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modifications was vigorously pursued. Writers are en-
zymes that catalyze the addition of chemical moieties
onto histone tails or core domains and include acetyl-
transferases (HATSs), methyltransferases, kinases, and
ubiquitinases. Erasers are enzymes that remove these
modifications and include deacetylases (HDACs), phos-
phatases, demethylases (HDMs), and deubiquitinases
(Fig. 1; references in Xu et al., 2017).

In general, histone acetylation marks (especially H3
and H4 acetylation) increase the DNA access due to
the neutralization of the basic charge in histones,
which results in weakening, with a few exceptions,
the interaction of histones with DNA (cis effects; Allis
and Jenuwein, 2016; Onufriev and Schiessel, 2019).
Modifications involving histone methylation in Ara-
bidopsis represent both repressive (symmetric H4R3me2,
H3K9me2/3, and H3K27me3) and active marks (asym-
metric H4R3me2, H3K4me3, and H3K36me2/3;
Fig.1; Liuetal., 2010; Wang et al., 2016). In contrast to
acetylation, histone methylation retains the electron
charge of Lys and has no impact on the electrostatic
properties of histone proteins. The mode of action
(trans effects) of histone methylation mark is probably
coordinated through hydrophobicity; however, this
premise is not conclusive, and other possibilities
have been suggested (Musselman et al., 2012). The
presence or absence of methylation of Lys and/or Arg
amino acids in histones alters their association with
reader proteins, leading to modifications in chromatin
structure that result in either transcriptional repres-
sion or activation (Teperino et al., 2010). Various do-
mains that recognize both unmethylated and methylated
Lys or Arg residues have been reported, including ADD
(ATRX-DNMT3-DNMT3L), ankyrin, bromo-adjacent
homology, chromo-barrel, chromodomain (CD), dou-
ble chromodomain, malignant brain tumor, plant home-
odomain (PHD), Pro-Trp-Trp-Pro (PWWP), SAWADEE,
tandem Tudor domain, Tudor, WD40, and the zinc
finger CW (Fig. 2; Taverna et al., 2007; Bannister and
Kouzarides, 2011; Allis and Jenuwein, 2016; Andrews
et al., 2016; Xu et al., 2017). Documentation of the
affinity of these elements to Lys or Arg methylation
in plants, however, still remains elusive. The listed
reader proteins appear to be highly conserved in a
broad range of eukaryotic organisms; however,

Figure 1. Epigenetic modification sites involved
in abiotic stress response. Modifications of histone
tails of core histones (H2A, H2B, H3, H4) in-
volved in abiotic stress response are shown in
white letters.
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EMSY-LIKE1 H3K4me2/3 reader protein containing
a plant-specific single Tudor domain was identified
in Arabidopsis (Zhao et al., 2018). Four domains ca-
pable of recognizing acetylated Lys have been iden-
tified in human (Homo sapiens) cells (Musselman
et al., 2012). Among these domains, genes encoding
proteins containing bromodomain or tandem-PHD
have been identified in Arabidopsis (Xu et al., 2017).
Enzymatic activity of proteins having a tandem-PHD
domain, however, has never been demonstrated in any
homologs encoded in the Arabidopsis genome. These
Arabidopsis homologs appear to lose enzymatic activ-
ity because they lack the key residues responsible for
recognizing histone acylation, including acetylation
(Zhao et al., 2018). Thus, the collective data indicate that
epigenetic elements have diversified during the evolu-
tion of plant-specific lineages.

Monoubiquitination of H2A (H2Aub) and H2B
(H2Bub) is also considered to be both an active and
repressive mark for transcription in eukaryotes (Fig. 1).
H2AK121 monoubiquitination in Arabidopsis tends
to be colocalized with H3K27me3 in an independent
manner but not cooperatively with POLYCOMB RE-
PRESSIVE COMPLEX2 (PRC2), which is needed to
maintain H3K27me3 in Arabidopsis (Bratzel et al., 2010;
Zhou et al., 2017b). Deubiquitination of H2B is required
for DNA methylation and heterochromatic histone H3
methylation (Sridhar et al., 2007). More specifically, H2B
monoubiquitination activates transcription through
H3K4me3 deposition (Geng et al., 2012).

Over the past 30 years, dozens of studies identified
fast (half-life of a few minutes) and slow turnover rates
(half-life of ~30 min) in all four core histones from
yeast (Saccharomyces cerevisiae) to plant and animal
cells (Waterborg, 2002; Zheng et al., 2013). The turn-
over rate of histone acetylation is much faster than that
of methylation in HeLa cells (Zee et al., 2010). Al-
though it remains unclear if it applies to plant histones,
these data suggest that rapid response to an ever-
changing environment (i.e. abiotic stress) via acetyla-
tion could serve as a beneficial adaptation. On the
other hand, it is possible that methylation might have
an advantage for a long-period response, as observed
in the case of flowering and inheritance of trans-
generational stress memory (priming) due to their

ac

ub
c

ac ac ac ac

K32)=(K27 = K11)=( K6 *N

Repressive marks

Histone acetylations, H2Bub
H3K4me3, H3K36me2/3

H3K9me2/3, H3K27me3, H3T3ph,
H2Aub, symmetric H4R3

16

Plant Physiol. Vol. 182, 2020

Downloaded from on October 22, 2020 - Published by www.plantphysiol.org
Copyright © 2020 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

slower half-life. In accordance with this concept, pre-
vious studies have identified various epigenetic reg-
ulators for acetylation involved in abiotic stress
response (Asensi-Fabado et al., 2017; Luo et al., 2017).
On the other hand, epigenetic regulations in longer
term responses, such as flowering, stress memory, and
stress priming via histone and/or DNA methylation
with other PTMs such as Ser-5P Pol II in some cases
(Ding et al., 2012), have been reported (out of scope in
this review, see references Sani et al., 2013; Lamke
et al., 2016; Schuettengruber et al., 2017; Annacondia
et al., 2018; Friedrich et al., 2019; Liu et al., 2019).

The reversible property of these epigenetic modifi-
cations involves the cooperative action of readers,
writers, and erasers (Xu et al., 2017). The identification
of the epigenetic components that participate in stress
response and elucidating the molecular network that
they coordinate is essential to fully understand epi-
genetic regulation. How epigenetic regulators are
recruited to specific locations in chromatin to carry out
their function is one of the most interesting aspects of
understanding the molecular mechanism responsible
for the activation of stress response in plants. TF
(transcriptional factor)-mediated, long noncoding
RNA-mediated, and self-targeting models have all
been proposed to act as recruiters for the localization
of epigenetic regulators to specific chromatin sites
(Deng et al., 2018). In abiotic stress response, recruiters
associated with stress response have been categorized
into a TF-mediated model. For example, rice (Oryza
sativa) INDETERMINATE SPIKELET1 (IDS1) and
Arabidopsis MYB96 have been identified as HDAC
recruiters in salinity and drought stress response, re-
spectively (Cheng et al.,, 2018; Lee and Seo, 2019),
poplar (Populus trichocarpa) ABSCISIC ACID (ABA)-
RESPONSIVE ELEMENT BINDING PROTEIN1 (AREB1)
as a HAT recruiter in drought stress response (Liet al.,
2019), and rice OsbZIP46CA1 (OsbZIP46) as both an
H2B ubiquitinase and deubiquitinase recruiter in
drought stress response (Ma et al., 2019).

In the past decade, increased evidence on the inter-
action between several epigenetic components localized
in chromatin has accumulated, which has increased our
understanding of the epigenetic regulation in abiotic
stress. Recent progress in the identification of epigenetic
modifiers, such as erasers, readers, writers, and re-
cruiters, involved in abiotic stress response in flowering
plants is covered in this review (Table 1; Fig. 3).

RECENT ADVANCES IN UNDERSTANDING THE
INVOLVEMENT OF EPIGENETIC REGULATORS IN
ABIOTIC STRESS RESPONSE

Role of HATs in Drought, Salinity, and Heat Stress
Response in Arabidopsis, Chinese Cabbage (Brassica
rapa), Poplar, Rice, and Tomato (Lycopersicon peruvianum)

The integrated activity of HATs and HDACs regu-
lates acetylation levels, and recent studies have
documented their role in abiotic stress response. The
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Figure 2. Participation of epigenetic regulators in stress response. The
combined activity of erasers, readers, and writers regulate the level and
type of histone modifications.

Arabidopsis genome encodes 12 HAT genes, repre-
senting four HAT families (GENERAL CONTROL
NONDEREPRESSIBLE5 [GCNS5]-like [GCN5/HIS-
TONE ACETYLTRANSFERASE OF THE GNAT
FAMILY {HAG]J1, 2, 3], MYST-like [HISTONE ACE-
TYLTRANSFERASE OF THE MYST FAMILY (HAM)
1, 2], p300/CBP [CREB binding protein]-like [HIS-
TONE ACETYLTRANSFERASE OF THE CBP FAM-
ILY {HAC}1, 2, 4, 5, 12], and TAF;1250-like [HISTONE
ACETYLTRANSFERASE OF THE TAF;;250 FAMILY
{HAF}1, 2]; Pandey et al., 2002; Earley et al., 2007). As
described below, their functional role has been dem-
onstrated in recent studies on GCN5 in plants sub-
jected to salinity and heat stress.

