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Abstract
The Polycomb Repressive Complex 2 (PRC2) is well-known for its role in controlling developmental transitions by suppress-
ing the premature expression of key developmental regulators. Previous work revealed that PRC2 also controls the onset of
senescence, a form of developmental programmed cell death (PCD) in plants. Whether the induction of PCD in response
to stress is similarly suppressed by the PRC2 remained largely unknown. In this study, we explored whether PCD triggered
in response to immunity- and disease-promoting pathogen effectors is associated with changes in the distribution of the
PRC2-mediated histone H3 lysine 27 trimethylation (H3K27me3) modification in Arabidopsis thaliana. We furthermore
tested the distribution of the heterochromatic histone mark H3K9me2, which is established, to a large extent, by the H3K9
methyltransferase KRYPTONITE, and occupies chromatin regions generally not targeted by PRC2. We report that effector-
induced PCD caused major changes in the distribution of both repressive epigenetic modifications and that both modifica-
tions have a regulatory role and impact on the onset of PCD during pathogen infection. Our work highlights that the tran-
sition to pathogen-induced PCD is epigenetically controlled, revealing striking similarities to developmental PCD.

Introduction

Cell-specific transcriptional programs are enabled by chro-
matin modifications that control the access of

transcriptional regulators during the appropriate stages of
development (Bell et al., 2011). Polycomb group (PcG) pro-
teins are major epigenetic controllers of cell identity that act
by modifying histone tails and establish transcriptionally
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repressive domains that are heritable over mitotic cell divi-
sions (Yu et al., 2019). PcG proteins assemble into multi-
meric complexes that have histone-tail modifying enzymatic
activities. In vegetative tissues of Arabidopsis (Arabidopsis
thaliana), the Polycomb Repressive Complex 2 (PRC2) is
composed of the partially redundant SET-domain proteins
CURLY LEAF (CLF) and SWINGER (SWN), the WD-40 do-
main proteins FERTILIZATION INDEPENDENT ENDOSPERM
and MULTICOPY SUPPRESSOR OF IRA 1, and the partially
redundant zinc-finger proteins EMBRYONIC FLOWER 2 and
VERNALIZATION 2. PRC2 complexes trimethylate histone
H3 on lysine 27 (H3K27me3), a modification generally asso-
ciated with transcriptional repression. Plant PRC2 controls
major developmental transitions, like the transition to flow-
ering, embryo to seedling transition, and endosperm initia-
tion (Mozgova and Hennig, 2015).

Senescence typically leads to the controlled death of indi-
vidual cells, tissues, and organs, and can thus be considered
a developmental form of programmed cell death (PCD;
Thomas, 2013; Huysmans et al., 2017). Senescence is associ-
ated with genome-wide transcriptional reprogramming
(Breeze et al., 2011; Guo and Gan, 2012) and can be prema-
turely triggered by the phytohormones abscisic acid (ABA)
and ethylene as well as various environmental stresses (Iqbal
et al., 2017; Yolcu et al., 2018), indicating that in the absence
of inducing factors the onset of senescence is tightly sup-
pressed. Loss of PRC2 function promotes ABA-induced se-
nescence, revealing a role of the PRC2 in attenuating
senescence initiation (Liu et al., 2019). Furthermore, the
H3K27me3 demethylase RELATIVE OF EARLY FLOWERING
6 (REF6) promotes leaf senescence by directly upregulating
the expression of key regulators in this process (Wang et al.,
2019), suggesting specific recruitment of REF6 upon
senescence-promoting stimuli. In addition to changes in
PRC2-mediated H3K27me3, senescence was previously
shown to cause decondensation of chromocenters (Ay et al.,
2014). Chromocenters are heavily marked by the hetero-
chromatic H3K9me2 histone modification that in A. thaliana
is established by the SET-domain protein KRYPTONITE
(KYP) and the partially redundantly acting proteins SUVH5
and SUVH6 (Jackson et al., 2002; Ebbs and Bender, 2006).
Nevertheless, it remains to be shown whether chromocenter
decondensation occurs during different forms of PCD and is
accompanied by a redistribution of H3K9me2.

Pathogen invasion of plants is often associated with the
rapid induction of PCD, either as part of immunity or dis-
ease (Dickman and Fluhr, 2013). The hypersensitive response
(HR) is a localized PCD reaction that is activated by immune
receptors upon recognition of pathogen-derived effector
proteins, thereby confining the growth of (hemi)biotrophic
microbes to the initial infection site (Coll et al., 2011;
Mukhtar et al., 2016). In contrast, necrotrophic pathogens
trigger host cell death by toxins and necrosis-inducing effec-
tors to facilitate retrieval of nutrients from dead tissue for
plant colonization (Lai and Mengiste, 2013). The transcrip-
tional reprogramming during pathogen-induced PCD is

strikingly different from changes observed during different
types of developmentally controlled PCD (Olvera-Carrillo
et al., 2015), with the transcriptional signature of pathogen-
triggered PCD being apparently defined by genes involved in
defense rather than in a specific type of PCD (Huysmans
et al., 2017). Recent studies revealed that epigenetic changes
associate with defense responses (Zhou et al., 2010; Hwang
et al., 2011; Dowen et al., 2012; Le Roux et al., 2014; López
Sánchez et al., 2016; Dutta et al., 2017); nevertheless, it
remains unknown whether the activation of pathogen-
induced PCD is associated with specific epigenetic signatures
and is controlled by PRC2, similar to developmental PCD
(Xu et al., 2016; Liu et al., 2019).

In this study, we explored whether PCD triggered in re-
sponse to immunity- and disease-promoting pathogen effec-
tors is associated with changes in PRC2-mediated
H3K27me3 and heterochromatic H3K9me2 distribution. We
furthermore tested whether the histone methyltransferase
subunits from the PRC2 as well as KYP have a regulatory im-
pact on pathogen-induced PCD. We report that effector-
induced PCD causes major changes in the distribution of
both repressive epigenetic modifications and that both
modifications have a regulatory role on the onset of PCD.
Our work highlights that the transition to pathogen-
induced PCD is indeed epigenetically controlled, revealing
striking similarities to developmentally-induced PCD.

