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25 Abstract
26 In annual plants, tight coordination of successive developmental events is of primary importance 

27 to optimize performance under fluctuating environmental conditions. The recent finding of the 

28 genetic interaction of WRKY53, a key senescence-related gene with REVOLUTA, a master 

29 regulator of early leaf patterning, raises the question of how early and late developmental events 

30 are connected. Here, we investigated the developmental and metabolic consequences of an 

31 alteration of the REVOLUTA and WRKY53 gene expression, from seedling to fruiting. Our 

32 results show that REVOLUTA critically controls late developmental phases and reproduction 

33 while inversely WRKY53 determines vegetative growth at early developmental stages. We 

34 further show that these regulators of distinct developmental phases frequently, but not 

35 continuously, interact throughout ontogeny and demonstrated that their genetic interaction is 

36 mediated by the salicylic acid (SA). Moreover, we showed that REVOLUTA and WRKY53 are 

37 keys regulatory nodes of development and plant immunity thought their role in SA metabolic 

38 pathways, which also highlights the role of REV in pathogen defence. Together, our findings 

39 demonstrate how late and early developmental events are tightly intertwined by molecular hubs. 

40 These hubs interact with each other throughout ontogeny, and participate to the interplay 

41 between plant development and immunity. 

42 Introduction

43 The life cycle of flowering plants can be considered as a series of distinct growth phases driven 

44 by developmental genetic programs that integrate both environmental and endogenous stimuli. In 

45 annual plants, leaf senescence, defined as the last developmental stage, is often considered as an 

46 essential trait of plant adaptation to its biotic and abiotic environment [1]. Leaf senescence is 
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47 notably of utmost importance in the crosstalk between developmental, abiotic stress and immune 

48 responses, and influences plant productivity and fitness, as well as resistance to pathogens [2]. 

49 However, how senescence-related genes connect plant development, abiotic stress and immune 

50 responses still remains unclear. Moreover, this raises questions how early and late developmental 

51 events are coordinated by molecular hubs expressed throughout the life cycle.

52 The onset, progression and completion of leaf senescence are tightly regulated and depend on 

53 both plant age and growth environment. The senescence process occurs in an orderly manner, 

54 and without exogenous stress it mainly depends on the integration of age information at leaf and 

55 whole-plant levels [3]. In Arabidopsis thaliana, senescence is initiated as soon as full expansion 

56 of the leaves is reached and usually coincides with the transition from vegetative to reproductive 

57 growth [4]. During senescence progression, sequential changes arise coordinately in plant 

58 physiology and metabolism, and so implicate a large variety of genes involved for examples in 

59 the regulation of hormone, sugar and reactive oxygen species (ROS) levels [5]. The network of 

60 senescence-related genes initiates a well-orchestrated degradation of chlorophyll and other 

61 macromolecules, resulting in a sharp decrease of leaf photosynthetic activity [6]. When all 

62 essential nutrients have been remobilized to reach the reproductive parts of the plant, leaf death 

63 occurs as terminal phase of senescence [5,7].  

64 Even though senescence is developmentally programmed, it can be strongly modulated by 

65 various exogenous factors. Stress, such as water stress or pathogen attack, can for example 

66 induce premature senescence as exit strategy to guarantee offspring under long-lasting 

67 unfavourable conditions [5]. Altogether, senescence is the result of a balance between 

68 developmental and environmental clues, integrating major transcriptional changes. In the case of 

69 pathogen infection, immune responses are induced and interfere with age-induced senescence 
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70 signals, which can, in some cases, lead to a precocious senescence [2]. Interestingly, large-scale 

71 analyses of gene expression in senescing leaves of A. thaliana revealed that defence-related 

72 genes represent a significant portion of the leaf senescence transcriptome [8]. Indeed, it has been 

73 shown that their respective signalling pathways greatly overlap and several senescence-

74 associated genes (SAGs) are activated during both development and defence [8,9]. A large 

75 fraction of the genes that operate at the nexus of development and defence encode proteins 

76 involved in hormonal signalling. For instance, jasmonic (JA) and salicylic (SA) acids have long 

77 been recognized as key hormones in the interconnection between age- and stress-induced 

78 senescence [10]. JA, SA as well abscisic acid (ABA) levels increase during age-related 

79 senescence [6] and signalling mutants are impaired in senescence onset and/or progression [11–

80 13].

81 Transcription factors (TF) also play a pivotal role as they often act as regulatory nodes between 

82 signalling pathways and thus contribute to the fine-tuning of developmental and defence 

83 responses [2]. Among the most relevant TFs, the WRKY gene family constitutes the second 

84 largest group of the senescence transcriptome [14] and several WRKYs are also implicated in 

85 plant immunity [15]. Consistently, WRKY53 acts at a convergence point between age-induced 

86 and stress-induced senescence [16,17]. For instance, WRKY53 is known to be a positive regulator 

87 of senescence initiation and interacts with a large number of genes involved in senescence 

88 signalling, including other WRKY members and various SAGs [17,18]. Moreover, WRKY53 has 

89 been shown to be an important component of defence signalling pathways in Arabidopsis [16]. 

90 Dual functionality in plant immunity was observed: while wrky53 mutant plants had increased 

91 susceptibility toward Pseudomonas syringae [19,20], delayed symptoms were displayed during 

92 Ralstonia solanacearum infection [21]. 
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93 Owing to its key multi-function, WRKY53 expression is under a complex control. Its expression 

94 is notably modulated by the cellular redox state, SA and JA. Its activity can be modulated by 

95 phosphorylation by a mitogen-activated protein kinase kinase kinase (MEKK1) or by interaction 

96 with EPITHIOSPECIFYING SENESCENCE REGULATOR (ESR/ESP), which both have 

97 functions in pathogen responses [22,23]. Recently, REVOLUTA (REV), a member of the class III 

98 homeodomain leucine zipper (HD-ZIPIII) TF family, has been identified as a direct and positive 

99 regulator of WRKY53 expression [24]. REV is known to have pleiotropic effects during plant 

100 development [25]. It mainly regulates polarity associated-growth processes during early leaf 

101 development but also controls the formation of floral meristems [26,27]. REV is part of a 

102 regulatory network of HD-ZIPIII factors, miRNAs and microProteins [27–29]. Interestingly, an 

103 additional role for REV in late leaf development has been recently reported since loss-of-function 

104 mutations in REV strongly delayed the onset of senescence, through the control of the expression 

105 of WRKY53 and other SAGs like e.g. MORE AXILLARY BRANCHES 2 (MAX2) by the REV 

106 protein [24,30]. This result pointed out the importance of REV in the genetic control of age-

107 induced senescence. However, despite its key role in senescence initiation, the implication of the 

108 REV-WRKY53 genetic interaction through plant life cycle and immunity remains unknown.

109 In this paper, we examined whether the genetic interaction between REV and WRKY53 occurs 

110 from early to late development phases, and controls plant metabolism and immune responses. 

