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44 Abstract

45 WRKY transcription factors are regulated by biotic and abiotic stress in Vitis 

46 vinifera, although little is known about their role in grape berries. The latest V. vinifera 

47 reference genome (PN40024 12X.v2, VCOST.v3 annotation) gave us a good opportunity 

48 to perform an analysis of VviWRKYs, identifying 61 genes. Our study examines whether 

49 the application of high CO2 levels for 3 d to maintain table grape quality activated the 

50 gene expression of 15 WRKYs in the skin and pulp of grapes (cv. Autumn Royal) stored 

51 at 0 ºC. Results showed that the induction of VviWRKYs gene expression by CO2 was 

52 tissue dependent, being this effect mainly observed in the pulp where 9 out of the 15 genes 

53 analyzed were activated by the gaseous treatment. The expression analysis of genes 

54 associated with ethylene (ACC synthase1 (ACS1) and ACC oxidase1 (ACO1)) and ABA 

55 (9-cis-epoxycarotenoid dioxygenase1 (NCED1)) biosynthesis indicated that the 

56 expression of ACO1 in the skin of non-treated samples and in the pulp of CO2-treated 

57 ones correlated with the changes observed in VviWRKYs. In addition, we studied the role 

58 of WRKYs in the modulation of genes encoding pathogenesis-related proteins (PRs) in 

59 table grapes. Results showed there was a significant positive correlation between WRKYs 

60 modulated by CO2 in the skin and pulp with a β-1,3-glucanase (Vcgns1) and a thaumatin 

61 (VvTL1), respectively. Through electrophoretic mobility shift assay (EMSA) we observed 

62 that VviWRKYIIa_3 recombinant protein was able to in vitro bind to the W-box present 

63 in the promoter of the three PRs analyzed while VviWRKYIII_3 was only able to 

64 specifically bind to the Vcgns1 probe. Our results support the fact that high CO2 treatment 

65 is an active process that requires the activation of transcription factors, such as those of 

66 the WRKY family, which could participate in the molecular events involved in 

67 maintaining table grape quality during postharvest.

68

69

70 1. Introduction

71 WRKY family members are transcription factors that are involved in regulating 

72 different biological processes such as biotic and abiotic stress responses, plant 

73 development and hormone response (Du and Chen, 2000; Dellagi et al., 2000; Eulgem et 

74 al., 2000; Huang and Duman, 2002; Fan et al., 2017; He et al., 2017). The name of this 

75 transcription factor family derives from the highly conserved 60 amino acid long WRKY 

76 domain, which contains a conserved amino acid sequence motif WRKYGQK at the N-

77 terminus (Rushton et al., 1996; Ülker and Somssich; 2004) and a zinc-finger-like motif 



78 at the C-terminus with the structure of C-X4-5-C-X22-23-H-X-H (C2H2) or CX7-C-X23-H-

79 X-C (C2HC) (Rushton et al., 2010). The classification of WRKYs into three major groups 

80 was performed from both the number of WRKY domains and the structure of the zinc-

81 finger motif presented (Eulgem et al., 2000). Thus, members of group I are characterized 

82 by two WRKY domains containing a C2H2 zinc-finger motif. Group II contains only one 

83 WRKY domain, characterized by a C2H2 zinc-finger motif while members of Group III 

84 are characterized by a single WRKY domain with a C2HC zinc-finger motif. WRKY 

85 transcription factors show high binding affinity to a DNA sequence named W-box, 

86 (TTGACC/T) (Eulgem et al., 2000). The W-box-dependent binding activity requires both 

87 the invariable WRKYGQK sequence and the conserved cysteine and histidine residues 

88 located in the zinc-finger motif (Maeo et al., 2001). Furthermore, although the W-box is 

89 necessary for the interaction, adjacent sequences also play an important role, allowing the 

90 WRKYs to have individual preferences for certain sequences (Rushton et al., 2010). 

91 The expression levels of WRKYs in plants greatly increase in response to 

92 wounding, pathogen infection and different abiotic stresses, in addition to the 

93 participation of certain members in germination, development and senescence processes 

94 (Ülker and Somssich, 2004).  Regarding their participation in the response of plants to 

95 biotic stresses, most of the research concerning WRKY has shown that different members 

96 of this multigenic family play a role in the transcriptional reprogramming associated with 

97 the immune response of plants (Eulgem and Somssich, 2007; Pandey and Somssich, 

98 2009; reviewed by Rushton et al., 2010).  It is known that WRKY proteins bind to the W-

99 box presented in promotors of various pathogenesis-related (PRs) genes including β-1,3-

100 glucanases, chitinases and thaumatin-like proteins (Eulgem et al., 2000; Kim and Zhang, 

101 2004; Yamamoto et al., 2004). In comparison with research on biotic stress, little is 

102 known about the role of WRKYs in the mechanisms activated in plants in response to 

103 abiotic stress. The strict regulation of WRKY proteins during plant responses to stress 

104 contribute to the creation of complex signaling networks making them potential 

105 candidates for imparting stress tolerance (Bakshi and Oelmüller, 2014). Recent studies 

106 have shown that different WRKY genes are strongly and rapidly induced in response to 

107 certain types of abiotic stress, such as the application of high CO2 levels during plant 

108 development, as well as wounding, drought, salinity, low and high temperatures or 

109 osmotic stress (Zou et al., 2007; Lee et al., 2005; Wu et al., 2009; Li et al., 2010; Jiang et 

110 al., 2014). Likewise, it is known that stress-related hormone signals triggered by abscisic 

111 acid (ABA) and salicylic acid (SA) could be mediated by WRKYs (Yu et al., 2001; Zhang 



112 et al., 2009; Rushton et al., 2010; Banerjee and Roychoudhury, 2015), and recent studies 

113 have shown that WRKYs could be regulated by ethylene (Li et al., 2014; Wang et al., 

114 2017). Furthermore, the promoters of ethylene pathway genes in Dendrobium officinale 

115 contained W-box elements, suggesting that these genes might be regulated by WRKYs 

116 (He et al., 2017). Yu et al. (2012) indicated that the increased disease resistance observed 

117 in tobacco overexpressing a WRKY15 from cotton compared to the wild type, could 

118 partially depend on the expression of ethylene synthesis related genes.

119 The search for WRKYs transcription factors in Vitis vinifera has led to the 

120 identification of 59 members, which were designated from VvWRKY01 to VvWRKY59 on 

121 the basis of their chromosomal location (Wang et al., 2014b). WRKYs from Vitis respond 

122 to both biotic and abiotic stress. In tobacco plants the overexpression of VvWRKY1 and 

123 VvWRKY2, isolated from Cabernet Sauvignon berries, enhanced its resistance to fungal 

124 pathogens (Marchive et al., 2007; Mzid et al., 2007). Furthermore, in Arabidopsis ectopic 

125 expression of VpWRKY1 or VpWRKY2, isolated from Chinese wild Vitis pseudoreticula, 

126 enhanced its resistance to powdery mildew (Erysiphe cichoracearum), and enhanced the 

127 salt and cold tolerance of transgenic plants (Li et al., 2010). Guo et al. (2014) observed 

128 that 55 WRKYs responded to at least one abiotic stress such as drought or salt. 

129 Furthermore, according to Wang et al. (2014a), 15 VvWRKYs are related to cold stress, 

130 being induced in the shoot apex of Muscat Hamburg seedlings exposed to 4 ºC for up to 

131 48 h. Likewise, Wang et al. (2014b) indicated that a relatively large group of VvWRKY 

132 genes was up-regulated in shoots of Cabernet Sauvignon plants from the first hour after 

133 the imposition of cold stress, whereas the majority of genes induced by salt and drought 

134 stresses were up-regulated after 24 h. This fact could be translated into a quicker 

135 perception of cold stress by Vitis seedlings in comparison to other stresses. On the other 

136 hand, VvWRKYs are involved in regulating plant hormone signaling. Guo et al. (2014) 

137 observed that expression profiles resulting from ethylene and ABA application were the 

138 opposite, and while 37 VvWRKYs were up-regulated by ethylene, 31 showed different 

139 degrees of downregulation by ABA treatment. 

