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Abstract

Petal senescence is controlled by a complex regulatory network. Epigenetic regulation
like histone modification influences chromatin state and gene expression. However,
involvement of histone methylation in regulating petal senescence is still largely
unknown. Here, we found that the trimethylation of histone H3 at Lysine 4
(H3K4me3) is increased during the ethylene induced petal senescence in carnation
(Dianthus caryophyllus L.). The H3K4me3 levels are positively associated with the
expression of transcription factor DCWRKY75, ethylene biosynthetic genes DcACS1
and DcACQO1, and senescence associated genes (SAGs) DcSAG12 and DcSAG29.
Further, we identified that carnation DCATX1 (ARABIDOPSIS HOMOLOG OF
TRITHORAX1) encodes a histone lysine methyltransferase which can methylate
H3K4. Knockdown of DcATX1 delays ethylene induced petal senescence in carnation,
which is associated with the downregulated expression of DCWRKY75, DcACO1 and
DcSAG12. While overexpression of DcATX1 exhibits the opposite effects. DCATX1
promotes the transcription of DcWRKY75, DcACO1 and DcSAG12 by targeting to
their promoters to elevate the H3K4me3 levels. Overall, our results demonstrate that
DcATX1 is a H3K4 methyltransferase that promotes the expression of DcCWRKY75,
DcACOL1 and DcSAG12 by regulating H3K4me3 levels, thereby accelerating ethylene
induced petal senescence in carnation. This study further indicates that epigenetic

regulation is important for plant senescence process.
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Introduction

Fresh flowers are essential for plant reproduction and human spiritual life, they
are also important resources of spices, teas and pigments. The process of flower
senescence, especially petal senescence largely determines the ornamental and
economic value of a flower. Elucidating the molecular mechanisms of petal
senescence not only contributes to the improving of the postharvest longevity of cut
flowers but also to the entire floral industry (Ma et al., 2018).

Petal senescence is the final step of floral development that is highly regulated
by a complex network of both endogenous hormones and exogenous factors (Ma et al.,
2018). Among them, ethylene is considered to be the major hormone which regulates
the senescence process of ethylene sensitive flowers (Ma et al., 2018). Carnation
(Dianthus caryophyllus L.) is one of the most important and universally used
ornamental cut flowers worldwide which is highly sensitive to ethylene, so it is
generally served as a model plant for studying the mechanism of ethylene induced
petal senescence (Yagi et al., 2014; Ma et al., 2018).

Ethylene, a gaseous plant hormone, is essential for multiple developmental and
physiological processes in plants and responses to biotic and abiotic stresses
(Merchante et al., 2013; Ju and Chang, 2015). The ethylene response is initiated by
ethylene biosynthesis and signaling transduction (Yang and Hoffman, 1984;
Merchante et al., 2013; Ju and Chang, 2015). In ethylene biosynthesis pathway, the
1-aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS) and ACC oxidase
(ACO) play key roles (Yang and Hoffman, 1984). In addition, the ethylene signaling
transduction pathway has been well characterized in model plant Arabidopsis (Wang
and Qiao, 2019; Binder, 2020; Wang et al., 2020; Zhao et al., 2021). In brief, ethylene
is perceived by receptors (Chang et al., 1993; Hua et al., 1995; Hua and Meyerowitz,
1998; Hua et al., 1998). Then the receptors may undergo conformational changes and
fail to activate CONSTITUTIVE TRIPLE RESPONSEL (CTR1) (Kieber et al., 1993),
a kinase of ETHYLENE INSENSITIVEZ2 (EIN2) (Alonso et al., 1999; Ju et al., 2012).
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88  So, the C-terminal end of EIN2 (EIN2-C) will be cleaved, and then translocated into
89  cytoplasmic processing body (P-body) and nucleus (Ju et al., 2012; Qiao et al., 2012;
90 Wen et al., 2012; Li et al., 2015; Merchante et al., 2015). In P-body, EIN2-C will
91  repress the translation of EIN3-BINDING F BOX PROTEIN1 (EBF1) and EBF2 to
92  stabilize two core transcription factors EIN3 and EIN3-LIKE1 (EIL1) (Chao et al.,
93  1997; Guo and Ecker, 2003; Potuschak et al., 2003; Gagne et al., 2004; Li et al., 2015;
94  Merchante et al., 2015); In nucleus, EIN2-C will transduce the signal to EIN3 and
95 EIL1, leading to the transcriptional activation of ethylene response genes (Solano et
96 al., 1998; Chang et al., 2013). Recent studies showed that under ethylene treatment,
97  EIN2 interacts with a histone binding protein EIN2 NUCLEAR ASSOCIATED
98 PROTEIN1 (ENAP1) to elevate the acetylation levels of histone H3 at Lysine 14 and
99 23 (H3K14Ac and H3K23Ac), further initiates the transcriptional activation of
100  downstream genes (Zhang et al., 2016; Wang et al., 2017; Zhang et al., 2017; Zhang et
101 al., 2018; Wang et al., 2021). This links the ethylene signaling transduction pathway
102  with epigenetic regulation like histone modification (Wang and Qiao, 2019, 2020;
103 Wang et al., 2020).

104 According to the functional validation and gene expression patterns analysis,
105  ethylene biosynthesis and signaling transduction genes such as DcACS1, DcACO1,
106  DcEIN2, DcEIL3 and DcEBF1 may play vital roles in ethylene induced petal
107  senescence in carnation (Park et al., 1992; Woodson et al., 1992; Savin et al., 1995;
108  tenHave and Woltering, 1997; Jones and Woodson, 1999; Waki et al., 2001; Shibuya
109 et al., 2002; lordachescu and Verlinden, 2005; Fu et al., 2011; Fu et al., 2011).
110  Recently, a study indicated that transcription factors DcEIL3 and DcWRKY75 play
111 key positive roles in ethylene induced petal senescence in carnation (Xu et al., 2021).
112 However, the regulation networks and mechanisms, especially the epigenetic
113 regulation mechanisms remain largely unidentified.

114 Histone modification such as histone methylation has been implicated to play
115 critical roles in senescence process in plants, mainly in leaf senescence (Ay et al.,
116 2014; Woo et al., 2019; Ostrowska-Mazurek et al., 2020). A previous study revealed

117  that activation of WRKY53, a key regulator of leaf senescence, correlated with a
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118  significant increase in H3K4 methylation level (Ay et al., 2009). Overexpression of
119  SU(VAR)3-9 HOMOLOG2 (SUVH2), a histone methyltransferase, significantly
120  decreases H3K4 methylation level but increases H3K27 methylation levels at 5° end
121 and coding regions of WRKY53 (Ay et al., 2009). Further, genome-wide analysis
122 showed that the expression of SAGs is positively associated with the H3K4me3 levels
123 but negatively associated with the H3K27me3 levels during leaf senescence (Brusslan
124  etal., 2012; Brusslan et al., 2015). JUMONJI DOMAIN-CONTAINING PROTEIN16
125 (JMJ16), a histone H3K4 demethylase, was found to repress leaf senescence in
126 Arabidopsis by targeting to the promoters of WRKY53 and SAG201 (Liu et al., 2019);
127  In addition, RELATIVE OF EARLY FLOWERING6 (REF6), a H3K27me3
128  demethylase, was found to promote leaf senescence through directly activating the
129  major senescence regulatory and functional genes in Arabidopsis (Wang et al., 2019),
130  further confirming the importance of histone methylation in leaf senescence.