Results

Inducible expression of AvrRpt2 and NPP1 triggers
PCD
To investigate whether PRC2-mediated epigenetic changes
associate with pathogen-induced PCD in Arabidopsis, we uti-
lized the estradiol-inducible XVE system (Zuo et al., 2000)
for the expression of two well-characterized effector proteins
that were previously shown to trigger distinct PCD reactions
in the absence of pathogen infection (Figure 1A; McNellis
et al., 1998; Qutob et al., 2006; Elmore et al., 2012). The type
III effector AvrRpt2 from the bacterium Pseudomonas syrin-
gae pv. tomato (Pst) strain DC3000 is recognized by the host
immune receptor RESISTANCE TO P. SYRINGAE 2 (RPS2),
resulting in the activation of immunity-related HR (Mackey
et al., 2003; Lim and Kunkel, 2004). Necrosis-inducing
Phytopthora protein 1 (NPP1; Fellbrich et al., 2002) from the
oomycete Phytopthora parasitica (also termed NLPPp; Qutob
et al., 2006) is a pore-forming cytotoxin, which binds to a
sphingolipid receptor on the extracellular side of the plasma
membrane (Lenar�ci�c et al., 2017). The membrane-disrupting
activity of NPP1 triggers disease-related necrotic cell death,
which differs genetically from the HR (Qutob et al., 2006).
To facilitate NPP1 targeting to the apoplast, the effector was
cloned in translational fusion with a plant signal peptide
(SP; Rauhut et al., 2009; Figure 1A). We verified in selected
transgenic lines that estradiol-induced accumulation of both
effector proteins (Figure 1B) resulted in the induction of
PCD, as monitored by increased electrolyte leakage and the
development of cell death symptoms in comparison to the

2004 | PLANT PHYSIOLOGY 2021: 185; 2003–2021 Toma�stı́ková et al.
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Figure 1 Reliability of the two-component vector system for induction of effector-mediated PCD. A, Schematic representation of the different
constructs that were used for PCD induction. The activator vector, pMDC150::XVE, contains the chimeric transcription factor XVE under control
of the minimal 35S promoter, while the pMDC160 responder vector contains the XVE-responsive promoter driving expression of NPP1 and
AvrRpt2 upon XVE binding. NPP1 is cloned in translational fusion with a SP for apoplastic delivery, and both effector constructs contain a 3�HA
epitope tag. B, Immunoblot analysis of AvrRpt2 (upper panel) and NPP1 (lower panel) protein levels in transgenic A. thaliana at the indicated
time points after b-estradiol induction, using an anti-HA antibody. Ponceau staining verified comparable protein loading. hpi, hours post induc-
tion. C, Electrolyte leakage from leaf discs of transgenic lines at 1–24 h after estradiol-induced AvrRpt2 and NPP1 expression in comparison to the
XVE vector control. Mean and standard deviation (SD) were calculated from four disks per treatment with four replicates within an experiment.
D, Trypan blue staining of dead cells in 6-week-old rosette leaves at the indicated time points after estradiol-induced effector accumulation. Scale
bars represent 1 mm (whole leaves) or 100mm. (E) Biotic stress-induced PCD markers (Olvera-Carrillo et al., 2015) were significantly upregulated
at 12 h after induction of NPP1- and AvrRpt2-mediated PCD as detected by RNAseq. Asterisks indicate FDR4 0.05.
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transactivator XVE alone (Figure 1C and D; Supplemental
Figure S1A and B). Expression of AvrRpt2 caused faster in-
duction and higher levels of electrolyte leakage compared to
NPP1 (Figure 1C), which agreed with the earlier and more
severe appearance of trypan blue-stained dead cells
(Figure 1D) and macroscopic tissue collapse (Supplemental
Figure S1B) in AvrRpt2 expressing plants.

To investigate the transcriptional response upon PCD in-
duction, we performed RNA sequencing (RNAseq) of leaf
tissue 12 h after induction of the respective effectors
(Supplemental Data Set S1A). This time point was selected
as both AvrRpt2 and NPP1 expressing leaves showed a sig-
nificant increase in ion leakage indicative of PCD activation,
yet without a vast tissue collapse that could bias the analy-
ses (Figure 1C; Supplemental Figure S1B). Initial inspection
of the transcriptomes revealed that out of 27 previously
identified “biotic marker genes” of PCD (Olvera-Carrillo
et al., 2015), 20 were strongly upregulated after both
AvrRpt2 and NPP1 induction (Figure 1E). Collectively, these
data show that expression of AvrRpt2 and NPP1 reliably
induces PCD, supporting the suitability of this system to
study epigenetic changes associated with PCD.

The A. thaliana transcriptome is quickly reshaped
upon PCD induction
A principal component analysis of all transcriptomes
revealed that expression of AvrRpt2 and NPP1 caused a
transcriptome response that clearly differed from the XVE
empty vector (Supplemental Figure S2A). We obtained
11,700 differentially expressed genes (DEGs) associated with
AvrRpt2 and 9,900 DEGs associated with NPP1 expression.
Additionally, we detected 519 and 464 differentially
expressed transposable elements (TEs) after AvrRpt2 and
NPP1 induction, respectively (P5 0.05, log2FC5 1 for upre-
gulated genes, log2FC4 –1 for downregulated genes;
Figure 2A and B; Supplemental Data Sets S2 and S3). We
validated RNAseq data by reverse transcription-quantitative
PCR (RT-qPCR) for randomly selected top-misregulated
genes specific for AvrRpt2 and NPP1 expression and found
that the transcriptome data were in good agreement with
the RT-qPCR data (Supplemental Figure S2B). Furthermore,
comparison with previously published A. thaliana transcrip-
tomes at 12 h after infection with avirulent strain Pst
DC3000 AvrRps4 (Howard et al., 2013) and at 4 h after
NLPPp infection (Qutob et al., 2006), revealed a significant
overlap between the DEGs identified in our system and the
previously published datasets (Supplemental Figure S2C and
D).

We compared DEGs induced by AvrRpt2 and NPP1 ex-
pression and found a strong overlap for up- as well as
downregulated DEGs (P5 0.001, hypergeometric test;
Figure 2A). Commonly downregulated genes were enriched
for gene ontologies (GOs) related to photosynthesis, tran-
scription, metabolic processes, growth-related processes, and
DNA methylation (Figure 2C). Commonly upregulated genes
were enriched for GOs related to immunity- and cell death-

related processes (Figure 2D). There were only a few signifi-
cantly enriched GOs specific for either AvrRpt2- or NPP1-
induced PCD. Among those, fatty acid catabolism and hy-
drogen peroxide (H2O2) response were specifically enriched
GOs for AvrRpt2-induced upregulated genes, consistent
with a well-established role for fatty acid and H2O2 signaling
in HR execution and systemic acquired resistance activation
(Montillet et al., 2005; Zoeller et al., 2012; Lim et al., 2017).
The NPP1-specific enrichment of upregulated genes related
to immune system processes reflects the unique immuno-
genic activities of cytotoxic NLP proteins (Böhm et al., 2014;
Albert et al., 2015), whereas enrichment of genes related to
SP processing and vesicle-mediated transport are likely
caused by the activation of secretion-dependent defenses
upon recognition of NPP1 in the apoplast.