140 Despite the advances in the knowledge of the WRKYs functionality in V. vinifera, 

141 little is known about their role on the skin and pulp of grapes since most of the research 

142 has been performed on seedlings. In this sense, in a recent transcriptional analysis we 

143 have shown that the maintenance of Cardinal table grape quality during postharvest by 

144 applying a 3-d high CO2 treatment required the activation of transcription factors from 

145 different families including WRKYs (Rosales et al., 2016). In order to gain deeper 



146 understanding of the role of this transcription factor family in the response of table grapes 

147 (cv. Autumn Royal) to high levels of CO2 and low temperature, in this study we have 

148 analyzed 15 WRKYs, including 3 from the transcriptomic analysis (Rosales et al., 2016), 

149 determining their changes in gene expression in the skin and pulp by RT-qPCR. 

150 Furthermore, we have analyzed the expression of genes associated with ethylene (ACC 

151 synthase1 (ACS1) and ACC oxidase1 (ACO1)) and ABA (9-cis-epoxycarotenoid 

152 dioxygenase1 (NCED1)) biosynthesis to elucidate the putative role of WRKY in ABA 

153 and ethylene signaling pathways during the postharvest of table grapes. In addition, to 

154 study the role of WRKYs in the modulation of the expression of PRs in table grapes, we 

155 have analyzed the changes in the expression of a thaumatin (VvTL1), a chitinase 

156 (Vcchit1b) and a β-1,3-glucanase (Vcgns1) of class I in different tissues of CO2-treated 

157 and non-treated bunches. Two WRKYs have been overexpressed in Escherichia coli in 

158 order to obtain recombinant proteins and we have examined their DNA-binding 

159 specificities, by using electrophoretic mobility shift assay (EMSA), showing that both 

160 were able to in vitro bind to the W-box present in the different promoters analyzed. 

161

162 2. Materials and Methods

163

164 2.1. Plant material

165 Seedless table grapes (Vitis vinifera L. cv. Autumn Royal) harvested in Abarán 

166 (Murcia, Spain), were randomly collected with an optimum degree of commercial 

167 maturity (12.87% total soluble solids; 0.46% tartaric acid), and field-packaged bunches 

168 were transported in the same day to the laboratory in Madrid (Spain). Table grapes were 

169 divided into two lots and stored at 0 ± 0.5 ºC and 95 % of relative humidity.  One lot was 

170 stored under normal atmosphere for up to 13 d (non-treated fruit) and the second lot was 

171 kept under a gas mixture containing 20 kPa CO2 + 20 kPa O2 + 60 kPa N2 (CO2-treated 

172 fruit) for 3 d. Afterward, CO2-treated table grapes were transferred under normal 

173 atmosphere at 0 ºC until the end of the storage period. Skin and pulp from three biological 

174 replicates (each replicate consisting of 2 bunches) were collected independently at 

175 different days of storage (0, 3 and 13 d). Then, skin and pulp were frozen and grounded 

176 to a fine powder in liquid nitrogen and stored at -80 ºC. 

177

178 2.2. Identification of WRKY genes



179 To identify the WRKY genes in table grapes, the latest annotated V. vinifera 

180 reference genome (PN40024 12X.v2, VCOST.v3 annotation) was downloaded from 

181 URGI database (Canaguier et al., 2017). The Hidden Markov Model (HMM) profile of 

182 WRKY DNA-binding domain (PF03106) was obtained from Pfam protein family 

183 database (http://pfam.xfam.org/) (Finn et al., 2014), and using HMMER 3.0 

184 (http://hmmer.janelia.org/), the putative WRKY proteins in V. vinifera genome were 

185 explored. The redundant WRKY sequences were checked and removed using the 

186 SkipRedundant program of the EMBOSS package (Rice et al., 2000).

187

188 2.3. Sequence alignment and phylogenetic tree

189 The amino acid sequences of the VviWRKYs were included in a multiple 

190 sequence alignment using ClustalX 2.0.12. The phylogenetic tree was built following the 

191 Neighbor-Joining method. The topological robustness was evaluated by bootstrap 

192 analysis based on 1,000 replicates and default parameters. The phylogenetic tree was 

193 visualized using PRESTO (http://www.atgc-montpellier.fr/presto/)

194

195 2.4. Relative gene expression by quantitative real-time RT-PCR (RT-qPCR)

196 Total RNA extraction and cDNA synthesis were performed according to Romero 

197 et al. (2016). Relative expression of 15 VviWRKYs, VvTL1 (AF003007), Vcchit1b 

198 (DQ267094), Vcgns1 (DQ267748), ACO1 (AY211549), ACS1 (XM_002263552) and 

199 VvNCED1 (AY337613), were assayed using RT-qPCR with samples of skin and pulp 

200 from CO2-treated and non-treated bunches stored for 0, 3, and 13 d at 0 ºC. RT-qPCR was 

201 performed as described by Rosales et al. (2013) using gene-specific primers 

202 (Supplementary Material Table S1 and S2) and Actin1 (XM 002282480) from V. vinifera 

203 as the internal control. The specificity of products was validated according to Romero et 

204 al. (2016). Three biological replicates and two technical replicates were performed for 

205 each sample.

206

207 2.5. Production of recombinant VviWRKYIIa_3 and VviWRKYIII_3 proteins in 

208 Escherichia coli

209 The full VviWRKYIIa_3 and VviWRKYIII_3 open reading frames (GeneBank 

210 accession no VviWRKYIIa_3: MH674396 and VviWRKYIII_3: MH674395), were 

211 amplified by RT-PCR as described by Romero et al. (2008) using specific primers 

212 designed with Primer 3 software (Koressaar and Remm, 2007) (Supplementary Material 

http://pfam.xfam.org/
http://www.atgc-montpellier.fr/presto/


213 Table S2). The forward primers contained a BamHI site, while the reverse primers 

214 contained Hind III and XhoI sites for VviWRKYIIa_3 and VviWRKYIII_3 respectively. 

215 The resulting fragments digested with their respective restriction enzymes were cloned as 

216 N-terminal fusion with an amino acid His tag in pTrcHisA vector (Invitrogen, Carlstad, 

217 USA), previously digested with the same enzymes and transformed into BL21-CodonPlus 

218 (DE3)-RIL competent cells. A single recombinant colony of E. coli containing 

219 VviWRKYIIa_3 and VviWRKYIII_3 was grown overnight at 37 ºC as indicated in Romero 

220 et al. (2016). In both cases insoluble proteins were obtained and, thus, they were purified 

221 and solubilized following Fernandez-Caballero et al. (2009). Protein analyses and western 

222 blots were performed as described previously Romero et al. (2016). The immuno-

223 complexes were visualized using the enhanced chemiluminescence (ECLs) detection 

224 system (Amersham, GE Healthcare, UK).

225

226 2.6. Electrophoretic mobility gel shift assay (EMSA) assays

227 Binding of the W box, presented in the promoter regions of the three PRs, with 

228 the recombinant VviWRKYIIa_3 and VviWRKYIII_3 proteins was carried out as 

229 indicated Romero et al. (2016). Detection of biotin-labeled DNA was performed by 

230 chemiluminescence following the manufacturer's instructions (Chemiluminescent nucleic 

231 acid detection module kit, Thermo Scientific Pierce), and was detected by the ChemiDoc 

232 ™ XRS + System (BioRad) and the associated software ImageLab ™ 5.2.

233

234 2.7. Statistical analyses

235 The software SPSS v. 23.0 (IBM) was used for the statistical analysis of the 

236 relative expression obtained by RT-qPCR. The expression data of the VviWRKYs were 

237 analyzed by ANOVA (one-way analysis of variance), and their means ± standard 

238 deviation were grouped in subsets by the Tukey-b test (P < 0.05). The relationship 

239 between VviWRKYs and PRs, ACO1, ACS and VvNCED1 gene expression after 3 d of 

240 gaseous treatment was described as Pearson product moment correlation coefficient (r), 

241 P < 0.01.

242

243 3. Results

244 3.1. WRKY genes in the V. vinifera genome.

