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The Arabidopsis thaliana Elongator complex subunit2 (ELP2) genetically interacts with NONEXPRESSOR OF PATHOGENESIS-
RELATED GENES1 (NPR1), a key transcription coactivator of plant immunity, and regulates the induction kinetics of defense
genes. However, the mechanistic relationship between ELP2 and NPR1 and how ELP2 regulates the kinetics of defense gene
induction are unclear. Here, we demonstrate that ELP2 is an epigenetic regulator required for pathogen-induced rapid
transcriptome reprogramming. We show that ELP2 functions in a transcriptional feed-forward loop regulating both NPR1 and its
target genes. An elp2 mutation increases the total methylcytosine number, reduces the average methylation levels of
methylcytosines, and alters (increases or decreases) methylation levels of specific methylcytosines. Interestingly, infection of
plants with the avirulent bacterial pathogen Pseudomonas syringae pv tomato DC3000/avrRpt2 induces biphasic changes in
DNA methylation levels of NPR1 and PHYTOALEXIN DEFICIENT4 (PAD4), which encodes another key regulator of plant
immunity. These dynamic changes are blocked by the elp2 mutation, which is correlated with delayed induction of NPR1 and
PAD4. The elp2 mutation also reduces basal histone acetylation levels in the coding regions of several defense genes.
Together, our data demonstrate a new role for Elongator in somatic DNA demethylation/methylation and suggest a function
for Elongator-mediated chromatin regulation in pathogen-induced transcriptome reprogramming.

INTRODUCTION

Immune responses are essential for both plants and animals to
defend against microbial pathogens. Unlike animals, plants do
not have any mobile cells specialized for defense but instead
rely on individual cells to recognize pathogens and activate
immune responses. In response to pathogen attack, plant cells
reprogram their transcriptional profiles to mount a defense at the
expense of normal cellular functions. The strength of the de-
fense correlates with the kinetics and magnitude of the tran-
scriptional changes. Suppressing or delaying pathogen-induced
transcription by pathogenic effectors or mutations in the de-
fense machinery compromises resistance (Tao et al., 2003;
Jones and Dangl, 2006). Thus, it is crucial for plant cells to
rapidly and efficiently reprogram transcription to fight infection.

In eukaryotic cells, RNA Polymerase II catalyzes the tran-
scription of protein-encoding genes. A multitasking protein
complex named Elongator was first identified as an interactor of
hyperphosphorylated (elongating) RNA Polymerase II in yeast
(Otero et al., 1999) and was later purified from human and
Arabidopsis thaliana cells (Hawkes et al., 2002; Kim et al., 2002;
Nelissen et al., 2010). Elongator consists of six subunits (Elon-
gator complex subunit1 [ELP1]/ELONGATA2 [ELO2]/ABSCISIC

ACID-OVERLY SENSITIVE1, ELP2, ELP3/ELO3, ELP4/ELO1,
ELP5, and ELP6) that act together as a functional unit, with ELP1
and ELP2 serving as scaffolds for complex assembly, ELP3
being the catalytic subunit, and ELP4-6 forming an accessory
complex. Loss of any Elongator subunit compromises its in-
tegrity, rendering the complex inactive (Versées et al., 2010).
Elongator has been shown to function in several distinct cellular
processes, including histone modification, tRNA modification,
exocytosis, a-tubulin acetylation, and zygotic paternal genome
demethylation (Hawkes et al., 2002; Huang et al., 2005; Rahl
et al., 2005; Creppe et al., 2009; Okada et al., 2010). Mutations in
yeast Elongator subunits lead to resistance to the zymocin
g-toxin subunit, defects in transcriptional silencing, and sensi-
tivity to salt, caffeine, temperature, and DNA damaging agents
(Otero et al., 1999; Jablonowski et al., 2001; Krogan and
Greenblatt, 2001). In humans, Elongator deficiency causes fa-
milial dysautonomia, an autosomal recessive disease charac-
terized by abnormally low numbers of neurons in the autonomic
and sensory nervous systems (Anderson et al., 2001; Slaugenhaupt
et al., 2001). In Arabidopsis, mutations of Elongator subunits result
in pleiotropic effects, including hypersensitivity to abscisic acid,
resistance to oxidative stress, severely aberrant auxin phenotypes,
disease susceptibility, and altered cell cycle progression (Nelissen
et al., 2005, 2010; Chen et al., 2006; Zhou et al., 2009; DeFraia
et al., 2010; Xu et al., 2012).
The Elongator catalytic subunit ELP3 harbors a C-terminal

histone acetyltranferase (HAT) domain and an N-terminal Cys-rich
motif that resembles an iron-sulfur radical S-adenosylmethionine
(SAM) domain (Chinenov, 2002; Winkler et al., 2002). ELP3 has
intrinsic HAT activity and is capable of acetylating all four histones,
whereas the six-subunit holo-Elongator predominantly acetylates
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Lys-14 of histone H3 and Lys-8 of histone H4 (Wittschieben
et al., 1999; Winkler et al., 2002). Subsequently, the levels of
acetylated histones H3 and H4 are reduced in yeast, human,
and Arabidopsis elp mutants (Winkler et al., 2002; Close et al.,
2006; Nelissen et al., 2010). Elongator may also have another
catalytic function suggested by the fact that the archaea
Methanocaldococcus jannaschii ELP3 binds and cleaves SAM
(Paraskevopoulou et al., 2006). Indeed, a recent study indicated
that the radical SAM domain of mouse ELP3, but not the HAT
domain, is required for Elongator’s function in zygotic paternal
genome demethylation (Okada et al., 2010), suggesting that
mouse ELP3 may be a radical SAM protein catalyzing active
DNA demethylation in zygotes. However, it is unknown whether
Elongator functions in DNA demethylation in nondividing so-
matic cells and whether this activity is evolutionarily conserved
in plants.

Previous characterization of loss-of-function mutants of Arab-
idopsis ELP2 revealed that elp2 genetically interacts with
a mutation in NONEXPRESSOR OF PATHOGENESIS-RELATED
GENES1 (NPR1)/NONINDUCIBLE IMMUNITY1/SALICYLIC
ACID INSENSITIVE1 (SAI1), which encodes a key transcription
coactivator regulating plant immunity (Cao et al., 1997; Ryals
et al., 1997; Shah et al., 1997; DeFraia et al., 2010). Whereas
NPR1 mostly affects the scale of defense gene expression,
ELP2 regulates the kinetics of defense gene induction. Simul-
taneous removal of NPR1 and ELP2 completely compromises
the resistance mediated by two different plant resistance (R)
proteins, demonstrating the distinction between ELP2 and
NPR1. At the transcriptional level, ELP2 regulates several NPR1
target genes, suggesting that ELP2 and NPR1 may have some
overlapping functions. However, the mechanistic relationship
between ELP2 and NPR1 in pathogen-induced transcriptional
changes and how ELP2 regulates the kinetics of defense gene
induction remain unclear.

Here, we performed in-depth characterization of the elp2
mutant using microarrays, chromatin immunoprecipitation, and
genome-wide or locus-specific bisulfite sequencing. Our results
show that ELP2 regulates the kinetics of pathogen-induced
transcriptome reprogramming, maintains histone acetylation
levels in several defense genes, modulates the genomic DNA
methylation landscape, and influences pathogen-induced dy-
namic DNA methylation changes. Thus, Elongator plays an
evolutionarily conserved role in DNA demethylation/methylation
in plants and likely functions as an epigenetic regulator of plant
immune responses.

