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Peculiarities of drought effects on the water relations, chlorophyll content, chloro-
plasts’ antioxidant enzymes activity, CO, assimilation and transpiration at optimal
and elevated temperatures as well as on the grain productivity of transgenic bread
winter wheat plants containing double-stranded RNA suppressor of the proline
dehydrogenase (pdh) gene, compared to the original genotype were studied in pot
experiment. Drought for plants of both genotypes was applied by reducing soil
moisture to the level of 30 % of field capacity (FC) that was maintained for seven
days during the heading-anthesis period. Soil moisture for control plants, as well
as treated plants, except for the period of drought, was maintained at the optimal
level of 60—70 % of FC. Measurements of physiological and biochemical indices
were performed on a flag leaf on the first day of soil moisture reached 30 % of FC
and on the seventh day of the drought. It was found that seven-day water scarcity
decreased the relative water content in the leaves of transgenic plants less than in
the plants of the original line. At the same time, drought reduced chlorophyll con-
tent more in transgenic plants than in non-transgenic ones. Drought inhibited the
CO, assimilation and transpiration rate, however in transgenic plants, in con-
trast to non-transgenic, the degree of decline at the end of the drought was
significantly less than at the onset, indicating improved adaptability of the pho-
tosynthetic apparatus in transgenic plants. Furthermore, this peculiarity was also
confirmed by the formation of cross-tolerance — lessening the inhibitory effect
of high temperature (heating at 42 °C) on the CO, assimilation in stressed plants
after a seven-day drought, compared with its beginning. The reduction in the
harmful effect of high temperature on photosynthesis under prolonged drought
was stronger in transgenic plants. The presence of a double-stranded RNA sup-
pressor of the pdh gene in transgenic plants sustainably increased the activity of
chloroplasts’ superoxide dismutase in contrast to the activity of chloroplasts’
ascorbate peroxidase under optimal irrigation and essentially modified changes
in the activity of these enzymes under drought conditions that can be one of
reasons for the differences between transgenic and non-transgenic lines in
adaptability. Under optimal watering, the studied lines did not differ in plant
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grain productivity, but drought significantly less reduced the weight of grain
from the ear of the main shoot (by 21 %) and the whole plant (by 33 %) in
transgenic plants than in plants of the original line (40 and 52 %, respectively).
Therefore, the presence of a double-stranded RNA suppressor of the proline
dehydrogenase gene in transgenic plants of winter wheat plants improves the
adaptive properties of the photosynthetic apparatus and reduces the loss of grain
productivity under drought conditions.

Key words: Triticum aestivum L., transgenic plants, proline, drought, high tempe-
rature stress, photosynthesis, cross-adaptation, antioxidant enzymes (SOD, APX),
productivity.

Water deficit is one of the most common abiotic environmental factors,
which significantly limits the genetic potential of crop productivity in many
parts of the world [1, 2]. This problem is especially relevant for the leading
cereal — wheat, as large areas of cultivation of this crop are in areas of
risky agriculture, which, in particular, includes Ukraine [3, 4]. Global cli-
mate change, accompanied by rising temperatures and aggravated uneven
distribution of precipitation both by region and during the growing season,
enhance these risks [2, 5]. Therefore, the issue of breeding new wheat
genotypes with improved drought and heat resistance is becoming increa-
singly important [4—6].

At the level of the whole plant organism, the deficit of soil moisture
leads to a decrease in the photosynthetic activity and plant growth. The
main reason for the photosynthetic activity decline under most conditions
of water stress is the stomata closure resulting in the reduction of CO, dif-
fusion from the atmosphere to the carboxylation sites [7]. The effects of
drought on the photosynthetic apparatus, overall metabolism and plant
productivity have been studied for a long time, but remain unclear in many
aspects. Nowadays, research in this area is conducted on a broad front, as
evidenced by the large number of publications [8—10].

Under natural conditions, drought is often accompanied by high tem-
perature, and photosynthetic apparatus of the leaves suffers from overhea-
ting because of reduced leaves ability to self-cool due to transpiration sup-
pression. High temperatures provoke oxidative stress in wheat leaves [11],
cause loss of photosynthetic pigments, and reduce assimilation rate [8, 12].
This is accompanied by accelerated aging of leaves [13] that leads to a
decrease in grain weight.

Although the dependence of photosynthesis on temperature has
been well studied in many plant species, the mechanism that reduces the
CO, assimilation rate at temperatures above the optimum remains cur-
rently controversial [14, 15]. It is suggested that the decrease in the CO,
assimilation with increasing temperature may be a manifestation of tem-
perature dependence of the particular photosynthetic processes (reverse
changes) and/or the consequence of damage to certain structural ele-
ments of the photosynthetic apparatus (relatively or completely irre-
versible changes) [8].

