabbage WRKY families identified by us, there are four

BrWRKYs (BrWRKY26-BraA02 g030090.3C, BrWRKY108-

BraA08 g002070.3C, BrWRKY109-BraA08 g002100.3C, and

BrWRKY146-BraAnng003190.3C) that have not been identified in

Brapa_1.0. Also, two pairs of previously identified BrWRKYs

(BrWRKY53-Bra019123 and BrWRKY58-Bra023983, and

BrWRKY41-Bra000202 and BrWRKY71-Bra016975) are

coincident, and they are combined into two BrWRKYs

(BrWRKY56-BraA03 g056960.3C and BrWRKY70-

BraA04g028830.3C). In addition, the number of WRKY TFs in

Chinese cabbage (148) is much more than that in Arabidopsis

thaliana (74). Both Arabidopsis and Chinese cabbage belong to the

Brassicaceae family, and the Chinese cabbage is also a subspecies of B.

rapa, which has undergone polyploidization, leading to additional

whole-genome triplication (Cai et al., 2021). The BrWRKY gene

family was expanded by 2-fold, and two or three copies were

homologous to one AtWRKY protein. However, nine AtWRKYs

weremissing in theChinese cabbage: AtWRKY5, 19, 37, 43, 52, 60, 63,

64, and 73 (Figure 1B). Also, most BrWRKY genes (98/148) were

concentrated on chromosomes 2, 3, 4, 8, and 9. All these BrWRKYs

were segmentally duplicated and unevenly distributed on the genome,

which played a role in genomic rearrangement and diversification.

WRKY family TFs were divided into seven subfamilies

according to their conservative domains, including I, IIa–e,

and III (Eulgem et al., 2000). The WRKY family in Chinese
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cabbage Brassica_rapa. Brapa_3.0 also consisted of these seven

parts: group I with a 2.2-fold expansion compared to Arabidopsis

and containing 36 members but 32 members in Brapa_1.0, group

IIa–e with a 2.0-fold expansion and 88 members but 89 members

in Brapa_1.0, and group III with a 1.7-fold expansion and

24 members but 25 members in Brapa_1.0 (Additional file 1).

Also, group II has the largest number, while inArabidopsis, group

I has the largest number, and in rice, group III has the largest

number. However, most BrWRKYs proteins of the same

subfamily shared not only the relatively similar conservative

domain but also similar gene structures (Additional file 2). On

the other hand, abundant cis-acting elements have been found in

the upstream of WRKY transcription factors in Chinese cabbage,

which are related to abscisic acid, jasmonic acid, salicylic acid,

ethylene, and a variety of stresses. These BrWRKY’s cis-acting

elements combine with various stress-related trans-acting factors

to regulate gene expression and response of stress resistance

genes in Chinese cabbage.

We detected the expression of 77 BrWRKYs in Chinese

cabbage leaves under soft rot stress, and the expression of the

remaining 71 BrWRKY genes seemed to be tissue-specific,

consistent with the expression profiling of BrWRKYs in

different tissues (Kayum et al., 2015). Susceptible WT and

resistant sr were used as materials, and we found 59 and

55 DEGs, accounting for 35.8% and 28.4% of all WRKY

factors. These findings indicate an apparent response to

stress involving WRKY TFs, consistent with the functional

study of WRKY family members in the infection response of

Phytophthora capsici (Cheng et al., 2020). We compared the

expression of WRKYs in the two lines at 0, 6, 12, and 24 hpi with

soft rot and found that sr has more responsive genes in 12 hpi.

