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Abstract Shock-like water stress using hydroponics and
gradual water deficit in soil are the two widely used
treatments to analyze transcriptional response of many
crops to drought. In this study, we investigated the effects
of shock drought (ShD) (0, 0.5, 1, 4, and 8 h) and slow
drought (SDD) [soil water content (SWC) of 35 and 50 %]
on the expression of well-known drought-responsive genes
supplemented with physiological changes in barley. Two
barley cultivars with contrasting leaf relative water content
(RWC) and water loss rate (WLR) values were selected as
Marti1 (MR; 60 % RWC and 0.046 gh~' g=' DW) and
Erginel90 (ER; 38.3 % RWC and 0.350 gh~' g~' DW)
under 38 % of SWC condition. According to the results,
0.5 h ShD was the critical time point for stress perception
in leaves defined by the increase in WLR, ion leakage and
H,0, concentration. Expressions of antioxidant-related
genes (Cu—Zn/SOD, HvCAT2, HvGST6, HvAPX) were
rapidly induced in MR at 8 h shock, while only slightly
upregulated in ER. We have also observed higher induction
of expressions of HvBASI, HvMT-2, HvABA7 and a pho-
tosynthesis-related gene HvLHCB during ShD compared to
SDD. Contrarily, transcription factors (TFs), HYWRKY12
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and HvDRFI were expressed with lower values during
shock-dehydration. Slow-drought treatments in both culti-
vars were characterized with high leaf RWCs and osmotic
adjustment with low cell membrane damage, suggesting
that barley maintains a basal tolerance to long-term water
deficit. Our results confirmed that type of water stress
treatment is crucial to measure gene expression, and a
shock-like dehydration method should be the treatment of
choice in evaluating barley plants with different physio-
logical characteristics for water tolerance.
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Introduction

To a great extent, grain yield in barley depends on annual
precipitation and soil water availability, as it is mainly
cultivated in marginal drylands. Climate changes around
the world with decreasing regional annual rainfall and
increasing temperatures emphasize the importance of the
development or selection of drought tolerant cultivars from
germplasm collections, especially for agriculturally
important crops (Cattivelli et al. 2008; Mir et al. 2012).
Plants mainly respond to water deficit by reducing water
loss in leaves through stomatal closure causing reduction in
photosynthesis and by metabolic protection via accumula-
tion of compatible solutes or production of antioxidant
enzymes against the adverse effects of oxidative stress
(Cushman and Bohnert 2000; Ramanjulu and Bartels 2002;
Bandurska et al. 2013; Grzesiak et al. 2013). A rapid
accumulation of reactive oxygen species (ROS), mainly
hydrogen peroxide (H,0,), was observed during drought
stress adaptation in many plants (Apel and Hirt 2004;
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Miller et al. 2010). H,O, may also act as a signaling
molecule for stress acclimation, programmed cell death
(Gechev and Hille 2005; Balazadeh et al. 2011) or other
stress responses including stomatal regulation (Xu et al.
2010) and signaling between root and shoots (Yang et al.
2006). A diverse group of enzymes including ascorbate
peroxidases (APXs), superoxide dismutases (SODs), and
catalases (CATs) are synthesized in the cell to prevent ROS
accumulation.  Glutathione-S-transferases (GSTs) are
involved in the protection of tissues against oxidative
damage and their expression is induced by pathogens,
cellular stress and/or growth factors (Chen et al. 1996).
Some GSTs have also shown to be highly transcribed in
drought tolerant barley cultivars in transcriptomic studies
(Guo et al. 2009; Rezaei et al. 2013).

Water stress in plants can be developed slowly (within
days, weeks, and months) or rapidly (within hours to days)
(Chaves et al. 2003). Rapid or slow-developing water stress
may have different results in a particular species, even in
cultivars of the same species, and mostly depends on the
genotype and environment interactions (McDonald and
Davies 1996; de Mezer et al. 2014). Slow-developing stress
can easily be mimicked in the laboratory by withholding
the water from pots, and rapid-developing water stress
treatment can be performed by taking plants out of
hydroponics, or even pots, and leaving them out for a
certain period of time; a shock-like water deficit treatment.
Both slow-developing and shock-like dehydration stress
treatments have been previously used for barley in evalu-
ation of expressional changes of water stress responsive
genes through cDNA microarrays or RNA-sequencing
(Table 1). To our best of knowledge, there is only one
study in literature comparing the transcriptome of barley in
response to two different water stress conditions through a
microarray platform (Talame et al. 2007).