RESULTS

The elp2 Mutation Exhibits a Broader and Stronger Impact
Than npr1 on Pathogen-Induced Transcriptome Changes

In order to identify and compare ELP2 target genes with those of
NPR1 at the genome level, we performed a microarray experi-
ment to monitor the avirulent bacterial pathogen Pseudo-
monas syringae pv tomato (Pst) DC3000/avrRpt2-induced
transcriptome changes in elp2, npr1, and the wild type (National
Center for Biotechnology Information [NCBI] Gene Expression

Omnibus series number GSE38986). Triplicate experiments
were performed independently, and the data were analyzed to
identify genes that were differentially expressed between elp2 or
npr1 and the wild type. We used P values to identify differentially
expressed candidate genes between elp2 and the wild type and
then performed real-time quantitative PCR (qPCR) to verify the
identified genes. Eight thus selected defense genes were all
confirmed to be differentially expressed between elp2 and the
wild type (Figure 1E); therefore, the P values computed for mi-
croarray analysis were not corrected for multiple testing. Genes
that showed a twofold or larger difference in their expression
levels with a low P value (#0.05) were chosen for further anal-
ysis. Considerably more genes were differentially expressed
between elp2 and the wild type than between npr1 and the wild
type (Figure 1A). A total of 568, 2336, 2951, and 1218 genes
were differentially expressed between elp2 and the wild type at
0, 4, 8, and 12 h after inoculation (hpi), respectively, whereas
only 69, 558, 547, and 525 genes were differentially expressed
between npr1 and the wild type. These results suggest that the
elp2 mutation has a broader impact than npr1 on Pst DC3000/
avrRpt2-induced transcriptome changes. Thus, ELP2 is a more
general regulator of transcription than NPR1 in Pst DC3000/
avrRpt2-induced immune response.
To identity the degree of functional overlap between ELP2 and

NPR1, we compared the differentially expressed genes in elp2
and npr1. Surprisingly, we found that a large number of genes
influenced by NPR1 were also under the regulation of ELP2
(Figure 1B; see Supplemental Figure 1A online). ELP2 and
NPR1, as positive regulators of defense genes, exhibited the
most dramatic overlapping functions at 4 hpi when ELP2 was
required for the full expression of ;83.8% of the genes that
were positively regulated by NPR1 (Figure 1B). These results
indicate that ELP2 and NPR1 have significantly overlapping
functions in plant immune responses.
To test whether ELP2 or/and NPR1 regulate the kinetics of

pathogen-induced transcriptome changes, we queried the
microarray data and identified genes that showed a twofold or
higher induction or suppression with a low P value (#0.05) in
elp2, npr1, and the wild type. We found that all three geno-
types exhibited dramatic transcriptional reprogramming upon
Pst DC3000/avrRpt2 infection (Figure 1C). Interestingly, al-
though both elp2 and npr1 significantly shifted their tran-
scriptome profiles (Figure 1D; see Supplemental Figure 1B
online), a dramatic effect on the kinetics of Pst DC3000/
avrRpt2-induced transcriptome changes was seen only in
elp2 (Figure 1C). While the numbers of genes up- or down-
regulated in npr1 and the wild type were highest at 8 hpi, in
elp2, they were higher at 12 hpi. At 8 hpi, 3900 and 4461
genes in npr1, and 4242 and 4592 genes in the wild type were
up- and downregulated, respectively, whereas only 2782
and 2796 genes in elp2 were up- and downregulated, re-
spectively. Even at 12 hpi, the numbers of genes up- or
downregulated in elp2 were still smaller than those in npr1
and the wild type (Figure 1C). Therefore, the elp2 genome
responded more slowly to Pst DC3000/avrRpt2 infection than
those of npr1 and the wild type, suggesting that the elp2
mutation has a larger impact than npr1 on pathogen-induced
transcriptional reprogramming.
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Figure 1. Pathogen-Induced Transcriptome Changes in elp2.

(A) Dynamic changes in the numbers of genes that are differentially expressed between elp2 and the wild type (WT) and between npr1 and the wild type
after Pst DC3000/avrRpt2 infection.
(B) Overlaps between the genes that are differentially expressed at 4 hpi between elp2 and the wild type and those between npr1 and the wild type.
(C) Dynamic changes in the numbers of genes that are up- or downregulated in the wild type, npr1, and elp2 after Pst DC3000/avrRpt2 infection.
(D) Overlaps among the genes that are up- or downregulated at 4 hpi in the wild type, npr1, and elp2.
(E) Expression of eight major defense genes in Pst DC3000/avrRpt2-infected wild-type and elp2 plants. The y axes indicate relative expression levels
monitored by qPCR (results in [A] to [D] were from microarray analysis). Expression levels were normalized against UBQ5. The x axes indicate hours
after Pst DC3000/avrRpt2 infection. Data represent the mean of three independent samples with SD. An asterisk indicates a significant difference
between the wild type and elp2 (P < 0.05, t test).
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ELP2 Regulates NPR1 and Its Target Genes

As a more general regulator of transcription, ELP2 might regu-
late pathogen-induced transcriptome changes through major
defense genes, such as NPR1 (Cao et al., 1997). To test this
hypothesis, we analyzed the genes that were differentially ex-
pressed between elp2 and the wild type. Interestingly, the in-
duction of NPR1 and many of the well-characterized major
defense genes, such as ENHANCED DISEASE SUSCEPTIBIL-
ITY1 (EDS1), PHYTOALEXIN DEFICIENT4 (PAD4), EDS5/SA
INDUCTION DEFICIENT1, ISOCHORISMATE SYNTHASE1
(ICS1)/SID2/EDS16, NON-RACE-SPECIFIC DISEASE RE-
SISTANCE1 (NDR1), AGD2-LIKE DEFENSE RESPONSE PRO-
TEIN1 (ALD1), and FLAVIN-DEPENDENT MONOOXYGENASE1
(FMO1), was either delayed or decreased in elp2 compared with
the wild type after Pst DC3000/avrRpt2 infection (Table 1)
(Century et al., 1997; Falk et al., 1999; Jirage et al., 1999;
Wildermuth et al., 2001; Nawrath et al., 2002; Song et al., 2004;
Mishina and Zeier, 2006). To confirm the microarray results, we
used real-time qPCR to monitor the induction of these genes in
elp2 after DC3000/avrRpt2 infection. As shown in Figure 1E,
induction of all eight genes was delayed and/or decreased in
elp2, suggesting that ELP2 may function upstream of these
major defense genes to regulate plant immune responses.

Since ELP2 regulates NPR1 induction, we expected that ELP2
would also regulate the expression of NPR1 target genes. In-
deed, expression of the majority of the NPR1 target genes,
which were identified in a previous study (Wang et al., 2005),
were reduced in elp2 compared with the wild type at either one
or more of the four time points after Pst DC3000/avrRpt2 in-
fection (Table 1), suggesting that ELP2 is a key regulator of
NPR1-mediated transcription. To find out how ELP2 is involved
in the NPR1 transcriptional cascade, we crossed the well-
characterized 35S:NPR1-GFP (for green fluorescent protein)
transgene into elp2 and tested whether overexpression of
NPR1-GFP could rescue the induction pattern of NPR1 target
genes (Kinkema et al., 2000). As shown in Figure 2A, over-
expression of NPR1-GFP did not restore the expression pattern
of eight out of the nine tested NPR1 target genes. Furthermore,
the heightened basal resistance conferred by overexpression of
NPR1-GFP was completely suppressed by the elp2 mutation
(Figure 2B) (Cao et al., 1998). These results suggest that ELP2
may also function independently of NPR1 to regulate the tran-
scription of NPR1 target genes.

