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Introduction

The WRKY transcription factor (TF) family is one of the largest TF families in plants and is widely involved in responses to both biotic and abiotic stresses.





Methods

To clarify the function of the WRKY family in blueberries, this study identified the WRKY genes within the blueberry genome and systematically analyzed gene characteristics, phylogenetic evolution, promoter cis-elements, expression patterns, and subcellular localization of the encoded products.





Results

In this study, 57 VcWRKY genes were identified, and all encoding products had a complete WRKY heptapeptide structure and zinc-finger motif. The VcWRKY genes were divided into three subgroups (I-III) by phylogenetic analysis. Group II was divided into five subgroups: IIa, IIb, IIc, IId, and IIe. 57 VcWRKY genes were distributed unevenly across 32 chromosomes. The amino acids ranged from 172 to 841, and molecular weights varied from 19.75 to 92.28 kD. Intra-group syntenic analysis identified 12 pairs of duplicate segments. Furthermore, 34 cis-element recognition sites were identified in the promoter regions of VcWRKY genes, primarily comprising phytohormone-responsive and light-responsive elements. Comparative syntenic maps were generated to investigate the evolutionary relationships of VcWRKY genes, revealing the closest homology to dicotyledonous WRKY gene families. VcWRKY genes were predominantly expressed in the fruit flesh and roots of blueberries. Gene expression analysis showed that the responses of VcWRKY genes to stress treatments were more strongly in leaves than in roots. Notably, VcWRKY13 and VcWRKY25 exhibited significant upregulation under salt stress, alkali stress, and saline-alkali stress, and VcWRKY1 and VcWRKY13 showed notable induction under drought stress. Subcellular localization analysis confirmed that VcWRKY13 and VcWRKY25 function within the nucleus.





Conclusion

These findings establish a foundation for further investigation into the functions and regulatory mechanisms of VcWRKY genes and provide guidance for selecting stress-tolerant genes in the development of blueberry cultivars.
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1 Introduction

Blueberries, a small-berry perennial plant in the Vaccinium spp. genus in the Ericaceae family, are rich in anthocyanidins, flavonoids, polyphenols, and antioxidants with significant medicinal and health benefits. These bioactive compounds are associated with cardiovascular disease prevention, anti-aging effects, blood sugar reduction, and improve vision (Colle et al., 2019; Duan et al., 2022). Despite their valuable properties, blueberries, as a shrub species with shallow roots, encounter challenges from abiotic stresses like salt, alkali, and drought stress (Chen et al., 2017). For example, salt stress hindered plant growth by inducing osmotic stress and ion toxicity, particularly the excessive accumulation of Na+ and Cl− in plant tissues (Van Zelm et al., 2020). Blueberries are acidophilic plants that require acidic soil with pH levels ranging from 4.0 to 5.5, along with adequate drainage and high organic matter content for optimal growth (Zeng et al., 2019). Elevated pH levels in the rhizosphere can diminish nitrogen uptake and impede plant growth due to the rapid conversion of NH4+-N into NO3–−N by soil microorganisms (Jiang, 2014; Xu et al., 2021). Furthermore, the shallow roots (less than 40 cm) and lack root hairs restrict blueberries’ capacity to absorb water and nutrients, particularly under drought conditions (Molnar et al., 2022). Notwithstanding these difficulties, not much is known about how tolerance blueberries are to abiotic stress, and it is still unclear what mechanisms underlie stress tolerance. The genetic variability that exists within the blueberry gene pool may be used to enhance its ability to withstand abiotic stresses (Lobos and Hancock, 2015). Therefore, it is critical to exploit stress tolerance-related genes and understand the mechanisms in blueberry plants.

The WRKY transcription factor family, one of the largest in plants, plays a crucial role in regulating plant responses to biotic and abiotic stresses (Bakshi and Oelmüller, 2014). WRKY proteins are DNA-binding proteins characterized by a highly conserved domain consisting of about 60 amino acids. They feature a conserved seven-peptide motif, WRKYGQK, at the N-terminus and a zinc-finger structure, either C2H2 or C2HC, at the C-terminus (Jiang et al., 2017). WRKY proteins can be divided into three main subgroups: I, II, and III, based on the number of WRKY domains and the structural characteristics of the zinc-finger motif (Eulgem et al., 2000). Group I members possess two WRKY domains, while members of groups II and III each contain only one WRKY domain. Group II can be subdivided into five subgroups: IIa, IIb, IIc, IId, and IIe (Zhang and Wang, 2005). WRKY proteins specifically bind to the (T)TGAC(C/T) sequence, known as the W-box cis-element, in the promoter of target genes through both terminals of the WRKY domain to induce gene expression and maintain cellular homeostasis (Wani et al., 2021). As a result, WRKY proteins can interact with clusters of W-boxes and other elements in the promoters of various genes to regulate a dynamic network of signals and associated physiological responses (Cheng et al., 2021).

WRKY genes are known to play crucial roles in various pathways that respond to different abiotic stresses, including cold, drought, UV-B radiation, high temperature, salt, and alkaline conditions (Liu et al., 2021). When plants face adverse environmental conditions, such as osmotic stress, WRKY transcription factors modulate downstream gene expression by either repressing or activating target genes through binding to their promoter regions. WRKY play a key role in regulating stress-sensory pathways and precise response towards stress (Liu et al., 2014; Wani et al., 2018). In wheat, 47 WRKY genes were identified to be expressed under salt stress conditions (Hassan et al., 2019). The IbWRKY47 gene had been shown to positively regulate stress resistance-related genes and significantly enhance salt tolerance in Ipomoea batatas (Qin et al., 2020). In apple (Malus×domestica), the regulation of salt tolerance was linked to MiR156/SPL, which upregulated the salt tolerance gene MdWRKY100 (Ma et al., 2021). Overexpression of MbWRKY4 in transgenic tobacco plants increased salt tolerance and upregulated the expression of oxidative stress response genes (NtPOD, NtAPX, and NtSOD) under high salinity treatment (Han et al., 2018). A gene encoding a specific transcription factor, along with its target genes, constitutes a regulon that participates in signal transduction to activate or silence genes involved in response to drought (Gahlaut et al., 2016). For instance, the overexpression of OsWRKY45 in Arabidopsis increased drought tolerance by modulating genes related to stomatal closure and stress responses (Qiu and Yu, 2009). Similarly, the overexpression of TaWRKY146 in Arabidopsis enhanced drought tolerance, characterized by elevated levels of proline and soluble sugar, reduced malondialdehyde (MDA) content, stomatal closure, and a decreased transpiration rate (Ma et al., 2017). Liu et al. (2023) furthermore, the co-inhibition of GmNAC29, a negative stress response regulator, by GmWRKY27 and GmMYB174 improved salt and drought tolerance in transgenic soybean (Wang et al., 2015). Additionally, PbrWRKY53 in Pyrus betulaefolia, FvWRKY42 in diploid woodland strawberry, and VvWRKY11 in grape displayed responses to salt, alkali, and drought stresses (Liu et al., 2011; Wei et al., 2018; Liu et al., 2019).

As the number of plants subjected to whole genome sequencing has increased, various members of the WRKY transcription factor family have been identified in different species, including Arabidopsis(74), maize(119), rice(102), Oryza rufipogon(101), safflower(82), Miscanthus sinensis(179), chickpea(70), cucumber(55), tomato(81), and watermelon(63) (Ross et al., 2007; Berri et al., 2009; Ling et al., 2011; Huang et al., 2012; Wei et al., 2012; Yang et al., 2018; Waqas et al., 2019; Nan et al., 2020; Song et al., 2023; Yan et al., 2024). However, there remains a notable gap in the comprehensive analysis and functional research of the WRKY family in blueberry (Vaccinium spp.). To address this, the WRKY gene family was identified and analyzed using bioinformatics methods based on the genomic data of blueberry. The structures and promoters of 57 VcWRKY genes were examined, and the conserved domains and motifs of the proteins they encode were identified. Quantitative real-time reverse transcription PCR (RT-qPCR) was used to analyze the expression levels of VcWRKY genes under salt, alkali, saline-alkali, and drought treatments, thereby clarifying the regulatory roles of these genes in response to abiotic stress. These findings establish a theoretical foundation for further research on the function of VcWRKY genes and provide a new perspective for the development of stress-resistant blueberry cultivars.




2 Materials and methods



2.1 Genome-wide identification of WRKY genes in blueberry

The genome sequence of blueberry (Vaccinium corymbosum cv. Draper v1.0) was obtained from the Genome Database for Vaccinium (GDV) (https://www.vaccinium.org/crop/blueberry) (Colle et al., 2019). The Hidden Markov model (HMM) file for the WRKY domain (PF03106) was sourced from the PFAM database. The WRKY domain was utilized to identify possible candidate amino acid sequences of VcWRKY genes. Each putative VcWRKY gene was analyzed using Blastp and NCBI-CDD, which confirmed the presence of the WRKY conserved domain (Lu et al., 2020; Mistry et al., 2021). VcWRKY genes were identified by excluding sequences with incomplete or missing domains. ExPASy-ProtParam (https://web.expasy.org/protparam/) was utilized to predict the coding sequence (CDS) length, isoelectric point (pI), molecular weight (MW), and overall average hydrophobicity (GRAVY) of each putative VcWRKY proteins. Additionally, Cell-Ploc (http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/) was used to predict the subcellular localization of these putative VcWRKY genes.




2.2 Phylogenetic analysis, gene structure, conserved motifs, and cis-acting elements

The WRKY protein sequences of Arabidopsis thaliana, Actinidia chinensis, Malus domestica, and Solanum lycopersicum were obtained from the PlantTFDB database. Using the neighbor-joining method with MEGA 7.0 software, a phylogenetic tree of WRKY gene families in blueberry and these four other species was constructed with 1000 bootstrap replications. For the multiple sequence alignments of VcWRKY genes, a 60-amino acid sequence containing WRKY domains and zinc-finger motifs was extracted. The gene structure and conserved domains of VcWRKY genes were analyzed and visualized using Web CD-search and TBtools (Chen et al., 2020). Conserved motifs of putative VcWRKY genes were identified using MEME (http://meme.nbcr.net/meme/tools/meme), with a maximum search value for conserved motif set to 10. TBtools was utilized to integrate the evolutionary tree of VcWRKY genes with conserved domains and motifs. The 2000-bp sequence upstream of each VcWRKY genes coding sequence (CDS) was extracted as the promoter region, and promoter cis-elements were predicted using PlantCare (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/). The results were visualized with TBtools after statistical screening.




2.3 Chromosomal distribution of VcWRKY genes

VcWRKY genes were mapped to the chromosome based on the blueberry genomic data. The analysis of tandem and segmental duplication events of the VcWRKY genes was conducted using the Multiple Collinearity Scan toolkit X (MCScanX) with default parameters. Synteny analysis was carried out in blueberry and seven other species (Arabidopsis thaliana, Solanum lycopersicum, Actinidia chinensis, Vitis vinifera, Oryza sativa, Prunus persica, and Zea mays), with TBtools used for visualization. Additionally, TBtools was used to calculate the non-synonymous (Ka) and synonymous (Ks) ratio for duplicated gene pairs.




2.4 MiRNA prediction and SSR evaluation of VcWRKY genes

To predict miRNAs that may target VcWRKYs in blueberry, the sequences of 638 miRNAs reported in evergreen blueberry (Vaccinium darrowii) (Yu et al., 2021) and 57 VcWRKY genes identified in this study were input into psRNATarget (Dai and Zhao, 2011). Additionally, Krait software (Du et al., 2017) was utilized to analyze the 57 VcWRKY sequences to explore the distribution of SSR loci within VcWRKYs.




2.5 Plant materials and stress treatments

Different tissues of the blueberry cultivar ‘Northland’-including leaf buds, flower buds, leaves, flowers, fruit, seeds, roots, and stems-were collected at the Small Berry Germplasm Resources Nursery of Jilin Agricultural University. Three-year-old blueberry seedlings, grown from cuttings and belonging to the cultivar ‘Northland’, were selected for abiotic stress treatment. All selected seedlings exhibited similar size and plant height. The seedlings were obtained from Heyun Modern Agriculture Co., Ltd., Tonghua, Jilin, China. Before stress treatments, the plants (3-year-old blueberry clones) were acclimatized in hydroponic incubators for 15 days. The nutrient solution in the 4 L hydroponic incubators was continuously aerated and contained 10 mmol/L NH4NO3, 5 mmol/L K2SO4, 1.25 mmol/L KH2PO4, 1.5 mmol/L MgSO4·7H2O, 100 μmol/L H3BO3, 75 μmol/L MnSO4·4H2O, 30 μmol/L ZnSO4·7H2O, 1 μmol/L Na2MO4·2H2O, 0.1 μmol/L CuSO4·5H2O, 0.1 μmol/L FeSO4·7H2O, 0.1 μmol/L Na2EDTA·2H2O, and 0.47 μmmol/L Ca(NO3)2·4H2O. During this acclimatization period, the nutrient solution was changed every 3 days to facilitate the plants’ adaptation to the hydroponic environment.

All plants were kept in a greenhouse with a temperature of 25 ± 1°C and 50% relative humidity, with a photoperiod of 16 hours of light followed by 8 hours of darkness. The abiotic stress treatments were designed using a fully randomized trial approach, which included salt stress (110 mM NaCl), alkali stress (110 mM NaHCO3), saline-alkali stress (50 mM NaCl + 70 mM NaHCO3), and drought stress simulated by polyethylene glycol (8% PEG8000). For each stress treatment, 1 L of the treatment solution was added to each incubator to reach the specified concentration levels. Leaf and root samples were collected at 0, 3, 6, 9, and 12 hours following the initiation of each stress treatment. Three biological replicates were taken for each sampling time point, and all samples were immediately frozen in liquid nitrogen and stored at -80°C until analysis.