Also, reflected in the results of heatmap clustering, the

expression pattern of sr 12 hpi is more similar to sr and WT

at 24 hpi. It is inferred that 12 hpi may be a crucial time point for

the transcriptional expression of WRKY family members of

Chinese cabbage under Pc stress, consistent with the previous

studies on Chinese cabbage (Liu et al., 2019). In the expression

trend analysis, the two lines had more upregulated expression

(cluster 3), and the expression was upregulated at 0–24 hpi of

soft rot stress. We used the different degrees of sensitivity of the

two materials to soft rot for comparison; the sr had relatively

more upregulated genes in cluster 3. Also, the same thing is that

sr has a higher expression level in 12 hpi than in WT when we

analyzed the differential expression of the two lines at different

time points, which may be another reason for the difference of

resistance to soft rot between the two lines. Previous studies

have found that some WRKY genes play an important role in

the response of Chinese cabbage to Pc stress (Liu et al., 2019). In

its research, theWRKY33 transcription factor is the downstream gene

of plant resistance to necrotizing pathogens, which was identified at

12 hpi in the response of Chinese cabbage to Pc resistance. Also,

WRKY70 is the core component of SA signaling, WRKY70 is

upregulated in the response of Chinese cabbage to Pc resistance to

promote the expression of downstream genes. However, we analyzed

the differential expression of BrWRKYs in the two lines under soft rot

stress and obtained different results. Five BrWRKYs (three

upregulated and two downregulated) were identified at 12 hpi,

among which BrWRKY5-BraA01g012730.3C, BrWRKY140-

BraA09 g056990.3C, and BrWRKY33-BraA03g005540.3C had

obvious response expression in the stress response of the Chinese

cabbage soft rot, which was upregulated at 0–24 hpi. Susceptible WT

and resistant sr were used as materials, and in 12 hpi-resistant plants,

the expression was 3.3-fold, 4.3-fold, and 4.5-fold, respectively, with

significant response differences. We infer that AtWRKY31

FIGURE 5
Heatmap of differential expression of BrWRKYs between susceptible WT and resistant sr at 12 hpi. Tests for pairwise differential expression were
performed in the DESeq2 R package. The resulting p-values were adjusted to control the false discovery rate (FDR), with genes having p-values <
0.05, |FoldChange| > 2, and FDR ≤ 0.01 considered to be differentially expressed genes (DEGs).
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(BrWRKY5) and AtWRKY75 (BrWRKY33, 140) may be the key

genes of Chinese cabbage in response to Pc stress and play an

important role.

4 Materials and methods

4.1 Identification and sequence analysis of
WRKY genes in Chinese cabbage

The hidden Markov model (HMM) profile of the WRKY

domain (PF03106) was downloaded from the Pfam database

(http://pfam.xfam.org/), and preliminary screening of the

Chinese cabbage genome (BRAD V3.0, http://brassicadb.org/

brad/) was conducted using HMMER (Chen et al., 2022).

Then, the candidate sequences were searched twice by

BLASTP based on the amino acid sequence of the conserved

domain, summarized, and deduplicated. The identity of all the

WRKY genes was confirmed by comparing against the Pfam

database, conserved domain database (CDD; https://www.ncbi.

nlm.nih.gov/cdd/), and SMART database (http://smart.embl.de/

smart/batch.pl) to validate the presence of the WRKY domain.

4.2 Sequence alignment, phylogenetic,
and conserved motif analysis

To study the phylogenetic relationships of BrWRKY proteins

and orthologs in Arabidopsis, sequences of AtWRKY TFs were

retrieved from TAIR (http://www.arabidopsis.org). The

phylogenetic tree was constructed by MEGA (v7.0.26) (Kumar

et al., 2016) based on the neighbor-joining (NJ) method, with a

bootstrap value of 1,000. The BrWRKY protein sequences for

conserved motif analysis were analyzed by MEME (https://

meme-suite.org/meme/tools/meme, accessed on 10 January

2022) (Bailey et al., 2009) to detect the possible conserved

motifs using default parameters; the maximum number of

motifs to be identified was defined as 3, and the maximum

width was set as 200. The NCBI CD-Search tool was used for

recognition and prediction of structural domains. Furthermore,

TBtools (V 1.098696) (Chen et al., 2020) was used to visualize the

phylogenetic tree, conserved motif map, structural domain

distribution map, and gene structure map according to the

phylogenetic tree file and MEME file obtained previously and the

GFF file and CDS file of the Chinese cabbage genome database.