Effector-induced PCD is associated with a decrease
in nuclei size, chromocenter relaxation, and
H3K9me2 redistribution
Arabidopsis thaliana leaf mesophyll interphase nuclei typi-
cally have 6–10 discrete, intensely DAPI-stained
“heterochromatic” domains known as chromocenters
(Fransz et al., 2002). Previous work revealed that leaf senes-
cence was associated with decondensation of chromocenters
(Ay et al., 2014). We therefore investigated whether effector-
induced PCD caused a similar effect on the level of chromo-
center condensation. Indeed, we observed a significant de-
crease in the number of chromocenters in PCD-induced
AvrRpt2 and NPP1 samples that were connected with a de-
crease in nuclear size (Figure 3A and B). Decondensation of
chromocenters during effector-induced PCD was corrobo-
rated by analyzing the distribution of centromeric 180 bp re-
peat DNA sequences using fluorescence in situ hybridization
(FISH). We divided the observed signals into four categories
based on the nuclear area (normal, small) and the compact-
ness of the signal (condensed, decondensed): Class I:
normal-sized nuclei, condensed; Class II: normal-sized nuclei,
decondensed; Class III: small nuclei, condensed, and class IV:
small nuclei, decondensed (Figure 3C). While in the control
most of the nuclei had compact 180 bp centromeric repeat
sequences (Class I, �80%), NPP1, and more prominently
AvrRpt2 nuclei contained small nuclei with decondensed
centromeric repeat sequences (Class IV, 10% and 50%, re-
spectively; Figure 3D), supporting the notion that chromo-
centers become highly decondensed during PCD.
Chromocenter decondensation during senescence is not
connected with a global loss of the heterochromatic mark
H3K9me2; instead, this modification becomes more widely
distributed, possibly invading non-heterochromatic regions
(Ay et al., 2014). We tested whether decondensation of
chromocenters would cause a similar redistribution of
H3K9me2 by profiling this mark using chromatin immuno-
precipitation followed by sequencing (ChIPseq) in XVE,
AvrRpt2, and NPP1 samples (Supplemental Data Set S1B;
Supplemental Figures S3 and S4). We found substantially
more TEs losing H3K9me2 in AvrRpt2 than in NPP1
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samples. The majority of TEs losing H3K9me2 in NPP1 over-
lapped with those losing H3K9me2 in AvrRpt2 (Figure 4B).
Those TEs that specifically lost H3K9me2 in AvrRpt2 and
NPP1 were depleted for gypsy TEs (Figure 4C, Supplemental
Figure S5A). There were more TEs gaining H3K9me2 in NPP1
samples compared to AvrRpt2. Additionally, there was a sig-
nificant proportion of TEs gaining H3K9me2 being common
for AvrRpt2 and NPP1 samples (Figure 4B). TEs gaining

H3K9me2 specifically in NPP1 were enriched for gypsy TEs
(Figure 4D; Supplemental Figure S5B), revealing that the epi-
genetic status of this class of TEs is specifically sensitive dur-
ing PCD induction. We also identified about 800 genes losing
and 500 genes gaining H3K9me2 in AvrRpt2 and NPP1 sam-
ples, with most of them being shared between both treat-
ments (Figure 4A). Gain of H3K9me2 was negatively
associated with gene expression, while loss of H3K9me2 did

Figure 2 Overlapping transcriptional changes 12 h after AvrRpt2- and NPP1-mediated induction of PCD. A and B, Venn diagrams showing overlap
of differentially upregulated and downregulated genes (A) and TEs (B) during two types of PCD. Statistical significance was calculated using a hy-
pergeometric test. C and D, GO term analyses of specific and common downregulated (C) and upregulated (D) genes. P5 0.001 according to
PLAZA version 4.0. Numbers within bars correspond to gene numbers in respective GO category.
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Figure 3 Chromatin organization of interphase nuclei 12 h after induction of PCD. A, Representative DAPI-stained nuclei from the 5th leaf of 6-
week-old plants with b-estradiol-induced PCD. Bar = 10 lm. B, Boxplots representing the distribution of nuclear area (top) and the number of
chromocenters (bottom), *P50 .05, **P5 0.01 in a Wilcoxon statistical test. Nuclear area, n4 100; number of chromocenters, n4 50. The lower
and upper hinges of the boxplots correspond to the first and third quartiles of the data, the black lines within the boxes mark the median.
Whiskers mark 10 and 90 percent intervals and all data points which lie beyond the extremes of the whiskers are outliers. C, Representative DNA-
FISH of 180 bp centromeric repeats. Nuclei were classified in four classes based on size and chromatin condensation. Class I: normal-sized nuclei,
condensed, Class II: normal-sized nuclei, decondensed, Cass III: small nuclei, condensed, Class IV: small nuclei, decondensed. Bar = 10 lm. D,
Proportion of nuclei belonging to respective classes. Numbers on top of bars correspond to total numbers of analyzed nuclei.
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not cause gene activation (Figure 4E and F). However, among
genes gaining H3K9me2, we did not identify significantly
enriched gene categories, suggesting that H3K9me2 is not
specifically targeted to new regions. Instead, H3K9me2 rather
invades non-heterochromatic regions as previously proposed
(Ay et al., 2014), having a negative impact on the expression
of the genes located in the invaded regions. Together, we
conclude that effector-induced PCD is associated with
changes in H3K9me2 distribution, correlating with a strong
decrease in nuclei size and chromocenter relaxation.

Changes in gene expression correlate with loss of
H3K27me3
The PRC2 regulates major transitions during plant develop-
ment (Mozgova and Hennig, 2015). We, therefore, addressed
the question whether the transition to PCD would be con-
nected to changes in H3K27me3 distribution. We profiled
H3K27me3 distribution by ChIPseq in triplicates upon PCD
induction by AvrRpt2 and NPP1 expression (Supplemental
Data Set S1B; Supplemental Figure S3). We identified 2,158
genes losing H3K27me3 in AvrRpt2 and NPP1 expressing

Figure 4 Conserved and specific redistribution of the heterochromatic mark H3K9me2 during AvrRpt2- and NPP1-induced PCD. A and B, Venn
diagrams showing overlap of genes (A) and TEs (B) gaining and losing H3K9me2 during two types of PCD. Statistical significance was calculated
using a hypergeometric test. C and D, Proportion of specific TE families losing (C) and gaining (D) H3K9me2 upon NPP1 and AvrRpt2 expression.
*** indicates P5 0.001, **P5 0.01, *P5 0.05 based on chi-square testing. All annotated TEs from each class were tested. E and F, Boxplots show-
ing expression changes of genes gaining or losing H3K9me2 upon NPP1 (E) and AvrRpt2 (F) expression. Genes were sorted into quartiles based on
their loss or gain of H3K9me2. For genes losing H3K9me2, the first quartile was compared against the rest, and significance was tested by using a
Kolmogorov–Smirnov test (***P5 0.001). For genes gaining H3K9me2, the first three quartiles were compared against the fourth, and significance
was tested by using a Kolmogorov–Smirnov test (***P5 0.001). The lower and upper hinges of the boxplots correspond to the first and third
quartiles of the data, the black lines within the boxes mark the median.
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samples, with 704 genes being commonly affected in both
samples (Figure 5A; Supplemental Data Set S4). Genes losing
H3K27me3 had increased expression, suggesting that
changes in PRC2 targeting are functionally connected to
PCD (Figure 5B). There was a significant overlap of genes
that lost H3K27me3 and were significantly upregulated both
in AvrRpt2 and NPP1 (Figure 5C; Supplemental Data Set

S5A). Those commonly deregulated genes were significantly
enriched for functional categories related to defense
responses as well as senescence, indicating that PRC2 may
be involved in triggering the cellular reprogramming to PCD
(Figure 5D).