131 Although H3K4 methylation has been shown to be important for leaf senescence,
132 whether and how it participates in ethylene induced petal senescence in carnation is
133 still largely unexplored. In this study, we found that during the ethylene induced
134  carnation petal senescence, the H3K4me3 levels on the promoter regions of
135  DCWRKY75, DcACS1, DcACO1, DcSAG12 and DcSAG29 were increased. We then
136 showed that DcATX1 is a H3K4 methyltransferase that promotes the ethylene induced
137  carnation petal senescence process. Finally, we demonstrated that DcATX1 binds to
138  the promoters of DcWRKY75, DcACO1 and DcSAG12 to increase the H3K4me3
139  levels, thereby inducing the expression of DcWRKY75, DcACO1 and DcSAGI2.
140  Together, our research revealed that DcATX1 is a H3K4 methyltransferase that
141  regulates the transcription of DcCWRKY75, DcACO1 and DcSAG12 by modulating
142  H3K4me3 levels to promote the ethylene induced petal senescence in carnation.

143
144  Results

145 H3K4me3 levels are elevated during ethylene induced petal senescence in

146  carnation
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147  Our previous study has shown that the Gene Ontology (GO) analysis of 2973 Cluster
148 8 genes in ethylene treated carnation petal transcriptome were summarized in the
149  stress, ethylene and aging pathway, which indicated that these genes might play key
150  roles in ethylene induced petal senescence in carnation (Xu et al., 2021). We also
151  found that the GO term of regulation of histone modification like histone methylation
152  and histone acetylation exist in this cluster (Xu et al., 2021), which suggested that
153  histone modification may also play important roles in ethylene induced petal
154  senescence in carnation.

155 To test whether histone methylation like H3K4me3 involved in carnation petal
156  senescence, we firstly detected the H3K4me3 modification level in this process.
157  Previous study has shown that the carnation flower opening and senescence process
158  can be divided into six stages: bud stage (BS), half bloom stage (HBS), full bloom
159  stage (FBS), beginning of wilting stage (BWS), half wilting stage (HWS) and
160  complete wilting stage (CWS) (Fig. 1a) (Kong et al., 2017). We collected petals at
161  different stages and examined the total H3K4me3 levels by western blot. H3K4me3
162  levels were obviously increased at the BWS stage and were maintained at high levels
163  during the senescence (Fig. 1b), showing that the H3K4me3 levels are indeed elevated
164  during the petal senescence in carnation.

165 To further examine whether ethylene promotes H3K4me3 accumulation during
166  the petal senescence process in carnation, we firstly examined the phenotype of
167  carnation flower senescence at FBS stage treated with 10 ppm ethylene for different
168  times (0 hour (h), 4h, 8h, 12h and 24h). We found that 8h ethylene treatment can
169  cause a visible petal wilting phenotype, and the phenotype was severer with 24h
170  ethylene treatment (Fig. 1c). This phenotype change is accordance with our previous
171 study (Xu et al., 2021). We then conducted western blot to examine the H3K4me3
172 levels in those flower petals, and we found that the H3K4me3 levels were obviously
173 accumulated in the petals with 4 hours of ethylene treatment, and the levels were
174 maintained thereafter (Fig. 1d), indicating that H3K4me3 may play important roles in
175  carnation petal senescence.

176 These data suggested that H3K4me3 levels are elevated during ethylene induced
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177  petal senescence in carnation.

178  H3K4me3 modifications are positively associated with expression levels of
179  DCcWRKY75, DcACS1, DcACOL, DcSAG12 and DcSAG29 in carnation

180  To detect whether the increased H3K4me3 level influence gene expression, we
181  selected several senescence associated key genes to verify our hypothesis.

182 Previous study indicated that a strong correlation between changes in the
183 H3K4me3 mark and gene expression of WRKY75 was observed during leaf
184  senescence in Arabidopsis (Brusslan et al., 2015). Since DcCWRKY75, a homolog gene
185 of WRKY75 in Arabidopsis, is a key positive regulator in ethylene induced petal
186  senescence in carnation and belongs to Cluster 8 (Xu et al., 2021), we firstly detect
187  the expression level of DcWRKY75 and H3K4me3 modification in the promoter
188  region of DcWRKY75. Quantitative Reverse Transcription PCR (RT-gPCR) assay
189 indicated that DcCWRKY75 is quickly induced by ethylene treatment (Fig. 2a), which is
190  accordance with our previous study (Xu et al., 2021). Chromatin Immunoprecipitation
191 (ChIP)-gPCR assay exhibited that H3K4me3 levels in the different promoter regions
192  of DcWRKY75 were highly enriched by ethylene treatment (Fig. 2b). This means that
193  ethylene indeed can increase the H3K4me3 level in the promoter region of
194  DcWRKY75 to enhance its expression.

195 Since ethylene biosynthetic genes DcACS1 and DcACO1 and senescence
196  associated genes DcSAG12 and DcSAG29 also play critical roles in ethylene induced
197  petal senescence in carnation (Xu et al., 2021), we examined the expression levels of
198  these genes by ethylene treatment. RT-gPCR assay indicated that DCACS1, DcACO1,
199  DcSAG12 and DcSAG29 are also obviously upregulated by ethylene treatment (Fig.
200  2a), which is also accordance with our previous study (Xu et al., 2021). ChIP-qgPCR
201  assay exhibited that H3K4me3 levels in the different promoter regions of DcACS1,
202 DcACO1, DcSAG12 and DcSAG29 were also highly enriched by ethylene treatment
203  (Fig. 2b). These mean that ethylene indeed can also increase the H3K4me3 levels in
204  the promoter region of DCACS1, DcACO1, DcSAG12 and DcSAG29 to enhance their
205  expression.

206 Overall, these data showed that H3K4me3 levels are positively associated with
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207  expression levels of DCWRKY75, DCACS1, DcACO1, DcSAG12 and DcSAG29, which
208 indicated that H3K4me3 is involved in in ethylene induced petal senescence process
209 incarnation.

210  DcATX1 is a potential H3K4 methyltransferase in carnation

211 In higher plants, histone methylation levels are dynamically regulated by histone
212 methyltransferases and histone demethylases, which are mainly conducted by SET
213 DOMAIN GROUP (SDG) proteins and JMJ proteins (Cheng et al., 2020). To
214 illustrate how ethylene promotes H3K4me3 accumulation during the petal senescence
215  process of carnation, we firstly analyze the SDG proteins which have potential H3K4
216  methyltransferase activity in carnation.

