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HD2A and HD2C co-reqgulate
drought stress response by
modulating stomatal closure
and root growth in Arabidopsis

Muhammad Sufyan Tahir*?, Jim Karagiannis®
and Lining Tian™*

‘Department of Biology, University of Western Ontario, London, ON, Canada, ?London Research
and Development Centre, Agriculture and Agri-Food Canada, London, ON, Canada

Histone deacetylase 2 (HD2) is a unique family of histone deacetylases (HDACs) in
plants. Despite evidence that certain HD2 family HDACs play an important role in
plant growth and stress response, the coordination of HD2s in these processes
remains largely unknown. We found that HD2-type, HD2A and HD2C coordinate
to play a role in drought stress response in Arabidopsis. We showed that the
hd2a.hd2c double mutant (Macl6) exhibit decreased drought survival and
increased water loss as compared to the single mutants, hd2a and hd2c. Gene
expression analysis showed that the ABI1 and ABI2 genes were upregulated and
SLAC1 was downregulated which led to the modified stomatal functioning in the
Macl6 as compared to the single mutants. Overexpression of HD2A and HD2C
showed enhanced drought survival and decreased water loss. We also showed that
the GA2ox1 and GA20ox2 genes, which are involved in the catabolism of bioactive
gibberellic acids, were upregulated in the Macl6é as compared to the single
mutants, which led to a decreased root growth in the Macl6. Furthermore, we
showed that HD2A and HD2C can physically interact and increased genome-wide
H3K9 acetylation was observed in the Macl6, compared to the single mutants.
Overall, our investigation revealed that HD2A and HD2C coordinate to play a
cumulative role in drought stress response and root growth in Arabidopsis.
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Introduction

Plants, because of their sessile lifestyle, have developed complex and sophisticated
mechanisms to adapt and respond to different environmental stresses (Cutler et al.,
2010). Among the various stresses that may be encountered by plants throughout their
life cycle, drought is one of the most damaging environmental factors. Water accessibility
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is fundamental to plant growth, survival, and productivity
(Rosegrant and Cline, 2003; Lesk et al., 2016). Plants attempt
to withstand drought stress and tolerate unfavourable conditions
by modifying their behaviour and undergoing a series of
morphological, physiological, and biochemical changes at
different stages of their growth and development. Drought
stress stimulates the activation of different stress-responsive
genes that encode different functional and regulatory proteins
that are associated with gene regulatory networks (Fujita et al.,
2011; Kim et al., 2015; Sah et al., 2016).

Epigenetic regulation plays a key role in different biological
processes ranging from developmental scheduling and
maintaining genome stability, to the regulation of various
environmental stress responses (Kapazoglou and Tsaftaris,
2011; Luo et al,, 2012a; Kim et al., 2015). Epigenetic regulation
of gene expression is governed by nucleosomal core histone
modifications and DNA methylation (Shinozaki et al., 2003;
Urano et al., 2010). The basic nucleosome is comprised of an
octamer of core histone proteins with two molecules of each of
H2A, H2B, H3, and H4. The N-terminal lysine residues of
histone H3 and H4 allow for different post-translational
histone modifications, inculding acetylation, phosphorylation,
methylation, sumoylation and ubiquitination (Kapazoglou and
Tsaftaris, 2011; Zhou et al.,, 2013). These modifications of lysine
residues act as a switch to activate or repress the expression of
associated genes, and therefore offer a flexible mode of gene
expression regulation in developmental programming and
abiotic stress response (Kurdistani et al., 2004; Kouzarides,
2007; Tahir and Tian, 2021). Histone acetylation and
deacetylation are dynamic reversible processes and are
catalysed by histone acetyltransferases (HATs) and histone
deacetylases (HDACs), respectively. HATs transfer the acetyl
group to core histone lysine residues resulting in
transcriptionally active euchromatin, whereas HDACs remove
the acetyl group from the core histone lysine residues leading to
transcriptional repression of associated genes (Liu et al., 2014).
Plant HDACs have been classified into three different families
based on their sequence homology to yeasts: the reduced
potassium efficiency 3 (RPD3) family, the silent induced
regulator 2 (SIR2) family, and the histone deacetylase 2 (HD2)
family (Pandey et al., 2002; Luo et al., 2012a; Kim et al., 2015).
The RPD3 and SIR2 family HDACs are homologous to yeast
HDACs and are found throughout eukaryotes. (Pandey et al,
2002). The HD2 family HDACs share no sequence homology to
yeast HDACs and are found only in plants and green algae (Ma
etal., 2013; Bourque et al,, 2016). The HD2 family, being unique
to plants, is emerging as an important regulator in different
aspects of plant development and plant response to different
biotic and abiotic stresses (Tahir and Tian, 2021).

Present in the Arabidopsis genome are HD2A
(AT3G44750), HD2B (AT5G22650), HD2C (AT5G03740),
and HD2D (AT2G27840) (Dangl et al, 2001; Bourque et al,
2016). Both HD2A and HD2B were shown to interact with
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ASYMMETRIC LEAVES 1/2 (AS1, AS2) to regulate the
expression and distribution of miRNA165 and miRNA166,
which are known to control leaf morphology in Arabidopsis
(Kidner and Martienssen 2004; Ueno et al., 2007). Expression of
all the HD2 genes was downregulated under abscisic acid (ABA)
or salt stress and upregulated under cold stress in Arabidopsis
(Kuang et al., 2012; Luo et al., 2012¢, To et al., 2011). HD2A and
HD2C were strongly upregulated upon heat stress (Buszewicz
etal, 2016). A DDB1-CUL4 Associated Factor (DCAF) protein,
called HOS15 was shown to interact with HD2C with the help of
HOS15 binding protein, POWERDRESS (PWR) to carry out the
HD2C degradation via ubiquitination to activate cold-
responsive (COR) genes in Arabidopsis (Zhu et al., 2008; Park
et al, 2018; Lim et al, 2020). Overexpression of HD2C and
HD2D caused the upregulation of many stress-related genes and
resulted in an increased tolerance to different abiotic stresses
(Sridha and Wu, 2006; Buszewicz et al., 2016; Han et al., 2016;
Farhi et al., 2017).

Plants have developed various strategies to survive under
drought stress. Of these, stomatal closure is one of the first lines
of defence with respect to maintaining water status (Bharath
et al,, 2021). Limited water supply causes the accumulation of
ABA in leaves which initiates a signalling cascade to induce
stomatal closure by upregulating SLACI via SnRK2’s
phosphorylation activity (Hopkins and Hiiner, 2008). ABA-
INSENSITIVE 1 and 2 (ABI1 and ABI2) are two PP2C-type
protein phosphatases and are considered negative regulators of
ABA-mediated signaling and inhibit the phosphorylation
activity of SnRK2, thus negatively regulate the stomatal closure
in Arabidopsis (Schweighofer et al., 2004).

Gibberellic acids (GAs) are known to induce germination
and play a role in the elongation of endodermal cells to promote
root growth in Arabidopsis (Ubeda-Tomas et al., 2009).
Maintaining a dynamic homeostasis of bioactive GAs for
normal root growth is an important phenomenon which is
carried out by GA2-oxidase (GA20x) enzymes. The GA2o0x
family includes GA2o0x1, GA20x2, GA20x3, GA2o0x4, and
GA20x6 and play a significant role in limiting the levels of
bioactive GAs GAl and GA4. Transcriptional activation of
GA20x genes is associated with histone acetylation status
mediated by ABA in response to developmental signals and
abiotic stresses including salt, drought, and cold (Ricu et al,
2008; Colebrook et al., 2014; Li et al., 2017; Chen et al., 2019).

HDAC:s generally do not function alone and are considered
to play a role as a component of multiprotein complexes in a
coordinated fashion. These complexes may include multiple
HDAG s, either belonging to the same family or different
families (Chen and Wu, 2010; Luo et al., 2012¢; Buszewicz
et al, 20165 Li et al,, 2017, Guo et al,, 2020). HD2A, HD2C,
and HD2D were shown to interact with HDA6 and HDA19,
which are involved in the abiotic stress response (Luo et al,
2012c). The same HD2s were also shown to interact with
DNMT?2, a methyl transferase responsible for the methylation
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of DNA to mediate gene repression in Arabidopsis (Song et al.,
2010). The association of different HD2s with each other during
interaction with common interacting partners in response to
different internal developmental and external environmental
signals cannot be ruled out. Here, we show that HD2A and
HD2C interacts to play a role in drought stress tolerance by
regulating the expression of ABA-mediated stomatal closure-
related genes. Both HD2s also play a cumulative role in
regulating root growth by downregulating the expression of
the GA2o0x genes, which are thought to be involved in GA
catabolism and degradation during osmotic stress in response to
ABA-mediated stress signalling.

Material and methods
Phylogenetic analysis

Peptide sequences of all Arabidopsis HD2 genes were
obtained from the Phytozome (https://phytozome-next.jgi.doe.
gov/) and a phylogenetic tree was generated using MEGA X
(Kumar et al, 2018). Amino acid sequence identities and
divergences were determined using the National Center for
Biotechnology Information (NCBI) tool BLAST for nucleotide
sequences (https://blast.ncbinlm.nih.gov/Blast.cgi).

Plant materials and growth conditions

Arabidopsis thaliana wild-type (WT) and T-DNA
insertional mutants GK355-HO03 (hd2a: At3g44750),
SAIL1247-A02 (hd2b: At5g22650), SALK129799 (hd2c:
At5g03740) and GK279-D04 (hd2d: At2g27840) were used in
this study. All these genotypes were in accession Columbia (Col-
0) background and have been used previously (Song et al., 2010;
Buszewicz et al., 2016; Li et al., 2017). The T-DNA mutant lines
were obtained from the Arabidopsis Biological Resource Center
(ABRC). The double mutant lines used in this study were
generated by crossing hd2 single mutants with each other in
different combinations. All the T-DNA insertion mutant lines
were verified by genotyping by PCR using primers listed in
Supplementary Table 1.

