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Dual-located WHIRLY 1 affects salicylic acid homeostasis via coordination of ICS1,

PAL1 and BSMT1 during Arabidopsis plant aging

Abstract

Salicylic acid (SA) homeostasis determines also developmental senescence and is
spatiotemporally controlled by various mechanisms, including biosynthesis, transport
and conjugate formation. The alteration of WHIRLY1 (WHY1), a repressor of leaf
natural senescence, with respect to allocation in the nucleus or chloroplast causes a
perturbation in SA homeostasis, resulting in adverse plant senescence phenotypes.
Loss of WHY1 resulted in a 5 days earlier SA peak compared to wild type plants which
accumulated SA at 42 days after germination. SA accumulation coincided with an
early leaf senescence phenotype, which could be prevented by ectopic expression of
the nuclear WHY1 isoform (nWHY1). However, expressing the plastid WHY1 isoform
(PWHY1) greatly enhanced cellular SA levels. A global transcriptional analysis in
WHY1 loss-of-function background by expressing either pWwHY1 or nWHY1 indicated
that hormone metabolism related genes were most significantly altered. The pWHY1
isoform predominantly affected stress related gene expression, while the nWHY1
controlled rather developmental gene expression. Chromatin
immunoprecipitation-gPCR (ChIP-gPCR) assays indicated that nWHY1 directly binds
to the promoter region of isochorismate synthase (/ICS17) to activate its expression at
later stage, but indirectly activated S-adenosyl-L-methionine-dependent

methyltransferase (BSMT1) gene expression via ethylene response factor 109
3
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(ERF109), while repressing phenylalanine ammonia lyase (PAL7) expression via
R2R3-MYB member 15 (MYB15) at the early stage of development. Interestingly,
rising SA levels exerted a feedback effect by inducing nWHY1 modification and
pWHY1 accumulation. Thus, the alteration of WHY1 organelle isoforms and the
feedback of SA intervened in a circularly integrated regulatory network during

developmental or stress-induced senescence in Arabidopsis.

Keywords: dual-located WHIRLY 1, SA homeostasis, plant senescence, feedback loop,

Arabidopsis thaliana

Introduction

Salicylic acid is crucial for plant growth, responses to pathogens, e.g. by programmed
cell death and environmental responses. Its homeostasis is temporally and spatially
controlled by various mechanisms, including biosynthesis, transport and conjugate
formation. For example, leaf development in Arabidopsis was regulated by SA
biosynthetic / signaling genes. Early leaf senescence is a result of SA overproduction

in mutants such as isochorismate synthase (ICS1) and phenylalanine ammonia lyase
4
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(PAL) overexpression lines (Love et al., 2008; Rivas-San et al., 2011), whereas the
hypersensitive response (a fast form of programmed cell death) have been intensively
investigated in the S-adenosyl-L-methionine-dependent methyltransferase (bsmt1)
mutant (Vlot et al., 2009). There are two main SA biosynthetic pathways in plants: the
phenylalanine ammonia lyase (PAL) pathway and the isochorismate (IC) pathway,
both depending on the primary metabolite chorismate (Dempsey et al. 2011). In the
PAL pathway, the chorismate-derived L-phenylalanine is converted into SA via either
benzoate intermediates or coumaric acid through a series of enzymatic reactions
involving PAL, benzoic acid 2-hydroxylase (BA2H), and other uncharacterized
enzymes (Leon et al. 1995b). Approximately 10% of defense-related SA is produced
by the cytosolic PAL pathway and in Arabidopsis four PAL enzymes have been
identified. In the IC pathway, chorismate is converted in a two-step process to SA via
isochorismate involving isochorismate synthase (ICS) and isochorismate pyruvate
lyase (IPL). In Arabidopsis, two ICS enzymes have been described to convert
chorismate to isochorismate, but in recent studies another isochorismate synthase
was identified (Rekhter et al. 2019; Torrens-Spence et al. 2019). This pathway
accounts for ~90% of the SA production generated by the plastid-localized 1CS1
inducible by pathogens and UV light (Wildermuth et al. 2001; Garcion et al. 2008).
Endogenous SA undergoes a series of chemical modifications including hydroxylation,
glycosylation, methylation and amino acid conjugation. These modifications directly

affect the biochemical properties of the SA derivatives, and play a pivotal role in SA
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88  catabolism and homeostasis to regulate leaf senescence (Zhang et al. 2013). It has
89 been shown that SA affects regulation of gene expression during leaf senescence
90 (Morris et al. 2003; Vogelmann et al.2013; Zhang et al. 2013; 2017) and in advancing
91 flowering time in Arabidopsis thaliana (Martinez et al. 2004), as well as in inhibiting
92 seed germination (Alonso-Ramirez et al. 2009; Lee et al. 2013). Although SA
93  biosynthesis and its function in both local and systemic acquired resistance (SAR)
94  against microbial pathogens and in plant development were well understood (Park et
95 al. 2007; An and Mou, 2011), the underlying molecular mechanism of free SA
96 homeostasis in cells is less clear.

97  WHIRLY family proteins are dually located in both the nucleus and organelles, and

98  perform numerous cellular functions in both locations (Krause et al. 2005; Grabowski

99 et al. 2008). In the nucleus, WHIRLY1 (WHY1) protein was found to regulate the
100  expression of genes related to defense and senescence by binding to their respective

101  promoters (Desveaux et al. 2000; Desveaux et al. 2004; Xiong et al. 2009; Miao et al.

102 2013; Krupinska et al. 2013). WHY1 protein binds for example to the promoter of

103 WRKY53 and repress WRKY53 and WRKY33 expression in a
104 development-dependent manner during early senescence in Arabidopsis (Miao et al.

105 2013; Ren et al. 2017), while it activates the HvS40 gene during natural and

106  stress-related senescence in barley (Hordeum vulgare) (Krupinska et al. 2013) and

107  PsbA gene expression in response to chilling treatment in tomato (Zhuang et al. 2018).

108 In the nucleus, WHY1 protein also modulates telomere length by binding to their


https://doi.org/10.1101/2020.05.04.077388

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.04.077388; this version posted May 5, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

109  AT-rich region (Yoo et al. 2007) and affects microRNA synthesis (Swida-Barteczka et

110 al. 2018). Moreover, in chloroplasts, WHY1 has a function on organelle genome

111 stability, facilitating accurate DNA repair (Cappadocia et al. 2010, 2012; Lepage et al.

112 2013) and affects RNA editing/splicing (Prikryl et al., 2008; Melonek et al. 2010). The

113 intracellular localization of WHY1 and/or the developmental stage of the plants may

114  contribute to its various functions (Ren et al. 2017). Furthermore, WHY1 has been

115 reported to be involved in (a)biotic stress signaling pathways, e.g. in response to
116  chilling (Zhuang et al. 2018), high light (Kucharewicz et al. 2017), N deficiency
117  (Comadira et al. 2013), reactive oxygen species (Lin et al. 2019; Lepage et al. 2013),
118 hormones such as SA and abscisic acid (Xiong et al. 2009; Isemer et al. 2012) and
119  defense signaling, being e.g. required for SA- and pathogen-induced PR1 expression
120 (Desveaux et al. 2005).

121 In this study, we extend the roles of the dual-located WHY1 protein with respect to SA
122 biosynthesis via regulating PAL71 and ICS1 expression and SA modification via
123 affecting BSMT1 gene expression, in a developmental dependent manner. Moreover,
124  the cellular SA level affected the distribution and status of WHY1 protein in the
125 nucleus and in plastids, suggesting a feedback mechanism to regulate SA
126  homeostasis. Further, globally analysis of gene expression in loss-of WHY1 and
127  gain-of pWHY1 or nWHY1 indicated that the levels of hormone metabolism related
128 genes were significantly altered. Our results provide the first evidence that the

129  dual-located WHY1 protein exerts a novel function in both nucleus and chloroplasts to
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130 fine-tune SA homeostasis affecting plant aging in Arabidopsis.

