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STAGE-DEPENDENT MORPHOPHYSIOLOGICAL AND
BIOCHEMICAL RESPONSES REVEAL DROUGHT-ADAPTED
WINTER WHEAT GENOTYPES
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Azerbaijan, AZ1073, Baku, Azerbaijan

Abstract: The drought responses of six modern winter wheat varieties and 15 stabilized F7 lines
grown under rainfed conditions were evaluated using morphophysiological and biochemical
traits. Relative water content, soluble protein content, enzyme activities, plant height, heading
time, and yield were assessed at different developmental stages. Gobustan, Yubiley 90, and
several F7 lines were identified as early heading genotypes, while a group of varieties and lines
showed medium plant height associated with favorable productivity. Drought escape and
tolerance mechanisms contributed positively to yield performance. Yubiley 90, Erytrospermum
100, 21 FAWWONY/Gaudio, 29th SAWYT N395, 21 FAWWON9Y/Gallio, and
Gobustan/Gyrmyzy gul 1 were identified as promising genotypes for breeding.
Gobustan/Gaudio, characterized by strong antioxidant defense, may serve as a donor for
improving physiological drought tolerance.
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Introduction

Drought tolerance is a complex trait
governed by plant-environment interactions
and therefore requires integrated evaluation.
With the increasing frequency of drought
under climate change, improving drought
tolerance in winter wheat has become a major
breeding priority. Selection based solely on
grain yield may be insufficient; combining
morphological, physiological, and
biochemical traits can provide a more reliable
assessment. Drought adversely affects wheat
throughout vegetative and reproductive
development, including germination,

heading, flowering, and grain filling. Traits
such as high tillering capacity, early maturity,
a strong root system, moderate plant height,
elongated upper internodes, and optimized
leaf area contribute to drought adaptation by
limiting water loss and maintaining plant
viability. Physiological responses include
stomatal closure and reductions in
photosynthesis,  transpiration, stomatal
conductance, and relative water content,
together with  cell-wall modification,
enhanced oxidative stress, and activation of
alternative mitochondrial electron transport
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pathways (Chaouachi et al. 2023). At the
biochemical level, the efficiency of the
Rubisco enzyme and photochemical
efficiency decline; antioxidant defense
systems are activated; abscisic acid, proline,
polyamines, carbohydrates, and stress
proteins accumulate (Nezhadahmadi et al.
2013).

Drought stress greatly influences
photosynthesis in plants, resulting in
decreased  photosynthetic  activity and
negatively impacting plant development and
productivity (Karami et al. 2025). As a C3
plant, wheat exhibits lower photosynthetic
efficiency under water-deficient conditions
compared to C4 plants. Studying the role of
C4 photosynthetic enzymes, which are
crucial for initial CO: fixation and the
metabolism of carbon acids, under stress
conditions in C3 plants is highly relevant. C4
photosynthetic enzymes play an important
role in the non-photosynthetic organs of C3
plants by participating in the Krebs and
Calvin cycles. They contribute to the
biosynthesis of amino acids and help meet
the NADPH demand of the antioxidant
system.

Under drought stress conditions, the
metabolic balance in plants is disrupted,
leading to an increased demand for energy
and, consequently, an enhancement of
defense mechanisms. In such situations,
AAT contributes to amino acid synthesis
and the redistribution of nitrogen, thereby
promoting the production of
osmoprotectants, maintaining energy
balance, and preventing the accumulation of
harmful compounds during stress.

Metabolites produced via
phosphoenolpyruvate carboxylase (PEPC)
contribute to the reduction of oxidative
stress and the detoxification of ROS. PEPC
supports the metabolic adaptation of plants
under drought conditions, maintains carbon
and energy balance, and enhances drought
stress tolerance (Li et al. 2024).

