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Abstract. Plant viral infections pose a serious challenge to agri-
culture and plant research, as they can cause significant yield losses and
negatively impact plant growth. Unlike bacterial or fungal pathogens,
plant viruses are not controlled by standard chemical pesticides once
they have infected. As a result, researchers are increasingly interested in
finding alternative ways to reduce viral infection or limit viral replication
in plant tissues. One of the most promising areas of plant pathology is
the study of inexpensive and environmentally friendly chemicals that can
enhance plant resistance or inhibit viral infection processes. Chemicals
that have generated interest in this area include organic acids. Acetic
acid is an inexpensive organic acid that has been reported to promote
stress adaptation and defense responses in plants. This study examined
the effect of acetic acid on Nicotiana benthamiana infection with tomato
bushy stunt virus (TBSV). Plants were treated with acetic acid solutions
(5,10, and 20 mM) by spraying the leaves and then infected with TBSV.
These findings suggest that acetic acid may serve as an effective inducer
of plant defense responses and could potentially enhance resistance
against pathogen infection. Plants must cope with stress-related varia-
tions, such as oxidative stress, to survive. Catalase activity, an important
indicator of antioxidant defense, was analyzed by native polyacrylamide
gel electrophoresis. Virus-infected plants exhibited higher catalase activity
than control plants, indicating activation of antioxidant responses during
infection. In contrast, treatment with 5 mM acetic acid alone reduced
catalase activity. When combined with virus infection, catalase activity
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Effects of acetic acid on plant responses to Tomato bushy stunt virus infection

increased, remaining higher than that of acetic acid-treated plants but
lower than that of virus-infected plants. These results suggest that acetic
acid modulates oxidative stress responses associated with TBSV infec-
tion and may contribute to improved redox homeostasis and antiviral
defense in N. benthamiana.

Keywords: Nicotiana benthamiana, TBSV, acetic acid, Catalase,
plants

Introduction

Plant viruses are important phytopathogens that cause significant losses in agricultural
production worldwide by reducing both crop yield and quality [1]. Their genomes consist of
single-stranded or double-stranded DNA or RNA molecules with different polarities, enclosed
within a protein capsid [2]. Due to their limited coding capacity, plant viruses rely on the host
cellular machinery to complete their infection cycle. Transmission of plant viruses occurs mainly
through vectors, pollen, and seeds, although contaminated soil, water, and plant debris may also
contribute to virus spread. The emergence of new viral species and variants, changes in agricul-
tural practices, and the effects of global climate change continue to complicate the management
of plant viral diseases [3].

Among the various plant viruses used in research, Tomato bushy stunt virus (TBSV) has
become one of the most extensively studied experimental systems [4]. TBSV was first identified
in tomato plants in 1935 and has subsequently been detected in numerous other plant species
[5]. Depending on the host, infection can result in symptoms ranging from mild growth retar-
dation and systemic mosaic to severe disease manifestations [6]. TBSV possesses a remarkably
broad experimental host range, infecting more than 120 plant species from 20 different fam-
ilies, which makes it a valuable model for fundamental and applied virological studies [7]. In
addition, TBSV has been successfully developed as a biotechnology platform for heterologous
gene expression, functional genomics studies, and the delivery of genome-editing components
[8]. TBSV belongs to the family Tombusviridae and produces non-enveloped icosahedral viri-
ons with T=3 symmetry. The viral particles are approximately 33 nm in diameter and consist
of 180 coat protein subunits with a molecular mass of about 42 kDa [9]. Structurally, the virion
contains approximately 17% ribonucleic acid and 83% protein. The viral genome is composed
of a positive-sense single-stranded RNA molecule of approximately 4.8 kb that lacks both the 5’
cap and the 3’ poly(A) tail characteristic of eukaryotic messenger RNAs [10]. The TBSV genome
contains five open reading frames (ORFs). ORF1 encodes a 33 kDa accessory replication protein
(p33), while ORF2 encodes a 92 kDa RNA-dependent RNA polymerase (p92) produced through
translational readthrough of the p33 stop codon. The remaining ORFs encode the coat protein
(p41), amovement protein (p22), and a suppressor of virus-induced gene silencing (p19). These
proteins collectively mediate viral replication, movement, encapsidation, and suppression of host
antiviral defense mechanisms [6].

Nicotiana benthamiana is one of the most widely used model plants in plant biology and
virology [11]. This species belongs to the Solanaceae family and is native to Australia [12]. Ow-
ing to its high susceptibility to numerous plant viruses, N. benthamiana has become a preferred
experimental host for investigating virus-plant interactions [13]. The species is highly amenable
to genetic transformation, transient protein expression, and virus-induced gene silencing, mak-
ing it particularly suitable for studies of protein localization, protein-protein interactions, and
functional genomics [14]. The combination of TBSV and N. benthamiana represents a powerful
experimental system for studying viral replication, host-virus interactions, and plant defense
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responses. Consequently, this model has become an indispensable tool in modern plant virology
and biotechnology research [15].