131  Results

132  WHY1 changes the gene expression level of PAL, ICS and BSMT1 and SA
133  contents during plant aging

134 . To explore how WHY1 involves in the SA metabolism pathways (Figure 1a), we used
135  the why7-1 mutant previously deployed in several of our studies (Miao et al. 2013;
136 Ren et al. 2017; Lin et al. 2019). This why7-1 mutant displays an early senescence
137  phenotype (Miao et al. 2013), similar to the S-adenosyl-L-methionine-dependent
138  methyltransferase (bsmt7) mutant (Viot et al. 2009) and the SA 3-hydroxylase (s3h)
139  mutant (Zhang et al. 2013). We analyzed the expression levels of ICS, PAL, BSMT1,
140 encoding a protein with both benzoic acid (BA) and SA carboxyl methyltransferase
141  activities, and salicylic acid glucoside/glucose ester modification enzymes such as

142  UGT71B1, UGT89B1 or UGT74F2 (Dempsey et al. 2011) in the why1 mutant

143  compared to WT during plant development from 28 to 42 days after germination (dag).
144  Interestingly, loss-of-WHY1 increased the transcript level of PAL1 and PAL2 at 37 dag,
145  but greatly decreased the transcript level of BSMT1 at 35 and 37 dag and of ICS1 at
146 42 dag (Figure 1b), while the transcript levels of UGT71B1, UGT74F2, UGT89B1 and
147  S3H were not altered in the why1 mutant during plant development (Supplementary
148 Fig S1).

149  Thus, we tested whether SA contents also changed in the why7 mutant during plant

150 aging. The SA contents including conjugated and free type of SA of the why1 and WT
8
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151  plants were measured with a HPLC assay during the period from 28 dag to 58 dag of
152 plant development. Our results indicate that loss-of~-WHY1 made both conjugated SA
153  and free SA peak 5 days earlier (at 37 dag) than in wild type (Figure 1c-d).

154  In order to genetically confirm this hypothesis, we produced the why1pal1, why1sid2,
155  why1palisid2, why1bsmt1 double/triple mutants (Supplementary Fig S2) and
156 measured the SA contents in these mutants during plant aging (Figure 1e).
157  Interestingly, the early SA peak disappeared in the why1pal1 line at 37dag, showing a
158  similar SA profile as the wild type, while SA accumulation in why1 mutants combined
159  with bsmt1 mutation were not that strongly affected, displaying the same early
160  senescent phenotype as the why1 line. However, SA accumulation in why1 combined
161  with sid2 (ics1) was inhibited at 42 dag. The whylpal1sid2 triple mutant showed a
162  delay senescence phenotype and had again no earlier SA peak even maintain low
163 level of SA at 37 and 42 dag during plant development, suggesting that PAL activity is
164  crucially important for SA accumulation at early stage. Thus, we genetically confirmed

165 that SA homeostasis in cells is affected by WHY1 predominantly by its effect on PAL1.
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167  Figure 1. The variation transcript level of genes encoding key enzymes related to SA

168  metabolism pathway and SA contents in the why1 line during the development

10
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169 a. SA metabolism pathway in the cell. b The variation transcript level of genes
170 encoding key enzymes related to SA metabolism in the why7 line during plant
171 development. c. Content of conjugated (C-SA) and free (F-SA) salicylic acid in wild
172 type and why1 mutant during the period of 28 to 55 days after germination (dag); d.
173 Changes of conjugated and free salicylic acid contents in a series of double mutants
174  with focus on 37 and 42 dag. f. Senescence phenotype of 37 dag old double mutants.
175  The relative expression level normalized to GAPC, wild type at 28 dag (b) was setup
176 as 1. The standard error bars present three time biological replicates and three time
177  techniques replicates, the values are shown as means +SD. Asterisks (*P < 0.05, **P
178 < 0.01) show significant differences to wild type line according to either two-way
179  ANOVA or pair-wide multiple t-tests.

180

181 nWHY1/pWHY1 affects the gene expression level of PAL1, ICS1 and BMST1 as well
182  as SA homeostasis during plant aging

183  As we knew, WHY1 is dual-located in the nucleus and plastids (Grabowski et al. 2008).
184  To clarify which isoform of WHY1 affects SA metabolism and its homeostasis, we
185 complemented the why1 background line with p?WHY1, nWHY1 and pnWHY1 under
186 35S promoter control (Lin et al. 2019), and analyzed the transcript levels of PAL, ICS,
187 and BSMT1 from 28 dag to 42 dag. Complementation with nWHY1 or full length
188  WHY1 (pnWHY1) restored wild type transcript levels of PAL1, PAL2 and BSMT1,

189  while the nWHY1/why1 line had even lower PAL1 expression level at 37 dag and 42

11
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190 dag compared to WT. Surprisingly, complementation with pWHY1 not only
191  pronounced the transcript level of PAL1 two folds and repressed the transcript level of
192 BSMT1 at 37 dag, but also significantly increased the transcript level of ICS71 at 42
193 dag, (Figure 2a). Measuring the SA contents in the complemented why7 mutant
194  background from 28 to 42 dag, both nWHY1/why1 and pnWHY1/why1 lines
195  significantly restored wild type SA accumulation of the why1 line until 37 dag and in
196 the nWHY1/why1 mutant the SA content was even lower at 42 dag. However, pWHY1
197  significantly pronounced SA accumulation during the whole period of development
198  (Figure 2b), indicating that nWHY1 somehow repressed SA accumulation via
199  suppression of PAL1 expression. On the other hand, pWHY1 might pronounce SA
200 accumulation via repressing BSMT1 during the early stages and promoting /ICS17 at

201 the late stage, in a developmentally dependent manner.

12
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202

203  Figure 2. Transcript level analysis of genes encoding key enzymes related to SA
204 metabolism pathway (a) and SA contents (b) in the pWHY1/why1, nWHY1/why1, and
205  pnWHY1/why1 transgenic plants compared to wild type from 28 to 42 dag during plant
206 development.

207  The standard error bars present three time biological replicates, the values are shown

208 as meanszSE. Asterisks (*P < 0.05, **P < 0.01) show significant differences to WT

13
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209  within the respective conditions according to Student’s t test.

210

211 Hormone- related gene enrichment in “compartmental WHY1” transgenic plants

212 In order to globally understand the differences and similarities of the nuclear
213  transcriptome response between pWHY1 and nWHY1, a microarray sequencing
214 analysis was deployed. Phenotypic differences were observed in the short term
215 response and to avoid a long term secondary artifact caused by continuous
216  expression, an estradiol-inducible promoter was used to generate “inducible
217  compartmental WHY1” transgenic plants (VEX:pWHY1/why1 and VEX:nWHY1/why1)
218  as described in Ren et al., (2017). We found that WHY1 protein level increased about
219 14 folds after two hours induction with 20 uM estradiol (Ren et al. 2017). The total
220 RNA isolated from the 5 week old rosette leaves of inducible VEX:pWHY1/why1 and
221 VEX:nWHY1/why1 plants before (Oh) and after estradiol application (2h), as well as
222 from why1 and WT plants was used for transcriptome analysis by ATH1 Arabidopsis
223 GeneChip microarrays with two biological replicates. Comparing the transcriptome of
224  inducible pWHY1 plants to that of non-inducible pWHY1 plants revealed a complex
225 genetic reprogramming with 1165 and 4560 transcripts being at least 2-fold up- and
226 down- regulated, respectively. Comparison of inducible nWHY1 plants to that of
227  non-inducible nWHY1 plants revealed also a complex genetic reprogramming with
228 920 and 3965 transcripts up- and down- regulated, respectively. Transcriptomic

229  comparison of the why1 mutant to WT plants identified 4432 and 1190 transcripts up-
14
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230 and down- regulated, respectively (Supplementary Fig S3).