Under water-deficit conditions, a
significant increase in the activity of C4
photosynthetic enzymes in wheat has been
demonstrated in studies conducted. In
genotypes with high enzyme activities,
photosynthetic efficiency, stress tolerance,
and metabolic plasticity are enhanced.
Under drought conditions, due to the
reduction in photosynthesis, NAD-MDH
contributes to mitochondrial respiration by
synthesizing ATP and NADH, thereby
enhancing the activity of antioxidant
enzymes and mitigating oxidative stress
(Kambona et al. 2023).

The study aimed to evaluate the
relationship between certain
morphophysiological and biochemical traits
under drought conditions in winter bread
wheat and to screen for tolerant genotypes.

Materials and Methods

Experimental site and plant material

The study was conducted under rainfed
conditions at the Gobustan Experimental
Station of the Research Institute of Crop
Husbandry, Ministry of Agriculture of the
Republic of Azerbaijan. The site is located
at an altitude of 800 m above sea level.
Twenty-one bread wheat (Triticum aestivum
L.) genotypes were used as study materials.
The genotypes Gaudio and Gallio originated
from  Austria, Lutescens 76 and
Erytrospermum 100 from Russia, while the
remaining genotypes were of Azerbaijani
origin.

Planting and experimental design

The seeds of bread wheat genotypes
were planted at the end of October, at an
average density 400 seeds per m?, at Im x
10 m plots, consisting of 7 rows placed 15
cm apart. During the vegetation period,
phenological observations were conducted,
plant height was measured at full maturity,
and grain productivity was determined for
each genotype.
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Productivity

The harvested spikes from a 1 m? area
were threshed using a threshing machine, the
grains were separated and weighed. The
mean value of three replications was
calculated, and the resulting value was
considered as the yield per 1 m? (g/m?).

Plant height

Before harvesting, the height of 10
plants in each plot was measured, and the
average value was used to determine the
plant height for each genotype (cm).

Determination of Relative Water
Content

Relative water content (RWC) in
leaves was measured based on the method
proposed by Turner (1981) and calculated
using the following formula:

RWC = [(FW - DW) / (TW - DW)] x 100

where: FW — fresh weight of the leaf,
TW — turgid weight, DW — dry weight.

Preparation of enzyme extract

A 0.5 g leaf sample was ground in
liquid nitrogen and homogenized in 100 mM
sodium phosphate buffer (pH 7.8)
containing 1 mM EDTA, 2 mM PMSF, 1%
PVP, and 0.1% Triton X-100. The
homogenate was then centrifuged, and the
resulting supernatant was used for the
analysis of antioxidant enzyme activities.
Enzyme activity was calculated based on the
following formula:

A= AOD-V/e'bt

A — activity in the International System
of Units; AOD — change in optical density
per minute; V — volume of the reaction
mixture (ml); T — time of the reaction; € —
molar extinction coefficient, b — volume of
the enzyme extract added to the reaction
mixture (pl). The specific activities of the
enzymes were calculated relative to protein
content and per 1 g of fresh weight.

Extraction of metabolic enzymes from
leaf samples

Leaf samples were homogenized in
100 mM Tris-HCl (pH 7.8) containing 5
mM DTT, 5 mM MgCL-6H,O, 1 mM
EDTA, 0.5% Triton X-100, and 1% PVP.
The homogenate was centrifuged at 1000g
for 10 minutes and then at 5000g for 30
minutes at 4°C. The activity of enzymes was
determined by measuring the decrease in
absorbance at 340 nm resulting from NADH
oxidation within 1 min (Ultrospec 3300
spectrophotometer). Spectrophotometric
measurements were carried out in 1.0 ml
cuvettes.