245 In this study, we have analyzed WRKYs in the V. vinifera reference genome 

246 (PN40024 12X.v2, VCOST.v3 annotation) (Canaguier et al., 2017).  A total of 61 non-



247 redundant VviWRKY genes were identified and were found to be located in all the 

248 chromosomes except in chromosome 3. Phylogenetic analysis divided VviWRKYs into 

249 three groups (I, II and III) (Fig. S1), as previously was described in other plant species by 

250 Eulgem et al. (2000). According with the classification established by these authors, we 

251 identified 12 VviWRKYs belonging to group I, which is characterized by the presence of 

252 two WRKY domains containing a C2H2 zinc-finger motif. Group II, the largest one with 

253 44 VviWRKYs members, were defined by the presence of a single WRKY domain and a 

254 C2H2 zinc-finger motif and was divided into five subgroups (IIa-IIe) (Eulgem et al., 

255 2000). Finally, group III with 6 VviWRKYs characterized by the presence of one WRKY 

256 domain with a C2HC zinc-finger motif. We have named the 61 WRKYs identified 

257 according to the subfamilies and numbered according to chromosomal location (Table 1). 

258 We have identified 2 new WRKYs, named as VviWRKYIId_1 and VviWRKYIIe_8, which 

259 were not noted previously (Wang et al., 2014b).

260

261 3.2. Effect of low temperature and high CO2 levels on modulating the expression of 

262 15 VviWRKYs genes in the skin and pulp of Autumn Royal table grapes. 

263 In a previous study, we observed that the application of a 3-d gaseous treatment 

264 at 0°C maintained the quality of Autumn Royal table grapes during postharvest storage 

265 at low temperature (Vazquez-Hernandez et al., 2017). To determine the mechanisms 

266 associated with the beneficial effect of high CO2 levels, in this study we analyzed the 

267 expression pattern of 15 VviWRKYs in the skin and pulp of Autumn Royal table grapes 

268 treated and non-treated with CO2 and stored up to 13 d at 0 ºC. It is important to note that 

269 the expression of the 15 VviWRKYs analyzed drastically decreased to levels practically 

270 undetectable after 16 d of storage at 0 ºC, independently of the storage atmosphere (results 

271 not shown). In order to facilitate the analysis and understanding of the modulation of the 

272 VviWRKYs studied, the results obtained in the different tissues were classified according 

273 to their response to high CO2 levels and low temperature. Thus, a significant induction of 

274 5 VviWRKYs (VviWRKYIIa_3, VviWRKYIIb_4, VviWRKYIId_5, VviWRKYIII_2 and 

275 VviWRKYIII_3) was observed in the skin by the application of high CO2 levels for 3 d at 

276 0 ºC, with an increase in the expression at the end of the treatment decreasing when 

277 bunches were transferred to air (Fig. 1). On the other hand, conservation at low 

278 temperature in air activated the expression of VviWRKYI_4, VviWRKYIIc_14, 

279 VviWRKYIId_2 and VviWRKYIIe_2, while the application of a gaseous treatment at 0 ºC 

280 showed no effect, maintaining similar levels to those of the fruit just harvested (Fig. 1). 



281 The storage at 0 ºC, regardless of the composition of the atmosphere, induced the 

282 transcript levels of VviWRKYIIb_1, VviWRKYIIc_6 and VviWRKYIIe_6, suppressed the 

283 accumulation of VviWRKYIIc_4 and VviWRKYIII_1 and did not affect VviWRKYIIb_3 

284 expression. In the case of VviWRKYIIc_6, while exposure at 0 ºC activated the 

285 accumulation of the transcripts after 3 d in non-treated fruit, a greater induction was 

286 observed only after 13 d of storage in those treated with CO2.   

287 In the pulp, the application of a 3-d gaseous treatment at 0 ºC modulated the 

288 expression of 9 VviWRKYs (VviWRKYI_4, VviWRKYIIa_3, VviWRKYIIb_1, 

289 VviWRKYIIb_3, VviWRKYIIc_4, VviWRKYIIc_6, VviWRKYIIc_14, VviWRKYIII_1 and 

290 VviWRKYIII_3), with VviWRKYIIb_3 being the one that showed the highest expression 

291 after 3 d of treatment with CO2 (Fig. 2). However, it is important to note that, although 

292 the modulation of VviWRKYI_4 and VviWRKYIIc_6 was only observed in the pulp of 

293 grapes treated with CO2, in the case of the other 7 VviWRKYs mentioned above, a lower 

294 but significant induction was also observed in non-treated fruit compared to freshly-

295 harvested fruit. The largest increase in the expression of VviWRKYIIa_3, VviWRKYIIb_3 

296 VviWRKYIII_1 and VviWRKYIII_3 was observed after 3 d of gaseous treatment, 

297 decreasing once the clusters were transferred to air. However, the highest increase in 

298 VviWRKYI_4 and VviWRKYIIc_14 transcripts took place after 13 d, when CO2-treated 

299 bunches were stored under normal atmosphere. Finally, the expression levels of 

300 VviWRKYIIb_1 and VviWRKYIIc_4 did not show any variation between the end of 

301 treatment (3 d) and after the transfer to air (13 d) (Fig. 2). On the other hand, the 

302 expression levels of VviWRKYIId_5 and VviWRKYIIe_2 increased in response to low 

303 temperature only in the pulp of non-treated fruit. The expression levels of VviWRKYIIb_4, 

304 VviWRKYIId_2, VviWRKYIIe_6 and VviWRKYIII_2 increased in the pulp of non-treated 

305 and CO2-treated samples at 0 ºC, and with the exception of VviWRKYIII_2, no significant 

306 differences were observed; in all cases the induction was higher in non-treated fruit (Fig. 

307 2).

308

309 3.3. ACO1, ACS1 and VvNCED1 gene expression in the skin and pulp of non-treated 

310 and CO2-treated table grapes stored at low temperature. 

311 Previous works reported that ACO1, ACS1 and VvNCED1 expression was 

312 modulated during grape ripening and after ethylene or ABA treatment (Bötcher at al., 

313 2013; Muñoz-Robredo et al., 2013; Pilati et al., 2017) as well as in response to low 

314 temperature (NCED1) and high levels of CO2 (ACO1, ACS1) in Cardinal table grapes 



315 (Rosales et al., 2013). Thus, to elucidate the putative role of WRKYs in ethylene and 

316 ABA signaling pathways in Autumn Royal table grapes treated with high levels of CO2 

317 and stored at low temperature, ACO1, ACS1 and VvNCED1 gene expression was analyzed 

318 by RT-qPCR in the skin and pulp (Fig. 3). 

319 The results showed a tissue-dependent behavior. The levels of ACS1 were reduced 

320 significantly in the skin, both in CO2-treated and non-treated samples, and showed a 

321 transient increase in the case of pulp after 3 d of storage regardless of the storage 

322 atmosphere. ACO1 and VvNCED1 presented a similar gene expression pattern with a 

323 significant transitory increase after 3 d of CO2 treatment in the pulp and with a significant 

324 increase after 3 d of cold storage in the skin. However, there was no significant difference 

325 in gene expression after 13 d of storage (Fig. 3).

326

327 3.4. Vcgns1, Vcchit1b and VvTL1 gene expression in the skin and pulp of non-treated 

328 and CO2-treated table grapes stored at low temperature.