231 To visualize gene expression reprogramming in the VEX:.pWHY1 VEX:nWHY1 and
232 the why1 plants, their entire nuclear transcriptome was subjected to MapMan analysis
233  allowing the identification of biological processes with significant alterations (Thimm et
234 al., 2004). The hormone metabolism pathways are significantly overrepresented after
235 induction of pWHY1, nWHY1, or by loss-of WHY1, affecting especially auxin,
236 jasmonic acid (JA) and ethylene metabolism, as well as SA metabolism (Figure 3,
237  Supplemental dataset1-4). The regulation of secondary metabolism and stress are
238  also significantly enriched after induction of pWHY1 expression (Figure 3a). These
239  stresses are associated with biotic stresses and abiotic stresses responses that are
240 related to redox imbalance. They mostly are up-regulated by pWHY1 (Figure 3a). In
241  contrast the regulation of RNA, development and signaling terms are significantly
242  enriched after induction of nWHY1 expression. Since the opposite regulation of
243 signaling, development, RNA and transport terms is observed in loss-of WHY1 plants
244  (Figure 3a), these changes can be attributed to the inducible expression of p?WHY1 or
245 nWHY1 (Figure 3a). Globally, a net enrichment of biological processes linked to
246  hormone metabolism is found within the most significantly differential expressed
247  genes after induction of pWHY1 or nWHY1 or deletion of WHY1 (Figure 3b); a net
248  enrichment for biological processes linked to hormone metabolism, secondary
249  metabolism and photosynthetic stress is found within the most differentially expressed

250 genes in inducible pWHY1 line (Figure 3b), while a net enrichment for biological

15
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251  processes linked to RNA regulation, development or signaling is found within the most
252 differentially expressed genes in inducible nWHY1 line (Figure 3b) and a net
253 enrichment for biological processes linked to photosynthesis and signaling or
254 development or RNA regulation is found within the most differentially expressed

255 genes in the why1 line (Figure 3b).
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257  Figure 3. The VEX.pWHY1, VEX:nWHY1 and the why1 mutants exhibits a complex
258  nuclear genetic reprogramming.

259 a. MapMan analysis for gene ontology terms enrichment of the entire VEX:pWHY1,
16
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260 VEX:nWHY1 and the why1 nuclear transcriptome.

261 b. Histogram presenting the ratio of differentially expressed genes enrichment
262 changes of selected biological process of the VEX:pWHY1, VEX:nWHY1 and the
263  whyT transcriptome.

264  c. The heatmap of SA metabolism related gene expression levels of the pWHY1/why1,
265 nWHY1/why1, pnWHY1/why1 plants, and the why?1 mutants. VEXpWHY1,

266 VEX:pWHY1/why1; VEX:nWHY1, VEX:nWHY1/why1

267 Among the differentially expression genes, 153 of differentially expression genes
268 overlay between inducible pWHY1 and nWHY1 lines. Among them, 42 of
269 hormone-related gene expressions were up- or down- expression in the pWHY1 or
270  why1 lines, including SA, JA, IAA and ethylene metabolism and signaling related
271 genes (Figure 3, Supplementary dataset1-4). The 24 highest expressed or
272 suppressed genes in the pWHY1, nWHY1 or the why1 plants, which encode key
273  components of the SA metabolism pathway including ICS1, ICS2, PAL1, PAL2,
274  UGT71B1, UGT89B1, UGT74F2, BSMT1, as well as SA signaling related genes, or

275 senescence / cell death related genes are shown in the heatmap (Figure 3c).

276  WHY1 directly binds at the promoter region of ICS7 and indirectly affects PAL1

277 and BSMT1 expression in a developmental dependent manner

278  WHY1 was first reported as a transcription factor in the nucleus (Marechal et al. 2000).

279  To investigate whether WHY1 directly regulates /ICS1, PAL1/PAL2, BSMT1 gene
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280 expression, we analyzed our previous ChIP-seq dataset and above microarray
281 dataset, and found that ICS1, MYB15 and ERF109 are direct targets of WHY1 (Miao
282 et al. 2013; and Figure 4a), but PAL1 and BSMT1 are not. A search for transcription
283  factor binding motifs in promoter regions of ICS1, MYB15, ERF109, PAL1, and
284 BSMT1 genes was conducted with PlantCARE (Lescot et al. 2002) and resulted in
285 two w-boxes, six MYC elements, and four MYB motives in the promoter of PAL7;
286 6XERE elements in the BSMT1 promoter (Figure 4b) as well as several GTNNNNAAT
287 and AT-rich motives in the ICS1, MYB15, and ERF109 promoters. In order to clarify
288 the relationship among them, firstly, we confirmed WHY1 binding at the target genes
289 by chromatin immunoprecipitation qPCR (ChIP-gPCR) using leaf material from 37
290 and 42 dag of expressing HA-tagged WHY1 under its native promoter
291 (Pwny1:WHY1-HA) as described in previous work (Miao et al. 2013). The putative cis
292 elements found in WRKY53, ICS1, MYB15, ERF109, and WRKY33 promoters,
293 included several GTNNNNAAT or AT-rich motives (Figure 4b), and were enriched
294  5-20 fold (Figure 4c). The regions containing GTNNNNAAT and AT-rich motives of
295  MYB15, ERF109, and WRKY53 were enriched 10-15 folds at 37 dag, while fragments
296 of ICS1 and WRKY33 could not be detected at 37 dag, but together with MYB15 and
297 WRKY53 a high enrichment was observed at 42 dag (Figure 4c). Furthermore, the
298  expression levels of these genes were analyzed by quantitative reverse transcription
299 PCR (gRT-PCR) at 37 and 42 dag in why1 and WT plants. WHY1 binding negatively

300 correlated with gene expression in the knockout background of ERF109 at 37 dag and
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ICS1 at 42 dag and positively with MYB15 expression at both 37 and 42 dag. While
WRKY53 expression is positively correlated in why1 plants at 37 dag, WRKY33 was
up-regulated at 42 dag. Thus, WHY1 appears to exert either negative effects on gene
expression (WRKY53, WRKY33 and MYB15) or causes activation of its target genes,

such as ERF109 and ICS1 depending on the developmental stage.

enrichment profile of WHY1 at the target genes
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Figure 4. WHY1 activates/represses target gene expression
a. Enrichment profiles of WHY1 protein in five target genes: ERF109, MYB15,

WRKY33, ICS1, and WRKY53 by ChIP-seq; b.Position of promoter motives
19


https://doi.org/10.1101/2020.05.04.077388

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.04.077388; this version posted May 5, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

310 (GTNNNNAAT plus AT-rich) of WHY1 target genes; c. Enrichment folds of WHY1 at
311 the promoters of target genes by ChIP-gPCR at 37 and 42 days after germination; d.
312  The expression levels of target genes at 37 and 42 days after germination in the why1l
313  mutant compared to WT. The error bars represented SD from three biological

314 replicates. Asterisks indicated significant differences from the ACTIN according to

315  two-tail Student’s t test (* denotes P < 0.05, ** for P < 0.01).