The potential involvement of GCNS5 in salt stress re-
sponse was first characterized in maize (Zea mays)
roots. The up-regulation of cell-wall-related genes, such
as ZmEXPANSIN B2 and ZmXYLOGLUCAN ENDO-
TRANSGLUCOSYLASE/HYDROLASEI1, is associated
with an increase in H3K9 acetylation in both the pro-
moter and coding regions of genes. The acetylation is
thought to be necessary for a response to high-salinity
conditions to occur in maize roots. The up-regulation of
ZmEXPANSIN B2 and ZmXYLOGLUCAN ENDO-
TRANSGLUCOSYLASE/HYDROLASE1 genes has been
suggested to be mediated by two HAT genes (ZmHATB
and ZmGCNbJ), since mRNA expression of these HAT
genes increases under salt stress conditions (Li et al.,
2014). In support of this suggestion, mRNA expres-
sion of GCN5 in Arabidopsis is activated in response to
salinity stress, and gcnbd mutants exhibit increased
sensitivity to salinity stress due to a defect in cell wall
integrity. CTL1, which encodes a chitinase-like (CTL)
protein, is a direct target of GCN5 and plays a pivotal
role in cell wall biosynthesis and salt stress tolerance.
GCN5 activates CTL1 expression through H3K9/K14
acetylation (Zheng et al., 2019). Notably, gcn5 mutant
plants also exhibit serious defects in thermotolerance in
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Table 1. Components of histone modifications that alter the abiotic stress response phenotype in flowering plants

Proteins that act as a substrate for the modification of histone and nonhistone proteins are in bold.

Modification and Regulator

Type Regulator Name Species Stress Type
Acetylation GCN5 Arabidopsis Heat (Hu et al., 2015) and salinity (Zheng et al., 2019)
Acetyltransferase
Poplar Drought (Li et al., 2019)
AtHAC1 Arabidopsis Heat (Chimeric dCas9HAT: Roca Paixdo et al., 2019)
Deacetylase HDAG6 Arabidopsis cold (To et al., 2011; Jung et al., 2013), heat (Popova et al., 2013), drought (Kim
et al., 2017), and salinity (Chen and Wu, 2010; Luo et al., 2012)
HDA9 Arabidopsis Drought and salinity (Zheng et al., 2016)
HDA15 Arabidopsis Drought (Lee and Seo, 2019)
HDA19 Arabidopsis Drought (Ueda et al., 2018a), heat (Ueda et al., 2018a), and salinity (Chen and
Wu, 2010; Mehdi et al., 2016; Ueda et al., 2017)
HDA705 Rice Salinity (Zhao et al., 2016)
BdHD1 Brachypodium Drought (Song et al., 2019)
HD2C Arabidopsis Cold (Park et al., 2018), heat (Buszewicz et al., 2016), and salinity (Luo et al.,
2012)
HD2D Arabidopsis Cold, drought, and salinity (Han et al., 2016)
Recruiter MYB96 Arabidopsis Drought (Lee and Seo, 2019)
IDS1 Rice Salinity (Cheng et al., 2018)
HsfB1 Tomato Heat (Bharti et al., 2004)
AREB1 Poplar Drought (Li et al., 2019)
Subunit in a complex  AtSAP18 Arabidopsis Salinity (Song and Galbraith, 2006)
HDC1 Arabidopsis  Salinity (Perrella et al., 2013)
MSI1 Arabidopsis Salinity (Mehdi et al., 2016)
Methylation ATX1 Arabidopsis Dehydration (Ding et al., 2011)
Methyltransferase
ATX4/5 Arabidopsis Drought (Liu et al., 2018)
CAU1/ Arabidopsis Drought (Fu et al., 2013) and salinity (Zhang et al., 2011)
PRMT5/
SKB1
Demethylase JMJ15 Arabidopsis Salinity (Shen et al., 2014)
MJ17 Arabidopsis Dehydration (Huang et al., 2019)
Ubiquitination HUB1/2 Arabidopsis  Salinity (Zhou et al., 2017a)
Ubiquitinase
AtHUB2 Cotton Drought (Chen et al., 2019)
OsHUB2 Rice Drought (Ma et al., 2019)

Phosphorylation Kinase MLK1/2 Arabidopsis

Drought and salinity (Wang et al., 2015)

response to heat stress. GCN5 appears to positively
regulate thermotolerance through the enrichment of
H3K9/K14ac in the promoter regions of HEAT SHOCK
TRANSCRIPTION FACTOR A3 and ULTRAVIOLET
HYPERSENSITIVE6 genes (Hu et al., 2015). The oc-
currence of nonenzymatic acetylation reactions is pos-
sible; however, to what extent nonenzymatic acetylation
occurs in the nucleosome in plants is unclear (Choudhary
etal., 2014). Recent progress identified a large number
of acetylation sites from nonhistone proteins (refer-
ences therein Fiissl et al., 2018), and some were found
to have a potential role in abiotic stress response.
Importantly, these data do suggest that enzymatic
acetylation, mediated through HAT activity, is indis-
pensable for abiotic stress tolerance in Arabidopsis.
Although it should be noted, especially in regards to
histone H3 acetylation, that GCN5/HAG1 primarily
acetylates H3 and only marginally acetylates H4 or
H2A /B in vitro (Earley et al., 2007)

In addition to Arabidopsis, expression analysis of
HAT genes (rice, 12 OsHAT genes; Chinese cabbage,
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15 BraHAT genes) has been conducted in rice under
drought stress conditions and in Chinese cabbage un-
der salinity and drought stress conditions, in which
hyperacetylation of histone H3 was detected (Fang
et al., 2014; Eom and Hyun, 2018). In both crops, sig-
nificant alterations of expression during exposure to
each stress has been detected. In rice, drought stress
increased mRNA expression of OsHAC703, OsHAG703,
OsHAM?701, and OsHAF701 (Fang et al., 2014). In Chi-
nese cabbage, drought stress repressed the expression
of BraHAC5, whereas it strongly activated that of Bra-
HAC7, BraHAG2, and BraHAGb5. In the case of Bra-
HAG?2, an opposite expression pattern was observed
between 2 d and 4 d after the drought stress treatments.
Salinity stress has been shown to activate 13 BraHATS,
with the exception of BraHAG4 and BraHAG®, at sev-
eral time points (5 h, 1 d, 2 d) after the stress treatments
(Eom and Hyun, 2018). These data suggest that HATs
play a fundamental role in abiotic stress response in not
only Arabidopsis but also crops as well, although the
details in crops still remain unknown at this time.
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Figure 3. Erasers, readers, and writers corresponding to each histone
modification that is associated with abiotic stress response in Arabi-
dopsis. Superscripts for each epigenetic regulator indicate what type of
abiotic stress response they regulate. Erasers, readers, and writers are
written in green, blue, and red letters, respectively. GCN5 is a
bromodomain-containing protein.

HAC1 is a member of the p300/CBP-like family and
lacks a bromodomain motif in plants (Pandey et al.,
2002), suggesting that HAC1 needs a recruiter for nu-
clear localization. In tomato, the heat stress transcrip-
tion factor CLASS B HEAT SHOCK FACTOR Bl
(HsfB1), interacts with HAC1 and is subsequently
recruited to chromatin, raising the possibility that
HsfB1 may help to maintain and/or restore the ex-
pression of certain viral or housekeeping genes during
extended periods of heat stress (Bharti et al., 2004). The
association of HsfB1 with HAC1 appears to function as
a recruiter to control in the level of histone acetylation.

Instead of the use of a transcription factor to recruit a
histone acetyltransferase (AtHAC1) to chromatin, a
synthetic strategy can also be used. Specifically, this
strategy involves using the catalytically inactive form
of clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein9 (Cas9;
dCas9) as a recruiter of AtHAC1 and is an effective
way to activate a drought-stress-tolerance-related
gene in Arabidopsis. The fusion of dCas9 with HAT
enzyme (dCas9"AT) enables locus-specific activation
of a drought-stress-tolerance-related gene in Arabi-
dopsis, thereby enhancing drought stress tolerance. In
plants expressing dCas9HAT, this fusion is designed to
be recruited and localized at the locus encoding the
AREBI, a key positive regulator of drought stress re-
sponse. RD29A expression is positively regulated by
AREBI, and this results in an enhancement of drought
stress tolerance (Roca Paixdo et al., 2019). In poplar,
the formation of an AREBI-ALTERATION/DEFI-
CIENCY IN ACTIVATION 2B-GCNS5 ternary complex
is required for the activation of NAC genes involved in
increasing drought stress tolerance through H3K9
acetylation (Li et al., 2019). ALTERATION/DEFI-
CIENCY IN ACTIVATION 2B is a transcriptional
coactivator of GCN5-containing complexes (Kaldis
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et al.,, 2011). AREBI1-targeted dCas9"'AT may have a
stronger impact on histone acetylation than the inter-
nal recruiting system, although it is unclear whether
the ternary complex is conserved in Arabidopsis.
Furthermore, ABA-dependent multisite phosphoryl-
ation controls the transcriptional activity of AREB1
(Furihata et al., 2006). In addition, the phosphorylation
status of AREB1 within the ternary complex is an in-
teresting component underlying the molecular mech-
anisms of abiotic stress response.

