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The response of modern winter wheat varieties to soil drought was studied with aim of phenotyping their drought tolerance
characteristics and identification of the most informative indices that may be suitable for use in breeding programs. Plants of
winter bread wheat (Triticum aestivum L.) varieties Podolyanka, Khurtovyna, Vinnychanka and Prydniprovska were grown in a
pot experiment. The soil moisture for control plants was maintained at a level of 70% of field capacity (FC) throughout the
vegetative stage. At the flowering, watering of the treated plants was stopped to reduce the soil moisture to a level of 30% FC and
then this soil moisture level was maintained for 10 days. After that, the irrigation of the treated plants was restored to the level of
control. It was found that in the flag leaf under drought condition, the chlorophyll content, net CO, assimilation rate, and
transpiration rate decreased, while the leaf water deficit, the ratio of photorespiration to CO, assimilation, and the activity of
chloroplasts antioxidant enzymes (superoxide dismutase and ascorbate peroxidase) increased. The ten-day drought significantly
reduced the grain yield from the plant. Calculations of the relative changes in the physiological parameters of treated plants as
compared to the control were the most informative for the differentiation of varieties for drought tolerance. Relative changes in the
content of chlorophyll in the flag leaf under drought and reduction in the total biomass of the plant closely correlated with a
decrease in grain productivity (r = 0.92 and r = 0.96 respectively). There was also a significant correlation of grain productivity
with a decrease in the NAR measured in the period of drought (r = 0.68). Therefore, the maintenance of the photosynthetic
function of plants under conditions of insufficient water supply plays a determinant role in reducing the grain productivity losses.
The relative changes in the chlorophyll content and CO, assimilation rate in plants subjected to drought as compared to control
may be used as markers of drought tolerance of genotypes for genetic improvement of wheat by conventional breeding and

biotechnological methods.
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Introduction

Abiotic and biotic stress factors cause significant losses of crop yield.
Experts estimate that these losses can reach up to 80% of the potential
yield under favourable conditions (Sade et al., 2011). Among the natural
stress factors, the researchers now are paying attention to drought, which,
by classification of land suitable for agricultural use, has the highest
frequency of occurrence — 26%. It is especially dangerous that this factor
is tending to increase due to global climate changes (Morgun et al., 2010;
Lesk et al., 2016). In Ukraine, every 2-3 years drought covers 10-30%, and
every 10-12 years — 50-70% of agricultural land (Demyanyuk, 2015).

Various technologies are being developed to prevent the adverse
effects of drought on plants, but the breeding of drought tolerant crop
varieties is the best way to stabilize yields under poor water conditions
(Sadras & Richards, 2014). Meanwhile it is necessary to know which
physiological mechanisms are important for maintaining the production
process under water stress conditions in order to improve them through
genetic and selection methods. However, work in this direction is comp-
licated by the fact that drought tolerance is a complex trait that charac-
terizes the ability of the plant organism to retain its basic functions in the
conditions of a lack of moisture, and in the first place, to maximize the
realization of genetic potential of yield (Passioura, 2012). The reaction
of plants to drought involves a number of processes on the molecular,
cellular, organism, and cenotic levels and depends on the plant’s species

and variety, the duration and severity of drought, the phase of ontogene-
tic development, etc. (Pinheiro & Chaves, 2011). The complexity and
multicomponent nature of the plant’s reaction to drought causes consi-
derable difficulty in breeding for drought-tolerance. Direct breeding for
productivity in conditions of drought is complicated by the polygenic
nature of the trait, and as a result — by its low inheritance, epistatic gene
interaction, and a high dependence on the interaction of the genotype
and environment (Cattivelli et al., 2008). Therefore, in recent years, the
study of the possibilities of breeding based on physiological characteris-
tics that determine or closely correlate with productivity in conditions of
drought, arouse considerable interest (Lopes et al., 2014).

Proceeding from the general physiological reasons, in terms of
these indices the functional state of the photosynthetic apparatus is the
most promising, since photosynthesis itself determines the productivity
of a plant (Morgun & Kiriziy, 2012). Numerous experimental data
show that photosynthetic indices correlate with the productivity of
winter wheat in both optimal and unfavourable growing conditions
(Carmo-Silva et al., 2017). The existence of a significant intraspecific
variability of wheat plants’ photosynthetic apparatus resistance to drought
is demonstrated, which reflects the genetically determined ability of the
plant organism to adapt and maintain photosynthetic activity under lack
of moisture (Gupta et al., 2012; Morgun et al., 2016). Photosynthetic
fixation of CO, and transpiration are processes most sensitive to decline
of soil or air moisture, but internal causes for reducing their rate vary
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according to the duration and severity of the drought (Stasik, 2007;
Pinheiro & Chaves, 2011).

