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Abstract
The influence of drought stress on barley (Hordeum vulgare) has been investigated. The experiments were conducted with 
seedlings of barley—by the application of combined drought and temperature stresses. Here we showed that combination 
of drought and high temperature inflicted more severe damage to plants than the drought and low temperature stress. The 
temperature stress triggered more drastic changes in plant morphology/physiology and biochemistry than the drought stress. 
Interestingly, plants exposed to high temperature exhibited significant reduction of shoot and root aldehyde oxidase (AO) 
activity. Moreover, increased temperature resulted in lower levels of reactive oxygen species (ROS), while drought stress 
had an opposite effect on ROS accumulation and AO activity. This is the first demonstration of inhibition of plant AO and 
ROS in response to heat stress. The combined heat and drought stresses resulted in increased activity of catalase (CAT) 
and superoxide dismutase (SOD) in roots but not in shoots. Our findings indicate that heat and drought stresses may induce 
activation of different antioxidant enzymatic defense mechanisms and heat stress significantly affects enzymes responsible 
for the ROS accumulation in plants.
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Abbreviations
AO  Aldehyde oxidase
ROS  Reactive oxygen species
CAT   Catalase
SOD  Superoxide dismutase
POD  Peroxidase
HSP  Heat shock proteins
ALDH  Aldehyde dehydrogenases
H2O2  Hydrogen peroxide
NBT  Nitroblue tetrazolium
RWC   Relative water content
MDA  Malondialdehyde

Introduction

Crop plants are constantly influenced by a variety of abi‑
otic factors under natural environment conditions through‑
out their lifetime, resulting in the yield reduction (Hussain 
et al. 2019). Plants have evolved specific mechanisms at 
morphological, physiological and biochemical levels to 
escape, adapt or tolerate harsh environmental circumstances. 
Sometimes plants might simultaneously be exposed to two 
or more stress factors. As an example, high temperatures 
are frequently accompanied by drought due to the ongoing 
climate change. This combination may result in biological 
response disturbances of plants such as inhibition of growth 
and photosynthesis, stomatal closure, discoloration and 
accumulation of toxic ROS species (Farooq et al. 2009). 
Numerous studies have been reported regarding the adapta‑
tion of plants to individual stress conditions; however, to 
date, very little is known about the influence of combined 
stress factors. The plant responses under combination of 
drought and high temperature may differ from the response 
to the individual stress and sometimes they might be even 
antagonistic (Mittler 2006). For instance, an exposure of 
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tobacco to combined drought and heat suppressed the activ‑
ity of photosynthesis, enhanced the respiration rate and the 
leaf temperature compared with single stress application 
(Rizhsky et al. 2002). Another study demonstrated that the 
combination of salinity and water deficit resulted in a lower 
photosynthetic capacity, stomatal closure and increased ROS 
levels in Hordeum spontaneum (Ahmed et al. 2013). Moreo‑
ver, several studies detected an overexpression of heat shock 
proteins (HSP) in wheat and wild barley as a result of the 
combined effect of drought and heat (Ashoub et al. 2015). 
Overall, these studies demonstrate the vulnerability of cereal 
crops to an integrated stress application.

As mentioned above, an exposure to drought and high 
temperature stresses induces the overproduction of ROS in 
plants (Suzuki et al. 2012). However, elimination of ROS 
may vary from plant to plant and might depend on the 
growth conditions, plant stress tolerant level, and applied 
stress duration. In addition, coordinated down‑regulation of 
ROS by activating scavenging enzymes during plant stress 
may be involved in signaling mechanisms (del Rio 2015). 
Examples of ROS are singlet oxygen (1O2), hydroxyl radi‑
cal  (OH·), superoxide anion  (O2

−·), and hydrogen peroxide 
 (H2O2). At low concentrations these molecules are not del‑
eterious and may operate as intracellular signaling agents 
to trigger plant defense responses (Dat et al. 2000). How‑
ever, the excessively accumulated ROS can ultimately cause 
oxidative damage of biological molecules such as proteins, 
lipids and nucleic acids (Sarker and Oba 2018; Mittler et al. 
2011). Plants have developed enzymatic and non‑enzymatic 
antioxidant defense machinery to scavenge toxic ROS for the 
prevention of an oxidative damage (Choudhury et al. 2017). 
The antioxidative enzymes such as SOD, CAT and POD 
either scavenge the toxic ROS molecules or defend plants by 
activating a non‑enzymatic antioxidant system (Anjum et al. 
2012). Plants with increased levels of antioxidant enzymes 
were shown to have greater tolerance to oxidative injury 
caused by ROS (Gapinska et al. 2008).