For plant growth experiments, all seeds were surface-
sterilized in ethanol (70%) followed by bleach (25%) and
stratified in the dark for 3 days at 4°C before sowing on
ProMix-BX soil (Premier Horticulture, Québec) or on
Murashige and Skoog (MS) growth medium (2.15 g/L) with or
without additives such as antibiotics, plant growth regulators, or
chemicals. Plants in the growth room were grown under
constant 16 hours of daylight (long-day conditions) at 22°C
with a relative humidity of 60%. Plants in the growth chambers
were also grown under the same conditions, except dark cycles
were at 18°C.
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Generation of plasmid constructs and
transgenic plants

To generate HD2 overexpression (OE) vectors (CaMV35S:
AtHD?2), the full-length ¢cDNA excluding the stop codon was
amplified and cloned into the entry vector, pDONR221
(Invitrogen) using BP Clonase reaction mix (Thermo Fisher
Scientific cat. 11789020) according to manufacturer’s protocol.
The cloned vector was transferred into Escherichia coli strain
DH50. Subsequently, the cloned DNA was transferred from the
entry vector to the destination vector, pEarleyGatel101 (Hartley
et al., 2000; Earley et al., 2006) using LR Clonase reaction mix
(Thermo Fisher Scientific cat. 11791100) according to
manufacturer’s protocol. The HD2-OE constructs were
transferred to Agrobacterium tumefaciens strain GV3101 via
electroporation (Wise et al., 2006). Primers used for gene cloning
are listed in Supplementary Table 2. Plant transformation of WT
Arabidopsis was carried out using the floral dip method (Zhang
et al., 2006). The putative transgenic seeds were grown on
selection medium (MS agar medium containing BASTA
(glufosinate ammonium 25 mg/L) and two highly expressed
transgenic lines for HD2A and HD2C were selected.

Gene expression analysis

To study mRNA expression of different genes in hd2
mutants and HD2 overexpression lines, quantitative real time
PCR (RT-qPCR) was performed. RNA was isolated from leaves
or seedlings using the Plant/Fungi Total RNA Purification Kit
(Norgen) and ¢cDNA was synthesized using iScript Reverse
Transcription Supermix (Bio-Rad). The RT-qPCR was
performed using a SsoFast EvaGreen Supermix kit (Bio-Rad)
on CFX96 Real-time PCR detection system (Bio-Rad) following
the manufacturer’s instructions. Data were analyzed using Bio-
Rad CFX Manager 3.1 software. The expression levels were
normalized to the ACTIN2 gene. The AACT method was
applied to calculate fold change in the expression level (Livak
and Schmittgen, 2001). Three independent RT-qPCR analysis
were performed with three technical replicates for each
biological replicate. All primers used for RT-qPCR analysis are
listed in Supplementary Table 3.

Western blot analysis

Nuclei protein was extracted following the histone extraction
protocol (abcam). Briefly, 10-day old seedlings were ground and
fixed in Triton Extraction Buffer [TEB: PBS containing 0.5%
Triton X-100, 2 mM phenylmethylsulfonyl fluoride (PMSF)].
After incubating the mixture on ice for 10 minutes, samples were
centrifuged at 2000 rpm for 10 minutes at 4°C and the
supernatant was discarded. TEB buffer (100 pl) was added to
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the samples and the centrifugation step was repeated. Cell pellets
were resuspended in 0.4 pl of 0.2 N HCl and samples were kept
at 4°C for 4 hours. Samples were then centrifuged at 2000
rpm for 10 minutes at 4°C. The supernatant was collected and
the protein concentration was estimated using Bradford
assay reagents (Thermo Fisher Scientific) following the
standard protocol.

To separate proteins by SDS PAGE, samples were denatured
by adding 20 mM dithiothreitol (DTT) and heating at 95°C for
about 10 minutes. Samples were loaded onto SDS-PAGE gels
(Bio Rad) to separate the proteins. Proteins from gels were
transferred to PVDF membranes (Bio-Rad) using a Trans-Blot
Semi-Dry Electrophoretic Transfer Cell (Bio-Rad). The PVDF
membranes were then incubated overnight at 4°C in anti-
H3K9ac or Anti-H3 antibody solution (Cell Signaling
Technology and Millipore), followed by incubation in
the secondary antibody (Milipore Sigma) solution for 1
hour. Proteins blots were detected using the EZ-ECL
Chemiluminescence Detection Kit (Biological Industries) as
per the manufacturer’s instructions with a MicroChemi imager
(DNR Bio-Imaging Systems).

Drought stress treatment

Soil drying or Polyethylene glycol (PEG-6000) methods were
employed for plant drought treatment (Jiang et al, 1995;
Landjeva et al., 2008). For the soil drought method, four-week
old plants in the drought group were withheld from watering for
7 days to establish a drought stress. For PEG-6000, 10-day old
seedlings were exposed to PEG (10%) in MS media for 24-72
hours before sample collection for gene expression analysis.

For the drought stress tolerance assay, two-week old hd2
mutant or HD2-OE plants in drought-treated groups were
withheld from watering for 11 and 13 days, respectively (Ge
et al., 2018). After the drought stress period, plants were
rewatered for two days to allow them to recover. Plants with
at least two green turgid rosette leaves were considered to have
survived. The survival rate for each genotype was determined
based on the number of plants survived out of total number of
plants grown.

Leaf relative water content measurement

Leaf relative water content (RWC) was measured from plant
leaves as previously described (Barrs and Weatherley, 1962). A
total of three healthy rosette leaves were excised from the plants
and fresh weight (FW) of all the collected leaves was determined
immediately. All the leaves were rehydrated by floating them on
water surface for 4 hours and leaf turgid weight (TW) was
obtained. All the turgid leaves were oven-dried at 55°C for 24
hours. Oven-dried leaves in the tubes were weighed again to
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determine the leaf dry weight (DW). Leaf RWC (%) was
determined as [(FW - DW)/(TW - FW)] x 100.

Fresh leaf water loss measurement

To measure fresh leaf water loss in different genotypes, healthy
leaves were detached from plants grown under control conditions
and immediately weighed to measure their fresh weights. Leaves
were weighed after every 30-minute interval for a total of 180
minutes. During each 30-minute interval, leaves were kept open in
petri dishes at room temperature. Results were calculated as the
percentage water loss compared to the leaf fresh weights.

Stomatal aperture measurement

To examine stomatal opening and closing in hd2 mutants and
HD2-OE lines, stomatal aperture measurement assays were
performed following the established protocol (Eiscle et al., 2016;
Scarpeci et al, 2017) with minor modifications. Briefly, healthy
leaves were excised from plants and floated (with abaxial side
down) in petri dishes containing MES/KOH stomatal opening
buffer (10 mM MES, 5 mM KCl, 50 uM CaCl2, pH 6.15) for two
hours and was used as control. For ABA treatment, the same steps
were followed, except that, after two hours, 10 uM of ABA was
added to the petri dishes containing MES/KOH buffer. After two
hours of ABA treatment, leaves were taken out from the solution
and quickly pat dried with napkins and prepared for microscopy.
Preparation of leaf imprints to visualize stomata using the
microscopy was performed by following the protocol described
by Scarpeci et al. (2017) with minor modifications. Briefly, leaf
imprints were obtained by applying a thin layer of transparent nail
varnish on the abaxial leaf surface. The applied nail varnish layer
was dried for about 30 minutes. The thin layer of nail varnish was
transferred to a glass slide by gently pressing the leaf onto the slide.
Stomata imprints were observed under a 40x objective lens using
the EVOS™ XL Core Imaging System (AMEX1000). Stomatal
pore widths and lengths were measured using the image
processing software Image] (http://rsb.info.nih.gov/ij/). Results
for stomatal aperture were shown as the ratio of width to length.

Root growth phenotype analysis

Primary root lengths and secondary root number were
examined in different genotypes under control and different
treatments. For osmotic stress in seedlings in MS media, PEG-
6000 was used (Jiang et al., 1995; Landjeva et al., 2008). Seeds of hd2
mutants and HD2-OE lines were grown on agar plates containing
only MS media or MS media supplemented with PEG-6000 (10%).
For gibberellic acid treatments, GA3 and GA4 were added to the MS
media at 1 UM and 10 uM concentrations. All the plates were placed
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vertically in the growth chamber to allow longitudinal root growth.
Primary root length and number of secondary roots were examined
on day 10 of germination for all the experiments.

Yeast-two hybrid assay

To study the protein-protein interactions in vivo, yeast two-
hybrid (Y2H) assays were performed following the instructions
provided in the Matchmaker Gold Yeast Two-Hybrid System
manual (Clontech) (Briickner et al., 2009). Using LR Clonase
reaction mix, the cloned DNA from pDONR221 was transferred
to destination vectors, pGBKT?7 (bait vector), and the pGADT7
(prey vector). The Y2HGold strain was co-transformed with 5 ug
of each of bait and prey vectors containing HD2 genes. For
negative controls, the yeast strain was transformed with bait
vector and empty prey vector (containing no gene of interest).
The pGBKT7-53 and pGADT7-T plasmids provided with the kit
(encode murine p53 and SV40 large T-antigen) were used as
positive controls. The transformed Y2HGold cells were plated
on minimal selective medium SD-Leu/Trp double dropout
(DDO) and sub-cultured to selective medium SD-Leu/Trp/
Ade/His quadruple dropout (QDO) and QDO supplemented
with 40 mg/L X-Alpha Gal (5-Bromo-4-Chloro-3-indolyl a-D-
galactopyranoside) and 200 pg/L Aureobasidin-A (QDO/X/A).

