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Histone acetylation is an essential process in the epigenetic regulation of diverse biological processes, including environmental
stress responses in plants. Previously, our research group identified a histone deacetylase (HDAC) inhibitor (HDI) that confers
salt tolerance in Arabidopsis (Arabidopsis thaliana). In this study, we demonstrate that class I HDAC (HDA19) and class II
HDACs (HDA5/14/15/18) control responses to salt stress through different pathways. The screening of 12 different selective
HDIs indicated that seven newly reported HDIs enhance salt tolerance. Genetic analysis, based on a pharmacological study,
identified which HDACs function in salinity stress tolerance. In the wild-type Columbia-0 background, hdal9 plants exhibit
tolerance to high-salinity stress, while hda5/14/15/18 plants exhibit hypersensitivity to salt stress. Transcriptome analysis revealed
that the effect of HDA19 deficiency on the response to salinity stress is distinct from that of HDA5/14/15/18 deficiencies. In hda19
plants, the expression levels of stress tolerance-related genes, late embryogenesis abundant proteins that prevent protein
aggregation and positive regulators such as ABI5 and NACO019 in abscisic acid signaling, were induced strongly relative to
the wild type. Neither of these elements was up-regulated in the hda5/14/15/18 plants. The mutagenesis of HDA19 by genome
editing in the hda5/14/15/18 plants enhanced salt tolerance, suggesting that suppression of HDA19 masks the phenotype caused
by the suppression of class I HDACs in the salinity stress response. Collectively, our results demonstrate that HDIs that inhibit
class I HDACs allow the rescue of plants from salinity stress regardless of their selectivity, and they provide insight into the
hierarchal regulation of environmental stress responses through HDAC isoforms.

Histones are DNA-packaging proteins that provide
stability to the genome by preventing physical geno-
toxicity (e.g. DNA breaks; Luger et al., 1997; Downs
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et al., 2007). They also have been considered to origi-
nally function as regulators of mRNA expression before
the divergence of the Archaea and Eukarya (Ammar
et al., 2012). A variety of chemical modifications (acet-
ylation, methylation, phosphorylation, etc.) to the N
tails of histones are one of the properties that enable the
regulation of mRNA expression, which is generally
conserved in eukaryotes (Jenuwein and Allis, 2001;
Kouzarides, 2007). Chromatin possesses a diverse ar-
ray of chemical moieties that allows it to contain and
transmit information that is independent of the genetic
code (i.e. epigenetic) and regulate gene expression
levels. Epigenetic regulation is considered to be pro-
foundly associated with plant development and adap-
tation to the environment. A complete understanding
of the coordinated regulation of gene expression by
histone modifications, however, is still lacking in
plants. The role of epigenetic regulation in the abiotic
stress response has gradually been elucidated, starting
with McClintock (1984), who first recognized the rela-
tionship between epigenetics and stress (Kim et al.,
2015; Provart et al., 2016; Asensi-Fabado et al., 2017).

1760 Plant Physiology®, December 2017, Vol. 175, pp. 1760-1773, www.plantphysiol.org © 2017 American Society of Plant Biologists. All Rights Reserved.


http://orcid.org/0000-0002-7750-6056
http://orcid.org/0000-0002-7750-6056
http://orcid.org/0000-0002-7750-6056
http://orcid.org/0000-0002-7750-6056
http://orcid.org/0000-0002-7750-6056
http://orcid.org/0000-0002-7750-6056
http://orcid.org/0000-0002-7750-6056
http://orcid.org/0000-0002-3979-3947
http://orcid.org/0000-0002-3979-3947
http://orcid.org/0000-0002-3979-3947
http://orcid.org/0000-0002-3979-3947
http://orcid.org/0000-0002-3979-3947
http://orcid.org/0000-0001-8288-0467
http://orcid.org/0000-0001-8288-0467
http://orcid.org/0000-0001-8288-0467
http://orcid.org/0000-0001-8288-0467
http://orcid.org/0000-0001-8288-0467
http://orcid.org/0000-0001-8288-0467
http://orcid.org/0000-0001-8288-0467
http://orcid.org/0000-0001-8288-0467
http://orcid.org/0000-0001-8288-0467
http://orcid.org/0000-0002-7750-6056
http://orcid.org/0000-0002-3979-3947
http://orcid.org/0000-0001-8288-0467
http://crossmark.crossref.org/dialog/?doi=10.1104/pp.17.01332&domain=pdf&date_stamp=2017-11-28
http://dx.doi.org/10.13039/501100003382
http://dx.doi.org/10.13039/501100003382
http://dx.doi.org/10.13039/501100003382
http://dx.doi.org/10.13039/501100003382
mailto:motoaki.seki@riken.jp
http://www.plantphysiol.org
mailto:motoaki.seki@riken.jp
http://www.plantphysiol.org/cgi/doi/10.1104/pp.17.01332

Among histone modifications, the mode of action of
histone acetylation is relatively well understood. The
positively charged Lys residues within the N tails of
histones are often targets for histone acetylation. These
positively charged amino acid residues can bind to the
negatively charged region of the nucleosome (proteins
and phosphate groups of DNAs), thus affecting chro-
matin structure. The acetylation of histones, however,
neutralizes the positive charges on Lys residues and re-
duces the binding to nucleosomes, resulting in a relaxed
chromatin structure. The open chromatin facilitates the
recruitment of transcriptional factors to DNA and en-
hances transcription (Shahbazian and Grunstein, 2007).
Acetylation levels are balanced by histone acetyltrans-
ferases and histone deacetylases (HDACs). These en-
zymes have the ability to write or erase an acetylation
mark, respectively. The suppression of HDAC activity
results in hyperacetylation, which, in turn, generally leads
to transcriptional activation. HDACs are categorized into
zinc-dependent and NAD [NAD(+)] types based on their
catalytic domains. The Reduced Potassium Deficiency3
(RPD3)-like family and Silent Information Regulator2
(SIR2)-like (sirtuin) family are zinc dependent and NAD
(+) dependent, respectively. The RPD3-like family is di-
vided into three classes (I, II, and IV), based on their ho-
mology to yeast HDACs (Bolden et al., 2006; Seto and
Yoshida, 2014; Verdin and Ott, 2015). Plants also have
evolved a plant-specific HDAC (HD-tuin) family (Brosch
et al., 1996; Lusser et al., 1997; Hollender and Liu, 2008).
Members of the HD-tuin family are considered to be zinc-
dependent HDACs (Lee and Cho, 2016). The Arabidopsis
(Arabidopsis thaliana) genome encodes 18 genes repre-
senting three HDAC families (12 RPD3-like family pro-
teins, two sirtuin family proteins, and four HD-tuin
family proteins; Hollender and Liu, 2008).

