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Abstract 

The phytohormone abscisic acid (ABA)-induced leaf senescence facilitates nutrient 

reuse and potentially contributes to enhancing plant stress tolerance. However, 

excessive senescence causes serious reductions in crop yield, and the mechanism 

by which senescence is finely tuned at different levels is still insufficiently understood. 

Here, we found that the double mutant of core enzymes of the Polycomb repressive 

complex 2 (PRC2) is hypersensitive to ABA in Arabidopsis thaliana. To elucidate the 

interplay between ABA and senescence at the genome level, we extensively profiled 

the transcriptomic and epigenomic changes triggered by ABA. We observed that 

H3K27me3 preferentially targets ABA-induced senescence-associated genes 

(SAGs). In the double, but not single, mutant of PRC2 enzymes, these SAGs were 

de-repressed and could be more highly induced by ABA compared with the wild-type, 

suggesting a redundant role for the PRC2 enzymes in negatively regulating 

ABA-induced senescence. Contrary to the rapid transcriptomic changes triggered by 

ABA, the reduction of H3K27me3 at these SAGs falls far behind the induction of their 

expression, indicating that PRC2-mediated H3K27me3 contributed to long-term 

damping of ABA-induced senescence to prevent an over-sensitive response. The 

findings of this study may serve as a paradigm for a global understanding of the 

interplay between the rapid effects of a phytohormone such as ABA and the long-term 

effects of the epigenetic machinery in regulating plant senescence processes and 

environmental responses. 

  

Introduction 

The phytohormone abscisic acid (ABA) is essential for optimizing plant water use 

during development and abiotic stress responses. ABA-induced leaf senescence 

allows for nutrient re-allocation and promotes drought tolerance(Rivero et al., 2007, 

Zhao et al., 2016). Transcriptional regulation is one major component of ABA 

signaling. Upon external stimuli, ABA is rapidly synthesized, further perceived by ABA 

receptors, and finally activates cascades of transcription factors (TFs)(Cutler et al., 

2010, Yoshida et al., 2014). A recent high-throughput study based on chromatin 

immunoprecipitation followed by sequencing (ChIP-Seq) revealed that ABA signaling 

regulates the expression of thousands of genes via the chromatin binding of 
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ABA-related TFs at tens of thousands of loci (Song et al., 2016). ABA response 

elements (ABREs) are the most common class of regulatory sequence enriched 

surrounding these TF binding loci that generally confer ABA inducibility of target 

genes(Cutler et al., 2010, Yoshida et al., 2014). 

Intriguingly, ABA-responsive elements and genes were often found to be marked 

by H3K27me3 mediated by polycomb repressive complex 2 (PRC2)(Bouyer et al., 

2011, Lafos et al., 2011, Wang et al., 2016, Xiao et al., 2017), indicating an active 

interplay between the stress hormone and the epigenetic machinery. PRC2 and 

PRC1 are the major families of Polycomb group (PcG) factors and generally act in 

concert to promote an inactive chromatin state. CURLY LEAF (CLF) and SWINGER 

(SWN) are catalytic subunits of PRC2 responsible for histone H3 lysine-27 

tri-methylation. LIKE HETEROCHROMATIN PROTEIN 1 (LHP1, also named 

TERMINAL FLOWER 2; TFL2), the counterpart of the human Pc component, plays 

roles in both the PRC2 and PRC1 complexes (Turck et al., 2007; Zhang et al., 2007). 

While PRC2 is known to play an essential role in plant development(Schubert et al., 

2005, Derkacheva and Hennig, 2014, Grossniklaus and Paro, 2014, Mozgova and 

Hennig, 2015), the role of this complex in response to ABA and ABA-related stresses 

is incompletely understood(Kwon et al., 2009, Sani et al., 2013, Kleinmanns and 

Schubert, 2014, Liu et al., 2014a, Liu et al., 2014b, Avramova, 2015, Sanchez et al., 

2015). Previous work focusing on the relationship between PRC2 and abiotic 

stresses revealed that H3K27me3 occupied the promoters of major drought, salt, and 

cold response genes(Kwon et al., 2009, Sani et al., 2013, Liu et al., 2014a, Liu et al., 

2014b), indicating that PRC2 actively participated in regulating stress responses. 