316

317 In order to further verify the activation or repression activity of WHY1, the promoter
318 sequences of WRKY53, ICS1, MYB15, ERF109, PAL1 and BSMT1 were cloned into
319 dual-luciferase vectors and applied in a transient expression assay using Nicotiana
320 benthamiana leaves (Hellens et al., 2005). In addition to measure promoter activation
321  or repression by WHY1, also MYB15, and ERF109 were included in the analysis to
322 investigate indirect effects of WHY1 in the nucleus. The coding sequences of WHY1,
323 MYB15 and ERF109 were cloned under the control of the Arabidopsis ACTIN1
324  promoter (ACTIN:WHY1-HA, ACTIN:MYB15-HA, and ACTIN:ERF109-HA) (Figure
325 5a), and co-infiltrated with the reporter vector to drive LUCIFERASE (LUC) expression
326 (Hellens et al., 2005). We then measured the LUC and RENNILASE (REN)
327 luminescence ratio (i.e. LUC/REN ratio) in infiltrated leaves. To assess any basal
328 activation or repression of putative promoters, a mini-GAL4 promoter vector was used
329 in each co-infiltration experiment as a control; the WRKY53 promoter was used as a

330 positive control. The results showed that WHY1 activated promoters of /CS7 and
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ERF109, but it repressed the promoters of MYB15 and WRKY53 displaying the
opposite expression pattern of the why1 knockout plants (Figure 4b). The transcription
factors MYB15 and ERF109 were able to activate PAL1, PAL2 and BSMT1 gene
expression, respectively (Figure 5b-c). Therefore, WHY1 directly activated ICS1
expression and indirectly affected PAL1, PAL2 and BSMT1 gene expression via

MYB15 and ERF109, respectively.
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Figure 5. Promoter activation assays using the LUC/REN system
a. Structure of activator and reporter constructs. b. The promoters of ICS1, MYB15,
ERF109, WRKY53, and WRKY33 genes are co-infiltrated with a vector containing

WHY1 under the regulation of the ACTIN promoter. ¢, Co-infiltration of MYB15 and
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342 ERF109 with the PAL1, PAL2, ICS1, and BSMT1 promoters. Background promoter
343  activity is assayed by co-infiltration with an empty vector of the same type. Shown are
344 means and SE of six biological replicates. Asterisks denote statistically significant
345  differences from the empty vector calculated using Student’s t test: *, P, 0.05; **, P,

346 0.01; and ***, P, 0.001.

347  WHY1 and MYB15/ERF109 regulate leaf senescence and ROS accumulation

348  Since WHY1 is a repressor of plant senescence at early stage (35-42 dag) of plant
349  development (Miao et al. 2013), we compared the phenotype of the pal1, sid2, myb15,
350 erf109 mutants (Supplementary Fig S2) with the why1 mutant to analyze if WHY1
351 effects on salicylic metabolism impact senescence. The phenotypes of the pal7 and
352  sid2 plants have already been reported to delay senescence, and on the contrary,
353 0ePAL1, 0eSID2 and bsmt1 plants showed an early senescence phenotype (Love et
354 al., 2008; Rivas-San et al., 2011; Vlot et al., 2009; Huang et al. 2010). We analyzed all
355  mutants with respect to a visible senescent yellow leaf ratio (Miao and Zentgraf, 2007)
356 and reactive oxygen species (ROS) production by nitro blue tetrazolium chloride (NBT)
357 staining assay and diaminobenzidine (DAB) staining assay under normal growth
358 condition. The results showed that all of pal1, sid2, myb15, and erf109 lines displayed
359 a visible delayed senescence and less ROS production except for the bsmt1 plants,
360  which showed slightly earlier senescence and higher ROS accumulation similar to the

361  why1 and the pWHY1 lines (Figure 6a-b).
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Furthermore, the transcript levels of senescence related genes such as WRKYS53,
SAG12, SAG13, SAG101, and PAD4 were measured by gqRT-PCR and indicated as
heatmap (Figure 6¢). They were upregulated in the why1 and pWHY1 plants, similar
to the overexpressing PAL1 (oePAL1) plants, however downregulated in the pal7,
myb15, and sid2 similar to the nWHY1 plants (Figure 6c). Interestingly, in the
overexpressing BSMT1 (0eBSMT1) line the transcript level of senescence related
genes SAG12 and WRKY53 were upregulated, while the transcript level of SAG13
and SAG101 were downregulated, a reversed expression trend as compared to the
bsmt1 and erf109 mutants (Figure 6c). However, the transcript level of PAD4 was
upregulated in the both bsmt1 and 0eBSMT1. This indicates that BSMT1 is involved in
alternative signaling pathways between developmental senescence or stress related

senescence
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Figure 6. Phenotyping of loss- of WHY7 and its downstream target genes mutants
a. Phenotypes of loss-of PAL1, ICS1, MYB15 and BSMT1 at 37dag compared to
WHY1 mutants. Whole rosette (a-up) and senescent leaf ratio of 5 plants (a-down); b.

ROS accumulation of loss-of PAL1, ICS1, MYB15 and BSMT1 at 37dag compared to
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379 WHY1 mutants by NBT and DAB staining; c. The transcript levels of SAGs genes in
380 the loss- or gain- of PAL1, BSMT1 and loss- of MBY15, ERF109 and ICS1 plants at
381 37dag by qRT-PCR. The standard error is calculated from three biological replicates,
382 the values are shown as means+SE. The wild-type at 37 dag was setup to 1 in the

383 heatmap.

384 SA level feedback affects the distribution of the WHY1 protein in plastids and

385 the nucleus

386  WHY1 is required for SA- and pathogen-induced PR1 expression (Desveaux et al.

387  2005); WHY1 distribution is affected by protein modification (Ren et al. 2017) and
388  cellular H20:2 level (Lin et al. 2019). To determine whether SA feedback would affect
389 WHY1 expression we quantified WHY1 transcription by qRT-PCR in response to
390 exogenous MeSA in WT plants for 1, 4, 6, and 8 hours. Unexpectedly, MeSA
391 treatment did not change the gene expression level of WHY1 (Figure 7a). Thus, MeSA
392 treatment probably affects WHY1 protein function or distribution in plastids or the
393  nucleus. Thus, nuclear and plastid proteins isolated from 5-week-old WT rosettes
394 after MeSA treatment for 4 hours were immunodetected with a specific monoclonal
395 antibody against WHY1 (Lin et al. 2019; Supplementary Fig S4), and antibodies
396 against Histone 3 and photosystem Il (PSIl) protein were used as markers for pure
397 nuclear and plastid preparations (Figure 7b-c; Supplementary Fig S5). A water
398 treatment served as control for MeSA application. Interestingly, the results now

399 indicated that upon MeSA treatment for 4h, WHY1 accumulation significantly
26
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400 decreases in plastids and the nuclear isoform of WHY1 was altered in its status with
401 small nWHY1 (29 kDa) levels slightly increasing, while large nWHY1 (37 kDa) levels
402 were decreasing after MeSA treatment (Figure 7b-c). Thus, exogenous MeSA
403 treatment affects WHY1 accumulation in plastids and alters the modification status of
404 nWHY1 in the nucleus, a similar response as observed in response to H202 treatment
405 (Lin et al. 2019). Furthermore, we analyzed WHY1 distribution between plastid and
406 nucleus under the condition of SA deficiency. The nuclear and plastid fractions
407 isolated from the single sid2, pal1 mutants and double sid2 pal1 mutant were
408  subjected to immunoblotting using the WHY 1 specific peptide antibody and the results
409 demonstrate that pWHY1 in the sid2, pal1 and sid2 pal1 mutants significantly
410 accumulated in plastids when compared to WT. Accordingly, the large nuclear WHY1
411 isoforms (37 kDa) were highly accumulating and the small nuclear WHY1 proteins (27
412 kDa) were declining in the sid2 and sid2 pal1 mutants, but not in the palf single
413  mutant (Figure b-d). This indicates that the ICS1 pathway plays a prominent role in

414  modification of N\WHY1 protein.

