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Dendrobium catenatum has become a rare and endangered medicinal plant due to habitat loss in China. As one of the most important and largest transcription factors, WRKY plays a critical role in response to abiotic stresses in plants. However, little is known regarding the functions of the WRKY family in D. catenatum. In this study, a total of 62 WRKY genes were identified from the D. catenatum genome. Phylogenetic analysis revealed that DcWRKY proteins could be divided into three groups, a division supported by the conserved motif compositions and intron/exon structures. DcWRKY gene expression and specific responses under drought, heat, cold and salt stresses were analyzed through RNA-seq data and RT-qPCR assay. The results showed that these genes had tissue-specificity and displayed different expression patterns in response to abiotic stresses. The expression levels of DcWRKY22, DcWRKY36 and DcWRKY45 were up-regulated by drought stress. Meanwhile, DcWRKY22 was highly induced by heat in roots, and DcWRKY45 was significantly induced by cold stress in leaves. Furthermore, DcWRKY27 in roots and DcWRKY58 in leaves were extremely induced under salt treatment. Finally, we found that all the five genes may function in ABA- and SA-dependent manners. This study identified candidate WRKY genes with possible roles in abiotic stress and these findings not only contribute to our understanding of WRKY family genes, but also provide valuable information for stress resistance development in D. catenatum.
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INTRODUCTION
Over their life cycle, plants can suffer various adverse environmental stresses including drought, heat, cold, and high salt. Plants can spontaneously develop a series of response mechanisms when perceiving abiotic stress, such as metabolic reconstruction, cell-tissue remodeling, and gene expression reprogramming. Stress-related transcription factors (TFs) are activated after receiving stress signals, acting as molecular switches to regulate the expression of their target genes by interacting with the cis-elements in the gene promoters (Singh et al., 2002), and then participate in the response to abiotic stress (Zhu, 2016). Most plant TFs, such as WRKY, MYB, NAC, bZIP, bHLH, and AP2/DREB, belong to a large gene family. One of the most important and largest transcription factor families in plants is WRKY (Eulgem et al., 2000), which plays a crucial role in many metabolic regulation processes (Rushton et al., 2010).
The WRKY proteins are made up of about 60 amino acids, containing one or two highly conserved WRKYGQK (Trp-Arg-Lys-Tyr-Gly-Gln-Lys) heptapeptides at the N-terminus, and one or two zinc finger structures, C2H2 (C-X4-5-C-X22-23-H-X-H) or C2HC (C-X7-C-X23-H-X-C), at the C-terminal (Eulgem et al., 2000; Rushton et al., 2010). The WRKY gene family is divided into three main groups according to the number of conserved WRKY domains and zinc finger structures (Eulgem et al., 2000). Group I contains two WRKY conserved domains and a C2H2-type zinc finger motif. Group II contains one WRKY conserved domain and a C2H2-type zinc finger motif. Group III contains one WRKY conserved domain, and a C2HC-type zinc finger motif. According to the sequence characteristics of the DNA binding domains in the WRKY proteins, Group II has been further divided into five subgroups, namely IIa, IIb, IIc, IId, and IIe (Eulgem et al., 2000; Rushton et al., 2010). The WRKY TFs can specifically recognize and bind to the W-box (C/TTGACT/C) region of the target gene promoter (Ulker and Somssich, 2004; Bakshi and Oelmüller, 2014), and then activate or inhibit the gene expression at the transcriptional level.
The first WRKY gene (SPF1) was isolated and characterized from sweet potato (Ishiguro and Nakamura, 1994). Since then, the WRKY genes were subsequently reported in other species including lower green algae, terrestrial mosses, and higher land plants (Ulker and Somssich, 2004). The reported WRKY genes is distributed as follows: 74 WRKY genes in Arabidopsis (Ulker and Somssich, 2004), 103 WRKY genes in rice (Ramamoorthy et al., 2008), 55 WRKY genes in cucumber (Ling et al., 2011), 102 WRKY genes in G. hirsutum (Dou et al., 2014), 103 WRKY genes in pear (Huang et al., 2015), 71 WRKY genes in pepper (Diao et al., 2016), 171 WRKY genes in wheat (Ning et al., 2017), 56 WRKY genes in melon (Jiao et al., 2018), and 94 WRKY genes in sorghum (Baillo et al., 2020). Studies have shown that WRKY genes are induced by salt stress and low temperature in Eucalyptus grandis, and upregulated under brassinosteroid (BR), salicylic acid (SA), and methyl jasmonate (MeJA) treatments, indicating that WRKY is involved in response to abiotic stress, as well as in hormone signaling pathways in plants (Fan et al., 2018). Most WRKY genes in Populus were induced by SA and MeJA (Jiang et al., 2014). The expression level of sugarcane ScWRKY3 was increased under salt, PEG and ABA treatments, but decreased under SA and MeJA treatments (Wang C.-T. et al., 2018). ScWRKY5 was induced by salt, PEG, SA and ABA (Wang D. et al., 2020). Chen et al. (2012) found that WRKY expression was induced under abiotic stress such as drought, saline-alkali, high osmotic stress and high temperature. Studies also showed that TaWRKY1 and TaWRKY33 in wheat (He et al., 2016), and ZmWRKY40 in maize (Wang L. et al., 2018) could enhance drought tolerance of Arabidopsis plants. Furthermore, overexpression of HbWRKY82 enhanced drought and salt tolerance and reduced sensitivity to ABA in transgenic Arabidopsis thaliana (Kang et al., 2021), and overexpression of AhWRKY75 enhanced salt tolerance in transgenic peanut (Zhu et al., 2021).