A recent review of more than 120 studies of crops response to the
combined effects of drought and heat stress showed that combination of
these factors significantly affects yields due to reduced harvest index, shor-
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tening plant life cycle, and changes in seed number, size and composition
[16]. These negative effects are more severe when a combination of stres-
ses occurs during the reproductive stage of plant development. The authors
emphasize the need to focus of further research and breeding approaches
on yield response of crops to the combination of drought and heat at the
reproductive stage. At the same time, the studies of adaptation mechanisms
that can counteract such negative effects on productivity by increasing
drought and thermotolerance of the whole plant and its photosynthetic
apparatus are especially relevant [10, 14, 17].

Today, one of the promising areas for the creation of new genotypes
of agricultural plants, including wheat, resistant to biotic and abiotic
environmental stressors is the use of genetic engineering methods [18,
19]. It is known that resistance to drought, salinity and temperature
stress are complex traits, and the full set of genes that determine such
phenotype is not known [20]. At the same time, there are a number of
studies linking these features with the content of free L-proline in plant
tissues, which is actively synthesized in response to various stressors [21,
22].

It is believed that proline regulates the acidity of the cytosol and main-
tains the NAD/NADH ratio, helps to preserve the photochemical activity
of photosystem II in thylakoid membranes, and reduces lipid peroxidation.
Additional synthesis of this amino acid increases the overall resistance of
plants to abiotic stresses, as proline protects membranes, macromolecules
and structural elements of the cell, thus increasing non-specific resistance
[21]. In plants, the accumulation of proline during stress occurs both by
increasing the rate of its synthesis and by suppressing its catabolism [22].
The proline dehydrogenase gene, related to proline catabolism, is of prac-
tical importance for genetic engineering, as partial inhibition of its expres-
sion may lead to an increase in free proline content and, as a consequence,
in plant resistance to abiotic stress [23].

It has been established that the use of vector constructs in which a
double-stranded RNA suppressor is located as an inverse repeat is promi-
sing for partial suppression of the proline dehydrogenase gene [24]. It is
assumed that such a construct due to RNA interference is effective for
increasing the proline level. In some cases, a correlation between the pro-
line content and increasing the level of transgenic plants drought resistance
has been proven [25].

Therefore, the study of physiological characteristics of transformed
wheat plants with suppressed proline catabolism, in particular the response
of their photosynthetic apparatus to soil drought, is relevant in terms of
assessing the prospects of their involvement in the selection process to cre-
ate drought-resistant varieties.

The aim of this work was to study the peculiarities of drought effects
at heading—anthesis period on the water relations, chlorophyll content,
chloroplast antioxidant enzymes activity, CO, assimilation and transpi-
ration at optimal and elevated temperatures as well as on the grain pro-
ductivity of transgenic wheat plants containing double-stranded RNA
suppressor of the proline dehydrogenase (pdh) gene, compared to the
original genotype.
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Materials and methods

The study was performed on winter bread wheat plants ( Triticum aesti-
vum L.) line UK065 (wild type) and obtained on its basis transformants
(generation T,) with double-stranded RNA suppressor of proline dehydro-
genase (pdh) gene (transgenic plants) [26], which were grown in pots with
10 kg of fertilized soil at natural light. Fertilizers were added in equal quan-
tities (Ng)PgoKg, + NgoPgKg, mg/kg of soil) when the pots were filled with
soil and at the middle of the stem elongation period (GS 34). For each
genotype, 10 pots with 20 plants each were set up. The pots were watered
daily to maintain the soil moisture level within 60—70 % of the field capa-
city (FC).

Drought treatment was applied to five pots of each genotype at hea-
ding—anthesis period (GS 59—65) while five pots with control plants were
watered as usual. Watering was withheld until the soil moisture reached
30 % FC (first day of drought). This soil moisture level was kept for seven
days and then watering was resumed to maintain the soil moisture at the
level of control plants until the harvest. Soil moisture in the pots was moni-
tored gravimetrically twice a day.

The flag leaf was used for the determinations of relative water content,
chlorophyll content, activity of chloroplast antioxidant enzymes, and gas
exchange rate. The measurements of leaf parameters were taken on the first
day of drought at 30 % of FC (third day after cessation of watering) and
at the end of the drought period (seventh day at 30 % FC). Leaf material
for measuring antioxidant enzymes activity was collected at these time
points and frozen immediately. Elements of the structure of the plant grain
productivity were determined after achieving the complete grain maturity
by weighing the air-dry material.

The CO, net assimilation (Ay) rate was recorded under controlled
conditions by an infrared gas analyzer GIAM-5M. The intact flag leaves (2
in parallel) were placed in a temperature-controlled chamber (3x7 cm) and
illuminated at 1800 umol/(m? - s) PAR by the TA-11 50W LED spotlights
with a color temperature of 5200 K. Atmospheric air was blown through
the chamber at a speed of 1 I/min. The atmospheric CO, concentration
and air humidity at the inlet and outlet of the chamber were measured with
a portable gas analyzer EGM-5 (PP Systems, USA). Gas exchange para-
meters were calculated according to standard methods [27, 28].

