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Abstract

As sessile organisms, plants are exposed to environmental stresses throughout their life. They have developed sur-
vival strategies such as developmental and morphological adaptations, as well as physiological responses, to protect 
themselves from adverse environments. In addition, stress sensing triggers large-scale transcriptional reprogram-
ming directed at minimizing the deleterious effect of water stress on plant cells. Here, we review recent findings that 
reveal a role of chromatin in water stress responses. In addition, we discuss data in support of the idea that chromatin 
remodelling and modifying enzymes may be direct targets of stress signalling pathways. Modulation of chromatin 
regulator activity by these signaling pathways may be critical in minimizing potential trade-offs between growth and 
stress responses. Alterations in the chromatin organization and/or in the activity of chromatin remodelling and modi-
fying enzymes may furthermore contribute to stress memory. Mechanistic insight into these phenomena derived from 
studies in model plant systems should allow future engineering of broadly drought-tolerant crop plants that do not 
incur unnecessary losses in yield or growth.
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Introduction

Plant stress can be defined ‘Any unfavourable condition or 
substance that affects or blocks a plant’s metabolism, growth 
or development’ (reviewed by Lichtenthaler, 1998). Plants 
are exposed to a plethora of environmental stresses through-
out their life. Drought attributable to climate change already 
causes water shortages in large parts of the world (Vorosmarty 
et  al., 2010). Therefore, enhanced response to water deficit 
is an important trait for both crops and wild plant popula-
tions. Water is essential for plant metabolism, transport sys-
tems, and for generating the turgor pressure that allows an 
upright growth habit in herbaceous plants (reviewed by Des 
Marais and Juenger, 2010). It also adversely affects other 
aspects of plant growth, for example water stress reduces the 
rate of nitrogen fixation by legumes and their symbionts (Gil-
Quintana et al., 2013). Due to their sessile nature, plants can-
not escape from a water-deficient habitat. They instead need 
to adopt special strategies to cope with water limitation and to 
avoid substantial impacts on fitness, growth, and development 

(reviewed by Cramer et al., 2011; Less et al., 2011). The ability 
of the plant to display tolerance to water stress depends on 
transcriptional reprogramming (reviewed by Shinozaki and 
Yamaguchi-Shinozaki, 2007; Ahuja et al., 2010). For instance, 
factors involved in regulation of stress signal transduction as 
well as osmolytes and proteins that protect the cell from dam-
age during water stress are induced in response to water deficit 
(reviewed by Shinozaki and Yamaguchi-Shinozaki, 2007).

In plants, water stress triggers the biosynthesis of the phy-
tohormone abscisic acid (ABA) (reviewed by Xiong and Zhu, 
2003). ABA binds to ABA receptors (PYR/PYL/RCAR) in 
a ternary complex with the clade A protein phosphatase 2C 
(PP2C) phosphatases, and this triggers a signal transduction 
cascade that leads to stomatal closure and transcriptional 
reprogramming (Ma et al., 2009; Park et al., 2009). Briefly, 
ABA sensing frees SnRK2-type kinases from inhibition by 
the PP2C phosphatases. SnRK2 autoactivates and subse-
quently phosphorylates downstream factors that promote 
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drought tolerance; these include components of ion channels 
important in the stomatal response and transcription factors 
that induce stress response gene expression (Fujii et al., 2009; 
Lee et  al., 2009; Umezawa et  al., 2009). The first compo-
nents of this signalling and response pathway were identified 
in genetic screens for ABA-insensitive mutants more than a 
quarter of a century ago (Koornneef et al., 1984; Finkelstein, 
1994; Finkelstein and Lynch, 2000; Lopez-Molina and 
Chua, 2000) and include dominant (constitutively active) 
clade A  PP2C phosphatase mutants (abi1, abi2) and reces-
sive loss-of-function mutants of transcriptional activa-
tors of the ABA response (abi3, abi4 and abi5) (Koornneef 
et al., 1984; Finkelstein, 1994; Finkelstein and Lynch, 2000; 
Lopez-Molina and Chua, 2000). Conversely, loss of function 
of these PP2Cs or gain of function of the transcription fac-
tors leads to ABA hypersensitivity (Parcy et al., 1994; Gosti 
et al., 1999; Soderman et al., 2000; Lopez-Molina et al., 2001; 
Merlot et al., 2001; Brocard et al., 2002; Kang et al., 2002; 
Fujita et al., 2005; Rubio et al., 2009).

Increasing evidence shows that transcriptional reprogram-
ming in stress-responsive gene expression, proper resource 
allocation to growth versus stress responses, acclimation, 
and long-term stress memory are at least in part attribut-
able to changes in the chromatin organization (reviewed 
by Chinnusamy and Zhu, 2009; Mirouze and Paszkowski, 
2011; Gutzat and Mittelsten Scheid, 2012). This is not 
surprising given that chromatin has long been viewed as 
the interface between the environment and the genome 
(reviewed by Badeaux and Shi, 2013; Johnson and Dent, 
2013; Suganuma and Workman, 2013). In the eukaryotic 
nucleus, the genome is packaged into the fundamental unit 
of  chromatin, the nucleosome, which is comprised of  147 bp 
of  DNA wrapped around a histone octamer (Luger et al., 
1997). The histone octamer consists of  two copies each of 
the histones H2A, H2B, H3, and H4. Nucleosomal arrays are 
further condensed into higher-order chromatin structures 
that incorporate the linker histone H1 (Luger et al., 1997). 
The compaction of  the genome in the context of  chromatin 
physically restricts the accessibility of  the genomic DNA to 
regulatory proteins such as transcription factors and RNA 
polymerase II (reviewed by Petesch and Lis, 2012). Genomic 
DNA accessibility in the context of  chromatin can be altered 
by various mechanisms including incorporation of  histone 
variants, post-translational modifications of  the histones or 
the DNA, and non-covalent alteration of  the positioning or 
occupancy of  the nucleosome (reviewed by Bell et al., 2011). 
Here, we will review the roles of  various mechanisms that 
affect chromatin organization in water stress responses. We 
explore the link between water stress perception and modu-
lation of  chromatin regulator activity and discuss resource 
allocation to diverse survival programmes by chromatin 
regulators. Finally, we consider the role of  chromatin in 
transient or long-term stress memory. Another important 
mechanism for modulation of  gene expression in response 
to environmental stress relies on non-coding RNAs, sev-
eral classes of  which are critical for changes in chromatin 
compaction. As there are extensive recent reviews on non-
coding RNA-directed gene silencing (reviewed by Wang and 

Chang, 2011; Wierzbicki, 2012; Castel and Martienssen, 
2013) and their roles in development (reviewed by Chen, 
2012; Zhang and Chen, 2013) and in abiotic stress responses 
(reviewed by Contreras-Cubas et al., 2012; Khraiwesh et al., 
2012; Ding et al., 2013), we will not cover this topic in the 
current review.

Chromatin changes induced by 
water stress

In this section of the review, we will briefly discuss each of the 
different mechanisms that increase or decrease the accessibil-
ity of the genomic DNA in the context of chromatin as well 
as the available evidence that links each mechanism to water 
stress responses.

Histone modifications

Certain amino acids of  histones, for example in their 
N-terminal tails, are frequently post-translationally modi-
fied via acetylation, methylation, phosphorylation, ubiqui-
tination, sumoylation, or ADP-ribosylation (reviewed by 
Bannister and Kouzarides, 2011; Zentner and Henikoff, 
2013). These modifications are dynamically established 
or erased by specialized enzymes called ‘writers’ or ‘eras-
ers’, respectively (reviewed by Bannister and Kouzarides, 
2011). The functional outcome of these changes in histone 
modifications is either alteration of  the strength of  the 
DNA histone interaction or recruitment of  non-histone 
proteins, the so-called ‘readers’, to the chromatin (reviewed 
by Bannister and Kouzarides, 2011; Patel and Wang, 2013; 
Zentner and Henikoff, 2013).

Typically, histone acetylation is correlated with more open 
chromatin and hence more active transcription, whereas 
the converse is true for histone deacetylation (reviewed by 
Zentner and Henikoff, 2013). By contrast, histone methyla-
tion can affect different transcriptional outcomes, depending 
on the amino acid modified and the degree of modifica-
tion (mono-, di-, or trimethylation) (reviewed by Li et  al., 
2007). For example, H3K4 and H3K36 trimethylation are 
found at actively transcribed genes, whereas methylation of 
H3K27 and H3K9 are well-known marks for repressed loci 
and heterochromatin, respectively (reviewed by Zentner and 
Henikoff, 2013). Histone arginine residues can be methylated 
by protein arginine methyltransferases (PRMTs). Different 
PRMT family members can catalyse mono-methylarginine, 
asymmetric di-methylarginine, and symmetric di-methyl-
arginine, which direct either gene activation or repression 
(reviewed by Ahmad and Cao, 2012).

Several reports in plants have shown that drought sensing 
or treatment with the stress hormone ABA induces changes 
in histone modifications (reviewed by Kim et al., 2010a; Yuan 
et al., 2013). In one study, a short pulse of ABA or salt stress 
was sufficient to induce global H3S10 phosphorylation and 
H4K14 acetylation in cultured Arabidopsis and tobacco 
cells (Sokol et  al., 2007). In 15-d-old Arabidopsis seedlings, 
H3K9, H3K23, and H3K27 acetylation was enriched at 
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coding regions of drought stress-responsive genes after short 
drought treatment, which was correlated with gene activa-
tion. H3K4me3 enrichment with gene activation was simi-
lar to H3K9 acetylation (Kim et  al., 2008). Genome-wide 
analysis in 4-week-old rosette Arabidopsis leaves under dehy-
dration stress revealed a modest change in H3K4me2 and 
H3K4me1 levels at a subset of known stress response genes, 
but the H3K4me3 abundance over gene bodies changed more 
dramatically at genes whose transcript levels increased or 
decreased during dehydration (van Dijk et al., 2010). Recent 
genome-wide analysis in 25-d-old rice seedling also uncovered 
a positive correlation between H3K4me3 accumulation and 
the expression levels of some drought-responsive genes dur-
ing dehydration. This correlation could be extended to genes 
involved in stress-related metabolite and hormone-signalling 
pathways (Zong et  al., 2013). As changes in transcription 
direct changes in histone modifications (reviewed by Zentner 
and Henikoff, 2013), further studies are needed to elucidate 
whether the observed alterations in post-translational histone 
modifications are a cause or a consequence of the transcrip-
tional changes triggered by water stress.