Dendrobium catenatum is a perennial herb of Dendrobium orchidaceae with great economic value. As a traditional Chinese medicine, it has immune enhancement activity. Wild D. catenatum plants mostly grow on shady mountain rocks or forest trunks, and is often threatened by adversity such as periodic water shortage (Zotz and Winkler, 2013; Wan et al., 2018). Therefore, it is necessary to identify stress-related genes in D. catenatum genome and explore their functions. In this study, the WRKY gene family was identified and characterized based on the full genomic sequence of D. catenatum (Zhang et al., 2016). The features of the WRKY gene family were characterized using bioinformatics methods. Meanwhile, the expression of WRKY gene members in different tissues and under abiotic stresses as well as hormone treatments was analyzed based on RNA-seq data or using a RT-qPCR assay. This study lays a foundation for future research into the functions of D. catenatum WRKY genes.
MATERIALS AND METHODS
Identification of WRKY Family Genes in Dendrobium catenatum
The generic feature format (gff), complete genome, proteome, and coding sequence (CDS) files of D. catenatum were downloaded from the GenBank database (PRJNA262478, Zhang et al., 2016). The WRKY_domain HMM (Hidden Markov Model) profile (PF03106) was downloaded from the Protein family (Pfam 34.0; http://pfam.xfam.org/) database and used as a query to search the D. catenatum protein database using the Bio-linux bioinformatics documentation system to identify putative WRKY genes. Candidate sequences were selected with an E value less than e−10 (Diao et al., 2016) and then submitted to the Pfam, Conserved Domain Database (CDD, v3.19; https://www.ncbi.nlm.nih.gov/cdd/) and the Simple Modular Architecture Research Tool (SMART, v9; http://smart.embl.de/smart/batch.pl) database to validate the WRKY domains. After removing redundant and incomplete sequences manually, the DcWRKY proteins were finally confirmed. The features including gene locations in the scaffold, isoelectric point (pI), and molecular weight (MW) of DcWRKYs were analyzed using ExPASy-ProtParam (Expasy 3.0; http://web.expasy.org/protparam/). The number of transmembrane regions was determined using TMHMM software (http://www.cbs.dtu.dk/services/TMHMM/). The in-silico subcellular localization of WRKY proteins was predicted using the PSORT tool (https://www.genscript.com/psort.html). The putative Arabidopsis thaliana and rice (Oryza sativa) WRKY members were identified using the same screening method from the Plant Transcription Factor Database (PlantTFDB, v5.0; http://planttfdb.gao-lab.org/tf.php?sp=Ppe&did=Prupe.I004500.1.p).
Phylogenetic Analysis and Classification of WRKY Proteins
In order to study the evolutionary relationships of WRKY proteins, 213 sequences from three species, Dendrobium catenatum (62), Arabidopsis thaliana (72), and Oryza sativa (79) (Gene ID seen in Supplementary Table S1) were aligned using ClustalW (Thompson et al., 1994), and then a phylogenetic tree was constructed using the Maximum Likelihood (ML) method in MEGA-X (Kumar et al., 2018) with default parameters: poisson model, pairwise deletion, and 1,000 bootstrap replications. WRKY proteins from different subfamilies of the A. thaliana and O. sativa WRKY families were used as grouping markers. The phylogenetic tree was visualized and enhanced using the EvolView online tool (Evolview v3; https://evolgenius.info/evolview-v2). DNAMAN software (version 6.0.3.99) was used to mark out the structure features of DcWRKY proteins. The sequence logos for Group I, Group II, and Group III of the DcWRKYs were generated using WebLogo (http://weblogo.berkeley.edu/logo.cgi) with default settings.
Characterization of Conserved Motif, Gene Structure, and Putative cis-regulatory Elements
The Multiple Em for Motif Elicitation (MEME, v5.3.3; http://meme-suite.org/tools/meme) program was used to analyze the conserved motifs of the WRKY protein in D. catenatum, with the following parameters: number of repetitions-any, maximum number of motifs-10, and the optimum motif widths set from 6 to 100 amino acid residues. The gene exon-intron information for WRKYs was extracted from the D. catenatum gff file using the TBtools software (Chen et al., 2020). Then, the conserved motifs and gene structures were visualized with TBtools.