ELP2 Regulates Histone Acetylation Levels in Several
Defense Genes

Elongator possesses HAT activity essential for maintaining
normal histone acetylation levels in yeast, humans, and plants
(Winkler et al., 2002; Close et al., 2006; Nelissen et al., 2010). To
test whether ELP2 is required for maintaining normal (basal)
histone acetylation levels in defense genes, we assessed the
acetylation status of histone H3 in NPR1, PR1, PR2, PR5, EDS1,
and PAD4 using chromatin immunoprecipitation. After formal-
dehyde cross-linking and cell lysis of elp2 and wild-type leaf
tissues, histone-DNA complexes were immunoprecipitated us-
ing an antibody specific for histone H3 acetylated at Lys-9 and
-14 (H3K9/14ac). Precipitated DNA was quantified using real-

time qPCR to estimate the levels of histone H3K9/14ac. In-
terestingly, although the basal expression levels of NPR1, PR1,
PR2, PR5, EDS1, and PAD4 were comparable in elp2 and the
wild type (see Supplemental Figure 2 online), histone H3K9/14ac
levels in the coding regions of these defense genes except PR1
were significantly lower in elp2 than in the wild type (Figure 3).
Since histone acetylation is generally associated with tran-
scriptional activation (Workman and Kingston, 1998), reduced
basal histone acetylation levels may contribute to the delayed
or/and decreased induction of defense genes in elp2.

ELP2 Modulates DNA Methylation in Arabidopsis

As Elongator plays a critical role in paternal genome demethy-
lation in mouse zygotes (Okada et al., 2010), we asked whether
Elongator modulates DNA methylation in Arabidopsis. To ad-
dress this question, we first analyzed DNA methylation levels
using bisulfite sequencing of several ELP2-regulated defense
genes (see Supplemental Table 1 online). Consistent with the
results reported previously (Lister et al., 2008), the cytosines in
the sequenced regions of NPR1 and PAD4 were significantly
methylated, while those in PR1, PR2, and PR5 (except three
cytosines in PR2) were not methylated (Figure 4; see
Supplemental Figure 3 online). Methylation occurred at CG,
CHG, and CHH sites in the NPR1 promoter region (Figures 4A
and 4B; see Supplemental Figure 3A online) but was largely
restricted to CG dinucleotides in the NPR1 and PAD4 coding
regions (Figures 4C and 4D). Interestingly, DNA methylation
levels were generally higher in elp2 than in the wild type except
at the NPR1 coding region, where DNA methylation levels were
lower in elp2. In the NPR1 promoter and the PAD4 coding regions,
methylation levels at several specific methylcytosines were signifi-
cantly higher in elp2 than in the wild type (Figures 4A, 4B, and 4D).
These results indicate that ELP2 modulates basal DNA methylation
levels in NPR1 and PAD4, which could suggest that ELP2 regulates
defense gene expression through DNA methylation.
To reveal broad effects of ELP2 on DNA methylation profiles,

we generated genome-scale DNA methylation maps of elp2 and
the wild type using bisulfite deep sequencing (BS-Seq) (NCBI
Short Read Archive accession number SRA055073). A total of
58,976,071 and 48,090,948 sequence reads were mapped in
elp2 and the wild type, respectively, of which 24,234,987 and
14,930,215 were unique (nonclonal); and a total of 3,850,501
cytosines were covered by at least 10 reads in both elp2 and the
wild type. Based on the reads aligned to the unmethylated
chloroplast genome that was isolated and sequenced in con-
junction with the nuclear genome, the average nonconversion
rate of the bisulfite conversion was 0.28% and the average
thymidine-to-cytosine sequencing error rate was 0.30% (see
Supplemental Table 2 online). Using 0.58% (0.28% plus 0.30%)
as a measure of the false methylcytosine discovery rate,
a binomial probability distribution was used to calculate the
minimum sequence depth at a cytosine position at which
a methylcytosine could be called while maintaining a false positive
rate below 5%. From the 3,850,501 cytosines, 2,204,921 were
identified as methylcytosines in at least one genotype, which ac-
counts for 5.12% of all genomic cytosine. These methylcytosines
were used for further analysis.
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Although some methylcytosines were identified in only one
genotype, the majority (72.8%) of the methylcytosines in all
sequence contexts (CG, CHG, and CHH) were identified in both
elp2 and the wild type (see Supplemental Figure 4 online). The
average methylation levels of methylcytosines in the CG, CHG,

and CHH contexts in elp2 were 5.94, 1.27, and 2.34% lower
than those in the wild type, respectively (Figure 5A). In all
sequence contexts, significantly more methylcytosines in elp2
displayed a low percentage (<10%) of methylation than in the
wild type (Figures 5B to 5D). However, although the distribution

Table 1. Defense Genes That Are Differentially Expressed between elp2 and the Wild Type during Pst DC3000/avrRpt2 Infection

AGI Locus
Gene
name

elp2/Wild Type

AGI Description

0 h 4 h 8 h 12 h

Log2

(FC)
P
Value

Log2

(FC)
P
Value

Log2

(FC)
P
Value

Log2

(FC)
P
Value

Major defense genes
At1g64280 NPR1 20.494 0.001 21.783 0 20.389 0.001 20.074 0.287 NONEXPRESSOR OF PR GENES1
At5g45110 NPR3 21.024 0.009 21.869 0.006 – n/a – n/a NPR1-LIKE PROTEIN3
At4g19660 NPR4 – n/a 21.435 0.006 – n/a – n/a NPR1-LIKE PROTEIN4
At4g16890 SNC1 – n/a 22.361 0 – n/a – n/a SUPPRESSOR OF NPR1-1, CONSTITUTIVE 1
At1g02450 NIMIN1 – n/a 23.318 0.017 – n/a 1.142 0.002 NIM-INTERACTING1
At3g25882 NIMIN2 – n/a 22.493 0.034 21.099 0.001 – n/a NIM-INTERACTING2
At1g74710 ICS1 – n/a 24.154 0.001 – n/a – n/a ISOCHORISMATE SYNTHASE1
At4g39030 EDS5 – n/a 23.815 0.003 – n/a – n/a ENHANCED DISEASE SUSCEPTIBILITY5
At5g13320 PBS3 – n/a 23.979 0.008 – n/a – n/a AVRPPHB SUSCEPTIBLE3
At3g48090 EDS1 – n/a 22.208 0.007 – n/a – n/a ENHANCED DISEASE SUSCEPTIBILITY1
At3g52430 PAD4 – n/a 23.458 0.003 – n/a 1.257 0.002 PHYTOALEXIN DEFICIENT4
At5g14930 SAG101 – n/a 21.055 0.013 – n/a – n/a SENESCENCE-ASSOCIATED GENE101
At4g23570 SGT1A – n/a 23.091 0 – n/a 1.001 0.003 Suppressor of G2 (Two) 1A
At4g14400 ACD6 22.818 0.023 23.125 0.011 21.368 0 – n/a ACCELERATED CELL DEATH6
At2g13810 ALD1 – n/a 24.106 0.002 23.129 0.002 22.105 0 AGD2-LIKE DEFENSE RESPONSE PROTEIN1
At1g19250 FMO1 – n/a 24.486 0.004 22.561 0.005 21.447 0.001 FLAVIN_DEPENDENT MOMOOXYGENASE1
NPR1 target genes
At2g14610 PR1 21.024 0.174 2.325 0.151 26.469 0 23.246 0.001 PATHOGENESIS-RELATED GENE1
At3g57260 PR2 22.147 0.18 – n/a 21.93 0 22.347 0.008 PATHOGENESIS-RELATED GENE2
At1g75040 PR5 21.37 0 21.334 0.23 21.924 0 – n/a PATHOGENESIS-RELATED GENE5
At2g43570 n.a. 22.185 0.131 – n/a 21.882 0.002 – n/a Chitinase, putative
At4g12010 n.a. – n/a 21.31 0.006 – n/a – n/a Disease resistance protein, putative
At4g34480 n.a. – n/a – n/a 21.01 0.003 – n/a Glycosyl hydrolase family 17 protein
At5g43470 RPP8 – n/a 21.14 0.003 – n/a – n/a RECOGNITION OF PERONOSPORA

