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Abstract

Histone deacetylases (HDAs) play an important role in transcriptional regulation involved in
multiple biological processes. In this study, we investigate the function of HDA1S5 in abscisic
acid (ABA) responses. Immunopurification coupled with mass spectrometry-based proteomics
was used to identify the HDA15 interacting proteins. We found that HDA15 can interact with the
core subunits of MOS4-Associated Complex (MAC), MAC3A and MAC3B. In addition, ABA
enhances the interaction of HDAI1S5 with MAC3B. hdal5 and mac3a/mac3b mutants are
ABA-insensitive in seed germination and hyposensitive to salinity. RNA sequencing (RNA-seq)
analysis demonstrate that HDA15 and MAC3A/MAC3B not only affect the expression of
ABA-related genes, but also regulate ABA-responsive intron retention (IR). Furthermore,
HDA15 and MAC3A/MAC3B reduce the histone acetylation level of the genomic regions near
ABA-responsive IRs. Our studies uncovered the role of histone deacetylation in ABA-mediated
splicing regulation and identified that HDA15-MAC3A/MAC3B acts as an important regulation

module to mediate splicing of introns in ABA responses.
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Introduction

Post-translational ~ modifications of histones including methylation, acetylation,
phosphorylation, ubiquitination, and SUMOylation play important roles in modulating many
essential biological processes such as biotic stress, abiotic stress and flowering in plants (Chen
and Tian, 2007; Kim et al., 2015; Ueda and Seki, 2020). Histone acetylation catalyzed by histone
acetyltransferases (HATSs) is essential for gene activation through relaxing chromatin structure
(Fisher and Franklin, 2011). Histone deacetylases (HDAs) can remove the acetyl groups from
histones, resulting in chromatin compaction and repression of gene expression. Most of the
studies are focused on H3 and H4 acetylation since H3 and H4 are more preferable substrates for
HATs and HDAs than H2A and H2B. At least 4 lysine residues (K9, K14, K18 and K23) on H3
and 5 lysine residues (K5, K8, K12, K16 and K20) on H4 can be acetylated and deacetylated by
HATSs and HDAs (Chen and Tian, 2007). In Arabidopsis, HDAs are grouped into three families:
the Reduced Potassium Dependency 3 (RPD3)/HDA1 superfamily, Silent Information Regulator
2 (SIR2) family and HD2 family (Pandey et al., 2002; Liu et al., 2014).

HDA1S5, a RPD3/HDAI-type histone deacetylase, has been reported to mediate different
biological processes including photomorphogenesis, ABA response, and stress tolerance. HDA15
is associated with PIF3 and is involved in the regulation of chlorophyll biosynthesis and
photosynthesis by reducing histone H4 acetylation levels in the dark (Liu et al., 2013). HDA15
also interacts with PIF1 to regulate the transcription of the light-responsive genes involved in
multiple hormonal signaling pathways and cellular processes in germinating seeds in the dark
(Gu et al., 2017). Furthermore, HDA15 acts cooperatively with the NC-YC transcriptional factors
to regulates light control of hypocotyl elongation by co-regulating the transcription of the
light-responsive genes (Tang et al., 2017). In addition, HDA15 also interacts with HYS involved
in repressing hypocotyl cell elongation during photomorphogenesis(Zhao et al., 2019). More
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recent studies indicate that HDA1S5 is involved in abiotic stress responses. HDA15 and HFR1
cooperatively regulate several warm temperature marker genes such as HSP20 (HEAT SHOCK
PROTEIN 20), IAA19 (INDOLE-3-ACETIC ACID INDUCIBLE 19), and 1AA29 in plant response
to elevated ambient temperature (Shen et al., 2019). Furthermore, MYB96 form a complex with
HDAT1S5 to repress the expression of RHO GTPASE OF PLANTS (ROP) in ABA and drought
stress responses (Lee and Seo, 2019). In addition, HDA15 can be phosphorylated in vivo and
HDAT1S5 phosphorylation results in the loss of enzymatic activity and functions (Chen et al.,
2020).

MAC, a highly conserved complex in eukaryotes, is the orthologous complex of the
NINETEEN COMPLEX (NTC) or Prp19 complex (Prp19C) in yeast (Palma et al., 2007). The
NTC/Prp19C function is essential for the splicing reaction by regulating the progression of
spliceosome rearrangement (Chan et al., 2003; Hogg et al., 2010). The MAC complex consists of
over 20 proteins in Arabidopsis, many of them are involved in alternative splicing (AS)
(Monaghan et al., 2009; Monaghan et al., 2010; Zhang et al., 2014) and control miRNA levels
through modulating pri-miRNA transcription, processing, and stability (Jia et al., 2017; Li et al.,
2018). The subunits of the MAC complex, MOS4, CELL DIVISION CYCLES (CDCS5), PRL1
(PLEIOTROPIC REGULATORY LOCUS 1), MAC3A/3B, and MAC5A/5B/5C are required for
plant immunity, since their loss-of-function mutations result in plants exhibiting enhanced
susceptibility to pathogen infection (Palma et al., 2007; Monaghan et al., 2009; Monaghan et al.,
2010). More recently, it has been found that MAC3A/MAC3B interacts with three splicing
factors, SKI-INTERACTING PROTEIN (SKIP), PLEIOTROPIC REGULATORY LOCUS 1
(PRL1), and SPLICEOSOMAL TIMEKEEPER LOCUSI1 (STIPL1), to mediate the splicing of
pre-mRNAs encoded by circadian clock- and abiotic stress response-related genes (Li et al.,

2019).
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97 The involvement of histone modifications in splicing regulation has been reported in yeasts
98 and animals (Pajoro et al., 2017). Two models have been proposed to explain how histone
99  modifications regulate alternative splicing (Rahhal and Seto, 2019). In the kinetic coupling model,
100  histone deacetylation results in the more condensed chromatin, which would slow down the
101  elongation rate. Therefore, the splicing factors are recruited to the weak splicing sites, causing
102  exon inclusion. In contrast, acetylated histones lead to a looser chromatin and a faster elongation
103 rate. As a result, the splicing factors are recruited to the strong splicing sites, leading to exon
104 skipping (Rahhal and Seto, 2019). In chromatin-adaptor model, histone marks recruit different
105  splicing regulators by chromatin-binding protein that reads the histone marks. For example, the
106 heterochromatin 1 protein HP1r recognizes H3K9me3 marks to reduce transcriptional elongation
107  rate and include exons in human (Saint-André et al., 2011). However, the role of histone
108  modifications in splicing regulation in plants remains elusive.