The p300/CBP-like and MYST-like family contain
PHD and CD reader domains, respectively, which have
the potential to recognize methylated lysines (PHD
[H3K4me2/3 and H3K9me3]; CD[H3K9me2/3 and
H3K27me2/3]). As mentioned below, at least H3K4
methylations are involved in abiotic stress response
(Musselman et al., 2014; Andrews et al., 2016). A pro-
posed model suggests that multiple enzyme complexes
containing several types of histone- and non-histone-
modifying activities work in concert with other chromatin
remodeling machines to regulate gene transcription
(Strahl and Allis, 2000). It is possible that the p300/CBP-
like family might be involved in the coordination of
stepwise regulation mediated through a multiple en-
zyme complex, including acetylation and methylation
activity, to activate stress response. Phylogenetic trees
show that the p300/CBP-like family forms the largest
gene family in HAT, which might indicate functionally
redundant roles between them (Pandey et al., 2002;
Eom and Hyun, 2018). Further analyses are warranted
to uncover the role of the p300/CBP-like family in
abiotic stress response.

Roles of HDACs in Cold, Drought, Salinity, and Heat
Stress Response in Arabidopsis, Brachypodium
(Brachypodium distachyon), and Rice

HDACs are categorized into zinc-dependent and
NAD (NAD(+)) types based on their catalytic domain.
The REDUCED POTASSIUM DEPENDENCY3 (RPD3)-
like and the SILENT INFORMATION REGULATOR2-
like gene families are zinc dependent and NAD(+)
dependent HDACS, respectively. The RPD3-like family
is further divided into four classes (class I [HISTONE
DEACETYLASE {HDA}6,7,9,19], class Il [HDAS5, 14, 15,
18], an unclassified class [HDAS, 10, 17], and class IV
[HDAZ2]), based on their homology to yeast HDACs.
Plants have also evolved a plant-specific HDAC (HD-
tuin) family (TYPE-2 HDAC(HD2)A-D; Bolden et al,,
2006; Hollender and Liu, 2008; Seto and Yoshida, 2014;
Ueda et al., 2017). Recent studies have indicated that
several class I and II RPD3-like family genes and HD-
tuin family proteins are involved in cold, drought, heat,
and salinity stress response.

HDA9 and HDA19 negatively regulate salt stress
tolerance (Mehdi et al., 2016; Zheng et al., 2016; Ueda
et al., 2017), while HDA6, HD2C, and HD2D positively
regulate salinity tolerance (Chen and Wu, 2010; Chen
etal., 2010; Luo et al., 2012; Han et al., 2016). Regarding
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hda9, enrichment of histone H3K9 acetylation at pro-
moters of 14 genes was observed among a collection of
randomly selected genes that respond to water depri-
vation stress in wild-type plants and was detected in
response to both salt and drought stress. Their up-
regulation in hda9 appears to contribute to enhanced
salinity stress tolerance (Zheng et al.,, 2016). HDA19
controls ABA signaling by binding to the chromatin of
ABA receptor genes (PYRABACTIN RESISTANCEI
[PYRI]-LIKE [PYL]4, PYL5, and PYL6) through
H3K9ac, thus affecting the expression level of ABA re-
ceptor genes when its activity is altered (Mehdi et al.,
2016). In hda19-3 (Col-0 background), plants signifi-
cantly accumulate ABA in young seedlings (Ueda et al.,
2019). These data suggest that HDA19 seems to be
linked to the control of ABA signaling in several steps.

Genetic analysis has revealed that HDA6 and HD2C
cooperatively regulate salt stress response through the
expression of ABA-responsive genes, such as ABSCISIC
ACID INSENSITVE1 and ABSCISIC ACID INSEN-
SITVE2. Their physical interaction has been confirmed,
and mRNA expression of these ABA-responsive genes
is activated through increased levels of H3K9K14
acetylation in single and double hd2c/hda6 mutants
(Luo et al, 2012). In rice, the overexpression of
HDAZ705, a homolog of Arabidopsis HDA6 or HDA7
(Fu et al., 2007), decreased ABA levels and salt stress
tolerance during seed germination (Zhao et al., 2016).
Plants expressing AtHD2D, whose substrate is consid-
ered to be histone H3K27ac (Lee and Cho, 2016), ac-
cumulate malondialdehyde more slowly and exhibit a
more gradual increase in electrolyte leakage compared
to wild-type plants, both of which are indications of
increased tolerance to abiotic stresses, including
drought, salt, and cold stress (Han et al., 2016). Notably,
hdal9 mutant plants also exhibit increased tolerance to
multiple abiotic stresses relative to wild-type plants
(Ueda et al., 2018a). Details of the epigenetic molecular
mechanism responsible for HD2D and HDA19 in-
creases in tolerance to multiple stresses are still un-
known. Thus, further research will be needed to
uncover the details related to the specific mechanism.

In contrast to salt stress response, hda6 and hd2c ex-
hibit an opposite response to cold stress (acclimation).
An analysis of hda6 and hd2c mutants indicated that the
mutants exhibited decreased and increased freezing
tolerance relative to cold-treated, wild-type plants, re-
spectively (To et al., 2011; Park et al., 2018). Why hda6
and hd2c would exhibit different phenotypes in re-
sponse to cold versus salinity stress is still unclear. A
switch in the interactor of HD2C, however, may pro-
vide a possible explanation for their contrasting activ-
ity, since HD2C interacts with HDA9 in addition to
HDAG6 (Park et al., 2019). A growth-stage- or stress-
type-specific interactome analysis may provide addi-
tional insights into the mechanism underlying the role
of these HDAC:s to different abiotic stresses.

The HDACs mentioned above play a pivotal role in
drought and heat stress response. The interaction be-
tween Arabidopsis HD2C deacetylase and a BRAHMA
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(BRM)-containing SWITCH/SUC NONFERMENTING
chromatin remodeling complex has been confirmed.
HD2C is considered to be a subunit of the chromatin
remodeling complex. Notably, hd2c and brm plants
exhibit a better recovery after stress treatments as in-
dicated by measurements of rosette diameter of Ara-
bidopsis plants subjected to heat stress. Analysis of
mutants suggests that HD2C and BRM act in a common
genetic pathway to negatively regulate heat-stress-re-
sponsive genes (Buszewicz et al., 2016). hda6 plants
were hypersensitive to heat exposure (Popova et al.,
2013). On the other hand, defects in HDA6 enhance
tolerance to drought stress. HDAG6 specifically binds to
genes whose expression is activated by the jasmonic
acid signaling network induced as a response to water
deficit (Kim et al., 2017). In contrast, plants deficient in
HDA15, a class I HDAC, exhibit reduced ABA sensi-
tivity and enhanced sensitivity to drought stress.
HDA15 forms a complex with MYB96, and this com-
plex binds to the promoters of a subset of RHO GTPASE
OF PLANTS (ROP) genes, namely ROP6, ROP10, and
ROP11, and represses their expression through deace-
tylation of H3K9K14ac and H4K5K8K12K16ac from
cognate regions, particularly in the presence of ABA
(Lee and Seo, 2019).

In addition to Arabidopsis, the role of HDACs in
drought stress response has been reported in the
monocot plant Brachypodium. Overexpression of
BdHD1, a HDA19 homolog, causes Brachypodium plants
to exhibit a hypersensitive-to-ABA phenotype and
better survival under drought conditions. In contrast,
BdHD1 RNA-interference plants are insensitive to ABA
and exhibit low survival under drought stress condi-
tions (Song et al., 2019).

Role of Histone Methyltransferases in Dehydration,
Drought, and Salinity Stress Response in Arabidopsis

There is a greater number of regulators for his-
tone methylation than acetylation, which may con-
sequently serve as a potential system for fine-tuning
stress response. Arg and Lys residues are methylated
by different proteins, namely Arg methyltransferases
(PRMTs) and histone Lys methyltransferases (HKMTs),
respectively. While previous genetic studies in eukar-
yotes indicated that histone acetylation sites function
redundantly and have cumulative effects on tran-
scriptional expression in eukaryotes (Yun et al., 2011),
current research indicates that each methylation site
clearly has a unique role in transcriptional regulation.
Two Arg methylation sites (H3R17 and H4R3) and five
Lys methylation sites (H3K4, H3K9, H3K27, H3K36,
and H4K20) have thus far been identified in plants
(Liu et al., 2010; Pontvianne et al., 2010). The Arabi-
dopsis genome encodes 41 genes for SET (SET: Su(var)
3-9, E(z), and Trithorax) domain proteins (or 49 genes
for putative SET domain-containing proteins). SET
domain proteins are putative candidates for five clas-
ses of HKMTs and nine PRMT genes (Liu et al., 2010;
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Pontvianne et al., 2010). Target sites for each HKMT
and PRMT have been described: H3K4 (SET DO-
MAIN GROUP [SDGJ4/8, ARABIDOPSIS TRI-
THORAX [ATX]1/2/3/4/5) methylation; H3K9
(SU(VAR)3-9 HOMOLOGS [SUVH]1/2/3/4/5/6/
7/8 and SU(VAR)3-9 RELATED [SUVR]1/2/4/5)
methylation; H3R17 (AtPRMT4a/4b) methylation;
H3K27 (ATXR5/6, SWINGER, MEDEA, and CURLY
LEAF) methylation; H3K36 (SDG4/8/25/26) meth-
ylation; H4R3 (AtPRMT1la/1b/5/10) methylation;
and H4K20 (SUVH2) methylation. Among them, the
biochemical activity of AtPRMT1a/1b/4a/4b/5/10,
ATX1/2/5/6,SUVH1/4/5/6, SUVR4, and SDG8/25
HKMTs has been demonstrated (references in Liu
et al.,, 2010; Pontvianne et al., 2010). ATX4/5 and
AtPRMT5 methylases are involved in drought stress
tolerance (Fu et al., 2013; Liu et al., 2018). AtPRMT5
appears to regulate salt stress response via methyla-
tion of nonhistone proteins, in addition to histone
methylations (Zhang et al., 2011).