217 In model plant Arabidopsis, ATX1/SDG27, ATX2/SDG30, ATX3/SDG14,
218  ATX4/SDG16, ATX5/SDG29, ARABIDOPSIS  TRITHORAX-RELATED3
219  (ATXR3)/SDG2, ATXR7/SDG25, ABSENT, SMALL, OR HOMEOTIC DISCS1
220 HOMOLOG1 (ASHH1)/SDG26, ASHH2/SDG8 and ASH1-RELATED3
221 (ASHR3)/SDG4 have been reported to regulate the H3K4 methylation level
222  (Cartagena et al., 2008; Saleh et al., 2008; Cazzonelli et al., 2009; Tamada et al., 2009;
223  Berr et al., 2010; Guo et al., 2010; Berr et al., 2015; Chen et al., 2017; Cheng et al.,
224  2020). eFP browser (http://bar.utoronto.ca/efp/cgi-bin/efp\Web.cgi) show that among

225  these genes, only ATX1 exhibits an increased expression in petals and stamen at
226  flower stage 15 by comparing with petals and stamen at flower stage 12 (Fig. S1),
227  which means that ATX1 homolog proteins may participate in petal senescence process
228  in Arabidopsis and other plants like in carnation.

229 By searching the homolog proteins in Carnation Genome Database

230  (http://carnation.kazusa.or.jp/) use the above SDG proteins as query, we totally got 12

231 homolog proteins in carnation genome: DcATX1 (Dcal6956), DcATX3 (Dca38),
232 DCATX4 (Dca52395), DCATXR3-1 (Dcal9660), DCATXR3-2 (Dcal9661),
233  DcATXR3-3 (Dca28546), DcATXR3-4 (Dca28547), DcATXR7
234  (Dca30048/Dca34598), DcASHH1-1 (Dca3622), DcASHH1-2 (Dca46518) and
235 DCcASHH2 (Dca26204) (Fig. S2a; Data S1) (Yagi et al., 2014). Based on our

236  previously constructed ethylene treated carnation petal transcriptome (Xu et al., 2021),

8
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237  the heatmap showed that DcATX1 exhibited an obvious down-regulated expression
238  with ethylene treatment by comparing with other SDG genes (Fig. S2b; Data S1).
239 RT-gPCR assay indeed indicated that the expression level of DcATX1 showed a
240 gradual decrease expression pattern during the ethylene induced petal senescence
241 process (Fig. 3a).

242 Protein sequence alignment indicated that DcATX1 indeed had a typical SET
243  (suppressor of variegation, enhancer of zeste and trithorax) domain, which is critical
244  for histone methyltransferase activity (Fig. S3). Further, we detected the protein level
245 of DCcATX1 using DcATX1 native antibody in carnation petal under ethylene
246  treatment. To our surprise, the protein content of DcATX1 showed an obvious
247  elevation by 12h ethylene treatment (Fig. 3b). This may due to the negative feedback
248  regulation which indicated that DcATX1 might play important role in ethylene
249  induced petal senescence in carnation, even though it showed an opposite expression
250  pattern by comparing with ATX1 in Arabidopsis (Fig. S1), so we selected it for further
251  investigation.

252 We checked the tissue specific expression pattern of DcATX1 and found that it
253 showed a moderate expression level in petal (Fig. 3c). Further, we found that
254  DcATXL1 is localized in nucleus (Fig. 3d). These data indicate that DCATX1 is a
255  potential H3K4 methyltransferase in ethylene induced petal senescence in carnation.
256  Silencing of DCATX1 delays ethylene induced petal senescence in carnation

257  To test the potential role of DcATX1 in petal senescence, we investigated its function
258 by using virus-induced gene silencing (VIGS) technique (Cheng et al., 2018; Xu et al.,
259  2021). We constructed a tobacco rattle virus vector (TRV-DcATX1) to specifically
260 silence DcATX1 in carnation plants and observed the phenotype. Compared with the
261 TRV control plants, DcATX1 exhibited reduced expression level in TRV-DcATX1
262  silenced plants (Fig. 4c).

263 Under air condition, the TRV-DcATX1 silencing clearly delayed carnation petal
264  senescence compared with in the TRV control plants, with flower longevity lasting
265 15.6+3.0days (d) in TRV-DcATX1 silenced plants compared with 11.8+1.9d in the

266 TRV control plants (Figs. 4a, b). After ethylene treatment, the petal senescence of

9
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267  both the TRV control plants and TRV-DcATX1 silenced plants were accelerated,
268  however, the vase life of the TRV-DcATX1 silenced plants (9.6+£2.1d) remained longer
269 than that of the TRV control plants (6.2+2.2d) (Fig. 4a, b). RT-gPCR showed that the
270  expression of DCWRKY75, DcACO1 and DcSAG12 were significantly decreased in
271 TRV-DcATX1 silenced plants compared with in the TRV control plants (Fig. 4c).

272 We also detected the potential function of DCATX1 in carnation petal discs. The
273  effects of DCATXL silencing on senescence of petal discs were analyzed and the result
274  showed that the expression of DcCATX1 was significantly lower in DcATX1-silenced
275  petal discs than in the TRV control petal discs under ethylene treatment or not (Fig.
276  S4b). In the TRV control, slight color fading occurred at 5d and almost half of the
277  petal discs were discolored at 9d (Fig. S4a). In contrast, TRV-DcATX1 silenced petal
278  discs showed a delayed color fading phenotype, with only slight color fading at 9d
279  (Fig. S4a). After ethylene treatment, color fading occurred at 5d and almost all the
280  petal discs were discolored at 9d in the TRV control petal discs (Fig. S4a). In contrast,
281  TRV-DcATX1 silenced petal discs clearly exhibited a delayed senescence phenotype,
282  with only slight color fading at 6d (Fig. S4a). In addition, the ion leakage rate showed
283  aconsistent trend with the expression level of DcATXL1 in different samples (Fig. S4c).
284  RT-gPCR showed that the expression of DcCWRKY75 and DcACO1 were significantly
285 decreased in TRV-DcATX1 silenced petal discs compared with in the TRV control
286  petal discs no matter with or without ethylene treatment (Fig. S4d), but DcSAG12 was
287  significantly decreased in TRV-DcATXL silenced petal discs only in air condition (Fig.
288  S4d).

289 These data indicated that silencing of DcATX1 delays ethylene induced petal
290  senescence in carnation.

291  Overexpression of DCcATX1 accelerates ethylene induced petal senescence in
292  carnation

293  To further investigate the potential function of DcATX1 in carnation petal senescence,
294  we construct constitutively expressed DcATX1 vector under the control of the
295  cauliflower mosaic virus (CaMV) 35S promoter (35S:DcATX1) to overexpress
296  DcATX1 in carnation plants. Compared with the 35S control plants, DcATX1 exhibited

10
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297  an obvious overexpressed expression level in 35S:DcATX1 overexpression plants (Fig.
298  5c).