329 In a previous work, we identified the W-box in the promoter regions of Vcgns1 

330 and Vcchit1b (Romero et al., 2016). Likewise, the in silico analysis of 1500-bp of 

331 sequence upstream of the translational start codon of VvTL1 performed in the present 

332 work showed the presence of the W-box (data not shown). Thus, to determine the putative 

333 role of WRKYs regulating PRs in Autumn Royal cultivar, firstly, we have analyzed the 

334 expression of Vcgns1, Vcchit1b and VvTL1 by RT-qPCR in the skin and pulp of non-

335 treated and CO2-treated table grapes at 0 ºC (Fig. 4). The expression of the three PR-genes 

336 studied did not follow a common pattern and it was tissue dependent. In the skin, the 

337 expression levels of Vcchit1b only increased under normal atmosphere as a result of 

338 exposure to low temperature, concomitant with the time of storage. By contrast, Vcgns1 

339 gene expression was induced at low temperature irrespective of the storage atmosphere, 

340 whereas the accumulation of VvTL1 was repressed in the skin of both non-treated and 

341 CO2-treated fruit at 0 ºC. 

342 In the pulp, the accumulation levels of Vcchit1b and Vcgns1 increased at 0 ºC 

343 regardless of the composition of the atmosphere, but at day 13 the accumulation of both 

344 transcripts was higher in non-treated samples. However, the application of CO2 for 3 d 

345 induced VvTL1 gene expression, maintaining the levels when fruit were transferred to air, 

346 whereas in non-treated samples the accumulation of VvTL1 increased at day 13 reaching 

347 values similar to those observed in CO2-treated grapes. 

348



349 3.5. Analysis of Pearson´s correlation between the expression of WRKYs and the 

350 other genes studied. 

351 The results obtained after processing the data at the end of the gaseous treatment 

352 with the Pearson correlation test (P < 0.01) (Table S3 and S4), showed that in the skin, 

353 VviVWRKY20 and VviVWRKY40 were the two only cases where no significant correlation 

354 was found between their expression and the changes observed in the analyzed genes 

355 encoding PRs. With respect to Table S3, it is important to emphasize that, from the 5 

356 VviWRKYs that showed an induction by high levels of CO2 (Fig. 1), four of them had a 

357 positive correlation with Vcgns1. Likewise, 5 VviWRKYs mainly modulated at 0 ºC 

358 presented positive correlations with Vcchit1b, ACO1 and NCED1. However, 

359 VviWRKYIIc_4 and VviWRKYIII_1, down-regulated by low temperature, showed positive 

360 correlation with VvTL1 and ACS1. Finally, only two genes, VviWRKYIIe_6 and 

361 VviWRKYIII_1, showed significant negative correlation with ACO1 and ACS1, 

362 respectively.

363 In the pulp, the 9 VviWRKYs induced at the end of the gaseous treatment (Fig. 2) 

364 were positive correlated with VvTL1 and ACO1 accumulation (Table S4). However, 5 

365 VviWRKYs, which were mainly modulated at day 3 by low temperature, had correlation 

366 with Vcchit1b gene expression, and 8 in the case of Vcgns1. Only VviWRKYIId_2 and 

367 VviWRKYIII_2, which were regulated by low temperature and high CO2 levels, showed 

368 significant correlation with ACS1. However, in this tissue no significant correlation was 

369 found between NCED1 and any of the VviWRKYs analyzed. 

370

371 3.6. Analysis of the interaction between VviWRKYIIa_3 and VviWRKYIII_3 

372 proteins and the W box present in the PRs promoters. 

373 DNA-binding experiments were carried out with the aim of assessing the binding 

374 capacity of the two VviWRKYs to bind the W box present in the promoters of VvTL1, 

375 Vcchit1b and Vcgns1. VviWRKYIIa_3 and VviWRKYIII_3 were chosen taking into 

376 account that high levels of CO2 modulated the expression of both genes in the skin and 

377 pulp, together with the fact that both presented a positive correlation with the expression 

378 levels of Vcgns1 in the skin, and with VvTL1 and Vcgns1 (in the case of VviWRKYIII_3) 

379 in the pulp. In a first approximation, it was considered that both VviWRKY recombinant 

380 proteins were soluble, but after cell lysis, only VviWRKYIIa_3 was detected. However, 

381 both, the measurement of protein concentration and the analysis by immunodetection 

382 after its purification, revealed the presence of a weak VviWRKYIIa_3 protein band (Fig. 



383 5A). In view of these results, it was considered that both VviWRKYIIa_3 and 

384 VviWRKYIII_3 recombinant proteins remained in the IPTG-induced pellet fraction, 

385 indicating that the majority of the recombinant proteins were produced as insoluble 

386 inclusion bodies. Therefore, VviWRKYIIa_3 and VviWRKYIII_3 were solubilized and 

387 refolded from inclusion bodies by using the method described by Fernandez-Caballero et 

388 al. (2009). The purified VviWRKYIIa_3 recombinant protein showed a single protein 

389 band around 40 kDa in SDS-PAGE (Fig. 5B), whereas in the case of VviWRKYIII_3 two 

390 bands were detected and the most intensive presented a size of approximately 46 kDa. 

391 These values were consistent with the theoretical molecular weights expected for the 

392 recombinant proteins linked to His-tag. 

393  To perform the mobility gel shift assays, three W box-containing sequences from 

394 the promoters of VvTL1, Vcchit1b and Vcgns1 (Fig. 6) were used. Our results showed that 

395 VviWRKYIIa_3 was able to bind specifically to the three W-boxes assayed and a 

396 reduction in the signal was noticed in the three cases in the competition assay. However, 

397 VviWRKYIII_3 only showed specific binding capacity with the W-box from the Vcgns1 

398 promoter, since there was no reduction in the competition test signal for the W-box 

399 presented in VvTL1 or Vcchit1b promoters (Fig. 6).

400

401 4. Discussion

402 WRKY transcription factors are involved in regulating physiological processes 

403 that are unique to plants, including pathogen defense, abiotic stress responses, and 

404 senescence (Rushton et al., 2010). This large protein superfamily is found abundantly in 

405 plants with 74 and 102 WRKYs identified in Arabidopsis and rice, respectively (Rushton 

406 et al., 2010). In V. vinifera, Wang et al. (2014b) identified 59 members, of which 58 gene 

407 sequences were obtained from the 12X V1 prediction of the PN40024 grape genome 

408 sequence, and one additional gene from the old version of the PN40024 genotype 

409 representing the 8x coverage of the grape genome. In our study, the latest V. vinifera 

410 reference genome (PN40024 12X.v2, VCOST.v3 annotation) (Canaguier et al., 2017) 

411 was used to identified 61 WRKYs named according to the subfamilies classification, 

412 including VviWRKYIId_1 and VviWRKYIIe_8 which were not denoted by Wang et al. 

413 (2014b).

414 Although previous studies described the role of WRKYs in the response of V. 

415 vinifera to abiotic stress such as salt stress (Zhu et al., 2018) and cold stress (Wang et al., 

416 2014a, Wang et al., 2014b, Londo et al., 2018), these works were carried out with 



417 grapevine seedlings, and there is little information about their role in other grape tissues. 

418 Likewise, in general, there are very few studies in which the putative function of WRKYs 

419 has been investigated in fruit. In an attempt to determine the molecular mechanisms 

420 associated with the application of high CO2 levels to maintain table grape quality during 

421 storage at low temperature, we performed a comparative large-scale transcriptional 

422 analysis, which showed that the gaseous treatment activated different transcription factors 

423 including WRKYs in the skin of Cardinal table grapes harvested at an immature non-

424 commercial stage (Rosales et al., 2016). Apart from these results, the only study which 

425 examined how high concentrations of CO2 affect the modulation of WRKYs was carried 

426 out in Larrea tridentata seedlings (Zou et al., 2007). In this study, the authors analyzed 

427 the effect of high CO2 levels applied for one year in a greenhouse, demonstrating a 

428 relationship between high CO2 levels and the response to abiotic stress, where ABA and 

429 the induction of LtWRKY21 gene expression seem to play an important role. To further 

430 study the role of this transcription factor family in the response of table grapes to CO2 

431 and low temperature in our work we have analyzed 15 VviWRKYs, including 

432 VviWRKYIIa_3, VviWRKYIIe_6 and VviWRKYIII_3 from the transcriptomic analysis 

433 (Rosales et al., 2016), in the skin and pulp of Autumn Royal table grapes harvested at 

434 commercial maturity. The other 12 VviWRKYs were chosen based on previous results 

435 reported by Wang et al. (2014a) where they were identified as cold stress-induced genes 

436 in shoot apices of Muscat Hamburg. Likewise, these authors also showed that the three 

437 VviWRKYs identified as CO2-induced genes in the transcriptomic analysis (Rosales et al., 

438 2016) were induced by low temperatures. Our results have suggested that the expression 