Acetic acid (CH3COOH) is a simple organic compound widely known as the main com-
ponent of vinegar and has recently attracted considerable attention as a plant stress-protective
agent. Numerous studies have demonstrated that exogenous application of acetic acid enhances
plant tolerance to adverse environmental conditions through the modulation of physiological
and biochemical processes. Acetic acid treatment promotes abscisic acid (ABA) accumulation,
regulates stomatal aperture, reduces transpiration rates, and improves plant water status under
stress conditions [16]. Furthermore, foliar application of acetic acid has been shown to increase
plant survival under drought stress by reducing transpirational water loss without causing
phytotoxic effects [17]. Recent studies also revealed that acetic acid alleviates the detrimental
effects of drought, salinity, and heavy metal toxicity by enhancing photosynthetic performance,
chlorophyll biosynthesis, nutrient-use efficiency, and antioxidant defense systems [18]. In addi-
tion, acetic acid induces the expression of the jasmonic acid biosynthesis gene AOC3, leading to
increased jasmonic acid accumulation and activation of stress-responsive defense mechanisms
[18]. These findings suggest that acetic acid may serve as an effective inducer of plant defense
responses and could potentially enhance resistance against pathogen infection.

Plants must cope with stress-related variations, such as oxidative stress, to survive. Cata-
lase (EC 1.11.1.6) is a tetrameric heme enzyme that metabolizes stress-induced reactive oxygen
species and regulates their effects on cellular metabolism and activities [19]. CAT, found mostly
in peroxisomes, catalyzes dismutation reactions without the need for a reductant [20].

CAT, initially refined and crystallized from high-purity bovine liver, has now been isolated
and described from numerous sources, including plants [21]. CAT, an iron-containing enzyme,
can be inhibited by cyanide. CATs from different sources have identical subunits, molecular
weight, and prosthetic groups. The enzyme is a tetramer with four subunits of 54-59 kDa and
a total molecular mass of around 240 kDa [20]. Small gene families typically encode plant CAT
proteins. For instance, three members of the CAT family in Arabidopsis have distinct but relative-
ly overlapping expression patterns in various tissues. Pollen and seeds are the main sources of
CAT1 expression, green tissue is home to CAT2, the primary photorespiratory form of CAT, and
vascular tissue and senescending organs are the main sources of CAT3 expression [22].

Catalase, a plant enzyme, plays an important part in plant defense mechanisms [22, 23].
Catalase is an antioxidant enzyme that aids in the conversion of hydrogen peroxide into water
and oxygen [24]. Hydrogen peroxide is formed as a byproduct of many metabolic processes in
plants and can be hazardous if not controlled. Catalase functions as a defensive mechanism by
efficiently digesting H,O,, preventing its buildup and reducing oxidative stress in plant cells.
Catalase is also involved in the detoxification of various reactive oxygen species, which can help
plants’ overall antioxidant defense system. Catalase contributes to cellular homeostasis by scav-
enging and neutralizing ROS, as well as protecting plants from oxidative damage caused by both
biotic and abiotic stressors [23].

Infection of Nicotiana benthamiana with Tomato bushy stunt virus increased hydrogen
peroxide (H,0,) levels compared to mock-inoculated plants, suggesting an oxidative burst dur-
ing the infection process [25]. Analysis of antioxidant enzyme activities demonstrated that virus
infection boosted catalase (CAT) activity in N. benthamiana roots and leaves. Notably, two more
CAT isoforms were activated in leaves after viral inoculation. Overall, these findings suggest that
TBSV infection dramatically alters the activity of enzymes responsible for maintaining the equi-
librium of reactive oxygen species buildup in plant tissues, indicating a coordinated antioxidant
response to pathogen attack [26].
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Effects of acetic acid on plant responses to Tomato bushy stunt virus infection

The present study investigated the potential effect of acetic acid on Tomato bushy stunt virus
(TBSV) infection in Nicotiana benthamiana plants. Acetic acid was applied as an aqueous foliar
spray at concentrations of 5, 10, and 20 mM. Since acetic acid has been reported to enhance plant
stress tolerance through the modulation of physiological and biochemical processes associated
with defense responses, it was hypothesized that its application could influence the development
of viral infection. Therefore, the aim of this study was to evaluate whether exogenous acetic acid
treatment affects the progression and spread of TBSV infection in N. benthamiana plants and to
assess the plant response to viral challenge under different acetic acid concentrations.

Materials and research methods

Growth conditions

Nicotiana benthamiana plants were grown from seeds under controlled environmental
conditions. Seeds were initially germinated in a common pot under dark conditions. After 72
h, the cover was removed, and seedlings were exposed to light. Seven days after sowing, the
seedlings were transplanted individually into 250 mL pots containing approximately 110 g of
universal soil supplemented with 0.8 g of vermiculite as a drainage material.

The substrate was enriched with an organic fertilizer containing essential macro- and
micronutrients. The fertilizer contained 100 mg L™* total nitrogen (N), 50 mg L™* phosphorus
(P,0s), 200 mg L™ potassium (K;0), and 30 mg L™* magnesium (MgO). In addition, it contained
iron (0.8-2 mgkg™), zinc (0.2-3 mg kg™*), copper (3.0-5.0 mg kg™*), manganese (8-40 mg kg™),
molybdenum (0.1-0.4 mg kg™"), and boron (0.4-1.6 mg kg™"). The fertilizer had a moisture con-
tent below 60%, a humic compound content of 13%, and a pH ranging from 5.5 to 6.5.

Acetic acid solutions were prepared from glacial acetic acid. A 20 mM stock solution was
obtained by dilution with distilled water and subsequently diluted to prepare 10 mM and 5 mM
working solutions. Fifteen-day-old plants were treated daily with 5 mL of acetic acid solutions
(5 mM, 10 mM, 20 mM) using a foliar spray application for seven consecutive days.