PARASITICA8
At5g57550 XTR3 21.77 0.001 1.332 0.018 1.362 0 1.256 0.015 XYLOGLUCAN ENDOTRANSGLYCOSYLASE3
At1g08450 CRT3 – n/a 21.653 0.003 21.293 0 – n/a CALRETICULIN 3; calcium ion binding
At1g09210 CRT2 – n/a – n/a 21.755 0 – n/a Calreticulin2
At1g30900 VSR6 – n/a 22.128 0.023 21.8 0 – n/a Vacuolar sorting receptor6
At2g34250 Sec61a – n/a – n/a 21.161 0.106 – n/a Protein transport protein, putative
At2g47470 PDIL2-1 – n/a – n/a 21.235 0 – n/a PDI-LIKE2-1; thiol-disulfide exchange

intermediate
At4g22670 HIP1 – n/a – n/a 21.084 0.029 – n/a HSP70-INTERACTING PROTEIN1; binding
At4g24190 SHD – n/a – n/a 21.801 0 – n/a SHEPHERD; ATP binding
At5g07340 n.a. – n/a – n/a 21.548 0.007 – n/a Calnexin, putative
At5g42020 BIP – n/a – n/a 21.978 0.001 – n/a LUMINAL BINDING PROTEIN; ATP binding
At5g61790 CNX1 – n/a – n/a 21.878 0 – n/a Calnexin 1
At4g31800 WRKY18 21.377 0.012 – n/a – n/a – n/a WRKY DNA binding protein 18
At5g22570 WRKY38 21.34 0.088 – n/a 21.301 0.001 – n/a WRKY DNA binding protein 38
At4g23810 WRKY53 21.144 0.006 21.777 0.004 – n/a – n/a WRKY DNA binding protein 53
At2g40750 WRKY54 21.781 0.022 23.326 0.002 – n/a – n/a WRKY DNA binding protein 54
At3g01080 WRKY58 – n/a – n/a 21.374 0 – n/a WRKY DNA binding protein 58
At2g21900 WRKY59 – n/a 21.926 0 21.714 0 1.335 0.004 WRKY DNA binding protein 59
At1g80590 WRKY66 – n/a – n/a 21.365 0.005 – n/a WRKY DNA binding protein 66
At3g56400 WRKY70 21.666 0.021 22.197 0.024 – n/a – n/a WRKY DNA binding protein 70

AGI, Arabidopsis Genome Initiative; FC, fold change; n.a., not available; n/a, not applicable; –, less than twofold.
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patterns of methylcytosine were similar in elp2 and the wild type
(see Supplemental Figure 5 online), more methylcytosines were
identified in elp2 than in the wild type (see Supplemental Figures
4 and 5 online). Methylcytosine differences between elp2 and
the wild type were evident in all sequence contexts with more
prominent differences being identified in the CHG and CHH
contexts (see Supplemental Figure 5 online). The hyper-
methylated regions in elp2 were evenly distributed along the
chromosomes except for the centromeric regions (see
Supplemental Figure 5 online). We scanned the methylcytosines
on chromosome 1 and identified several regions where DNA
methylation levels in elp2 and the wild type differed significantly
(Figures 5E and 5F). In each of these regions, the patterns of
DNA methylation in all sequence contexts varied dramatically
between elp2 and the wild type (Figures 5G to 5L). We observed
that the DNA methylation pattern of PAD4 revealed by the
genome-wide BS-Seq was similar to that detected by traditional
bisulfite sequencing (Figure 4D; see Supplemental Figure 6
online), which validated the BS-Seq method employed in this

study. Taken together, our results showed that the elp2mutation
increased the total number of methylcytosines, decreased av-
erage methylation levels of methylcytosines, and modulated
(either increased or decreased) methylation levels of specific
cytosines, suggesting that ELP2 is an epigenetic regulator mod-
ulating both DNA demethylation and methylation.

ELP2 Is Required for Pathogen-Induced Dynamic DNA
Methylation Changes in NPR1 and PAD4

Pathogen infection has been shown to cause DNA hypo-
methylation in Arabidopsis (Pavet et al., 2006; Agorio and Vera,
2007; Dowen et al., 2012). Since ELP2 modulates basal DNA
methylation levels, we asked whether ELP2 is involved in
pathogen-induced DNA methylation changes. To address this
question, we infected elp2 and wild-type leaves with Pst
DC3000/avrRpt2 and analyzed DNA methylation in NPR1 and
PAD4 at 0, 4, 8, 16, and 24 hpi. Surprisingly, during the first
24 h after Pst DC3000/avrRpt2 infection, DNA methylation levels

Figure 2. Epistasis between elp2 and the 35:NPR1-GFP Transgene

(A) Expression of NPR1 and nine NPR1 target genes in Pst DC3000/avrRpt2-infected wild-type (WT), elp2, and 35S:NPR1-GFP elp2 plants. The y axes
indicate relative expression levels. Expression levels were monitored using qPCR and normalized against UBQ5. The x axes indicate hours after Pst
DC3000/avrRpt2 infection. Data represent the mean of three independent samples with SD.
(B) Growth of Psm ES4326 in wild-type, elp2, and 35S:NPR1-GFP elp2 plants. Data represent the mean of eight independent samples with SD. Different
letters on the right of the bars indicate significant differences (P < 0.05, t test).
Experiments were repeated three times with similar results.
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changed dramatically in the wild type but remained relatively
high and stable in elp2 (Figure 6; see Supplemental Figure 7
online). The most dramatic changes in DNA methylation levels
occurred at the CG sites in the PAD4 coding region (Figure 6D;
see Supplemental Figures 7J to 7L online). The overall average
methylation level of the eleven CG sites in the sequenced PAD4
coding region increased from ;56.7% at 0 hpi to ;69.2% at
4 hpi, then dropped to ;60.1, ;48.9, and ;47.7% at 8, 16, and
24 hpi, respectively (Figure 6D). At the PAD4 C2612G site, the
methylation level increased from ;50.2% at 0 hpi to ;75.9% at
4 hpi, then dropped to ;64.7, ;24.6, and ;14.4% at 8, 16, and
24 hpi, respectively (see Supplemental Figure 7K online). In the
NPR1 promoter region, methylation levels at CG and CHG sites
increased and reached the highest levels at 16 hpi, then de-
creased slightly at 24 hpi (Figures 6A and 6B; see Supplemental
Figures 7A to 7F online), whereas methylation levels at CHH

sites were low and did not display any reproducible dynamic
patterns (Figure 6C; see Supplemental Figures 7G to 7I online).
Taken together, these results indicate that ELP2 contributes to
pathogen-induced dynamic changes in DNA methylation levels
of two major defense genes.

