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ABSTRACT

Article History

This study investigates the effectiveness of electric current and magnetic field treatments for
eliminating major viral pathogens in potato plant tissues. The experiments were conducted on
cuttings and apical parts of potato plants infected with potato virus X (PVX), potato virus S
(PVS), potato virus M (PVM), potato leafroll virus (PLRV), and potato virus A (PVA). Each
treatment mode included four biological replicates (n=4). For PVX, PVS, PLRV and PVA, six
modes were tested (24 samples per virus), while for PVM twelve modes were applied (48
samples). Samples were considered ELISA-negative when A405 (sample) < 3 x A405 (negative
control). The plant material was exposed to electric currents ranging from 10 to 50mA for
durations between 10 and 30min. Virus infection was diagnosed by enzyme-linked
immunosorbent assay (ELISA) and reverse transcription PCR (RT-PCR); samples were
considered virus-free when ELISA optical density values were lower than twice the mean
absorbance of the negative control. The results demonstrated that the most effective
electrotherapy parameters for PVM elimination were a current strength of 15-20mA and an
exposure time of 20min. A comparable effect was observed for PVA using a current of 20mA
for 30min. The antiviral effect of electrotherapy against PLRV persisted for one month in in
vitro potato plants regenerated from cuttings treated with 20mA for 30min. The tested
electrotherapy modes were ineffective in eliminating PVX and PVS. It was determined that
prolonged exposure to electric current (>10min) can negatively affect the ability of plants to
morphogenesis. Magnetic pulse treatment in the modes of 8, 16 and 32Hz did not ensure the
elimination of PVX, PVY, PLRV and PVM. Magnetic treatment at a frequency of 8Hz of the
Cerata and Colomba varieties led to a reduction in PVX and PVM content in potato tissues
according to ELISA data.
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INTRODUCTION

The use of virus-free seed tubers remains the most
effective strategy for controlling viral diseases in potato
crops. In recent years, there has been a global increase in
the use of certified seed potatoes (Anisimov & Zebrin,
2018). Tissue culture techniques have been widely
introduced into seed potato production systems in many
countries. In this context, the development of effective
virus-elimination technologies and the creation of an in

Cite this Article as: Kanapina M, Vologin S, Upadyshev M and Khassanov V, 2026. Application of

vitro collection of a virus-free potato gene pool are
important steps toward the certification and production of
healthy planting material (Loebenstein et al, 2001).
However, conventional methods for virus elimination in
potatoes — such as meristem culture and thermotherapy —
are often limited in efficiency, require extended treatment
durations, and do not consistently result in complete viral
eradication (Tokbergenova & Babayev, 2011). In this
regard, there is growing interest in alternative and more
effective approaches.
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Recent advances in plant biotechnology have
provided deeper insight into the physiological mechanisms
underlying the success and limitations of physical
sanitation methods such as electrotherapy and magnetic
pulse treatment. There is growing evidence that
electrotherapy can have a positive effect on plants,
stimulating their defense mechanisms and helping to
suppress viral infections (Emami et al., 2011; AlMaarri et al,,
2012; Badarau et al, 2014). The mechanisms of
electrotherapy's action on plant viruses are still not fully
understood, but its potential as an effective method for
protecting potatoes from viral diseases represents a
promising area for further research and application in
agriculture. Adil et al. (2022) in their study on
electrotherapy mechanisms on plants claimed that
electrotherapy can be used effectively to eliminate viruses
from viral-infected plant material within a few minutes,
thereby highlighting its optimal operation. They further
explained that despite the positive effects in eliminating
viruses, there exists the possibility of protein synthesis
alteration due to the increased temperature. Adil et al.
(2022) highlighted that there have been cases where
treated plants displayed increased stem and regeneration
without ~ compromising  their  genetic  integrity.
Electrotherapy can influence plant tolerance to stressors
like viruses and pathogens. Sukhova and Sukhov (2021), in
their study on the effect of electric signals on plant
tolerance, concluded that electrical signals can affect plant
physiology, influencing respiration, photosynthesis, and
the production of stress hormones. They further
highlighted that by exposing plants to weak electric fields
or specific electrical signals, there was a possibility to
enhance plant resistance to stressors like toxic organic
compounds by promoting beneficial bacteria in the root
zone. Plants in general respond to electrical fields, which
can affect their movement and growth. Adil et al. (2022)
and Thanuja et al. (2025a) supported the claim that
although electrotherapy alone is a more reliable method
for producing virus-free plants, in some cases, it is
important to consider the synergistic effect of combining
the therapy with other virus-elimination techniques to
achieve a higher virus-elimination efficiency rate. Studies
have shown that by combining different therapies, the
efficiency of treatments can be increased and limitations of
the individual therapies can be overcome. By combining
electrotherapy with, for example, thermotherapy, the
thermal load on the plant is reduced, the treatable virus
spectrum increases due to the physical and biochemical
pressure, and there is a higher survival rate due to the
reduced temperature. Combining with chemotherapy
significantly REDUCES the limitation of phytotoxicity by
enabling the use of lower, safer concentrations of the
antiviral agent and likely REDUCES the limitation of
potential mutagenicity for the same reason (lower
chemical dose). It also modifies the limitation of genotype
sensitivity, potentially making the treatment applicable to a
wider range of genotypes, as the primary stressor becomes
the electricity rather than a high chemical dose. Studies
have also shown that two or more therapies can be
combined to achieve optimal results (Magyar-Tabori et al.,
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2021; Mathew et al., 2020; Mirzaei et al., 2024a).