109 In this study, we found that HDA1S interacts with the core subunits of the MAC complex,
110 MAC3A/MAC3B. The loss of function mutants of HDA15 and MAC3A/MAC3B are
1M1 ABA-insensitive in seed germination, hyposensitive to salinity, and high transpiration rates.
12  Furthermore, transcriptome analyses demonstrate that HDA15 and MAC3A/MAC3B are
13 involved in ABA-mediated splicing regulation, especially IR.

114
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116 Results

117 Identification of HDA1S5 interacting proteins

18 A previous study has shown that HDA1S5 interacts with the transcription factor MYB96 to
119  regulate the gene expression involved in ABA responses (Lee and Seo, 2019). To further
120 investigate the function of HDA15 in ABA responses, we performed immunopurification coupled
121 with mass spectrometry-based proteomics to identify the HDA15 interacting proteins. 10-day-old
122 Col-0 and hdal5-1 plants treated with or without (mock) ABA were used for immunopurification
123 using an anti-HDA15 antibody. In total, 209 and 435 HDA15-interacting proteins were identified
124 in mock and ABA treatment, respectively (Supplemental Data Set 1). Gene Ontology (GO)
125  analyses indicate that many HDA15-interacting proteins under both ABA- treated and mock
126  conditions are involved in the transcription regulation of the biological processes (Supplemental
127 Fig. 1A). Moreover, the GO terms, “response to salt stress” and “response to abscisic acid”, are
128  highly enriched in ABA treatment (Supplemental Fig. 1B). The correlation of the interacting
129  proteins was analyzed by STRING (Szklarczyk et al., 2015) and visualized in Cytoscape
130 (Shannon et al., 2003). A large number of HDA15 interacting proteins can be grouped into the
131 transcription factors, chromatin regulators and ribosomal proteins in both mock and ABA-treated
132 conditions (Fig. 1A, B, Supplemental Data Set 1).

133 In both mock and ABA treatment, several histone methyltransfreases including SET DOMAIN
134 PROTEIN 16 (SDG16) and SU(VAR)3-9-RELATED PROTEIN 5 (SUVRS) were identified.
135  Under ABA treatment, two WD-40 proteins, MSIl (MULTICOPY SUPRESSOR OF
136 IRA1I(MSI1) and HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENES 15
137 (HOSI15), were identified. MSI1 is part of an HDA complex and is involved in ABA signaling
138 (Mehdi et al., 2016). HOS15 is involved in cold stress by affecting the histone acetylation of the
139  stress responsive genes (Zhu et al., 2008). In addition, several transcription factors including
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140 MYB2 and WRKY63 were identified under ABA treatment. MYB2 is known to regulate the
141 expression of salt- and dehydration-responsive genes (Abe et al., 2003), and WRKY®63 is
142  involved in the regulation of plant responses to ABA and drought stress (Ren et al., 2010).
143 Interestingly, a group of splicing-related proteins including the core subunits of MAC, MAC3B,
144  MACSA, and CDCS5, were identified only in ABA treatment conditions (Fig. 1B).

145

146 HDAIS5 interacts with MAC3A and MAC3B in vivo and ABA enhances the interaction
147  between HDA15 and MAC3B

148 MAC3A and MAC3B are two core subunits of MAC, which is a conversed complex that is
149  associated with the spliceosome (Palma et al., 2007; Monaghan et al., 2009; Monaghan et al.,
150  2010). Previous studies indicate that MAC3A and MAC3B function redundantly in plant innate
151  immunity (Monaghan et al., 2009) and salt tolerance (Li et al., 2019). Since MAC3B was
152  identified as a HDA1S5 interacting protein in mass spectrometry analysis, we also analyze whether
153  HDAIS can also interact with MAC3B. The interaction between MAC3A/MAC3B and HDA15
154 was further confirmed by bimolecular fluorescence complementation (BiFC) assays and
155 coimmunoprecipitation (co-IP) assays. As shown in Fig. 2A, both MAC3A and MAC3B
156  interacted with HDA1S5 in the nucleus in Arabidopsis protoplasts in BiFC assays.

157 For co-IP assays, MAC3A or MAC3B fused with GFP (Pro35SGFP-MAC3A or
158  Pro35S.GFP-MAC3B) were transformed into Arabidopsis protoplasts. An anti-HDA15 antibody
159  was used for immunoprecipitation and an anti-GFP antibody was then used for immunoblot
160 analysis. GFP-MAC3A and GFP-MAC3B proteins could be precipitated by the anti-HDA15
161  antibody in Arabidopsis protoplasts (Fig. 2B), supporting that MAC3A and MAC3B interact with

162 HDAI15 in vivo.


https://doi.org/10.1101/2020.11.17.386672

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.17.386672; this version posted November 17, 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.

163 Moreover, we also examined the interaction of HDA15 and MAC3B under ABA treatment
164  conditions. The Pro35S GFP-MAC3B transgenic plants expressing GFP-MAC3B driven by the
165 35S promoter were treated with or without ABA. Although GFP-MAC3B was
166  coimmunoprecipitated by endogenous HDA15 in both mock and ABA-treated conditions, the
167  interaction between HDA15 and MAC3B was greatly enhanced by ABA treatment (Fig. 2C),
168  indicating that ABA promote the interaction between HDA15 and MAC3B.