The existence of multiple HDAC gene families im-
plies that a functional diversification of these genes has
occurred. Previous studies revealed that HDAC genes
exhibit diversified responses when plants are exposed to
abiotic stresses and that their independent functions play
a pivotal role in plant responses to various environmental
stresses. (Chinnusamy et al., 2008; Ma et al., 2013; Kim
et al., 2015; Asensi-Fabado et al., 2017). The involvement
of HDACs in response to salinity stress also has been
documented. For example, HDA9 and HD2D negatively
regulate the salt response (Han et al., 2016; Zheng et al.,
2016), whereas HDA6 and HD2C positively regulate it
(Chen et al., 2010; Chen and Wu, 2010; Luo et al., 2012). In
the case of HDA19, previous studies reported contro-
versial data demonstrating that an hdal9 knockout
mutant in the Wassilewskija (Ws) background shows
sensitivity to salt stress, whereas an hdal19 knockdown
mutant in the Columbia-0 (Col-0) background exhibits
the opposite phenotype (Chen and Wu, 2010; Mehdi
et al., 2016). Taking these previous results into consid-
eration, HDACs appear to activate positive and negative
responses in salinity stress, with some discrepancies.

HDAC activity can be suppressed in not only genetic
but also pharmacological manners. Many different
HDAC inhibitors (HDIs) are currently available, and a
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variety of different inhibitory effects on each of the
classes of HDACs within the RPD3-like family have
been demonstrated based on their selectivity to mam-
malian HDAC proteins. Differences in their selectivity
are believed to alter the activity of HDACs targeted
specifically by the HDIs (Bolden et al., 2006; Seto and
Yoshida, 2014). Although the inhibition of HDACs may
lead to an increased sensitivity to salinity stress (as
shown in HDAG6), Ky-2 and SAHA treatments enhance
salinity stress tolerance in Arabidopsis (Sako et al.,
2016) and cassava (Manihot esculenta; Patanun et al.,
2017), respectively. These observations strongly sup-
port the potential for using HDIs to improve salt tol-
erance. In accordance with what occurs commonly with
the use of pharmacological compounds, HDIs occa-
sionally have off-target effects. For example, Tubacin, a
human HDAC6-selective inhibitor, impairs the enzy-
matic activity of Ser palmitoyltransferase (Siow and
Wattenberg, 2014). Therefore, it is still unclear whether
HDAC inhibition is the cause of increased salt tolerance
or which HDAC is responsible for inducing salinity
tolerance when an HDI treatment is applied.

In this study, 12 different selective HDIs were tested
to determine whether their application allows Arabi-
dopsis plants to tolerate salinity stress. The screening
revealed that inhibition of the class I HDACs appears to
be essential for inducing salinity stress tolerance. A
genetic analysis further indicated that dysfunction of
HDA19, a class I HDAC, is responsible for conferring
the increase in salinity tolerance, whereas dysfunction
of four class I HDACs does not. Transcriptome anal-
ysis revealed the antagonistic response to a high level of
salinity stress between hdal9 and the quadruple hda5/
14/15/18 (quad) mutant. Furthermore, we generated the
quintuple mutant for class I (HDA19) and class Il (HDA5/
14/15/18) HDACs by a gene-driven method using clus-
tered regularly interspaced short palindromic repeats
(CRISPR)/associated 9 endonuclease (Cas9). Consistent
with a pharmacological study, the hda5/14/15/18/19 (quint)
mutant, which is partially analogous to the broad phar-
macological inhibition of different class HDACs by non-
selective HDIs, shows tolerance to salinity stress. The
phenotype of quint indicates a hierarchal regulation of
HDAC s in Arabidopsis: specifically, class I HDAC inhi-
bition hides the sensitivity induced by the inhibition of
class I HDACs. In this study, we provide a strategy for
chemical screening and a design for discovering plant-
specific HDIs to increase environmental stress tolerance.
We also discuss the potential role of HDI-like compounds
in nature and the functional diversification of HDACs to
the salinity stress response.

RESULTS

Selective HDIs Confer Tolerance to High-Salinity
Stress in Arabidopsis

Twelve HDI compounds were screened in liquid
culture in order to determine which HDI enhances
tolerance to high-salinity stress (Fig. 1A). The first
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screening was conducted using three dilution series
according to the half-maximal inhibitory concentration
value (ICs,) of each HDI (Supplemental Table S1). This
enabled the optimization of any HDI that exhibited
evidence of increasing salt stress tolerance. The results
of this initial screening revealed that seven HDIs
(FK228, JNJ-26481585, LBH-589, MC1293, MS-275,
sodium butyrate [NaBT], and trichostatin A [TSA])
clearly increased salinity stress tolerance in Arabidopsis
(Fig. 1B).

Global acetylation levels in histone H3 (K9/14Ac)
were evaluated by immunoblotting in order to confirm
to what extent each of the HDIs increasing salinity
tolerance affected histone acetylation status. The accu-
mulation of acetylated histones H3 in total protein ex-
tracts was detected in all of the plants treated with
HDISs, and the extent to which each HDI increased the
acetylation level varied. HDIs having relatively lower
IC;, values, such as FK228, JNJ-26481585, LBH589, and
TSA, were applied to plants at a 5 um concentration.
HDIs with higher IC;, values were applied at 100 um
(MC1293 and MS275) or 1 mm (NaBT). FK228, LBH589,
NaBT, and TSA HDIs exhibited significant induction of
histone acetylation. JNJ-26481585 induced some level of
hyperacetylation (Fig. 2). Treatment with MS-275 and
MC1293 HDIs induced no significant alteration in the
levels of histone H3 acetylation at 16 h after treatment
(Fig. 2). However, their treatment induced significant
acetylation of histone H3 at different incubation periods
(MC1293, 3 h [P = 0.02, Student’s t test], and MS-275,
24 h [P = 0.03, Student’s ¢ test]; Supplemental Fig. S1),
suggesting that they function as HDIs in plants, al-
though their maximum inhibitory effect on HDACs
seems to be exerted at a shorter or longer time than 16 h
of incubation. The results from immunoblot analyses
suggested that the HDIs that increase salt tolerance also
are capable of inducing histone hyperacetylation in
Arabidopsis.

A Class I HDAC, HDA19, Plays an Important Role in
Increasing Salinity Tolerance

HDAC proteins in plants are classified into three
types, RPD3-like, sirtuin, and HD-tuins. The RPD3-like
HDACs are divided further into three subclasses
(Hollender and Liu, 2008). The HDIs used in the pre-
viously described screening have the ability to inhibit
RPD3-like HDAC enzyme activity in a class-selective or
nonselective manner. The seven HDIs that were effec-
tive in increasing salt stress tolerance fall into three
types based on their selectivity to mammalian HDACs.
FK228 and MS-275 are class I-selective HDIs, JNJ-
26481585 and NaBT are class I- and Il-selective HDISs,
and LBH-589 and TSA are nonselective HDIs (Bolden
et al.,, 2006). Based on their selectivity, there was a
tendency for class I-selective HDIs to increase salinity
tolerance and for class II-selective HDIs to have no ef-
fect on salinity tolerance. These observations imply that
the inhibition of class I HDACs is imperative in order
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for Arabidopsis to increase salinity tolerance. Arabi-
dopsis plants, however, might acquire salinity tolerance
in an HDAC-independent manner, because chemicals
occasionally have off-target effects. In order to exclude
the possibility that an HDAC-independent pathway was
responsible for enhancing salinity tolerance and to con-
firm that the increased salinity tolerance resulting from
the application of these HDIs is due to the dysfunction of
HDAC activity, we investigated whether an hdac mutant
exhibited tolerance to salinity stress by using transfer DNA
(T-DNA) insertion mutants and genome-edited plants by
the CRISPR/Cas9 method (Supplemental Fig. S2).