A new approach is magnetic pulse treatment (MPT),
which, as a method of physical impact, has already proven
itself in horticulture, in particular in the recovery of fruit
trees and berry crops from viral infection. Thus, when using
the stimulator SMI-5 in vitro culture to recover raspberries
of the Malakhovka variety from the bushy dwarf virus, an
increase in the yield of healthy plants by 67% was
observed compared to the control. A similar effect was
obtained for the Gerakl variety, where the number of
recovered plants increased by 50% (Kulikov et al., 2015).
Electrotherapy involves the passage of controlled electric
current through plant tissues to inactivate viruses while
maintaining cellular viability. The mechanism is considered
multifactorial: electric current induces localized Joule
heating, transient pore formation in plasma membranes,
and modification of the electrochemical gradients that
regulate ion homeostasis. These effects can lead to
conformational changes in viral capsid proteins and
disruption of viral RNA stability (Adil et al, 2022).
Additionally, mild electrostimulation enhances
endogenous defence signalling through reactive oxygen
species (ROS) bursts and up-regulation of heat-shock

proteins (HSP70, HSP90)  that protect plant
macromolecules under stress (Grzelka et al, 2023).
However, the physiological window between virus

inactivation and tissue damage is narrow. Excess current
density or prolonged exposure can cause oxidative
membrane injury, inhibition of photosystem I, and
irreversible loss of meristem viability (Mirzaei et al., 2024b).
Optimisation of current amplitude, treatment duration, and
medium conductivity is therefore essential for successful
electrotherapy protocols.

Beyond direct viral inactivation, electrotherapy also
interacts with plant electrical signaling. Plants possess
excitable membranes that respond to electric stimuli
through calcium-dependent action potentials. Controlled
stimulation has been shown to enhance phytohormone
balance, particularly salicylic acid and jasmonic acid
pathways, which are crucial for systemic acquired
resistance. In Nicotiana benthamiana, sublethal electric
treatments up-regulated WRKY transcription factors and
PR1-gene expression, mirroring pathogen-triggered
immunity responses (Zhang et al., 2023). These findings
provide molecular evidence that electrotherapy functions
not only as a destructive force to viruses but also as a
trigger for innate plant immunity.

Pulsed magnetic field (PMF) exposure represents
another promising physical sanitation tool with a distinct
mechanism. Unlike continuous magnetic fields, PMFs
deliver alternating electromagnetic pulses that penetrate
plant tissues and influence ion transport, free-radical
kinetics, and enzyme conformation. Experimental evidence
shows that PMF treatments enhance antioxidant enzyme
activities — superoxide dismutase, catalase, and peroxidase
— leading to decreased lipid peroxidation and improved
cellular redox balance (Tota et al., 2024). In metabolomic
studies, PMF-treated pear and apple micro-plants
displayed increased synthesis of phenolic compounds,
flavonoids, and ascorbate, metabolites closely linked with
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antiviral and antistress activity (Upadyshev et al, 2023).
Magnetic exposure can also modulate gene expression of
enzymes in the phenylpropanoid pathway and enhance
lignin biosynthesis, potentially reinforcing cellular barriers
against virus movement. Nevertheless, the biological
responses to PMFs are highly dependent on field intensity,
pulse frequency, exposure duration, and the species’
intrinsic magneto sensitivity. Insufficient standardization of
these parameters remains a major obstacle for
reproducibility across laboratories.