After a brief mild drought, the decrease in the CO, and H,0 gas
exchange rate is dependent on a decrease in the stomata conductivity
due to their closure, and is usually not accompanied by damage to the
photosynthetic apparatus. Prolonged and severe drought causes signifi-
cant disruption of photosynthetic metabolism and damage to cellular
structures (Lawlor & Tezara, 2009). Especially dangerous under these
conditions is the formation of excessive amounts of reactive oxygen
species (ROS) that oxidize proteins, lipids and other biologically impor-
tant macromolecules, violate their structure and functions, causing the
formation of toxic substances. At the same time, the ROS is a key com-
ponent of the main signaling systems that regulate the response of plants
to the action of various stressors, and acclimation to changes in environ-
mental conditions at levels from molecular to organism (Mittler, 2017).
Therefore, the antioxidant defense systems are increasingly attracting
the attention of researchers. These systems provide effective control of
the ROS level in various compartments of plant cells and intercellular
space, prevent the damaging effects of free radicals and stabilize the
oxidative-reducing balance (Carmody et al., 2016; Caverzan et al., 2016;
Ehonen et al., 2018). Especially important is the information on genoty-
pic and in particular intraspecific variability of the functioning of this
important part of plants’ stress resistance under drought conditions (Singh
etal., 2012; Valifard et al., 2012).

Among crops, wheat occupies the most significant place. It is the
planet’s staple bread crop, grown in almost all areas where farming is
possible, and it provides food to the majority of humanity. Therefore,
the detection of physiological traits associated with drought tolerance,
for use in breeding programs for improving the resistance of wheat plants
becomes especially relevant (Morgun et al., 2010).

The aim of our work was to study the response to soil drought of
leaves’ water regime parameters, content of photosynthetic pigments, gas
exchange and transpiration rate, activity of antioxidant protection enzymes
and grain productivity in modern winter wheat varieties for their phe-
notyping on the traits of drought tolerance and identification of the most
informative indices that can be suitable for use in breeding programs.

Materials and methods

The research was conducted on plants of winter bread wheat
(Triticum aestivum L.) varieties Podolyanka, Khurtovyna, Vinnychanka
and Prydniprovska grown in pots for 10 kg of fertilized soil under
natural light. Each pot contained 15 plants. Fertilizers were added in
equal quantities (NgoPgoKgo + NgoPgoKgo mg/kg of soil) when the pots
were filled with soil and in the middle of the stalk-shooting phase
(BBCH 34).

Prior to flowering, and in the control variant during the entire vege-
tation, the moisture content of the soil was maintained at a level of 70%
of field capacity (FC). At the flowering, watering of the experimental
plants was stopped to reduce the soil moisture to a level of 30% FC and
then this soil moisture level was maintained for 10 days. The total period
of plants growing under reduced water supply was 14 days, covering
the phases of flowering and the beginning of milk ripeness. After that,
the irrigation of the experimental plants was restored to the control level
(70% FC), which was maintained until the end of the vegetation. The hu-
midity of the soil in the pots was controlled gravimetrically twice a day.
Determination of water regime indices, photosynthetic pigment content,
gas exchange rate and activity of chloroplast antioxidant enzymes of
control and experimental plants were carried out at the level of soil
moisture content of 30% FC (the first day of drought), after seven days
of cultivation at 30% of FC (seventh day of drought) and at the fourth
day after the irrigation was renewed to the control level. Elements of the
structure of plants’ grain productivity were determined after achieving
the complete grain maturity by weighing the air-dry material.

Leaf water deficit was determined according to the standard method
(Shmatko et al., 1985). To determine the dry weight, the samples were
fixed at 105 °C for 30 min and dried to a constant weight at 65 °C.
The content of chlorophylls a and b in the leaves was measured after
extraction with dimethyl sulfoxide (DMSO) spectrophotometrically

(Wellburn, 1994). The net assimilation and photorespiration rate were
recorded under controlled conditions by an infrared gas analyzer
GIAM-5M. The intact flag leaves (2 in parallel) were placed in a tempe-
rature-controlled (+25 °C) chamber (3 x 7 cm) and illuminated (400 W/m®
PAR) by a KG-2000 incandescent lamp through a water filter to elimi-
nate excess infrared radiation in its spectrum. The air was blown
through the chamber at a speed of 1 I/min. The photorespiration rate
was estimated by the postillumination CO, burst from a leaf for 1 min
after the light was turned off. The transpiration rate was measured by a
thermoelectric micropsychrometer based on the difference in air humidity
at the inlet and outlet of the chamber.

For the determination of antioxidant enzymes activity, chloroplasts
were isolated mechanically at a temperature of 04 °C. The average
specimen (2 g) of wheat flag leaves was homogenized in a 7-fold
volume of buffer solution of the following composition: 0.33 M
sorbitol, 5 mM MgCl,, 0.1% BSA, 4 mM ascorbic acid and 50 mM
Tris-HCI (pH 7.5). The homogenate was filtered through 2 layers of
nylon fabric and centrifuged at a centrifuge K-24D at 80 g and a tempe-
rature of 0—4 °C for 5 minutes to precipitate heavy particles. The super-
natant was poured into other pre-cooled centrifuge tubes and centrifuged
at 2000 g for 10 minutes to obtain a fraction of chloroplasts. The chloro-
plasts sediment was resuspended in isotonic medium with 4 mM ascorbic
acid, 50 mM Tris-HCl (pH 7.5) in a volume of 2 ml and subsequently
used to determine the activity of superoxide dismutase (SOD), and
ascorbate peroxidase (APX).

The superoxide dismutase (SOD, EC 1.15.1.1) activity was deter-
mined spectrophotometrically using nitrotetrazolium blue at a wavelength
of 560 nm (Giannopolitis & Ries, 1977). The ascorbate peroxidase (APX,
EC 1.11.1.11) activity was measured in the ultraviolet region of the
spectrum at 290 nm using the Chen & Asada (1989) method. The con-
tent of chlorophyll in the chloroplasts suspension was determined by the
Armon (1949) method.