However, there was no consensus pattern of H3K27me3 change following stress 

treatment, and stress-induced gene expression was not always accompanied by the 

elimination of H3K27me3 in surrounding regions(Kwon et al., 2009, Sani et al., 2013, 

Liu et al., 2014a, Liu et al., 2014b). Mutation of the H3K27me3 enzyme CLF was 

associated with either increased or decreased expression of stress-induced genes 

(Liu et al., 2014b). This issue is likely to be complicated by the fact that both 

ABA-dependent and ABA-independent pathways are activated by external stresses, 

obscuring the role of PcGs in the mixed signaling pathways. Thus, elucidating the role 

of PcGs in modulating ABA signaling is the key to clarifying their role in stress 

response. 
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A number of challenges are associated with characterizing the role of PRC2 in 

ABA response. First, both PRC2 and the ABA signaling pathway influence the 

transcription of thousands of genes; it is difficult to characterize the dynamic and 

quantitative epigenomic and transcriptomic changes among such a large number of 

genes with high confidence, thereby limiting an extensive understanding of the 

interplay between these two factors. Second, partially redundant roles were observed 

for the major H3K27me3 enzymes CLF and SWN(Chanvivattana et al., 2004, 

Makarevich et al., 2006). Previous analyses revealed that ABA-responsive elements 

are enriched for H3K27me3 loci redundantly controlled by H3K27 

tri-methyltransferases CLF and SWN(Wang et al., 2016) and more genetic evidence 

is required to pinpoint the role of the different PcG proteins. 

The present study focused on the role of PRC2 enzymes in the ABA response. 

With the integration of genetic evidence and quantitative comparison of 

transcriptomic and epigenomic data, we observed that the CLF and SWN double 

mutant was hypersensitive to ABA and further revealed that CLF and SWN 

redundantly buffered ABA-induced expression of senescence-associated genes 

(SAGs). Upon ABA treatment, the H3K27me3 level in surrounding SAGs gradually 

decreased but lagged significantly behind ABA-induced transcription. The 

convergence of the rapid effects of ABA and the long-term damping effects of PRC2 

on the regulation of plant senescence allows for both prompt and moderate 

responses to external stimuli. 

 

Results 

H3K27me3 targets a large proportion of ABA-responsive elements 

Previous reports revealed that G-box ABREs are enriched for H3K27me3 loci 

redundantly controlled by the H3K27 trimethyltransferases CLF and SWN(Wang et 

al., 2016). Here, we plotted the average H3K27me3 ChIP-Seq read density 

surrounding genome-wide ABREs and observed significant enrichment of H3K27me3 

(Figure 1a; Table S1a). We next grouped H3K27me3 loci based on ChIP-Seq read 

density and plotted the percentage of regions with ABREs for each group. We found 
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that the higher the H3K27me3 level, the greater the percentage of loci with an ABRE 

(Figure 1b; Table S1b). The genomic tracks in Figure 1c illustrated the enrichment of 

H3K27me3 surrounding ABA-response genes. Together, these results indicate a 

close relationship between the ABA response and PcG-mediated H3K27me3.  

 

The clf-50 swn-1 double mutant is hypersensitive to ABA 

To explore the role of PRC2 components in plant responses to ABA, we treated the 

mutants of major PRC2 members with exogenous ABA (Figure 2a and Figure S1), 

including the core enzymes CLF, SWN, and LHP1 (Table S2a). The growth of the 

clf-50 swn-1 double mutant and the LHP1 mutants lhp1-6 and tfl2-2 was slowed with 

or without ABA treatment. Among these lines, the clf-50 swn-1 double mutant was the 

most hypersensitive to ABA (Figure 2a); no obvious differences were observed for the 

single-gene mutants and LHP1 mutants compared with the wild-type (WT) plants 8 d 

after ABA treatment (Figure 2a and Figure S1).  

We next examined whether the hypersensitivity of clf-50 swn-1 was associated 

with aberrant expression of 1,036 previously identified ABA-induced genes(Weng et 

al., 2016). A large proportion of the ABA-induced genes were upregulated in the 

clf-50 swn-1 double mutant; a much smaller number of these genes were upregulated 

in the CLF or SWN single mutants (Figure 2b; Table S2b), indicating that CLF and 

SWN redundantly repress transcription of these ABA-responsive genes directly or 

indirectly. Further functional enrichment analyses revealed that organ senescence 

was the most enriched gene ontology (GO) term for ABA-induced genes that were 

more highly expressed in clf-50 swn-1 than in WT plants (Figure 2c and Table S2c). 