The gas exchange chamber was designed in such a way that its upper
part with a glass window for illuminating the leaf was hermetically sepa-
rated from the lower by a thin transparent film, over which water from the
ultrathermostat of a given temperature was constantly circulating. The
leaves in the chamber were fixed so that the adaxial surface of the leaf was
in close contact with the film, and atmospheric air was blown at through
the lower half of the chamber, where the abaxial surface was oriented.
Thus, it was possible to set the leaf surface temperature with a precision of
0.2 °C.

Recording of gas exchange parameters was started at 25 °C 40—50
min after placing the leaves in the chamber, when they adapted to the
measurement conditions. After that, the temperature was raised at a rate of
1 °C/min, and 40 min after reaching a temperature of 42 °C, which was
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previously selected as a test temperature [29], gas exchange rates were
recorded again.

Leaf relative water content was determined by standard methods [30].
To determine the dry weight, the samples were fixed at 105 °C for 30 min
and dried to constant weight at 65 °C. The total chlorophyll content in the
leaf lamina was determined by the non-maceration method by extraction
with dimethyl sulfoxide, followed by determination of the extract extinc-
tion coefficients using spectrophotometer [31] and calculated on the dry
weight.

For the determination of antioxidant enzymes activity, chloroplasts
were isolated mechanically at a temperature of 0—4 °C. The sample (2 g)
of wheat 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 two layers of nylon fabric and centrifuged in a centrifuge
K-24D at 80 g and a temperature of 0—4 °C for 5 minutes to precipitate
heavy particles. The supernatant was poured into other pre-cooled cen-
trifuge tubes and centrifuged at 2000 g for 10 minutes to obtain a fraction
of chloroplasts. The chloroplasts sediment was resuspended in isotonic
medium with 4 mM ascorbic acid, 50 mM Tris-HCI (pH 7.5) in a volume
of 2 ml and subsequently used to determine the activity of superoxide dis-
mutase (SOD), and ascorbate peroxidase (APX).

The superoxide dismutase (SOD, EC 1.15.1.1) activity was determined
spectrophotometrically using nitrotetrazolium blue at a wavelength of 560 nm
[32]. 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
method [33]. The content of chlorophyll in the chloroplasts suspension was
determined by the Arnon method [34].

At the end of the growing season, the dry weight of the aboveground
part and the elements of grain productivity of plants were determined.

Repeatability of the relative water content determinations was 5-fold,
analytical repeatability of photosynthetic pigments content determination
using pooled sample of leaves of 5 individual plants — 5-fold, determina-
tion of gas exchange and enzymes activity 4-fold. Data on components of
grain productivity were determined as average of measurements of 20 indi-
vidual plants. The obtained data were processed by generally accepted
methods of variation statistics using Microsoft Excel. The figures and the
tables show the arithmetic mean and standard error of the mean. The sig-
nificance of the difference between controls and treatments were evaluated
using ANOVA. Differences were considered significant at p < 0.05.

Results and discussion

It is known that period of heading—anthesis is the most vulnerable in terms
of the impact of drought on wheat productivity [35]. Drought at this time
significantly reduces the graininess of plants, which leads to significant crop
losses [5]. Therefore, in our experiments, the plants were subjected to
drought at this period.

Relative water content in flag leaves significantly decreased already on
the first day of drought at 30 % FC compared to control plants grown
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Table 1. Relative water content and total chlorophyll content in the flag leaves of control (70 % FC)
and drought-stressed (30 % FC) winter wheat plants of the original line UK065 (wild type) and
obtained on its basis transgenic plants with double-stranded RNA suppressor of the proline
dehydrogenase gene (transformant) on the first and seventh day of drought (x+SE, n = 5; * —
significant difference compared to the control at p < 0.05)

. Relative water content, % Chlorophyll co_nt}?nt, mg/g dry
Genotype Variant weight
Ist day | 7th day Ist day | 7th day

UKO065 Control 90.1+1.2 87.92£0.9 14.9+0.3 12.5+0.3
wild type

Treatment 76.1£1.0* 49.1+1.8* 15.2+0.4 10.1£0.4*
UKO065 Control 90.2+0.6 87.5£0.8 14.3+0.2 14.440.3

fi

transiommant o atment 68.442.1% 57.442.5% 14.340.5 7.440.4*

0O UKO065 wild type
100 W UKO065 transformant 100
*
80 | 80 |
xX *
E.
60t 60 | *
g
c
o
£ 40 | 40 |
©
o
'_
20 20
0 T 0 T
1st day 7th day 1st day 7th day
a b

Fig. 1. Changes relative to the corresponding control at 70 % FC in relative water content
(a) and total chlorophyll content (b) in the flag leaves of drought-stressed (30 % FC) wheat
plants of the original line UK065 (wild type) and obtained on its basis transgenic plants with
double-stranded RNA suppressor of the proline dehydrogenase gene (transformant) on the
first and seventh day of drought (n = 5; * — significant difference compared to the wild type
at p < 0.05)

under 70 % both in wild-type and transgenic plants (Table 1). This effect
was more pronounced in transgenic plants than in wild-type (Fig. 1, a). On
the seventh day of drought, the relative water content lowered even more,
and this decline was substantially bigger in wild-type than in transgenic
plants. As a result, the relative water content in flag leaf lamina of latter
was higher than in the former. This may indicate that in transgenic plants,
the processes of adaptation to drought proceeded more efficiently than in
wild-type plants. One of the reasons contributing to the better adaptation
of transgenic plants to drought is obviously the increased content of an
osmotically active substance, proline, which increases the water-holding
capacity of cells [25]. In addition, it is possible to assume a gain in the
sucking power of the roots that also contributes to the improvement of
plant water relations under drought conditions (although this issue requires
an additional study).