111 Combining ecophysiological, metabolic and molecular analyses, we examined the role of REV 

112 and WRKY53 in the dynamics of A. thaliana growth and responses to pathogen attack. This study 

113 was conducted using four mutants affected in REV and/or WRKY53 expression, which allow 

114 deciphering the specific role of each gene and their combined roles. Our results showed that 

115 although WRKY53 is a regulator of late leaf development, it also determined vegetative growth 
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116 evens at early developmental stages. Inversely, REV critically controlled late developmental 

117 phases and reproduction although it is known as a master regulator of early plant development 

118 and leaf patterning. Their genetic interaction fluctuated throughout ontogeny and dependent on 

119 environmental clues. Moreover, we showed that the REVOLUTA-WRKY53 interaction is a key 

120 regulatory node of plant development and immunity through its role in SA metabolic pathways.

121 Results

122 REV and WRKY53 control metabolic changes during senescence, 
123 especially related to SA metabolism

124 Senescence was dynamically analysed from flowering (first flower opens) until later 

125 developmental stages, ending with fruit ripening (first yellowing mature siliques) in wild-type 

126 plants (Col-0) as well as in four different mutants affected in REV and/or WRKY53 expression: 

127 the mutants rev5, wrky53 and wrky53rev5 present single and double knock-out mutations 

128 [22,24], whereas rev10-d is a semi-dominant gain-of-function REV allele [27]. In all tested 

129 mutants, senescence was delayed after flowering, with a significant and strong deceleration 10 

130 days after flowering, compared to Col-0 wild-type (Fig 1). In rev5, wrky53 and wrky53rev5 

131 mutants, this delay was mainly due to postponed initiation of senescence in the first (oldest) 

132 leaves of the rosette (leaf position 1-8; S1 Fig). At later stages, the knock-out mutants reached 

133 similar percentages of senescent areas to Col-0, whereas rev10-d mutants were significantly less 

134 senescent until fruit ripening (i.e., mature silique stage; Fig 1). This strong delayed senescence in 

135 rev10-d was the result of a higher number of younger healthy leaves and not a delay in the onset 

136 of senescence (leaf position 16-20; S1 Fig).
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137 Fig 1. Analysis of senescence progression in the different REV and WRKY53 mutants. Percentage of 

138 senescent area throughout the development from flowering to mature silique using chlorophyll 

139 fluorescence imaging. Senescent area was calculated by the ratio between pixel number for a 

140 photosynthetic efficiency Fv/Fm ≤ 0.6 and the total pixel number of the rosette. Flowering was reached 

141 when the first flower was open. Mature silique stage was considered from the first yellowing siliques. 

142 Data are means (± SE) of 5-30 plants per genotype. Significant differences were analysed using Kruskal–

143 Wallis tests: *: P ≤ 0.05, **: P ≤ 0.001, and ***: P ≤ 0.0001. See also S1 Fig.

144 To understand whether and how REV and WRKY53 influence plant metabolism during 

145 senescence progression, we measured 22 metabolites from flowering until mature silique stage, 

146 including phytohormones, and related components, sugars, amino and organic acids. The heat 

147 map of response ratio between Col-0 and mutants, revealed that the hierarchical clustering of the 

148 different conditions (i.e., combining mutant and developmental stage) was not driven exclusively 

149 by plant development or by genotype but by a mixture between both (Fig 2A). At flowering, 

150 rev5, wrky53 and wrky53rev5 presented globally lower variations of response ratios (i.e. light 

151 colours) compared to rev10-d which presented a strong contrasting pattern, in which the majority 

152 of metabolites were found to be down-regulated, especially sugars and hormones (IAA, ABA, JA 

153 and SA-related components). The strongest observed dissimilarity in the response ratio of the 

154 mutants was found 15 days after flowering, while rev5 at flowering was closely clustered to 

155 rev10-d at mature silique stage (Fig 2A). Throughout development, the double mutant 

156 wrky53rev5 presented different patterns: it was closely clustered to wrky53 at flowering and 5 

157 days after flowering whereas it was more similar to rev5 for the later stages. 

158 Fig 2. Metabolite patterns in REV and WRKY53 mutants over development. (A) Heat map analysis of 

159 metabolites in REV and WRKY53 mutants compared to wild-type Col-0. The row represents metabolites 

160 and the column displays the different genotype-stage combinations. The colour scale indicates the values 
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161 of response ratio, calculated between the average of log-transformed values of Col-0 and a mutant at a 

162 given stage. Metabolite decreased is displayed in red, while metabolite increased is displayed in blue. 

163 White colour indicates no difference. The brightness of each colour corresponds to the magnitude of 

164 difference in the response ratio. The dendrogram represents the proximity between each genotype-stage 

165 metabolic pattern, as calculated from a hierarchical clustering analysis using Manhattan distance 

166 measures and Ward's hierarchical clustering method. (B) Principal component analysis on metabolite 

167 abundance values at 15 days after flowering. Top: representation of metabolites on the two first principal 

168 components. Bottom: projection of individual plants with centres of gravity per genotype (n=5). See also 

169 Tables S1-S2 and S2 Fig. IAA = auxin, ABA = abscisic acid, JA = jasmonic acid, SA = salicylic acid, SA 

170 bound = total SA after hydrolysis - free SA, SA conjugates = SA-(C6)-glycosides, DHBA = 

171 dihydroxybenzoic acid; DHBA bound = Total DHBA after hydrolysis - free DHBA; F = flowering; d = 

172 days and S = mature silique stage.

173 The differences in the metabolic patterns of mutants compared to Col-0 at 15 days after 

174 flowering were analysed through a PCA of metabolites (Fig 2B; S1 Table). PC1, which 

175 accounted for 30.4 % of the total variance, was strongly explained by camalexin content, which 

176 is a phytoalexin involved in plant responses to pathogen infection and is linked to ROS and SA 

177 signalling [31]. PC1 was secondly explained by SA, ABA, malate and JA contents. Variations 

178 along PC1 were mainly driven by rev5 and wrky53rev5 genotypes (P < 0.01; ANOVA on PC 

179 coordinates), which exhibited lower contents of these metabolites compared to Col-0 (S2 A-E 

180 Figs), as illustrated by their respective distance from the centroid of Col-0 (Fig 2B, S1 Table). 

181 PC2, which accounted for 20.1 % of the total variance, was mainly explained by SA-related 

182 components, such as dihydroxybenzoic acid (DHBA)-xylose and DHBA-bound (total DHBA 

183 after hydrolyses - free DHBA), which are main SA catabolites in Arabidopsis [32] but also SA-

184 conjugates (SA-(C6)-glycosides) and SA-bound (total SA after hydrolyses – free SA). Variations 
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185 along PC2 were mainly driven by rev10-d, which presented the most significant genotypic effect 

186 (P < 0.01; ANOVA on PC coordinates; Fig 2B; S1 Table). Consistently, rev10-d displayed 

187 significant (P < 0.01) lower SA-conjugates and DHBA-xylose compared to Col-0 (S2 F-G Figs). 

