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Aim. Analysis of physiological and biochemical characteristics and grain productivity traits of transgenic common wheat
plants (Triticum aestivum L.) with a double-stranded RNA suppressor of the proline dehydrogenase gene (pdh) com-
pared to non-transgenic genotypes under conditions of soil drought. Methods. Biochemical assays: spectrophotometric
measurements of antioxidant enzymes (SOD, APX) activity, proline dehydrogenase activity and free L-proline content;
biotechnological assays: Agrobacterium-mediated transformation in planta; physiological: morphometric traits and ele-
ments of grain productivity; mathematical statistics. Results. The presence of a double-stranded RNA suppressor of the
gene pdh in transgenic plants leads not only to a decrease in enzyme activity (on average 2 times compared to the non-
transgenic plants), but also to an increase in the content of free L-proline both under optimal conditions and under soil
drought (2.6—4.1 times). Under soil moisture deficiency, transgenic plants with reduced pdh gene activity in terms of yield
structure significantly exceeded the corresponding values of grain productivity elements for the non-transformed ones.
In terms of the grain weight from the main stem, the biotechnological plants under soil moisture deficiency exceeded the
control plants 1.5—1.6 times, while the number of grains did not differ significantly. The grain productivity of the whole
plant in the transformed lines under conditions of soil moisture deficiency was somewhat inferior to those in the non-
transformed plants grown under optimal conditions. Soil drought caused a significant increase in SOD and APX activity
(by 40 and 11 %, respectively) in plants of the original variety. On the contrary, the activity of both antioxidant enzymes
under drought conditions in transgenic plants decreased: SOD — down to 73-76 %, APX — down to 82—-86 %, compared
with the variant of 70 % of field capacity. Conclusions. The analysis of physiological and biochemical characteristics,
as well as economic and grain productivity elements of transgenic common wheat plants with a double-stranded RNA
suppressor of the proline dehydrogenase gene showed their increased tolerance to soil drought, compared with non-trans-
genic genotypes, which may be associated with higher proline accumulation and an increase in the antioxidant enzymes
activity. Under soil moisture deficiency, transgenic wheat plants with reduced pdh gene activity significantly exceeded the
corresponding values of grain productivity elements for non-transformed plants. The analysis of the antioxidant enzymes
activity in the chloroplasts of transgenic plants showed that under physiological conditions, the antioxidant system works
more actively in comparison with non-transgenic genotypes, which may be a prerequisite for increasing the tolerance of
these plants to the influence of stressors of various origin. It is likely that the positive relationship between the level of free
L-proline and the resistance of transgenic wheat plants to osmotic stress is associated either with the effect of L-proline
on the expression of other genes of the stress-strain response of plants, or with the positive effect of the increased content
of this amino acid on resistance at the early stages of stress development. It has been suggested that an increase in the
antioxidant enzymes activity in biotechnological plants can be caused by the expression of heterologous genes.
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INTRODUCTION ture, or drought, in any period of plant development,

Common wheat is one of the most sensitive cereals in  salinization and other stress factors inhibit and impair
terms of environmental conditions (Shewry P, 2009). It  reproductive processes of ear formation, cause the re-
is known that a significant increase in the air tempera-  duction in spikelet primordia, pollen sterility and grain
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shriveling, inhibit chlorophyll synthesis and the activ-
ity of photosynthesis apparatus, accelerate aging pro-
cess and reduce the lifetime of leaves (Nyachiro J et al.,
2001, Mahajan S and Tuteja N, 2005, Nowsherwan I et
al., 2018). The deterioration of metabolism processes
and a reduction in the number and weight of grain in
the ear, both caused by unfavorable conditions, lead to
considerable yield losses. One of the ways to increase
the yield of common wheat under unfavorable condi-
tions may be found in creating varieties with increased
adaptivity to abiotic stresses.

It was determined that the resistance to drought, sa-
linization and temperature stresses are complex traits,
and the complete set of genes, defining this phenotype,
is unknown (Agarwal S, Grover A, 2006). Many stud-
ies relate these traits to the content of free L-proline
in the tissues of plants which is actively synthesized
in response to different stress factors, acting as an os-
moprotector (Szabados L, Savouré A, 2009, Anjum S
et al., 2017, Renu K et al., 2019). For instance, it was
determined that the content of proline, average for 108
lines of wheat, increased by 39 % under drought, by
32 % — under the action of higher temperatures, by
132 % — under their combined effect, compared to the
control (Qaseem M et al., 2019). It was also deter-
mined that moisture deficiency, occurring after earing,
resulted in almost 5-fold increase in proline content in
flag leaves of N84-12 line of durum wheat compared
to well-irrigated control variant, although the differ-
ence between the control and the variant with mois-
ture deficiency in the shooting period was insignificant
(Maralian H et al., 2010). The analysis of the results
of a multi-factor experiment in studying the impact of
drought and temperature stress on grain productivity of
wheat demonstrated that the increase in productivity
was related to the increase in proline content due to en-
hanced regulation of water potential of leaves (Ahmed
M et al., 2017). Therefore, obtaining plants with higher
content of this aminoacid may promote the selection of
varieties with high adaptive potential, including resis-
tance to drought.