Histone (de)acetylases
More direct evidence for a role of histone modifications in 
water stress responses comes from studies of mutants lack-
ing histone-modifying enzymes. Several studies from rice and 
Arabidopsis have shown that the expression of histone dea-
cetylases is regulated by drought and/or ABA (Sridha and 
Wu, 2006; Luo et al., 2012). In Arabidopsis, expression of the 
plant-specific HD2 histone deacetylases is repressed by ABA 
and NaCl (Sridha and Wu, 2006; Luo et  al., 2012). Plants 
overexpressing AtHD2C exhibited ABA hyposensitivity 
(Sridha and Wu, 2006), whilst hdc2 mutants displayed ABA 
hypersensitivity during germination (Luo et  al., 2012). The 
gene expression changes reported for these mutants are incon-
sistent with the phenotypes of mutants lacking components 
of ABA signalling pathway (Gosti et al., 1999; Merlot et al., 
2001), and may therefore be an indirect consequence thereof. 
Mutations in either one of the genes coding two RPD3-type 
histone deacetylases, HDA6 and HDA19, in Arabidopsis also 
cause ABA hypersensitivity (Chen et al., 2010; Chen and Wu, 
2010; Zhou et al., 2013). Several embryonic genes including 
7S1, LEC2, 2S2, CRA1, FUS3, and LEC1 were de-repressed 
in hda19 seedlings (Zhou et  al., 2013) in agreement with a 
role of histone acetylation in activation of these genes (Ng 
et  al., 2006). Similar phenomena were observed in HDA6 
RNA interference lines (Tanaka et al., 2008) and in wild-type 
plants treated with a histone deacetylase inhibitor (Tanaka 
et al., 2008). HDA19 associates with the regulatory regions of 
the above-mentioned embryonic genes (Zhou et al., 2013). It 
remains to be seen whether failure to directly repress embry-
onic genes is also observed during germination and whether 
depression of such genes causes the germination defects and 
ABA hypersensitivity of germinating hda19 mutants. Histone 
acetyltransferase complex components have also been linked 
to altered water stress responses. A  loss-of-function mutant 
of ADA2b, a component of the GCN5-containing his-
tone acetyltransferase complex, leads to increased drought 

tolerance (Vlachonasios et  al., 2003, 2011). It is not yet 
known which gene expression changes are directly triggered 
by this complex and cause the observed phenotype.

Histone lysine methyltransferases
Loss of function of Arabidopsis trithorax-like factor ATX1, 
which trimethylates histone H3 at lysine 4 (H3K4me3), results 
in decreased dehydration tolerance compared with wild-type 
seedlings. ATX1 directly regulates transcription of NCED3, 
which encodes a key ABA biosynthesis enzyme. Activation of 
NCED3 transcription upon dehydration or ABA treatment 
is greatly reduced in atx1 mutants, suggesting that ATX1-
mediated H3K4 methylation is required for NCED3 induc-
tion and possibly ABA accumulation caused by water stress 
(Ding et al., 2011).

Trithorax group proteins act in opposition to polycomb 
group proteins (reviewed by Simon and Kingston, 2013). 
H3K27me3 marks established by the polycomb repressive 
complex 2 (PRC2) induce a persistent silent state of the 
transcription of the target locus (reviewed by Simon and 
Kingston, 2013). In Drosophila, PRC1 recognizes H3K27me3 
and plays a role in the stable maintenance of gene repres-
sion (reviewed by Simon and Kingston, 2013). Whilst PRC2 
complex components are conserved in plants and metazoans, 
this is not true for PRC1 complex components (reviewed by 
Zheng and Chen, 2011; Holec and Berger, 2012). In barley, 
exogenous ABA application induced expression of compo-
nents of the PRC2 complex such as HvE(Z) and HvFIE in 
seedlings (Kapazoglou et  al., 2010). In Arabidopsis, muta-
tions in the two EMBRYONIC FLOWER (EMF) genes dis-
play strikingly similar developmental defects (Aubert et al., 
2001; Yoshida et  al., 2001). EMF2 is a homologue of the 
Su(z)12 component of the metazoan PRC2 complex. It is 
currently unclear whether EMF1 is associated with PRC1 
or PRC2 function (Beh et  al., 2012; Kim SY et  al., 2012). 
The recent identification of EMF1 as a structural homologue 
of the Drosophila PRC1 complex component PSC, its abil-
ity to inhibit remodelling activity of SWI/SNF ATPases (Beh 
et  al., 2012), and its ability to act as a potent repressor of 
transcription (Calonje et  al., 2008) provide support for the 
idea that EMF1 may be associated with PRC1. Genome-wide 
expression analysis of the emf mutants revealed that EMFs 
regulate plant hormone and stress signalling-related genes 
(Kim et al., 2010b). Both EMF1 and EMF2 bind directly to 
the promoter of ABI3, and expression of ABI3 and its tar-
gets are de-repressed in 7- and 14-d-old emf mutant seedlings 
(Kim et  al., 2010b). More recently, genome-wide binding 
studies revealed that genes occupied by EMF1 and marked 
by H3K27me are significantly enriched for Gene Ontology 
terms such as ‘ABA response’ and ‘abiotic stress response’ 
(Kim SY et al., 2012). A bypass of the embryo lethality of 
the single unique PRC2 complex component, FIE, allowed 
assay of the gene expression defects and post-embryonic phe-
notypes caused by absence of PRC2 function (Bouyer et al., 
2011). This revealed germination defects as well as de-repres-
sion of embryonic genes and of positive regulators of ABA 
responses (Bouyer et al., 2011). Further evidence for a PRC-
dependent role in water stress-related responses comes from 



2788  |  Han et al.

conditional knockdown of EMF1, which led to increased salt 
tolerance, whilst removal of a factor with opposing (trithorax 
group-related) activity had the opposite phenotype (Carles 
and Fletcher, 2009; Pu et al., 2013). It remains to be deter-
mined in the latter two studies which of the observed changes 
in gene expression are direct. Moreover, no evidence is avail-
able as yet that the observed changes in gene expression con-
tribute to the altered water stress responses.

Histone arginine methyltransferases
Mutants lacking the Arabidopsis arginine methyltransferase 
PRMT5/SKB1 (henceforth referred to as PRTM5 for sim-
plicity), which catalyses symmetric arginine dimethylation, 
display salt and ABA hypersensitivity (Wang et  al., 2007; 
Schmitz et al., 2008; Zhang et al., 2011). Low doses of exog-
enous ABA result in the growth arrest of germinated prmt5 
but not wild-type embryos (Zhang et al., 2011). Some of the 
reported gene expression changes in prmt5 mutants relative to 
the wild type (Zhang et  al., 2011) are inconsistent with the 
observed hypersensitive phenotype (Merlot et al., 2001; Rubio 
et al., 2009; Yoshida et al., 2010). Hence, these changes in gene 
expression may be an indirect consequence of the mutant 
phenotype. As PRTM5 activity also regulates mRNA splic-
ing (Deng et al., 2010; Zhang et al., 2011) and circadian gene 
expression (Hong et al., 2010; Sanchez et al., 2010), it will not 
be trivial to identify the genes, whose misexpression underlies 
the ABA hypersensitivity of prmt5. Indeed, a genetic screen 
for Ca2+ underaccumulation (cau) mutants identified an allele 
of prmt5 that displays increased drought tolerance and stoma-
tal closure (Fu et al., 2013). The drought tolerance is at least 
in part due to de-repression of the direct PRMT5/H4Rsme2 
target and calcium accumulation sensor CAS (Fu et al., 2013).

In summary, mounting evidence supports the idea that post-
translational modifications of histones are critical for correct 
water stress responses in plants. One of the biggest remaining 
challenges is to elucidate the causal defects that underpin the 
observed water stress-related phenotypes of mutants lack-
ing histone-modifying enzymes. After identification of genes 
whose expression is altered in a given mutant in a manner 
consistent with the observed phenotypes, direct association 
of the histone-modifying enzyme in question with loci of 
interest should be tested. Coupled with expected changes in 
the histone modifications at these loci in stress and non-stress 
conditions in the mutant and wild-type background, this will 
allow identification of candidate direct targets of the histone-
modifying enzyme. Subsequent genetic tests will enable elu-
cidation of the role (if  any) of the identified candidate direct 
targets in the water stress phenotypes observed in mutants 
lacking activity of a given histone-modifying enzyme. As loss 
of function of histone-modifying enzymes and other mutants 
that affect the chromatin organization are pleiotropic, it can-
not be ruled out that the altered stress phenotype of constitu-
tive mutants is due to secondary effects of the altered plant 
morphology (leaf size, stature). Phenotypic and molecular 
investigations of chromatin regulators should therefore rely 
as much as possible on inducible loss-of-function mutants. 
Tissue-specific knockdown of chromatin regulators can mini-
mize pleiotropic defects. Temporally inducible knockdown of 

a histone-modifying enzyme enables analysis of altered water 
stress responses shortly after knockdown in wild-type-look-
ing plants, significantly reducing the secondary effects typical 
of constitutive mutants.

Histone variants

In most organisms including Arabidopsis, there are multiple 
genes that code for the highly conserved canonical histones 
(H3, H4, H2A, and H2B), which are mostly expressed during 
the S phase of the cell cycle (reviewed by Talbert and Henikoff, 
2010; Burgess and Zhang, 2013; Skene and Henikoff, 2013). 
Other less conserved subtypes of histones called histone 
variants are expressed throughout the cell cycle (reviewed 
by Talbert and Henikoff, 2010; Skene and Henikoff, 2013). 
The canonical histones are replaced with histone variants 
independent of DNA replication. Although they generally 
do not differ much in sequence from the canonical histones, 
histone variants can impart distinct characteristics to the 
nucleosomes, such as stronger or weaker association with the 
genomic DNA and incompatibility with certain post-transla-
tional modifications (reviewed by Talbert and Henikoff, 2010; 
Skene and Henikoff, 2013). Recent genome-wide studies have 
revealed the genomic distribution of a subset of the plant his-
tone variants (reviewed by Zilberman et al., 2008; Talbert and 
Henikoff, 2010; Costas et  al., 2011; Wollmann et  al., 2012; 
Skene and Henikoff, 2013).

In plants, linker histone (H1) variants have been linked to 
the water stress response. The linker histone variant HIS1-3 
gene in Arabidopsis is specifically induced by salt, drought, and 
ABA (Ascenzi and Gantt, 1997; Zhu et al., 2012). Similarly, 
the tomato linker histone variant H1-S gene is also induced 
by and accumulates in the chromatin in response to water def-
icit (Scippa et al., 2000). H1-S also accumulates in a drought-
tolerant genotype of tomato (Trivedi et  al., 2012). Indeed, 
knockdown of H1-S levels by antisense RNA in transgenic 
tomato triggered an altered physiological response to water 
loss such as altered stomatal conductance, transpiration, 
and net photosynthetic rate (Scippa et al., 2004). Transgenic 
plants showed an increased association of the heterochroma-
tin with the nuclear membrane under water stress conditions 
(Scippa et al., 2004); this may trigger increased silencing of 
these regions (Hubner et  al., 2013). Although upregulation 
of expression of variants of the linker histone H1 in response 
to drought is a conserved response in higher plants, detailed 
mechanistic insight into how this histone variant affects chro-
matin structure or gene expression during water stress is as 
yet not available. The H2A variant H2A.Z is largely con-
served through evolution (reviewed by Talbert and Henikoff, 
2010). Genome-wide studies have revealed that the localiza-
tion of H2A.Z correlates inversely with DNA methylation 
in both heterochromatin and in gene bodies of active genes 
(reviewed by Zilberman et  al., 2008). It has been proposed 
that the anti-correlation between H2A.Z and DNA methyla-
tion is primarily due to the exclusion of H2A.Z from methyl-
ated DNA (Coleman-Derr and Zilberman, 2012). Moreover, 
Gene Ontology terms enriched among genes upregulated in 
h2a.z triple mutants include ‘Response to water deprivation’ 
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and ‘Response to ABA’ (Coleman-Derr and Zilberman, 
2012). The authors propose that H2A.Z deposition in gene 
bodies confers higher variability in the expression of induc-
ible genes including those that respond to water stress. By 
contrast, gene-body DNA methylation may stabilize con-
stitutive expression of housekeeping genes by antagonizing 
H2A.Z deposition (Coleman-Derr and Zilberman, 2012). It 
will be of interest to determine the effect of reduced availabil-
ity or incorporation of these and additional histone variants 
on water stress responses in plants. Given their widespread 
roles in chromatin stability, conditional disruption of histone 
variant availability or incorporation may allow more precise 
investigation of such phenotypes.