ISSN 2308-7099. ®izionoris pociun i reneruka. 2021. T. 53. Ne 6 537



DA. KIRIZIY, AS. KEDRUK, O.G. SOKOLOVSKA-SERGIIENKO, O.V. DUBROVNA, O.0. STASIK

Table 2. The indices of gas exchange in flag leaves of comrol (70 % FC) and drought-siressed (30 % FC) winver wheax plams of vhe original line UK065 (wild xype) and
obrained on ks basis Yransgenic planvs with double-scranded RNA suppressor of vhe proline dehydrogenase gene (vransformanx) on vhe firse and sevenh day of drought measured
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Already on the first day of reaching soil moisture content of 30 %
FC, the net assimilation rate (Ay) in flag leaves under a temperature of
25 °C in plants of both genotypes decreased by almost half (see Table 2).
Wherein, if on the first day of drought the differences between the wild
type and transformants in the relative decrease in the Ay compared to
the control were insignificant, then on the seventh day the ratio of treat-
ment/control was higher for the latter (i.e., the decrease was less), than
for the wild type. This indicates the development of adaptation proces-

0O UKO65 wilde type B UKOB5 transformant
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60 r
X
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E 40t
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a
100
80
*®
3
€
o
Q
€
Q
£
[}
o
'_
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Fig. 2. Changes relative to the corresponding control at 70 % FC in net assimilation rate
and transpiration (@), stomatal conductance (g,) and intercellular CO, concentration (C,) (b)
of the flag leaves of drought-stressed (30 % FC) wheat plants of the original line UK065
(wild type) and obtained on its basis transgenic plants with double-stranded RNA suppres-
sor of the proline dehydrogenase gene (transformant) on the first and seventh day of drought
(n = 4; * — significant difference compared to the wild type at p < 0.05)
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ses in transgenic plants, and their better acclimation to drought condi-
tions (Fig. 2, a).

Heating the leaves of control plants to 42 °C also led to an almost
twofold decrease in the Ay compared to 25 °C (see Table 2), and to an
even greater decrease in this index in plants exposed to drought. As a result,
on the first day of drought, the treatment/control ratio under 42 °C in
plants of both genotypes was even lower than at 25 °C (see Fig. 2, a).
Obviously, this is due to the simultaneous cumulative effect of two stress
factors on the photosynthetic apparatus, when the defense mechanisms
have just begun to be activated. There are evidences in the literature that
the simultaneous effect of drought and high temperature significantly
inhibits the vital processes of plants and reduces productivity in compari-
son with the influence of each stressor separately [36, 37].

However, on the seventh day of drought, this ratio under 42 °C was
practically equal to that under 25 °C (although the absolute values of
indices in the control and treated plants in the first case were lower than
in the second). At the same time, transgenic plants retained the advantage
previously noted for 25 °C.

The transpiration rate in plants subjected to drought decreased by
1.5—2 times as compared to control ones (see Table 2). On the first day
of drought, under 25 °C the ratio treatment/control in plants of both geno-
types did not differ significantly, and on the seventh day there was a ten-
dency to an excess of this index in transgenic plants compared to the wild
type (see Fig. 2, a). Heating the leaves of control plants to 42 °C led to a
more than twofold increase in the transpiration rate (in contrast to the
photosynthesis). In plants subjected to drought, transpiration also increased
under heating, but to a lesser extent than in control.

On the first day of drought, heating up the leaves of plants of both
genotypes led to a much stronger decrease in transpiration compared to the
control values than under 25 °C, at the same time no genotypic differences
were observed. On the seventh day of drought, the inhibitory effect of high
temperature on this parameter was weaker than on the first day, however,
in wild-type plants it was still stronger than under 25 °C, and in transgenic
plants, the difference in the ratio treatment/control under 25 °C and 42 °C
was insignificant. Consequently, the relative inhibition of transpiration by
high temperature in transgenic plants was less (the ratio treatment/control
was higher) than in the wild type, as was also observed for the photosyn-
thesis.

Both drought and high temperature sharply reduced stomatal conduc-
tance (see Table 2). Undoubtedly, in the case of high temperature, the
observed increase in water evaporation by leaves of the control and treated
plants was due not to physiological, but to physical mechanisms. In the lat-
ter case, the leading role was played by a 2.6-fold (from 3.17 to 8.21 kPa)
increase in the pressure of saturated water vapors in the intercellular
spaces, and as a consequence — an increase in the release of water vapor
to the outside, despite a decrease in stomatal conductance because of a
reduce in the stomatal aperture under the stressors impact.

