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ABSTRACT: Water scarcity severely constrains the genetic potential of wheat yield worldwide. Proline is among
the most versatile stress-related metabolites in plants, and targeting genes involved in proline synthesis and
degradation represents a promising strategy for developing drought-tolerant wheat genotypes. This study evaluates
the performance of the photosynthetic apparatus in transgenic wheat line with RNAi-mediated suppression of proline
dehydrogenase (ProDH) and in the original (wild-type) genotype, under both drought and recovery conditions.
Drought was induced at the flowering stage by lowering soil moisture to 30% field capacity for 7 days, compared with
70% field capacity in control plants. Measurements were taken at the onset and end of drought period and 7 days after
subsequent recovery. The results demonstrated that drought-treated transgenic plants exhibited improved responses
to both the short-term and prolonged effects of stress. Relative water content and chlorophyll levels in the leaves of the
transgenic plants changed to a significantly lesser extent. The CO, assimilation rate in the leaves of transgenic plants
was significantly higher than in the wild type under both drought stress and recovery. The transgenic plants also
showed superior water-use efficiency during photosynthesis under both conditions. While superoxide dismutase and
ascorbate peroxidase activities in leaf chloroplasts increased similarly in both genotypes under drought, they returned
to control levels more rapidly in the transgenic plants during recovery. Drought-induced productivity reduction was
also significantly lower in the transgenic plants. These findings suggest that RNAi-mediated suppression of ProDH
improved photosynthetic performance and grain yield in wheat under drought conditions.
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1 Introduction

Water deficit is one of the most widespread abiotic environmental factors that significantly limit
the genetic potential of crop productivity in many regions of the world [1,2]. This issue is particularly
critical for wheat—the leading cereal crop—since large areas of its cultivation are located in regions with
high agricultural risk [3], resulting in substantial yield losses during dry years. Global climate change,
characterized by rising temperatures and increasingly uneven precipitation patterns, both geographically
and throughout the growing season, further exacerbates these risks [4-6].

Inhibition of photosynthetic processes and disruption of reproductive development under drought
conditions are the primary factors contributing to grain yield losses, which may range from 25% to 70%,
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depending on the plant’s developmental stage, as well as on the severity and duration of the stress [7]. The
most vulnerable stage in terms of drought impact on wheat productivity is the earing—flowering period [8,9].
Drought during this stage significantly reduces the number of grains per ear, leading to substantial crop
losses [10]. Additionally, drought during the grain-filling period compromises grain weight and quality,
further diminishing yield [11]. Therefore, the genetic improvement of drought resistance is of critical
importance in wheat breeding.

Genetic engineering represents leading strategies for developing new agricultural crop varieties,
including wheat, with enhanced resistance to biotic and abiotic stressors. The application of these techniques
substantially improves the efficiency of generating drought-tolerant genotypes [12,13]. In recent years,
significant progress has been achieved in identifying key regulatory components of drought tolerance in
wheat [14], and transgenic lines with modified expression of drought-related genes have been produced
using a range of transformation methods [15].

Proline is among the most multifunctional stress-associated metabolites in plants. Its accumulation is
a well-documented physiological response to osmotic stress induced by salinity, drought, and other abiotic
factors [16,17]. The relative contribution of proline’s diverse biological functions to stress tolerance varies
with the stage of the adaptive response, the plant’s developmental phase, and the nature, intensity, and
duration of the stressor. In addition to its established role as a compatible osmolyte, proline fulfills several
interrelated functions under stress conditions: it stabilizes cellular membranes, exhibits molecular chaperone
and antioxidant properties, participates in gene-expression regulation, and serves as a reservoir of energy,
nitrogen, and carbon [18-21]. Proline is also thought to modulate cytosolic pH, maintain the NAD*/NADH
redox balance, support the photochemical activity of photosystem II within thylakoid membranes, and
reduce lipid peroxidation. Both enhanced endogenous synthesis and exogenous application of proline
have been shown to increase the nonspecific resistance of plants to abiotic stresses by protecting cellular
membranes, macromolecules, and other structural components [22,23].

One of the most promising strategies for developing drought-resistant wheat genotypes involves
manipulating genes that regulate proline biosynthesis and catabolism [15]. In several cases, increased
proline accumulation has been correlated with enhanced stress tolerance in transgenic plants [24]. Elevation
of free proline levels in plant tissues can be achieved either by enhancing its synthesis or by reducing its
rate of degradation. Two principal genetic approaches are commonly employed: (1) the introduction of
additional cDNA copies of genes encoding key enzymes of proline biosynthesis, such as P5CS or OAT;
and (2) the partial suppression of endogenous genes involved in proline catabolism, particularly proline
dehydrogenase (ProDH), which catalyzes the initial step of proline degradation [25]. The latter approach is
of particular practical significance, as targeted downregulation of ProDH expression can increase free proline
content and thereby enhance plant tolerance to abiotic stressors [24]. Therefore, studying the physiological
characteristics of genetically transformed wheat plants with elevated proline content, particularly the
response of their photosynthetic apparatus to soil drought, is highly appropriate for assessing their potential
application in breeding programs aimed at developing drought-resistant varieties.