DISCUSSION

Elongator has been implicated in diverse biological processes,
including exocytosis, embryogenesis, cell migration, cell pro-
liferation, and responses to abiotic stresses (Nelissen et al.,
2005; Rahl et al., 2005; Chen et al., 2006; Close et al., 2006;
Creppe et al., 2009; Okada et al., 2010; Bauer et al., 2012). Our
previous characterization of the Arabidopsis elp2 mutant un-
covered a role for Elongator in plant immune responses (DeFraia
et al., 2010). We showed that elp2 mutations delay or/and de-
crease the induction of several defense genes, but the un-
derlying mechanism remains unclear. Here, we provide evidence
that ELP2 functions in DNA demethylation/methylation and
histone acetylation and is involved in plant immunity by directly
or indirectly affecting the kinetics of pathogen-induced tran-
scriptome reprogramming.
Induction of many defense genes is delayed in the elp2 mu-

tant (Figure 1E). Similar expression patterns were observed for
several stress-inducible genes in yeast elpD cells (Otero et al.,
1999). Expression of GAL1-10, PHO5, and ENA1 is delayed
in elpD cells following transfer to media containing Gal, low
phosphate, and high salt, respectively. Although these results
clearly showed that Elongator is involved in regulating the ex-
pression kinetics of individual stress-inducible genes, whether
Elongator governs the kinetics of stress-induced transcriptome
changes is not yet known. Our results suggest that Elongator
plays a critical role in shaping the kinetics of pathogen-induced
transcriptome changes. Compared with the npr1 mutation, elp2
has a much stronger impact on the kinetics of pathogen-
induced transcriptional reprogramming (Figure 1C). The npr1
mutation does not dramatically change the numbers of genes
that are up- or downregulated after Pst DC3000/avrRpt2 in-
fection, whereas elp2 significantly reduces the gene numbers at
early time points. The numbers of genes that are up- or down-
regulated in elp2 reach higher levels at a later time point com-
pared with the wild type and npr1, suggesting that elp2 delays
genome-wide transcriptional responses to pathogen infection.
These results, together with the pathogen susceptibility phe-
notype of elp2, indicate that ELP2 is required for the Arabidopsis
genome to rapidly and efficiently reprogram its transcriptome to
fend off pathogen attack.
ELP2 regulates the expression of a group of major defense

genes, including NPR1, EDS1, PAD4, EDS5, ICS1, NDR1, ALD1,
and FMO1 (Table 1, Figure 1E) (Cao et al., 1997; Century et al.,
1997; Falk et al., 1999; Jirage et al., 1999; Wildermuth et al.,
2001; Nawrath et al., 2002; Song et al., 2004; Mishina and
Zeier, 2006), which suggests that ELP2 may regulate plant im-
mune responses through these major defense genes. ELP2 may
also function independently of these genes, as seen for NPR1. In
the NPR1 transcriptional cascade, ELP2 not only regulates NPR1
itself, but also regulates almost all of the NPR1 target genes

Figure 3. Histone H3 Acetylation Levels in Several Defense Genes.

The position of the primers is relative to the initiation ATG codon. The
relative amount of immunoprecipitated chromatin fragments (as de-
termined by real-time qPCR) from elp2 was compared with that from the
wild type (WT; arbitrarily set to 1). Data represent the mean of three in-
dependent samples with SD. An asterisk indicates a significant difference
between elp2 and the wild type (P < 0.05, t test). The experiment was
repeated four times with similar results.
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(Table 1) (Wang et al., 2005). Overexpression of the previously
characterized transgene NPR1-GFP in elp2 does not restore the
induction pattern of most of the NPR1 target genes tested in our
experiment (Figure 2A) (Kinkema et al., 2000), indicating that
ELP2 also functions independently of NPR1 and is involved in
the transcription activation of NPR1 target genes. Consistently,
increasing basal immunity by overexpression of NPR1-GFP
requires ELP2 (Figure 2B) (Cao et al., 1998). Thus, in NPR1-
mediated signal transduction, ELP2 functions in a transcriptional
feed-forward loop, in which it regulates both NPR1 and its target
genes.
Although ELP2 regulates the NPR1 transcriptional cascade,

ELP2 and NPR1 appear to function largely independently of
each other in effector-triggered immunity (ETI) (DeFraia et al.,
2010). This paradox can be reconciled by the fact that other
ELP2-regulated major defense genes, such as PAD4, EDS1, and
NDR1, influence subsets of NPR1-independent genes (Wang
et al., 2008). Mutations in ELP2 delay the induction of both
NPR1-dependent and -independent defense genes, whereas
mutations in NPR1 block the transcription of only NPR1-
dependent defense genes. Our previous work has shown that the
elp2 and npr1 single mutants are moderately susceptible to Pst
DC3000/avrRpt2, whereas the elp2 npr1 double mutant is sig-
nificantly (>130-fold) more susceptible than either elp2 or npr1
(DeFraia et al., 2010). Therefore, both ELP2-regulated kinetics
and the NPR1-dependent magnitude of defense gene induction
are crucial for ETI. Intriguingly, although ELP2 regulates the in-
duction kinetics of a group of major defense genes that encode
important regulators of systemic acquired resistance (SAR)
(Table 1), ELP2 itself does not play a significant role in SAR
(DeFraia et al., 2010). It is possible that the basal expression
levels of the major defense genes, which are not affected by the
elp2 mutation (see Supplemental Figure 2 online), are sufficient
for the establishment of SAR, as shown for the NPR1 gene (van
Wees et al., 2000). It is also possible that establishment of SAR
does not depend on the kinetics of defense gene induction, but
rather on the magnitude of the induction. In any case, elp2, as
a unique mutant in which both basal immunity and ETI are
compromised but SAR is not, is invaluable for dissecting the
mechanistic differences between basal immunity or ETI and SAR
(DeFraia et al., 2010).
It has been well documented that Elongator possesses HAT

activity and is required for maintaining normal histone acetyla-
tion levels (Winkler et al., 2002; Close et al., 2006; Nelissen et al.,
2010). Consistent with this, loss of ELP2 reduces basal histone
acetylation levels in the coding regions of several defense genes
(Figure 3). Elongator might also bear DNA demethylase activity,
affecting paternal genome demethylation in mouse zygotes
(Okada et al., 2010). However, it is unknown whether Elongator
influences DNA demethylation in somatic cells and whether this
function is conserved in other organisms. In this study, we found
that elp2 causes dramatic genome-wide DNA methylation
changes, including increased total number of methylcytosines
(Figure 5; see Supplemental Figures 4 and 5 online). These
changes appear to be more profound than those observed in the
DNA demethylase triple mutant rdd, in which the total number of
methylcytosines identified is similar to the wild type (Lister et al.,
2008). Many regions in elp2 exhibit increased DNA methylation

Figure 4. DNA Methylation Levels in Several Defense Genes.

(A) and (B) DNA methylation levels at CG sites (A) and CHG sites (B) of
the NPR1 promoter region in elp2 and the wild type (WT).
(C) and (D) DNA methylation levels at CG sites in the coding region of
NPR1 (C) and PAD4 (D) in elp2 and the wild type.
DNA samples were extracted from three biological replicates of each
genotype. After bisulfite conversion and PCR amplification, the PCR
products were cloned into pGEM-T easy vector. A total of 45 in-
dependent clones were sequenced for each genotype (15 for each DNA
sample). The 15 clones from the same DNA sample were used to cal-
culate methylation levels, which were then used for statistical analysis.
Data represent the mean of three independent samples with SD. An as-
terisk indicates a significant difference between elp2 and the wild type
(P < 0.05, t test).
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levels (Figures 5E and 5G to 5I), but some regions are hypo-
methylated (Figures 5F and 5J to 5L). This result suggests that,
similarly to the human DNA methyltransferases Dnmt3a and 3b,
Elongator may act in both DNA demethylation and methylation
(Métivier et al., 2008). However, presently, no evidence is
available indicating that Elongator acts upon DNA as a DNA
demethylase or a DNA methyltransferase (Okada et al., 2010).
This aspect of Elongator requires further investigation.