The genomic tracks shown in Figure 2d illustrate the higher expression of 

ABA-induced genes in clf-50 swn-1. Together, these results indicate that 

ABA-induced SAGs are likely to be kept in an inactive state by PRC2 under normal 

conditions.  
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The SAGs targeted by H3K27me3 are more highly induced by ABA in clf-50 

swn-1 compared with the wild-type 

Given that CLF and SWN are the major H3K27 tri-methyltransferases, we 

hypothesized that H3K27me3 contributes to the suppression of ABA-induced gene 

expression. As expected, 54% of ABA-induced genes were directly marked by 

H3K27me3, significantly more than the proportion expected by chance (Figure 3a and 

Table S3a). Comparison of the enriched GO terms between H3K27me3 targets and 

ABA-induced genes revealed that leaf senescence was the top enriched term for 

H3K27me3 target genes inducible by ABA (Figure 3b and Table S3b). Notably, 

neither the gene set only induced by ABA nor the gene set only targeted by 

H3K27me3 was enriched for leaf senescence, indicating that ABA-induced 

senescence is potentially modulated by H3K27me3 (Figure 3b and Table S3c-d). 

Accordingly, we collected 3,292 Arabidopsis thaliana SAGs defined previously 

through microarray data (see Experimental Procedures for further 

description)(Breeze et al., 2011) and found 772 SAGs that were targeted by 

H3K27me3. We further examined their expression levels in clf-50 swn-1 and WT 

plants with or without ABA treatment for 5 h or 4 d (Figure 3c-d and Table S4). 

Compared with WT, these genes were generally upregulated in clf-50 swn-1 plants 

under normal conditions and were further induced to a higher extent in the double 

mutant following ABA treatment than in the WT). Notably, in WT plants, there was a 

dramatic induction of SAGs after 5 h ABA treatment; after 4 d ABA treatment, 

however, the global expression pattern displayed no further changes. A similar 

pattern was obtained from public RNA-Seq data sets characterizing the dynamic 

transcriptomic changes triggered by ABA (Song et al., 2016) (Figure S2). This pattern 

has been mainly attributed to a negative feedback regulatory loop that gated acute 

ABA responses (Cutler et al., 2010). Here, we revealed that mutation of the PRC2 

enzymes leads to a constant increase in ABA-induced SAG expression, indicating 

that in addition to the feedback loop, the epigenomic modification is another layer of 

control limiting ABA-induced SAG expression. Given that ABA is rapidly accumulated 

in unfavorable conditions, damping of ABA-induced senescence by PRC2 may help 

to avoid over-sensitivity in dynamic environments. 
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H3K27me3 changes follow the induction of gene expression and TF binding 

triggered by ABA  

We then profiled H3K27me3 changes and transcriptomic changes of the 772 

H3K27me3-targeted SAGs triggered by ABA and investigated how H3K27me3 

contributed to the damping of ABA-induced SAG expression induction. Both 

H3K27me3 ChIP-Seq and RNA-seq were performed using Arabidopsis seedlings 

with and without ABA treatment for 5 h and for 4 d, followed by quantification of 

H3K27me3 changes using DEseq package (Anders and Huber, 2010) (see Methods; 

statistics in Table S5). The 5 h ABA treatment triggered similar expression changes 

as the 3 h ABA treatment (Figure S3). The expression of CLF and SWN did not 

change significantly following ABA treatment. After 5 h ABA treatment, none of the 

772 H3K27me3-targeted SAGs displayed significant changes in H3K27me3 level 

(Figure 4a and Figure S4a). After 4 d ABA treatment, only 13 genes were found to 

have a significant, but weak, reduction in H3K27me3 level; (Figure 4b). The pattern 

and extent of H3K27me3 changes were similar following 50 μM (Figure 4b) and 100 

μM ABA treatment (Figure S4b). Conversely, among the 772 SAGs, 134 were 

upregulated and 6 were downregulated shortly after ABA treatment (Figure 4c and 

Figure S4c). Thus, the ABA-triggered expression changes were considerably more 

rapid and extensive than the H3K27me3 changes.  

If PRC2-mediated H3K27me3 functions to limit transcription of SAGs, it is natural 

to expect that the gradual reduction of H3K27me3 contributed to slow increases in 

target gene expression. We thus examined changes in the expression of the 13 SAGs 

with reduced H3K27me3 triggered by ABA, as well as the remaining 759 SAGs with 

no significant H3K27me3 change (Figure 4d-e and Figure S4d-e). As expected, after 

4 d ABA treatment, the expression of the 13 SAGs obviously increased while no 

apparent expression change was found for the 759 SAGs with no H3K27me3 

change. Thus, the slow change of H3K27me3 contributes to the attenuation of 

ABA-induced expression of SAGs. 

