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ABSTRACT

Potato productivity (Solanum tuberosum L.) is strongly affected by biotic and abiotic stresses,
particularly viral infections and water deficit, which disrupt physiological processes and impair
photosynthesis. This study investigated the physiological, biochemical, and molecular responses
of five potato cultivars (Aliyans, Ulan, Narli, Babayev, and Tokhtar) to Potato virus M (PVM)
infection, osmotic stress, and their combined impact (PVM+D). Antioxidant enzyme activities
(peroxidase, catalase, and superoxide dismutase), photosynthetic pigment content (chlorophyll
a, chlorophyll b, and total chlorophyll), and the expression of the stress-induced transcription
factor StDREB2 were assessed at 3, 5, and 7 days after treatment. The results showed that
drought imposed the most intense and prolonged stress, largely determining the magnitude of
antioxidant and photosynthetic responses, whereas PVM infection triggered a rapid but
transient stress reaction. StDREBZ2 expression was closely associated with overall physiological
stress tolerance, integrating antioxidant defense and photosynthetic performance, while Rm
primarily reflected cultivar-specific viral resistance. Cultivars Ulan and Tokhtar displayed high
stress responsiveness, Aliyans exhibited a balanced adaptive strategy, and Narli and Babayev
showed reduced tolerance across most parameters. Overall, drought exerted a stronger and
more persistent effect on potato physiology than PVM infection, while combined stress induced
an intermediate response. The identified cultivar-specific biochemical and molecular traits serve
as valuable markers for assessing stress tolerance and potato breeding.

Keywords: Antioxidant enzymes, Drought stress, Gene expression, Photosynthetic pigments,
Potato, Rm gene, StDREBZ2 gene, Stress tolerance, Viral infection.

INTRODUCTION

Potato (Solanum tuberosum L. is the third most
important food crop worldwide after rice and wheat and
serves as a staple food for approximately 1.3 billion people
(Devaux et al, 2021). In 2023, global potato production
reached approximately 383 million tons. During the same
year, the total harvested area amounted to about 16.8
million hectares, yielding =383 million tons, of which 93.5
million tons were produced in China, followed by India (60.1
million tons), the United States (20.0 million tons), and
Russia (19.3 million tons) (Hu et al., 2025). In Kazakhstan,

potato is the second most important food crop, with an
average per capita annual consumption exceeding 100kg. In
2023, national potato production amounted to
approximately 2.1 million tons, while preliminary data for
2024 indicate a gross harvest of about 2.9 million tons
(Ministry of Agriculture of the Republic of Kazakhstan,
2024). The average yield was approximately 213.4 c/ha. Low
potato productivity in Kazakhstan is primarily associated
with the widespread use of repeatedly reproduced seed
material carrying high viral loads (Argynbayeva et al., 2023),
insufficient phytosanitary protection, and suboptimal
agrotechnical practices, including Limited irrigation and

NTTFIE
Cite this Article as: Gajimuradova A, Turpanova R, Silayev D, Kirgizova |, Gubaidullin N, Zhagipar F, _&g (p%(
Ismukanova G, Syzdykova A, Zhumalin A, Bailina G and Omarov R, 2026. Interactive effects of viral 5‘,&, §
infection and drought stress on biochemical and molecular stress responses in potato (Solanum tuberosum %, USPs

L.). International Journal of Agriculture and
https://doi.org/10.47278/journal.ijab/2026.095

Biosciences 15(4): 1746-1759.

A Publication of Unique
Scientific Publishers

1746



imbalanced plant nutrition (Gervais et al., 2021). Additional
constraints include climatic stresses (Nasir & Toth, 2022;
Murtaza et al, 2026), soil compaction, limited
mechanization, and substantial post-harvest losses, which
together maintain average yields at only 20-23 t/ha (Sinton
et al, 2022).

Potato is affected by more than 50 different viruses
(Verchot, 2022). As obligate parasites, viruses interfere with
plant metabolism, disrupt physiological processes, reduce
yield, and alter the biochemical composition of tubers (Lal et
al., 2021). Potato virus M (PVM) is considered one of the most
widespread and economically important potato viruses
worldwide (Kumar et al, 2023; Rakesh et al, 2024,
Yusubakhmedov et al, 2024). PVM infection can reduce
potato yield by 15-45%, and in some regions cultivar infection
rates may reach 100% (Zhao et al., 2022). Virus-induced seed
degeneration is one of the most critical factors limiting potato
productivity, with yield losses ranging from 10% to 80%
(Kumar et al, 2020). Fig. 1 presents a general schematic
overview of the effects of combined stress on potato plants.

In addition, contemporary studies consistently
demonstrate that viral infections substantially reprogram
plant metabolism. For example, infections caused by Potato
virus Y (PVY), Potato virus S (PVS), and Potato virus M (PVM)
lead to reductions in dry matter and starch content in
potato tubers. Notably, PVM infection, particularly in
combination with PVY, markedly deteriorates starch quality
in tubers (Ospankulova et al., 2023). Metabolomic analyses
further revealed that PVY infection induces pronounced
alterations in amino acid, energy and fatty acid metabolism
in potato leaves (Manasseh et al., 2023), highlighting the
extensive impact of viral pathogens on plant biochemical
processes and physiological functioning.

At the same time, changing climatic conditions must be
considered as an additional stress factor that increasingly
co-occurs with viral and bacterial infections, thereby
intensifying metabolic and developmental constraints in
potato. Although most potato-growing areas are irrigated,
the overall availability of water resources is declining
annually, and the high-water demand of potato cultivation
contributes to rising production costs of this socially
important crop. Potato is classified as sensitive or

Infection

1747

DO = DO
Altered Gene Expression
of StDREBZ and Rm

5 E ‘ Growth, Tuber Mass

Int J Agri Biosci, 2026, 15(4): 1746-1759.

moderately sensitive to drought, depending on the criteria
used. Drought stress in potato delays emergence,
suppresses plant growth, reduces biomass accumulation,
and severely decreases tuber number, size, and overall yield
(Zaki & Radwan, 2022).

Evidence for combined stress effects on potato has
already emerged in recent literature. In the field, potatoes
face both biotic (viruses) and abiotic stressors (drought,
high temperatures, etc.) and their combined effect often
leads to non-additive effects — increased symptoms,
changes in virus accumulation, and variability in responses
between varieties. A review by Prakash et al. (2024)
summarizes that viral infection in a number of systems can
increase plant resistance to drought, so virus-induced
effects are considered not only as a damaging factor, but
also as a potential resource for reducing yield losses during
water shortages. Using the tomato model, Sacco Botto et al.
(2023) demonstrated that during severe drought, plants
infected with TYLCSV wilted more slowly and recovered
more quickly after rehydration compared to healthy plants,
confirming phenotypically expressed virus-associated
drought tolerance. A refinement of the mechanism is
proposed in the work of Pagliarani et al. (2022): in an
experiment with transgenic tomatoes expressing the viral
protein C4 (TYLCSV), it was shown that C4 “priming” the
response to moisture deficiency, and the effect manifests
itself through morphological and water-physiological
changes, indicating that a separate viral factor may play a
key role, and not just the infection as a whole. A similar
principle of “from viral protein to increased drought
resistance” has also been demonstrated for the related
begomovirus TYLCV in a study by Corrales-Gutierrez et al.
(2020) found that the C4 protein increases drought
resistance in Arabidopsis and that this effect is achieved
through an ABA-independent mechanism, broadening our
understanding of the pathways of resistance formation
during viral infection. Overall, the data emphasize that the
severity of virus-induced drought tolerance is context-
dependent and determined by the combination of “virus
strain x host genotype”. Therefore, the authors consider the
systematization of mechanisms to be the basis for
approaches to improving crop drought tolerance.