169

170 mac3a/3b plants are hyposensitive to abiotic stress and ABA

171 Since HDAI1S5 is involved in abiotic stress and ABA responses (Lee and Seo, 2019), we also
172 investigated whether MAC3A and MAC3B are also involved in abiotic stress and ABA
173 responses by comparing the phenotypes of the single mutants hdal5, mac3a and mac3b as well
174 as the double mutants mac3a/hdal5, mac3b/hdal5 and mac3a/mac3b. After salt stress treatment,
175 about 50-60% hdal5-1 and mac3a/mac3b plants survived, compared to the survival rate of 30%
176 Col-0 wild type (WT) plants (Fig. 3A, B). The water loss rates of detached leaves in hdal5-1 and
177  mac3a/3b plants were also higher compared to WT (Fig. 3C). Furthermore, hdal5 and mac3a/3b
178  had higher germination rates on the media containing ABA (Fig. 3D). These results indicate that
179  MAC3A and MAC3B are also involve in abiotic stress and ABA response similar to HDA15. No
180  obvious phenotype difference was observed in the mac3a and mac3b single mutants compared to
181 WT. Furthermore, the phenotypes of mac3a/hdal5 and mac3b/hdal5 double mutants were
182  similar to that of the hdal5 single mutant in salt tolerance, transpiration rates, and seed
183  germination (Fig. 3). These observations support the notion that MAC3A and MAC3B function
184  redundantly in abiotic stress and ABA responses.

185

186  Transcriptome analysis of hdal5-1 and mac3a/mac3b mutants
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187 To further characterize the role of HDA15, MAC3A, and MAC3B in ABA responses,
188  10-day-old Col-0, hdal5-1, and mac3a/3b plants treated with or without (mock) ABA were used
189  for RNA-seq analysis. Compared with WT in mock conditions, 78 and 705 genes displayed
190  higher transcript levels (fold change > 1.5 with P < 0.05) in hdal5-1 and mac3a/mac3b plants,
191  respectively (Supplemental Data Set 2, 3). Among these upregulated genes from hdal5-1 and
192  mac3a/mac3b, 9 of them (Fisher’s exact test, P <8.9¢-06) were upregulated in both hdal5-1 and
193  mac3a/mac3b (Fig. 4A, Supplemental Data Set 4). We also identified 115 and 965
194  downregulated genes in hdal5-1 and mac3a/mac3b plants, respectively (Supplemental Data Set 2,
195  3). Among these downregulated genes, 18 of them (Fisher’s exact test, P <1.8e-10) overlapped
196  (Fig. 4A, Supplemental Data Set 4). The expression of many ABA-responsive genes including
197  NADPH-oxidase Rbohl, ABI5 BINDING PROTEIN 4 (AFP4), and BREVIS RADIX (BRX) was
198  impaired in hdal5 plants. In addition, the expression of PYL7 encoding an ABA receptor and
199 some ABA-responsive genes including RD22, COLD-REGULATED 47 (COR47), and
200 POTASSIUM CHANNEL IN ARABIDOPS S THALIANA 1 (KAT1) was affected in mac3a/mac3b
201  plants. Furthermore, the salt stress-responsive genes GLUTATHIONE S TRANSFERASE 7
202  (GSTF7) and LATE EMBRYOGENES S ABUNDANT 7 (LEA7) were affected in both hdal5 and
203 mac3a/mac3b plants in the mock condition (Supplemental Data Set 4).

204 Under ABA treatment, 108 and 1058 genes were upregulated (fold change > 1.5 with P < 0.05)
205  in hdal5-1 and mac3a/mac3b, respectively (Supplemental Data Set 2, 3), with 30 genes (Fisher’s
206  exact test, P <5.8e-23) overlapped (Fig. 4A, Supplemental Data Set 4). 137 and 1334 genes were
207 downregulated genes in hdal5-1 and mac3a/mac3b, respectively (Supplemental Data Set 2, 3),
208  with 34 genes (Fisher’s exact test, P <6.5¢-21) overlapped (Fig. 4A, Supplemental Data Set 4).
209  The heatmap analysis showed that the overlapped genes in hdal5-1 and mac3a/mac3b displayed
210 similar patterns (Fig. 4B). The transcriptome analysis showed that the expression of

9
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211 ATP-BINDING CASSETTE G40 (ABCG40) encoding an ABA transporter was downregulated in
212 hdal5 plants. The expression of the ABA signaling pathway genes such as SNRK2.2, ABA
213 INSENSITIVE 5 (ABI5) and ABSCISC ACID RESPONSVE ELEMENT-BINDING FACTOR 1
214 (ABF1l), and a key enzyme gene in ABA biosynthesis, NINE-CISEPOXYCAROTENOID
215 DIOXYGENASE 3 (NCED3), was affected in mac3a/mac3b plants. Furthermore, the salt
216 stress-responsive genes, NA"/H" (SODIUM HYDROGEN) EXCHANGER 3 (NHX3) and HEAT
217 SHOCK PROTEIN 22.0 (HSP22.0), and the cold stress-responsive gene EPITHIOSPECIFIER
218  MODIFIER 1 (ESM1) were affected in both hdal5 and mac3a/mac3b plants under ABA
219  treatment (Supplemental Data Set 4).

220 Together, our genome-wide expression analyses suggest that HDA15 and MAC3A/MAC3B
221  coregulate a subset of genes involved in ABA responses. In addition, a large number of
222  differentially expressed genes that are not overlapped in hdal5-1 and mac3a/mac3 plants indicate
223  that HDA15 and MAC3A/MACS3B also function independently in gene regulation.

224

225 HDAI15 and MAC3A/MACS3B are involved in alternative splicing in ABA responses

226 MAC3A and MAC3B are the core subunits of MAC, which plays a critical role in pre-mRNA
227  splicing (Palma et al., 2007; Monaghan et al., 2009; Monaghan et al., 2010). We further explored
228  whether HDA15, MAC3A, and MAC3B coregulate pre-mRNA splicing to mediate ABA
229  responses by analyzing genome-wide alternative splicing. AS events can be classified into five
230  types: alternative donor (AltD), alternative acceptor (AltA), alternative donor and acceptor
231 (AltD/A), exon skipping (ES), and IR. Compared with Col-0 in mock treatment, 3,240 and
232 20,582 novel IR events were identified in hdal5-1 and mac3a/3b, respectively (Fig. 5A,
233 Supplemental Data Set 5). In ABA treatment, IR events were dramatic increased to 5,462 and
234 31,311 in hdal5-1 and mac3a/3b, respectively (Fig. 5A). Over 90% of AS events were IR

10
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235  (Supplemental Data Set 5~7). Since IR is the major mode of AS events, we further analyzed the
236  patterns of the IR events by monitoring relative IR levels. The IR level was defined as the read
237  coverage depth of an intron divided by that of the two neighboring exons. hdal5-1 and mac3a/3b
238  had higher IR levels than Col-0 both in mock and ABA treatment (Fig. 5B).