In general, the dynamics of treatment/control ratio for stomatal con-
ductance was similar to that of photosynthesis (see Fig. 2, b). On the first
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day of drought, no differences were observed between wild-type and trans-
genic plants; under 42 °C this ratio was less than under 25 °C. On the se-
venth day of drought, in the wild type the treatment/control ratio under
42 °C was equal to that under 25 °C, and in transgenic plants exceeded
wild type both under 25 °C and 42 °C. This once again indicates that the
processes of leaves photosynthetic apparatus adaptation in transgenic plants
proceeded more efficiently than in the wild type. It is possible that the abil-
ity to maintain a higher stomatal conductance (and, consequently, the
transpiration rate) in transgenic plants under drought conditions is caused
by their lower water deficit because of an increase in the sucking power of
roots due to an increased level of proline [25].

Calculations of the intercellular CO, concentration (C;) showed that
in our experiments this parameter was practically stable and did not differ
significantly between genotypes under soil moisture of both 70 and 30 %
FC, independently of temperature conditions. From this, at least two con-
clusions can be drawn: firstly, the flag leaves stomatal apparatus of plants
of both genotypes was adequately matched with its main function of main-
taining a constant C, in accordance with the assimilation rate in mesophyll
cells [38], and strongly depended on the water relations in the plant.
Secondly, differences in the degree of drought and high temperature
impacts on the net CO, assimilation rate between wild-type and transgenic
plants were rather brought about by the differences in the damage to the
chloroplasts’ photosynthetic machinery than stomatal regulation.

The reduction in the Ay inhibition under heating the flag leaves of the
drought-stressed plants as compared to the control a week after the onset
of drought can be explained by processes of priming and cross-adaptation,
which cause an increase in resistance to a certain stress as a result of the
previous action of another stressor [38—40]. It has been found that the
influence of the first stressor activates non-specific protective mechanisms
that retain increased activity for some time after its cessation, or accele-
rates the induction of protective mechanisms under repeated exposure to
the same or another stressor («stress memory»). This causes, under the
action of the second stress factor, maintaining the functional state of cells
and plant as a whole at a higher level than in the case when there was no
previous stress. In our experiments, drought was the first stress factor that
induced adaptation processes, and high temperature was the second.

It is known that the adaptation of the photosynthetic apparatus to
drought includes significant physiological and metabolic changes which can
increase thermotolerance, in particular, the accumulation of osmotically
active substances (proline, glycinebetaine, soluble carbohydrates), increa-
sing the proportion of unsaturated fatty acids in the membranes [42], acti-
vating the synthesis of chaperone proteins and other protective proteins, as
well as ROS level control systems [39]. These changes, obviously, in our
experiments led to an increase in the activity of the photosynthetic appa-
ratus of treated plants on the seventh day of drought compared to the first,
which occurred against the background of reduced chlorophyll and
decreased relative water content in leaf tissues, and are convincing evi-
dence of photosynthetic apparatus adaptation to drought.

It should also be noted that cross-adaptation was detected only when
protective mechanisms were activated in response to the first stressor (in
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our experiment on the seventh day of drought), while at the beginning of
the first stressor action (drought), under the simultaneous influence of se-
cond stressor (high temperature), was recorded stronger inhibition of pho-
tosynthesis. The presence of a certain period of delay (lag phase) between
the action of the stress factor and the formation of cross-tolerance (in other
words, cross-resistance) is considered as the characteristic feature of pri-
ming [41]. It can be assumed that an important role in the formation of
such response of photosynthesis and transpiration is played by drought-
induced accumulation of abscisic acid (ABA), which, on the one hand,
leads to stomata closure and reduced their conductivity, and on the other —
activates adaptive restructuring of metabolism and synthesis of a number of
stress-protective proteins [43].

According to modern ideas, one of the key factors in the formation of
cross-tolerance is the ROS homeostasis control system [44—46]. The effect
of the vast majority of abiotic stressors on plants is accompanied by the for-
mation of a large number of different ROS, so the activation of their neu-
tralization systems is an obligatory part of the adaptive response to each of
them [47]. In addition, ROS are key signaling molecules that induce a vari-
ous protective responses and processes, including the perception and trans-
duction of stress signals, activation of protective proteins gene expression
etc. Although the main sources of ROS, their compartmentalization and
inclusion in signaling systems may differ under the impact of different
stressors, it is believed that cross-tolerance formation is due, including,
partial overlap between pathways of ROS stress signaling systems [48].

To evaluate the response of the antioxidant protection system of wheat
photosynthetic apparatus to the drought impact, we determined the activity
of the main antioxidant enzymes of chloroplasts — SOD and APX. One of
the main sources of ROS in the photosynthetic cell are chloroplasts, at the
functioning of the electron transport chain of which, part of the electrons
can be transferred to molecular oxygen with the formation of superoxide
anion radicals [13]. The latter are very dangerous ROS, which are detoxi-
fied by SOD. As a result of the reaction catalyzed by this enzyme, H,0, is
formed, which is reduced by APX to water. Under the effect of stressors,
especially such as drought, the generation of superoxide anion radicals
increases with a corresponding increase in the formation of H,O,. Enzyme
systems of chloroplasts antioxidant protection respond to this, as a rule, by
increasing their activity to limit the excessive formation of ROS [49].