DNA methylation

Methylation on the fifth carbon of cytosine bases is an impor-
tant epigenetic mark that influences chromatin structure and 
gene expression (reviewed by Jones, 2012). In plants, cyto-
sine methylation is found in the context of CG, CHG, and 
CHH (H=A, C, or T). Symmetric CG maintenance meth-
ylation is catalysed by DNA methyltransferase I (MET1), a 
homologue of the mammalian methyltransferase DNMT1 
(reviewed by Chan et al., 2005; Goll and Bestor, 2005; Law 
and Jacobsen, 2010). Symmetric CHG maintenance methyla-
tion is catalysed by Chromomethyltransferase 3 (CMT3), a 
plant-specific methyltransferase. Asymmetric CHH methyla-
tion is maintained through de novo methylation by Domains 
Rearranged Methyltransferase 2 (DRM2), a homologue of 
the mammalian DNMT3A/b and the RNA-directed DNA 
methylation pathway (reviewed by Chan et  al., 2005; Goll 
and Bestor, 2005; Law and Jacobsen, 2010). DDM1 is a SWI/
SNF superfamily chromatin remodeller required for all DNA 
methylation (CG, CHG, and CHH) over long transposable 
elements and in heterochromatin (Vongs et al., 1993). DDM1 
was recently shown to cooperate with the CMT2 methyltrans-
ferase to mediate CHH DNA methylation in parallel with the 
RNA-directed DNA methylation pathway (Zemach et  al., 
2013).

In Arabidopsis, centromeric and pericentromeric regions, 
repetitive DNA sequences, and transposons are heavily meth-
ylated. Many genic regions are also highly methylated, and 
this is correlated with high gene expression, whereas promot-
ers are mostly depleted of DNA methylation (reviewed by 
Zhang et al., 2006; Saze et al., 2012). In plants, DNA meth-
ylation is associated with diverse biological processes includ-
ing development and environmental responses (reviewed by 
Law and Jacobsen, 2010; Saze et al., 2012; Sahu et al., 2013).

Studies from various plant species have shown that abi-
otic stress may trigger hyper- or hypomethylation in different 
genomic contexts: hypomethylation of  promoters, hyper- or 
hypomethylation at coding regions, and hypomethylation of 
transposons (Sahu et al., 2013). For example, genome-wide 
analysis identified differentially methylated DNA regions 
in Arabidopsis seedlings treated with simulated drought 
(treatment with polyethylene glycol). The methylome was 
widely affected by changes in the water potential, with the 
most dramatic DNA hypermethylation observed near the 

transcription start site (±500 bp) of  protein-coding genes 
related to stress responses (Colaneri and Jones, 2013). 
Moreover, it has been proposed that DNA methylation may 
contribute to stress adaptation. Mangrove trees grown near 
a salt march had smaller statures than riverside-grown trees 
and their genomes were globally hypomethylated (Lira-
Medeiros et  al., 2010). Likewise, in rice, changes in DNA 
methylation in response to drought were more pronounced in 
drought-tolerant genotypes (Wang et al., 2011). The altered 
DNA methylation may contribute to increased differential 
gene expression upon drought sensing. A subset of  the DNA 
methylation changes induced by drought remained after 
removal of  the stress (Wang et al., 2011). In Arabidopsis, low 
relative humidity was linked to de novo DNA methylation 
and stable repression of  genes involved in stomata develop-
ment, resulting in lower stomata frequency (Tricker et  al., 
2012, 2013). A T-DNA insertion distal to the AtHKT1 gene, 
which encodes a sodium transporter, has been identified as 
a suppressor of  sos3 (salt overly sensitive 3). The insertion 
prevents a distal enhancer element and RNA-directed DNA 
methylation from controlling expression of  AtHKT1, which 
plays an important role in salt tolerance (Baek et al., 2011). 
met1-3 mutants and met1-3-derived epigenetic recombinant 
inbred lines show normal germination in non-stress condi-
tions; by contrast, they fail to germinate in the presence of 
150 mM NaCl, a concentration that does not impact ger-
mination in the wild type (Reinders et al., 2009). Defects in 
DNA methylation may thus affect phenotypic plasticity (a 
topic that has received attention from an evolutionary per-
spective) in response to adverse environmental conditions 
(Lira-Medeiros et al., 2010; Wang et al., 2011; Draghi and 
Whitlock, 2012). It will be critical to identify which of  the 
observed DNA methylation changes contribute to altered 
water stress response or plasticity.

Non-covalent changes in chromatin state

ATP-dependent chromatin remodelling ATPases alter 
histone–DNA interactions non-covalently by utiliz-
ing the energy derived from ATP hydrolysis to promote 
changes in nucleosome occupancy, nucleosome position-
ing, or nucleosome composition (reviewed by Clapier 
and Cairns, 2009; Hargreaves and Crabtree, 2011; 
Narlikar et al., 2013). Chromatin remodelling can either 
increase or decrease the accessibility of  a given piece of 
genomic DNA to trans-acting factors and hence facili-
tate or obstruct transcription, respectively (reviewed by 
Clapier and Cairns, 2009; Hargreaves and Crabtree, 2011; 
Narlikar et  al., 2013). Four well-studied subfamilies of 
ATP-dependent chromatin remodellers are the SWI/SNF, 
ISWI, CHD, and INO80/SWR1 families. Each subfam-
ily has unique domains, which endow it with special-
ized functions for particular nuclear processes (reviewed 
by Clapier and Cairns, 2009; Hargreaves and Crabtree, 
2011; Narlikar et al., 2013). Among these ATP-dependent 
chromatin remodellers, only the SWI/SNF and CHD sub-
groups have been implicated in water stress responses in 
plants.
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SWI/SNF ATPases are conserved from yeasts to humans 
and plants (reviewed by Flaus et al., 2006; Kwon and Wagner, 
2007; Hu et al., 2013; Narlikar et al., 2013). Plant genomes 
contain three types of SWI/SNF subfamily chromatin remod-
elling ATPases called BRAHMA (BRM), SPLAYED (SYD), 
and MINUSCULE (MINU) (reviewed by Jerzmanowski, 
2007; Kwon and Wagner, 2007; Sang et al., 2012). The cata-
lytic ATPase subunit forms a core complex together with 
SWIRM- and SANT- domain proteins (SWI3) and SNF5-
domain proteins. Additional accessary proteins, which are 
frequently tissue- and developmental-stage specific, control 
targeting and activity of the complex (reviewed by Clapier 
and Cairns, 2009; Hargreaves and Crabtree, 2011; Kwon and 
Wagner, 2007). In vitro remodelling activity has not yet been 
demonstrated for members of this subfamily in plants. In 
Arabidopsis, the BRM complex containing SWI3C and SNF5 
(BSH) has been linked to ABA and drought response (Han 
et al., 2012). Germinating brm mutants display ABA hyper-
sensitivity and enhanced growth arrest relative to the wild 
type. Consistent with the mutant phenotype, de-repression 
of the positive ABA response regulator ABI5 (Lopez-Molina 
et al., 2001) was observed (Han et al., 2012). ABI5 is a direct 
BRM target and, based on genetic epistasis tests, the brm 
mutant growth arrest is due to the ABI5 de-repression (Han 
et al., 2012). BRM repressed ABI5 expression in the absence 
of stress by promoting high occupancy of the +1 nucleosome 
close to the ABI5 transcription start site (Han et al., 2012). In 
addition, brm mutants displayed increased drought tolerance 
at multiple stages of development. The molecular underpin-
nings of this response remain to be elucidated (Han et  al., 
2012). The MINU1/AtCHR12 ATPase (henceforth referred 
to as MINU1 for simplicity) has been implicated as a negative 
regulator of a temporary growth arrest caused by drought 
and heat stress in adult Arabidopsis plants (Mlynarova et al., 
2007). Overexpression of MINU1 induces temporary growth 
arrest under drought as well as salt and heat stress (Mlynarova 
et  al., 2007). Intriguingly, the expression of several stress-
inducible dormancy-related genes was reduced in the inflo-
rescence and 4-week-old rosette leaves of MINU1-knockout 
and increased in MINU1-overexpressing plant. Whilst it is 
not yet known whether these genes are directly regulated by 
MINU1 or responsible for the observed phenotypic defects, 
MINU1 may play a role in the induction of stress response 
genes upon perception of the stimulus.

The CHD subgroup chromatin remodeller PKL has also 
been implicated in the ABA response. CHD chromatin remod-
ellers have two tandem chromodomains known to bind methyl-
ated lysines, and these domains were shown recently to couple 
ATP hydrolysis to remodelling (Hauk et al., 2010). Like SWI/
SNF ATPases, CHD remodellers can both promote and repress 
transcription. The vertebrate Mi2-NuRD complex contains 
histone deacetylase and methyl CpG-binding domain (MBD) 
proteins in addition to a CHD domain chromatin remodeller 
(reviewed by Clapier and Cairns, 2009). PICKLE (PKL) is the 
best-characterized CHD remodeller in Arabidopsis and most 
closely resembles CHD3. Recently, in vitro chromatin remodel-
ling activity was demonstrated for PKL (Ho et al., 2013). PKL 
is required for repression of embryonic genes during seedling 

development and promotes the developmental transition to 
vegetative growth (Henderson et  al., 2004). pkl mutants dis-
play exaggerated ABA responses during germination, and fail 
to germinate in conditions where the wild type germinates 
properly (Perruc et  al., 2007). The ABA-dependent growth 
arrest of geminating pkl plants is mediated mainly by failure 
to developmentally repress genes strongly expressed during 
embryogenesis, including ABI3 and ABI5. Increased expres-
sion of ABI3 and ABI5 in pkl mutants relative to the wild type 
in the presence of ABA treatment is correlated with a reduced 
level of two repressive histone modifications, H3K9me2 and 
H3K27me2, at the promoters of these genes (Perruc et  al., 
2007). Epistasis tests revealed almost abi5-like germination and 
growth responses in pkl abi5 double mutants, suggesting that 
the majority of the phenotypic defects can be explained by fail-
ure to repress ABI5. It is not known whether ABI5 is directly 
regulated by PKL. Elucidation of the direct PKL targets is 
critical, as there is currently evidence for PKL acting both as 
a trithorax group protein (to counteract polycomb repression) 
and as a promoter of polycomb repression (Aichinger et al., 
2009; Zhang et al., 2012; Jing et al., 2013).

Trade-offs between growth and water 
stress responses?

Although the underlying mechanisms are largely unknown, 
growth arrest in adverse environments is thought to be 
advantageous for plant survival (Lopez-Molina et al., 2001; 
Achard et al., 2006; Skirycz and Inze, 2010). One hypothesis 
is that limited resources available to monocarpic (annual) 
plants in particular can be allocated either to stress response 
or to continued growth (Bennett et al., 2012). In support of 
this idea, ABA and drought stress not only induce expression 
of  stress response genes but also repress expression of  genes 
linked to growth and metabolism (reviewed by Shinozaki 
and Yamaguchi-Shinozaki, 2007; Chaves et  al., 2009; 
Sreenivasulu et al., 2012). In addition, when major drought-
responsive transcription factors are overexpressed, transgenic 
plants display growth retardation in non-drought conditions 
(reviewed by Shinozaki and Yamaguchi-Shinozaki, 2007). In 
conditions when the stress does not threaten survival, growth 
inhibition may lead to an unnecessary reduction in plant 
growth and hence productivity and yield (Tardieu, 2003; 
Bennett et al., 2012).