Plants were cultivated in a growth chamber under long-day conditions (16 h light/8 h dark)
at 22-27°C and 75-80% relative humidity. [llumination was provided by lamps with spectral
outputs of 2700 K and 6400 K arranged alternately. All plants were watered daily with 20 mL of
distilled water. Thirty-day-old plants were used for subsequent experiments.

Plant virus infection

TBSV was mechanically injected into Nicotiana benthamiana plants that were one month
old. Before inoculation, phosphate buffer and viral material were combined in a 1:1 ratio. A total
of 100 pL of the inoculum was applied to each plant. For inoculation, the fifth and sixth leaves
from the apical meristem were chosen. 50 pL of the inoculum was applied to each leaf. The rub
method was used for mechanical inoculation. To help the virus enter the plant tissues, the inoc-
ulum was gently rubbed over the leaf surface using Celite as an abrasive. A week after infection,
materials were collected for further research.

Plants were also inoculated by mechanically infiltrating the viral solution into leaf tissue.
For this reason, a disposable syringe with no needle was utilized. The syringe tip was gently placed
against the leaf’s abaxial (bottom) surface, and 100 pL of viral suspension per plant was precisely
injected using mild pressure. This allowed the suspension to penetrate the leaf mesophyll via
stomatal openings and intercellular gaps. The infiltration was done to prevent causing severe
mechanical injury to the leaf tissue. Treated leaves were visually inspected to ensure effective
infiltration, which was indicated by small local darkening in the infiltrated region.
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Agarose gel electrophoresis

Nucleic acids isolated from plant samples were analyzed using agarose gel electrophore-
sis, which also determined the presence of viral nucleic acids. This approach separates nucleic
acids based on their size and allows for viewing under ultraviolet light following staining with
an intercalating dye.

A 1% agarose gel was made by dissolving 0.6 g agarose in 60 mL of TAE buffer (Tris-Ac-
etate-EDTA). The mixture was heated until the agarose had fully dissolved and the solution was
clear. After cooling slightly, 3 uL of ethidium bromide was added to the solution to see nucleic
acids under UV light. The gel solution was poured onto a casting tray with a comb inserted to
make wells, then allowed to harden at room temperature.

TAE buffer was utilized for both gel preparation and electrophoresis. The buffer provides
appropriate ionic strength and keeps the pH steady during nucleic acid separation. Before load-
ing, samples were mixed with loading dye to improve visibility and density. For each sample, 5
uL of plant extract was combined with 1 pL of purple loading dye and injected into the agarose
gel. Electrophoresis was done in TAE buffer until the nucleic acids were sufficiently separated.
Following electrophoresis, the gel was examined under ultraviolet light to detect nucleic acid
bands, which allowed the presence and relative quantity of viral nucleic acids in the samples to
be estimated.

Determination of nucleic acid concentration and purity

A NanoDrop spectrophotometer was used to determine the concentration and assess the
purity of nucleic acids isolated from plant samples. Prior to measurements, the measurement
pedestal was cleaned by applying 3 pL of nuclease-free deionized water, and any remaining liquid
was carefully wiped away with a lint-free lab tissue. The instrument was calibrated, and a base-
line (blank) measurement was performed using the same nuclease-free water. For the analysis
of each sample, a 2 pL aliquot of the plant extract was loaded onto the measurement pedestal.
The software recorded optical density values at wavelengths of 260 nm and 320 nm to calculate
the quantitative nucleic acid content and perform background scattering correction.

Preparation of samples for experiment

To prepare samples, fresh leaves of seven-day-old seedlings were harvested and immedi-
ately processed to prevent enzymatic degradation. Leaf material was thoroughly homogenized
using a pre-cooled mortar and pestle with the addition of extraction buffer. The extraction buffer
was freshly prepared and contained 250 mM sucrose, 3 mM EDTA (pH 8.3), 250 mM Tris-HCI,
L-cysteine, molybdenum solution, dithiothreitol (DTT), and DDW. This composition was chosen
to stabilize proteins and enzymes, prevent oxidation, and maintain the structural integrity of
biomolecules during homogenization. The homogenate was transferred to pre-cooled centrifuge
tubes and centrifuged at 10,000 rpm for 25 minutes at 4°C. Centrifugation at low temperature
was used to reduce the risk of protein denaturation and enzymatic activity. After centrifugation,
the supernatant, which contained soluble proteins and metabolites, was gently separated from
the pellet, which consisted mainly of cellular debris and intact tissue. The obtained supernatants
were immediately used for further biochemical analysis. Protein concentration was measured
using the Bradford method.

Bradford protein assay

Protein concentration was determined in a 96-well cell culture plate using the Bradford
assay. Samples were analyzed in technical triplicates across three consecutive rows of the plate,
with each well containing 20 pL of the diluted sample and 200 pL of Bradford reagent [27]. The

182 Ne3(156) JLH. 'ymunee amviHdarst Eypazus yammuik yHueepcumeminiy XABAPIIBICHL. Buo102usinblK FolabiMoap cepusicol
/2026 BULLETIN of L.N. Gumilyov Eurasian National University. Bioscience series
BECTHHK Espasulicko2o HayuoHa/abHo20 yHusepcumema umeru JL.H. ['ymunaesa. Cepust 6uosozuieckue HayKu



Effects of acetic acid on plant responses to Tomato bushy stunt virus infection

absorbance was measured at 595 nm using a Biochrom Asys Expert 96 microplate spectropho-
tometer. This normalization procedure was employed to standardize the protein concentrations
across all samples prior to subsequent enzymatic activity assays.

