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Abstract

Various stress factors lead to increased reactive oxygen species (ROS) formation and in-
creased damage to various plant tissues. Data obtained using fluorescence microscopy
show that under abiotic stress, the most intense ROS staining is observed in the epidermal
and cortical cells of the root cap and division zones. Increased ROS formation under
abiotic stress activates the antioxidant system in wheat. The expression level of the MnSOD
and Cu/ZnSOD genes in the Orenburgskaya 22 wheat variety (Triticum aestivum) is more
than twice that in the Zolotaya variety (Triticum durum). An amount of 150 mM NaCl
activates MnSOD and Cu/ZnSOD gene expression in the Orenburgskaya 22 wheat variety,
increases glutathione (GSH) content, and activates GSH-associated enzymes. Therefore,
different wheat genotypes have different mechanisms for neutralizing ROS. The antioxidant
quercetin reduces ROS formation and also promotes antioxidant system activation in the
Orenburgskaya 22 variety and has virtually no effect on the Zolotaya variety. However,
it does reduce ROS before and after NaCl treatment in both wheat genotypes. Salt stress
causes an increase in the number of small and large autophagosomes in root cells of Triticum
durum wheat, while, in Triticum aestivum, large vacuoles not marked by ATG8 and small
autophagosomes near the nucleus form in root cortex cells. Treatment of control plants
with quercetin does not increase the number of autophagosomes. Treatment with quercetin
after salt stress does not increase the number of ATG8-marked autophagosomes in cells
of either genotype. Treatment with quercetin before salt exposure leads to an increase in
the number of autophagosomes in durum wheat cells. PCR analysis of autophagy genes
revealed features of the initiation of autophagosome formation. Thus, quercetin exerts a
protective effect against salt stress. However, its use is limited to plants with high flavonoid
content. Quercetin may have promising applications in agriculture.
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1. Introduction

Wheat is the most widely grown agricultural crop in the world. During the growing
season, wheat is exposed to biotic and abiotic stressors. These factors damage plants,
slowing their growth and reducing grain yield [1,2]. Soil salinization, caused primarily
by agricultural practices (irrigation, fertilizer application) [3,4], poses a serious threat to
sustainable agriculture. It leads to reduced plant productivity by disrupting their physio-
logical, biochemical, and molecular functions. Increase in salt content in the soil disrupt
the osmotic and ionic balance in plant cells. Furthermore, oxidative and toxic stress also
occur in the cells. Salt stress leads to disruption of physiological and metabolic functions in
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plants. These include a reduced capacity for water and nutrient absorption, altered mem-
brane permeability, which leads to disruption of vital processes such as photosynthesis,
respiration and protein synthesis [5]. Elevated salt concentrations impair plant growth and,
if severe and prolonged, can lead to plant death. Plants within the same family can employ
different survival strategies. Some effectively combat osmotic stress by neutralizing toxic
ions. Others rely on strong antioxidant defenses to combat excess reactive oxygen species
(ROS), the main cause of oxidative stress [5,6]. The primary mechanisms of salt tolerance
include the removal of Na* and Cl~ ions from vacuoles, blocking Na* ion transport into
the cell, and excluding Na* from the transpiration flux [7]. Roots preferentially absorb
K* from the soil, and most plants exhibit a high degree of K*/Na* discrimination. The
coordinated action of many stress-responsive genes determines susceptibility or tolerance
to stress in plants [8].

When exposed to abiotic stress, plants generate two types of ROS: metabolic and
signaling. Metabolic ROS alters the redox status of enzymes, which alters metabolic
reactions that help counteract the negative effects of stress [9]. Other ROS, signaling
ROS, are produced as a result of exposure to abiotic stress and participate in ROS signaling.
Although metabolic ROS are generated in the chloroplast and signaling ROS in the apoplast,
when exposed to abiotic stress, metabolic and signaling ROS interact and form a common
cellular ROS signature that can control the plant’s adaptive response to the stress factor
through a series of redox reactions that regulate the transcription and translation of proteins
and enzymes responsible for plant adaptation to stress.

Redox metabolism in plant cells is inevitably accompanied by the formation and
accumulation of highly toxic ROS, the levels of which are strictly controlled by antioxi-
dants [10-12]. The most common and toxic ROS include superoxide anion (O,°* ™), hydro-
gen peroxide (HO,), and the hydroxyl radical (OH-). Plants have protective mechanisms
against oxidative stress that are aimed at reducing the formation of ROS and their ab-
sorption [13]. To do this, plants have developed a complex antioxidant system consisting
of enzymes such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), glutathione reductase (GR), monodehydroascorbate reductase (MDHAR), dehy-
droascorbate reductase (DHAR), glutathione peroxidase (GPX), guaicol peroxidase (GOPX)
and glutathione-S-transferase (GST), ASH acids; glutathione (GSH); phenolic compounds,
alkaloids, non-protein amino acids and «-tocopherols, which inhibit the accumulation of
ROS. These antioxidant defense systems work together to regulate uncontrolled oxidative
cascades and protect plant cells from oxidative damage by scavenging ROS [14,15]. In-
creased stress resistance in plants is often due to a more powerful antioxidant enzymatic
system [16]. SOD plays a key role among these enzymes. It effectively neutralizes ROS
by catalyzing the conversion of O,*~ to HyO,, which then breaks down into harmless
water and oxygen. SOD is the key enzyme of the antioxidant system, involved in most
physiological and biochemical processes aimed at protecting the body from various environ-
mental stressors [17,18]. In addition to enzymes, plant cells produce low-molecular-weight
non-enzymatic antioxidants to neutralize ROS. Among these are phenolic compounds,
which play an important role in maintaining redox balance and increasing stress resistance.
Phenolic compounds, including flavonoids, act as antioxidants, neutralizing free radicals
in plants under stress [19,20]. They are essential secondary metabolites synthesized in
virtually all parts of the plant during its interaction with the environment.

Flavonoids are small-molecule antioxidants that activated under severe stress condi-
tions when antioxidant enzyme activity decreases [21,22]. They play a key role in protecting
plants from stress, enabling their adaptation to changing environmental conditions [23].
Flavonoids act as ROS scavengers, localizing and neutralizing free radicals before they cause
cell damage. This makes them vital compounds for plants exposed to adverse factors [21].
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Quercetin (3,3’ 4’ ,5,7-pentahydroxyflavone) is one of the most abundant flavonoids in
plants. As a highly active small-molecule antioxidant, quercetin helps maintain redox bal-
ance [24]. Quercetin’s mechanisms of oxidative balance regulation include both its ability
to neutralize ROS and free radicals and the activation of enzymatic and non-enzymatic
antioxidants. Neutralization of ROS and free radicals occurs through the transfer of an
electron or hydrogen atom from quercetin and its glycosylated analog [25-27].

Quercetin suppresses oxidative stress resulting from an imbalance between the amount
of newly formed ROS and antioxidants. By participating in signal transduction, quercetin
can modulate the activity of enzymes or low-molecular-weight antioxidants and enhance
their antioxidant properties. One of the studied mechanisms for activating antioxidant
activity is the effect of quercetin on it. However, quercetin’s antioxidant properties mani-
fested in small doses, and its excess can lead to the opposite effect [28]. Recently, quercetin
has been found to modulate hormonal signaling pathways, which may also enhance plant
defense against abiotic and biotic stresses [29].

Due to the fact that quercetin is localized in the outer membrane of chloroplasts, it is
involved in the regulation of light intensity in plants [30]. Quercetin has also been shown
to play an important role in protecting plants from stress, such as ultraviolet radiation and
osmotic stress, which has been confirmed by numerous studies [31-33].

The effects of salt stress on various wheat genotypes were previously studied. Based
on the data obtained, two wheat varieties were selected: the resistant Orenburgskaya 22
and the sensitive Zolotaya. Zolotaya was found to significantly accumulate Na*, especially
in shoots, compared to Orenburgskaya 22 [34]. The lower Na* content in Orenburgskaya
22 is most likely due to higher expression of HKT gene families [34]. The accumulation
of toxic ions was accompanied by an increase in ROS content in Zolotaya. It was shown
that different wheat genotypes utilize different components of the antioxidant system to
neutralize and release ROS. For example, in Orenburgskaya 22, the most active enzyme
systems include MnSOD and Cu/ZnSOD, while in Zolotaya GSH and GSH-dependent
enzymes are most active [35]. The aim of this study was to continue the investigation of
various aspects of the action of oxidative stress induced by high concentration of NaCl
on Triticum aestivum and Triticum durum, as well as to determine the effectiveness of the
antioxidant quercetin in neutralizing ROS under salt stress conditions.

2. Materials and Methods
2.1. Plant Material

Seeds of two spring wheat varieties Triticumn durum Desf. Zolotaya (2n = 28) and
Triticum aestivum L. Orenburgskaya 22 (2n = 42) were obtained from the Orenburg Research
Institute of Agriculture of the steppe ecological group (FGBNU Federal Scientific Center of
the Russian Academy of Sciences, Orenburg, Russia). Seeds sterilized with a 2% sodium
hypochlorite solution for 10 min and thoroughly washed with distilled water. Seeds were
grown in roll culture in water at 24 °C under a 10 h light/14 h dark regime using fluorescent
lamps (5000 lux) at a relative humidity of 60% (climate chamber Bidenr KBW 400) [34].
Control plants were grown for 6 days in water. Five-day-old seedlings were incubated
in solutions of 150 mM NaCl or 0.03% quercetin for 24 h. Four-day-old seedlings were
exposed sequentially to 150 mM NacCl, then 0.03% quercetin, and then 0.03% quercetin,
then 150 mM NaCl, for 24 h each. The experimental design is shown in Figure 1.

