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Abstract: Stress-inducible genes undergo epigenetic modifications under stress conditions.
To investigate if HSP17, of which transcripts accumulate in plant cells under stress, is regulated
through epigenetic mechanisms under drought stress, 5-day-old barley (Hordeum vulgare cv. Carina)
plants were subjected to progressive drought through water withholding for 22 days. Changes in
physiological status and expression of HSP17 gene were monitored in primary leaves of control
and drought-treated plants every two days. Twelve days after drought started, control and
drought-treated plants were analyzed by chromatin-immunoprecipitation using antibodies against
three histone modifications (H3K4me3, H3K9ac, and H3K9me2) and H3 itself. Already after four
days of drought treatment, stomatal conductance was severely decreased. Thereafter, maximum
and quantum yield of photosystem II (PSII), regulated and non-regulated energy dissipation in PSII,
and later also chlorophyll content, were affected by drought, indicating the stress-induced onset of
senescence. At the 12th day of drought, before leaf water content declined, expression of HSP17
gene was increased two-fold in drought-treated plants compared to the controls. Twelve days of
drought caused an increase in H3 and a loss in H3K9me2 not only at HSP17, but also at constitutively
transcribed reference genes ACTIN, PROTEIN PHOSPHATASE 2A (pp2A), and at silent regions BM9,
CEREBA. In contrast, H3K4me3 showed a specific increase at HSP17 gene at the beginning and the
middle part of the coding region, indicating that this mark is critical for the drought-responsive
transcription status of a gene.

Keywords: drought; senescence; epigenetics; chromatin-immunoprecipitation; barley; heat
shock protein

1. Introduction

Drought is also known as the water deficit stress [1]. The decrease in water supply is first sensed by
roots that signal leaves by the production of abscisic acid (ABA), which triggers stomatal closure. When
water availability to cells is low because of poor hydraulic conductance from roots to leaves caused
by stomatal closure and due to the loss of cell turgor, this results in growth inhibition. The closure of
stomata prevents not only water loss but also CO2 entry, and it reversibly inhibits photosynthesis [2].
Light energy absorbed by chlorophyll molecules is either used to drive photosynthesis (photochemistry)
or is re-emitted as heat or light (fluorescence). These processes are in competition [3,4]. Under
conditions in which carbon fixation is limited e.g., drought, the requirement of light decreases and
to get rid of excess light, plants may prevent light absorption, lose chlorophyll, or divert energy as
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thermal dissipation. Otherwise, excess energy causes the generation of reactive oxygen species (ROS)
molecules that can cause damage to PSII, DNA, proteins, and membranes [1,2,5–7].

Antioxidant enzymes and protein kinases are activated [1] and several hundred genes e.g., genes
encoding transcription factors, dehydrins, osmolytes, chaperones, protein kinases, and phosphatases
as well as genes involved in water management, carbon, and antioxidant metabolism, are regulated
by drought [2,8–10]. Gene expression is influenced by chromatin structure, which is governed by
processes often associated with epigenetic regulation, namely DNA methylation, histone variants, and
post-translational histone modifications. N-terminal tails of histones are modified after translation
and these modifications define transcription status and gene expression level by the alteration of the
strength of the DNA histone interaction or the recruitment of non-histone proteins. Drought-induced
regulation of gene expression is associated with changes in histone modification patterns [11,12].
Histone marks that are associated with active transcription accumulate at histones connected to
drought-induced genes under drought conditions, and may be reversed after rehydration [13].

Physiological and biochemical changes [14] as well as changes in gene expression [15],
proteome [16], and metabolome [17] in drought-stressed barley plants have been shown. Studies
on histone modifications under drought stress have been restricted to rice [18,19], tomato [20], and
Arabidopsis [21]. Overall, the DNA methylation level is high and stable in barley under water-deficient
conditions, yet methylation and demethylation events do occur [22]. Although genes that encode
histone-modifying enzymes are induced in barley under drought [23,24], how these modifications are
distributed in barley, a stress-tolerant crop, is not clear. HSP17 gene was shown to be upregulated in
drought-tolerant barley cultivars under water deficit conditions and is involved in drought tolerance
in barley [8]. In this study, we report how progressive drought affects physiology, chlorophyll
fluorescence, and the expression of HSP17 gene, encoding a heat shock protein, in barley plants
grown under greenhouse conditions. Furthermore, certain histone modifications were analyzed in
both 12-day-old well-watered (control) and drought-stressed plants.