Fig. 1: Integrated effects of
Potato virus M (PVM)
infection and drought stress

on the physiological and
’ biochemical responses of
potato plants.
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These findings underscore the dual nature of virus-
plant interactions under abiotic stress conditions:
depending on the pathosystem and environment, abiotic
stress can either exacerbate viral disease (e.g., via stronger
symptom expression and higher virus accumulation) or, in
some cases, viral infection/viral factors may be associated
with improved drought-related performance (Prakash et
al., 2024). However, such combined-stress effects remain
insufficiently characterized in potato, and the evidence
base is especially thin for Potato virus M (PVM) most work
on PVM focuses on incidence/diagnostics/seed health,
while mechanistic studies linkihng PVM outcomes to
specific abiotic stressors are comparatively rare; one
example illustrating  environment  sensitivity s
temperature-dependent resistance to PVM reported for
introgressed resistance from Solanum megistacrolobum
(Tatarowska et al., 2020). Importantly, cultivar adaptation
to specific regional environments must also be
considered: modern potato improvement increasingly
emphasizes target-environment testing,
participatory/partner-based selection, and “best-bet”
variety portfolios tailored to local agro-ecologies to
improve adoption and performance under climate
variability (Lindqvist-Kreuze et al., 2023).

Despite the availability of studies addressing potato
responses to viral infections and drought stress individually,
integrated investigations assessing their combined effects
on biochemical mechanisms of stress tolerance remain
extremely limited. Under conditions of climate change and
increasing water scarcity, understanding how the interaction
between viral infection and water deficit influences
physiological and biochemical processes in plants
represents a critical step toward improving yield prediction
accuracy and developing more stress-tolerant cultivars. The
aim of the present study was to experimentally evaluate the
effects of Potato virus M (PVM) on growth, development,
and biochemical and molecular indicators of drought
tolerance in potato plants under in vitro conditions, as well
as to elucidate the nature of interactions between viral and
water-related stresses.
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MATERIALS & METHODS

Subjects of Research

The study was conducted during 2022-2023 at the
Scientific and Production Platform of Agricultural
Biotechnology, Non-commercial Joint-Stock Company “S.
Seifullin  Kazakh Agrotechnical Research University”,
Astana, Kazakhstan.

In vitro potato plants of Kazakh breeding cultivars Ulan,
Narli, Tokhtar, Aliyans, and Babayev were used as the
experimental material. Virus-free in vitro potato plantlets
were kindly provided by the Kazakh Research Institute of
Potato and Vegetable Growing, Almaty, Kazakhstan.
Micropropagation was performed according to a standard
protocol using a modified Murashige and Skoog (MS)
medium supplemented with 6-benzylaminopurine (6-BAP,
1m g L") and indole-3-acetic acid (IAA, 0.5m g L™).
Planting and cultivation were carried out in a phytotron
chamber under controlled environmental conditions in
accordance with the specified growth regimes (Fig. 2)
(Gajimuradova et al.,, 2023).

Plant Infection with Potato Virus M (PVM)

Potato plants were inoculated with Potato virus M
(PVM) by introducing SAP extracted from naturally infected
potato plants into the liquid nutrient medium of culture
tubes containing 3-week-old in vitro potato plantlets. Leaf
tissue from naturally infected plants was homogenized in a
mortar with 10 mM sodium phosphate buffer (pH 6.9-7.0,
measured using a Consort C931 pH meter, Belgium) and
carborundum powder (particle size d=0.037 mM). The
resulting sap was filtered 0.2 pm sterile syringe filter
(Corning, USA), and 5% (v/v) of the extract was added to 3
mL of liquid growth medium. For control samples, leaves
were mechanically wounded without virus application.
Three days after inoculation, leaves located one to two tiers
above the inoculation site were excised and homogenized
in TmL of 1x phosphate-buffered saline. Viral infection was
confirmed by PCR using specific primers. All experiments
were conducted in duplicate.

Fig. 2: In vitro potato plants (A) and potato microcuttings of the Tokhtar variety (B).
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PCR Identification of Viral Infection

Total RNA was extracted from infected and uninfected
leaf samples using TRIzol reagent with modifications
(Yusubakhmedov et al, 2024). A single-step RT-PCR
reaction was performed using an RT-PCR Kit (Thermo Fisher
Scientific, USA). Reverse transcription was carried out at
45°C for 30min, followed by denaturation at 94°C for S5min.
PCR amplification consisted of 30 cycles of 94°C for 30s,
50.7°C for 30s, and 72°C for 30s, with a final extension at
72°C for 5min. Amplification products (5 pL) were analyzed
by electrophoresis in a 1.5% agarose gel. The capsid protein
(CP) gene sequence was used as the amplification target.

The following primers were used for RT-PCR and real-
time RT-PCR to generate a 755bp amplicon:
PVM4_CP_F: GGGAGATTCAACGAAGAAAGC
PVM4_CP_R: GTCGCCTGATCAATCCCTCTA (Xu et al., 2010).

PCR was carried out in a VeritiPro thermal cycler
(Applied Biosystems) in a 20 pL reaction volume containing
2 L 10xPCR buffer, 1.5 pL 25 mM MgCly, 2 yL 2 mM dNTPs,
0.2 uL Taq DNA polymerase (Thermo Fisher Scientific, USA),
and 1 yL cDNA. PCR conditions were as follows: initial
denaturation at 94°C for 1.5min; 38 cycles of 94°C for 45s,
53°C for 45s, and 72°C for 1min; final extension at 72°C for
5min. PCR products (10 pL) were separated on a 2% agarose

gel.

In vitro Drought Stress Conditions

Drought stress was simulated by supplementing the
liquid nutrient medium with polyethylene glycol (PEG 6000)
at a concentration of 30 g L. Three-week-old potato
plantlets of uniform age were cultured individually on filter
paper bridges in test tubes containing 3mL of liquid
Murashige and Skoog (MS) medium with 30 g L™ sucrose
(control) or supplemented with PEG 6000 at pH 5.7. Leaf
samples were collected at 3, 5 and 7 days after stress
initiation. Plants were maintained under a 16h photoperiod
at 25 + 2°C using cool white, fluorescent lamps providing
approximately 90umol m™ s™ photosynthetic photon flux
density (PPFD).