2.6 Total RNA extraction and quantitative real-time PCR analysis

Blueberry samples (0.1 g) were ground in liquid nitrogen, and total RNA was extracted using the E.Z.N.A.® Plant RNA Kit (Omega). The integrity, concentration, and quality of the RNA were assessed through 1% agarose gel electrophoresis and spectrophotometry (Implen Ultramicro). cDNA was synthesized using the PrimeScript™ RT reagent kit and gDNA Eraser (For perfect real time) kit (TaKaRa), with a ten-fold dilution of cDNA used for RT-qPCR and stored at -20°C. RT-qPCR primers were designed using Primer 3.0, based on the gene structure of VcWRKYs (Supplementary Table S1). Referring to our previous study (Deng et al., 2020), elongation factor 1-alpha 3 (EF1α) was used as the reference gene for RT-qPCR analyses. The protocol of the TB Green™ Premix Ex Taq™II kit (Tli RNaseH Plus) was adhered to for RT-qPCR. The RT-qPCR reaction system included template cDNA (20 ng/μL) 1 µL, each primer (10 µM) 0.4 µL, ddH2O 3 µL, TB Green Premix Ex Taq II (Tli RNaseH Plus) (2×) 5 μL, and ROX Reference Dye (50×) 0.2 μL. The reaction program was as follows: pre-denaturation at 95°C for 30 s; denaturation at 95°C for 5 s, annealing at 60°C for 30 s, and extension at 72°C for 10 s, for a total of 40 cycles. RT-qPCR was conducted using the qTOWER3G touch real-time system (Analytik Jena, Germany), with three biological replicates and three technical repeats for each sample. Relative expression levels of VcWRKYs under different stress treatments were calculated using the 2-ΔΔCt method and visualized using Origin and TBtools.




2.7 Plasmid construction and subcellular localization analysis

The highly expressed VcWRKY13 and VcWRKY25 genes, which respond to four different abiotic stresses, were selected for gene cloning and subcellular localization. Using Primer 3.0, cloning primers were designed based on the coding sequences (CDS) of VcWRKY13 and VcWRKY25 (Supplementary Table S2). Subsequently, the CDS of VcWRKY13 and VcWRKY25 were amplified from cDNA derived from RNA extracted from blueberry leaves. The PCR mixture (50 µL) included Ex Taq®DNA polymerase (5 U/μL) 0.25 μL (TaKaRa, Dalian, China), 10×Ex Taq Buffer (Mg2+ plus) (20 mM) 5 μL, dNTP mixture (2.5 mM) 4 μL, each primer (10 µM) 2 µL, cDNA 2 μL, and ddH2O up to 50 μL. The PCR program included pre-denaturation at 94°C for 5 min; denaturation at 94°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 1:10 min, repeated for 35 cycles; followed by a final extension at 72°C for 7 minutes. The PCR products were purified using a DNA Gel Extraction Kit (AxyPrep, Union City, CA, USA), ligated into the pMD™18-T vector (TaKaRa), and sequenced.

The coding sequences (CDS) of VcWRKY13 and VcWRKY25, excluding the stop codon, were amplified and inserted into the transient expression pGDG vector, which contained a GFP fluorescent label and a CaMV35S promoter. The primer sequences used for plasmid construction were detailed in Supplementary Table S3. Each correctly constructed plasmid was then inserted into Agrobacterium GV3101 using the conventional freezing-thawing method. Empty pGDG-GFP or pGDG-VcWRKYs-GFP GV3101 were infiltrated into the leaves of 5-week-old N. benthamiana plants with an expression buffer (10 mM MES pH 5.6, 10 mM MgCl2, 150 µM acetosyringone). Following infiltration, the N. benthamiana plants were kept in darkness for 24 hours and then under low light for 48 hours. GFP signals were observed using a fluorescence microscope (Echo Revolve, Echo Laboratories, San Diego, CA, USA). The DAPI staining was used as a nucleus marker for nucleus detection.




2.8 Statistical analysis

The relative expression of the target gene was determined using the 2−ΔΔCT method. Statistical analysis was carried out using SPSS version 24.0, with Duncan’s test utilized to evaluate the significant differences among all samples (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). Data visualization was accomplished using Origin 2021. To ensure reliability, three biological replicates were conducted for each sample.





3 Results



3.1 Identification of VcWRKY genes in blueberry

Using the blueberry genome and the WRKY domain model (PF03106), 57 VcWRKY genes were identified and designated as VcWRKY1-VcWRKY57. These 57 VcWRKY proteins were analyzed for molecular weight (MW), theoretical isoelectric point (pI), and subcellular localization (Supplementary Tables S4, S5). The lengths of the VcWRKY proteins varied from 172 amino acids (VcWRKY36) to 841 amino acids (VcWRKY13). The molecular weights ranged from 19.75 kD (VcWRKY36) to 92.28 kD (VcWRKY13), and the theoretical isoelectric points (pI) varied from 4.42 (VcWRKY43) to 9.77 (VcWRKY30). The mean hydrophilicity values of the VcWRKY proteins were negative, indicating their hydrophilic nature. Additionally, subcellular localization predictions revealed that all VcWRKY proteins were localized in the nucleus.




3.2 Phylogenetic analysis and multiple sequence alignment of VcWRKY proteins

To examine the evolutionary relationship among the WRKY gene family in Vaccinium (57 VcWRKYs), Arabidopsis thaliana (66 AtWRKYs), Actinidia chinensis (80 AcWRKYs), Malus domestica (100 MdWRKYs), and Solanum lycopersicum (74 SlWRKYs), a phylogenetic tree was constructed using the NJ technique in MEGA7.0 (Figure 1A). 57 VcWRKY proteins were divided into three subgroups (I, II, and III), representing 24.56%, 64.91%, and 10.53%, respectively. Group II was subdivided into five subgroups: IIa, IIb, IIc, IId, and IIe, containing 4, 7, 11, 7 and 8 members, respectively. To further explore the evolutionary relationship of the structural domains of the VcWRKY proteins within the subgroups, multiple sequence comparisons were conducted on the amino acid sequences of the VcWRKY proteins alongside those from four other species, focusing on 60 amino acid sequences surrounding the WRKY domains (Figure 1B). The analysis revealed a high level of conservation in the WRKY heptapeptide structure at the N-terminus and the zinc-finger motif at the C-terminus. The VcWRKY proteins in group I exhibited two WRKY domains and the CX4CX23HXH-type zinc-finger motif. In contrast, all other VcWRKY proteins in group II displayed the CX5CX23HXH-type zinc-finger motif, except for group IIc, which had the CX4CX23HXH-type. Group III VcWRKY proteins showed the CX7CX23HXC-type zinc-finger motif.




Figure 1 | Phylogenetic analysis and multiple sequence alignment of VcWRKYs. (A) Phylogenetic tree of the relationships between the WRKY proteins of Vaccinium, Arabidopsis thaliana, Actinidia chinensis, Malus domestica, and Solanum lycopersicum. (B) Multiple sequence alignment of the WRKY domains of the blueberry and four other species.






3.3 Gene structures, conserved motifs and predicted 3D model of VcWRKY genes

Using the blueberry genome sequence, a structural map was made to illustrate the coding sequence (CDS) and untranslated region (UTR) of each VcWRKY gene (Figure 2A). The VcWRKY genes exhibited a range of two to eleven exons and two to seven introns, with similar exon/intron distribution patterns observed within the same subgroups. UTRs were identified in 51 VcWRKYs, with the exception of VcWRKY16/36/41/44/55/56. All 57 VcWRKY genes contained exons: 29 genes had three exons, 11 genes had five exons, 8 genes had four exons, and only VcWRKY13 had eleven exons. MEME software identified 10 conserved motifs among the 57 VcWRKY proteins, with motif 1 representing the WRKY domain and motif 2 corresponding to the zinc-finger motif (Figure 2A). Both motifs 1 and 2 were present in all VcWRKY proteins. Motifs 6 and 7 were predominantly found in groups IIa and IIb, while motifs 3, 5, 8, and 10 were prevalent in groups I and IIe. Motif 4 was distributed across groups I, IIb, and IIc, whereas both groups I and IId contained motif 9. Additionally, the 3D structural models of VcWRKYs, representing different subgroups, were predicted using Swiss Model (Figure 2B). VcWRKYs of Group I contained two WRKY domains, with one domain characterized by four beta-sheets and the other by five beta-sheets. In contrast, the remaining groups possessed only a single WRKY domain. Members of groups IIa, IIb, and IIc exhibited an alpha coil at the C-terminus (a transcriptional activation domain). The group IIe model displayed a short alpha coil located between the first and last beta-sheets.




Figure 2 | Structural analysis of VcWRKYs. (A) Phylogenetic tree, motif pattern, and gene structure of VcWRKY proteins. (B) Predicted 3D structure model of VcWRKYs representing different subgroups were analyzed by Swiss Model.






3.4 Promoter cis-elements analysis of VcWRKY genes

The WRKY proteins specifically recognize and interact with various cis-elements within the promoter regions of target genes to carry out diverse biological functions. A comprehensive analysis of the cis-elements present in the promoter region of VcWRKY genes was performed to gain insights into their biological roles and underlying molecular mechanisms. Among the 57 VcWRKY genes analyzed, we identified 34 different cis-elements located 2000 bp upstream of the start codon (ATG) (Figure 3; Supplementary Table S6). These cis-elements were associated with phytohomone responsive, development related, stress related, and light responsive. The phytohormone responsive elements included important motifs such as abscisic acid responsiveness (ABRE), gibberellin responsive elements (P-box, TATC-box), MeJA responsiveness (CGTCA-motif, TGACG-motif), auxin responsive element (TGA-element) and salicylic acid responsiveness (TCA-element). Notably, MeJA and ABA responsiveness were the most prevalent among the identified cis-elements. Particularly, VcWRKY5/14/26/45/51 exhibited a high abundance of phytohormone responsive elements, suggesting their potential pivotal roles in phytohormone signaling pathways. Conversely, cis-elements associated with plant growth and development were relatively scarce, including metabolism regulation responsive (O2-site), endosperm expression responsive (GCN4_motif), seed-specific regulation responsive (RY-element), circadian rhythm control responsive (circadian). Stress-responsive cis-elements included motifs such as anaerobic induction responsiveness (ARE), drought inducibility responsiveness (MBS), low temperature responsiveness (LTR), and defense and stress responsiveness (TC-rich repeats). Notably, a significant number of cis-acting elements related to light responsiveness were identified, including I-box, G-box, Box-4, and GT1-motif. Furthermore, we predicted the presence of W-box recognition sites, which served primary targets for WRKY transcription factors.




Figure 3 | The cis-acting element of the promoter region (upstream 2000 bp) of VcWRKY genes. (A) Various types of cis-elements and their respective locations in each VcWRKY genes. (B) The numbers of different cis-acting elements in the initiation regions of VcWRKY genes.






3.5 Chromosome distribution, gene duplication of VcWRKY genes

A total of 57 VcWRKY genes were distributed unevenly across 32 chromosomes; specifically, Chr22 had five genes, while Chr6, Chr24, Chr29, and Chr43 each had three genes (Figure 4A). Thirteen chromosomes had two genes, and the remaining fourteen chromosomes each had one gene. Group I WRKY genes were located on Chr1, Chr6, Chr25, Chr32, and Chr45, whereas group II WRKY genes were found on Chr2, Chr4, Chr7, Chr9, Chr12, Chr15, Chr16, Chr17, Chr19, Chr30, Chr35, Chr37, Chr41, and Chr44. Group III WRKY genes were present on Chr10, Chr26, and Chr34. Additionally, the distribution of WRKY genes from different groups was mixed across several chromosomes: groups I and II were located on Chr5, Chr8, Chr13, Chr14, Chr24, Chr38, and Chr46; group II and III were found on Chr22 and Chr29; groups I and III were identified on Chr13.




Figure 4 | The distribution information of VcWRKY genes on chromosomes and gene replication events in the blueberry. (A) Chromosomal location of VcWRKY genes. (B) Chromosome distribution and gene duplication relationship of VcWRKY genes. The gray lines represent the synteny regions in the blueberry genome. The red lines represent syntenic VcWRKY gene pairs.



During the segmental duplication analysis of the 57 VcWRKY genes, twelve pairs of duplicated genes were identified using BLASTP and MCScanX (Figure 4B): VcWRKY1/VcWRKY4, VcWRKY40/VcWRKY12, VcWRKY8/VcWRKY17, VcWRKY9/VcWRKY15, VcWRKY45/VcWRKY19, VcWRKY48/VcWRKY39, VcWRKY13/VcWRKY29, VcWRKY23/VcWRKY22, VcWRKY32/VcWRKY2, VcWRKY33/VcWRKY36, VcWRKY25/VcWRKY35, VcWRKY27/VcWRKY28. Each gene involved in tandem duplication events belongs to the same subgroup. Group I consisted of six pairs of VcWRKY genes, while groups IIa, IId, IIe, and III each included one pair of duplicates. Group IIc comprised two pairs of duplicates. To verify whether these gene pairs underwent purifying selection, we calculated the non-synonymous substitution rate (Ka) and synonymous substitution rate (Ks). All homozygous VcWRKY gene pairs had Ka/Ks ratios below 1, indicating that these gene pairs had underwent purifying selection (Supplementary Table S7).




3.6 Synteny analysis of VcWRKY proteins among different plants

To investigate the evolutionary relationship between VcWRKYs and different species, synteny maps were constructed for blueberry alongside two monocotyledons (Oryza sativa and Zea mays) and five dicotyledons (Arabidopsis thaliana, Vitis vinifera, Actinidia chinensis, Prunus persica, and Solanum lycopersicum) (Figure 5). The VcWRKYs exhibited a strong synteny relationship with WRKY genes of dicotyledonous plants, with the highest number of pairs observed in Actinidia chinensis (131 pairs), followed by Prunus persica (74 pairs), Vitis vinifera (67 pairs), Solanum lycopersicum (66 pairs), and Arabidopsis thaliana (52 pairs). Certain genes were also shared with the monocotyledons, such as Zea mays (22 pairs) and Oryza sativa (25 pairs). It was indicated that VcWRKY genes showed higher homology with Actinidia chinensis, possibly due to their close genetic relationship. Despite chromosomal rearrangements or gene duplications, the synteny analysis of VcWRKY genes demonstrated robust synteny.