Aspartate aminotransferase (AAT,
EC 2.6.1.1) activity assay

AAT  activity was  determined
according to the method of Yang et al
(2019). For the assay, the reaction mixture
contained 100 mM Tris-HCI buffer (pH 8.5),
2 mM EDTA, 2.5 mM 2-oxoglutarate, 10
pg/ml pyridoxal phosphate, 10 mM DTT, 12
U/ml MDH and 0.2 mM NADH. To this
mixture, 20 pl of leaf extract and 2.5 mM L-
aspartate were added. The activity was
calculated wusing a molar extinction
coefficient of ¢ = 6.22 mM'cm' and
expressed as pmol aspartate mg™' protein
min ",

NADP-malic enzyme (NADP-ME, EC
1.1.1.40) activity assay

NADP-ME activity was determined by
the method of Arias et al. (2018). The
reaction mixture consisted of 2.5 mM Tris-
HCl buffer (pH 8.3), 0.5mM EDTA,
0.75uM CoA, 0.25mM NADP, 2.5mM
malate, and 5.0 mM MnCl,. The activity was
calculated wusing a molar extinction
coefficient of ¢ = 6.22 mM'cm™' and
expressed as pumol malate mg™' protein
min "

Malate dehydrogenase (NAD-MDH,
EC 1.1.1.38) activity assay

The activity of NAD-MDH was
determined according to the method of
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Aliyeva et al. (2023). The reaction mixture
consisted of 100 uM Tris-HCI buffer (pH
8.0), 1 mM oxaloacetic acid (OAA), 10
mg/ml bovine serum albumin (BSA), 10
mM MgClz, 0.15 uM NADH, and 10 pl of
enzyme extract. The activity was calculated
using a molar extinction coefficient of &€ =
6.22 mM™'-cm™ and expressed as pmol
OAA mg! protein min'.

Phosphoenolpyruvate carboxylase
(PEPC, EC 4.1.1.31) activity assay

PEPC enzyme activity was determined
according to the method of Aliyeva et al.
(2023). The reaction mixture consisted of 60
mM HEPES-NaOH buffer (pH 8.0), 10 mM
MgClz, 2 mM DTT, 10 mM NaHCO3;, 0.2
mM NADH, 10 units of MDH, 10 mM
phosphoenolpyruvate, and 40 ul of enzyme
extract. The activity was calculated using a
molar extinction coefficient of &€ = 6.22
mM™"-cm™! and expressed as pmol PEP mg™!
protein min'.

Determination of the amount of
soluble protein

Protein content was determined
spectrophotometrically at 595 nm according
to the method proposed by Bradford (1976).
During the construction of the calibration
curve, different concentrations of bovine
serum albumin (BSA) diluted in water were
used as the standard protein.

Statistical analysis

Data from three independent biological
replicates were analyzed using one-way
analysis of variance (ANOVA). When
significant  differences were observed,
Tukey’s Honest Significant Difference
(HSD) post hoc test was applied for pairwise
comparisons.

Results

Drought is one of the environmental
factors that negatively affects plant
development at the early stages of vegetative
growth, ultimately leading to a reduction in
productivity. In this study, we determined a

range of = morphophysiological  and
biochemical parameters in 21 bread wheat
genotypes  cultivated  under  rainfed
conditions at the Gobustan Experimental
Station of the Research Institute of Crop
Husbandry of the Azerbaijan Republic.

In the 2023-2024 vegetation period,
plant heights of the genotypes were
measured before harvest, and the results are
presented in Fig. 1A. Statistical analysis
revealed significant differences in plant
height among the genotypes at the 0.01
significance level (CV 2.7%, LSD 4.3™%). As
shown in the figure, the plant height of the
studied genotypes varied widely, ranging from
83 to 115 cm, with an average value of 97.3
cm. Among the studied genotypes, the tallest
plant heights were observed in
Gobustan/Gyrmyzy gul 1 (115 cm) and
Gobustan/Gallio (110 cm). The shortest plant
heights were recorded in the varieties Yubiley
90, Gyrmyzy gul 1, and Gaudio (96, 95, and 95
cm, respectively), and in the lines
Quality/Balaton, Lutescens 76,
21FAWWONG61/Balaton, Erytrospermum 100,
and Gobustan/AZE026-10-4 (95, 92, 85, 84,
and 83 cm, respectively). The remaining
genotypes exhibited intermediate plant heights.