Combined Stress Treatment

Combined stress was imposed by simultaneous
inoculation with PVM sap and the addition of PEG 6000 (30
g L™ to the nutrient medium. Viral infection was verified
three days after inoculation; plants lacking confirmed
infection were discarded. Sampling was conducted at 3, 5,
and 7 days after stress initiation. Leaf samples were
subsequently used for determination of antioxidant enzyme
activities and photosynthetic parameters.

Antioxidant Enzyme Activity Assays

Leaf samples were collected at 3 dpi, 5 dpi, 7 dpi under
drought stress, virus infection and combined stress and
immediately processed for determination of peroxidase
(POD), catalase (CAT) and superoxide dismutase (SOD)
activities.

Peroxidase (POD) Activity

POD activity was determined based on the rate of H,O,
degradation at 590nm over 120s. Enzyme extracts were
prepared with the addition of 20 uL of 100 mM PMSF

Int J Agri Biosci, 2026, 15(4): 1746-1759.

(phenylmethylsulfonyl  fluoride).  Reaction  mixtures
contained 0.01% benzidine hydrochloride, and the reaction
was initiated by adding 0.3% H,0, (Masoud et al., 2025).

Catalase (CAT) Activity

CAT activity was measured by monitoring H,O,
decomposition at 240nm (Riseh et al.,, 2024). The reaction
mixture contained 50 pL enzyme extract and TmL potassium
phosphate buffer (25 mM, pH 7.0) with 10 mM H,0,. Activity
was expressed as umol g™" fresh weight (FW).

Superoxide Dismutase (SOD) Activity

SOD activity was assayed based on inhibition of
nitroblue tetrazolium (NBT) photoreduction (Zhou et al,
2025). The reaction mixture contained KH,PO, (50 mM, pH
7.8), NBT (75 mM), L-methionine (10 mM), EDTA (0.1 mM),
riboflavin (20 mM), and 100 pL enzyme extract. After
illumination for 15min, absorbance was measured at 560nm.
Results were expressed as umol g~ FW.

Chlorophyll Content Determination

Chlorophyll a and b contents were determined
spectrophotometrically. Leaf tissue (0.3-0.5g) was
homogenized in 80% acetone with quartz sand, filtered, and
extraction was repeated until the residue became colorless.
Absorbance was measured at 649 and 665nm. Chlorophyll
concentrations were calculated using Vernon's equations
(1960) (Masoud et al., 2025).

Gene Expression Analysis

Total RNA was extracted using the RNeasy Plant Mini
Kit (Qiagen, USA) following the manufacturer’'s protocol.
First-strand cDNA synthesis was performed in a 20 pL
reaction using SMARTScribe™ Il reverse transcriptase
(Clontech, USA). PCR amplification was conducted using Taq
DNA polymerase (Thermo Fisher, USA) under the following
conditions: 35 cycles of 98°C for 10s, 53-60°C for 45s, and
72°C for 1min, with a final extension at 72°C for 10min.
Target genes and primers:
Housekeeping gene: StActin (XM_006345899), 200bp (57°C)
F: GTGTGATGGTGGGTATGGGT
R: GGCTTCAGTTAGGAGGACAGG
Drought tolerance gene: StDREB2 (JN125858), 128bp (60°C)
F: AAAGCAGAGGGAACACCAAC
R: GGGAAGAATAAGAACCAAGCCA
Virus resistance gene: Rm 768bp (53°C)
F: TGCCAGCCTAACACCCAAAA
R: TTGGATGCCGATGGGATCTG
Relative gene expression was calculated using the 2"AACt
method. Statistical analysis of expression levels was
performed on ACt values.

Statistical Analysis

All experiments were conducted in triplicate. Statistical
analysis included calculation of means, standard deviations,
Student's t-test (p < 0.05), and Pearson correlation
coefficients. Data processing was performed using
Microsoft Excel 2010 and GraphPad Prism version 8.0.1.
Each treatment included two biological replicates (n = 2;
independent repetitions of the experiment). Within each
replicate, five independent biological units (e.g,
plants/tubers) were analyzed per treatment (n = 5).



1750

RESULTS

Molecular Identification of the Virus

In vitro-grown potato plants were examined for the
presence of Potato virus M (PVM) three days after
inoculation in accordance with the experimental protocol.
On the same day, the first samples were collected for the
analysis of antioxidant enzyme activity. PCR analysis
confirmed viral infection in all inoculated intact plant
samples following co-cultivation with viral particles; the
results are shown in Fig. 3.

M 1 2 3 4 5 6 7 8 9 10

755 bp

Fig. 3: PCR Analysis Results for Potato Virus X Identification in Potato Plants.
M —marker; 1,2 — Ulan variety plant; 3,4 — Tokhtar variety plant; 5,6 — Babayev
variety plant; 7,8 — Aliyans variety plant; 9,10 — Narli variety plant.

At 3 days post inoculation, amplification of a PVM-
specific fragment of approximately 755 bp was successfully
obtained in all analyzed samples. The electrophoretic
profiles showed clear bands of the expected size without
nonspecific amplification products, indicating high
reaction specificity. Comparable band intensities among
all samples suggest uniform infection efficiency across
varieties under in vitro conditions. The confirmed and
homogeneous infection status of all plant samples
provides a reliable experimental basis for subsequent
analyses of antioxidant enzyme activity, as it minimizes
variability related to differences in viral load and allows
observed biochemical responses to be attributed to
genotype-specific reactions to PVM infection.

Antioxidant Enzyme Activity in Potato Plants

In the five studied potato cultivars, changes in
peroxidase (POD) activity were evaluated in leaf explants at
3, 5, and 7 days after treatment. Fig. 3 presents the mean
values and standard deviations of the activities of three key
antioxidant enzymes — peroxidase (POD, units) (Fig. 4A),
catalase (CAT, units) (Fig. 4B) and superoxide dismutase
(SOD, units) (Fig. 4C).

Int J Agri Biosci, 2026, 15(4): 1746-1759.

The analysis of enzymatic activity presented in Fig. 4
reveals pronounced cultivar-specific differences in the
functioning of the potato antioxidant system under viral
infection (PVM), water deficit, and their combined effects.
Peroxidase (POD) activity (Fig. 4A) exhibited the highest
variability and served as the primary indicator of early
oxidative stress. At 3 days post-inoculation (dpi), a multiple
increase in POD activity was observed in all cultivars. In
Aliyans, POD activity increased by +472% under PVM,
+338% under drought, and +238% under combined stress.
In Ulan, the corresponding increases were +220%, +266%,
and +220%; in Narli, +194%, +220%, and +123%; and in
Babayev, +263%, +189%, and +181%. The most
pronounced response was recorded in Tokhtar, where POD
activity increased by +483%, +639%, and +402% under
PVM, drought, and combined stress, respectively (Table A1).
At 5 dpi, POD activity declined across all treatments,
reflecting attenuation of the acute oxidative response;
however, the magnitude of reduction differed among
cultivars. In Aliyans, POD activity decreased by -61% under
PVM, whereas drought-induced reduction was less
pronounced (-20%), a pattern also observed in Ulan (-20%
under PVM and stable levels under drought), Narli (-47%
and -18%), and Tokhtar (-29% and -19%). By 7 dpi,
enzymatic activity stabilized while maintaining cultivar-
specific characteristics: under PVM, values approached
control levels (e.g., +12% in Aliyans), whereas drought and
combined stress sustained elevated POD activity, reaching
+134-221% in most cultivars (Table A1).