Superoxide dismutase (SOD)—is the multigene family and 
the main defense metalloprotein with metal cofactor that acts 
against oxidative stress by converting superoxide radicals into 
 O2 and  H2O2 in mitochondria and chloroplast (Davies 2000). 
SOD is categorized as Fe‑SOD, Cu/Zn‑SOD, Ni‑SOD and 
Mn‑SOD isozymes depending on the metal ion cofactor that 
binds to the active site (Wu 2016). Recently, two independent 
works have shown that transgenic plant Puccinellia tenuiflora 
and tobacco which possess SOD isomers such as Cu/Zn‑SOD 
were more susceptible to drought and salt stress than wild type 
Puccinellia tenuiflora and tobacco plants (Wu 2016; Negi et al. 
2015). The overexpression of the Cu/Zn‑SOD isomer in plants 
may play a crucial role in ameliorating the oxidative damages 

caused by abiotic stresses. Another study reported that Cu/
Zn‑SOD and Mn‑SOD activities were enhanced under chill‑
ing stress in cucumber (Cucumis sativus L.) (Lee and Lee 
2000). Overall, SOD acts as the hydrogen peroxide scavenging 
agent during oxidative stress caused by various environmental 
conditions.

Catalase (CAT) is an enzyme containing heme with the 
atomic mass of about 250 kDa (Mhamdi et al. 2012). Cata‑
lase was found primarily in chloroplasts, peroxisomes, mito‑
chondria and cytoplasm. The primary function of CAT is to 
prevent the plant peroxidation by reducing the harmful intra‑
cellular hydrogen peroxide to water and oxygen without cell 
energy utilization. Catalase is the multigene family and has a 
few isoforms, for example, CAT1, CAT2, and CAT3 (Sharma 
and Ahmad 2014). It has been reported that plants lacking the 
enzyme CAT were more delicate to saltiness and ozone stress 
contrasted with the wild plants (Abid et al. 2018). Moreover, 
it has been reported that CAT activity declined under drought 
stress in the drought‑sensitive rice cultivar SJ6 and it prompts 
the gathering of hydrogen peroxide (Lee and Lee 2000).

AO is a member of molybdenum‑containing hydroxy‑
lases multigene family with a prosthetic group that includes 
FAD, Fe–S and molybdenum cofactor (Moco) (Koshiba et al. 
1996). AO oxidizes a wide range of aldehydes such as indole‑
3‑acetaldehyde (IAAld) and abscisic aldehyde (ABAld) to the 
indole‑acetic acid (IAA) and abscisic acid (ABA) (Koshiba 
et al. 1996; Omarov et al. 1999). It is well known that AO 
plays an essential role in the plant adaptation mechanisms 
with respect to abiotic stress factors (Omarov et al. 1999; 
Sagi et al. 1998; Yesbergenova et al. 2005). An earlier study 
with ryegrass suggested a possible link between an increased 
activity of AO under salinity and ammonium treatment with 
the adaptation of plants to the applied stress conditions (Sagi 
et al. 1998). A more recent study on crested wheatgrass also 
reported an enhanced activity of AO under the high salinity 
stress which led to the increased tolerance and inhibited an 
oxidative damage (Babenko et al. 2015). Moreover, it has 
been reported that AO is not only involved in the generation 
of hydrogen peroxide  (H2O2) (Yesbergenova et al. 2005), but 
it also can produce superoxide anion  (O2

−·) using NADH as a 
substrate (Zarepour et al. 2012).

Individual abiotic stresses have been well‑investigated, but 
much less is known about the effect of combined, co‑occurring 
stress factors, despite the fact that combined stresses are prob‑
ably dominating under natural conditions (Holopainen and 
Gershenzon 2010). Therefore, the main goal of the present 
study was to elucidate physiological antioxidant enzymatic 
defense mechanisms involved in ROS detoxification and tol‑
erance of H. vulgare under combined application of drought 
and/or temperature stresses.
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Materials and methods

Plant material and growth conditions

The research conducted on the seedlings of barley (H. vul-
gare) in the naturally illuminated greenhouse under con‑
trolled conditions of the Plant Biotechnology Laboratory 
based in Eurasian National University, Kazakhstan.

As experimental material was selected the uniform seeds 
of barley (H. vulgare) from a cultivar of “Astana‑2000”. 
Prior to sowing, seeds were sterilized with 50% of aque‑
ous solution of sodium hypochlorite (NaClO) for 10 min, 
and then they were incubated in 90% ethanol for 1 min. 
After that, seeds were rinsed three times with distilled 
water and dried. Thirty seeds were sown in per pots with 
pre‑watered soil. Each plastic pot was filled with 150 g of 
pre sterilized soil, 10 g of vermiculite and moistened with 
40 ml of distilled water. The soil was slightly acidic with 
pH 6.0–6.5 and contained the main nutrients like nitrogen 
 (NH4 +  NO3)—150 mg/l, phosphorus  (P2O5)—270 mg/l, 
potassium  (K2O)—300 mg/l. Plants were grown in growth 
room conditions (+ 25 day/night temperature, 16/8 h light/
dark photoperiod, 20–22% relative humidity) for 2 days till 
the seedlings development. The lamps with a spectrum of 
2700 K and 6400 K were used for lighting the growth room.

