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Abstract

Land plants shorten their vegetation period during water deficiency. Under water stress, wheat plants undergo several
changes at the morphophysiological level. We tried to elucidate the role of the morphophysiological parameters and the
photosynthetic machinery in response to drought followed by rewatering. Therefore, some morphophysiological traits
of two bread wheat genotypes (drought-tolerant Gobustan, drought-sensitive Tale 38) were studied. The H,O, content
increased under drought in both genotypes but recovered in the Gobustan genotype after rewatering. The isozymes of
peroxidase manifested dynamic changes under drought. The electron transport rate and the maximum photochemical
quantum efficiency of PSII showed similar responses to drought with subsequent rewatering in both genotypes. However,
the amount of the photosynthetic pigments changed drastically resulting in structural changes of thylakoid membranes.
In Gobustan, the thylakoid membrane structure almost completely recovered after rewatering. Thus, the drought-tolerant

genotype shows a more dynamic response of photosynthetic machinery and antioxidant capacity.

Keywords: benzidine peroxidase; reactive oxygen species; thylakoid membrane; Triticum aestivum L.

Introduction

According to the data of IPCC (Intergovernmental Panel
on Climate Change), the earth temperature will rise by
an average of 1.1-6.4°C by the end of the 21* century.
Increasing the temperature by 3°C will drastically reduce
the carbon content of green plants by limiting natural
carbon sources. The drought areas may increase from 1
to 3% by 2100, due to increased evaporation, which may
lead to further limitation of the structure and function
of the terrestrial ecosystem. Drought stress is one of
the superiorities of climate change that has a negative
impact on wheat growth and yield (Marcek et al. 2019,
Sallam et al. 2019). Strategically important bread wheat
varieties cultivated in Azerbaijan are affected by stress due
to climate change leading to the decline in productivity
of agricultural plants, which is considered to be one of
the major agricultural problems, exacerbated by global
warming (Wei et al. 2017).

The ability of plants to shorten their vegetation
period during water deficiency is considered to be a very
important indicator for agricultural plants. Under stress,
the plant undergoes various morphological, physiological,
biochemical, and molecular changes (Pandey ef al. 2015).
The rate of CO, assimilation decreases as the stomatal
conductance weakens under drought stress. Under drought,
the plant leaves shrink, and the diameter of the stem
diminishes, water-use efficiency decreases due to the
weakened plant-water exchange. Plant height and pro-
ductivity decrease due to the decline in photosynthetic
pigments and gas exchange. Almost all environmental
stresses including drought cause a reduction in CO,
fixation and as a consequence, the Calvin—Benson—
Bassham cycle cannot regenerate NADP* efficiently. It
causes an overreduction of the photosynthetic electron
transport chain, which generates more reactive oxygen
species (ROS), such as singlet oxygen, superoxide anion
radical, and hydrogen peroxide, in the chloroplasts
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(Zulfugarov et al. 2011). When photosynthesis is limited
under stress, reaction centers are extremely reduced
leading to the accumulation of additional energy harmful
to PSII (Demmig-Adams and Adams 1992) and synthesis
of ROS in the chloroplasts (Smirnoff 1993). There is a
positive correlation between the rate of photosynthesis and
the content of chlorophylls (Chl), the main components
of the chloroplasts (Amirjani and Mahdiyeh 2013). The
inhibition of photosynthesis is the result of decreased
CO, assimilation due to low mesophyll and stomatal
conductance or impaired carbohydrate metabolism under
drought stress (Kalaji and Nalborczyk 1991, Haworth
et al. 2016).

Some physiological parameters, such as ROS genera-
tion and scavenging, relative water content (RWC), photo-
synthetic electron transport, and structural changes, are
the physiological markers for estimating stress tolerance
in plants. Relative water content, stomatal resistance,
transpiration rate, and leaf temperature are significant
parameters influencing water metabolism in plants. RWC
is related to water absorption through roots and water
loss by transpiration. The accumulation of ROS in the
plants exposed to adverse environmental conditions is the
early response of the cell to abiotic stresses. Drought and
high temperatures cause oxidative damage in proteins,
DNA, and lipids in plant cells leading to a sharp increase
in the ROS content (Farooq et al. 2009, Gill and Tuteja
2010). Enzymatic and nonenzymatic components of
the antioxidant defense system play a crucial role in the
elimination of ROS (Huseynova et al 2014, Aliyeva
et al. 2020).