188 Amongst all genotypes, wrky53 displayed the least metabolic changes at 15 days after flowering 

189 compared to Col-0 (Fig 2B and S2 Fig). The analysis of the double mutant in senescing plants, 

190 by two-way ANOVA revealed an additive effect of REV and WRKY53 mutations on SA and SA-

191 related compound contents (S2 Table).

192 The salicylic acid signalling pathway is interconnected to REV and 
193 WRKY53 genes

194 In view of metabolic changes occurring in the mutants, we explored how REV, WRKKY53, and 

195 SA metabolism could be linked. 

196 We first evaluated the modifications of the SA signalling pathway in the REV and WRKY53 

197 mutants through two key genes in SA biosynthesis and catabolism (Figs 3A-B). The 

198 ISOCHORISMATE SYNTHASE 1 (ICS1; also known as SALICYLIC ACID INDUCTION 

199 DEFICIENT 2, SID2) gene, which is involved in SA biosynthetic process [33], presented an 

200 increasing expression during senescence progression in Col-0 (Figs 1 and 3A). This up-

201 regulation was significantly reduced in wrky53rev5 upon 5 days after flowering compared to 

202 Col-0, whereas rev5 and rev10-d had a strong reduction at 15 days after flowering (Fig 3A). In 

203 contrast, wrky53 did not show any significant difference in ICS1 expression over time. The 

204 expression of the SA 3-HYDROXYLASE (S3H; also named SAG108) gene which is involved in 

205 SA catabolism [34], exhibited similar trends as per ICS1. The expression of the S3H gene in Col-

206 0 was increased during senescence and expression in all mutants tended to be lower at 15 days 

207 after flowering, with a significant effect for wrky53 and rev5 (Fig 3B). 
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208 Fig 3. Genetic regulation of SA-related genes and promoter activities of REV and WRKY53 after 

209 salicylic acid treatments. Gene expression analysis by qRT-PCR over development: (A) ICS1 and (B) 

210 S3H. qRT-PCR was performed in leaf at position 10, pooled by 5 per genotype per stage. Transcriptional 

211 levels were calculated based on the comparative ΔΔCT method and normalized to ACTIN2 levels. Data 

212 are means (±SE) of 2 biological replicates with 1–2 technical replicates. (C) GUS activities in planta after 

213 SA treatment. pWRKY53::GUS lines in Col-0 and rev5 background, and pREV::GUS plants in rev9 

214 knock-out mutant [24,33],were used to quantify promoter activities. Data are means (± SE) of 2 biological 

215 and 2 technical replicates: 6-13 plants per genotype per condition. Significant differences were analysed 

216 using Kruskal–Wallis tests (*: P ≤ 0.05; **: P ≤ 0.01). See also S4 Table.

217 While the biosynthesis and catabolism of SA appears to be modulated by REV and WRKY53 

218 (Figs 3A-C), it has also been shown that WRKY53 expression can be activated by exogenous SA 

219 in wild-type plants [22]. To identify whether REV expression is also regulated by SA and 

220 whether REV is involved in SA -induced expression of WRKY53, we made quantitative 

221 measurements of β-glucuronidase (GUS) activity in planta using both REV and WRKY53 GUS-

222 reporter lines after SA treatments. As expected, 19 h after SA-spraying on pW53::GUS rosettes, 

223 WRKY53 expression was clearly induced. These results were modified when pW53::GUS was 

224 expressed in the rev5 background (Fig 3C). Indeed, WRKY53 expression in this line was weaker 

225 and no longer significantly induced by SA when comparing to pW53::GUS line with wild-type 

226 REV. This demonstrates that the hormonal regulation of WRKY53 expression is modulated 

227 through the transcriptional factor REV. Moreover, our GUS expression analyses using 

228 pREV::GUS plants indicate that REV expression itself was not affected by SA treatments (Fig 

229 3C). 

230 The REV-WRKY53 interaction controls early and late events of plant 
231 development from leaf production to fruit ripening 
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232 We performed a comprehensive analysis of plant development from germination to late 

233 developmental stages including specific hallmarks such as bolting (flower bud emergence), 

234 flowering and mature siliques.

235 The multivariate effects of the REV-WRKY53 genetic interaction were first analysed through a 

236 principal component analysis (PCA) performed on 14 growth-related traits (S3 Table). First and 

237 second principal components (PCs) explained 40.2 % and 32.8 % of the total variance, 

238 respectively (S3 Fig). Projection of individuals revealed high genotypic variability as indicated 

239 by the distance of the genotypes from the centroid of each other. PC1 was mainly explained by 

240 the number and dry mass (DM) of leaves, flowering time and rate of leaf production (RLP; S3 

241 Table), PC2 was driven by senescence- and fitness-related traits, such as the senescent area, 

242 reproductive allocation (calculated as the ratio between total silique and rosette DM) and stem 

243 size (S3 Table).

244 Throughout their life cycle, the different mutants exhibited contrasting growth trajectories (Fig 

245 4A). The rev10-d gain-of-function and and the rev5 loss-of-function mutant showed antagonistic 

246 growth strategies and presented opposite effects in RLP, total leaf number, flowering time and 

247 rosette DM (Figs 4A-D). In addition, rev10-d presented a faster and longer production of leaves, 

248 with a delayed flowering time compared to Col-0. As a result, rev10-d had a higher rosette DM. 

249 By contrast, rev5 displayed a reduced RLPmax, less leaves, a precocious flowering time and thus 

250 a lower rosette DM compared to Col-0 (Figs 4A-D). While rev10-d and rev5 had opposite 

251 phenotypes, wrky53 mutant plants presented similar phenotypes as rev5 but with a less 

252 pronounced effects: although wrky53 tented to have a higher RLPmax, it presented a significant 

253 lower total leaf number, and less days to reach flowering compared to Col-0. The wrky53rev5 

254 double mutant displayed similar trends as rev5 and wrky53 but with an intermediate phenotype 
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255 (Figs 4A-D). During fruit ripening, the reproductive allocation was also greatly affected by REV 

256 and WRKY53 expression; wrky53 presented a significantly higher production of siliques per 

257 rosette DM than Col-0 whereas rev10-d, rev5 and wrky53rev5 had lower values (Fig 4E). On the 

258 contrary, although rev10-d had a much bigger rosette DM, this mutant produced less DM of 

259 siliques per rosette DM (Figs 4E-F).