 Given that a gradual decrease in H3K27me3 levels is responsible for extending the 

expression of ABA-responsive genes, which factor(s) mediate the rapid response 

triggered by ABA? Given that a number of well-established TFs are involved in ABA 

signaling, we examined the previously published binding profiles of ABA-related TFs 
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that increase 4 h of ABA treatment (Song et al., 2016). Binding of 21 ABA-related TFs 

was significantly enriched in ABA-induced genes whether or not they were covered 

by H3K27me3 (Figure 4f and Figure S5). Genomic tracks in Figure 4G illustrate the 

rapid binding of ABF1 and gradual decrease in H3K27me3 surrounding ABA-induced 

SAGs. Together, the binding of ABA-related TFs is responsible for the rapid induction 

of ABA-induced genes and the persistence of H3K27me3 potentially contributes to 

damping of ABA-induced SAGs (Figure 5).  

 

Discussion 

While it has been well established that H3K27me3 is present in the regions 

surrounding major stress-response genes, the relationship between stress-triggered 

changes in transcription and the H3K27me3 level remains unclear and the role of 

PRC2 enzymes in this process is not yet fully understood(Kwon et al., 2009, Sani et 

al., 2013, Kleinmanns and Schubert, 2014, Liu et al., 2014a, Liu et al., 2014b, 

Avramova, 2015, Sanchez et al., 2015). H3K27me3 levels in regions surrounding six 

dehydration-induced genes did not change under stress conditions (Liu et al., 2014b) 

and it was proposed that, unlike the active role of H3K27me3 in regulating 

differentiation and development, transcription of stress response genes may be 

limited, but not blocked, by H3K27me3(Avramova, 2015). However, genome-wide 

studies have revealed that following salt treatment, loci with decreased H3K27me3 

modification were associated with similar proportions of increased and decreased 

genes (Sani et al., 2013). Additionally, while the CLF mutant was more sensitive to 

dehydration, half of the six stress response genes were upregulated and half were 

repressed in the CLF mutant (Liu et al., 2014b). Thus, this hypothesis needs further 

verification using a combination of additional genetic evidence and high-throughput 

analysis. In the present study, genetic evidence and quantitative integration of 

transcriptomic and epigenomic data were used to reveal that the CLF and SWN 

double mutant was hypersensitive to ABA; the single mutants were not 

hypersensitive, indicating a redundant role for CLF and SWN in repressing 

ABA-induced responses (Figure 2a). This is further supported by the following lines of 

evidence. First, our previous analyses revealed that ABA-responsive elements were 

significantly enriched for H3K27me3 marks redundantly controlled by CLF and 
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SWN(Wang et al., 2016). Second, the top enriched GO terms for genes commonly 

regulated by CLF and SWN include responses to ABA and water deprivation (Figure 

S6). Third, the ABA-induced SAGs were preferentially upregulated in the CLF and 

SWN double mutant but not in single-gene mutants (Figure 2b-C). Thus, the 

redundant role of CLF and SWN in repressing ABA-induced SAGs is supported at 

both the phenotypic and molecular levels.  

Given that ABA signaling is the major pathway triggered by environmental 

stresses, we examined the H3K27me3 binding profiles around genes responsive to 

typical abiotic stimuli. Specifically, genes whose expression was affected by drought, 

cold, and salt were collected and were further partitioned into three groups based on 

expression change patterns. Group I contained genes strongly upregulated by these 

stresses while group II contained genes that were mildly induced by some of the 

stresses (Figure S7a; Table S6). Group III contained genes commonly repressed by 

these stresses. In group I, 52% of genes were induced after 3 h ABA treatment while 

only 0.3% of the group II genes were induced at this time (Figure S7b; Table S6). 

H3K27me3 covered 30% of the genes in group I with 59% of these H3K27me3 

targets being SAGs; this was a significantly higher proportion than that expected by 

chance. Group II and III were not enriched for H3K27me3 targets or SAGs (Figure 

S7c; Table S6). Taken together, genes commonly induced by these abiotic stresses 

tend to be regulated by both ABA and PRC2; elucidating the role of PRC2 in 

modulating ABA signaling is the key to investigating its role in stress responses. 