439 of the 15 VviWRKYs analyzed was tissue dependent, since the profiles varied between 

440 treated and non-treated samples depending on whether they were in the skin or pulp. In 

441 this sense, we have recently demonstrated that the 3-d gaseous treatment applied to 

442 Autumn Royal table grapes was effective in maintaining fruit quality and modulating the 

443 expression of VviDREBA1s transcription factors in a tissue dependent way (Vazquez-

444 Hernandez et al., 2017). We have observed that the expression of the VviWRKYs analyzed 

445 was induced mainly by the 3-d gaseous treatment applied at 0 ºC. Thus, the storage of 

446 bunches at low temperature under normal atmosphere specifically induced the expression 

447 of 4 VviWRKYs in the skin (VviWRKYI_4, VviWRKYIIc_14, VviWRKYIId_2 and 

448 VviWRKYIIe_2), and only one, VviWRKYIIe_2, in the pulp. The application of high CO2 

449 levels at 0 ºC promoted the expression of 5 VviWRKYs in the skin (VviWRKYIIa_3, 

450 VviWRKYIIb_4, VviWRKYIId_5, VviWRKYIII_2 and VviWRKYIII_3), and 9 VviWRKYs 



451 (VviWRKYI_4, VviWRKYIIa_3, VviWRKYIIb_1, VviWRKYIIb_3, VviWRKYIIc_4, 

452 VviWRKYIIc_6, VviWRKYIIc_14, VviWRKYIII_1 and VviWRKYIII_3) in the pulp. 

453 Among them, only VviWRKYIIe_2 showed a coordinated response at low temperature in 

454 both tissues, and VviWRKYIIa_3 and VviWRKYIII_3 to high levels of CO2, confirming 

455 the results obtained in the recent transcriptional analysis (Rosales et al., 2016). Likewise, 

456 it is important to note that 3 and 4 VviWRKYs were regulated by low temperature in the 

457 skin and pulp, respectively, regardless of the atmosphere composition, with 

458 VviWRKYIIe_6  being the only one which showed a common pattern in both tissues. 

459 Although VviWRKYIIe_6 was identified as a CO2-induced gene in the transcriptomic 

460 analysis performed with Cardinal table grapes (Rosales et al., 2016), in Autumn Royal, 

461 its expression was independent of the atmosphere during storage at 0 ºC. Unlike the 

462 results obtained by Wang et al. (2014a) which showed that the 15 VviWRKYs coincident 

463 with the ones analyzed in this paper were induced in Muscat Hamburg seedlings in 

464 response to low temperature, our results have shown, for the first time, that in table grapes 

465 it was necessary to combine high levels of CO2 and low temperature to induce some of 

466 these WRKYs. The role that this effect may have in improving fruit quality is so far 

467 unknown. In this sense, Sanchez-Ballesta et al. (2003) reported the induction of two 

468 WRKYs as being important for the regulation of heat-induced chilling tolerance in Fortune 

469 mandarin. In banana, the expression of MaWRKY26 was cold-inducible and it was 

470 enhanced by methyl jasmonate, which induces cold tolerance in banana fruit (Ye et al., 

471 2016). On the other hand, the overexpression of BcWRKY46 from Brassica campestris in 

472 tobacco resulted in transgenic plants showing less susceptibility to freezing (Wang et al., 

473 2012). Likewise, Zhang et al. (2016) suggest that CsWRKY46 from cucumber is a positive 

474 regulator of cold resistance since its overexpression in Arabidopsis activated the tolerance 

475 of plants at low temperature. In concordance with these results, we have showed that 

476 although table grapes are classified as chilling-tolerant, they are sensitive to temperature 

477 shifts from the field to storage at 0 ºC with increasing ion leakage, water loss and rachis 

478 browning, whereas a 3-d high CO2 pretreatment at 0 ºC avoids and/or modifies these 

479 changes (Sanchez-Ballesta et al., 2006; Rosales et al., 2016). Thus, the activation of 

480 VviWRKYs seems to be important for maintaining table grape quality through the 

481 application of high CO2 levels during storage at 0 ºC. 

482 Downstream of the ethylene and ABA pathways there are different stress-

483 associated genes, which are in part activated by these hormones and also by different 

484 transcription factors, including WRKYs. In Kyoho (V. labrusca × V. vinifera) grape 



485 seedlings, many VviWRKY genes also seem to play a role regulating the cross-talk 

486 associated with plant hormone responses to stress, with the majority of the gene family 

487 members showing significantly up-regulated expression responding to ethylene and 

488 methyl jasmonate, while ABA and salicylic acid treatments had the opposite effect (Guo 

489 et al., 2014). In non-climacteric fruit, the application of CO2 has been described as 

490 possibly affecting ethylene action. Thus, in detached wine grapes, Becatti et al. (2010) 

491 observed that a 3-d high CO2 treatment applied at 20 ºC induced ACO and an ACS-like 

492 gene expression in skin and pulp. However, in Autumn Royal, although the application 

493 of the gaseous treatment at 0 ºC increased the expression of ACO1 in the skin and pulp 

494 and ACS1 in the pulp, it was only significant with respect to non-treated samples in the 

495 case of ACO1 in the pulp. In general, the induction of ACO1 gene expression in the skin, 

496 mainly by low temperature, or in the pulp by the gaseous treatment, correlated with the 

497 changes observed in VviWRKYs under these conditions. It is known that the expression 

498 levels of ACO and ACS were higher in tobacco plants overexpressing GhWRKY15 from 

499 cotton following infection with fungi and viruses than those in wild-type plants (Yu et al., 

500 2012). These authors indicated that there was a significant increase of GhWRKY15 

501 expression in cotton seedlings following ethylene treatment. A systematic study of the 

502 post-transcriptional levels of ACS genes in Arabidopsis showed that their expression was 

503 promoted by activation of WRKY under salinity stress (Li et al., 2012). The fact that the 

504 effect of CO2 as an inducer or a suppressor of ethylene biosynthesis depend on the 

505 commodity, cultivar, plant tissue, CO2 concentration and time of exposure (Mathooko, 

506 1996) could explain the results obtained in Cardinal table grapes (Rosales et al., 2013), 

507 stored under the same conditions described in this work. In this case, the modulation of 

508 ACO1 and ACS1 showed a significant induction in the pulp of Cardinal fruit treated with 

509 CO2 for 3 d at 0 ºC, while unlike Autumn Royal, ACS1 was up-regulated in the skin at 0 

510 ºC regardless of the storage atmosphere. Increasing numbers of reports are showing that 

511 WRKYs respond to abiotic stress and ABA signaling in plants (Jiang et al., 2014; Kayum 

512 et al., 2014; He et al., 2017). However, OsWRKY08 improved the osmotic stress tolerance 

513 of transgenic Arabidopsis through ABA-independent signaling pathways (Song et al., 

514 2009). In Autumn Royal, VvNCED1 transcript levels increased in the skin of non-treated 

515 samples at 0 ºC. Therefore, our results seem to indicate that the correlation between 

516 expression of VviWRKYs and VvNCED1 was tissue dependent and varied according to 

517 the storage atmosphere, and was only correlated in the skin of non-treated fruit stored at 

518 0 ºC. 



519 The WRKYs play important roles in stress response by regulating the expression 

520 of downstream stress-related genes, such as PRs, interacting with the W-box present in 

521 their promoters (Yang et al., 1999; Yu et al., 2001). The coregulation of St-WRKY1 from 

522 potato with an endochitinase in response to fungal and bacterial pathogens suggests that 

523 this transcription factor family is a component of a defense-related pathway (Dellagi et 

524 al., 2000). Likewise, the increased expression of PR1, PR2 and PR4 in transgenic 

525 GhWRKY15-overexpressing plants contributed to the resistance to fungi (Yu et al., 2012).  

526 The expression analysis of Vcchit1b, Vcgns1 and VvTL1, which presented W-box in their 

527 promoters, denoted a positive correlation with VviWRKYs accumulation, which varied 

528 depending on the tissue and the atmosphere of storage. Thus, in the skin, the VviWRKYs 

529 induced by the application of CO2 were correlated with changes in Vcgns1, whereas those 

530 activated by low temperatures were mainly linked to changes in Vvchit1b. By contrast, in 

531 the pulp, the CO2 treatment activated nine VviWRKYs correlated with changes in VvTL1, 

532 while those modulated at 0 ºC were linked to Vcchit1b and Vcgns1 accumulation. 