Determination of catalase activity in gel

Denaturing electrophoresis was performed using a 7,5% vertical polyacrylamide gel [28].
For 5 minutes, the gels were submerged in a solution containing 0.03% H,0.. Two falcons were
created: the first falcon contained 0.6 g of iron (III) chloride per 30 ml of distilled water, whereas
the second falcon contained 0.6 g of potassium ferricyanide (III) per 30 ml of distilled water. The
contents of the two falcons were added to the gel and thoroughly mixed for 1 minute. Finally, the
gel was carefully washed with distilled water [29].

Statistical analysis

All experiments were repeated at least three times to confirm the reliability of the results.
Data from three independent replicates were converted to numerical values (£SD), and Image/
was used to quantify enzyme activity intensity.

Results and Discussion

Optimizing the experimental design. At the beginning of the study, it was required
to select the best experimental design for the timing of acetic acid treatment in relation
to viral infection. Two options were considered: treating plants with acetic acid before
viral infection or treating after infection. Two pilot plantings were undertaken. Based on
preliminary findings and previously published research, acetic acid doses of 5 mM, 10 mM,
and 20 mM were chosen for testing. These doses were chosen since they did not kill plants
while eliciting noticeable physiological reactions. The following experimental groups were
set up: K (untreated control), V (virus-infected plants without acetic acid treatment), 5
(5 mM acetic acid), 5V (5 mM acetic acid+virus TBSV), 10 (10 mM acetic acid), 10V (10
mM acetic acid+virus TBSV), 20 (20 mM acetic acid), and 20V (20 mM acetic acid+virus
TBSV). In the first experiment, plants were injected with the virus and treated with acetic
acid by foliar spray (Figure 1 A). In the second pilot experiment, plants were treated with
acetic acid before viral injection (Figure 1 B). The second strategy revealed that acetic
acid therapy after viral infection did not increase plant survival. Following infection, a
considerable number of plants perished, leaving very little plant material available for
further study. Because of the low survival rate and inadequate viable plant material, this
experimental technique was deemed insufficient for future study.

As a result, the first experimental design (viral inoculation followed by acetic acid treat-
ment) was chosen for further experiments.
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Figure 1. Nicotiana benthamiana plants infected with virus and then treated with acetic acid
(A) and plants treated with acetic acid and then virus (B), top and side views. C - control
plants; V - virus-infected plants; 5, 10 and 20 - plants treated with 5, 10 and 20 mM acetic
acid, respectively; 5V, 10V and 20V - virus-infected plants treated with the corresponding
acetic acid concentrations

Isolation and verification of tomato bushy stunt virus. A hydroxyapatite column was
used to purify viral material extracted from infected plant tissue in order to eliminate bio-
logical impurities and produce fractions enriched in viral particles. Because hydroxyapatite
chromatography can selectively bind proteins and nucleic acids based on how they interact
with calcium phosphate, it was used to purify biological macromolecules. A hydroxyapatite
column was filled with the crude plant extract containing viral particles, which then flowed
through the matrix. While fractions containing virus particles were gathered in different
tubes, contaminants such as plant proteins and cellular debris were partially retained by
the column material throughout the procedure. 3 fractions in all were gathered in 1.5 mL
Eppendorf microcentrifuge tubes.

The spectrophotometric analysis showed that the collected fractions’ nucleic acid concen-
trations varied. Following blank calibration with nuclease-free water, measurements were made.
Nucleic acid concentration was automatically determined by the instrument software using the
standard formula based on absorbance at 260 nm. Several fractions had far greater nucleic acid
contents than the rest, according to the research, suggesting that these samples were enriched
with viral genetic material. Thus, these fractions were chosen for additional examination and
testing. Picture 2 shows the absorbance of viral material as detected by a spectrophotometer.
Table 1 illustrates the concentration of nucleic acids in viral material.

Table 1.
Concentration of nucleic acids in viral material
Sample Nucleic acid concentration (ng/uL)
Control 580
1 1593
2 2056
3 1887
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Effects of acetic acid on plant responses to Tomato bushy stunt virus infection

Then, agarose gel electrophoresis was used to assess the presence of vi-
ral nucleic acids in the 4 samples (Figure 2). Nucleic acids segregated by size may
be seen. The spectrophotometric results were supported by the acquired electro-
phoretic profiles, which verified the presence of nucleic acids in the chosen samples.
[t should be mentioned that while agarose gel electrophoresis makes viral nucleic acids visible,
it does not directly detect viral particles. Thus, the presence of viral RNA linked to the virus-con-
taining samples was revealed by the presence of nucleic acid bands in the examined fractions.

The lanes in the gel showed visible nucleic acid bands, indicating the presence of nucleic
acids in the examined materials. The most visible bands were found in lanes 1, 2, and 3, indicat-
ing that these samples contained more nucleic acids than the rest. The bands in lanes 1-3 were
found in identical places on the gel, indicating that the nucleic acids in these samples were of
similar size. Samples 2 and 3 were used to inoculate the plants.