Catalase (CAT) activity showed a similar but more
moderate response pattern (Fig. 4B). At 3 dpi, CAT activity
increased significantly in all cultivars, particularly under
PVM: +157% in Aliyans, +231% in Ulan, +184% in Narli,
+45% in Babayev, and +102% in Tokhtar. Drought stress
also stimulated CAT activity at early stages (+109% in
Aliyans, +245% in Ulan, +169% in Narli). At 5 dpi, CAT
activity partially declined but remained above control levels,
especially under drought conditions, where a sustained
increase (+23-221%) was observed in most cultivars,
indicating the prolonged nature of water stress. At 7 dpi,
partial recovery of CAT activity was noted; however, drought
and PVM+D continued to induce elevated levels, whereas
the response to PVM alone became moderate (Table A1).

Table A1: Comparative antioxidants activity in five potato cultivars exposed to control, PVM, drought, and combined PVYM+D stress at 3, 5, and 7 dpi

Variety 3dpi 5 dpi 7 dpi

Contr PVM Drought PVM+D  Contr PVM Drought PVM+D  Contr PVM Drought  PVM+D

Peroxidase
Aliyans 2.9+0.5 16,6+0.6 12,7+04 9,8+03 27+03 64 +06" 10.2+0.5 8.8+0.4 3.24+0.14 5.2+0.7" 9.3+04 9+0.2
Ulan 3.5+0.5 11.2£05 12802 11.2+02 2.6%0.2 9+03 12.9+0.2 10.50.4 35402 6.03+0.5° 103+0.5 9.7+04
Narli 3.5+04 10.3+0.5 11.2+x02 7.8+0.2 3.4+0.2 5.5+0.4" 9.1+£0.2 8.1£0.1 33+0.2 5.6+04" 8.8%0.1 74+0.1
Babayev 2.7+0.6 9.8+0.4 7.8+0.3 7.6+0.5 2.6+0.2 6.6+0.4" 7.03+0.2 6.6+0.3 29+0.1 5.5+0.5" 6.8+0.3 5.8+0.3
Tokhtar 1.8+0.4 10.5+0.5 13.3x0.1 9.03+0.2 2.5x0.1 7.5+0.6 10.8+0.3 8.3+0.3 29402 4.8+0.7° 9.3%0.1 7.3+04
Catalyse
Aliyans 357.144.2 919.3+47 7451+16.7 647.9+44 3529+54 478.7+79 473.1+3.8 387.3+6.9" 339.9+14 434+55  4594+0.5 389447
Ulan 158+2.8  522.9+2.1 5449+10.4 486+8.1  163.6+2.1 3654+44 5263+74 372+98  162.5+1.6 231.9+48.7 4157+51 397.3+29
Narli 192.7+16 546.9+11.9 5195476 4724+3.8 194.4+2.04 528.7+32 346.1£39 3194+44 192.7+1.6 4137445 2289+1.6 257.7+36
Babayev 419.4+52 608.7+4.1 800.1+3.0 717.2+2.1 419.9+6.3 506.2+83 516.9+502 591.5+3.2 427.9+19 429.9+3.6™ 431.4+3.6™ 509.6+2.5
Tokhtar 396.8+4.7 802.6+3.6 614.849.1 5144+3.6 397.1+84 05159+44 4839+33 469.2+2.2 373.2+4.2 420.2+7.4™ 4355+9.7° 373.2+5.6™
SOD

Aliyans 214.6+ 280.0+3.7 2932456 291.5+4.1 212.3+2.2 233.9+2.8 2495+15 2345+17 206.9+2.9 207.9+2.5™ 206.9+2.9" 224.5+3.01"
Ulan 206.5£1.8 281.62.2 381.7+1.6 311.9£17" 205.9+3.9 255.02+2.1 2944:0.9 2854136 186.8+5.2 222.611.8 222.1+2.1™ 273.6+2.7
Narli 236+1.5 2922431 271.1+4.1 2989+1.2 231.7+1.6 247.4+2.8™ 249.6+1.96" 262.1+1.6 230.9+2.9 226.5+1.5" 225.2+2.5" 253.8+2.8
Babayev 249.02+1.9 301.06+1.5 293.8+3.9 272.9+25 250.6+12 277.12+4.4" 2744+2.9" 213.5+1.97 243.9+2.7 242.9+1.9™ 243.9+2.7™ 210.7+1.95
Tokhtar 223.9+ 278.4+0.8 275.5+6.5 254.4+3.1 219.4+1.15 266.2+3.7 255.9+1.7" 2449473 207.2+1.5 233.9+2.6™ 224.8+1.3" 225413
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SOD
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Drought 3dpi

Fig. 4: Peroxidase (POD) (A), Catalyse (CAT) (B), Superoxide dismutase (SOD) (C) activity profiles in five barley cultivars under control, PVM infection, drought

stress, and combined PVM+Drought treatment at 3, 5, and 7 dpi.

Superoxide dismutase (SOD) activity exhibited a lower
amplitude of variation compared with POD and CAT but
showed a more stable response (Fig. 4C). At 3 dpi, a
moderate increase in SOD activity was detected in most
cultivars, reaching +30-37% in Aliyans and +36-85% in Ulan,
while changes in Narli, Babayev, and Tokhtar were less
pronounced (+20-30%). At 5 dpi, SOD activity remained
moderately elevated under drought and combined stress
(+6-43%). By 7 dpi, responses stabilized, with minimal
deviations from control values, except under combined
stress in Aliyans and Ulan, where increases of +13-17% were
observed (Table A1).

Overall, the dynamics of enzymatic responses indicate
that drought represents the most intense and prolonged
stress factor, inducing sustained activation of peroxidase,
catalase, and superoxide dismutase across all cultivars. PVM
infection caused a sharp but transient increase in
antioxidant activity, most evident for POD and CAT at 3 dpi.
Combined stress resulted in an intermediate response
pattern without evidence of synergistic enhancement.
Based on the magnitude and persistence of enzymatic
deviations, Tokhtar and Ulan can be classified as the most
sensitive cultivars; Aliyans and Narli exhibited moderate
responses, whereas Babayev was characterized by the

lowest amplitude of enzymatic changes.