Application of drought and temperature stress 
treatments

Two days after emergence of seedlings, plants were divided 
into six groups depending on the condition of their growth, 
as shown in Table 1.

Barley plants were grown 5 days in conditions of long‑day 
photoperiod (16‑h light/8‑h dark) and 20–22% air relative 
humidity in LCC 500 M growth cabinets (Daihan Labtech 
Co, LTD., S. Korean) at the temperatures 10 and 40 °C. 
Control samples were grown in the greenhouse at + 25 °C 
temperature. For drought stress application, watering to pots 

was withheld. All plants with normal water conditions were 
supplied with 40 ml of water every day at the set time of day. 
For lighting of growth room lamps with 2700 K and 6400 K 
spectrum were used.

Determination of relative water content (RWC)

The relative water content was determined according to the 
method of Barr’s and Weatherly’s with some modifications 
(Barrs and Weatherly 1962). The leaves were clipped and 
then immediately weighed to measure fresh weight (FW). 
Then samples were immersed into the tubes with water and 
placed in a refrigerator at + 10 °C for 24 h to obtain a turgid 
mass (TW). Thereafter, the samples were removed from the 
excess water with the filter paper and measured to obtain a 
turgid mass (TW). To get dry weight (DW), samples were 
dried in an oven at + 80 °C for 24 h.

The relative water content of samples were calculated by 
the following formula:

Determination of chlorophyll content

The total chlorophyll content was measured according to 
the method of Arnon (1949). The 1 g of raw plant leaves 
were homogenized with 20 ml of prechilled 80% ethyl alco‑
hol and centrifuged at 10,000 rpm for 10 min. After that, 
80 ml of the 80% ethanol was added to the tube, and then the 
remaining chlorophyll content in the leaves was measured 
spectrophotometrically at 664 nm against 80% ethanol blank.

Determination of malondialdehyde (MDA) content

MDA levels in the leaves were measured according to 
Srivastava (2017) with slight changes. At the beginning, 
100 mg of fresh leaves was pestle grounded in a chilled 
phosphate–saline buffer containing 10% trichloroacetic acid 
(TCA). Then, the mixture was centrifuged at 3000 rpm for 
10 min and the supernatant was incubated with an equal 
volume of 0.25% solution of 2‑thiobarbituric acid (TBA) in 
a water bath (95 °C) for 45 min. After that, the tubes with the 
solution were cooled in ice and centrifuged at 10,000 rpm for 
15 min. Furthermore, supernatants were selected for spectro‑
photometric analysis. Optical density (OD) was measured at 
wavelengths of 532 and 600 nm to determine MDA content 
on a fresh weight basis. The experimental values were deter‑
mined against the MDA standard curve.

RWC (%) =
[

(FW − DW)∕(TW − DW)
]

× 100%

MDA
(

μmol g−1 FW
)

= 6.45
(

OD532 − OD600

)

− 0.56 OD450

Table 1  Growth conditions

CS cold stress, HS heat stress, DS drought stress (without watering), 
CS + DS combined cold and drought stress, HS + DS combined heat 
and drought stress

Growth conditions Temperature (°C) Watered/drought

CS + W + 10 Watered
CS + DS + 10 Drought
Unstressed control + 25 Watered
DS + 25 Drought
HS + W + 40 Watered
HS + DS + 40 Drought
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Determination of total soluble proteins

Soluble proteins were extracted in 25 mM phosphate buffer 
(pH 7.5) with 0.25 M sucrose, 0.025% Triton X‑100 and 
0.05  μM phenylmethylsulfonyl fluoride (PMSF). The 
homogenized plant material was centrifuged at 3000 rpm 
for 10 min, stirred by shaking, incubated on ice for 30 min 
and centrifuged at 10,000 rpm for 20 min. The resulting 
supernatant was incubated in a water bath at 60 °C for 90 s 
and centrifuged at 10,000 rpm for 5 min. To desalinate the 
proteins, ion exchange chromatography was used preliminar‑
ily equilibrated with 10 mM Tris–HCl buffer (pH 7.5). For 
this, 500 μl of the resulting solution was passed through a 
2.8 cm length Sephadex G‑25 column, and then 1000 μl of 
25 mM phosphate buffer (pH 7.5) was eluted.