The results indicated that hda19-3 plants were less
sensitive to high-salinity conditions and exhibited a
79.4% survival ratio under the salt stress conditions
used in our experiments (Fig. 3A). An attempt at com-
plementation failed because the mutant exhibited an
extremely low transformation efficiency. As an alternative,
we generated another allele (hda19-5) using the CRISPR/
Cas9 gene-driven method in order to examine the func-
tional role of HDA19 deficiency for the salt-tolerant phe-
notype (Jinek et al., 2012; Fauser et al., 2014; Schiml et al.,
2014). A thymine was inserted 79 nucleotides downstream
from the HDA19 translational initiation codon, resulting in
the generation of a nonsense mutation at nucleotide po-
sition 211 (Supplemental Fig. S2). Similar to the hda19-3
T-DNA insertion mutant, the results indicated that the
hda19-5 mutant exhibited a similar level of salinity toler-
ance (77.8%; Fig. 3A). HDA19 transcripts were reduced
significantly in both mutants, and those in the hda19-3 and
hdal9-5 mutants were reduced 0.02% and 8.6%, respec-
tively, in relative comparison with the transcript levels of
Col-0 plants (Fig. 3B). These data indicate that two lines of
plants with independent mutations in HDA19, resulting in
two recessive alleles, were both insensitive to salinity
stress. This implies that HDA19 plays a pivotal role in
tolerance to salinity stress.

Class II HDACs Play an Antagonistic Role in Salinity
Stress Tolerance

Plants treated with the class Il-selective HDIs
(Tubastatin A, MC1568, TMP195, and TMP269; Fig. 1A)
did not exhibit any increase in salinity tolerance (Fig.
1B). However, it is possible that these compounds are
not bioavailable in planta (e.g. impermeability, insta-
bility, etc.) or that they have no effect on plant HDACs
because they have a contrasting protein conformation
compared with their animal homologs. Therefore, the
salt stress response of the gquad mutant for class II
HDAC genes was analyzed in order to determine
whether the suppression of class Il HDAC activity had
any effect on salinity tolerance. Hollender and Liu
(2008) categorized HDAS5, HDA15, and HDA18 as class
II HDAC:s. Tran et al. (2012) reported that HDA14 has
the ability to deacetylate a-tubulin in vitro. Human
HDACS, a class I HDAC, also has been demonstrated
to participate in a-tubulin deacetylation (Hubbert et al.,
2002). Therefore, a-tubulin deacetylation mediated by

Plant Physiol. Vol. 175, 2017
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Figure 1. Pharmacological study using
HDIs to increase salinity stress tolerance.
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class I HDAC:s is likely to be conserved in eukaryotes.
The LEGGY motif, which is broadly conserved in class
IIb HDACs in eukaryotes (Tran et al., 2012), also is
found in HDA5, HDA14, HDA15, and HDAI1S8
(Arabidopsis Genome Initiative, 2000). Considering
these reports, HDA5, HDA14, HDA15, and HDA18
proteins were defined as class Il HDACs in this study.

In order to prepare multiple knockout lines of class II
HDAC S, hdal8-3 was generated by the CRISPR/Cas9
gene-driven method in the hda5/14/15 background
because HDA5 and HDA18 are tandemly located on the

Plant Physiol. Vol. 175, 2017

same chromosome (Arabidopsis Genome Initiative,
2000). An adenosine was inserted 228 nucleotides
downstream from the HDAI18 translational initiation
codon, which resulted in the generation of a non-
sense mutation in the proximity of the A insertion
(Supplemental Fig. S2). HDA1S8 transcripts were de-
creased significantly in the hda18-3 allele. In the quad
mutant, HDA18 transcripts were at 17.8% of the tran-
script level of Col-0 plants (Fig. 3C). Consistent with the
previous experiment using class Il-selective HDIs, the
quad mutant (which exhibited decreased class Il HDAC
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Figure 2. Impact of HDIs on H3 histone acetylation level. Total protein
extracts were obtained from samples collected at 16 h after HDI treat-
ment (5 um FK228, 5 um JNJ-26481585, 5 um LBH-589, 100 um
MC1293, 100 um MS-275, 1T mm NaBT, and 5 um TSA). HDIs were
applied to 4-d-old seedlings after germination. Multiple comparisons of
acetylation levels in Col-0 plants treated with each HDI were performed
with one-way ANOVA. P < 0.05 was considered significant. Means
with the same letter are not significantly different from each other.

activity) did not enhance tolerance to salt stress,
whereas the hda19 mutants did. Unlike the hda19 plants,
the quad mutant appeared to become more sensitive to
salt stress. The quad mutant showed a lower survival
rate than wild-type (Col-0) plants at each time point
(2 and 3 d after the addition of 100 mm NaCl; Fig. 3D).
These data suggest that deficiency in class II HDAC
activity enhanced the sensitivity to salinity stress.

Collectively, these data indicate that the inhibition of
HDA19 and class II HDACs has an antagonistic re-
sponse in plants exposed to salinity stress.

Transcriptome Analysis of Salt-Responsive Genes in the
hda19 and Class II hda5/14/15/18 Mutants

In relative comparison with wild-type plants, a 1.6-
fold increase in the level of acetylation of histone H3
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was detected in hda19-3 (n = 4; Student’s ¢ test, P = 0.02)
and no significant difference in acetylation was ob-
served in the quad mutant (n = 4; Student’s ¢ test, P >
0.1; Fig. 3E). Collectively, these data suggest that defi-
ciencies of HDA19 and HDA5/14/15/18 may impact
gene expression in different manners. Therefore, the
mRNA profile of genes altered by their deficiency was
evaluated using a genome-wide microarray in order to
reveal how HDAC deficiencies alter the response to
salinity stress.