The enzymatic components of the antioxidant defense
system in plants, peroxidases, are considered as one
of the stress indicators of plants because their activities
considerably increase after stress stimulation. Plant
peroxidases have been implicated in various plant growth
and developmental processes, such as cell wall meta-
bolism, defense against pathogens (Passardi et al. 2005),
fruit growth, and ripening (Andrews et al. 2002). Plant
peroxidases have many physiological functions, such
as immobilization of extension, construction of matrix
polysaccharides, cell wall protection by the accumulation
of lignin and suberin, pathogen protection, auxin
catabolism, and synthesis of secondary metabolites (Tari
and Csiszar 2003, De Gara 2004). Therefore, they can be
considered physiological markers.

The light-regulated photosynthetic electron transport
system transmits water electrons to NADP, creating a
proton gradient that facilitates ATP synthesis. The main
feature of PSII is its sensitivity to light, which results in
oxidation of the D1 protein at the reaction center (Krieger-
Liszkay et al. 2008) and the formation of singlet oxygen
(Vass and Cser 2009). Because of the sensitivity to light,
the D1 protein, included in PSII, is initially damaged under
stress. Limitations of the photosynthetic electron transport
system occur when the balance between damage and
recovery processes is disturbed and during photoinhibition
(Vass 2012). At a high intensity, the recovery rate also
rises, therefore, the regulation of the high PSII activity
becomes possible (Foyer and Shigeoka 2011). In the
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early stages of drought, the stomatal closure can increase
water-use efficiency (WUE), but as the drought deepens,
dehydration of mesophyll cells inhibits photosynthesis.
Phenotyping of photosynthesis is important to realize
which physiological parameters limit the crop productivity
in agricultural systems.

Drought is one of the dominant natural hazards that
negatively affect dry mass accumulation, respiration
rate, and wheat productivity (Huseynova et al. 2016).
We chose local varieties Gobustan and Tale 38, which
are productive and at the same time contrasting in their
drought tolerance, as the objects of the study because of
the increased attention paid to the cultivation of bread
wheat varieties in these areas. In the present study,
we compared several morphophysiological markers
including RWC, dry biomass, leaf area, amounts of
phenolic compounds, the photosynthetic responses using
chlorophyll (Chl) fluorescence of chloroplasts, thylakoid
membrane proteins, and the components of antioxidant
system in two wheat genotypes differing in their tolerance
during drought stress and rewatering. The goal of these
analyses was to (/) find which changes have an important
role in response to drought followed by recovery, (2)
elucidate the role of the photosynthetic machinery in
response to drought followed by recovery of two wheat
genotypes contrasting in drought tolerance.

Materials and methods

Plant material: The field experiment was conducted
during the 2019-2020 growing season at the research
field of Plant Physiology and Biotechnology Department
of Research Institute of Crop Husbandry, located in the
Absheron peninsula, Baku, Azerbaijan. The seeds of two
bread wheat genotypes (Gobustan and Tale 38) were
planted at the end of October, at an average density of
400 seeds per m?, in two replications at 1 x 10 m plots,
consisting of seven rows placed 15 cm apart. Soil had
a weak alkaline property at 0-75 cm depth with pH
8.6-8.9. Fertilizers were applied as 120 kg(nitrogen) per
hectare (N120), 60 kg(phosphorus) per hectare (P60),
60 kg(potassium) per hectare (K60). This research was
conducted on two local bread wheat (Triticum aestivum
L.) genotypes contrasting for drought tolerance (Gobustan
as drought-tolerant and Tale 38 as drought-sensitive) taken
from Gene Pool of Research Institute of Crop Husbandry
(Baku, Azerbaijan). Plants grew under natural field
conditions and they were well irrigated to avoid any water
stress. To realize the drought treatments, plants at the wax
ripeness stage were subjected to one of the following
irrigation regimes: control, a well-irrigated treatment
(no drought stress), drought stress, imposed during the
vegetative stage by withholding irrigation, and rewatering
(after 7 d of rehydration). Control plants were irrigated
at germination, stem extension, and grain-filling stages.
Rehydration of nonirrigated plants was carried out only at
the grain-filling stage, after strong dehydration of plants.
The influence of drought on plants was identified visually,
by determination of the relative water content in leaves, as
well as the determination of the water content in the soil