Bimolecular fluorescence
complementation assay

Bimolecular fluorescence complementation (BiFC) assays were
performed to confirm the protein-protein interactions in a plant
host (Tian et al., 2011). Using LR Clonase reaction mix, the cloned
DNA from pDONR221 was transferred to destination vectors
pEarleyGate201-YN and pEarleyGate201-YC to generate plasmid
constructs for the BiFC assay. Both vectors were transferred to
Agrobacterium tumefaciens strain GV3101 via electroporation.
Agrobacterium cultures containing pEarleyGate201-HD2-YN
and pEarleyGate201-HD2-YC constructs were co-infiltrated into
Nicotiana benthamiana leaf epidermis. (Sparkes et al., 2006; Tian
et al, 2011). For negative controls, pEarleyGate201-HD2-YN
construct was co-infiltrated with an empty pEarleyGate202-YC
vector. The YFP signal was observed after 48-72 hours using the
Olympus Confocal Laser Scanning Microscope FV3000. The argon
excitation laser wavelength was set at 514 nm to visualize the
YFP signal.

Statistical analysis
For statistical analysis, Microsoft Excel 2016 (Microsoft

Corp., Washington, USA) was used to calculate simple
univariate statistics, such as means, standard deviations, and
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standard errors. The statistical analyses were performed using
IBM SPSS Statistics version 25.0 (IBM Corp. Armonk, New
York). A p-value < 0.05 (*) or 0.01 (**) was used to show a
statistically significant difference.

Results

HD2 family HDACs respond to drought
stress in Arabidopsis

First, we performed phylogenetic and sequence alignment
analysis of Arabidopsis HD2 proteins. Analysis showed that
HD2A and HD2B are the closest relatives and share the highest
sequence similarity (50.5%) and the least divergence (0.493) with
each other at the protein level (Supplementary Figure S1). HD2A
and HD2C shares the second highest similarity (40.5%) and the
second least divergence (0.802), whereas HD2D is a distantly
related member of the HD2 family and shares the least similarity
and the maximum divergence with HD2A, HD2B and HD2C.

To examine how HD2 family genes respond to drought stress,
we measured the expression levels of the HD2 family genes, HD2A,
HD2B, HD2C, and HD2D under drought conditions. For soil
drought, four-week old Arabidopsis wild-type (WT) plants were
withheld from watering and leaf relative water content was
measured to determine the water status of the plants
(Supplementary Figure S2A, B). Leaf samples were collected daily
from both the control group and the drought-treated group to
examine gene expression by quantitative PCR (qPCR). The
Responsive to desiccation 29A (RD29A) gene, which is induced
under different abiotic stresses and frequently used as a drought
responsive marker (Msanne et al., 2011; Bihmidine et al., 2013), was
used to affirm the effectiveness of the drought treatment at the
molecular level (Supplementary Figure S2C). RD29A showed
significant upregulation starting on day 3 of drought treatment.
When an effective drought stress initiating from day 3 was
confirmed, we then examined the expression of HD2A, HD2B,
HD2C and HD2D using samples from day 3 of the drought
treatment. Analysis showed that all four HD2 genes were
upregulated in response to drought (Figure 1A). Polyethylene
glycol (PEQG) is frequently used to mimic drought stress in plants
and to study related responses (Jiang et al., 1995; Landjeva et al,
2008). To establish osmotic stress in MS media, seedlings were
treated with PEG-6000 (10%) for 24 hours, and expression of HD2s
was measured. Analysis showed that all HD2 genes were
upregulated in response to PEG-induced osmotic stress (Figure 1B).

Arabidopsis HD2A and HD2C positively
regulate plant response to drought stress

To investigate the relationship of different HD2s in drought
stress response, we used hd2a, hd2b, hd2c, and hd2d T-DNA
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insertional mutants in our study. Genotyping by PCR was done
to identify homozygous mutant lines for each HD2 gene
(Supplementary Figure S3). qPCR analysis was performed to
confirm the knockout of HD2 gene expression at the mRNA
level in hd2 single mutants. Analysis showed that the expression
of the HD2A and HD2C was completely knocked out in the hd2a
and hd2c mutant lines, respectively, whereas HD2B and HD2D
genes retained their expressions at 21% and 10% of the WT
levels in the hd2b and hd2d mutant lines, respectively.

HD2C has been shown to be involved in ABA and abiotic
stress response and can mediate root growth under stress (Sridha
and Wu, 2006; Luo et al., 2012¢; Buszewicz et al., 2016; Chen et al.,
2018). To study the relationship of HD2C with other HD2s, we
crossed the hd2c mutant line with other hd2 single mutants and
successfully generated double mutant lines hd2a.hd2c (Macl6)
and hd2b.hd2c (Mbc68). We could not obtain seeds for hd2c.hd2d
double mutant line in several attempts of crossing hd2c with hd2d.
The Mbc68 double mutant line was morphologically similar to the
single mutants hd2b and hd2c and did not show any significant
change in primary root length as compared to the respective single
mutants hd2b and hd2c (Supplementary Figure S4). The Macl6
line was morphologically distinct from the respective single
mutants hd2a and hd2c (Supplementary Figure S5). Due to the
relative paucity of information on hd2a.hd2c double mutants, we
focused our attention on the Macl16 (hd2a.hd2c) double mutant
line along with hd2a and hd2c single mutants for further study.
The homozygosity of T-DNA insertions in the double mutant line
Mac16 was confirmed by PCR genotyping (Figure 2A). The qPCR
analysis of hd2 single and double mutants revealed that when the
HD2A is knocked out, HD2C is upregulated in the hd2a mutant
background. Similarly, when the HD2C is knocked out, HD2A is
upregulated in the hd2c mutant line (Figure 2B). Next, we
performed drought treatment assays to examine the survival of
the single mutants hd2a and hd2c as well as the double mutant
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Macl6 under drought (Figure 2C, D). The single mutants hd2a
and hd2c showed 79% and 67% survival, respectively, relative to
WT. In contrast, the double mutant Mac16, showed only 47%
survival relative to WT, which is also significantly lower than that
observed in the single mutants. We also measured the fresh leaf
water loss in these genotypes. The hd2a did not show significant
change in the water loss, whereas the hd2c had increased water
loss. The knockout of both HD2A and HD2C resulted in
a significantly increased water loss in the Macl6 as compared
to both single mutants and WT (Figure 2E, Supplementary
Figure S7).

Along with the double mutant Macl6, we also generated
HD2A (OEA1 and OEA2) and HD2C (OEC1 and OEC2)
overexpression (OE) lines (Supplementary Figure S6) and
studied whether HD2A or HD2C overexpression affects the
survivability under drought stress (Figures 3A, B). While the
WT plants showed 34% survival, the HD2A-OE lines, OEA1 and
OEA2 showed increased survival of 52% and 56%, respectively,
whereas HD2C-OE lines OEC1 and OEC2 showed 84% and 77%
survival, respectively. Fresh leaf water loss analysis showed that
both HD2A and HD2C overexpression lines had reduced water
loss from the leaves as compared to WT (Figures 3C, D,
Supplementary Figure S7).

HD2A and HD2C co-regulate stomatal
closure under stress

Accumulation of ABA in leaves under drought stress
initiates a signalling cascade to induce stomatal closure to
minimize transpirational water loss (Hopkins and Hiiner,
2008). Stomata are closed to limit water loss and establish an
equilibrium between water absorbed by roots and water loss by
transpiration (Wilkinson and Davies, 2002). We examined
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(B) Relative expression of HD2A and HD2C in WT, the single mutants hd2a and hd2c, and the double mutant Mac16. Data shown are means +
standard errors (n = 3). (**p < 0.01). (C) Images of WT, hd2a, hd2c, and Mac16 plants under control and two days after rewatering, following 11
days of drought stress. (D) Survival rates of hd2a, hd2c, and Mac16 relative to WT plants after drought stress. Data shown are means + standard
errors (n = 3) from three independent experiments. In each experiment, at least 30 plants of each genotype were used to calculate the survival.
The significance of the differences between different genotypes was determined by one-way ANOVA followed by post-hoc Tukey's HSD tests.
Lowercase letters indicate significant differences (p < 0.01). (E) Fresh leaf water loss measured in WT, hd2a, hd2c, and Mac16 at every 30-minute
interval for the period of 180 minutes. Data shown are means + standard errors (n = 3) from three independent experiments. In each
experiment, measurements were taken from three plants (three leaves per plant)

stomatal closure in HD2-OE and hd2 mutant lines. The HD2A-
OE lines did not show any differences in stomatal aperture under
control conditions, whereas stomata closed completely under
ABA-induced stress as compared to WT (Figures 4A, B).
Stomata opened fully in HD2C-OE lines under control
conditions and closed completely under ABA-induced stress as
compared to WT (Figures 4C, D). Among the hd2 mutants, hd2a
did not show any change in stomatal aperture under control
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conditions, whereas the hd2c and Macl6 mutants showed
reduced stomatal aperture with respect to WT (Figures 5A, B).
Under ABA-induced stress, the hd2c mutant showed larger
stomatal aperture as compared to the hd2a and WT. Knockout
of both genes in the Macl6 resulted in a significantly larger
stomatal aperture as compared to both single mutants and WT.
This suggests that HD2A and HD2C corelate in regulating
stomatal closure to play a role in the drought stress response.

frontiersin.org


https://doi.org/10.3389/fpls.2022.1062722
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tahir et al.