After 6 days of the experiment, wheat seedlings were collected for further measure-
ments. The experiment was repeated 3 times.
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Figure 1. Scheme of the experiment.

2.2. Preparation of Macerated Cells of Root Tips

Wheat root tips (5 mm each) were fixed in 4% paraformaldehyde (Sigma Aldrich, USA)
in phosphate-buffered saline (PBS), pH 7.2, then placed in 4% cellulase (Sigma Aldrich,
USA) in a solution of 0.4 M mannitol with the addition of 5 mM EGTA pH 5 and incubated
for 7 min to destroy the cell wall. Then root tips were washed 3 times for 5 min in PBS,
and groups of 4-6 cells were transferred to a cover slip in a drop of buffer and broken into
individual cells. The preparations were dried for 24 h at 4 °C.

2.3. Fluorescence Microscopy

Root tips (4-5 Mm) were incubated in a Carboxy-H2DCFDA solution (Thermo Fisher
Scientific, USA) at a concentration of 25-50 Nm for 30 min.

For Atg8 immunodetection, cell preparations were placed in Pbs for 5 min, then
transferred to 0.5% Triton X-100 in Pbs for 30 min, and incubated for 30 min in 3% Goat
Serum in Pbs. Preparations were the applied with drops of Mouse Monoclonal Antibodies
to Lc3bab-Af4650 (Diluted 1:100) (Affinity Biosciences, USA) with the addition of 0.1% Bsa
for 16-18 Hours at 4 °C. They were then incubated with Rabbit Antibodies and applied to
Mouse Ig Conjugated with Texas Red Fluorochrome (Sigma-Aldrich, USA) for 45 min at
37 °C in the dark, and then washed, stained with Dapi (Sigma), and embedded in Mowiol
U-88 (Hoechst, Germany). Samples were analyzed using an Olympus Bx51 (Japan) [35].

2.4. Total RNA Isolation and Gene Expression Analysis

Total RNA was isolated from shoots and roots using Syntol RNA-extran reagent kits
(Russia) according to the manufacturer’s instructions. cDNA was synthesized using reverse
transcription (Syntol, Russia). The concentration of the resulting cDNA was determined
spectrophotometrically using an IMPLEN nanophotometer. Gene expression analysis
was performed using RT-PCR with SYBR Green I (Syntol) on a CFX 96 Real-Time System
thermal cycler (BioRad, USA). RT-PCR using SYBR Green I (Syntol) was performed on a
CFX 96 Real-Time System thermal cycler (BioRad, USA). Gene structure information for
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Triticum aestivum was obtained from the National Center for Biotechnology Information
(NCBI). The PCR-RT reaction was carried out under identical conditions for all samples:
95 °C for 5 min, then 45 cycles of 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 30 s. Each RT-
PCR was performed in triplicate. The relative level of gene expression was calculated using
a calibration curve constructed with PCR products obtained with primers for the GaPDh
gene. The effectiveness of PCR-RT with primers for the studied genes reached 95-96%.

2.5. Biochemical Analysis

Antioxidant activity (AOA) was determined by the decrease in the coloration of
the 5 x 107> M alcohol solution of 2,2-diphenyl-1-picrylhydrazyl (DPPH). An amount of
0.1 mL of DPPH was added to 0.8 mL of the test solution in ethanol. Incubation was carried
out for 30 min in the dark at 20 °C. The absorbance was measured at A =517 nm [36]. A
titration method was used to determine the HyO, content in wheat samples. An amount
of 0.25 mL of 16% H;SO4 was added to 0.5 mL of the aqueous solution being analyzed,
followed by a 0.02 M KMnQ, solution until a pink color appeared. A 3% H,O, solution
was used to construct the calibration curve. Absorbance was measured at A = 480 nm [37].
The glutathione (GSH} content was determined by the appearance of color at A = 412 nm
according to the Ellman method [38]. Chlorophyll measured at 665 nm and 649 nm, and
the content of chlorophyll a and b were determined using the formulas [39]:

Chla= [(11.63 X A665) — (2.39 X A649)] x Vml/1000 x ng

Chlb = [(20.11 X Aggo) — (5.18 X Aggs)] x Vml/1000 x Wmg

where Vml is the total volume of the extract, Wmyg is the sample of the plant.
Data were expressed as mean £ standard deviation (SD; n = 30), and significant
differences were determined p < 0.05.

2.6. Statistical Methods

We used one-way analysis of variance (ANOVA) and Student’s t-test for statistical
analysis of the data. Calculations were performed in R (version 4.3.1). Differences were
considered significant at p < 0.05. The least significant difference method was used to test
significance between groups. All values are shown as mean =+ standard deviation for three
biological replicates.

3. Results
3.1. Plant Morphometry

Morphometric indices of plant growth are among the most important for character-
izing abiotic and biotic influences on plant development. These indices determine the
plant’s tolerance or sensitivity to a stress factor. Morphometric parameters depend on the
plant developmental stage at which the stress factor is applied, as well as on the intensity
and duration of the stress. Plants are most sensitive at the seed germination stage; during
seedling development, stress slows both shoot growth and root system development [40].
To study the effects of salt stress and the protective effect of quercetin, 6-day-old wheat
seedlings of two genotypes used. Table 1 presents the morphometric indices of the effect
of 150 mM NaCl and quercetin on two wheat varieties: Zolotaya (Triticum durum) and
Orenburgskaya 22 (Triticum aestivum).

Analysis of 6-day-old seedlings showed that the root length of Zolotaya variety was
1.42 times greater than that of Orenburgskaya 22 variety. Under salt stress, the root length
of the Orenburgskaya 22 variety decreased by 1.01 times compared to the control group and
by 1.07 times compared to the Zolotaya variety. The shoot height of the Zolotaya variety
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was also 1.07 times longer than that of the Orenburgskaya 22 variety (Table 1). Salt stress
did not lead to a decrease in shoot height in the Orenburgskaya 22 variety, but decreased it
by 1.1 times in the Zolotaya variety. The effect of quercetin led to an increase in root length
and shoot height in the Orenburgskaya 22 variety (by 1.1 and 1.06 times, respectively),
but led to a decrease in all morphological parameters in the Zolotaya variety (1.1 and
1.25 times, respectively). Incubation of Zolotaya plants with quercetin before and after
exposure to 150 mM NaCl produced similar changes in plant morphological parameters.
Unlike Zolotaya, quercetin treatment before salt exposure resulted in a 1.09-fold increase in
root length in the Orenburgskaya 22 variety compared to the control.

Table 1. Morphological parameters of two genotype wheat Orenburgskaya 22 and Zolotaya grown
under different conditions.

Wheat Growth Condition Root Length, cm Shoot Height, cm  Weight Biomass, cm

Orenburgskaya 22  Control 11.2 £ 0.56 b 11.6 £ 0.58 b 92+046a
150 mM NaCl 109+ 0.54d 11.6 £ 0.58 b 78+0.39c¢
quercetin 123 +0.61a 123 +0.61a 93+046a
150 mM NaCl — quercetin 10.7 £0.53d 9.8+ 049 c 88+ 044b
quercetin — 150 mM NaCl 122 £061a 11.5£0.57b 89+044Db

Zolotaya Control 159 +£0.79 a 124 +£0.62 a 11.3 £ 0.56 a
150 mM NaCl 14.8+0.74Db 1124+ 056D 110+ 055a
quercetin 144 £0.72b 99+£049c 10.1 £0.50b
150 mM NaCl — quercetin 14.6 £0.73b 9.8+ 049 c 11.3+0.56 a
quercetin — 150 mM NaCl 149 £0.74b 99+£049c 95+047c

Data were expressed as mean =+ standard deviation (SD; n = 30), and different lowercase letters (a—d)
indicate significant differences at the p < 0.05.

It is worth noting that the fresh weight of Zolotaya wheat sprouts is 1.23 times higher
than that of the Orenburgskaya 22 variety. Treatment with 150 mM NaCl leads to a 1.18-fold
decrease in the fresh weight of Orenburgskaya 22 sprouts and has virtually no effect on
the weight of Zolotaya sprouts. Treatment with quercetin leads to a 1.12-fold decrease in
Zolotaya sprout weight, and an even greater weight reduction observed with subsequent
NaCl treatment—a 1.19-fold decrease.

Based on morphometric parameters, it can be concluded that quercetin stimulates root
and shoot growth only in the Orenburgskaya 22 variety, and pretreatment with quercetin
neutralizes the negative effects of sodium chloride. However, quercetin slows the develop-
ment of the Zolotaya variety and does not neutralize the toxic effects of sodium chloride.