239 We further analyzed the coregulated IR events in hdal5-1 and mac3a/3b. The Venn diagram
240  showed that among the 2,027 coregulated IR events in mock treatment, 1,454 of them (71.7 %)
241 were co-enhanced as shown in the quadrant plot (Fig. 5C). In ABA treatment, among the 3,940
242 coregulated events, 2,567 of them (65.2 %) showed a similar pattern of enhances in hdal5-1 and
243 mac3a/3b (Fig. 5D). In the co-enhanced IR events, 1,454 and 2,567 events were specifically
244 occurred in mock and in ABA treatment, respectively (Fig. 5SE). The Gene Ontology analysis
245  showed that “response to salt stress” was enriched in both mock and ABA treatment (Fig. 5F).
246  Interestingly, ABA- and stress-related GO were highly increased in ABA treatment (Fig. 5F).
247  Taken together, these results indicate that HDA15 and MAC3A/MAC3B coregulate intron
248  retention of ABA- and stress-related genes in ABA response.

249 Compared to mock treatment, 5,763 and 5,497 AS events were identified after ABA
250  treatment in Col-0 and hdal5-1, respectively. There were 5,271 IR events in Col-0, which
251  account for 91.5% of all AS events. There were 5,008 IR events in hdal5-1, which also account
252  for 91.1% of all AS events. In particular, a large number of AS (15,896) and IR (15,385) events
253  were identified in mac3a/3b after ABA treatment (Fig. 6A, Supplemental Data Set 8). We further
254  analyzed whether loss of function of HDA15, MAC3A, or MAC3B causes IR changes in ABA
255  responses by analyzing relative IR levels. After ABA treatment, the IR levels of Col-0 and
256  hdal5-1 were slightly decreased compare to mock treatment. However, the IR level of
257 mac3a/mac3b was increased after ABA treatment (Fig. 6B), indicating that MAC3A and
258  MACS3B are required for the genome-wide alternative splicing in response to ABA.

1
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259

260  HDAI15 and MAC3A/MAC3B affect ABA-responsive IR

261 To further uncover the involvement of HDA15 and MAC3A/MAC3B in ABA-responsive
262  alternative splicing, we defined those IR events with more than two-fold enrichment after
263  ABA-treatment in Col-0 as ABA-responsive IR events, and 5,271 ABA-responsive IR events
264 were identified (Fig. 6A, Supplemental Data Set 8). We compared the IR levels of the
265  ABA-responsive IR events in Col-0 with those in hdal5-1 and mac3a/3b. The IR level was
266  slightly increased in Col-0, hdal5-1, and mac3a/3b when treated with ABA (Fig. 7A). We further
267  classified the ABA-responsive IR events into the enhanced or reduced events. In the number of
268  enhanced ABA-responsive IR events, Col-0 had a 2.9-fold increase after ABA treatment, whereas
269  hdal5-1 and mac3a/mac3b only had 1.5- and 1.4-fold increases, respectively (Fig. 7B). In the
270  number of reduced ABA-responsive IR events, Col-0 had a 3.2-fold decrease, whereas hdal5-1
271 and mac3a/mac3b had almost no changes. (Fig. 7C). These data indicate that HDA15 and
272  MAC3A/MAC3B play important roles in modulating ABA-responsive IR, especially the reduced
273  ABA-responsive IR events.

274 The effect of ABA on IR of three selected ABA- and stress-related genes, SNRK2.6, NTAQ1
275 (GLN-SPECIFIC AMINO-TERMINAL (NT)-AMIDASE), and EDM1 (ENHANCED DOWNY
276 MILDEW 1), in hdal5 and mac3a/mac3b was examined by qRT-PCR. The IR form of SNRK2.6
277  was increased in hdal5 and mac3a/mac3b compared to Col-0, and ABA further increased its
278  level (Fig. 8A, D). The IR forms of NTAQL and EDM1 were increased in mac3a/mac3b but not
279 in hdalb in mock treatment. However, the levels of these IR forms were induced in both hadl5
280  and mac3a/3b in ABA treatment, which is consistent with the RNA-seq data (Fig. 8B, C, E, F).

281  These results indicate that HDA15 and MAC3A/MAC3B coregulate intron retention of

12
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282  ABA-related genes, and ABA enhances the IR events regulated by HDAI15 and
283 MAC3A/MAC3B.

284 HDAs remove acetyl groups from e-N-acetyl lysine residues of histones. We further
285  investigated whether HDA15 and MAC3A/MAC3B affect the histone acetylation levels near the
286  retained intron by chromatin immunoprecipitation (ChIP) assays. We examined the levels of
287  H3K9ac approximately 250 bp upstream of the retained intron (P1), approximately 250 bp
288  downstream of the retained intron (P2), and about 800 bp downstream from P2 as a control (P3).
289  The H3K9ac levels near the 9" intron of SNRK2.6, the 5™ intron of NTAQL, and the 8" intron of
290 EDML1 (P1 and P2) were increased in hdal5 and mac3a/mac3b when treated with ABA compared
291  with Col-0. In contrast, there was no difference in the H3K9ac levels of the P3 regions, which are
292  located far away from the retained introns (Fig. 9). These results indicate that HDA15 and
293  MAC3A/MAC3B affect the histone acetylation level of the regions near ABA-responsive IRs in
294 response to ABA.