At the same time, the yield
performance of the studied genotypes was
evaluated, and the results are presented in
Fig. 1B. The analysis of variance revealed a
statistically significant difference among the
genotypes for this parameter at the 0.01
significance level (CV 4.5%, LSD 40.6™).

As shown in the Fig. 1B, the yield of
the varieties Lider and Yubiley 90 was 726
and 709 g/m?, respectively, which was
higher than that of the other genotypes.
Among the studied lines, Erytospermum 100
(625 g/m?), Gobustan/Balaton (592 g/m?),
and 29" SAWYT Ne: 395 (612 g/m?)
demonstrated high performance. In terms of
yield, the lowest values among the varieties
were observed in Gobustan and Gallio,
while among the lines, Gobustan/AZE 026-
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10-4, Gyrmyzy gul 1/Gobustan, Lutescens
76,  Quality/Balaton, = Gobustan/Gallio,
Gobustan/Gaudio and Quality/Gaudio 1
exhibited the lowest results. The remaining

performance. Thus, along with other
parameters, the yield data of genotypes
should also be considered in the
continuation of the breeding program.
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150+
A
=
£
21004
=
20
o
=
]
=
=
504
0-
PO PEFL AR SO G SSP
SAE T T S B S SRS SR
B PN S Al P RSSO Ry
S FEESTEE S F TS
; 3 SPF PSS o
o v T S e WSS o
FHat 0 FP PSS T
& &S S Y
S& &S WS
B
800 -
600
'
E
;_ 400 -
g
E
£
-
200
04
S D N AN SN S o & P
vé"" ,\63\ .‘\wﬁ "&0»"6\ > & 4\\ Q?\ @*{' ;,\“'\0 &‘g 0&5 \0"\\ .,\°\° (,§& g&)\ \(f& Q\*"° &V\”’
D &4\' *\;0 & ‘(\‘0 @\7‘ & @‘? & @ s‘§ §\$ °(\\ @‘\' éq o e\@ &
& W& o @\‘ 0‘,@\‘ & oés" & &S Q\‘{.\* O ST
(\‘“%Qc\ﬁ 000(,°0°g\°$4‘*i*c§
¢ & & PR @: P
& & &Y AN

Figure 1. Plant height of the studied genotypes: CV 2.7%, LSD 4.3" (A); Productivity of the
studied genotypes: CV 4.5%, LSD 40.6™ (B). The data are presented as the means + SD and are

obtained from 3 biological replicates.

Heading dates for the studied
genotypes in the 2023-2024 vegetation
period are presented in Table. As shown in
the table, the heading dates of the genotypes

ranged from April 29 to May 7. Considering
that the heading date is an important
phenological trait of wheat genotypes and
plays a significant role in productivity under
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rainfed conditions, it was recorded as the
number of days from May 1, and statistical
analysis was carried out accordingly. The
analysis of variance revealed statistically
significant differences among genotypes for
this parameter. Among the studied varieties,
Gobustan and Yubiley 90 exhibited early
heading on April 30 and May I,
respectively, while Gaudio, Gyrmyzy gul 1,
Gallio and Lider were classified as late-

heading varieties (Table). Among the lines,

Gyrmyzy gul 1/Gobustan,
21FAWWONG61/Balaton, Gobustan/
Gyrmyzy gul 1 and Quality/Gaudio 1