Figure 2. Agarose gel electrophoresis of viral material isolated from Nicotiana benthamiana

The fractions with the highest concentration of viral nucleic acids (samples
2 and 3) were used to inoculate two Nicotiana benthamiana plants in order to ver-
ify that the recovered viral material remained physiologically active. To confirm
that the virus preparation was infectious, mechanical inoculation was carried out.
The plants were observed for virus-related symptoms after inoculation (Figure 3A and 3B). The
development of distinctive symptoms demonstrated a successful infection and verified the virus
preparation’s continued infectiousness.

Figure 3. Nicotiana benthamiana plants infected with a syringe (A) and mechanically (B) be-
fore and 7 days after infection, side and top views. C - control plants;
V1 - plants infected with a syringe; V2 - plants infected mechanica
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Agarose gel electrophoresis was used to examine plant samples in order to confirm viral
replication in the infected plants (Figure 4). These findings showed that physiologically active
viruses that may infect Nicotiana benthamiana plants and multiply within plant tissues were
present in the chosen fractions.

The absence of detectable viral nucleic acids in healthy plant tissue was demonstrated by
the electrophoretic analysis, which revealed that the control sample (K) had no visible nucleic acid
bands. On the other hand, the samples taken from plants infected with the virus showed distinct
nucleic acid bands. In comparison to the control sample, these bands were noticeably stronger,
indicating that the infected plant material contained viral nucleic acids. Both inoculated plants
were successfully infected and had measurable amounts of viral genetic material, as shown by
the comparable band patterns shown in lanes V1 and V2.

Figure 4. Agarose gel of test plants for virulence testing. C — control plants; V1 - plants
infected with a syringe; V2 - plants infected mechanically

Symptoms of Nicotiana benthamiana exposed to virus and acetic acid. The visual condi-
tion of plants treated with various concentrations of acetic acid was assessed and compared to
healthy control plants and virus-infected plants that were not treated. As indicated in Figure 5,
the healthy control plants (K) had regular growth and well-developed green leaves. In contrast,
virus-infected plants that were not treated (V) demonstrated evident indications of infection,
such as reduced growth and leaf deformation.

Plants treated with acetic acid at doses of 5 mM and 10 mM showed no significant obvious
alterations from untreated infected plants. The general plant morphology and symptom devel-
opment appeared reasonably similar, implying that these doses did not cause significant observ-
able changes in plant condition. However, plants treated with 20 mM acetic acid appeared to be
slightly healthier than other infected plants. These plants had slightly improved leaf development
and overall growth, which could imply a favorable effect of greater acetic acid concentration on
plant condition during viral infection. Overall, acetic acid treatment did not result in significant
obvious changes in plant shape, while plants treated with 20 mM acetic acid appeared slightly
healthier than the other infected plants.
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Effects of acetic acid on plant responses to Tomato bushy stunt virus infection

Figure 5. Nicotiana benthamiana plants exposed to acetic acid and a virus, top and side views.
C - control plants; V - virus-infected plants; 5, 10 and 20 - plants treated with 5, 10 and 20
mM acetic acid, respectively; 5V, 10V and 20V - virus-infected plants treated with the corre-
sponding acetic acid concentrations

When the leaves were examined attentively, tiny damaged regions were seen on plants
treated with 20 mM acetic acid (Figure 6). They are highlighted in red in the image. These ap-
peared as small, pale, dry patches on the leaf surface, similar to minor burn symptoms. Such
symptoms are consistent with chemical phytotoxicity, which is frequently seen as small burnt
or bleached areas on leaves following chemical application.

One probable reason for this effect is the unequal dispersion of acetic acid solution over
the leaf surface. Some droplets may have collected while spraying, resulting in bigger drops that
remained on the leaves for prolonged periods of time. Because acetic acid operates as a contact
chemical, damaging plant tissues immediately at the site of contact, continuous exposure in
certain locations may result in small necrotic or dehydrated spots on the leaves.

Figure 6. The effect of treating Nicotiana benthamiana leaves
with a 20 mM acetic acid spray
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Catalase activity. Catalase activity was measured in plant samples after various
treatments using native polyacrylamide gel electrophoresis. The electrophoretic pattern
of catalase activity is shown in Figure 7. Catalase activity bands were found in all of the
materials tested, as shown on the gel. The control sample (C) exhibited a distinct band
matching catalase activity in healthy plants. The band intensity in the virus-infected sam-
ple (TBSV) was higher than in the control, showing that catalase activity increased during
viral infection. The increase in catalase activity in infected plants is likely due to increased
formation of reactive oxygen species (ROS), in particular hydrogen peroxide (H,0;), which
is a common component of plant defense responses against pathogens [30-32]. Viral infec-
tion often induces oxidative stress, resulting in elevated ROS accumulation. Catalase plays
a crucial role in detoxifying H,0,, thereby protecting cellular structures from oxidative
damage [33]. Therefore, the stronger catalase activity observed in virus-infected plants
may reflect an adaptive response aimed at maintaining cellular redox homeostasis.