2. Results

2.1. Drought Treatment: Soil Water Content (SWC) and Leaf Water Content (LWC)

The SWC of the control group was maintained at 65% by regular watering. To apply drought
stress, irrigation was stopped five days after sowing (DAS). In these pots, the SWC decreased (p < 0.01)
from 65% to 46.7% at the end of drought (22 days; Figure 1a). During the first 12 days of drought
treatment, the LWC did not decrease and stayed at about 88%, as in control plants. After that time
point, the LWC of drought-stressed plants decreased (p < 0.05) and was 11% less than in control plants
after 22 days of drought stress (Figure 1b). Under well-watered control conditions, changes in the LWC
were not significant.
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Figure 1. Soil water content (SWC) (a) and leaf water content (LWC) (b) of control and stressed plants
during drought stress treatment.
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2.2. Effects of Drought Treatment on Stomatal Conductance, Chlorophyll Content, and
Photosynthetic Parameters

Stomatal conductance (gS) started to decrease (p < 0.001) after two days of drought treatment
and was reduced to about 50% of the control already at the fourth day of treatment. After 18 days
of treatment, it was only 20% of the control (Figure 2a). There was a highly significant (p < 0.001)
interaction between age and watering for gS. Relative chlorophyll content stayed high in control plants
and drought-stressed plants until 18 days of treatment (Figure 2b). Thereafter, the drought-treated
plants showed a slight decrease in chlorophyll content. Changes in chlorophyll content were not
significant (p > 0.05).
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Figure 2. Changes in stomatal conductance (mmol/m2/s) (a) and relative chlorophyll content (SPAD
chlorophyll meter values) (b) of control and drought-stressed plants. n = 3, error bars represent
standard error.

To characterize the effect of drought on the physiological status of the leaves, photosynthetic
parameters were determined using chlorophyll fluorescence measurements. While photosynthetic
performance, documented by maximum quantum efficiency of photosystem II (Fv/Fm), quantum
yield of photosystem II photochemistry (ΦPSII), photochemical quenching based on the puddle
model (qP) and Electron Transport Rate (ETR), started to decrease under drought after 14–16 days
of water deficiency (Figure 3), while non-photochemical quenching (Non-photochemical quenching
(NPQ) and Quantum yield of regulated energy dissipation in PS II (ΦNPQ)) and Quantum yield of
nonregulated energy dissipation in PS II (ΦNO) were altered after only 4–6 days of stress treatment
(Figure 4). Changes in Fv/Fm, ΦPSII, ETR, NPQ and ΦNPQ were statistically significant (p < 0.05)
and independent from age (p > 0.05). Changes in qP and photochemical quenching based on the lake
model (qL) were significant (p > 0.05).

2.3. Drought-Responsive Expression of HSP17Gene

The expression of HSP17 gene was monitored for 22 days and normalized against ACTIN gene.
Progressive drought affected (p < 0.005) HSP17 gene expression. The expression of HSP17 increased
two- and three-fold at the 12th and 14th days of drought, respectively (Figure 5). ACTIN and PP2A
had stable Ct values around 24–25 at all time-points. BM9, a MADS box gene, and the retrotransposon
CEREBA primer pairs could not cross the threshold. In other words, the expression of BM9 and
CEREBA genes could not be detected.
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2.4. Drought-Responsive Histone Modifications at HSP17 and Control Genes

Well-watered plants and plants drought-stressed for 12 days, both of the same age, were used
to analyze the occurrence of euchromatic (H3K4me3 and H3K9ac) and heterochromatic (H3K9me2)
histone marks as well as histone H3 at reference genes (ACTIN, PP2A, BM9, CEREBA) and four regions
of the HSP17 gene (Supplementary Figure S1). Primer pair corresponding to the upstream region
(HSP17-1) of the HSP17 gene could not amplify the PCR fragment. All other primer pairs gave a single
peak after the melting curve analysis. Drought caused a general increase (p < 0.001) in H3 levels at
all sequences analyzed, except HSP17-3. The TSS region of the HSP17 gene and the CEREBA had the
lowest and highest H3 levels, respectively (Figure 6). There was an interaction (p < 0.001) between the
gene region and watering on H3 levels.