Determination of the chloroplasts antioxidant enzymes activity in
flag leaves showed that SOD activity in transgenic plants under condi-
tions of optimal watering was noticeably higher than in wild type (Table
3). At the same time, on the first day of drought, the changes in this
index were opposite: in wild-type plants, its increase was observed, and
in transgenic plants — a decrease (as a result, the indices of SOD acti-
vity in plants of both genotypes did not differ significantly). On the se-
venth day of drought, wild type retained a tendency to an excess of SOD
activity in the drought-treated plants over control, while in transgenic
plants these indices were practically equal.

Differences in APX activity between genotypes and variants on the
first day of drought were insignificant with a tendency to decrease in com-
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Table 3. Flag leaves chloroplasts SOD and APX activity in control (70 % FC) and drought-stressed
(30 % FC) winter wheat plants of the original line UKO065 (wild type) and obtained on its basis
transgenic plants with double-stranded RNA suppressor of the proline dehydrogenase gene
(transformant) on the first and seventh day of drought (x+SE, n = 4; * — significant difference
compared to the control at p < 0.05; Chl. — chlorophyll, AA — ascorbic acid)

SOD, APX,
Genotype Variant rel. units/(mg Chl. - h) pumol AA/(mg Chl. - h)

Ist day | 7th day Ist day | 7th day

UKO065 Control 562+29 645129 204+9 35312
wild type

Treatment 693136* 683+18 189+8* 429+18*

UKO065 Control 825142 864141 208%10 464120

£
transiormant -y otment  674+30* 870435 223+11 44619

parison with control in wild-type plants and increase in transgenic plants.
On the seventh day of stressor action, the activity of APX in wild-type
drought-treated plants significantly exceeded the control, while in trans-
genic plants, an insignificant decrease was observed.

The genotypic differences in the response of antioxidant enzymes to
drought are more clearly demonstrated by calculations of their activity ratio
under the treatment and in control. In Fig. 3, it can be seen that after an
increase in SOD activity on the first day of drought in wild-type plants
compared to control, and a decrease in transgenic plants, on the seventh
day of drought this parameter practically returned to the control values. As
for APX activity, the treatment/control ratio was slightly higher in trans-
genic plants as compared to the wild type, and, on the contrary, signifi-
cantly lower at the end of drought period.

For wild-type plants, the observed dynamics of antioxidant enzymes
activities is quite typical. An increase in SOD activity at the onset of

0 UKO065 wilde type W UKO065 transformant
120

*
100

80 r

60 r

Treatment/Control, %

1st day 7th day 1st day 7th day

SOD APX

Fig. 3. Changes relative to the corresponding control at 70 % FC in SOD and APX activi-
ty in chloroplasts of the flag leaves of drought-stressed (30 % FC) wheat plants of the origi-
nal line UK065 (wild type) and obtained on its basis transgenic plants with double-stranded
RNA suppressor of the proline dehydrogenase gene (transformant) on the first and seventh
day of drought (n = 4; * — significant difference compared to the wild type at p < 0.05)
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drought against the background of little changes in APX activity leads to
the formation of an increased amount of H,O,, which is not only ROS, as
already mentioned, but an important signaling molecule that triggers a cas-
cade of defense reactions in the signaling networks of cells [44]. There are
known works on the priming of plants by exogenous treatment with H,O,
to the impact of stressors of different nature [50]. Then, as the protective
mechanisms are triggered with the continuation of the drought effect, the
functioning of APX is activated, which detoxifies excess H,O,. This is
accompanied by the development of an adaptation syndrome, that was
observed in our experiments, in particular, for the photosynthetic and tran-
spiration rate.

In transgenic plants containing double-stranded RNA suppressor of
the pdh gene, the dynamics of antioxidant enzymes activity evidently was
modified by their constitutively inherent increased proline level [25]. It is
known that in addition to osmotic activity, which increases the water-
retention capacity of cells, this substance exhibits antioxidant properties
[22]. It can be assumed, that in transgenic plants the photosynthetic appa-
ratus is initially better protected from the impact of such a stressor as
drought, and an increase in SOD activity (already increased in comparison
to the wild type) is not required, whereas an excess of superoxide anion
radicals is neutralized in other ways, including proline. Some increase in
APX activity at the beginning of drought can be explained by an increase
in the formation of H,0O, from other sources, for example, as a result of
an increase in the proportion of photorespiration in leaf gas exchange,
which is usually observed under drought [48]. On the seventh day of
drought, the SOD and APX activities in the chloroplasts of flag leaves of
transgenic plants returned almost to the control values as a result of effec-
tive acclimation to the drought effect. Obviously, the above-noted phe-
nomenon of cross-adaptation to high temperature, which was more pro-
nounced in transgenic plants, was due to the peculiarities of their defense
mechanisms.