The aim of this study was to compare the responses of the photosynthetic apparatus in transgenic
wheat plants carrying a double-stranded RNA suppressor of the proline dehydrogenase gene and in the
original (wild-type) genotype during drought and post-stress recovery period. Furthermore, the impact of
drought stress on plant productivity was evaluated.
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2 Materials and Methods
2.1 Material

The experimental material consisted of a new, promising breeding line of winter bread wheat, UK 322/17
(wild type), and the T3 generation of transgenic wheat plants with RNAi-mediated suppression of ProDH
derived from this line. Both genotypes were developed at the Institute of Plant Physiology and Genetics,
NAS of Ukraine. The plants were transformed using the binary vector pBi2E, which contains a heterologous
double-stranded RNA suppressor of the Arabidopsis proline dehydrogenase gene (ProDH1), as well as
the neomycin phosphotransferase II selective gene (nptIl) from Escherichia coli. Agrobacterium-mediated
in planta transformation [26] was performed under pot experiment conditions by inoculating castrated
inflorescences. T1 transformants were obtained, from which the T3 seed generation was subsequently
derived. Integration of vector construct elements was confirmed by PCR, targeting fragments of both the
exon and intron of the Arabidopsis gene ProDH1, as well as the nptIl selective gene.

2.2 Experimental Design

Pot experiment was conducted outdoors at the Institute of Plant Physiology and Genetics of National
Academy of Science of Ukraine (50°24’54”’N, 30°30”54”’E). Seeds were sown on 28 September 2023. Plants
were grown in pots containing 10 kg of fertilized soil located under the roof made of transparent polyethylene
film, at natural light and temperature conditions. Each pot contained 15 plants. Fertilizers were applied
twice in equal amounts (NgoPgoKso + NgoPgoKgy mg-kg™! of soil): once at pot filling with soil and again
at the mid stem elongation stage (BBCH 35). The plants were harvested at fully ripe stage (BBCH 89) on
16 July 2024.

For the control (well-watered) plants, soil moisture was maintained at optimal 70% of field capacity
(FC) throughout the entire growing season. At the beginning of the flowering stage (BBCH 59, 20 May
2024), irrigation was stopped for half of the plants, reducing soil moisture to 30% FC over 3 days. This level
was maintained for the following 7 days. Thereafter (30 May 2024), watering of the drought-treated plants
was resumed to the control level (70% FC) and continued until the end of the growing season. Soil moisture
in the pots was monitored gravimetrically twice daily. During the water shortage period, the average daily
temperature varied between 19.2 and 22.0°C and the photoperiod was approximately 15 h and 30 min.

2.3 Indices and Methods
2.3.1 Physiological Traits

Measurements of relative water content, photosynthetic pigment content, free proline content, gas
exchange rate, and chloroplast antioxidant enzyme activity in the flag leaves of both control and treated
plants were conducted on the first and seventh days of exposure to 30% field capacity (FC), as well as one
week after soil moisture was restored to the control level. Grain productivity components were assessed at
full grain maturity by weighing air-dry plant material.

2.3.2 Determination of Relative Water, Total Chlorophyll, and Proline Contents

Relative water content (RWC) in the leaves was determined using the standard method [27]. Freshly
collected leaves were immediately weighed to determine their fresh weight (FW). The leaves were incubated
in distilled water in darkness at 4°C for 24 h until fully turgid to determine the turgid weight (TW).
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Subsequently, the fully turgid leaves were oven-dried at 105°C to a constant mass to get the dry weight
(DW). The RWC was calculated by the following formula:

RWC (%) = [(FW — DW)/(TW — DW)] x 100.

Total chlorophyll (a + b) content in the leaves was measured spectrophotometrically [28] after extraction
from fresh material using dimethyl sulfoxide (DMSO), and results were expressed per unit of dry weight. The
free proline content was determined by a method based on the formation of a colored product of the interaction
between L-proline and ninhydrin [29].

2.3.3 Gas Exchange Rate Measurement

The photosynthetic rate was quantified under controlled environmental conditions using an open
gas-exchange system equipped with an infrared gas analyzer (GIAM-5M) operating in differential mode. The
central segments of two intact flag leaves from the main shoot were placed in a temperature-regulated chamber
(25°C) and illuminated with a TA-11 50 W LED spotlight (color temperature: 5200 K). The photon flux density at
the chamber level was 1500 pmol'm2:s™!) of photosynthetically active radiation.

Conditioned atmospheric air with an absolute humidity of 9.5-10.0 mbar was supplied to the chamber
at a flow rate of 1 L min~!. Transpiration rate was determined using a gas analyzer (EGM-5, PP Systems,
Amesbury, MA, USA) based on the difference in water vapor concentration between the inlet and outlet air
streams. The same instrument was used to record CO; concentration at the chamber inlet. Gas-exchange
parameters—including net CO; assimilation rate, transpiration rate, stomatal conductance, and water-use
efficiency—were calculated according to the methods described in [30].