533 Likewise, VviWRKYIIa_3 and VviWRKYIII_3 recombinant proteins, chosen because 

534 the gene expression of both transcripts was up-regulated by CO2 levels in the skin and 

535 pulp, were used to analyze their specificity to bind the W-box present in the promoter of 

536 the three PRs. Through EMSA assays, our work provides evidence that the recombinant 

537 protein VviWRKYIIa_3 showed specific binding to the W-box located in the promoter 

538 of the three PRs, whereas VviWRKYIII_3 was only able to bind the W-box from the 

539 Vcgns1. According to De Pater et al. (1996), the affinity of AtWRKY1 from Arabidopsis 

540 to the TTGACC motif (presented in VvTL1 and Vcgns1 promoter) is four-fold higher than 

541 to TTGACT (presented in Vcchit1b promoter). This observation was supported by 

542 Ciolkowski et al. (2008), taking into account that the hexamers TTGACC and TTGACT 

543 are not functionally identical with respect to WRKY factor binding capacity. 

544

545 5. Conclusions

546 Overall, these results support that the beneficial effect of 3-d high CO2 treatment 

547 maintaining table grape quality is an active process requiring different transcription 

548 factors, such as ERFs (Romero et al., 2016) and DREB1As (Vazquez-Hernandez et al., 

549 2017), where WRKYs could participate by regulating stress-related genes. Likewise, our 

550 results seem to shed some light on the fact that stress-related hormone signals triggered 

551 by ABA and ethylene could be mediated by WRKYs in table grapes. However, further 



552 analyses would be necessary to elucidate the concrete role of each WRKY analyzed in this 

553 paper.
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755 Figure captions

756

757 Fig. 1. Effect of low temperature and 3-d high CO2 treatment on the expression of 15 

758 VviWRKY genes in the skin of Autumn Royal table grapes stored for 13 d at 0 ºC. 

759 Transcript levels of each gene were assessed by RT-qPCR and normalized using ACT1 

760 as reference gene. The results were calculated with respect to a sample calibrator (day 0) 

761 using the formula 2-ΔΔCt. Values are the mean ±SD, n=6. Different letters above the bars 

762 indicate that the means are significantly different using the Tukey-b test (P < 0.05).

763

764 Fig. 2. Effect of low temperature and 3-d high CO2 treatment on the expression of 15 

765 VviWRKY genes in the pulp of Autumn Royal table grapes stored for 13 d at 0 ºC. 

766 Transcript levels of each gene were assessed by RT-qPCR and normalized using ACT1 

767 as reference gene. The results were calculated with respect to a sample calibrator (day 0) 

768 using the formula 2-ΔΔCt. Values are the mean ±SD, n=6. Different letters above the bars 

769 indicate that the means are significantly different using the Tukey-b test (P < 0.05). 

770

771 Fig. 3. Effect of low temperature and 3-d high CO2 treatment on ACO1, ACS1 and 

772 VvNCED1 gene expression in skin (A) and pulp (B) of Autumn Royal table grapes stored 

773 for 13 d at 0 ºC. Transcript levels of each gene were assessed by RT-qPCR and normalized 

774 using ACT1 as reference gene. Results were calculated relative to a calibrator sample (day 

775 0) using the formula 2-ΔΔCt. Values are the mean ±SD, n=6. Different letters on bars 

776 indicate that the means are statistically different using the Tukey-b test (P < 0.05). 

777

778 Fig. 4. Effect of low temperature and 3-d high CO2 treatment on VvTL1, Vcchit1b and 

779 Vcgns1 gene expression in skin (A) and pulp (B) of Autumn Royal table grapes stored for 

780 13 d at 0 ºC. Transcript levels of each gene were assessed by RT-qPCR and normalized 

781 using ACT1 as reference gene. Results were calculated relative to a calibrator sample (day 

782 0) using the formula 2-ΔΔCt. Values are the mean ±SD, n=6. Different letters on bars 

783 indicate that the means are statistically different using the Tukey-b test (P < 0.05). 



784

785 Fig.  5. Analysis of protein extracts after the induction of E. coli BL21-CodonPlus (DE3)-

786 RIL cells expressing the empty pTrcHisA vector (Ø) or the recombinant proteins 

787 VviWRKYIIa_3 and VviWRKYIII_3. (A) Bright Coomassie blue staining of the purified 

788 recombinant proteins obtained from the insoluble (precipitate) and soluble (supernatant) 

789 fractions. (B) Western blot analysis of the recombinant WRKY proteins purified from the 

790 supernatant and precipitate using an anti-His monoclonal antibody.

791

792 Fig. 6. (A) Cis-elements from VvTL1, Vcchit1b and Vcgns1 were labelled in the 3´end 

793 with biotin and W-box is underlined. (B) EMSA analyses were performed with 

794 recombinant VviWRKYIIa_3 and VviWRKYIII_3 proteins. Five hundred times of the 

795 unlabeled probe was added prior to the labelled probe for the competition assay (line 3). 

796 The asterisk (*) indicates the specific binding between recombinant proteins and probes.

797
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Table 1. WRKY genes identified in the latest annotated V. vinifera reference genome (PN40024 12X.v2, VCOST.v3 
annotation) 

Gene name Wang et al. (2014b) Locus ID GrapegenDB  12X unique ID NCBI locus Chromosome Conserved motif Family

VviWRKYI_1 VvWRKY58 Vitvi01g02157 VIT_201s0011g00220 LOC100233123 chr01 2XWRKYGQK I

VviWRKYI_2 VvWRKY09 Vitvi04g00596 VIT_204s0008g06600 LOC100262898 chr04 2XWRKYGQK I

VviWRKYI_3 VvWRKY13 Vitvi04g01163 VIT_204s0023g00470 LOC100253049 chr04 2XWRKYGQK I

VviWRKYI_4 VvWRKY16 Vitvi06g00741 VIT_206s0004g07500 LOC100243352 chr06 2XWRKYGQK I

VviWRKYI_5 VvWRKY24 Vitvi08g00793 VIT_208s0058g00690 chr08 2XWRKYGQK I

VviWRKYI_6 VvWRKY26 Vitvi08g01134 VIT_208s0040g03070 LOC100256868 chr08 2XWRKYGQK I

VviWRKYI_7 VvWRKY59 Vitvi10g00270 VIT_200s0463g00010 LOC100250175 chr10 2XWRKYGQK I

VviWRKYI_8 VvWRKY33 Vitvi11g00694 VIT_211s0037g00150 LOC100262194 chr11 2XWRKYGQK I

VviWRKYI_9 VvWRKY38 Vitvi12g00664 VIT_212s0057g00550 LOC100256306 chr12 2XWRKYGQK I

VviWRKYI_10 VvWRKY45 Vitvi14g02007 VIT_214s0108g01280 LOC104881701 chr14 2XWRKYGQK I

VviWRKYI_11 VvWRKY56 Vitvi19g00617 VIT_219s0090g01720 LOC100245137 chr19 2XWRKYGQK I

VviWRKYI_12 VvWRKY57 Vitvi19g00927 VIT_219s0015g01870 LOC100261730 chr19 2XWRKYGQK I

VviWRKYIIa_1 VvWRKY07 Vitvi04g00510 VIT_204s0008g05750 LOC100266177 chr04 WRKYGQK IIa

VviWRKYIIa_2 VvWRKY08 Vitvi04g00511 VIT_204s0008g05760 LOC100264507 chr04 WRKYGQK IIa

VviWRKYIIa_3 VvWRKY28 Vitvi09g01122 VIT_209s0018g00240 LOC100253480 chr09 WRKYGQK IIa