Methylation of genomic DNA in Arabidopsis is thought to be
dynamically regulated by both active DNA demethylation and
DNA methylation mechanisms (He et al., 2011). Consistent with
this idea, we found that Pst DC3000/avrRpt2 infection induces
biphasic changes in DNA methylation levels in the PAD4
coding region and, to a lesser extent, the NPR1 promoter re-
gion in mature mesophyll cells in the wild type (Figure 6; see
Supplemental Figure 7 online). However, DNA methylation levels
of these regions in elp2 are high (higher than the highest levels
reached in the wild type) and do not change upon Pst DC3000/
avrRpt2 infection. Since mature mesophyll (nondividing somatic)

cells cannot lose methylation through the loss of maintenance,
this result indicates that the elp2 mutation blocks pathogen in-
fection-induced active DNA demethylation. Therefore, Elongator
regulates genomic DNA methylation landscape likely through its
DNA demethylation function in Arabidopsis.
Consistent with the notion that acetylation of histones H3 is

generally associated with active transcription (Li et al., 2007),
reduced histone H3 acetylation levels in the coding regions of
several defense genes, including NPR1 and PAD4, are corre-
lated with delayed or/and decreased induction in elp2 (Figures
1E and 3). Although basal expression levels of these defense
genes are not significantly changed in the elp2 mutant (see
Supplemental Figure 2 online), a correlation between reduced
histone H3 acetylation and decreased basal expression of
several auxin-related genes has been seen in the Arabidopsis
Elongator mutant elo3-6 (Nelissen et al., 2010). Therefore,
Elongator may help establish a transcriptionally active chromatin
state at specific defense loci. A role for histone modification in
establishment of active chromatin structures at plant defense

Figure 5. Genomic DNA Methylation Profiles of elp2.

(A) Average genome-wide DNA methylation levels of elp2 and the wild type (WT).
(B) to (D) Distribution of methylation percentage in the sequence context of CG (B), CHG (C), and CHH (D) in elp2 and the wild type The x axes are
divided into 10 individual bins that correspond to methylation levels. The y axes are the percentage of total counts for each respective bin.
(E) and (F) Regions on chromosome 1 where more methylcytosines are hypermethylated in either elp2 (E) or the wild type (F). Regions 1 to 4
correspond to nucleotides 8,390,001 to 8,392,000, 568,001 to 570,000, 9,756,001 to 9,758,000, and 3,876,001 to 3,878,000, respectively (E), or
nucleotides 19,962,001 to 1,996,400, 11,318,001 to 11,320,000, 16,434,001 to 16,436,000, and 27,932,001 to 27,934,000, respectively (F).
(G) to (L) Methylation levels of the methylcytosines in all sequence contexts in two regions on chromosome 1.
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loci is not without precedent. The Arabidopsis histone methyl-
transferase SET DOMAIN GROUP8 maintains H3K36me3 levels
and regulates both basal and induced expression of particular R
genes (Palma et al., 2010). ARABIDOPSIS HOMOLOG OF TRI-
THORAX1 establishes H3K4me3 patterns and regulates both
basal and induced expression of WRK70, which encodes a key
transcription factor of plant immunity (Li et al., 2006; Alvarez-
Venegas et al., 2007). Histone modification may even be
a molecular basis for defense priming, a phenomenon resulting
in enhanced defense gene transcription upon a subsequent
stress (Conrath, 2011; Berr et al., 2012). Indeed, priming of
WRKY6, WRKY29, and WRKY53 is associated with an increase
in histone H3 acetylation and H3K4me3 at their promoters
(Jaskiewicz et al., 2011). Although ELP2 does not contribute
significantly to the establishment of SAR (DeFraia et al., 2010),
whether Elongator is involved in priming-mediated histone
acetylation deserves further investigation.

Interestingly, besides histone acetylation, DNA methylation
levels are elevated in the NPR1 promoter region and the PAD4
coding region in elp2 plants (Figure 4), which may also con-
tribute to the delayed or/and decreased induction. Furthermore,
we found that pathogen-induced dynamic changes in DNA

methylation levels in the PAD4 coding region and, to a lesser
extent, the NPR1 promoter region are correlated with the im-
pulse response of the genes to pathogen infection (Figures 1E
and 6; see Supplemental Figure 7 online). Dynamic DNA meth-
ylation changes have previously been implicated in regulation of
gene transcription. During mouse muscle cell line differentiation,
the dynamics of DNA demethylation in the 59-flanking region
and exon 1 of the myogenin gene is strongly correlated with its
expression (Lucarelli et al., 2001). In human MDA-MB231 cells,
transcriptional regulation of the human pS2 gene involves cy-
clical variation in CG methylation of the pS2 promoter (Métivier
et al., 2008). The elp2 mutation blocks pathogen-induced DNA
methylation changes in NPR1 and PAD4 and delays the in-
duction of the defense genes, suggesting that, in Arabidopsis,
pathogen-induced Elongator-dependent dynamic DNA meth-
ylation changes may play a role in regulating defense gene
transcription.
Compared with other epigenetic regulators, Elongator is unique

in that it regulates both global histone acetylation levels and
genome-wide DNA methylation profiles (Figure 5) (Winkler et al.,
2002; Nugent et al., 2010; Xu et al., 2012). The delayed genome-
wide transcriptional response of elp2 to pathogen infection

Figure 6. Pathogen-Induced Dynamic DNA Methylation Changes in NPR1 and PAD4.

(A) to (C) Average methylation levels of methylcytosines at CG sites (A), CHG sites (B), and CHH sites (C) of the NPR1 promoter region in elp2 and the
wild type (WT).
(D) Average methylation levels of methylcytosines at CG sites of the PAD4 coding region in elp2 and the wild type.
DNA samples were extracted from three biological replicates of each genotype/time point. After bisulfite conversion and PCR amplification, the PCR
products were cloned into pGEM-T easy vector. A total of 45 independent clones were sequenced for each genotype/time point (15 for each DNA
sample). The 15 clones from the same DNA sample were used to calculate methylation levels, which were then used for statistical analysis. Data
represent the mean of three independent samples with SD. Different letters above the bars indicate significant differences (P < 0.05, t test). Note that the
comparison was made separately among time points for each genotype.
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likely results from altered genome chromatin structure caused
by both reduced histone acetylation levels and altered DNA
methylation profiles. Proteins regulating global histone acetyla-
tion or/and genome-wide DNA methylation have been impli-
cated in plant innate immunity. For instance, the Arabidopsis
HISTONE DEACETYLASE19 (HDA19) appears to be involved in
basal defense against the bacterial pathogen Pst DC3000 but
results from examining the effect of hda19 mutations on disease
resistance in several reports are contradictory (Tian et al., 2005;
Kim et al., 2008; Choi et al., 2012). Knockout of SIRTUIN2,
a homolog of yeast Silent information regulator2, which encodes
an NAD+-dependent HDA, enhances resistance to Pst DC3000
(Wang et al., 2010). Mutations in several components of the
RNA-directed DNA methylation pathway have been shown to
alter immune responses to Pst DC3000. While mutations in
AGRONAUTE4 (AGO4) compromise resistance to Pst DC3000
(Agorio and Vera, 2007), mutations in NRPE1 and NRPD2, which
encode the largest subunit of the RNAP V complex and second
largest subunit of the RNAP IV and V complexes, respectively
(Law and Jacobsen, 2010), enhance resistance to this pathogen
(López et al., 2011). The DNA methylation mutants met1-3 and
ddc (drm1-2 drm2-2 cmt3-11), which are deficient in CG main-
tenance methylation and non-CG maintenance/de novo meth-
ylation, respectively (Saze et al., 2003; Chan et al., 2006;
Penterman et al., 2007a), are highly resistant to Pst DC3000
(Dowen et al., 2012; Luna et al., 2012). As AGO4 might play
some unknown functions independent of the RNA-directed DNA
methylation pathway (López et al., 2011), it has been proposed
that DNA methylation represses immune responses to Pst
DC3000 in the absence of the pathogen (Dowen et al., 2012).
However, we found that the DNA demethylase triple mutant rdd
(ros1-3 dml2-1 dml3-1), which contains genome-wide DNA hy-
permethylation (Penterman et al., 2007b; Lister et al., 2008), also
exhibits constitutively elevated resistance to bacterial patho-
gens (see Supplemental Figure 8 online). Therefore, changing
global histone acetylation levels or/and genomic DNA methyla-
tion profiles exerts great influence on plant immune responses.
Interestingly, although both elp2 and rdd are DNA demethylation
mutants, their defense phenotypes are opposite (see
Supplemental Figure 8 online) (DeFraia et al., 2010). The en-
hanced disease susceptibility of elp2 might be attributed to
impaired histone acetylation. Although the intrinsic relationship
between histone acetylation and DNA demethylation/methylation
in elp2 is unknown, it would be interesting to test whether
histone acetylation is epistatic to DNA methylation in plant im-
mune responses. Furthermore, recent studies have shown that
HDA6 and MET1 interact directly and function together in locus-
directed heterochromatin silencing (To et al., 2011; Liu et al.,
2012). Whether Elongator counteracts HDA/DNA methyl-
transferase complexes in epigenetic regulation of plant immunity
merits further investigation.