Agronomy 2017, 7, 43    5 of 14 

 

CEREBA primer pairs  could not  cross  the  threshold.  In other words,  the  expression of BM9 and 

CEREBA genes could not be detected. 

 

Figure 5. Fold changes in the expression of HSP17 gene. n = 3, ± standard error. 

2.4. Drought‐Responsive Histone Modifications at HSP17 and Control Genes 

Well‐watered plants and plants drought‐stressed for 12 days, both of the same age, were used 

to analyze the occurrence of euchromatic (H3K4me3 and H3K9ac) and heterochromatic (H3K9me2) 

histone marks  as well  as histone H3  at  reference genes  (ACTIN, PP2A, BM9, CEREBA) and  four 

regions of the HSP17 gene (Supplementary Figure S1). Primer pair corresponding to the upstream 

region (HSP17‐1) of the HSP17 gene could not amplify the PCR fragment. All other primer pairs gave 

a single peak after the melting curve analysis. Drought caused a general increase (p < 0.001) in H3 

levels at all sequences analyzed, except HSP17‐3. The TSS region of the HSP17 gene and the CEREBA 

had the  lowest and highest H3  levels, respectively (Figure 6). There was an  interaction (p < 0.001) 

between the gene region and watering on H3 levels. 

 

Figure 6. H3 histone marks at reference genes ACTIN, PP2A, BM9, CEREBA as well as at the front, 

middle, and end of the coding region and 3′UTR of HSP17 gene. Values are expressed as %, and input 

is normalized to H3. n = 3, error bars represent standard error. ns: non‐significant at p = 0.05 level, *: 

p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.005. 

Figure 6. H3 histone marks at reference genes ACTIN, PP2A, BM9, CEREBA as well as at the front,
middle, and end of the coding region and 3′UTR of HSP17 gene. Values are expressed as %, and input
is normalized to H3. n = 3, error bars represent standard error. ns: non-significant at p = 0.05 level,
*: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.005.

Drought affected (p < 0.001) H3K4me3 levels, except for H3K4me3 in the first (HSP17-2) and
middle (HSP17-3) parts of the coding region. The end (HSP17-4) of the coding region and silent genes
lost H3K4me3 (Figure 7). There was an interaction (p < 0.001) between the gene region and watering
on H3K4me3 levels.
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input is normalized to H3. n = 3, error bars represent standard error. ns: non-significant at p = 0.05
level, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.005.

Drought-induced changes in H3K9ac levels were not statistically significant (p > 0.05). However,
the middle and end parts and the downstream of the coding region gained H3K9ac (Figure 8). There
was an interaction (p < 0.001) between the gene region and watering on H3K9ac levels.
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Drought decreased (p < 0.001) H3K9me2 levels in all regions except BM9 (Figure 9). There was an
interaction (p < 0.01) between the gene region and watering on H3K9me2 levels.
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front, middle, and end of the coding region and 3′UTR of HSP17 gene. Values are expressed as %, and
input is normalized to H3. n = 3, error bars represent standard error. ns: non-significant at p = 0.05
level, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.005.

3. Discussion

3.1. Physiological Responses to Drought

Drought is characterized by a reduction in water content, closure of stomata, and a decrease in
cell enlargement and growth [25], and is also associated with leaf senescence, which is the regulated,
age-dependent deterioration process to ensure the translocation of nutrients from older leaves to
developing tissues and seeds. Unfavorable conditions can induce or accelerate senescence [26,27].
Senescence is characterized by the breakdown of the chloroplast [27], decreased chlorophyll content,
and reduced photosynthesis [28]. Moreover, the delay of leaf senescence confers drought tolerance
in transgenic plants [29]. In this study, drought was imposed by withholding irrigation five days
after sowing, which was sustained for 22 days. The effects of drought were observed every two
days. The halt of irrigation resulted in a continuous decrease in soil water content. However, water
content in leaves remained high at about 88% during 12 days of drought. Thereafter, it decreased and
reached about 78% after 22 days. The long period of maintaining high water content in the leaves
is connected to the early closure of stomata [30]. It was reported that under mild stress, a decline in
stomatal conductance may have protective effects against stress, by allowing plant water saving and
improving plant water-use efficiency by the plant [7]. Plants can avoid dehydration by sustaining
cellular hydration through enhanced water uptake or limited water loss. Such dehydration avoidance
is a drought tolerance mechanism [31].