Photosynthetic Activity

During viral pathogenesis, substantial alterations in
metabolic processes occur in infected plant tissues. In
addition to systemic disturbances in plant physiology,
phytopathogenic ~ viruses  often  induce  physical
deformations such as leaf wrinkling, curling, and mosaic
patterns, thereby reducing the effective photosynthetic
surface area of the leaf apparatus (Bahar et al, 2020;
Shonazarova et al., 2025). These morphological and
physiological changes lead to a reduction in photosynthetic
intensity, one of the most critical determinants of plant
productivity (Cheaib & Killiny, 2025).

The heatmap presents the contents of chlorophyll a,
chlorophyll b, and total chlorophyll (a+b) in the leaf tissues
of five potato cultivars in response to PVM infection,
osmotic stress, and their combined effects at 3, 5, and 7 days
after treatment. The obtained data reflect the dynamics of
photosynthetic stability among cultivars and enable
identification of differences in their responses to biotic and
abiotic stresses (Fig. 5).

Analysis of chlorophyll a, chlorophyll b, and total
chlorophyll (a+b) contents in the leaves of five potato



cultivars revealed a pronounced dependence of pigment
responses on stress type and exposure duration. A common
trend observed across all cultivars was a substantial
reduction in photosynthetic pigment levels at the early
stage (3 dpi) under both PVM infection and drought stress,
with the most severe suppression induced by combined
stress (PVM+D). This decline persisted or intensified at 5 dpi,
and only partial stabilization was observed by 7 dpi, without
full recovery to control levels.

Control PVM Drought PVM+D
357 3 57 3 57 3 5171

[

Chlorophilium a

Chlorophilium b

10

1

12

13

14

Chlorophilium atb

15

Fig. 5: Heat map of chlorofile profile (a, b, a+b) in five potato cultivars.
(Samples 1, 6, and 11 — Aliyans; 2, 7, and 12 — Ulan; 3, 8, and 13 - Narli; 4, 9,
and 14 — Babayeyv; 5, 10, and 15 — Tokhtar).

In the cultivar Aliyans, chlorophyll a content at 3 dpi
decreased by 29% under PVM, by 52% under drought, and
by 57% under combined stress. A similar response was
observed for chlorophyll b, which declined by 24%, 47%,
and 57%, respectively. At 5 dpi, pigment suppression
intensified, particularly under PVM and PVM+D, and
remained pronounced at 7 dpi, with chlorophyll levels 53-
58% below the control. Total chlorophyll (a+b) followed a
comparable pattern, decreasing by 27-57% at 3 dpi and
remaining strongly suppressed at 5 and 7 dpi.

In the cultivar Ulan, viral infection caused a relatively
mild early reduction in chlorophyll a and b (10% and 9%,
respectively), whereas drought and combined stress
resulted in marked declines of 35-58%. At 5 dpi, pigment
levels continued to decrease, especially under drought (up
to -59% for chlorophyll a). By 7 dpi, chlorophyll a, b, and
a+b remained substantially reduced relative to the control
(-49-68%), indicating a prolonged effect of water deficit.

The cultivar Narli proved to be among the most
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sensitive. At 3 dpi, chlorophyll a content declined by 30-
59%, chlorophyll b by 40-73%, and total chlorophyll by
19-59%. At 5 dpi, suppression intensified (up to -61-77%)
and persisted at 7 dpi (-52-73%), reflecting high
vulnerability of the photosynthetic apparatus. The cultivar
Babayev exhibited the most pronounced pigment
depletion among all genotypes. At 3 dpi, chlorophyll a
decreased by 55-72%, chlorophyll b by 23-71%, and total
chlorophyll by 42-72%. At 5 dpi, pigment loss reached a
maximum (up to -82% for chlorophyll b), and at 7 dpi
pigment levels remained extremely low, indicating an
absence of compensatory recovery.

Similarly, Tokhtar showed high sensitivity to stress
exposure: at 3 dpi, chlorophyll a decreased by 54-56%,
chlorophyll b by 20-62%, and total chlorophyll by 40-58%.
At 5 dpi, suppression ranged from 50-67% and persisted at
7 dpi, remaining 60-67% below control values (Table A2).

Overall, the data demonstrate that all studied potato
cultivars experience substantial reductions in
photosynthetic pigment content under stress conditions,
although the degree of sensitivity varies markedly. The most
severe and persistent pigment suppression was observed in
Babayev, Tokhtar, and Narli, whereas Aliyans and Ulan
exhibited more moderate responses. Drought and
combined stress exerted a stronger negative impact on the
photosynthetic pigment system than PVM infection alone,
highlighting the dominant role of abiotic stress in
suppressing photosynthetic activity.

Gene Expression Dynamic in Potato Plants

The expression level of the transcription factor StDREB2
(Dehydration-Responsive  Element  Binding), which
regulates genes involved in dehydration stress responses,
was assessed in leaf tissues of the studied potato cultivars
using quantitative reverse transcription PCR (qRT-PCR).
Relative gene expression was calculated using the AACt
method with normalization to the housekeeping gene
StActin. Levels of statistical significance relative to the
control are indicated in the graph (Fig. 6).
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Fig. 6: Expression levels of the drought-tolerance gene StDREBZ2 in five
potato cultivars. (Note: * P<0.05; ** P<0.01; *** P<0.001).

Analysis of the relative expression of StDREB2 revealed
a pronounced cultivar-specific and temporally structured
response, indicating differential activation of dehydration-
responsive regulatory pathways among potato genotypes.
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Table A2: Photosynthetic Activity of Potato Plants under PVM Infection, Drought, and Combined Stress Conditions
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Variety

3dpi

5 dpi

7 dpi

Contr

PVM

Drought

PVM+D

Contr

PVM Drought PVM+D

Contr PVM

Drought

PVM+D

2.39+0.04
Ulan 2.34+0.07
Narli 1.77£0.12
Babayev 2.25+0.07
Tokhtar 2.16+0.1

Aliyans

2.013+0.05
Ulan 1.959+0.06
Narli 1.819+0.1

Babayev 1.488+0.01
Tokhtar 1.523+0.07

Aliyans

4.403+0.05
Ulan 4.299+0.06
Narli 3.729+0.11

Aliyans

1.697+0.08
2.1+0.04”
1.24+0.04”
1.01£0.04
0.977+0.04

1.522+0.08
1.79+0.1™
1.09+0.05"
1.14£0.01

1.226+0.01

3.219£0.08
3.89+0.07

3.03+£0.05"
2.15£0.03"

1.141x0.07
1.512+0.1
0.89+0.03"
0.92+0.04
0.99+0.04

1.058+0.07
1.231+0.06

0.578+0.05"

0.544+0.04
0.758+0.05

2.199£0.07
2.743+0.08
2.121£0.04
1.464+0.04

1.018+0.03

1.509+0.05”
0.722+0.07"

0.63+0.03
0.95+0.03

0.871+0.03
0.817+0.06

0.493+0.07"

0.434+0.03
0.584+0.02

1.889+0.03"
2.326+0.05"