27


https://doi.org/10.1101/2020.05.04.077388

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.04.077388; this version posted May 5, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

a
= WHY1 o kDa M Hz20 MeSA WT sid2 pall_sid2 palt
o 0.025F 62 v L
T 0.020 51! _
2 42 - ~¢-\ nWHY1-L
& 0.015F \
w
3 0.010F —H:0 29— ~— — . nWHY1-S
(=%
& 0.005} —MeSA 22 i )
I — bt -
: gt a2 g E I oo
hours after treatment
--_ PSi
- = loading
C control
kDa M H20 MeSAWT sid2  pal1 sid2 pal1 nuclear protein
62 B d
i;;! OH:0 BMeSA mWT @ sid2 mpal1 Osid2 palt
25 -
29 - i
S—— e — | D\/VHY 1 20
15

PSlI

—_
o

Histone

means of protein band
(4]

il

pWHY1 nWHY1-L  nWHY1-S

loading
control

o

plastid protein

415

416  Figure 7. The plastid and nuclear isoform WHY1 protein immunodetection after the
417  treatment of MeSA and in the sid2, pal1 or double sid2 pal1 mutants compared to WT
418  a. The expression level of WHY1 in the WT plants after MeSA treatment for 1, 2, 4, 6,
419 8 hrs; b. WHY1 immunodetection in nuclear extracts after the treatment of MeSA for 4
420 hours, and in the sid2, pal1 or double sid2 pal1 mutants compared to WT;, c. WHY1
421 immunodetection in plastid extracts after the treatment of MeSA for 4 hours, and in the
422  sid2, pal1l or double sid2 pal1 mutants compared to WT. Coomassie and silver
423 staining as the protein amount loading controls. L-WHY1: large size (37 kDa) of
424  WHY1; S-WHY1: small size (29 kDa) of WHY1. The antibody against peptide WHY1

425 was prepared by company; d. The alteration of pWHY1 and nWHY1 after MeSA
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426  treatment or in the sid2, pal1 or double sid2 pal1 mutants compared to WT. The
427  protein band signal is captured and calculated by Image J software program
428  (http://www.di.ug.edu.au/ spargimagejblots). The data shows the average of three
429 replicates. Asterisks (*P < 0.05, **P < 0.01) show significant differences to H20

430 treatment or WT according to Student’s t test.

431 Discussion

432 It has become increasingly clear that dual location of proteins mediates diverse
433  intercellular signaling processes, e.g. described for MAP kinase (Bobik et al. 2015;
434 Chan et al. 2016), CIPK14 (Ren et al. 2017), but also hormone (ABA, SA)
435 (Koussevitzky et al. 2007; Caplan et al. 2015; Kacprzak et al. 2019), or ROS
436  (hydrogen peroxidase and singlet oxygen) signaling (Lin et al. 2019; Duan et al. 2019,
437  Lv et al. 2019). Proteins with dual subcellular localization can affect transcription and
438  display various functions in intracellular signaling (Lin et al., 2019; Isemer et al., 2012;
439  Sun et al., 2011; Nevarez et al., 2017; Pesaresi and Kim, 2019; Wu et al., 2019;
440 Woodson et al.,, 2011/2013). This study revealed that dual-located WHY1 protein
441  directly activates ICS71 expression in the nucleus at the late stage of plant
442  development, and indirectly controls PAL1 and BSTM1 expression via alteration of
443 MYB15 and ERF109 transcription at the early stage, thereby influencing the SA
444  homeostasis in the cells during plant development. A SA level feedback affects in turn
445  WHY1 distribution with a shift into the nucleus and preferential accumulation of the

446  smaller 29 kDa form. This loop of NWHY1 integrating SA homeostasis via PAL1/ICS1
29
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447 and BSMT1 plays a pivotal role in controlling leaf senescence.

448  Elucidation of biosynthesis and catabolism of SA is important for understanding its
449  biological functions. 10% of SA is synthesized either from L-phenylalanine via the PAL
450 pathway in the cytoplasm or up to 90% from chorismate via ICS1/SID2
451  (ISOCHORISMATE SYNTHASE1/SALICYLIC ACID INDUCTION DEFICIENT2) in
452  chloroplasts, the latter of which is responsible for the bulk of SA produced during
453  pathogen infection in Arabidopsis (Dempsey et al. 2011). Endogenous SA can also
454 undergo a series of chemical modifications including hydroxylation by salicylate
455 hydroxylase (Yamamoto et al. 1965; Zhang et al.,, 2013), glycosylation by
456  glycosyltransferases (Lim et al. 2002; Dean et al. 2008), methylation by BSMT1 (Park
457 etal., 2007) and amino acid or sugar conjugation by XXX (Zhang et al., 2007; Bartsch
458 etal. 2010). The microarray data and gRT-PCR results show that the gene expression
459 levels of developmental related transcription factors were upregulated, and that of
460  stress-related gene were downregulated in the why1 plants (Figure 3; supplementary
461 dataset 1-4). The expression levels of ICS1, PAL1T and BSMT1 were altered
462  significantly in the why1 mutant during plant aging (Figure 1); this alteration can be
463  rescued completely by complementation of nWHY1 and pnWHY1 (Figure 2). As we
464  knew, nWHY1 could directly bind to the promoters of many targeted genes such as
465 WRKY53, S40, Kenisin, PR10a (Desveaux et al. 2005; Miao et al. 2013; Krupinska et
466  al. 2017; Xiong et al. 2009), as well as MYB15, MYC1/2, ICS1 and several ERF family

467  members from our WHY1 ChlIP-seq dataset (Figure 4; Miao et al., 2013). The nWHY1
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468  represses most of downstream developmental related target gene expression such as
469 WRKY53, WRKY33, MYB15, TTG2 etc. (Figure 3; Supplementary dataset). However,
470 it can also promote expression of many stress-related genes such as HvS40
471 (Krupinska et al. 2013), PR1 (Desveaux et al. 2005), redox responsive transcription
472  factors (Foyer et al. 2014), ICS1, and ERF109 (Figure 5; Figure 3; Supplementary
473  dataset). Several MYB family members can bind to the promoter of PAL1/PALZ2 (Battal
474 et al. 2019), and among these, MYB15 was shown to bind to the promoter of PAL1
475  and ICE1 promoter by ChIP-gPCR. MYB15 mainly plays a virtual role in immunity and
476  cold response (Chezem et al. 2017; Kim et al. 2017; Wang et al. 2019). Our results
477  further confirmed that MYB15 could activate PALT expression. ERF-binding cis
478 elements are enriched in the promoter region of BSMT1. However, ERF109 as a
479  target gene of WHY1, which was identified in our ChlP-seq dataset (Miao et al. 2013;
480 Figure 4), was reported not to bind to the promoter region of BSMT1 as shown in
481  yeast one hybrid and gel shift assays (Ximiao Shi, Master thesis, 2018). In contrast,
482 ERF109 can activate BSMT1 expression in our LUC/REN transit assay (Figure 5),
483  supporting our ChlP-seq data. The erf109 and bsmt1 mutants accumulate high levels
484  of anthocyanin in response to high light (Foy et al. 2015), but the regulatory
485 mechanism is currently unknown. Therefore, the balance module of
486 nWHY1/MYB15-PAL1 and nWHY1/ERF109-BSMT1 at early stage (37 dag) and
487  WHY1/ICS1 regulation at late stage (42 dag) determines SA homeostasis during plant

488 development. The imbalance of PAL1/BSMT1 activity at 37 dag in the why7 mutant
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489 and repression of ICS1 at 42 dag of plant development may result in earlier SA
490 accumulation for about one week. Thus, nWHY1 impacts the SA homeostasis via

491  mediating PAL1 or ICS1 and BSMT1 activity in the cells during plant aging.

492  The WHIRLY family is considered to associate with retrograde signaling. Due to their
493  dual-location and function in the nucleus and plastids (Krause et al., 2009), it has
494  been supposed that WHIRLY1 could move from plastid to the nucleus (Isemer et al.,
495  2012). The plastid isoform of WHIRLY1 affects the miRNA biogenesis in the nucleus
496 (Swida-Barteczka et al. 2018). Previously, we showed that the WHY1 protein can be
497  phosphorylated by CIPK14 kinase or oxidized by H202, leading to different subcellular

498 localization in the nucleus or in plastids, respectively (Ren et al. 2017; Lin et al. 2019).