In addition to H3K27me3, H3K4me3 and histone acetylations are major 

epigenetic modifications actively involved in regulating gene activity. Despite that 

some of these modifications were reported to be involved in ABA or stress responses 

(Sridha and Wu, 2006), their changes are prompt and extensive. For example, Liu et 

al., 2014b reported a rapid increase in H3K4me3 that was highly correlated with 

target transcription activity 90 min after a dehydration treatment; this was 

independent of the H3K27me3 level. Consistently, in another study in Arabidopsis, 

the changes in both H3K4me3 and H3K9K14ac were positively correlated with target 

expression changes 3 h after ABA treatment(Chen et al., 2010). We performed 

H3K27ac ChIP-qPCR with nine H3K27me3-targeted SAGs and observed rapid 

increases in the H3K27ac level 5 h after ABA treatment (Figure S8). Thus, among 
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these histone modifications regulating gene activity, H3K27me3 is the major mark 

displayed long-term effects on the attenuation of ABA responses.  

One interesting issue that needs to be addressed further is the mechanism 

underlying the specific release of H3K27me3 surrounding ABA-induced genes. The 

binding of ABA-related TFs is likely to play a major role in this process. It was 

reported that the ABA-responsive factor Nuclear Factor Y subunit B2 (NFYB2) could 

recruit H3K27me3 de-methyltransferase(Hou et al., 2014). We, therefore, processed 

recently published ChIP-Seq data of 21 ABA-responsive TFs (Song et al., 2016) and 

calculated the quantitative changes in their binding after 4 h ABA treatment (Table 

S7). The binding of these TFs commonly increased in a subset of their target loci 

(Figure S9a). We further examined the H3K27me3 change pattern surrounding these 

loci in response to ABA. After 4 d ABA treatment, regions commonly bound by these 

TFs tended to have a reduction in H3K27me3 (Figure S9; Table S7). In addition, 

given that genes with strong ABA-induced H3K27ac displayed significant H3K27me3 

reduction after 4 d ABA treatment (Figure S8), H3K27ac may also be responsible for 

the progressive decrease in H3K27me3.  

Whether PRC2-mediated H3K27me3 also participates in attenuating 

developmentally programmed (age-associated) senescence is another interesting 

issue. A recent report in human cells demonstrated a progressive loss of H3K27m3 

marks and transcriptional activation of SAGs, with this gradual decrease in 

H3K27me3 dependent on the enzymatic activity of EZH2 (Ito et al., 2018). 

Furthermore, induction of senescence by reduction of EZH2 occurs before the 

reduction of H3K27me3, thus suggesting the second mechanism by which depletion 

of EZH2 rapidly initiates a DNA damage response prior to a reduction in the level of 

H3K27me3 marks. We examined the expression of CLF and SWN during aging using 

previously published microarray data (Breeze et al., 2011) and observed a significant 

reduction in CLF but not SWN expression. We further performed H3K27me3 

ChIP-qPCR in old and young leaves using the promoters of several SAGs and 

observed a weak reduction in H3K27me3 level in old leaves (Figure S10 ). Thus, 

PRC2 may also participate in age-associated senescence, though further genetic and 

genome-wide evidence is required to confirm this. Additionally, further investigation is 

also required to determine whether there is also a second mechanism by which PRC2 

enzymes induce senescence independent of H3K27me3 in plants. 
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In summary, the present study focused on the effect of PRC2 on plant ABA 

responses, the major pathway triggered by most abiotic stresses. We discovered 

redundant roles for the core PRC2 enzymes in damping ABA-induced senescence. 

The convergence of the rapid effects of ABA and the long-term effects of PRC2 in 

controlling plant senescence ensures responses to environmental cues are both 

prompt and moderate.  

 

Experimental Procedures 

Plant materials and growth conditions 

Arabidopsis seedlings were grown on 1/2 Murashige and Skoog (MS) medium 

without sucrose (2% agar, PH 5.8) under LD conditions. The mutants clf-50, swn-1, 

and clf-50 swn-1 were in the Ws background(Chanvivattana et al., 2004). The 

mutants clf-29 (SALK_N521003)(Bouveret et al., 2006), swn-21 (He et al., 2012), 

lhp1-6 (SALK_011762) (Exner et al., 2009), and tfl2-2 (CS3797)(Larsson et al., 1998) 

were in the Columbia (Col-0) background. All are null or strong mutants except swn-1, 

which is a hypomorphic allele (Table S2a). For ABA treatment, ten-day-old seedlings 

were transferred onto 1/2 MS medium containing 50 μM ABA or 100 μM ABA. After 

both 5 h and 4 d treatment, the aerial parts were harvested and either frozen in liquid 

nitrogen for RNA isolation or directly vacuum-infiltrated with formaldehyde 

crosslinking solution for use in the ChIP assay.  