Compared with physical methods, classical sanitation
techniques -  meristem  culture, thermotherapy,
chemotherapy, and cryotherapy — are well established but
vary in efficiency and cost. Meristem culture exploits the
low virus concentration in apical dome cells but depends
on precise excision skills and viable shoot regrowth.
Thermotherapy, generally at 35-40°C for 2-6 weeks,
denatures viral proteins yet may cause heat stress and
morphological abnormalities (Szabé et al, 2024).
Chemotherapy using nucleoside analogues such as
ribavirin interferes with viral replication but often reduces
morphogenesis and induces mutagenic risk (Oves et al.,
2024). Cryotherapy - rapid freezing of shoot tips in liquid
nitrogen — achieves complete eradication for many viruses
while retaining meristematic cells, though survival rates
rarely exceed 50 % without post-thaw recovery treatments
(Wang et al, 2022). Increasingly, researchers advocate
hybrid strategies: thermotherapy or electrotherapy to
lower viral titre, followed by meristem excision or
cryotherapy to secure complete sanitation (Thanuja et al,
2025b). These converging studies highlight that
integrating electrotherapy and PMF treatments into
conventional in vitro sanitation systems could shorten
treatment duration, enhance viral elimination rates, and
improve plant recovery by priming stress-tolerance
pathways. However, systematic evaluation of genotype-
specific thresholds, cumulative stress effects, and
molecular markers of virus clearance remains essential
before these methods can be standardized for large-scale
seed potato certification programs.

The effectiveness of this approach has also been
confirmed for potatoes. A method for treating potato
plants against viral infections using a high-intensity (3-5 T)
and high-frequency (4-51kHz) pulsed magnetic field has
been described. Microcuttings 10-12mm long were treated
with a pulse number of 1 to 5 and an interval of 2-3
seconds between them. According to the results of ELISA
diagnostics, up to 100% of healthy plants were obtained
30 days after cultivation, indicating the high effectiveness
of the selected mode (Shevchenko et al, 2021).
Collectively, these findings suggest that pulsed magnetic
field exposure can be successfully applied to both woody
and herbaceous crops, including potatoes. This allows us
to consider magnetic treatment as a promising physical
method aimed at improving the health of the source

material and reducing the viral load in in Vvitro
biotechnological systems.
Magnetic pulse (MP) treatment, which involves

magnetic fields, can enhance plant defense metabolism by
stimulating the production of defensive compounds, such
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as antioxidants and proteins, and by altering the plant's
physiological response to stress. Saletnik et al. (2022)
highlighted that the action of magnetic fields increases the
activity of antioxidant enzymes, reducing oxidative stress.
Static magnetic fields also have a strong influence on the
cell's shape and membrane structure, increasing
permeability and affecting metabolic pathway activity.
Magnetic treatments, such as MPT and PMT, on plants can
also increase the content of proteins, carbohydrates,
soluble and reducing sugars, and, in some cases, lipids and
fatty acid composition, as well as influence macro- and
microelement uptake and gene expression at various
levels. These cumulative effects, which include oxidative
damage reduction, stress tolerance improvement by
accumulating defense metabolites like proline and
proteins, and influencing cell-level processes like
membrane permeability and calcium signaling, are critical
for activating local defenses (Sarraf et al, 2020;
Abdulraheem et al., 2025).

The aim of this study is to evaluate the effectiveness
of electrotherapy and magnetic pulse treatment for the
elimination of major viruses from in vitro potato tissues.
The present study is designed to comprehensively
evaluate the efficacy of electrotherapy and magnetic pulse
treatment in eliminating the principal viral pathogens of
potato (PVX, PVY, PVS, PVM, PLRV, and PVA) under in
vitro conditions. It is hypothesized that the effectiveness
of virus eradication would depend on the interaction
between the applied electric current or magnetic field
parameters (intensity and exposure duration) and the
biological characteristics of the infecting virus.
Furthermore, it is also assumed that moderate current
strengths (15-20mA) and low-frequency magnetic pulses
(approximately 8Hz) will promote selective viral
inactivation while preserving the morphogenic capacity of
potato explants. By systematically varying these treatment
parameters, the study seeks to identify optimal regimes
that ensure maximal viral elimination with minimal
adverse effects on plant regeneration, thereby
contributing to the advancement of biotechnological
methods for producing virus-free potato material.