(Lambe and Whitman 1969). Soil water content was 60%
for control, 30% for drought, and 60% for rewatering state.
Light intensity, temperature, and humidity were 50-1,500
pumol(photon) m=2 s, 36 + 3°C, 35 + 3%, respectively,
during sampling.

Relative water content (RWC) of control, drought-
treated, and rewatered plants was determined in the leaves
according to Turner (1981) and was calculated by the
following formula: RWC=[(FM—-DM)/(TM -DM)] x 100,
where FM — fresh mass, TM — turgid mass, DM — dry mass.

Dry mass content: The method is based on the drying
of the weighed sample to a constant mass at 80 + 2°C.
The content of the dried mass in the examined sample
was expressed as a percentage of the initial sample mass.
The dry mass content was determined using the following
formula: C [%] = (DM/FM) x100.

Phenolic compounds: To quantify phenolic compounds
accumulated in the cell, the method modified by Singleton
and Rossi (1965) was used. The method is based on the
reaction of phenols with the Folin—Ciocalteu reagent. The
reagent is a mixture of salts of phosphotungstic acid and
phosphomolybdenum and phenols form blue complexes
with these salts in an alkaline medium, which allows
performing the spectrophotometric determination. Folin—
Ciocalteu reagent of 0.5 ml was added to 0.1 ml of the
extract, and after 3 min, 0.4 ml of Na,CO; [75 g L' (W/v)]
was added, stirred well, and after 2 h, the optical density was
measured at 765 nm with spectrophotometer (Ultrospec
3300 PRO, Amersham, USA).

Hydrogen peroxide content was determined using the
spectrophotometric method according to Bellincampi
(2000) based on the oxidation of Fe*" ions to Fe** with
xylene orange. Optical density was determined at 560 nm
in Thermo Scientific Evolution 350 UV-Vis spectro-
photometer (England). Standards were prepared using
30% H,0..

Histochemical detection of H,0O, was conducted as
described by Mahalingam et al. (2005). For hydrogen
peroxide determination, detached leaves of the control,
stress-exposed, and rewatered plants were placed in
Petri plates with 5 mM DAB containing 10 mM MES
(pH 3.8). The cleared leaves were preserved in 50%
ethanol—glycerol mixture and photographed.

Enzyme extraction: Leaf materials (0.5 g) were ground
in liquid nitrogen and then homogenized in 100 mM
Na-phosphate (pH 7.8) buffer containing 1 mM EDTA,
2 mM PMSF, 1% PVP, and 0.1% Triton X-100. Then, the
samples were centrifuged at 4°C for 20 min at 15,000 x g
and the obtained supernatants were used for the analysis of
benzidine peroxidase (BPO, EC 1.11.1.7.).

Benzidine peroxidase activity: The activity of benzidine-
type peroxidase was measured spectrophotometrically
(Ultrospec 3300 PRO, Amersham, USA) by the increase
in optical density of the reaction mixture for 1 min at
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590 nm as described in Gechev et al. (2002). Peroxidase
activity was determined in a reaction mixture containing
50 mM potassium phosphate buffer (pH 4.8), 20 mM
benzidine, 0.6 mM H>0O,, and 30 pl of enzyme preparation
in a final volume of 1 ml. The activity was calculated in
umol(benzidine product) mg'(protein) min' considering
extinction coefficient ¢ =39 mM ' cm™'.

Isoenzymes of benzidine peroxidase: Qualitative changes
in the enzyme activity were determined using native
polyacrylamide gel electrophoresis (PAGE) according to
the method of Davis (1964). The enzyme extract in 50%
glycerol with 1% bromophenol blue was applied to the
8% polyacrylamide gel. Electrophoresis was carried out
for 3 h at 4°C with a steady current of 30 mA, using the
device SE 250 (Amersham Biosciences, USA). Following
electrophoretic separation, the gels were stained for
different isoenzymes. The staining of benzidine peroxidase
lines was performed by the method of Cuypers et al.
(2002). For analysis of benzidine peroxidase isoenzymes,
the gel was incubated for 1 h at room temperature in a
solution containing 0.1 g of benzidine in 100 ml of 0.2 M
sodium acetate buffer (pH 5.0) and 2.5 ml of 3% H,O, in
100 ml of benzidine solution.