To identify potential cis-elements in the promoters of WRKY genes, 2000-bp sequences upstream of the coding regions of the DcWRKY genes were first obtained using the TBtools, and then submitted to the PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/). Finally, the cis-elements were analyzed and visualized by TBtools (Chen et al., 2020).
Plant Materials, Growth Conditions, and Treatments
D. catenatum “Guangnan” tissue culture seedlings were grown under a 12 h/25°C day and 12 h/22°C night regime with a relative humidity of 70% in a growth chamber at Hainan University. The three-month-old plantlets with uniform and robust growth were then selected for subsequent experiments. The seedlings were irrigated with 1/2 MS medium supplemented with 20% PEG8000 and 200 mM NaCl to simulate drought and salt stress, respectively (Zhang et al., 2021). For temperature stress, the plantlets were transferred to a growth chamber set to 42 and 4°C for heat and cold stress, respectively (Zhang et al., 2021). For hormone treatment, the seedlings were irrigated with 1/2 MS medium supplemented with 100 μM ABA or 20 μM SA (Li et al., 2020). The seedlings were then collected and frozen in liquid nitrogen at different time points (0, 3, 6, 9, 12, 24, and 48 h) after treatment.
In addition, the tissues, including roots, stems, leaves, capsules, sepals, petals, lips, gynostemia, and flower stalk were collected from mature plants to analyze the tissue specificity of the WRKY genes. The samples were frozen in liquid nitrogen immediately and stored at −80°C. Each treatment was performed with three independent biological replicates, and the samples collected were from five plants for each treatment at each replication.
Gene Expression Analysis
To examine the expression profiles of the DcWRKY genes under drought stress, the RNA-seq data from the SRA website (https://www.ncbi.nlm.nih.gov/sra) (SRP132541) were downloaded and analyzed (Wan et al., 2018). The reference genome index of D. catenatum was established by kallisto tools (Bray et al., 2016), from which the expression data were then quantified. Transcripts Per Million (TPM) expression values of the DcWRKY genes were log2-transformed. A heat map of the expression profiles of the DcWRKY genes was constructed with TBtools. To further study their responses to drought stress, 15 differentially expressed genes across all of the subgroups were selected to study by real-time quantitative PCR (RT-qPCR). Total RNA extraction and RT-qPCR were performed as described by Zhang et al. (2021).
RT-qPCR was used to study the expression levels of the above selected WRKY genes under heat, cold, salt stress as well as ABA and SA treatments. Furthermore, the spatial expression patterns were also investigated. Three replicate biological experiments were conducted. Primers are listed in Supplementary Table S2.
Statistical Analysis
The relative expression levels of DcWRKY genes were calculated by the 2−△△CT method (Zhang et al., 2021). All data were calculated using the expression levels under different stresses divided by that under normal condition at the same time points and are presented as the means ± standard error (SE) of three replicates and differences were detected using the Student’s t-test. Asterisks (* or **) indicate a significant difference at p < 0.05 or 0.01, respectively.
RESULTS
Identification of WRKY Family Members in D. catenatum
The WRKY domain model (PF03106) was used as a query to search for WRKY proteins in D. catenatum protein files. After removing the redundant and incomplete sequences and further confirming in the SMART, Pfam, and CDD databases, a total of 62 putative WRKY genes were obtained and named as DcWRKY1 to DcWRKY62 (Supplementary Table S3) according to their relationships with Arabidopsis thaliana WRKY proteins. Sequences including genomic sequences, CDS sequences and protein sequences of WRKY genes are listed in Supplementary Table S4. The average length of the DcWRKY proteins was 339 amino acids (ranging from 112 to 717 amino acids). The deduced MWs of the WRKY proteins ranged from 12.86 kDa in DcWRKY37 to 78.36 kDa in DcWRKY23, with an average of 37.50 kDa. Additionally, the theoretical pI ranged from 4.54 (DcWRKY49) to 10.55 (DcWRKY52), with an average of 7.17 (Supplementary Table S3). All of the proteins lacked transmembrane domains, illustrating that they were non-membrane proteins. The DcWRKY proteins were predicted to be nuclear proteins using the PSORT tool. The features of the DcWRKY proteins suggest that there are significant differences among them, which may reflect a diversity of functions in D. catenatum.