Elongator employs distinct molecular mechanisms to play
diverse functions in different biological processes (Svejstrup,
2007; Versées et al., 2010). Our data revealed a new role for
Elongator in regulating DNA demethylation/methylation in non-
dividing somatic cells and demonstrated an important function
for Elongator-mediated chromatin regulation in plant immune
responses, though this function could be direct or indirect. We

propose that Elongator plays a key role in genome-wide tran-
scriptomic responses to diverse stresses, likely by regulating the
histone acetylation and DNA methylation status of stress-
responsive genes. The NPR1 transcriptional cascade exemplifies
a signaling cascade where Elongator modulates the chromatin
structure of both the key transcription regulator and its target
genes, forming a transcriptional feed-forward loop and de-
termining the kinetics of the transcription. Further investigation on
the relationship between NPR1 and Elongator in regulating gene
transcription during immune responses will shed light on the
cooperative interaction between specific transcription regulators
and chromatin structure.

METHODS

Plant Materials and Pathogen Infection

The wild type used was the Arabidopsis thaliana Columbia-0 (Col-0)
ecotype, and the mutant alleles used were npr1-3 (Glazebrook et al.,
1996), elp2-5 (DeFraia et al., 2010), met1-3 (Saze et al., 2003), drm1-2
drm2-2 cmt3-11 (Chan et al., 2006), and ros1-3 dml2-1 dml3-1
(Penterman et al., 2007b). The 35S:NPR1-GFP transgenic line has been
described previously (Kinkema et al., 2000). Plant growth, pathogen in-
fection, and determination of in planta pathogen growth were performed
as previously described (Cao et al., 1997).

RNA Analysis

RNA extraction, reverse transcription, and real-time qPCR analysis were
performed as described by DeFraia et al. (2010). The primers used for real-
time qPCR in this study are shown in Supplemental Table 3 online.

Microarray Analysis

Four-week-old soil-grown plants were inoculated with the bacterial
pathogen Pst DC3000/avrRpt2. Total RNA samples extracted from the
inoculated leaves were subjected to microarray analysis. Briefly, RNA con-
centrationwas determined on a NanoDrop Spectrophotometer (Thermofisher
Scientific), and sample quality was assessed using the 2100 Bio-
analyzer (Agilent Technologies). cDNA was synthesized from 200 ng of
total RNA and used as a template for in vitro transcription in the presence
of T7 RNA polymerase and cyanine-labeled CTPs using the Quick Amp
Labeling kit (Agilent Technologies) according the manufacturer’s pro-
tocol. The amplified, labeled complementary RNA was purified using
the RNeasy mini kit (Qiagen). For each array, 1650 ng of Cy 3–labeled
complementary RNAwas fragmented and hybridizedwith rotation at 65°C
for 17 h. Samples were hybridized to Arabidopsis 4 3 44k arrays (Agilent
Technologies). The arrays were washed according to the manufacturer’s
protocol and then scanned on a G2505B scanner (Agilent Technologies).
Data were extracted using Feature Extraction 10.1.1.1 software (Agilent
Technologies).

Data (individual signal intensity values) obtained from the microarray
probes were background corrected using a normexp+offset method, in
which a small positive offset (k = 50) was added to move the corrected
intensities away from zero (Ritchie et al., 2007). The resulting data were log
transformed (using 2 as the base) and normalized between individual
samples by scaling the individual log-transformed signal intensities so
that all data sets had comparable lower quartile, median, and upper
quartile values (Smyth, 2005). After normalization, the Student’s t test was
performed considering a probe-by-probe comparison between different
genotypes at the same time point using the wild type (Col-0) as the
reference sample and between different time points of the same genotype
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using the 0-h sample as the reference. In each comparison, a P value and
fold change were computed for each gene locus. The gene expression
fold changes were computed based on the normalized log-transformed
signal intensity data. The comparison results were further explored to
obtain numbers of overlapped genes between/among different
comparisons.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation was performed as described by Saleh
et al. (2008). Briefly, ;3 g of 4-week-old soil-grown plants were sub-
merged in 50mL of cross-linking buffer (10 mM Tris-HCl, pH 8, 0.4 M Suc,
1 mM PMSF, 1 mM EDTA, and 1% formaldehyde) and vacuum infiltrated
three times for 3 to 4 min each at room temperature. The cross-linking
reaction was stopped by adding 2.5 mL of 2 MGly to a final concentration
of 100 mM and vacuum infiltration for 5 min. Plant tissues were washed
three times with cold sterile deionized water. After removing water, plants
tissues were submerged in liquid nitrogen, ground to a fine powder, and
resuspended in 20 to 25 mL cold nuclei isolation buffer (15 mM PIPES, pH
6.8, 0.25 M Suc, 5 mM MgCl2, 60 mM KCl, 15 mM NaCl, 1 mM CaCl2,
0.9% Triton X-100, 20 mM sodium butyrate, 1 mM PMSF, 2 mg/mL
pepstatin A, and 2 mg/mL aprotinin). After brief vortex and incubation, the
homogenized slurry was filtered through one layer of Miracloth. After
centrifugation at 3220g for 20 min, the pellet (nuclei) was resuspended in
1.5 mL of cold nuclei lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl,
1 mM EDTA, 0.1% SDS, 0.1% sodium deoxycholate, 1% Triton X-100,
20 mM sodium butyrate, 1 mg/mL pepstatin A, and 1 mg/mL aprotinin).
DNAwas sheared into;500-bp (200 to 1000 bp) fragments by 6 to 10min
of 3-s pause sonication at 40 to 43% amplitude using a TekMar TM-100
sonic disruptor (TekMar). After centrifugation at 13,800g for 10 min, the
supernatant (200 mL) was diluted fivefold with nuclei lysis buffer and
precleared by adding 50 mL salmon sperm DNA/protein A agarose beads.
After removing the agarose beads, 5 mL of Ac-Histone H3 (Lys-9/14)
antibody (sc-8655-R; Santa Cruz Biotechnology) was added and the
mixture was incubated at 4°C for 5 h to overnight with gentle rotation, and
then 60 to 75 mL salmon sperm DNA/protein A agarose beads was added
and the incubation was continued for 2 to 3 h. After centrifugation at
3800g for 2 min, the agarose beads were sequentially washed with low
salt wash buffer (20 mM Tris-HCl, pH 8, 150 mM NaCl, 0.2% SDS, 0.5%
Triton X-100, and 2 mM EDTA), high salt wash buffer (20 mM Tris-HCl, pH
8, 500 mM NaCl, 0.2% SDS, 0.5% Triton X-100, and 2 mM EDTA), LiCl
wash buffer (10 mM Tris-HCl, pH 8, 0.25 M LiCl, 1% sodium deoxy-
cholate, 1% Nonidet P-40, and 1 mM EDTA), and TE buffer (twice; 1 mM
EDTA and 10 mM Tris-HCl, pH 8). The immunocomplexes were eluted
with freshly prepared elution buffer (0.1 M NaHCO3 and 0.5% SDS) and
incubation at 65°C for 15 min with gentle rotation. Twenty microliters of
5 M NaCl was added to 500 mL of the immunocomplex solution and the
mixture was incubated at 65°C for 4 h to overnight to reverse cross-
linking. Then, 20 mL of 1 M Tris-HCl, pH 6.5, 10 mL of 0.5 M EDTA, and
2 mL proteinase K (10 mg/mL) was added, and the mixture was incubated
at 45°C for 1.5 h to digest the proteins. Immunoprecipitated DNA was
purified using a mixture of phenol:chloroform:isoamyl alcohol (25:24:1), and
the resulting DNA was used for real-time qPCR with the primers in
Supplemental Table 4 online. The amount of precipitated DNA corre-
sponding to a specific gene region was determined by real-time qPCR
and normalized to both input DNA and a constitutively expressed gene
(ACTIN2/7) as described (Mosher et al., 2006). The resulting valueswere used
as measures for the levels of histone H3K9/14ac in specific gene regions.