Consistent with the hypothesized trade-off between growth 
and drought response, several chromatin regulators have 
been implicated in stress-mediated temporal growth arrest 
at different stages of plant development. A  highly dehydra-
tion-sensitive developmental phase in the life of a plant is 
immediately after germination (Lopez-Molina et  al., 2001). 
Several chromatin regulators act at this stage to trigger water 
stress-dependent growth arrest, which resembles the growth 
arrest during late-embryogenesis in seed development. In sev-
eral cases, the hyperactive stress response is due to a delay or 
failure to repress the embryonic developmental programme 
(which is geared towards desiccation tolerance and growth 
arrest) upon germination.
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One example of this type of regulator is PKL. The hyper-
sensitive germination response to ABA of pkl mutants is due 
to failure to developmentally repress ABI3 and ABI5 accu-
mulation and is restored by removing ABI5 function (Perruc 
et al., 2007). Other embryonic genes such as LEC1, LEC2, 
and FUS3 are constitutively de-repressed and cause forma-
tion of embryonic structures on adult pkl mutant plants 
(Dean Rider et al., 2003; Henderson et al., 2004; Aichinger 
et al., 2009). Likewise, a delay in the developmental repres-
sion of the embryonic programme is observed under condi-
tions of reduced histone deacetylase activity (Tanaka et al., 
2008). Double mutants between pkl and histone deacetylase 
hda6 enhanced persistence of embryonic traits and embryonic 
gene expression (Tanaka et al., 2008). Polycomb group pro-
tein and RETINOBLASTOMA-RELATED protein (RBR) 
are also required for persistent silencing of late embryonic 
genes including ABI3 by increasing their histone H3K27 tri-
methylation (Bouyer et al., 2011; Gutzat et al., 2012; Kim SY 
et  al., 2012; Yang et  al., 2013). Although the role of RBR 
in the abiotic stress response has not been investigated, seed-
lings with reduced RBR function arrest their growth after 
germination in non-stress conditions; this is accompanied by 
de-repression of embryonic genes linked to ABA responses 
including ABI3 and ABI5 (Gutzat et al., 2012).

The SWI/SNF ATPase BRM, by contrast, displayed nor-
mal developmental downregulation of embryonic genes 
(ABI3, ABI5) at the onset of autotrophic growth and was 
instead required for repressing expression of positive regula-
tors of water stress responses in the absence of the stimulus 
(Han et al., 2012). Moreover, the overall reduced vegetative 
growth of brm mutants under non-stress conditions is partly 
restored by removing ABI5 function or by disturbing ABA 
signalling pathway. However, a role for BRM in repression 
of the embryonic programme cannot be entirely ruled out. 
Several embryonic genes were expressed in mutants lacking 
BRM and its close homologue SPLAYED based on transcrip-
tome studies (Bezhani et al., 2007). Of note, the expression 
of key embryogenesis regulators such as ABI3, LEC1, and 
LEC2 was either not changed or only marginally upregulated 
(FUS3) in adult brm hypomorph mutants (Tang et al., 2008). 
The SWI/SNF ATPase MINU1 is thought to be required 
for induction of stress-inducible genes that mediate growth 
arrest under abiotic stress, although direct targets of MINU1 
remain to be identified (Mlynarova et al., 2007).

Taken together, these studies highlight a role for chromatin 
modifying and remodelling enzymes at the nexus of growth 
versus stress response pathways, both by modulation of 
developmental programmes and by enabling proper stimulus-
dependent changes in gene expression.

Links between stress signalling pathways 
and chromatin modifying or remodelling 
enzymes

As outlined above, many chromatin changes including a 
change in histone variant incorporation, histone modifi-
cations, nucleosome occupancy or positioning, or DNA 

methylation accompany stress-induced changes in gene 
expression. A  critical question is how chromatin regulator 
activity is controlled to allow precise stimulus-dependent 
changes in the accessibility of the genome. One way to achieve 
this may be a direct communication between components of 
the stress signal transduction pathway and chromatin modi-
fying or remodelling activities.

The question of whether histones in the context of chro-
matin can directly receive and deliver signals from cellular 
signal transduction cascades to facilitate specific cellular 
responses has recently received much attention (reviewed by 
Badeaux and Shi, 2013; Johnson and Dent, 2013; Suganuma 
and Workman, 2013). Another intersection between cellu-
lar signal transduction and chromatin is indirectly through 
post-translational modifications of chromatin modifying or 
remodelling enzymes (reviewed by Badeaux and Shi, 2013). 
Studies in mammals revealed that histone and DNA meth-
yltransferases are directly phosphorylated by a downstream 
component of phosphoinositide signalling, the AKT kinase 
(Cha et  al., 2005; Esteve et  al., 2011). Likewise, SWI/SNF 
chromatin remodellers have been shown to be phospho-
rylated by p38 (Simone et  al., 2004), as well as acetylated 
(Bourachot et al., 2003) and SUMOylated upon signal per-
ception (Galisson et al., 2011).

Signalling transduction by SnRK2 kinases and PP2C 
phosphatases plays an important role in coordinating whole-
plant water stress responses. Calcium-dependent protein 
kinases (CDPKs) are also critical for proper water stress 
response, ABA signalling and reduction of reactive oxygen 
species accumulation (Asano et al., 2012), whilst the inositol 
polyphosphate 1-phosphatase FIERY1 acts a negative regu-
lator of ABA and stress signalling (Xiong et al., 2001). Thus 
far, there is no report that links these signalling components 
directly to the chromatin. However, links between other signal 
transducers and chromatin regulators have been identified. 
The clade A  PP2C phosphatase HYPERSENSITIVE TO 
ABA 1 (HAB1) interacts physically with SWI3B, a core sub-
unit of the putative Arabidopsis SWI/SNF complex. HAB1 
is recruited to ABA response genes, and this recruitment is 
eliminated upon ABA treatment (Saez et  al., 2008). HAB1 
may perhaps directly dephosphorylate SWI/SNF complexes 
containing SWI3B in an ABA-dependent manner. In agree-
ment with this idea, recent phosphoproteomics analyses per-
formed by the Zhu and Shinozaki laboratories revealed that 
several chromatin regulators, including the BRM SWI/SNF 
ATPase, are substrates of SnRK2 type kinases in the ABA 
response pathway (Umezawa et al., 2013; Wang et al., 2013). 
Whether the observed phosphorylation/dephosphorylation 
of SWI3B or BRM by SnRK2 kinases/PP2C phosphatases 
modulates SWI/SNF complex activity remains unknown. 
The Arabidopsis trithorax-like protein and histone H3 lysine 
4 methyltransferase ATX1 (Alvarez-Venegas et  al., 2003) is 
involved in dehydration response in both ABA-dependent 
and -independent pathways (Ding et al., 2011). Intriguingly, 
ATX1 also interacts directly with phosphatidylinositol 
(Ptdlns5P), and this negatively influences the ATX1 activity 
(Ndamukong et al., 2010). Dehydration stress increases accu-
mulation of phosphatidylinositol, a precursor of secondary 
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messengers in stress signalling (Ndamukong et  al., 2010). 
An increase in the cellular levels of Ptdlns5P keeps ATX1 in 
the cytoplasm, thereby diminishing ATX1 binding to target 
genes linked to proper water stress responses (Ndamukong 
et  al., 2010). The phosphoproteomics studies mentioned 
above identified additional chromatin regulators as phos-
phorylated upon dehydration or ABA treatment in a SnRK2 
kinase-dependent manner (Umezawa et  al., 2013; Wang 
et  al., 2013). Although there was little overlap between the 
phosphorylated peptides identified in the two studies, chro-
matin-associated proteins identified include putative compo-
nents of HDAC complexes (e.g. SIN3-like 2, HD2B), histone 
acetyltransferase complexes (e.g. SNS1, Eaf7 superfamily), 
histone methyltransferases (e.g. ATXR2, SDG2), chroma-
tin remodelling ATPases (e.g. CHR2/BRM, CHR5/CHD1) 
and NUCLEOLIN LIKE 1, a nucleolar protein linked to 
rRNA gene methylation and expression (Umezawa et  al., 
2013; Wang et al., 2013). In addition, the Arabidopsis histone 
acetyltransferase GCN5 was shown to specifically interact 
with PP2C6.6, a clade E PP2C with no visible mutant phe-
notype. GCN5 is dephosphorylated by PP2C6.6 in vitro, and 
loss of PP2C6.6 activity induces GCN5-mediated histone 
acetylation (Servet et al., 2008). A possible link to water stress 
responses is supported by the reported expression of PP2C6.6 
in guard cells (Galbiati et al., 2008).

The possibility that chromatin regulator activity is mod-
ulated upon stress sensing is intriguing with regard to the 
question of how these factors can execute specific roles in 
the organism. It is furthermore of practical significance. 
As chromatin regulators broadly alter the stress-inducible 
transcriptome, they may be able to direct tolerance not only 
to a unique stress but to combinations of stresses that are 
frequently encountered in the field (Mittler and Blumwald, 
2010; Yang et al., 2010). The ability to precisely modulate the 
activity of chromatin regulators—via targeted post-transla-
tional modifications for example—should allow utilization of 
their broad reprogramming capacity whilst minimizing detri-
mental effects on growth or yield.

Stress-induced transient or long-term 
epigenetic memory

In higher plants, stress memory phenomena known as ‘prim-
ing’ or ‘acclimation’ have been described (reviewed by Bruce 
et  al., 2007; Conrath, 2011). Pre-exposure to mild stimuli 
can make plants more stress resistant and boost responses to 
recurring stress exposure. Well-known examples of priming 
are seed priming to enhance germination efficiency and crop 
yield, temperature acclimation, and systemic acquired resist-
ance (reviewed by Bruce et al., 2007; Conrath, 2011; Gutzat 
and Mittelsten Scheid, 2012). One mechanism proposed for 
long-term ‘storage’ of the stress memory is a mitotically her-
itable, or epigenetic, change in the chromatin organization. 
Another could conceivably rely instead on post-translational 
modification of chromatin regulators. Epigenetic ‘stress 
memory’ could be maintained during subsequent develop-
ment within the life span of an organism that experienced the 

priming stress in ‘somatic memory’ or might perhaps even be 
transmitted to the progeny across generations in ‘transgen-
erational inheritance’, a meiotically heritable change in the 
chromatin organization.

Unlike the mitotically heritable response to prolonged cold 
(reviewed by Song et al., 2012; Zografos and Sung, 2012), the 
mechanisms underlying long-term somatic stress memory 
are not well understood. Previous studies have shown that 
histone tail modifications such as H3 acetylation or H3K4 
methylation occur at drought-responsive genes upon drought 
sensing, and correlate with active transcription of dehydra-
tion response genes (Kim et  al., 2008). However, drought-
induced H3K9Ac marks and RNA polymerase II occupancy 
rapidly declined upon rehydration (Kim JM et al., 2012). By 
contrast, H3K4me3 decreased much more gradually during 
a 5 h rehydration period (Kim JM et  al., 2012), suggesting 
that H3K4me3 could be a mitotically heritable epigenetic 
mark for water stress memory. In accordance with this study, 
another group proposed that H3K4me3 and stalled RNA 
polymerase II (PolII Ser5P) could function in mitotic stress 
memory (Ding et al., 2011). Recurrent dehydration induces a 
higher rate of expression of dehydration response genes such 
as RD29B and RAB18 than primary dehydration. This is 
accompanied by higher H3K4me3 and Ser5P PolII accumu-
lation at these loci (Ding et al., 2011). During rehydration, the 
RD29B and RAB18 transcript levels revert to basal expres-
sion, but H3K4me3 and Ser5pP PolII association with both 
loci remain elevated. The observed stress memory endured 
until 5 d after recovery (Ding et al., 2011). Likewise, H3K4 
hypermethylation mediated by the Set1 histone methyltrans-
ferase in Saccharomyces cerevisiae was proposed to provide 
molecular memory of recent transcriptional events (Ng et al., 
2003). It was suggested that elevated H3K4 trimethylation is 
important for genes to be rapidly switched on and off  by envi-
ronmental stimuli and that it acts to prevent the associated 
genes from being silenced (Ng et  al., 2003). The combined 
data suggest the presence of a conserved mechanism for stress 
memory in metazoans.