260 Fig 4. Developmental analysis of the different REV and WRKY53 mutants.  (A) Rate of leaf 

261 production (RLP) during days after germination. Leaf number was counted from the two first true leaves 

262 until bolting. Insert in A represents the maximum RLP calculated as the slope (leaf per day), estimated by 

263 fitting a linear curve for each plant over time. (B) Leaf number at flowering. (C) Time to reach flowering. 

264 (D) Rosette dry mass at bolting. (E) Reproductive allocation at mature silique stage, calculated by the 

265 ratio of total silique dry mass per rosette dry mass. (F) A representative picture of rosettes and 

266 reproductive organs of the different genotypes at the mature silique. Bolting was defined by the 

267 emergence of the flower buds. Flowering was reached when the first flower was open and mature silique 

268 stage was considered from the first yellowing siliques. Data are means (± SE) of 5-30 plants per 

269 genotype. The different letters indicate significant differences following Kruskal–Wallis tests (P ≤ 0.05). 

270 See also S2 and S3 Tables.

271 The analysis of the REV-WRKY53 genetic interaction over the development revealed an 

272 interactive effect of the REV and WRKY53 mutations on leaf number, flowering time, rosette 

273 DM, and a marginally significant effect on senescence at 10 days after flowering and 

274 reproductive allocation (results of two-way ANOVA; S2 Table). 

275 REV and WRKY53 mediate plant responses to pathogen

276 Because SA metabolism as well as camalexin production were altered in wrky53 and rev mutants 

277 and a general overlap of senescence-associated and pathogen-associated genes has been reported, 
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278 we aimed to examine pathogen response in the mutants compared to wild-type plants. To explore 

279 the crosstalk between the REV-WRKY53 interaction and plant immunity, we analysed the 

280 phenotypic responses to pathogen infection at early developmental stages. For all genotypes, 16-

281 day-old rosettes (without visual senescence symptoms) were infected by spraying a suspension 

282 of a genetically modified strain of Pseudomonas syringae pv tomato DC3000 (Pst) constitutively 

283 expressing green fluorescent proteins (GFP), that allowed us to monitor its quantification in 

284 leaves (Fig 5A). In addition, plant susceptibility was followed after infection using chlorophyll 

285 fluorescence (ChlF) imaging through photosynthetic efficiency (Fv/Fm) measurements of whole-

286 rosettes (Fig 5A). Response ratio of Fv/Fm, calculated as the relative ratio of Pst-infected plants 

287 compared to mock-treated plants, showed that 2 days after infection (DAI) wrky53 and rev5 

288 tended to be more sensitive to the infection compared to Col-0, whereas wrky53rev5 presented a 

289 significantly intensified sensitivity (Fig 5B). On the opposite, rev-10d appeared to be less 

290 sensitive than the others mutants and had a faster recovery of photosynthetic capacities, as 

291 illustrated by a reduced response ratio of Fv/Fm at 6 DAI when comparing to Col-0 (Fig 5B). 

292 Investigation of bacterial growth through GFP quantification at 14 DAI indicated that 

293 wrky53rev5 had an increased colonisation of Pst in leaves (Fig 5C). These findings were 

294 confirmed by independent experiments (S4 Fig) but also through classical Pst bacterial leaf 

295 infiltration assays with subsequent bacterial growth curve evaluation (Fig 5D). Results of two-

296 way ANOVA at 4 DAI revealed a strong additive effect of REV and WRKY53 mutations (P < 

297 0.001 and P < 0.01, respectively) on the susceptibility to Pst infection (via bacterial 

298 quantification, Fig 5D, S2 Table).

299 Fig 5. Pathogen assays using Pseudomonas syringae inoculation. 16-day-old plants were infected with 

300 Pseudomonas syringae (Pst) pv tomato DC3000, constitutively expressing GFP by spraying a Pst 
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301 suspension on leaf surfaces. Bacterial colonisation was followed by quantification of GFP fluorescence in 

302 planta and plant disease was investigated using chlorophyll fluorescence imaging. (A) top: a 

303 representative picture of rosettes 6 days after infection (DAI), in parallel to the respective mock condition. 

304 Bottom: a representation of GFP fluorencence in planta and photosynthetic efficiency (Fv/Fm) in Pst-

305 infected plants 14 DAI (B) Response ratio of Fv/Fm during DAI, calculated as the relative ratio of Pst-

306 infected plants compared to mock-treated plants (Pst-Mock)/Mock. Significant differences were analysed 

307 using two-way ANOVA (genotype by treatment interaction) on Fv/Fm values (n = 6-8; *:P ≤ 0.05 and **:P 

308 ≤ 0.001). (C) Quantification of bacterial growth in planta expressed in GFP units per rosette area 

309 compared to the respective mock condition, 14 DAI. Data are means (± SE) of 3 plants. (D) 

310 Quantification of bacterial growth after infection (cfu = colony forming units). Data are means (± SE) of 

311 4-12 plants. Significant differences were analysed using Kruskal–Wallis tests (***: P ≤ 0.001). See also 

312 S4 Fig.

313 REV and WRKY53 connects plant growth, SA metabolism and 
314 immunity

315 The analyse of correlations amongst traits showed that RLPmax, flowering time, SA content and 

316 Fv/Fm response ratio after Pst infection, were all positively correlated (Fig 6). For instance, 

317 RLPmax and flowering time were highly correlated (r² = 0.94; P ≤ 0.05), as well as SA content 

318 with Fv/Fm response ratio (r² = 0.95; P ≤ 0.05). Moreover, increased RLPmax and delayed 

319 flowering time explained 86% and 82% of the variation in SA content, respectively. Plant 

320 sensitivity to pathogen infection (i.e. Fv/Fm values) was also explained by developmental traits: 

321 66% by RLPmax and 60% by flowering time. rev10-d presented an opposite behaviour compared 

322 to the knock-out mutants, in which wrky53rev5 had an intermediate phenotype between wkry53 

323 and rev5. 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 27, 2021. ; https://doi.org/10.1101/2021.07.27.454007doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.27.454007
http://creativecommons.org/licenses/by/4.0/


15

324 Fig 6. Correlations amongst key traits of plant development and immunity. Pearson correlation 

325 coefficients within the different genotypes of key traits of plant development and immunity. RLPmax is the 

326 maximum rate of leaf production calculated as the slope estimated by fitting a linear curve for each plant 

327 over time. Salicylic acid (SA) and Fv/Fm response ratio were measured at 15 days after flowering and 6 

328 days after inoculation, respectively. (*: P ≤ 0.05, .: P ≤ 0.01).