Figure 5 | Synteny analysis of WRKYs in blueberry and seven other species (Arabidopsis thaliana, Solanum lycopersicum, Actinidia chinensis, Vitis vinifera, Oryza sativa, Prunus persica, and Zea mays). The grey lines in the background represent synteny blocks in blueberry and seven other species, respectively. The red lines represent syntenic WRKY gene pairs. The numbers on the chromosomes indicate chromosome numbers.






3.7 Identification of miRNAs and SSRs in VcWRKY genes

The 20-22 nucleotide microRNAs (miRNAs) play critical roles in both plant development and biotic and abiotic stress responses. MiRNAs regulate gene expression at posttranscriptional levels through specific base-pairing with target mRNAs (Gao et al., 2022). In order to identify the miRNA targets in blueberry, the 57 identified VCWRKY genes were analyzed using psRNATarget. A total of 87 unique potential miRNAs targeting 43 VcWRKY members were identified (Supplementary Table S8). Among these, VcWRKY27 and VcWRKY55 were the most frequently targeted genes, each being targeted by seven miRNAs in the predictive analysis. Most of the 57 VcWRKY genes were targeted by miRNAs associated with abiotic stress. For instance, miR2105 (Gao et al., 2022), which was associated with drought stress, targeted VcWRKY27 and VcWRKY28 of Group I. VcWRKY10/30/52 had a target that binds to miR854, which was also related to drought stress (Zhou et al., 2010). Meanwhile, VcWRKY9/13/15/21/23/27/28/29/38/53 had miR530 binding targets associated with disease resistance and yield (Li et al., 2021). VcWRKY27/31/39 had targets that bind to miR166, which was associated with drought and salt stress (Li et al., 2022; Zhao et al., 2024). Lastly, miR5207 (Yan et al., 2020) related to salicylic acid synthesis, targeted VcWRKY6/31/44/45. Therefore, given that most miRNA targets are conserved in plants, it can be inferred that the expression of blueberry VcWRKY genes is regulated by miRNAs.

Marker-assisted selection (MAS) involving SSR markers associated with transcription factor (TF) genes can also be used for the development of abiotic stress resistance genotypes (Gahlaut et al., 2016). To evaluate potential SSR markers in 57 VCWRKY genes, predictions were conducted using Krait software. 120 SSR loci were predicted across the 57 sequences, indicating a 2.05% occurrence rate, a relative abundance of 1070.45, and a relative density of 20838.17 (Supplementary Table S9). Mononucleotide repeats emerged as the predominant form, constituting 60.0%, followed by dinucleotide repeats at 30.83% and trinucleotide repeats at 4.17%. Tetranucleotide and pentanucleotide SSRs were relatively scarce, accounting for 3.33% and 1.67%, respectively. Among the 22 distinct repeat motifs, AG/CT motifs were the most common at 25.86%, closely followed by A/A motifs at 22.21%. The average length of SSR motifs was 19.47 bp, and SSRs ranging from 7 to 14 bp were the most common, accounting for 56.67%, while those with 18-24 bp were the least, accounting for 3.32%. Among the 57 VcWRKYs, except VcWRKY14/24/43/55, all other genes contain SSR loci. VcWRKY42 had the most abundant SSR loci. Eight VcWRKY sequences were identified to contain four or more SSR loci, while 17 sequences contained a single SSR loci.




3.8 Expression patterns of VcWRKY genes in different tissues

To explore the expression patterns of 57 VcWRKY genes in blueberries, the expression levels of these genes were analyzed by RT-qPCR in different tissues, including leaf buds, flower buds, leaves, flowers, green fruits, pink fruits, blue fruits, fruit skins, fruit fleshes, seeds, roots, and stems (Figure 6). Among the 12 tissues examined, the highest expression levels of VcWRKY genes were observed in the fruit fleshes and roots. Genes belonging to the same group had similar expression patterns. VcWRKY9/10/15/25 showed high expression levels in blue fruits, fruit skins, and fruit fleshes, particularly VcWRKY9 showed the highest expression in both blue fruits and fruit fleshes. Specifically, the expression level of VcWRKY9 in fruit fleshes was 94.5-fold higher than in leaf buds, suggesting a potential role in fruit expansion and flavor formation. VcWRKY10/24/25/30 of group IId exhibited high expression levels in fruit fleshes. Among flower buds, leaves, green fruits, pink fruits, and seeds, VcWRKY10 displayed the highest expression levels. VcWRKY25 also showed the highest expression in pink fruits, with similarly elevated levels in other tissues. Furthermore, VcWRKY27/28 showed high expression levels in roots, and VcWRKY27 also showed high levels in fruit skins and leaves. This suggested that VcWRKY27 might be involved in various physiological and biochemical reactions in these tissues. VcWRKY11 of group IIe showed high expression levels in flower buds and roots. Overall, the majority of VcWRKY genes showed varying degrees of expression across multiple organs, with the exception of VcWRKY16. Notably, VcWRKY9/10/27 exhibited higher expression levels than other VcWRKY genes in 12 tissues.




Figure 6 | Expression atlas of VcWRKY genes in multiple blueberry tissue types. (A) Expression patterns of 57 VcWRKY genes in 12 tissues. Blue and red colors indicate low-and high-expressed genes, respectively. (B) Heatmap of VcWRKY genes with high expression levels in blueberry leaves, stems, roots, flowers, and fruits.






3.9 Expression patterns of VcWRKY genes in leaves under different stress treatments

To investigate the role of VcWRKY genes in the response mechanism to salt stress, alkali stress, salt-alkali stress, and drought stress, blueberry seedlings were treated with each stress. Samples were collected at 0, 3, 6, 9, and 12 h, with the 0-h samples serving as the control. RT-qPCR was used to analyze the expression patterns of six VcWRKY genes under different abiotic stresses (Figure 7). These VcWRKY genes, which belong to different subgroups, had high expression differences under stress treatments and had close evolutionary relationships with stress-related AtWRKY genes in Arabidopsis. The six VcWRKY genes responded differently to salt stress. VcWRKY1/6 peaked at 3 h, with increased of 10-fold and 3-fold, respectively. VcWRKY15 had its maximum expression at 9 h, while VcWRKY13/25/26 peaked at 6 h. Notably, in response to salt stress, VcWRKY13/25 showed significant upregulation of 48-fold and 45-fold, respectively. Under alkaline stress, VcWRKY1/13/25 peaked at 9 h, with increased of 8, 20, and 48-fold, respectively. Additionally, VcWRKY15/26 peaked after 6 h, while VcWRKY6 peaked after 3 h. In response to salt-alkali stress, VcWRKY1/6 peaked after 9 h. VcWRKY13/25/26 peaked at 12 h, with upregulation of 45, 53, and 3-fold, respectively. VcWRKY15 also showed a strong response to salt-alkali stress, with a 20-fold increase at 6 h. Compared to the other treatments, the VcWRKY genes showed weaker responses to the PEG-simulated drought stress. VcWRKY25 had the lowest expression level during drought stress, just one-fifth of that under salt stress. Interestingly, VcWRKY1/13 showed a strong response to drought stress, with increased of 11 and 10-fold, respectively.




Figure 7 | Expression patterns of VcWRKY genes in blueberry leaves after four stress treatments. The * indicates significant differences by t-test (*p≤0.05, **p≤0.01, ***p≤0.001).






3.10 Expression patterns of VcWRKY gene in roots under different stress treatments

Under different stress treatments, the expression patterns of VcWRKY genes in roots were generally weaker than those in leaves (Figure 8). Specifically, when roots were subjected to salt stress, the expression levels of all other genes decreased, except VcWRKY6. VcWRKY6 showed a peak in expression at 3 h, followed by a rapid decrease, indicating that it might be involved in the early response of blueberry roots to salinity stress. Similarly, under alkali stress, the expression levels of VcWRKY6/15/26 peaked in roots after 12 h. VcWRKY6 showed a three-fold increase in expression. Additionally, the expression levels of VcWRKY1/25 generally decreased in roots, remaining below pre-treatment levels despite a slight increase. Except for VcWRKY15, the other five genes showed somewhat elevated expression levels under salt-alkali stress, peaking at 9 h. In response to drought stress, VcWRKY1/6 showed similar response patterns, peaking after 12 h. Under drought stress, most genes did not show significant differences in expression levels. The expression levels of VcWRKY13/26 were higher at 9 h and 6 h, respectively. Similarly, VcWRKY15/25 showed gradually increasing expression levels during drought stress, although it remained below than pre-treatment levels.




Figure 8 | Expression patterns of VcWRKY genes in blueberry roots after four stress treatments. The * indicates significant differences by t-test (*p≤0.05, **p≤0.01, ***p≤0.001).






3.11 Subcellular localization of VcWRKY proteins

To further identify the localization of VcWRKY13 and VcWRKY25 in the cell, a transient expression assay was performed by introducing these two genes into the 35S-pGDG vector and transforming the recombinant vectors into N. benthamiana leaves. The results showed that VcWRKY13-GFP and VcWRKY15-GFP fusion protein were localized to the nucleus with 4’,6-diamidino-2-phenylindole (DAPI) staining. In contrast, the empty vector containing GFP was distributed across various organelles in N. benthamiana leaves (Figure 9). The results were consistent with the prediction made through bioinformatics analysis.




Figure 9 | Subcellular localization of VcWRKY proteins in N. benthamiana leaves.







4 Discussion

Numerous environmental challenges, such as high salinity, dryness, and high temperatures, affect the growth and productivity of plants (Zhu, 2016). To mitigate these stresses, plants have developed complex regulatory mechanisms that involve various TFs (Sharif et al., 2021). Among these, WRKY genes are widely distributed and play a critical role in regulating stress responses (Baillo et al., 2019). As a key regulator in plants’ immune responses to various abiotic stresses, WRKY has been identified in several fruit trees, such as grape, blackberry, sweet orange, kiwifruit, and bilberry (Guo et al., 2014; Da Silva et al., 2017; Jing and Liu, 2018; Wu et al., 2022; Felipez et al., 2023). Many genes associated with abiotic stress tolerance in blueberries, including VcLON1, VcLON2, VcBBX, VcMYB4a, VcDof, and VabZIP12, have been identified (Chen et al., 2017; Li et al., 2022; Liu et al., 2023; Zhong et al., 2019; Zhang et al., 2020; Qu et al., 2022). It is yet unknown which specific WRKY genes in blueberries react to abiotic stress. Therefore, the main goals of our research were to identify the WRKY gene family in blueberries and to analyze the expression level under abiotic stresses. We identified 57 VcWRKY genes, all sharing similar structural domains, including a conserved WRKYGQK domain at the N-terminus and a zinc finger structure at the C-terminus in the same subgroup. In addition to WRKYGQK domain and the zinc finger structure, VcWRKY7 and VcWRKY20 showed additional bZIP and zinc cluster structures. Research by Qu et al. (2022) revealed that VabZIP12 increases the levels of SOD, POD, and CAT in transgenic Arabidopsis, thereby improving resistance to salt stress. Thus, it will be possible to investigate the potential functions of VcWRKY7 and VcWRKY20 in salt stress resistance in future research.

Gene replication modes, including whole genome duplication (WGD), tandem duplication, segmental duplication, and transposon-mediated duplication, are significant mechanisms in eukaryotic genome evolution (Panchy et al., 2016). Tandem and segmental duplication events are the primary causes of the expansion of the WRKY gene family (Rushton et al., 2010). Within the WRKY gene family in pineapple, seven tandem repeat gene pairs and seventeen fragment duplication events have been identified (Xie et al., 2018). In Pitaya, eleven tandem duplication events were observed, involving two pairs of segmentally duplicated genes and 26 HuWRKY genes (Chen et al., 2022). According to Jia et al. (2022), 71 WRKY genes were distributed across 12 synteny blocks, comprising 31 segmental duplications and seven pairs of tandem duplications in bananas. 19 colinearity pairs involving 30 PeWRKY genes were identified in passion fruit (Ma et al., 2024). It is hypothesized that tandem and fragment replication events contribute to the expansion of the VcWRKY gene family. In blueberry, twelve synteny segment pairs were identified, and the WRKY genes showed tandem repeat occurrences within the same subfamily. Group I contained six pairs of VcWRKY genes, while group IIc had two pairs of duplicates. Groups IIa, IId, IIe, and III each had one pair of duplicates. A synteny map of VcWRKYs with monocotyledon and dicotyledon was also created, and it revealed 131 synteny pairs with Actinidia and 25 pairs with Oryza. Given the fewer synteny gene pairs between monocotyledons and blueberries, it is likely that these gene pairs formed after the divergence of dicotyledons and monocotyledons.

Gene functions can be inferred by comparing the homology of VcWRKY genes with those from other species. In Arabidopsis, AtWRKY25/26/33 were known to participate in disease resistance, low-temperature resistance, and salt resistance, with their promoters containing various cis-elements responsive to abiotic stress (Fu and Yu, 2010). The phylogenetic analysis revealed that VcWRKY13 shared a branch with AtWRKY25/26/33, indicating possible functional similarities. Furthermore, the expression of VcWRKY13 significantly increased under salt stress, suggesting a potential role in salt resistance. According to Vanderauwera et al. (2012), AtWRKY7 in Arabidopsis regulated the development of leaves, stems, and petals and contribute to drought and heat resistance. The target genes of AtWRKY7, RD26 and HSFA7a, were significantly upregulated in response to drought and high temperatures (Bai, 2021). VcWRKY25, a homolog of AtWRKY7, showed strong reactions to various abiotic stresses, indicating its role in blueberry.