In concert with our immunoblot analysis, which
detected a hyperacetylation of histone H3 at the whole-
genome level in hdal9-3 plants, a microarray analy-
sis also revealed that the number of up-regulated
genes in the hda19-3 plants was larger than that in the
quad plants, 824 versus 115 up-regulated genes (log,
ratio > 0.5, false discovery rate [FDR] < 0.05), respec-
tively (Gene Expression Omnibus [GEO] identifier
GSE90562). Nearly completely different sets of genes
were up-regulated in the hda19-3 and quad plants, with
only 23 and 14 up-regulated genes being common to
both types of mutants under normal and salt stress
growth conditions, respectively (Fig. 4, B and C;
Supplemental Tables S2 and S3). These results suggest
that HDA19 and class I HDACs partly overlap in their
function of regulating the status of histone and/or
nonhistone acetylation. Regardless of this possibility,
transcriptome analysis indicated a clear functional di-
vergence between HDA19 and class I HDACs in their
regulation of gene expression.

Whole-genome transcriptome analysis under the
growth conditions used in this study identified 2,485
up-regulated genes when plants were subjected to sa-
linity stress (Fig. 4). Inhibition or absence of either
HDA19 or class I HDAC expression enhanced mRNA
levels of 39 or 26 salt-responsive genes, respectively
(Fig. 4C; Supplemental Tables S4 and S5). An exami-
nation of the up-regulated genes in the two types of
mutants revealed that each one is likely to have an
opposite response to salt stress. In hda19-3 plants, ABIS5,
a bZIP transcriptional factor, was up-regulated under
both nonstress and salinity stress conditions (Fig. 5;
Supplemental Table S6). ANAC019 expression, a NAC
transcriptional factor, also was induced in response to
salinity stress (Fig. 5; Supplemental Table S6). These
two transcription factors are considered to be positive
regulators in the abscisic acid signaling pathway
(Finkelstein, 2013; Podzimska-Sroka et al., 2015). The
activation of these transcriptional factors may lead to an
up-regulation in the expression of genes encoding
proteins or enzymes that allow plants to ameliorate or
prevent injury resulting from salinity and other envi-
ronmental stresses. For example, HDA19 deficiency
enhanced the mRNA expression of late embryogene-
sis abundant (LEA) proteins, which function in pre-
venting protein aggregation (Goyal et al., 2005), and
also increased the expression of a rate-limiting enzyme,
Al-pyrroline-5-carboxylate synthasel (P5CS1), involved
in the synthesis of Pro, an osmoprotectant that accu-
mulates in plants when they are exposed to various
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Figure 3. Distinctroles of HDA19 and class Il HDACs in the salinity stress response. A, HDA19 deficiency enhances tolerance to
salinity stress in Col-0. Images show one replication of each line under salinity stress conditions (125 mm NaCl). B, HDA19
transcript levels in the hda19 mutants. The abundance of mMRNAs was measured in the hda79 mutants using reverse transcription-
quantitative PCR (RT-qPCR). C, HDA18 transcript levels in the quad mutant. The abundance of mRNAs from the hda18-3 allele
was measured in the quad mutant using RT-qPCR. D, HDA5/14/15/18 deficiencies (quad) enhance the sensitivity to salinity stress.
E, Differences in histone H3 acetylation levels in the hda719-3 and quad mutants. Acetylation levels in hda19-3 were affected
significantly (n = 4; Student’s t test, P < 0.05). For information of the hda19-3, hda19-5, and quad mutants, see Supplemental
Figure S2. Survival rates were determined in groups of 15 plants subjected to salinity stress (125 mm NaCl in A and 100 mm NaCl in
D; means = sp; n = 3). Multiple comparisons of survival rate were performed with one-way ANOVA. P < 0.05 was considered
significant. Means with the same letter are not significantly different from each other in A and D. RT-qPCR data in B and C are

representative of three independent experiments. ACTIN2 (AT3G18780) was used as a reference gene. Pvalues were calculated
using Student’s t test (*, P < 0.05 and **, P< 0.01) in B, C, and E.

environmental stresses (Verbruggen and Hermans,
2008). Ectopic expression of these two genes in various
plants increases their tolerance to abiotic stresses, in-
cluding salinity stress (Verbruggen and Hermans, 2008,
and refs. therein; Candat et al., 2014). Among the 51 LEA
genes encoded in the Arabidopsis genome (Hundertmark
and Hincha, 2008), the mRNA expression levels of four of
them (AT5G44310, AT2G23110, LEA4_2 [AT2G35300],

51 LEA genes, only embryonic cell protein63 (AT2G36640)
was significantly down-regulated in the hdal19-3 plants
(Supplemental Table S7).

ANACO016, a NAC transcriptional factor that is po-
sitioned in a different phylogenetic clade from ANAC019
(Takasaki et al., 2015), was strongly up-regulated in the
quad mutant (Fig. 5; Supplemental Tables S5 and S6). In
comparison with wild-type plants, transgenic Arabidopsis

and AT1G72100; Supplemental Table S6) and P5CS1 in-
creased in response to salinity stress relative to the levels
in salinity-stressed wild-type plants. The transcript
abundance of LEA4 2 and P5CS1 was confirmed by
RT-qPCR (Fig. 5; Supplemental Table S6). Among the
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plants overexpressing NAC016 (ANAC016-OX) rapidly
turn white when subjected to either salt or oxidative stress
(Kim et al.,, 2013). Furthermore, an analysis of drought
stress sensitivity in ANAC016-OX and ANAC019-OX
transgenic plants revealed opposite phenotypes, where
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Figure 4. Microarray analysis of genome-wide transcription. A, Hierarchical cluster analysis of 2,485 salt-responsive genes in
wild-type (Col-0), hda79-3, and quad seedlings. Only salt-inducible genes were analyzed in wild-type Col-0 plants, because
HDAC disruption causes hyperacetylation and acetylation levels are positively correlated with mRNA expression levels in general
(Shahbazian and Grunstein, 2007). The genome-wide mRNA profiles determined by microarray analysis were obtained from
5-d-old plants treated with or without 125 mm NaCl for 2 h. Transcript data were generated from three biological replicates.
The heat map represents the Z-score, with bars showing values from —2 to 2. Red represents up-regulated genes, while blue
represents down-regulated genes. Genes with a significant change in expression were selected using the following criteria: an
expression log, ratio greater than 0.5 and a controlled P value (FDR; Benjamini and Hochberg, 1995) from Student’s ¢ test
analysis less than 0.05. B, Venn diagram of up-regulated genes in hda19-3 and quad seedlings under nonstressed conditions.
C, Venn diagram of up-regulated genes in hda19-3 and quad seedlings subjected to a salinity (125 mm NaCl) stress. WT,

Wild type.

ANACO016-OX plants were drought sensitive and
ANACO019-OX plants were drought tolerant (Tran et al.,
2004; Sakuraba et al., 2015). In contrast to the microarray
results obtained using the hda19-3 plants, no significant
induction of LEA gene expression or P5CS1 was observed
in quad plants, relative to wild-type plants, in response to
salinity stress (Fig. 5; Supplemental Tables S5-57). These
results indicate that the pattern of mRNA expression
found in quad reflects its sensitivity to abiotic stress.