exhibited early heading. In contrast, 29"
SAWYT N395 and 21FAWWONY9/Gaudio
showed late heading. It should be noted that
the late-heading varieties mentioned above
were developed for irrigated and moisture-
sufficient rainfed regions.
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Figure 2. Relative water content (A), and soluble protein content (B) in bread wheat genotypes.
Statistical significance was set at p < 0.05 (*, significant) and p < 0.01 (**, very significant), p <
0.001 (***, highly significant); results with p > 0.05 were considered not significant (ns).
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From the perspective of heading time,
the early spike emergence of Gobustan and
Yubiley 90 varieties makes them more
suitable for cultivation in arid rainfed
regions, where drought stress typically
occurs in the later stages of the vegetation
period. On the other hand, the early-heading
characteristics of lines such as Gyrmyzy gul
1/Gobustan, 21FAWWONG61/Balaton,
Gobustan/ Gyrmyzy gul 1, and
Quality/Gaudio 1 suggest their potential use
in breeding programs targeting moisture-
deficient rainfed environments.

The results of relative water content
(RWC) measurements of the flag leaf during
the grain formation (May 21, 2024), milk
ripeness (May 30, 2024), and wax ripeness
(June 11, 2024) stages for the studied
genotypes in the vegetation period are
presented in Fig. 2A.

The analysis of variance revealed
statistically significant differences among
genotypes for this parameter. As shown in
the table, the RWC of the flag leaf varied
between 49.1% and 62.3% (CV 13.2%)
during the grain formation stage, between
42.1% and 52.6% (CV 10.5%) during the
milk ripeness stage, and between 22.5% and
46.3% (CV 23.8%) during the wax ripeness
stage.

As seen from the presented results,
during the grain formation and milk ripeness
stages, the variation in RWC was within a
narrower range due to the presence of a
certain level of soil moisture and the
relatively young physiological state of the
genotypes. In other words, the genotypes
showed less differentiation in this parameter
during these stages. However, in the wax
ripeness stage, the reduction in soil moisture
led to a more pronounced expression of
differences among genotypes. Thus, at this

10

stage, the RWC wvalues in the lines
21FAWWON 9/Gaudio and Erytrospermum
100 were considerably higher than those of
other genotypes (46.5% and 46.3%,
respectively), indicating their  better
regulation of water balance under conditions
of declining soil moisture. In contrast, the
lowest RWC values at this stage were
recorded in the line Quality/Gaudio 2
(22.5%), the line Lutescens 76 (23.4%), and
the variety Gobustan (23.5%), suggesting
water regime regulation in these genotypes.

Thus, the study of RWC in several
wheat varieties and lines revealed significant
differences among genotypes for this
parameter and it is advisable to use
genotypes with higher flag leaf RWC in
future breeding programs.

The results of the analyses showed that
reduced water content in plants significantly
decreases the amount of proteins in the cells.
In the samples taken during the initial stage,
the amount of soluble proteins ranged
between 10.00 mg/ml and 15.41 mg/ml (Fig.
2B).

The AAT enzyme is one of the key
regulatory enzymes that enhance plant
tolerance under drought conditions (Fig.
3A). High activity levels of this enzyme
were observed in the Erytrospermum 100
and Gobustan/Gaudio genotypes during the
studied growth phases. According to the
study results, the lowest activity levels were
recorded in the Gobustan/Gallio genotype
and in the Lutescens 76 genotype. In the
parental varieties, Gobustan, Gyrmyzy gul 1,
Yubiley 90, Gaudio, and Gallio, enzymatic
activity remained at a moderate level.
However, some hybrid forms, such as
Gyrmyzy gul 1/Gobustan and
Quality/Gaudio 2, exhibited higher enzyme
activity compared to their parental lines.
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Figure 3. Activity of AAT (A) and NADP-ME (B) in bread wheat genotypes. Statistical
significance was set at p < 0.05 (*, significant) and p < 0.01 (**, very significant), p < 0.001
(***, highly significant); results with p > 0.05 were considered not significant (ns).