499  Here, we show that loss- of WHY1 results in five days earlier SA production during
500 plant development, thereby accelerating plant senescence. Complementation with
501 pWHY1, did not revert the SA accumulation phenotype. On the contrary, the pWHY1
502  further increased SA accumulation during plant development. Consistently, gene
503 expression of PALT is promoted, while that of BSMT1 is repressed at 37 dag, while
504 ICS1 is activated at 42 dag (Figure 1). This phenomenon can be explained by two
505 mechanisms: 1) H202 is known to affect SA levels via the ICS1 pathway (Leon et al.
506 1995; Dat et al. 1998; Chaouch et al. 2010; Guo et al. 2017) and recent data link
507 pWHY1 to ROS production via photosystem I/ll (PSI/PSII) (Huang et al. 2017; Lin et al.
508 2019). Thus, pWHY1 might increase SA level at 42 dag by modulation of the 1CS1

509 pathway via photosystem induced ROS accumulation to cause an early senescent
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510 phenotype. 2) pWHY1 coordinating SA homeostasis is feedback controlled by cellular

511  SA levels ((Desveaux et al. 2005; Isemer et al. 2012; Caplan et al. 2017), so this

512  WHY1 isoform changes from plastid to nucleus repressing MYB15 and PAL1
513  expression (Huang et al. 2010; Duan et al., 2019) and activating ERF109 and BSMT1
514  expression in response to stress cues such as high light (Estavillo et al. 2011). This
515 demonstrates that dual located pWHY1/nWHY1 affects SA homeostasis most likely

516  via connection with PSI/lIl mediated ROS affecting leaf senescence.

517  The distribution of WHY1 between plastids and the nucleus depends not only on its

518  modification status (Ren et al. 2017) but also on environmental cues or cellular signals

519 such as H202 (Lin et al. 2019) and SA (this work). Though, the SA signal cannot
520 promote CIPK14 expression (unpublished data), MeSA treatment feedback alters the
521 nWHY1 protein status (37 kDa or 29 kDa form) (Figure 7) similar to barley WHY1
522 (Grabowski et al. 2008) and nWHY1 after treatment with H202 in Arabidopsis (Lin et al.
523  2019). The nature of modification resulting in both forms is yet unknown and has to be
524  revealed in future. More interestingly, MeSA treatment reduced WHY1 accumulation
525 in plastids, which stands in contrast to H202 treatment (Lin et al. 2019). These
526 phenomena are further elucidated in the SA deficient mutants such as pal7, sid2 and
527 double pal1 sid2 mutants. Loss-of ICS1 (sid2) decreases the modified state of
528 nWHY1 level, while loss-of ICS1 or PAL1 increases WHY1 accumulation in plastids. It
529 is known that ICS1 is located in plastids and is responsible for the bulk production of

530 SAin response to salt or pathogens (Kumazaki and Suzuki, 2019). Plastid-derived SA
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531 can be transported from plastid to the nucleus via stromule (Caplan et al. 2015). It is
532  speculated that this kind of SA might influence the nuclear isoform of WHY1, which
533 small form (29 kDa) activates the stress related gene expression, such as S40, ICS1
534  (Krupinska et al., 2013; Figure 4-5), while the large form (37 kDa) represses gene
535 expression, as shown for WRKY53, WRKY33, MYB15 (Miao et al. 2013; Figure 4-5).
536  Furthermore, it has been reported that phosphorylation of WHY1 by CIPK14 promoted
537 its binding affinity at the promoter of WRKY53 and WRKY33 and repressed WRKY53
538 and WRKY33 expression (Ren et al. 2017) and that CIPK kinase expression level
539 rapidly increased in response to salt or pathogen, accompanying increasing Ca?*,

540 H202 and SAlevels in the cells (Sardar et al., 2017).

541  Conclusion

542  We conclude that WHY1 exerts dual functions in plastids and the nucleus. Nuclear
543  WHY1 maintains SA homeostasis by directly affecting /ICS7 and indirectly affecting
544  PAL1 and BSTM1 expression via MYB15 and ERF109. The pWHY1 isoform promotes
545 PAL1/ICS1 expression and represses BSMT1 facilitating high SA accumulation,
546  resulting in early senescence, similar to bsmt1 mutants. Interestingly, MeSA treatment
547  altered the nWHY1 status (increasing the 29 kDa form of WHY1, while decreasing the
548 37 kDa form), going along with declined pWHY1 accumulation. These results indicate
549  that pWHY1/nWHY1 distribution in the nucleus and chloroplast allows balancing SA
550 and H202 homeostasis, in a developmental dependent manner, thereby affecting leaf

551  senescence in Arabidopsis (Figure 8).
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553  Figure 8. A working model of the senescence pathway performed by the dual located
554  WHY1 in response to SA. The nuclear isoforms of WHY1 are represented as both a
555 large molecular mass (37 kDa, bigger letters in the Figure) and a small molecular
556  mass (29 kDa, smaller letters). WHY1 has dual functions in plastids and the nucleus.
557 Loss of WHY1 increases SA accumulation at early stage (37 dag) through increasing
558 PAL1 expression and repressing BSMT1; Elevated SA promotes nuclear WHY1
559  de-modification and promotes ICS1 and BSMT1 expression thereby balancing SA
560 homeostasis in the cells. High SA levels by ICS1 cause feedback enhancing ROS
561 accumulation, promoting senescence. pWHY1 stimulates PAL1/ICS1 expression but
562 represses BSMTH1, allowing high levels of SA, leading also to early senescence. Thus,
563  distribution of WHY1 organelle isoforms and the putative feedback of SA form a
564  circularly integrated regulatory network during plant senescence in a developmental

565 dependent manner. Plastid (Chl) is shown as a green ovary, nucleus (Nuc) as a grey
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566  ovary, lines for regulation, fat arrows for transfer or translocation, broken lines for

567 uncertainty.

568 Materials and Methods

569  Plant materials

570 All Arabidopsis thaliana mutants are in Col-0 background. The T-DNA insertion
571 lines why1 (Salk_023713), sid2, pal1, bsmt1 (SAIL_776_B10), myb15 (myb15-1
572 SALK 151976, myb15-2 SK2722) were kindly provided by other scientists; The
573  erf109 (SALK _150614) and over-expression lines of ERF109 gene (CS2102255)
574  were obtained from the Nottingham Arabidopsis stock center (NASC). Homozygous
575  plants were selected and confirmed by PCR or RT-PCR using gDNA and mRNA as

576 templates (Supplementary Fig S2), respectively (http://signal.salk.edu/

577  tdnaprimers.2.html). The overexpressing nWHY1-HA lines that produce the WHY1

578  protein located only in the nucleus, the overexpressing pnWHY71-HA lined that
579  produce the WHY1 protein dually located in plastids and the nucleus, the complement
580 PWHY1-HA (Pwhy1:pnWHY1-HA) line, and the pWHY1-HA lines that harbor the
581  construct of the full length WHY1 plus nuclear export peptide sequence fused to
582 HA-tag produces WHY1 protein located only in plastids have been constructed in our
583 lab (Miao et al. 2013; Lin et al. 2019).

584 Seeds are germinated on wet filter paper followed by vernalization at 4°C for 2 d,
585 then transplanted to vermiculite and are grown in a climatic chamber (100 yE/h, 13h

586  of light at 22°C/11h of dark at 18°C, 60% relative humidity). The rosette leaves are
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587 labeled with colored threads after emergence, as described previously (Hinderhofer

588 and Zentgraf 2001).

589 For MeSA treatment, rosette leaves are collected at 1, 2, 4, 6, and 8 hours after
590 spraying with 100 uM MeSA and stored in liquid nitrogen or -80 °C for later use in RNA

591  or protein isolations. Mock treatments used distilled water instead.