Most of the HDIs were basically developed against
human HDAC s for the sake of cancer therapy (Bolden
et al., 2006). In some cases, HDIs have been developed
against plant HDACs, and one example is MC1568,
which has class Il HDAC selectivity against maize (Zea
mays) HDACs (Mai et al., 2003, 2005). Consistent with
the genetic analysis, the mRNA expression of NAC016
was pharmacologically induced to some extent by
MC1568 treatment as in the guad mutant (Supplemental
Fig. S3).

Collectively, our data indicate that salinity tolerance-
related and salt sensitivity-related genes are up-
regulated in hdal9 and quad plants, respectively. In
short, HDA19 and class II HDACs regulate plant re-
sponses to salinity stress in opposite and antagonistic
manners.
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Genetic Manipulation to Mimic the Effect of
Nonselective HDI Treatment by Generation of the
hda5/14/15/18/19 Mutant

The interpretation of transcriptome analyses sug-
gests that the reason why any class I HDAC selective
inhibitors do not enhance salinity stress tolerance is that
class I HDACs positively activate the salinity stress
response. In addition, our pharmacological study also
implies the possibility that the inhibition of class I
HDAC masks the sensitivity to salinity stress that is
induced by that of class II HDACs. In order to func-
tionally assess this possibility, the quint mutant was
generated. Mutagenesis of HDA19 in quad resulted in
the generation of the hdal9-6 allele by inserting an
adenosine 79 nucleotides downstream from the HDA19
translational initiation codon instead of a thymine
(which is observed in hdal9-5). Both single-nucleotide
insertions introduced by genome editing resulted in a
nonsense mutation 211 nucleotides from the transla-
tional initiation codon (Supplemental Fig. S2). Similar
to the hdal9 plants, the quint plants exhibited a com-
parable level of salinity tolerance (91.1%; Fig. 6). To
further support our hypothesis, the quad plants were
treated with MC1293 and MS-275, class I-selective HDISs.
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As a result, treatment with these HDIs enhanced toler-
ance to salinity stress in them (Supplemental Fig. 54).
These data suggest that the class Il HDAC-dependent
pathway was controlled by class I HDAC (HDA19)
inhibition and that the hierarchal regulation enables the
enhancement of salinity stress tolerance in Arabidopsis
via the non-class-selective inhibition of HDAC proteins.

Background-Dependent Phenotype of HDA19
Deficiency in the Salinity Stress Response between
Arabidopsis Accessions

In contrast to this study, an opposite role of HDA19
in the salinity stress response was observed in the salt-
sensitive athd1 mutant (Chen and Wu, 2010), which was
isolated from the Ws background (Tian et al., 2003). In
addition, hdal9-2 also was identified from a T-DNA
pool that was produced in the Ws background (Long
et al.,, 2006). To reveal the effect of an HDA19 defect on
the salinity stress response in athdl and hdal19-2 under
our experimental conditions, we functionally charac-
terized their survival rates under salinity stress condi-
tions. Consistent with the previous report, athdl
showed sensitivity to salinity stress, although wild-type
plants in the Ws background showed a higher tolerance
to salinity stress (125 mm NaCl) than Col-0. The athd1
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Distinct Roles of HDACs in Salt Stress Response

NACO016 Figure 5. RT-qPCR analysis of ABI5,
e NACO016, NACO19, LEA4_2, and P5CS1
gene expression. Tissue samples of 5-d-
old seedlings of wild-type (Col-0),
hda19-3, and quad plants growing under
d the salinity (125 mm NaCl) stress condi-
tion or the nonstressed condition for 2 h
were collected and analyzed by RT-qPCR.
Multiple comparisons of RT-qPCR scores
were performed with one-way ANOVA.
P < 0.05 was considered significant.
Means with the same letter are not

L. significantly different from each other.
ACTINZ2 (AT3G18780) was used as a ref-
erence gene. Three independent biologi-
cal replicates of each line were analyzed
for each condition.

mM NacCl

and Ws wild-type plants exhibited 60% and 93.3%
survival ratios, respectively (Fig. 7A). In the hda19-2
mutant, HDA19 transcripts were decreased signifi-
cantly (11.7%) relative to the wild type, and these plants
showed a similar survival rate as compared with wild-
type plants (90%; Fig. 7, A and B). In contrast to hda19-3,
the up-regulation of ABI5 was never detected in athd1l
and hdal9-2 (Fig. 7C; Supplemental Table S6), sug-
gesting that ABI5 expression is not dominantly regu-
lated by HDA19 in young Ws seedlings under salinity
stress conditions. Collectively, these data suggest that
HDA19 deficiency does not enhance tolerance to sa-
linity stress in the Ws accession and that the role of
HDA19 in the salinity stress response has been diver-
sified at least between the Col-0 and Ws accessions.
With regard to the noncorrelation between the mRNA
levels of HDA19 and the phenotype in the athdl and
hdal9-2 mutants (Fig. 7), transgene activation via a
promoter encoded in the T-DNA for the expression
of a selectable marker might occur in athdl (see
“Discussion”).

MS-275, the class I-selective HDI, rescued athd1 from
salinity stress (Supplemental Fig. S5), suggesting that
the inhibition of single or multiple class I HDACs, ex-
cept for HDA19, contributes to increased tolerance to
salinity stress in the Ws accession.
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Figure 6. Increased tolerance of quintplants B0 mM NaCl
to salinity stress conditions. The survival rate 1125 mM NacCl
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DISCUSSION

This study demonstrates that class I HDAC (HDA19)
is a possible target enzyme to enhance salinity stress
tolerance mediated through the chemical inhibition
of HDAC enzymatic activity. In addition, the class-
selective inhibition is not necessary for increasing sa-
linity stress tolerance, at least between class I and 11
HDAC:s. This evidence provides useful information on
chemical screening or design for a plant-specific HDI
to enable a practical use for chemical breeding approaches.

Among the four salt tolerance-enhancing HDIs
(FK228, JNJ-26481585, LBH589, and TSA) with lower
IC;,, the optimum concentration of JNJ-26481585 to
increase survival rate under high salinity stress was
limited (Fig. 1B). JNJ-26481585 did not induce a signif-
icant hyperacetylation (Fig. 2). These data suggest that
JNJ-26481585 is a relatively unstable and low-persistence
compound, relative to the other HDIs that were tested.
HDIs capable of inhibiting class IHDAC activity, such as
MGCD-0103, had a relatively high IC;, indicating that
higher concentrations may be required to inhibit HDAC
activity (Davie, 2003; Fournel et al., 2008; Huber et al.,
2011). As the hyperacetylation of histone H3 in plants
treated with MC1293 and MS-275 HDIs was detected at
shorter or longer times than 16 h of incubation (Fig. 2;
Supplemental Fig. S1), the maximum inhibitory effect
of MGCD-0103 on HDACs might be exerted at much
shorter or longer times than its 16 h of incubation.
Therefore, although MGCD-0103 did not confer salinity
tolerance in our study, MGCD-0103 may have the ability
to enhance salinity stress tolerance under different ex-
perimental conditions (concentration, incubation time,
etc.) and/or growth stages than were used in our study.
Of course, it is plausible that the ineffectiveness of
MGCD-0103 might account for the different levels of
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bioavailability and variations in the capacity of the
compounds to permeate membranes.