So, the physiological parameters we measured, such as water relations,
indices of CO, and H,O gas exchange in flag leaves, and antioxidant
enzymes activity indicate that transgenic plants are better adapted to the
effect of drought than the original line. However, the final and most
important criterion for assessing the drought resistance of various genotypes
of cultivated plants is their productivity, which we determined when the
grain was fully ripe. From Table 4, it can be seen that in terms of produc-
tivity, transgenic plants grown at optimal soil moisture were not inferior to
the wild type (the differences in most cases were insignificant). The pro-
ductivity of plants of both genotypes subjected to drought during the hea-
ding—anthesis period was lower than in the control, but the degree of its
decrease was different. In almost all parameters, both for the main shoot
and for the whole plant, the transgenic ones showed a much lower degree
of reduction than the wild type. Thus, the decrease in the weight of grain
from the main shoot in transgenic plants compared to the control was
21.3 %, and in the wild type — almost 40 %. The same index for the whole
plant was 33.8 and 52 %, respectively (because of a decrease in number of
productive shoots). Similar differences were observed for other indices of
grain productivity — the grain number and weight of 1000 grains. The
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Table 4. Productivity (calculated on dry matter) of control (70 % FC) and drought-stressed (30 %
FC at stage of heading-anthesis (GS 59—65)) winter wheat plants of the original line UK065 (wild
type) and obtained on its basis transgenic plants with double-stranded RNA suppressor of the proline
dehydrogenase gene (transformant) (xxSE; n = 20; * — significant difference compared to the control
at p < 0.05; % — significant difference compared to wild type at p < 0.05)

> > > ’ > shoots, pcs.
Main shoot
UKO065 Control  3.9840.08 2.17£0.05 47.5+12 46.0£1.0 0.55£0.01 -
wild pe o atment 2.2840.07 1304006 41214 316412 0.45+0.01 -
% relative 57.2% 59.9* 86.7* 68.7* 81.8* -
to control
UKO65 Control  3.2940.11 2.02+0.08 47.81.6 425%1.1 0.61+0.03 -
transformant ;. iment 3.30+0.10 1.59+0.08 48.6+14 327415 0.48+0.01 -
% relative  100.3*  78.7%  101.6"  76.9% 78.7% -
to control
Whole plant
UKO065 Control 10.43£0.75 5.9740.38 143.749.0 417407 0.62+0.07 3.57+0.25
wild tpe o atment 6124034 2.84+022 94.4+59 301410 046£0.01 2.58+0.19
% relative  58.6* 47.5 65.7* 72.3* 74.2% 72,0
to control
UKO65 Control  9.95+0.55 5.45+0.3 148.8+11.1 38.1£1.0 0.5620.03 3.48+0.23
transformant ;. iment 7.09+046 3614023 1226465 29541 0454001 3.16+0.17
% relative  80.3%*  66.2%%  82.4%F  77.5¢ 80.3*  90.8%
to control

decrease in last parameter indicates that in plants subjected to drought at
the period of heading—anthesis, the photosynthetic apparatus did not fully
restore its activity during the period of grain filling, when their normal
watering was resumed.

Thus, transgenic winter wheat plants of the UK065 line with a double-
stranded RNA suppressor of the proline dehydrogenase gene in terms of
the water relations, the parameters of gas exchange in flag leaves, the
antioxidant enzymes activity, and grain productivity demonstrated signifi-
cantly higher resistance to soil drought during the heading—anthesis peri-
od. In addition, according to the indices of gas exchange in flag leaves on
the seventh day of drought, the effect of photosynthetic apparatus cross-
adaptation to high temperature was revealed, which was also more pro-
nounced in transgenic plants. All this confirms the prospect of using trans-
genesis for increasing the drought resistance of wheat plants in general, and
applying of genes that regulate proline metabolism, in particular. Such
research is especially important in view of the risks to agriculture associa-
ted with global climate change.
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B ymoBax BereTalliitHoro 1ociiny BUBYaJIM OCOOJIMBOCTI BILUTMBY MOCYXM Ha BOIHUI peXuM,
BMIiCT XxJ10podily, aKTUBHICTh aHTMOKCHIAHTHUX (EPMEHTIB XJOPOILIACTIB, aCUMIJIAILIO
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, Ta TPAHCIIpaLilo 32 ONTUMATBHMX i MiIBUILEHUX TeMIIEpaTyp, a TaKOX 3€PHOBY IIpO-
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RESPONSES OF PHOTOSYNTHETIC APPARATUS