3.2. Chlorophyll Content

Green plants have two main types of chlorophyll, Chl a and Chl b, which are non-
covalently bound to membrane proteins. Chl a is the most important pigment in photo-
synthesis, serving as the primary electron donor in the electron transport chain of photo-
synthesis. Chl b complements Chl a; it increases the absorption spectrum by increasing
the wavelength range and expanding the spectrum of absorbed light. Table 2 shows data
on the content of Chl a and Chl b in the leaves of wheat varieties Orenburgskaya 22 and
Zolotaya grown under different conditions.

The Chl a content in the Orenburgskaya 22 wheat variety is 1.67 times higher than
that of the Zolotaya variety, while the Chl b content is 1.96 times higher. Chl a content
decreases by 2.09 and 1.86 times, while Chl b decreases by 2.37 and 1.81 times, respectively.
The use of a 0.03% quercetin solution stimulates the accumulation of Chl a and Chl b in
the Orenburgskaya 22 variety (by 1.23 and 1.05 times), while the preparation has virtually
no effect on the Zolotaya variety. When exposed to 150 mM NaCl, quercetin treatment
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increases Chl a content in the Orenburgskaya 22 variety by 1.24 times, but this value
still remains 1.69 times lower than the control level. In the Zolotaya variety, quercetin
does not provide even partial recovery: after salt stress, only a slight decrease in Chl a
content— by 1.01 times—is observed. Pre-treatment with a 0.03% quercetin solution before
salt stress produces the most pronounced effect for the Orenburgskaya 22 variety: Chl
a content increases by 2.39 times relative to the salt-stressed group, exceeding even the
control sample. In the Zolotaya variety, pre-treatment only slightly increases Chl a levels
(by 1.16 times), but it still remains 1.61 times lower than the control.

Table 2. Content Chl a and Chl b in wheat Orenburgskaya 22 and Zolotaya grown under differ-

ent conditions.

Wheat Growth Condition Chl a, (mg/g) Chl b, (mg/g) Chl a/Chl b
Orenburgskaya 22  control 414+02c 171 £0.08a 242 +0.12c
150 mM NaCl 198 +0.1e 0.72£0.03d 275+£0.14Db
quercetin 509+£025a 1.79 £ 0.09 a 293 £0.15a
150 mM NaCl — quercetin 245+0.12d 1.06 £0.05¢ 231+011c
quercetin — 150 mM NaCl 473+023b 1.59 £0.08b 297 +£0.15a
Zolotaya control 248 £0.12a 0.87£0.04a 285+014a
150 mM NaCl 1.33 +£0.07 c 0.48 £0.02 c 277 £0.13b
quercetin 244 £0.12a 092 £0.05a 2.66 £0.13b
150 mM NaCl — quercetin 1.23 £0.06d 0.51 £0.02¢ 242 £0.12c
quercetin — 150 mM NaCl 1.54 £ 0.08 b 0.56 £ 0.03b 277 +£0.14Db

Data were expressed as mean =+ standard deviation (SD; n = 30), and different lowercase letters (a—e)
indicate significant differences at the p < 0.05.

3.3. ROS Under Salt Stress
3.3.1. Distribution of ROS™ and ROS™ in Root Cells

Reactive oxygen species (ROS) are natural metabolic products. When exposed to
unfavorable environmental factors, plants increase ROS production, which leads to mem-
brane damage, protein degradation, enzyme inactivation, and DNA damage, causing
mutations [13,41,42]. Our studies using the Carboxy-H2DCFDA marker revealed that at a
concentration of 150 mM NaCl, ROS formation occurs in all root tissues; however, fluores-
cence intensity varies depending on the root zone and wheat variety. ROS distribution was
assessed using phase-contrast and fluorescence microscopy (Figure 2).

The data obtained indicate that under salinity, the most pronounced ROS accumulation
observed in the root cap and division zone, indicating activation of oxidative stress in these
areas. Furthermore, compared with the control, the greatest increase in ROS levels was
recorded in epidermal and cortical cells, while this indicator was lower in the cells of the
central cylinder. Thus, under salt stress, ROS is predominantly localized in the epidermal
and cortical cells of the root cap and division zones. Addition of exogenous quercetin
to salt-treated plants resulted in decreased antioxidant enzyme activity compared to the
control. This may indicate that quercetin’s protective properties suppress the formation
of ROS.

In plants, treatment of 6-day-old wheat seedlings with quercetin showed a decrease
in ROS levels compared to the control (by 1.05 and 1.1 times, respectively) in the Oren-
burgskaya 22 and Zolotaya varieties (Figure 3). Salt treatment increased ROS production.
An amount of 150 mM NaCl induced ROS formation by 2.81 times in the Orenburgskaya
22 variety and by 2.32 times in the Zolotaya variety. Pre-treatment with quercetin prior
to exposure to 150 mM NaCl resulted in a decrease in fluorescence intensity in both vari-
eties, as evidenced by a lower fluorescence intensity (2.33-fold for Orenburgskaya 22 and
1.36-fold for Zolotaya). Remarkably, quercetin application after salt stress demonstrated
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high efficacy for both varieties: growth increased 2.36-fold for the Zolotaya variety, and
1.87-fold for the Orenburgskaya variety. Furthermore, quercetin treatment both before
and after salt exposure reduced the formation of ROS in the Orenburgskaya 22 variety to
control levels. Quercetin treatment before and after salt exposure reduced ROS formation
in the Orenburgskaya 22 variety to control levels. For the Zolotaya variety, quercetin
neutralization of excess ROS after NaCl exposure was more effective than pre-treatment.
Moreover, the Orenburgskaya 22 variety turned out to be the most resistant to salinity
compared to the Zolotaya variety.

ORENBURGSKAYA 22

B Rl B

ZOLOTAYA

1

Figure 2. Distribution of ROS* and ROS™ in root cells of 6-day-old wheat seedlings of the Oren-
burgskaya 22 and Zolotaya varieties: (a,a’}—control; (b,b’)—150 mM NaCl; (c,¢’)—quercetin;
(d,d")—quercetin + 150 mM NaCl; (e,e’)—150 mM NaCl — quercetin. Bar 400 pm.

50—1

2

"

c

Q

£ 404

32 304

53 20

K

g 10 —

3 0-

o 1 2 3 4 5
i Orenburgskaya 22 M Zolotaya

Figure 3. The intensity of ROS fluorescence under the influence of stress factors in wheat: 1—control;
2—150 mM NaCl; 3—quercetin; 4—quercetin + 150 mM NaCl; 5—150 mM NaCl — quercetin. Different
lowercase letters (a—i) indicate significant differences at the p < 0.05 level.
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3.3.2. H,O, Content

H,0; is one of the main toxic ROS, the accumulation of which leads to protein oxida-
tion. HyO, content in the control shoots of both wheat varieties is comparable (Figure 4).
However, Hy,O; levels in the roots of the Zolotaya variety are 1.1 times higher than in
the Orenburgskaya 22 variety. Salt stress provokes an increase in H,O, concentrations
in both the roots and shoots of both varieties. The effect of NaCl is most pronounced
in the Zolotaya variety: the greatest increase in H,O, content was observed in its roots
(2.59 times), while in the Orenburgskaya 22 variety this value increases only 1.11 times.
In shoots, an increase in H,O, content is also observed under the influence of NaCl: in
the Orenburgskaya 22 variety, it is 1.42 times, and in the Zolotaya variety, it is 1.59 times.
The use of quercetin allows for reduction in the concentration of HyO, exclusively in the
Orenburgskaya 22 variety (in the roots—by 1.24 times, in the shoots—by 1.19 times).

25

- -
= <=
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o [
3 3
- <&
w w
o [ )]
- 20 -
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28 15 2
« ™
c = c
2 10 4 ]
e [
F o )
1 2 1 2
m control quercetin ® 150 mM Nacl

m quercetin-NaCl m NaCl-quercetin

Figure 4. H,O; content in roots and shoots in the Orenburgskaya 22 variety (1) and the Zolotaya
variety (2). Different lowercase letters (a—e) indicate significant differences at the p < 0.05 level.

Treatment of the Zolotaya variety with quercetin resulted in an increase in HyO,
content (by 1.27and 1.52 times, respectively). When exposed to 150 mM NaCl, quercetin
also increased H,O; levels in both the roots and shoots of the Orenburgskaya 22 cultivar,
with these values exceeding those recorded under salt stress without quercetin. Conversely,
pre-treatment of Orenburgskaya 22 cultivar with quercetin before salt exposure resulted
in a 1.15-fold decrease in HyO, content in the roots relative to the control sample. In
the leaves of both wheat cultivars, quercetin treatment had no significant effect on H,O,
concentrations. It is worth noting that, although quercetin treatment (before and after
exposure to 150 mM NaCl) reduced H,O, levels compared to the salt effect, they still
remained significantly higher than control values (1.48 and 1.71 times, respectively). Thus,
these results suggest that quercetin negatively impact H,O, levels in the Zolotaya variety,
but promotes its neutralization in the Orenburgskaya 22 variety.

We have discovered an interesting fact: the effect of the low-molecular antioxidant
quercetin significantly increases the HyO, content in the Zolotaya variety and promotes the
neutralization of H,O, in the Orenburgskaya 22 variety.