Pharmacological inhibition of HDAC for an extended
period of time may be difficult to achieve, as in the case
of JNJ-26481585. However, this reversible artificial
manipulation in histone acetylation level through the
use of chemical compounds that act as HDIs is an ef-
fective way to enhance salinity stress tolerance. The
hda19-3 knockout mutants exhibit a sterile phenotype
and, thus, rarely produce seeds (Hollender and Liu,
2008). Additionally, the ectopic expression of stress-
responsive genes, such as ABI5 and P5CS, which was
observed in hdal9-3 plants, often induces growth inhi-
bition (Himmelbach et al., 2003) and toxic levels of
Pro accumulation (Verbruggen and Hermans, 2008).
HDAC:s are involved not only in the stress response but
also in development (Hollender and Liu, 2008). There is
a possibility that multiple and constitutive deficiencies
of HDACs may cause severe growth inhibition. In order
to avoid or limit these undesired phenotypes and still
enhance salinity tolerance, the use of HDI treatment just
when plants are subjected to salinity stress would be
more appropriate than the constitutive inhibition gen-
erated by genetic manipulation, such as in the hdal9
mutants.

TSA was identified originally as a compound produced
by Streptomyces hygroscopicus with antifungal activity
(Tsuji et al., 1976; Yoshida et al., 1990), but it also exhibits
HDI activity. Other compounds with HDI activity also
have been shown to exist widely in nature. Previous
studies have reported the defense-related properties of
compounds with HDI activity, which inhibits the growth
of competing organisms. Venturelli et al. (2015) dem-
onstrated that plants release aminophenoxazinone
compounds, such as 2-amino-3H-phenoxazin-3-one
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and 2-amino-7-methoxy-3H-phenoxazin-3-one, that
have broad HDAC inhibition activity and function as
growth inhibitors against competitors. A biological
interaction between maize and Cochliobolus carbonum
via HC toxin, which is a host-selective HDI, also has
been reported (Brosch et al., 1995). In both cases, the
recipients of the HDI-like compounds appear to be at a
disadvantage. This study, however, provides another
viewpoint of the involvement of HDIs in biological
interactions: namely, that HDAC inhibition in recipi-
ent organisms, either directly from donor organisms or
by the application of HDI compounds, can be benefi-
cial and help the recipient organisms adapt to and
survive adverse environmental conditions, such as
salinity stress. Currently, however, there is no evi-
dence demonstrating that recipient organisms use
naturally produced HDIs from donor organisms to
enhance stress tolerance. This and previous studies
(Sako et al., 2016; Zheng et al., 2016) raise the possi-
bility of the existence of HDI-mediated, symbiotic
relationships that enhance abiotic stress tolerance.
Further studies are necessary to elucidate the role of
naturally produced metabolites with HDI properties
in natural habitats.

Our data suggest that class I HDAC inhibition con-
tributes to enhanced tolerance to salinity stress. However,
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Figure 7. Different responses of athdl and
hda19-2 mutants in the Ws background to sa-
linity stress from that of Col-0 hda79 mutants. A,
The survival rate (%) of each plant was evaluated
5 d after treatment with NaCl (means = sp; n=3,
where each biological replicate was a collection
of 15 plants). Multiple comparisons of survival
rate were performed with one-way ANOVA. P <
0.05 was considered significant. B, HDAT9
transcript levels in the athd7 and hda19-2
mutants (Ws background). The abundance of
mRNAs was measured in the hdal9 mutants
using RT-qPCR. The asterisk indicates a signifi-
cantly different mean (P < 0.05) as determined
by Student’s t test. C, RT-qPCR analysis of ABI5
mRNA expression. Multiple comparisons of
ABI5 expression in different conditions were
performed with one-way ANOVA. P < 0.05 was
considered significant. Means with the same
letter are not significantly different from each
other in A and C. ACTIN2 (AT3G18780) was
used as a reference gene in B and C.

itis possible that each HDAC may control the response to
salt stress in a different manner among class I HDACs.
hda9 and hda19 knockdown lines lead to the derepression
of salt stress-responsive genes (Mehdi et al., 2016; Zheng
et al., 2016). Considering the previous results from the
functional analysis of HDA9 and the hdal9 mutants in
this study, both of which belong to class IHDACs, HDA9
and HDA19 negatively regulate salt stress-responsive
genes. In contrast to these two class I HDACs, HDA6
appears to positively regulate the salt response (Chen
et al., 2010; Chen and Wu, 2010), although HDA®6 often
acts redundantly with HDA19 (Kim et al., 2012) and
HDAJ9 also interacts with both of them (Zheng et al,,
2016). Previous biochemical studies revealed that
HDA19/AtHD1, HDA5, HDA6, and HDA15 possess
HDAC enzyme activity and that their activities are
inhibited by TSA in RPD3-like HDACs (Earley et al.,
2006; Fong et al., 2006; Liu et al., 2013; Luo et al., 2015).
Therefore, a phenotype in salt stress response conferred
by HDAG6 inhibition might be hidden by the inhibition
of HDA19, as in the case of class II HDACs under
treatment with HDIs or in the gquint mutant.

athdl is characterized as a null allele of HDA19 at the
protein level (Tian et al., 2003). On the other hand, HDA19
protein accumulation was not observed in hdal9-2,
although both the athdl and hdal9-2 mutants showed
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similar phenotypes of root formation in the shoot pole
during Arabidopsis embryogenesis (Long et al., 2006).
This raises the possibility that HDA19 might be weakly
expressed at the protein level in hdal9-2, because a
T-DNA is inserted upstream from the translational initi-
ation codon of HDA19 in hdal9-2 (Long et al., 2006).
Therefore, the athdl and hdal9-2 mutants might show
different sensitivities to salinity stress (Fig. 7). Regarding
some residual expression in athd1, a promoter encoded in
the T-DNA for the expression of a selectable marker might
accidentally work in transgene activation (Yoo et al.,
2005), resulting in noncorrelation between the mRNA
levels of HDA19 and the phenotype in the athdl and
hda19-2 mutants. Although the sensitivity induced by
HDAT19 deficiency to salinity stress might be debatable
in the Ws background, it appears that the role of HDA19
in response to salinity stress is functionally diversified
among Arabidopsis ecotypes (Fig. 7). It is possible that
different functional interactions might occur between
class IHDACs in the Ws background. Further functional
analyses are warranted and necessary in order to clearly
elucidate the discrepancies between accessions.