A promising trend in creating drought-resistant forms
of wheat is the application of biotechnological ap-
proaches, including the methods of genetic engineer-
ing. Novel molecular biotechnologies involving vari-
ous strategies, including the ones, aimed at obtaining
stable genotypes via integration of recombinant DNA
molecules, capable of controlling adaptation/resistance
processes on the genetic level, into the genome of cul-
tivated plants, have recently been under intensive deve-
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lopment (Hiei Y et al., 2014). Considerable attention is
paid to the elaboration of a new approach of metabolic
engineering, related to the identification and analysis
of structural genes, controlling, in particular, the syn-
thesis and catabolism of proline (Manavalan L et al.,
2012, Morgun V et al., 2016). The gene of proline
dehydrogenase, related to L-proline catabolism, is of
practical significance for genetic engineering, as partial
inhibition of its expression may result in the increase
in free L-proline content and, as a result, in the level
of resistance of plants to abiotic stresses (Ayliffe M et
al., 2005, Ibragimova S et al., 2012). In particular, it
has been determined that a promising approach for par-
tial suppression of the gene of proline dehydrogenase
is the application of vector constructs where a double-
stranded RNA-suppressor is located as an inverted re-
peat (Manavalan L et al., 2012). It is suggested that due
to RNA-interference this construct is more efficient to
increase the level of L-proline. Due to this fact, a vector
construct with a double-stranded RNA-suppressor of
proline dehydrogenase gene of Arabidopsis was used
by us for the studies.

Scientific literature presents many evidences of direct
relationship between the level of proline accumula-
tion and stress-tolerance of genetically modified plants
(Verdoy D et al., 2006, Khan M et al., 2015, Tishchen-
ko O et al., 2016). At the same time, the positive im-
pact of the increase in the content of free L-proline on
the adaptation of transgenic plants to the stress is still
noted not for all the crops and conditions. These stud-
ies are usually conducted in simulated environment and
are not always confirmed in field conditions (Mansour
M and Ali E, 2017).

This study was aimed at analyzing physiological
and biochemical characteristics and grain productiv-
ity traits of transgenic common wheat plants (7riticum
aestivum L.) with a double-stranded RNA suppressor
of the proline dehydrogenase gene (pdh) compared to
non-transgenic genotypes under soil drought. The ini-
tial hypothesis of the study was the assumption that
biotechnological wheat plants would demonstrate
higher tolerance towards moisture deficiency due to
higher accumulation of proline and higher activity of
the antioxidant system.

MATERIALS AND METHODS

The object of the study was three transgenic lines of
wheat, Zymoiarka variety, generation T, (Zymoiarka
32, Zymoiarka 74 and Zymoiarka 86), obtained by
Agrobacterium-mediated transformation in planta.
Agrobacterium-mediated transformation was per-
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Fig. 1. The schematic presentation of T-DNA of the genetic construct pBi2E: pNOS — promoter of nopaline synthase; 35S
pro — promoter 35S of cauliffower mosaic virus (CaMV) RNA; PDH-ex1 — first exon of pdh gene (the construct has two
fragments, located in the form of an inverted repeat); int — fragment of the first intron of pdh gene; ntpll — gene of neomycin
phosphotransferase II E.coli; NOSt — terminator of nopaline synthase gene, polyadenylation signal; LB — left border of T-

DNA, RB - right border of T-DNA (Tishchenko O et al., 2014)

formed using AGLO strain, containing a binary vector
construct pBi2E, which included a heterologous dou-
ble-stranded RNA-suppressor of proline dehydroge-
nase gene, obtained on the basis of proline dehydroge-
nase gene of Arabidopsis (ds-RNA suppressor PDH]I),
and a selective gene of neomycin phosphotransferase
II (npll) of E. coli (Fig. 1). The vector construct was
kindly provided by the corresponding member of RAS,
Doctor of Science (Biology), O. V. Kochetov, the Insti-
tute of Cytology and Genetics of the Siberian Branch
of RAS, Novosibirsk.

Agrobacterium-mediated transformation in planta
was performed in conditions of a vegetational experi-
ment (Voronova S et al., 2015) and the seeds were
gathered at the end of vegetation period. The plants of
the seed generation T were used to obtain seed gen-
eration T, via self-pollination. The seeds were germi-
nated in the cups with soil mixture and the presence of
vector construct elements was checked by PCR. Af-
ter the analysis, the plants were planted into 10 liter
vegetative pots, filled with soil mixture. In half of the
pots, control and transgenic forms of plants were cul-
tivated under normal irrigation — 70 % from full mois-
ture capacity (FMC). Soil humidity in the remaining
pots was decreased down to 30 % FMC by stopping
the irrigation during the stem elongation phase and
keeping it at this level for 7 days. Soil humidity was
controlled by gravimetric method. Biochemical indi-
ces (the activity of proline dehydrogenase and anti-
oxidants, and proline content) were measured in the
flag leaves of the plants on the 7" day since the be-
ginning of drought. After drought, the plants of the
experimental variant were still watered as well as the
control ones.