VviWRKYIIb_1 VvWRKY02 Vitvi01g00940 VIT_201s0026g01730 LOC100262076 chr01 WRKYGQK IIb

VviWRKYIIb_2 VvWRKY20 Vitvi07g00523 VIT_207s0005g02570 LOC100264000 chr07 WRKYGQK IIb

VviWRKYIIb_3 VvWRKY29 Vitvi10g00063 VIT_210s0116g01200 LOC100255611 chr10 WRKYGQK IIb

VviWRKYIIb_4 VvWRKY37 Vitvi12g00388 VIT_212s0059g00880 LOC100243099 chr12 WRKYGQK IIb

VviWRKYIIb_5 VvWRKY39 Vitvi12g01676 VIT_212s0055g00340 LOC100264153 chr12 WRKYGQK IIb

VviWRKYIIb_6 VvWRKY44 Vitvi14g01907 VIT_214s0108g00120 LOC100255935 chr14 WRKYGQK IIb

VviWRKYIIb_7 VvWRKY53 Vitvi17g00556 VIT_217s0000g05810 LOC100250047 chr17 WRKYGQK IIb

VviWRKYIIb_8 VvWRKY55 Vitvi19g00530 VIT_219s0090g00840 LOC100245129 chr19 WRKYGQK IIb

VviWRKYIIc_1 VvWRKY01 Vitvi01g01844 VIT_201s0011g00720 LOC100262937 chr01 WRKYGQK IIc

VviWRKYIIc_2 VvWRKY03 Vitvi01g01680 VIT_201s0010g03930 LOC100254080 chr01 WRKYGQK IIc

VviWRKYIIc_3 VvWRKY06 Vitvi04g00133 VIT_204s0008g01470 LOC100266400 chr04 WRKYGKK IIc

VviWRKYIIc_4 VvWRKY11 Vitvi04g00760 VIT_204s0069g00970 LOC100244369 chr04 WRKYGKK IIc

VviWRKYIIc_5 VvWRKY12 Vitvi04g01985 VIT_204s0069g00980 LOC100852944 chr04 WRKYGKK IIc

VviWRKYIIc_6 VvWRKY14 Vitvi05g00145 VIT_205s0077g00730 LOC100260212 chr05 WRKYGQK IIc

VviWRKYIIc_7 VvWRKY15 Vitvi06g01574 VIT_206s0004g00230 LOC100854456 chr06 WKKYGQK IIc

VviWRKYIIc_8 VvWRKY19 Vitvi07g00434 VIT_207s0005g01710 LOC100264006 chr07 WRKYGQK IIc

VviWRKYIIc_9 VvWRKY22 Vitvi07g01847 VIT_207s0031g01710 LOC100266268 chr07 WRKYGKK IIc

VviWRKYIIc_10 VvWRKY23 Vitvi07g01860 VIT_207s0031g01840 LOC100247547 chr07 WRKYGQK IIc

VviWRKYIIc_11 VvWRKY27 Vitvi08g01221 VIT_208s0007g00570 LOC100254510 chr08 WRKYGQK IIc

VviWRKYIIc_12 VvWRKY31 Vitvi10g00732 VIT_210s0003g02810 LOC100257231 chr10 WRKYGQK IIc

VviWRKYIIc_13 VvWRKY35 Vitvi12g00048 VIT_212s0028g00270 LOC100267688 chr12 WRKYGQK IIc

VviWRKYIIc_14 VvWRKY43 Vitvi14g01523 VIT_214s0068g01770 LOC100263502 chr14 WRKYGQK IIc

VviWRKYIIc_15 VvWRKY46 Vitvi15g00539 VIT_215s0021g01310 LOC100254670 chr15 WRKYGQK IIc

VviWRKYIIc_16 VvWRKY48 Vitvi15g01087 VIT_215s0046g02150 LOC100267186 chr15 WRKYGQK IIc

VviWRKYIIc_17 VvWRKY52 Vitvi17g00102 VIT_217s0000g01280 LOC100232957 chr17 WRKYGQK IIc

VviWRKYIId_1 #N/A Vitvi02g01435 VIT_202s0154g00210 chr02 WRKYGQK IId

VviWRKYIId_2 VvWRKY10 Vitvi04g00756 VIT_204s0069g00920 LOC100254807 chr04 WRKYGQK IId

VviWRKYIId_3 VvWRKY17 Vitvi07g00026 VIT_207s0141g00680 LOC100257874 chr07 WRKYGQK Iid

VviWRKYIId_4 VvWRKY21 Vitvi07g01694 VIT_207s0031g00080 LOC100244122 chr07 WRKYGQK IId

VviWRKYIId_5 VvWRKY34 Vitvi11g01188 VIT_211s0052g00450 LOC100251308 chr11 WRKYGQK IId

VviWRKYIId_6 VvWRKY42 Vitvi14g00540 VIT_214s0081g00560 LOC100254726 chr14 WRKYGQK IId



VviWRKYIId_7 VvWRKY54 Vitvi18g00742 VIT_218s0001g10030 LOC100247092 chr18 WRKYGQK IId

VviWRKYIIe_1 VvWRKY04 Vitvi02g00039 VIT_202s0025g00420 LOC100251862 chr02 WRKYGQK IIe

VviWRKYIIe_2 VvWRKY18 Vitvi07g00421 VIT_207s0005g01520 LOC104879795 chr07 WRKYGQK IIe

VviWRKYIIe_3 VvWRKY30 Vitvi10g00618 VIT_210s0003g01600 LOC100244564 chr10 WRKYGQK IIe

VviWRKYIIe_4 VvWRKY32 Vitvi10g01078 VIT_210s0003g05740 LOC100250704 chr10 WRKYGQK IIe

VviWRKYIIe_5 VvWRKY36 Vitvi12g00148 VIT_212s0028g01690 LOC100250582 chr12 WRKYGQK IIe

VviWRKYIIe_6 VvWRKY49 Vitvi15g01090 VIT_215s0046g02190 LOC100256849 chr15 WRKYGQK IIe

VviWRKYIIe_7 VvWRKY50 Vitvi16g01132 VIT_216s0050g01480 LOC104882213 chr16 WRKYGQK IIe

VviWRKYIIe_8 #N/A Vitvi16g01133 GSVIVT00037762001 LOC104882212 chr16 WRKYGQK IIe

VviWRKYIII_1 VvWRKY47 Vitvi15g01003 VIT_215s0046g01140 LOC100263619 chr15 WRKYGQK III

VviWRKYIII_2 VvWRKY05 Vitvi02g00114 VIT_202s0025g01280 LOC100253577 chr02 WRKYGQK III

VviWRKYIII_3 VvWRKY25 Vitvi08g00868 VIT_208s0058g01390 LOC100255013 chr08 WRKYGQK III

VviWRKYIII_4 VvWRKY40 Vitvi13g00189 VIT_213s0067g03130 LOC100263918 chr13 WRKYGQK III

VviWRKYIII_5 VvWRKY41 Vitvi13g01916 VIT_213s0067g03140 LOC100258754 chr13 WRKYGQK III

VviWRKYIII_6 VvWRKY51 Vitvi16g01213 VIT_216s0050g02510 LOC100256922 chr16 WRKYGQK III



Supplementary Figure 1. Phylogenetic tree based on the 61 VviWRKYs sequences from Vitis 
vinifera. Different groups are indicated in colours. 
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 Table S1.  List of primer sequences used in this study