A
E
B
o
3
2
= |
&
<
z

c —~—WT —OEAl —OEA2
2 120 -
=
2 100 -
=
§ 80 -
—
< 60
7 40
2 20
5
= 0 s e
z 0 30 60 90 120150180

Time (minutes)

FIGURE 3

Water loss (% fresh weight) o

10.3389/fpls.2022.1062722

Survival rate (%)

O >

N v N\ ’\l
Y &L
T MY

—~WT —OECl —OEC2

0 30 60 90 120150180

Time (minutes)
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Accumulation of ABA in leaves under drought stress
stimulates a core signalling pathway to induce stomatal closure
by upregulating the expression of SLACI gene (Vahisalu et al.,
2008; Munemasa et al., 2015; Zhang et al., 2016), whereas ABI1
and ABI2, the two protein phosphatases, are considered negative
regulators of ABA-mediated stomatal closure. We examined the
expressions of ABI1, ABI2, and SLACI genes in hd2 mutants
under drought stress. Analysis of ABII and ABI2 gene
expression (Figure 5C) showed that their expression was not
changed in the hd2a mutant, while the hd2c mutant exhibited an
upregulation of both genes. Knockout of both HD2A and HD2C
in Macl6 resulted in a significant upregulation of ABII and ABI2
under drought stress as compared to the single mutants and WT.
Gene expression analysis of SLACI (Figure 5D) showed that its
expression was not affected in hd2a but decreased in the hd2c.
Knockout of both HD2A and HD2C in Macl6 resulted in a
drastic decrease of SLACI gene expression. Taken together, the
HD2A and HD2C play a collective role in regulating stomatal
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opening and closure. Knockout of both genes led to a stronger
phenotype in terms of drought tolerance and stomatal closure as
compared to the single mutants, indicating an additive effect of
HD2A and HD2C in drought stress response.

HD2A and HD2C play a role in regulating
root growth

Roots also play a vital role in the strategy of plant response to
drought. Our next objective was to study if HD2A and HD2C
play a role in regulating root growth under drought stress. First,
we measured the primary and secondary root growth of HD2-
OE and hd2 mutant lines under control and drought stress
conditions mimicked by PEG-6000. Overexpression of both
HD2A and HD2C resulted in increased primary root length
under control and osmotic stress conditions (Figure 6). These
overexpression lines also showed a higher number of secondary
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between different genotypes was determined by Student’s t test (**p < 0.01).

roots under control conditions. Conversely, primary root length
was significantly decreased in the Mac16 (71%) and hd2c (87%)
mutants under control conditions as compared to WT
(Figures 7A, B), whereas root length did not change in the
hd2a mutant. Application of osmotic stress (PEG) caused a
significant decrease in the primary root lengths of both hd2a
(86%) and hd2c (79%) and a further decrease in the Macl6
(59%) as compared to WT (Figures 7C, D). Regarding the
secondary root number in hd2 mutants under control
conditions, the hd2c did not show difference in the number of
secondary roots, whereas the hd2a showed fewer secondary
roots in comparison to WT. Knockout of both HD2A and
HD2C resulted in a significant decrease in the number of
secondary roots in the Macl6 line (Figure 7E).

HD2A and HD2C decrease H3K9
acetylation and co-regulate GA2ox gene
expression to maintain root growth

The GA2o0x enzymes play an important role in maintaining a
dynamic homeostasis of bioactive GAs for normal plant root
growth. We thus investigated whether the HD2A and HD2C can
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regulate the expression of the GA2o0x genes. First, we performed
western blot to examine global H3K9 acetylation levels in the
hd2 mutants and HD2-OE lines. The H3K9ac/H3 levels were
found to be significantly higher in the Mac16 (1.41) as compared
to the hd2a (1.14), hd2c (1.18), and WT (Figure 8A). Conversely,
lower levels of H3K9ac/H3 were found in both HD2A and HD2C
overexpression lines (Figures 8B, C). Next, we examined the
expression of GA2ox family genes in hd2 mutants and HD2-OE
lines under control conditions. Expression of the GA20ox1 and
GA20x2 was upregulated many fold in the Macl6 as compared
to the single mutants and WT (Figure 8D). The hd2a mutant did
not show change in the expression of both genes. On the other
hand, HD2A and HD2C overexpression caused a significant
downregulation of both GA20x1 and GA20x2 (Figures 8E, F).
Other GA2o0x genes (GA20x3, GA20x4, GA20x6) did not show
significant changes in their expression levels. Previously, it has
been shown that the transcriptional activation of GA20x genes is
associated with histone acetylation status triggered by ABA in
response to internal developmental signals and abiotic stress
conditions (Colebrook et al., 2014; Li et al., 2017; Chen et al,,
2019). We analysed the expression of the GA20x1 and GA20x2 in
WT under ABA and PEG treatments (Figure 8G). Analysis
showed that the expression of both GA20x1 and GA20x2 was

frontiersin.org


https://doi.org/10.3389/fpls.2022.1062722
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tahir et al.
A
ABA (10 pM)
SIS QT :
C
g 37
S
2 2.5 4
& 2
7
@
g LS A
g -
@
% 05
0
ABII ABI2
FIGURE 5

10.3389/fpls.2022.1062722

B
OWT @hd2a wmhd2c mMacl6
0.5 q
X x y Z
E 04 —t '8 y 1
1 i Y
5.0.3 :
=
< 0.2 1
g
& 0.1
0
Control ABA
D
1.4 - SLACI
S 124 X X
5 08 y
o
= 0.6
=
& 0.4 4 ”
0.2 1 1
0
S > < O
$ @ F$

Stomatal closure and gene expression analysis under stress in hd2 mutant lines. (A) Images of stomatal pore opening and closure observed in
WT, hd2a, hd2c, and Macl6 under control and ABA-induced stress (scale bar: 50 pm). (B) Stomatal aperture measured as width/length of
stomatal pores in WT, hd2a, hd2c, and Mac16 under control and ABA-induced stress. Data shown are means + standard errors from at least 150
stomata. Three independent experiments were performed in this test. In each experiment, stomatal measurements were taken from three plants
of each genotype (two leaves per plant). (C, D) Relative expression of ABI1 and ABI2 (C) and SLACI (D) in WT, hd2a, hd2c, and Macl6 under
drought conditions. Data shown are means + standard errors (n = 3). (B-D) The significance of the differences between different genotypes was
determined by one-way ANOVA followed by post-hoc Tukey's HSD tests. Lowercase letters indicate significant differences (p < 0.01).

significantly upregulated in response to ABA and PEG. GA20x2
showed many fold higher expression as compared to the
GAZ2o0x1. These results indicate that GA20oxI and GA2o0x2 are
upregulated in drought stress response via ABA pathway and
their expression is co-regulated by HD2A and HD2C, possibly
through histone acetylation modification in response to ABA
and osmotic stress.

Bioactive gibberellic acid GA4 serves as a substrate for
GA2ox-mediated GA catabolism and GA3 is not considered
its substrate. Upregulation of GA20x genes leads to the lower
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levels of GA4 and GALI in Arabidopsis (Yamauchi et al., 2007;
Rieu et al., 2008; Li et al, 2017). We thus examined the
primary root lengths in hd2 mutants under GA4 and
GA3 treatments. The hd2 mutant lines did not show any
difference in root phenotype under 1 uM of GA4 treatment,
with a slight increase in root lengths under 10 uM of GA4
(Figure 8H). However, GA3 treatments (1 uM and 10 uM)
in hd2 mutants led to a significant increase in primary root
lengths of Macl6 as compared to the hd2a, hd2c, and
WT (Figure 8I).
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Root growth in hd2 mutants under control and osmotic stress. Images of root growth in 10-day old WT, hd2a, hd2c, and Macl6 seedlings under
control (A) and PEG-6000 (10%) conditions (C). (B, D) Primary root lengths measured in 10-day old WT, hd2a, hd2c, and Mac16 seedlings

under control (B) and PEG-6000 (D) conditions. (E) Secondary root number counted in 10-day old WT, hd2a, hd2c, and Macl6 seedlings under
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differences between different genotypes was determined by one-way ANOVA followed by post-hoc Tukey's HSD tests. Lowercase letters
indicate significant differences (p < 0.05).
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HD2A and HD2C decrease H3K9 acetylation level and coregulate root growth via GA2ox-mediated GA catabolism. (A-C) Western blots and
relative intensities of H3K9ac/H3 in hd2 mutants (A), HD2A-OE (B), and HD2C-OE (C) lines. The fold changes in the relative intensities of
H3K9ac/H3 were normalized to WT. The intensities of blotting signals were quantified using Image J software. Data shown are means +
standard errors (n = 3) from three independent experiments. The significance of the differences between different genotypes was determined by
one-way ANOVA followed by post-hoc Tukey's HSD tests (A) and Student's t test (B-C). Lowercase letters or asterisks indicate significant
differences at p < 0.01. (D-G) Relative expression of GA2ox1 and GA20ox2 genes in hd2 mutants (D), HD2A-OE (E), and HD2C-OE (F) lines in 10-
day old seedlings under control conditions. (G) Relative expression of GA2ox1 and GA20x2 genes in WT under control, ABA (100 pyM), and PEG-
6000 conditions. Data shown are means + standard errors (n = 3) from three independent experiments. The significance of the differences
between different genotypes in (D) was determined by one-way ANOVA followed by post-hoc Tukey's HSD tests. The significance of

the differences between different genotypes in (E-G) was determined by Student's t test. Lowercase letters indicate significant differences at

p < 0.01, whereas asterisks indicate significant differences at *p < 0.05, **p < 0.01. (H, 1) Primary root lengths measured in 10-day old WT, hd2a,
hd2c, and Mac16 seedlings under GA4 (1 uM and 10 pM) (H) and GA3 (1 uM and 10 pM) (l) treatments. Data shown are means + standard errors
(n = 60). Three independent experiments were performed in this test. In each experiment, 20 seedlings of each genotype were used to measure
the primary root lengths. The significance of the differences between different genotypes was determined by one-way ANOVA followed by

10.3389/fpls.2022.1062722

post-hoc Tukey's HSD tests. Lowercase letters indicate significant differences (p < 0.01).