One of the main difficulties in monitoring epigenetic pro-
files for long-term stress memory are confounding epigenetic 
changes caused by altered plant growth and development in 
stress-challenged plants. Another challenge is determining 
the period for which plants can ‘remember’ the priming event. 
An enhanced response to the second treatment shortly after 
the primary treatment could result from ‘leftover’ proteins 
and metabolites that were induced by the first stress treat-
ment. Recently, Sani et al. (2013) developed an experimental 
protocol to monitor epigenetic profiles, which aims to avoid 
these problems. They showed that a mild transient salt treat-
ment of young Arabidopsis seedlings establishes long-term 
somatic memory. This was accompanied by specific changes 
in the H3K27me3 profile, which remained after 10 d of sub-
sequent growth, and resulted in drought/high-salt tolerance 
priming in the pre-treated plants without morphological dif-
ferences between primed and non-primed adult plants (Sani 
et al., 2013).

Interestingly, H3K4me3 is generated by a methyltrans-
ferase that belongs to the trithorax group of  proteins 
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(TrxG), whilst H3K27 is trimethylated by the PRC2 com-
plex of  polycomb group proteins (PcG). Recently, several 
elegant in vitro and in vivo studies have shown that mitotic 
epigenetic inheritance of  methylation at H3K4 and H3K27, 
which have been linked to stress memory in plants (above), 
may be mediated by the continued presence of  TrxG and 
PcG proteins at the replication fork and on mitotic chro-
matin (Lanzuolo et al., 2011; Follmer et al., 2012; Fonseca 
et al., 2012; Lengsfeld et al., 2012; Lo et al., 2012; Petruk 
et al., 2012).

Naturally occurring DNA methylation-based epial-
leles and epigenetic recombinant inbred lines generated in 
the laboratory are stably inherited for many generations 
in plants (reviewed by Mirouze and Paszkowski, 2011; 
Paszkowski and Grossniklaus, 2011; Becker and Weigel, 
2012; Zhang et al., 2013; Roux et al., 2011; Schmitz et al., 
2013). Several reports have attempted to demonstrate stress-
induced epigenetic states that are inherited by the non-
stressed progeny, so-called meiotic or transgenerational 
epigenetic inheritance (reviewed by Boyko and Kovalchuk, 
2011; Hauser et  al., 2011; Paszkowski and Grossniklaus, 
2011; Gutzat and Mittelsten Scheid, 2012; Grossniklaus 
et  al., 2013). For example, a recent study reported salt 
stress-induced epigenetic inheritance of  DNA methylation, 
histone modifications, and gene expression (Bilichak et al., 
2012). However, clear evidence for stress-induced chroma-
tin modifications that are stably inherited by subsequent 
generations and contribute to phenotypic plasticity is still 
lacking in plants (reviewed by Mirouze and Paszkowski, 
2011; Pecinka and Mittelsten Scheid, 2012; Grossniklaus 
et al., 2013). As genetic changes—for example due to trans-
poson activation—are also observed in these lines, careful 
assessment of  the epigenetic nature of  the inherited trait 
is required. Criteria to shore up more unambiguous sup-
port for epigenetic transgenerational stress inheritance were 
suggested recently and include well-controlled stress treat-
ments and phenotypic analyses, a comprehensive or synop-
tic view of  associated chromatin changes, and establishment 
of  causality, as well as heritability for more than two gen-
erations (reviewed by Pecinka and Mittelsten Scheid, 2012; 
Grossniklaus et al., 2013).

Conclusion

At a time when we face the twin challenges of human popu-
lation growth and loss of arable land due to climate change, 
it is critical to understand the molecular mechanisms that 
regulate water stress tolerance and mitotic inheritance of 
stress responses during priming. Evidence is mounting for a 
role of DNA methylation, histone modifications, and altered 
nucleosome occupancy, positioning, or composition in both 
responses. As stresses in nature do not occur in isolation 
(reviewed by Mittler and Blumwald, 2010; Yang et al., 2010), 
it is possible that changes in chromatin organization may 
endow the plants with the ability to survive combinations of 
stresses and to remain primed for further stress responses. 
Challenges for the future are: (1) to elucidate which chromatin 

alterations may be instructive for altered stress responses, 
rather than a consequence thereof; (2) to understand which 
chromatin alterations lead to stress tolerance that is mitoti-
cally (or meiotically) heritable; and (3) to devise ways to 
modulate the activity of ‘instructive’ chromatin regulators in 
ways that allow enhanced primary or heritable stress toler-
ance without causing growth or yield trade-offs.

Acknowledgements

Research related to this topic was funded in part by NIH 
GM64650-01 and NSF MCB-0925071 to DW.

References

Achard P, Cheng H, De Grauwe L, Decat J, Schoutteten H, 
Moritz T, Van Der Straeten D, Peng J, Harberd NP. 2006. 
Integration of plant responses to environmentally activated 
phytohormonal signals. Science 311, 91–94.

Ahmad A, Cao X. 2012. Plant PRMTs broaden the scope of arginine 
methylation. Journal of Genetics and Genomics 39, 195–208.

Ahuja I, de Vos RC, Bones AM, Hall RD. 2010. Plant molecular stress 
responses face climate change. Trends in Plant Science 15, 664–674.

Aichinger E, Villar CB, Farrona S, Reyes JC, Hennig L, Kohler C. 
2009. CHD3 proteins and polycomb group proteins antagonistically 
determine cell identity in Arabidopsis. PLoS Genet 5, e1000605.

Alvarez-Venegas R, Pien S, Sadder M, Witmer X, Grossniklaus 
U, Avramova Z. 2003. ATX-1, an Arabidopsis homolog of trithorax, 
activates flower homeotic genes. Current Biology 13, 627–637.

Asano T, Hayashi N, Kikuchi S, Ohsugi R. 2012. CDPK-mediated 
abiotic stress signaling. Plant Signaling & Behavior 7, 817–821.

Ascenzi R, Gantt JS. 1997. A drought-stress-inducible histone gene 
in Arabidopsis thaliana is a member of a distinct class of plant linker 
histone variants. Plant Molecular Biology 34, 629–641.

Aubert D, Chen L, Moon YH, Martin D, Castle LA, Yang CH, 
Sung ZR. 2001. EMF1, a novel protein involved in the control 
of shoot architecture and flowering in Arabidopsis. Plant Cell 13, 
1865–1875.

Badeaux AI, Shi Y. 2013. Emerging roles for chromatin as a signal 
integration and storage platform. Nature Reviews Molecular Cell 
Biology 14, 211–224.

Baek D, Jiang J, Chung JS, Wang B, Chen J, Xin Z, Shi H. 2011. 
Regulated AtHKT1 gene expression by a distal enhancer element 
and DNA methylation in the promoter plays an important role in salt 
tolerance. Plant and Cell Physiology 52, 149–161.

Bannister AJ, Kouzarides T. 2011. Regulation of chromatin by 
histone modifications. Cell Research 21, 381–395.

Becker C, Weigel D. 2012. Epigenetic variation: origin and 
transgenerational inheritance. Current Opinion in Plant Biology 15, 
562–567.

Beh LY, Colwell LJ, Francis NJ. 2012. A core subunit of Polycomb 
repressive complex 1 is broadly conserved in function but not primary 
sequence. Proceedings of the National Academy of Sciences, USA 
109, E1063–E1071.



2794  |  Han et al.

Bell O, Tiwari VK, Thoma NH, Schubeler D. 2011. Determinants and 
dynamics of genome accessibility. Nature Reviews Genetics 12, 554–564.

Bennett E, Roberts JA, Wagstaff C. 2012. Manipulating resource 
allocation in plants. Journal of Experimental Botany 63, 3391–3400.

Bezhani S, Winter C, Hershman S, Wagner JD, Kennedy JF, 
Kwon CS, Pfluger J, Su Y, Wagner D. 2007. Unique, shared, and 
redundant roles for the Arabidopsis SWI/SNF chromatin remodeling 
ATPases BRAHMA and SPLAYED. Plant Cell 19, 403–416.

Bilichak A, Ilnystkyy Y, Hollunder J, Kovalchuk I. 2012. The 
progeny of Arabidopsis thaliana plants exposed to salt exhibit changes 
in DNA methylation, histone modifications and gene expression. PLoS 
One 7, e30515.

Bourachot B, Yaniv M, Muchardt C. 2003. Growth inhibition by the 
mammalian SWI-SNF subunit Brm is regulated by acetylation. EMBO 
Journal 22, 6505–6515.

Bouyer D, Roudier F, Heese M, et al.  2011. Polycomb repressive 
complex 2 controls the embryo-to-seedling phase transition. PLoS 
Genet 7, e1002014.

Boyko A, Kovalchuk I. 2011. Genome instability and epigenetic 
modification;heritable responses to environmental stress? Current 
Opinion in Plant Biology 14, 260–266.

Brocard IM, Lynch TJ, Finkelstein RR. 2002. Regulation and role 
of the Arabidopsis abscisic acid-insensitive 5 gene in abscisic acid, 
sugar, and stress response. Plant Physiology 129, 1533–1543.

Bruce TJA, Matthes MC, Napier JA, Pickett JA. 2007. Stressful 
“memories” of plants: evidence and possible mechanisms. Plant 
Science 173, 603–608.

Burgess RJ, Zhang Z. 2013. Histone chaperones in nucleosome 
assembly and human disease. Nature Structural & Molecular Biology 
20, 14–22.

Calonje M, Sanchez R, Chen L, Sung ZR. 2008. EMBRYONIC 
FLOWER1 participates in polycomb group-mediated AG gene 
silencing in Arabidopsis. Plant Cell 20, 277–291.

Carles CC, Fletcher JC. 2009. The SAND domain protein 
ULTRAPETALA1 acts as a trithorax group factor to regulate cell fate in 
plants. Genes & Development 23, 2723–2728.

Castel SE, Martienssen RA. 2013. RNA interference in the nucleus: 
roles for small RNAs in transcription, epigenetics and beyond. Nature 
Reviews Genetics 14, 100–112.

Cha TL, Zhou BP, Xia W, Wu Y, Yang CC, Chen CT, Ping B, Otte AP, 
Hung MC. 2005. Akt-mediated phosphorylation of EZH2 suppresses 
methylation of lysine 27 in histone H3. Science 310, 306–310.

Chan SW, Henderson IR, Jacobsen SE. 2005. Gardening the 
genome: DNA methylation in Arabidopsis thaliana. Nature Reviews 
Genetics 6, 351–360.

Chaves MM, Flexas J, Pinheiro C. 2009. Photosynthesis under 
drought and salt stress: regulation mechanisms from whole plant to 
cell. Annals of Botany 103, 551–560.

Chen LT, Luo M, Wang YY, Wu K. 2010. Involvement of Arabidopsis 
histone deacetylase HDA6 in ABA and salt stress response. Journal of 
Experimental Botany 61, 3345–3353.

Chen LT, Wu K. 2010. Role of histone deacetylases HDA6 and 
HDA19 in ABA and abiotic stress response. Plant Signaling & Behavior 
5, 1318–1320.