4.3 Chromosomal location and cis-acting
elements of WRKY family genes

The chromosomal distribution of BrWRKY genes was

mapped according to the physical location and length of

chromosomes based on the V3.0 version of the Chinese

cabbage genome annotation file (GFF3) and the

corresponding genomic DNA sequences.

The 2000-bp upstream region of the BrWRKYs was extracted

as the promoter sequence and submitted to the PlantCARE

database (Lescot et al., 2002) (http://bioinformatics.psb.ugent.

be/). In this way, the cis-acting element of the Chinese cabbage

WRKY family genes was predicted and visualized by TBtools (V

1.098696) (Chen et al., 2020).

4.4 RNA-seq analysis

Transcriptomic data on Chinese cabbage were obtained from

the National Center for Biotechnology Information (NCBI)

publicly accessible database (Accession number: GSE209906).

Also, the raw RNA-seq data used here were generated for a

previous study conducted in our research group (Liu et al., 2019).

The RNA from three biological replicates of Chinese cabbage soft

rot-resistant mutant sr and WT at 0, 6, 12, and 24 hpi

(24 samples) were extracted using the TRIzol reagent

(Invitrogen, United States), according to the manufacturer’s

instructions (Wang et al., 2009; Lu et al., 2014; Lu et al.,

2016). We reconducted the quality control and trimming to

filter the adapter sequences and unknown/low-quality reads with

fastp (Chen et al., 2018). The clean data were mapped to the B.

rapa reference genome (v3.0) in the Brassica database (BRAD).

After filtering the reads, 179.17 Gb of high-quality sequences (>
96% of the raw reads) were obtained from the 24 samples, with

6.16–9.16 Gb data per sample and an error rate of <0.1%.

Approximately 67.60%–75.31% and 66.71%–74.36% of these

sequences were mapped to unique locations, whereas 0.89%–

1.55% were mapped to multiple genome locations. A total of

44,248 predicted B. rapa genes were annotated. HTSeq (v0.6.1)

was used to count the read numbers mapped to each gene, and

the FPKM (fragments per kilobase of transcript sequence per

million base pairs sequenced) was calculated based on the length

of the gene and read counts mapped to this gene (Trapnell et al.,

2010). Visualization of enrichment analysis was performed by the

ggplot2 package (http://had.co.nz/ggplot2/).

Tests for pairwise differential expression were performed in the

DESeq2 R package (Love et al., 2014). The resulting p-values were

adjusted to control the false discovery rate (FDR), with genes having

p-values < 0.05, |FoldChange| > 2, and FDR ≤ 0.01 considered to be

differentially expressed genes (DEGs) for further analysis.

5 Conclusion

In this study, a total of 148 putative Chinese cabbage WRKY

genes (BrWRKYs) were identified from the new Chinese cabbage

genome (v3.0) (Chen et al., 2022), which may be potential

resources for the development of Brassica varieties resistant

against abiotic and biotic stresses. Time-series RNA-seq was
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carried out to elucidate the dynamic expression patterns of the

BrWRKYs on the resistant mutant (sr) and the susceptible wild-

type (inbred WT) challenged by Pc and revealed their

transcriptional similarities and differences of WRKY family

members in response to the pathogen. The findings improved

our understanding of the WRKY-mediated soft rot stress

response regulation in Chinese cabbage. The study thus lays a

foundation for the genetic improvement of soft rot resistance.

Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and

accession number(s) can be found at: NCBI, GSE209906.

Author contributions

JZ, ML, WM, XS, and YL conceptualized the project. ML,

XYu, WM, YG, XS, XYue, JH, YL, JZ, and JY performed the

experiment. ML, XY, WM, YG, XS, JH, YL, JZ, and JY analyzed

the data. JZ, ML, JY, XYu, and WM prepared the manuscript. All

authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science

Foundation of China (Grant No. 31902005), the China

Postdoctoral Science Foundation (Grant No. 2019M651059),

the Natural Science Foundation of Hebei (Grant

No.C2020204111), the International Cooperation Base Project

in the Technology of Hebei (Grant No.20592901D), the Science

and Technology Support Program of Hebei (Grant No.

21326344D), and the Science and Technology Research

Project of Hebei Colleges and Universities (Grant No.