Previous work revealed that ABA-induced senescence-as-
sociated genes (SAGs) are marked by H3K27me3; however,

Figure 5 Loss of H3K27me3 associates with increased expression of genes related to pathogen response and PCD. A, Venn diagram showing over-
lap of genes losing H3K27me3 in NPP1- and AvrRpt2-induced PCD. Statistical significance was calculated using a hypergeometric test. B, Boxplots
showing expression of genes losing H3K27me3. Genes were sorted into quartiles. The first quartile was compared against the rest and significance
was tested by using a Kolmogorov–Smirnov test (***P5 0.001). The lower and upper hinges of the boxplots correspond to the first and third
quartiles of the data, the black lines within the boxes mark the median. C, Venn diagram showing overlap of upregulated genes with reduced
H3K27me3 upon AvrRpt2 and NPP1 induction. Statistical significance was calculated using a hypergeometric test. D, GO enrichment analyses of
genes commonly losing H3K27me3 and being upregulated in AvrRpt2- and NPP1-induced PCD. P5 0.001 according to PLAZA version 4.0. E,
Genes losing H3K27me3 significantly overlapped with ABA-induced SAGs in both, AvrRpt2 (left Venn diagram) and NPP1 (right Venn diagram)-
induced PCD. Significance was tested using a hypergeometric test.
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only 52% (13) of those genes lose H3K27me3 upon ABA
activation (Liu et al., 2019). Of the 561 H3K27me3-marked
ABA-induced SAGs (Liu et al., 2019), 4100 genes over-
lapped with genes losing H3K27me3 upon PCD induction
(Figure 5E). Thus, ABA and pathogen effector treatment af-
fect a common set of PRC2 targets, but effector-induced
PCD affects more genes than ABA treatment.

The plant hormone ethylene plays a key role in the regu-
lation of senescence and other forms of developmental PCD
(Huysmans et al., 2017), but has also been implicated in the
onset of HR-like cell death and activation of defense
responses (Bouchez et al., 2007; Liu et al., 2008). We found a
small, yet significant overlap of target genes of the ethylene
signaling key regulator ETHYLENE INSENSITIVE3 (Chang
et al., 2013) with genes losing H3K27me3 upon AvrRpt2-
and NPP1-triggered PCD (Supplemental Figure S6A). Salicylic
acid (SA) and jasmonic acid (JA) are also well-known hor-
mones in the control of cell death, pathogen resistance, and
senescence (Bari and Jones, 2009; Thaler et al., 2012; Kim
et al., 2015; Radoji�ci�c et al., 2018). Similar to ethylene-
regulated genes, genes induced by JA and SA (Hickman
et al., 2017; Jin et al., 2018) significantly overlapped with
genes losing H3K27me3 upon effector-triggered PCD
(Supplemental Figure S6B and C), reflected in joint Gene
Ontology (GO) categories like defense response and senes-
cence (Supplemental Data Set S6). Together, these data sup-
port a regulatory role of several hormonal signaling
pathways in pathogen-related cell death and imply similari-
ties with the control of developmental PCD such as
senescence.

Genes gaining H3K27me3 upon effector-induced
PCD are enriched for transcriptional regulators
Strikingly, we did not only identify genes losing H3K27me3,
but many genes gained H3K27me3 during PCD induction.
We identified 2,120 and 570 genes with increased
H3K27me3 in AvrRpt2 and NPP1 expressing samples, respec-
tively (Supplemental Data Set S4). More than half (365) of
the genes gaining H3K27me3 in NPP1 samples overlapped
with genes gaining H3K27me3 in AvrRpt2 samples
(Figure 6A). The gain of H3K27me3 associated with reduced
gene expression (Figure 6B; Supplemental Data Set S5B), in-
dicating that PRC2 has an active role in cellular reprogram-
ming during PCD. The vast majority of genes gaining
H3K27me3 during effector-triggered PCD induction was pre-
viously identified as PRC2 targets in 3-week-old Arabidopsis
leaves (Moreno-Romero et al., 2016; Figure 6C), revealing
that those genes are not de novo PRC2 targets, but rather
gain H3K27me3 during PCD (Figure 6D).

To understand the biological relevance of genes gaining
H3K27me3 during effector-induced PCD, we identified GOs
among downregulated genes upon AvrRpt2-induced PCD
with or without gaining of H3K27me3. Downregulated genes
not gaining H3K27me3 were enriched for GOs related to
photosynthesis (Figure 6E), while downregulated genes gain-
ing H3K27me3 were enriched for GOs as transcription

factors, plant development, and cell fate (Figure 6F). Among
those transcription factors gaining H3K27me3, we found
NAC and MADS-box transcription factors as well as AT-
hook-like gene families to be significantly enriched, with up
to 30% of all genes from a particular family gaining
H3K27me3 (Table 1). Previous studies revealed the impor-
tance of NAC transcription factors as positive and negative
regulators of senescence (Podzimska-Sroka et al., 2015).
Consistently, we observed gain of H3K27me3 in genes
encoding NAC transcription factors NAC007/VND4,
NAC009, NAC026/VND5, NAC030, NAC057, NAC070, and
NAC105/VND3 that all were previously reported to be
downregulated either during senescence or xylem vessel for-
mation, another form of developmentally regulated PCD
(Balazadeh et al., 2010; Breeze et al., 2011; Kim et al., 2018;
Safavi-Rizi et al., 2018). VND4, VND5, and NAC057 were like-
wise downregulated in our transcriptome analyses upon
effector-mediated PCD induction (Supplemental Figure S7).