1.539+0.07
1.064+0.03

2.197+0.06
2.117+0.01
2.1+0.09
2.041£0.05
2.12+£0.07

1.943+0.08
1.902+0.07
1.87x0.1
1.569+0.1
1.667+0.1

4.303+0.07
4.019£0.04
4.002+0.08
3.61+0.07

Chlorophilium a
1.221+0.03 1.145+0.09
1.22+0.07  1.091+0.08
0.986+0.03 0.818+0.08
0.874+0.04 0.679+0.03
0.854+0.03 0.7833+0.03

Chlorophilium b
0.822+09  0.817+0.03
1.009+0.02 0.808+0.07
1.124+0.03" 0.649+0.05
0.293+0.09” 0.417+0.02
1.031+0.1"  0.899+0.03

Chlorophilium a+b
2.043+t04  1.962+0.06
2.229+0.05 1.899+0.08
1.995+0.03 1.626+0.08
1.167+0.07 1.096+0.03

0.791+0.06
0.864+0.06
0.834+0.08
0.74£0.06
0.6554+0.03

0.81+0.04

0.913+£0.03
0.657+0.07
0.531+0.04
0.575+0.03

1.601+0.05
1.777+0.04
1.747+0.08
1.271£0.05

2.36+0.06
2.184+0.08
1.97£0.05
2.049+0.05
2.03£0.03

1.983+0.06
2.033+0.02
1.944+0.2

1.631+0.09
1.685+0.03

4.343+0.06
4.217£0.05
4.003+0.1
3.68+0.07

0.871+0.1"
0.919+0.05
0.517+0.07"
0.361+0.07
0.562+0.04

1.984+0.07
2.026+0.01
1.939+0.08
1.265+0.05

1.113£0.04™ 0.983+0.04
1.107+0.07
1.02+0.09

0.904+0.04
0.746+0.04

0.847+0.05
0.817+0.09
0.62+0.03

0.586+0.03

0.7310.1
0.639+0.07
0.535+0.04™
0.428+0.06
0.68+0.1

1.714£0.07
1.486+0.06
1.456+0.07
1.048+0.05

0.986+0.08
0.878+0.03
0.79£0.08
0.99+0.03
0.825+0.01

0.842+0.05
0.776+0.05
0.597+0.04™
0.458+0.05
0.647+0.2"

1.828+0.07
1.654+0.04
1.566+0.04
1.448+0.04

Babayev 3.738+0.04

Tokhtar 3.683+0.09 2.203+0.03” 1.748+0.04 1.534+0.03 3.787+0.04

1.885+0.07

1.6823+0.03 1.2304+0.03 3.715+0.03 1.308+0.04 1.266+0.07 1.472+0.1

At the early stage of stress exposure, the strongest and most
rapid induction of StDREB2 was detected in the cultivars
Ulan and Aliyans, suggesting a highly efficient early stress-
sensing and signal transduction capacity. In Ulan, transcript
abundance increased to approximately threefold relative to
the control, accompanied by substantial variability, as
reflected by large standard deviations, indicative of dynamic
transcriptional regulation. Aliyans similarly exhibited a
robust upregulation of StDREB2 expression, reaching
approximately 2.5-2.8-fold above control levels.

In contrast, the cultivars Narli and Babayev displayed a
delayed transcriptional response, with maximal StDREB2
induction occurring at later time points. In Narli, peak
expression was observed at 5 dpi, reaching approximately a
twofold increase, while Babayev showed a moderate
induction during the 3-5 dpi interval followed by partial
attenuation by 7 dpi. This delayed activation pattern likely
reflects reduced responsiveness of upstream signaling
components or slower engagement of dehydration-related
transcriptional networks. The cultivar Tokhtar exhibited the
weakest StDREB2 response, characterized by a low-
amplitude and transient induction that did not exceed 1.2-
1.4-fold relative to the control, suggestin g Limited
involvement of DREB-mediated pathways in its stress
response strategy.

Across all cultivars, StDREB2 expression declined by
7 dpi compared with peak levels, indicating attenuation
of the acute stress response phase. Nevertheless, in Ulan
and Narli, residual expression remained significantly
elevated relative to the control, implying sustained
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Fig. 7: Expression levels of the virus-resistance gene Rm in five potato
cultivars. (Note: * P<0.05; ** P<0.01; *** P<0.001).

The obtained data reveal a pronounced cultivar- and
time-dependent specificity of Rm gene expression,
indicating substantial differences among potato genotypes
in the activation of virus-resistance mechanisms. The
strongest induction of Rm was observed in the cultivars
Tokhtar and Ulan, suggesting a rapid and efficient
engagement of antiviral defense pathways. Tokhtar
exhibited a sharp early transcriptional response, with peak
relative expression at 3 and 5 dpi (approximately 0.27 and
0.21, respectively), followed by a marked decline to ~0.09
by 7 dpi, indicative of a fast but transient activation of
resistance signaling. In Ulan, elevated Rm expression was
maintained across all time points, reaching maximal levels
of approximately 0.20-0.23 at 5-7 dpi and remaining

engagement of dehydrétion—rgspppsive regulatory significantly higher than the control even at the late stage,
mechanisms. The statistical significance of most  \yhich points to a more sustained antiviral response.
expression peaks further supports the biological The cultivar Aliyans showed a moderate yet stable

relevance of these transcriptional changes.

The expression dynamics of the virus-resistance gene
Rm were also investigated to assess its contribution to
stress adaptation. Transcript profiling revealed stress-
induced activation of Rm, reflecting its involvement in
antiviral defense responses. Variations in the magnitude
and duration of Rm induction among cultivars highlight
differences in the efficiency of virus perception and
immune signaling, thereby enabling discrimination
between genotypes with contrastin g Levels of virus
resistance (Fig. 7).

increase in Rm expression throughout the experiment
(approximately 0.08-0.13), with statistically significant
differences from the control at selected time points,
suggesting an intermediate resistance strategy characterized
by steady but less intense gene activation. In contrast, Narli
and Babayev displayed consistently low basal and inducible
Rm expression. In Narli, relative transcript levels remained
within the range of ~0.03-0.07, while in Babayev they varied
between ~0.04 and 0.06, with only sporadic statistically
significant deviations from the control, indicating limited
involvement of Rm-mediated antiviral defense.
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Across all cultivars, peak Rm activation generally
occurred during the early to mid-stages (3-5 dpi), followed
by attenuation at 7 dpi. However, the persistence of
elevated expression in Ulan underscores genotype-specific
differences in the duration and effectiveness of antiviral
responses. Overall, these results demonstrate that Rm
exhibits strong and rapid induction in Tokhtar and Ulan,
moderate activation in Aliyans, and weak responsiveness in
Narli and Babayev, supporting the utility of Rm expression
intensity and dynamics as an informative molecular marker
of cultivar-specific viral resistance.