Photosynthetic pigments: The Chl content was determined
by the method of Porra et al. (1989). Chl a [nmol ml'] =
14.21 A(,63 - 3.01 A645, Chl b [nmol ml"] =25.23 A645 —
5.16 A663; Chl (a+b) [nrnol ml’l] =22.22 A645 -9.05 A663'
The content of carotenoids was determined by the
method of von Wettstein (1957). Carotenoids [mg L] =
4.695-Asss — 0.268 Chl (a+b).

Photosynthetic electron transport rate and Chl fluo-
rescence measurements: The photosynthetic electron
transport rate was measured according to Oh et al. (2009)
using a Clark-type oxygen electrode (OXYV1, Hansatech
Instruments, UK) at 25°C in a basal medium containing
20 mM Tris, 0.4 M sucrose, 10 mM NaCl, 1 mM ascor-
bate, | mM EDTA and 0.1% polyethylene glycol (PEG)
supplemented with 1 mM methyl viologen (MV) and
1 mM 2,6-dichlorophenolindophenol (DCPIP) for whole
chain electron transport activity measurement.

The maximum photochemical quantum efficiency of
PSII, expressed as the F,/F,, ratio was measured according
to Zulfugarov et al. (2019) using a modulated fluorimeter
(PAM 101, Waltz, Effeltrich, Germany). Before measuring
the F,, leaf segments of wheat plants were dark-adapted
for 30 min. F,, was induced by a saturating pulse of white
light (0.8 s; 5,000 pmol(photon) m? s™'). F,, and FO are
defined as maximal and minimal fluorescence yield of a
dark-adapted sample, with all PSII RCs fully closed or
opened, respectively.

Wheat thylakoid membranes were isolated according to
Huseynova ef al. (2007) from fresh leaves. All procedures
were performed at 4°C under dim light.

Blue native polyacrylamide gel electrophoresis (BN-

PAGE) was performed by a linear gradient of 4.5-13.5%
separation gel and 4% stacking gel using gradient gel
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assembly (Amersham Biosciences, Little Chalfont Bucks,
UK). Electrophoresis was performed by 10 mA at 4°C
for 35—40 min. As the blue running front moved about a
half of the desired running distance, the cathode buffer,
which became blue-colored, was removed from the
upper chamber and replaced with a clear cathode buffer.
The BN-PAGE stopped when the Coomassie Blue ran out
of the bottom of the gel.

Statistical analysis: The statistical analysis was conducted
based on Student's t-test. Differences in mean values were
considered significant when the P-value was <0.01, <0.05.

Results

We investigated the effect of the drought with subsequent
rewatering on physiological traits, such as RWC, dry
biomass, leafarea, and the contents of phenolic compounds
in two bread wheat with contrasting tolerance to drought.
RWC is the most appropriate measure of plant water status
in terms of the physiological consequence of cellular water
deficit. We observed that during the drought, RWC in the
Gobustan variety decreased by ~ 15% compared to the
control variant and recovered by 14% after rewatering
(Fig. 14). The Tale 38 variety lost ~ 21% water under
stress and recovered by 10% after rewatering (Fig. 14).
According to the statistical analysis, there was no marked
difference between control and rehydrated variants of the
Gobustan variety. The recovery rate of this variety was
slightly higher compared to Tale 38. Dry mass content is
the most important parameter for the evaluation of plant
material quality. We found that dry biomass decreased
two times under water deficiency and recovered by
60% after rewatering in the Gobustan variety (Fig.
1D), whereas in the Tale 38 genotype, dry mass content
decreased 1.9 times under drought and recovered by
38% upon rewatering. The leaf areas of both genotypes
decreased under drought (25% in Gobustan and 23% in

Tale 38) and partially recovered upon rewatering (14%
in Gobustan and 4% in Tale 38) approaching the control
variant (Fig. 1C). Results of our experiments showed that
the contents of phenolic compounds increased in both
genotypes under drought then decreased in the tolerant
Gobustan genotype reaching the initial state, whereas,
in the Tale 38 genotype, it remained at the high level
(Fig. 1B). These data show that changes in dry biomass
and the contents of the phenolic compounds respond to
the drought with subsequent rewatering more dynamically.
Interestingly, both physiological traits showed a high
recovery rate in the drought-tolerant Gobustan genotype.