We identified enriched hexamer motifs in the promoters
of the top 200 downregulated genes with and without gain-
ing of H3K27me3 upon AvrRpt2-induced PCD. The pro-
moter regions of downregulated genes gaining H3K27me3
were enriched for TATA-related hexamers and an ABA-
responsive element-related G-box core motif (Figure 6G),
consistent with previous work showing that H3K27me3 buf-
fers the activation of ABA-induced senescence-related genes
(Liu et al., 2019). Gain of H3K27me3 may be necessary to
prevent transcriptional activators from binding to the G-box
motif. Consistent with the enrichment of photosynthesis-
related GOs among H3K27me3-independent downregulated
genes, the promoter regions of those genes were enriched
for binding motifs of transcription factors related to light
responses (Figure 6H), such as ABA INSENSITIVE 4 (core-
binding motif; CCAC; Koussevitsky et al., 2007; Wang et al.,
2018), PHYTOCHROME INTERACTING FACTOR 4
(CACATG; Zhang et al., 2013), and TCP4 (GGACCA; Dong
et al., 2019). Previous studies revealed that GAGA-binding
proteins function to recruit PRC2 complexes in Arabidopsis
and Drosophila (Kassis and Brown, 2013; Hecker et al., 2015;
Xiao et al., 2017). Interestingly, we found GAGA-related
motifs to be enriched in the promoter regions of 109 down-
regulated genes that gained H3K27me3 and were bound by
the PRC2 subunits CLF and SWN under normal conditions
(Shu et al., 2019; Figure 6I; Supplemental Data Set S7). These
data suggest that in addition to the GAGA motif, other
motifs are used to recruit the PRC2 upon effector-induced
PCD. Finally, we tested whether downregulated genes gain-
ing H3K27me3 were deregulated in clf swn double mutants
under normal conditions according to published transcrip-
tome data (Shu et al., 2019; Supplemental Data Set S7).
Among those effector-triggered downregulated PRC2 targets,
we found many transcription factor genes related to plant
development that were upregulated in clf swn double
mutants, such as BUMBERSHOOT (Jasinski et al., 2005),
AGAMOUS-LIKE 24 (AGL24; Liu et al., 2008), and NGATHAs
(NGAs; Trigueros et al., 2009; Supplemental Data Set S7).
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Figure 6 Analysis of CLF/SWN PRC2-specific gene suppressive mechanisms upon effector-induced PCD. A, Venn diagram showing overlap of
genes gaining H3K27me3 in NPP1- and AvrRpt2-induced PCD. Statistical significance was calculated using a hypergeometric test. B, Boxplots
showing expression of genes gaining H3K27me3. Genes were sorted into quartiles. The first three quartiles were compared against the fourth and
significance was tested by using a Kolmogorov–Smirnov test (***P5 0.001). The lower and upper hinges of the boxplots correspond to the first
and third quartiles of the data, the black lines within the boxes mark the median. C, Venn diagrams showing overlap of genes gaining H3K27me3
upon PCD induction with known PRC2 targets. Statistical significance was calculated using a hypergeometric test. D and E, Boxplots showing
H3K27me3 scores of PRC2 target and non-target genes upon mock (XVE) and AvrRpt2 (D) and NPP1 (E) induction. Significance was tested by us-
ing a Wilcoxon statistical test (***P5 0.001). F, GO analysis using downregulated genes gaining H3K27me3 upon AvrRpt2-induced PCD. The
lower and upper hinges of the boxplots correspond to the first and third quartiles of the data, the black lines within the boxes mark the median.
G–I, Overrepresentation analysis of hexamer motifs in the promoters of top 200 downregulated genes with (G) and without (H) gaining
H3K27me3 upon AvrRpt2-induced PCD. (I) All 109 downregulated genes gaining H3K27me3 upon AvrRpt2-induced PCD that were bound by
CLF or SWN. Z-scores (y-axis) for the observed frequencies of all hexamer motifs (x-axis) were presented in the scatter plot. The top 15 enriched
motifs among each set of genes are highlighted in color. Genes bound by CLF or SWN were defined as those with H3K27me3 and binding of CLF
or SWN based on previous work (Shu et al., 2019).
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Among those transcription factors was NGATHA1 that was
previously shown to induce ABA biosynthesis (Sato et al.,
2018), suggesting that PRC2-induced repression of transcrip-
tional regulators may dampen the effector-triggered PCD
response.

Epigenetic changes are functionally relevant for
pathogen-triggered PCD
To investigate whether changes in H3K27me3 associated
with pathogen-induced PCD are functionally relevant, we
monitored HR development in knockout mutants of CLF
and SWN upon infection with an AvrRpt2 expressing aviru-
lent strain of Pst DC3000. The loss-of-function mutant of
NON-RACE-SPECIFIC DISEASE RESISTANCE 1 (NDR1), which
is fully compromised in RPS2-mediated HR, served as a neg-
ative control for proper PCD induction (Munch et al., 2015;
Schultz-Larsen et al., 2018). We found that loss of SWN
caused a significantly increased electrolyte leakage during
the time course of AvrRpt2-triggered HR compared to wild-
type (Figure 7A), revealing the role of SWN in attenuating
PCD. The knockout mutant of CLF did not show a signifi-
cant effect, suggesting that CLF and SWN have partially
non-redundant functions during the HR (Figure 7B).
Intriguingly, we also observed consistently increased electro-
lyte leakage in the loss-of-function mutant of the major
H3K9me2 methyltransferase KYP (Jackson et al., 2002) com-
pared to wild-type (Figure 7C), indicating that changes in
H3K9me2 distribution during PCD are functionally relevant.

To further investigate whether the observed effects also
apply to HR triggered by a different bacterial effector, we
assessed ion leakage during infection with an AvrRpm1 con-
taining Pst DC3000 strain. AvrRpm1 is perceived by the im-
mune receptor RESISTANCE TO P. SYRINGAE PV
MACULICOLA 1 (RPM1) and induces an HR that engages
multiple and partially different PCD pathways compared to
those activated by RPS2 upon AvrRpt2 recognition
(Hatsugai et al., 2009; Hofius et al., 2009; Coll et al., 2010).
We observed significantly increased ion leakage during the
initial phase of HR in both swn and clf mutants compared
to wild-type (Figure 7D and E), whereas the kyp mutant
maintained higher leakage levels throughout the HR
(Figure 7F). These data corroborate the role of PRC2-
mediated H3K27me3 in attenuating the onset of pathogen-

triggered HR as well as the importance of altered H3K9me2
distribution for PCD progression.

To finally analyze whether the differences in HR cell death
resulted in altered disease resistance of the epigenetic
mutants, bacterial titers were determined. While ndr1 and
the receptor mutant rps2 showed the expected increased
susceptibility to Pst DC3000 (AvrRpt2) and the rpm1 recep-
tor mutant control to Pst DC3000 (AvrRpm1) infection, bac-
terial growth in swn, clf, and kyp mutants did not change
significantly in comparison to the wild-type (Figure 7G and
H). These results confirm previous evidence that changes in
HR cell death are often uncoupled from bacterial growth re-
striction (Coll et al., 2010; Heidrich et al., 2011; Munch et al.,
2015) and suggest that the observed effects are not caused
by altered immune receptor expression.

Overall, we conclude that H3K27me3 and H3K9me2
dampen pathogen-induced PCD, revealing a functional role
of both epigenetic pathways in controlling the plant patho-
gen response.

Discussion
The PRC2 governs the correct execution of developmental
programs by epigenetically repressing major regulators of
specific developmental transitions (Mozgova and Hennig,
2015). In this study, we employed the inducible expression
of two different effectors to unravel the epigenetic changes
associated with the pathogen-triggered switch to immunity-
and disease-related PCD. We found that effector-induced
PCD was associated with substantial changes in the distribu-
tion of PRC2-mediated H3K27me3, which was associated
with transcriptional changes. PRC2 targets that were tran-
scriptionally upregulated upon PCD induction are related to
immune responses and plant senescence, revealing a central
role of the PRC2 in repressing effector-triggered PCD in the
absence of pathogen infection. Conversely, genes that gained
H3K27me3 and became downregulated were enriched for
NAC and MADS-box transcription factors, with many of
those known to be positive regulators of developmental
PCD (Kubo et al., 2005; Zhou et al., 2014; Ohashi-Ito et al.,
2018; Tan et al., 2018). Furthermore, we found an ABA re-
sponse element to be enriched in the promoter region of
downregulated genes gaining H3K27me3, indicating that
PRC2 is dampening the onset of PCD triggered by pathogen

Table 1 Transcription factors gaining H3K27me3 upon AvrRpt2-induced PCD

Transcription factor
families

Total no. of genes in family No. of genes in family gaining H3K27me3 Percent of total P-value