Non-transformed plants of the initial variety, grow-
ing under sufficient moisture provision (70 % FMC),
served as the negative control, and the same plants,
growing under drought (30 % FMC) were the positive
control. The elements of yield structure were analyzed
in the phase of full grain ripeness. Biochemical and
morphometric indices were determined in three repeats.
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The concentration of free proline in the tissues was
determined by the method (Bates L et al., 1973). The
activity of proline dehydrogenase (PDH) was evaluat-
ed by the method described in (Mattioni C et al., 1997)
by the rate of using NAD" for proline oxidation, mea-
suring NADH concentration, formed per a time unit.

The antioxidant enzymes activity was determined in
chloroplasts of leaves, which were isolated mechani-
cally at 0—4 °C. The average weighed quantity (2 g) was
homogenized in 7-fold volume of buffer solution (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 and centrifuged at K-24D centrifuge at 80
g and 04 °C for 5 min to precipitate heavy particles.
The supernatant liquid was removed and centrifuged
at 2,000 g for 10 min to obtain the fraction of chloro-
plasts. The precipitate of chloroplasts was resuspend-
ed in the isotonic medium with 4 mM ascorbic acid,
2 ml of 50 mM tris-HCI (pH 7.5), and further used to
determine the activity of superoxide dismutase (SOD,
EC 1.15.1.1) and ascorbate peroxidase (APO, EC
1.11.1.11). The determination of SOD activity was con-
ducted by photochemical oxidation of nitrotetrazolium
blue (NTB) and expressed in unit/mg of chlorophyll
(Beyer W and Fridovich I, 1987). The content of chloro-
phyll in the suspension of chloroplasts was determined
by the method described in (Arnon D, 1949). The ac-
tivity of APX was evaluated in the ultraviolet range at
290 nm by the method described in (Chen G and Asada
K, 1989), using ascorbate as a donor for electrons. The
calculations for the activity of this enzyme was con-
ducted by the decrease in the optic density of the reac-
tion mixture per a time unit.

The evaluation of grain productivity components in-
volved the following indices: plant height (PH), main
spikelet length (MSL), number of grains per main
spikelet (NGMS), number of grains per plant (NGP),
grain weight per main spikelet (GWMS), grain weight
per plant (GWP), and thousand grain weight (TGW).

The statistical processing of the obtained data was
conducted using ANOVA and the Tukey HSD Test with
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the average values. The results were presented in the
form of mean values and standard error (m + SE). The
difference between the data was considered significant,
if p <0.05.

The authors declare that this study complies with the
standards of current laws of Ukraine.

RESULTS

To the direct estimation of the degree, to which the
introduced construct inhibits the expression of pdh
gene, the activity of proline dehydrogenase in trans-
formed and control plants of Zymoiarka variety was
measured on the 7th day of drought. After drought,
to launch the mechanisms of restoring after stress,
the plants were watered abundantly, and the activity
of the enzyme was measured 24 h later. It was deter-
mined (Fig. 2) that under normal irrigation, trans-
genic plants had somewhat lower level of enzyme
activity compared to the control (control — 2.8 +
+ 0.4 nmol NADH/min x mg of protein, and transgenic
forms — from 1.8 + 0.3 to 2.3 + 0.4 nmol NADH/min x
x mg of protein). Under stress, gene expression is con-
siderably inhibited both in the control and in the trans-
genic forms: control — 1.3 £ 0.2 nmol NADH/min x mg
of protein, while in the transgenic forms it was 0.6 £+
+ 0.1 nmol NADH/min x mg of protein on average.
However, under conditions of restoring from stress,
PDH activity in the control plants increased consider-
ably (4.8 = 1.1 nmol NADH/min x mg of protein), whi-
le the enzyme activity in the transformed plants did
not increase, it decreased instead, on average, 1.0 +
+ 0.1 nmol NADH/min x mg of protein compared to
normal irrigation. Thus, the transformed plants are
characterized by the decrease in the activity of proline
dehydrogenase enzyme, which is manifested during the
change in conditions “norm-stress-norm”.