     
Primer name Primer sequence (5'-3') Description

Primers designed for RT-qPCR analyses

WRKYI-4_F GAACCAAAGAAGAGCCCAGAG Forward primer

WRKYI-4_R GCAGAGCTTCAACAGAGCAGA Reverse primer

WRKYIIa-3_F AGAAAAAGGAAGGCAGAGAGC Forward primer

WRKYIIa-3_R AGTTCCCAACGACTCCATTGT Reverse primer

WRKYIIb-1_F CAAGGGAGAAAACCCTAGCC Forward primer

WRKYIIb-1_R GCAGAAGAGGAACGGTTCAA Reverse primer

WRKYIIb-3_F GTGGGAGGGTTAGCACACAG Forward primer

WRKYIIb-3_R GCATTGGACTTCGTTGATGA Reverse primer

WRKYIIb-4_F CAATAACGCCAACACCACAG Forward primer

WRKYIIb-4_R CAGTTCCCTGGAAATTTTGAA Reverse primer

WRKYIIc-14_F GATGTACCCATCAGGGATGC Forward primer

WRKYIIc-14_R GGCTTCTCGATTGGATGTGT Reverse primer

WRKYIIc-4_F AGGACGAAATCAGAGCTGGA Forward primer

WRKYIIc-4_R TGGCAGTCTCCACTTGAACA Reverse primer

WRKYIIc-6 _F CCACAGCCTCAGTATCAGCA Forward primer

WRKYIIc-6_R CATGGAGGAAAGTGGGGTTA Reverse primer

WRKYIId_2_F AGGAGTGGGCTTGGTGTTC Forward primer

WRKYIId-2_R GGGACCACCTCTTCACTCA Reverse primer

WRKYIId-5_F TGCTCATCGTCACCTACGAG Forward primer

WRKYIId-5_R TGTGACAACTTGCTCCCTGA Reverse primer

WRKYIIe-2_F GCCAGTGATGAAGATGCAAGT Forward primer

WRKYIIe-2_R CATGGCTGATTGTGGATTG Reverse primer

WRKYIIe-6_F ATGGGTTTTGGAAGCATTTG Forward primer

WRKYIIe-6_R GGAAAAGCAATGGAAGTCTTTTT Reverse primer

WRKYIII-1_F CCAACTATTTTCCGGTGTCG Forward primer

WRKYIII-1_R GACTGAAGTTGGGGCTGAGA Reverse primer

WRKYIII-2_F TGCACCTACAGAAACCTCCAC Forward primer

WRKYIII-2_R CTTCATCCGAACGCTGAACT Reverse primer

WRKYIII-3_F ATGATCAGGAGCTCACCACA Forward primer

WRKYIII-3_R TCATCCAAACTGTGAGTGCTG Reverse primer

Primers designed to obtain recombinant VviWRKYs. Underlined the nucleotides corresponding to the restriction enzymes 
(indicated in brackets) 

WRKYIIa-3_F_Full (BamHI) ATCGGCGGATCCATGGCTATGGATAGTTCTAATTGG Forward primer

WRKYIIa-3_R_Full (XhoI) CGTCTCGAGCGTCACCATTTTTCAGTTTGAT Reverse primer

WRKYIII-3_F_Full (BamHI) ATCGGATCCATGGAGAGGCACACAGACG Forward primer

WRKYIII-3_R_Full (HindIII) CGTAAGCTTCTAACACTCAAAACCGATAAG Reverse primer



Name GeneBank 
Acc. number

Primers (5´-3´) Reference

VviTL1 AF003007
VviTL1_F: ACCTCGACTACATCGACATCT
VviTL1_R: CCAGGTCCATCAGTGCAACA

Designed with Primer 3 
software for this manuscript

Vcchit1b DQ267094 Vcchit1b_F: GGTGTTGAATGTGGGAAAGG
Vcchit1b_R: CAGTCCAGGTTGTTGCCATA Romero et al., 2016

Vcgns1 DQ267748 Vcgns1_F:  GGATTTGGGACTACGGTTGA
Vcgns1_R: CGGCTCCTTCTTGTTCTCAT Romero et al., 2016

ACS1 XM_002278453 ACS-F: GTTCCCGTGGGTTTGCTTTA 
ACS-R: GTTGCATCATCCTCCATGTG Rosales et al., 2012

ACO1 AY211549
ACO1-F: GCATCATTCTACAACCCAGG
ACO1-R: GGAACTTCAAACCGGCATAA

Rosales et al., 2012

VvNCED1 AY337613 NCED1-F: GCAGAGGACGAGAGTGTAAAGGA 
NCED1-R: GCAGAGTAAAAACACATGAAGCTAGTG Lund et al., 2008

ACT1 XM_002282480 Actin1-F: CTTGCATCCCTCAGCACCTT
Actin2-R: TCCTGTGGACAATGGATGGA Reid et al., 2006

    Table S2. List of primer sequences used in this study



Table S3. Relationship between VviWRKYs and PRs, ACO1, ACS1 and VvNCED1 gene expression from the skin of Autumn Royal 
table grapes treated with high CO2 levels and stored at 0 ºC, calculated as Pearson product moment correlation coefficient (r),  
P<0.01 (**).

Positive Pearson product moment correlation coefficient (r),  P<0.01 (**)

Negative Pearson product moment correlation coefficient (r),  P<0.01 (**)

SKIN
  VvTL1 Vcchit1b Vcgns1 ACO1 ACS1 VvNCED1
VviWRKYI_4 -0.056 0.901** 0.071 0.855** -0.280 0.951**

VviWRKYIIa_3 -0.383 0.102 0.868** -0.055 -0.530 -0.136
VviWRKYIIb_1 -0.514 0.900** 0.471 0.987** -0.693 0.918**

VviWRKYIIb_3 -0.196 0.731 0.800** 0.512 -0.505 0.470
VviWRKYIIb_4 0.173 -0.416 0.368 -0.633 0.176 -0.687
VviWRKYIIc_4 0.988** -0.351 -0.682 -0.521 0.927** -0.460
VviWRKYIIc_6 -0.179 0.828** 0.118 0.926** -0.488 0.971**

VviWRKYIIc_14 -0.040 0.877** 0.038 0.866** -0.254 0.947**

VviWRKYIId_2 -0.163 0.829** 0.078 0.900** -0.340 0.925**

VviWRKYIId_5 -0.398 0.149 0.875** -0.033 -0.499 -0.091
VviWRKYIIe_2 -0.084 0.761 -0.104 0.853** -0.271 0.933**

VviWRKYIIe_6 -0.643 0.741 0.928** 0.713 -0.870** 0.592
VviWRKYIII_1 0.875** -0.702 -0.614 -0.849** 0.877** -0.784
VviWRKYIII_2 -0.383 0.100 0.869** -0.057 -0.525 -0.140
VviWRKYIII_3 -0.343 0.090 0.859** -0.077 -0.480 -0.163



Table S4. Relationship between VviWRKYs and PRs, ACO1, ACS1 and VvNCED1 gene expression from the pulp of Autumn Royal 
table grapes treated with high CO2 levels and stored at 0 ºC, calculated as Pearson product moment correlation coefficient (r),  
P<0.01 (**).

Positive Pearson product moment correlation coefficient (r),  P<0.01 (**)

PULP
  VvTL1 Vcchit1b Vcgns1 ACO1 ACS1 VvNCED1
VviWRKYI_4 0.978** 0.020 0.403 0.918** 0.391 0.664
VviWRKYIIa_3 0.935** 0.377 0.734 0.941** 0.646 0.445
VviWRKYIIb_1 0.980** 0.096 0.494 0.938** 0.458 0.620
VviWRKYIIb_3 0.947** 0.105 0.565 0.976** 0.562 0.616
VviWRKYIIb_4 -0.219 0.844** 0.724 -0.049 0.613 -0.670
VviWRKYIIc_4 0.865** 0.482 0.841** 0.949** 0.772 0.314
VviWRKYIIc_6 0.821** 0.607 0.894** 0.881** 0.810 0.236
VviWRKYIIc_14 0.893** 0.417 0.801** 0.943** 0.744 0.437
VviWRKYIId_2 0.317 0.804** 0.983** 0.556 0.921** -0.252
VviWRKYIId_5 0.048 0.943** 0.851** 0.144 0.700 -0.498
VviWRKYIIe_2 -0.305 0.869** 0.575 -0.253 0.413 -0.705
VviWRKYIIe_6 0.117 0.890** 0.896** 0.262 0.782 -0.363
VviWRKYIII_1 0.945** 0.322 0.709 0.969** 0.655 0.476
VviWRKYIII_2 0.616 0.751 0.980** 0.721 0.888** 0.087
VviWRKYIII_3 0.829** 0.520 0.878** 0.917** 0.813 0.327
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