NAC 96 31 32.3 4.0E-15
Agamous-like MADS box 108 34 31.5 5.7E-16
AT-hook motif nuclear

localized
29 8 27.6 6.2E-05

MYB 131 30 22.9 2.4E-10
bHLH 162 24 14.8 4.9E-05
AP/EREBP 138 17 12.3 3.7E-03
WRKY 72 8 11.1 4.3E-02

The total number of transcription factors in each family, the number of genes in each family that is gaining H3K27me3, and their percentage of the total family members are
indicated. Statistical significance was calculated using a hypergeometric test.
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Figure 7 Effect of loss-of-function mutations in H3K27me3 and H3K9me2 methyltransferases on pathogen-triggered PCD and disease resistance.
A–F, Ion leakage in leaves of 5-week-old Col-0 wild-type, swn-3, clf-29, and kyp-6 after inoculation with avirulent strains of Pst DC3000 harboring
AvrRpt2 (A–C) or AvrRpm1 (D–F). ndr1-1 (A–C) and rpm1-3 (D–F) mutants served as fully HR-compromised negative controls for proper PCD
induction. Mean and SD were calculated from four disks per treatment with four replicates within an experiment. The experiments were repeated
at least 3 times and representative data are shown. Statistical significance was tested with a two-tailed t test (*P5 0.05, **P5 0.01). Data for (A)
and (C) as well as for (D–F) were derived from the same experiments, respectively, but were separated for better legibility. G and H, Growth of
avirulent Pst DC3000 strains expressing AvrRpt2 (G) or AvrRpm1 (H) in leaves of 5-week-old Col-0 wild-type, clf-29, swn-3, and kyp-6 plants 0 and
4 d (G) or 3 d (H) after infiltration at OD600 = 0.00001. ndr1-1 and rps2-101c (G) or rpm1-3 (H) served as susceptible controls for proper resistance
responses. Log-transformed values are means SD with n = 4. Asterisks indicate statistical significance (P5 0.01) determined by one-way ANOVA
with post hoc Tukey’s test (compared with the wild type).
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effectors possibly by blocking the action of ABA. In support
of this notion, we found that loss of the PRC2 subunit SWN
enhanced progression of PCD, resembling previously
reported findings for enhanced ABA-induced PCD in
mutants deficient for PRC2 function (Liu et al., 2019).
Importantly, it was previously shown that H3K27me3
marked ABA-induced senescence genes remain ABA-
responsive (Liu et al., 2019), indicating that the presence of
H3K27me3 dampens, but does not block transcription.
Similarly, the observation that positive regulators of PCD
gain H3K27me3 suggests that the transcription of those
genes is attenuated rather than completely blocked.
Consistently, PRC2 was proposed to dampen the transcrip-
tion of a subset of genes in mammalian cells (Young et al.,
2011; Kar et al., 2017). Previous work proposed a role for
MEDEA, a subunit of the FERTILIZATION INDEPENDENT
SEED-PRC2 that is specific for female gametophyte and en-
dosperm development (Roy et al., 2018), in attenuating the
response to AvrRpt2. MEDEA was shown to bind and sup-
press transcription of the immune receptor encoding RPS2
gene (Roy et al., 2018). While indeed MEDEA expression was
significantly elevated upon AvrRpt2 and NPP1 induction
(Supplemental Data Set S2), expression of RPS2 did not
change (Supplemental Data Set S2), questioning whether at-
tenuation of the PRC2-mediated response to AvrRpt2 is me-
diated via repression of RPS2. This notion is further
supported by our observation that RPS2-triggered bacterial
growth restriction is unaffected in PRC2 mutants.

Gain and loss of H3K27me3 are achieved by the specific
recruitment of PRC2 and H3K27me3 demethylases, respec-
tively (Mozgova and Köhler, 2016). Previous work revealed
that the H3K27me3 demethylase REF6 promotes senescence
by removing H3K27me3 from SAGs (Wang et al., 2019).
While we did not find significant enrichment for REF6 target
sites (Cui et al., 2016; Li et al., 2016) among genes losing
H3K27me3 upon effector induction, it is possible that re-
cruitment of REF6 or its paralogs EARLY FLOWERING 6 and
JUMONJI 13 is mediated by transcription factors that re-
main to be identified (Yan et al., 2018).

In addition to the redistribution of H3K27me3, we ob-
served decondensation of chromatin during PCD, similar to
the previously reported decondensation of chromocenters
during A. thaliana leaf senescence (Ay et al., 2014). This sug-
gests that PCD is generally associated with global chromatin
changes, independent of the triggering event. We found
that changes in nuclear architecture were accompanied by a
redistribution of H3K9me2 that is likely functionally relevant
since the loss of the major H3K9me2 methyltransferase KYP
caused increased progression of PCD. Possibly the invasion
of H3K9me2 into non-centromeric regions delays PCD by re-
ducing expression of PCD promoting genes, similar to the
proposed functional role of PRC2-mediated H3K27me3.
Mutants in CROWDED NUCLEI (CRWN) genes form small
nuclei with reduced chromocenters (Wang et al., 2013), sim-
ilar to the phenotype we observed upon PCD induction.
Strikingly, deficiencies in CRWN function cause spontaneous

cell death lesions and ectopic induction of defense responses
(Choi et al., 2019), supporting the notion that reduced nu-
clear size and chromocenter decondensation are hallmarks
of PCD.

Together, our study reveals that the terminal transition to
PCD upon pathogen infection is under tight control by re-
pressive epigenetic pathways that prevent the precocious
onset of PCD. This resembles the PRC2-mediated control of
senescence, revealing that developmental PCD and
pathogen-induced PCD are controlled by similar epigenetic
mechanisms, despite triggering a distinct transcriptional re-
sponse (Chang et al., 2013; Olvera-Carrillo et al., 2015; Liu
et al., 2019).

Materials and methods

Plant material and growth conditions
All seeds were surface-sterilized using 70% and 90% ethanol
(v/v), stratified for 2 d at 4�C, germinated in soil, and grown
under short-day conditions (8-h light, 16-h dark) in a growth
cabinet at 150 lE m–2 s–1, 21�C, and 70% relative humidity.
After 6 weeks, plants were vacuum infiltrated with 2mM
17b-estradiol or mock (ddH2O) to induce the expression of
transgenes (Brand et al., 2006) and incubated for additional
12 h under continuous light. For bacterial electrolyte leakage
and resistance assays, the previously described ndr1-1
(CS6358; Century et al., 1995), rps2-101c (Mindrinos et al.
1994), rpm1-3 (CS8637; Grant et al., 1995), swn-3
(SALK_050195; Chanvivattana et al., 2004), clf-29
(SALK_021003; Bouveret et al., 2006), and kyp-6
(SALK_041474; Chan et al., 2006) mutants were used.

Plasmid construction and plant transformation
For the generation of the inducible NPP1 line, the SP of
Daucus carota extensin was amplified by PCR from a SP-
PaNie expressing A. thaliana line (Rauhut et al., 2009) using
the primers 50-CACCATGGGAAGAATTGCTAGAGGC-30

(fwd), and AAGCTTATGGATCCAGCTGTGGTTTCGGAA
GCC (rev). The resulting PCR product with 30-terminally in-
troduced BamHI/HindIII sites was inserted into pENTR/D-
TOPO. NPP1 was amplified from the plasmid pPIC9K-PpNLP
(Ottmann et al., 2009) using primers 50-TTTTG
GATCCGACGTGATCTCGCACGATGC-30 (fwd), and 50-
TTTTAAGCTTAGCGTAGTAAGCGTTGCCTAC-30 (rev) and
inserted 30-terminally to the SP in pENTR/D-TOPO between
the BamHI and HindIII sites.