Multiple inhibition of class I HDAC activity (at least
HDA9 and HDA19) by HDIs may occur in HDI-treated
plants, although the inhibition of HDA19 alone nearly
explains the observed salinity stress tolerance as a result
of the HDI treatment. The analysis of Ky-2 HDI revealed
that SOS1 gene activation contributes to an increase in
salinity tolerance (Sako et al., 2016). In this study, the
genome-wide transcriptomic analysis of hda19 plants did
not detect a significant induction of SOS1 (data not
shown). The multiple inhibition of the activity of HDACs
could explain why discrepancies occurred between the
hda19 mutants and HDI-treated plants.

In this study, we consider the possibility that the in-
creased expression levels of stress tolerance-related
genes, such as LEA (Candat et al., 2014), ABI5
(Skubacz et al.,, 2016), and P5CS1 (Verbruggen and
Hermans, 2008), might explain why the hdal9 plants
showed tolerance to salinity stress. There is another
possibility, that the acetylation of nonhistone proteins
may control the response to salinity stress in the hdal9
mutants, to explain the effect of HDAC inhibition on
increasing salinity stress tolerance. HDA®6, a class I
HDAC, regulates the level of nonhistone acetylation in
the GSK3-like kinase BR-INSENSITIVE2, which is a
key negative regulator in the BR signaling pathway,
resulting in the control of phytohormone balance (Hao
et al., 2016). Some HDACS, such as HDA14 and SRT?2,
are actually targeted to organelles (Alinsug et al., 2012;
Konig et al., 2014), suggesting that HDACs might be
involved in the acetylation of nonhistone protein and
regulate enzymatic activity or protein stability like
HDAG6. Furthermore, HDA19 forms a complex with
Histone Deacetylase Complexl and MSI1, and they
control HDA19 activity in stress responses (Perrella
et al., 2013; Mehdi et al.,, 2016; Asensi-Fabado et al.,
2017). It is also reported that the BES1/TPL/HDA19
repressor complex mediates the inhibitory action of
brassinosteroids on abscisic acid responses (Ryu et al.,
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2014). Considering the above, the identification of a
target with which HDA19 interacts directly or indi-
rectly, including histones and nonhistone proteins, is
needed in order to reveal how the suppression of HDA19
activity contributes to enhancing salinity tolerance.

In the case of quad, the significant acetylation could
not be detected by immunoblotting (Fig. 3E; P = 0.29),
although previous studies reported that at least HDA5
and HDA15 are involved in the acetylation of histone
H3 (Luo et al., 2015; Gu et al., 2017). Our transcriptome
analysis revealed that 824 genes are up-regulated in
hda19-3.In quad, only 115 genes were up-regulated (Fig.
4B), which suggests that HDA5/14/15/18 deficiencies
might have less impact on the levels of histone acety-
lation than HDA19 deficiency. High-resolution analy-
ses such as chromatin immunoprecipitation sequencing
and/or tissue- and stage-specific analyses may be nec-
essary to detect the targets where each class II HDAC
regulates predominantly. Alternatively, the absence of
significant induction in quad might indicate either that
the substrate of HDA5/14/15/18 is not histone pro-
teins or is histones whose acetylation residues were
not tested. Further analysis also is needed to reveal how
class II HDACs regulate sensitivity to salinity stress.

In conclusion, this study clearly demonstrated ge-
netically, and by chemical HDI experiments, that inhi-
bition of HDACSs confers increased salinity tolerance
in Arabidopsis plants. A genome-wide transcriptomic
analysis revealed the antagonistic regulation of HDACs
in response to salinity stress, and the class II HDAC-
dependent pathway was controlled by another HDAC,
implying that there is a recessive epistasis of class II
HDAC:s to class I HDACs in conferring salt stress tol-
erance by HDIs. The epistasis probably allows nonse-
lective HDIs to confer salinity stress tolerance. This
information will be useful for the identification of new
compounds that can be applied to plants to increase
salinity tolerance.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana; Col-0 and Ws ecotypes), hda5;
FLAG_351H04 (Ws), hdal4; SALK_097005 (Col-0), hdal5; SALK_004027 (Col-0;
Xu et al., 2005), hda18-3 (a genome-edited allele in quad), athd1 (Ws; Tian et al.,
2003), hda19-2 (Ws; Long et al., 2006), hda19-3; SALK_139445 (Col-0; Kim et al.,
2008), hda19-5 (a genome-edited allele in Col-0); and hda19-6 (a genome-edited
allele in quint) were used in the course of this study (Supplemental Fig. S2). The
T-DNA insertional mutants were obtained from the Arabidopsis Biological
Resource Center (Samson et al., 2002; Alonso et al., 2003). The quad mutant was
generated to prepare a genetically homozygous line (hda5 is the Ws back-
ground) as follows. The hda5 plant was backcrossed to wild-type plants (Col-0)
twice, hdal4, and hdal5, successively. Homozygous hda5/14/15 mutants segre-
gated from heterozygous hda5/14/15 mutants were subjected to CRISPR/Cas9-
mediated mutagenesis. After the mutagenesis, the plant was backcrossed to
wild-type plants (Col-0), and a homozygous hda5/14/15/18 was obtained from a
self-fertilized population. The crossing also was performed to eliminate the
constitutive expression of the CRISPR/Cas9 protein and eliminate any alter-
native targets being affected by the CRISPR/Cas9 protein. The sequences of the
primers used to genotype the mutants are listed in Supplemental Table S8. After
surface sterilization with sodium hypochlorite, followed by two rinses with
distilled water, seeds were floated on 1 mL of liquid medium (one-half-strength

Plant Physiol. Vol. 175, 2017


http://www.plantphysiol.org/cgi/content/full/pp.17.01332/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01332/DC1

Murashige and Skoog medium with 0.5% MES and 0.1% agar, pH 5.7) at 4°C for
48 h on 24-well tissue culture plates (TPP). After germinating, the plants on the
24-well tissue culture plates were placed in a growth chamber at 22°C with a
long-day photoperiod (16-h/8-h light/dark cycle) at 50 to 100 uE m 2 s~

Generation of Mutant Arabidopsis Lines Using the
CRISPR/Cas9 System

The hda18-3, hda19-5, and hda19-6 alleles were generated by genome editing
as described in previous studies (Fauser et al., 2014; Schiml et al., 2014). To
express a single guide RNA (sgRNA) and CRISPR/Cas9 protein, pZH_OsU3-
gYSA_FFCas9 and pUC_AtUé6oligo vectors were used for targeted mutagenesis
in HDA18 and HDA19. The sgRNA information used to target HDA18 (P15/
P16) and HDA19 (P17/P18) is presented in Supplemental Table S8. The hda19-5
and hda19-6 alleles were generated from the same sgRNA. The sgRNAs used for
mutagenesis in the generation of them were designed using the CRISPR-P
program (Lei et al., 2014).