ATX1 mediates H3K4me3 (Pien et al., 2008), and the
atx1 loss-of-function mutant exhibits sensitivity to de-
hydration stress. This sensitivity is attributed to its
effect on the expression of several stress-responsive
genes, including 9-cis-EPOXYCAROTENOID DIOX-
YGENASE3; suggesting that ATX1 regulates plant
response to dehydration and osmotic stress (Ding
et al., 2011). ATX4 and ATX5 play an essential role
in drought stress response through their function as
an active mark (H3K4me3). Single and double mu-
tants of ATX4 and ATX5 exhibit increased tolerance to
drought stress relative to wild-type plants and sig-
nificantly lower levels of H3K4me3. Deficient ex-
pression of these genes decreases the expression of
ABA-HYPERSENSITIVE GERMINATION3 (AHGS3),
which encodes a phosphatase 2C protein, an essential
negative regulator of ABA signaling. ATX4/5 re-
dundantly regulate AHG3 expression through their
direct binding to the AHG3 locus and the enrichment
of H3K4me3 (Liu et al., 2018).

ATX1 and ATX5 have both PHD and PWWP reader
domains, whereas the PWWP domain is not contained
within ATX4 (Pontvianne et al., 2010). As mentioned
above, these methylases have been proven to regulate
abiotic stress response through the active histone
mark H3K4me3. The PHD reader domain recognizes
H3K4me2/3 and H3K9me3, whereas PWWP recog-
nizes H3K36me3, H4K20mel/3, and H3K79me3
(Musselman et al., 2014; Andrews et al., 2016). Arabi-
dopsis lacks the H3K79me3 mark and appears to have
lost a homolog H3K79 methyltransferase Dot1, which is
found in mammals (references in Roudier et al., 2011). In
addition to H3K4me3, the multiple site recognition of
PHD and PWWP reader domains suggest that an addi-
tional mark might be involved in abiotic stress response.
In particular, the role of H4K20mel/3 is poorly under-
stood in plants and has not yet been investigated in these
atx mutants. It is reasonable to consider that additional
analyses might uncover a novel methylation site that is
involved in abiotic stress response.
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AtPRMT5/SHK1 BINDING PROTEIN1 (SKB1)/
CALCIUM UNDERACCUMULATION1 (CAU1) and
AtPRMT10 mediate symmetric and asymmetric dime-
thylation of H4R3, respectively. Notably, symmetric
and asymmetric H4R3me?2 are considered as repressive
and active marks, respectively (references in Liu et al.,
2010; Bobadilla and Berr, 2016). Additionally, caul and
skb1-2 (atprmt5-2) and atprmt5 alleles provide increased
tolerance to drought stress. The repressive mark
(symmetric H4R3me?2) decreases under NaCl- or ABA-
treated conditions (Zhang et al., 2011). Drought stress
also decreases the accumulation of AtPRMT5/SKB1/
CAUL1 proteins (Fu et al., 2018), suggesting that the
release of the repressive mark plays a pivotal role in
the activation of stress-tolerance-related genes. Actu-
ally, decreased levels of H4R3me?2 are required for the
activation of NAC055 whose overexpression contrib-
utes to increased drought stress tolerance (Fu et al.,
2013, 2018). In contrast, skb1-1 (atprmt5-1) plants ex-
hibit hypersensitivity to salt stress (Zhang et al., 2011).
H4R3 is one of the catalytic substrates of PRMTS5;
however, PRMT5 also mediates methylation of Arg
residues of nonhistone proteins such as ARGO-
NAUTE2 and small nuclear ribonucleoprotein Sm-
LIKE4 (LSM4; Zhang et al., 2011; Hu et al., 2019).
The hypersensitive phenotype of skb1-1 plants is partly
explained by methylation of AtPRMT5 and LSM4.
HDAG6 mediates the acetylation of GSK3-like kinase
BR-INSENSITIVE2, which acts as a key negative reg-
ulator in the BR signaling pathway (Hao et al., 2016).
Therefore, the functional role of nonhistone protein
modifications is receiving greater attention. Clearly,
the various modifications to nonhistone proteins and
their functional impact need to be investigated to
better understand the mode of action of erasers and
writers in abiotic stress response.

Role of HDMs in Dehydration and Salinity Stress
Response in Arabidopsis

HDMs are divided into two classes, Lys-specific de-
methylases (LSD) and hydroxylation by JumonjiC
(JmjC) domain-containing proteins (JM]). These pro-
teins facilitate the removal of methyl groups from
methylated Lys residues in an independent catalytic
reaction. The Arabidopsis genome contains 4 LSD and
21 JM] genes (Liu et al., 2010). Some JM] proteins appear
to have lost demethylase activity. For example, J]M]24,
which has E3 ubiquitin ligase activity, ubiquitinated a
DNA methyltransferase, CHROMOMETHYLASE3,
in vitro and destabilized it in vivo. Therefore, its de-
methylase activity remains unclear (Deng et al., 2016).
The target sites of LSD and JmjC are follows: H3K4
(FLOWERING LOCUS D, LSD 1-LIKE1/2, and JMJ14/
15/17/18) demethylation; H3K9 (IBM1/JMJ25) de-
methylation; H3K27 (JMJ11/EARLY FLOWERINGES,
JMJ12/RELATIVE OF EARLY FLOWERINGS, JMJ/
30/32) demethylation; and H3K36 (JMJ30) demethyla-
tion, although their substrates are still disputable

21

Downloaded from on October 22, 2020 - Published by www.plantphysiol.org
Copyright © 2020 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

Ueda and Seki

(Liu et al., 2010; Xiao et al., 2016; Huang et al., 2019). To
date, JMJ15 and JMJ17 demethylases have been shown
to function in salinity and dehydration stress response,
respectively (Shen et al., 2014; Huang et al., 2019).

JMJ15 can only demethylates H3K4me3 (Liu et al,,
2010; Xiao et al.,, 2016). Gain-of-function mutants
(jmj15-1 and jmj15-2) exhibited increased tolerance to
salinity stress, while a loss-of-function mutant (jnj15-3)
exhibited increased sensitivity to salinity stress. Over-
expression of [MJ15 down-regulates many genes that
are preferentially marked by H3K4me3 and H3K4me?2;
however, the direct targets responsible for increased
tolerance to salinity stress that are JMJ15 dependent
have not yet been identified (Shen et al., 2014).

Notably, jmj17 loss-of-function mutants display de-
hydration stress tolerance and ABA hypersensitivity in
regards to stomatal closure. JMJ17 specifically deme-
thylates H3K4mel/2/3 and directly binds the pro-
moter and gene body of OPEN STOMATA1 (OST1).
This suggests that OPEN STOMATAI mRNA abun-
dance is regulated by H3K4me3 demethylation, and
thus the latter modulates dehydration stress response
(Huang et al., 2019).

Role of Histone Phosphorylation and Ubiquitination in
Arabidopsis and Rice

The induction of H3 phosphorylation in response to
abiotic stress has been observed in cultured cells,
however, the specific molecular mechanisms of the re-
sponse are not clearly understood. An Arabidopsis
mutant defective in two paralogues of MUT9-LIKE
KINASE1/2, which encode closely related Ser/Thr
protein kinases, exhibits pleiotropic phenotypes, in-
cluding dwarfism and hypersensitivity to osmotic
(Polyethylene glycol) and salt stress. The double mu-
tant has reduced global levels of H3T3ph, while poly-
ethylene glycol (drought-like) treatments increase the
repressive mark in wild-type plants (Wang et al., 2015).

Monoubiquitination of histones H2A and H2B has
been generally detected in eukaryotes, and its role in
abiotic stress response is gradually being discov-
ered. Earlier studies revealed that H2B mono-
ubiquitination (H2Bub) regulates stress response in
Arabidopsis and rice. The Arabidopsis genome con-
tains genes for two RING E3 ligases (HISTONE
MONOUBIQUITINATION [HUB]1/2) and three E2
conjugases (UBIQUITIN CARRIER PROTEIN [UBC]
1/2/3) for histone H2B monoubiquitination (Cao
et al., 2008). Further research indicated that hubl
and hub2 mutants exhibit a loss of H2Bub and a sen-
sitivity to salinity stress phenotype. H2Bubl1 regulates
salt-stress-induced depolymerization of microtubules.
Furthermore, the PTP-MPK3/6 signaling module is
responsible for integrating the signaling pathways
that regulate microtubule stability, which is critical for
plant salt stress tolerance (Zhou et al., 2017a). LONG-
CHAIN ACYL-COA SYNTHETASE2, ABERRANT
INDUCTION OF TYPE THREE1, and HOTHEAD,
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which are involved in cutin biosynthesis, and ECER-
IFERUML1, which is involved in wax biosynthesis, are
downregulated in hubl and hub2 mutants. Conse-
quently, this down-regulation results in an alteration
of wax composition and reduces cutin 16:0 dicarbox-
ylic acid (Ménard et al., 2014). Thus, H2Bub may be
required for drought stress tolerance, as the accumu-
lation of waxes has been associated with increased
protection against water loss (Patwari et al.,, 2019).
Consistent with this premise, the ectopic expression of
AtHUB2 increases histone H2B monoubiquitination
and enhances drought tolerance in transgenic cotton
(Gossypium hirsutum; Chen et al., 2019). Furthermore,
overexpression of OsHUB?2 in rice revealed that H2Bub
positively modulates ABA sensitivity and drought re-
sistance. OsHUB2 interacts with OsbZIP46, and this
complex regulates ABA signaling. In addition, Osb-
ZIP46 also interacts with MEDIATOR of OsbZIP46
DEACTIVATION and DEGRADATION to form an
indirect complex with a putative deubiquitinase, rice
OTUBAIN-LIKE DEUBIQUITINASE. OsbZIP46 plays
a pivotal role as a recruiter in regulating drought stress
response via ABA signaling (Ma et al., 2019).