As trans-acting regulators, WRKY genes can specifically identify and bind to various cis-elements in target genes, thereby controlling their expression either directly or indirectly (Xu et al., 2018). A multitude of cis-acting elements had been discovered in the upstream 2 kb region of the VcWRKY genes, which can be divided into four groups: phytohormone responsive, development related, stress related, and light responsive. Among the 57 VcWRKY genes, 202 CGTCA motifs, 171 ABRE elements, 145 ARE motifs, 49 LTR sequences, and 33 MBS motifs were identified. In VcWRKY genes, the majority of cis-acting regulatory elements were associated with MeJA and abscisic acid responsiveness. This study used the cold-resistant cultivar ‘Northland’, whose cold resistance may have been attributed to the abundance of MeJA-responsive elements in the promoters of the VcWRKY genes. Further investigations will be necessary to elucidate the mechanisms by which MeJA regulates VcWRKYs in response to stress. Additionally, a considerable number of MYB and MYC recognition sites were identified in the VcWRKY promoters. Zhang et al. (2020) found that the VcMYB4a was downregulated under drought, salt, and cold stresses and that overexpression of VcMYB4a in the callus of blueberries heightened sensitivity. Furthermore, Wang et al. (2022) found that the major transcription factors VcABR1, VcABF2, VcMYB108, and VcMYB93 were probably implicated in drought stress responses in leaves and roots of ‘Bluecrop’. The promoter of VcWRKYs exhibited a large number of MYB recognition sites, suggesting significant interaction between VcWRKYs and VcMYBs. Future research can focus on examining the interactions between these two important transcription factor families.

The regulatory roles of WRKY genes in plant stress responses have been the subject of numerous investigations. For instance, 12 AcWRKYs in kiwifruit response to salt and drought stress (Jing and Liu, 2018). Similarly, VvWRKY13/45/71 in grapes showed significant responses to low temperature and salt stress, with peaking at 6 h after treatment (Hou et al., 2013). In tomato, under salt stress, SlWRKY13/31/50/62/63 were up-regulated, with peak expression levels early in the stress response. SlWRKY63 expression increased significantly, reaching 500-fold at 3 h under drought stress (Zhang, 2017). In this study, VcWRKYs exhibited variable degrees of responses to salt stress, alkali stress, salt-alkali stress, and drought stress. In response to salt stress, VcWRKY13/25 showed a significant upregulation, with increases of 48-fold and 45-fold, respectively. Furthermore, some genes displayed contrasting expression levels in various organs. For example, under salt stress, VcWRKY25 was upregulation in leaves but downregulated in roots. The response of VcWRKY1 to drought stress was more noticeable in roots than in leaves. Similarly, in upland cotton under salt stress, the expression levels of GhWRKY41 in roots and stems peaked at 6 h and 48 h, respectively, while in leaves, it declined (Su et al., 2016). Further research will be needed to elucidate the precise regulatory mechanisms of VcWRKY genes in response to abiotic stress.




5 Conclusion

In blueberries, 57 VcWRKY genes were identified, distributed across 32 chromosomes and divided into five subgroups. The study analyzed the physicochemical properties, phylogeny, gene structure, conserved motifs, cis-acting elements, and synteny of these WRKY proteins. The VcWRKY proteins were localized in the nucleus and exhibited the conserved WRKY heptapeptide structure and zinc-finger motif. Organ-specific expression patterns of VcWRKYs were determined through RT-qPCR analysis, VcWRKY9, VcWRKY10, and VcWRKY27 showed higher expression levels across 12 distinct blueberry tissues. Significantly, VcWRKY13 and VcWRKY25 showed strong reactions to salt stress, alkali stress, saline-alkali stress, and drought stress, indicating their potential roles in stress resistance. This finding provides insights into the fundamental characteristics of the VcWRKY gene family, offering a foundation for identification of stress-related genes for the development of blueberry cultivars.





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 in the article/Supplementary Material.





Author contributions

LL: Data curation, Formal Analysis, Validation, Visualization, Writing – original draft. KD: Data curation, Formal Analysis, Investigation, Methodology, Writing – review & editing. SL: Data curation, Software, Writing – review & editing. YL: Resources, Supervision, Writing – review & editing. GX: Writing – review & editing. HS: Conceptualization, Funding acquisition, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by Department of Science and Technology of Jilin Province (20220508099RC), Jilin Province Development and Reform Commission (2022C038-1, 2023C035-4).





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1447749/full#supplementary-material




References

 Bai, M. (2021). Regulation of AtWRKY7 gene on leaf development. Ph.D. Thesis (Inner Mongolia, China: Inner Mongolia Agricultural University).

 Baillo, E. H., Kimotho, R. N., Zhang, Z., and Xu, P. (2019). Transcription factors associated with abiotic and biotic stress tolerance and their potential for crops improvement. Genes 10, 771. doi: 10.3390/genes10100771

 Bakshi, M., and Oelmüller, R. (2014). WRKY transcription factors: jack of many trades in plants. Plant Signal Behav. 9, e27700. doi: 10.4161/psb.27700

 Berri, S., Abbruscato, P., Faivre-Rampant, O., Brasileiro, A. C., Fumasoni, I., Satoh, K., et al. (2009). Characterization of WRKY co-regulatory networks in rice and Arabidopsis. BMC Plant Biol. 9, 120. doi: 10.1186/1471-2229-9-120

 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, 1194–1202. doi: 10.1016/j.molp.2020.06.009

 Chen, C., Xie, F., Shah, K., Hua, Q., Chen, J., Zhang, Z., et al. (2022). Genome-wide identification of WRKY gene family in Pitaya reveals the involvement of HmoWRKY42 in Betalain biosynthesis. Int. J. Mol. Sci. 23, 10568. doi: 10.3390/ijms231810568

 Chen, W., Shao, J., Ye, M., Yu, K., Bednarek, S. Y., Duan, X., et al. (2017). Blueberry VcLON2, a peroxisomal LON protease, is involved in abiotic stress tolerance. Environ. Exp. Bot. 134, 1–11. doi: 10.1016/j.envexpbot.2016.10.008

 Cheng, Z., Luan, Y., Meng, J., Sun, J., Tao, J., and Zhao, D. (2021). WRKY transcription factor response to high-temperature stress. Plants (Basel. Switzerland). 10, 2211. doi: 10.3390/plants10102211

 Colle, M., Leisner, C. P., Wai, C. M., Ou, S., Bird, K. A., Wang, J., et al. (2019). Haplotype-phased genome and evolution of phytonutrient pathways of tetraploid blueberry. GigaScience 8, giz012. doi: 10.1093/gigascience/giz012

 Dai, X., and Zhao, P. X. (2011). psRNATarget: a plant small RNA target analysis server. Nucleic Acids Res. 39, W155–W159. doi: 10.1093/nar/gkr319

 Da Silva, E. G., Ito, T. M., and De Souza, S. G. H. (2017). In silico genome-wide identification and phylogenetic analysis of the WRKY transcription factor family in sweet orange (Citrus sinensis). Aust. J. Crop Sci. 11, 716–726. doi: 10.21475/ajcs.17.11.06.p471

 Deng, Y., Li, Y., and Sun, H. (2020). Selection of reference genes for RT-qPCR normalization in blueberry (Vaccinium corymbosum × angustifolium) under various abiotic stresses. FEBS Open Bio. 10, 1418–1435. doi: 10.1002/2211-5463.12903

 Du, L., Zhang, C., Liu, Q., Zhang, X., and Yue, B. (2017). Krait: an ultrafast tool for genome-wide survey of microsatellites and primer design. Bioinformatics 34, 681–683. doi: 10.1093/bioinformatics/btx665

 Duan, Y., Tarafdar, A., Chaurasia, D., Singh, A., Bhargava, P. C., Yang, J., et al. (2022). Blueberry fruit valorization and valuable constituents: a review. Int. J. Food Microbiol. 381, 109890. doi: 10.1016/j.ijfoodmicro.2022.109890

 Eulgem, T., Rushton, P. J., Robatzek, S., and Somssich, I. E. (2000). The WRKY superfamily of plant transcription factors. Trends Plant Sci. 5, 199–206. doi: 10.1016/s1360-1385(00)01600-9

 Felipez, W., Villavicencio, J., Nizolli, V. O., Pegoraro, C., da Maia, L., and Costa de Oliveira, A. (2023). Genome-wide identification of bilberry WRKY transcription factors: go wild and duplicate. Plants (Basel. Switzerland). 12, 3176. doi: 10.3390/plants12183176

 Fu, Q., and Yu, D. (2010). Expression profiles of AtWRKY25, AtWRKY26 and AtWRKY33 under abiotic stresses. Hereditas. (Beijing). 32, 848–856. doi: 10.3724/SP.J.1005.2010.00848

 Gahlaut, V., Jaiswal, V., Kumar, A., and Gupta, P. K. (2016). Transcription factors involved in drought tolerance and their possible role in developing drought tolerant cultivars with emphasis on wheat (Triticum aestivum L.). Theor. Appl. Genet. 129, 2019–2042. doi: 10.1007/s00122-016-2794-z

 Gao, W., Li, M., Yang, S., Gao, C., Su, Y., Zeng, X., et al. (2022). miR2105 and the kinase OsSAPK10 co-regulate OsbZIP86 to mediate drought-induced ABA biosynthesis in rice. Plant Physiol. 189, 889–905. doi: 10.1093/plphys/kiac071

 Guo, C., Guo, R., Xu, X., Gao, M., Li, X., Song, J., et al. (2014). Evolution and expression analysis of the grape (Vitis vinifera L.) WRKY gene family. J. Exp. Bot. 65, 1513–1528. doi: 10.1093/jxb/eru007

 Han, D., Hou, Y., Ding, H., Zhou, Z., Li, H., and Yang, G. (2018). Isolation and preliminary functional analysis of MbWRKY4 gene involved in salt tolerance in transgenic Tobacco. In. Vitro Cell. Dev. Biology-Plant. 9), 2045–2052. doi: 10.17957/IJAB/15.0728

 Hassan, S., Lethin, J., Blomberg, R., Mousavi, H., and Aronsson, H. (2019). In silico based screening of WRKY genes for identifying functional genes regulated by WRKY under salt stress. Comput. Biol. Chem. 83, 107131. doi: 10.1016/j.compbiolchem.2019.107131

 Hou, L., Wang, W., Guo, X., Fu, P., and Liu, X. (2013). Gene cloning and expression analysis of three WRKYs in Vitis vinifera L. Plant Physiol. J. 49, 289–296. doi: 10.13592/j.cnki.ppj.2013.03.010

 Huang, S., Gao, Y., Liu, J., Peng, X., Niu, X., Fei, Z., et al. (2012). Genome-wide analysis of WRKY transcription factors in Solanum lycopersicum. Mol. Genet. Genomics 287, 495–513. doi: 10.1007/s00438-012-0696-6

 Jia, C., Wang, Z., Wang, J., Miao, H., Zhang, J., Xu, B., et al. (2022). Genome-wide analysis of the banana WRKY transcription factor gene family closely related to fruit ripening and stress. Plants (Basel. Switzerland). 11, 662. doi: 10.3390/plants11050662

 Jiang, Y. (2014). Investigation and analysis on cultivation techniques of blueberry. Ph.D. Thesis (xianyang, China: Northwest university of agriculture and forestry science and technology).

 Jiang, J., Ma, S., Ye, N., Jiang, M., Cao, J., and Zhang, J. (2017). WRKY transcription factors in plant responses to stresses. J. Integr. Plant Biol. 59, 86–101. doi: 10.1111/jipb.12513

 Jing, Z., and Liu, Z. (2018). Genome-wide identification of WRKY transcription factors in kiwifruit (Actinidia spp.) and analysis of WRKY expression in responses to biotic and abiotic stresses. Genes &Genomics. 40, 429–446. doi: 10.1007/s13258-017-0645-1

 Li, Y., Wang, L. F., Bhutto, S. H., He, X. R., Yang, X. M., Zhou, X. H., et al. (2021). Blocking miR530 improves rice resistance, yield, and maturity. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.729560

 Li, T., Wang, X., Elango, D., Zhang, W., Li, M., Zhang, F., et al. (2022). Genome-wide identification, phylogenetic and expression pattern analysis of Dof transcription factors in blueberry (Vaccinium corymbosum L.). PeerJ 10, e14087. doi: 10.7717/peerj.14087

 Li, Y., Wang, X., Guo, Q., Zhang, X., Zhou, L., Zhang, Y., et al. (2022). Conservation and diversity of miR166 family members from highbush blueberry (Vaccinium corymbosum) and their potential functions in abiotic stress. Front. Genet. 13. doi: 10.3389/fgene.2022.919856

 Ling, J., Jiang, W., Zhang, Y., Yu, H., Mao, Z., Gu, X., et al. (2011). Genome-wide analysis of WRKY gene family in Cucumis sativus. BMC Genomics 12, 471. doi: 10.1186/1471-2164-12-471

 Liu, Z., Saiyinduleng,, Chang, Q., Cheng, C., Zheng, Z., and Yu, S. (2021). Identification of yellowhorn (Xanthoceras sorbifolium) WRKY transcription factor family and analysis of abiotic stress response model. J. Forestry. Res. 32, 987–1004. doi: 10.1007/s11676-020-01134-6

 Liu, X., Sun, W., Ma, B., Song, Y., Guo, Q., Zhou, L., et al. (2023). Genome-wide analysis of blueberry B-box family genes and identification of members activated by abiotic stress. BMC Genomics 24, 584. doi: 10.1186/s12864-023-09704-8