592 Measurement SA contents in rosette leaves

593 SA was extracted from 0.2 g the 5" leaf from individual plants at different stages of
594 development and measured by reversed-phase high-performance liquid
595 chromatography (HPLC) on an Agilent1260 system with a C18 column as previously

596 described (Verberne et al. 2002) with small modifications: SA was thoroughly

597 separated from the complex mixture by methanol containing 10% of sodium acetate
598 with pH 6.0 (Lin et al. 2017). Fluorescence detection (excitation at 305 nm and
599  emission at 407 nm) was applied and 3-Hydroxybenzoic acid (3-HBA) was used as an

600 internal standard (Aboul-Soud et al. 2004). Conjugated and free SA was detected at

601 the same time. Three independent biological replicates were performed for each data
602  point.

603  Staining of ROS

604 Visualization of H202 accumulation in leaves was performed using the
605 3’,3’-diaininobenzidine (DAB) staining method according to Zhang et al. (2014) and
606 Huang et al. (2019). Detached rosette leaves were vacuum filtered in 20 mL staining

607  solution containing 1 mg/mL DAB in 50 mM Tris-HCI, pH 5.0 for 10 min, and incubated
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608 in the darkness at room temperature for 12 h. The leaves were destained by boiling in
609  a mixture of ethanol, glycerol and acetic acid (3/1/1, v/v/v) for 15 min before imaging.

610 Detection of superoxide free radicals were performed by the nitroblue tetrazolium
611  (NBT) staining method as described in Lee et al. (2002). The whole rosette leaves of
612  5-to 6-week-old plants were harvested and immersed in 0.1 mg ml-1 NBT solution (25
613 mM HEPES, pH7.6). After vacuum infiltration, samples were incubated at 25°C for 2 h
614 in the darkness. Subsequently stained samples were bleached in 70% ethanol and

615  incubated further for 24 h at 25°C to remove the chlorophyll.

616 Imaging was conducted using an Epson Perfection V600 Photo scanner (Epson

617  China, Beijing, China).

618  Quantitative real-time PCR analysis (QRT-PCR)

619 The gRT-PCR was performed using SYBR Green master mix (SABiosciences,
620 Frederick, MD, USA) according to the manufacturer’s instructions. Complementary
621  DNA synthesis was carried out using a Fermentas first-strand complementary DNA
622  synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA) on RNA from
623  28-55-day-old plants grown under normal light conditions. Complementary DNAs
624  were diluted 20-fold prior to quantitative PCR experiments. The Touch 1000 platform
625 (Bio-Rad) was used for qRT-PCR experiments, and the data were analyzed using
626  Bio-Rad software version 1.5. We used GAPC2 or ACTIN as internal reference genes

627  for calculation of relative expression. Primers are listed in Supplemental Table S1. All
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628 determinations were conducted in three biological replicates.

629 Isolation and detection of plastid and nuclear proteins

630  Chloroplasts and nuclei were prepared and purified as described previously (Ren et al.
631  2017). Approximately 10 microgram proteins of each fraction was separated on 14%
632 (w/v) polyacrylamide gels. After transfer to nitrocellulose membranes,
633  immunodetection followed using specific antibodies against the WHY1 C-terminal
634 peptide CASPNYGGDYEWNR (Faan, Hangzhou, China). To monitor the purity of the
635 chloroplast and nuclear fractions, we used antibodies against the cytochrome b559
636  apoprotein A or the histone H3 (Cell Signaling, Munich, Germany), respectively (Lin et
637 al. 2019).

638 ChlIP-gPCR assay

639 Four-week-old rosettes of transgenic plants expressing the Pwhy1:WHY1-HA to
640 complement the why1 knockout background were used for sample preparations. The
641  cross-linked DNA fragments ranging from 200 to 1000 bp in length were
642 immunoprecipitated by an antibody against the HA-tag (Cell Signaling, Munich,
643  Germany). The enrichments of the selected promoter regions of both genes were
644  resolved by comparing the amounts in the precipitated and non-precipitated (input)
645 DNA samples, which were quantified by quantitative PCR using designed
646  region-specific primers (Supplementary Table S1 and Figure 4). Material from the
647  why1 mutant served as a mock control and was used for normalizations to calculate

648 the fold enrichment. The experiments were performed three times biological
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649 replicates.

650  Cloning and Construction of Vectors

651 The promoter sequences of 2kb upstream of ATG of MYB15 and the ERF109,
652 WRKY53, PAL1, PAL2, ICS1, and WRKY33 genomic sequence were PCR-amplified
653 and then restricted with Kpnl and Xhol, or Xhol and Pstl respectively and sub-cloned
654 into the pFLAP vector The entire cassette was then excised with Kpnl and Ascl and
655  cloned into the binary vector pBIN +.

656  For dual Luciferase assays, promoter sequences were PCR-amplified, digested with
657 Ncol and Kpnl and cloned into the pGreenll 0800-LUC binary vector (provided by
658 Roger P. Hellens). DNA constructs used for N. benthamiana agro-infiltration and for
659 agrobacteria-mediated plant transformation were constructed with the Goldenbraid
660 cloning (Sarrion Perdigones et al., 2013).

661 MYB15, ERF109 and WHY1 coding sequences were subcloned into a pUPD vector.
662 In the dual Luciferase assays; MYB15, ERF109, and WHY1 were in the 1al vectors
663  which are based on a pGREENII backbone. For generating the genes overexpression
664  construct, a CDS fragment was amplified subcloned into pGEM-T Easy (Promega),
665 excised with BamHI and Sall restriction enzymes and cloned under the CaMV-35S
666  promoter into pFLAP, before restriction with Pacl and Asc/ and ligation to the pBIN+
667  binary vector.

668  Dual-luciferase activity assay

669 Nicotiana benthamiana plants were grown in climate rooms (22°C, 16/8 h of
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670 light/dark). Plants were grown until they had six leaves and then infiltrated with
671  Agrobacterium tumefaciens GV3101. Plants were maintained in the climate rooms
672 and, after 4 to 5 d, 1-cm discs were collected from the fourth and fifth leaves of each
673  plant. Six biological replicates with their respective negative controls were used per
674 assay. The experiment was performed as previously described (Hellens et al., 2005)
675  with minor changes. Agrobacterium was grown over night in LB and brought to a final
676 0O.D.600 0.2 in infiltration buffer. Co-infiltrated Agrobacterium carried separate
677 plasmids; 900 pl of an empty cassette or one that contains the transcription factor
678  driven by the tomato 2 kb UBQ10 (SOLYC7G064130) promoter region, and 100 pl of
679 the reporter cassette carrying one of the test promoters. Leaf discs were
680 homogenized in 300 pl of a passive lysis buffer. 25 ul of a 1/100 dilution of the crude
681 extract was assayed in 125 pul of Luciferase assay buffer, and LUC and REN
682 chemiluminescence of each sample was measured in separate wells on the same
683 plate. RLU were measured in a Turner 20/20 luminometer, with a 5 seconds delay and
684 15 seconds measurement. Raw data was collected and the LUC/REN ratio was
685  calculated for each sample. Biological samples were polled together and a student's
686 t-test was performed against a background control for each experiment as described
687 in the results section. The entire experiment was repeated a second time under
688  similar conditions to confirm the regulatory effect of transcription factors.

689  Microarray Analysis

690  Two biological replicates were sampled from leaves of wild-type, VEX.pWHY1/why1,
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691 VEX: nWHY1/why1, and the why1 plants (see our previous paper Ren et al. 2017).
692  Extracted RNA was then amplified and labeled using the standard Affymetrix protocol
693 and hybridized to Affymetrix ATH1 GeneChips according to the manufacturer’s
694 guidelines (Katari et al. 2010). Statistical analysis of transcriptome data was carried
695 out using Parke Genome Suite software (www.partek.com). Data preprocessing and
696 normalization were performed using the Robust Microarray Averaging algorithm
697 (Irizarry et al., 2003). Batch effects between the replicates were not found.
698 Differentially expressed genes were identified by using ANOVA according to false
699 discovery rate, p-value 0.05 and at least a 2-fold change between the genotypes
700  (Supplementary Dataset 1-4).