3.4. Antioxidant System
3.4.1. Antioxidant Activity of Two Wheat Genotypes Grown Under Different Conditions

Plants possess a complex antioxidant system consisting of an enzymatic complex and
a set of low-molecular-weight compounds. These mechanisms act synergistically, inhibiting
uncontrolled oxidative processes and protecting cells from excessive accumulation of
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ROS [14,15]. It can be assumed that the high resistance of plants to various abiotic stresses
that cause increased ROS production is directly due to the effectiveness of their antioxidant
defenses [16]. Free radical oxidation is a branched chain reaction initiated by various types
of ROS. This process produces molecular breakdown products with their own biological
activity. Currently, there is no universal method for assessing the antioxidant activity
(AOA) of biological systems. The most common method for testing AOA is the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) assay. AOA values determined in the roots and shoots
of Orenburgskaya 22 and Zolotaya wheat varieties, grown under different conditions, are
presented in Table 3.

Table 3. Antioxidant activity (AOA) in roots and shoots of wheat varieties Orenburgskaya 22 and
Zolotaya grown under different conditions.

Wheat Growth Condition AOA in Root AOA in Shoot

Orenburgskaya22  control 56.86 +2.84 b 52.08 2.6 a
150 mM NaCl 54.61 £2.73 bc 498 £249b
quercetin 69.55 £348a 53.52 £2.67 a
150 mM NaCl — quercetin ~ 49.02 £2.45d 45.47 £ 2.27 c
quercetin — 150 mM NaCl  46.68 +2.33 e 48.46 £2.42Db

Zolotaya control 5424 +271a 53.42 £ 2.67 a
150 mM NaCl 3438 +£1.72e 3124 £ 156 €
quercetin 53.4 +2.67 ab 49.82+249b
50 mM NaCl — quercetin 41.67 £2.08 c 35.62 +1.78d
quercetin — 150 mM NaCl 3892+ 194d 39.25 £ 196 ¢

Data are presented as mean + standard deviation (SD; n = 30). Different lowercase letters (a—e)
indicate significant differences at the p < 0.05 level.

The AOA level in the roots of the Orenburgskaya 22 variety exceeds that of the
Zolotaya variety, but the opposite trend is observed in the shoots. A high NaCl concen-
tration leads to a slight decrease in AOA in the Orenburgskaya 22 variety (by 1.04 and
1.05 times, respectively) and a significant decrease in the Zolotaya variety (by 1.58 and
1.71, respectively). Quercetin application stimulates AOA in the roots and shoots of Oren-
burgskaya 22 (by 1.22 and 1.03 times, respectively), while a slight decrease is observed in
the Zolotaya variety (by 1.02 and 1.07 times, respectively). Abiotic stress leads to a decrease
in AOA compared to the control variants in both wheat varieties. Interestingly, quercetin
treatment does not increase AOA levels in the Orenburgskaya 22 variety when exposed
to 150 mM NaCl. However, quercetin, in contrast, promotes AOA growth in the Zolotaya
variety, offsetting the negative impact of salt stress.

3.4.2. Glutathione Content

One of the most common and important low-molecular-weight antioxidants in plants
is glutathione (GSH) [43]. GSH is also involved in signaling processes in response to abiotic
stress in plants [44].

GSH is present in small amounts in the shoots of both wheat varieties (Figure 5).
However, GSH content in the roots of the Zolotaya variety significantly exceeds that of
the Orenburgskaya 22 variety (1.87 times). Abiotic stress leads to a significant increase
in GSH content in the roots of the Zolotaya variety (1.59 times), as well as in the shoots
(3.38 times). Quercetin promotes a 1.8-fold increase in the GSH content in the roots of the
Orenburgskaya 22 variety and a 1.58-fold decrease in the GSH content in the roots of the
Zolotaya variety. Treatment of the Zolotaya wheat variety with quercetin before exposure
to NaCl proved to be the most effective and led to a 1.92-fold increase in the GSH content
in the roots of the Zolotaya variety. At the same time, quercetin treatment after exposure
to NaCl is effective in the shoots of the Zolotaya variety. Unlike the Zolotaya variety, salt
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stress did not cause an increase in GSH production in the shoots of the Orenburgskaya 22
variety. Also, various quercetin treatments had no significant effect on the shoots of the
Orenburgskaya 22 variety. However, quercetin was found to have a positive effect on GSH
content in the roots of the Orenburgskaya 22 variety. A positive effect of quercetin was also
observed in response to quercetin treatment before and after NaCl exposure of the root of
the Orenburgskaya 22 wheat variety.
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Figure 5. GSH content in roots and shoots in the Orenburgskaya 22 variety (1) and the Zolotaya
variety (2). Different lowercase letters (a—e) indicate significant differences at the p < 0.05 level.

3.4.3. Expression of MnSOD, Cu/ZnSOD, PX, GPX, GST, and CAT Genes

Plants possess a powerful antioxidant system that protects them from damage caused
by oxidative stress. The system’s response to abiotic stress can be assessed by the dynamics
of enzymatic activity and the expression level of the genes encoding the corresponding
enzymes. In this study, we analyzed the expression of the MnSOD, Cu/ZnSOD, PX, GPX,
GST, and CAT genes, examining changes in enzymatic activity and transcription as a
complex response of the antioxidant system to abiotic stress.

SOD activity increased in response to salt stress, suggesting a link between increased
ROS formation and a defense mechanism that reduces stress-induced oxidative damage.
H,0;, a product of SOD activity, remains reactive and harmful to cells, and must be the
response of the antioxidant system to abiotic stress in plant, which can be considered
both as changes in enzymatic activity and as changes in the expression of genes encoding
antioxidant enzymes. In our study, we examined the expression of the MnSOD, Cu/ZnSOD,
PX, GPX, GST, and CAT genes. The results are presented in Figure 6.

The expression levels of the MnSOD and Cu/ZnSOD genes in the roots of the Zolotaya
cultivar are more than half those of the Orenburgskaya 22 cultivar (2.12- and 2.23-fold,
respectively). Sodium chloride stimulates MnSOD gene expression in the Orenburgskaya
22 cultivar, increasing it by 1.52-fold in roots and 1.37-fold in shoots. However, NaCl had
no effect on the expression of the mitochondrial MnSOD gene in the Zolotaya cultivar.
As for the chloroplast Cu/ZnSOD gene, its expression remained virtually unchanged in
both cultivars, with the exception of the Zolotaya cultivar, where a 1.35-fold increase
observed in shoots. Quercetin treatment significantly increased MnSOD and Cu/ZnSOD
gene expression in the Orenburgskaya 22 variety, while it had virtually no effect on the
Zolotaya variety. Pre-treatment of the Orenburgskaya 22 variety with quercetin before
exposure to 150 mM NaCl produced a similar effect of enhancing MnSOD and Cu/ZnSOD
gene expression.

In the Orenburgskaya 22 cultivar, quercetin is involved in regulating MnSOD and
Cu/ZnSOD gene expression, actively protecting the wheat from ROS formation when
treated with 150 mM NaCl, and also capable of restoring ROS levels after exposure to NaCL

https://doi.org/10.3390/agronomy16171727


https://doi.org/10.3390/agronomy16171727

Agronomy 2026, 16, 1727

12 of 29

relative expression of

MnSODgene
8

70

40

30

20

relative expression of

CAT gene

10

relative expression of

MnSOD gene

relative expression of

]

In the Zolotaya cultivar, quercetin has no protective effect when exposed to NaCl and
does not promote the restoration of MnSOD and Cu/ZnSOD gene expression. However,
pre-treatment with quercetin activates Cu/ZnSOD expression in both roots and shoots of
this cultivar (by 1.75 and 1.65 times, respectively). This indicates that chloroplast SOD plays
a more significant role in protective processes than mitochondrial SOD. Higher MnSOD
and Cu/ZnSOD gene expression in roots than in shoots is likely due to the fact that roots
are subject to oxidative stress more quickly and to a greater extent than shoots.
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Figure 6. Expression of MnSOD, Cu/ZnSOD, PX, GPX, GST and CAT genes in wheat varieties
Orenburgskaya (A) and Zolotaya (B) under the influence of various factors in 1, roots, and 2, shoots.
Different lowercase letters (a—e) indicate significant differences at the p < 0.05 level.

The main function of peroxidase (PX) under osmotic stress is to neutralize excess
hydrogen peroxide and convert it into water [45]. In the Zolotaya variety, the PX gene
expression level in the shoots is 1.85 times lower than in the Orenburgskaya 22 variety,
and 5.93 times lower in the roots. Under salt stress, a sharp increase in the relative PX
expression (by 3.34 times) was observed in the roots of the Zolotaya variety. The application
of quercetin before and after stress exposure significantly reduces PX activity in this variety,
especially in the root system, although the values still remain higher than the control values.
In the Orenburgskaya 22 variety, on the contrary, salt stress causes a sharp decrease in PX
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expression both in the roots (by 1.89 times) and in the shoots (by 1.52 times). Unlike the
first case, quercetin treatment of Orenburgskaya 22 increased PX expression in both plant
parts compared to stress treatment, although it did not reach control levels.