Repeatability of the experiment — 5 pots per variant, water deficit
determinations 5-fold, analytical repeatability of photosynthetic pigments
content determination for the combined sample of leaves of 5 individual
plants — 3-fold, determination of gas exchange and enzymes activity 4-fold.
Data on components of grain productivity were determined as average
of measurements of 20 individual plants. The obtained data were proces-
sed by generally accepted methods of variation statistics. The signify-
cance of the difference between controls and treatments were evaluated
using ANOVA. Differences were considered significant at P <0.05.

Results

Decrease of soil moisture to 30% of the FC four days after the
cessation of watering increased the level of water deficit in the flag leaf
by 57.8-69.9% for the Podolyanka, Khurtovyna, Vinnychanka, and by
141.2% for Prydniprovska variety (Fig. 1). During a prolonged drought
(7 days at 30% FC), the water deficit increased in the flag leaf of the
Vinnychanka, Prydniprovska and Khurtovyna varieties. In the treated
plants of Podolyanka variety, the level of water deficit remained
unchanged throughout the experiment. The greatest increase in water
deficit compared with the control was detected in plants of the Vinny-
chanka variety, and the smallest — in the Podolyanka variety over pro-
longed drought.

On the fourth day after restoration of watering to the control level,
the water deficit in the leaves of treated plants of the Khurtovyna,
Vinnychanka and Prydniprovska varieties decreased, although it was
30-40% higher than that of the control ones. During this period, signi-
ficant differences between varieties were not detected.

The studied varieties differed significantly in the reaction of the
photosynthetic pigment apparatus on soil drought, in particular on the
content of chlorophyll (Fig. 2). In the early stages of drought (a decrease
in soil moisture up to 30% FC), a statistically significant decrease in the
content of chlorophyll (16.6%) was observed only in leaves of the
Prydniprovska variety. After seven days of plants growing under low
moisture content, a significant decrease in the content of chlorophyll
(about 20%) was found in flag leaves of the Prydniprovska and Vinny-
chanka varieties, while in the Podolyanka and Khurtovyna varieties it
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was statistically unreliable (9.6% and 4.8% respectively). After restoration
of watering to the control level, the content of chlorophyll in the leaves
of the treated plants did not increase. The damage to the photosynthetic
apparatus caused by drought was retained, the content of chlorophyll in
the flag leaves of plants subjected to stress was lower in the Khurtovyna
and Podolyanka varieties by 10.4 and 11.8%, respectively, and in the
Prydniprovska and Vinnychanka varieties by 20.4 and 22.8%, respect-
tively, compared to control.

The net assimilation rate (NAR) of the control plants’ flag leaves
during the period of investigation varied within 25-30 mg CO,/(dm? «
h) (Fig. 3). This index was the highest in the Podolyanka, the smallest in
the Khurtovina variety. In the treated plants, on the first day of drought,
there was a significant decrease in NAR. At this time, in the plants of
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the Podolyanka and Khurtovyna varieties NAR of flag leaves was about
70% of control, in Vinnychanka — 60.6%, in Prydniprovska — 26.2%.
Extension of drought to 7 days led to further decrease in NAR in plants
of the Podolyanka, Khurtovyna and Vinnychanka varieties to 55.7%,
46.9% and 40.3% of control respectively, while in Prydniprovska this
index remained at the same level as for the third day.

It is interesting to note that under drought conditions the absolute
values of NAR of flag leaves did not differ substantially between the
Khurtovyna and Vinnychanka varieties, but calculations in relative
terms to control values allowed us to differentiate varieties more clearly
according to the reaction of this index to drought (Fig. 3). Four days
after the restoration of optimal watering, NAR restored to 85-90% of
the control level in plants of all varieties.
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Fig. 1. Effect of soil drought on water deficit in the flag leaf of modern winter wheat varieties () and treated variants compared to the control (b):
1 —the first day of drought at 30% field capacity; II — the seventh day of drought at 30% field capacity; I — the fourth day after the irrigation was
restored to the control level (70% field capacity); varieties: 1 — Podolyanka, 2 — Khurtovyna, 3 — Vinnychanka, 4 — Prydniprovska; solid lines — control,
dotted —treatment; data points represent the mean values + SE, n = 5; * — significant difference compared to the control, P < 0.05
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Fig. 2. Effect of soil drought on the total chlorophyll content in the flag leaf of modern winter wheat varieties (@)
and treated variants compared to the control (b): n= 3; see Fig. 1

According to the leaf transpiration rate, control plants differed slightly
(Fig. 4). One can only note the general tendency to decrease of this index
at the end of the observation period in plants of all varieties, except Pry-
dniprovska. Already on the first day of drought, the transpiration rate of all

plant varieties greatly decreased (more than twice), with the difference
between varieties practically equalized. At the same time, on the seventh
day of drought there was a clear intervarietal differentiation according to
this index. In the Podolyanka variety, the intensity of transpiration even
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slightly increased compared to the first day of drought, although it was still
much lower than the control. In the leaves of the Khurtovyna variety, the
extension of water stress duration practically did not change the transpi-
ration value compared to that observed at the beginning of drought.
In plants of the Vinnychanka and Prydniprovska varieties on the seventh
day of drought, the leaves’ transpiration rate significantly decreased com-
pared with the value of this index for the first day.