Phylogenetic Classification of DcWRKYs
In order to evaluate the evolutionary relationships of the WRKY gene family in D. catenatum, a combined ML tree was constructed using MEGA-X software. The phylogenetic tree showed that the 213 WRKYs (Supplementary Table S1) were divided into three subfamilies: group I, group II, and group III (Figure 1). Group II, the largest group, contained 37 DcWRKYs and accounted for 60% of all DcWRKYs in D. catenatum. Groups I and III had 13 and 12 DcWRKY members, respectively (Figure 1A, Supplementary Table S3). As shown in Figure 1A and Supplementary Figure S1, a similar member distribution in each subgroup was also found in A. thaliana and O. sativa, indicative of similar evolutionary trajectories for the WRKY genes in the three species.
[image: Figure 1]FIGURE 1 | Comparison of the WRKY family in plants. (A) Phylogenetic analyses of WRKY proteins from D. catenatum, Arabidopsis, and rice. A phylogenetic tree of WRKY proteins was constructed using MEGA-X with default parameters. The subgroups are indicated with different colors. The red stars represent D. catenatum WRKYs (DcWRKYs), the blue triangles represent Arabidopsis thaliana WRKYs (AtWRKYs), and the green circles represent Oryza sativa WRKYs (OsWRKYs). (B) Multiple sequence alignments of the WRKY domains from the group II DcWRKY members. Alignment was performed using DNAMAN. The red box indicates the conserved WRKY amino acid sequence and zinc-finger domain. For each subgroup, the position of a conserved intron is indicated by an arrowhead.
All of the proteins contained the WRKYGQK heptapeptide, which was considered the hallmark of WRKY family (Supplementary Figure S2). Group I had two conserved WRKY domains located in the N- and C-termini of the protein as well as the zinc-finger motifs C-X4-C-X22-H-X1-H (Supplementary Figure S2A). Group II and Group III both had only one WRKY domain. Group II had the zinc-finger motif C-X5-C-X23-H-X1-H (Supplementary Figure S2B), while group III had the zinc-finger domain C-X7-C-X23-H-X1-C (Supplementary Figure S2C). Moreover, the DcWRKY proteins in group II could be further classified into five subgroups (IIa, IIb, IIc, IId, and IIe) containing 3, 9, 13, 4, and 8 members, respectively (Figure 1A, Supplementary Table S3). It’s worth noting that among all the groups and subgroups, the most DcWRKY members were present in subgroup IIc, similar to AtWRKYs (Supplementary Figure S1). As shown in Figure 1B, two types of intron structures were present in the conserved regions of the DcWRKY domains. Among them, one was a PR intron present in subgroups IIc, IId, and IIe, which was spliced at the codon of the R amino acid between the WRKYGQK heptapeptide and zinc-finger motif; the other was the VQR intron present in subgroups IIa and IIb, which was located within the zinc-finger structure (C-X5-C-X5-VQR-X15-H-X1-H).
Conserved Motifs and Gene Structures of MYB Family in D. catenatum
In order to understand the conservation and diversification of DcWRKYs, the putative motifs of all DcWRKY proteins were predicted by MEME motif analysis. A total of 10 distinct motifs, named motif 1 to motif 10, were detected (Supplementary Figure S3). The lengths of these conserved motifs varied from 11 (motif 3) to 39 (motif 8 and motif 9) amino acids. The number of the conserved motifs for each DcWRKY protein ranged from 3 to 8 (Figure 2B). All the DcWRKYs contained motif 1-3-2, consisting of the WRKY domain and zinc-finger motif (Supplementary Figures S2, S3). As expected, the DcWRKYs that were categorized into the same group or subgroup shared highly similar motif compositions (Figure 2B, Supplementary Table S5). For instance, the DcWRKY proteins from group I contained motif 5-1-3-2-4-1-3-2 except DcWRKY 26, which contained motif 1-3-2-1-3; the members from subgroup IIa all contained motif 9-1-3-2. Motif 5 was only found in group I, and motif 8 was only found in subgroup IId, suggesting that these two motifs might have specific roles.
[image: Figure 2]FIGURE 2 | Phylogenetic relationships, motifs, and structures of DcWRKY family members. (A) A phylogenetic tree of 62 DcWRKY proteins was constructed with the Maximum Likelihood method. The different subgroups are indicated with different background colors and letters. (B) Conserved motifs of DcWRKY proteins. Different motifs are represented by various colored boxes and different numbers. (C) Exon/intron structures of DcWRKY genes. Exon(s), intron(s), and UTR(s) are represented by yellow boxes, black lines, and green boxes, respectively. The phylogenetic tree, conserved motifs, and gene structures were predicted with TBtools.