A decrease in chlorophyll content is a symptom of drought-induced oxidative stress [25], and
the stability of chlorophyll content under drought conditions might be an indicator of drought
tolerance [32]. Drought-tolerant cultivars of barley can maintain chlorophyll content even under
severe drought [33]. In this study, chlorophyll content remained stable during 18 days of drought and
then started to slightly decrease, showing that the final senescence-specific degradation of chloroplasts
in barley in our experiment started only in the later stages of drought treatment. Photosynthetic
performance, however, sensitively reacted to the drought treatment much earlier. To monitor
responses in PSII performance and photochemical protection mechanisms, chlorophyll fluorometry
was performed. While ΦPSII is the proportion of absorbed energy being used in photochemistry; qP
gives an indication of the proportion of PSII reaction centers that are open [3]. qL is also a parameter
estimating open PSII centers based on a lake model [34]. All these parameters decreased in both the
control and drought-treated plants after primary leaf was fully grown. However, drought treatment
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in later stages caused a faster decrease. Another oft-used parameter to monitor photosynthetic
performance under stress conditions is PSII efficiency (Fv/Fm), which in an optimal stage should
be around 0.83 for many plant species [3]. Fv/Fm remained high in control plants, but started
to decrease after about 16 days of drought, indicating the loss of efficiency of PSII under these
conditions. Prior to the breakdown of photosynthetic performance due to drought-induced senescence,
mechanisms protecting photosynthesis were induced. This was indicated by an early increase in NPQ
and ΦNPQ [34], which reflects photo-protective processes that remove excess excitation energy within
chlorophyll-containing complexes and prevents the formation of damaging free radicals [4]. Our data
showed that this protection mechanism was downregulated during leaf development, but stayed
active under drought. Another parameter reflecting more unregulated energy dissipation is ΦNO,
using the lake model [34]. Under stress conditions, processes involving regulated-energy dissipation
increased to protect the photosynthetic apparatus (as measured by ΦNPQ, NPQ) but decreased when
the stress became more severe, while ΦNO increased [35]. High ΦNPQ implies that a plant is trying
to protect itself by a regulation process. High ΦNO values indicate the plant’s inability to cope with
radiation [36]. Drought-stressed plants had higher ΦNPQ but lower ΦNO values than their controls,
suggesting that energy dissipation was more regulated under drought. Our data conform to other
publications showing that a severe decrease in water content results in lower values of ΦPSII, qP, and
Fv/Fm, and higher NPQ [37–40].

3.2. hsp17 Gene Expression

Small heat shock proteins (sHSPs), which have a molecular mass of 15–42 kDa, are a family of
HSPs, or chaperons, which are synthesized upon heat shock and are responsible for the proper folding
of unfolded or partially-folded polypeptides [41,42]. The synthesis of sHSPs is induced by stress; their
transcript levels are correlated with the duration of stress, and start to decline after the elimination of
stress [43]. Overexpression of the gene encoding HSP17 protein increases drought tolerance [44,45].
Different members of HSPs play different roles under drought stress. One HSP is involved in drought
tolerance, while another one is a drought-responsive gene [8]. Drought-tolerant cultivars exhibit
the accumulation of HSP17 proteins and transcripts [46,47]. A time course analysis of HSP17 gene
expression showed a gradual increase that was prominent after 12 days of drought.