299 Under air condition, the 35S:DcATX1 overexpression plants showed a shorter life
300 span than the 35S control plants, with flower longevity lasting 10.8+£1.5d in
301  35S:DcATX1 overexpression plants compared with 13.6£1.3d in the 35S control
302 plants (Fig. 5a, b). Under ethylene treatment, the flower longevity of the 35S:DcATX1
303  overexpression plants (6.2+1.3d) still remained shorter than that of the 35S control
304 plants (8.4+1.5d) (Fig. 5a, b). The RT-gPCR result showed that the expression of
305 DcWRKY75, DCACO1 and DcSAG12 were significantly increased in 35S:DcATX1
306  overexpression plants compared with in the 35S control plants (Fig. 5¢).

307 We further tested the potential role of DCATX1 in carnation petal disc senescence
308 and analyzed the effects of DCATX1 overexpression on petal discs (Figs. S5b). Under
309 air condition, slight color fading occurred at 12d and half of the petal discs were
310 discolored at 15d in the 35S:DcATX1 overexpression petal discs (Fig. S5a). In
311 contrast, 35S control petal discs showed color fading only at 15d (Fig. S5a). After
312  ethylene treatment, the DcATX1 overexpressed petal discs were almost completely
313  discolored at 15 d (Fig. S5a), whereas only half of the 35S control petals discs showed
314  color fading at 15d (Fig. S5a). In addition, the ion leakage rates were higher in
315  35S:DcATX1 overexpression petal discs at 3d under ethylene condition (Fig. S4c), and
316  higher at 6d no matter with or without ethylene treatment (Fig. S4c). Accordance, the
317  expression level of DcWRKY75 were significantly increased in 35S:DcATX1
318  overexpression petal discs compared with in the 35S control petal discs no matter with
319  or without ethylene treatment (Fig. S4d), but DcACO1 and DcSAG12 were
320 significantly increased in 35S:DcATX1 overexpression petal discs only under ethylene
321  treatment (Fig. S4d). These data indicated that DcCATX1 promotes ethylene induced
322  petal senescence in carnation.

323 To further examine whether DcAT X1 promotes petal senescence, we transformed
324  the DcATX1 overexpression vector (35S:DcATX1) into Arabidopsis Col-0 wild type
325 (WT) and obtained three independent overexpression transgenic lines named

326  35S:DcATX1#1, 35S:DcATX1#2 and 35S:DcATX1#3. RT-gPCR result indicated that

11
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327 the expression level of DcATX1 were strongly overexpressed in 35S:DcATX1
328  overexpression lines (Fig. S6a). The 35S:DcATX1 overexpression lines showed a
329  significant accelerated phenotype in flower senescence and abscission compared with
330 in WT (Fig. S6b). Consistently, RT-gPCR results showed a similar expression trends
331  of senescence mark genes AtSAG12 and AtSAG29 with DcATX1 in different lines (Fig.
332 S6a). These results indicate that DCATX1 also promotes petal senescence in
333  Arabidopsis.

334  DcATX1 methylates H3K4 in carnation

335 To test whether DcATX1 regulates H3K4me3 modification, we examined the H3K4
336  methylation levels in TRV-DcATX1 silenced plants and 35S:DcATX1 overexpression
337 plants by western blot. We found that the H3K4me3 levels were significantly
338  decreased in TRV-DcATX1 silenced plants compared with in TRV control plants, and
339 the H3K4me3 levels were significantly increased in 35S:DCcATX1 overexpression
340 plants compared with in 35S control plants (Fig. 6a, b). Notably, the H3K4me2 levels
341 were significantly increased in TRV-DcATX1 silenced plants compare with that in
342 TRV control plants, and significantly decreased in 35S:DcATX1 overexpression plants
343  compared with that in 35S control plants (Fig. 6a, b). However, no significant changes
344  were detected in H3K4mel levels (Fig. 6a, b). These results suggests that DCATX1 is
345 a potential histone H3K4 methyltransferase that may methylate H3K4me2 into
346  H3K4me3.

347 In order to determine whether DcATX1 is indeed an active H3K4
348  methyltransferase, we did in vitro histone methyltransferase activity assay. We

349  expressed and purified the C-terminal region of DCATX1 including the SET domain
350 and fused to MBP tag (Fig. S3). The histone methyltransferase activity assay was

351  performed using the fusion protein MBP-DcATX1C as enzyme source, a recombinant
352  Arabidopsis histone MBP-H3 as the substrate and the S-adenosyl-L-methionine
353 (SAM) as the methyl donor, MBP was used as the negative control. The reactions
354  were incubated for various time periods from 1h to 24 h and the productions were

355 analyzed by western blot using specific antibodies against H3K4me3, H3K4me2,
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356 H3K4me, H3 and MBP. H3K4me3 was detected within 1 h and progressively
357 accumulated as the reaction time increase, well, no accumulation of H3K4me3 was
358 detected in the MBP negative control even it was incubated for 24h (Fig. 6¢). Same
359  cases for the accumulation of H3K4me2 and H3K4mel (Fig. 6¢). This result indicated
360 that DCATX1 can methylate recombinant Arabidopsis histone H3 rapidly which does
361 not require any other proteins. Thus, we conclude that DcATX1 is a histone
362  methyltransferase which is capable of catalyzing H3K4 methylation.

363 DcATX1 promotes the transcription of DCWRKY75, DcACOL and DcSAG12 by
364 elevating H3K4me3 levels in their promoters

365  Since DcATX1 is a H3K4 methyltransferase and the expression levels of DcCWRKY75,
366 DCcACOl1 and DcSAG12 were decreased in TRV-DcATX1 silenced plants and
367 increased in 35S:DcATX1 overexpression plants, we want to detect whether DcATX1
368  regulates the H3K4me3 modification in the promoter regions of these genes.

369 We firstly did the ChIP-gPCR assays in TRV-DcATX1 silenced plants and in
370 TRV control plants with and without ethylene treatment. We found that in the
371 promoter of DcWRKY75, H3K4me3 levels were obviously decreased at different
372  regions no matter with or without ethylene treatment in TRV-DcATX1 silenced plants,
373  except for P3 region at air condition (Fig. 7a). For DCACO1 promoter, H3K4me3
374  levels were obviously decreased at P2 and P5 regions under ethylene treatment in
375 TRV-DcATX1 silenced plants (Fig. 7a). For DcSAG12 promoter, H3K4me3 levels
376  were obviously decreased at P2 region no matter with or without ethylene treatment,
377  but decreased at P1 region only in air condition in TRV-DcATX1 silenced plants (Fig.
378 Ta).

379 We also did the ChIP-gPCR assays in 35S:DcATX1 overexpression plants and in
380 35S control plants with and without ethylene treatment. We found that in the promoter
381 of DcWRKY75, H3K4me3 levels were obviously increased at different regions under
382 air condition in 35S:DcATX1 overexpression plants, and it was also increased at P2
383  region by ethylene treatment (Fig. 7b). For DCACO1 promoter, H3K4me3 levels were
384  obviously increased at P2 and P5 regions under air condition in 35S:DcATX1

385  overexpression plants, and it was also increased at P4 region by ethylene treatment
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386 (Fig. 7b). For DcSAG12 promoter, H3K4me3 levels were obviously increased at P2
387  region no matter with or without ethylene treatment in 35S:DcATX1 overexpression
388  plants (Fig. 7b).