The primary function of catalase (CAT) is to decompose H,O, into water and molecular
oxygen. The enzyme localized primarily in peroxisomes and glyoxysomes, but a specific
form has also been identified in mitochondria [46,47]. Unlike peroxidase (PX), CAT operates
effectively at high H,O, concentrations, converting approximately 6 million substrate
molecules into HyO and O, per minute. Expression analysis revealed that CAT activity in
the roots of the Zolotaya cultivar was 1.75 times higher than that of the Orenburgskaya 22
cultivar, while the opposite was true in shoots: the expression level of the Orenburgskaya
22 exceeded that of the Zolotaya by 1.23 times. When exposed to NaCl, CAT activity in
the roots of the Orenburgskaya 22 variety increases by 1.96 times, while in the Zolotaya
variety this indicator increases less significantly (by 1.42 times), but remains at a higher
level (1.84 times higher than in the Orenburgskaya 22). The effect of quercetin on enzymatic
activity also varies: in the Zolotaya variety, it reduces CAT activity in the roots by 1.44 times,
while in the Orenburgskaya 22, it increases it by 1.96 times.

Glutathione peroxidase (GPX) is a key component of the ascorbate-glutathione cycle,
maintaining a reduced GSH pool [48,49], which in turn serves as a substrate for this enzyme.
In the Zolotaya cultivar, GPX activity in both the roots and (to a greater extent) the shoots
exceeds that of the Orenburgskaya 22 cultivar by 1.24 and 2.2 times, respectively. Under
salt stress, GPX expression in the Zolotaya cultivar increases by 1.32 times in the roots
and decreases by 1.31 times in the shoots. Quercetin activates GPX gene expression in the
roots of the Zolotaya cultivar by 1.17 times. In the roots of the Orenburgskaya cultivar,
treatments with sodium chloride and quercetin had no significant effect on GPX gene
expression. Only quercetin treatment after exposure to NaCl led to a sharp 1.3-fold increase
in GPX expression in the Orenburgskaya 22 cultivar. A comparison of GSH content and
GPX activity data suggests that GSH mechanisms play a significantly more important
role in Zolotaya cultivar than in the Orenburgskaya 22 cultivar. This is supported by the
dynamics of another GSH-related enzyme, glutathione-S-transferase (GST). GSTs are a
superfamily of detoxifying enzymes that conjugate GSH for subsequent removal of toxins
from the plant [50,51]. In the Orenburgskaya 22 variety, GST expression levels remained
low and remained virtually unchanged under abiotic stress. In contrast, in the Zolotaya
variety, GST expression increased 1.64-fold in roots and 2-fold in shoots under the influence
of NaCl.

3.5. ROS Trigger Apoptosis-like
3.5.1. Immunodetection Atg8

The accumulation of toxic ions accompanied by increased ROS levels and progressive
damage to root tissue. Abiotic stress triggers autophagy and the activation of autophagy
proteins (ATG). It is worth noting that autophagy proteins were conserved and found in
yeast, animal, and plant cells. To confirm the activation of autophagy in the macerated
root meristem cells of two wheat genotypes (Triticum aestivum and Triticum durum) as a
result of salt stress, immunodetection of the autophagy marker, ATGS8, was performed on
autophagosomal membranes (Figure 7).

In the cytoplasm of root meristem cells of control wheat plants of the Triticum aestivum
Orenburgskaya 22 variety and Triticum durum Zolotaya variety, ATGS labels receptor
binding sites on the surface of small autophagosomes (Figure 7A, 1 and 2). The cytoplasm
of outer cortex cells of the Orenburgskaya 22 and Zolotaya wheat cultivars grown in
the presence of 150 mM NaCl contains larger vacuoles (Figure 7B, phases 1 and 2) than
in the control. In some outer cortex cells of the Orenburgskaya 22 cultivar, ATGS is
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localized homogeneously in the cytoplasm, on the surface of the nuclear envelope, small
autophagosomes around the nucleus, and as bright dots on the surface of individual
large autophagosomes (Figure 7B, 1, ATGS, arrows). In the Zolotaya cultivar, the nuclear
membrane is not labeled by ATGS, but is localized to individual small sites on the surface
of autophagosomes (Figure 7B, 2, ATGS, arrows).

Incubation with 0.03% quercetin resulted in an increase in nuclear and cell size in
the Orenburgskaya 22 cultivar, which requires further study. In the cells of this cultivar,
ATGS labels the surface of small autophagosomes or individual sites on the membranes of
vacuoles near the nucleus (Figure 7C, 1, ATGS, arrows). The root cell size of the Zolotaya
cultivar corresponded to that of the control plants, and ATGS labeled individual sites on the
membranes of each vacuole (Figure 7C, 2, ATGS, arrows). In wheat cultivars sequentially
incubated first in the presence of 150 mM NaCl and then transferred to a 0.03% quercetin
solution, the number of ATG8-labeled autophagosomes was comparable to their number in
cells exposed to salt stress (Figure 7D, 1 and 2, ATGS, arrows).

When plants were incubated first in a 0.03% quercetin solution for 24 h and then
in 150 mM NacCl for 24 h, the number of ATG8-labeled autophagosomes in the Zolotaya
cultivar cells was significantly higher than in the Orenburgskaya 22 cultivar cells (Figure 7E,
2, ATGS, arrows). In the Orenburgskaya 22 cultivar, ATGS8 diffusely distributed throughout
the cytoplasm and labeled individual sites on autophagosomal membranes at the poles
above the nucleus (Figure 7E, 1, ATGS, arrows).
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Figure 7. Cont.

https://doi.org/10.3390/agronomy16171727


https://doi.org/10.3390/agronomy16171727

Agronomy 2026, 16, 1727

15 of 29

NaCl - quercetin

quercetin - NaCl

Figure 7. Inmunodetection of the autophagy marker-ATGS8 in wheat root tip cells under different
growth conditions. 1—root cells of Orenburgskaya 22; 2—root cells of Zolotaya. (A)—control;
(B)—after treatment with 150 mM NaCl; (C)—after treatment with 0.03% quercetin; (D)—after
sequential treatment with 150 mM NaCl and 0.03% quercetin; (E)—after sequential treatment with
0.03% quercetin and 150 mM NaCl. White arrows mark the localization sites of ATG8 on the
membranes of autophagosomes, phagophores, and the nuclear envelope. Bar 100 pum.

The study revealed cells with diffusely distributed ATGS in their cytoplasm. We
calculated the ratio of cells with labeled autophagosomes to cells with homogeneous
cytoplasmic staining (Table 4). In cells of control plants of both wheat varieties, the number
of cells with autophagosomes was greater than the number of cells with diffuse protein
distribution (approximately 1.5). Exposure of root cells of the Zolotaya variety to salt stress
resulted in a 1.9-fold increase in the number of cells with autophagosomes. Exposure to
quercetin did not significantly alter the cell ratio in either variety. A significant 3.8-fold
increase in the number of cells with autophagosomes was observed in Zolotaya variety
cells exposed to quercetin after salt stress. If the cells were first incubated with quercetin
and then in salt, the number of cells with autophagosomes decreased and the number of
cells with diffusely distributed ATG8 increased.

Table 4. Root cells of 6-day-old wheat seedlings, with structures labeled with antibodies to ATGS.

Orenburgskaya 22 Zolotaya
Growth Condition
Cells Containing ATGS8 Unmarked Cells Cells Containing ATGS Unmarked Cells

control 42 58 40 60
150 mM NaCl 46 54 66 34
quercetin 44 56 48 52
150 mM NaCl — quercetin 43 57 79 21
quercetin — 150 mM NaCl 50 50 60 40

3.5.2. Expression ATG Genes

More than 30 ATG proteins play an important role in the process of programmed cell
death [52,53]. Proteins required for the autophagy process are grouped into four main func-
tional groups [54,55]. Rapamycin acts as a negative regulator of ATG1/ATG13-mediated
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autophagy [56]. Under control growing conditions, the level of TOR gene expression in
the roots and shoots of both wheat varieties demonstrated virtually identical values. In-
creasing the NaCl concentration in the solution resulted in decreased TOR gene expression
in all studied variants. For example, in the Orenburgskaya 22 variety, expression in roots
and shoots decreased by 1.1 relative to the control, while in the Zolotaya variety, a more
pronounced suppression was observed: 1.3 times in roots and 1.3 times in shoots (Figure 8).
Since the TOR gene acts as a negative regulator of autophagy in plants, these data indicate
its activation under salt stress, with this process being more intense in Zolotaya variety.
Furthermore, quercetin stimulated TOR gene expression in the Orenburgskaya 22 variety,
increasing it by 1.5 times in roots and 1.7 times in shoots.
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Figure 8. ATG gene expression in roots and shoots of wheat varieties Orenburgskaya 22 and
Zolotaya under the influence of various factors: 1—controls; 2—0.03% quercetin; 3—150 mM NaCl;
4—quercetin—NaCl; 5—NaCl—quercetin. Different lowercase letters (a—h) indicate significant differ-
ences at the p < 0.05 level.
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In the Zolotaya variety, quercetin exhibits the opposite effect, causing a 1.1-fold in-
crease in TOR gene expression in shoots relative to the control. Moreover, quercetin
treatment (both before and after NaCl exposure) leads to an increase in TOR gene expres-
sion in roots and a decrease in shoots of this variety. Unlike the Zolotaya variety, the
Orenburgskaya 22 variety exhibits an increase in TOR gene expression in roots (more than
2-fold). In shoots, changes in TOR gene expression are significantly lower.