QN2021074).

Acknowledgments

We are grateful to Prof. Hua Xie (Beijing Agro-

Biotechnology Research Center and Beijing Academy of

Agriculture and Forestry Sciences, Beijing, China) for the gift

of the Pc BC1 pathogen.

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/fgene.

2022.958769/full#supplementary-material

References

Bailey, T. L., Boden, M., Buske, F. A., Frith, M., Grant, C. E., Clementi, L., et al.
(2009). Meme suite: Tools for motif discovery and searching. Nucleic Acids Res. 37,
W202–W208. doi:10.1093/nar/gkp335

Birkenbihl, R. P., Diezel, C., and Somssich, I. E. (2012). Arabidopsis WRKY33 is a
key transcriptional regulator of hormonal and metabolic responses toward Botrytis
cinerea infection. Plant Physiol. 159 (1), 266–285. doi:10.1104/pp.111.192641

Birkenbihl, R. P., Kracher, B., Ross, A., Kramer, K., Finkemeier, I., and Somssich,
I. E. (2018). Principles and characteristics of the Arabidopsis WRKY regulatory
network during early MAMP-triggered immunity. Plant J. 96 (3), 487–502. doi:10.
1111/tpj.14043

Birkenbihl, R. P., Liu, S. A., and Somssich, I. E. (2017). Transcriptional events
defining plant immune responses. Curr. Opin. Plant Biol. 38, 1–9. doi:10.1016/j.pbi.
2017.04.004

Cai, X., Chang, L., Zhang, T., Chen, H., Zhang, L., Lin, R., et al. (2021). Impacts of
allopolyploidization and structural variation on intraspecific diversification in
Brassica rapa. Genome Biol. 22 (1), 166. doi:10.1186/s13059-021-02383-2

Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y., et al. (2020).
TBtools: An integrative toolkit developed for interactive analyses of big biological
data. Mol. Plant 13 (8), 1194–1202. doi:10.1016/j.molp.2020.06.009

Chen, H., Wang, T., He, X., Cai, X., Lin, R., Liang, J., et al. (2022). Brad V3.0: An
upgraded Brassicaceae database. Nucleic Acids Res. 50, D1432–D1441. doi:10.1093/
nar/gkab1057

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: An ultra-fast all-in-one
FASTQ preprocessor. Bioinformatics 34, i884–i890. doi:10.1093/bioinformatics/
bty560

Cheng, W., Jiang, Y., Peng, J., Guo, J., Lin, M., Jin, C., et al. (2020). The
transcriptional reprograming and functional identification of WRKY family
members in pepper’s response to Phytophthora capsici infection. BMC Plant
Biol. 20 (1), 256. doi:10.1186/s12870-020-02464-7

Cheong, Y. H., Chang, H. S., Gupta, R., Wang, X., Zhu, T., and Luan, S. (2002).
Transcriptional profiling reveals novel interactions between wounding, pathogen,
abiotic stress, and hormonal responses in Arabidopsis. Plant Physiol. 129 (2),
661–677. doi:10.1104/pp.002857

Chinnapandi, B., Bucki, P., Fitoussi, N., Kolomiets, M., Borrego, E., and Braun, M.
S. (2019). Tomato SlWRKY3 acts as a positive regulator for resistance against the
root-knot nematode Meloidogyne javanica by activating lipids and hormone-
mediated defense-signaling pathways. Plant Signal. Behav. 14 (6), 1601951.
doi:10.1080/15592324.2019.1601951

Frontiers in Genetics frontiersin.org09

Yan et al. 10.3389/fgene.2022.958769

https://www.frontiersin.org/articles/10.3389/fgene.2022.958769/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.958769/full#supplementary-material
https://doi.org/10.1093/nar/gkp335
https://doi.org/10.1104/pp.111.192641
https://doi.org/10.1111/tpj.14043
https://doi.org/10.1111/tpj.14043
https://doi.org/10.1016/j.pbi.2017.04.004
https://doi.org/10.1016/j.pbi.2017.04.004
https://doi.org/10.1186/s13059-021-02383-2
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1093/nar/gkab1057
https://doi.org/10.1093/nar/gkab1057
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1186/s12870-020-02464-7
https://doi.org/10.1104/pp.002857
https://doi.org/10.1080/15592324.2019.1601951
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.958769