The content of free L-proline in the leaves of the con-
trol plants under optimal irrigation was 21 + 3 mg%
of fresh weight, and it was 1.5-2 times higher in the
transgenic plants: from 33 to 48 mg% of fresh weight
(Fig. 3). Under drought, the content of this aminoacid
increased both in the control and transgenic forms: in
the transgenic wheat plants, containing the suppressor
of pdh gene, it was in the range from 152 to 237 mg%
of fresh weight, and exceeded this value in the control
plants 2.6-4.1 times (58 £+ 3 mg% of fresh weight). In
the variant with drought, the content of proline in the
leaves of plants of the original genotype increased 2.8
times compared to the control, while in the genetically
modified forms it increased 4.6—4.9 times. Therefore,
the transgenic plants differed by the increased content
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of L-proline both at norm and stress. Thus, the pres-
ence of a double-stranded RNA suppressor of pdh gene
in the transgenic plants leads not only to a decrease in
enzyme activity, but also to an increase in the level of
accumulating free L-proline both under conditions, ap-
proximated to optimum, and under soil drought.

To estimate the resistance of genetically modified
wheat lines to drought, we analyzed its impact on mor-
phometric indices and yield structure elements for T,
generation plants. Higher resistance of T, plants to
moisture deficiency compared to the initial plants was
vividly reflected in the character of their growth. Under
normal moisture provision, the average height of plants
of the original variety and the transformed ones in the
stem elongation phase was close, 55 cm on average.
Under moisture stress, it was 45 = 2 c¢cm for the initial
plants and 10 cm higher on average for transformed
lines (Fig. 4). During the phase of full grain ripeness
under drought, the height of the transgenic plants ex-
ceeded its values for the initial plants by 13-25 cm
(Table 1).

According to the data obtained, there were some dif-
ferences for PH, MSL, NGMS, NGP, GWMS, GWP,
TGW indices between the transgenic plants and the
positive control — the plants of the original variety,
cultivated under moisture deficiency. The transgenic
wheat plants with reduced pdh gene activity in terms
of yield structure indices significantly exceeded the
corresponding values for the non-transformed plants
under moisture deficiency (Table 2). Their weight of
grain was also considerably higher compared to the
control plants, while in terms of the number of grains
they were close.

It is also noteworthy that under moisture deficiency
in soil, the transformed plants of all three lines were
somewhat inferior to the control ones, grown under op-
timal conditions, in terms of grain productivity. How-
ever, when the decrease in grain productivity of the
main tiller and the whole non-transformed plant under
drought was 45 and 28 % respectively, in the transgenic
plants these values were 15 and 8 % respectively. Such
a considerable decrease in the damaging impact of soil
drought on grain productivity demonstrated high adap-
tive potential of the transformed plants.

It is known that drought causes a decrease in airway
permeability which results in considerable reduction in
CO, inside leaves (Chaves M et al., 2008). In its turn,
it promotes enhanced generation of reactive oxygen
species (ROS) in chloroplasts. The detoxication of
such oxygen forms (first of all, superoxide radical and
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Fig. 2. The activity of proline dehydrogenase enzyme in the leaves of the original variety and the transformed plants of com-
mon wheat under different conditions of moisture provision in soil. Note: m = SE, *— difference from the plants of original

variety is considerable at p < 0.05
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Fig. 3. The content of free L-proline in the leaves of the initial genotype and transformed common wheat plants under con-
ditions of optimal moisture capacity (70 % OMC) and drought (30 % OMC). Note: m + SE, difference from the plants of
original variety is considerable at p < 0.05 for all the experiment variants

peroxides) is catalyzed by antioxidant enzymes (Kolu-
payev Yu et al., 2019, Laxa M et al., 2019). Therefore,
we have compared the activity of superoxide dismutase
and ascorbate peroxidase of chloroplasts in the flag leaf
of both control and transgenic plants.

Under sufficient moisture provision, SOD activity in
the leaves of the control was 1385 + 57 relative units/
(mg of chlor. per h), whereas in the transgenic forms it
was 23-35 % higher (Table 3). Under these conditions,
APX activity in the transgenic lines exceeded this in-
dex for the non-transgenic plants considerably as well
(by 11-23 %). It demonstrated that the antioxidant sys-
tem in the transgenic plants worked more actively com-
pared to the non-transgenic genotypes. Thus, the pres-
ence of a double-stranded RNA-suppressor of proline
dehydrogenase gene in the transgenic plants led both
to the increase in the level of accumulating L-proline
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and activated antioxidant enzymes. In the plants of the
initial variety, soil drought caused a considerable in-
crease in the activity of both the first and second en-
zymes by 40 and 11 % respectively. On the contrary,
under drought SOD activity in the transgenic plants
decreased and was 73-76 % from the activity of this
enzyme in the plants under sufficient moisturization.
APX activity in the transgenic forms decreased down
to 82-96 too, compared to the variant of 70 % FMC.
Therefore, due to the stress factor in the non-transgenic
plants, the antioxidant enzymes activity was increased,
contrary to the genetically modified forms, where their
activity was lower compared to optimal irrigation con-
ditions. In our opinion, an opposite response of trans-
genic plants under such conditions may be related to
the fact that due to higher activity of antioxidants, the
biotechnological genotypes (Table 3) had better pre-ad-
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aptation for stress conditions. In addition, under water
deficiency, transgenic plants had a considerable (4.6—
4.9-fold) increase in the level of free L-proline (Fig. 2).
In its turn, it also decreased the need for higher antioxi-
dant enzymes activity.