Treatment of 6-day-old wheat seedlings with 150 mM NacCl stimulates ATG1 ex-
pression in shoots and, especially, roots. Quercetin treatment had virtually no effect on
expression in either wheat variety. Quercetin treatment before or after sodium chloride
treatment in the Orenburgskaya 22 variety resulted in a decrease in ATG1 expression,
while in the Zolotaya variety, a decrease in ATGI expression occurred only after quercetin
pretreatment. Sodium chloride activated ATG13 gene expression in the Orenburgskaya
22 variety by 2.28 times in roots, while in the Zolotaya variety, the increase in expression
was only 1.07-fold. Quercetin also significantly activated ATG13 expression in the Oren-
burgskaya 22 variety by 2.27 times. The ATG4 expression level in the roots of the Zolotaya
variety is 1.28 times lower than that of the Orenburgskaya 22 variety. Quercetin reduces
ATGH4 expression in both Zolotaya and Orenburgskaya 22 varieties by 1.14 times. The
ATGS8 expression level in the roots differs insignificantly between the wheat varieties (in
the Zolotaya variety, it is 1.03 times higher than in the Orenburgskaya 22 variety). How-
ever, exposure to sodium chloride initiates an increase in ATGS8 expression in the Zolotaya
variety by 1.82 times, and in the Orenburgskaya 22 variety only by 1.14 times. Quercetin
contributes to a decrease in ATG8 expression activity in the Orenburgskaya 22 variety
(by 1.27 times). Interestingly, treatment with quercetin followed by exposure to sodium
chloride stimulates ATGS8 expression activity in the Orenburgskaya 22 variety.

4. Discussion

Plants are constantly under stress, so they have developed a complex acclimation
system to survive in a constantly changing environment. Stress is thought to result in the
production of excess ROS in plants. ROS causes cell death, a direct consequence of oxidative
stress, and activates programmed cell death (PCD) pathways [6]. Oxidative stress damages
DNA, proteins, lipids, and other cellular components [2]. To protect themselves from salt
stress, plants have developed a variety of salt-tolerance mechanisms. These include the
removal of Na* and CI” ions into vacuoles, blocking Na* transport into the cell, excluding
Na* from the transpiration stream, and a number of other mechanisms [57]. High Na*
concentrations are toxic to cellular metabolism, as they can slow cell division and repro-
duction, inhibit the activity of many key enzymes, and cause membrane disorganization.
Ultimately, these processes lead to growth retardation and even plant death.

Six-day-old seedlings of two wheat genotypes—Triticum aestivum (Orenburgskaya
22 variety) and Triticum durum (Zolotaya variety)—were found to contain different levels
of ROS. According to staining of seedling root cells with the fluorescent marker Carboxy-
H2DCEFDA, fluorescence intensity was 1.96 times higher in the Zolotaya variety than in the
Orenburgskaya 22 variety. This significant difference in ROS content is a characteristic of
these wheat genotypes.

Phytoprotectors, which are low-molecular-weight phenolic compounds, are used
to neutralize the toxic effects of stress [58]. Quercetin is the most studied antioxidant.
Quercetin maintains a balanced concentration of ROS in plant cells and provides resistance
to abiotic stress by reducing H,O, levels and scavenging ROS [59]. Quercetin shown
to affect plant resistance to oxidative stress by inactivating reactive oxygen species and
interacting with ROS with electron transport in chloroplasts and mitochondria [60]. Addi-
tion of exogenous quercetin to wheat seedlings resulted in a 1.1-fold decrease in ROS, as
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evidenced by fluorescence intensity data (Figures 2 and 3) in the Orenburgskaya 22 variety.
However, quercetin had a negative effect on the Zolotaya variety, increasing ROS levels by
1.05 times. Exposure to 150 mM NaCl in both wheat varieties significantly increased ROS
production: 2.32-fold in the Zolotaya variety and 2.81-fold in the Orenburgskaya variety.
However, since the Zolotaya cultivar had a significantly higher ROS content in the control
variant, the ROS level also exceeded that of the Orenburgskaya 22 cultivar under salt stress.
Adding quercetin reduced ROS content in both wheat varieties, both after pre-treatment
and after exposure to sodium chloride. This may indicate quercetin’s protective properties
against oxidative stress by suppressing the formation of excess ROS. We have discovered an
interesting fact: the effect of the low-molecular antioxidant quercetin significantly increases
the HyO, content in Zolotaya variety and promotes the neutralization of H,O, in the
Orenburgskaya 22 variety.

Morphometric parameters of plant growth are among the most important for char-
acterizing abiotic and biotic influences on plant development [40]. These parameters
determine a plant’s resistance or sensitivity to stress factors. Based on the morphometric
parameters presented in Table 1, it follows that 6-day-old seedlings of the Zolotaya variety
have longer roots and taller seedlings than those of the Orenburgskaya 22 variety. This
is also a characteristic of the Zolotaya variety. It should be noted that quercetin slows
root and shoot growth in the Zolotaya variety; whereas, in the Orenburgskaya 22 variety,
quercetin accelerates seedling growth. It can be hypothesized that excess ROS, initiated by
the presence of quercetin, slows the growth of Zolotaya seedlings. Exposure to 150 mM
NaCl slightly inhibits seedling development in both wheat varieties. Pre-treatment with
quercetin helps neutralize sodium chloride-induced oxidative stress and enhances the
growth of seedlings of both wheat varieties.

Excess sodium and chloride ions (salt stress) have a negative impact on plants: the
content of chlorophyll and carotenoids decreases, leaf necrosis occurs, and metabolic
functions of the cell, including photosynthesis, are disrupted [57,61]. Osmotic stress caused
by ionic imbalance can lead to oxidative damage [62,63]. High salt concentrations in the
soil damage the photosynthetic apparatus [64] and disrupt the redox balance of the cell [65].
Determination of the content of chlorophyll a and b is an effective method for quantitatively
assessing damage to the photosynthetic apparatus caused by abiotic stress [66-68].

Chlorophyll content is an indicator of chloroplast activity. In chloroplasts, light energy
converted into ATP and NADPH [66-68]. An increase in ATP molecules promotes more
active plant growth and development. A decrease in Chl a content during NaCl treatment
is accompanied by a decrease in ATP synthesis and, consequently, a slowdown in plant
growth. It can be assumed that quercetin treatment of the Orenburgskaya 22 wheat variety,
which leads to an increase in Chl a content, is a favorable factor for more intensive growth
and development.

Thus, quercetin effectively increases the Chl a content in the Orenburgskaya 22 variety
and has virtually no effect on the Zolotaya variety, providing protection against pigment
degradation primarily in the first case. However, only in the Orenburgskaya 22 variety
is quercetin able to partially restore Chl a content after exposure to 150 mM NaCl. These
results suggest that in the Orenburgskaya 22 variety, quercetin may help maintain the
structural integrity of the PSI reaction center, increase the efficiency of light dissipation,
and reduce damage to the photosynthetic system caused by ROS. Reducing damage to
the photosynthetic system allows photosynthesis to function efficiently, thereby increasing
wheat tolerance to the negative effects of salt [66—68].

The AOA level in the roots of the Orenburgskaya 22 variety exceeds that of the
Zolotaya variety, but the opposite trend observed in the shoots. Quercetin application stim-
ulates AOA in the roots and shoots of Orenburgskaya 22 (by 1.2 and 1.1 times, respectively),
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while a slight decrease is observed in the Zolotaya variety. Abiotic stress leads to a decrease
in AOA compared to the control variants in both wheat varieties. Interestingly, quercetin
treatment does not increase AOA levels in the Orenburgskaya 22 variety when exposed
to 150 mM NaCl. However, quercetin, in contrast, promotes AOA growth in the Zolotaya
variety, offsetting the negative impact of salt stress.

One of the most common and important low-molecular-weight antioxidants in plants
is glutathione (GSH) [43,44]. GSH (y-glutamylcysteinylglycine tripeptide) is a unique
compound in which a peptide bond formed between the amino group of cysteine and the
carboxyl group of the side chain of y-glutamic acid. In plants, GSH acts as an effective
antioxidant: by binding to reactive oxygen species (ROS), it protects cells from stress [69,70].
When interacting with H,O, molecules, GSH is converted to the oxidized form (GSSG),
which alters the GSH/GSSG ratio. Therefore, GSH serves as a reliable marker of oxidative
stress caused by excess hydrogen peroxide. GSH is also involved in signaling processes in
response to abiotic stress in plants [44]. In addition, an important function of GSH is the
chelation of heavy metals [71,72], as well as the participation of GSH in the detoxification
of xenobiotics together with glutathione S-transferase (GST) [73]. The oxidized form of
quercetin has a high affinity for thiol groups and will form adduct with GSH, as well
as with proteins containing thiol groups. Adduct formation leads to an increase in GSH
concentration, which reduced under abiotic stress. Thus, quercetin is able to compensate
for the decrease in GSH levels and increase cellular resistance to oxidative stress. However,
the process of GSH recovery is temporary and depends on the quercetin concentration [74].