329 Discussion

330 The coordination of developmental programs throughout the life cycle of a plant is a central 

331 question of plant biology and phenotypic integration. In this study, we showed that the genetic 

332 interaction between WRKY53, a key senescence-related gene [17], and REV, which is known as a 

333 leaf patterning gene [35], contribute to the fine-tuning of plant development, immunity and 

334 senescence. 

335 The WRKY family represents one of the most abundant groups of TFs involved in the control of 

336 senescence [36]. As many TFs, WRKY members are also key actors in integrating 

337 developmental processes and stress responses [15]. Consistently, different WRKYs have been 

338 shown to be pivotal in pathogen defence [16]. For instance, WRKY53 acts as a positive regulator 

339 of basal resistance against Pseudomonas syringae (Pst) [19,20]. However, the upstream 

340 regulation of WRKYs appears to be very complex and remains far from being completely 

341 understood. Here, we investigated the pleiotropic role of REV, because previous studies 

342 demonstrated that REV directly and positively regulates the expression of WRKY53 [24]. 

343 Moreover, REV also binds to additional differentially expressed senescence-associated genes 

344 during leaf senescence [24,30], which suggests that this gene controls many aspects of plant 

345 development through its interaction with senescence-related genes. Consistently, we found that 
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346 the REV-WRKY53 interaction controls several developmental traits: leaf production rate, 

347 flowering time and senescence, which later determine the reproductive success of plants (i.e., 

348 biomass production and reproductive allocation). Interestingly, multivariate analysis of 

349 developmental and senescence traits revealed that traits related to flowering time and vegetative 

350 growth were strongly correlated, shaping the first dimension of phenotypic variation (e.g., PC1 

351 explained more than 40% of total phenotypic variance). This is consistent with previous analyses 

352 of natural variability performed in A. thaliana, in which traits related to growth rate and life 

353 cycle duration also represents the first axis of phenotypic variability [37]. By contrast, we found 

354 that SAGs were correlated to fitness-related traits, such as stem length and DM, as well as 

355 reproductive allocation. This suggests that senescence is a key process involved in the control 

356 and efficiency of reproduction, and that its role on fecundity dominates the role of flowering time 

357 or vegetative growth. REV mutants exhibited stronger effect on senescence and fitness traits than 

358 WRKY53 mutants, which were more variable along the first phenotypic dimension. Strikingly, 

359 this finding reveals that REV, a gene known as a master regulator of early leaf patterning [26–

360 28], critically controls late developmental phases and reproduction while, inversely, WRKY53, a 

361 gene known as a master regulator of late leaf development [38], determines vegetative growth 

362 even at early developmental stages. This unanticipated result demonstrates how late and early 

363 developmental events are tightly intertwined by molecular hubs that interact with each other.

364 Moreover, our study revealed that the plant´s metabolism during growth was modified by REV 

365 and WRKY53. Amongst the studied metabolites, SA and its related components were the most 

366 variable ones between the mutants and Col-0. The analysis of the interaction between REV and 

367 WRKY53 by two-way ANOVA indicated that both genes were independently involved in SA-

368 related metabolic changes, and with a stronger effect of REV. By contrast, REV and WRKY53 
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369 exhibited significant interaction in the control of plant development, notably for total leaf 

370 number at reproduction, flowering time and shoot dry mass. In addition, REV and WRKY53 

371 exhibited no or marginal interaction in the control of senescence and fitness traits. Taken 

372 together, our results suggest that REV and WRKY53 strongly interact during plant development, 

373 while they later act independently in the control of senescence through the SA signalling 

374 pathway.

375 Since we found that the biosynthesis as well as catabolism of SA can be modulated by REV and 

376 WRKY53, SA-related gene expression was analysed. Two SA biosynthetic pathways have been 

377 characterized in plants, the phenylalanine ammonia lyase (PAL) pathway and the isochorismate 

378 (IC) pathway, both using chorismite as primary metabolite. However, approx. 90% of the SA 

379 produced after pathogen attack or UV light exposure are produced via the IC pathway [39,40]. 

380 Isochorismate synthase (ICS) and isochorismate pyruvate lyase can convert chorismate to SA via 

381 isochorismate. Moreover, SA can also be stored in form of inactive SA glycosides (SA 2-O-β-D-

382 glucose and SA glucose ester) which are actively transported to the vacuole and can be converted 

383 back to SA [41,42]. 2,3- and 2,5-dihydroxybenzoic acid (2,3-DHBA and 2,5-DHBA) sugar 

384 conjugates appear to be the major storage form in vacuoles of old Arabidopsis leaves [32,43] and 

385 SA 3-hydroxylase (S3H), which converts SA to 2,3-DHBA, prevents over-accumulation of 

386 active SA implying an important role in regulating leaf senescence [32]. Consistent with 

387 previous findings [42], we showed that the expression of the S3H gene increased in senescing 

388 leaves of wild-type Col-0 plants. However, this up-regulation was damped in the mutants, with a 

389 significant interaction of REV and WRKY53 mutations. In addition, we found that ICS1 

390 expression is also diminished in the mutants compared to the senescence-associated increase in 

391 wild-type, with a strong decrease in rev10-d. Thus, the control of isochorismate synthase and SA 
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392 3-hydroxylase activity by the REV-WRKY53 interaction is expected to be crucial for the fine-

393 tuning of plant senescence.

394 However, SA is known as a multifaceted hormone which is also of utmost importance for disease 

395 resistance, but also for flowering and senescence [44,45]. Through its effect on the SA signalling 

396 pathway, the REV-WRKY53 interaction could be a key driver of the already described growth-

397 defence trade-off [10]. In order to test this hypothesis, we sprayed plant seedlings with Pst to test 

398 the response of REV and WRKY53 mutants to pathogen attack. Since Pst enters the plant through 

399 natural openings or wounds, this method just mimicked their natural entry into the apoplastic 

400 space [46]. Interestingly, we observed improved resistance against these pathogens in rev10-d 

401 compared to Col-0, although this mutant grew faster and higher than the wild-type. This suggests 

402 that the behaviour and phenotype of rev10-d can be explained by a higher SA content but also by 

403 a faster and longer production (i.e., delayed flowering) of healthy leaves after infection. In 

404 addition, not only SA metabolism but also the production of camalexin, which appears to be the 

405 major phytoalexin involved in biotic responses in A. thaliana [31,46], is also altered in the 

406 mutants. Camalexin production exhibited the same pattern as free SA, most likely contributing to 

407 the resistance of rev10-d. 