DISCUSSION

The analysis of physiological and biochemical char-
acteristics and productivity traits of the transgenic
common wheat plants with a double-stranded RNA-
suppressor of proline dehydrogenase gene (pdh) com-
pared to non-transgenic genotypes demonstrated en-
hanced tolerance of biotechnological plants to moisture
deficiency. We have determined a positive relationship
between the level of free L-proline and the resistance
of transgenic wheat plants to osmotic stress which may
be associated either with the effect of L-proline on the
expression of other genes of the stress-strain response
of plants, or with the positive effect of the increase con-
tent of this amino acid on resistance at the early stages
of stress development.

The analysis of the activity of antioxidant enzymes in
the chloroplasts of transgenic plants demonstrated that
under physiological conditions, the antioxidant system
worked more actively in comparison with the non-
transgenic genotypes, which may be a prerequisite for
increasing the tolerance of these plants to the influence
of stressors of various origin. It was determined that

Fig. 4. The plants of the non-transgenic (a) and transgenic
(b) forms during the stem elongation phase under drought

under moisture deficiency the activity of antioxidants
in the biotechnological plants was comparatively lower
than in the control ones, which may be explained by the
fact that the transgenic genotypes were pre-adapted to
stress conditions. Under moisture deficiency, the bio-
technological wheat plants with the decreased activ-
ity of proline dehydrogenase had a sharp increase in
the level of free L-proline, thus, there was no need for
higher activity of antioxidants. The maintenance of a
sufficient pool of antioxidants may serve as a mecha-
nism for fast counteraction to the rise in osmotic dis-
balance which was observed under drought.

Table 1. The impact of drought on the height and length of the main tiller spikelet in T, plants and the original plants

Genotype Plant height, cm Main tiller spikelet length, cm
Control (-), 70 % FW 922+2.1 9.8+0.7
Control (+), 30 % FW 59.2+6.0 6.6+1.2
Zymoiarka 32 84.6+3.2 % 9.7+09 *
Zymoiarka 74 72.0+£5.6* 82+02%*
Zymoiarka 86 852+52 % 9.7+09 *

Note. Here and in Table 2: m + SE, * — difference between the control (+) and experiment is significant at p < 0.05

Table 2. The indices of yield structure for T, plants and control plants under osmotic stress

Main tiller Plant
Genotype number weight number weight thousand grain

of grains, it. of grain, g of grains, it. of grain, g weight, g
Control, 70 % FMC 452+44 1.41+0.23 167.2 +8.1 2.38+0.30 29.6+0.3
Control, 30 % FMC 40.0 4.1 0.78 £0.09 88.8+5.6 1.72+0.19 23.4+1.8
Zymoiarka 32 43.8+5.5 1.24+0.11 * 142.8 £9.8 * 2.31+0.22* 27.0+0.6 *
Zymoiarka 74 39.2+£6.6 1.15+0.11 * 128.4+8.7 * 2.04 +0.28 26.3+0.5*
Zymoiarka 86 412+54 1.22 +£0.09 * 1424+ 12.0 * 2.19+0.21 * 26.9+0.7 *
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Other researchers also noted different responses in
the activity of antioxidants of drought-resistant and
drought-susceptible genotypes to drought. For in-
stance, under moderate drought conditions, a drought-
tolerant genotype of Amaranthus tricolor had a lesser
decrease in the activity of SOD, catalase, and guaiacol
peroxidase compared to the control (by 53, 28 and 9
%), than the susceptible one (64, 48 and 18 %) (Sark-
er U and Shinya O, 2018). Under moderate drought,
the increase in proline content in the former compared
to the control was 72 %, under severe conditions —
176 %, while in the latter, it was higher — 248 and
566 % respectively. It was also determined that the ac-
tivity of catalase, SOD and ascorbate peroxidase was
higher under conditions of severe stress compared to
moderate conditions both in resistant and susceptible
varieties in terms of this factor (Abid M et al, 2018).
Their activity in the tolerant variety was higher com-
pared to the susceptible one. The analysis of the re-
sponse of the variety and three recombinant inbred
wheat lines to osmotic stress demonstrated that the
lines with higher tolerance (PL 337 and PL 371) had
higher proline content and activity of SOD, catalase,
peroxidase and ascorbate peroxidase both under one
stress (during the phase of the second leaf), and two
osmotic stresses (Amoah J et al, 2019). The authors
also note that the non-acclimatized plants had higher
water loss, accumulation of H,O, and osmolytes, dam-
aged membranes, higher system of antioxidant protec-
tion compared to the acclimatized ones. Similar to our
results, this article demonstrated that the increase in the
activity of antioxidants in plants with acclimatization
to stress (i.e. pre-adapted by the first stress) in all geno-
types was smaller compared to the ones, not adapted to
stress. The exception was found only for the activity of