Plants treated alone with acetic acid produced weaker bands than both the control and
virus-infected samples. The 5 mM treatment (5) showed a weak band, indicating lower catalase
activity. A similar trend was seen for the 10 mM (10) and 20 mM (20) treatments, with the band
intensity being quite low. This suggests that acetic acid reduced endogenous ROS formation,
thereby reducing the need for H,0, scavenging by catalase. It is also possible that low concen-
trations of acetic acid may function as signaling molecules capable of inducing stress adaptation
mechanisms without significant oxidative damage. Interestingly, when acetic acid treatment
was combined with viral infection (5V, 10V and 20V), catalase activity increased compared to
the corresponding treatments with acetic acid alone. This result indicates that viral infection
remained a strong inducer of antioxidant responses even in the presence of acetic acid. The
increased catalase activity observed with the combined treatment may be due to the activation
of defense mechanisms triggered by pathogen invasion, leading to increased ROS production
and subsequent induction of antioxidant enzymes. At the same time, catalase activity in infect-
ed plants treated with acetic acid did not appear to exceed that observed with virus treatment
alone, suggesting that acetic acid may partially mitigate the oxidative stress associated with
viral infection. This effect may be due to the activation of plant defense responses by acetic acid,
allowing plants to more effectively respond to pathogen-induced stress while limiting excessive
ROS accumulation. Therefore, the observed pattern of catalase activity supports the hypothesis
that acetic acid modulates the antioxidant response during viral infection and helps maintain
the redox balance in infected plants. The native PAGE data show that catalase activity increased
in virus-infected plants compared to untreated plants, whereas treatment with acetic acid alone
reduced enzyme activity. However, catalase activity was generally higher in virus-infected plants
treated with acetic acid than in plants treated just with acetic acid.

Figure 7. Native PAGE of catalase activity in Nicotiana benthamiana leaves after various
treatments. C - control plants; V - virus-infected plants; 5, 10 and 20 - plants treated with 5, 10
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and 20 mM acetic acid, respectively; 5V, 10V and 20V - virus-infected plants treated with the
corresponding acetic acid concentrations

Using Image] software, the activity was converted into a percentage and is shown in Figure
8. The proportion of activity differed amongst the examined samples based on virus infection
and acetic acid treatment.

The control sample had an activity level of 18.98%. In contrast, the virus-infected sample
without treatment had a higher value of 22.34%, showing an increase in activity in response to
viral infection.

Treatment with 5 mM acetic acid (5) yielded a much lower value (7.15%) than the control.
When virus infection was paired with this medication (5V), activity increased to 11.87%, but it
remained lower than the control value. When comparing pairs 5 and 5V, virus-infected plants
outperformed plants treated just with acetic acid.

Figure 8. Percentage activity of catalase. K - control plants; V - virus-infected plants; 5,
10 and 20 - plants treated with 5, 10 and 20 mM acetic acid, respectively; 5V, 10V and 20V - vi-
rus-infected plants treated with the corresponding acetic acid concentrations

These results indicate that viral infection promotes catalase activation as part of the plant
antioxidant response, whereas treatment with acetic acid alone reduces catalase activity, likely
due to reduced ROS accumulation. The intermediate catalase activity observed with 5V treat-
ment suggests that acetic acid may modulate virus-induced oxidative stress and contribute to
the maintenance of cellular redox homeostasis. This effect is consistent with the proposed role
of acetic acid as a priming agent that enhances adaptation to stress while preventing excessive
activation of oxidative stress responses.

Conclusion

In conclusion, this study demonstrated that acetic acid influences the antioxidant response
of Nicotiana benthamiana plants during infection with tomato bushy stunt virus (TBSV). Analysis
of catalase activity revealed that viral infection stimulates the antioxidant defense system, as
evidenced by increased catalase activity compared to healthy control plants. This response is
likely related to increased formation of reactive oxygen species and the need to maintain cellular
redox balance under pathogen-induced stress. Treatment with acetic acid alone resulted in a
decrease in catalase activity, suggesting that acetic acid did not induce severe oxidative stress
and may contribute to maintaining a more balanced physiological state of the plants. When acetic
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acid treatment was combined with TBSV infection, catalase activity increased compared to plants
treated with acetic acid but remained lower than in virus-infected plants without treatment.
These results indicate that acetic acid modulates the response to oxidative stress induced by viral
infection and may partially mitigate the negative consequences of pathogen-induced accumula-
tion of reactive oxygen species. Overall, the results indicate that acetic acid has the potential to
act as a modulator of plant defenses, contributing to improved redox homeostasis during viral
infection. Further research is needed to elucidate the molecular basis of these responses and
evaluate the potential of acetic acid as an environmentally friendly agent for enhancing plant
resistance to viral infections.
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1234567891011 1 H. ['ymusnes ambiHdaFsl Eypasus yimmulk yHU8epcumemi,
Acmana, KazakcmaH