Evaluation of Salinity Tolerance after Application of
HDISs in the hdac Mutants

The list of HDIs used in the experiments includes FK228 (Narita et al., 2009),
MGCD-0103 (Mocetinostat; ChemieTek; CT-MGCD), Tubastatin A (Selleck
Chemicals; S8049), LBH-589 (Panobinostat; Selleck Chemicals; S1030), TMP195
(Axon Medchem; Axon 2180), TMP269 (Cellagen Technology; C8626-2s), NaBT
(Wako Pure Chemical Industries; 193-01522), MC1293 (Enzo Life Sciences;
ALX-270-344-M005), MC1568 (AdooQ BioScience; A10560-10), MS-275 (AdooQ
BioScience; A10611-50), JNJ-26481585 (AdooQ BioScience; A10492-10), and
Trichostatin A (Sigma-Aldrich; T1952). The inhibitor treatments were applied
to 4-d-old plants (counted after seeds had germinated) in liquid culture. At
16 h after the inhibitor had been applied and absorbed, 125 mm NaCl was
added to the growth medium, and the percentage survival was determined
5d later (three biological replicates consisted of 15 plants; means * sp). In the
evaluation of salinity tolerance in the hda19-3, hda19-5, and quad mutants, all
conditions and sample sizes were the same, with the exception that 5-d-old
plants (counted after germination) were used instead of 4-d-old plants. Sig-
nificant differences between the survival values of the experimental plants,
relative to untreated wild-type plants, were determined using Student’s f test
(P = 0.05).

Microarray Analysis

Total RNAs were extracted from 5-d-old plants using the RNeasy Plant Mini
Kit (Qiagen). RNAs isolated at 2 h after treatment with or without 125 mm NaCl
served as controls. All RNAs were further purified by incubation with RNase-
free DNase I (Qiagen) according to the manufacturer’s instructions. RNAs were
reverse transcribed into cDNAs using 400 ng of total RNA. cDNA was labeled
with a single color (Cy3) using the Quick Amp labeling kit (Agilent Technol-
ogies) and hybridized to an Arabidopsis custom microarray (Nguyen et al.,
2015; GEO array platform GPL19830; Agilent Technologies). Arrays were scanned
with a microarray scanner (G2505B; Agilent Technologies). The resulting
microarray data were deposited in and are available on the GEO Web site. The
R program version 3.2.3 was used for the analysis of the microarray data. The
fluorescence intensities of the microarray probes were normalized by quantile
normalization using the limma package (Smyth, 2004). Genes with a significant
change in expression were selected using the following criteria: an expression
log, ratio greater than 0.5 and a controlled P value (FDR; Benjamini and
Hochberg, 1995) from Student’s t test analysis less than 0.05. For construction
of the heat map, a Z-score was computed for each of the selected genes using
gplots. Pairwise distances between all expression data were calculated using
the euclidean method, and hierarchical clustering on this distance matrix was
constructed using the ward method. The information from the microarray
data are available on the GEO Web site (GEO identifier GSE90562).

RT-qPCR Analysis

First-strand cDNA was synthesized from 500 ng of total RNA with random
primers. ReverTra Ace (Toyobo) was used for the reverse transcription
reaction according to the manufacturer’s instructions. Transcript levels
were assayed using Fast SYBR Green Master Mix (Applied Biosystems) and
the StepOnePlus Real-Time PCR System (Applied Biosystems) according
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to the manufacturer’s protocols. Gene-specific primers were designed using
the PrimerQuest tool (http://sg.idtdna.com/primerquest/Home/Index).
Melting-curve analysis was conducted to validate the specificity of the PCR
amplification. At least three biological replicates were used in each RT-qPCR
assay. ACTIN2 was used as a reference gene to normalize data. The RT-qPCR
scores and relevant primers are listed in Supplemental Tables S6 and S9, re-
spectively. Changes in gene expression were statistically analyzed with
Student’s f test or one-way ANOVA from data obtained from more than three
biological repeats.

Immunoblotting

Total protein from 10 4-d-old plants treated with each of the HDIs was
solubilized in 100 uL of 2X Laemmli buffer under reducing conditions and
heated at 95°C for 3 min. Proteins were separated by SDS-PAGE on 12.5% or
15% bis-Tris gels (Nacalai Tesque) and subsequently transferred to an
Immobilon-P polyvinylidene difluoride membrane (Merck Millipore). Loading
protein volume in each lane was confirmed by histone H3 levels. The mem-
branes were blocked for 1 h with 5% skim milk, followed by overnight in-
cubation with a primary antibody at 4°C, and final incubation for 1 h with
anti-rabbit IgG secondary antibody conjugated to horseradish peroxidase
(GE Healthcare Bio-Sciences). Primary antibody dilutions were as follows:
acetylated histone H3, 1:2,000 (Merck Millipore; 06-599); acetylated histone H4,
1:4,000 (Merck Millipore; 06-866); H3, 1:5,000 (Abcam; 1791); and H4, 1:3,000
(Abcam; 10158). Immunoreacted proteins were detected by Chemi-Lumi
One Super (Nacalai Tesque) and image analysis on a LAS4010 (GE Healthcare
Bio-Sciences) scanner. Labeling intensities on the images were quantified
using ImageQuant TL software (GE Healthcare Bio-Sciences). The histone
acetylation level was normalized to correspond to the level of the histone
variant. The results were generated from three technical repeats for statistical
analysis by one-way ANOVA or Student’s f test.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession num-
bers: HDA5, AT5G61060; HDA14, AT4G33470; HDA15, AT3G18520; HDA1S,
AT5G61070; HDA19, AT4G38130; ACTIN2, AT3G18780; UBC21, AT5G25760;
ABI5, AT2G36270; NAC016, AT1G34180; NAC019, AT1G52890; LEA4 2,
AT2G35300; and P5CS1, AT2G39800.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Impact of MC1293 and MS-275 treatment on H3
histone acetylation levels at different time points.

Supplemental Figure S2. Construction of mutants used to identify the
distinct functions of class I and class II HDACs in plants subjected to
salinity stress.

Supplemental Figure S3. RT-qPCR analysis of NAC016 gene expression in
MC1568-treated plants.

Supplemental Figure S4. Increased tolerance of quad plants to salinity
stress by MC1293 and MS-275 treatment.

Supplemental Figure S5. Increased tolerance of athdl plants to salinity
stress by MS-275 treatment.

Supplemental Table S1. Characteristic information of HDIs applied in this
study.

Supplemental Table S2. List of genes up-regulated in both hda19-3 and
quad under normal growth conditions.

Supplemental Table S3. List of genes up-regulated in both hda19-3 and
quad under salinity stress conditions.

Supplemental Table S4. List of genes up-regulated in hda19-3 under sa-
linity stress conditions.

Supplemental Table S5. List of genes up-regulated in quad under salinity
stress conditions.

Supplemental Table S6. RT-qPCR scores.
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Supplemental Table S7. mRNA expression profiles of 51 LEA genes as
determined by microarray analysis.

Supplemental Table S8. Primers used for genotyping and the generation
of various constructs.

Supplemental Table S9. Primer sequences used in RT-qPCR analyses.
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