389 These results suggested that DCAT X1 promotes the transcription of DCWRKY75,
390 DcACOL1 and DcSAG12 by elevating H3K4me3 levels in their promoters.

391 Ethylene promotes the accumulation of DCATX1 at the promoter regions of
392 DcWRKY75, DcACO1 and DcSAG12

393  To see whether DcATX1 regulates the H3K4me3 level by binding to the promoter
394  regions of DCWRKY75, DcACOL1 and DcSAG12, and whether ethylene influence these
395  binding activities, we did the ChIP-qPCR experiment in ethylene treated carnation
396  petal.

397 Firstly, we conducted ChIP experiments in carnation petal without (Oh) and with
398  (24h) ethylene treatment using DcAT X1 native antibody. The results clearly indicated
399 that DcATX1 was significantly enriched in the different promoter regions of
400 DcWRKY75, DcACO1 and DcSAG12 under ethylene treatment (Fig. 7c¢).

401 Next, we conducted ChIP experiments using transiently transformed 35S:
402  DCcATX1-GFP carnation plants. The transiently transformed 35S: GFP plants were
403  used as a negative control. The results indicated that DcATX1 was also significantly
404  enriched in the different promoter regions of DCACO1 and DcSAG12 under ethylene
405  treatment (Fig. S7).

406 These results suggest that ethylene can promote DcATX1 accumulation at the
407  promoter regions of DCWRKY75, DcACO1 and DcSAG12 to enhance the H3K4me3
408 levels, then to activate their expression to accelerate petal senescence in carnation
409  (Fig 8).

410

411 Discussion

412  Ethylene is important for the maturation and senescence process in plants, especially
413  for the climacteric horticultural fruits and ornamental flowers like tomato, apple,

414  banana, rose and carnation (Li et al., 2017; Ma et al., 2018; Liu et al., 2020; Kuang et
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415 al.,, 2021; Xu et al., 2021). Although numerous researches had revealed that the
416  transcriptional regulation through transcription factors play important roles in these
417  processes, how epigenetic regulation participated remains largely unknown (Ma et al.,
418  2018; Chen et al., 2020; Liu et al., 2020; Tang et al., 2020).

419 Recently, many works have been focused on the histone methylation regulation
420 in fruit ripening, especially for tomato fruit ripening process. The fruit ENCODE
421  project revealed that the repressive epigenetic mark H3K27me3 plays a conserved
422  role in regulating the expression of ethylene biosynthesis or ripening related genes
423  during the convergent evolution of fleshy fruit ripening by analyzing 147 histone
424  methylation profiles (Lu et al., 2018). In animals and plants, the H3K27me3 mark is
425  mainly deposited by Polycomb Repressive Complex2 (PRC2) complexes (Margueron
426 and Reinberg, 2011; Mozgova and Hennig, 2015). SIMSI1 (MULTICOPY
427  SUPPRESSOR OF IRA1), a component of PRC2, has been shown to prolong the
428  shelf life of tomato through repressing the expression of ethylene biosynthesis and
429  fruit-ripening genes (Liu et al., 2016). Moreover, SILHP1b (Like Heterochromatin
430  Protein 1b), a PRC1-like protein which can interact with SIMSI1, represses fruit
431  ripening through modulating the H3K27me3 levels in ethylene biosynthesis and
432  ripening-related genes in tomato (Liang et al., 2020). Further, SIIMJ6, a histone lysine
433  demethylase which can specifically demethylate H3K27 methylation, promotes
434  tomato fruit ripening by removing H3K27 methylation of ethylene biosynthesis and
435  ripening-regulated genes (Li et al., 2020). These studies clearly shown that the
436  repressive epigenetic mark H3K27me3 exhibited critical function during fruit
437  ripening in tomato and other fruits. Even though it has been shown that the active
438  epigenetic mark H3K4me3 is essential for leaf senescence in model plant Arabidopsis
439  (Ay etal., 2009; Brusslan et al., 2012; Ay et al., 2014; Brusslan et al., 2015; Liu et al.,
440  2019; Woo et al., 2019; Li et al., 2020; Ostrowska-Mazurek et al., 2020), whether and
441  how H3K4me3 participated in fruit ripening and flower senescence is still largely
442  unknown. A recent story indicates that histone posttranslational modifications like
443  H3K4me3 is crucial for fruit set in tomato (Hu et al., 2021). By using Clustered
444  Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated

15


https://doi.org/10.1101/2022.01.12.476045

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.12.476045; this version posted January 12, 2022. 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.

445  protein9 (Cas9) technique, they found that SISDG27, a homolog of ATX1 in
446  Arabidopsis which encodes a potential H3K4 methyltransferase, has potential ability
447  to trigger the flower-to-fruit transition in tomato (Hu et al., 2021) , but the function of
448  H3K4me3 and SISDG27 in tomato fruit ripening is not clear. Recently, a study
449 indicated that SIJMJ7, another histone lysine demethylase which can specifically
450  demethylate H3K4 methylation, inhibits tomato fruit ripening by removing H3K4me3
451  from the promoters of ripening-regulated genes and ethylene biosynthesis genes (Ding
452 et al., 2021), further revealed the regulation mechanism of H3K4me3 modification in
453  fruit ripening process. But up to now, whether and how H3K4me3 participates in
454  flower senescence is still largely undetermined.

455 In this work, we provide multiple lines of evidences showing that H3K4me3
456  plays momentous role in the ethylene induced petal senescence in carnation. Firstly,
457  we found that the H3K4me3 levels are elevated during ethylene induced petal
458  senescence in carnation and positively associated with expression levels of
459  DCcWRKY75, DcACS1, DcACOL, DcSAG12 and DcSAG29 (Figs. 1, 2). Secondly, we
460  showed that DcATX1 is a H3K4 methyltransferase which can methylate H3K4 in
461  carnation (Figs. 3, 6). Thirdly, our genetic and molecular evidence demonstrated that
462  DcATX1 promotes ethylene induced petal senescence in carnation (Figs. 4, 5). Finally,
463 we provided evidence showing that DcATX1 promotes the transcription of
464  DCcWRKY75, DcACO1 and DcSAG12 by targeting to their promoter regions to elevate
465 the H3K4me3 levels (Fig. 7). Overall, this study revealed that the epigenetic
466  modification, especially H3K4me3 which is catalyzed by DcATX1 and regulates the
467  transcription of DcWRKY75, DcACO1l and DcSAG12, is one of the principal
468  molecular mechanisms to promote ethylene induced petal senescence in carnation
469  (Fig. 8).

470 In the previous studies, ethylene can elevate the H3K14Ac and H3K23Ac levels
471  to initiate the transcriptional activation (Zhang et al., 2016; Wang et al., 2017; Zhang
472 et al., 2017; Wang et al., 2021). These give good examples that the role of plant
473  hormone ethylene may be tightly integrated with epigenetic modification (Wang and

474  Qiao, 2019, 2020; Wang et al., 2020). Up to now, except for histone acetylation,
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475  people do not know exactly whether and how ethylene regulates other epigenetic
476  modifications like DNA methylation or histone methylation. Here we show that
477  ethylene can trigger H3K4me3 accumulation on the promoter regions of DcCWRKY75,
478  DCcACS1, DcACOL, DcSAG12 and DcSAG29 in carnation petal (Figs. 1, 2), which
479  reveals a tip of the iceberg that ethylene indeed can regulate histone methylation.
480 Future work to detect how ethylene influence H3K4me3 modification in
481 genome-wide by Chromatin Immunoprecipitation followed by high-throughput
482  sequencing (ChlP-seq) will be benefit for our understanding in this field.