Drought stress affects the accumulation of the ROS
and especially the hydrogen peroxide content. The H,O,
content increased drastically in both genotypes under
drought and then decreased after rewatering (Fig. 24).
The rate of decrease of the H,O, content was very signifi-
cant in the drought-tolerant Gobustan genotype, however,
in Tale 38, the rate of decrease was very small. Because
the amount of H,O, is very critical for the plant growth,
development, and stress response (Phillips and Ludidi
2017), we confirmed the contents of H,O, by the histo-
chemical staining. The histochemical detection of the
H,O, content showed similar results (Fig. 2B) with
spectrophotometric data (Fig. 24). In other words,
the drought-tolerant Gobustan variety retained a more
intensive recovering ability than the drought-sensitive
Tale 38. As shown in Fig. 2, the content of H,O,
increased in wheat plants under drought stress compared
with the control conditions. Thus, it should affect the
antioxidant status of these plants.

Therefore, we determined the changes in the BPO
activity by the spectrophotometric assay and the gel
electrophoresis method. We found that the constitutive
activity of the BPO enzyme was 4.34 pmol mg!(protein)
min' in Gobustan and 2.25 pmol mg!(protein) min’!
in Tale 38 genotypes (Fig. 34). The enzyme activity
decreased (1.5 and 1.2 times, respectively) under drought.
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Fig. 1. Changes in (4) relative water
content (RWC), (B) amounts of
phenolic compounds (PCs), (C) leaf
area, and (D) dry mass (DM) in bread
wheat genotypes (Gobustan and
Tale 38) during drought and re-
watering periods at wax-ripeness
stage of ontogenesis. C — control, D
— drought, R — rewatering. Results
of Student's t-test: ™, * — significance
at the 0.01, 0.05 probability levels,
respectively, ns — not significant.
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Fig. 2. Changes in (4) amounts of hydrogen peroxide and
(B) histochemical staining of hydrogen peroxide in bread
wheat genotypes (Gobustan and Tale 38) during drought and
rehydration periods. C — control, D — drought, R — rewatering.
Results of Student's t-test: ™, * — significance at the 0.01, 0.05
probability levels, respectively.

After rewatering, the BPO activity increased in both
genotypes (1.3 and 1.1 times, respectively) compared to
the drought-exposed plants and this increase was more
pronounced in the Gobustan genotype. We applied native
PAGE analysis to identify the isoenzyme content of
benzidine peroxidase using crude enzyme extract obtained
from leaf samples of the two bread wheat genotypes
with contrasting tolerance to drought. We observed four
isoforms of benzidine peroxidase (BPO1, BPO2, BPO3,
BPO4) for the Gobustan genotype and three isoforms
(BPO1, BPO3, BPO4) for the Tale 38 genotype (Fig. 3B).
In the drought-tolerant Gobustan genotype, due to the
effects of drought, the intensity of the heavy-molecular-
mass isoform (BPO1l) was reduced, and medium-
molecular-mass isoforms (BPO2, BPO3) disappeared.
After rewatering, the intensity of BPO1 isoform continued
to decrease and the medium-molecular-mass isoforms
(BPO2, BPO3) were recovered in the Gobustan genotype
(Fig. 3B). However, we observed complicated data in
drought-sensitive Tale 38 (Fig. 3B). Thus, due to the
effects of drought, the intensity of the heavy-molecular-
mass isoform (BPO1l) was reduced, and medium-
molecular-mass isoform BPO3 disappeared, but the band
of BPO2 isoform, absent in the control sample of Tale 38,
appeared. After rewatering, the intensity of BPO1 and
BPO2 isoforms continued to decrease and the medium-
molecular-mass isoform BPO3 was recovered in the Tale
38 genotype (Fig. 3B). Interestingly, the synthesis of the
low-molecular-mass isoform (BPO4) was not affected
by drought, however, increased after rewatering in both
investigated genotypes (Fig. 3B). These data, dynamic
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Fig. 3. Activity (4) and isoenzyme content (B) of benzidine
peroxidase (BPO) in bread wheat genotypes (Gobustan and
Tale 38) during drought and rewatering periods. C — control,
D — drought, R — rewatering. A separating gel of 7% acrylamide
was used for BPO analysis. To each slot, 30 pg of proteins
in 50% glycerol with 1% bromophenol blue were applied.
Electrophoresis was carried out for 3 h at 4°C with a steady
current of 30 mA. Results of Student's t-test: **, * — significance at
the 0.01, 0.05 probability levels, respectively, ns —not significant.