ChIP-seq and RNA-seq sample preparation 

All ChIP samples were prepared in biological duplicates. The ChIP assay was 

performed with the antibody against H3 trimethyl-Lys 27 (Upstate, USA, Cat. 07–449) 

and H3 acetyl-Lys 27 (Upstate, USA, Cat. 07-360) as previously described(Wang et 

al., 2016). More than 10 ng of ChIP DNA or 2 μg of total RNA from each sample was 

used for Illumina library generation according to the manufacturer’s instructions 

(Illumina, http://www.illumina.com/). Library construction and deep sequencing were 

performed by Genergy Biotechnology Co. Ltd. (Shanghai, China) using Illumina 

HiSeq 2500 following the manufacturer’s instructions (Illumina). Raw data comprised 

150 bp of pair-end sequences for ChIP-seq and RNA-seq. Primers for H3K27ac and 

H3K27me3 qPCR analysis are listed in Table S8. 
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ChIP-seq and RNA-seq data analysis 

The sequencing reads were first cleaned by removing bases with low-quality scores 

(<20) and irregular GC content, cutting sequencing adaptors, and subsequent filtering 

of short reads. The cleaned reads were mapped to the Arabidopsis genome (TAIR10) 

using BWA 0.7.5a-r405 (Li and Durbin, 2009) for DNA sequencing and TOPHAT 

v2.0.8 (Kim et al., 2013a) for RNA sequencing, both with default settings. Uniquely 

mapped reads with MAPQ>20 were collected for further analysis (detailed statistics in 

Table S9). 

For ChIP-seq data analysis, SICER_V1.1(Zang et al., 2009) was used to identify 

read-enriched regions (peaks) for H3K27me3 ChIP-seq data. MACS1.4 (Zhang et al., 

2008) was used to identify peaks for TF-binding ChIP-seq data. The target gene of 

each peak was defined as the gene that has a given peak(s) in the promoter region (1 

kb up- or downstream of the transcription start site). DEseq (Anders and Huber, 2010) 

was applied to characterize the change in H3K27me3 level in genes triggered by 

ABA. ABA-regulated H3K27me3 regions were selected based on the following 

criteria: P-value <0.05 and |log2 (fold-change of read density in target gene)|>1.  

For RNA-seq data analysis, differentially expressed genes were detected by 

DESeq (Anders and Huber, 2010) based on the combined criteria: |log2(fold change)| 

> 1 and P value < 0.05. To dissect the relationship between transcriptomic changes 

across samples, genes with differential expression in at least one comparison were 

collected and further partitioned via hierarchical clustering or k-means clustering in R 

version 3.3.3 (Team, 2013).  

Integrative Genomics Viewer (IGV) was used to illustrate the genomic tracks 

(Thorvaldsdottir et al., 2013); ChIP-seq and RNA-seq samples were normalized to the 

same sequencing depth. SAGs were defined in a previous study, i.e. genes in 

clusters 27–48 were described as being upregulated during leaf senescence(Breeze 

et al., 2011).  
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Data availability 

The H3K27me3 ChIP-seq and RNA-seq data generated in this study for plants 

treated with or without ABA (summarized in Table S9a) were deposited in the Gene 

Expression Omnibus (GEO http://www.ncbi.nlm.nih.gov/geo/) under the accession 

number GSE98301. 

Sources for the public data used in this study are listed in Table S9b. Both 

RNA-seq data from the time-course of ABA treatment and ChIP-Seq data of 

ABA-related TFs are under accession number GSE80568 (Song et al., 2016). 

RNA-Seq data of 3 h of 50 μM ABA treatment are under accession number 

GSE65739(Weng et al., 2016). Microarray data of drought, salt, and cold treatments 

are under accession numbers GSE10670, GSE40061, GSE6583, GSE39236, 

GSE53308, GSE3326, and GSE43818(Lee et al., 2005, Catala et al., 2007, Perera et 

al., 2008, Guan et al., 2013, Kim et al., 2013b, Pandey et al., 2013, Allu et al., 2014). 