The total soluble protein content was evaluated using the 
Bradford method with crystalline bovine serum albumin as a 
standard (Bradford 1976). Briefly, protein extracts from plant 
samples were diluted 1:25 with DDW and mixed with diluted 
Protein assay at a ratio 1:10 (w/v). Absorption for each sam‑
ple was measured at 595 nm on a spectrophotometer. Protein 
concentrations were calculated using the following formula:

Protein extraction and fractionation for in gel 
activities

The preparation of samples for native PAGE was carried out 
in accordance with (Batyrshina et al. 2018). In ice‑cold extrac‑
tion buffers containing 250 mM Tris–HCl (pH 7.5), 250 mM 
sucrose, 1 mM ethylenediaminetetraacetic acid (EDTA), 4 mM 
1,4‑dithiothreitol (DTT), 5 mM l‑cysteine, 0.001 mM apro‑
tinin, 0.1 mM phenylene diamine tetraacetic fluoride (PMSF) 
and 0.001 mM pepstatin, fresh tissues were homogenized. The 
ratio of extraction buffer and tissue was 1:2 for leaves and 1:3 
for roots. The plant tissue extracts were then centrifuged for 
20 min at 10,000 rpm (+ 4 °C), then the supernatants were 
transferred to the new tubes and carried out at 4 °C until 7.5% 
polyacrylamide gel electrophoresis in the absence of SDS 
(Sagi et al. 1998). The amount of soluble protein in the sam‑
ples was calculated by Bradford assay, with BSA as standard 
(Bradford 1976). All samples had been recalculated with the 
aim of loading 20 μg of soluble protein per line.

Determination of superoxide dismutase (SOD) in gel 
activity

The activity of SOD was determined according to the 
method previously described by Yergaliyev et al. (2016). 
After electrophoresis, the gels were washed three times with 
distilled water and incubated in 0.1% NBT solution on the 

Protein concentration(μg/μl) = absorption at 595 nM/0.35 (coefficient).

shaker at 80 rpm for 15 min in the dark. After that, the gel 
was rinsed three times with distilled water and equilibrated 
in riboflavin solution (28 μM riboflavin and 28 mM TEMED 
in 0.1 M potassium phosphate buffer, pH 7.0) for 15 min. 
Then, the gel was washed with distilled water and irradiated 
under UV light until the appearance of bands.

Determination of catalase (CAT) in gel activity

CAT activity was performed following the method of Aebi 
(1984). The reaction mixture contained 10 µl of sample 
supernatant, 50 mM potassium phosphate buffer (pH 6.9) 
and 0.03%  H2O2 mixed thoroughly for 15 min. After that, 
for visualization of catalase isozymes, the gel was incubated 
in 0.003% hydrogen peroxide solution for 10 min. Then, 
specific staining for catalase activity was performed in a 
solution containing 1% potassium hexacyanoferrate (III) and 
1% iron (III) chloride.

Determination of aldehyde oxidase (AO) in gel 
activity

AO activity was determined following the method described 
by Sagi et al. (1998) with slight changes. After electrophore‑
sis, the gels were washed with distilled water and immersed 
in a staining solution that contained 1 mM indole‑3‑car‑
boxaldehyde as substrate, 1 mM MTT (3‑(4,5‑dimethylth‑
iazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide) as indicator, 
0.1 mM phenazine methosulfate as electron carrier in 0.1 M 
TRIS–HCl, pH 7.4, at + 37 °C for 40 min.

ROS determination

For detecting  O2
−· and  H2O2, samples were extracted in 

50 mM phosphate buffer (pH 7.5) at a ratio of 1:8 (w/v) 
and centrifuged twice at 18,000 g. for 20 min. The reaction 
mixture for detecting  O2¯ consisted of 4 mM epinephrine as 
an electron acceptor in 100 mM Tris–HCl buffer (pH 7.8) 
in the presence or absence of 2100 U/ml CuZn‑SOD as pre‑
viously described Yesbergenova et al. (2005). Absorbance 
was measured at 480 nm by employing a Biochrom Asys 
Expert 96 Microplate Spectrophotometer supported by Kim 
software.