Considering the research above, it appears that his-
tone phosphorylation and ubiquitination are as essen-
tial for stress response in plants as histone acetylation
and methylation.

Modification of Histones by Histone Regulators Affect
Abiotic Stress Response: An Added Level of Complexity

Each histone modification profile is very dynamic
and complex. Adding to this complexity, the cross talk
between different epigenetic regulators has been
reported (Liu et al., 2014). This level of complexity
makes it much more difficult to understand epigenetic
systems involved in the coordination of abiotic stress
response. For example, HDA19 forms a complex with
MULTICOPY SUPRESSOR OF IRA1 (MSI1) to fine-
tune salinity stress response in Arabidopsis (Mehdi
et al, 2016). MSI1 also connects LIKE HETERO-
CHROMATIN PROTEIN1 (LHP1) to PRC2. The LHP1-
MSI1 interaction functions as a positive feedback loop
to recruit PRC2 to chromatin to maintain H3K27me3
during replication (Derkacheva et al., 2013). In humans,
ENHANCER of ZESTE HOMOLOG?2 (EZH2) is a sub-
unit of PRC2 and the only enzymatic component of the
PRC2 complex that catalyzes H3K27me3 (Simon and
Lange, 2008). CURLY LEAF and SWINGER in Arabi-
dopsis are considered to be homologs of EZH2 (Hennig
and Derkacheva, 2009). Details on the components of
Polycomb group proteins have been presented by
Forderer et al. (2016). HDAC activity is required for the
EZH2-dependent entry of the repressing mark into
chromatin. HDA19 deficiency may lead to changes in
H3K27me3 deposition, in addition to its effect on the level
of histone acetylation. Further research for the role of
genes for subunits forming a HDA19-containing complex
may provide new evidence on the coordination of abiotic
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stress response by HDA19, although the role of some
subunits such as Arabidopsis ortholog of human SIN3
ASSOCIATED POLYPEPTIDE1S (AtSAP18) and HIS-
TONE DEACETYLASE COMPLEX1 (HDC1) have been
discovered in previous studies (Song and Galbraith, 2006;
Perrella et al., 2013).

Exposure of potato (Solanum tuberosum) to cold stress
induces enhanced chromatin accessibility via bivalent
histone modifications (H3K4me3 and H3K27me3) of ac-
tive genes (Zeng et al., 2019). In fact, SHORT LIFE, a
plant-specific reader protein for methylation, has
been recently identified that recognizes both active
(H3K4me3) and repressive (H3K27me3) marks. The
proposed role of this protein is to function as a switch that
changes the status of chromatin between an active and
repressive mode (Qian et al., 2018). While the specific role
of the bivalent mark is unclear, bi- or multivalent marks
do appear to coordinate abiotic stress response in plants,
as multiple and/or various modifications act in firmly,
tolerant, and binary switching mode against reader
proteins, which may have an effect on chromatin struc-
ture leading to modulation of gene expression (Zhao
et al., 2018). Uncovering the cross talk between histone
modifications, including corresponding functional eraser
and writer enzymes for them and reader proteins on
stress response, will be needed to understand the epige-
netic machinery for abiotic stress response.

Diversification of histones becomes more compli-
cated in epigenetic regulation (Henikoff and Smith,
2015). For example, histone H2A.Z is required for a
strong repressive effect on transcription under drought
stress conditions, which may contribute to counter-
acting unwanted transcription in noninductive condi-
tions in Arabidopsis (Sura et al., 2017). In Brachypodium,
H2A.Z containing nucleosomes is essential for main-
taining grain yield under thermal stress conditions
(Boden et al., 2013). These data suggest that H2A.Z
variants play a pivotal role in abiotic stress response in
plants; although structural divergences or differences in
the PTMs of histone H2A variants are still debatable.

Induced Increases in Abiotic Stress Tolerance by
Pharmacological Inhibition of Epigenetic Modifiers

Epigenetic modifiers, including erasers, writers,
readers, and recruiters for histone modifications have
gained increased interest as potential therapeutic tar-
gets in human cancer (Simé-Riudalbas and Esteller,
2015; Prachayasittikul et al., 2017). In addition, they
have also been associated with life span extension in
yeast and mammals (Mahajan et al.,, 2011). Notably,
small molecules, including cellular metabolites, that act
as activators or inhibitors of the SILENT INFORMA-
TION REGULATOR?2 and RPD3-like HDAC family of
enzymes have been identified (Mahajan et al., 2011;
Choudhary et al., 2014). In plants, HDAC inhibitors
contribute to increasing tolerance to salinity stress in
Arabidopsis and cassava (Sako et al., 2016; Patanun
et al.,, 2017; Ueda et al.,, 2017, 2018b). Furthermore,
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metabolites or effectors derived from competitors or
pathogens have been reported to have an inhibitory
effect on the enzymatic activity of histone modifiers. In
brief, they appear to serve as a mediator in the inter-
action that occurs between organisms in an ecosystem
(Ramirez-Prado et al., 2018). For example, the maize
genome encodes Hml for NADPH-dependent reduc-
tase, which inactivates Helminthosporium carbonum
(HC) toxin having HDAC activity. The HC toxin causes
pathogen virulence on maize by Cochliobolus carbonum
race 1. Maize usually exhibits a resistance phenotype to
the HC toxin biosynthesized from Cochliobolus car-
bonum race 1. However, some strains lost the reductase
enzymatic activity during breeding, resulting in sus-
ceptibility to the HC toxin. (Marla et al., 2018). Further
analysis of the published research on this topic and
additional research will provide new insights into sur-
vival strategies activated by exposure to abiotic stress
conditions that involve biological interactions between
metabolites and epigenetic regulators in nature.

CONCLUSION

A series of epigenetic elements that modify or regulate
abiotic stress response, in particular histone modifica-
tions involving acetylation, methylation, ubiquitination,
and phosphorylation, have been identified. Transcrip-
tional factors are considered to be a fundamental com-
ponent in regards to recruiters for erasers or writers.
Therefore, the TF-mediated model is the most widely
accepted model that has been presented thus far. It is

OUTSTANDING QUESTIONS

e  Which marks, including non-histone proteins,
directly regulate stress response in plants
defective in epigenetic modifiers?

e Do additional plant-specific epigenetic
regulators exist?

e How can we better understand the interplay
between histone modifications and to what
extent do modified histones occupy
nucleosomes, and which modifications have a
direct or indirect effect on stress response in
plants?

e What types of higher-resolution analysis can
be used to reveal which histone modifications
play a functional role in stress response?

e How do increased or decreased levels of
cellular metabolites affect the activity of
epigenetic modifiers when plants are exposed
to abiotic stress in order to maintain cellular
homeostasis and adapt to environmental
cues?
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likely that evidence that can be applied to and support
the long noncoding RNA model or self-targeting
model may be discovered in the near future. Tissue-
specific expression is a requisite for stress response.
Therefore, discovering how epigenetic modifiers are
properly recruited to target loci is essential to increase
our understanding of stress responses. High-
resolution methods of analysis, such as a single cell
analysis, will be needed to reveal the functional role of
each histone modification, as most of the currently
available data have been obtained from the investi-
gation of a combination of cell and/or tissue types,
which may contain a mixture of PTMs from a modi-
fication site in different cells.

Pleiotropic effects are observed when the enzymatic
activity of epigenetic elements is inhibited because ep-
igenetic factors often form a complex with various
proteins and regulate different biological processes via
different epigenetic marks. The use of chemical com-
pounds, such as HDAC inhibitors, represents a prom-
ising approach to suppress the pleiotropic effects
caused by the inhibition of epigenetic element activity
and selectively increase tolerance to abiotic stresses. As
discussed in this review, recent research on epigenetic
factors has provided new potential targets for enhanc-
ing tolerance to abiotic stress. Deciphering epigenetic
codes and studying molecular mechanisms will iden-
tify specific pathways responsible for regulating stress
response and provide the ability to manipulate stress
response in a more sophisticated and targeted manner,
although many challenges and questions still need to be
addressed (see Outstanding Questions).

ACKNOWLEDGMENTS

The authors would like to show their appreciation to all lab members for
their support.

Received August 13, 2019; accepted October 22, 2019; published November 4,
2019.