Tracks for all sequencing data generated in this study and related public data can 

be visualized by JBrowse (Skinner et al., 2009) using the following link: 

http://bioinfo.sibs.ac.cn/browser/tair10/pcg_aba.html. It is worth noting that the 

samples were treated, processed, and sequenced separately so it is normal to 

observe different signal-noise ratios; visualization using the genomic track normalized 

by the sequencing depth is not necessarily reliable. To make quantitative comparison 

across ChIP-seq datasets, we calculated the number of reads in the promoter (1 kb 

upstream of the transcriptional start site) and gene body region for each gene and 

applied DEseq to detect differential binding of H3K27me3 between samples treated 

or not treated with ABA. While the raw intensity is not directly comparable between 

replicates, the differential binding is highly similar between replicates (Figure 4 and 

Figure S4).  
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Legends for 10 supporting Figures 

Supporting Figure S1. CLF, SWN, and LHP1 mutants and wild-type (WT) plants 

grown without (a) or with (b) ABA treatment. For ABA treatment, plants were grown in 

1/2 MS medium for 10 d followed by treatment with 50 μM ABA for 8 d. Scale bar = 1 

cm. 

Supporting Figure S2. Dynamic transcriptomic changes of ABA-induced genes 

based on public RNA-seq datasets under GEO accession number GSE80565 (Song 

et al., 2016). ABA-induced genes were defined as genes induced by ABA at any of 

the given time points. 

Supporting Figure S3. Scatter plot showing the high correlation of expression 

change between 5 h ABA treatment (data generated in this study) and 3 h ABA 

treatment (Weng et al., 2016). 

Supporting Figure S4. Comparative analysis of the changes in H3K27me3 levels 

and gene expression after short- and long-term ABA treatment. 
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Supporting Figure S5. Average ABA-related TF ChIP-seq read density surrounding 

ABA-induced H3K27me3 targets (purple), H3K27me3 targets only (blue), and 

ABA-induced genes only (pink).  

Supporting Figure S6. Responses to ABA and water deprivation are among the top 

enriched GO terms for genes commonly regulated by CLF and SWN.  

Supporting Figure S7. A significant proportion of the genes commonly induced by 

abiotic stresses are regulated by both ABA and PRC2. 

Supporting Figure S8. H3K27ac ChIP-qPCR at the promoters of SAGs.  

Supporting Figure S9. Increased binding of ABA-related TFs is associated with 

reduced H3K27me3 levels following ABA treatment.  

Supporting Figure S10. H3K27me3 ChIP-qPCR at the promoters of selected SAGs 

using old leaves (the first six rosette leaves) and young leaves (the last six rosette 

leaves) of 40-day-old seedlings. Primers are listed in Table S8b.  

 

Legends for 9 Supporting Tables 

Supporting Table S1. Relationship between the genomic location of ABREs and 

H3K27me3 peaks. 

Supporting Table S2. Characterization of PRC2 mutants and transcriptomic 

changes in CLF and SWN mutants. 

Supporting Table S3. Overlap between ABA-induced genes and H3K27me3 targets, 

as well as enriched functions. 

Supporting Table S4. The expression levels of 772 H3K27me3-targeted SAGs in 

clf-50 swn-1 and wild-type plants after 5 h and 4 d ABA treatments.  

Supporting Table S5. Quantitative changes in H3K27me3 level in 772 SAGs 

triggered by short- and long-term ABA treatments.  

Supporting Table S6. Enrichment of abiotic stress-induced genes in H3K27me3 

targets and SAGs.  

Supporting Table S7. Statistics of the quantitative changes of ABA-related TFs and 

H3K27me3 triggered by ABA.  

Supporting Table S8. Primers for the H3K27ac (a) and H3K27me3 (b) ChIP-qPCR 

assay in Figure S8 and Figure S10. 
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Supporting Table S9. Summary of ChIP-seq and RNA-seq data generated in the 

present study (a) and from public databases (b). 
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Legends for 5 Figures 

 

Figure 1. H3K27me3 marks at ABA-responsive elements.  

(a) Distribution of H3K27me3 ChIP-seq reads surrounding ABA-Response Elements 

(ABREs). H3K27me3 ChIP-seq data were previously generated (GSE67322). The 

X-axis represents the distance to ABREs. Y-axis represents the average H3K27me3 

ChIP-seq read density of regions surrounding ABRE loci identified throughout the 

genome. (b) H3K27me3 loci with high read density tend to have ABREs. H3K27me3 

peak regions were grouped by ChIP-seq read density. H3K27me3 ChIP-seq data 

were previously generated. Y-axis represents the percentage of peaks from each 

group containing ABREs. (c) Genomic tracks illustrate H3K27me3 ChIP-seq read 

density surrounding ABREs and ABA-response genes. H3K27me3 ChIP-seq data 

from a previous study and the present study showed a high correlation.  