For the inducible expression of AvrRpt2, the effector se-
quence was amplified by PCR from a transgenic A. thaliana
line (Mackey et al., 2003) using primers 50-CACCATG
AAAATTGCTCCAGTTGCC-fwd) and 50-GCGGTAGAG
CATTGCGTGTGG-30 (rev), and inserted into pENTR/D-
TOPO. Both SP-NPP1 and AvrRpt2 were recombined into
pGWB614 (Nakagawa et al., 2007) and amplified by PCR to
include the 3�HA tag using the respective fwd primers and
50-GGCGCGCCTTAGCTGCACTGAGCAGCGTAATCT-30

(rev). The 3�HA tagged gene products were inserted into
pENTR/D-TOPO and further recombined into the estradiol-
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inducible vector pMDC160 (Brand et al., 2006). Constructs
were transformed by Agrobacterium-mediated floral dip
(Clough and Bent, 1998) into the XVE-driver line (Brand
et al., 2006).

Trypan blue staining
Leaves of 6-week-old plants were vacuum-infiltrated with
2mM 17b-estradiol or ddH2O (mock) and incubated for 0, 4,
8, 12, and 24 h under continuous light. Leaves were placed
in 50 mL falcon tubes, covered with 0.05% (v/v) trypan blue,
and boiled in a water bath for 2–3 min. Samples were left in
the staining solution for 12 h, then rinsed once in water and
thereafter de-stained in chloral hydrate for 4 d. Stained
leaves were mounted in 60% (v/v) glycerol and images were
acquired using either a Zeiss Axioscope A1 microscope with
a Plan-Neofluar 10�/0.30 objective connected to a
AxioCam IC camera or a Leica M205 FA stereo microscope
with a Plan Apo 0.63� objective connected to a DMC 4500
camera.

RNA extraction and RT-qPCR analyses
RNA was extracted from samples 12 h after induction from
three independent biological replicates using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) , treated with Turbo DNase
(Thermo Fisher Scientific, Waltham, MA, USA). Sequencing
libraries were prepared using TruSeq RNA Library
Preparation Kit version 2 (Illumina, San Diego, CA, USA)
and 18 samples were pooled for sequencing in one lane of
the Illumina HiSeq2000 platform. cDNA synthesis was per-
formed from 1mg of total RNA using the RevertAid H
Minus First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific) with oligo dT primers according to producer’s
instructions. cDNA was diluted 1:5 and RT-qPCR was per-
formed using 2 lL of cDNA per 20 lL reaction with the 5�
HOT FIREPol Eva Green qPCR Mix Plus (ROX) kit (Solis
Biodyne, Tartu, Estonia) on a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA). Fold
changes were calculated relative to XVE samples using the
standard curve method. qPCR experiments were performed
following the MIQE guidelines (Bustin et al., 2009). PP2A
(AT1G69960) was used as the reference gene. Primers used
in this study are listed in Supplemental Table S1.

ChIPseq
For chromatin immunoprecipitation, leaf material at 12 h af-
ter induction was collected in PBS (137 mM NaCl, 2.7 mM
KCl, 4.3 mM Na2HPO4, and 1.4 mM KH2PO4) supplemented
with 0.1% (v/v) Tween-20 and cross-linked using 1% (v/v)
formaldehyde for 10 min under vacuum. Cross-linking was
stopped by glycine at a final concentration of 125 mM for
5 min under vacuum. Leaves were rinsed with water, blotted
dry, and frozen in liquid nitrogen. About 200 mg of liquid
nitrogen-frozen leaves were used for crude nuclei extraction
for ChIP experiments as previously described (Mozgová
et al., 2015) from three independent biological replicates.
The antibodies used in this study were as follows: anti-
H3K27me3 (07-449; Millipore, Burlington, MA, USA) and

anti-H3K9me2 (pAb-060-050; Diagenode, Liege, Belgium).
Each experiment was performed in four biological replicates.
Sequencing libraries were prepared with the Microplex
Library Preparation kit version 2 (Diagenode) using 2 ng of
eluted DNA as starting material and 12 samples were pooled
for sequencing in one lane of Illumina HiSeq 2000 platform.

RNAseq data analysis
Untrimmed reads were mapped to the A. thaliana reference
genome TAIR10 using STAR version 2.5.3.a (Dobin et al.,
2013). Expression counts were generated using the R func-
tion summarizeOverlaps from the package HTSeq in union
mode on exons from the reference transcriptome AtRTD2
(Zhang et al., 2017). Statistics of read mapping can be found
in Supplemental Data Set S1. Pearson correlation coefficients
for three biological replicates are shown in Supplemental
Figure S8. Differential expression analyses were performed
using the R package DESeq2 version 1.20.0 (Love et al.,
2014). Genes with absolute log2FoldChange 51 and false
discovery rate (FDR)4 0.05 were considered as differentially
expressed. Similarly, differential expression analysis for TEs
was performed by mapping untrimmed reads to the indexed
FASTA sequences of the 31,189 TAIR10 annotated TEs using
bowtie2 version 2.2.9 (Langmead and Salzberg, 2012). The
read count matrix along individual TEs was prepared with
TEcount.py from the software package TETools version
1.0.0-283c1ca (Lerat et al., 2016) and imported into R to per-
form differential expression analysis using DESeq2 and the
same threshold values as for gene transcripts. GO analyses
were performed using web-based tool PLAZA version 4.0
(Van Bel et al., 2018). Statistical significance of enriched GO
terms was tested with hypergeometric distribution and the
Bonferroni method.

ChIP-seq data analyses
Single-end, 50 bp reads were generated on a HiSeq2500.
Reads were mapped to the TAIR10 reference genome with
bowtie (-v 2 -m 1; Langmead et al., 2009). The similarity of
the biological replicates was assessed by comparing the pair-
wise correlation of the enrichment scores along genes and
TEs (Supplemental Figure S3). Replicates were merged to in-
crease the genomic coverage and statistical power to detect
differentially enriched regions (Supplemental Data Set S1B).
ChIP-enriched regions were called with SICER (Zang et al.,
2009) using the input as the control library (window
size = 200 bp, gap size = 600 bp, FDR = 0.01). Significant dif-
ferences of enrichment between the PCD-inducible and the
mock samples were calculated with SICER-diff (Redundancy
threshold = 1, window size = 200 bp, gap size = 600 bp, and
FDR = 0.01). H3K27me3 score was determined as average
coverage of the normalized epigenetic mark along the anno-
tated coordinates of the gene.

Analysis of cis-element enrichment
Overrepresentation analysis of hexamers on the promoters
of sets of genes was performed as previously described
(Maruyama et al., 2012) using the 1-kb upstream regions
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from the translational start sites obtained through
Phytozome version 12 (https://phytozome.jgi.doe.gov/pz/por
tal.html).