The GSH content in the Zolotaya variety exceeds that in the Orenburgskaya 22 variety.
In the presence of quercetin, GSH content significantly decreases in the Zolotaya variety, but
in the Orenburgskaya 22 variety, quercetin induces an increase in GSH content, especially
in the roots. This suggests that the mechanisms of involvement of low-molecular-weight
components of the antioxidant system in the two wheat genotypes differ significantly. We
propose that the exogenous low-molecular-weight antioxidant quercetin competes with the
low-molecular-weight antioxidant glutathione and suppresses its biosynthesis in durum
wheat. Importantly, subsequent treatment with 150 mM NaCl promotes an increase in
GSH due to the formation of an adduct with the oxidized form of quercetin. This fact
underscores the important role of GSH in neutralizing excess ROS in the Zolotaya variety.

Plants possess a powerful antioxidant system that protects them from damage caused
by oxidative stress. The system’s response to abiotic stress can be assessed by the dynamics
of enzymatic activity and the expression level of the genes encoding the corresponding
enzymes. A key component of this system is superoxide dismutase (SOD), which catalyzes
the conversion of O,*~ to HyO,. SOD is involved in most physiological and biochemi-
cal processes [13,14]. Depending on the metal cofactor, SOD enzymes are divided into
three types: Fe;SOD, Mn,SOD, and Cu/Zn,SOD [17,18,75]. Different isoforms differ in
amino acid sequence, crystal structure, subcellular localization, and sensitivity to HyO,
in vitro [76,77]. Cu/ZnySOD, present in all eukaryotes, is localized in chloroplasts, cyto-
plasm, and/or extracellular space [78], Mn,SOD is found in mitochondria [79,80], and
Fe,SOD is found in chloroplasts and cytoplasm [81]. SOD activity increases under salt
stress, confirming a relationship between increased formation of ROS and activation of
defense mechanisms that minimize oxidative damage. However, H,O,, a product of SOD
reactions, remains a reactive and potentially toxic compound; to prevent harm, it must be
neutralized by conversion to H,O during subsequent reactions [15,16]. In plants, H,O,
levels are controlled by catalase (CAT) and glutathione peroxidase (GPX) [46,47]. CAT
activity regulates the O, and H,O; balance, reducing the risk of forming highly reactive
hydroxyl radicals (OH-), which can damage cell membranes, proteins, and DNA [47].
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It was shown that antioxidant enzyme activity increased in response to salt stress in dif-
ferent wheat genotypes, suggesting a link between increased ROS formation and activation
of defense mechanisms that reduce stress-induced oxidative damage. The activity of the
most important antioxidant enzymes—MnSOD and Cu/ZnSOD—significantly increased
in the Orenburgskaya 22 variety compared to the Zolotaya variety (by 2.1 and 2.2 times,
respectively). However, while sodium chloride increased MnSOD and Cu/ZnSOD gene
expression in the Orenburgskaya 22 variety by 1.5 and 1.4 times, respectively, virtually no
changes in expression were observed in the Zolotaya variety. However, other enzymes—PX
and CAT—were activated in the Zolotaya variety as a result of sodium chloride exposure.
Of particular note is the high expression activity of the glutathione-dependent enzyme
genes—GST and GPX—in the Zolotaya variety, compared to the Orenburgskaya 22 variety.
H,0;, a product of SOD activity, remains reactive and harmful to cells and must be the
response of the antioxidant system to abiotic stress in plants, which can be considered
both as changes in enzymatic activity and as changes in the expression of genes encoding
antioxidant enzymes. Analysis of H,O, content showed that salt stress increased hydrogen
peroxide concentrations in the shoots and roots of both varieties, with the most pronounced
increase in the roots of Zolotaya. Despite a significant increase in PX expression in Zolotaya
under salt treatment, this level was insufficient to effectively remove excess H,O,. Mean-
while, quercetin treatment increased PX activity in Orenburgskaya 22; although, H,O,
levels in this variety remained lower than in Zolotaya.

The primary function of catalase (CAT) is to decompose H,O; into water and molecu-
lar oxygen [46,47]. The enzyme is localized primarily in peroxisomes and glyoxysomes,
but a specific form has also been found in mitochondria [46,47]. Unlike peroxidase (PX),
CAT operates efficiently at high H,O, concentrations, converting approximately 6 million
substrate molecules into H,O and O, per minute. Expression analysis showed that CAT
activity in the roots of the Zolotaya cultivar was significantly higher than that of the Oren-
burgskaya 22 cultivar; whereas, the opposite was observed in shoots: the expression level in
the Orenburgskaya 22 cultivar exceeded that of the Zolotaya cultivar. NaCl treatment was
accompanied by an increase in CAT gene expression in both wheat genotypes. Thus, the
total activity of HyO,-neutralizing enzymes in the Zolotaya variety exceeds the combined
activity of PX and CAT in the Orenburgskaya 22 variety.

It should be noted that quercetin reduced the expression level of PX in the Oren-
burgskaya 22 variety and increased it in the Zolotaya variety. Concurrently, quercetin
increased the expression level of CAT in the Orenburgskaya 22 variety and decreased it in
the Zolotaya variety. This change in PX and CAT activity levels is likely due to quercetin’s
role in HyO, neutralization. Moreover, quercetin treatment (both before and after exposure
to NaCl) in the Orenburgskaya 22 variety was accompanied by an increase in the activities
of both PX and CAT.

These results suggest that different wheat genotypes use different mechanisms to
neutralize hydrogen peroxide.

Glutathione peroxidase (GPX) is a key component of the ascorbate-glutathione cycle,
maintaining the pool of reduced GSH [48,49], which in turn serves as a substrate for this
enzyme. In the Zolotaya cultivar, GPX activity in both roots and (to a greater extent)
shoots exceeds that of the Orenburgskaya 22 cultivar. Salt stress causes a decrease in
GPX expression levels in the Zolotaya cultivar. Quercetin treatment leads to enzyme
inactivation. Comparison of data on GSH content and GPX activity suggests that GSH
mechanisms play a significantly more important role in the Zolotaya cultivar than in the
Orenburgskaya 22 cultivar. This thesis is supported by the dynamics of another GSH-
related enzyme, glutathione S-transferase (GST). GSTs are a superfamily of detoxifying
enzymes that conjugate GSH for subsequent removal of toxins from the plant [50,51]. In
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the Orenburgskaya 22 variety, GST expression levels remained low and remained virtually
unchanged under abiotic stress. In contrast, in the Zolotaya variety, GST expression
increased under the influence of NaCl

GSH content and PCR data indicate that Triticum aestivum has the most active en-
zymatic antioxidant system, while Triticum durum has the most active GSH and GSH-
dependent enzymes. The presence of different antioxidant defense mechanisms in the two
wheat genotypes likely explains why the action of the low-molecular-weight antioxidant
quercetin is less effective in the Zolotaya variety than in the Orenburgskaya 22 variety
(Figure 9).

Orenburgskaya 22 Zolotaya

salt stress

7~

MnSOD Cu/FeSOD GSH GPX GST

~~ ~

quercetin

Figure 9. Scheme of neutralization of excess ROS in two different wheat genotypes Triticum aestivum
and Triticum durum under salt stress.

Salt stress increases ROS formation. ROS, as signaling molecules, activate the an-
tioxidant system in both genotypes. However, in the Orenburgskaya 22 variety (Triticum
aestivum), enzymes that convert O,*~ to HyO,-Mn,SOD, and Cu/ZnySOD are most impor-
tant in neutralizing excess ROS. In the Zolotaya variety (Triticum durum), GSH-dependent
enzymes and the low-molecular-weight antioxidant GSH are most active in removing
excess ROS. Quercetin is also a low-molecular-weight antioxidant. Its addition to the
Zolotaya variety, where glutathione is most active, leads to the interaction of two low-
molecular-weight antioxidants, resulting in a decrease in total antioxidant activity. Unlike
the Zolotaya variety, quercetin addition to the Orenburgskaya 22 variety is beneficial in
neutralizing excess ROS.

The processes of formation of excess ROS and their subsequent neutralization by
organelles play a key role in the mechanisms of programmed cell death [82]. There is
evidence that ROS molecules can be signaling molecules that trigger autophagy as a sur-
vival mechanism [83]. Oxidative stress caused by abiotic factors induces the process of
autophagy [84]. As has been shown, the induction of oxidative stress in wheat under
the influence of prooxidants—paraquat and salicylic acid, leads to intensive formation of
autophagosomes [85]. On the other hand, when the process of autophagosome formation
is disrupted by enzyme inhibitors and gene knockout, oxidative stress increases [86,87]. In
plants, two pathways of programmed cell death distinguished: “apoptosis-like”, accom-
panied by DNA fragmentation and the release of cytochrome ¢ from mitochondria, and
“vacuolar death”, in which primary vacuoles and autophagosomes are formed [88]. Within
the framework of the processes of degradation of macromolecules and organelles, various
types of autophagy are distinguished: micro-, macro- and mega-autophagy [89]. The best-
studied mechanism in plants is macro-autophagy (often simply called autophagy), which
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is activated under environmental stress [90,91]. Thus, under salt stress, toxic ions (CI~ and
Na*) are found in all organs of wheat, but in the Zolotaya variety their accumulation is
more pronounced than in the Orenburgskaya 22 variety [32].