LITERATURE CITED

Allfrey VG, Faulkner R, Mirsky AE (1964) Acetylation and methylation of
histones and their possible role in the regulation of RNA synthesis. Proc
Natl Acad Sci USA 51: 786-794

Allis CD, Jenuwein T (2016) The molecular hallmarks of epigenetic control.
Nat Rev Genet 17: 487-500

Andrews FH, Strahl BD, Kutateladze TG (2016) Insights into newly dis-
covered marks and readers of epigenetic information. Nat Chem Biol 12:
662-668

Annacondia ML, Magerey MH, Martinez G (2018) Stress response regu-
lation by epigenetic mechanisms: changing of the guards. Physiol Plant
162: 239-250

Asensi-Fabado MA, Amtmann A, Perrella G (2017) Plant responses to
abiotic stress: The chromatin context of transcriptional regulation. Bio-
chim Biophys Acta Gene Regul Mech 1860: 106122

Bannister AJ, Kouzarides T (2011) Regulation of chromatin by histone
modifications. Cell Res 21: 381-395

Bergmiiller E, Gehrig PM, Gruissem W (2007) Characterization of post-
translational modifications of histone H2B-variants isolated from Ara-
bidopsis thaliana. ] Proteome Res 6: 3655-3668

Bharti K, Von Koskull-Déring P, Bharti S, Kumar P, Tintschl-Kérbitzer
A, Treuter E, Nover L (2004) Tomato heat stress transcription factor
HsfB1 represents a novel type of general transcription coactivator with a

24

histone-like motif interacting with the plant CREB binding protein or-
tholog HACI. Plant Cell 16: 1521-1535

Bobadilla R, Berr A (2016) Histone methylation: A cornerstone for plant
responses to environmental stresses? In A Shanker, and C Shanker, eds,
Abiotic and Biotic Stress in Plants. IntechOpen, London, pp 31-61

Boden SA, Kavanova M, Finnegan EJ, Wigge PA (2013) Thermal stress
effects on grain yield in Brachypodium distachyon occur via H2A.Z-nu-
cleosomes. Genome Biol 14: R65

Bolden JE, Peart MJ, Johnstone RW (2006) Anticancer activities of histone
deacetylase inhibitors. Nat Rev Drug Discov 5: 769-784

Bratzel F, Lépez-Torrejon G, Koch M, Del Pozo JC, Calonje M (2010)
Keeping cell identity in Arabidopsis requires PRC1 RING-finger homo-
logs that catalyze H2A monoubiquitination. Curr Biol 20: 1853-1859

Buszewicz D, Archacki R, Palusinski A, Kotlinski M, Fogtman A,
Iwanicka-Nowicka R, Sosnowska K, Kucinski J, Pupel P, Oledzki J,
et al (2016) HD2C histone deacetylase and a SWI/SNF chromatin re-
modelling complex interact and both are involved in mediating the heat
stress response in Arabidopsis. Plant Cell Environ 39: 2108-2122

Cao Y, Dai Y, Cui S, Ma L (2008) Histone H2B monoubiquitination in the
chromatin of FLOWERING LOCUS C regulates flowering time in Ara-
bidopsis. Plant Cell 20: 2586-2602

Chen H, Feng H, Zhang X, Zhang C, Wang T, Dong J (2019) An Arabidopsis
E3 ligase HUB2 increases histone H2B monoubiquitination and en-
hances drought tolerance in transgenic cotton. Plant Biotechnol J 17:
556-568

Chen LT, Luo M, Wang YY, Wu K (2010) Involvement of Arabidopsis
histone deacetylase HDA6 in ABA and salt stress response. ] Exp Bot 61:
3345-3353

Chen LT, Wu K (2010) Role of histone deacetylases HDA6 and HDA19 in
ABA and abiotic stress response. Plant Signal Behav 5: 1318-1320

Cheng X, Zhang S, Tao W, Zhang X, Liu J, Sun J, Zhang H, Pu L, Huang R,
Chen T (2018) INDETERMINATE SPIKELET1 recruits histone deace-
tylase and a transcriptional repression complex to regulate rice salt
tolerance. Plant Physiol 178: 824-837

Choudhary C, Weinert BT, Nishida Y, Verdin E, Mann M (2014) The
growing landscape of lysine acetylation links metabolism and cell sig-
nalling. Nat Rev Mol Cell Biol 15: 536-550

Deng S, Jang IC, Su L, Xu J, Chua NH (2016) JMJ24 targets CHROMO-
METHYLASES3 for proteasomal degradation in Arabidopsis. Genes Dev
30: 251-256

Deng X, Qiu Q, He K, Cao X (2018) The seekers: how epigenetic modifying
enzymes find their hidden genomic targets in Arabidopsis. Curr Opin
Plant Biol 45(Pt A): 75-81

Derkacheva M, Steinbach Y, Wildhaber T, Mozgova I, Mahrez W, Nanni
P, Bischof S, Gruissem W, Hennig L (2013) Arabidopsis MSI1 connects
LHP1 to PRC2 complexes. EMBO ] 32: 2073-2085

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. Plant ] 66: 735-744

Ding Y, Fromm M, Avramova Z (2012) Multiple exposures to drought
‘train’ transcriptional responses in Arabidopsis. Nat Commun 3: 740

Earley KW, Shook MS, Brower-Toland B, Hicks L, Pikaard CS (2007) In
vitro specificities of Arabidopsis co-activator histone acetyltransferases:
implications for histone hyperacetylation in gene activation. Plant J 52:
615-626

Eom SH, Hyun TK (2018) Histone acetyltransferases (HATs) in Chinese
cabbage: Insights from histone H3 acetylation and expression profiling
of HATs in response to abiotic stresses. ] Am Soc Hortic Sci 143: 296-303

Fang H, Liu X, Thorn G, Duan J, Tian L (2014) Expression analysis of
histone acetyltransferases in rice under drought stress. Biochem Biophys
Res Commun 443: 400-405

Forderer A, Zhou Y, Turck F (2016) The age of multiplexity: Recruitment
and interactions of Polycomb complexes in plants. Curr Opin Plant Biol
29: 169-178

Friedrich T, Faivre L, Bdurle I, Schubert D (2019) Chromatin-based
mechanisms of temperature memory in plants. Plant Cell Environ 42:
762-770

Fu W, Wu K, Duan J (2007) Sequence and expression analysis of histone
deacetylases in rice. Biochem Biophys Res Commun 356: 843-850

Fu Y, Ma H, Chen S, Gu T, Gong J (2018) Control of proline accumulation
under drought via a novel pathway comprising the histone methylase
CAUT1 and the transcription factor ANAC055. ] Exp Bot 69: 579-588

Plant Physiol. Vol. 182, 2020

Downloaded from on October 22, 2020 - Published by www.plantphysiol.org
Copyright © 2020 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

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

Furihata T, Maruyama K, Fujita Y, Umezawa T, Yoshida R, Shinozaki K,
Yamaguchi-Shinozaki K (2006) Abscisic acid-dependent multisite
phosphorylation regulates the activity of a transcription activator
AREBI. Proc Natl Acad Sci USA 103: 1988-1993

Fiissl M, Lassowskat I, Née G, Koskela MM, Briinje A, Tilak P, Giese J,
Leister D, Mulo P, Schwarzer D, et al (2018) Beyond histones: New
substrate proteins of lysine deacetylases in Arabidopsis nuclei. Front
Plant Sci 9: 461

Geng F, Wenzel S, Tansey WP (2012) Ubiquitin and proteasomes in tran-
scription. Annu Rev Biochem 81: 177-201

Goldberg AD, Allis CD, Bernstein E (2007) Epigenetics: a landscape takes
shape. Cell 128: 635-638

Han Z, Yu H, Zhao Z, Hunter D, Luo X, Duan J, Tian L (2016) AtHD2D
gene plays a role in plant growth, development, and response to abiotic
stresses in Arabidopsis thaliana. Front Plant Sci 7: 310

Hao Y, Wang H, Qiao S, Leng L, Wang X (2016) Histone deacetylase HDA6
enhances brassinosteroid signaling by inhibiting the BIN2 kinase. Proc
Natl Acad Sci USA 113: 10418-10423

Henikoff S, Smith MM (2015) Histone variants and epigenetics. Cold
Spring Harb Perspect Biol 7: a019364

Hennig L, Derkacheva M (2009) Diversity of Polycomb group complexes in
plants: Same rules, different players? Trends Genet 25: 414-423

Hollender C, Liu Z (2008) Histone deacetylase genes in Arabidopsis devel-
opment. J Integr Plant Biol 50: 875-885

Holoch D, Moazed D (2015) RNA-mediated epigenetic regulation of gene
expression. Nat Rev Genet 16: 71-84

Hu P, Zhao H, Zhu P, Xiao Y, Miao W, Wang Y, Jin H (2019) Dual regu-
lation of Arabidopsis AGO2 by arginine methylation. Nat Commun 10:
844

Hu Z, Song N, Zheng M, Liu X, Liu Z, Xing J, Ma J, Guo W, Yao Y, Peng
H, et al (2015) Histone acetyltransferase GCN5 is essential for heat
stress-responsive gene activation and thermotolerance in Arabidopsis.
Plant J 84: 1178-1191

Huang S, Zhang A, Jin JB, Zhao B, Wang TJ, Wu Y, Wang S, Liu Y, Wang
J, Guo P, et al (2019) Arabidopsis histone H3K4 demethylase JMJ17
functions in dehydration stress response. New Phytol 223: 1372-1387