483 We revealed that the gene expression of DcCATX1 was gradually decreased by
484  ethylene treatment in carnation petal, but the protein level of DcATX1 was
485 upregulated during this process (Fig. 3a, b). The downregulation of DcATX1
486  expression maybe due to the negative feedback regulation. How ethylene promotes
487  DcATX1 protein accumulation need to be further investigated. By ChIP-qPCR assay,
488  we found that the enrichment of DcATX1 to the promoters of DcCWRKY75, DcACO1
489  and DcSAG12 was significantly increased by ethylene treatment (Fig. 7c and Fig. S7),
490  so when and how DcATX1 recognizes these sites in ethylene induced carnation petal
491  senescence process is a momentous question. CURLY LEAF (CLF)/SDGL1, another
492  component of PRC2 which has H3K27 methylation activity, can be recruited to the
493  chromatin by interacting with transcription factors which can bind to the polycomb
494  response elements (Xiao et al., 2017; Zhou et al., 2018). Thus, the PRC2 recruitment
495 relies on binding of trans-acting factors to cis-acting elements (Xiao et al., 2017; Zhou
496 et al., 2018). Unlike CLF, the H3K27me3 demethylase REF6 can directly bind to its
497  targets which contain a CTCTGYTY motif through its zinc finger (ZnF) domain (Cui
498 etal., 2016; Li et al., 2016; Wang et al., 2019). The leaf senescence related H3K4me3
499  demethylase JMJ16 also has a ZnF domain (Liu et al., 2019). Genetic and molecular
500 evidence shown that the ZnF domain of JMJ16 is not required for binding to its
501 targets like WRKY53 and also not required for H3K4me3 enrichment (Liu et al., 2019).
502  This means that different histone methylation enzymes using different strategies to
503  recognize their targets. Since DCATX1 can bind to the promoter of DcCWRKY75 under
504  ethylene treatment (Fig. 7c) and DcCWRKY75 is a direct target gene of DcEIL3-1 (Xu
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505 etal., 2021), we detect the interaction of DcATX1 with DcEIL3-1 by yeast two-hybrid
506  (Y2H) assay. There is no interaction between DcATX1 and DcEIL3-1 (Fig. S8).
507  Further, since DCATX1 also binds to the promoters of DcCACOL1 and DcSAG12 under
508 ethylene treatment (Fig. 7c and Fig. S7) and DcACOL1 and DcSAG12 are the direct
509 target genes of DCWRKY75 (Xu et al., 2021), we also detect the interaction of
510 DcATX1 with DcWRKY75 by Y2H assay. However, there is also no interaction
511  between DcATX1 and DcWRKY75 (Fig. S8). These results indicated that DCATX1 is
512 not directly recruited by DcEIL3-1 or DCWRKY75 under ethylene treatment. Using
513  omics method like ChlP-seq to search the DCATX1 binding sites or binding motifs in
514  vivo by DcATX1 native antibody and by using immunoprecipitation combined with
515  mass spectrometry (IP/MS) to detect protein interactors of DCATX1 is important for
516  revealing its regulation mechanism in carnation petal senescence in the future.
517  Moreover, due to the limitations of VIGS gene silencing approach, the TRV-DcATX1
518  silenced plants still show some response to ethylene, further work in constructing
519  carnation dcatxl true mutant by CRISPR/Cas9 technique to verify its function in
520 regulating petal senescence is necessary. By the way, whether and how other H3K4
521 methylation related SDG proteins and JMJ proteins involved and participate in
522  ethylene induced petal senescence in carnation is need to be further investigated.

523 In conclusion, we revealed the function of a H3K4 methyltransferase DCATX1 in
524  ethylene induced petal senescence in carnation, which gave us a new view about the
525 involvement of epigenetic modification in flower senescence. Ethylene can promote
526  DcATX1 binding to the promoter regions of DcCWRKY75, DcACO1 and DcSAG12 to
527 elevate the active H3K4me3 mark to enhance their expression, thus accelerating petal
528  senescence in carnation (Fig 8). This study reveals the tip of the iceberg of how
529  epigenetic regulation participates in the transcriptional regulation network in petal
530  senescence. Manipulation of DcATX1 homolog genes by gene editing technique
531  maybe benefit to cultivate longer vase life of ethylene insensitive cut flowers.

532

533  Materials and methods
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534  Plant materials and growth conditions

535  Cut carnation (‘Master’) flowers used in this study were collected from a commercial
536  grower (Kunming, China) and transported to the laboratory within 24h. Stems were
537  recut to 35 cm in length and rehydrated in deionized water (DW) and then held in
538  refreshed DW. Flower opening stages were recorded as previously described (Kong et
539 al.,, 2017). The Arabidopsis Columbia-0 (Col-0) were grown in an artificial growth
540  chamber at 22°C under long days (16h light/8h dark cycle) until use.

541  Ethylene treatments

542  FBS flowers were sealed in 10 liters airtight chambers with 10 ppm ethylene at 25°C
543  for different times. Flowers exposed to air were used as the control. 1 mol/L NaOH
544  was placed in the chamber to prevent the accumulation of CO,. After treatment, the
545  samples used for the gene expression analysis were collected and immediately frozen
546  in liquid nitrogen, then stored at -80°C.

547  Plasmid construction and plant transformation

548  Silencing of DcATXL1 in carnation flowers by VIGS technique was performed as
549  previously described (Cheng et al., 2018; Xu et al., 2021). For construction of the
550 DcATX1 VIGS vector, a 320 bp fragment from the 5’ end of the DCATX1 coding
551  region was amplified and cloned into the VIGS vector pTRV2. To construct
552 pCAMBIA1300-DcATX1 vector, the full-length genomic coding region of DcATX1
553  was amplified using gene-specific primers and then inserted into pCAMBIA1300
554  vector with a C-terminal GFP tag. For transient transformation of carnation, the
555 pCAMBIA1300-DcATX1 construct, pTRV2-DcATX1 construct as well as pTRV1 and
556  pTRV2 were transformed into Agrobacterium tumefaciens cells (strain GV3101) and
557  then cultured in Luria-Bertani medium for 12 h. The cultures were resuspended in
558 infiltration buffer (10 mM MgCl,, 200 mM Acetosyringone, 10 mM MES) to a final
559  ODgg Of approximately 1.5. pTRV2 were used as control. After incubating for 4 hours
560 in the dark at 28°C, the carnation flowers or 0.6mm diameter discs excised from the
561  carnation petals were immersed in the pPCAMBIA1300-DcATX1 and pPCAMBIA1300
562  bacterial suspension for transient overexpression of DcATXL1 or in the mixtures of

563  bacterial suspension containing an equal ratio (v/v) of pTRV1 and pTRV2 or pTRV1
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564 and pTRV-DcAX1 for VIGS assay, followed by infiltrating under a vacuum at 0.7
565  MPa. After vacuum infiltration, the petal discs or carnation flowers were washed and
566  placed in sterile water in the dark at 7-8°C for 3 d, followed by keeping at 23°C until
567  sampling. At least 16 petal discs were used for each treatment, and three replicates
568  were performed for each treatment. For VIGS of carnation plants, around 4 plants
569  were used in each of five independent experiments. The pPCAMBIA1300-DcATX1
570 was stably transformed into Arabidopsis Col-0 WT using the floral dip method
571  (Clough and Bent, 1998).