2.3.4 Determination of Chloroplast Antioxidant Enzyme Activity

For the determination of antioxidant enzyme activities, chloroplasts were isolated mechanically at 0-4°C.
Average samples (2 g) of flag leaves collected from five plants were homogenized in seven volumes of extraction
buffer containing 0.33 M sorbitol, 5 mM MgCl,, 0.1% bovine serum albumin (BSA), 4 mM ascorbic acid, and
50 mM Tris-HCI (pH 7.5). The homogenate was filtered through two layers of nylon mesh and centrifuged
at 80x g for 5 min at 0-4°C (K-24D centrifuge) to remove coarse debris. The supernatant was transferred to
pre-cooled tubes and centrifuged at 2000x g for 10 min to obtain the chloroplast fraction. The resulting pellet
was resuspended in an isotonic medium containing 4 mM ascorbic acid and 50 mM Tris-HCI (pH 7.5) to a final
volume of 2 mL. This chloroplast suspension was subsequently used for the assay of superoxide dismutase and
ascorbate peroxidase activities.

Superoxide dismutase (SOD; EC 1.15.1.1) activity was estimated spectrophotometrically at 560 nm using
nitro blue tetrazolium, following the procedure described by Giannopolitis and Ries [31]. Ascorbate peroxidase
(APX; EC 1.11.1.11) activity was measured at 290 nm in the ultraviolet range according to the method of Chen
and Asada [32].

2.4 Statistical Analysis

Each treatment included five replicate pots. Relative water content measurements were repeated five times
using different plants. Chlorophyll content, proline content, and antioxidant enzyme activities were determined
analytically four times using combined leaf samples from five individual plants. Gas exchange parameters
and antioxidant enzyme activities were measured in four replicates. Grain productivity components for each
treatment were calculated as the average of 20 plants.
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The data were organized using Microsoft Excel 2019 software and statistically analyzed using ANOVA
(STATISTICA ver. 7.0). Significant differences between means were assessed using Tukey’s test. In the figures
and table, results are presented as mean =+ standard error (m =+ SE). Differences were considered statistically
significant at p < 0.05.

3 Results
3.1 Proline Content in Leaves of Wild-Type and Transgenic Plants

Biochemical analysis revealed that the transgenic plants exhibited increased proline content in their leaves
compared to wild-type plants, both under normal conditions and during drought stress. The free proline content
in the leaves of wild-type plants under optimal watering conditions was 303 + 23 pg-g~! FW, and in transgenic
plants it was 1.9 times higher—573 + 32 ug-g~! FW. Under drought conditions, the content of this amino acid
increased in both wild-type (up to 880 + 79 pg-g~!) and transgenic plants (2607 + 138 ug-g™!), i.e,, in the leaves
of wild-type plants this index increased by 2.9 times, compared to the control, while in transformants it increased
by 4.5 times.

3.2 Effect of Drought on the Relative Water Content

At all measurement points, drought-treated wild-type plants exhibited significantly lower values of RWC
in the flag leaves compared to the transgenic plants (Fig. 1). In control plants, RWC values for both wild-type
and transgenic lines were similar, ranging between 92-93%. On the first day of drought stress, RWC in the
drought-treated transgenic plants remained at control level. However, by the end of the stress period, RWC in
these plants showed a tendency to decrease relative to the control. One week after the restoration of optimal
soil moisture in the pots, the RWC in the leaves of transgenic plants was significantly lower than in the control.
However, this difference was primarily due to a slight increase in RWC in the control plants compared to the
first week of the experiment. When comparing RWC in the transgenic plants at the end of the drought and
during the recovery period, the difference was not significant. In drought-treated wild-type plants, RWC was
lower than in the control by 9.8% on the first day of drought, by 7.4% on the seventh day of stress, and by 11.2%
during the recovery period. In transgenic plants, the corresponding differences were only 0.05%, 1.63%, and
3.28%, respectively.

3.3 Effect of Drought on the Chlorophyll Content

The total chlorophyll content in the leaves of control plants of both genotypes was nearly identical,
showing a slight decrease toward the end of the measurement period (Fig. 2). On the first day of drought,
a tendency to decline in chlorophyll content was observed in the treated plants, although no differences
were detected between genotypes. By the seventh day of drought, the chlorophyll content in the leaves of
transgenic plants remained comparable to that of the control, whereas in wild-type plants it had decreased
by approximately 50%. During the recovery period, a similar trend persisted: chlorophyll content in
drought-treated wild-type plants slightly increased but remained 28% lower than in the control.
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Figure 1: Effect of drought on relative water content (RWC) in flag leaves of wild-type (UK 322/17) and transgenic
(UK 322/17 T3) wheat plants with RNAi-mediated suppression of ProDH on the first (1) and seventh (7) days of exposure
to 30% FC, and one week after soil moisture was restored to the control level (14). Each bar represents the mean + SE
(n = 5 replicates). Different uppercase letters indicate statistically significant differences between genotypes (p < 0.05);
different lowercase letters indicate statistically significant differences between control and drought-treated plants of the

same genotype (p < 0.05).