changes in the constitutive activity of the BPO enzyme and
its isoforms, indicated that the antioxidant system of the
Gobustan genotype functioned more efficiently.

The stomatal closure increases WUE at the beginning
of drought, however, with time, dehydration of mesophyll
cells inhibits photosynthesis (Haworth er al. 2016).
Therefore, we first measured the electron transport rate
(ETR) in chloroplasts isolated from two bread wheat
genotypes. We found that ETR decreased in both varieties
under drought and recovered after rewatering (Table 1).
ETR decreased by 40 and 66% in the Gobustan and Tale
38 genotypes, respectively, after drought. After rewatering,
ETR was recovered up to 80% in Gobustan and only around
70% in Tale 38. More dynamic response to rehydration
followed drought was observed in the Gobustan variety
(Table 1). We observed similar behavior of the maximum
photochemical quantum efficiency of PSII, expressed as
the F,/F, ratio, in both genotypes under all experimental
conditions (Table 1). The statistical analysis shows that the
rewatered samples did not differ significantly from control
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Table 1. Comparative statistical analysis of the electron transport rate (ETR), the maximum photochemical quantum efficiency of
PSII (F\/Fy), and chlorophyll content in two bread wheat genotypes during drought and rewatering periods at wax-ripeness stage
of ontogenesis. Means + SD of three replicates. Results of Student's t-test: ™, * — significance at the 0.01, 0.05 probability levels,

respectively, ns — not significant.

Genotypes ETR Fu/Fu Chl a Chl b Chl a/b Carotenoids
[mmol(O,) mg'(Chl) h''] [nmol ml™'] [nmol ml™'] [mg L]
Gobustan control 0.85 +0.05 0.811 £0.041 34+0.3 1.3+0.1 2.6+04 4.4+0.1
Gobustan drought 0.51 £0.04" 0.746 +0.037" 2.8+0.2 1.1+0.1™ 2.5+0.3" 3.5+0.1"
Gobustan rewatering 0.67 +£0.05 0.776 £ 0.039* 3.0+ 0.2™ 1.2+0.1™ 2.5+£0.3™ 4.1+£0.17
Tale 38 control 1.91 +£0.07 0.808 + 0.044 39+0.3 1.3+0.1 3.0+04 45+0.1
Tale 38 drought 0.65 +0.05™ 0.771 £0.039  3.5+0.2 1.2+0.1™ 29+£0.3™ 32+£0.1"
Tale 38 rewatering 1.37+0.07" 0.796 £ 0.043™ 3.4 +0.2™ 1.1+0.1m 3.1+0.3% 3.7+0.17
variants. We observed that the amount of photosynthetic Gobustan Tale 38

pigments decreased in both genotypes exposed to drought.
However, after rewatering, the amount of the chlorophylls
showed the tendency of recovering in the Gobustan
genotype but not in the Tale 38 genotype. Under drought
stress, the content of carotenoids decreased by 20 and 28%
in the Gobustan and Tale 38 varieties, respectively. After
rewatering, the recovery processes were more intensive in
the tolerant variety compared to the sensitive one (6.8 and
17%, respectively) (Table 1). Thus, the Gobustan variety
maintained a high recovering ability.