Chen X. 2012. Small RNAs in development;insights from plants. 
Current Opinion in Genetics & Development 22, 361–367.

Chinnusamy V, Zhu JK. 2009. Epigenetic regulation of stress 
responses in plants. Current Opinion in Plant Biology 12, 133–139.

Clapier CR, Cairns BR. 2009. The biology of chromatin remodeling 
complexes. Annual Review of Biochemistry 78, 273–304.

Colaneri AC, Jones AM. 2013. Genome-wide quantitative 
identification of DNA differentially methylated sites in Arabidopsis 
seedlings growing at different water potential. PLoS One 8, 
e59878.

Coleman-Derr D, Zilberman D. 2012. Deposition of histone variant 
H2A.Z within gene bodies regulates responsive genes. PLoS Genetics 
8, e1002988.

Conrath U. 2011. Molecular aspects of defence priming. Trends in 
Plant Science 16, 524–531.

Contreras-Cubas C, Palomar M, Arteaga-Vazquez M, Reyes JL, 
Covarrubias AA. 2012. Non-coding RNAs in the plant response to 
abiotic stress. Planta 236, 943–958.

Costas C, de la Paz Sanchez M, Stroud H, et al. 2011. Genome-
wide mapping of Arabidopsis thaliana origins of DNA replication and 
their associated epigenetic marks. Nature Structural & Molecular 
Biology 18, 395–400.

Cramer GR, Urano K, Delrot S, Pezzotti M, Shinozaki K. 2011. 
Effects of abiotic stress on plants: a systems biology perspective. 
BMC Plant Biology 11, 163.

Dean Rider S, Jr., Henderson JT, Jerome RE, Edenberg HJ, 
Romero-Severson J, Ogas J. 2003. Coordinate repression of 
regulators of embryonic identity by PICKLE during germination in 
Arabidopsis. The Plant Journal 35, 33–43.

Deng X, Gu L, Liu C, et al.  2010. Arginine methylation mediated by 
the Arabidopsis homolog of PRMT5 is essential for proper pre-mRNA 
splicing. Proceedings of the National Academy of Sciences, USA 107, 
19114–19119.

Des Marais DL, Juenger TE. 2010. Pleiotropy, plasticity, and the 
evolution of plant abiotic stress tolerance. Annals of the New York 
Academy of Sciences 1206, 56–79.

Ding Y, Avramova Z, Fromm M. 2011. The Arabidopsis trithorax-
like factor ATX1 functions in dehydration stress responses via ABA-
dependent and ABA-independent pathways. The Plant Journal 66, 
735–744.

Ding Y, Tao Y, Zhu C. 2013. Emerging roles of microRNAs in 
the mediation of drought stress response in plants. Journal of 
Experimental Botany 64, 3077–3086.

Draghi JA, Whitlock MC. 2012. Phenotypic plasticity facilitates 
mutational variance, genetic variance, and evolvability along the major 
axis of environmental variation. Evolution 66, 2891–2902.

Esteve PO, Chang YQ, Samaranayake M, Upadhyay AK, Horton 
JR, Feehery GR, Cheng XD, Pradhan S. 2011. A methylation 
and phosphorylation switch between an adjacent lysine and serine 
determines human DNMT1 stability. Nature Structural & Molecular 
Biology 18, 42–48.

Finkelstein RR, Lynch TJ. 2000. The Arabidopsis abscisic acid 
response gene ABI5 encodes a basic leucine zipper transcription 
factor. Plant Cell 12, 599–609.



Role of chromatin in water stress responses in plants  |  2795

Finkelstein RR. 1994. Mutations at two new Arabidopsis ABA 
response loci are similar to the abi3 mutations. The Plant Journal 5, 
765–771.

Flaus A, Martin DM, Barton GJ, Owen-Hughes T. 2006. 
Identification of multiple distinct Snf2 subfamilies with conserved 
structural motifs. Nucleic Acids Research 34, 2887–2905.

Follmer NE, Wani AH, Francis NJ. 2012. A Polycomb group protein 
is retained at specific sites on chromatin in mitosis. PLoS Genet 8.

Fonseca JP, Steffen PA, Muller S, Lu J, Sawicka A, Seiser C, 
Ringrose L. 2012. In vivo Polycomb kinetics and mitotic chromatin 
binding distinguish stem cells from differentiated cells. Genes & 
Development 26, 857–871.

Fu YL, Zhang GB, Lv XF, Guan Y, Yi HY, Gong JM. 2013. 
Arabidopsis histone methylase CAU1/PRMT5/SKB1 acts as an 
epigenetic suppressor of the calcium signaling gene CAS to mediate 
stomatal closure in response to extracellular calcium. Plant Cell 25, 
2878–2891.

Fujii H, Chinnusamy V, Rodrigues A, Rubio S, Antoni R, Park 
SY, Cutler SR, Sheen J, Rodriguez PL, Zhu JK. 2009. In vitro 
reconstitution of an abscisic acid signalling pathway. Nature 462, 
660–664.

Fujita Y, Fujita M, Satoh R, Maruyama K, Parvez MM, Seki M, 
Hiratsu K, Ohme-Takagi M, Shinozaki K, Yamaguchi-Shinozaki 
K. 2005. AREB1 is a transcription activator of novel ABRE-dependent 
ABA signaling that enhances drought stress tolerance in Arabidopsis. 
Plant Cell 17, 3470–3488.

Galbiati M, Simoni L, Pavesi G, Cominelli E, Francia P, 
Vavasseur A, Nelson T, Bevan M, Tonelli C. 2008. Gene trap lines 
identify Arabidopsis genes expressed in stomatal guard cells. The 
Plant Journal 53, 750–762.

Galisson F, Mahrouche L, Courcelles M, Bonneil E, Meloche S, 
Chelbi-Alix MK, Thibault P. 2011. A novel proteomics approach to 
identify SUMOylated proteins and their modification sites in human 
cells. Molecular & Cellular Proteomics 10, M110 004796.

Gil-Quintana E, Larrainzar E, Seminario A, Diaz-Leal JL, 
Alamillo JM, Pineda M, Arrese-Igor C, Wienkoop S, Gonzalez 
EM. 2013. Local inhibition of nitrogen fixation and nodule metabolism 
in drought-stressed soybean. Journal of Experimental Botany 64, 
2171–2182.

Goll MG, Bestor TH. 2005. Eukaryotic cytosine methyltransferases. 
Annual Review of Biochemistry 74, 481–514.

Gosti F, Beaudoin N, Serizet C, Webb AA, Vartanian N, Giraudat 
J. 1999. ABI1 protein phosphatase 2C is a negative regulator of 
abscisic acid signaling. Plant Cell 11, 1897–1910.

Grossniklaus U, Kelly B, Ferguson-Smith AC, Pembrey M, 
Lindquist S. 2013. Transgenerational epigenetic inheritance: how 
important is it? Nature Reviews Genetics 14, 228–235.

Gutzat R, Mittelsten Scheid O. 2012. Epigenetic responses 
to stress: triple defense? Current Opinion in Plant Biology 15, 
568–573.

Han SK, Sang Y, Rodrigues A, Biol F, Wu MF, Rodriguez PL, 
Wagner D. 2012. The SWI2/SNF2 chromatin remodeling ATPase 
BRAHMA represses abscisic acid responses in the absence of the 
stress stimulus in Arabidopsis. Plant Cell 24, 4892–4906.

Hargreaves DC, Crabtree GR. 2011. ATP-dependent chromatin 
remodeling: genetics, genomics and mechanisms. Cell Research 21, 
396–420.

Hauk G, McKnight JN, Nodelman IM, Bowman GD. 2010. The 
chromodomains of the Chd1 chromatin remodeler regulate DNA 
access to the ATPase motor. Molecular Cell 39, 711–723.

Hauser MT, Aufsatz W, Jonak C, Luschnig C. 2011. 
Transgenerational epigenetic inheritance in plants. Biochimica et 
Biophysica Acta 1809, 459–468.

Henderson JT, Li HC, Rider SD, Mordhorst AP, Romero-
Severson J, Cheng JC, Robey J, Sung ZR, de Vries SC, Ogas 
J. 2004. PICKLE acts throughout the plant to repress expression 
of embryonic traits and may play a role in gibberellin-dependent 
responses. Plant Physiology 134, 995–1005.

Ho KK, Zhang H, Golden BL, Ogas J. 2013. PICKLE is a CHD 
subfamily II ATP-dependent chromatin remodeling factor. Biochimica 
et Biophysica Acta 1829, 199–210.

Holec S, Berger F. 2012. Polycomb group complexes mediate 
developmental transitions in plants. Plant Physiology 158, 35–43.

Hong S, Song HR, Lutz K, Kerstetter RA, Michael TP, McClung 
CR. 2010. Type II protein arginine methyltransferase 5 (PRMT5) is 
required for circadian period determination in Arabidopsis thaliana. 
Proceedings of the National Academy of Sciences, USA 107, 
21211–21216.

Hu Y, Zhu N, Wang X, Yi Q, Zhu D, Lai Y, Zhao Y. 2013. Analysis 
of rice Snf2 family proteins and their potential roles in epigenetic 
regulation. Plant Physiology and Biochemistry 70, 33–42.

Hubner MR, Eckersley-Maslin MA, Spector DL. 2013. Chromatin 
organization and transcriptional regulation. Current Opinion in 
Genetics & Development 23, 89–95.

Jerzmanowski A. 2007. SWI/SNF chromatin remodeling and linker 
histones in plants. Biochimica et Biophysica Acta 1769, 330–345.

Jing Y, Zhang D, Wang X, Tang W, Wang W, Huai J, Xu G, Chen 
D, Li Y, Lin R. 2013. Arabidopsis chromatin remodeling factor 
PICKLE interacts with transcription factor HY5 to regulate hypocotyl 
cell elongation. Plant Cell 25, 242–256.

Johnson DG, Dent SY. 2013. Chromatin: receiver and quarterback 
for cellular signals. Cell 152, 685–689.

Jones PA. 2012. Functions of DNA methylation: islands, start sites, 
gene bodies and beyond. Nature Reviews Genetics 13, 484–492.

Kang JY, Choi HI, Im MY, Kim SY. 2002. Arabidopsis basic leucine 
zipper proteins that mediate stress-responsive abscisic acid signaling. 
Plant Cell 14, 343–357.

Kapazoglou A, Tondelli A, Papaefthimiou D, Ampatzidou H, 
Francia E, Stanca MA, Bladenopoulos K, Tsaftaris AS. 2010. 
Epigenetic chromatin modifiers in barley: IV. The study of barley 
polycomb group (PcG) genes during seed development and in 
response to external ABA. BMC Plant Biology 10, 73.

Khraiwesh B, Zhu JK, Zhu J. 2012. Role of miRNAs and siRNAs in 
biotic and abiotic stress responses of plants. Biochimica et Biophysica 
Acta 1819, 137–148.

Kim JM, To TK, Ishida J, Matsui A, Kimura H, Seki M. 2012. 
Transition of chromatin status during the process of recovery from 
drought stress in Arabidopsis thaliana. Plant and Cell Physiology 53, 
847–856.



2796  |  Han et al.

Kim JM, To TK, Ishida J, Morosawa T, Kawashima M, Matsui 
A, Toyoda T, Kimura H, Shinozaki K, Seki M. 2008. Alterations 
of lysine modifications on the histone H3 N-tail under drought stress 
conditions in Arabidopsis thaliana. Plant and Cell Physiology 49, 
1580–1588.