Choi, C., Park, Y. H., Kwon, S. I., Yun, C., Ahn, I., Park, R. S., et al. (2014).
Identification of AtWRKY75 as a transcriptional regulator in the defense response
to Pcc through the screening of Arabidopsis activation-tagged lines. Plant
Biotechnol. Rep. 8, 183–192. doi:10.1007/s11816-013-0308-x

Dang, F. F., Wang, Y. N., Yu, L., Eulgem, T., Lai, Y., Liu, Z. Q., et al. (2013).
CaWRKY40, a WRKY protein of pepper, plays an important role in the regulation
of tolerance to heat stress and resistance to Ralstonia solanacearum infection. Plant
Cell Environ. 36 (4), 757–774. doi:10.1111/Pce.12011

Dang, F., Wang, Y., She, J., Lei, Y., Liu, Z., Eulgem, T., et al. (2014).
Overexpression of CaWRKY27, a subgroup IIe WRKY transcription factor of
Capsicum annuum, positively regulates tobacco resistance to Ralstonia
solanacearum infection. Physiol. Plant. 150 (3), 397–411. doi:10.1111/ppl.12093

Dodds, P. N., and Rathjen, J. P. (2010). Plant immunity: Towards an integrated
view of plant-pathogen interactions. Nat. Rev. Genet. 11 (8), 539–548. doi:10.1038/
nrg2812

Eulgem, T., Rushton, P. J., Robatzek, S., and Somssich, I. E. (2000). The WRKY
superfamily of plant transcription factors. Trends Plant Sci. 5 (5), 199–206. doi:10.
1016/S1360-1385(00)01600-9

Eulgem, T., and Somssich, I. E. (2007). Networks of WRKY transcription factors
in defense signaling. Curr. Opin. Plant Biol. 10 (4), 366–371. doi:10.1016/j.pbi.2007.
04.020

Garner, C. M., Kim, S. H., Spears, B. J., and Gassmann, W. (2016). Express
yourself: Transcriptional regulation of plant innate immunity. Semin. Cell Dev. Biol.
56, 150–162. doi:10.1016/j.semcdb.2016.05.002

Jones, J. D., and Dangl, J. L. (2006). The plant immune system.Nature 444 (7117),
323–329. doi:10.1038/nature05286

Kayum, M. A., Jung, H. J., Park, J. I., Ahmed, N. U., Saha, G., Yang, T. J., et al.
(2015). Identification and expression analysis of WRKY family genes under biotic
and abiotic stresses in Brassica rapa. Mol. Genet. Genomics 290 (1), 79–95. doi:10.
1007/s00438-014-0898-1

Ko, Y. J., Lee, S., Song, K., Park, S. Y., Ahn, I., Bae, S. c., et al. (2015). Heterologous
expression of the Brassica rapa transcription factor BrWRKY7 enhances resistance
against bacterial soft rot caused by Pectobacterium carotovorum in Arabidopsis.
Plant Biotechnol. Rep. 9, 179–186. doi:10.1007/s11816-015-0354-7

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: Molecular evolutionary
genetics analysis version 7.0 for bigger datasets.: Molecular evolutionary genetics
analysis version 7.0 for larger dataset. Mol. Biol. Evol. 33 (7), 1870–1874. doi:10.
1093/molbev/msw054

Kunkel, B. N., and Brooks, D. M. (2002). Cross talk between signaling pathways in
pathogen defense. Curr. Opin. Plant Biol. 5 (4), 325–331. doi:10.1016/s1369-
5266(02)00275-3

Lescot, M., Déhais, P., Thijs, G., Marchal, K., Moreau, Y., Van, de, P. Y., et al.
(2002). PlantCARE, a database of plant cis-acting regulatory elements and a portal
to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 30 (1),
325–327. doi:10.1093/nar/30.1.325