AnpaaTna. OciMiKkTepAiH BUPYCTBIK MH(EKLUAIAPDI aybl/ LIapyallblIbIFbl MEH 6CIMAIK
3epTTeyJiepiHe YyJIKeH Kayin TeHaipe/i, cebebi osiap eHiMHiH alTap/bIKTal »KoFalyblHa
»KoHe eCIMAIKTep/AiH ecyiHe Kepi acep eTyi MyMKiH. BakTepUaJIbIK HeMece CaHbIpayKyJaaK,
naToreH/epiHeH alblpMallbLIbIFb], 6CIM/IIK BUPYCTapbl MHPEKLMAAAH KEWiH CTaHAapTThl
XUMUSJIBIK IECTULIMITEPMEH GaKbliaH6aibl. COHABIKTAH, BUPYCThIK MHPEKLUSHbI a3aNUTY/AbIH,
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HeMece eCiMAIiK TiHepiH/ie BUPYCThIH K6OEIiH EeKTeYAiH 6a1aMa XoJ1JapblH TabyFa 6aFbITTaJFaH
3epTTeyJiep 6apFaH cailblH MaHbI3/bl 60JbIN Kesiei. PUTONaTOJOTUSHBIH €H epCIeKTHBaIbl
caJslaJiapblHbIH 6ipi BUpYCKa Kapchl acepi 6ap ap3aH KaHe 3KOJOTUsI/IbIK Ta3a XUMUSJIbIK 3aTTap/bl
3epTTey. OpraHrvKaJbIK KbILIKbLIAAD epeKile KbI3bIFYIIbLIBIK TYAbIpaZbl. CipKe KbIIIKbIJIbI
eciMJIiKTeperi cTpecc aF/jaljapblHa 6eiliMzesly MeH KOPFaHbIC peaKHsaIapblH KYLIEUTyTe
KabiseTTi, KeH KO/KeTiM/li OpraHUKaJIbIK KbIIIKbLIAAP/bIH 6ipi peTiH/ie KapacTblpblaa/ibl. by
3epTTey cipKe KbIIKbLIbIHBIH Nicotiana benthamiana nHeK1usicbiHa KbI3aHAK, Oy TAaCbIHbIH CTPECTI
BupycbiMeH (TBSV) acepiHn 3epTTeitfi. OcimikTep cipke KbIIIKbIIBIHBIH epiTiHZinepiMeH (5, 10
koHe 20 MM) kanbipaKTapFa 6ypKy apKblibl eHes /i, cojiaH KeiliH TBSV xyKTbipbLabl. By
HOTUKeJIep CipKe KbIIIKbIJIBIHBIH 6CIMAIKTep/iH KOPFaHbIC peaKLUsAJIapbIHbIH TUIM/I UHAYKTOPBI
peTiH/ie KbI3MEeT eTe aJlaTbIHbIH YKoHe MaToreH/ ik UHQEKIMsIFa TO3IMAIIKTI apTThIpa aslaThbIHbIH
KepceTezi. OCIMAIKTep aMaH KaJly YLIiH TOTBIFY CTPeCCi CUAKTHI CTPECCTIK e3repicrepre TeTen
6epyi kepek. AHTHOKCUAAHTTbIK KOPFAHbICTbIH, MaHbI3/[bl KOPCETKIIlli 60JIbIN TaObIJIAThHIH
KaTaJsia3a 6eJsiceH/JIiri HATUBTI MOJIMAaKPUJIAMHUATI TeJib 3J1eKTpodopesi apKbl/ibl TaJlJaH/bl.
Bupyc ’KyKTbIpFaH ecCiMAiKTepAe KaTasa3a 6esiceHAiniri 6aKpliay eciMiKkTepiHe KapaFaH/a
»KOFapbl 60J1/1bl, 0yJ1 HHPEKIMs Ke3iH/e aHTHOKCUJAHTThIK peaKlUUsiIapAblH 0eJiceHAipiireHin
kepceTesi. Kepicinie, Tek 5 MM cipke KpIILIKbLIBIMEH eM/ley KaTaJsla3a 6eJIceH/iIiriH TOMeHeTTi.
BupycTbik MHpeKLMsMeH GipiKTipi/ireH Ke3/ e kaTaja3a 6esICeH/iiJIiri apTThl, CipKe KbIIIKbLIbIMEH
eH/IeJITeH 6CIMIKTepre KapaFaH/1a »KoFapbl 60J1/b], 6ipaK TeK BUPYC )KYKTbIpFaH eciMAiKTepre
KapaFaH/ia TeMeH. AJIbIHFaH HOTHKeJlep CipKe KbIIIKbLIbIHbIH TBSV nHpekuusacpIiHaH TybIHAANTBIH
TOTBIFY CTPeCiHe ayall peaKlusilapblH MOAYAAIUANIAUTbIHBIH XaHe Nicotiana benthamiana
eCIMJiKTepiH/e TOTBIFY-TOTBIKChI3[JaHy TOMEeOCTa3blH TYPAKTAHAbIPYFa }oHe BUPYCKA KapChl
KOPFaHbIC MEXaHU3M/IEPiH KYIIEUTYre acep eTyi MyYMKIiH eKeHiH KepceTe/|.
Tyuin ce3aep: Nicotiana benthamiana, TBSV, cipke KpIIIKbLJbI, KaTaa3a, 6CIMIiIKTeD

BiMsiHMe YKCYCHOM KHUC/I0ThI HA PeaKI M0 pacCTeHU! HA 3apakeHUue BUPYCOM
Kap/IMKOBOCTH TOMaTa

M. Mam6eToBa', M.K. BeiicekoBa?, A.B. Kypman6aesa®, A. XK. Ak6acoBa®,
A.K. BeKTypOBas, M.T. Mblp3a6aeBa6, K. E. )Kanacogra’, C.B. ’Kaurazun®,
A.A. Magupos®, X.K. Macaiumos®*, H.H. Ukcar'*