HD2A and HD2C physically interact with
each other

The additive effect of HD2A and HD2C in drought stress
response and root growth led us to investigate if HD2A and
HD2C can physically interact with each other. To study this
protein-protein interaction, we performed yeast two-hybrid
(Y2H) and bimolecular fluorescent complementation (BiFC)
assays. In Y2H assays, the yeast strains containing constructs
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HD2A-AD or HD2C-AD along with an empty vector (pGBKT?7)
did not grow on selective medium QDO and QDO/X/A.
However, when co-transformed with constructs expressing
HD2A-AD and HD2C-BK (or HD2A-BK and HD2C-AD),
yeast cells developed colonies on QDO and QDO/X/A,
indicating a physical interaction of the HD2A and HD2C
(Figure 9A). To further confirm this protein interaction in the
plant host, BiFC assays were performed. The HD2A-YN or
HD2C-YN construct did not show any YFP signal (yellow
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negative control. Three independent experiments were performed in this test. (scale bar 50 um).

fluorescence) when co-transformed with an empty
pEarleyGate202-YC vector. YFP signal in leaves was observed
when both HD2A-YN and HD2C-YC constructs (or HD2A-YC
and HD2C-YN) were infiltrated together, again indicating a
physical interaction of HD2A and HD2C (Figure 9B).

Discussion

In this study, we demonstrated that HD2A and HD2C
positively regulate the plant response to drought stress and
coordinate to regulate the expression of genes involved in
ABA-mediated stomatal closure and GA-mediated root growth
under drought stress. First, we showed that all Arabidopsis HD2
genes were significantly upregulated in response to the initial
stage of drought stress (Figure 1). The upregulation of the HD2
family genes indicate that all members of HD2 family may be
involved in the drought stress response. Previously, Arabidopsis
plants treated with cold temperature showed the upregulation of
the HD2A, HD2B and HD2C (To et al., 2011). Similarly, HD2A
and HD2C were also shown to be upregulated under heat stress
(Buszewicz et al., 2016). However, salt and ABA treatments
resulted in the downregulation of HD2 genes in Arabidopsis
(Luo et al,, 2012¢). Additionally, we demonstrated that both
HD2A and HD2C positively regulate the drought stress

Frontiers in Plant Science

13

response. Overexpression of HD2A or HD2C resulted in
enhanced plant survival under drought and showed decreased
water loss (Figure 3). On the other hand, the single mutants hd2a
and hd2c showed lower plant survival under drought stress and
showed increased water loss. Knockout of both HD2A and
HD2C resulted in a significantly lower survival and increased
water loss in the Macl6 as compared to the hd2a and hd2c
(Figure 2). Previously, HD2C has been shown to be involved in
ABA and abiotic stress responses. Overexpression of HD2C
showed increased tolerance to ABA and salt (Sridha and Wu,
2006). Luo et al. (2012¢) reported that the double mutant line
hd2c.hda6 had decreased tolerance to ABA and salt stresses as
compared to the single mutants hd2c and hda6.

Under restricted water supply, stomata are closed to
minimise water loss by transpiration. We investigated if
decreased survival and increased water loss in hd2 mutants is
related to the functioning of stomata. Overexpression of HD2A
or HD2C caused stomata to close completely in response to ABA
(Figure 4). Whereas the Macl6 showed significantly larger
stomatal aperture (i.e., stomata did not close) under ABA as
compared to both single mutants (Figures 5A, B), suggesting that
the decreased survival of the Macl6 under drought stress is
related to increased water loss from the leaves due to modified
stomatal functioning. ABA-mediated signalling causes the
upregulation of SLACI via SnRK2/OST1 phosphorylation to
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initiate stomatal closure under drought stress (Zhang et al., 2016;
Bharath et al, 2021). ABI1 and ABI2 are considered negative
regulators of ABA-mediated stomatal closure and inhibit the
expression of the SLACI by dephosphorylating and subsequently
down-regulating SnRK2/OST1 (Vahisalu et al., 2008; Roelfsema
et al,, 2012; Munemasa et al., 2015; Zhang et al., 2016). We thus
analysed the expression of ABII, ABI2, and SLACI in hd2
mutants under drought stress. Although the hd2a mutant did
not show any significant change in the expression of the ABII
and ABI2, both gene were significantly upregulated in the hd2c
mutant. Knockout of both HD2A and HD2C caused the further
elevation of both ABII and ABI2 genes in the double mutant
Macl6 as compared to the single mutants (Figure 5C). Lower
expression of the HD2A and HD2C genes corresponds to the
higher expression of ABIl and ABI2. Furthermore, the
expression of the SLACI was not affected in the hd2a and
decreased significantly in the hd2c with a further decrease
observed in the Macl6 as compared to the hd2c (Figure 5D).
The higher expression of ABII and ABI2 corresponds with the
lower expression of the SLACI, resulting in the modification of
stomatal opening and closing pattern in the Mac16 under stress.
Moreover, higher H3K9 acetylation levels were observed in the
Macl6 as compared to the single mutants (Figure 8A).
Regulation of ABII and ABI2 gene expression is associated
with the status of histone acetylation (Luo et al., 2012¢). Our
findings indicate that HD2A and HD2C coordinate to regulate
the drought stress by modulating the expression of the ABII,
ABI2, and SLACI, thus leading to ABA-mediated stomatal
closure under drought stress.

Plants deal with the drought stress mainly in two organs
including roots (to absorb water) and leaves (to retain water).
Stomatal closure is one of the initial responses of plants to
drought stress to maintain water status (Bharath et al., 2021).
Persistent drought conditions cause the plants to modify root
growth system to enhance their capability of absorbing soil water
(Rosales et al., 2019). Water uptake by a plant is dependent on its
root system architecture, which is determined by primary root
growth and branching (Brunner et al., 2015; Rosales et al., 2019).
We investigated whether the HD2A and HD2C play a role in
regulating root growth under drought stress. Increased primary
root length was observed in both HD2A and HD2C
overexpression lines under control and osmotic stress
conditions. These overexpression lines also displayed more
secondary roots (Figure 6). Conversely, primary root length
was significantly decreased in the Macl6 as compared to the
single mutants under control conditions (Figures 7A, B).
Application of osmotic stress (PEG) caused a significant
decrease in primary root lengths of both hd2a and hd2c, and it
was further decreased to a larger extent in the Mac16 under PEG
stress (Figures 7C, D). For secondary roots, no difference was
observed in the hd2c, whereas the hd2a showed lower number of
secondary roots, compared to WT. However, knockout of both
HD2A and HD2C resulted in a significant decrease in the
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number of secondary roots in Macl6 (Figure 7E). Li et al
(2017) reported that the double mutant hd2a.hd2b showed
shorter roots as compared to the hd2a and hd2b.
Overexpression of the HD2C showed increased root lengths
under ABA and salt treatments, whereas the hd2c mutant line
displayed shorter root lengths (Sridha and Wu, 2006).

The GA2o0x enzymes play a significant role in maintaining a
dynamic homeostasis of bioactive GAs for normal plant root
growth. Histone acetylation modifications are well correlated
with gene transcriptional regulation in plant abiotic stress
response (Yuan et al., 2013; Chen et al., 2020). Transcriptional
activation of GA20x genes is associated with the modification of
histone acetylation status triggered by different abiotic stresses
(Rieu et al., 2008; Liu et al., 2010; Colebrook et al., 2014; Lee
et al, 2016; Ravindran et al., 2017; Chen et al., 2019). Previously,
knockout of both HD2A and HD2B were shown to cause the
hyperacetylation of histone H3 at GA20x2 gene locus, resulting
in the upregulation of the GA20x2, which lead to shorter root
lengths in the double mutant hd2a.hd2b (Li et al., 2017). In this
study, we found higher H3K9 acetylation levels in the double
mutant Macl6 as compared to the hd2a and hd2c, whereas
decreased H3K9 acetylation levels were detected in the HD2A
and HD2C overexpression lines (Figures 8A, C). Furthermore,
expression of GA2ox1 and GA20x2 was significantly upregulated
in the Macl6 as compared to the single mutants (Figure 8D) and
downregulated in both HD2A and HD2C overexpression lines
(Figures 8E, I'). We also showed that the expression of GA20x1
and GA20x2 was upregulated in response to ABA and PEG
treatments in WT (Figure 8G). This indicates that the GA2o0x
genes are activated in response to stress signals to control root
growth via GA catabolism. ABA accumulation under drought
stress causes the upregulation of GA2ox genes via histone
acetylation modification which leads to the lower levels of
bioactive GAs (Footitt et al,, 2011; Lee et al, 2016; Liu and
Hou, 2018). Bioactive gibberellic acid GA4 serves as a substrate
for GA2ox-mediated GA catabolism, whereas GA3 is not
considered a substrate (Yamauchi et al., 2007; Rieu et al., 2008;
Li et al,, 2017). Yamauchi et al. (2007) reported that the ga2ox2
mutant plants had higher levels of GA4. Moreover, GA4 has
been shown to enhance root and shoot lengths (Cowling et al,
1998). We examined the primary root lengths in hd2 mutants
under GA4 and GA3 treatments. The hd2 mutant lines did not
show any differences in the primary root lengths under 1 uM of
GA4. However, 1 UM of GA3 treatment led to a significant
increase in the primary root lengths of Macl6 as compared to
the hd2a and hd2c (Figure 81). Taken together, higher levels of
H3K9 acetylation correlates with the higher expression of the
GA20x genes in the hd2 single and double mutants. Higher
expression of the GA2ox genes might be associated with the
lower levels of GA4, thus leading to decreased root growth in the
hd2 double mutant. GA3 is not considered as a substrate of
GA2ox enzymes, thus it enhanced root growth in the
hd2 mutants.

frontiersin.org


https://doi.org/10.3389/fpls.2022.1062722
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tahir et al.

The deacetylase activity of HDACs often depends on
interaction and coordination with other HDACs and
transcription factors (Yang and Seto, 2008). HD2A, HD2B and
HD2C were shown to interact with DNMT2, a methyl
transferase responsible for the methylation of DNA to mediate
gene repression (Song et al.,, 2010). HD2A, HD2C, and HD2D
were also shown to interact with HDA6 and HDA19, which are
well known for their role in the abiotic stress response.
Functional association within the HD2 family members as well
as with the RPD3-type HDACs as part of repression complexes
might be of vital importance for regulating gene expression
through histone modifications (Tahir and Tian, 2021). Here, we
investigated whether HD2A and HD2C can physically interact
with each other. The Y2H assays demonstrated that both HD2s
physically interact with each other. The BiFC assays in plant
further confirmed the interaction of these two HD2s (Figure 9).
Physical interaction between HD2s could be important to play a
collective role in regulating target gene expression, thus
mediating the drought stress response and root growth
regulation in Arabidopsis.