408 Moreover, we have shown that the induction of WRKY53 expression by SA is dependent on REV 

409 as SA induction of a WRKY53 promoter driven GUS reporter gene was severely impaired in the 

410 rev mutant background. However, REV expression appeared to be insensitive to SA, which 

411 means that there is a feed-back loop of SA production to WRKY53 expression but not to REV 

412 expression. In the same line of evidence, REV is also involved in the response of WRKY53 

413 expression by H2O2 [24] and SA induces the accumulation of H2O2, and vice versa. On the other 
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414 hand, the DNA-binding activity of the REV protein is redox-sensitive indicating a very complex 

415 feed-back regulation between REV, WRKY53, H2O2 and SA. 

416 Collectively, our results indicate that the genetic interaction between REV and WRKY53 seems to 

417 be strongly dependent on the developmental stage and that REV acts upstream of WRKY53 to 

418 modulate SA signalling from early to late plant development.

419 Materials and Methods

420 Plant material and growth conditions

421 The A. thaliana ecotype Col-0 and the following mutants in the Col-0 background were used in 

422 this study: rev5, (A260V) a strong ethyl-methylsulfonate (EMS) allele of REV ; wrky53, (SALK-

423 034157) a T-DNA insertion line in the second exon of WRKY53 [22]; wrky53rev5, a double 

424 knock-out mutant [24] and rev10-d, a semi-dominant gain-of-function of REV allele where REV 

425 mRNA was rendered resistant to the negative regulation by microRNAs [27]. pWRKY53::GUS 

426 lines in Col-0 and rev5 background, and pREV::GUS plants in rev9 knock-out mutant [24,35] 

427 were used to quantify promoter activity in planta. Plants were grown on standard soil (9:1 soil 

428 and sand) under controlled conditions: in long days (16 h day; 8 h night), low light (~70-80 µE 

429 m−2 s−1 at plant height) and an ambient temperature of 21 °C (see [47] for details). Three 

430 independent experiments were done for developmental analysis, including senescence and plant 

431 productivity quantification.  

432 Plant developmental analysis

433 The number of leaves that were visible to the naked eye (at least/minimum of 2-3 mm) was 

434 counted every day to determine the RLP from the emergence of the first two true leaves until 

435 macroscopic visualization of flower buds (bolting). The maximum RLP was determined as the 
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436 slope estimated by fitting a linear curve for each plant over time. Bolting, flowering time and 

437 mature silique were determined as the number of days from germination until bolting, the first 

438 flower open and the first yellowing siliques, respectively. At each stage, plants were individually 

439 harvested and leaf blades were separated from their petiole considering the position (age) within 

440 the rosette. Leaf blades were scanned for measurements of area using the ImageJ software 

441 (1.47v, Rasband, Bethesda, Maryland, USA). The maximum rate of leaf expansion (Rmax) was 

442 determined as for [49]. Specific leaf area (SLA) was calculated as the ratio of total leaf area to 

443 leaf DM. DM of the different organs (leaves, petioles and stems) was measured by placing them 

444 in separate paper bags at 67 °C for at least 5 days. 

445 Senescence and plant productivity quantification

446 Due to significant differences in phenology of mutants, senescence progression was analysed 

447 from the first flower open for each individual plant. Senescence was quantified in leaves using 

448 ChlF imaging (Imaging-PAM; Maxi version; ver. 2-46i, Heinz Walz GmbH; see [47,48]). The 

449 maximum quantum yield of photosystem II (PSII) was estimated by the ratio of variable to 

450 maximal ChlF (Fv/Fm, also called photosynthetic efficiency) on dark-adapted plants, after 15-20 

451 min. Senescent area was estimated by a clustering approach of Fv/Fm values of each pixel of the 

452 ChlF image (according to [49]). Senescent area was calculated by the ratio between pixel number 

453 for Fv/Fm ≤ 0.6 and the total pixel number of the rosette (or in single leaves). Silique number was 

454 counted at mature silique stage and siliques were dried in a paper bag at 67 °C for at least 5 days. 

455 Reproductive allocation was calculated by the ratio of total silique DM per rosette DM.

456 Metabolomics analysis: extraction of primary and secondary 
457 metabolites 
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458 For each genotype and senescence stage 5 replica samples were created. For each replica, leaves 

459 at position 5 to 11 were po-oled and weighed for each plant from flowering to mature silique 

460 stages. 10 mg of freeze dried, retched (5 mm steel ball; 30 sec) plant material was extracted with 

461 200 µl 80 % methanol (MeOH; 0.1 % formic acid (FA); ice cold). The pellet was re-extracted 

462 with 200 µl 20 % MeOH (0.1 % FA; icecold) and both supernatants were combined. The whole 

463 extraction process was done at 10 °C including a 10 min sonication and centrifugation step 

464 (18600 g). For the analysis of the free and conjugated phytohormones the final extract was 

465 directly used for targeted liquid chromatography–mass spectrometry (LC-MS) analysis (see 

466 Supplemental methods). To determine the amount of bound SA and DHBA, 50 µl of the plant 

467 extracts were hydrolyzed with 4 µl concentrated FA (99 °C; 2 h; 800 rpm), cooled down on ice 

468 and centrifuged (10 °C; 18600 g) before submitting them into the targeted LC-MS pipeline. For 

469 the analysis of sugars and amino acids, 100 µl extracts were dried down in a speed vacum 

470 concentrator before derivatisation for gas chromatography-MS (GC-MS) analysis (see 

471 Supplemental methods). For non-targeted LC-MS analysis, the same extraction was performed 

472 as for the targeted approach (see Supplemental methods). The combined supernatants from the 

473 extraction were dried down in a speed vacum concentrator and afterwards redissolved in 100 µl 

474 20 % MeOH containing 0,1 % FA and 9 µM L-Encephalin as an internal standard. In addition 10 

475 µl of each sample was combined to create a pool sample of the entire analysis. 5 µl of any 

476 sample were injected for the non-targeted LC-MS analysis.

477 Gene expression analysis 

478 In two independent experiments (same growth conditions as above), gene expression levels were 

479 followed by qRT-PCR according to [48]. Leaves at position 10 were harvested from flowering to 

480 mature silique stages in individual plants. A pool of 5 leaves per genotype/stage was used for 
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481 RNA extraction and cDNA synthesis. Samples harvested at mature silique stage were removed 

482 from the analyses because very low amounts of RNA could be isolated and no reliable transcript 

483 levels were detected. Transcriptional changes were calculated based on the comparative ΔΔCT 

484 method [50] and normalized to ACTIN2 levels. Primers used are listed in S4 Table.