In general, the enzyme activity was
highest during the milk ripeness stage. At
this stage, the highest AAT activity was
recorded in the Gobustan/Gaudio genotype.
This value differed significantly from those
of the other genotypes in statistical terms (p
< 0.05).At the wax ripeness stage, AAT
activity decreased in almost all genotypes,
indicating a decline in enzyme activity
toward the later stages of development. The
results of the study revealed that the activity
of AAT in bread wheat genotypes varied
significantly depending on the phenological
stage and genotype. The Gobustan/Gaudio
and Erytrospermum 100 genotypes exhibited
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high enzymatic activity across all stages of
the study. In contrast, the Gobustan/Gallio
and Lutescens 76 genotypes showed
relatively low activity. Notably, in hybrid
forms, a marked increase in activity was
observed, particularly during the milk
ripeness stage.

The 29" SAWYT N395 hybrid
exhibited the highest NADP-ME activity
across all developmental stages (Fig. 3B).
High NADP-ME activity was also observed
in the Lider, Gobustan/Gaudio, and
Quality/Gaudio 2 specimens, whereas the
lowest enzymatic activity was recorded in
Lutescens 76 and 21IFAWWON 9/Gallio.
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Figure 4. Activity of PEPC (A) and NAD-MDH (B) in bread wheat genotypes. Statistical
significance was set at p < 0.05 (*, significant) and p < 0.01 (**, very significant), p < 0.001
(***, highly significant); results with p > 0.05 were considered not significant (ns).

The results of the study demonstrated
that the activity of PEPC in bread wheat
genotypes varied significantly depending on
the phenological development stages and
genotypes (Fig. 4A). In general, the highest
enzyme activity was observed during the
wax ripeness stage. At this stage, the 29"
SAWYT N395 and Lutescens 76 genotypes
exhibited enzyme activity levels of 2.9 and

12

2.8 umol mg™ protein min', respectively,
which were statistically significantly higher
than those of all other genotypes. In
addition, Quality/Gaudio, Gobustan/Gaudio,
and Yubiley 90 genotypes also showed high
PEPC activity. The lowest activity was
recorded in the 2IFAWWON 9/Gaudio,
21IFAWWON 9/Gallio, and
21FAWWONG61/Balaton genotypes,
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particularly during the f grain formation and
milk ripeness stages. High NAD-MDH
activity was observed in the 29" SAWYT
N395 and Gobustan/Gyrmyzy gul 1
genotypes (Fig. 4B). These genotypes not
only exhibited strong metabolic activity but
also showed increasing enzyme levels
throughout the vegetation period. These
characteristics indicate their potential for
high productivity and tolerance to abiotic
stress. The lowest NAD-MDH activity was
recorded in the 2IFAWWON 9/Gallio
hybrid.In the Yubiley 90 variety, a sharp
decrease in enzyme activity was observed
during the wax ripeness stage. Although
NAD-MDH activity in the Lutescens 76
genotype was low during the grain

formation and milk ripeness stages (5.5 and
5.7 pmol mg™ protein min’, respectively),
it increased during the wax ripeness stage,
reaching its maximum level (13.9 pumol mg™
protein min'). In the Gobustan/Gaudio and
Quality/Gaudio2 hybrids, an increase in
enzyme activity was also observed during
the wax ripeness stage. These results
indicate that these genotypes possess a more
stable and progressively adaptive metabolic
mechanism.

The heatmap analysis revealed that the
increase in PEPC and NADP-ME activities
observed in tolerant genotypes indicates
enhanced metabolic flexibility, supporting
carbon fixation and energy supply under
drought stress (Fig. 5).
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Figure 5. Clustered heatmap with dendrograms - genotypes are now grouped according to their
overall biochemical and physiological similarity.