The role of water stress regime on the gene expression
and physiological response are not completely clear in
barley. Moreover, the type of water stress may be impli-
cated with the selection of drought-tolerant genotypes
under laboratory conditions, which is a crucial step for
developing stress tolerant breeding lines as well as

performing comparative transcriptomics analyses. The
main objective of this study, thus, was to evaluate the
effects of shock-like dehydration and slowly developing
drought on the mRNA transcript levels of the major
drought responsive genes, in parallel to the physiological
changes in barley leaves. To achieve this, we have identi-
fied two contrasting genotypes from barley cultivars of
Turkey origin by assessing the leaf water loss rate (WLR)
and relative water content (RWC), and measured the
expression levels of several antioxidant-related genes
(HvGST6, Cu—Zn/SOD, HvAPX, HvCAT2) and six addi-
tional genes related to water stress response comparatively
in both cultivars.

Materials and methods
Plant material

Seeds of germplasm material were obtained from The
Central Research Institute for Fields Crops (Ankara, Tur-
key), The Aegean Agricultural Research Institute (Izmir,
Turkey) and The Trakya Agricultural Research Institute
(Edirne, Turkey) and repropagated in the field before
screening. Hordeum vulgare L. cultivars Mart1 (MR), and
Erginel90 (ER), were selected as two contrasting genotypes
for their water stress tolerance in a screening with ten
breeding barley cultivars (Bolayir, Bornova92, Erginel90,
Marti, Kaya, Serife Hanmim, Suleyman Bey, Tarm-92,
Tokak 157/37, Vamik Hoca) (Table S1). The experiment
was arranged in a complete randomized block design with
12 containers including one replicate of each of the culti-
var. Screening was performed by assaying leaf RWC and
WLR after 10 days of water stress (down to 38 % SWC) as
described by Suprunova et al. (2004).

Water stress treatments and sampling
Shock drought (ShD) of selected contrasting cultivars, MR

and ER, was performed as described by Ergen et al. (2009)
with minor modifications. Seeds were surface sterilized

Table 1 Microarray studies performed in barley under different drought stress applications

Trancriptomics method

Drought stress application

References

cDNA array with 1463 DNA elements
cDNA array with 1654 DNA elements
c¢DNA microarray with 300 DNA elements
22 K Affymetrix Barleyl microarray

22 K Affymetrix Barleyl microarray
RNA-Seq

6 and 10 h shock-drought

7 days (RWC 91 %) and 11 days (RWC 81 %) slow drought-treatment
Shock-like dehydration treatment

SWC 70 % in control and 10 % in drought

Drought for 4 days during the grain-filling stage

SWC 80 % in control and 30 % in drought stress

Ozturk et al. (2002)
Talame et al. (2007)
Atienza et al. (2004)
Guo et al. (2009)
Abebe et al. (2010)
Bedada et al. (2014)
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with 0.6 % NaOCl and germinated in vials containing
perlite. Seedlings of a similar developmental stages
(Zadocks scale 12; 70-90 cm) were transferred to 51
containers filled with half-strength Hoagland’s solution
(Hoagland and Arnon 1950) and grown under controlled
conditions (25 °C, 40-50 % relative humidity and 8 h
light/16 h dark photoperiod with a light intensity of
600 tMol m~2 s™") while the nutrient solution was
renewed in every 3—4 days. ShD was performed 10 days
after transfer to hydroponics (3-leaf stage). Plants were
removed from containers and placed on filter papers inside
the plant growth chamber, while control plants were kept in
fresh hydroponic solutions under the same conditions.
Fully expanded leaf segments from three plants per cultivar
were harvested after 0.5, 1, 4, and 8 h from both control
and ShD treated plants during light period (between 8.00
and 16.00). Leaves were directly frozen in liquid nitrogen
and storen at —80 °C. 0 h represents the time point when
plants were taken out of containers.