= _ [ control [ treatment

E 16 Aa Aa Aa Aa Ba

T 141 Aa a

on Ab

o 12 - Ab Bb

£

% 10 T Ad

§ 8 1 Ac

5 %]

5 i

= 2

Q

=R

i 1 7 14 1 ‘ 7 | 14
UK 322/17 UK 322/17 T3

Figure 2: Effect of drought on the total chlorophyll content in flag leaves of wild-type (UK 322/17) and
transgenic (UK 322/17 T3) wheat plants with RNAi-mediated suppression of ProDH on the first (1) and seventh
(7) days of exposure to 30% FC, and one week after soil moisture was restored to the control level (14). Each bar
represents the mean =+ SE (n = 4 replicates). Different uppercase letters indicate statistically significant differences
between genotypes (p < 0.05); different lowercase letters indicate statistically significant differences between control

and drought-treated plants of the same genotype (p < 0.05).
3.4 Net CO, Assimilation Rate in Leaves under Drought and after the Restoration of Optimal Watering

At the beginning of the measurement period, the net CO; assimilation rate (Ay) in the flag leaves of
well-watered (control) wild-type plants and transformants did not differ significantly. After one week, Ay
in leaves of control plants decreased by 17% in both genotypes. In the following week, this value continued
to decline in wild-type plants, reaching 66% of the initial level, while in the transformants it remained
stable. In drought-treated plants, Ay significantly decreased on the first day after soil moisture reached 30%
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FC compared to the control (Fig. 3). Specifically, Ay decreased by 49.3% in wild-type plants and by 32.8% in
transformants. After 7 days of drought exposure, Ay in treated plants significantly increased relative to
the first day of stress. At this period, the difference with control was 14.0% in wild-type plants and 6.6% in
transformants. One week after the restoration of optimal watering, Ay in both wild-type and transgenic
plants returned to control levels.
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Figure 3: Effect of drought on the net CO, assimilation rate (Ay) in flag leaves of wild-type (UK 322/17) and transgenic
(UK 322/17 T3) wheat plants with RNAi-mediated suppression of ProDH on the first (1) and seventh (7) days of
exposure to 30% FC, and one week after soil moisture was restored to the control level (14). Each bar represents
the mean + SE (n = 4 replicates). Different uppercase letters indicate statistically significant differences between
genotypes (p < 0.05); different lowercase letters indicate statistically significant differences between control and
drought-treated plants of the same genotype (p < 0.05).

3.5 Stomatal Conductance in Leaves under Drought and after the Restoration of Optimal Watering

Somewhat different patterns were observed in the dynamics of stomatal CO, conductance (g;) (Fig. 4). On
the first and seventh days of the experiment, gs values in the control plants of both genotypes were nearly
identical. A decrease of 23-26% in g5 was observed only on the 14th day of the experiment, with no significant
differences between the wild type and the transformants. In drought-treated wild-type plants, gs decreased by
58% compared to the control on the first day of drought, by 18.9% on the seventh day, and by 7.5% one week
after the restoration of optimal soil moisture. In transformed plants, the reductions were smaller—42.4%, 10.3%,
and 0.2%, respectively. It is worth noting that, although g in the treated wild-type plants did not fully recover
to control levels during the recovery period (unlike that was observed for the net CO, assimilation rate), the
difference between treated and well-watered plants was not statistically significant.

3.6 Correlation Analysis of gs and Ax

A fairly strong positive correlation between g5 and Ax was observed in our experiment (Fig. 5). When
considering all control and treated plants of both genotypes across all measurement periods, the correlation
coefficient was r = 0.80 (p < 0.05). In addition, we plotted separate regression relationships for the wild-type
and transformed plants including both control and treated groups. The trend lines for these groups were
positioned on opposite sides of the overall regression line: the line for wild-type plants was lower, while
that for the transformants was higher. The correlation coefficients were r = 0.85 (p < 0.01) for the wild type
and r = 0.72 (p < 0.05) for the transformants.
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Figure 4: Effect of drought on the stomatal conductance (g;) in flag leaves of wild-type (UK 322/17) and transgenic
(UK 322/17 T3) wheat plants with RNAi-mediated suppression of ProDH on the first (1) and seventh (7) days of
exposure to 30% FC, and one week after soil moisture was restored to the control level (14). Each bar represents
the mean + SE (n = 4 replicates). Different uppercase letters indicate statistically significant differences between
genotypes (p < 0.05); different lowercase letters indicate statistically significant differences between control and
drought-treated plants of the same genotype (p < 0.05).
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Figure 5: Relationship between stomatal conductance (gs) and photosynthesis rate in flag leaves of winter wheat
plants of the original line UK 322/17 and its transformants UK 322/17 T3 with RNAi-mediated suppression of ProDH.

3.7 Water Use Efficiency in Leaves under Drought and after the Restoration of Optimal Watering

The genotypic difference in the ratio of Ay to g in the leaves of wild-type plants and their
transformants reflected distinction in an important physiological parameter—water use efficiency (WUE)
during photosynthesis. We calculated WUE as ratio of CO, assimilation rate (Ay) to transpiration rate in
the flag leaves of control and drought-treated wild-type and transformed plants (Fig. 6). This parameter
is referred to as instantaneous WUE (WUEI). The results showed that, in both genotypes, the differences
in WUE between control and treated plants during drought period were not statistically significant. Yet,
certain genotypic differences in WUE were observed. On the first day of drought, transformed plants
showed only a slight tendency toward higher WUE compared to the wild type. By the seventh day of
drought, this difference became more noticeable, although still not statistically significant. The advantage
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of the transformants became clearly evident during the recovery period, when their WUE exceeded that of
the wild type by 31%.
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Figure 6: Effect of drought on the water use efficiency (WUE) during photosynthesis in flag leaves of wild-type
(UK 322/17) and transgenic (UK 322/17 T3) wheat plants with RNAi-mediated suppression of ProDH on the first (1) and
seventh (7) days of exposure to 30% FC, and one week after soil moisture was restored to the control level (14). Each
bar represents the mean + SE (n = 4 replicates). Different uppercase letters indicate statistically significant differences
between genotypes (p < 0.05); different lowercase letters indicate statistically significant differences between control
and drought-treated plants of the same genotype (p < 0.05).