The exon/intron distributions and the intron numbers were analyzed to further detect structural features and evolutionary events of the DcWRKY genes. The number of introns in the DcWRKY family varied from 0 to 5. A total of 35 (56%) DcWRKY genes with two introns accounted for the largest proportion, followed by 12 (19%), 6 (10%), 5 (8%), 2 (3%), and 2 (3%) genes, possessing 4, 3, 1, 5, and 0 introns, respectively (Figure 2C, Supplementary Table S5). Meanwhile, DcWRKY genes belonging to the same subfamily shared a similar exon/intron structure. For example, DcWRKYs in subgroup IIe contained 0–2 introns, while approximately 88% (7/8) possessed two introns. DcWRKYs in subgroup IIc contained one to two introns, while approximately 69% (9/13) possessed two introns. DcWRKYs in group I contained three to five introns, while approximately 62% (8/13) possessed four introns.
Overall, the closely related DcWRKYs in the phylogenetic tree shared similar common motif compositions and gene structures, suggesting that the DcWRKYs within the same group/subgroup may play similar functional roles.
Promoter Analysis of DcWRKY Genes
To understand the roles of cis-regulatory elements in DcWRKYs, the cis-elements were identified in the 2 kb upstream sequence from the translation start site (ATG) of each DcWRKY gene using PlantCARE software. In this study, various cis-elements were found in 55 out of 62 DcWRKY genes (Figure 3, Supplementary Table S6), while the remaining seven WRKYs could not be detected because of a short sequence upstream of ATG. All of the detected cis-elements could be classified into four types according to their functions: 1) phytohormone responsive, 2) abiotic and biotic stress-responsive, 3) development-related, and 4) light-responsive elements. 1) The phytohormone responsive cis-acting elements, including abscisic acid responsiveness (ABRE), auxin responsiveness (AuxRR-core and TGA-element), gibberellin-responsive elements (GARE-motif, P-box, and TATC-box), MeJA-responsive (CGTCA-motif and TGACG-motif), and salicylic acid-responsive (TCA-element and SARE), were widely present in the promoter region. Among these elements, the ABA and auxin-related elements (ABRE, CGTCA-motif and TGACG-motif) accounted for the largest part, while the SARE element was only found in the promoter region of DcWRKY21 and DcWRKY51, suggesting that the two genes might function in the SA signaling pathway. 2) Four stress-related cis-elements including low-temperature responsiveness (LTR), defense and stress responsiveness (TC-rich repeats), drought-inducibility (MBS), and wound-responsive element (WUN-motif) were detected in the WRKY promoter regions. The results showed that LTR was detected in 18 (33%) WRKY gene promoters, TC-rich repeats elements were detected in 21 (38%) WRKY gene promoters, MBS was detected in 23 (42%) WRKY gene promoters, and WUN-motif was detected in 25 (46%) gene promoters. Moreover, 29 (53%) gene promoters contained more than two stress-related elements, suggesting that the DcWRKYs may play roles in multiple stress responses. 3) The third type is plant development-related elements, which were distributed sporadically in the promoter regions. MBSI, a MYB binding site involved in regulation of flavonoid biosynthetic genes, only existed in DcWRKY29, 31, and 60, suggesting that these three genes may regulate flavonoid metabolism. 4) The largest number of cis-elements observed across the 62 DcWRKY genes, was the type associated with light-related responsiveness, such as G-box, Box 4, AE-box and GT1-motif. G-box was detected in almost all the DcWRKYs promoter regions except DcWRKY10, 22, 29, 36, 45, and 48.
[image: Figure 3]FIGURE 3 | Analysis of cis-elements in the DcWRKY genes promoter regions. (A) A phylogenetic tree of 62 DcWRKY proteins was constructed with the ML method. The different subgroups are indicated with different background colors and letters. (B) The different colored blocks represent the different types of cis-elements and their locations in each DcWRKY gene. (C) The different colors and numbers in the grid indicate the numbers of different promoter elements in the DcWRKY genes. The types, numbers, and locations of potential elements in the promoter regions 2-kb upstream of the DcWRKY genes were analyzed by PlantCARE.
Expression Profiles of WRKY Genes Under Drought Stress Based on RNA-Seq and RT-qPCR
To investigate the responses of DcWRKY genes to drought stress, the RNA-seq data (SRP132541) were downloaded and analyzed, and the TPM of each WRKY gene was determined based on four replicates (Supplementary Table S7). Overall, most DcWRKY genes showed differential expression patterns when the volumetric water content of the base material decreased from 30–35% to 0% (Figure 4), which indicated that a high number of DcWRKY genes were responsive to drought stress.
[image: Figure 4]FIGURE 4 | Heat map of DcWRKY genes under different volumetric water contents of the base material. Data were normalized relative to each gene’s mean expression value across all treatments and log2-transformed. TPM values were used to create heat map showing the expression of DcWRKY genes. The expression level ranges from low expression (green) to high expression (red).