For slow drought (SDD) treatment, barley seeds were
surface sterilized with 0.6 % NaOCI and germinated on
filter papers. Five-day-old seedlings were transferred to
pots containing rich organic soil. Eight pots per cultivar
were used and pots were arranged in two random blocks in
plant growth chambers (EKOCHL 1500, Angelantoni,
Massa Martana, Italy), to grow under controlled conditions
(25 °C, 40-50 % relative humidity and 8 h light/16 h dark
photoperiod with a light intensity of 600 pMol m~2 s~ ')
with changing their position in the block every other day.
Soil water content (SWC) in the pots was adjusted to
70-75 % by weighing and plants were kept well-watered
until the 3-leaf stage. Dehydration was performed by
withholding the water while closely monitoring the
development of water stress by continuous measurement
of the relative SWC [SWC = (FW — DW)/((MW —
DW)) x 100 %; FW, fresh weight; DW, dry weight; MW,
weight of the soil at 100 % of field capacity] (Teulat et al.
1997). Fully expanded leaf segments from three plants per
cultivar were harvested when SWC of stressed plants
were decreased to 50 and 35 % in approximately 26 and
55 days respectively, and directly frozen in liquid nitro-
gen. SWC of control plants was kept at 70 %. Samples
from control plants were collected at the same time
points.

Assaying leaf WLR

WLR for ShD experiment was calculated according to
Ristic and Jenks (2002). The FW values of first leaves were
recorded as Ty (0 time point). Weight records were then
taken by periods of 0.5, 1, 4, and 8 h (Ty s, Ty, T4 and Tyg).
Leaf samples were incubated at 80 °C for 24 h and dry

weights (DW) were recorded. WLR values were calculated
according to the following formula:

WLR (gh™' g 'DW) = [(Frx—Fry12) x 60]/
[DW X (Tx+2_TX)}

All measurements were performed as three biological
replicates.

Ion leakage, osmolality, and biomass measurements

For measurement of ion leakage in cell walls, five samples
were taken from elongated parts of the leaves at different
time points. Samples were then washed three times with
distilled water, capped and placed in a thermostatically
controlled chamber maintained at 25 °C in the dark. After
16 h, 60 pl of the sample was used for conductivity mea-
surement (E1) using a conductivity meter (HORIBA Sci-
entific, NJ, USA). The tubes were then autoclaved for
20 min and the measurement was repeated to record E2
values. Ion leakage was calculated as E1/E2 x 100.

Leaf sap osmolality was measured by a semi-micro
osmometer (Knauer K-7400, Germany). Two leaf samples
from the same time point were collected and stored at
—20 °C overnight. Cell sap was obtained by centrifugation
at 4 °C for 30 min at 15,000x g. Leaf sap osmolality was
determined using 150 pl sample and expressed as
mosmol kg~ '. Biomass (dry matter) of 12—15 water-stres-
sed plants (SWC final 35 %) and control plants of con-
trasting cultivars was measured by weighing the whole
plants after drying at 80 °C for 24 h.

Determination of H,O, content

H,0, was determined as putative hydroperoxides in leave
segments of the plants using PeroxiDetect KIT (Sigma PD1)
according to the manufacturer’s procedure. To briefly elab-
orate, leaf samples (five from each cultivar and treatment)
were weighed, frozen in liquid nitrogen and homogenized in
a cold mortar. After the addition of 100 pl of cold distilled
water, samples were centrifuged at 4 °C at 18,000x g for
5 min. Working Color Reagent (200 pl) was added to 20 pl
of supernatant and the mixture was incubated at room tem-
perature for 30 min. Final accumulation of Fe’-xylenol
orange complex was determined by spectrophotometry
(1Quant, Bio-Tek Inc., VT, USA) at 560 nm. H,O, content
was determined using a hydrogen peroxide standard curve.

Total RNA extraction and PCR analyses
Total RNA was isolated with the TRIZOL® reagent (In-

vitrogen, Grand Island, NY, USA) according to manufac-
turer’s instructions and treated with DNase I (Fermentas,
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Vilnius, Lithuania) in a final volume of 100 pl. For both
cultivars and for all stress applications, three biological
replicates of two pooled plants were used for total RNA
isolation. RNA quality was controlled by gel elec-
trophoresis and quantified by spectrophotometer.