485 Quantitative measurement of GUS activity in planta after SA 
486 treatments

487 Two-week-old plants were used to analyse GUS activity in planta by spraying whole-rosette 

488 with 2 mM SA in 0.15 % ethanol and 0.02 % Silwet L-77. Control plants were treated using 

489 appropriate mock solution. GUS activity was measured according to [51]. Rosettes were 

490 individually frozen in liquid nitrogen, homogenized using Mill MM 200 (Retsch GmbH, 

491 Germany) and resuspended in 1 mL GUS Extraction Buffer (50 mM sodium phosphate pH 7.0, 

492 10 mM EDTA, 10 mM β-mercaptoethanol, 0.1 % triton X-100, 0.1 % sarcosyl and 25 µg ml-1 

493 PMSF). Samples were strongly vortexed and centrifuged at 13.000 rpm for 15 min at room 

494 temperature. 200 µL of supernatant were then kept on ice. 10 µL of extracts were added in 130 

495 µL Assay Buffer (GUS Extraction Buffer containing 2 mM 4-methylumbelliferyl β-D-

496 glucuronide; MUG). After 20 min at 37 °C, 10 µL of the reaction were transferred to 190 µL of a 

497 200 mM sodium carbonate solution in a 96-well dark plate. Fluorescence was measured on a 

498 TriStar LB941 plate reader (Berthold Technologies, Germany) at 460 nm (emission) and 355 nm 

499 (excitation). A standard curve from 0 to 50 µM of 4-methylumbelliferone (4-MU) was used to 

500 calculate moles of MU min-1 produced after the cleavage of MUG by GUS enzyme in planta. 2 

501 µL of extracts in 200 µL of 5-fold diluted Bradford Roti-Quant (Roth, Germany) were used to 

502 quantify protein concentration of samples [52] and to calculate the final GUS activity in nmol 

503 MU min-1 mg-1.
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504 Pathogen assays and bacterial quantification

505 Pathogen assays were performed using Pst pv tomato DC3000 attTn7-egfpmut3 constitutively 

506 expressing GFP. Pst pv tomato DC3000 was labeled via Tn7 site-specific transposition with the 

507 mini-Tn7 vector pURR25 [53] essentially as described in [54]. Bacteria were grown overnight at 

508 28 °C in dark in specific medium (1 % (w/v) tryptone, 0.6 % (w/v) yeast extract, 0.15 % (w/v) 

509 K2HPO4, 0.06 % (w/v) NaCl, pH 7) supplemented with rifampicin (50 μg mL-1) and kanamycin 

510 (25 μg mL-1) to OD600 = 0.8. The inoculum preparation and Arabidopsis infection were then done 

511 as described by Katagiri et al., (2002). A final density of 5x108 colony-forming unit mL-1 (cfu 

512 mL-1) of bacterial suspension, in sterile water with 0.02 % (v/v) Silwet L-77, was used for spray 

513 inoculation of 16-day-old plants. As control, a mock solution (0.02 % (v/v) Silwet L-77 in sterile 

514 water) was used. Inoculation was done twice (8h intervals) and plants were kept covered with a 

515 transparent plastic lid for 2 days. Bacterial colonisation was analysed by quantifying GFP 

516 fluorescence in abaxial leaf surface using a Typhoon FLA9500 laser scanner (GE Healthcare) 

517 and ImageJ analysis. Plant disease was followed after the infection using ChlF imaging through 

518 Fv/Fm measurements of whole-rosettes, as described above. A response ratio of Fv/Fm was 

519 calculated as the relative ratio of Pst-infected plants compared to mock-treated plants followed 

520 (Pst-Mock)/Mock. In independent experiments, Pst pv tomato DC3000, grown overnight at 28 

521 °C to OD600 = 0.2 in King’s B medium supplemented with 50µg mL-1 of rifampicin, was 

522 infiltrated at a density of 1x104 cfu mL-1 in 10 mM MgCl2 in leaf tissue with a needleless 

523 syringe. Middle age leaves (fourth or fifth leaves from young to old) of 6-week-old plants, grown 

524 under short day conditions, were used for infiltration. Bacterial growth (cfu cm2) was measured 

525 in two discs per leaf after extracting bacteria. For this purpose, leaf discs were incubated in 70 % 

526 ethanol for 1 min, dried on filter paper, subsequently washed briefly washing in water for 1 min, 
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527 again dried on filter paper and then homogenized in 200 µL of 10 mM MgCl2. Subsequent serial 

528 dilutions and depositions on LB-plates with 50 µg mL-1 of cycloheximide and 50 µg mL-1 of 

529 rifampicin were performed by using multichannel pipettes. 

530 Statistical analyses

531 PCAs were performed on developmental or metabolite values to focus on genotypic effects at a 

532 given developmental stage [55]. REV and WRKY53 mutation effects were analysed in analyses of 

533 variance (ANOVA) on PC coordinates. Metabolite patterns (heat map) of mutants were analysed 

534 using response ratio, calculated between log-transformed values of Col-0 and a mutant at a given 

535 stage. A hierarchal cluster diagram was constructed using Manhattan distances and Ward's 

536 hierarchical clustering method. Comparisons of mean trait values between genotypes were 

537 performed using Kruskal–Wallis nonparametric tests for developmental analysis. All analyses 

538 were performed using R software (3.4.3 v.; R Development Core Team, 2012).

539 Accession numbers
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715 Supporting information

716 S1 Table. Loadings of the variables included in the PCA on mean of metabolite abundance 

717 values. Percentages indicate the percentage the total variance explained in the three first 

718 principal components (PC). Loadings are correlation coefficients between the variables and PCs. 

719 DM = dry mass

Trait (unit) PC1 PC2 PC3
30.4% 20.1% 17.3%

Camalexin (ng mg-1 DM) 0.87 -0.14 -0.23
Salicyl acid (SA; ng mg-1 DM) 0.86 0.062 -0.26
Acid abscisic (ABA; ng mg-1 DM) 0.86 0.11 -0.36
Malate (area mg-1 DM) 0.85 0.37 -0.16
Jasmonic Acid (JA; ng mg-1 DM) 0.73 -0.37 -0.42
Lactate (area mg-1 DM) 0.73 0.56 -0.19
Trehalose (ng mg-1 DM) 0.6 0.007 0.66
Glucose (ng mg-1 DM) 0.59 0.12 0.73
Auxin (IAA; pg mg-1 DM) -0.57 -0.36 -0.095
Dihydroxybenzoic acid (DHBA; area mg-1 DM) 0.57 -0.57 -0.19
Sucrose (ng mg-1 DM) 0.51 -0.044 0.74
Fumarate (area mg-1 DM) 0.48 0.64 -0.22
Fructose (area mg-1 DM) 0.46 -0.11 0.81
SA bound (ng mg-1 DM) 0.39 -0.71 -0.013
Succinate (area mg-1 DM) 0.38 0.44 -0.15
Pyruvate (area mg-1 DM) -0.33 0.43 -0.11
DHBA bound (area mg-1 DM) 0.28 -0.66 0.064
Citrate (area mg-1 DM) -0.23 -0.015 -0.27
SA conjugates (area mg-1 DM) 0.13 -0.89 -0.094
DHBA xylose (area mg-1 DM) 0.13 -0.9 -0.12
Glutamine (ng mg-1 DM) 0.09 -0.0036 -0.64
Proline (ng mg-1 DM) 0.09 -0.02 -0.73