3.3. Drought-Responsive Alterations of Histone Modification Patterns

H3, along with other histones, package eukaryotic genomes into nucleosomal units that must
be mobilized for genes to be expressed [48]. Promoter regions are depleted of nucleosomes
relative to transcribed regions [49]. Under drought conditions, a reduction in H3 accumulation
in drought-induced genes is expected [50]. However, stress conditions e.g., cold stress, do not always
alter nucleosome occupancy [51]. Under drought conditions, not all drought-induced genes lose
nucleosomes [18]. A decrease in H3 levels may be specific to promoter regions of responsive genes [21].
Anti-H3 antibody was used to analyze whether H3 occupancy was influenced by drought. CEREBA,
a centromeric retroelement of barley [52], had the highest and the TSS region of HSP17 (HSP17-2)
had the lowest H3 levels. H3 loading increased under drought even in the coding region of HSP17.
Chromatin decondensation does not always lead to the activation of silent genes, and vice versa;
genes in compact chromatin can be transcribed [53,54] and stress conditions do not always result in
decondensed chromatin [54]. Nucleosomes do not always prevent chromatin accessibility [55] and are
also suggested to manage transcription through the interaction of two trans-acting factors [49]. Our
data on H3 indicate that drought affects nucleosome occupancy in barley, especially at control genes
ACTIN and CEREBA. However, further investigations are needed to analyze whether this is a general
chromatin response to drought.

In addition to a more general condensation and decondensation response of chromatin, a plethora
of histone modifications determines chromatin status at specific genes. A well-known example is
the acetylation of lysine 9 of H3, which neutralizes the positive charge of the histones and decreases
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their affinity for negatively charged DNA, and thus promotes the accessibility of other proteins to
the DNA [56]. In general, H3K9ac is enriched in euchromatin at active genes and normally peaks at
translation start sites (ATG). However, repressive marks may weaken the positive effect of H3K9ac [57].
Genes that gain H3K9ac are not always upregulated, and downregulated genes may retain H3K4me3
and H3K9ac marks [58]. It has been shown that drought stress-inducible genes are enriched by H3K9ac
in response to drought [18]. In this study, HSP17 gene was more enriched, up to three times as much,
by H3K9ac than control genes. However, control genes ACTIN and PP2A, as well as CEREBA and BM9,
gained some H3K9ac under drought stress, indicating a more general stress-responsive loading with
H3K9ac. Similar results have been reported, showing that heterochromatic loci may also be enriched
by H3K9ac under stress conditions [59].

It is known that H3K4 methylation, another euchromatic mark, recruits multiple effectors that
participate in gene induction [60]. H3K4me3 is said to define the active expression of a gene [61] and
localizes 5′ ends of open reading frames. Yet, in some cases, H3K4me3 recruits certain complexes
associated with transcriptional repression [60]. In general, highly-expressed genes have more
H3K4me3 than genes with lower basal expression levels under controlled conditions, and consequently,
H3K4me3 levels decrease in downregulated genes [62]. As reported before, during drought, H3K4me3
accumulates in 5′ UTR and coding regions of drought-induced genes [18] and is not completely
removed on drought-inducible genes upon rehydration [50]. In this study, H3K4me3 specifically
accumulated in the TSS region of HSP17 under drought conditions. In contrast, H3K4me3 was
downregulated in control genes, which were not induced in response to drought. This drought-specific
loading of HSP17 with the euchromatic H3K4me3 indicates the drought-responsive regulation of
HSP17 gene expression via the establishment of this euchromatic mark.

A typical repressive mark is H3K9me2, which provides binding sites for HP1 [56] and is necessary
for DNA methylation-mediated gene silencing [63]. H3K9me2 is enriched in heterochromatin
and chromocenters, and is associated with transposons without any preference along gene
territory [57,63,64]. Stress-induced activation of heterochromatic loci may be accompanied with
an increase in H3K9ac and a decrease in H3K9me2 [59]. As expected, CEREBA had the highest
H3K9me2 levels in all conditions. BM9 is a barley MADS-box gene, of which expression is restricted to
reproductive organs [65], and was therefore selected to be a silent gene in this study. BM9 transcript
could not be detected by Q-RT-PCR in any condition, while drought caused an accumulation of H3K9ac
and H3K9me2 at histones associated to BM9. The high levels of H3K27me3, which is a repressive mark
at developmentally regulated genes, may not interfere with the H3K4me3 accumulation and gene
induction [66].