The change in the expressions of selected antioxidant
enzymes, namely Cu/Zn SOD (copper-zinc superoxide
dismutase), HvGST6 (glutathione S-transferase), HvAPX
(ascorbate peroxidase) and HvCAT2 (catalase 2) were
assessed by RT-PCR analyses where «-TUB (alpha-tubu-
lin) was used for loading control. Primers used in RT-PCR
and qRT-PCR analyses were designed by NCBI Primer-
BLAST program. Details of the primers are given in
Table S1. RT-PCR was performed in a total volume of
50 ul containing 500 ng RNA, 2x AccessQuick™ Master
Mix (Promega, Madison, USA), 0.5 uM of forward and
reverse primers and 5 U AMYV reverse transcriptase at
45 °C for 50 min followed by enzyme inactivation at
94 °C for 2 min. PCR was performed as 35 cycles of 94 °C
for 30 s, 60 °C for 30 s and 72 °C for 30 s with a final
extension step for 10 min. RT-PCR was done in triplicates
and amplified samples were analyzed on 1 % agarose gel.

For qRT-PCR analysis, first strand cDNA synthesis was
performed using 4 pg of total RNA, 100 U of SuperScriptll
RT (Invitrogen) and 1 pg of Oligo(dT),, primer in a final
volume of 40 pl. LightCycler 480 II (Roche Diagnostics,
Mannheim, Germany) was used for the qRT-PCR analysis.
The amplifications were performed in a total volume of
10 pl containing 4 pl of cDNA (1:4 diluted), 1 U of GoTaq
DNA polymerase (Promega), 0.2 mM dNTP, 2.5 mM
MgCl,, 0.2 uM of each primer, and 1 pl of EvaGreen
(Biotium). PCR was performed at 95 °C for 5 min and 40
cycles of 95 °C for 20 s, 60 °C for 20 s, 72 °C for 20 s
followed by a melting curve analysis with a temperature
gradient of 0.11 °C s™" from 95 to 65 °C. Standard curves
were prepared from a dilution series of vectors containing
cDNAs as follows; each cDNA was amplified by PCR from
control RNA samples and ligated to pTZ57R/T vector by
InsTAclone PCR Cloning Kit (Thermo Scientific). The
resulting vectors were diluted with the copy numbers
arranged from 10° to 10*. Raw data was handled with the
LightCycler 480 II Software (Roche, version 1.5.0), and
target gene expression was normalized using the barley
actin (HvACT) gene expression values for each sample.

Statistical analysis

The data were analyzed by SPSS software version 21
(Chicago, IL, USA) using one-way or two-way analysis of
variance (ANOVA). Significance of differences between
treatment means was calculated by Tukey’s studentized
range (HSD) test. Data obtained from physiological
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responses of two barley cultivars (MR and ER) under ShD
and SDD treatments were analyzed with two-way ANOVA
at 95 % CI level with Bonferroni’s posthoc test. To com-
pare gene expression values, ¢ test assuming homogeneous
variances was performed in Excel, with 0.05 CI level. The
correlations between the four physiological parameters and
expressions of three genes were calculated for ShD treat-
ment by the Spearman’s rank correlation coefficient using
Microsoft Excel.

Results

Effects of ShD and SDD treatments on plant
physiology

Figure 1 summarizes ion leakage, H,O, content, osmolality,
and WLR of contrasting cultivars in response to ShD at
different time points and SDD at different SWC. During ShD
treatment, the percentage ion leakage of ER rapidly
increased in the first half an hour and started to decrease at the
8th hour, whereas that of MR showed a stable response
during the first 4 h of ShD and started to increase at the 8th
hour, emphasizing the contrasting response of selected bar-
ley cultivars to water deficit (Fig. 1a). The difference in the
percentage ion leakage of ER and MR cultivars was 5.8-fold
att = 0.5 (Fig. 1a). Incontrast to ShD treatment, ion leakage
in cell walls of contrasting cultivars in SDD treatment was
relatively stable in all SWC data points, and the increase in
ion leakage with decreasing SWC was similar in contrasting
cultivars (Fig. 1b). The measurement of H,O, content of
contrasting cultivars in response to ShD and SDD treatments
indicated dehydration and cultivar dependent differences.
Accumulation of H,O, in the leaves of MR became signifi-
cantat(.5 h (Fig. 1c) but was stabilized at subsequent hours.
H,0, accumulation in ER was developed after 8 h of
dehydration and the difference between the cultivars was
more pronounced at this time point. The H,O, content values
were similar in both ShD and SDD treatments; however, the
accumulation of H,O, in response to SDD treatment was less
pronounced in both cultivars. It is important to note that a
significant increase in H,O, content in MR at t = 0.5 during
ShD treatment was observed in response to severe drought
(35 % SWC) during SDD treatment (Fig. 1d). Osmolality of
both cultivars was increased by 4th hour during ShD treat-
ment with a significant difference between the cultivars
(Fig. le). Datarevealed that control plants grown in standard
soil conditions showed a higher osmolality, therefore higher
osmotic potential, compared to the ones grown in hydroponic
conditions (Fig. le, f). During severe stress (35 % SWCO),
osmolality was measured slightly lower than 50 and 70 % of
SWC conditions, as an average 1146 mosmol kg™' in both
genotypes.
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Fig. 1 Physiological responses
of two barley cultivars (MR and
ER) under ShD and SDD
treatments. a, b Ion leakage; b,
¢ H,0, content; e, f osmolality;
g epidermal water loss rate
(WLR) under ShD treatment
according to Ristic and Jenks
(2002). Data represent