Bisulfite Sequencing

For locus-specific DNA methylation analysis, strand-specific and
bisulfite-specific primers (see Supplemental Table 1 online) were used to

amplify the target regions from bisulfite-converted genomic DNA. The
PCR products were cloned into pGEM-T easy vector (Promega). In-
dividual clones were sequenced, and the sequence data were analyzed
using the Web-based tool Kismeth (http://katahdin.mssm.edu/kismeth)
(Gruntman et al., 2008). Genome-wide bisulfite sequencing and data
analysis were performed as described by Lister et al. (2008). Briefly,
genomic DNA was extracted from;1 g of fresh rosette leaves of 4-week-
old soil-grown plants using a hexadecyltrimethylammonium bromide
(CTAB) DNA extraction protocol (Aldrich and Cullis, 1993). Approximately
2 µg of high molecular weight genomic DNA was dissolved in 125 mL TE
(10mMTris-HCl, pH 8.0, and 0.5mMEDTA) and transferred to 63 16-mm
glass microtubes with AFA fiber and snap-caps (Covaris). DNA samples
were sheared into fragments with an average size of 300 bp in a Covaris
S2 ultrasonic disruptor following the manufacturer’s recommended
settings. AMPure magnetic beads (Beckman Coulter) with a bead-to-
sample ratio of 73:100 were used to clean up the samples prior to se-
quencing library construction. Sequencing libraries were made using the
TruSeq DNA Sample Preparation kits (Illumina) following the manu-
facturer’s protocol with a few modifications. Briefly, DNA fragments were
end-repaired, adenylated, adaptor-ligated, and size-selected (250 to 500
bp) in a 2% agarose gel. The gel was stained with Invitrogen SYBR safe
(Life Technologies) and viewed on a blue light transilluminator (Life
Technologies) in order to avoid UV damage. Libraries were quantitated in
a Qubit fluorometer (Life Technologies). The final yield was ;160 ng (in
25 mL Tris-HCl, pH 8.0), which was subjected to sodium bisulfite treat-
ment using the EpiTect Bisulfite kit (Qiagen) following the manufacturer’s
instructions. The resulting library was amplified using uracil-insensitive
PfuTurbo Cx Hotstart DNA polymerase (Agilent Technologies) under the
following conditions: denaturation at 98°C for 30 s, 18 cycles (98°C for
15 s, 60°C for 30 s, and 72°C for 1 min), and final extension at 72°C for
5 min. The PCR amplification products were then cleaned twice using
AMPure magnetic beads with a bead-to-sample ratio of 85:100, and the
resulting DNA was quantitated by the Qubit fluorometer and qPCR with
the Kapa SYBR Fast qPCR reagents (Kapa Biosystems) on an ABI7900HT
real-time PCR system (Life Technologies). The average insert size of the
libraries was ;360 bp. Libraries were then diluted to 9 pM for cluster
generation on the cBOT (Illumina), and a 101 cycle multiplex single-end
sequencing run for pooled barcoded libraries and a 23 101 cycle multiplex
pair-end sequencing run for each library was performed on an Illumina
Genetic Analyzer IIx (running SCS2.9) using an eight-lane flow cell.

The cleanup module of the Paracel Transcript Assembler version 3.0.0
was applied for raw reads cleanup. Consecutive ambiguous characters
(Ns) were removed from both ends of a read, and all reads were checked
and masked for adaptors. Low-quality sequences were trimmed from
ends of individual reads, and readswith length shorter than 40 nucleotides
were excluded from further analysis (see Supplemental Table 5 online).
Reads were aligned against in silico bisulfite converted sense and anti-
sense references of the Arabidopsis Col-0 genome and the nonconverted
normal reference using the Novoalign software (Novocraft Technologies,
V2.07.15b). A read was considered to be “mapped” to the sense reference
if the number of mismatches with the antisense reference is at least twice
that with the sense reference and vice versa. Mapped reads were filtered
out as follows: reads either with three consecutive cytosines in CHH
context (possible nonconversion in bisulfite conversion) or with mis-
matches more than 10% of the total nucleotides were removed (Bormann
Chung et al., 2010; Otto et al., 2012); clonal reads potentially produced
during PCR amplification from the same template molecule (based on
a common start position) were removed. The uniquely mapped nonclonal
reads were used for methylcytosine identification. A binomial probability
distribution was used to calculate the minimum sequence depth at
a cytosine position at which a methylcytosine could be called while
maintaining a false positive rate below 5%. The false methylcytosine
discovery rate was estimated by the sum of the rates of nonconversion
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and thymidine to cytosine sequencing errors at cytosine positions in the
chloroplast reference genome.

Statistical Methods

Except those used in microarray analysis, all statistical analyses were
performed with the data analysis tools (t test: two samples assuming
unequal variances) in Microsoft Excel of Microsoft Office 2004 for
Macintosh.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: ELP2 (At1g49540), NPR1 (At1g64280), EDS1 (At3g48090),
PAD4 (At3g52430), EDS5 (At4g39030), ICS1 (At1g74710), NDR1
(At3g20600), FMO1 (At1g19250), ALD1 (At2g13810), PR1 (At2g14610),
PR2 (At3g57260), PR5 (At1g75040), WRKY18 (At4g31800), WRKY33
(At2g38470), WRKY38 (At5g22570), WRKY54 (At2g40750), WRKY58
(At3g01080), and VSR6 (At1g30900); NCBI Gene Expression Omnibus
Series number GSE38986 (microarray data); and NCBI Short Read Ar-
chive accession number SRA055073 (BS-Seq data).
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