720 S2 Table. Coefficients of genetic interaction between REV and WRKY53 on metabolic, 

721 developmental and immune traits. Two-way ANOVA performed on log10-transformed values of 

722 developmental traits over the developement. ns = non significant, .: P ≤ 0.1, *: P ≤ 0.05, **: P ≤ 

723 0.001, and ***:  P ≤ 0.0001. B = bolting, F = flowering, F+10d = 10 days after flowering and S 
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724 = mature silique stage; SA bound = total SA after hydrolysis - free SA, SA conjugates = SA-

725 (C6)-glycosides, DHBA = dihydroxybenzoic acid; DHBA bound = Total DHBA after hydrolysis 

726 - free DHBA; cfu = colony forming units

Trait Intercept REV*WRKY53
Developmental analysis

Rate of leaf production -0.157 *** 0.013 ns
Leaf number 1.140 *** 0.055 **
Flowering time 1.555 *** 0.029 *
Senescent area (F+10d) 1.158 *** 0.482 .
Shoot dry mass (S) -0.854 *** 0.139 *
Reproductive allocation -0.358 *** -0.206 .
Number Silique 1.883 *** -0.015 ns

Metabolic analysis
SA 8.84 *** 3.28 ns
SA bound 22.5 *** 4.82 ns
SA conjugates 75556 ** -5610 ns
DHBA xylose 3902.6 ** 140.4 ns
DHBA bound 265439 *** 91354 ns

Pathogen assays
log cfu cm-2 16.86 *** 0.91 ns

727 S3 Table. Loadings of the variables included in the PCA on mean of 14 growth-related 

728 traits values. Percentages indicate the percentage the total variance explained in the three first 

729 principal components (PC). Loadings are correlation coefficients between the variables and PCs. 

Trait (unit) PC1 PC2 PC3
40.2% 32.8% 9.5%

Leaf number (leaf) -0.94 0.05 0.02
Leaf dry mass (g) -0.94 0.08 0.25
Bolting time (d) -0.86 -0.0039 0.14
Flowering time (d) -0.85 -0.38  0.0062 
Specific leaf area (SLA; m2 g-1) 0.78 0.46 -0.23
Whole-rosette area (cm2) -0.76 0.5 0.14
Rate of leaf production (RLP; leaf d-1) -0.74 0.04 -0.063
Maximum rate of leaf expansion (Rmax; cm2 d−1) 0.52 0.31 0.38
Senescent area (%) -0.27 0.62 -0.68
Stem dry mass (g) -0.23 0.85 0.29
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Petiole dry mass (g) -0.19 -0.85 -0.19
Stem lenght (cm) -0.11 0.91 0.17
Reproductive allocation 0.26 0.9 0.18
Whole-rosette Fv/Fm 0.37 -0.64 0.62

730 S4 Table. List of primers used.

Gene Locus Direction Primer Sequence
Forward ACCCGATGGGCAAGTCATCACG ACTIN2 At3g18780
Reverse TCCCACAAACGAGGGCTGGA
Forward AGGGAGCATCGTGCTCATATCCSAG13 At2g29350
Reverse CCAGCTGATTCATGGCTCCTTTG
Forward AATATCGGCGACCAAATGCAGGTCS3H At4g10500
Reverse ACTACGGCTCTATGGAGCACAC
Forward GCTTGGCTAGCACAGTTACAGCSID2 At1g74710
Reverse CACTGCAGACACCTAATTGAGTCC

731 S1 Fig. Percentage of senescent area by leaf position of the different mutants compared to 

732 Col-0. (A) Percentage of senescent area displayed at 10 days and (B) 15 days after flowering. 

733 Senescent area was calculated by the ratio between pixel number for Fv/Fm ≤ 0.6 and the total 

734 pixel number of the rosette. Black line means wild-type Col-0, colours show mutants. Data are 

735 means (± SE) of 5 plants.

736 S2 Fig. Abundances of main metabolites explaining the most significant effects in PCA at 

737 15 days after flowering. (A) camalexin, (B) salicylic acid (SA), (C) abscisic acid (ABA), (D) 

738 malate, (E) jasmonic acid (JA), (F) dihydroxybenzoic acid (DHBA) xylose and (G) SA 

739 conjugates. Data are means (±SE) of 5 plants. Different letters indicate significant differences 

740 between means following Kruskal-Wallis tests (P < 0.05). DM = dry mass; SA conjugates = SA-

741 (C6)-glycosides.

742 S3 Fig. Principal component analysis on multiple growth-related traits measured on REV 

743 and WRKY53 mutants. (A) Representation of the variables, measured at 10 days after 
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744 flowering, on the two first principal components. DM = dry mass; RLP = rate of leaf production; 

745 Rmax = maximum rate of leaf expansion; SLA = specific leaf area; Fv/Fm = maximum quantum 

746 yield of photosystem II. (B) Projection of individual plants with centres of gravity per genotype 

747 (n = 5). Ellipses represent inertia ellipses, centred on the means for each genotype. Their width 

748 and height are given by 1.5 times the standard deviation of the coordinates on axes, and the 

749 covariance sets the slope of the main axis [58]. rev5 and wrky53 are single knock-out of the REV 

750 and WRKY53 genes, respectively. wrky53rev5 is double knock-out (Xie et al., 2014). rev10-d a 

751 semi-dominant gain-of-function of REV allele where REV mRNA is rendered resistant to the 

752 negative regulation by microRNAs [27]. 

753 S4 Fig. Pathogen assays. 16-day-old plants were infected with Pseudomonas syringae (Pst) pv 

754 tomato DC3000, constitutively expressing GFP by spraying a Pst suspension on leaf surfaces. 

755 (A) Response ratio of photosynthetic efficiency (Fv/Fm) during days after infection (DAI), 

756 calculated as the relative ratio of Pst-infected plants compared to mock-treated plants (Pst-

757 Mock)/Mock. (B) Quantification of bacterial growth in planta expressed in GFP units per rosette 

758 area compared to the respective mock condition. Data are means (± SE) of 3-5 plants per 

759 condition.
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