mean + SD of at least 12 plants
per cultivar and analyzed with
two-way ANOVA at 95 % CI
level with Bonferroni’s posthoc
test. P values for significance
level were indicated with above
asterisks (*P < 0.05;

*#*P < 0.01; ***P < 0.001)

The changes in WLR of selected cultivars with respect
to time after ShD are shown in Fig. 1g. In both cultivars,
WLR values significantly decreased in the first half an hour
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of ShD (t = 0.5) (P < 0.05 and P < 0.005 in MR and ER,
respectively) compared to other time points. The compar-
ison of WLR values at different time points indicated
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significant difference between contrasting cultivars only at
4th hour of ShD (P = 0.041) (Fig. 1g).

Expression patterns of stress-responsive genes
in response to ShD and SDD

All antioxidant enzymes tested were actively transcribed in
the leaf tissues of MR and ER in response to both treat-
ments (Fig. 2). The differences in the expression patterns
of some antioxidant enzymes in response to different
treatments indicated cultivar- and time-dependent respon-
ses. During ShD treatment, Cu/Zn-SOD expression was
gradually increased with time and showed a strong simi-
larity in contrasting cultivars (Fig. 2a). Transcript levels of
HvGST6 and HvCAT2 were increased by time in MR,
contrary to ER in which expression of both genes were
decreased after 1 h (Fig. 2a). Differences between HvAPX
expressions were also clear between two cultivars, where
HvAPX was almost constitutively expressed in MR
(Fig. 2a). While the expression pattern of Cu/Zn-SOD in
MR was similar in ShD and SDD treatments, its expression
was increased in ER plants by SDD (Fig. 2b). Similarly,
HvGST6 and HvCAT?2 expressions were induced by time in
ER in response to SDD, contrary to the decrease in
expression level observed in response to ShD (Fig. 2).
Time dependent accumulation of HvCAT2 transcription in
MR during ShD treatment was not detectable in response to
SDD (Fig. 2). HvAPX transcript levels were consistent in
MR in response to both treatments; however, in contrast to
ShD treatment, the gene expression level of HvAPX
induced with the decrease in SWC in the sensitive cultivar
ER.

Quantitative RT-PCR data provided more evidence on
the differences of transcript accumulations of other stress-
responsive genes with respect to stress treatment and cul-
tivar. Results indicated that the primer pairs corresponding
to HYMT2, HvBAS1, HvABA7, HvACT, HYLHCB, HvDRF']
and HYWRKY12 genes worked ideally for development of

(@) MR ER
0 051 4 8 0051 4 8 (h

Fig. 3 a Relative transcription levels of water stress responsive genes p
in the leaves of MR and ER plants under ShD and SDD treatments.
Transcript levels were measured by qRT-PCR in HvBASI, HvMT2,
HvLHCB, HvABA7, HvDRF1 and HyWRKY12 normalized to HvACT.
Error bars represent standard deviations of three biological replicates
with two technical repeats. Asterisks indicate statistical significance at
*P < 0.05; **P < 0.01; ***P < (0.001 of the differences between
MR and ER according to ¢ test. b qRT-PCR data in a represented in a
heat map