peroxidase in two drought-resistant inbred lines, where
it did not differ much for adapted and non-adapted
plants. At the same time, it was determined that under
drought the activity of peroxidase and ascorbate per-
oxidase in wheat varieties, contrast in their drought
resistance, which were grown under preliminary ac-
climatization to water deficiency and without it, was
not the same (Khanna-Chopra R and Selote D, 2007).
Pre-adaptation of drought-susceptible variety Moti to
stress did not impact the activity of these enzymes,
whereas in drought-resistant wheat variety C306 their
activity under acclimatization conditions was smaller
compared to non-adapted plants.

It is known that the increase in SOD activity in
transgenic plants may be caused by the expression of
both heterologous genes of SOD and other genes. For
instance, tobacco plants with transgene SgNCEDI,
(9-cis-epoxycarotenoid dioxygenase, (NCED) with Sty-
losanthes guianensis — a key enzyme of abscisic acid
biosynthesis had a 22-27 % increase in SOD activity
(Zhang Y et al., 2008). It was accompanied with the
decrease in the stomatal conductance, transpiration
rate, membrane permeability and resulted in growth
enhancement under stresses, caused by mannitol and
salinization. The expression of oxalate oxidase (OxO)
in tobacco plants also increased the activity of anti-
oxidants under normal conditions and under stresses,
induced by methylviologen (paraquat) and increased
light intensity (Wan X et al., 2009). Under drought,
SOD activity increased by 62 % in non-transformed
rice plants, but only by 13-31 % in the transgenic
plants with decreased expression of gene OsSAMDC
(S-adenosylmethionine decarboxylase) (Chen M et al.,
2014). Our results also allow for the assumption that
enhanced activity of antioxidants in transgenic wheat

Table 3. The impact of soil drought on the activity of superoxide dismutase (SOD) and ascorbate peroxidase (APX) in the
chloroplasts of the flag leaf in control and transgenic wheat plants

Content
Variant SOD, rel. units/ (mg of chlor. per h) APX, umol AA/(mg of chlor. per h)
70 % FMC 30 % FMC 70 % FMC 30 % FMC
Control 1385 + 57 1935 + 100b 338+9 374 +22b
Zymoiarka 32 1870 = 77a 1406 + 78ab 417 £ 23a 342 +9ab
Zymoiarka 74 1709 + 64a 1251 + 83ab 375+ 19a 321 + 11ab
Zymoiarka 86 1833 £ 82a 1389 + 85ab 398 £ 21a 330 + 8ab

Note: m = SE, AA — ascorbic acid; a — difference between the transgenic and non-transgenic plants; b — difference between

irrigation variants is reliable at p < 0.05.
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plants with a double-stranded RNA-suppressor of pdh
gene may be caused by the expression of heterologous
genes.

There are literature data, proving that the expres-
sion of genes is different not only between plants un-
der drought and sufficient moisture provision, but also
between the acclimatized and non-acclimatized plants.
For instance, it was determined that the expression of
genes TaWRKY2, TaNACI, TabHLHI, TabZIPI and
TaMYB?2 in non-acclimatized plants was considerably
higher compared to the ones, which were previously
subject to drought during the phase of the second leaf,
then were well-watered and subjected to the second
drought (Amoah J et al., 2019). The highest expres-
sion of all five genes was noted in genotype PL 337,
the most tolerant to drought. Thus, the authors believe
that genotype differences in terms of drought resistance
may be at least partially related to the ability of plants
for acclimatization and induction of antioxidant protec-
tion systems (Amoah J et al., 2019).

It would be relevant to determine metabolic strate-
gies, ensuring yield stability under unfavorable factors,
as these would promote stable genotypes via integra-
tion of recombinant DNA molecules, capable of con-
trolling processes on the genetic level, into the genome
of cultivated plants. The results of these studies will be
useful for selection programs, creating wheat varieties
with enhanced drought tolerance.

Therefore, complex analysis of the transgenic com-
mon wheat plants demonstrated their increased toler-
ance to moisture deficiency compared to the non-trans-
genic genotypes. The decrease in the activity of proline
dehydrogenase under norm-strain-norm conditions
was determined in the biotechnological wheat plants.
The analysis of the antioxidant enzymes activity in the
chloroplasts of genetically modified wheat plants with
a double-stranded RNA-suppressor of proline dehy-
drogenase gene showed that under physiological con-
ditions, the antioxidant system works more actively in
comparison with the non-transgenic genotypes, which
may be a prerequisite for increasing the tolerance of
these plants to the influence of stressors of various ori-
gin. It was determined that under moisture deficiency
the antioxidant enzymes activity in the biotechnologi-
cal plants was comparatively lower than in the control
ones, which may be explained by the fact that trans-
genic genotypes had been pre-adapted to stress condi-
tions. Under moisture deficiency, the biotechnological
wheat plants with decreased activity of proline dehy-
drogenase had a sharp increase in the level of free L-
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proline, thus, there was no need for higher activity of of
antioxidants enzymes. The maintenance of a sufficient
pool of antioxidants may serve as a mechanism for fast
counteraction to the rise in osmotic disbalance which
is observed under drought. Along with the accumula-
tion of proline, soluble sugars, free amino acids and the
increase in non-enzymatic antioxidant activity, the in-
crease in the activity of antioxidant enzymes may serve
as an efficient mechanism of fast counteraction to the
increase in ROS under osmotic and energetic disbal-
ance, caused by stresses.