Li, J., Brader, G., and Palva, E. T. (2004). The WRKY70 transcription factor: A
node of convergence for jasmonate-mediated and salicylate-mediated signals in
plant defense. Plant Cell 16 (2), 319–331. doi:10.1105/tPc.016980

Liu, M., Wu, F., Wang, S., Lu, Y., Chen, X., Wang, Y., et al. (2019). Comparative
transcriptome analysis reveals defense responses against soft rot in Chinese
cabbage. Hortic. Res. 6, 68. doi:10.1038/s41438-019-0149-z

Liu, X., Bai, X., Wang, X., and Chu, C. (2007). OsWRKY71, a rice transcription
factor, is involved in rice defense response. J. Plant Physiol. 164 (8), 969–979. doi:10.
1016/j.jplph.2006.07.006

Love, M. I., Anders, S., and Huber, W. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2.Genome Biol. 15, 550. doi:10.
1186/s13059-014-0550-8

Lu, Y., Dai, S., Gu, A., Liu, M., Wang, Y., Luo, S., et al. (2016). Microspore induced
doubled haploids production from ethyl methanesulfonate(EMS)soaked flower
buds is an efficient strategy for mutagenesis in Chinese cabbage. Front. Plant
Sci. 28 (7), 1780. doi:10.3389/fpls.2016.01780

Lu, Y., Liu, M. Y., Zhao, J. J., Wang, Y. H., Luo, S. X., Xuan, S. X., et al. (2014).
Construction of one mutant library and research on phenotypic variation of
M2 population leaves in Chinese cabbage. Acta Hortic. Sin. 41 (8), 1609–1619.
Available: https://www.ahs.ac.cn/EN/Y2014/V41/I8/1609.

Phukan, U. J., Jeena, G. S., and Shukla, R. K. (2016). WRKY transcription factors,
Molecular regulation and stress responses in plants. Front. Plant Sci. 7, 760. doi:10.
3389/fpls.2016.00760

Rabia, A., Qurat-ul-Ain, S., Wajahat, M., Faiza, M., Nosheen, F., Amnah, S., et al.
(2020). Chapter 6 - pan-genomics of plant pathogens and its applications. Pan-
genomics Appl. Challenges, Future Prospects. Editors D. Barh (San Diego, CA:
Academic Press), 121–145.

Reverchon, S., Muskhelisvili, G., and Nasser, W. (2016). Virulence Program of a
bacterial plant pathogen: The dickeya Model. Prog. Mol. Biol. Transl. Sci. 142,
51–92. doi:10.1016/bs.pmbts.2016.05.005

Rushton, P. J., Somssich, I. E., Ringler, P., and Shen, Q. J. (2010). WRKY
transcription factors. Trends Plant Sci. 15 (5), 247–258. doi:10.1016/j.tplants.
2010.02.006

Tang, J., Wang, F., Hou, X. L., Wang, Z., and Huang, Z. N. (2014). Genome-wide
fractionation and identification of WRKY transcription factors in Chinese
cabbage(Brassica rapa ssp. pekinensis)Reveals collinearity and their expression
patterns under abiotic and biotic stresses. Plant Mol. Biol. Rep. 32, 781–795. doi:10.
1007/s11105-013-0672-2

Trapnell, C., Williams, B. A., Pertea, G., Mortazavi, A., Kwan, G., Baren, M. J.,
et al. (2010). Transcript assembly and quantification by RNA-Seq reveals
unannotated transcripts and isoform switching during cell differentiation. Nat.
Biotechnol. 28 (5), 511–515. doi:10.1038/nbt.1621

Tsuda, K., and Somssich, I. E. (2015). Transcriptional networks in plant
immunity. New Phytol. 206 (3), 932–947. doi:10.1111/nph.13286

Wang, L., Gao, X. Q., Zhu, L. H., Zhou, Y. L., and Li, Z. K. (2011). Research
progress on disease resistance-related functions of plant WRKY transcription factor
family genes. J. Plant Genet. Resour. 12 (01), 80–85. Available: http://www.zwyczy.
cn/ch/reader/create_pdf.aspx?file_no=2011014.