To further explore their responses to drought stress, 15 WRKY genes across all of the subgroups were selected according to the RNA-seq data, and their expression patterns were analyzed using RT-qPCR after exposure to 20% PEG8000. In roots, DcWRKY22, DcWRKY36, and DcWRKY41 were highly induced by 20-fold after PEG treatment, among which DcWRKY36 exhibited the highest expression level (27-fold increase) after treatment for 6 h (Figure 5, Supplementary Figure S4). While in leaves, DcWRKY22 and DcWRKY45 were highly induced by PEG stress (Figure 6, Supplementary Figure S5). Consistently, the expression of both the two genes reached the peak after treatment for 9 h, among which DcWRKY45 had the highest expression level (63-fold increase).
[image: Figure 5]FIGURE 5 | Real-time quantitative PCR analysis of 5 DcWRKY genes under abiotic stress and hormone treatment in roots. Vertical bars indicate the standard deviation (n = 3). Values of 0, 3, 6, 9, 12, 24, and 48 indicate hours after treatment. The unstressed level (0 h) was used as a control. Asterisks (∗ or ∗∗) indicate a significant difference at p < 0.05 or 0.01, respectively.
[image: Figure 6]FIGURE 6 | Real-time quantitative PCR analysis of 5 DcWRKY genes under abiotic stress and hormone treatment in leaves. Vertical bars indicate the standard deviation (n = 3). Values of 0, 3, 6, 9, 12, 24, and 48 indicate hours after treatment. The unstressed level (0 h) was used as a control. Asterisks (∗ or ∗∗) indicate a significant difference at p < 0.05 or 0.01, respectively.
Expression Patterns of Selected DcWRKY Genes Under Other Abiotic Stresses
In order to investigate the expression of these DcWRKY genes under other abiotic stresses, the D. catenatum seedlings were treated with heat, cold and salt. As shown in Figure 5, 6, and Supplementary Figures S4, S5, nine genes were up-regulated, and six genes were down-regulated in roots under heat stress, while five genes were up-regulated in leaves. DcWRKY22 was highly expressed in both roots and leaves when treated with heat, with a 337-fold increase in roots after treatment for 9 h. Under cold stress, 10 DcWRKY genes were up-regulated in roots, among which DcWRKY27 and DcWRKY41 were highly induced after short-term heat stress (42°C for 3 h), with the expression levels 100-fold higher than those under normal condition. DcWRKY45 was extremely induced by heat stress in leaves and up-regulated by 473-fold after 3 h. Under salinity stress, four DcWRKY genes (DcWRKY27, DcWRKY37, DcWRKY41 and DcWRKY42) were highly induced in roots. In particular, the expression of DcWRKY27 was up-regulated the most after 24 h of salt treatment. While all the selected genes were up-regulated in leaves, among which DcWRKY58 had the highest expression level when treated with salinity for 3 h, with a 63-fold increase.
Expression Patterns of Selected DcWRKY Genes Under Hormone Treatments
To identify specific DcWRKY genes that are potentially involved in ABA or SA signaling pathways, we examined the transcriptional levels of these 15 genes under treatment with either 100 μM ABA or 20 μM SA by RT-qPCR. Five DcWRKY genes including DcWRKY22, DcWRKY23, DcWRKY36, DcWRKY41 and DcWRKY49 were up-regulated, nine DcWRKY genes including DcWRKY27, DcWRKY35, DcWRKY37, DcWRKY42, DcWRKY45, DcWRKY53, DcWRKY56, DcWRKY57 and DcWRKY58 were down-regulated in roots under ABA treatment (Figure 5, Supplementary Figure S4). While in leaves, 10 DcWRKY genes (except DcWRKY36, DcWRKY37, DcWRKY41, DcWRKY42 and DcWRKY49) were up-regulated (Figure 6, Supplementary Figure S5). When treated with SA, eight DcWRKY genes (DcWRKY22, DcWRKY23, DcWRKY27, DcWRKY35, DcWRKY36, DcWRKY37, DcWRKY41 and DcWRKY42) were up-regulated, and six DcWRKY genes (DcWRKY45, DcWRKY49, DcWRKY53, DcWRKY56, DcWRKY57 and DcWRKY58) were down-regulated in roots (Figure 5, Supplementary Figure S4). However, most tested genes except that DcWRKY27 and DcWRKY49 were significantly up-regulated in leaves (Figure 6, Supplementary Figure S5).
Analysis of Selected DcWRKY Genes in Different Tissues by RT-qPCR
To investigate the spatial expression profiles of the 15 WRKY genes in D. catenatum, RT-qPCR was used to analyze their expression in nine tissues including roots, stems, leaves, capsules, sepals, petals, lips, gynostemia, and flower stalk. As shown in Figure 7 and Supplementary Table S8, the expression levels of all the selected WRKY genes were higher in the reproductive organs including sepals, petals, and lips than in the vegetative organs including roots, stems and leaves.