Cytogenetic analyses
Leaves at 12 h after induction of PCD were fixed in 3:1 etha-
nol/acetic acid and stored at 4�C. Interphase nuclear spreads
for DAPI staining and FISH were prepared as previously de-
scribed (Fransz et al., 2002). Briefly, leaves were rinsed in cit-
rate buffer (10 mM Na Citrate, pH 4.5) and incubated in an
enzyme mix [(0.3% (w/v) pectolyase (Sigma, St. Louis, MO,
USA), 0.3% (w/v) cytohelicase (Sepracor, Marlborough, MA,
USA), and 0.3% (w/v) cellulase (Sigma)] in citrate buffer for
2 h at 37�C. Digested leaves were softened in 100mL 60% (v/
v) acetic acid on a non-coated, ethanol cleaned, microscopic
slide, spread at 45�C, fixed with ice-cold ethanol/acetic acid
(3:1), and dried. The dried preparations were mounted in
Vectashield containing DAPI (Vector Laboratories,
Burlingame, CA, USA) and used for nuclear size and chro-
mocenter number measurements. Imaging was performed
with a Leica DMI4000 inverted microscope, a Leica
DFC360FX camera, and LAS AF (Leica Microsystems,
Wetzlar, Germany) software. Statistical significance of differ-
ences in nuclear size and number of chromocenters was
tested with Wilcoxon statistical test.

FISH
FISH was performed on dried preparations of nuclei from
PCD samples 12 h after induction as described (Simon et al.,
2018) using directly labeled Locked Nucleic Acid probes
(Exiqon, Vedbæk, Denmark) specific for 180 bp centromeric
repeats TEX615_GTATGATTGAGTATAAGAACTTAAACCG.
Hybridization was performed for 1 h at 50�C. Post-
hybridization washes were carried out at 55�C twice in 2�
SSC and once in 0.75� SSC. Slides were mounted in
Vectashield containing DAPI (Vector Laboratories). Imaging
was performed with a Leica DMI4000 inverted microscope, a
Leica DFC360FX camera, and LAS AF (Leica Microsystems)
software.

Immunoblot analysis
Proteins were extracted in 100 mM Tris pH 7.5 with 2% (w/
v) SDS, boiled for 5 min in Lämmli sample buffer, and
cleared by centrifugation. The protein extracts were then
separated by SDS-PAGE, transferred to polyvinylidene
difluoride membranes (GE Healthcare, Amersham, UK),
blocked with 5% (w/v) skimmed milk in PBS, and incubated
with an anti-HA primary antibody (Santa Cruz
Biotechnology, Dallas, TX, USA) using 1:1,000 dilution in PBS
containing 0.1% (v/v) Tween-20. This was followed by incu-
bation with a secondary horseradish peroxidase-conjugated
antibody diluted 1:10,000 in PBS 0.1% (v/v) Tween-20 (GE
Healthcare, Amersham, UK). The immunoreaction was de-
veloped using the ECL Prime kit (GE Healthcare, Amersham,
UK) and detected with a LAS-3000 Luminescent Image
Analyzer (Fujifilm, Tokyo, Japan).

Electrolyte leakage and bacterial resistance assays
For quantification of PCD levels, ion leakage assays following
estradiol-induced effector expression or syringe-infiltration of
avirulent Pst DC3000 strains expressing AvrRpt2 (with
1 � 108 colony-forming unit [CFU] mL–1) or AvrRpm1
(with 5 � 107 CFU mL–1) were performed as described
(Hofius et al., 2009; Üstün et al., 2018). Bacterial growth
assays were done in 5-week-old plants upon infection with
avirulent Pst DC3000 (AvrRpt2) or (AvrRpm1) at
OD600 = 0.00001 essentially as described (Mackey et al.,
2003). Statistical significance for ion leakage was tested with
two-tailed t test, for bacterial growth assay with one-way
ANOVA with post hoc Tukey’s test.

Accession numbers
Sequencing reads are deposited in Gene Expression
Omnibus (GSE140410). Sequence data from this article can
be found in the A. thaliana Information Resource or
GenBank/EMBL databases under the following accession
numbers: NDR1 (AT3G20600), RPM1 (AT3G07040), RPS2
(AT4G26090) SWN (AT4G02020), CLF (AT2G23380), KYP
(AT5G13960).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Reliability of the two-
component vector system for induction of effector-
mediated PCD.

Supplemental Figure S2. Profiles of the PCD
transcriptomes.

Supplemental Figure S3. Reproducibility of the ChIP-seq
biological replicates.

Supplemental Figure S4. IGV screenshots showing the
distribution of epigenetic marks in biological replicates.

Supplemental Figure S5. Changes in H3K9me2 on TE
families.

Supplemental Figure S6. Loss of H3K27me3 associated
with increased expression of hormone-induced genes upon
AvrRpt2- and NPP1-induced PCD.

Supplemental Figure S7. Analysis of CLF/SWN PRC2-
specific gene suppressive mechanisms upon effector-
triggered PCD.

Supplemental Figure S8. Reproducibility of the RNA-seq
biological replicates.

Supplemental Table S1. List of primers used in this
study.

Supplemental Data Set S1. Read statistics of epigenome
and transcriptome data.

Supplemental Data Set S2. List of up and downregulated
genes.

Supplemental Data Set S3. List of up and downregulated
TEs.

Supplemental Data Set S4. List of genes gaining and los-
ing H3K27me3.

Supplemental Data Set S5. Correlation of epigenome and
transcriptome data.
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Supplemental Data Set S6. List of genes losing
H3K27me3 that are common with genes deregulated in re-
sponse to different hormones.

Supplemental Data Set S7. List of downregulated genes
gaining H3K27me3 upon AvrRpt2-induced PCD.
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Mozgová I, Wildhaber T, Liu Q, Abou-Mansour E, L’Haridon F,
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D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/185/4/2003/6128576 by guest on 09 June 2021



Zhang Y, Mayba O, Pfeiffer A, Shi H, Tepperman JM, Speed TP,
Quail PH (2013) A quartet of PIF bHLH factors provides a tran-
scriptionally centered signaling hub that regulates seedling mor-
phogenesis through differential expression-patterning of shared
target genes in Arabidopsis. PLoS Genet 9: 1003244

Zhou J, Wang X, He K, Charron J-BF, Elling AA, Deng XW
(2010) Genome-wide profiling of histone H3 lysine 9 acetylation
and dimethylation in Arabidopsis reveals correlation between
multiple histone marks and gene expression. Plant Mol Biol 72:
585–595

Zhou J, Zhong R, Ye ZH (2014) Arabidopsis NAC domain proteins,
VND1 to VND5, are transcriptional regulators of secondary wall
biosynthesis in vessels. PLoS One 9: e105726

Zoeller M, Stingl N, Krischke M, Fekete A, Waller F, Berger S,
Mueller MJ (2012) Lipid profiling of the Arabidopsis hypersensitive re-
sponse reveals specific lipid peroxidation and fragmentation processes:
biogenesis of pimelic and azelaic acid. Plant Physiol 160: 365–378

Zuo J, Niu QW, Chua NH (2000) An estrogen receptor-based trans-
activator XVE mediates highly inducible gene expression in trans-
genic plants. Plant J 24: 265–273

Plant Physiology, 2021, Vol. 185, No. 4 PLANT PHYSIOLOGY 2021: 185; 2003–2021 | 2021

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/185/4/2003/6128576 by guest on 09 June 2021


	tblfn1