Accordingly, this study pursued three specific
objectives: (i) to quantify the efficiency of electrotherapy
under varying current intensities (15-50mA) and exposure
durations (10-30min) for the elimination of Potato virus X,
Potato virus S, Potato virus M, Potato leafroll virus, and
Potato virus A; (i) to assess the influence of electrotherapy
on plant morphogenesis and regeneration capacity under
in vitro conditions; and (iii) to determine whether
magnetic-pulse treatment at different frequencies (8, 16,
and 32Hz) modulates viral load or plant physiological
responses. We hypothesized that (a) current x duration
interactions would differentially affect virus elimination
efficiency among virus species; (b) higher current
intensities and longer exposure times would increase viral
suppression but concomitantly reduce morphogenic
potential; and (c) magnetic-pulse treatment at low
frequencies (= 8 Hz) would not fully eradicate infection but
could reduce viral RNA concentration and stimulate
antioxidant defense metabolism.
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MATERIALS & METHODS

The objects of the study were natural isolates of PVX,
PVY, PVS, PVM, PLRV and PVA, with which potato tubers
were infected during cultivation in the field. Potato tubers
infected with PVX, PVY, PVS, PLRV and PVA were kindly
provided by the Institute of tuber crop research, College of
Agronomy and Biotechnology, Southwest University
(Chongging, China). Potato tubers infected with PVM were
obtained from the Tatar Research Institute of Agriculture,
Kazan Scientific Center (Kazan, Russia). Sprouts of infected
tubers were sterilized (Rubtsov et al., 2017) and transferred
for cultivation under aseptic conditions to an artificial
nutrient medium. Virus-infected in vitro potato plants were
cultured in test tubes on Murashige and Skoog (MS) agar
medium at a temperature of +20-+25°C, relative humidity
of 50-70%, and a photoperiod of 16h light/8h dark
(Lavrynenko et al., 2016). In vitro propagation of plants was
carried out by cuttings. Testing of the initial infected
potato tuber sprouts for virus infestation before
introduction into in vitro culture, and micro plants, after
introduction into in vitro culture, was carried out using the
enzyme-linked immunosorbent assay (ELISA) method. For
this purpose, the LOEWE complete kit (Germany) was used
for the diagnosis of PVX (#07037), PVS (#07034), PVM
(#07033), PLRV (#07031), PVA (#07035), PVY (#07032)
according to the manufacturer's instructions (LOEWE,
2021). Optical density was read on a StatFax 4200 device
(USA) at a wavelength of 405nm.

Samples were considered ELISA-negative when A405
(sample) <3 x A405 (negative control). RNA quality and
integrity were assessed prior to RT-PCR by measuring the
A260/280 ratio (acceptable range 1.8-2.1) and by
confirming intact rRNA bands on a 1.5% agarose gel.
Primer sequences for all viruses were taken from the
official diagnostic standard NY/T 2678-2015 (Ministry of
Agriculture  of China), which provides validated
oligonucleotide sets and reaction parameters for PVX, PVY,
PVS, PVM, PLRV, and PVA. To investigate the effect of
electric current on virus elimination (electrotherapy), in
vitro micro-cuttings (20mm) were placed in a Mini-Plus
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Horizontal HU10 electrophoresis chamber (Scie-Plas, UK)
with the apical end oriented toward the cathode. The
chamber was filled with 1M NaCl solution, and electric
current was applied using an EV245 power supply
(Consort, Belgium). Cuttings were treated with electric
current ranging from 15 to 50mA for exposure durations of
10, 20, or 30min (Table 1).

The distance between the electrodes in the HU10
chamber was 70mm, and the working solution volume was
approximately 120mL. The conductivity of the 1M NaCl
solution was monitored before each run and remained
within 82-85mS/cm at 22°C. Treatments were performed in
constant-current mode; depending on the applied current
(15-50mA), the EV245 power supply generated voltages
ranging from 9 to 22V. This corresponded to an electric
field strength of approximately 1.3-3.1V/cm across the
explants. Temperature inside the chamber was monitored
with a micro-thermocouple placed adjacent to the
cuttings; during all treatments the temperature increase
did not exceed 1.5-2.0°C, allowing a clear separation
between thermal and non-thermal effects.