4. Material and Methods

4.1. Plant Material and Growth Conditions

Barley (Hordeum vulgare cv. Carina) seeds were incubated in the dark on wet paper tissue
for two days at 4 ◦C, and pre-germinated at 25 ◦C for two days. Uniformly-germinated seedlings
were transferred to Mitscherlich pots (10–14 seedlings per pot) containing 1.5 kg soil (ED73,
Einheitserdewerk Hameln A. Stangenberg GmbH) with 65% initial soil water content (SWC), and were
grown for five days under greenhouse conditions (16 h light/8 h dark, 21–18 ◦C, 45–50% humidity)
with regular watering to ensure constant SWC. The position of the pots was changed every day in
order to provide randomness.

On the fifth day after sowing, half of the pots were subjected to drought stress by withholding
water. The other half was watered every two days and provided the control group. Control and
drought pots were weighed to calculate SWC. Physiological parameters were measured and plant
material for RNA extraction was harvested at 11 time points in a two-day kinetic from day 2 to 22 in
both control and drought plants.
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4.2. Physiological Measurements

Length, fresh weight (FW), dry weight (DW), stomatal conductance (gS), and chlorophyll content
and fluorescence of eight primary leaves of control and drought-stressed plants, respectively, were
measured every two days. Leaves were dried at 80 ◦C for 24 h to determine DW. Stomatal conductance
was measured with a porometer (AP4, Delta-T Devices). Chlorophyll content was measured with a
portable chlorophyll meter (SPAD-502, Konica Minolta). Primary leaves were dark-adapted for 10 min
and chlorophyll fluorescence parameters were measured with a chlorophyll fluorometer (Imaging
PAM, Waltz). Leaves were first exposed to weak modulated light to measure dark-adapted minimal
fluorescence and then exposed to saturating pulse to measure dark-adapted maximal fluorescence.
Actinic light was turned on, and a saturating pulse was repeated every 30 s. Fluorescence increased
until it reached a steady-state after 5 min, and a final saturating pulse was applied to measure the
light-adapted maximal fluorescence. Actinic light was turned off and a far-red light was switched on
to measure the light-adapted minimal fluorescence. Fv (variable fluorescence from dark-adapted leaf),
Fv/Fm (maximum quantum efficiency (yield) of PSII photochemistry), ΦpSII (effective quantum yield
of PSII photochemistry), ETR (electron transport rate), qP (coefficient of photochemical quenching),
NPQ (non-photochemical quenching), ΦNO (quantum yield of nonregulated energy dissipation
in PSII), and ΦNPQ (quantum yield of regulated energy dissipation in PSII) values, which were
calculated by ImagingWin v2.40b software, were presented. A detailed explanation and formulas of
the chlorophyll fluorescence parameters can be found elsewhere [67,68].

4.3. RNA Isolation and cDNA Synthesis

Five primary leaves of control and drought-stressed plants were harvested in a two-day rhythm
from day 2 of drought stress in the middle of light period and quickly frozen in nitrogen. Total
RNA samples were isolated using a homemade Trizol reagent (0.8 M guanidine thiocyanate, 0.4 M
ammonium thiocyanate, 0.1 M sodium acetate, 5% glycerol, 38% phenol (pH 5)) and dissolved in
Diethyl pyrocarbonate -water. Three micrograms RNA was DNase (Roche)-treated at 37 ◦C for 30 min.
Three micrograms of DNase-treated RNA was converted to cDNA with 5 µM random hexamer primer
and 2.5 µM oligo (dT) using RevertAidTM H first strand cDNA synthesis kit (Fermentas, ThermoFisher,
Waltham, MA, USA) in a reaction volume of 20 µL.

4.4. Expression Analysis by Real-Time PCR

The 10-µL reaction mixture consisted of 2 µL of 1:16 diluted cDNA (6.25 ng/µL), 1 × Platinum®

SYBR® Green qPCR SuperMix-UDG (Invitrogen, ThermoFisher, Waltham, MA, USA), 0.3 µM each
primer (specific for each gene, Table S1), and 10 nM Fluorescein calibration dye (Bio-rad, Hercules,
CA, USA). Reactions were performed with MyiQ™2 (Bio-Rad, Hercules, CA, USA) at 50 ◦C for 2 min,
followed by 95 ◦C for 60 s and 40 cycles of 95 ◦C for 15 s, 58 ◦C for 30 s, and a melting curve of 55–95 ◦C
(0.5 ◦C/cycle increment, 7 s/cycle). A control sample of each time point was used as the control tissue
(calibrator), and ACTIN gene was used as a reference gene.