Wang, Z., Gerstein, M., and Snyder, M. (2009). RNA-Seq, a revolutionary tool for
transcriptomics. Nat. Rev. Genet. 10 (1), 57–63. doi:10.1038/nrg2484

Yogendra, K. N., Kumar, A., Sarkar, K., Li, Y., Pushpa, D., Mosa, K. A., et al.
(2015). Transcription factor StWRKY1 regulates phenylpropanoid metabolites
conferring late blight resistance in potato. J. Exp. Bot. 66 (22), 7377–7389.
doi:10.1093/jxb/erv434

Zheng, Z., Qamar, S. A., Chen, Z., and Mengiste, T. (2006). Arabidopsis
WRKY33 transcription factor is required for resistance to necrotrophic fungal
pathogens. Plant J. 48 (4), 592–605. doi:10.1111/j.1365-313X.2006.02901.x

Frontiers in Genetics frontiersin.org10

Yan et al. 10.3389/fgene.2022.958769

https://doi.org/10.1007/s11816-013-0308-x
https://doi.org/10.1111/Pce.12011
https://doi.org/10.1111/ppl.12093
https://doi.org/10.1038/nrg2812
https://doi.org/10.1038/nrg2812
https://doi.org/10.1016/S1360-1385(00)01600-9
https://doi.org/10.1016/S1360-1385(00)01600-9
https://doi.org/10.1016/j.pbi.2007.04.020
https://doi.org/10.1016/j.pbi.2007.04.020
https://doi.org/10.1016/j.semcdb.2016.05.002
https://doi.org/10.1038/nature05286
https://doi.org/10.1007/s00438-014-0898-1
https://doi.org/10.1007/s00438-014-0898-1
https://doi.org/10.1007/s11816-015-0354-7
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1016/s1369-5266(02)00275-3
https://doi.org/10.1016/s1369-5266(02)00275-3
https://doi.org/10.1093/nar/30.1.325
https://doi.org/10.1105/tPc.016980
https://doi.org/10.1038/s41438-019-0149-z
https://doi.org/10.1016/j.jplph.2006.07.006
https://doi.org/10.1016/j.jplph.2006.07.006
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.3389/fpls.2016.01780
https://www.ahs.ac.cn/EN/Y2014/V41/I8/1609
https://doi.org/10.3389/fpls.2016.00760
https://doi.org/10.3389/fpls.2016.00760
https://doi.org/10.1016/bs.pmbts.2016.05.005
https://doi.org/10.1016/j.tplants.2010.02.006
https://doi.org/10.1016/j.tplants.2010.02.006
https://doi.org/10.1007/s11105-013-0672-2
https://doi.org/10.1007/s11105-013-0672-2
https://doi.org/10.1038/nbt.1621
https://doi.org/10.1111/nph.13286
http://www.zwyczy.cn/ch/reader/create_pdf.aspx?file_no=2011014
http://www.zwyczy.cn/ch/reader/create_pdf.aspx?file_no=2011014
https://doi.org/10.1038/nrg2484
https://doi.org/10.1093/jxb/erv434
https://doi.org/10.1111/j.1365-313X.2006.02901.x
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.958769

	Genome-wide identification and expression analysis of WRKY family genes under soft rot in Chinese cabbage
	1 Introduction
	2 Results
	2.1 Identification of WRKY in Chinese cabbage and basic structure analysis
	2.2 Identification of cis-acting elements of BrWRKY promoters
	2.3 Analysis of BrWRKY expression in Chinese cabbage
	2.3.1 Global analysis of TF DEGs in response of Chinese cabbage to Pc infection
	2.3.2 Response of BrWRKYs to soft rot stress
	2.3.3 Analysis of the differential expression of BrWRKYs under soft rot stress between the two lines


	3 Discussion
	4 Materials and methods
	4.1 Identification and sequence analysis of WRKY genes in Chinese cabbage
	4.2 Sequence alignment, phylogenetic, and conserved motif analysis
	4.3 Chromosomal location and cis-acting elements of WRKY family genes
	4.4 RNA-seq analysis

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