In the experiment to study the effect of
electrotherapy on PVA, PVX, PLRV, PVS, PVM isolates,
four cuttings of micro plants were used for each
experimental variant. Three were analyzed by RT-PCR
immediately after treatment, and one was transferred to
MS agar medium for further growth and subsequent RT-
PCR analysis. Magnetic pulse treatment of virus-infected
cuttings of in vitro plants was carried out using a device
of original design (Donetskikh et al., 2018). The length of
the treated cuttings was 10mm. The device generated
pulsed magnetic fields with an intensity of 90-120mT at
the center of the coil, with a pulse width of 2-3ms and a
duty cycle of approximately 20%. The solenoid contained
250 turns of copper wire, and cuttings were positioned
vertically in the central axis of the coil so that the long
axis of the explant was parallel to the magnetic field lines.
Ambient temperature during MPT did not exceed 24-
25°C, and coil surface temperature was monitored to
ensure that no thermal elevation (>1°C) occurred during
exposure.

Table 1: Scheme of the experiment on in vitro treatment of potato cuttings infected with viruses with electric current and magnetic field

Option Exposition Current strength / Frequency of electromagnetic waves
Electrotherapy of cuttings infected with PVX, PVS, PVM, PLRV, PVA

Option E-0 Control (no treatment)

Option E-1 10min 15 mA
Option E-2 20min 15 mA
Option E-3 30min 15 mA
Option E-4 10min 20 mA
Option E-5 20min 20 mA
Option E-6 30min 20 mA
Electrotherapy of PVM infected cuttings (additional modes)

Option E-7 20min 30 mA
Option E-8 30min 30 mA
Option E-9 20min 40 mA
Option E-10 30min 40 mA
Option E-11 20min 50 mA
Option E-12 30min 50 mA
Magnetic treatment cuttings infected with PVX, PVM, PVY, PLRV

Option M-0 Control (no treatment)

Option M-1 15min 8 Hz
Option M-2 15min 16 Hz
Option M-3 15min 32 Hz
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Detection of viral RNA in both initial and treated
samples was performed using RT-PCR. Isolation of nucleic
acids was carried out using "RIBO-sorb" kit (#K2-1-Et-100,
AmpliSens, Russia), according to the instructions for the
kit. RNA concentration was determined using the VWR
mySPEC Twin Touch spectrophotometer (Copenhagen
Nanosystems A/S, Denmark). Reverse transcription was
performed using the "REVERTA-L" kit (#K3-4-100,
AmpliSens, Russia) according to the kit instructions. The
reaction mixture for PCR was prepared using Taq 2X
Master Mix (#M0270, New England Biolabs, USA). To
detect potato viruses by PCR, pairs of specific
oligonucleotides were added to the reaction mixture (NY/T
2678-2015, 2015): PVS-F (5'-gaggctatgctggagcagag) and
PVS-R (5'-aatctcagcgccaagcatcec), fragment length 729 bp;
PVX-F  (5'-atgtcagcaccagctagca) and PVX-R  (5'-
tggtggtggtagagtgacaa), fragment length 711 bp; PVY-F
(5'-ggcatacggacataggagaaact) and PVY-R (5'-
ctctttgtgttctectettgtgt), fragment length is 447 bp; PVM-F
(5'-acatctgaggacatgatgcgc) and PVM-R (5'-
tgagctcgggaccattcatac), fragment length is 520bp; PLRV-F
(5'-cgcgctaacagagttcagec) and PLRV-R (5'-
gcaatgggggtccaactcat), fragment length is 336bp; PVA-F
(5'-gatgtcgatttaggtactgctg) and PVA-R (5'-
tccattctcaatgcaccatac), fragment length is 273bp. PCR was
performed on a C1000 Touch™ Thermal Cycler (Bio-Rad,
USA) under the following temperature conditions: 1 cycle:
96°C — 3min; 29 cycles: 96°C — 20 seconds, 55°C - 20
seconds, 72°C — 1 minute; 1 cycle: 72°C — 5min. PCR results
were visualized on 1.5% agarose gel containing TAE buffer
and 0.01% ethidium bromide. Results were detected using
the Gel Doc XR+ video documentation system (BioRad,
USA). The size of the amplified fragments was determined
relative to the molecular size marker Quick-Load 100bp
DNA Ladder (New England Biolabs, USA).