In relative terms, compared with the control values, the transpira-
tion rate on the first day of drought in the Podolyanka and Khurtovyna
varieties was 38.8% and 40.7% of control, respectively, and in the Vin-
nychanka and Prydniprovska varieties 43.1% and 47.2%, respectively
(Fig. 4). It should be noted that this small difference between varieties
was more due to differences in transpiration between control plants.
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Fig. 3. Effect of soil drought on the net assimilation rate (NAR) in the flag leaf of modern winter wheat varieties (a)
and treated variants compared to the control (b): n=4; see Fig. 1
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Fig. 4. Effect of soil drought on the transpiration rate in the flag leaf of modern winter wheat varieties (@)
and treated variants compared to the control (b): n=4; see Fig. 1

On the seventh day of drought, on the contrary, a clear intervarietal
differentiation on the relative values of transpiration occurred due to the
difference in the dynamics of this index with the water stress prolonga-
tion. Therefore, the indices obtained in this period more objectively reflect
the response of the studied varieties to soil drought. In the Podolyanka
variety, the intensity of transpiration in this period was 60.0% of control,
Khurtovyna — 48.1%, Vinnychanka — 28.8%, Prydniprovska — only 17.5%.
It should be noted that these results correlate well with the above-pre-
sented data on the leaves’ water deficit with which the transpiration was
in inverse relationship (r =—0.79). With the restoration of watering, the
transpiration rate of treated plants increased, although within a week it
did not reach the control values. It was 69.5% in the Podolyanka variety,
in the Khurtovyna, Vinnychanka and Prydniprovska varieties — only
62.5-64.3% of control.

In contrast to photosynthesis and transpiration, the photorespiration
rate of plant leaves on the first day of drought in the Podolyanka, Khur-
tovyna and Vinnychanka varieties was higher than control (Fig. 5). Only
in Prydniprovska did this index decrease to 65.3% of control. On the
seventh day of drought, in Podolyanka plants the photorespiration rate
exceeded control by almost 9.5%, the Vinnychanka variety was at the
control level, and the Khurtovyna and Prydniprovska varieties were
lower than control (90.5 and 71.3% of control, respectively). After resto-
ration of watering, photorespiration of plant leaves of the Podolyanka and
Khurtovyna varieties was about 90% of control, and in the Vinnychanka
and Prydniprovska varieties it exceeded control value by 9.7-15.4%.
‘When comparing the response to drought of the photosynthetic appara-
tus of wheat plants of various genotypes, one can proceed from the fact
that an increase of photorespiration rate when the photosynthetic rate
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remains at a relatively higher level is evidence of its positive protective
role. In the first place, this was typical for the Podolyanka and, to a lesser
extent, for Khurtovyna and Vinnychanka varieties. Additional informa-
tion on this subject gives estimation of the dynamics of photorespiration
to photosynthesis ratio.
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Fig. 5. Effect of soil drought on the photorespiration rate in the flag
leaf of modern winter wheat varieties (@) and treated variants
compared to the control (b): n=4; see Fig. 1

Photorespiration/photosynthesis ratio of leaves of plants subjected
to drought increased several times (Fig. 6). This was due to the diffe-
rence in the photosynthesis and photorespiration dynamics. The increase
in this ratio was mainly due to a decrease in the photosynthetic rate
under drought, but changes in photorespiration also had some influence,
which made the difference between the varieties more clear than in the
case of photosynthesis alone. Thus, the treated plants of the Vinnychanka
and Khurtovyna varieties, as already mentioned, practically did not differ
in absolute values of NAR under drought conditions (Fig. 3), but the
ratio of photorespiration/photosynthesis of the first variety was signifi-
cantly higher than that of the second one.

The Prydniprovska variety had the highest value of the photorespi-
ration/photosynthesis ratio of flag leaf under drought conditions and the
lowest one was in the Podolyanka variety. With the prolongation of
drought, there was a tendency to increase of this index in plants of all
varieties, that is, the proportion of photorespiration in the carbon dioxide
exchange of leaves increased. After restoration of watering, the ratio of
photorespiration to the photosynthesis of the treated plants’ leaves

returned practically to the control values. In the plants which all the time
were under optimal watering conditions the differences in the
photorespiration/photosynthesis ratio were insignificant, and in general,
this index was quite stable with a weak tendency to decrease at the end
of the observation period (Fig. 6).
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Fig. 6. Effect of soil drought on the photorespiration/net CO,
assimilation ratio in the flag leaf of modern winter wheat varieties:
n=4; see Fig. 1

An important component of the photosynthetic apparatus protection
under stressful conditions is the active functioning of the ROS neutrali-
zing systems, in particular enzymes. We found that the activity of the
two main chloroplast antioxidant enzymes — SOD and APX — as a rule,
significantly increased under the action of drought (Fig. 7, 8). Only in
plants of the Prydniprovska variety did SOD activity tend to decrease.
The activity of this enzyme in the chloroplasts of the Podolyanka variety
leaves on the first day of drought practically did not change compared
with control, but on the seventh day it exceeded control by 36.0% (Fig. 7).
On the fourth day after the restoration of normal watering of the treated
plants, this index returned almost to the control value. In plants of the
Khurtovyna variety, on the first day of drought, there was a tendency to
increase the activity of chloroplastic SOD, and on the seventh day it
exceeded control by 33.7%. After watering, this index decreased almost
to the control value. The greatest increase in the SOD activity under
drought conditions was observed in plants of the Vinnychanka variety
on the first (by 29.9% compared to the control), and on the seventh day
(by 61.0%). Even a week after restoration of watering, this index in the
treated plants exceeded the control value by 17.3%.