Genotype-Phenotype Correlation

Correlation analysis revealed that the drought-
tolerance gene StDREB2 is substantially more tightly
associated with biochemical and photosynthetic traits than
the virus-resistance gene Rm (Fig. 8).

Under drought and combined stress conditions,
StDREB?2 expression exhibited a strong positive relationship
with antioxidant enzyme activity. Increasing transcript levels
of StDREB2 were accompanied by elevated activities of
peroxidase (POD), catalase (CAT), and superoxide
dismutase (SOD). In the correlation plots, data points
clustered along positively sloped regression lines,
indicating coordinated activation of both the enzymatic
antioxidant defense system and DREB-dependent
signaling pathways. The association between StDREB2
expression and POD activity was particularly pronounced,
whereas correlations with CAT and SOD showed greater
dispersion but maintained an overall positive trend. These
patterns suggest that higher StDREB2 expression is linked
to more effective enzymatic control of reactive oxygen
species (ROS) under water deficit and PVM infection.

A similar relationship was observed between StDREB2
expression and photosynthetic characteristics. Under
drought, viral, and combined stress treatments, higher
StDREB2 transcript levels were associated with increased
contents of chlorophyll a, chlorophyll b, and total
chlorophyll (a+b). In the corresponding correlation plots,
regression lines displayed positive slopes, and data points
were predominantly distributed toward higher chlorophyll
values at elevated StDREB2 expression levels. This indicates
that activation of StDREB2 is associated not only with
induction of antioxidant defense mechanisms but also with
improved preservation of the photosynthetic apparatus
under stress conditions, reflecting enhanced functional
stability of leaf tissues.

In contrast to StDREB2, the correlation profile of the Rm
gene was fundamentally different. For most combinations
of Rm expression with antioxidant enzyme activities, data
points were distributed nearly randomly around regression
lines with minimal slopes, indicating the absence of a strong
relationship between Rm transcript levels and the activities
of POD, CAT, and SOD. Only in isolated cases was a weak
tendency toward increased peroxidase activity observed at
higher Rm expression levels; however, this trend was
inconsistent and was not reproduced for the other
enzymatic parameters.

A similar pattern was observed for the relationship
between Rm expression and photosynthetic traits. In the

Int J Agri Biosci, 2026, 15(4): 1746-1759.

“Rm-chlorophyll” correlation plots, regression lines were
nearly horizontal, and data points were widely scattered
along the pigment-content axis, indicating no clear
association between Rm expression and the maintenance of
the chlorophyll-containing photosynthetic apparatus under
stress conditions. Only for total chlorophyll did some
treatments show a slight positive inclination; however, this
effect was markedly weaker than that observed for StDREB2.

Taken together, the correlation analysis highlights a
clear functional divergence between the two genes.
StDREB2 is tightly linked to activation of the antioxidant
defense system and preservation of photosynthetic activity
under drought and combined stress, reflecting its role as an
integrative regulator of general stress adaptation. In
contrast, Rm appears to operate primarily within specific
antiviral defense pathways, showin g Limited association
with variation in biochemical and photosynthetic
parameters across the studied cultivars. This distinction
supports the use of StDREB2 as a marker of broad stress
tolerance, whereas Rm more accurately reflects genotype-
specific viral resistance.

DISCUSSION

Potato is affected by more than 50 different viruses,
and their impact on plant physiology remains one of the key
challenges facing the global potato industry. Verchot (2022)
emphasized that viruses, as obligate parasites, deeply
interfere  with  plant metabolism by disrupting
photosynthesis, carbohydrate metabolism, and antioxidant
defense systems, ultimately leading to substantial yield
losses and deterioration of tuber quality. These conclusions
are supported by the findings of Ospankulova et al. (2023),
who demonstrated that PVY, PVS, and PVM infections
reduce dry matter and starch content and alter starch
granule structure, including decreases in granule size,
crystallinity, and changes in the amylose-to-amylopectin
ratio. Collectively, these results indicate that viral infections
exert complex effects, leading not only to reduced plant
biomass but also to compromised nutritional and
technological quality of potato tubers (Weber et al.,, 2021;
Manasseh et al., 2023). Our results are consistent with these
observations, as PVM-infected plants exhibited a
pronounced reduction in photosynthetic pigment content,
indicating impaired photosynthetic function. All cultivars
showed decreased levels of chlorophyll a, chlorophyll b, and
total chlorophyll (a+b), with the most pronounced declines
recorded in the Narli and Babayev cultivars, reflecting their
high sensitivity to viral stress. Similar effects have been
reported for PVY, where viral infection caused chloroplast
degradation, a reduction in thylakoid number, and
decreased Rubisco activity, further confirming the link
between viral stress and photosynthetic deterioration
(Kalatskaja et al., 2023). An increasingly important aspect of
modern crop production is the simultaneous exposure of
plants to multiple stress factors. Although interactions
between viral infections and abiotic stresses remain
insufficiently explored, accumulating evidence suggests that
combined stress conditions elicit distinct physiological
responses that differ from those induced by individual
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stressors (Abd Elhady et al., 2021; Al-Selwey et al., 2023;
Cohen et al, 2023; Bi et al, 2024). Kalatskaja et al. (2023)
further demonstrated that under combined PVY infection
and drought stress, potato plants exhibit enhanced
accumulation of antioxidants and a marked increase in
antioxidant enzyme activities. Notably, hydrogen peroxide
levels in leaves declined more strongly under combined
stress than under individual stresses, which the authors
attributed to the activation of protective mechanisms aimed
at mitigating oxidative cellular damage.

Our data are consistent with these observations: the
antioxidant enzymes POD, CAT, and SOD in potato
exhibited a characteristic phase-dependent dynamic
pattern, with a sharp increase in activity at early stages (3
dpi), followed by a decline at 5 dpi and stabilization at
cultivar-specific levels by 7 dpi. The most pronounced
changes were observed under single viral stress and, in
particular, under combined PVM + drought stress, whereas
drought stress alone often elicited a less intense response.
Similar patterns have been reported in studies examining
the effects of PVY and PVX on tomato and tobacco, where
early induction of POD and CAT activity represents a typical
response to viral replication and ROS accumulation in
infected tissues. Our results indicate that this mechanism is
also characteristic of PVM infection, while cultivar-specific
differences — most notably the strong responses observed
in Aliyans, Ulan, and Tokhtar — may reflect variation in the
efficiency of enzymatic ROS scavenging.