295
296
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297  Discussion

298 It has been reported that MYB96 recruits HDA15 to suppress RHO GTPASE OF PLANTS
299  (ROP) genes by histone deacetylating in the presence of ABA(Lee and Seo, 2019). To further
300 investigate the function of HDA15 in ABA responses, we used immunopurification coupled with
307  mass spectrometry-based proteomics to identify the HDA15 interacting proteins. We found that
302 HDAI5 can interact with many transcription factors, chromatin remodeling proteins, and
303  ribosomal proteins. HDA15 copurified with the WD40-repeat proteins MSI1 and HOS15. MSI1
304  is part of an HDA complex and loss of function of MSII causes upregulation of ABA receptor
305 genes and hypersensitivity of ABA-responsive genes (Mehdi et al., 2016). The WD40-repeat
306  protein HOS15 shares sequence similarity with human TBL1 (transducin-beta like protein 1),
307  which is a component of the repressor complex that associates with HDAs (Zhu et al., 2008). The
308  reduction of HOS15 results in a cold hypersensitive phenotype in Arabidopsis (Zhu et al., 2008).
309 HDAI15 may form an HDA complex with MSI1 and HOS15 to mediate ABA responses in
310  Arabidopsis.

311 Recent studies have revealed that alternative splicing regulates stress responses through
312  targeting the ABA signaling pathway. RNA-BINDING PROTEIN 25 (RBM25) binds to the
313  PP2C HYPERSENSTIVE TO ABAl (HAB1) pre-mRNA, resulting in two splicing variants,
314  HABL.1 and HAB1.2. HABI.1 interacts with SnRK2.6/OST1 and inhibits its kinase activity to
315  turn off the ABA signaling (Wang et al., 2015). SNW/SKI-INTERACTING PROTEIN (SKIP),
316 an essential spliceosomal component and transcriptional coregulator, interacts with MAC3A and
3177 MAC3B to mediate the pre-mRNA splicing of abiotic stress-related genes, thereby affecting
318  environmental fitness (Li et al., 2019). We found that HDA15 also interacts with the core

319  subunits of the MAC complex, MAC3A and MAC3B, and modulates ABA-responsive IR events,
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320  suggesting that HDA15 and MAC3A/MAC3B may co-regulate ABA responses and stress
321  adaption through alternative splicing.

322 The involvement of histone modifications in splicing regulation has been reported in yeasts
323  and animals. In mammals, H3K36me3 on the alternatively splicing regions is recognized by
324  MORF-Related Gene 15 (MRG15), which recruits the PTB splicing factor to promote exon
325  skipping. In contrast, the low level of H3K36me3 causes exon inclusion (Luco et al., 2010). In
326  Arabidopsis, the H3K36me3 methyltransferase mutants, sdg8 and sdg26, disturb the alternative
327  splicing of the flowering regulator gene FLM and the circadian clock gene PRR7 (Pajoro et al.,
328  2017). The MRG15 homologs MRG1 and MRG?2 in Arabidopsis also bind to H3K36me3 (Xu et
329 al, 2014). Moreover, the PTB homologs in Arabidopsis, PTB1 and PTB2, mediate exon
330  inclusion within FLM (Ruhl et al.,, 2012). In addition to H3K36me3, H3K9 and H3K4
3317  methylations also affect alternative splicing. H3K9me3 is recognized by the heterochromatin 1
332 protein HP1r, leading to a reduce transcriptional elongation rate and exon inclusion in human
333 (Saint-André et al., 2011). In Drosophila, H3K9me3 and HP1 interact to recruit heterogeneous
334 nuclear ribonucleoparticles (hnRNPs), which repress splicing by directly antagonizing the
335  recognition of splice sites (Piacentini et al., 2009). In human, H3K4me3 is recognized by the
336  chromatin-adaptor protein CHD1, recruiting spliceosomes to human cyclin D1 pre-mRNA (Sims
337 et al., 2007). The association of HDAs with histone methyltransferases has been reported in
338 plants. Arabidopsis HDAG6 interacts with the histone methyltransferases SUVH4/5/6 and
339  coregulates transposons through histone H3K9 methylation and H3 deacetylation (Yu et al.,
340  2017). In the present study, we found that HDAI15 also interacts with several histone
341  methyltransferases including SDG16 and SUVRS. It has been reported that SDG16 can bind to
342  ABA-HYPERSENSITIVE GERMINATION 3 (AHG3) and trimethylated H3K4 (Liu et al.,
343 2018), whereas SUVRS5 mediates H3K9me2 deposition (Caro et al., 2012). Further research is
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344 needed to investigate the function of HDA15 interacting with histone methyltransferases in the
345  regulation of alternative splicing.

346 In yeast, spliceosome assembly is strongly coupled with histone modifications including
347  acetylation and deacetylation. The yeast histone acetyltransferase Gen5 is required for the
348  association of U2 snRNP to the splicing branchpoint (Gunderson and Johnson, 2009). Mutation
349  or deletion of Gen5-targeted histone H3 residues leads to the intron accumulation of the GenS
350  target genes (Gunderson et al., 2011). In yeast, Prp19 is a core component of the Prp19 complex
351 (Prp19C), also known as NineTeen complex (NTC), which functions in splicing and stabilizes
352  U5/U6 snRNP in the spliceosomal complex (Chan et al., 2003). The deletion of the yeast HDACs
353  Hos3 and Hos2 reduces the recruitment of Prpl9 to pre-mRNA (Gunderson et al., 2011).
354  MAC3A and MAC3B are the plant homologs of Prp19 (Monaghan et al., 2009). The interaction
355  of MAC3A and MAC3B with HDA1S5 indicates they are functionally associated. We found that
356  the H3K9 acetylation levels of SNRK2.6, EDM1, and NTAQL1 are increased in both in hdal5 and
357  mac3a/mac3b mutants, indicating that MAC3A/MAC3B may affect the histone acetylation level
358  of their target genes by interacting with HDA15.

359 In conclusion, we propose a model of how HDA15 and MAC3A/MAC3B interaction is
360 involved in ABA response through alternative splicing. HDA15 deacetylates the ABA-responsive
361 genes and acts coordinately with MAC3A/MAC3B to regulate alternative splicing in ABA
362  responses (Fig. 10).