3.8 Effect of Drought on Chloroplast SOD Activity

It was found that SOD activity the in flag leaf chloroplasts in control plants of both genotypes did not
differ significantly (Fig. 7). On the first day of drought, SOD activity in the leaves of treated plants showed
only a slight, non-significant increase compared to the control. By the seventh day of drought, a significant
increase in SOD activity was observed in treated plants compared to the control, with no notable genotypic
differences. One week after the restoration of optimal soil moisture in pots with previously drought-treated
plants, SOD activity in the transformants had decreased almost to control levels. In wild-type plants, SOD
activity also declined compared to the seventh day of drought but remained significantly higher than in
the control.

3.9 Effect of Drought on Chloroplast APX Activity

The dynamics of APX activity in chloroplasts generally followed a pattern similar to that of SOD (Fig. 8).
Throughout the measurement period, the difference in APX activity between the control plants of both
genotypes was insignificant. On the first day of drought, a slight increase in APX activity was observed in
the leaves of treated plants compared to the control for both genotypes. By the seventh day of drought, the
difference with the control had increased, and the treated transformants showed a tendency toward higher
APX activity than the wild-type plants, although this difference was not statistically significant. During
the recovery period, APX activity in the chloroplasts of drought-treated transformants decreased almost
to control levels, whereas in the treated wild-type plants, it remained significantly elevated compared to
the control.
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Figure 7: Effect of drought on the superoxide dismutase (SOD) activity in flag leaf chloroplasts of wild-type (UK 322/17)
and transgenic (UK 322/17 T3) wheat plants with RNAi-mediated suppression of ProDH on the first (1) and seventh
(7) days of exposure to 30% FC, and one week after soil moisture was restored to the control level (14). Each bar
represents the mean =+ SE (n = 4 replicates). Different uppercase letters indicate statistically significant differences
between genotypes (p < 0.05); different lowercase letters indicate statistically significant differences between control

and drought-treated plants of the same genotype (p < 0.05).
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Figure 8: Effect of drought on the ascorbate peroxidase (APX) activity in flag leaf chloroplasts of wild-type (UK 322/17)
and transgenic (UK 322/17 T3) wheat plants with RNAi-mediated suppression of ProDH on the first (1) and seventh
(7) days of exposure to 30% FC, and one week after soil moisture was restored to the control level (14). Each bar
represents the mean + SE (n = 4 replicates). Different uppercase letters indicate statistically significant differences
between genotypes (p < 0.05); different lowercase letters indicate statistically significant differences between control
and drought-treated plants of the same genotype (p < 0.05). (AA—ascorbic acid).

3.10 Effect of Drought on Plant Productivity

A seven-day drought during the critical flowering period in wheat negatively affected plant productivity
at full maturity. However, the severity of this effect was significantly lower in the transformants compared
to the wild-type plants (Table 1). Specifically, the above-ground biomass of drought-treated wild-type
plants was 21.2% lower than in the control, while in the transformants, the reduction was only 10.7%.
Grain weight decreased by 29.5% in wild-type plants and by 15.3% in transformants. Interestingly, the
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number of grains per plant decreased to a similar extent in both genotypes—by 28.3% in wild-type plants
and 27.3% in transformants. Notably, the 1000-grain weight increased under drought conditions—by 5.6%
in wild-type plants and by 15.0% in transformants compared to their respective controls. The harvest
index decreased by 10.2% in wild-type plants and by 6.1% in transformants. The number of productive
shoots in drought-treated plants also declined—by 27.6% in wild-type plants, and 16.3% in transformants. In
wild-type, the difference between control and drought-treated plants was significant for grain weight per
plant, grain number, and the number of productive shoots. In transformed plants, significant differences
were observed for grain weight per plant, grain number, 1000-grain weight, harvest index, and number
of productive shoots. The comparison between drought-treated plants of different genotypes revealed
significant differences in above-ground biomass, grain weight per plant, and grain number.

Table 1: The components of the whole plant productivity of control (70% FC) and seven-day drought-exposed during
the flowering period (30% FC, treatment) plants of the wild type line UK 322/17 and transformants UK 322/17 T3 with
RNAi-mediated suppression of ProDH (x + SE, n = 20).

Above-Ground . . Grain Number, 1000 Grains Productive Shoots
Genotype Treatment . Grain Weight, g . Harvest Index
Part Weight, g pes. Weight, g Number, pcs.
UK 322/17 Control 7.69 + 0.6542 3.76 + 0.3542 108.0 + 10.44 35.4 + 1.3% 0.49 + 0.0142 2.61 + 0.3442
(wild type) Drought 6.06 + 0.4542 2.65 + 0.224° 77.4 + 8.14° 37.4 +3.34 0.44 + 0.024° 1.89 + 0.207°
UK 322/17 Control 8.29 + 0.504% 4.04 + 0.2342 124.5 + 8.6 33.3 + 1.249 0.49 + 0.0142 2.27 +0.1942
T3 Drought 7.40 + 0.4952 3.42 £ 0.26%° 90.5 + 6.5 38.3 + 1.940 0.46 + 0.014° 1.90 + 0.144°

Note: different uppercase letters indicate statistically significant differences between genotypes (p < 0.05); different lowercase
letters indicate statistically significant differences between control and drought-treated plants of the same genotype (p < 0.05).