The reaction mixture for detecting  H2O2 consisted of 
0.85 mm 4‑aminoantipyrine, 3.4 mm 3,5‑dichloro‑2‑hy‑
droxybenzene sulfonate, 4.5 U/ml HRP in 2 ml of 50 mM 
phosphate buffer (pH 7.5) as previously described (Yes‑
bergenova et al. 2005). Absorbance was measured after 
5 min at 515 nm.
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The nitroblue tetrazolium (NBT) for superoxide radical 
staining in shoots were done as previously described by 
Rao and Davis (1999) with slight modifications. Shoots of 
barley were immersed and infiltrated under vacuum with 
3.5 mg/ml NBT staining solution in potassium phosphate 
buffer (10 mM) containing 10 mM  NaN3. After infiltration, 
stained shoots were bleached in acetic acid–glycerol–ethanol 
(1/1/3) (v/v/v) solution at + 100 °C during 5 min. Samples 
were then stored in a glycerol–ethanol (1/4) (v/v) solution 
until photographs were taken.  O2

−· was visualized as a blue 
color produced by NBT precipitation.

Statistical analyses

Two‑tailed unpaired Student’s t test (two‑sample unequal 
variance) was employed to show differences between pairs 
of samples. ANOVA (Tukey–Kramer honestly significant 
difference [HSD]) was used to compare multiple groups of 
samples (JMP 15.1.0) software; http:// www. jmp. com/). The 
NBT staining and bands on AO, SOD and CAT in gel activi‑
ties were analyzed with ImageJ software (http:// rsbweb. nih. 
gov/ ij/). All experiments with determination of enzymes in 
gel activities were carried out at least 4.

Results

The combined effects of temperature and drought 
stresses on morphological and physiological 
parameters of barley

Comparison of morphological parameters of experimen‑
tal plants allows to estimate the influence of the tempera‑
ture during the exposure to both factors (temperature and 
drought). Profound morphological changes in plant growth 
and development were observed under heat and cold stresses. 
This was evident by observed reduction the shoot and root 
lengths (Fig. 1b, c). The most negative effect was observed 
due to heat stress with a severe deformation and twisting of 
the stems and the change of plant color to brown. No signifi‑
cant differences were detected between the plants exposed 
to drought and watered plants at the low temperature condi‑
tions. Such treatments also did not affect the root and shoot 
length; however, at room and high temperature, plants with‑
out watering exhibited significantly reduced height and root 
length (Fig. 1a–c).

Similarly to plant growth the relative water contents and 
photosynthetic pigments content were also significantly 
inhibited during the exposure to low and high temperature 
stresses compared with control plants with optimal tempera‑
ture (+ 25℃) (Fig. 1b, c).

The combined effects of temperature and drought 
stresses on ROS

Oxidative damage naturally occurs in plants as a result of 
aerobic respiration and this effect can be enhanced by a 
plethora of environmental factors, including temperature 
and drought stresses, which in turn may lead to the elevated 
accumulation of ROS. Therefore, levels of superoxide  (O2

−·) 
and hydrogen peroxide  (H2O2) radicals were tested to exam‑
ine whether severe stress at + 40 ℃ is accompanied by the 
increased accumulation of ROS.

Superoxide quantification was carried out using NBT 
staining in the shoots and determined spectrophotometrically 
in the roots (Fig. 2a, b). Interestingly, plants grown under the 
optimal conditions showed the highest levels of  O2

−· radicals 
both in the roots and shoots. Moreover, in spite of severe 
stress factors shoots of plants exposed to heat stress demon‑
strated the weak staining indicating low levels of ROS con‑
tent. Thus, lower levels of  O2

−·radicals under the heat stress 
in the shoots might be the result of their either decreased 
production by ROS‑producing enzymes or increased levels 
of ROS detoxification.

The effect of  H2O2 accumulation was stronger in the roots 
compared to the shoots under the temperature stress. Hydro‑
gen peroxide concentration under the high temperature stress 
increased in the roots (Fig. 2c, d).

The combined effects of temperature and drought 
stresses on AO activity

Since our results revealed decreased levels of superoxide 
radicals in plants under the high temperature treatment, 
it was seemed logical to test activity of ROS‑producing 
enzymes, such as AO, because many studies showed the 
involvement of MoCo‑containing AO in superoxide produc‑
tion in plants and animals (Bittner and Mendel 2006).

Effects of combined stress conditions in barley on AO 
were examined using in gel enzyme activity assay. Through 
the use of indole‑3‑carboxaldehyde as an AO substrate, one 
leaf isoform and three root isoforms were observed (Fig. 3a, 
b). Low temperature did not significantly affect AO activity 
in shoots of barley. However, the combination of low tem‑
perature and drought stress resulted in notable reduction of 
the enzyme activity. Drought and high temperature stresses 
(combined or separately) resulted in significantly reduced 
levels of AO activity in the shoots (Fig. 3a). In roots, at high 
temperature conditions the enzyme activity significantly 
decreased but response to drought stress AO activity slightly 
elevated (Fig. 3b). Strikingly, similarly to  O2

−· radicals accu‑
mulation, under the high temperature stress AO activity in 
the shoots was barely detectable in spite of the severe impact 
of these conditions on plant morphological parameters.