363
364
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365  Methods

366  Plant materials and growth conditions

367 The T-DNA insertion mutants, hdal5-1 (SALK 004027), mac3a (SALK 089300) and mac3b
368  (SALK 050811), were described previously (Monaghan et al., 2009; Liu et al., 2013) and all of
369  them are in the Col-0 background. Arabidopsis (Arabidopsis thaliana) plants were grown under
370  long-day conditions (16 hr light/ 8 hr dark cycle) at 23°C after seeds were subjected to a 3-day
371 stratification period. To generate Pro35S MAC3B-GFP transgenic lines, MAC3B complementary
372 DNA (cDNA) was cloned into the pK7WGF2 binary vector. The transgenic plants were
373  generated using the floral dip method (Clough & Bent, 1998).

374

375  Liquid chromatography-tandem mass spectrometry (LC-MS/MS)

376 10-day-old Col-0 wild type and hdal5-1 were treated with or without 50 uM ABA for 3 hr.
377  Total proteins were extracted in an extraction buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl,
378  10% glycerol, 1% Igepal CA-630, and 1 mM PMSF) containing a protease inhibitor cocktail
379  (Roche). The HDAI1S5-associtated proteins were immunoprecipitated by rabbit polyclonal
380 anti-HDAI1S5 (Liu et al., 2013). After trypsin digestion and desalting, peptides were used to
381  perform LC-MS/MS by Thermo Orbitrap Elite Mass Spectrometer and for Mascot analysis.
382  hdal5-1 was used as a negative control for excluding the proteins that bind non-specifically to
383  the HDAIS5 antibody in immunopurification. The correlation of the interacting proteins was
384  analyzed by STRING (Szklarczyk et al., 2015) and visualized in Cytoscape (Shannon et al.,
385  2003).

386

387  Bimolecular fluorescence complementation assays
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388 HDA15, MAC3A, and MAC3B were cloned into the pCR8/GW/TOPO vector and then
389  recombined into the YFPN (pEarleyGate201-YFP") and YFP® (pEarleyGate202-YFP®) vectors
390 (Lu et al., 2010). Constructed vectors were transiently transformed into Arabidopsis protoplasts
391 by polyethylene-glycol (PEG)-mediated transfection (Yoo et al., 2007). YFP florescence was
392  observed using Leica TCS SP5 confocal microscope.

393

394  Co-immunoprecipitation assays

395 MAC3A or MAC3B cDNA was cloned into the pK7WGF2 binary vector for transient
396  expressing GFP-MAC3A or GFP-MAC3B by PEG-mediated transfection in Col-0 Arabidopsis
397  protoplasts. 10-day-old Col-0, hdal5-1, and Pro35S GFP-MAC3B transgenic plants were treated
398  with or without 50 uM ABA for 3 hr. Total proteins were extracted in the extraction buffer
399  containing protease inhibitor cocktail (Roche) as described above. Protein extracts were
400  incubated with a rabbit polyclonal anti-HDA15 antibody and protein G Mag Sepharose beads
401  (GE Healthcare) overnight at 4°C. The beads were washed with a wash buffer (50 mM Tris-HCl,
402  pH 7.4, 150 mM NaCl, 10% glycerol, and 1% Igepal CA-630). Immunoblotting was carried out
403 by using the rabbit polyclonal anti-HDA15 antibody, anti-GFP antibody (Abcam, ab290), and the
404  secondary antibody Clean-Blot IP Detection Reagent (Thermo, 21230).

405

406  Abiotic stress tolerance test and seed germination treated with ABA

407 For the salt tolerance test, 3-week-old plants were watered with 300 mM NaCl for two weeks,
408  and the survival rates were measured. For transpiration (water loss) measurements, detached
409  leaves from 5- week-old plants were exposed to white light in a growth chamber at 23°C. Leaves
410  were weighed at various time intervals, and the loss of fresh weight (percentage) was used to
411 indicate water loss. For seed germination test, imbibed seeds were cold treated at 4°C in the dark
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412 for 3 days, and then sown on a half-strength Murashige and Skoog (MS) medium (pHS5.7) with
413 1% sucrose, 0.8% w/v agar, and 2 uM ABA for 3 days.

414

415  RNA-seq

416 For RNA sequencing, 10-day-old seedlings of Col-0 wild type, hdal5-1, and mac3a/mac3b
417 were treated with or without 50 uM ABA for 3 hr. Total RNA was extracted with Trizol reagent
418  (Invitrogen) according to the manufacturer’s protocol, and then used for Illumina NovaSeq 6000
419  platform to generate paired-end reads of 150 bp. Two biological replicates for each sample were
420  performed independently.

421 After low quality read trimming, over 73 million paired-end reads were obtained per sample.
422  More than 94% of the reads for every replicate were mapped to Araportl1l using Bowtie 2
423  (Langmead & Salzberg, 2012) and BLAT (Kent, 2002). RPKM values were calculated using the
424 Rack] software package (http://rackj.sourceforge.net/), and normalized by the TMM method
425  (Robinson & Oshlack, 2010). In this study, differentially expressed genes were defined as
426  p-value <0.05 (t-test) with fold-change> 1.5.

427 The major types of AS events, IR, AltD/A, and ES, were analyzed by RacklJ as described
428  previously (Kanno et al., 2017). In brief, significant IR changes were defined as p-value<0.05
429  (t-test) with fold-change> 2. The significant ES and AItD/A events were determined using a
430  method similar to that for IR events following the criteria: the read counts supporting the ES or
437  AltD/A event >20, the read counts aligned to the skipped exon >20 (for ES); the read counts
432  supporting all other junctions of the same intron (for AltD/A).

433

434 ¢RT-PCR
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435 Total RNA was extracted with Trizol reagent (Invitrogen) according to the manufacturer’s
436  protocol and used to synthesize cDNA. qRT-PCR was performed using iQ SYBR Green
437  Supermix (Bio-Rad) and the CFX96 real-time PCR system (Bio-Rad). The gene-specific primers
438  used for real-time PCR are listed in Supplemental Data Set 9. Each sample was quantified at least
439  in triplicate and normalized using Ubiquitin10 (UBQ10) as an internal control.