572  Measurement of electrolyte leakage rates

573  Electrolyte leakage rates were measured as described previously (Wu et al., 2017).
574  Briefly, fifteen carnation petal discs from each treatment were immersed in 15 ml of
575 0.4 M mannitol and shaken for 3h at room temperature. The initial conductivity of the
576  solution was measured with a conductivity meter (ST3100C) followed by
577  determination of total conductivity after the sample was incubated at 85°C for 20 min.
578  The electrolyte leakage rates were calculated as the percentage of initial conductivity
579  to the total conductivity.

580  Subcellular localization analysis

581  The subcellular localization of DcATX1 was carried out by infiltrating the Nicotiana
582  benthamiana leaves with Agrobacterium tumefaciens (GV3101) which carrying the
583  recombinant vector pPCAMBIA1300-DcATX1. The nucleolus marker gene fused with
584  mCherry-RFP was used as nucleus maker (Xu et al., 2021). After infiltrating for 3 d,
585 the infiltrated leaves were imaged in tobacco leaf epidermal cells using a laser
586  confocal microscope (Leica TCS SP8).

587 RT-qPCR

588  Total RNA samples were extracted using the TRIzol ®Reagent (Invitrogen) and 1 ug
589  of total RNA was converted into cDNA using HiScript 1st Strand cDNA Synthesis Kit
590 (Vazyme) following the manufacturer’s instructions. RT-gPCR reactions were
591  performed on BIO-RAD CFX Connect real time system using a HieffTMgPCR
592 SYBR& Green Master Mix (Yeasen) (Zhang et al., 2014; Zhang et al., 2016). The

593  transcript levels of genes were normalized to the internal control gene DcUbq3-7
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594  following the 2"**“ method (Nomura et al., 2012).

595  Protein extraction and western blot

596  For total protein extraction, frozen carnation flower samples were ground in liquid N,
597  and extracted with extraction buffer (100 mM Tri-HCI, pH 7.5, 100 mM NaCl, 5 mM
598 EDTA, 10 mM N-ethylmaleimide, 5 mM DTT, 10 mM B-mercaptoethanol, 1% SDS),
599  and centrifuged at 13,000g for 3 min at 4°C. The supernatant was collected and
600 prepared for western blot analysis. Western blot analysis were performed as
601  previously described (Zhang et al., 2016; Zhang et al., 2018). The relative amounts of

602  protein levels were calculated by ImageJ (https://imagej.nih.gov/ij/). Antibodies used

603 in western blot were anti-H3K4me3 (Abclonal A2357, 1:2000 dilution),
604  anti-H3K4me2 (Abclonal A2356, 1:2000 dilution), anti-H3K4mel (Abclonal A2355,
605 1:2000 dilution), anti-H3 (Abclonal A2348, 1:2000 dilution), anti-Rubisco (Abkine
606  A01110, 1:2000 dilution), anti-MBP (Abclonal AE016, 1:2000 dilution) and
607  anti-DcATX1 (Abclonal, 1:500 dilution).

608  Invitro histone methyltransferase assay

609  An in vitro histone methyltransferase assay was performed as previously described
610  (Guo et al., 2010). The 3’ region of the DcATX1 cDNA encoding an SET domain was
611  amplified using specific PCR primers and cloned into the pMAL-C2 vector.
612 MBP-DCcATX1C fusion protein was expressed in E. coli BL21 (DE3) and purified
613  using Amylose Resin (MBP, New England Biolabs) according to the manufacturer’s
614  introduction as well as recombinant Arabidopsis histone MBP-H3;5;. After
615  purification of MBP-fused proteins, histone methyltransferase assay was carried out.
616  Briefly, 50ul reaction mixtures containing substrate (MBP-H31.57), enzyme
617  (MBP-DcATX1C) and S-adenosyl-L-methionine (SAM; NEB) were incubated for Oh,
618  1h, 2h, 4h, 8h, 12h and 24h at 37°C. Reactions were stopped by boiling in sodium
619  dodecyl sulfate (SDS) loading buffer. After the histone methyltransferase assay, the
620  reaction mix was separated by SDS/PAGE gel electrophoresis, dried, and exposed to
621  films, as well as analyzed by western blot analysis using specific antibodies.

622 ChIP-gPCR

623  ChIP-gPCR was performed according to a previously published protocol (Zhang et al.,
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624  2016; Zhang et al., 2017). Briefly, chromatin isolated from carnation petals were fixed
625 in 1% formaldehyde and sonicated into DNA fragments. 6% of the sonicated
626  chromatin was saved as the input. The left samples were subsequently incubated with
627 2 pl of antibodies of anti-H3K4me3 (Abclonal A2357), anti-GFP (Abkine A02020)
628 and Magnetic Protein G Beads (Promega, G747A) overnight at 4°C with gentle
629  agitation. The input and eluted DNA were amplified by quantitative real-time PCR to
630  determine the enrichment of DNA immunoprecipitated.

631  Y2H assay

632  The full-length cDNA sequences of DcATX1, DcCWRKY75 and DcEIL3-1 were cloned
633 into the yeast vector pGBKT7 and pGADT7 separately to examine the interactions
634  between DcATX1, DcWRKY75 and DcEIL3-1. The Y2H Gold yeast strain (Clontech)
635 was transformed with appropriate pPGADT7 and pGBKT7 constructs. Yeast strains
636  were grown on synthetic dropout (SD) medium minus Trp and Leu (SD/-Trp-Leu)
637 plates for 3 days at 30°C, and then were spotted on the selective plates of
638  SD/-Trp-Leu-His-Ade. All primers used in this study are listed Data S2.

639  Statistical analysis

640  All experiments were performed with at least three biological replicates. Asterisks
641 indicate significant differences (Welch’s t-test, * P < 0.05, **P < 0.01, ***P < 0.001).
642  Different letters indicate significant differences by using Welch’s t test comparisons (P
643  <0.05). Error bars represent £SD.