Based on the overall analysis, the
investigated genotypes were grouped into
three main clusters (Fig. 5). Cluster 1

13

included Yubiley 90 and Lider, which were
characterized by high productivity and
strong antioxidant enzyme activities.
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Cluster2 comprised  Gobustan  and
Gobustan/AZE(026-10-4 genotypes, which
exhibited relatively lower productivity but
showed high RWC and strong stress
adaptation  capacity, indicating their
potential drought tolerance. Cluster 3
consisted of genotypes with intermediate
and diverse characteristics, including
Gyrmyzy gul 1, Gaudio, Gallio, Lutescens
76, Erytrospermum 100, Gobustan/Gyrmyzy
gul 1, Gyrmyzy gul 1/Gobustan,
Quality/Balaton, Quality/Gaudio 1,
Quality/Gaudio 2, Gobustan/Gallio,
Gobustan/Balaton, Gobustan/Gaudio,
21IFAWWON  9/Gallio, 21FAWWON
9/Gaudio, and 21FAWWONG61/Balaton. The
genotypes in this group exhibited a wide
range of productivity and enzyme activity
levels, representing valuable genetic
material for future breeding programs aimed
at improving both yield potential and stress
tolerance.

Discussion

Drought stress negatively affects
wheat productivity by causing changes at
morphological, physiological, and

biochemical levels (Ayed et al. 2021). Under
rainfed conditions with limited moisture
availability, plant height plays a significant

role in both drought tolerance and
productivity in wheat.
As a partial drought escape

mechanism, heading time plays a crucial
role in yield formation under rainfed
conditions. The timing of heading is not
only a genotypic trait specific to the plant,
but also depends on the hydrometeorological
factors of the vegetation period. According
to the literature, in regions where drought
tends to occur during the later stages of
vegetation, early heading and flowering can
serve as mechanisms to avoid drought.
Several studies have also emphasized that
the heading and fertilization stages are
among the most drought-sensitive phases in
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wheat (Dong et al. 2017).

RWC is an important indicator of
drought tolerance that ensures metabolic
activity in plant tissues under water-deficient
conditions. This parameter tends to be high
during the early stages of plant development
but decreases as the plant’s dry biomass
begins to increase. Although a plant's water
potential depends on the water status of the
soil, plant, and atmosphere, leaf RWC
specifically reflects the plant’s internal water
status, making it a more accurate indicator
of water balance in the plant. A decline in
RWC in response to drought stress has been
observed in various plant species. Several
studies have also reported genotypic
differences in leaf RWC in wheat plants
(Tanaka and Ito 2025). Leaf RWC is
associated with drought tolerance and may
be considered a better indicator of drought
stress than other morphophysiological and
biochemical parameters of plants. RWC
reflects the proportion of water in a leaf
relative to its full water-holding capacity at
the time of measurement, and it serves as an
indicator of the balance between water
absorption from the soil and water loss
through transpiration under identical
conditions. Since transpiration typically
occurs during midday hours, the RWC
measured at this time depends on the plant's
ability to absorb and retain water from the
soil. Therefore, midday RWC values
represent the plant's overall capacity for
water uptake and evaporation, while also
characterizing the water deficit in the leaf.

AAT 1is one of the key enzymes
involved in the transamination of amino
acids, and its activity is closely associated
with the efficiency of nitrogen metabolism.
The high activity of the enzyme during the
milk ripeness stage indicates intensive
protein synthesis and redistribution of
nitrogen at this stage. This was particularly
pronounced in the Gobustan and
Ertyospermum 100 genotypes, suggesting
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that these genotypes exhibit more efficient
nitrogen metabolism.

In many cases, hybrid forms showed
higher NADP-ME activity compared to their
parental lines. These results reflect potential
differences in the Krebs cycle and
mitochondrial respiration. The NADP-ME
enzyme has been studied in some C3 plants
such as Arabidopsis thaliana and Oryza
sativa (Liu 2007).