The dynamics of APX activity in chloroplasts of flag leaves of
plants subjected to drought slightly differed from such SOD (Fig. 8).
Already on the first day of drought, the activity of APX significantly
increased in plants of all varieties, with the strongest in Podolyanka and
Prydniprovska (respectively 65.4% and 86.4%). In the plants of the Khur-
tovyna and Vinnychanka varieties, on the first day of drought, the activity
of APX also increased, albeit to a lesser extent (31.1 and 49.7% respec-
tively) than in the other two varieties (we recall that the activity of SOD
demonstrated the opposite response). On the seventh day of drought, in
these two varieties APX activity remained at almost the same level as
control, in the Podolyanka and Prydniprovska varieties it continued to
increase and more than doubled the control indices. On the fourth day of
the restoration of watering, the activity of chloroplastic APX of the
leaves of plants of all varieties returned to control values.

Ultimately, the 14-day soil drought in the flowering phase signifi-
cantly reduced the grain productivity of the main shoots and the whole
plant of the studied winter wheat varieties (Table 1, 2). The weight of
grain from one plant of the Khurtovyna variety decreased in comparison
with the control by 12.6%, Podolyanka — by 16.1%, Prydniprovska — by
22.8%, and Vinnychanka — by 33.1%.
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Fig. 7. The effect of soil drought on the activity of superoxide dismutase (SOD) in chloroplasts of the flag leaf of moderm winter wheat varieties (@)
and treated variants compared to the control (b): n=4; see Fig. 1
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Fig. 8. Effect of soil drought on the activity of ascorbate peroxidase (APX) in chloroplasts of the flag leaf of modern winter wheat varieties (a)
and treated variants compared to the control (b): n =4; see Fig. 1

Table 1
Effect of drought on the components of the main shoot productivity of modern winter wheat varieties (x £+ SE; n =20)
Variety Variant Shoot mass, g inchitieinr;rlzz\sfses, o Grain mass, g Grainnumber 1000 grains mass, g S te(rilrla &Tjiio

control 439+0.13 2.04+0.09 1.97+0.07 407+15 483+09 0.96+0.05

Podolyanka treatment 398+0.19 1.67+0.09 1.88+£0.10 36.7+1.1 50.8+1.5 1.12+£0.04
% of control 90.7 82.1* 955 90.2* 105.1 1164*
control 4.07+0.13 1.33+0.05 223+0.08 570+15 39.1+038 1.68 +0.06

Khurtovyna treatment 3.75+0.15 1.26+0.05 1.94+0.10 524+2.1 369+1.0 1.54+0.05
% of control 9.1 94.6 86.9* 91.8* 94.5% 91.9*
control 4.60+0.17 1.87+£0.10 2.29+0.09 481+1.8 478+1.2 1.22+0.05

Vinnychanka treatment 3.96+0.13 1.53+0.05 2.00+0.09 39.5+20 514+13 131+0.04
% of control 86.1* 82.2* 87.7* 82.1* 107.5* 106.7*
control 3.89+£0.08 1.31+£0.03 223+0.08 49.6+2.1 45315 1.71+£0.03

Prydniprovska treatment 3.77+0.10 121+0.07 2.14£0.09 4.7+27 478+19 1.77+0.05
% of control 97.0 92.7 95.8 90.1* 105.6 1034

Note: * —significant difference compared to the control (P < 0.05).
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Table 2

Effect of drought on the components of the whole plant productivity of modern winter wheat varieties (x = SE; n=15)

Variety Variant Total above-ground Grainmass, g Grain number 1000 grains Harvest index Total stem  Productive shoots
plant mass, g mass, g number number

control 10.90+0.49 478+024 109.0£5.2 44.0+0.8 0.44+0.01 3.06+0.11 3.06+0.11

Podolyanka treatment 8.94+0.53 401+£0.28 856+52 46.6+14 044+0.01 3.00+0.16 2.80+0.15
% of control 82.1* 83.9% 78.5% 106.1 101.1 98.2 91.6
control 7.66+0.51 407+0.28 110.6+7.0 369+09 0.53+0.01 2.70+0.18 2.65+0.17

Khurtovyna treatment 7.06+0.40 3.56+022 101.7£6.6 353+09 0.50+0.01 2.67+0.16 2.57+0.18
% of control 92.1 874 95.7 94.5% 98.9 97.0
control 8.72+0.68 430+031 1023£7.2 424+1.1 0.50+0.01 243+0.16 243+0.16

Vinnychanka treatment 596+0.33 2.88+0.19 582+4.6 509+1.3 048+0.01 205+0.15 1.75+0.14
% of control 68.3* 66.9% 56.9* 120.1* 96.5 84.2% 71.9%
control 9.57+049 5.05+025 1255+75 40.8+0.8 0.53+0.01 3.11+0.19 3.11+0.19

Prydniprovska  treatment 734+043 3.90+024 825+57 480+12 0.53+0.01 2.77+0.13 232+0.14
% of control 76.7* 77.2% 65.8*% 117.5% 100.2 89.3 74.7*

Note: see Table 1.