10.3389/fpls.2022.1062722

It is evident that all HD2 genes are involved in abiotic stress
response, indicating that HD2 proteins may not be redundant,
but are functionally either independent or coordinative and/or
complementary. These HD2s may follow different pathways to
accomplish the same functions. The working model of HD2-type
HDAG:s illustrated in Figure 10 represents the involvement and
coordination of HD2s in drought stress response. Li et al. (2017)
reported that HD2A and HD2B co-regulate plant root growth by
mediating the expression of GA2o0x genes. Han et al. (2016)
reported that the overexpression of the HD2D in Arabidopsis
resulted in enhanced tolerance to drought stress. Currently, it is
not known whether HD2D functions alone or coordinates with
other HD2s in this regard. Our study showed that HD2A and
HD2C coordinate to control water loss from leaves by controlling
the stomatal closure via ABA signalling pathway of SLACI gene
regulation. Additionally, we showed that both HD2A and HD2C
coordinate to downregulate the expression of the GA20x genes to
control root growth under drought. Thus, HD2A and HD2C play
a role in the plant at both leaf and root levels to adopt a
comprehensive strategy in responding to drought stress.
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FIGURE 10

[ Drought stress response l

The working model of HD2 family HDACs involved in drought stress response in Arabidopsis. (1: Han et al., 2016) HD2D was reported previously
as a negative regulator of primary root length. Overexpression of HD2D caused a decrease in primary root length and increase in the number of
secondary roots, and HD2D-OE plants showed enhanced tolerance to drought stress. (2: Li et al,, 2017) HD2A and HD2B were shown to
negatively coregulate the expression of GA20x2 via histone acetylation modification, leading to decreased primary root growth in hd2a.hd2b
double mutant. GA2ox genes are involved in the catabolism of bioactive gibberellins. (3) Our study showed that HD2A and HD2C coordinate to
play role at both leaf and root levels by modulating the expression of ABI1 and ABI2, involved in ABA-mediated stomatal closure, and GA2ox
genes. The knockout of both HD2A and HD2C showed abnormal stomatal functioning and decreased root growth in hd2a.hd2c double mutant,
leading to decreased drought stress response. All arrow heads represent positive regulation, while all stop lines represent negative regulation

associated with related pathways.

Frontiers in Plant Science

frontiersin.org


https://doi.org/10.3389/fpls.2022.1062722
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tahir et al.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding author.

Author contributions

MT and LT conceived the research idea. MT designed
the research, performed experiments, analyzed data, and
wrote manuscript. JK and LT participated in designing
the research. LT and JK organized and revised the manuscript.
All authors contributed to the article and approved the
submitted version.

Acknowledgments

This research was supported by a Discovery Grant from the
Natural Sciences and Engineering Research Council (NSERC).

References

Barrs, H., and Weatherley, P. (1962). A re-examination of the relative turgidity
technique for estimating water deficits in leaves. Aust. J. Biol. Sci. 15, 413-428. doi:
10.1071/B19620413

Bharath, P., Gahir, S., and Raghavendra, A. S. (2021). Abscisic acid-induced
stomatal closure: An important component of plant defense against abiotic and
biotic stress. Front. Plant Sci. 12, 615114. doi: 10.3389/fpls.2021.615114

Bihmidine, S., Lin, J., Stone, J. M., Awada, T., Specht, J. E,, and Clemente, T. E.
(2013). Activity of the arabidopsis RD29A and RD29B promoter elements in
soybean under water stress. Planta 237, 55-64. doi: 10.1007/s00425-012-1740-9

Bourque, S., Jeandroz, S., Grandperret, V., Lehotai, N., Aime, S., Soltis, D. E.,
et al. (2016). The evolution of HD2 proteins in green plants. Trends Plant Sci. 21,
1008-1016. doi: 10.1016/j.tplants.2016.10.001

Briickner, A., Polge, C., Lentze, N., Auerbach, D., and Schlattner, U. (2009).
Yeast two-hybrid, a powerful tool for systems biology. Int. J. Mol. Sci. 10, 2763—
2788. doi: 10.3390/ijms10062763

Brunner, I, Herzog, C., Dawes, M. A., Arend, M., and Sperisen, C. (2015). How
tree roots respond to drought. Front. Plant Sci. 6, 547. doi: 10.3389/fpls.2015.00547

Buszewicz, D., Archacki, R., Palusinski, A., Kotlinski, M., Fogtman, A., Iwanicka-
Nowicka, R,, et al. (2016). HD2C histone deacetylase and a SWI/SNF chromatin
remodelling complex interact and both are involved in mediating the heat stress
response in arabidopsis. Plant Cell Environ. 39, 2108-2122. doi: 10.1111/pce.12756

Chen, L. T., and Wy, K. (2010). Role of histone deacetylases HDA6 and HDA19
in ABA and abiotic stress response. Plant Signaling Behav. 5 (10), 1318-1320.

Chen, X,, Ding, A. B., and Zhong, X. (2020). Functions and mechanisms of plant
histone deacetylases. Sci. China Life Sci. 63, 206-216. doi: 10.1007/s11427-019-
1587-x

Chen, H.-I, Li, P.-F,, and Yang, C.-H. (2019). NAC-like gene gibberellin suppressing
factor regulates the gibberellin metabolic pathway in response to cold and drought
stresses in arabidopsis. Sci. Rep. 9, 1-17. doi: 10.1038/541598-019-55429-8

Chen, X,, Lu, L, Qian, S., Scalf, M., Smith, L. M., and Zhong, X. (2018).
Canonical and noncanonical actions of arabidopsis histone deacetylases in
ribosomal RNA processing. Plant Cell 30, 134-152. doi: 10.1105/tpc.17.00626

Colebrook, E. H., Thomas, S. G., Phillips, A. L., and Hedden, P. (2014). The role
of gibberellin signalling in plant responses to abiotic stress. J. Exp. Biol. 217, 67-75.
doi: 10.1242/jeb.089938

Frontiers in Plant Science

16

10.3389/fpls.2022.1062722

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1062722/full#supplementary-material

Cowling, R. J., Kamiya, Y., Seto, H., and Harberd, N. P. (1998). Gibberellin dose-
response regulation of GA4 gene transcript levels in arabidopsis. Plant Physiol. 117,
1195-1203. doi: 10.1104/pp.117.4.1195

Cutler, S. R., Rodriguez, P. L., Finkelstein, R. R,, and Abrams, S. R. (2010).
Abscisic acid: emergence of a core signaling network. Annu. Rev. Plant Biol. 61,
651-679. doi: 10.1146/annurev-arplant-042809-112122

Dangl, M., Brosch, G., Haas, H., Loidl, P., and Lusser, A. (2001). Comparative
analysis of HD2 type histone deacetylases in higher plants. Planta 213, 280-285.
doi: 10.1007/5004250000506

Earley, K. W., Haag, J. R., Pontes, O., Opper, K., Juehne, T., Song, K., et al.
(2006). Gateway-compatible vectors for plant functional genomics and proteomics.
Plant J. 45, 616-629. doi: 10.1111/j.1365-313X.2005.02617.x

Eisele, J. F., Fifiler, F., Biirgel, P. F., and Chaban, C. (2016). A rapid and simple
method for microscopy-based stomata analyses. PloS One 11, €0164576. doi:
10.1371/journal.pone.0164576

Farhi, J., Tian, G., Fang, H., Maxwell, D, Xing, T., and Tian, L. (2017). Histone
deacetylase HD2D is involved in regulating plant development and flowering time
in arabidopsis. Plant Signaling Behav. 12, e1300742. doi: 10.1080/
15592324.2017.1300742

Footitt, S., Douterelo-Soler, I, Clay, H., and Finch-Savage, W. E. (2011).
Dormancy cycling in arabidopsis seeds is controlled by seasonally distinct
hormone-signaling pathways. Proc. Natl. Acad. Sci. 108, 20236-20241. doi:
10.1073/pnas.1116325108

Fujita, Y., Fujita, M., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2011). ABA-
mediated transcriptional regulation in response to osmotic stress in plants. J. Plant
Res. 124, 509-525. doi: 10.1007/s10265-011-0412-3

Ge, H,, Li, X, Chen, S., Zhang, M., Liu, Z., Wang, J., et al. (2018). The expression
of CARK1 or RCARI1 driven by synthetic promoters increases drought tolerance
in arabidopsis thaliana. Int. J. Mol. Sci. 19, 1945. doi: 10.3390/ijms19071945

Guo, Z, Li, Z, Liu, Y., An, Z,, Peng, M., Shen, W. H,, et al (2020). MRG1/2
histone methylation readers and HD2C histone deacetylase associate in repression
of the florigen gene FT to set a proper flowering time in response to day-length
changes. New Phytologist 227 (5), 1453-1466.