The accumulation of toxic ions is accompanied by an increase in the level of ROS and
progressive damage to root tissue. This process particularly pronounced in the Zolotaya
variety, triggering autophagy and programmed cell death (PCD) mechanisms. The TUNEL
method confirmed the presence of DNA breaks in nuclei and metaphase chromosomes, and
immunodetection revealed the release of cytochrome c into the cytoplasm; this indicates the
activation of the mitochondrial pathway of root cell death under salinity conditions [32,49].
It is worth noting that autophagy proteins (e.g., ATG) are conserved and found in yeast,
animal, and plant cells. To confirm the process in macerated root meristem cells of two
wheat genotypes, immunodetection of the autophagy marker, the ATGS protein, performed
on autophagosomal membranes.

Autophagy is a key means of plant defense against the effects of abiotic stress. Since
this study examined the diverse characteristics of wheat seedlings exposed to salt stress
and possible protection against it, we immunodetected the autophagy marker, ATGS, on
autophagosomal membranes in macerated root meristem cells of two wheat varieties,
Triticum aestioum and Triticum durum.

In control plant cells from both wheat varieties, the number of cells with autophago-
somes was higher than the number of cells with a diffuse protein distribution in the
cytoplasm. Salt stress stimulated autophagosome formation more actively in the Zolotaya
variety than in the Orenburgskaya 22 variety. Quercetin treatment did not significantly
affect the cell ratio in either variety. However, the number of cells with autophagosomes
significantly increased after quercetin treatment following salt stress. In the root cells of the
Zolotaya variety, the number of cells with autophagosomes increased significantly.

More than 30 ATG proteins play an important role in the process of programmed cell
death [52,53]. Proteins required for the autophagy process are grouped into four main
functional groups [54,55]. The ATG1/ATG13 kinase complex, which initiates the formation
of autophagosomes in response to any signal of the cell’s need for nutrients, as well as
in response to various stress factors, belongs to the first ATG group. The second ATG
group includes the ATG9 protein, which promotes phagophore expansion by transferring
membrane components from various sources and its maturation [55]. The main function of
the ATG5-ATG12/ATG16 protein complex is to transfer phosphatidylethanolamine (PE) to
ATGS in vitro [92], resulting in the formation of the lipid form ATGS8-PE, localized in the
autophagosome [93]. Rapamycin acts as a negative regulator of ATG1/ATG13-mediated
autophagy [56]. Autophagy processes are controlled by both TOR-dependent and TOR-
independent pathways [94]. It assumed that TOR overexpression blocks the initiation of
autophagy under salt stress and nutrient deficiency, but does not affect its activation under
oxidative stress or endoplasmic reticulum stress. For example, a decrease in TOR activity is
necessary for the initiation of autophagy in Arabidopsis under various stress conditions [95].
Jietal. [96] found that quercetin stimulates autophagy in mammalian cells by inhibiting
the mTOR signaling pathway and activating mitogen-activated protein kinase (MAPK).
Moreover, under control growing conditions, the level of TOR gene expression in the roots
and shoots of both wheat varieties demonstrated virtually identical values. Increasing
the NaCl concentration in the solution resulted in decreased TOR gene expression in all
studied variants. For example, in the Orenburgskaya 22 variety, expression in roots and
shoots decreased by 1.1 relative to the control, while in the Zolotaya variety was a more
pronounced suppression.

As follows from the data presented above, ROS induced more actively under salt
stress in the Zolotaya variety than in the Orenburgskaya 22 variety. It can be assumed
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that ROS contribute to increased TOR activity, which is accompanied by activation of the
autophagy process. Consequently, ROS are triggers of autophagy.

The target of rapamycin is phosphatidylinositol 3-kinase (PI3K), a serine/threonine
protein kinase that suppresses autophagy [97-99]. PI3K phosphorylates ATG13, whose
phosphorylation leads to a decrease in its affinity for ATGI, thereby reducing the activation
of autophagosome initiation. TOR activation is accompanied by inactivation of PI3K, which
leads to a decrease in ATG13 phosphorylation, which is accompanied by an increase in
the affinity between ATG13 and ATGI. Salt stress does not increase ATG1 activity in the
roots of either wheat genotype, but it does lead to a sharp increase in ATG13 expression in
the Orenburgskaya 22 variety. Inhibition with rapamycin stimulates PI3K kinase, which
enhances ATG13 phosphorylation, especially in the Orenburgskaya 22 variety. This process
is accompanied by a decrease in the formation of the ATG13-ATG1 complex. The Zolotaya
variety exhibits increased ATG1 activity, which may lead to activation of autophagosome
formation and autophagy. These data indicate that the process of autophagosome initia-
tion varies significantly among wheat genotypes. Furthermore, quercetin also increases
ATG13 expression. It is likely that the decreased affinity of ATG13 for ATG1 due to phos-
phorylation requires additional ATG13 to initiate autophagosome formation (Figure 10).
Quercetin activates TOR expression in the Orenburgskaya 22 variety, inhibiting the initia-
tion of autophagosome formation. This process is most pronounced in the Orenburgskaya
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Figure 10. Schematic diagram of initiation of autophagosome formation under salt stress and
quercetin in two different wheat genotypes, Triticum aestivum and Triticum durum. ROS—reactive
oxygen species; ATG—autophagy-related protein; PE—phosphatidylethanolamine; TOR—Target of
Rapamycin; PI3BK—phosphatidylinositol 3-kinase; GSH—glutathione; P—phosphate group.

Autophagy processes are controlled by both TOR-dependent and TOR-independent
pathways [94]. An example of TOR-independent initiation of autophagy is the interaction
of quercetin with PI3K kinase.
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PI3K is a heterodimeric enzyme whose kinase domain contains an ATP-binding site
and the catalytic apparatus required for phosphate transfer [100]. A study of the crystal
structure of PI3K in complex with quercetin showed that quercetin incorporated into the
ATP-binding site [101]. By blocking ATP binding, quercetin interferes with the phosphate
transfer reaction, which leads to the inhibition of PI3K catalytic activity. This, in turn,
increases the affinity of the ATG1 and ATG13 proteins and activates the formation of
autophagosomes. Thus, quercetin initiates two autophagic processes: TOR-dependent and
TOR-independent. The two pathways compete with each other and depend on ROS levels.
Furthermore, they may also depend on the amount of GSH. As mentioned above, GSH
binds to quercetin, and this relationship is reversible. Thus, it suggested that GSH may
indirectly regulate the process of autophagosome formation.

The ubiquitin-like protein ATGS plays a key role in autophagy processes [102]. ATG8
is synthesized in an inactive form, and is activated by cleavage of the C-terminal glycine by
the cysteine protease ATG4. The mature form of ATGS8 binds to phosphatidylethanolamine,
forming an adduct [103]. The formation of the lipidated form of mature ATGS8 allows the
protein to localize on the autophagosome membrane, which is critical for the processes
of assembly, expansion, closure, and subsequent fusion of the autophagic membrane
with the vacuole [104]. Subsequently, with the participation of the ATG4 protease, ATGS8
released from the membranes, which promotes the maturation of autophagosomes and
their fusion [104].

Under all cultivation conditions, the level of ATGS8 gene expression in the Zolotaya
variety exceeded that of the Orenburgskaya 22 variety, indicating more intense autophago-
some formation in the former variety. At the same time, ATG4 gene expression was higher
in the Orenburgskaya 22 variety, especially in the root system. This suggests that ATG4
protease not only participates in the activation and degradation of ATGS, but also plays an
active role in the proteolysis of cytoplasmic proteins.

5. Conclusions

Wheat is exposed to many adverse abiotic stresses. One of the main stresses is soil
salinity, which reduces productivity. The Orenburgskaya 22 and Zolotaya wheat varieties
were chosen as model plants because they differed significantly in their ability to adapt to
salt stress. The negative effects of high sodium chloride concentrations result in increased
ROS generation. To restore the redox balance, the antioxidant system activates in wheat
cells. Different wheat genotypes activate different components of the antioxidant system.
In Triticum aestivum, the enzymatic system makes the greatest contribution to antioxidant
protection, while in Triticum durum it is the system of low-molecular compounds, one of
the main components of which is GSH and related enzymes. ROS regulate the activity
of TOR, a negative regulator of autophagy. Quercetin activates two pathways regulating
autophagosome formation—TOR-dependent and TOR-independent—through the binding
of quercetin to phosphate groups. This process regulated by the reversible binding of GSH
to quercetin.

The antioxidant quercetin reduces ROS formation. Quercetin increases the expression
of MnSOD and Cu/ZnSOD genes in Triticum aestivum. Treatment with a 0.03% quercetin
solution prior to exposure to 150 mM NaCl exerts a protective effect against the negative
effects of toxic ions on common wheat root cells and partially restores this effect after
exposure to sodium chloride.

Thus, quercetin can be recommended as a promising agent for protecting agricul-
tural plants from oxidative stress, and its effectiveness directly depends on the plant’s
antioxidant system.
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