Discussion

The results of determining the water deficit of leaves provide
grounds for arguing that Prydniprovska variety plants have a poor ability
to adapt quickly to the sharp increase of water shortage in the soil, as
evidenced by the significantly greater increase of water deficit in the
leaves of this variety in the early stages of the drought development,
compared to the other investigated varieties (Fig. 1). Apparently, in
Prydniprovska variety plants, stomatal regulation is more inertial, which
leads to the preservation of stomata openness with deterioration of
moisture conditions. Such a feature of the reaction increases the risk of
significant violations under prolonged rise in drought.

At the same time, the stability of water deficit in treated plants of
the Podolyanka variety is an evidence of high plasticity and the ability to
regulate water regime in unfavourable conditions of water supply.
The further growth of water deficit in the leaves was partly due to a
decrease in the air humidity, which is confirmed by some increase in it
also in plants of the control variant.

Drought, especially prolonged, significantly influenced the assimi-
lation activity of plants, reducing the chlorophyll content, CO, assimila-
tion rate and transpiration of leaves. At the same time there was a
differentiation of plants by the degree of reduction of these indices,
especially in the calculation as compared with control values. In order of
reduction, the studied varieties can be arranged in the following way:
Podolyanka > Khurtovyna > Vinnychanka > Prydniprovska. Decrease
of transpiration rate under drought conditions is, on the one hand, a
positive phenomenon, since it contributes to reducing the water losses
of the plant and maintaining the watering of cells. However, on the
other hand, the closure of stomata alone leads to inhibition of CO, assi-
milation processes, substrate and energy depletion in cells, increases
photodamage of protein structures of photosystems and as a consequence
results in secondary oxidative stress and subsequent destruction of pho-
tosynthetic apparatus, which significantly inhibits the restoration of its
normal functioning after the cessation of drought and exacerbates its
negative impact on grain productivity (Stasik, 2007).

Maintenance of leaves’ transpiration during a long period at relati-
vely high level in arid conditions indicates the ability of the plant root
system to absorb water from the soil even at low humidity. It can be
provided as a morphological (the area of the root active surface), and
physiological (water absorbing power, water potential in the root hairs
cells) peculiarities of plants of a specific genotype.

Based on these considerations, the best response of plant leaves’
transpiration to drought was demonstrated by the Podolyanka variety,
followed by the decrease in drought-tolerance of the Khurtovyna,
Vinnychanka and Prydniprovska varieties.

In contrast to photosynthesis and transpiration, the photorespiration
rate of plant leaves under drought conditions exceeded control values, or
its decrease was significantly lower than that observed for photosynthesis.
It is well known in the literature that photorespiration under stress condi-
tions can play a protective role in the photosynthetic apparatus as an
alternative electron acceptor of the photosynthetic electron transport
chain (ETC) and as the CO, donor within the leaf (Stasik, 2014; Hanawa

et al., 2017). This is especially important under drought, when stomata
are closed to reduce water loss, but CO, assimilation is inhibited due to
decreased stomatal conductivity. This lowers the use of reducing and
energy equivalents in the Calvin cycle, and leads to superreduction of the
ETC components, which in turn increases the risk of photodestruction
of its structures (Neto et al., 2017). Therefore, photorespiration, redu-
cing the ETC "tension" and supplying CO, in the leaf, supports the
functional state of the photosynthetic apparatus under stress conditions
and protects it from damage. At the same time, the "reverse side" of
photorespiration is the production of ROS, in the first place — hydrogen
peroxide. Because of this, the effectiveness of its protective function
depends largely on the rate of ROS neutralization, that is, the activity of
antioxidant cell defense systems. Only with their high activity does
photorespiration play a positive protective role (Bai et al., 2017). Other-
wise, increased photorespiration under drought conditions without proper
ROS detoxification can increase the damage to cellular structures.

It is known that the main enzymes of chloroplasts’ antioxidant pro-
tection — SOD and APX — function as sequential components of the
ROS detoxification system. SOD catalyzes the superoxide radicals’ dis-
mutation in H,O, and O,, APX detoxifies hydrogen peroxide through
its oxidation reaction with ascorbic acid. One of the ways to form a
superoxide radical anion is the transfer of electrons to oxygen from chlo-
roplast ETC (Mehler's reaction). This reaction is intensified under stress
conditions when the use of ETC products (ATP and NADPH) in the
dark reactions of CO, assimilation in the Calvin cycle is inhibited. In par-
ticular, such a phenomenon takes place in the light under drought condi-
tions, when the flow of CO, into mesophyll cells is limited by the
closure of stomata. As a result, the ETC components are converted to a
superreductional state, which intensifies electron transfer to oxygen.
Superoxide radical anion is a very aggressive ROS that oxidizes pro-
teins and other macromolecules of the photosynthetic apparatus, which
leads to their destruction.