Kim JM, To TK, Nishioka T, Seki M. 2010. Chromatin regulation 
functions in plant abiotic stress responses. Plant, Cell & Environment 
33, 604–611.

Kim SY, Lee J, Eshed-Williams L, Zilberman D, Sung ZR. 2012. 
EMF1 and PRC2 cooperate to repress key regulators of Arabidopsis 
development. PLoS Genet 8, e1002512.

Kim SY, Zhu T, Sung ZR. 2010. Epigenetic regulation of gene programs 
by EMF1 and EMF2 in Arabidopsis. Plant Physiology 152, 516–528.

Koornneef M, Reuling G, Karssen CM. 1984. The isolation and 
characterization of abscisic-acid insensitive mutants of Arabidopsis 
thaliana. Physiologia Plantarum 61, 377–383.

Kwon CS, Wagner D. 2007. Unwinding chromatin for development 
and growth: a few genes at a time. Trends in Genetics 23, 403–412.

Lanzuolo C, Lo Sardo F, Diamantini A, Orlando V. 2011. PcG 
complexes set the stage for epigenetic inheritance of gene silencing in 
early S phase before replication. PLoS Genet 7, e1002370.

Law JA, Jacobsen SE. 2010. Establishing, maintaining and 
modifying DNA methylation patterns in plants and animals. Nature 
Reviews Genetics 11, 204–220.

Lee SC, Lan W, Buchanan BB, Luan S. 2009. A protein kinase-
phosphatase pair interacts with an ion channel to regulate ABA 
signaling in plant guard cells. Proceedings of the National Academy of 
Sciences, USA 106, 21419–21424.

Lengsfeld BM, Berry KN, Ghosh S, Takahashi M, Francis NJ. 
2012. A Polycomb complex remains bound through DNA replication 
in the absence of other eukaryotic proteins. Scientific Reports 2, 
661.

Less H, Angelovici R, Tzin V, Galili G. 2011. Coordinated gene 
networks regulating Arabidopsis plant metabolism in response to 
various stresses and nutritional cues. Plant Cell 23, 1264–1271.

Li B, Carey M, Workman JL. 2007. The role of chromatin during 
transcription. Cell 128, 707–719.

Lichtenthaler HK. 1998. The stress concept in plants: an introduction. 
Annals of the New York Academy of Sciences 851, 187–198.

Lira-Medeiros CF, Parisod C, Fernandes RA, Mata CS, Cardoso 
MA, Ferreira PC. 2010. Epigenetic variation in mangrove plants 
occurring in contrasting natural environment. PLoS One 5, e10326.

Lo SM, Follmer NE, Lengsfeld BM, Madamba EV, Seong S, 
Grau DJ, Francis NJ. 2012. A bridging model for persistence of a 
polycomb group protein complex through DNA replication in vitro. 
Molecular Cell 46, 784–796.

Lopez-Molina L, Chua NH. 2000. A null mutation in a bZIP factor 
confers ABA-insensitivity in Arabidopsis thaliana. Plant and Cell 
Physiology 41, 541–547.

Lopez-Molina L, Mongrand S, Chua NH. 2001. A postgermination 
developmental arrest checkpoint is mediated by abscisic acid and 
requires the ABI5 transcription factor in Arabidopsis. Proceedings of 
the National Academy of Sciences, USA 98, 4782–4787.

Luger K, Mader AW, Richmond RK, Sargent DF, Richmond 
TJ. 1997. Crystal structure of the nucleosome core particle at 2.8 
A resolution. Nature 389, 251–260.

Luo M, Wang YY, Liu X, Yang S, Lu Q, Cui Y, Wu K. 2012. HD2C 
interacts with HDA6 and is involved in ABA and salt stress response in 
Arabidopsis. Journal of Experimental Botany 63, 3297–3306.

Ma Y, Szostkiewicz I, Korte A, Moes D, Yang Y, Christmann A, 
Grill E. 2009. Regulators of PP2C phosphatase activity function as 
abscisic acid sensors. Science 324, 1064–1068.

Merlot S, Gosti F, Guerrier D, Vavasseur A, Giraudat J. 2001. The 
ABI1 and ABI2 protein phosphatases 2C act in a negative feedback 
regulatory loop of the abscisic acid signalling pathway. The Plant 
Journal 25, 295–303.

Mirouze M, Paszkowski J. 2011. Epigenetic contribution to stress 
adaptation in plants. Current Opinion in Plant Biology 14, 267–274.

Mittler R, Blumwald E. 2010. Genetic engineering for modern 
agriculture: challenges and perspectives. Annual Review of Plant 
Biology 61, 443–462.

Mlynarova L, Nap JP, Bisseling T. 2007. The SWI/SNF chromatin-
remodeling gene AtCHR12 mediates temporary growth arrest in 
Arabidopsis thaliana upon perceiving environmental stress. The Plant 
Journal 51, 874–885.

Narlikar GJ, Sundaramoorthy R, Owen-Hughes T. 2013. 
Mechanisms and functions of ATP-dependent chromatin-remodeling 
enzymes. Cell 154, 490–503.

Ndamukong I, Jones DR, Lapko H, Divecha N, Avramova Z. 
2010. Phosphatidylinositol 5-phosphate links dehydration stress to the 
activity of ARABIDOPSIS TRITHORAX-LIKE factor ATX1. PLoS One 5, 
e13396.

Ng DW, Chandrasekharan MB, Hall TC. 2006. Ordered histone 
modifications are associated with transcriptional poising and activation 
of the phaseolin promoter. Plant Cell 18, 119–132.

Ng HH, Robert F, Young RA, Struhl K. 2003. Targeted recruitment of 
Set1 histone methylase by elongating pol II provides a localized mark and 
memory of recent transcriptional activity. Molecular Cell 11, 709–719.

Parcy F, Valon C, Raynal M, Gaubier-Comella P, Delseny M, 
Giraudat J. 1994. Regulation of gene expression programs during 
Arabidopsis seed development: roles of the ABI3 locus and of 
endogenous abscisic acid. Plant Cell 6, 1567–1582.

Park SY, Fung P, Nishimura N, et al.  2009. Abscisic acid inhibits 
type 2C protein phosphatases via the PYR/PYL family of START 
proteins. Science 324, 1068–1071.

Paszkowski J, Grossniklaus U. 2011. Selected aspects of 
transgenerational epigenetic inheritance and resetting in plants. 
Current Opinion in Plant Biology 14, 195–203.

Patel DJ, Wang Z. 2013. Readout of epigenetic modifications. 
Annual Review of Biochemistry 82, 81–118.

Pecinka A, Mittelsten Scheid O. 2012. Stress-induced chromatin 
changes: a critical view on their heritability. Plant and Cell Physiology 
53, 801–808.

Perruc E, Kinoshita N, Lopez-Molina L. 2007. The role of 
chromatin-remodeling factor PKL in balancing osmotic stress 
responses during Arabidopsis seed germination. The Plant Journal 52, 
927–936.



Role of chromatin in water stress responses in plants  |  2797

Petesch SJ, Lis JT. 2012. Overcoming the nucleosome barrier 
during transcript elongation. Trends Genet 28, 285–294.

Petruk S, Sedkov Y, Johnston DM, Hodgson JW, Black KL, 
Kovermann SK, Beck S, Canaani E, Brock HW, Mazo A. 2012. 
TrxG and PcG proteins but not methylated histones remain associated 
with DNA through replication. Cell 150, 922–933.

Pu L, Liu MS, Kim SY, Chen LF, Fletcher JC, Sung ZR. 2013. 
EMBRYONIC FLOWER1 and ULTRAPETALA1 act antagonistically on 
Arabidopsis development and stress response. Plant Physiology 162, 
812–830.

Reinders J, Wulff BB, Mirouze M, Mari-Ordonez A, Dapp 
M, Rozhon W, Bucher E, Theiler G, Paszkowski J. 2009. 
Compromised stability of DNA methylation and transposon 
immobilization in mosaic Arabidopsis epigenomes. Genes & 
Development 23, 939–950.

Roux F, Colome-Tatche M, Edelist C, Wardenaar R, Guerche P, 
Hospital F, Colot V, Jansen RC. 2011. Genome-wide epigenetic 
perturbation jump-starts patterns of heritable variation found in nature. 
Genetics 188, 1015–1017.

Rubio S, Rodrigues A, Saez A, Dizon MB, Galle A, Kim TH, 
Santiago J, Flexas J, Schroeder JI, Rodriguez PL. 2009. Triple 
loss of function of protein phosphatases type 2C leads to partial 
constitutive response to endogenous abscisic acid. Plant Physiology 
150, 1345–1355.

Saez A, Rodrigues A, Santiago J, Rubio S, Rodriguez PL. 
2008. HAB1–SWI3B interaction reveals a link between abscisic acid 
signaling and putative SWI/SNF chromatin-remodeling complexes in 
Arabidopsis. Plant Cell 20, 2972–2988.

Sahu PP, Pandey G, Sharma N, Puranik S, Muthamilarasan M, 
Prasad M. 2013. Epigenetic mechanisms of plant stress responses 
and adaptation. Plant Cell Reports 32, 1151–1159.

Sanchez SE, Petrillo E, Beckwith EJ, et al.  2010. A methyl 
transferase links the circadian clock to the regulation of alternative 
splicing. Nature 468, 112–116.

Sang Y, Silva-Ortega CO, Wu S, Yamaguchi N, Wu MF, Pfluger J, 
Gillmor CS, Gallagher KL, Wagner D. 2012. Mutations in two non-
canonical Arabidopsis SWI2/SNF2 chromatin remodeling ATPases 
cause embryogenesis and stem cell maintenance defects. The Plant 
Journal 72, 1000–1014.

Sani E, Herzyk P, Perrella G, Colot V, Amtmann A. 2013. 
Hyperosmotic priming of Arabidopsis seedlings establishes a long-
term somatic memory accompanied by specific changes of the 
epigenome. Genome Biology 14, R59.

Saze H, Tsugane K, Kanno T, Nishimura T. 2012. DNA methylation 
in plants: relationship to small RNAs and histone modifications, and 
functions in transposon inactivation. Plant and Cell Physiology 53, 
766–784.

Schmitz RJ, He Y, Valdes-Lopez O, et al.  2013. Epigenome-wide 
inheritance of cytosine methylation variants in a recombinant inbred 
population. Genome Research 23, 1663–1674.

Schmitz RJ, Sung S, Amasino RM. 2008. Histone arginine 
methylation is required for vernalization-induced epigenetic silencing of 
FLC in winter-annual Arabidopsis thaliana. Proceedings of the National 
Academy of Sciences, USA 105, 411–416.

Scippa GS, Di Michele M, Onelli E, Patrignani G, Chiatante D, 
Bray EA. 2004. The histone-like protein H1-S and the response of 
tomato leaves to water deficit. Journal of Experimental Botany 55, 
99–109.

Scippa GS, Griffiths A, Chiatante D, Bray EA. 2000. The H1 
histone variant of tomato, H1-S, is targeted to the nucleus and 
accumulates in chromatin in response to water-deficit stress. Planta 
211, 173–181.

Servet C, Benhamed M, Latrasse D, Kim W, Delarue M, 
Zhou DX. 2008. Characterization of a phosphatase 2C protein 
as an interacting partner of the histone acetyltransferase GCN5 in 
Arabidopsis. Biochimica et Biophysica Acta 1779, 376–382.

Shinozaki K, Yamaguchi-Shinozaki K. 2007. Gene networks 
involved in drought stress response and tolerance. Journal of 
Experimental Botany 58, 221–227.