 Liu, Q. L., Xu, K. D., Pan, Y. Z., Jiang, B. B., Liu, G. L., and Zhang, H. Q. (2014). Functional analysis of a novel chrysanthemum WRKY transcription factor gene involved in salt tolerance. Plant Mol. Biol. Reporter. 32, 282–289. doi: 10.1007/s11105-013-0639-3

 Liu, Y., Yang, T., Lin, Z., Gu, B., Xing, C., Zhao, L., et al. (2019). A WRKY transcription factor PbrWRKY53 from Pyrus betulaefolia is involved in drought tolerance and AsA accumulation. Plant Biotechnol. J. 17, 1770–1787. doi: 10.1111/pbi.13099

 Liu, H., Yang, W., Liu, D., Han, Y., Zhang, A., and Li, S. (2011). Ectopic expression of a grapevine transcription factor VvWRKY11 contributes to osmotic stress tolerance in Arabidopsis. Mol. Biol. Rep. 38, 417–427. doi: 10.1007/s11033-010-0124-0

 Lobos, G. A., and Hancock, J. F. (2015). Breeding blueberries for a changing global environment: a review. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00782

 Lu, S., Wang, J., Chitsaz, F., Derbyshire, M. K., Geer, R. C., Gonzales, N. R., et al. (2020). CDD/SPARCLE: the conserved domain database in 2020. Nucleic Acids Res. 48, D265–D268. doi: 10.1093/nar/gkz991

 Ma, J., Gao, X., Liu, Q., Shao, Y., Zhang, D., Jiang, L., et al. (2017). Overexpression of TaWRKY146 increases drought tolerance through inducing stomatal closure in Arabidopsis thaliana. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.02036

 Ma, Y., Xue, H., Zhang, F., Jiang, Q., Yang, S., Yue, P., et al. (2021). The miR156/SPL module regulates apple salt stress tolerance by activating MdWRKY100 expression. Plant Biotechnol. J. 19, 311–323. doi: 10.1111/pbi.13464

 Ma, F., Zhou, H., Yang, H., Huang, D., Xing, W., Wu, B., et al. (2024). WRKY transcription factors in passion fruit analysis reveals key PeWRKYs involved in abiotic stress and flavonoid biosynthesis. Int. J. Biol. Macromol. 256, 128063. doi: 10.1016/j.ijbiomac.2023.128063

 Mistry, J., Chuguransky, S., Williams, L., Qureshi, M., Salazar, G. A., Sonnhammer, E. L. L., et al. (2021). Pfam: The protein families database in 2021. Nucleic Acids Res. 49, D412–D419. doi: 10.1093/nar/gkaa913

 Molnar, S., Clapa, D., and Mitre, V. (2022). Response of the five highbush blueberry cultivars to in vitro induced drought stress by polyethylene glycol. Agron 12, 732. doi: 10.3390/agronomy12030732

 Nan, H., Li, W., Lin., Y., and Gao, L. (2020). Genome-wide analysis of WRKY genes and their response to salt stress in the wild progenitor of asian cultivated rice, Oryza rufipogon. Front. Genet. 11. doi: 10.3389/fgene.2020.00359

 Panchy, N., Lehti-Shiu, M., and Shiu, S. H. (2016). Evolution of gene duplication in plants. Plant Physiol. 171, 2294–2316. doi: 10.1104/pp.16.00523

 Qin, Z., Hou, F., Li, A., Dong, S., Wang, Q., and Zhang, L. (2020). Transcriptome-wide identification of WRKY transcription factor and their expression profiles under salt stress in sweetpotato (Ipomoea batatas L.). Plant Biotechnol. Rep. 14, 599–611. doi: 10.1007/s11816-020-00635-4

 Qiu, Y., and Yu, D. (2009). Over-expression of the stress-induced OsWRKY45 enhances disease resistance and drought tolerance in Arabidopsis. Environ. Exp. Bot. 65, 35–47. doi: 10.1016/j.envexpbot.2008.07.002

 Qu, D., Wu, F., Zhao, X., Zhu, D., Gu, L., Yang, L., et al. (2022). A bZIP transcription factor VabZIP12 from blueberry induced by dark septate endocyte improving the salt tolerance of transgenic Arabidopsis. Plant Sci. 315, 111135. doi: 10.1016/j.plantsci.2021.111135

 Ross, C. A., Liu, Y., and Shen, Q. J. (2007). The WRKY gene family in rice (Oryza sativa). J. Integr. Plant Biol. 49, 827–842. doi: 10.1111/j.1744-7909.2007.00504.x

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

 Sharif, R., Raza, A., Chen, P., Li, Y., El-Ballat, E. M., Rauf, A., et al. (2021). HD-ZIP gene family: potential roles in improving plant growth and regulating stress-responsive mechanisms in plants. Genes 12, 1256. doi: 10.3390/genes12081256

 Song, X., Hou, X., Zeng, Y., Jia, D., Li, Q., Gu, Y., et al. (2023). Genome-wide identification and comprehensive analysis of WRKY transcription factor family in safflower during drought stress. Sci. Rep. 13, 16955. doi: 10.1038/s41598-023-44340-y

 Su, Y., Zhen, J., Zhang, X., Wang, Y., Li, L., and Hua, J. (2016). Cloning and analysis of a salt stress responsive gene GhWRKY41 in upland cotton (Gossypium hirsutum L.). J. China Agric. Univ. 21, 1–11. doi: 10.11841/j.issn.1007-4333.2016.12.01

 Vanderauwera, S., Vandenbroucke, K., Inzé, A., Van De Cotte, B., Mühlenbock, P., De Rycke, R., et al. (2012). AtWRKY15 perturbation abolishes the mitochondrial stress response that steers osmotic stress tolerance in Arabidopsis. Proc. Natl. Acad. Sci. 109, 20113–20118. doi: 10.1073/pnas.1217516109

 Van Zelm, E., Zhang, Y., and Testerink, C. (2020). Salt tolerance mechanisms of plants. Annu. Rev. Plant Biol. 71, 403–433. doi: 10.1146/annurev-arplant-050718-100005

 Wang, F., Chen, H. W., Li, Q. T., Wei, W., Li, W., Zhang, W. K., et al. (2015). GmWRKY27 interacts with GmMYB174 to reduce expression of GmNAC29 for stress tolerance in soybean plants. Plant J. 83, 224–236. doi: 10.1111/tpj.12879

 Wang, A., Wang, L., Liu, K., Liang, K., Yang, S., Cao, Y., et al. (2022). Comparative transcriptome profiling reveals the defense pathways and mechanisms in the leaves and roots of blueberry to drought stress. Fruit Res. 2, 18. doi: 10.48130/FruRes-2022-0018

 Wani, S. H., Anand, S., Singh, B., Bohra, A., and Joshi, R. (2021). WRKY transcription factors and plant defense responses: latest discoveries and future prospects. Plant Cell Rep. 40, 1071–1085. doi: 10.1007/s00299-021-02691-8

 Wani, S. H., Tripathi, P., Zaid, A., Challa, G. S., Kumar, A., Kumar, V., et al. (2018). Transcriptional regulation of osmotic stress tolerance in wheat (Triticum aestivum L.). Plant Mol. Biol. 97, 469–487. doi: 10.1007/s11103-018-0761-6

 Waqas, M., Azhar, M. T., Rana, I. A., Azeem, F., Ali, M. A., Nawaz, M. A., et al. (2019). Genome-wide identification and expression analyses of WRKY transcription factor family members from chickpea (Cicer arietinum L.) reveal their role in abiotic stress-responses. Genes Genomics 41, 467–481. doi: 10.1007/s13258-018-00780-9

 Wei, K. F., Chen, J., Chen, Y. F., Wu, L. J., and Xie, D. X. (2012). Molecular phylogenetic and expression analysis of the complete WRKY transcription factor family in maize. DNA Res. 19, 153–164. doi: 10.1093/dnares/dsr048

 Wei, W., Cui, M. Y., Hu, Y., Gao, K., Xie, Y. G., Jiang, Y., et al. (2018). Ectopic expression of FvWRKY42, a WRKY transcription factor from the diploid woodland strawberry (Fragaria vesca), enhances resistance to powdery mildew, improves osmotic stress resistance, and increases abscisic acid sensitivity in Arabidopsis. Plant Sci. 275, 60–74. doi: 10.1016/j.plantsci.2018.07.010

 Wu, Y., Zhang, S., Huang, X., Lyu, L., Li, W., and Wu, W. (2022). Genome-wide identification of WRKY gene family members in black raspberry and their response to abiotic stresses. Sci. Horticult. 304, 111338. doi: 10.1016/j.scienta.2022.111338

 Xie, T., Chen, C., Li, C., Liu, J., Liu, C., and He, Y. (2018). Genome-wide investigation of WRKY gene family in pineapple: evolution and expression profiles during development and stress. BMC Genomics 19, 490. doi: 10.1186/s12864-018-4880-x

 Xu, J. H., Fang, Y. Y., Tavakkoli, E., Pan, X., Liao, F. L., Chen, W. R., et al. (2021). Preferential ammonium: nitrate ratio of blueberry is regulated by nitrogen transport and reduction systems. Sci. Horticult. 288, 110345. doi: 10.1016/j.scienta.2021.110345

 Xu, H., Yang, G., Zhang, J., Zou, Q., Wang, Y., Qu, C., et al. (2018). Molecular mechanism of apple MdWRKY18 and MdWRKY40 participating in salt stress. Sci. Agricult. Sinica. 51, 4514–4521. doi: 10.3864/j.issn.0578-1752.2018.23.010

 Yan, Y., Yan, Z., and Zhao, G. (2024). Genome-wide identification of WRKY transcription factor family members in Miscanthus sinensis (Miscanthus sinensis Anderss). Sci. Rep. 14, 5522. doi: 10.1038/s41598-024-55849-1

 Yan, G., Zhang, J., Jiang, M., Gao, X., Yang, H., and Li, L. (2020). Identification of known and novel microRNAs in raspberry organs through high-throughput sequencing. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00728

 Yang, X., Li, H., Yang, Y., Wang, Y., Mo, Y., Zhang, R., et al. (2018). Identification and expression analyses of WRKY genes reveal their involvement in growth and abiotic stress response in watermelon (Citrullus lanatus). PloS One 13, e0191308. doi: 10.1371/journal.pone.0191308

 Yu, J., Hulse-Kemp, A. M., Babiker, E., and Staton, M. (2021). High-quality reference genome and annotation aids understanding of berry development for evergreen blueberry (Vaccinium darrowii). Horticult. Res. 8, 228. doi: 10.1038/s41438-021-00641-9

 Zeng, M., He, K. J., Gong, B. Y., Pan, M. S., and Zhang, L. (2019). Effects of adding coir and saw dust to culture medium on growth of ‘Legacy’ blueberry in Pot. Fruit Trees South China. 48, 87–90. doi: 10.13938/j.issn.1007-1431.20190149

 Zhang, H. (2017). Bioinformatics analysis of WRKY transcription factor family and identification of some genes related to stress resistance in Tomato. Ph.D. Thesis (Heilongjiang, China: Northeast Agricultural University).

 Zhang, C. Y., Liu, H. C., Zhang, X. S., Guo, Q. X., Bian, S. M., Wang, J. Y., et al. (2020). VcMYB4a, an R2R3-MYB transcription factor from Vaccinium corymbosum, negatively regulates salt, drought, and temperature stress. Gene 757, 144935. doi: 10.1016/j.gene.2020.144935

 Zhang, Y., and Wang, L. (2005). The WRKY transcription factor superfamily: its origin in eukaryotes and expansion in plants. BMC Evol. Biol. 5, 1. doi: 10.1186/1471-2148-5-1

 Zhao, C., Ma, J., Yan, C., Jiang, Y., Zhang, Y., Lu, Y., et al. (2024). Drought-triggered repression of miR166 promotes drought tolerance in soybean. Crop J. 12, 154–163. doi: 10.1016/j.cj.2023.12.005

 Zhong, J., Gu, J., Guo, Y., You, S., Liao, F., Chen, W., et al. (2019). Blueberry VcLon1 protease increases iron use efficiency by alleviating chloro-plast oxidative stress. Plant Soil. 45, 533–548. doi: 10.1007/s11104-019-04324-2

 Zhou, L., Liu, Y., Liu, Z., Kong, D., Duan, M., and Luo, L. (2010). Genome-wide identification and analysis of drought-responsive microRNAs in Oryza sativa. J. Exp. Bot. 61, 4157–4168. doi: 10.1093/jxb/erq237

 Zhu, J. K. (2016). Abiotic stress signaling and responses in plants. Cell 167, 313–324. doi: 10.1016/j.cell.2016.08.029




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.


Copyright © 2024 Lei, Dong, Liu, Li, Xu and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1447749-g009.jpg
VcWRKY 13-GFP

VcWRKY25-GFP






OEBPS/Images/fpls-15-1447749-g002.jpg
I

ITa

IIb

IIc

ITe

IId

‘VcWRKY45
‘VcWRKY56
VcWRKY57
VcWRKY31
‘VcWRKY44
‘VcWRKY16
VcWRKY41

VcWRKY14
EVCWRKYZO
VCWRKY?