Excessive hydrogen peroxide is also a rather dangerous ROS, but it
is always present in a cell in a given amount, as it is a product of many
biochemical reactions. It has now been proved that H,0, in the "physio-
logical" concentration can act as a messenger in the cell signaling net-
work, and a rapid increase in its content triggers a cascade of stress-
protective reactions (Kolupaev & Karpets, 2014; Ehonen et al., 2018).
In a photosynthetic cell, such an increase may occur, in particular, as a
result of asynchronous changes in the SOD and APX activity under
unstable environmental conditions, including the effects of such a stress
factor as drought. So, if, during a certain period of time, SOD activity
will increase to a greater extent than APX activity, it will increase the
formation of hydrogen peroxide in chloroplasts, which can be perceived
by the cell as a signal of transition to a stressful state. A quantitative index
that allows us to estimate the probability of such a course of events is the
ratio of SOD/APX activity, measured simultaneously. If it increases, you
can expect an increase in H,O, content, and vice versa — the relative
increase in activity of APX should reduce the concentration of this ROS.

From this perspective, we analyzed the obtained data on changes of
chloroplasts’ antioxidant enzymes activity in the flag leaves under drought
conditions. A certain intraspecific difference in magnitude and dynamics
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of the SOD/APX ratio to both control and treated plants was found (Fig. 9).
In the leaves of the Podolyanka and Prydniprovska varieties, this index
in control variants was markedly higher in all terms of observation com-
pared to Khurtovyna and Vinnychanka. However, in the first two varie-
ties drought led to a much stronger decrease of the SOD/APX ratio as
compared to control than in the second pair. It was typical of both the
first and the seventh day of drought. The restoration of irrigation of
treated plants promoted the return of the SOD/APX ratio to the control
values. It should be noted that in plants of the Podolyanka and Prydni-
provska varieties, the decrease in the SOD/APX ratio on the first day of
drought was caused by a sharp increase in the activity of the APX,
whereas in the Khurtovyna and Vinnychanka varieties activity of both
enzymes was changed synchronously. On the seventh day of drought,
in plants of the Podolyanka variety the activity of SOD increased, but to
a lesser extent than APX (36.0% and 122.7%, respectively, as compared
to control), which led to a decrease in their ratio. In plants of the Prydni-
provska variety, the SOD activity during this period even decreased
slightly (by 13.9% relative to control) against the background of a strong
increase in APX activity (by 108.0%), which was reflected in the smallest
value of their ratio for the entire period of observations.
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Fig. 9. Effect of soil drought on the ratio of superoxide dismutase
(SOD) to ascorbate peroxidase (APX) activities in chloroplasts of flag
leaf of different wheat varieties: a — the first day of drought at 30% field
capacity; b —the seventh day of drought at 30% field capacity; c —the
fourth day after the irrigation was restored to the control level (70%
field capacity); data points represent the mean values + SE, n=4;

* —significant difference compared to the control (P < 0.05)

Thus, the chloroplast antioxidant system of the flag leaves of the
Podolyanka and Prydniprovska wheat varieties in the beginning of drought
reacted mainly by increasing the activity of APX, without significant
changes in SOD. This may be due to relatively high values of SOD activi-

ty in these varieties under normal conditions (Fig. 7). It can be assumed
that with the onset of drought, this high activity was accompanied by
intense formation of hydrogen peroxide, which the APX responded to.
However, in Podolyanka, on the seventh day of drought, SOD activity
increased with an even greater increase in APX activity. This ensured a
reliable protection of the photosynthetic apparatus both from the super-
oxide radical anion and from H,0,. At the same time, in plants of the
Prydniprovska variety SOD did not respond to drought, and the main
role in ROS detoxification was played by the APX. This is probably due
to the highest ratio of photorespiration, which is the source of H,0,, to
photosynthesis under drought conditions (Fig. 6). In plants of the Khur-
tovyna and Vinnychanka varieties these chloroplast antioxidant protec-
tion enzymes functioned in a more balanced way.
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Fig. 10. Relationship between the relative changes in the total
aboveground mass of the wheat plants (a), the content of chlorophyll
in the flag leaf (), and the changes in the grain yield of the plants
subjected to soil drought

Based on the analysis of the dynamics of chloroplasts SOD and
APX activity in wheat flag leaves, it can be concluded that in plants of
the Podolyanka variety these components of the antioxidant system are
most effective. Thus, on the first day of drought, the ratio of SOD/APX
activity in Podolyanka was the highest among all studied varieties, which
indirectly indicates an increase in the formation of hydrogen peroxide,
which can act as a signal of stress state. On the seventh day of drought,
the strongest increase in the activity of APX was observed in this variety,
and significant — SOD,which confirms the activation of antioxidant pro-
tection systems of the photosynthetic apparatus. In plants of the Prydni-
provska variety, the APX activity also significantly increased, but SOD
practically did not respond to drought, which is a sign of certain defects
of the signaling system regarding the launch of protective mechanisms
under the stressor influence. It will be recalled that in plants of this
variety the photosynthetic rate under drought conditions was the lowest
(Fig. 3). The chloroplast antioxidant system of the Khurtovyna and Vinny-
chanka varieties adequately responded to drought by synchronous increa-
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se in the SOD and APX activity, but additional regulatory stress signal due
to the increased generation of hydrogen peroxide in them, apparently,
was less pronounced than in Podolyanka. These data agree with the re-
sults of photosynthetic rate and chlorophyll content measurements in the
leaves, and thoroughly characterize the ability of the photosynthetic appa-
ratus to adapt to the drought conditions for different wheat varieties.