Simon JA, Kingston RE. 2013. Occupying chromatin: Polycomb 
mechanisms for getting to genomic targets, stopping transcriptional 
traffic, and staying put. Molecular Cell 49, 808–824.

Simone C, Forcales SV, Hill DA, Imbalzano AN, Latella L, Puri 
PL. 2004. p38 pathway targets SWI-SNF chromatin-remodeling 
complex to muscle-specific loci. Nature Genetics 36, 738–743.

Skene PJ, Henikoff S. 2013. Histone variants in pluripotency and 
disease. Development 140, 2513–2524.

Skirycz A, Inze D. 2010. More from less: plant growth under limited 
water. Current Opinion in Biotechnology 21, 197–203.

Soderman EM, Brocard IM, Lynch TJ, Finkelstein RR. 2000. 
Regulation and function of the Arabidopsis ABA-insensitive4 gene in 
seed and abscisic acid response signaling networks. Plant Physiology 
124, 1752–1765.

Sokol A, Kwiatkowska A, Jerzmanowski A, Prymakowska-
Bosak M. 2007. Up-regulation of stress-inducible genes in tobacco 
and Arabidopsis cells in response to abiotic stresses and ABA 
treatment correlates with dynamic changes in histone H3 and H4 
modifications. Planta 227, 245–254.

Song J, Angel A, Howard M, Dean C. 2012. Vernalization;a cold-
induced epigenetic switch. Journal of Cell Science 125, 3723–3731.

Sreenivasulu N, Harshavardhan VT, Govind G, Seiler C, Kohli A. 
2012. Contrapuntal role of ABA: does it mediate stress tolerance or plant 
growth retardation under long-term drought stress? Gene 506, 265–273.

Sridha S, Wu K. 2006. Identification of AtHD2C as a novel regulator 
of abscisic acid responses in Arabidopsis. The Plant Journal 46, 
124–133.

Suganuma T, Workman JL. 2013. Chromatin and signaling. Current 
Opinion in Cell Biology 25, 322–326.

Talbert PB, Henikoff S. 2010. Histone variants;ancient wrap 
artists of the epigenome. Nature Reviews Molecular Cell Biology 11, 
264–275.

Tanaka M, Kikuchi A, Kamada H. 2008. The Arabidopsis histone 
deacetylases HDA6 and HDA19 contribute to the repression of 
embryonic properties after germination. Plant Physiology 146, 
149–161.

Tang X, Hou A, Babu M, et al.  2008. The Arabidopsis BRAHMA 
chromatin-remodeling ATPase is involved in repression of seed 
maturation genes in leaves. Plant Physiology 147, 1143–1157.



2798  |  Han et al.

Tardieu F. 2003. Virtual plants: modelling as a tool for the genomics 
of tolerance to water deficit. Trends in Plant Science 8, 9–14.

Tricker PJ, Gibbings JG, Rodriguez Lopez CM, Hadley P, 
Wilkinson MJ. 2012. Low relative humidity triggers RNA-directed de 
novo DNA methylation and suppression of genes controlling stomatal 
development. Journal of Experimental Botany 63, 3799–3813.

Tricker PJ, Lopez CM, Gibbings G, Hadley P, Wilkinson MJ. 
2013. Transgenerational, dynamic methylation of stomata genes in 
response to low relative humidity. International Journal of Molecular 
Sciences 14, 6674–6689.

Trivedi I, Ranjan A, Sharma YK, Sawant S. 2012. The histone H1 
variant accumulates in response to water stress in the drought tolerant 
genotype of Gossypium herbaceum L. Protein Journal 31, 477–486.

Umezawa T, Sugiyama N, Mizoguchi M, Hayashi S, Myouga F, 
Yamaguchi-Shinozaki K, Ishihama Y, Hirayama T, Shinozaki K. 
2009. Type 2C protein phosphatases directly regulate abscisic acid-
activated protein kinases in Arabidopsis. Proceedings of the National 
Academy of Sciences, USA 106, 17588–17593.

Umezawa T, Sugiyama N, Takahashi F, Anderson JC, Ishihama 
Y, Peck SC, Shinozaki K. 2013. Genetics and phosphoproteomics 
reveal a protein phosphorylation network in the abscisic acid signaling 
pathway in Arabidopsis thaliana. Science Signaling 6, rs8.

van Dijk K, Ding Y, Malkaram S, Riethoven JJ, Liu R, Yang 
J, Laczko P, Chen H, Xia Y, Ladunga I, Avramova Z, Fromm 
M. 2010. Dynamic changes in genome-wide histone H3 lysine 4 
methylation patterns in response to dehydration stress in Arabidopsis 
thaliana. BMC Plant Biology 10, 238.

Vlachonasios KE, Kaldis A, Nikoloudi A, Tsementzi D. 2011. The 
role of transcriptional coactivator ADA2b in Arabidopsis abiotic stress 
responses. Plant Signaling & Behavior 6, 1475–1478.

Vlachonasios KE, Thomashow MF, Triezenberg SJ. 2003. 
Disruption mutations of ADA2b and GCN5 transcriptional adaptor 
genes dramatically affect Arabidopsis growth, development, and gene 
expression. Plant Cell 15, 626–638.

Vongs A, Kakutani T, Martienssen RA, Richards EJ. 1993. 
Arabidopsis thaliana DNA methylation mutants. Science 260, 
1926–1928.

Vorosmarty CJ, McIntyre PB, Gessner MO, et al. 2010. Global 
threats to human water security and river biodiversity. Nature 467, 
555–561.

Wang KC, Chang HY. 2011. Molecular mechanisms of long 
noncoding RNAs. Molecular Cell 43, 904–914.

Wang P, Xue L, Batelli G, Lee S, Hou YJ, Van Oosten MJ, Zhang 
H, Tao WA, Zhu JK. 2013. Quantitative phosphoproteomics identifies 
SnRK2 protein kinase substrates and reveals the effectors of abscisic 
acid action. Proceedings of the National Academy of Sciences, USA 
110, 11205–11210.

Wang WS, Pan YJ, Zhao XQ, Dwivedi D, Zhu LH, Ali J, Fu BY, 
Li ZK. 2011. Drought-induced site-specific DNA methylation and its 
association with drought tolerance in rice (Oryza sativa L.). Journal of 
Experimental Botany 62, 1951–1960.

Wang X, Zhang Y, Ma Q, Zhang Z, Xue Y, Bao S, Chong K. 2007. 
SKB1-mediated symmetric dimethylation of histone H4R3 controls 
flowering time in Arabidopsis. EMBO Journal 26, 1934–1941.

Wierzbicki AT. 2012. The role of long non-coding RNA in 
transcriptional gene silencing. Current Opinion in Plant Biology 15, 
517–522.

Wollmann H, Holec S, Alden K, Clarke ND, Jacques PE, Berger 
F. 2012. Dynamic deposition of histone variant H3.3 accompanies 
developmental remodeling of the Arabidopsis transcriptome. PLoS 
Genet 8, e1002658.

Xiong L, Lee B, Ishitani M, Lee H, Zhang C, Zhu JK. 2001. 
FIERY1 encoding an inositol polyphosphate 1-phosphatase is a 
negative regulator of abscisic acid and stress signaling in Arabidopsis. 
Genes & Development 15, 1971–1984.

Xiong L, Zhu JK. 2003. Regulation of abscisic acid biosynthesis. 
Plant Physiology 133, 29–36.

Yang C, Bratzel F, Hohmann N, Koch M, Turck F, Calonje M. 
2013. VAL- and AtBMI1-mediated H2Aub initiate the switch from 
embryonic to postgerminative growth in Arabidopsis. Current Biology 
23, 1324–1329.

Yang S, Vanderbeld B, Wan J, Huang Y. 2010. Narrowing down the 
targets: towards successful genetic engineering of drought-tolerant 
crops. Molecular Plant 3, 469–490.

Yoshida N, Yanai Y, Chen L, Kato Y, Hiratsuka J, Miwa T, Sung 
ZR, Takahashi S. 2001. EMBRYONIC FLOWER2, a novel polycomb 
group protein homolog, mediates shoot development and flowering in 
Arabidopsis. Plant Cell 13, 2471–2481.

Yoshida T, Fujita Y, Sayama H, Kidokoro S, Maruyama 
K, Mizoi J, Shinozaki K, Yamaguchi-Shinozaki K. 2010. 
AREB1, AREB2, and ABF3 are master transcription factors that 
cooperatively regulate ABRE-dependent ABA signaling involved 
in drought stress tolerance and require ABA for full activation. The 
Plant Journal 61, 672–685.

Yuan L, Liu X, Luo M, Yang S, Wu K. 2013. Involvement of histone 
modifications in plant abiotic stress responses. Journal of Integrative 
Plant Biology 55, 892–901.

Zemach A, Kim MY, Hsieh PH, Coleman-Derr D, Eshed-Williams 
L, Thao K, Harmer SL, Zilberman D. 2013. The Arabidopsis 
nucleosome remodeler DDM1 allows DNA methyltransferases to 
access H1-containing heterochromatin. Cell 153, 193–205.

Zentner GE, Henikoff S. 2013. Regulation of nucleosome dynamics 
by histone modifications. Nature Structural & Molecular Biology 20, 
259–266.

Zhang H, Bishop B, Ringenberg W, Muir WM, Ogas J. 2012. 
The CHD3 remodeler PICKLE associates with genes enriched 
for trimethylation of histone H3 lysine 27. Plant Physiology 159, 
418–432.

Zhang X, Yazaki J, Sundaresan A, Cokus S, Chan SW, Chen H, 
Henderson IR, Shinn P, Pellegrini M, Jacobsen SE, Ecker JR. 
2006. Genome-wide high-resolution mapping and functional analysis 
of DNA methylation in Arabidopsis. Cell 126, 1189–1201.

Zhang YC, Chen YQ. 2013. Long noncoding RNAs: new regulators 
in plant development. Biochemical and Biophysical Research 
Communications 436, 111–114.

Zhang YY, Fischer M, Colot V, Bossdorf O. 2013. Epigenetic 
variation creates potential for evolution of plant phenotypic plasticity. 
New Phytologist 197, 314–322.



Role of chromatin in water stress responses in plants  |  2799

Zhang Z, Zhang S, Zhang Y, et al.  2011. Arabidopsis floral 
initiator SKB1 confers high salt tolerance by regulating transcription 
and pre-mRNA splicing through altering histone H4R3 and small 
nuclear ribonucleoprotein LSM4 methylation. Plant Cell 23, 
396–411.

Zheng B, Chen X. 2011. Dynamics of histone H3 lysine 27 
trimethylation in plant development. Current Opinion in Plant Biology 14, 
123–129.

Zhou Y, Tan B, Luo M, et al.  2013. HISTONE DEACETYLASE19 
interacts with HSL1 and participates in the repression of seed 
maturation genes in Arabidopsis seedlings. Plant Cell 25, 134–148.

Zhu Y, Dong A, Shen WH. 2012. Histone variants and chromatin 
assembly in plant abiotic stress responses. Biochimica et Biophysica 
Acta 1819, 343–348.

Zilberman D, Coleman-Derr D, Ballinger T, Henikoff S. 2008. 
Histone H2A.Z and DNA methylation are mutually antagonistic 
chromatin marks. Nature 456, 125–129.

Zografos BR, Sung S. 2012. Vernalization-mediated chromatin 
changes. Journal of Experimental Botany 63, 4343–4348.

Zong W, Zhong X, You J, Xiong L. 2013. Genome-wide profiling 
of histone H3K4-tri-methylation and gene expression in rice under 
drought stress. Plant Molecular Biology 81, 175–188.