the qRT-PCR assay to monitor differential expression of
these genes under two different water stress treatments
showing single product specific melting temperatures (data
no shown). Of the six genes studied, the highest expression
level was observed in HvMT2 and the lowest in HvDRF1
and HYWRKY12 (Fig. 3). As in the case of semi-quantita-
tive PCR, the expression patterns of stress-responsive
genes showed no clear similarities between ShD and SDD
treatments (Fig. 3). In general, transcript levels normalized
with actin expression were much higher in ShD than SDD
with the exception of HvDRFI and HvWRKYI2 which
showed a contrary response (Fig. 3). It is important to note
that upregulation of HvBASI, HvMT2 and HvDRFI was
significant in MR cultivar during the first half hour of ShD
treatment, which was shown to be a critical time-point in
physiological studies (Fig. 1). In terms of HvABA7
expression, genotypes showed significant difference in the
ShD treatment and an increase was observed at 8th hour in
MR (Fig. 3). Relative comparison of transcriptional regu-
lation of these genes in control and stressed plants by a
heat-map also showed that HvABA7 was up-regulated in
both varieties at 8th hour (Fig. 3b). The expression level of
HvWRKYI2 gene showed slight similarity in contrasting
cultivars in response to both treatments with a rather
stable transcript amount in both cultivars during ShD time
points and a decrease in response to 50 % SWC and an
increase in 35 % (Fig. 3). Heat-map analysis also con-
firmed the upregulation of TFs only in SDD treatment
(Fig. 3b).

®) MR ER

35 % SWC

HVAPX

Fig. 2 Transcription of four genes coding for antioxidant proteins in barley seedlings subjected to ShD (a) and SDD (b) treatments. Expression

levels were normalized by barley o-tubulin (a-TUB)
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Evaluation of genotypes and treatments under ShD
and SDD

Exposure of shock dehydration caused a gradual increase
in leaf osmolyte accumulation, WLR, ion leakage, H,O,
concentration and the expression of some genes during
ShD treatment. A high significant correlation between
osmolality and electrolyte leakage was observed in MR
during ShD, while there was no such correlation in ER
(Table S3). Correlation between osmolality and HvABA7
expression was high in both genotypes, but significant only
in tolerant genotype, MR. There was positive but not sig-
nificant correlation between HvMT2 and HvBASI expres-
sions in ShD (Table S3). In MR, a significant positive
correlation was found between H,O, accumulation and
epidermal water loss. Ion leakage was correlated with
WLR in ER.

During SDD treatments, plants grown in control (70 %
SWC) and severe stress (35 % SWC) conditions were
visually compared (Fig.4). MR is a lodging-tolerant

(a)
&5
\
4
70% SW! 35% SVV;‘% 70% SWC 35% SWC
b
( ) HEVR [JER
100 1400
a

80y b 1050

. )

T 60l E

= »
g % 700

T 40t E

S
350

B ﬂ
0 0
70 35 70 35
% SWC % SWC

Fig. 4 a Appearance of MR and ER plants during SDD treatments.
b Relative water content (% RWC) and biomass measurements in two
barley cultivars (MR and ER) in SDD treatment. Twelve plants per
treatment were used for RWC. Dry weight biomass values are given
as mean + SD of six whole plants per cultivar. Different letters
indicate significant differences at P < 0.05 using least square means
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cultivar under standard growth conditions and partly lost
this phenotype during water stress imposition. Both geno-
types showed wilting in the leaf tips and suppressed growth
under 35 % SWC conditions (Fig. 4). The mean RWC
decreased in both cultivars in response to SDD; however,
the difference in the mean RWC of contrasting cultivars
was significant only at severe drought stress (SWC 35 %)
(P < 0.05). Biomass was significantly reduced by SDD in
both cultivars without a genotypic difference (Fig. 4b).