Statistical analysis of the results was carried out in
Microsoft Excel 2016. Virus elimination outcomes (virus
detected / not detected by RT-PCR) were analysed using
two-sided Fisher's exact tests, with each explant (cutting or
apical segment) treated as a biological replicate (n=1). For
each treatment mode, a 2x2 contingency table (treated vs
control x eliminated vs not eliminated) was constructed,
and exact p-values were calculated. The significance level
was set at a=0.05, and Holm correction was applied within
each virus group to control the family-wise error rate.
Effect sizes were reported as risk difference with 95%
confidence intervals. Differences in plant height after
electrotherapy were evaluated by one-way ANOVA
followed by LSD (0.05) for multiple comparisons.
Assumptions of normality and homogeneity of variance
were assessed using residual plots.

RESULTS

The initial infection status of potato samples was
verified using ELISA and RT-PCR methods. After
transferring the plants to aseptic culture conditions, the
presence of viruses was confirmed in all the studied initial
samples (Table 2, Fig. 1). It was found that after the
treatment of PVM-infected cuttings with an electric current
of 15-50mA, the virus elimination was observed in the
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cuttings exposed to a current of 15-40mA for all three
studied exposure times (10, 20, 30min) (Table 3). Out of
the 12 tested electric current treatment modes for potato
plants, 5 experimental variants proved to be effective,
showing cases of PVM elimination. In these variants, a total
of 7 plants free from PVM infection were reliably obtained.
The negative RT-PCR result in one potato sample treated
with an electric current of 15mA for 10min was not
recognized by us as reliable due to the low concentration
of RNA in the nucleic acid preparation, and the healing
effect of electrotherapy in this case was not taken into
account. During the electrotherapy process, PVM
elimination was observed only in the cuttings, but not in
the apical parts of the in vitro plants.

Fig. 1: Results of virus diagnostics in infected in vitro potato plants by RT-PCR
method; M - Quick-Load 100 bp DNA Ladder; 1 - potato infected with PVS;
2-potato infected with PVX; 3-potato infected with PVY; 4-potato infected
with PVM; 5 - potato infected with PLRV; 6 - potato infected with PVA.

The most effective in terms of PVM removal were the
two electrotherapy modes: 15mA for 20min and 20mA for
20min. In these experimental variants, PVM elimination
was detected in 2 of the 4 studied cuttings subjected to
electrotherapy. Calculation of the nonparametric Fisher's
exact test revealed that the differences detected between
these variants and the control were statistically significant
(p=0.035). Across all PVM treatment modes, the
aggregated elimination rate was 7/48 (14.6%; 95% Cl: 7.2—
27.2%). For the most effective modes (15mA x 20min and
20mA x 20min), the elimination frequency (2/4) differed
significantly from the control (0/12), with a risk difference
of 0.50 (95% Cl: 0.12-0.88).

Exposure of potato cuttings to electric currents of 15
and 20mA for 10, 20 and 30min did not result in the
elimination of PVX, PVS and PLRV (Table 4). For PVX and
PVS, elimination was not observed in any treatment mode
(0/24 for each virus). Fisher's exact tests showed no
statistical ~difference from the respective controls
(p=1.000), with 95% confidence intervals for possible
elimination success ranging from 0 to 13.8% under the
tested conditions.
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Table 2: Results of detection of viruses infected in vitro potato plants by ELISA, optical units

Sample name PVX +/- PVS +/- PVM +/- PLRV +/- PVA +/- PVY +/-
Initial sample 0.499 + 0.304 + 0.585 + 0.211 + 0.326 + 0.467 +
Positive control 0.747 + 3.036 + 1.362 + 0.530 + 0.341 + 0.585 +
Negative control 0.080 - 0.069 - 0.073 - 0.065 - 0.087 - 0.075

Note: "+" — presence of virus, "-" — absence of virus.