Jung JH, Park JH, Lee S, To TK, Kim JM, Seki M, Park CM (2013) The cold
signaling attenuator HIGH EXPRESSION OF OSMOTICALLY RE-
SPONSIVE GENET1 activates FLOWERING LOCUS C transcription via
chromatin remodeling under short-term cold stress in Arabidopsis.
Plant Cell 25: 4378-4390

Kaldis A, Tsementzi D, Tanriverdi O, Vlachonasios KE (2011) Arabidopsis
thaliana transcriptional co-activators ADA2b and SGF29a are implicated
in salt stress responses. Planta 233: 749-762

Kim JM, Sasaki T, Ueda M, Sako K, Seki M (2015) Chromatin changes in
response to drought, salinity, heat, and cold stresses in plants. Front
Plant Sci 6: 114

Kim JM, To TK, Matsui A, Tanoi K, Kobayashi NI, Matsuda F, Habu Y,
Ogawa D, Sakamoto T, Matsunaga S, et al (2017) Acetate-mediated
novel survival strategy against drought in plants. Nat Plants 3: 17097

Kinnaird A, Zhao S, Wellen KE, Michelakis ED (2016) Metabolic control
of epigenetics in cancer. Nat Rev Cancer 16: 694-707

Kouzarides T (2007) Chromatin modifications and their function. Cell 128:
693-705

Limke J, Brzezinka K, Altmann S, Bdurle I (2016) A hit-and-run heat
shock factor governs sustained histone methylation and transcriptional
stress memory. EMBO J 35: 162-175

Lee HG, Seo PJ (2019) MYB96 recruits the HDA15 protein to suppress
negative regulators of ABA signaling in Arabidopsis. Nat Commun 10:
1713

Lee WK, Cho MH (2016) Telomere-binding protein regulates the chromo-
some ends through the interaction with histone deacetylases in Arabi-
dopsis thaliana. Nucleic Acids Res 44: 4610-4624

Li H, Yan S, Zhao L, Tan J, Zhang Q, Gao F, Wang P, Hou H, Li L (2014)
Histone acetylation associated up-regulation of the cell wall related
genes is involved in salt stress induced maize root swelling. BMC Plant
Biol 14: 105

Li S, Lin YJ, Wang P, Zhang B, Li M, Chen S, Shi R, Tunlaya-Anukit S,
Liu X, Wang Z, et al (2019) The AREBI transcription factor influences

Plant Physiol. Vol. 182, 2020

Epigenetic Networks for Abiotic Stress Response

histone acetylation to regulate drought responses and tolerance in
Populus trichocarpa. Plant Cell 31: 663-686

Liu C, Lu F, Cui X, Cao X (2010) Histone methylation in higher plants.
Annu Rev Plant Biol 61: 395-420

Liu J, Feng L, Gu X, Deng X, Qiu Q, Li Q, Zhang Y, Wang M, Deng Y,
WangE, et al (2019) An H3K27me3 demethylase-HSFA2 regulatory loop
orchestrates transgenerational thermomemory in Arabidopsis. Cell Res
29: 379-390

Liu X, Yang S, Zhao M, Luo M, Yu CW, Chen CY, Tai R, Wu K (2014)
Transcriptional repression by histone deacetylases in plants. Mol Plant
7: 764-772

Liu Y, Zhang A, Yin H, Meng Q, Yu X, Huang S, Wang J, Ahmad R, Liu B,
Xu ZY (2018) Trithorax-group proteins ARABIDOPSIS TRITHORAX4
(ATX4) and ATX5 function in abscisic acid and dehydration stress re-
sponses. New Phytol 217: 1582-1597

Luo M, Cheng K, Xu Y, Yang S, Wu K (2017) Plant responses to abiotic
stress regulated by histone deacetylases. Front Plant Sci 8: 2147

Luo M, Wang YY, Liu X, Yang S, Lu Q, Cui Y, Wu K (2012) HD2C interacts
with HDAG6 and is involved in ABA and salt stress response in Arabi-
dopsis. ] Exp Bot 63: 3297-3306

Ma S, Tang N, Li X, Xie Y, Xiang D, Fu J, Shen J, Yang J, Tu H, Li X, et al
(2019) Reversible histone H2B monoubiquitination fine-tunes abscisic
acid signaling and drought response in rice. Mol Plant 12: 263-277

Mahajan SS, Leko V, Simon JA, Bedalov A (2011) Sirtuin modulators.
Handb Exp Pharmacol 206: 241-255

Mahrez W, Arellano MS, Moreno-Romero J, Nakamura M, Shu H, Nanni
P, Kohler C, Gruissem W, Hennig L (2016) H3K36ac is an evolutionary
conserved plant histone modification that marks active genes. Plant
Physiol 170: 1566-1577

Marla SR, Chu K, Chintamanani S, Multani DS, Klempien A, DeLeon A,
Bong-Suk K, Dunkle LD, Dilkes BP, Johal GS (2018) Adult plant re-
sistance in maize to northern leaf spot is a feature of partial loss-of-
function alleles of Hm1. PLoS Pathog 14: e1007356

Mehdi S, Derkacheva M, Ramstrom M, Kralemann L, Bergquist J,
Hennig L (2016) The WD40 domain protein MSI1 functions in a histone
deacetylase complex to fine-tune abscisic acid signaling. Plant Cell 28:
42-54

Ménard R, Verdier G, Ors M, Erhardt M, Beisson F, Shen WH (2014)
Histone H2B monoubiquitination is involved in the regulation of cutin
and wax composition in Arabidopsis thaliana. Plant Cell Physiol 55:
455-466

Musselman CA, Khorasanizadeh S, Kutateladze TG (2014) Towards un-
derstanding methyllysine readout. Biochim Biophys Acta 1839: 686—693

Musselman CA, Lalonde ME, Cété J, Kutateladze TG (2012) Perceiving
the epigenetic landscape through histone readers. Nat Struct Mol Biol
19: 1218-1227

Onufriev AV, Schiessel H (2019) The nucleosome: from structure to
function through physics. Curr Opin Struct Biol 56: 119-130

Pandey R, Miiller A, Napoli CA, Selinger DA, Pikaard CS, Richards EJ,
Bender ], Mount DW, Jorgensen RA (2002) Analysis of histone ace-
tyltransferase and histone deacetylase families of Arabidopsis thaliana
suggests functional diversification of chromatin modification among
multicellular eukaryotes. Nucleic Acids Res 30: 5036-5055

Park HJ, Baek D, Cha JY, Liao X, Kang SH, McClung CR, Lee SY, Yun DJ,
Kim WY (2019) HOS15 interacts with the histone deacetylase HDA9 and
the evening complex to epigenetically regulate the floral activator GI-
GANTEA. Plant Cell 31: 37-51

Park J, Lim CJ, Shen M, Park HJ, Cha JY, Iniesto E, Rubio V, Mengiste T,
Zhu JK, Bressan RA, et al (2018) Epigenetic switch from repressive to
permissive chromatin in response to cold stress. Proc Natl Acad Sci USA
115: E5400-E5409

Patanun O, Ueda M, Itouga M, Kato Y, Utsumi Y, Matsui A, Tanaka M,
Utsumi C, Sakakibara H, Yoshida M, et al (2017) The histone deace-
tylase inhibitor suberoylanilide hydroxamic acid alleviates salinity
stress in cassava. Front Plant Sci 7: 2039

Patwari P, Salewski V, Gutbrod K, Kreszies T, Dresen-Scholz B, Peisker
H, Steiner U, Meyer A]J, Schreiber L, Dérmann P (2019) Surface wax
esters contribute to drought tolerance in Arabidopsis. Plant J 98: 727-744

Perrella G, Lopez-Vernaza MA, Carr C, Sani E, Gosselé V, Verduyn C,
Kellermeier F, Hannah MA, Amtmann A (2013) Histone deacetylase
complex1 expression level titrates plant growth and abscisic acid sen-
sitivity in Arabidopsis. Plant Cell 25: 3491-3505

25

Downloaded from on October 22, 2020 - Published by www.plantphysiol.org
Copyright © 2020 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

Ueda and Seki

Pien S, Fleury D, Mylne JS, Crevillen P, Inzé D, Avramova Z, Dean C,
Grossniklaus U (2008) ARABIDOPSIS TRITHORAX1 dynamically reg-
ulates FLOWERING LOCUS C activation via histone 3 lysine 4 trime-
thylation. Plant Cell 20: 580-588

Pontvianne F, Blevins T, Pikaard CS (2010) Arabidopsis histone lysine
methyltransferases. Adv Bot Res 53: 1-22

Popova OV, Dinh HQ, Aufsatz W, Jonak C (2013) The RADM pathway is
required for basal heat tolerance in Arabidopsis. Mol Plant 6: 396410

Prachayasittikul V, Prathipati P, Pratiwi R, Phanus-Umporn C, Malik AA,
Schaduangrat N, Seenprachawong K, Wongchitrat P, Supokawej A,
Prachayasittikul V, et al (2017) Exploring the epigenetic drug discovery
landscape. Expert Opin Drug Discov 12: 345-362

Qian S, Lv X, Scheid RN, Lu L, Yang Z, Chen W, Liu R, Boersma MD,
Denu JM, Zhong X, et al (2018) Dual recognition of H3K4me3 and
H3K27me3 by a plant histone reader SHL. Nat Commun 9: 2425