Discussion

A significant relationship between osmotic adjustment and
drought tolerance as well as RWC and soluble sugar con-
tent was previously shown in wheat and barley (Teulat
et al. 1997; Suprunova et al. 2004; Shao et al. 2009). Based
on this, the selection of contrasting cultivars was performed
by screening ten Turkish barley genotypes with respect to
RWC % and WLR in a slow-developing drought stress
treatment (Table S2). Accordingly, two 6-rowed cultivars,
namely Marti (MR) and Erginel90 (ER), showing con-
trasting leaf RWC and WLR values were selected for
further analyses. The comparison of change in WLR of two
cultivars in response to ShD indicated a sharp decrease in
the first half hour of water deficit (t = 0.5), which showed
that the development of water stress, i.e. water loss, was
relatively fast and almost the same in both cultivars
(Fig. 1g). The RWC % values of cultivars in response to
SDD, on the other hand, were higher even in severe
drought stress (average 85.7 % for MR and 71.6 % for ER)
with a significant difference between them (Fig. 4b). Even
without further watering in a slow-developing water stress
experiment in pots, it is possible that there is still some soil
moisture left, thus, plants that have more tolerance to water
deficit might use this water more efficiently than sensitive
ones. Therefore, only slight decrease in RWC observed in
SDD experiment may be related higher water use effi-
ciency of the barley plants grown under 35 % SWC. At the
same plants, decrease in osmolality may be due to different
solute partitioning between leaves at severe drought con-
ditions. Previous studies suggest the main difference
between contrasting genotypes might be the early sensing
and activation of defense mechanisms in response to water
deficit by drought tolerant plants (Ergen et al. 2009). In the
case of ShD treatment, however, both plants were sub-
jected to the same conditions where there was no more
water in the environment (they were taken out of hydro-
ponics). Therefore, rapid- and slow-developing water stress
conditions used in this study should be different with
respect to their effect on plant stress response mechanisms
as suggested in literature (Talame et al. 2007).
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Figure 1a summarizes the change in ion leakage of
contrasting cultivars in response to ShD and SDD treat-
ments. on leakage from the plant cells may be an indica-
tion of the level of cell membrane injury induced by
drought stress (Bajji et al. 2002). The comparison indicated
that, similar to WLR in ShD experiment, 0.5 h was critical
time point for increase in ion leakage in sensitive cultivar,
and the difference in ion leakage between contrasting
cultivars were more pronounced. Lower values of ion
leakage (6.4-30.6 %, ShD, MR) might even indicate a
possible protection of membrane integrity (Babu et al.
2004; Kocheva et al. 2014). The ion leakage in SDD
treatment showed a similar change pattern with the
decrease in SWC in both barley cultivars with contrasting
responses to drought (Fig. 1b). It appears that ion leakage
might provide reliable background for the selection of
contrasting genotypes with their water tolerance only in
rapid-developing water stress conditions. It is important to
note that a significant difference in percentage ion leakage
between contrasting cultivars might also develop in
response to SDD; however, during a SDD treatment, it is
not easy to select the correct time points to detect such a
difference.

Hydrogen peroxide (H,0O,), a nonradical reduction
product of oxygen, has a key role in the programmed cell
death and other biological events including growth,
development and environmental stress response (Gadjev
et al. 2008; Li et al. 2011; Richards et al. 2014). Figure Ic,
d summarizes the change in the cellular H,O, concentra-
tion in response to ShD and SDD treatments. The com-
parison of values from contrasting cultivars in ShD and
SDD treatments indicated that H,O, concentration was
relatively independent of the type of water deficit, i.e. time
for stress development. The semi-quantitative RT-PCR
results of several known H,O, detoxifying enzymes are
given in Fig. 2. In most cases, especially in ShD treatment,
the expression patterns of antioxidant enzymes were
completely opposite in MR and ER. For example, the
expression of antioxidant enzymes HvGST6 (glutathione
S-transferase 6) and HvCAT?2 (catalase 2) started earlier in
ER; however, their expression were either decreased (for
HvGST6) or completely stopped (for HvCAT2) with time.
The expression of the same genes in MR was in very low
amounts during the first hours of ShD treatment, while the
decrease in WLR was the highest. Their accumulation was
observed after 0.5 h of rapid water deficit. In contrast,
H,O, content was gradually increased in sensitive cultivar,
which may be caused by late expression of antioxidant
gene expression (Fig. 1c). The comparison of expression of
antioxidant enzymes in response to SDD treatment showed
that H,O, increase in MR at 35 % SWC was parallel to the
decrease in HvCAT2 expression, while there was more
transcript accumulation of this gene in ER. It is important

to note that transcriptional data are not necessarily corre-
lated with the enzyme activities (Furlan et al. 2014), and
therefore our results provide only transcriptional indication
of the involvement of the examined genes in ShD and SDD
treatments.