[image: Figure 7]FIGURE 7 | Tissue-specific expression of representative DcWRKY genes by RT-qPCR. The mean expression value was calculated from three independent biological replicates relative to that in roots. The mean expression values were visualized by TBtools; red and green represent high and low expression levels, respectively. The relative expression values are provided in Supplementary Table S8. LE, leaf; ST, stem; CA, capsule; PE: petal; SE, sepal; GY, gynostemia; LI, lip; FS, flower stalk; RO, root.
DISCUSSION
The WRKY transcription factor family is one of the most important gene families involved in plant development and biotic and abiotic stress response (Chen et al., 2018). The evolutionary relationships and function analysis of WRKY genes have been identified in many species, such as Arabidopsis (Ulker and Somssich, 2004), rice (Ramamoorthy et al., 2008), wheat (Ning et al., 2017), melon (Jiao et al., 2018), watermelon (Yang et al., 2018), among others. The number of WRKY genes ranges from 56 in melon to 171 in wheat, illustrating a high diversity. In this study, we identified 62 WRKY genes from the D. catenatum genome. Recent studies have shown that gene duplication events, including tandem duplication, segmental duplication, and whole-genome duplication play an important role, not only in the process of genome rearrangement and expansion, but also in the diversification of gene function and production of large numbers of gene families (Cannon et al., 2004). WRKY gene duplication events have been found in rice (Ross et al., 2007), tomato (Huang et al., 2012), Populus trichocarpa (He et al., 2012), and cotton (Dou et al., 2014), but not in cucumber (Ling et al., 2011). Compared to the small genome size of Arabidopsis (125 Mb, 72 WRKYs identified in this study) and rice (480 Mb, 79 WRKYs identified in this study), the D. catenatum genome (1.11 Gb) (Zhang et al., 2016) is substantially larger. However, the number of genes is similar in the three species, suggesting that WRKY gene duplication might not occur during gene evolution in D. catenatum. Meanwhile, the number of gene family does not completely correlate with the genome size (Sun et al., 2019). In addition, with the improvement of genome sequencing accuracy and assembly, the upgrading and updating of search and analysis software, and the existence of alternative splicing in the genome, it is quite possible to find new WRKY members in the D. catenatum genome as well as other species in the future.
According to the classification of WRKY proteins in other plants (Eulgem et al., 2000; Rushton et al., 2010), 62 DcWRKY proteins were also classified into three groups (group I, II, and III) and group II was further classified into five subgroups (subgroup IIa to IIe) based on their conserved WRKY domain and zinc-finger motif. The number of DcWRKYs in each group is similar to that in Arabidopsis and O. sativa (Figure 1A and Supplementary Figure S1), indicating similar evolutionary patterns in D. catenatum, Arabidopsis, and O. sativa. Phylogenetic analysis showed that group I was the original ancestor of groups II and III during the evolution of the WRKY gene family in plants, and that the WRKY gene family further evolved into groups II and III through the preservation and deletion of the WRKY domain at the N-terminus and the change of the WRKY domain at the C-terminus of group I (Zhang and Wang, 2005). In this study, WRKY genes in the D. catenatum genome were identified and grouped using the structural characteristics of the conserved WRKY domain in the WRKY gene family of known species. Analysis of the WRKY domain structure revealed that the structure of the WRKY gene family in D. catenatum is highly conserved. However, DcWRKY62 in subgroup IIb and DcWRKY5, 10, 42 in subgroup IIc contained the WRKY domain WRKYGKK, with a mutation in the sixth amino acid in the conserved heptapeptide (Figure 1B). This variant of the WRKY domain has been found in the genomes of tomato (Huang et al., 2012), apple (Meng et al., 2016), pepper (Diao et al., 2016), and Camellia sinensis (Wu et al., 2016). This result suggests that the WRKY gene family is highly conserved in plant structure, although there are small variations in WRKY domain. Meanwhile, the variation of the WRKYGQK heptapeptide in the WRKY domain also indicated the diversity of the WRKY gene family.
The intron-exon structures can provide important evidence for gene evolutionary relationships. In this study, we systematically analyzed the structure distribution of WRKY gene family members in D. catenatum. Through analysis of gene structures, DcWRKY gene family members were found to be comprised of 0–5 introns, while the number of introns was 0–8 in rice (Xie et al., 2005) and 0 to 22 in Musa acuminate (Goel et al., 2016), respectively. These results suggest that DcWRKYs exhibited a low gene structure diversity. Furthermore, we found that DcWRKY genes belonging to the same subfamily shared a similar exon-intron structure. For example, approximately 88% of DcWRKY members in subgroup IIe possessed two introns, 69% of members in subgroup IIc contained two introns, and 62% of DcWRKYs in group I possessed four introns (Figure 2C, Supplementary Table S5), a finding similar to that found in wheat (Ning et al., 2017) and cassava (Wei et al., 2016). These results suggest that the distribution pattern of introns and exons was group-specific.