1234567891011 Eenqautickutl HAYUOHA/IbHbIU yHUSepcumem
um. JL.H. 'ymunesa, AcmaHa, KazaxcmaH

AHHoOTauMsA. BupycHble MHGEKLUY pacTeHUH NPeJCTaB/IAIT CO60! cepbe3HYI0 yrpo3y A1
CeJIbCKOI'0 X031 CTBA U HAY4YHbIX UCCJI€JOBAHUH, IOCKOJIbKY OHU MOTYT BbI3bIBATh 3HAYUTE/IbHbIE
IOTEPU ypOrKasg U HETaTUBHO BJIMATH HA POCT KyJAbTYp. B oT/iMune oT 6aKTepUasbHbIX UIH
IPUOKOBBIX IATOT€HOB, BUPYChI pAaCTEHUH He KOHTPOJIMPYIOTCS CTaHJAPTHBIMU XUMUYeCKUMU
necTULIUAAMHU NI0C/Ie 3apaXkeHusl. B pe3ysibTaTe Bce 60Jiee akTya/IbHBIMU SBJIAIOTCS UCCJIeJOBAHUS
HalnpaBJIeHHble Ha IOMCK aJIbTePHAaTUBHbIX CIOCOO0B CHMXKeHUSI BUPDYCHOU MH(EKLIUU UJIH
OrpaHUYeHus pelIMKalU1 BUPYCOB B TKaHAX pacTeHUi. OJHUM 13 HauboJiee epcrneKTUBHBIX
HallpaBJeHUN QUTONATOJIOTUHN SAABJSAETCSA U3yYeHHe HeJJOPOTHUX U IKOJIOTUYECKH YUCThIX
XMMHUYECKHX BELECTB, 00/1ajal0UX aHTUBUPYCHbIMU 3¢ dekTaMu. Tak 0coObIN HHTEpEC
NpeJCTaBJIAIT OpraHuYecKre KUCJI0ThL. YKCyCHasA KUCJI0Ta 3TO caMas JJOCTyIIHasA OpraHuyeckas
KHCJI0Ta, KOTOpasd, KaK CO001aeTcs, COCOOCTBYET aJlallTALlMM K CTPECCY U 3alliUTHBIM peaKLUsM y
pacTeHuy. B 3TOM Hccnef0BaHUM M3y4YaeTcsd BIAUSHUE YKCYCHOM KMC/IOThI Ha 3apaxeHue Nicotiana
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benthamiana BUpPycOM KyCTHUCTOM KaparuKoBocTH ToMmaTa (TBSV). PacTeHust o6pabaTbiBaivCh
pacTBOpaMu yKCycHOM KUcaA0THI (5, 10 u 20 MM) nyTeM onpbICKMBaHUS JIMCTHEB, a 3aTEM
uHouuupoBaaucek TBSV. Tu pe3yanbTaThl N03BOJAIOT NPEAIOI0XKUTh, YTO YKCYCHAsA KUCJI0Ta
MOET CJAYKUTb 3P PeKTUBHBIM UHAYKTOPOM 3alUTHBIX peaKI Ml pacTeHUH U NOTEHUAJIbHO
NOBBILIATh YCTOMYUBOCTD K 3apaKeHUIO NaToreHaMu. PacTeHus1 JOJKHBI CIPaBJIATBHCA CO
CTPECCOBbIMU U3MEHEHUSMHU, TAKUMHU KaK OKUCIUTEbHBIN CTPECC, YTOObI BBDKUTh. AKTUBHOCTb
KaTaJla3bl, BA>KHbIU N0OKa3aTeJlb aHTUOKCUJAaHTHOM 3alUThl, aHAJIM3UPOBAJIU METOL0M
anekTpodopesa B HATUBHOM IOJIMAKPUJIAMUIHOM reJie. Y pacTeHUW, UHPULMPOBAHHBIX
BUPYCOM, aKTUBHOCTb KaTasia3bl Oblja BbllllE, Y€M Y KOHTPOJIbHBIX PACTEHUH, YTO yKa3bIBaeT HA
aKTUBAILMI0 aHTUOKCUAAHTHBIX peakl il Bo BpeMsi uH$eKuuU. HanpoTus, 06paboTKa TOJBKO 5
MM yKCyCHOM KMCJI0TOM CHMKaJsla akTUBHOCTD KaTaJsa3bl. B coueTaHuu c BUpycHOU MH)eKIMel
aKTUBHOCTb KaTaJia3bl YBeJIMYUBAJIACh, OCTABASICh BhIIIE, YEM Yy paCTEHUH, 06pabOTaHHbIX
YKCYCHOM KUCJIOTOH, HO HUXKE, YEM Yy pacTeHUH, UHPULIMPOBAaHHBIX BUPYCOM. JTH pe3ybTaTbl
NO3BOJIAAIOT NPEAINOJI0KUTD, YTO YKCYCHAsl KUCJIOTA MOAYJIUPYET PeaKliuu OKUCJIUTETbHOTO
cTpecca, cBsizaHHble ¢ UHekIel TBSV, u MoxeT cnoco6CTBOBATH YIYUYLIEHHIO OKUCTUTENBHO-
BOCCTAaHOBUTEJIbHOI'0 FOMe0CcTa3a U MPOTUBOBUPYCHOM 3auThl Y Nicotiana benthamiana.
Kirouessle cioBa: Nicotiana benthamiana, TBSV, ykcycHast KMc10Ta, KaTajla3a, paCTeHUS
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