440

441 ChIP-qPCR

442 ChIP assays were performed as described (Gendrel et al., 2005; Liu et al., 2013). Chromatin
443  was extracted from 10-day-old seedlings. After fixation with 1% formaldehyde, the chromatin
444 was sheared to an average length of 500 bp by sonication and then immunoprecipitated with the
445  H3K9ac antibody (Diagenode, C15410004). The cross-linking was then reversed, and the amount
446  of each precipitated DNA fragment was determined by qPCR using specific primers in
447  Supplemental Data set 9. Three biological replicates were performed, and three technical repeats
448  were carried out for each biological replicate. Representative results from one biological replicate
449  were shown.

450

457 Accession numbers

452  HDAI1S, AT3G18520; MAC3A, AT1G04510; MAC3B, AT2G33340; SNRK2.6, AT4G33950;
453  NTAQI, AT2G41760; EDM1, AT4G11260; UBQ10, AT4G05320. All RNA-seq data have been
454 uploaded to the Sequence Read Archive (SRA) database (accession no. SRP292622) at the
455 National Center for Biotechnology Information (NCBI).

456

457 Supplemental Data Files
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458  Supplemental Figure 1 Biological processes of HDA1S5 interacting proteins in mock and ABA
459  treatment

460  Supplemental Data Set 1. HDA15 interacting proteins in mock and ABA treatment identified by
461 LC-MS/MS

462  Supplemental Data Set 2. Differentially expressed genes in hdal5-1 compared to Col-0 in mock
463  and ABA treatment.

464  Supplemental Data Set 3. Differentially expressed genes in mac3a/mac3b compared to Col-0 in
465  mock and ABA treatment.

466  Supplemental Data Set 4. Coregulated genes in hdal5-1 and mac3a/mac3b in mock and ABA
467  treatment.

468  Supplemental Data Set 5. List of IR events in hdal5-1 and mac3a/mac3b in mock and
469  ABA-treated conditions compared with Col-0.

470  Supplemental Data Set 6. List of ES events in hdal5-1 and mac3a/mac3b in mock and
471 ABA-treated conditions compared with Col-0.

472  Supplemental Data Set 7. List of AltD/A events in hdal5-1 and mac3a/mac3b in mock and
473  ABA-treated conditions compared with Col-0.

474  Supplemental Data Set 8. List of AS events in Col-0, hdal5-1 and mac3a/mac3b in
475  ABA-treated condition compared with mock conditions.

476  Supplemental Data Set 9. List of primers used in this study.

477
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Fig. 1 The functional network of HDAL5 interacting proteins
The interaction proteins correlation network in mock (A) and ABA treatment. Data were
analyzed by STRING and visualized by Cytoscape.
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Fig. 2 HDA15 interacted with MAC3A and MAC3B

(A) HDA15 fused with the YFP N-terminal fraction (HDA15-YFP") and MAC3A/MAC3B fused
with the YFP C-terminal fraction (MAC3A-YFP®, MAC3B-YFP®) were cotransformed into
Arabidopsis protoplasts. BiFC signals were observed by a confocal microscope. Nuclear
localization was detected by NLS-mCherry. Scale bar, 10 pm.

(B) Co-immunoprecipitation analysis from the transient expression of GFP-MAC3A or
GFP-MACS3B in Col-0 Arabidopsis protoplasts. Anti-GFP was used for IP and endogenous
HDAU15 was detected by anti-HDAL15.

(C) Co-immunoprecipitation analysis of interaction between HDA15 and MAC3B in
Pro35S:GFP-MAC3B transgenic plants in mock and ABA treatment. Col-0 and hdal5-1
were used as negative controls of Western blot. Anti-GFP was used for IP, and endogenous
HDA15 was detected by anti-HDA15. The numbers below indicate the quantitative results
normalized to mock and calculated using ImageJ software.
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Fig. 3 The phenotypes of mac3a, mac3b, mac3a/3b, mac3a/hdal5, and mac3b/hdal5 in

response to salt stress and ABA

(A) The phenotype of three-week-old plants irrigated with 300mM NaCl solution for two weeks.

(B) Survival rates of three-week-old plants irrigated with 300mM NaCl solution for two weeks.
Error bars represent SD of triplicates (t test, *p<0.05, **p<0.01).

(C) Water loss from detached leaves in Col-0, hdal5-1, mac3a, mac3b, mac3a/mac3b,
mac3a/hdal5, and mac3b/hdal5 plants. Values are the mean of the percentage of leaf water

loss = SD (t test, *p<0.05, n=20).

(D) Germination rates of Col-0, hdal5-1, mac3a, mac3b, mac3a/mac3b, mac3a/hdal5, and
mac3b/hdal5 seeds germinated on the media containing 2 uM ABA for 3 days. Experiments
were performed in triplicate and repeated at three times with similar results. Values are
shown as means + SD (t test, *p<0.05, **p<0.01; n=50).
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Fig. 4 Genome-wide expression analysis in Col-0, hdal5-1, and mac3a/3b by RNA-seq

(A) Venn diagram of the number of genes that displayed differential expression in hdal5-1 and
mac3a/mac3b compared with Col-0 in mock or ABA treatment. RNA-seq analysis was
performed using 10-d-old Col-0, hdal5-1, and mac3a/3b in mock or treated with 50 uM
ABA for 3 hr. The p-value of overlapped genes was determined by the Fisher’s exact test.

(B) The heatmap shows the fold changes of the coregulated genes in hdal5-1 and mac3a/mac3b.
The fold changes were log, transformed.
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Fig. 5 Genome-wide splicing analysis and intron retention levels of hdal5-1 and
mac3a/mac3b compared with Col-0 in mock and ABA treatment
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(A) Alternative splicing events in hdal5-1, and mac3a/mac3b compared with Col-0 in mock and
ABA treatment.

(B) Box plot of total IR levels. The log2 IR levels of alternative splicing events (p<0.05 and fold
change >2, t test) were plotted.