Photosynthesis, without a doubt, is a determining component of the
production process, but the required criterion for assessing the drought
tolerance of the variety is the grain yield of the plants subjected to the
action of the stressor. Analysis of the grain productivity components
revealed that the most important factors of its reduction in treated plants
were the reduction of biomass accumulation and grain quantity in the
ear. The coefficient of correlation of changes in relation to the control of
the grain mass with changes in the total plant weight was 0.96 (P < 0.01)
(Fig. 10a), with the number of grains — 0.95 (P < 0.01). At the same
time, the grain weight from the whole plant slightly negatively correlated
with a weight of 1000 grains (r =-0.32) (NS), which, in turn, correlated
negatively with the number of grains (r=-0.76) (P <0.05).

The obtained results indicate that the main cause for the decrease in
grain productivity was the inhibition of the photosynthetic function,
since the accumulation of total biomass of plants decreased. Changes in
the chlorophyll content in the flag leaf after 7 days of drought correlated
with changes in the grain weight from the plant with a coefficient of
0.92 (P <0.01) (Fig. 10b). Similar results for the positive correlation of
chlorophyll content with grain yield under stressful conditions of drought
and high temperature were recently obtained in 15 varieties of durum
wheat (Barutcular et al., 2017). The authors of this work suggest this
physiological index as a breeding criterion for assessing the stress tole-
rance of genotypes.

As the plants were subjected to drought in the flowering phase, so
deterioration in the supply of assimilates reduced the grain number on
plants. At the same time, due to the smaller number of grains on treated
plants, competition for assimilates between grains during their forma-
tion decreased when the water supply of plants was at the control level,
which resulted in a negative correlation between the weight of 1000 grains
and their number. To a certain extent, the decrease in number of grains
could also be conditioned by the direct influence of drought on the
development of generative organs (Distelfeld et al., 2014).

It should be noted that the correlation between the relative decrease
in the photosynthetic rate during the drought period and changes in the
mass of grain from the plant was also significant (r = 0.68), but to a
lesser extent than that of chlorophyll content. This can be explained by
the increase in treated plants of remobilisation of plastic substances accu-
mulated earlier in vegetative organs, first of all in the stem, during the
grain filling, as is discussed in the literature (Ji et al., 2010). The data we
have obtained also indicate that drought significantly altered the distri-
bution of biomass (assimilates) in the plant. Thus the reduction of total
biomass and the grain mass of the whole plant was greater than that of
the main shoot (Table 1, 2), indicating the priority of its supply with
assimilates compared with lateral shoots in the conditions of deteriora-
tion of the plant photosynthetic function. In addition, in the studied
varieties, except for the Khurtovyna variety, drought reduced the grain
mass from the main shoot less than the mass of stems and leaves. At the
same time, the ratio of grain and stem mass increased (Table 1). Conse-
quently, due to the shortage of assimilates, caused by drought, the plastic
substances from the stem were more actively remobilized to fill the
grain. This property was more pronounced in the plants of the Podolyanka
variety, which were characterized by a higher height and mass of the
stem compared with the Khurtovyna and Prydniprovska varieties. Taking
into account the results of the biomass redistribution within the plant
under the influence of drought, it should be considered that the producti-
vity of the whole plant more correctly characterizes the reaction of the
variety to the stress factor in the pot experiment.

Conclusions
The essential variability of the response to soil drought of moderm

winter wheat varieties — Podolyanka, Khurtovyna, Vinnychanka and Pry-
dniprovska — was determined based on the indices of the leaves’ water

regime, state of photosynthetic apparatus, antioxidant enzymes activity,
and grain productivity. Under the influence of drought, water deficit of
leaves increased, chlorophyll content, photosynthetic and transpiration
rate decreased, while the part of photorespiration in the CO, exchange
in the light and the chloroplast antioxidant enzymes activity increased.
The ten-day drought at 30% FC in the period of flowering — beginning
of milk ripeness significantly reduced the grain yield per plant.

Calculations of the relative changes in the physiological parameters of
the treated plants as compared to the control values for each variety were
the most informative for the differentiation of varieties for drought tole-
rance. Thus, relative changes in the chlorophyll content in flag leaf under
the effect of drought and the reduction of plants’ total biomass closely
correlated with a decrease in grain productivity. The correlation of the last
index with the decrease in the photosynthetic rate, measured during the
period of drought, was also significant, but less tight, as the plants sub-
jected to drought intensified the processes of remobilization of assimilates
accumulated in the stem earlier in the period of vegetative growth.

Consequently, maintenance of the plants” photosynthetic function
under limited water supply due to minimizing the damage to leaf water
regime, maintaining leaf chlorophyll content and photosynthesis rate and
owing to increase in the antioxidant enzymes activity, plays a key role
in reduction of grain productivity losses. Relative changes in these
physiological parameters, in particular, the chlorophyll content and
photosynthetic rate, in plants subjected to drought, correlate closely with
grain yield, and can serve as specific drought tolerance markers which
could be used for obtaining new, more drought tolerant winter wheat
varieties by conventional breeding or biotechnology methods.
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