 

Figure 2. ABA induces accelerated senescence in the clf-50 swn-1 double 

mutant. 

(a) CLF and SWN mutants and wild-type (WT) plants were grown without (left panel) 

or with (right panel) ABA treatment. For ABA treatment, plants were grown in 1/2 MS 

medium for 10 d followed by treatment with 50 μM ABA for 8 d. Scale bar = 1 cm. (b) 

Hierarchical clustering of the expression intensities of genes induced by ABA in WT 

and mutants of CLF and SWN. RNA-Seq data were generated in the present study 

(GSE98301). For each gene (represented by each row), z-score transformations 

were performed to normalize gene intensity across samples. Genes in the black box 

were preferentially expressed in clf-50 swn-1. Expression data are listed in Table 

S2b. (c) Top enriched GO terms for ABA-induced genes that were more highly 

expressed in clf-50 swn-1 than in WT. Statistics are listed in Table S2c. (d) Genomic 

tracks illustrating expression intensity in WT and mutants of CLF and SWN; 

intensities are normalized by the number of total mapped reads. The first four tracks 

compared RNA-seq intensities between WT and mutants of CLF and SWN under 

normal conditions. The last 2 tracks compared WT plants treated with or without ABA. 

As ABA is resolved in ethanol, a similar amount of ethanol was added to the WT 
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(mock). RNA-seq data for the first 4 tracks were generated in the present study and 

public data (GSE65739) were used for the last 2 tracks. 

 

Figure 3. A large proportion of ABA-induced SAGs are co-regulated by PRC2. 

(a) Venn diagram showing the overlap between genes induced following 3 h of 50 μM 

ABA treatment and H3K27me3 targets. The enrichment P value was calculated via 

Fisher’s exact test. RNA-Seq data were from GSE65739. H3K27me3 ChIP-seq data 

were from the present study. See Table S3 for detailed information. (b) GO terms 

enriched in the overlapping genes between ABA-induced genes and H3K27me3 

targets. The length of the bar represents the enrichment score. (c) Heatmap showing 

the expression of H3K27me3-targeted SAGs in the clf-50 swn-1 double mutant and 

WT plants before and after ABA treatment. RNA-Seq data generated in the present 

study. (d) Genomic tracks illustrating that SAGs were more highly induced by ABA in 

clf-50 swn-1 than in WT or single-gene mutants. RNA-Seq intensities were 

normalized by the number of total mapped reads. * indicates that the intensity was 

very high and the bar is truncated.  

 

Figure 4. Comparative analysis of the changes in H3K27me3 levels, gene 

expression, and TF binding after short- and long-term ABA treatment. 

(a-b) Scatter plot quantitatively comparing H3K27me3 level with or without 50 μM 

ABA for 5 h (a) and 4 d (b). X and Y axes represent the DEseq-normalized 

H3K27me3 ChIP-seq read density in the promoter (1 kb upstream of the 

transcriptional start site) and gene body region. The numbers of SAGs with significant 

change of H3K27me3 level are marked. (c) Scatter plot comparing the expression 

changes with or without 5-h ABA treatment for the 772 SAGs. X and Y axes represent 

the DEseq-normalized RNA-Seq read density in log2 scale. The numbers of SAGs 

with significant expression change are marked. (d-e) Boxplot comparing the 

expression intensity of H3K27me3 targeted SAGs with (d) or without (e) H3K27me3 

change following ABA treatment. Data for (A-E) were generated in the present study; 

detailed statistics are listed in Table S5. (f) ABF1 ChIP-Seq read density surrounding 

ABA-induced genes, H3K27me3 targets, and their overlapping genes. Similar plots 
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for 20 other ABA-related TFs are shown in Figure S5. These TF ChIP-seq data were 

generated previously (GSE80568). (g) Genomic tracks illustrate ABA-induced 

expression changes, ABF1 binding, and H3K27me3 changes surrounding SAGs. 

 

Figure 5. Model illustrating the damping effect of PRC2-mediated H3K27me3 

during the ABA response. In WT plants, ABA-induced SAGs are kept in an inactive 

state by H3K27me3 and are rapidly induced by ABA via ABA-related TFs 

accompanied by slow decreases in H3K27me3. The presence of H3K27me3 in the 

regions surrounding SAGs efficiently buffers further induction of these genes by ABA. 

In the CLF and SWN double mutant, these H3K27me3-marked SAGs are more highly 

expressed when compared with WT plants. When exposed to ABA, these SAGs are 

further induced to a much higher level without the damping effect of H3K27me3.  
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