Han, Z., Yu, H., Zhao, Z., Hunter, D., Luo, X., Duan, J., et al. (2016). AtHD2D
gene plays a role in plant growth, development, and response to abiotic stresses in
arabidopsis thaliana. Front. Plant Sci. 7, 310. doi: 10.3389/fpls.2016.00310

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1062722/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1062722/full#supplementary-material
https://doi.org/10.1071/BI9620413
https://doi.org/10.3389/fpls.2021.615114
https://doi.org/10.1007/s00425-012-1740-9
https://doi.org/10.1016/j.tplants.2016.10.001
https://doi.org/10.3390/ijms10062763
https://doi.org/10.3389/fpls.2015.00547
https://doi.org/10.1111/pce.12756
https://doi.org/10.1007/s11427-019-1587-x
https://doi.org/10.1007/s11427-019-1587-x
https://doi.org/10.1038/s41598-019-55429-8
https://doi.org/10.1105/tpc.17.00626
https://doi.org/10.1242/jeb.089938
https://doi.org/10.1104/pp.117.4.1195
https://doi.org/10.1146/annurev-arplant-042809-112122
https://doi.org/10.1007/s004250000506
https://doi.org/10.1111/j.1365-313X.2005.02617.x
https://doi.org/10.1371/journal.pone.0164576
https://doi.org/10.1080/15592324.2017.1300742
https://doi.org/10.1080/15592324.2017.1300742
https://doi.org/10.1073/pnas.1116325108
https://doi.org/10.1007/s10265-011-0412-3
https://doi.org/10.3390/ijms19071945
https://doi.org/10.3389/fpls.2016.00310
https://doi.org/10.3389/fpls.2022.1062722
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tahir et al.

Hartley, J. L., Temple, G. F., and Brasch, M. A. (2000). DNA Cloning using
in vitro site-specific recombination. Genome Res. 10, 1788-1795. doi: 10.1101/
gr.143000

Hopkins, W., and Hiiner, N. (2008). Secondary metabolites. introduction to plant
physiology. 4th ed (Hoboken, NJ, USA: John Wiley & Sons, Inc).

Jiang, Y., Macdonald, S. E., and Zwiazek, J. J. (1995). Effects of cold storage and
water stress on water relations and gas exchange of white spruce (Picea glauca)
seedlings. Tree Physiol. 15, 267-273. doi: 10.1093/treephys/15.4.267

Kapazoglou, A., and Tsaftaris, A. (2011). Epigenetic chromatin regulators as
mediators of abiotic stress responses in cereals. Abiotic Stress Plants-Mech. Adapt.
17, 395-414. doi: 10.5772/36025

Kidner, C. A., and Martienssen, R. A. (2004). Spatially restricted microRNA
directs leaf polarity through ARGONAUTEL. Nature 428 (6978), 81-84.

Kim, J.-M., Sasaki, T., Ueda, M., Sako, K., and Seki, M. (2015). Chromatin
changes in response to drought, salinity, heat, and cold stresses in plants. Front.
Plant Sci. 6, 114. doi: 10.3389/fpls.2015.00114

Kouzarides, T. (2007). Chromatin modifications and their function. Cell 128,
693-705. doi: 10.1016/j.cell.2007.02.005

Kuang, J.-F., Chen, ].-Y,, Luo, M., Wu, K.-Q,, Sun, W, Jiang, Y.-M., et al. (2012).
Histone deacetylase HD2 interacts with ERFI and is involved in longan fruit
senescence. J. Exp. Bot. 63, 441-454. doi: 10.1093/jxb/err290

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X:
molecular evolutionary genetics analysis across computing platforms. Mol. Biol.
Evol. 35, 1547. doi: 10.1093/molbev/msy096

Kurdistani, S. K., Tavazoie, S., and Grunstein, M. (2004). Mapping global histone
acetylation patterns to gene expression. Cell 117, 721-733. doi: 10.1016/
j.cell.2004.05.023

Landjeva, S., Neumann, K., Lohwasser, U., and Borner, A. (2008). Molecular
mapping of genomic regions associated with wheat seedling growth under osmotic
stress. Biol. Plant. 52, 259-266. doi: 10.1007/s10535-008-0056-x

Lee, S. A, Jang, S., Yoon, E. K,, Heo, J.-O., Chang, K. S., Choi, ]. W, et al. (2016).
Interplay between ABA and GA modulates the timing of asymmetric cell divisions
in the arabidopsis root ground tissue. Mol. Plant 9, 870-884. doi: 10.1016/
j.molp.2016.02.009

Lesk, C., Rowhani, P., and Ramankutty, N. (2016). Influence of extreme
weather disasters on global crop production. Nature 529, 84-87. doi: 10.1038/
naturel6467

Lim, C. ], Park, J., Shen, M., Park, H. J., Cheong, M. S, Park, K. S,, et al. (2020).
The histone-modifying complex PWR/HOS15/HD2C epigenetically regulates cold
tolerance. Plant Physiol. 184, 1097-1111. doi: 10.1104/pp.20.00439

Li, H., Torres-Garcia, J., Latrasse, D., Benhamed, M., Schilderink, S., Zhou, W.,
etal. (2017). Plant-specific histone deacetylases HDT1/2 regulate GIBBERELLIN 2-
OXIDASE2 expression to control arabidopsis root meristem cell number. Plant Cell
29, 2183-2196. doi: 10.1105/tpc.17.00366

Liu, X., and Hou, X. (2018). Antagonistic regulation of ABA and GA in
metabolism and signaling pathways. Front. Plant Sci. 9, 251. doi: 10.3389/
fpls.2018.00251

Liu, X,, Yang, S., Zhao, M., Luo, M., Yu, C.-W., Chen, C.-Y,, et al. (2014).
Transcriptional repression by histone deacetylases in plants. Mol. Plant 7, 764-772.
doi: 10.1093/mp/ssu033

Liu, Y., Ye, N,, Liu, R,, Chen, M., and Zhang, J. (2010). H202 mediates the
regulation of ABA catabolism and GA biosynthesis in arabidopsis seed dormancy
and germination. J. Exp. Bot. 61, 2979-2990. doi: 10.1093/jxb/erq125

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2- AACT method. methods 25, 402—
408. doi: 10.1006/meth.2001.1262

Luo, M, Liu, X, Singh, P., Cui, Y., Zimmerli, L., and Wu, K. (2012a). Chromatin
modifications and remodeling in plant abiotic stress responses. Biochim. Biophys.
Acta -Gene Regul. Mech. 1819, 129-136. doi: 10.1016/j.bbagrm.2011.06.008

Luo, M., Wang, Y., Liu, X, Yang, S., Lu, Q,, Cui, Y., et al. (2012¢). HD2C
interacts with HDA6 and is involved in ABA and salt stress response in arabidopsis.
J. Exp. Bot. 63, 3297-3306. doi: 10.1093/jxb/ers059

Ma, X,, Lv, S., Zhang, C., and Yang, C. (2013). Histone deacetylases and their
functions in plants. Plant Cell Rep. 32, 465-478. doi: 10.1007/500299-013-1393-6

Msanne, J., Lin, J., Stone, J. M., and Awada, T. (2011). Characterization of abiotic
stress-responsive arabidopsis thaliana RD29A and RD29B genes and evaluation of
transgenes. Planta 234, 97-107. doi: 10.1007/s00425-011-1387-y

Munemasa, S., Hauser, F., Park, J.,, Waadt, R., Brandt, B., and Schroeder, J. 1.
(2015). Mechanisms of abscisic acid-mediated control of stomatal aperture. Curr.
Opin. Plant Biol. 28, 154-162. doi: 10.1016/j.pbi.2015.10.010

Pandey, R., Mueller, A., Napoli, C. A., Selinger, D. A., Pikaard, C. S., Richards, E.
J., et al. (2002). Analysis of histone acetyltransferase and histone deacetylase
families of arabidopsis thaliana suggests functional diversification of chromatin

Frontiers in Plant Science

17

10.3389/fpls.2022.1062722

modification among multicellular eukaryotes. Nucleic Acids Res. 30, 5036-5055.
doi: 10.1093/nar/gkf660

Park, J., Lim, C. J., Shen, M., Park, H. J., Cha, J.-Y., Iniesto, E., et al. (2018).
Epigenetic switch from repressive to permissive chromatin in response to cold
stress. Proc. Natl. Acad. Sci. 115, E5400-E5409. doi: 10.1073/pnas.1721241115

Ravindran, P., Verma, V., Stamm, P., and Kumar, P. P. (2017). A novel RGL2-
DOF6 complex contributes to primary seed dormancy in arabidopsis thaliana by
regulating a GATA transcription factor. Mol. Plant 10, 1307-1320. doi: 10.1016/
j.molp.2017.09.004

Rieu, L, Eriksson, S., Powers, S. J., Gong, F., Griffiths, J., Woolley, L., et al. (2008).
Genetic analysis reveals that C19-GA 2-oxidation is a major gibberellin inactivation
pathway in arabidopsis. Plant Cell 20, 2420-2436. doi: 10.1105/tpc.108.058818

Roelfsema, M. R. G., Hedrich, R., and Geiger, D. (2012). Anion channels: master
switches of stress responses. Trends Plant Sci. 17, 221-229. doi: 10.1016/
j.tplants.2012.01.009

Rosales, M. A., Maurel, C., and Nacry, P. (2019). Abscisic acid coordinates dose-
dependent developmental and hydraulic responses of roots to water deficit. Plant
Physiol. 180, 2198-2211. doi: 10.1104/pp.18.01546

Rosegrant, M. W., and Cline, S. A. (2003). Global food security: challenges and
policies. Science 302, 1917-1919. doi: 10.1126/science.1092958

Sah, S. K, Reddy, K. R, and Li, J. (2016). Abscisic acid and abiotic stress
tolerance in crop plants. Front. Plant Sci. 7, 571. doi: 10.3389/fpls.2016.00571

Scarpeci, T. E., Zanor, M. L, and Valle, E. M. (2017). Estimation of stomatal
aperture in arabidopsis thaliana using silicone rubber imprints. Bio-protocol 7,
€2347-€2347. doi: 10.21769/BioProtoc.2347

Schweighofer, A., Hirt, H., and Meskiene, I. (2004). Plant PP2C phosphatases:
emerging functions in stress signaling. Trends Plant Sci. 9, 236-243. doi: 10.1016/
j-tplants.2004.03.007

Shinozaki, K., Yamaguchi-Shinozaki, K., and Seki, M. (2003). Regulatory
network of gene expression in the drought and cold stress responses. Curr. Opin.
Plant Biol. 6, 410-417. doi: 10.1016/S1369-5266(03)00092-X