-VcWRKY34
‘VcWRKY27
‘VcWRKY28
‘VcWRKY13
VcWRKY29
‘VcWRKYS
‘VcWRKY6
VcWRKY1
‘VcWRKY4
‘VcWRKYS8
VcWRKY17
-VcWRKY9
VcWRKY15
VcWRKY3
VcWRKY21
VcWRKY50
VcWRKY49
‘VcWRKY33
VcWRKY36
‘VcWRKYS51
"VcWRKY2
‘VcWRKY32
'VcWRKY42
'VcWRKY46
‘VcWRKY18

—VcWRKY38
] VcWRKY23

—:VCWRKYZZ

VcWRKY53
———VcWRKY40
VcWRKY11
‘VcWRKY12
VcWRKY47
‘VcWRKY43

VcWRKY37

I_:VcWRKYZS
‘VcWRKY35

VcWRKY24
VcWRKY30

Tire (v

Group

T —

|
F

Group IId

800 1000

PH—"H—T]

T |

T —— -~
T ——

g T T

P ——Tr

e, e e e, e ———— — -

P s
: g T 1] M3
P

[
———————

——

e m "
™ —T
[ —
| —
=T
T
[ e M
{7
— m_m_
1 I ]

)
H—T
T —_
HTH———
m—a
™M
fr— P
: s
————]
-
0 2000 4000 6000 8000
/‘V;U.
‘ ‘ s :r’:.
’ O’% \ \ e
G;,,‘q?,.'ﬂ%, -
< ”,';g(\ { 4
e, %, . \
( y

Group [T

10000

~

e Motif 1
[ Motif 2

R Motif 9
[T Motif 6
[ Motif 7
[ Motif 4
[ Motif 5
[T Motif 3
[ Motif 10

[ Motif 8

[T cDs
i U

TR

Smno—_— 773’
12000 14000





OEBPS/Images/fpls-15-1447749-g004.jpg
A

hr2 Chrd Chrs Chré Chr7 Chr8 Chr9 Chrl0 Chrl2 Chrl3 Chrl4 Chrls Chrl6  Chr17 Chr19 Chr22 Chr24 Chr25 Chr26 Chr29 Chr30 Chr32 Chr34 Chr35  Chr37 Chr38 Chrdl Chrd3 Chrd4 Chrds Chrd6

Chrl Cl
vowrkynfli-verrcy: [l Ol [EVOVRRYG
VVVVVVV eWRKY20 Jll—VeWRK Y23 |
—
— — E—
- p— ks -
po— SR
»»»»»» . = —
g el DEDEEE DR BN sl
2 vy
010 6D rn P r P or orrorrror oo L
\\\\\\\\
‘‘‘‘‘‘‘‘
vy
»»»»»» —
e i i VEWRKY 30
2 np— -
H —
[| VeWRKY 46
8 amcra|
pro—
p— s
il VEWRKY 39
— CWRKY4
— —
) a— — m— —
= B B B B B B B B B Ry EWRKY 19
8 VEWRKY 10]
—
p—
0P 61 0 1 0 B b 0 1 vV ¥ ¥ ko "
L2 —
N VEWRKY36)
v
L2

[=)}
é = S 16.00
r 2 g2 g S
2, % = g% &8 14.00
% N > S= £y
=2 S5 12.00
Ga s

“ = - 10.00
Q QE Gy Q@ 8.00

O , -
D 00 O@ @‘ ‘ q:f:%i%sb 2.00
O @ ‘/4° @%‘L"q 0.00

[ ] Bl vewrkys





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Genome-wide identification of the WRKY gene family in blueberry (Vaccinium spp.) and expression analysis under abiotic stress

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Genome-wide identification of WRKY genes in blueberry

          



          		

            2.2 Phylogenetic analysis, gene structure, conserved motifs, and cis-acting elements

          



          		

            2.3 Chromosomal distribution of VcWRKY genes

          



          		

            2.4 MiRNA prediction and SSR evaluation of VcWRKY genes

          



          		

            2.5 Plant materials and stress treatments

          



          		

            2.6 Total RNA extraction and quantitative real-time PCR analysis

          



          		

            2.7 Plasmid construction and subcellular localization analysis

          



          		

            2.8 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Identification of VcWRKY genes in blueberry

          



          		

            3.2 Phylogenetic analysis and multiple sequence alignment of VcWRKY proteins

          



          		

            3.3 Gene structures, conserved motifs and predicted 3D model of VcWRKY genes

          



          		

            3.4 Promoter cis-elements analysis of VcWRKY genes

          



          		

            3.5 Chromosome distribution, gene duplication of VcWRKY genes

          



          		

            3.6 Synteny analysis of VcWRKY proteins among different plants

          



          		

            3.7 Identification of miRNAs and SSRs in VcWRKY genes

          



          		

            3.8 Expression patterns of VcWRKY genes in different tissues

          



          		

            3.9 Expression patterns of VcWRKY genes in leaves under different stress treatments

          



          		

            3.10 Expression patterns of VcWRKY gene in roots under different stress treatments

          



          		

            3.11 Subcellular localization of VcWRKY proteins

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-15-1447749-g007.jpg
Salt stress

VeWRKY13

VeWRKY26

VeWRKY25

VeWRKY15

VeWRKY6

VeWRKY1

12h

%h

ok
6h

Heskok

ok

#k
Oh

3h

v <t o (gl = (=]
19A9] U0ISSAIAXd dATIR[OY

kskok

<=
(o]
—
=
N
=
% =]
*
*|.%
* <=
* o
=
o
r T T - T - T
(= (=] (=] (= (] [e]
) <t o N —
19A9] Qowmmoun_xu AANR[Y
=
N
—
=l
(o)}
*
*| <=
* %)
%]
| =
%] _H o
L =
(=]
(o] el <t (o]
19A9] Go_wmohaxo AATIRIY
=]
(9]
—
=
N
*
* <=
* O
=
o
*_"
x|
]
=
(=
(= (= (=] (=3 (=3 (=} (=]
=) v <t on N —
19A9] ﬁo_mmoumxo QANR[Y
<=
N
—
=l
(o)}
*
* =
*| O
%]
%]
*
*| <=
* —H o
L =
(=)

<t o [\l —
[9A9] uorssa1dxa dANB[YY

0

5h 12h

ok
FEE

FEE

3h 6h

k%K

I —

[\l o) =) el <t (9] (=)
—

—

[9A9] UOISSAIAXS IATIR[OY

Oh

Alkaline stress

VeWRKY26

VeWRKY25

VeWRKY15

VeWRKY13

VeWRKY6

VeWRKY1

k3%

skskok

T T T T T
o (gl —

19A9] UOISSAIAXd SANR[OY

*
X
*
X
*
*
*
*
*
*
r T T T T ™ T T T T T T

(=
o

*kk

Hkk

Hokok

(=4 (= [ = [= (=]
e <t o N —

9A9] uoIssaIdxa dATIR[Y

L

el <+ (gl
19A3] uoIssaIdxa dATIR[Y

kK

25

*k K

2.5

Ak

Hokk

10

ok

(=3 v (=] v

Q —_ —

[9A9] UOISSAIAXd IATIR[OY

3h 6h  Sh 12h

Oh

3h 6h  Sh 12h

Oh

12h

9h

6h

3h

Oh

12h

%h

6h

3h

Oh

< g < )
o — — <

[9A9] UOIssaIdxo 0ATIE[OY

—

co el <t N
[9A9] UOISSAIAXd IAR[IY

S
S

3h 6h  Sh 12h

Oh

3h  6h Sh 12h

Oh

Salt-alkali stress

VeWRKY26

VeWRKY25

VeWRKY15

VeWRKY13

VeWRKY6

VeWRKY1

12

= <=
=
(o)}
*
*| <=
*| % el
*
*
<=
o
- =
=]
<t o [q\] — (=]

[9A9] UOISSAIdXd dATIR[OY

12h

(=3 (=3 (=) = (=3 =] (=)
=) ) =r o N o

[9A9] uoIssaIdxd aANR[OY

#
*
* ]
*|
*|
*_\’
(= g o v (=]
N — —

[9A9] UOISSAIAXd IAR[IY

12h

%h

k%
6h

3h

Oh

6h Sh 12h
Drought stress

3h

Oh

s o o o o
< on N —
[9A9] UOISSAIAXd dANB[OY

<=
N
—
<=
(o))
*
* =
*| 5 v}
*
*
*|
*|
%]
|
*F
=
(=]
<t o N — (=]

[9A9] uoISSAIAX dANR[IY

- =
=
(o)}
%]
*] =
** O
*
* % »
*| o
%]
*]
|- =
(=]
= =] o =p N (=]
—

[9A9] uorssaxdxa dANR[dY

r T T
(= (=
el v

3h

12

VeWRKY26

*
%
*
*
*
*
*_\|
n < e S 0 =
N (o] i — (=] (=)

[9A9] UOISSAIAXd IAR[OY

*
%
*%
*
*x
%
**—\
%
%
N (= =) O <t [q\] (=]
— —

[2A3] uoIssaIdxa dANR[IY

VeWRKY25

VeWRKY15

[9A3] uoISsaIdXa dATIR[IY

VeWRKY13

[9A9] UOISSAIAXD IATIR[IY

VeWRKY6

[9A9] no_wmuhaxu JATIR[OY

*
*
*| %
*
*
*
*
* *_\|
*
*
< 2 < e = 1 <
v N (e o el (o] (=]
— = =

[9A9] UOISSAIAXd IAR[IY

VeWRKY1

3h 6h Sh 12h

Oh

3h  6h Sh 12h

Oh

5h 12h

6h

Oh

*
|
*|
|
<=
o
*
*
*
<t on (gl — S
=
(o]
—_
=
(o)}
*
* =
* =)
*
* =]
* o
*
*
*
=
(=]
(9] (= =) O <+ N (=]
— —
=
N
—
=
(o))
4 =
*
% =}
*|
*x
* =
* o
*_x|
*
*
<=
[}
g <t o (q\] = (el

9h 12h

6h

Oh

sk p<=0.001

** p<=0.01

* p<=0.05





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1447749-g008.jpg
VeWRKY25 VeWRKY26

VeWRKY15

hﬂl;[\l
12h
VeWRKY1S5
3
*kk
9h 12h
VeWRKY1S5
12h
VeWRKY1S5

Salt stress

VeWRKY6 VeWRKY13

VeWRKY1

e
N
= - %
o N 5
S s m 2
< ’ E S
N . o L
o ~
= =
on
_H =
(=}
r . 3 = T " X = T * ;8 = T T % T % e 4 =~ = - 3 4
o <t (o] (=) > O <t N (=}
= 8§ g ® 8 3 8 =2 S 8 =2 2 2 2 2 = - - - - e R I - -
— — —
19A9] uo1ssaIdxa 2ANR[OY [0A9] uoIssaIdXd oATE[OY [949] uoIssaIdxd dATEIY [9A3] uoIssdIdXd dANR[Y

12h

VeWRKY25

12h
VeWRKY25
ok
Hx
ok
5h 12h
VeWRKY25
; | wxk

*‘m

*

*|

*

¥ & = L 2 % G =2
=

o OV 9+ S 8 9 w9 © §F a M 8 & ® w =% @ &
{ < = =) = o 5 — — — = = = =) — — — S =} =) = S g
[9A9] uoIsSa1dxd dANIR[OY [9A9] UO1SSAIdXd dATIR[OY [9A3] uoISsaIdxa 2ANR[OY 19A9] uO1SSaIdXd dANIR[OY

N
N
) )
N — 19}
) : 2
E = 2
TE S % % % 4 o n LT e S % g % oA o © T Q4 S ® O T QO -~ © T & o ®
— — — o =) =) = = —. 4 -~ ~ o o o o o a - = H 3 e e e e O [77) = = = =
[9A9] U01SSAIdX dANR[Y O [9A9] uoISSaIdxd 9ANE[Y [9A9] uoISSaIdXd dANEB[OY [9A9] uo1ssaIdxa dAne[Y
n o =
o p—( (av en
o — = I
&S -
B = &
= s = et 2
~
A & N <. &
& S N
Q *
= *
W = ~ ¥ ) *_r|
*
5 5
©C ¥ N S e v F A o N-B IR - - T - T S o\ B © ¥ N S o v I Ao CER T o =R S T o
( . 3 3 : 4 —_. e - - o o o o o —_. e - - - S O O o
- - 4 & 3 & S s <& = S 1:0513&0 R - [0A9] TO15501dX3 SAIIR[OY [0A9] wo1ssa1dX3 SATIR[OY
[9A9] UO1SSAIdXd dANB[DY [9A9] ney . :
& g
= =
S i
N o >
> & M
1 2 3 = N s
*] W *| =) W W
Q
~N
=
o
* *
*
g
. a4 9 ® 9 <+ o <o + o & = T s A R - T = 84 S @ &€ ¥ & =
A TR T T N P R JAJ[ UOISSAIAXd JATIR[ = = 8. e 8 &8 © G
[9A9] UO1SSAIdXd 2ANB[DY 1Ad Hot nePY [9A9] uoIssa1dxa dANE[Y [9AJ] UOTSSAIAXD dATIR[OY
g g
m — —
~
~
~ B~ o B~
S~ = S
B N
W X = W € N
TR © ~ ] 3
x ~ *
#] * = ¥
by = *| % 1)
* # o *
% *
& _H <
% (=]
AR T - T T T T - T S B
O Y I A Y 9 2 9 ¥ % 9 - .o o o — - S
X S =2 2 8 25 g =S =T — = — [9A9] UO1SSaIdXa 2ANR[DY [9A9] uo1ssa1dxa 2ANBOY

[0A9] uoIsSaIdXa 2ATIRIY 193] HoIssa1dxa danEld

0.001

0.01

0.05

*p<





OEBPS/Images/fpls-15-1447749-g005.jpg
Chrl Chr2 Chr3 Chr4 Chr5

Arabidopsis thaliana ( : (
S ) N y
S S

Vaccinium corymbosum
Chrl Chr5 Chr6 Chr7 Chr8 Chr9  Chr12 Chrl3 Chrl4 Chrl6 Chrl7 Chrl9 Chr22 Chr24 Chr25 Chr26 Chr29 Chr32 Chr35 Chr37 Chr43 Chr44 Chr45

Chrl Chr2 Chr3 Chr4

Solanum lycopersicum C

_—— e\
= —

— ;‘-.:'\‘\

Vaccinium corymbosum
Chrl Chr2 Chr4  Chr5 Chr6 Chr7 Chr8 Chr9 Chrl2 Chrl3 Chrl4 Chrl5 Chrl7 Chrl9 Chr22 Chr24 Chr25 Chr26 Chr29 Chr32 Chr35 Chr37 Chr38 Chr41Chr43 Chr45 Chr46