CONCLUSIONS

The analysis of physiological and biochemical char-
acteristics, as well as economic and grain productiv-
ity elements of transgenic common wheat plants with
a double-stranded RNA suppressor of the proline dehy-
drogenase gene showed their increased tolerance under
conditions of soil drought, compared with non-trans-
genic genotypes, which may be associated with higher
proline accumulation and an increase in the activity of
antioxidant enzymes. Under soil moisture deficiency, the
transgenic wheat plants with reduced pdh gene activity
significantly exceeded the corresponding values of grain
productivity elements for the non-transformed plants.

We have determined a positive relationship between
the level of free L-proline and the resistance of the
transgenic wheat plants to osmotic stress which may be
associated either with the effect of L-proline on the ex-
pression of other genes of the stress-strain response of
plants, or with the positive effect of the increased con-
tent of this amino acid on resistance at the early stages
of stress development.

It was determined that the activity of antioxidant en-
zymes in chloroplasts of the transgenic wheat plants
with a double-stranded RNA-suppressor of proline
dehydrogenase gene under physiological conditions
was higher compared to the non-transgenic plants. Soil
drought caused a considerable increase in the activity
in plants of the initial variety compared to optimal ir-
rigation conditions whereas in the genetically modified
forms it decreased. It may be explained by the fact that
transgenic genotypes had already been pre-adapted to
unfavorable conditions. It has been suggested that an
increase in the antioxidant enzymes activity in the bio-
technological plants can be caused by the expression of
heterologous genes.

Adherence to ethical principles. This article does not
contain any results of studies, involving the use of ani-
mals as objects of study.
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Meta. Anamni3z ¢i3ionoro-6ioXiMi9HUX XapaKTEPUCTHK Ta
rOCIIOJJApCHKUX O3HAK TPAHCTEHHHMX POCIMH M’SIKOi MIiIe-
wuni (Triticum aestivum L.) 3 nBonaniroropum PHK-cy-
MpecopoM TeHa TpOTiHAeTiAporeHasu (pdh) MOPIBHSIHO 3
HETPAHCICHHUMH T'€HOTHIIaMH 3a Jii TPYHTOBOI IOCYXH.
MeTtoau. bioximiuHi: ClIeKTpo(HOTOMETPUIHE BUMIPIOBAHHS
akTHBHOCTI aHTHokcuaantHux ¢epmentis (COJ, AIIO),
AKTUBHOCTI MPOJIIHIETIIpOreHasy Ta BMIiCTy BUIbHOTO L-mpo-
NiHy; OioTexHomoriuHui: Agrobacterium-onocepeakoBaHa
TpaHcopMmauis in planta; dizionoriuni: mopdomeTpuyHi
MOKa3HUKH Ta €JIEMEHTH CTPYKTYypH BPOXKalo; MaTeMaruy-
HOi cratuctuky. Pedyaprarn. [TokasaHo, 0 HasBHICTH Y
TpaHCTeHHUX pociuH jaBonanuorosoro PHK-cynpecopa
reHa pdh MpU3BOIUTH HE TINBKU 10 3HWKEHHS aKTHBHOCTI
(depMeHTy (B cepenHbOMY B 2 pasu, MOPIBHAHO 3 BUXITHIUMHA
pociuHaMHK), a W [0 MiIBUIICHHS PIBHS HAKOIMYCHHS
BiTbHOTO L-TmIpomiHy SK 32 ONTHMAaJbHUX YMOB, Tak 1 3a
yMOB IpyHTOBOi mnocyxu (y 2,6-4,1 pasm). 3a nedimury
BOJIOT1 Y IPYHTI TPAHCTCHHI POCJIMHU MIICHHUI 31 3HIKE-
HOI0 aKTUBHICTIO I'eHa pdh 3a INOKa3HUKAMH CTPYKTYpH
BpPOJKal0 3HAYHO MEPEBHIIYBAJIM BiJIOBIIHI 3HAYECHHS Yy
HETPaHC(POPMOBAHUX POCIUH. bBIOTEXHONOTIUHI POCIUHU
B yMOBax Je(ilUTy IPYHTOBOI BOJOTH 3a MAacol 3epHa 3
TOJIOBHOTO IAroHy MEPEBHIIYBaJM KOHTPOJIbHI POCIMHU
y 1,5-1,6 pa3m, Tomi AK 3a KUTBKICTIO 3€peH — iCTOTHO HE
BifpizHsuucs. [Toka3HUKM 3epHOBOT MPOIYKTUBHOCTI LIOT
pociuHM 'y TpaHc(opMOBaHUX JIiHIH B ymMoBax nediuuTy
I'PYHTOBOI BOJIOTM JICIIO MOCTYNAJIUCH BIANOBIIHHM IIO-
Ka3HUKaM y BUXIJHHUX POCIHH, BUPOLIEHUX 3a ONTHMAaJb-
HMX YMOB. IpyHTOBa IOCyXa CIPHUYMHSIA iCTOTHE Iij-
BumeHHs1 aktuBHOCTI COJl Tta AIIO (BimmomimHo Ha 40
ta 11 %) y pocinuH BUXIZHOTO COPTY. AKTHBHICTb 000X
AHTHOKCHJAHTHUX ()EPMEHTIB 32 YMOB TOCYXH y TpaHC-
TeHHUX POCJIMH, HaBHaku, 3MeHwysanacs: COM — no 73—
76 %, ATIO — mo 8286 %, mopiBHsHO 3 BapianToM 70 %