The dynamic response of the photosynthetic pigments
to drought and rewatering in two bread wheat genotypes
was more significant than the response of the functional
(ETR and F./F,,) parameters (Table 1). Therefore, to know
how changes in the contents of photosynthetic pigments
affect the photosynthetic machinery, we conducted experi-
ments with thylakoid membranes using BN-PAGE.

As shown in Fig. 4, thylakoid membrane pigment—
protein complexes of the wheat genotypes were separated
into six major pigment—protein complexes. We observed
significant differences in the abundance of bands of
pigment—protein complexes between treatments and geno-
types. Quantification of the band intensity revealed that the
PSII dimer and CP43-less PSII monomer band intensities
increased after drought stress and then recovered after
rewatering in the drought-tolerant Gobustan genotype,
however, the more drastic changes occurred in the
drought-susceptible Tale 38 genotype. Thus, except for the
PSII dimer band, intensities of all other bands increased
significantly after drought stress. Although, most of these
band intensities recovered after rewatering, PSII dimer
band intensity increased by 30%. This might be due to the
degradation of PSII, which caused a continuous decline
in amounts of total chlorophylls even after rewatering in
the drought-susceptible Tale 38 genotype (Table 1). The
increased abundance of the PSII dimer could be associated
with the deterioration of the photosynthetic organs of the
drought-tolerant Gobustan genotype. Very weak bands of
the supercomplexes might be due to the usage of the frozen
thylakoids from aged leaves. Thus, these data showed
that the photosynthetic machinery of the drought-tolerant
Gobustan genotype exhibited a more dynamic response to
the drought with subsequent rewatering.
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Fig. 4. Blue native polyacrylamide gel electrophoresis (BN-
PAGE) analysis of thylakoid membrane protein complexes from
bread wheat genotypes. Frozen thylakoid membranes (8 pug of
Chl) were solubilized with 1% n-dodecyl B-D-maltoside and
separated by BN-PAGE. C — control, D — drought, R — rewatering.
SC — supercomplexes.

Discussion

Currently, when cultivating wheat varieties, not only plant
productivity, but also tolerance to changing environmental
factors should be considered. Monitoring for changes in
morphological, biochemical, and photosynthetic properties
after drought and rewatering is important for developing
drought-tolerant wheat genotypes adaptable to different
environmental conditions. RWC is an important tolerance
index signifying metabolic activity in tissues during
dehydration. Being high during the first stages of plant
development, this index decreases with increasing dry
biomass (Amirjani and Mahdiyeh 2013). The leaf area ratio
of a plant characterizes the relative size of its assimilatory
organs, and therefore, it expresses the efficiency of the
plant as a producer of leaf area. It can be used to indicate
differences between plants based on genetic factors, the
environment, or different treatments. The effect of drought
was attenuated in a perennial herbaceous plant (Leymus



chinensis), due to the water preserving mechanisms, such
as stomatal closure and reduced leaf area (Xu et al. 2009).
Our findings (Fig. 1) are in agreement with these published
data. Significant reduction in the amount of chlorophylls
(Table 1) and chlorophyll synthesis may be due to factors
for which the structure is changed. An increase in the PSII
dimer and CP43-less PSII monomer band intensities after
drought stress (Fig. 4) indicates that drought changed
the structure of thylakoid membranes in both tolerant
and sensitive genotypes but the recovery rate was much
higher in the drought-tolerant genotype. This indicates
that dewatering may affect chlorophyll metabolism of
drought-tolerant cultivars. Under stress, leaf expansion,
associated with changes in leaf anatomy (smaller and
thicker leaves), is reduced, resulting in higher chloroplast
density per unit leaf area (Dabrowski et al. 2015), which
can lead to a reduction in photosynthesis as measured
on a unit chlorophyll basis (Munns and Tester 2008).
The stomatal closure under water deficiency is the plant
primary response to drought stress. Generation of hydro-
gen peroxide at high concentrations under drought in wheat
genotypes (Fig. 2) indicated that both genotypes attempt
to avoid the stomatal closure. Hydrogen peroxide is able
to alleviate the effect of drought through intensification of
the ABA synthesis (Phillips and Ludidi 2017). A decrease
in the photosynthetic efficiency, stomatal closure, and
reduced leaf area resulted in the decrease in dry biomass
of drought-exposed sugarcane (Saccharum officinarum L.)
(Jangpromma et al. 2012), chickpea (Cicer arietinum L.)
(Krouma 2010), and almond (Prunus mongolica) plants
(Guo et al. 2015).