LGl LG2 LG3 LG4 LGS LG6 LG7 LG8 LGY9 LGI10 LGI11 LG12 LG13 LG14 LG15 LGl16 LG17 LG18 LG19 LG20 LG21 LG22 LG23 LG24 LG25 LG26 LG27 LG28 LG29

Actinidia chinensis [C ) )
T RIARE 7
\\-A§$\A§§~ 2

== >
\ - —

2

1]

Vaccinium corymbosum :
Chrl Chr2 Chrd Chr5 Chr6 Chr7 Chr8 Chr9 Chrl0 Chrl2 Chrl3 Chrl4 Chrl5 Chrl6 Chr17 Chr19 Chr22 Chr24 Chr25 Chr26 Chr29Chr32Chr34Chr35Chr37Chr38Chr4 IChr43Chr44Chr45Chr46

Chrl Chr2 Chr3 Chr4 Chr5 Chr6 Chr7 Chr8 Chr9 Chrl10 Chrll1 Chrl12 Chr13 Chrl14 Chrl5 Chrl6  Chrl?7 Chrl8 Chrl19

Vitis vinifera 5 (= . \\ N\ ‘\!‘ ' %

—

)
f '67

Vaccinium corymbosum =
Chrl Chr2 Chr4 Chr5 Chr6 Chr7 Chr8 Chr9 Chrl0 Chrl2 Chrl3 Chrl4 Chrl5 Chrl7 Chrl9 Chr22 Chr24 Chr25 Chr26 Chr29 Chr32 Chr35 Chr37Chr38Chr41Chr43Chr45Chr46

Chrl Chr7 Chr8 Chr9 Chr10 Chrll1 Chrl2
Oryza sativa CEE——
-—\\\
\\\§ ===
e
Vaccinium corymbosum \
Chrl Chr6 Chr10 Chr12 Chr22 Chr24 Chr29 Chr34 Chr35 Chr43 Chr45 Chr46

G8

Prunus persica €

Vaccinium corymbosum :
Chrl  Chr2 Chr4 Chr5 Chr6 Chr7 Chr8 Chr9 Chr10 Chrl2 Chrl3 Chrl4 Chrl5 Chrl7 Chrl9 Chr22 Chr24 Chr25 Chr26 Chr29 Chr32 Chr34 Chr35Chr37Chr38Chr41Chr43Chr44Chr45Chr46

Chrl Chr2 Chr3 Chr4 Chr5 Chr6 Chr7 Chr8 Chr9
Zea mays € D @ D @ D @ D @ D @ C € C 7
\ i\ \\\ /
\\ === ‘/

T

Vaccinium corymbosum
Chr6 Chr10 Chrl3 Chrl4 Chr22 Chr24 Chr25 Chr29 Chr32 Chr34 Chr35 Chr45 Chr46





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1447749-g003.jpg
Value

VeWRKY3———H— i i H—14{i————HH—1—
vewrk21—i- 4—4H—41HH4——— 1+ ——
VewrkYs0— i—i i ———HH————8—H
VeWRKY4) —f9— —f—8H WHH——————
VeWRKY 3 4pb———m—7-—-—— " i--1—
VeWRKY36 ——————————H—H—F— 4 — 4+ H—H——

VeWRkYy————f——H-—"H+H—-—H———-iH
VewRkYSl———H—H——+—H———HHHH—

vewrkyls—iHH— 41+ 1+H———"—1—82—F—1—3%-11

VeWRKYS5 —i———H—i——i—i— 84— ——
VeWRKYsd ——H—HI———4H8—  — —1—1H1H
vewrk Y26 ———HHI——HH1HHHHHH—1H4—— 31
VeWrkY2 —H—H—H——H——a——— -
vewrkyy i HHYF- 494—————— ——— 3 —
VewrkY4s —-HH—HHIE—iHH-—8H4- 84—
vewrkyly Hb———H—"—"8——"""H41—F —1——H
vewrkvss —HH—HIHHE—HHEHH T H— T H——
VewRrkYs6 ——Il——4—A——H——4+-——-
VeWRKYS] —————iH—iH-—1-H—11+HHi——1—
vewrkvii9—4—-4—-"7—"4+HH—"——"HHi— 34—
VeWRkKYY4 ——HH——1H4+—H—H1——+4 81—
vewrkYls— |-—H—% — +—H———1—4 11—
VeWRKY 4 —m———p—H—- — - 44— —H——
vewrkYldHH—HH——F—HHH— 84—
vewrk20 H—F—T 44— 4+HHHHH———H—HHH—-
VeWRKY34 - —— H +——4— — 1 - ii—}HH—F—+ —1
VeWRKY2 ——iF—)——1——+—Hi—H—1—
vewrkv2s ——4+—1——4—-"3"-14+4H——H————
VeWRKY3— = —H— — 81— —F————
VeWrkY2—4——l-iH———4——4—~4—"——"—=48%+1H4—4H—
vewrkYs H —4HH—H—1 4+ T4+ —8—8— —1—
vewRKY6e—H——HH—"—1—"—14—71+-8H1+H131 31—
VeWRKY 1= ——— y 44— 4+ {4+—————
VeWRKY4— p—-r-r 4§ —i—§¢ - —T"FpF————1- —H—1
vewrky$s—4—_F—=4H+1+—4HH+H—4—"—"—AH——
VeWRkY1) ————H——HH—4——F 4+Hi———
VewRk Y ———i— 40— H—1————H—
vewrkvds +—H—MH—H1—F—AHH—— I+
VewRKY 1§ ———iii———-—— — —
VewRKY3$—H—4H—'— — H——4H—1H—
vewrk Y2 l—FH— HV- 4 4H-HHH— 41— ——1H—
vewrkY22 —b—F—H—"H—HHHH——1—11—
VewRKYS3 — —i—H—H1H—1H—a——————
VeWRKY4 ———4———H—HH———
vewrky | {4 p- p-- —pH-—1"—4- —H———
VeWRkY2 ———HIH—HH——1—A——H—-

VewrkY47 —HH—H—-1+—H—1F—H—1—H

M1
IIa
IIb
I |
IIc

Ile

VewrkYS —i—H—H—1—IH——1H4—1—H— -

VeWRKY37 = {—= — i —————— - ———— I —— —H—
VWRKVS————— H——— ————— - — ——— -

10 20 30 40 50

0

<] FEEE-HHEEE - -E--F--Fllc-SE-HESEE- - -FE-FEiNEls -8 — - -

=) ~o—~oco—~cocococo~—~——Slcfflcc " flcc~c~“c—~—~oc—~cococococo~—~oc—~oc o~ HAN
= N T i e R I R T e e e N N PR 4OV

= 10....1.....110101..-11.11.101.....101101..010 JHOULLD
M- cnBlE-Ml- @M .-. cHEEE-EH-EEEc-F-EE-c@c@-clc@-cl-o-<-H XodD)

o SRR EEEE R EEE R EEEEE === EEETEEEEEE JHowr-LLvV
H- EESESEE - - B HSEE- - - ESEESE - - -Ey - oE---E---@ 0

o — oo O0O -~ 0Cc0co0O0O0O0CO0 00 oo A 0 N0 0000000000000 0000 OO Xoq-4v

= R EEEEEEEEEEEEEEEEEEEEEE T TN EE TR Jnou-NAM
o clEcllcclicocllccoclllcllocc ol ol coflocooclmolmc ocFlIllo - oF o syeadar YoL-D L,
= oo ccoococococcocflocec~ocococococ~~occoHococfl-cocflccocflc ~ccoccocooco FHOUW=D0)
= coolbolollololocoflorlccococcoclillll- ol cBlcoc—Fococoroococlo SN

= ——~c—-H--"EE-<-HB---—-"B- BB —occcoccflcocccofjecccfloccccocl--=° a1
- H-covnEE-E--AaEEE-E-HEE-l-<8--8- .. .... .11.0.1 eV
C 0 0 0O 0 00 00O OO0 ~ OO0 000000 =~ — —O o ) c—~oc oo JUSWId[E YOV
SRR EE R EEEEEEENEEEEEEEEEEEEEEEEEEEEEEEEEEEE R EEEEEEEEEEEs s SUIpUIq €4V-€
TR DR EEEEE =T TENEEEEEEEEEEEES ¢ diz-aH
SRR EEEEEEEEEDE EEEEE EEEEEDEEEEEECEEEEEEE RO R Rt btk
e EREEE TR R E e EEE el aE EEE D EEEERE e EEEEnEaE ki Lt ffal
coc ool ool R ol RcocococooclcoflilococcocclBloclocoocloloocololEoco ANS-CO
SRR EEEE R TGN EEEEEEEEEEEEEEEEEEs 1 diZ-aH
Sloocococoflelc oo oloooloooolooolooooloooloococloooocococlloocolooocolococMooococ| L L b |
coolEo o ol ococcocflllccocrlococococoocooollooocococoococooccooollooocoooooooo Jhow-pNOD
N T == E N EEEEE R TEEEEEEEEEEEEEEEEEEE=ENEEEEE TS UBIpeoIro
~—— o o~ -l cc —~—c@l-c~cocflccll-—-—- -~ - cc—~c—~c—~cocococloccoco ~~o XO0Q-y
——mococrocoododcc oo c - c~cocococcocflocllmScrococcocoflcoclcocolHococ ol ol ooooo Xoq-d
R EEEEEEEEE T EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEETEEEEEsEs X0Qq-VDL
SEEEEE  BEEEEEEEEEEEEEREEEEREE  BEEEEEEEEEEREEEEEE EEEEEEEREEEEREE ISAIN
SEEEEE B  BEREEEREREE BEEEE BEE B BEEEE B BEE BEEEEE BEEEEE QIO YXNYy
SloFloc " Hlllc cFcoc oot o T llocFcoflo o comFRocc o llcocllcc oo oc oo olE = RUR[R-V) ],
ool -l c-coocococdol ol oflocicoococcoccoofjec - " coccfcococrorNo - FUSTIRS~V L
R R e e e e e e R = Y L e e e e X0Q-DILV.L

U 5 0 1 [ 5 - = - S - [~ << < < <[ = 7°™-YOLOD
H-E-l- "l -xcsEiEc-fecl-Fc-laEE-F-FaE-G -l - c-fdcofc@-c@—- <~ Sy
T NN OO O OO NN T O~ NN — AN O ONINADONANANTON—ANRNOANO — NN AN~ OO

SN N T PR TA LT ANTA RO RN T N AT FAN S e N AT OO A AN A - I NA TN ANN = A
olololololiololotiolociclioliololol®oliciolotiololotolotolot i ool ictol ot i ool iciolot¥olcicloioiololiolololole
MMMMMMMM Y MMMMMMMOMMMMMMMMMMM MM MMM v MM MMM MMM MMM MMM MM M
RRRRRRRRWRRRRRRRWRRRRRRRRRRRWWRRWRRRWWRRWRRRWRRRRRRRRRRRR

Add i dadddda o dada a3 da g g ad i i
> o o = - > >

800
I Ace

600

I s
I MRE

200 400

I 16a-clement I ARE

0

S e ./ NN S N S E— — R
1000 1200 1400 1600 1800 2000

/ I rarc-box I AuxRR-core I rcacclement [ AT-motif

I Rv-clement I 0site I Circadion
0 corcamotif MM Box4 M Go-motit I arrich sequence [ | GCN4_motif AT-rich element