32

[1B. BucHoBku. AHami3 (¢i3ionoro-0ioxXiMiuHUX Xapak-
TEPUCTHK Ta TOCIOJAPCHKUX O3HAK TPAHCICHHUX POCIUH
M’sIKO1 TImeHwi 3 aBojanioroBuM PHK-cympecopom re-
Ha TIPOJIHIETIAPOTEHAa3W 3acBiqUMB iX TMiABHIICHY TO-
JIEPaHTHICTh 3a [ii TPYHTOBOI IOCYXM IIOPIBHSHO 3 He-
TPaHCTEHHUMH T'€HOTHUIIAMH, L0 MOXE OyTH OOyMOBJICHUM
OUTBIIMM HAKOTIMYCHHS TPOJIHY Ta OLNBIIOI0 aKTHBHICTIO
AHTHOKCHJAHTHOI CHCTeMH. 3a HeQiluTy TPYHTOBOi BO-
JIOTH TPAHCTEHHI POCIHWHU TMIICHUI 31 3HIDKEHOI aK-
THUBHICTIO TeHa pdh 3a TOKa3HUKAMU CTPYKTYPH 3epHOBOL
MIPOTYKTUBHOCTI POCIMHY 3HAYHO TTEPEBUIITYBAIH BiIIOBI-
Hi 3HAYCHHS y HETpaHCPOPMOBAHUX POCIWH. AHai3 aK-
TUBHOCTI aHTHOKCHAAHTHUX (PEPMEHTIB y XIIOpOILIaCTaxX
TPaHCTCHHUX POCIHH IOKa3aB, M0 3a (Di310JOTIYHUX YMOB
AQHTHOKCHJIAHTHA CHUCTEMa Yy HHUX IIPAIfo€ OLIbII aKTHBHO
MTOPIBHSHO 3 HETPAHCTCHHUMH T€HOTHUIIAMH, IO MOXe Oy-
TH TIEPEIyMOBOIO ISl 30UTBIICHHS TOJIEPAHTHOCTI IIHX
POCIIMH IO CTPECOpPIB PI3HOrO MOXOMKEHHs. VIMOBipHO,
0 TTO3UTHBHA 3alleKHICTh MK piBHEM BiIBHOTO L-Tipo-
JMiHYy Ta CTIHKICTIO TPAHCTEHHWX POCIHH TMIICHUIN [0
OCMOTHYHOTO CTpecCy OB’ s3aHa abo 3 BIUIMBOM L-npoJiiHy
Ha EKCTpECii0 IHIMX TEHIB CTPECOBOI BIAIOBIMI POCIHH,
a00 3 TIO3WTHUBHUM BIUIMBOM ITiBUIIEHOTO BMICTy IIi€l
AMIHOKHCIIOTH Ha CTIMKICTh Ha paHHIX €Talmax PO3BHUTKY
cTpecy. 3poOieHO MPUITYIICHHS, IO MiJBHUIICHHS AaKTHB-
HOCTI aHTHOKCHIAHTHHX (PEPMEHTIB y Oi0TEXHOJIOTigHHX
POCITMH MO)KE BHKIHKATHCS EKCIPECIEI0 TeTepONIOTITHUX
TeHiB.

KaouoBi cioBa: muieHuIs, TPaHCTEHHI POCIHMHH, IPYyH-
TOBa TIOCyXa, MPOJIIH, CYMEPOKCHATUCMYyTa3a, ackopOar
MIepOKCH1a3a, 36PHOBA MTPOYKTUBHICTb.
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