Interestingly, viral infection may not only exacerbate
the negative effects of drought but can also activate
molecular pathways that enhance plant tolerance to water
deficit (Uraji et al., 2012; Finkelstein, 2013; Barbaglia et al.,
2016; Heidari et al.,, 2023). Lin et al. (2025) demonstrated
that infection by +RNA viruses, including PVY, activates
ABA signaling and enhances phosphatidic acid production
via PLDal. Subsequent inhibition of PLDal suppressed
virus-induced drought tolerance, indicating a direct
involvement of viral components in drought-response
regulation. Similarly, Prakash et al. (2024) showed that viral
infection can improve plant tolerance to water deficit
through enhanced expression of stress-adaptive genes.
Our study further supports the involvement of viral factors
in stress-response regulation. Expression of StDREBZ2, a key
regulator of dehydration-related signaling cascades, was
strongly induced at early stages in the Ulan and Aliyans
cultivars, suggesting more efficient activation of adaptive
responses. In contrast, Narli and Babayev exhibited
delayed expression peaks, which may explain their
increased sensitivity in physiological assays. Similar
differences in StDREB2 dynamics between drought-
tolerant and drought-sensitive potato genotypes have
been reported by El-Esawi & Alayafi (2019) and Mushtaq
et al. (2021), where StDREB?2 served as a marker of stress-
adaptation activation.

Equally important was the observed modulation of the
virus-resistance gene Rm. The highest Rm transcription
levels were detected in Tokhtar and Ulan, in agreement with
their strong antioxidant enzymatic responses. Elevated Rm
expression may indicate the establishment of an early
immune response to PVM. Similar patterns have been
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reported for potato resistance to PVY, where R-type genes
showed rapid induction during hypersensitive response
development (Baebler et al.,, 2020). In contrast, Narli and
Babayev displayed minimal Rm activation, which may
explain their heightened susceptibility to both viral and
combined stress (Zaki & Radwan, 2022; Saleem et al., 2022;
Sun et al,, 2022; Li et al.,, 2025).

The correlation analysis performed in this study
demonstrates that StDREB2 gene expression is tightly
associated with the enzymatic component of the
antioxidant system and the functional state of the
photosynthetic apparatus. Positive correlations between
StDREB?2 transcript levels and the activities of POD, CAT, and
SOD, as well as with chlorophyll a, chlorophyll b, and total
chlorophyll content, indicate that activation of this
transcription factor constitutes part of an integrated
adaptive response to water deficit and viral infection. Similar
patterns have been reported across multiple crop species,
where overexpression of DREB factors enhances antioxidant
enzyme activity and improves drought tolerance in potato,
cotton, poplar, and other plants, concomitantly reducing
ROS accumulation and preserving photosynthetic
performance (El-Esawi & Alayafi, 2019; Geng et al., 2023; Ul
Ain-Ali et al., 2024).

In potato specifically, drought-tolerant genotypes are
characterized by earlier and stronger induction of DREB-like
genes, coupled with increased antioxidant enzyme activity
and smaller reductions in chlorophyll content compared
with drought-sensitive cultivars (Yang et al., 2019; Zaki &
Radwan, 2022; Kanat et al., 2024). Against this background,
the positive correlations observed here between StDREB2,
enzymatic antioxidant activity, and pigment levels provide
strong evidence for the central role of DREB-dependent
pathways in shaping complex tolerance to drought and
combined PVM + drought stress. Notably, cultivars with
higher StDREB2 expression also exhibited stronger
activation of antioxidant enzymes and better preservation
of the photosynthetic apparatus, fully consistent with the
current concept that DREB factors coordinate the expression
of genes involved in osmotic protection, ROS detoxification,
and stabilization of photosynthetic structures (Sadau et al.,
2024; Gaoua, 2025).

In  contrast, the weak and mostly statistically
insignificant correlations between Rm gene expression and
antioxidant enzyme activity or chlorophyll content reflect a
more specialized function of this gene, primarily associated
with the activation of specific antiviral defense rather than
general physiological adaptation to multifactorial stress. It
is well established that R-type genes, including Rm, encode
NLR receptor proteins that trigger hypersensitive
responses and local restriction of infection, and their
expression does not necessarily correlate directly with
global physiological traits (Liu et al., 2021; Zhu et al., 2025).
Recent comparative transcriptomic analyses of R genes in
tomato and potato further showed that only a small subset
of R genes is differentially expressed during viral and other
infections, with changes often being tissue-specific and
weakly linked to overall photosynthetic performance or
antioxidant status (von Dahlen et al, 2023). Similarly,
studies of resistance to PVM and other potato viruses
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indicate that the presence or activation of specific R genes
(including Rm) reliably predicts hypersensitive response
development and restriction of viral replication but does not
necessarily determine enzymatic activity levels or pigment
content under prolonged stress (Tatarowska et al., 2020;
Ross et al., 2022).

In this context, the correlations identified in our study
can be logically interpreted as evidence of functional
divergence between two marker groups: StDREBZ2 acts as an
integrative regulator of multifactorial stress tolerance,
whereas Rm primarily reflects a component of specific viral
resistance that is weakly associated with variation in
biochemical and photosynthetic parameters at the whole-
plant level. Thus, our data indicate that potato tolerance
under PVM infection and drought stress is determined by a
multilevel interaction among the antioxidant defense
system, the photosynthetic apparatus, and stress-regulatory
transcription factors. Viral infection enhances oxidative
stress and disrupts photosynthetic processes, while drought
alone causes damage to cellular structures; however, when
combined with viral infection, drought can elicit complex
and sometimes contrasting physiological responses,
ranging from enhanced defense activation to severe growth
inhibition in susceptible cultivars.

These findings expand current understanding of the
interplay between viral and abiotic stresses and highlight
the necessity of an integrated assessment of potato cultivars
using biochemical and molecular markers of stress
tolerance. Furthermore, the results point to the potential
applicability of StDREB2 and Rm genes as indicators of
stress resilience in breeding programs aimed at developing
potato cultivars capable of withstanding multifactorial
stress conditions.

Conclusion

The present study provides an integrated
physiological, biochemical, and molecular assessment of
potato responses to Potato virus M (PVM) infection,
drought stress, and their combined effects. The results
demonstrate that plant stress tolerance is not determined
by a single protective mechanism but is instead shaped by
coordinated regulation of the antioxidant defense system,
maintenance of photosynthetic functionality, and
activation of stress-induced transcriptional cascades.
Among the examined factors, drought emerged as the
most persistent and system-wide stress, whereas viral
infection predominantly triggered rapid and transient
responses. Combined stress produced intermediate
response patterns, reflecting partial convergence of biotic
and abiotic stress signaling pathways. The pronounced
cultivar-specific variability observed highlights the high
plasticity of adaptive strategies in potato and underscores
the decisive role of the timing and intensity of regulatory
responses in determining stress tolerance. From both
scientific and practical perspectives, these findings
emphasize the necessity of multidimensional stress
phenotyping that integrates molecular markers with
physiological and biochemical traits. Future studies should
extend this framework by examining additional regulatory
pathways, including abscisic acid signaling, ROS-lipid

Int J Agri Biosci, 2026, 15(4): 1746-1759.

interactions, and hormonal crosstalk, by increasing the
duration of stress exposure, and by validating the results
under field conditions. The integration of transcriptomic,
metabolomic, and phenomics data will enable deeper
insight into the interactions between biotic and abiotic
stresses and improve the accuracy of predicting potato
productivity under changing climate conditions.
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