(C) HDA15, MAC3A, and MAC3B coregulated intron retention events. Venn diagram
comparing IR events regulated by HDA15, MAC3A, and MAC3B (up panel). Scatter Chart
showed the IR trend in hdal5 and mac3a/3b in mock (down panel). The numbers mean IR
events and the percentage in the quadrant.

(D) Venn diagram comparing IR events regulated by HDA15, MAC3A, and MAC3B (up panel).
Scatter Chart showed the IR trend in hdal5-1 and mac3a/3b in ABA treatment (down panel).
The numbers mean IR events and the percentage in the quadrant.

(E) Venn diagram shows co-enhanced IR events regulated by HDA15, MAC3A, and MAC3B in
mock and ABA. 1332 and 2567 co-enhanced IR events were specific in mock and ABA
treatment, respectively.

(F) GO analysis of co-enhanced IR in hdal5-1 and mac3a/3b. The specific IR events in ABA
treatment were highly enriched with ABA and stress related GO terms.
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A
WT mock vs. ABA hdal5-1 mock vs. ABA mac3a/3b mock vs. ABA
% Events % Genes % Events % Genes %

Events % Genes
Total 5763 100.0 4559 100.0 | 5497 100.0 4304 100.0 | 15896 100.0 8608 100.0

IR 5271 915 4156 912 | 5008 91.1 3918 91.0 | 15385 968 8205 95.3
AltD 155 2.7 118 26 | 157 29 124 29 172 1.1 131 1.5
AltA 234 4.1 185 4.1 252 4.6 185 43 248 1.6 187 2.2
AltDA 38 0.7 35 0.8 37 0.7 34 0.8 36 0.2 31 0.4
ES 65 1.1 65 14 | 43 0.8 43 1.0 55 0.3 54 0.6
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Fig.6 Genome-wide pre-mRNA splicing analysis in ABA treatment by RNA-seq
(A) Novel alternative splicing events in Col-0, hdal5-1, and mac3a/mac3b with ABA treatment.
(B) Box plot of total IR level. The log2 IR levels of alternative splicing events (p<0.05 and fold

change >2, t-test) were plotted.
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Fig. 7 ABA-responsive IR levels in Col-0, hdal5-1, and mac3a/3b in mock and ABA
treatment
(A) ABA-responsive IR levels (left panel) and heatmap (right panel).

(B) Box plot of enhanced ABA-responsive IR levels (left panel) and heatmap (right panel).

(C) Box plot of reduced ABA-responsive IR levels (left panel) and heatmap (right panel).

The log2 IR levels of alternative splicing events (p<0.05 and fold change >2, t test) were plotted.
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Fig. 8 ABA-responsive IR events defects in hdal5-1 and mac3a/mac3b in ABA treatment.

(A) to (C) Read mapping of ABA-responsive IR events visualized in the Integrative Genomics
Viewer (https://software.broadinstitute.org/software/igv/). Dashed boxes indicate the regions
of IR events. F and R indicate the forward and reversed primer using in quantitative
RT-PCR.
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(D) to (F) The levels of ABA-responsive IR events in Col-0, hdal5-1, and mac3a/mac3b plants
in mock and ABA treatment analyzed by quantitative RT-PCR. The relative expression was

normalized with Col-0. UBQ was used as an internal control. Error bars represent SD.
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Fig. 9 H3K9ac levels of the retained introns of SNRK2.6, NTAQ1, and EDM1 in hdal5 and
mac3a/mac3b

Schematic diagrams of SNRK2.6(A), NTAQ1(B), and EDM1(C) genes with amplicons (indicated
as P1 to P3) used for ChIP-gPCR were shown. Open boxes represent UTRs, and black boxes
represent exons. The red bars indicate the introns that were retained in hdal5-1 and mac3a/3b in
RNA-seqg. 10-day-old Col-0, hdal5-1, and mac3a/mac3b treated with or without (mock) ABA
were used for ChIP-qPCR using an anti-H3K9ac antibody. The amounts of DNA relative to
Col-0 in mock were normalized to ACTIN7. Different letters above the error bars indicate
statistically significant difference (P < 0.05, two-way ANOVA with Tukey HSD Test).
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Fig. 10 HDAI15 interacts with MAC3A and MAC3B and is involved in alternative splicing
HDAI15 interacts with MAC3A and MAC3B, two subunits of the MAC complex, which
associates with the assembling spliceosome with U4/U5/U6 tri-snRNP. The HDA15-MAC
complex is recruited to the splicing site and releases U1 and U4. At the same time, the acetyl
groups are removed by HDA15 and introns are spliced out to process mature mRNA.
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A The biological process of HDA1S interaction proteins in mock
GO term Count % P-Value
Transcription, DNA-templated 32 15.5 4.90E-03
Translation 19 9.2 3.70E-02
Response to cadmium ion 12 5.8 7.70E-04
Secondary metabolite biosynthetic process 7 34 3.70E-03
Response to cytokinin 7 34 1.10E-02
Ubiquitin-dependent protein catabolic process 7 34 3.70E-02
Protein-chromophore linkage 6 2.9 9.00E-05
Ribosome biogenesis 6 2.9 1.50E-02
DNA mediated transformation 5 24 1.30E-04
Nucleosome assembly 5 24 3.40E-03
B The biological process of HDA15 interaction proteins in ABA treatment
GO term Count % P-Value
Transcription, DNA-templated 52 12.2 2.70E-02
Oxidation-reduction process 44 10.3 2.20E-03
Translation 33 7.7 3.90E-02
Response to salt stress 21 4.9 2.60E-03
Response to abscisic acid 20 35 9.50E-05
Response to cadmium ion 20 4.7 3.30E-03
Embryo development ending in seed dormancy 15 4.7 3.50E-02
Response to cytokinin 11 2.6 4.70E-03
Ribosome biogenesis 10 23 2.70E-03
mRNA processing 9 2.1 3.00E-02

Supplemental Fig. 1 Biological processes of HDA15 interacting proteins in mock and ABA
treatment
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