The NADP-ME enzyme also plays a
key role in plant defense mechanisms
against abiotic stresses such as water
deficiency and high temperatures (Li et al.
2025). From this perspective, genotypes
exhibiting high enzyme activity should be
considered for selection programs as
indicators of stress tolerance. Besides, the
reaction catalyzed by NADP-ME results in
the release of CO: (Sun et al. 2019), which
can enter the Calvin cycle and contribute to
an increase in photosynthetic products. In
general, the presented results suggest that
certain hybrid genotypes demonstrated
higher enzymatic activity compared to their
parental lines. This strengthens the
likelihood that these hybrids are better
adapted to abiotic stresses and enhances
their potential for use in breeding programs.

PEPC catalyzes the conversion of PEP
to oxaloacetic acid OAA, providing a link
between  carbohydrate @ and  nitrogen
metabolism (Wei et al. 2025). In our study,
PEPC activity increased significantly during
the wax ripeness stage. The 29" SAWYT
N395 and Lutensens 76 genotypes, which
showed high enzyme activity at this stage,
probably indicated a greater need for energy
supply and regulatory metabolism at the
final stage of development. Since the wax
ripeness stage represents the final phase of
seed development, the increase in enzymatic
activity may be associated with the
redirection of carbon skeletons into
biosynthetic processes. PEPC plays a crucial
role in plant adaptation to abiotic stresses,
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including drought and salt stress. Increasing
enzyme activity may support enhanced
photosynthetic  efficiency and anabolic
processes (Chen et al. 2019). The lowest
activity observed in the FAWWON series
genotypes suggests a weaker metabolic
response, indicating that these genotypes
should be carefully evaluated in breeding
programs. In contrast, the high enzyme
activity observed in genotypes such as
Quality/Gaudio and  Gobustan/Gaudio
indicates that they are metabolically more
active and potentially more tolerant to stress
conditions.

NAD-MDH catalyzes the conversion
of malate to OAA and NADH, thereby
acting as a bridge between carbon
metabolism and energy production (de
Lorenzo et al. 2024). In our study, the
variation in NAD-MDH enzyme activity
across developmental stages indicates that
the enzyme is dynamically regulated in
accordance with the plant's metabolic
demands. In most genotypes, the peak
activity observed during the wax ripeness
stage is associated with the accumulation of
energy and carbon reserves in the seed at
this phase. This trend is particularly evident
in the genotypes Lider, Lutescens 76, and
29" SAWYT N395, highlighting their high
potential in energy metabolism. These
genotypes are recommended for careful
evaluation in breeding programs.
Differences in NAD-MDH activity may also
be linked to adaptation mechanisms under
stress conditions. Studies have shown that
this enzyme supports mitochondrial energy
flux and enhances ROS balance during
abiotic stresses, especially salt and drought
stress (Monteiro-Batista et al. 2025).

Thus, the comprehensive research
conducted indicates that the genotypes
Yubiley 90, Erytrospermum 100,

21IFAWWON 9/Gaudio, Gobustan/Gaudio,
Gobustan/Gyrmyzy gul 1, 29" SAWYT
N395, and 21IFAWWON 9/Gallio
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demonstrated notable drought tolerance and
are considered suitable for cultivation in
moisture-deficient arid regions. Among
them, the Gobustan/Gaudio genotype, which
possesses a strong antioxidant defense
system, may serve as a valuable source
material for antioxidant analysis and
biochemical screening.

Conclusion

The results obtained provide a better
understanding of the mechanisms underlying
drought tolerance under rainfed conditions
and help clarify the role of antioxidant
enzymes in stimulating a broad spectrum of
protective responses. The research revealed
significant differences in drought tolerance
levels among modern winter wheat varieties
and lines. Based on the analysis of
biochemical indicators, it was found that
high RWC and sustained activity of
antioxidant and metabolic enzymes are key
traits contributing to better adaptation under
drought conditions. Varieties possessing
these traits are less affected by
environmental stress factors and are able to
maintain their productivity. The findings of
this study enable the identification of
promising genotypes for use in breeding
programs. A comprehensive analysis of
drought tolerance creates a scientific basis
for more efficient breeding programs and the
development of wheat varieties tolerant to
climate change.
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