http://www.jmp.com/
http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
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The combined effects of temperature and drought 
stresses on SOD activity

To investigate how combined stresses affect the SOD activity 
in barley, an enzymatic staining assay after non‑denaturing 
electrophoresis was performed. Samples extracted from the 
shoots of plants exposed to drought stress revealed signifi‑
cantly reduced levels of SOD, in comparison with extracts 
obtained from control plants of each temperature conditions 
(Fig. 4a). The decrease of SOD activity was also detected in 
roots of plants exposed drought at low and optimal tempera‑
ture. However, at high‑temperature root SOD was slightly 

activated by the condition of water shortage. Moreover, in 
roots two distinct SOD isoforms were detected (Fig. 4b).

The combined effects of temperature and drought 
stresses on CAT activity

Since our results revealed distinct levels of SOD activity 
in roots and shoots under the temperature stress, we per‑
formed experiments to detect CAT in gel activity. Simi‑
larly to SOD activity, CAT showed reduced activity in 
the shoots in response to drought stress in comparison to 
the control plants. In addition, in response to temperature 
stress CAT activity also followed the SOD activity pattern 

Fig. 1  Combined effects of temperature and drought stresses on mor‑
phology (a), shoot (b) and root length (c), relative water contents (d) 
and chlorophyll level (e). The values are means ± SE (n = 4). Values 
denoted with different letters are significantly different according to 
the Tukey–Kramer HSD and T test analyses, P < 0.05 (JMP 15.1.0) 

software, http:// www. jmp. com/). Different uppercase letters indicate 
significant differences between temperature and drought stressed 
plants. Asterisks indicate significant differences within the tempera‑
ture stress in response to drought stress

http://www.jmp.com/
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with reduction of activity compared to the plants grown 
under + 25 ℃ (Fig. 5a).

H2O2‑producing CAT activity was almost undetectable in 
the roots under the low temperature stress compared to the 

control plants and the effect of drought stress also was not 
detectable under the control and low temperature conditions 
(Fig. 5b). Significantly, higher levels of CAT were detected 
in the roots of plants grown under the low temperature 

Fig. 2  Combined effects of temperature and drought stresses on the 
levels of superoxide radicals (a and b) and hydrogen peroxide (c 
and d) in shoots and roots of barley. Superoxide in the shoots were 
detected using the nitroblue tetrazolium (NBT) staining method. The 
values are means ± SE (n = 4). Values denoted with different letters 

are significantly different according to the Tukey–Kramer HSD and T 
test analyses, P < 0.05 (JMP 15.1.0 software, http:// www. jmp. com/). 
Different uppercase letters indicate significant differences between 
temperature and drought stressed plants. Asterisks indicate significant 
differences within the temperature stress in response to drought stress

(a) (b)

Fig. 3  Combined effects of temperature and drought stresses on AO activity in shoots (a) and roots (b) of barley. The data are from three differ‑
ent experiments that yielded similar results. The bands were evaluated by employing ImageJ software (http:// rsbweb. nih. gov/ ij/)

http://www.jmp.com/
http://rsbweb.nih.gov/ij/
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compared to the non‑stressed plants. Furthermore, 4 distinct 
CAT isoforms were detected in the roots under the high tem‑
perature stress. This effect was most noticeable especially 
when high temperature was combined with drought.

Discussion

Drought and high/low temperatures are unfavorable environ‑
mental circumstances that inflict significant damage to crop 
yield. In the past decades scientists focused much attention 
to individual stress factors such as, drought, salinity, low 
and high temperature, UV radiation and so on. However, 
obviously in the natural field conditions plants are exposed 
to a combination of a plethora of factors. The goal of present 
study was to elucidate physiological, antioxidant enzymatic 

defense mechanisms involved in ROS detoxification and tol‑
erance of barley (H. vulgare) under separate and combined 
application of drought/temperature stresses.

Our results showed that drought and high/low tempera‑
tures remarkably reduced the growth of leaves, roots and 
caused decline in water retention capacity (Fig. 1). Moreo‑
ver, water deficit and high temperature induced the stem 
twisting and shrinking of leaf plates. Recently, a number of 
studies have reported the adverse influence of an integrated 
drought and high temperature stresses on the growth and 
yield quality of various crops (Barnabás et al. 2008; Good‑
ing et al. 2003; Fahad et al. 2017). In the case of Hordeum 
Vulgare, combination of drought and low temperature sig‑
nificantly influenced physiological responses. This indicates 
that drought and low temperature treated plants respond to 
the applied stress in quite different manner than when plants 

(a) (b)