We have used the HvACT gene for reference in our qRT-
PCR analyses. Since experimental validation is suggested
for the utility of reference genes for each study (Bustin
et al. 2009); we have tested o-tubulin and GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase) other than actin
(HvACT) in our preliminary experiments with MR and ER.
We have observed differential expression with GAPDH in
leaf samples in several conditions tested (Data not shown).
Conversely, the expression of HVACT and o-tubulin was
relatively stable and not affected from water deficit treat-
ments. Since actin was previously reported as one of the
optimal reference genes in barley leaf under low-temper-
ature stresses (Janska et al. 2013), we have preferred the
expression of this gene for normalization. Our opposite
results with GAPDH, once more, showed that commonly
used reference genes should be tested for each cultivar and
stress treatment to obtain reliable and repeatable results. As
most of the stress-responsive genes show a diurnal rhythm
of expression (Habte et al. 2014), we performed the sam-
pling during the light period for both genotypes. As sug-
gested by Ozturk et al. (2002) and Talame et al. (2007), the
effect of rapid-developing water deficit on stress response
mechanisms was more pronounced compared to slow-de-
veloping water deficit.

The normalized expression values of most of the
drought responsive genes quantified in this study were
several folds higher in response to ShD when compared to
SDD treatment (Fig. 3). In addition, the comparison of
normalized expression values of HvABA7, an important
indicator of ABA-signaling and reported to be highly
induced in salinity-stressed barley (Grillo and Leone 1996;
Walia et al. 2006); HvBASI, a peroxiredoxin gene upreg-
ulated by combined drought and heat stress in barley
(Rollins et al. 2013); and HvMT2, a metallothionein-like
protein type 2 that was reported to be highly expressed in
barley leaf and roots after exposure to 150 mM NaCl
(Ozturk et al. 2002), indicated water stress regime and
cultivar dependent responses (Fig. 3). Interestingly,
induction of HvBASI and HvMT2 in barley roots by
combined stress of salinity and heat shock were also
recently reported (Faralli et al. 2015), and the transient
induction of these two genes in response to 50 % decrease
in SWC supported the early sensing of soil water loss by
the tolerant cultivar and activation of defense mechanisms
in response to water deficit (Ergen et al. 2009). Upregu-
lation of chlorophyll a-b binding protein of LHCII type III
was previously shown in response to heat stress (Rollins
et al. 2013) and HvLHCB expression was not shown to be
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significantly induced by osmotic stress and drought treat-
ment in barley (Habte et al. 2014). Therefore as expected,
both ShD and SDD treatments used in this study did not
cause a significant increase in HvLHCB transcription level
(Fig. 3). The most interesting observation was related with
the normalized expression levels of two drought or abiotic
stress related transcription factors functioning on ABA-
dependent stress response pathway (Xue and Loveridge
2004; Rushton et al. 2010), namely HvDRFI and
HvWRKYI2. The expression levels of these two genes were
several folds higher in response to SDD compared to ShD
treatment, where the effect of water loss was more than that
of SDD (Fig. 3). It is known that after the induction of the
stress responsive pathways, the expression of most tran-
scription factors either is lost or stays at very low levels.
Therefore, the low amounts of expression of these two
transcription factors in response to ShD might be related
without been able to detect the accumulation during
induction of signaling, especially in more drought tolerant
cultivar MR, since a significant increase in both genes were
observed in earlier time points. These results showed the
importance of selection of water stress regimes when
evaluating gene specific transcript amounts or in compar-
ison of total transcriptome.

In conclusion, our time-course dehydration experiment
showed that in both MR and ER cultivars, there were
positive correlations between osmolality and HvABA7
expression as well as H,O, accumulation and leaf WLR.
Both solute accumulation and HvABA7 gene expression
could be coincided by abscisic acid accumulation in cell
during shock dehydration (Table S3). Similarly, the role of
abscisic acid accumulation in response to osmotic stress
during cellular dehydration was reported in plants (Fujita
et al. 2011), however the direct correlation between the
expression of ABA-responsive gene and solute accumula-
tion is less known in barley. Our data clearly proven that
water stress regime directly influences the expression of
drought responsive genes and its effects were most obvious
on the expression of antioxidant system genes (HvCAT2,
HvAPX, HvGST6, HvMT2, HvBASI) in barley cultivars
with contrasting response to drought conditions. Even
though qRT-PCR data seems complex compared the semi-
quantitative PCR; the comparison of detection limits
clearly represents the shock-like effects of rapid-develop-
ing water deficit on plant drought stress response mecha-
nisms. Transcriptional data of individual genes obtained
under comparative water stress conditions would contribute
to better understanding of stress perception and response in
barley that is an important cereal grass for functional
genomics studies.
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