701  Statistical analysis

702  Quantitative data were determined by at least three biological replicates and the
703  statistical significance was analyzed either using two-way ANOVA or pair-wide

704  multiple t-tests, with the GraphPad Prism software (version 7).
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1013 Figure legends

1014  Figure 1. The variation transcript level of genes encoding key enzymes related to SA
1015  metabolism pathway and SA contents in the why1 line during the development

1016  a. SA metabolism pathway in the cell. b The variation transcript level of genes encoding key
1017  enzymes related to SA metabolism in the why17 line during plant development. c. Content of
1018  conjugated (C-SA) and free (F-SA) salicylic acid in wild type and why7 mutant during the
1019  period of 28 to 55 days after germination (dag); d. Changes of conjugated and free salicylic
1020 acid contents in a series of double mutants with focus on 37 and 42 dag. f. Senescence
1021 phenotype of 37 dag old double mutants.

1022  The relative expression level normalized to GAPC, wild type at 28 dag (b) was setup as 1. The
1023  standard error bars present three time biological replicates and three time techniques
1024  replicates, the values are shown as means +SD. Asterisks (*P < 0.05, **P < 0.01) show

1025  significant differences to wild type line according to either two-way ANOVA or pair-wide
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1026  multiple t-tests.

1027  Figure 2. Transcript level analysis of genes encoding key enzymes related to SA metabolism

1028 pathway (a) and SA contents (b) in the pWHY1/why1, nWHY1/why1, and pnWHY1/why1

1029  transgenic plants compared to wild type from 28 to 42 dag during plant development.

1030 The standard error bars present three time biological replicates, the values are shown as

1031 meanszSE. Asterisks (*P < 0.05, **P < 0.01) show significant differences to WT within the

1032  respective conditions according to Student’s t test.

1033 Figure 3. The VEX:pWHY1, VEX:nWHY1 and the why1 mutants exhibits a complex nuclear

1034  genetic reprogramming.

1035 a. MapMan analysis for gene ontology terms enrichment of the entire VEX:pWHY1,

1036  VEX:nWHY1 and the why1 nuclear transcriptome.

1037  b. Histogram presenting the ratio of differentially expressed genes enrichment changes of

1038  selected biological process of the VEX:pWHY1, VEX:nWHY1 and the why1 transcriptome.

1039 c¢. The heatmap of SA metabolism related gene expression levels of the pWHY1/why1,

1040 nWHY1/why1, pnWHY1/why1 plants, and the why? mutants. VEX:pWHY1,

1041 VEX:pWHY1/why1; VEX:nWHY1, VEX:nWHY1/why1

1042  Figure 4. WHY1 activates/represses target gene expression

1043  b. Enrichment profiles of WHY1 protein in five target genes: ERF109, MYB15, ICS1,

1044  WRKY53, and WRKY33 by ChlIP-seq; b.Position of promoter motives (GTNNNNAAT plus

1045  AT-rich) of WHY1 target genes; c. Enrichment folds of WHY1 at the promoters of target genes

1046 by ChIP-gPCR at 37 and 42 days after germination; d. The expression levels of target genes
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1047  at 37 and 42 days after germination in the why1l mutant compared to WT. The error bars

1048 represented SD from three biological replicates. Asterisks indicated significant differences

1049  from the ACTIN according to two-tail Student’s t test (* denotes P < 0.05, ** for P < 0.01).

1050  Figure 5. Promoter activation assays using the LUC/REN system

1051  a. Structure of activator and reporter constructs. b. The promoters of ICS1, MYB15, ERF109,

1052  WRKYS53, and WRKY33 genes are co-infiltrated with a vector containing WHY1 under the

1053 regulation of the ACTIN promoter. ¢, Co-infiltration of MYB15 and ERF109 with the PALT,

1054  PAL2, ICS1, and BSMT1 promoters. Background promoter activity is assayed by

1055  co-infiltration with an empty vector of the same type. Shown are means and SE of six

1056  biological replicates. Asterisks denote statistically significant differences from the empty

1057  vector calculated using Student’s t test: *, P, 0.05; **, P, 0.01; and ***, P, 0.001.

1058  Figure 6. Phenotyping of loss- of WHY1 and its downstream target genes mutants

1059  a. Phenotypes of loss-of PAL1, ICS1, MYB15 and BSMT1 at 37dag compared to WHY1

1060 mutants. Whole rosette (a-up) and senescent leaf ratio of 5 plants (a-down); b. ROS

1061  accumulation of loss-of PAL1, ICS1, MYB15 and BSMT1 at 37dag compared to WHY1

1062  mutants by NBT and DAB staining; c. The transcript levels of SAGs genes in the loss- or gain-

1063  of PAL1, BSMT1 and loss- of MBY15, ERF109 and ICS1 plants at 37dag by qRT-PCR. The

1064  standard error is calculated from three biological replicates, the values are shown as

1065 meanszSE, the wild-type was setup to 1 in the heatmap.

1066  Figure 7. The plastid and nuclear isoform WHY 1 protein immunodetection after the treatment

1067  of MeSA and in the sid2, pal1 or double sid2 pal1 mutants compared to WT
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1068 a. The expression level of WHY1 in the WT plants after MeSA treatment for 1, 2, 4, 6, 8 hrs; b.

1069 WHY1 immunodetection in nuclear extracts after the treatment of MeSA for 4 hours, and in

1070  the sid2, pal1 or double sid2 pal1 mutants compared to WT, c. WHY1 immunodetection in

1071 plastid extracts after the treatment of MeSA for 4 hours, and in the sid2, pal1 or double sid2

1072  pal1 mutants compared to WT. Coomassie and silver staining as the protein amount loading

1073  controls. L-WHY1: large size (37 kDa) of WHY1; S-WHY1: small size (29 kDa) of WHY1. The

1074  antibody against peptide WHY1 was prepared by company; d. The alteration of p?WWwHY1 and

1075 nWHY1 after MeSA treatment or in the sid2, pal1 or double sid2 pal1 mutants compared to

1076  WT. The protein band signal is captured and calculated by Image J software program

1077  (http://www.di.ug.edu.au/ spargimagejblots). The data shows the average of three replicates.

1078  Asterisks (*P < 0.05, **P < 0.01) show significant differences to H>O treatment or WT

1079  according to Student’s t test.

1080  Figure 8. A working model of the senescence pathway performed by the dual located WHY1

1081  in response to SA. The nuclear isoforms of WHY1 are represented as both a large molecular

1082 mass (37 kDA, bigger letters in the Figure) and a small molecular mass (29 kDa, smaller

1083 letters). WHY1 has dual functions in plastids and the nucleus. Loss of WHY1 increases SA

1084  accumulation at early stage (37 dag) through increasing PAL1 expression and repressing

1085 BSMT1; Elevated SA promotes nuclear WHY1 de-modification and promotes ICS1 and

1086 BSMT1 expression thereby balancing SA homeostasis in the cells. High SA levels by ICS1

1087 cause feedback enhancing ROS accumulation, promoting senescence. pWHY1 stimulates

1088  PAL1/ICS1 expression but represses BSMT1, allowing high levels of SA, leading also to early
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1089  senescence. Thus, distribution of WHY1 organelle isoforms and the putative feedback of SA

1090 form a circularly integrated regulatory network during plant senescence in a developmental

1091  dependent manner. Plastid (Chl) is shown as a green ovary, nucleus (Nuc) as a grey ovary,

1092 lines for regulation, fat arrows for transfer or translocation, broken lines for uncertainty
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