Fig. 4  Combined effects of temperature and drought stresses on SOD activity level in shoots (a) and roots (b) of barley. The data are from three 
different experiments that yielded similar results. The bands were evaluated by employing ImageJ software (http:// rsbweb. nih. gov/ ij/)

(a) (b)

Fig. 5  Combined effects of temperature and drought stresses on CAT activity level in shoots (a) and roots (b) of barley. The data are from three 
different experiments that yielded similar results. The bands were evaluated by employing ImageJ software (http:// rsbweb. nih. gov/ ij/)

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
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exposed to the drought and heat stress. As anticipated, the 
integration of drought and temperature stress remarkably 
decreased the water conservation and chlorophyll content 
in barley. The RWC declined under thermal stress (Fig. 1d), 
thus suggesting that plants reduced the growth and induced 
the stomatal closure to prevent water loss due to temperature 
stresses. It was previously reported that in Arabidopsis thali-
ana the combination of drought and water deficit induce the 
closure of stomatal pores to minimize the water loss (Rizh‑
sky et al. 2002; Prasch and Sonnewald 2013). Chlorophyll is 
an essential pigment of photosynthesis. The total chlorophyll 
content is an indicative marker to depict the photosynthesis 
level in plants. According to our results, chlorophyll content 
in the shoots of barley was drastically downregulated under 
thermal stress (+ 40 ℃) treatment (Fig. 1e). This suggests 
that, combination of drought and high temperature caused 
more damage than the drought and low temperature stress to 
the photosynthetic machinery. Limitation in photosynthesis 
under the influence of those combined stresses can restrict 
the growth of plants and subsequently lead to the reduction 
of crop yield. Our results are in agreement with the previous 
studies conducted on chickpea (Awasthi et al. 2014), winter 
wheat (Ristic et al. 2007), cotton (Carmo‑Silva et al. 2012), 
sorghum (Djanaguiraman et al. 2010). These works revealed 
the negative influence of interactive drought and high tem‑
perature stress on chlorophyll content which caused damage 
in the structural integrity of chloroplasts.

Plants have evolved an antioxidative defense machinery 
to prevent the oxidative damages caused by ROS (Hussain 
et al. 2019). Unfavorable environmental factors induce bio‑
chemical enzymatic and non‑enzymatic defense mechanisms 
of plants (Ashraf 2009). Plants with elevated levels of anti‑
oxidant enzymes were more tolerant to oxidative stresses.

ROS such as superoxide anion, hydrogen peroxide and 
singlet oxygen are considered to be extremely reactive and 
to be able to interact with cell compartments. Lipid peroxi‑
dation, in which the lipid membranes are degraded, is one 
of the negative processes of ROS, eventually contributing to 
structure destruction and damage to the cell (Mittler 2006). 
Our results showed that the combination of drought and 
temperature stresses caused enhancement of MDA content 
in test plants with respect to control plants (Fig. S), suggest‑
ing the generation of ROS. The overproduction of MDA 
under adverse environmental conditions leads to the lipid 
peroxidation (Gills and Tuteja 2010). Considerable higher 
accumulation of hydrogen peroxide  H2O2 was detected in 
roots under the thermal and water deficit stress. In contrast, it 
was downregulated in shoots and thus indicate that the ROS 
scavenging machinery was not enough to defense the roots 
against oxidative injury, especially those induced by integra‑
tion of water deficit and thermal stresses, as established by 
the enhanced accumulation of MDA and  H2O2).

The plant soluble proteins are the one of the main biomol‑
ecules that play an essential role in osmoregulation (Slama 
et al. 2015). The present study revealed that the total soluble 
proteins decreased under all stress circumstances; however, 
under thermal stress conditions (40 °C), it was substantially 
declined (Fig. S). Our results showed that thermal stressed 
plants had higher soluble protein content in shoots than in 
roots and this might mean that drought and heat stresses 
combination activate biosynthesis of soluble proteins to 
increase the resistance of plants towards the applied stress 
conditions.

The aldehyde oxidase (AO) is an essential enzyme that 
produce hydrogen peroxide  (H2O2) and superoxide (Yergali‑
yev et al. 2016) and play crucial role in the adaptation of 
plants toward the abiotic stresses (Omarov et al. 1999). It 
has been established that the AO is an essential final link in 
ABA biosynthesis from abscisic aldehyde (Schwartz et al. 
1997; Seo et al. 2000; Sekimoto et al. 1997). At an elevated 
concentration of exogenous ABA, the growth of plants slows 
down, and this happens primarily during drought (Lata and 
Prasad 2011). Under drought stress, stomata closed with 
the help of ABA to control transpiration rate, providing a 
plant defense mechanism (Guajardo et al. 2016). As regards 
our results, drought and high temperature stress showed an 
increase in AO activity; however, this activity decreased in 
response to stress caused by high temperature (Fig. 3). At 
high temperatures and adequate watering, the plant does 
not require ABA synthesis on such a broad scale as under 
combined drought and high temperature stress, and hence, 
AO activity is less than under combined stress. The above 
pattern is observed at both 25 °C of drought and control and 
10 °C of drought and control. We assumed that during the 
drought, the plant attempts to form large quantities of ABA 
to survive by controlling transpiration. Taken together, it is 
reasonable to hypothesize that AO may act as a key player 
in the quenching of ROS molecules under combined stress 
applications.