4 Discussion

Thus, the presence of the double-stranded RNA suppressor of the ProDH gene in transgenic plants
leads to an increase in proline content in their tissues both under optimal watering conditions and under
soil drought. Apparently, this contributed to maintaining a higher RWC in the leaves of transformants
during drought conditions and the post-stress recovery period, compared to wild-type plants (Fig. 1). On
one hand, elevated proline levels enhanced the water-holding capacity of the leaves. On the other hand, it
can be assumed that increased proline accumulation in plant tissues, including the roots, improved their
water-absorbing ability, thereby contributing to the overall optimization of the plant’s water status under
soil moisture deficiency.

The total chlorophyll content in the leaves of transformants remained more stable under drought
conditions and during the recovery period compared to wild-type plants (Fig. 2). This stability was likely
due to both the improved water status of the plants, as discussed above, and the protective role of proline as
an antioxidant. It is well established that drought stress leads to a sharp increase in the formation of reactive
oxygen species (ROS) in plant tissues, causing oxidative stress and damage to various cellular structures,
including membranes and chlorophyll-protein complexes in chloroplasts [33]. In such conditions, the
antioxidant and chaperone functions of proline become particularly important and are clearly evident in
the transformed plants.

It should be noted that while the direct antioxidant (radical-scavenging) activity of proline is not
its primary function, it does exhibit significant antioxidant properties by reducing ROS levels within the
cell [34]. Free proline, as well as its terminal groups within polypeptides, can directly react with hydrogen
peroxide and singlet oxygen, forming stable free radicals, specifically, adducts of proline and hydroxyproline
derivatives [35]. The antioxidant properties of proline are evidenced by its ability to eliminate H,O;-induced
DNA fragmentation and to prevent programmed cell death by reducing ROS levels [36]. Proline’s antioxidant
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effect is also linked to its capacity to protect membrane protein-lipid complexes and to indirectly reduce lipid
peroxidation by inactivating hydroxyl radicals and other ROS [37]. Alongside classical antioxidants such as
glutathione and ascorbic acid, proline plays a role in cellular redox signaling and redox regulation [38]. An
additional antioxidant function of proline is its ability to chelate transition metal ions, thereby limiting
non-enzymatic free radical formation [35,39]. Furthermore, due to its molecular chaperone properties,
proline prevents protein aggregation and denaturation and helps stabilize the structure of antioxidant
enzymes [19,35].

While the net CO, assimilation rates were similar in the leaves of wild-type plants and transformants
under optimal soil moisture, the drought-induced decrease in this parameter was less pronounced in the
transformants than in the wild type (Fig. 3). As a result, the CO, assimilation rate in the flag leaves of
drought-treated transformants was significantly higher than that of the treated wild-type plants, both
during the drought and at the post-stress recovery period. At the same time, the apparent recovery of
An to control levels in drought-treated wild-type and transformed plants one week after the restoration
of optimal watering was, to some extent, facilitated by a gradual decline in Ay in the control plants
over the study period, particularly in the wild type. This decline can be attributed to the onset of leaf
senescence associated with the transition to reproductive development, which involves the degradation
of photosynthetic apparatus proteins and the remobilization of nitrogen-containing compounds to the
developing ear [40].

It is also noteworthy that the adaptation of the photosynthetic apparatus to drought, reflected in the
reduced degree of photosynthesis inhibition on the seventh day compared to the first day under 30% FC
soil moisture, was more effective in the transformed plants than in the wild type. Specifically, the degree of
Ay inhibition in wild-type plants decreased 3.5-fold, while in the transformed plants it decreased nearly
5-fold. This suggests that the increased proline content, resulting from the inhibition of its catabolism,
contributed to greater resistance of the photosynthetic apparatus to drought stress. The dual role of proline
as an osmotically active compound and an antioxidant likely contributes to the preservation of structural
and enzymatic integrity in mesophyll cells in general, and in chloroplasts in particular, under conditions of
limited water availability.

Stomatal conductance (gs) is one of the key parameters of photosynthetic gas exchange regulation
in leaves under the influence of abiotic stresses [41]. In our experiments, transformed wheat plants
with RNAi-mediated suppression of ProDH exhibited a smaller reduction in g5 under drought conditions
compared to wild-type plants (similar to the trend observed for Ay) (Fig. 4). It is well known that the
primary function of stomata is to optimize the balance between CO, influx into the leaf and water vapor
loss to the atmosphere [42]. On one hand, stomata maintain the CO, concentration in the intercellular
spaces necessary for efficient photosynthesis; on the other hand, they help limit unproductive water loss by
the plant. It is possible that at the onset of drought, the sharp increase in the concentration of abscisic acid
(ABA), the primary stress hormone in plant tissues, plays a dominant role in reducing Ay, as ABA is known
to induce stomatal closure [43]. Under these conditions, the limitation of CO; influx into the leaf is likely the
main cause of the reduced CO, assimilation rate. However, drought stress induces acclimation processes in
photosynthetic apparatus making it more stress-tolerant. The rate of carbon dioxide assimilation increases
relative to the early stages of stress, prompting a partial reopening of stomata, even in the presence of
elevated ABA levels.