VeWRkY3S —i——HIHHIHH — -

0 1Crich repeats 0 Gobox
I re

VcWRKY30

IId

I GT1-motif
O woN-motit 9 HD-Zip3

- AE-box

I 7GA-box
I 3.4F3 binding site I MBS

Bl D poox

I sutR Py-rich stretch

B o

I oo

Light responsive

Stress related

Development related

Phytohormone responsive

I 1pzip 1





OEBPS/Images/fpls-15-1447749-g001.jpg
~
= ~ I-N
z N o~
> ZZOSSEZORRNGE3Y Yo L L
L Bt N SN T I-C e
> ;ga%égéiéwéx\xx;D?::Um;unxcmn:mé%xxg% 3 & VeWRKY!
275555 222553205 8888285 R0E S SREREEEEL oL OEE v ANTPKPPP. VEWRKY1
B BB e R A A AR RS XSGR 5SS s LEEEREE LSS VWRKY3 b Vew! VeWRKY2 L DG MRKY GQ 5P AR
753822 AR ZES AN AR Ao aID IS L0982 l:N:SKPGP. WRKY3 P E V¢WRKY:
LS 2 2R BEDRREIGIR 6 =2 SIS Y VcWRKY18 26 D
BB AACSRO™ 055985555 VeWRKY4 N VeWRKY4 £ NS PE/SLS [ YRIEINS KIST] s ¢ ) 4 T .
BERZ e <IOID B PIP. & VeWRKY21 ’ NTQ = 1 B VeWRKY39 D |
R2EZ SSS5Ss VeWRKYS ;) CWRKYS % INT QHLS (Y RIGIQDN SR M
o0 5553 f 5 'D: PKPQP. bl VeWRKY32 T AV A VcWRKY48 D s 2
O35S VeWRKY6 BP0 £] VeWRKY33 VeWRKY52 D -
f A VcWRKYS VcWRKY36 Ve : &
VcWRKYS X VWRKYS4
4 iNGELPQS. VeWRKY9 VCWRKY42 ke D | 3
VeWRKY9 I N: QPPQS . /eWRKY13 VCWRKY46 A B VCWRKYSS DI v :
VeWRKY13 ENUDRPG VCWRKY1S VCWRKY49 p ¥ 5 AtWRKY30 D b
VeWRKY1S i VEWRKY17 VeWRKYS0 D A i AfWRKY38 YD 1 .
VeWRKYLT J: N: QP - VeWRKY27 VeWRKYS1 d WRKY GQKEY AtWRKY41 D] v '
VeWRKY2? ENELPQS. VcWRKY28 AtWRKYS L3 WRKY GQKRAY AfWRKY46 D A S
e | N: PKPH, . VWRKY29 popishediond AfWRKYS3 5 :
VeWRKY28 N PKPH, VeWRKY34 AvREYZD AfWRKYS4 D g
VeWRKY29 B kP s ACWRKY1 ARVRKY4 ACWRKYSS L .
VeWRKY34 B Kp0S. AWRKY2 ACWRKY28 AWRKY62 G| H :
AfWRKY1 st ATWRKY3 AtWRKY43 AtWRKY63 D '
i [iDVi PKPLA. AtWRKY4 AtWRKY45 AtWRKY64 Dt T s
{WRKY2 AEN LKPPP. ACWRKY20 ACWRKY4S AiWRicVos b | :
AtWRKY3 ) AtWRKY25 AtWRKYS6 D X : ) «
LNCELPQ) AtWRKY67
AfWRKY4 X H . AfWRKY26 AtWRKYS7 LIIDG I WRKY GQ! ' p V) <) D T i
AfWRKY20 RNZEP) N AfWRKY33 AtWRKY68 DGQYIWRKYGQK 5 VKK s S N AtWRKY70 D. 1
ACWRKY2S ;D PKPQP. ACWRKY34 AR DAYLWRKY GQKY N 2 ) AcWRKY3 D 1 .
i N PKPEF . AfWRKY58 L : x WRKY7S DG VRKY GQRITVES VG AcWRKY7 D! 3
AtWRKY26 R | ACWRKY?2 L RKYC Al - < SHnERY . AcWRKY1S LI DGEIWRKY GQKI AcWRKY9 e WRKY GQK, I o
1iPKPQ. . Q ) ACWRKY17 R " S L
AfWRKY33 FENIPKPQS. AcWRKY6 'WRKYG o ; . s RoaRicvis ERE _:::;2: §8 . R : R q AcWRKY10 JITEr81 WRKY GQK| v .
AfWRKY34 "1 [iskepp AcWRKY16 P : ACWRKY19 DAY WRKY GOREVKLL TN R VE AcWRKY40 D o -
AfWRKY58 ' i \- AcWRKY32 AcWRKY33 J A p 7 & S ] y AcWRKY71 D v .
ACWRKY? LDLFRPQN. AcWRKY36 ACWRKY37 I DEIVRKY REIR SR ; AcWRKY72 T 2
iN:SKPQS. AcWRKY38 AcWRKY49 JIDGEE WRKY QKT . AcWRKY95 D .
AcWRKY6 PKP Q! ACWRKY43 AcWRKYS4 LEDGYWRKY GQKY S s ] i
) PKP Q AcWRKY96 D
AcWRKY16 H AcWRKY45 AcWRKY60 DG WRKYGQKE R A% 3 A X MAWRKY21 D L =
V ACWRKYS2 ACWRKY62 IDGYLWRKY GQKE Rle "RVE BT Vi A 1 .
ACWRKY24 SKP it ACWRKY64 e Shslis s e ; K . MAWRKY26 D T
ACWRKY32 Ry E o B g J MJWRKY34 D >
I PKI ACWRKY69 R | ]
ACWRKY36 Hy ml: Rewrkxes ACWRKY70 MAWRKY43 D }“ i
AcWRKY38 NTOPROP. ACWRKY67 P MdWRKY77 D & é
AcWRKY43 Sl ACWRKY77 WY MAWRKYS4 D .
1: PKP AcWRKY80 1E A 1 .
ACWRKYSS o AcWRKYS2 ACWRKYS1 DAY WRKYGQRIV IS N g :::::ng D = '
ACWRKYS2 oKD ARy, AcwREY2 DG WRKY GQKV] ) : MoWRIYS o v :
5 o cWRKY93 L) DR WRKY G A ] {5 X
AcWRKYS3 PKP MAWRKY19 MAWRKY1 DRIy Qi Ay c BVERS 1] MAWRKY113 D ,}_ >
AcWRKY57? D PKPRP. MJdWRKY29 MJWRKY2 DG, WRKY GQKL Y 2 C % 1 MdJWRKY115 ADGHANTYSYEN N T| 1
AcWRKY63 NS P MdWRKY31 MJWRKY3 DG$; WRKYGQ MdWRKY121 DGF TR O EL 1 NS .
ACWRKY66 SKP P. MAWRKY32 MAWRKYS L DG WRKY GQKJ NNK R d {5 G ¥ MdJWRKY117 DGF S|\ 0 $4€0) 4D{ LGAR' y N
L i PKPHP. MAWRKY? DG WRKY GQKY Sy {GQKy 1 g
AcWRKY67 #PKPQ MoWRKY MAWRKY15 AT WRKYGQKAN X d : SIWRKY19 LS WRKY GOKZ v
AcWRKY77 S oPbOS. ATIBETe MAWRKY18 DQLWRKY GORIVKINY C1 ¥v g e v SIWRKY41 D v .
ACWRKYS2 ) MIWRKYED MAIWRKY22 DG WRKY GQKLY 3 R S SIWRKY42 D v
i QPPPP. Mo MJdWRKY35 DG WRKY GQKL PF E ] SIWRKYS2 D "
ACWRKYS3 KPC MAWRKY65 MAdWRKY45 I DRYLWRKYGQ SIWRKYS3 D Y N
ACWRKYS7 SR RP MAWRKY69 MAWRKY56 SIWRKYS4 D 1 .
a MJWRKYS7 1 %
MAWRKY19 RoaE e VI SIWRKYS8 D
MdWRKY29 I}; P . MR MIWRIY e SIWRKYS9 L
MdWRKY31 i MAWRKY100 MJIWRKY63 SIWRKY80 G T
MdWRKY32 g } MJWRKY105 i::::%:z.’ SIWRKYS1 D "
MAWRKY36 HEERP. MdWRKY111 MAWRKY110 Consensus wrkygqk i
MIWRKYSS b 20 N MAWRKY122
- " P SIWRKY]
P MAWRKYS8 e RDNS. SIWRKY1 frostos i
AcWRKY96 ] MdWRKY60 Sk SIWRKY2 SIWRKY23
AcWRKY40 MAWRKY6S e SIWRKY3 SIWRKY28 I
Sy I MAWRKY69 g g SIWRKY¢ SIWRKY30 Id
1 s D SIWRKYS SIWRKY38
IWRKYS54 l MAWRKY76 H SIWRKY14 SIWRKY47 VeWRKY10 SWRKYGOKI2
MAWRKY91 H SIWRKY1S SIWRKY48 VeWRKY24 )
MAWRKY99 5 SIWRKY20 SIWRKY56 VeWRKY25
MAWRKY100 : SIWRKY31 fulos e = QK ) VeWRKY30
MIWRKY105 5 SRKTYS SIWRIY7S p VRS B VE i ) VeWRKY3S
= MAWRKY111 . SIWRKY36 Consensus vk pr y V = : VeWRKY37
MAWRKY123 H3 SIWRKY44 i mz‘RKY;S
MdWRKY126 = Consensus. RKY'
SIWRKY1 ki Ile ACWRKY1L
g AtWRKY15
SIWRKY2 VeWRKY11
H v AtWRKY17
| SIWRKYS NiD IIb  Lendod ACWRKY21
SIWRKY4 i QP) VeWRKY23 AtWRKY39
SIWRKYS - VWRKY16 VCWRKY38 AtWRKY65
SIWRKY14 5 ETLSI VeWRKY7 VcWRKY40 AfWRKY69
SIWRKY18 oot VcWRKY14 VEWRKY47 ACWRKY74
| SIWRKY20 RER- VeWRKY20 jrtabermiid ACWRKY1
SIWRKY31 LEege- VeWRKY31 AtWRKY14 AGWRICYIZ
SIWRKY33 LEKEE. VeWRKY41 AtWRKY16 AcWRKY20
SIWRKY34 PRALPKPOS. VeWRKY44 AtWRKY22 AcWRKY27
& 0y arnﬁrn‘ KTRR. ACWRKY6 AtWRKY27 AcWRKY34
sr\:mi: NGE[: N: OKS QP ACWRKY9 : AMRKTR, ACWRKYS0
b AEI NYRGE[INIPKPQP. AtWRKY31 y RE| [ LI TIREXe: | AR AcWRKYS1
Consensus AfWRKY: y VG s . X A5 AcWRKY56
b h f 36 EEETS AF NT|R oLl AtWRKY49
AtWRKY42 vy e AcWRKYS :f::mzz
AcWRKY26 5
1Ia ASURKNY ACWRKY30 AcWRKY68
| AtWRKY61 ENRET Poiriid
AtWRKY72 AcWRKY41
5 MAWRKY4
VcWRKY19 ATIT " AcWRKY31 ACWRKY44
: VeWRKY45 LVATRESECREPDRL . cwrkyas AcwRKYSS MAWRKYS
I e LVAT)¢AeE):} . ACWRKY46 ACWRKY74 MJWRKY10
VcWRKYS6 LLVATYOAEE ) . AcWEKYS AcWRKYSS MdWRKY11
| Zr‘\‘VN(YS; VK LLVAWICENFBE. . AcWRKY76 Aewricor ::::‘RKYYﬁ
WRKY Y NP PRAY ¢P\JUSA VRS \EDPSLLVAT){XET) . AWRKYD ACWRKY94 Sy
| AtWRKY40 /G ) PRAY 3l i LVATYEXe N AcWRKYS4 MJWRKY13
| : \ ) M . ity MJWRKY39
| ‘ AtWRKY60 G SJPRAY PRUNIYE GITENH x MAWRKY17 MJWRKY20 MAWRKY47
I AcWRKY29 JAYE GIENH S ;{mmgz MAWRKY25 MJWRKY48
| & AcWRKY48 AT Td MAWRKY. MJWRKY41 MdJWRKY49
| ACWRKY6S LVATVACELNGP R, . MAWRKY37 MAWRKYS2 MAWRKY66
| e LVAT)§eE|i\ 1 MAWRKY67 MAWRKYS4 MAWRKY72
| | MN‘“ LVAT(OECNPERl . MawRKY70 MAWRKYTL N
RKY28 LVGT)GAeE):\j:PNR) . MJWRKY79 MAWRKY102 MdWRKYS8
a1 MdWRKY46 LVATNICERNEDA. . . MdWRKY80 MJWRKY104 MdWRKY9%
MdAWRKY61 L]\E’h‘ YEG3IHNH S MdJWRKYS3 MdJWRKY124 MdJWRKY108
| MdWRKY64 el . MJWRKY89 SIWEKVZD MdWRKY112
! 1 q t ! C J LVATYUREELN:DA. . . SIWRKY25
MAWRKYS2 olloray diva] | MJWRKY92 i MAWRKY127
S TYRTmo0o << MAWRKY109 ol A OqVK AVNIYEGIHNHA( /I MAWRKY125 SIWRKY29 SIWRKY7
$§§§§§vv—nn g it BLEEVYKESF APS(eP\W N QYO KS AENP OVLVAT)§EE):\} . SIWRKY6 SIWRKY32 SIWRKYS
gEsesssss MAWRKY120 i KK ' LVATILEE S PND SIWRKY9 SIWRKY3S SIWRKY10
5553522 SIWRKY39 LVATRERES K SIWRKY16 SIWRKV4S SIWRKY11
ILPEFR SIWRKY40 TVVATIRRE QT SIWRKY17 i SIWRKY21
" par. . SIWRKY24
SIWRKY43 \ % . SIWRKY72 SIWRKY64
DDNSI 1T ATVOAEE NS KY. . SIWRKY37
SIWRKY45 i SIWRKY73 SIWRKY65
SIWRKY46 DS LVGH{ZICELN:PHP] . SIWRKY74 SIWRKY66 SIWRKYS0
AV NIYEGIHNH ¢ . /RKY' G (YGQK L SIWRKY67 SIWRKY77
A SIWRKY76 DGt WRKY GQK N RE ct S| I LT} . SIWRKY68 SIWRKY78
SIWRKY69 SIWRKY79
Consensus

5 i x P 3PRA I y
\ ‘onsensus dg  wrkygqk t ¥ v yeg hnh Consensus dge wrkygqk pr yyre cpv qr v
) Consensus





OEBPS/Images/fpls-15-1447749-g006.jpg
B

15
L
N~
£ 8 -
S5 E 2
$

~A & § 4"3\ VeWRKY10 VeWRKY25 VeWRKY23  VeWRKY27 VcWRKY19VVcWRKY3
& &
\%\ﬁ & Leaf

Flower

VcWRKY27 VeWRKY19 VecWRKY9 VcWRKY41 VeWRKY28 VeWRKY26

N [ Koed Stem

"". s | Exaression , ,
e '======iiiii uEN N .llll I3 VEWRKY23 VEWRKY19 VeWRKY2S VeWRKY10 VEWRKY30 VeWRKY9 i
VOWRKY §a 5y n VOWRKY14 f
VOWRKY3® ““““““““ '.'. .".'." ""' VeWRKY20 . 0 '
o ‘\““““‘:““ """" "'
VGW@‘UZZ ‘{“{‘\?‘:‘\‘:“
W e \\

O

\
)

\\ i

2%
S0 Y .
"9’9"/,, L“%:@% . N —

VcWRKY27 VeWRKY28 VeWRKY11 VeWRKY19 VeWRKY46 VeWRKY25

% 3,
&ﬁ% Root

Fruit

VcWRKY9 VeWRKY10 VeWRKY25 VeWRKY15 VeWRKY23 VeWRKY24

VeWrky 1,
VeWRKY5

LAMHMOA
2GAAEMIA






OEBPS/Images/fpls.2024.1447749_cover.jpg
& frontiers | Frontiers in Plant Science

Genome-wide identification of the WRKY
gene family in blueberry (Vaccinium spp.)
and expression analysis under abiotic stress