Ramirez-Prado JS, Piquerez SJM, Bendahmane A, Hirt H, Raynaud C,
Benhamed M (2018) Modify the histone to win the battle: Chromatin
dynamics in plant-pathogen interactions. Front Plant Sci 9: 355

Roca Paixao JF, Gillet FX, Ribeiro TP, Bournaud C, Lourenco-Tessutti IT,
Noriega DD, Melo BP, de Almeida-Engler J, Grossi-de-Sa MF (2019)
Improved drought stress tolerance in Arabidopsis by CRISPR/dCas9
fusion with a Histone AcetylTransferase. Sci Rep 9: 8080

Roudier F, Ahmed I, Bérard C, Sarazin A, Mary-Huard T, Cortijo S,
Bouyer D, Caillieux E, Duvernois-Berthet E, Al-Shikhley L, et al (2011)
Integrative epigenomic mapping defines four main chromatin states in
Arabidopsis. EMBO ] 30: 1928-1938

Sako K, Kim JM, Matsui A, Nakamura K, Tanaka M, Kobayashi M, Saito
K, Nishino N, Kusano M, Taji T, et al (2016) Ky-2, a histone deacetylase
inhibitor, enhances high-salinity stress tolerance in Arabidopsis thaliana.
Plant Cell Physiol 57: 776-783

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
Biol 14: R59

Schuettengruber B, Bourbon HM, Di Croce L, Cavalli G (2017) Genome
regulation by polycomb and trithorax: 70 years and counting. Cell 171:
34-57

Seto E, Yoshida M (2014) Erasers of histone acetylation: the histone de-
acetylase enzymes. Cold Spring Harb Perspect Biol 6: a018713

Shen Y, Conde E Silva N, Audonnet L, Servet C, Wei W, Zhou DX (2014)
Over-expression of histone H3K4 demethylase gene JMJ15 enhances salt
tolerance in Arabidopsis. Front Plant Sci 5: 290

Simé-Riudalbas L, Esteller M (2015) Targeting the histone orthography of
cancer: Drugs for writers, erasers and readers. Br ] Pharmacol 172:
2716-2732

Simon JA, Lange CA (2008) Roles of the EZH2 histone methyltransferase in
cancer epigenetics. Mutat Res 647: 21-29

Song CP, Galbraith DW (2006) AtSAP18, an orthologue of human SAP18,
is involved in the regulation of salt stress and mediates transcriptional
repression in Arabidopsis. Plant Mol Biol 60: 241-257

Song J, Henry HAL, Tian L (2019) Brachypodium histone deacetylase
BdHDI1 positively regulates ABA and drought stress responses. Plant Sci
283: 355-365

Sridhar VV, Kapoor A, Zhang K, Zhu J, Zhou T, Hasegawa PM, Bressan
RA, Zhu JK (2007) Control of DNA methylation and heterochromatic
silencing by histone H2B deubiquitination. Nature 447: 735-738

Strahl BD, Allis CD (2000) The language of covalent histone modifications.
Nature 403: 41-45

Sura W, Kabza M, Karlowski WM, Bieluszewski T, Kus-Slowinska M,
Paweloszek t, Sadowski J, Ziolkowski PA (2017) Dual role of the
histone variant H2A.Z in transcriptional regulation of stress-response
genes. Plant Cell 29: 791-807

Taverna SD, Li H, Ruthenburg AJ, Allis CD, Patel DJ (2007) How
chromatin-binding modules interpret histone modifications: lessons
from professional pocket pickers. Nat Struct Mol Biol 14: 1025-1040

Teperino R, Schoonjans K, Auwerx J (2010) Histone methyl transferases
and demethylases; can they link metabolism and transcription? Cell
Metab 12: 321-327

To TK, Nakaminami K, Kim JM, Morosawa T, Ishida J, Tanaka M,
Yokoyama S, Shinozaki K, Seki M (2011) Arabidopsis HDAG is required
for freezing tolerance. Biochem Biophys Res Commun 406: 414419

26

Ueda M, Matsui A, Nakamura T, Abe T, Sunaoshi Y, Shimada H, Seki M
(2018a) Versatility of HDA19-deficiency in increasing the tolerance of
Arabidopsis to different environmental stresses. Plant Signal Behav 13:
€1475808

Ueda M, Matsui A, Tanaka M, Nakamura T, Abe T, Sako K, Sasaki T,
Kim JM, Ito A, Nishino N, et al (2017) The distinct roles of class I and II
RPD3-like histone deacetylases in salinity stress response. Plant Physiol
175: 1760-1773

Ueda M, Matsui A, Watanabe S, Kobayashi M, Saito K, Tanaka M, Ishida
J, Kusano M, Seo M, Seki M (2019) Transcriptome analysis of the hi-
erarchical response of HDAC proteins that respond in an antagonistic
manner to salinity stress. Front Plant Sci 10: 1323

Ueda M, Sako K, Seki M (2018b) Regulation and modification of the epi-
genome for enhanced salinity tolerance in crop plants. In V Kumar, SH
Wani, P Suprasanna, and L-SP Tran, eds, Salinity Responses and Tol-
erance in Plants: Exploring RNAi, Genome Editing and Systems Biology,
Vol Vol 2. Springer, Cham, Switzerland, pp 77-91

Wang J, Meng X, Yuan C, Harrison AP, Chen M (2016) The roles of cross-
talk epigenetic patterns in Arabidopsis thaliana. Brief Funct Genomics 15:
278-287

Wang Z, Casas-Mollano JA, Xu J, Riethoven JJ, Zhang C, Cerutti H (2015)
Osmotic stress induces phosphorylation of histone H3 at threonine 3 in
pericentromeric regions of Arabidopsis thaliana. Proc Natl Acad Sci USA
112: 8487-8492

Waterborg JH (2002) Dynamics of histone acetylation in vivo. A function
for acetylation turnover? Biochem Cell Biol 80: 363-378

Xiao J, Lee US, Wagner D (2016) Tug of war: adding and removing histone
lysine methylation in Arabidopsis. Curr Opin Plant Biol 34: 41-53

XuY, Zhang S, Lin S, Guo Y, Deng W, Zhang Y, Xue Y (2017) WERAM: A
database of writers, erasers and readers of histone acetylation and
methylation in eukaryotes. Nucleic Acids Res 45(D1): D264-D270

Yun M, Wu J, Workman JL, Li B (2011) Readers of histone modifications.
Cell Res 21: 564-578

Zee BM, Levin RS, DiMaggio PA, Garcia BA (2010) Global turnover of
histone post-translational modifications and variants in human cells.
Epigenetics Chromatin 3: 22

Zeng Z, Zhang W, Marand AP, Zhu B, Buell CR, Jiang J (2019) Cold stress
induces enhanced chromatin accessibility and bivalent histone modifi-
cations H3K4me3 and H3K27me3 of active genes in potato. Genome Biol
20: 123

Zhang K, Sridhar VV, Zhu J, Kapoor A, Zhu JK (2007) Distinctive core
histone post-translational modification patterns in Arabidopsis thaliana.
PLoS One 2: 1210

Zhang Z, Zhang S, Zhang Y, Wang X, Li D, Li Q, Yue M, Li Q, Zhang YE,
Xu Y, et al (2011) Arabidopsis floral initiator SKB1 confers high salt tol-
erance by regulating transcription and pre-mRNA splicing through al-
tering histone H4R3 and small nuclear ribonucleoprotein LSM4
methylation. Plant Cell 23: 396411

Zhao J, Li M, Gu D, Liu X, Zhang J, Wu K, Zhang X, Teixeira da Silva JA,
Duan J (2016) Involvement of rice histone deacetylase HDA705 in seed
germination and in response to ABA and abiotic stresses. Biochem Bi-
ophys Res Commun 470: 439444

Zhao S, Zhang B, Yang M, Zhu ], Li H (2018) Systematic profiling of his-
tone readers in Arabidopsis thaliana. Cell Reports 22: 1090-1102

Zheng M, Liu X, Lin J, Liu X, Wang Z, Xin M, Yao Y, Peng H, Zhou DX, Ni
Z, et al (2019) Histone acetyltransferase GCN5 contributes to cell wall
integrity and salt stress tolerance by altering the expression of cellulose
synthesis genes. Plant J 97: 587-602

Zheng Y, Ding Y, Sun X, Xie S, Wang D, Liu X, Su L, Wei W, Pan L, Zhou
DX (2016) Histone deacetylase HDA9 negatively regulates salt and
drought stress responsiveness in Arabidopsis. ] Exp Bot 67: 1703-1713

Zheng Y, Thomas PM, Kelleher NL (2013) Measurement of acetylation
turnover at distinct lysines in human histones identifies long-lived
acetylation sites. Nat Commun 4: 2203

Zhou S, Chen Q, Sun Y, Li Y (2017a) Histone H2B monoubiquitination
regulates salt stress-induced microtubule depolymerization in Arabi-
dopsis. Plant Cell Environ 40: 1512-1530

Zhou Y, Romero-Campero FJ, Gémez-Zambrano A, Turck F, Calonje M
(2017b) H2A monoubiquitination in Arabidopsis thaliana is generally in-
dependent of LHP1 and PRC2 activity. Genome Biol 18: 69

Plant Physiol. Vol. 182, 2020

Downloaded from on October 22, 2020 - Published by www.plantphysiol.org
Copyright © 2020 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