This is supported by our data on g in the leaves of control and treated plants (Fig. 4). On the seventh
day of drought, g5 in treated plants both genotypes were significantly higher than on the first day. Notably,
on the first day of drought, g; in transformed plants was more than 1.5 times higher than in wild-type plants;
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however, by the seventh day, this difference had narrowed to just 16%. One week after the restoration of
optimal soil moisture, g, in treated transformed plants returned to control levels, whereas in wild-type
plants it remained slightly lower, though not significantly.

The fact that the trend lines representing the relationships between g; and Ay for separate genotypes
(Fig. 5) lie on opposite sides of the general regression line—lower for wild-type plants and higher for
transformants—indicates that, at the same stomatal conductance, the Ay in leaves of transformed plants
was higher than in wild-type plants under both stress and non-stress conditions. In the first case, this is
clearly attributable to the protective role of proline discussed earlier. In the second case, it can be assumed
that the chaperone and antioxidant properties of proline also have relevance under normal conditions, as
the proper functioning of the photosynthetic apparatus in mesophyll cells is continually associated with
the ROS formation and photodamage to proteins in the light-harvesting complexes, particularly under high
light intensity [44].

The study of water use efficiency (WUE) is relevant in the context of increasing aridification due to
climate change, as it is influenced by numerous factors, including phenotype, genotype, and environmental
conditions [45]. At the crop level, WUE can be defined as the ratio of biomass or yield produced to the
amount of water evaporated by plants during the growing season. At the leaf level, instantaneous water
use efficiency (WUEI) is expressed as the ratio of Ay to transpiration, that is, the amount of CO, assimilated
per unit of water evaporated over time. This parameter integrates stomatal and intracellular (metabolic)
components of photosynthesis regulation and indicates the stability of the photosynthetic apparatus at the
cellular level and its adaptive capacity under stress conditions [46].

In our experiments, the advantage of transformants over wild-type plants in WUEI (Fig. 6) was primarily
due to the maintenance of a higher Ay in the leaves of transformed plants both during the period of drought
stress and after its cessation (Fig. 3). This was observed in both treated and control transformed plants. In
the latter, WUEIi remained at a high level as a result of the previously mentioned delay in the senescence
of the photosynthetic apparatus during the reproductive stage, compared to wild-type plants. It can be
assumed that this effect was facilitated by the antioxidant properties of proline, as it is well established that
the aging process is both triggered and accompanied by increased ROS production [44,47].

However, it should be noted that the obtained WUEi values do not reflect its dynamics throughout the
entire life cycle of the crop. WUE is highly variable both during the day and over the course of the growing
season, depending on genotypic characteristics [48]. Nevertheless, in our experiments, measurements
of leaf gas exchange were conducted under controlled light and temperature conditions. The observed
differences in Ay and transpiration rates resulted solely from variations in soil moisture. Therefore, the
identified genotypic differences in WUEI can be considered representative and reliable under the given
experimental conditions.

It is shown that at high concentrations, endogenous proline can also function as a signaling molecule,
capable of modulating the expression of stress-related genes, including an increase in the transcription of
cytosolic APX and chloroplast Cu/Zn SOD isoforms [49]. Exogenous application of proline has been shown
to enhance the activity of antioxidant enzymes (specifically SOD, APX, catalase, and peroxidase) under
ionic and oxidative stress in certain plant species [19,20].

Even under normal conditions, the functioning of the photosynthetic apparatus is accompanied by the
ROS formation, which must be neutralized to prevent cellular damage. In particular, during the operation of
the electron transport chain (ETC) in chloroplasts, some electrons can be transferred directly to molecular
oxygen, resulting in the formation of the superoxide anion radical via the Mehler reaction [50]. This
radical is a highly reactive and harmful ROS, and its detoxification is carried out by superoxide dismutase
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(SOD). Under stress conditions, such as drought, when the utilization of ETC products (ATP and NADPH)
in the Calvin-Benson cycle is reduced, the Mehler reaction is significantly intensified. This is typically
accompanied by an increase in SOD activity [51]. The reaction catalyzed by SOD produces hydrogen
peroxide (H,0;), which is itself a ROS. In chloroplasts, ascorbate peroxidase (APX) is responsible for
detoxifying H,O, by reducing it to water. Thus, SOD and APX function cooperatively, which explains the
similarity in their activity dynamics in our experiment (Figs. 7 and 8).

Under stressful conditions, an increase in the activity of antioxidant enzymes is a typical response,
as it is necessary to eliminate the excess amounts of ROS that are produced [39]. In our experiments,
drought significantly increased the key antioxidant enzyme activity in leaf chloroplasts, which protect the
photosynthetic apparatus from excessive ROS accumulation. Therefore, this response can be considered
beneficial, functioning as a form of priming that prepares plants to better withstand adverse environmental
conditions. Notably, although the levels of antioxidant enzyme activity under drought conditions were
nearly identical in plants of both studied genotypes, at the recovery period their activity in transformed
plants returned to control levels more quickly than in wild-type plants.