The occurrence of comparatively low AO activity at 
high temperatures and combined stress compared to sam‑
ples grown at 25 °C and 10 °C may be because of modi‑
fications in the structural configuration of proteins and/or 
degradation.

However, the activity of AO in barley leaves was distinct 
from that of roots. It is likely that AO may perform other 
metabolic functions in the leaves, in addition to phytohor‑
mone synthesis, since AO is capable of catalyzing differ‑
ent substrates. It seems that the production of free radicals 
resulting in the presence of AO and xanthine dehydroge‑
nase can be used as a signaling pathway in plants to protect 
itself. Moreover, these results indicate that high temperature 
resulted in inhibited activity of AO and reduced production 
of superoxide radicals  (O2

−·) in barley.
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The SOD acts as a front line of defense system against 
ROS by converting superoxide anion to oxygen and hydro‑
gen peroxide (Jaleel et al. 2009). The previous studies con‑
ducted on cotton (Wang et al. 2017) and wheat (Tyagi et al. 
2017) showed incremental activity of SOD under various 
abiotic stresses. The inhomogeneity of SOD with a given 
pattern (Fig. 4) can be explained by the short viability and 
high reactivity of the superoxide anion (Fridovich 1995). 
According to our research, the samples that were exposed 
to combined drought and temperature stresses showed 
considerably lower activity of SOD in the shoots and thus 
indicated that under drought and temperature stresses 
shoots of barley plants had lower ability to scavenge the 
superoxide radical (Fig. 4). Interestingly, the SOD activity 
in the shoots revealed no alterations, while in the roots of 
barley seedlings the activity of SOD drastically increased 
under temperature stresses. This may indicate the essential 
involvement of SOD in overcoming the stresses. Moreover, 
in the roots two new SOD isoforms were determined and 
thus may represent the enhancement of the ability of plants 
to combat drought and thermal stresses. The higher the 
SOD activity or higher number of isoforms, greater the 
potential to remove ROS. Over‑expressing plants of vari‑
ous SOD isoforms increases enhanced tolerance to oxida‑
tive stress and to other environmental stresses (Berwal and 
Ram 2018).

Information regarding the CAT activity under various 
abiotic stresses is diverse. CAT is an antioxidant enzyme 
that decomposes  H2O2 to oxygen and water molecules 
(Mhamdi et al. 2012). In our experiment, a combination 
of drought and temperature showed a diverse pattern of 
accumulation of CAT enzymes (Fig. 5). The activity of 
CAT under interactive influence of drought and low tem‑
perature stresses was almost undetectable which indicates 
the “weak affinity” to hydrogen peroxide. Interestingly, 
the activity of CAT was upregulated in roots under high 
temperature treatment compared to shoots. Our results are 
consistent with other studies conducted on wheat varieties 
found out the enhanced activity of CAT enzyme under 
drought and chilling stresses (Guo et al. 2004; Janmoham‑
madi et al. 2012; Devi et al. 2012). Both SOD and CAT 
enzyme activities were provoked by the thermal stress 
treatment in roots, but were strongly suppressed in shoots 
and thus may indicate that heat stimulates the activation 
of protein isozymes.

Changes in SOD, CAT and AO activity and ROS accumu‑
lation in shoots and roots were not equal due to drought and 
temperature stress treatments, indicating that barley plants 
use complex mechanisms in response to different stressors. 
Moreover, the higher activities of SOD, CAT and AO under 
water deficit and high temperature indicates the ability of 
barley plants to eliminate ROS effectively and prevent the 
overaccumulation of ROS.

The results of our research showed that temperature 
stress has stronger effect in plant growth than drought stress 
and the roots are more susceptible to the combined effect 
than the shoots. The heat and drought stresses resulted in 
increased activity of CAT and SOD in roots and decreased 
in shoots. Moreover, reduced AO activity with lower ROS 
level under the heat stress in spite the severe negative effect 
in plants and increased AO activity in roots with enhanced 
ROS under the drought stress may indicate distinct anti‑
oxidant enzymatic defense mechanisms involved in ROS 
homeostasis under the heat and drought stresses.
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