Increased antioxidant enzyme activity and content
of nonenzymatic antioxidants lead to the upregulation
of ROS-scavenging processes in plants. The contrasting
ability of plants to overcome drought stress and recover
after rewatering is attributed to the severity of drought
stress and genotypic differences. Changes in metabolism
and formation of the secondary metabolites such as
phenolic compounds facilitate the control over abiotic
stress. To protect plants from the harmful effects of ROS,
phenolic compounds intensify the effect of antioxidant
enzymes by decreasing the effect of chelating ions of
metals (Tsao 2010). Changes in metabolism and synthesis
of the secondary metabolites in plants occur mainly due to
the peroxidation of cell membrane lipids by ROS. Amounts
of phenols were found to increase by 10% compared with
the control variant in Hypericum brasiliense exposed
to drought (De Abreu and Mazzafera 2005). Pisum
sativum, which is a representative of the leguminous
family manifested similar results under drought (Nogués
1998). Peroxidases are known to be also involved in the
biosynthesis of phenolic lignins (Sivakami et al. 2017).
As they are antioxidants, it is possible to assess plant
tolerance against drought during the early stages of plant
development by determining peroxidase activity, thus,
contributing to the acceleration of the selection process.
Our results are consistent with the literature. It has
been suggested that ROS function as molecular signals,
inducing defense genes (Hernandez et al. 2006). Different
regulation of the BPO isozymes in different genotypes and
under different experimental conditions (Fig. 3B) indicates
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that they are encoded by different alleles or separate
genetic loci. Thus, future investigations may elucidate the
functions of BPO isoforms.

Due to the high level of sensitivity, photosynthesis can
be limited by different environmental factors. According
to previous reports, leaf anatomy highly specializes in
light absorption (Terashima ez al. 2011). The research
performed in leaves of the apple tree (Wang et al. 2018)
and bread wheat genotypes (Zivcak ef al. 2013, Dabrowski
et al. 2019) showed that drought stress caused the
attenuation of ETR in PSII. As stresses cause chlorophyll
loss, changes in total chlorophyll/carotenoids ratio may
be used as an indicator of stress in plants. According to
previous studies, the weakening chlorophyll synthesis
or its rapid degradation under drought stress resulted in
decreased chlorophyll content (Ashraf 2003). The research
performed with soybean (Glycine max L.) plants showed
that the chlorophyll amount and relative water content
decreased under drought that partially recovered upon
rehydration (Dong et al. 2019). The results of our research
are in line with the above-mentioned publications and may
help to identify the physiological traits that can play a
vital role in drought tolerance and clarify the mechanism
that occurs in crop plants during drought.

Conclusion: We observed that dynamic interactions
between the ROS produced by drought stress, the anti-
oxidant system, and the structure and composition of the
thylakoid membranes are important for the regulation
of photosynthesis under drought stress in bread wheat.
Our findings suggested that rehydration recovers photo-
synthetic machinery of the drought-tolerant genotype
almost completely, whereas recovery of the drought-
sensitive genotype proceeds slowly. It opens a new path
of robust testing of crop plant genotypes regarding their
sensitivity to drought stress in terms of photosynthetic
apparatus. We noticed that significant changes concern
mainly ROS production (Fig. 2), pigment content (Table 1),
and redistribution of the pigment—protein complexes
in thylakoid membranes (Fig. 4). Our results allow us
to conclude that the drought-tolerant genotype exhibits
higher adaptive potential to stress and more dynamic
recovery compared to the drought-sensitive genotype.
Among the physiological traits used in this research the
changes in dry biomass, the contents of the phenolic
compounds, the content of H,O,, BPO enzyme, the
amount of the photosynthetic pigments, and the proteome
of thylakoid membranes respond to the drought with
subsequent rewatering more dynamically. Interestingly,
these physiological traits show a high recovery rate in the
drought-tolerant Gobustan genotype.
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