This leads to at least two conclusions. First, the increase in proline content in transformed plants
did not interfere with the functioning of other defense mechanisms under stress conditions. Second, it
contributed to more effective homeostatic regulation of antioxidant systems following the cessation of
the stressor. It can be assumed that in transformants, the antioxidant and chaperone effects of elevated
proline levels facilitated the faster normalization of antioxidant enzyme activity to levels characteristic of
non-treated plants. In contrast, drought caused more severe metabolic and structural damage in wild-type
plants (as indirectly indicated by their significantly lower Ay values (Fig. 3)) necessitating the sustained
activity of antioxidant enzymes during the recovery period for effective repair.

The activity of SOD and APX enzymes in chloroplasts is also considered a part of an alternative electron
transport pathway in the chloroplast ETC—the so-called water—water cycle (WWC), or Asada—Halliwell
cycle—which serves regulatory and protective functions [52]. Similar to cyclic electron transport, the WWC
helps protect photosystems from photodamage and increases the ATP synthesis rate relative to NADPH
production. It is generally believed that under steady-state light condition, WWC activity remains low
compared to the primary linear electron flow, even under stress conditions [53]. However, the relative
activity and physiological significance of the WWC increase substantially under fluctuating light conditions,
particularly during transitions from darkness or shade to bright light, when the rate of electron transport can
temporarily exceed the demand for CO; assimilation due to differences in induction kinetics [54]. Activation
of the WWC during the transition from shading to bright light accelerates ATP synthesis, which in turn
promotes increased activity of Rubisco activase and the synthesis of phosphorylated sugar intermediates
in the Calvin-Benson cycle. Significant differences in the rate of light-induced photosynthesis during
transitions from darkness to bright light have been observed among wheat varieties, under both optimal
and stressful conditions [55]. Given that the plants in our experiments were grown under natural light
and temperature conditions, it can be assumed that the drought-induced increase in SOD and APX activity
in chloroplasts enhanced the induction of photosynthesis under fluctuating light and improved energy
balance regulation within the chloroplasts.

A seven-day drought during the critical flowering period in wheat negatively affected the productivity
of both genotypes. However, due to the aforementioned advantages of the photosynthetic apparatus
in the leaves of the transformants, the impact was significantly less severe compared to the wild type
(Table 1). Overall, the well-watered transformed plants showed a tendency to surpass the wild type in
most productivity indices, although the differences were not always statistically significant. Nevertheless,
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this trend is noteworthy, given that in our pot experiment only mineral nutrition and soil moisture
were controlled, while other important growth factors—such as light, air humidity, and especially
temperature—were natural and not always optimal during the summer. It can be assumed that the greater
stress tolerance of the transformed plants also contributed to this observed trend.

As previously noted, all indices of productivity per whole plant of the treated plants were lower
than those of the control, except for the 1000-grain weight. This can be explained by a sharp decrease in
grain number under drought conditions, largely due to a reduction in the number of productive shoots.
Consequently, during the grain filling period—after the drought had ceased and the photosynthetic apparatus
had recovered—the reduced number of grains per plant allowed for a better supply of assimilates to each
grain, resulting in an increase in individual grain weight. Ultimately, the grain weight in transformed plants
subjected to a seven-day drought during the flowering period was 29.1% higher than that in the treated
wild-type plants.

5 Conclusion

Thus, it was established that drought significantly affected the physiological parameters of wheat
flag leaves: relative water content, chlorophyll content, CO; assimilation rate, and stomatal conductance
all decreased, while the proline content and activity of antioxidant enzymes increased. At the same
time, drought-treated transformed plants with RNAi-mediated suppression of ProDH exhibited improved
responses to both the stressor and its after-effects across all studied parameters compared to the wild type.
In particular, the relative water and chlorophyll contents in their leaves were affected to a much lesser
extent. Although the photosynthetic rate under optimal soil moisture was nearly identical between the
control wild-type and transformed plants, the reduction in this index under drought conditions was smaller
in the transformants. As a result, the CO; assimilation rate in the flag leaves of treated transformed plants
was significantly higher than that of treated wild-type plants, both during drought and throughout the
recovery period.

In transformed plants, the decrease in stomatal conductance at the onset of drought was significantly
smaller relative to the control than in wild-type plants. Moreover, at the same level of stomatal conductance,
the photosynthetic rate in the leaves of the transformants was higher than in the wild type. Consequently, the
transformants exhibited greater water-use efficiency during photosynthesis under both drought conditions
and during the recovery period following the restoration of optimal soil moisture.

At comparable levels of chloroplast antioxidant enzyme activity (SOD and APX) in both genotypes
under stress conditions, the activity in the leaves of transformants returned to control values faster during
the recovery period than in wild-type plants. This indicates that elevated proline content in the transformed
plants contributed to more effective homeostatic regulation of antioxidant systems after the stressor was
removed. The combined action of proline as an osmotically active substance and antioxidant promotes
maintaining the functionality of structural and enzymatic systems in mesophyll cells under conditions of
limited water availability.

A seven-day drought during the critical wheat flowering period negatively affected the productivity of
plants in both genotypes. However, due to the enhanced stress tolerance of the photosynthetic apparatus
in the leaves of transformed plants, the degree of this effect was significantly lower than in the wild type.
The grain weight per plant in the drought-treated transformed plants was almost one-third higher than in
the wild type.
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