4.5. ChIP

Ten primary leaves of control and drought-stressed plants were collected in the middle of the
light period at day 12, crosslinked and used for chromatin extraction according to Reference [69].
Chromatin samples were sheared using a focused ultrasonicator (M220, Covaris, Woburn, MA, USA)
to generate fragment sizes between 150 and 500 bp. Equal amounts of chromatin (500 µL) were
divided into six aliquots. Four chromatin aliquots were incubated with equal amounts (9 µg) of
four different antibodies (Anti-H3K4me3, ab8580; anti-H3K9ac, ab10812; anti-H3K9me2, ab1220 from
Abcam, (Cambridge, UK); and anti-H3, MA301B, from Takara Bio Europe, Saint-Germain-en-Laye,
France) at 4 ◦C overnight. No antibody was added to the fifth aliquot, but it was treated as the
four İmmunoprecipitation samples and termed as the mock “no antibody control.” The sixth aliquot
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was stored at 4 ◦C until the reverse crosslinking step and termed as the input, representing the total
chromatin. The washing of samples and elution of DNA were performed according to Reference [69].
DNA samples were amplified by real-time PCR in a 20-µL reaction mix containing 1 × qPCR master
mix (KAPA SYBR FAST, Kapa Biosystems, Wilmington, MA, USA), 0.2 µM each primer, and 5 µL
template. Reaction conditions were at 50 ◦C for 2 min followed by 95 ◦C for 60 s and 40 cycles of 95 ◦C
for 15 s, 57 or 60 ◦C for 30 s, and a melting curve of 57–95 ◦C (0.5 ◦C/cycle increment, 10 s/cycle). The
amount of DNA in antibody-enriched samples was quantified using a standard curve, which is a seven
serial two-fold dilution (0.12–0.001875%) of input DNA. Five primer pairs (Table S1) representing
four different regions (Figure S1) of HSP17 gene (HM854841) were designed using OligoAnalyzer 3.1
(Integrated DNA Technologies, Coralville, IA, USA). ACTIN, PP2A, BM9, and CEREBA were selected
as reference genes with stable expression. , were reference genes described for the normalization of
expression signals [70]. BM9, a barley MADS-box gene [65], and CEREBA, a centromeric retroelement
of barley [52], were selected to represent the silent regions of the genome.

4.6. Data Analysis

All data are the arithmetic means of biological triplicates (n = 3). Statistical significance of the
data was analyzed by ANOVA using ezANOVA (http://www.cabiatl.com/mricro/ezanova/). Age,
one of the independent variables, has 11 levels; while watering, the other independent variable, has
two levels.

5. Conclusions

Barley leaves respond to drought by a sequence of physiological responses which include fast
stomatal closure, the onset of mechanisms protecting photosynthetic machinery against detrimentally
effects, and later on, the onset of drought stress-induced senescence. Due to the enormous capacity
to close stomata drastically, to keep water content stable, and to dissipate excess energy from PSII
without closing reaction centers and losing chlorophyll, Carina gains tolerance against drought.

This complex physiological response is based on molecular pathways including, as a central
mechanism, the reprogramming of nuclear gene expression. One of these drought-responsive genes
is HSP17, which is induced during drought. Our results prove the drought-responsive regulation of
chromatin status at HSP17. The general response is a shift in H3-density at all genes investigated,
with an increase during drought. This indicates a denser nucleosome packaging in drought-treated
plants. At HSP17, the euchromatic mark H3K4me3 is established at TSS during drought, indicating
epigenetic control mechanisms upstream of the drought-responsive expression of HSP17. The loss of
H3K9me2 is a common histone modification, especially in CEREBA, a centromeric retrotransposon.
This, along with H3K9ac, did not affect the transcription of housekeeping genes. The modification of
both housekeeping (ACTIN, PP2A) and silent genes (BM9, CEREBA) by the loss or gain of epigenetic
marks did not alter their transcription status.

Supplementary Materials: The following are available online at www.mdpi.com/link/2073-4395/7/2/43/s1.
Figure S1: Representation of the primer sets on the HSP17, Table S1: Primer sequences used in the study.
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