644

645 Accession numbers

646  Sequence data from this article can be found in the TAIR website

647  (https://www.arabidopsis.org) under the following AGI codes: ATX1/SDG27

648 (AT2G31650), ATX2/SDG30 (AT1G05830), ATX3/SDG14 (AT3G61740),
649 ATX4/SDG16 (AT4G27910), ATX5/SDG29 (AT5G53430), ATXR3/SDG2
650 (AT4G15180), ATXR7/SDG25 (AT5G42400), ASHH1/SDG26 (AT1G76710),
651 ASHH2/SDG8 (AT1G77300), ASHR3/SDG4 (AT4G30860), SAG12 (AT5G45890),
652 SAG29 (AT5G13170) and ACTIN2 (AT3G18780).
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681  Data S2. Sequences of primers used in this study.

682

683 Figure legends

684 Figure 1. Ethylene induces carnation petal senescence and elevates H3K4me3
685 level.

686  (a) Phenotype of carnation flowers during opening and senescence process. Scale bar
687 =1lcm.

688  (b) Western blot analysis of the H3K4me3 modification level of carnation petal
689  during opening and senescence process. An anti-H3K4me3 antibody was used for
690  modification detection, and an anti-H3 antibody was used for detection of loading
691  control. Relative amounts of H3K4me3 modification normalized to H3 are shown
692  below.

693  (c) Phenotype of FBS carnation flowers treated with ethylene by different times. Scale
694 bar=1cm.

695  (d) Western blot analysis of the H3K4me3 modification level of carnation petal under
696 ethylene treatment. An anti-H3K4me3 antibody was used for modification detection,
697 and an anti-H3 antibody was used for detection of loading control. Relative amounts
698  of H3K4me3 modification normalized to H3 are shown below.

699 Figure 2. Relative expression of DCWRKY75, DcACS1, DcACOL1, DcSAG12 and
700 DcSAG29 and H3K4me3 enrichments in the promoter regions of these genes in
701  carnation petal under ethylene treatment.

702  (a) Relative expression of DCWRKY75, DCACS1, DcACO1, DcSAG12 and DcSAG29
703  in carnation petal under ethylene treatment.

704  (b) ChIP-gPCR analysis of H3K4me3 enrichment at promoters of DcWRKY75,
705 DcACS1, DcACO1, DcSAG12 and DcSAG29 in carnation petal under ethylene
706  treatment. Schematic structure of genomic sequences of DcWRKY75, DcACSL,
707  DcACO1, DcSAG12 and DcSAG29 were shown. Arabic numbers indicate the sites at
708  DcWRKY75, DcACS1, DcACOL, DcSAG12 and DcSAG29 locus used for ChIP-gPCR

709 analysis. Red lines represent promoter regions, black bars represent exons, and black
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710  lines represent intron regions.

711 Figure 3. Identification of DCATX1 in carnation.

712 (a) Relative expression of DCATX1 in carnation petal under ethylene treatment.

713 (b) DcATX1 protein level in carnation petal under ethylene treatment. Anti-Rubisco
714 were used for detection of loading control. Relative amounts of DcATX1 levels
715  normalized to Rubisco are shown below. ‘kD’ means ‘kilo Dalton’.

716  (c) Relative expression of DCATXL1 in root, stem, leaf, sepal, petal, stamen, pistil and
717 ovary of carnation.

718  (d) Subcellular localization of DcATX1. Red fluorescent was a nucleoid maker. Scale
719  bar=7.5pum.

720  Figure 4. Silencing of DcATX1 delays ethylene induced petal senescence in
721  carnation.

722  (a) Phenotype of carnation petal senescence of TRV control plants and TRV-DcATX1
723  silenced plants without (Air) and with (C,H,) ethylene treatment, recorded daily.
724 Scale bar =5 cm.

725 (b) The days of flower longevity of TRV control plants and TRV-DcATX1 silenced
726 plants without (Air) and with (C,H,) ethylene treatment.

727  (c) Relative expression of DcATX1, DcWRKY75, DcACO1 and DcSAG12 in TRV
728  control plants and TRV-DcATX1 silenced plants.

729  Figure 5. Overexpression of DCATX1 accelerates carnation petal senescence.

730  (a) Phenotype of carnation petal senescence of 35S control plants and 35S:DcATX1
731 overexpression plants without (Air) and with (C,H,) ethylene treatment, recorded
732 daily. Scale bar =5 cm.

733 (b) The days of flower longevity of 35S control plants and 35S:DcATX1
734 overexpression plants without (Air) and with (C,H,) ethylene treatment.

735 (c) Relative expression of DcATX1, DcWRKY75, DcACO1 and DcSAG12 in 35S
736 control plants and 35S:DcATX1 overexpression plants.

737  Figure 6. DCATX1 acts as a histone H3K4 methyltransferase.

738  (a, b) H3K4 methylation levels in TRV-DcATX1 silenced plants (a) and 35S:DcATX1

739  overexpression plants (b). Protein extracted from carnation petals were analyzed by
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740  western blot using specific antibodies against H3K4me3, H3K4me2, H3K4mel and
741 H3 as indicated. Relative amounts of H3K4me3, H3K4me2, H3K4mel modifications
742 normalized to H3 are shown below.

743  (c) DcATX1 has H3K4 methyltransferase activity. Recombinant Arabidopsis histone
744  MBP-H3 were used as substrates and the mixture were incubated for 0-24h as
745  indicated. The upper panels show western blots using specific antibodies against
746  H3K4me3, H3K4me2, H3K4mel, H3 and MBP as indicated and the lower panels
747 shows SDS-PAGE gel stained with coomassie brilliant blue R-250 for MBP-H3 and
748  MBP. ‘kD’ means ‘kilo Dalton’.

749  Figure 7. H3K4me3 level and DcATX1 accumulation at promoter regions of
750  DcWRKY75, DcACO1 and DcSAG12 under ethylene treatment.

751 (a) ChIP-gPCR detection of H3K4me3 modification at the promoters of DcCWRKY75,
752 DcACOL1 and DcSAG12 in TRV control plants and TRV-DcATXL1 silenced plants
753  without (air) and with (C,H,) ethylene treatment.

754 (b) ChIP-gPCR detection of H3K4me3 modification at the promoters of DCWRKY?75,
755  DCcACOL and DcSAG12 in 35S control plants and 35S:DcATX1 overexpression plants
756  without (air) and with (C,H,) ethylene treatment.

757  (c) DcATX1 enrichment in the promoter regions of DcWRKY75, DcACO1 and
758  DcSAG12 without (Oh) and with (24h) ethylene treatment.

759  Figure 8. Schematic model of DcATX1 promotes ethylene induced petal
760  senescence in carnation.

761 In the air condition, the protein level of DcATX1 is low, so that the H3K4me3
762  modification on the promoters of DcCWRKY75, DCACO1 and DcSAG12 is limit. In that
763  case, the carnation flower will remain fresh; Under ethylene treatment, the DcATX1
764  protein will accumulate and bind to the promoters of DcWRKY75, DcACO1 and
765 DCcSAG12 by an unknown factor, so that the H3K4me3 deposition on the promoters of
766  DCcWRKY75, DcACO1 and DcSAG12 will be increased to activate their expression.
767  The elevated expression of DCACO1 will produce more ethylene which become into a
768  positive feedback regulation, and the elevated expression of DcSAG12 and other

769 genes will promote the petal senescence, so the carnation flower will become
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770  senescent and eventually die.
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