OYKTUBHICTh TPAHCTEHHUX POCIWH cejiekuiiHoi JiHil YK065 o3umoi M’sIKoi MIeHMIIi, 1110
MmicTath aBojaHiiorosuit PHK-cynpecop rena mposinaerinporeHasu (pdh), TMOpiBHSIHO 3
BUXiTHUM reHoTUnoM. [TocyXy s pocivH 060X F€HOTUITIB CTBOPIOBAJIU, 3HUXKYIOUM BOJIO-
ricTb TPYHTY B HociimHoMmy BapiaHTi mo piBHsI 30 % moBHoi Bosoroemuocti (I1B), sikumit
MiATPUMYBaJIM BIPOMOBXK CeMM Ji0 B Mepioj KOJOCIiHHS-UBITIHHA. BoJjioricT IpyHTY B poc-
JIUH KOHTPOJILHOTO BapiaHTa, a TaKoX MOCTiIHUX POCIUH 3a BUHSITKOM MEpioay MOCyXu
MiATPUMYBAJIX Ha ONTUMalbHOMY piBHI 60—70 % I1B. BumipioBanu ¢isionoro-6ioximiuHi
MOKa3HWKY Ha MParopiieBoMy JJUCTKY Ha Meply 100y 3HVKEHHS BoJiorocti rpyHTy mo 30 %
I1B ta Ha choMy A00y BereTallii 3a 1IbOTO PiBHS BOJOrocTi. BcTraHOBIEHO, IO 32 CEMUIO-
0OBOI TNOCYXM BiTHOCHMN BMIiCT BOAM B JIMCTKaX TPAHCTEHHUX POCJIUH 3HUXKYBaBCS
MOPiBHSIHO 3 KOHTPOJIEM MEHIIe, HiXX Y POCJIIMH BUXiAHOI JiHii. BomHOUYac mocyxa cujbHille
3MEHILyBaJIa BMicT XJIopodily B TPAaHCTE€HHUX POCIWH, HiX Yy HETpaHcreHHux. Hecraua Bo-
JIOTU B I'PYHTI iHriOyBasa iHTeHcuBHicTh acumiysauii CO, i TpaHcnipauii, MpoTe B TpaHCI€H-
HUX POCJIMH, Ha BiIMiHY BiJl HeTpaHCT€HHUX, CTYMiHb 3HUXKEHHS B KiHIi Mepioay Mocyxu
OyB iCTOTHO MEHILUM, HiX Ha MOYaTKy, 0 CBITYUTH MPO MOJIMIIEHy alalTUBHY 30aTHICTh
(OTOCHMHTETUYHOTO amapary B TPAaHCTEHHMX POCJIMH 3i 3HMXKEHOI EKCIIpeci€lo TreHa
npoJiinaeriagporeHasu. Lle miaTBepakye Takox ¢opMyBaHHS KpOC-TOJIEPAaHTHOCTI — OcCJ1a0-
JIEHHsI iHTiOyBaJIbHOTO BIUIMBY BHCOKOi TemIiepaTypu (mporpiB mpu 42 °C) Ha iHTeH-
cuBHicTh acuMinauii CO, mingaHux Aii BOZHOIO CTPeCY POCIMH Mic/isd CEMUIO000BOI TOCY-
XM, TIOPiBHSAHO 3 1i MOYaTKOM. 3HMXKEHHSI HEraTUBHOTO BIUIMBY BHUCOKOI TeMIlepaTypu Ha
(GOTOCHHTE3 3a TPUBAIOI MOCYXU OYJIO CUJIBHIIINUM y TpPaHCTEHHMX pociauH. HasiBHiCTb ABO-
nanioroporo PHK-cynpecopa reHa pdh y TpaHCTeHHUX POCIUH CTabOiIbHO IMiaBUIyBaia
aKTUBHICTh XJIOPOIJIACTHOI CYNEPOKCUIAMCMYTa3U Ha BiIMiHYy BiJl aKTUBHOCTi XJIOpOILIAcT-
HOi ackopOaTnepoKcuaa3u 3a ONTUMAJIbHOIO PeXUMY IMOJUBY i MonudikyBaga 3MiHU aK-
TUBHOCTEI IMX (DEPMEHTIB 3a Jii MOCyXH, 110 MOXe OYTH OJHIi€I0 3 MPUYMUH BiAMiHHOCTEM
TPAHCTEHHOI i HETPAHCTeHHOI JiHill 3a aIanTUBHOIO 3[AAaTHICTIO. 3a ONTUMAJbHOIO IMOJUBY
JMOCHIIKEeHI JIiHil He BiApi3HSUIMCS 3a 3€pHOBOIO MPOAYKTUBHICTIO POCJUH, MPOTE Iocyxa
3HaYHO MEHIIE 3HMKYBaja Macy 3epHa 3 KoJjoca rojoBHoro narona (Ha 21 %) i uinoi poc-
nvHM (Ha 33 %) B TpaHCTEHHUX POCIWH, HiX Yy pociuH BuXimHoi JiHii (Ha 40 i 52 %
BinmoBigHo). OTXe, BKIIOYEHHSI I'eHa cympecopa MNpoJiHAETiAporeHa3u B T'€HOM POCIUH
03UMOI MIIEHULIi TOJIMIIY€E afanTUBHI BIaCTUBOCTI (DOTOCUHTETUYHOTO anapary i 3MEeHIIye
BTpaTH 3€pHOBOI MPOAYKTUBHOCTI 32 YMOB MOCYXM.
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