Increasing evidence has shown that WRKY proteins in various plant species are involved in plant development (Luo et al., 2013; Liu et al., 2015) and response to various abiotic stresses such as drought, cold, and salt (Chen et al., 2012; Singh et al., 2017). In Arabidopsis and rice, at least 20 and 54 WRKY genes, respectively were identified in response to diverse abiotic stress (Li et al., 2013; Phukan et al., 2016). The RNA-seq results showed that most WRKY genes were induced by drought stress (Figure 4). Furthermore, we tested the expression levels of 15 selected genes using RT-qPCR (Figures 5, 6, and Supplementary Figures S4, S5). The results showed that DcWRKY22, DcWRKY36 and DcWRKY45 were induced by drought stress, consistent with the RNA-seq data. DcWRKY22 was highly induced by heat stress (Figure 5), and DcWRKY45 was highly induced by cold stress (Figure 6), indicating that these two genes are potential candidate genes for promoting temperature tolerance using knock-out or transgenic techniques (Zhou et al., 2020). Among all the tested genes, the expression levels of DcWRKY27 and DcWRKY58 were the highest under salinity treatment in roots and leaves, respectively, suggesting they might play roles in response to salt stress. Cis-acting elements in gene promoters are closely related to the roles of genes in stress and response (Yamaguchi-Shinozaki and Shinozaki, 2005). Many cis-acting elements were also detected in the promoters of the WRKY genes (Figure 3, Supplementary Table S6). For example, the expression level of DcWRKY22 gene was up-regulated significantly under drought stress, and the MBS element was detected in its promoter region, suggesting that some proteins regulated gene expression through interacting with the elements. We also analyzed the expression of DcWRKY genes in different tissues using RT-qPCR. The results demonstrated that the expression patterns of DcWRKY genes were different and tissue-specific. There were higher expression levels of many DcWRKY genes in reproductive organs than in vegetative organs (Figure 7), indicating that D. catenatum WRKY members may be involved in later growth and development.
As essential endogenous signal molecules in plants, phytohormones can regulate plant growth and development under severe stress conditions (Kermode, 2005; Ryu and Cho, 2015). Numerous studies showed that the expression of WRKY genes was induced after hormone treatment (Yang et al., 2009; Jiang et al., 2014). The DlWRKY gene was upregulated in longan under SA and MeJA treatment (Jue et al., 2018), the peanut WRKY1 and WRKY12 genes were up-regulated with SA and JA treatment (Song et al., 2016), and PlWRKY65 was verified as a positive disease resistance regulator in Paeonia lactiflora to regulate JA and SA hormone signaling pathways (Wang X. et al., 2020). By analyzing the cis-acting elements in the promoter regions of WRKY genes, we found that ABA-, SA-, MeJA-, IAA- and GA-related elements were present in the promoter regions of most WRKY genes, indicating that these genes may be involved in hormone signal pathways. As shown in Figures 5, 6, and Supplementary Figures S4, S5, almost all the DcWRKY genes were induced by ABA and SA in leaves, while some genes were up-regulated, and other genes were down-regulated when treated with ABA or SA in roots. DcWRKY22 induction by drought and heat in roots was up-regulated by ABA and SA, DcWRKY45 induction by drought and cold in leaves was up-regulated by ABA and SA, DcWRKY36 was highly induced by drought and hormones treatments in leaves, and DcWRKY58 was highly induced by salt stress and hormones treatments in leaves. In contrast, DcWRKY27 was up-regulated under salinity in both roots and leaves, but down-regulated in roots when treated with ABA and in leaves when treated with SA, indicating that it may function in response to salt stress in a complicated way. Taken together, these results suggest that these genes may function in response to abiotic stresses in an ABA- and SA-dependent manner.
CONCLUSION
In this study, we performed a genome-wide identification of WRKY genes in D. catenatum and identified a total of 62 DcWRKY genes. These genes were classified into three groups with group II further classified into five subgroups based on their phylogenetic relationships. The basic features, gene structures, conserved motifs, and cis-elements of these genes were analyzed, providing a foundational understanding of the evolutionary relationships within the DcWRKY gene family. The expression of DcWRKY genes was studied using RNA-seq and RT-qPCR, and the results revealed that 15 selected DcWRKY genes were tissue-specific and influenced by abiotic stresses. Furthermore, we screened five genes (DcWRKY22, DcWRKY27, DcWRKY36, DcWRKY45, and DcWRKY58) expressed significantly in response to abiotic stresses, and functioned in an ABA- and SA-dependent manner (Figure 8). Our results presented here provide a basis for functional characterization of DcWRKY genes involved in stress resistance in D. catenatum.
[image: Figure 8]FIGURE 8 | Model of the five DcWRKY genes responding to abiotic stress.
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