Song, Y., Wu, K., Dhaubhadel, S., An, L., and Tian, L. (2010). Arabidopsis DNA
methyltransferase AADNMT?2 associates with histone deacetylase AtHD2s activity.
Biochem. Biophys. Res. Commun. 396, 187-192. doi: 10.1016/j.bbrc.2010.03.119

Sparkes, I. A., Runions, J., Kearns, A., and Hawes, C. (2006). Rapid, transient
expression of fluorescent fusion proteins in tobacco plants and generation of stably
transformed plants. Nat. Protoc. 1, 2019-2025. doi: 10.1038/nprot.2006.286

Sridha, S., and Wu, K. (2006). Identification of AtHD2C as a novel regulator of
abscisic acid responses in arabidopsis. Plant J. 46, 124-133. doi: 10.1111/§.1365-
313X.2006.02678.x

Tahir, M. S., and Tian, L. (2021). HD2-type histone deacetylases: unique
regulators of plant development and stress responses. Plant Cell Rep. 40, 1603—
1615. doi: 10.1007/s00299-021-02688-3

Tian, G., Lu, Q., Zhang, L., Kohalmi, S. E., and Cui, Y. (2011). Detection of
protein interactions in plant using a gateway compatible bimolecular fluorescence
complementation (BiFC) system. JoVE (J. Vis. Exp.) 55, €3473. doi: 10.3791/3473

To, T. K., Nakaminami, K., Kim, J.-M., Morosawa, T., Ishida, J., Tanaka, M.,
et al. (2011). Arabidopsis HDA6 is required for freezing tolerance. Biochem.
Biophys. Res. Commun. 406, 414-419. doi: 10.1016/j.bbrc.2011.02.058

Ubeda-Tomas, S., Federici, F., Casimiro, I, Beemster, G. T, Bhalerao, R., Swarup, R,
et al. (2009). Gibberellin signaling in the endodermis controls arabidopsis root
meristem size. Curr. Biol. 19, 1194-1199. doi: 10.1016/j.cub.2009.06.023

Ueno, Y., Ishikawa, T., Watanabe, K., Terakura, S., Iwakawa, H., Okada, K., et al.
(2007). Histone deacetylases and ASYMMETRIC LEAVES2 are involved in the
establishment of polarity in leaves of Arabidopsis. Plant Cell 19, 445-457.

Urano, K., Kurihara, Y., Seki, M., and Shinozaki, K. (2010). ‘Omics’ analyses of
regulatory networks in plant abiotic stress responses. Curr. Opin. Plant Biol. 13,
132-138. doi: 10.1016/j.pbi.2009.12.006

Vabhisalu, T., Kollist, H., Wang, Y.-F., Nishimura, N., Chan, W.-Y., Valerio, G.,
et al. (2008). SLACL is required for plant guard cell s-type anion channel function
in stomatal signalling. Nature 452, 487-491. doi: 10.1038/nature06608

Wilkinson, S., and Davies, W. J. (2002). ABA-based chemical signalling: the co-
ordination of responses to stress in plants. Plant Cell Environ. 25, 195-210. doi:
10.1046/j.0016-8025.2001.00824.x

Wise, A. A., Liu, Z., and Binns, A. N. (2006). “Three methods for the
introduction of foreign DNA into agrobacterium,” in Agrobacterium protocols
(Springer: Humana Press) 43-54.

Yamauchi, Y., Takeda-Kamiya, N., Hanada, A., Ogawa, M., Kuwahara, A., Seo,
M., et al. (2007). Contribution of gibberellin deactivation by AtGA20x2 to the
suppression of germination of dark-imbibed arabidopsis thaliana seeds. Plant Cell
Physiol. 48, 555-561. doi: 10.1093/pcp/pcm023

Yang, X.-J,, and Seto, E. (2008). Lysine acetylation: codified crosstalk with other
posttranslational modifications. Mol. Cell 31, 449-461. doi: 10.1016/j.molcel.2008.07.002

frontiersin.org


https://doi.org/10.1101/gr.143000
https://doi.org/10.1101/gr.143000
https://doi.org/10.1093/treephys/15.4.267
https://doi.org/10.5772/36025
https://doi.org/10.3389/fpls.2015.00114
https://doi.org/10.1016/j.cell.2007.02.005
https://doi.org/10.1093/jxb/err290
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1016/j.cell.2004.05.023
https://doi.org/10.1016/j.cell.2004.05.023
https://doi.org/10.1007/s10535-008-0056-x
https://doi.org/10.1016/j.molp.2016.02.009
https://doi.org/10.1016/j.molp.2016.02.009
https://doi.org/10.1038/nature16467
https://doi.org/10.1038/nature16467
https://doi.org/10.1104/pp.20.00439
https://doi.org/10.1105/tpc.17.00366
https://doi.org/10.3389/fpls.2018.00251
https://doi.org/10.3389/fpls.2018.00251
https://doi.org/10.1093/mp/ssu033
https://doi.org/10.1093/jxb/erq125
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.bbagrm.2011.06.008
https://doi.org/10.1093/jxb/ers059
https://doi.org/10.1007/s00299-013-1393-6
https://doi.org/10.1007/s00425-011-1387-y
https://doi.org/10.1016/j.pbi.2015.10.010
https://doi.org/10.1093/nar/gkf660
https://doi.org/10.1073/pnas.1721241115
https://doi.org/10.1016/j.molp.2017.09.004
https://doi.org/10.1016/j.molp.2017.09.004
https://doi.org/10.1105/tpc.108.058818
https://doi.org/10.1016/j.tplants.2012.01.009
https://doi.org/10.1016/j.tplants.2012.01.009
https://doi.org/10.1104/pp.18.01546
https://doi.org/10.1126/science.1092958
https://doi.org/10.3389/fpls.2016.00571
https://doi.org/10.21769/BioProtoc.2347
https://doi.org/10.1016/j.tplants.2004.03.007
https://doi.org/10.1016/j.tplants.2004.03.007
https://doi.org/10.1016/S1369-5266(03)00092-X
https://doi.org/10.1016/j.bbrc.2010.03.119
https://doi.org/10.1038/nprot.2006.286
https://doi.org/10.1111/j.1365-313X.2006.02678.x
https://doi.org/10.1111/j.1365-313X.2006.02678.x
https://doi.org/10.1007/s00299-021-02688-3
https://doi.org/10.3791/3473
https://doi.org/10.1016/j.bbrc.2011.02.058
https://doi.org/10.1016/j.cub.2009.06.023
https://doi.org/10.1016/j.pbi.2009.12.006
https://doi.org/10.1038/nature06608
https://doi.org/10.1046/j.0016-8025.2001.00824.x
https://doi.org/10.1093/pcp/pcm023
https://doi.org/10.1016/j.molcel.2008.07.002
https://doi.org/10.3389/fpls.2022.1062722
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tahir et al.

Yuan, L., Liu, X,, Luo, M,, Yang, S., and Wu, K. (2013). Involvement of histone
modifications in plant abiotic stress responses. J. Integr. Plant Biol. 55, 892-901.
doi: 10.1111/jipb.12060

Zhang, X., Henriques, R, Lin, S.-S.,, Niu, Q.-W,, and Chua, N.-H. (2006).
Agrobacterium-mediated transformation of arabidopsis thaliana using the floral
dip method. Nat. Protoc. 1, 641-646. doi: 10.1038/nprot.2006.97

Zhang, A., Ren, H.-M,, Tan, Y.-Q,, Qi, G.-N,, Yao, F.-Y., Wu, G.-L,, et al. (2016).
S-type anion channels SLAC1 and SLAH3 function as essential negative regulators

Frontiers in Plant Science

18

10.3389/fpls.2022.1062722

of inward k+ channels and stomatal opening in arabidopsis. Plant Cell 28, 949-965.
doi: 10.1105/tpc.15.01050

Zhou, B.-R., Feng, H., Kato, H,, Dai, L., Yang, Y., Zhou, Y., et al. (2013).
Structural insights into the histone HI-nucleosome complex. Proc. Natl. Acad. Sci.
110, 19390-19395. doi: 10.1073/pnas.1314905110

Zhu, J., Jeong, J. C., Zhu, Y., Sokolchik, I., Miyazaki, S., Zhu, J.-K,, et al. (2008).
Involvement of arabidopsis HOS15 in histone deacetylation and cold tolerance.
Proc. Natl. Acad. Sci. 105, 4945-4950. doi: 10.1073/pnas.0801029105

frontiersin.org


https://doi.org/10.1111/jipb.12060
https://doi.org/10.1038/nprot.2006.97
https://doi.org/10.1105/tpc.15.01050
https://doi.org/10.1073/pnas.1314905110
https://doi.org/10.1073/pnas.0801029105
https://doi.org/10.3389/fpls.2022.1062722
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	HD2A and HD2C co-regulate drought stress response by modulating stomatal closure and root growth in Arabidopsis
	Introduction
	Material and methods
	Phylogenetic analysis
	Plant materials and growth conditions
	Generation of plasmid constructs and transgenic plants
	Gene expression analysis
	Western blot analysis
	Drought stress treatment
	Leaf relative water content measurement
	Fresh leaf water loss measurement
	Stomatal aperture measurement
	Root growth phenotype analysis
	Yeast-two hybrid assay
	Bimolecular fluorescence complementation assay
	Statistical analysis

	Results
	HD2 family HDACs respond to drought stress in Arabidopsis
	Arabidopsis HD2A and HD2C positively regulate plant response to drought stress
	HD2A and HD2C co-regulate stomatal closure under stress
	HD2A and HD2C play a role in regulating root growth
	HD2A and HD2C decrease H3K9 acetylation and co-regulate GA2ox gene expression to maintain root growth
	HD2A and HD2C physically interact with each other

	Discussion
	Data availability statement
	Author contributions
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