Table 3: Effect of electrotherapy on the elimination of PVM from was detected using four modes of electric current
potato cuttings treatment out of eight applied modes. Moreover, PVA

Electric current Part of a plant RNA concentration, Elimination, L. . . .
treatment mode ng/uL /- elimination was reliably recorded in 5 potato samples out
Control Cutting 20631 - of 18 studied samples. PVA elimination from in vitro plant
(without treatment) - Cutting 25462 - tops with electric current treatment was significantly worse
EEII::Z gg';‘g ] than in cuttings, but in one case (20min 20 mA mode) PVA
Cutting 23.581 - elimination in the plant top was successful. The most
Cutting 29.074 - effective in terms of PVA removal was treatment with an
E“:I!”g 33-22? - electric current of 20mA for 30min. In this case, PVA
utting . - . . . . .
Cutting 63233 i elimination was detected in 2 of 3 experimental Futtlngs.
Apical segment 16.427 - The detected differences with the control variant are
Cutting 31.089 - statistically significant (p=0.045; Fisher's exact test). Across
Ez::::g ii'g% all PVA treatment modes, 5/18 cuttings were virus-free
Apicalgsegment 17.473 . (27.8%; 95% ClI: 12.5-50.9%). The mode 20mA x 30min
Cutting 32.596 - showed the highest elimination rate (2/3), which was
10min 15 mA Cutting 2979 - significantly higher than the untreated control.
Cutting 7016 ) In vitro plants grown from cuttings subjected to
Apical segment 10.077 - . P 9 . . 9 ) ..
Cutting ¢ 9.268 ) various electrotherapy regimens were in the vast majority
10min 20 mA Cutting 9.154 - of cases infected with viral pathogens. However, in one
Apical segment 12.750 - case (treatment with 20 mA current for 30min), a healing
Apical segment 13814 i ffect of PLRV electrothera as detected hich
Cutting # 18.383 - eftec rotherapy -w o Wh
20min 15 mA Cutting 40.553 + persisted for 30 days of the entire subsequent cycle of
Cutting 12.641 + growing the in vitro-formed plant. This elimination event

Cutting 13.255 - corresponded to 1/4 PLRV-tested cuttings (25%; 95% Cl:

Cutting ¢ 26.258 o .
20min 20 mA Cutting 12.010 . 4.6—69.9/0). Beca.use the effect manlfgsted on'Iy after
Cutting 14.656 + regeneration, Fisher's exact comparison with the
Cutting 17.966 - immediate post-treatment controls did not reach statistical
, Cutting ¢ 14.389 - significance (p=0.293).
20min 30 mA Cutting 12.011 - . .
Cutting 21.980 ) The results of the study of the morphogenic capacity
Cutting 10.103 - of potato cuttings treated with electric currents from
20min 40 mA Cutting 21497 - various viruses are presented in Table 5.
gz::::g 125;2 In some cases, treating plants with current for more
Cutting 15.604 _ than 10min leads to a decrease in their ability to
20min 50 mA Cutting ¢ 13.112 - morphogenesis. Quantitative assessment of morphogenesis
Cutting 17.242 - (Table 5) showed a clear interaction between current
Cutting 17.345 - . . . .
Cutting 12828 ) intensity and exposure duration. Across all viruses,
30min 15 mA Apical segment 23.799 - treatments exceeding 10min frequently reduced plant
Apical segment 18515 - height to <3.0cm and resulted in a "=" morphogenesis
g“::!”g‘ ?:-‘3‘;‘2 - score, especially under 20-30mA x 20-30min. PVS- and
utting . - . . L .
30min 20 mA Cutting 31235 ) PVA-|nfectefi cuttlr?gs generally  maintained hlgh.er
Cutting 22.608 - morphogenic capacity under 10-20mA for 10-20min,
Cutting 14.473 + whereas PVM- and PLRV-infected cuttings were more
A Cutting ¢ 27.379 - susceptible to growth suppression at longer exposures.
30min 30 mA Cutting 10.706 + . .. .
Cutting 11879 ) These observations indicate that both the viral background
Cutting 10.568 - and the duration of electric stress significantly influence
30min 40 mA Cutting 12912 - regenerative performance. The relative standard error for
EE::::S 12'2‘3‘2 * the entire sample was 6.5%, indicating an acceptable level
Cutting 12.780 - of data dispersion within biological experiments.
30min 50 mA Cutting 10.714 - During the research, an experiment was conducted on
Cutting 11.350 - magnetic-pulse treatment of in vitro cuttings of plants
Cutting 15.316 - . . . . . .
Cutting 34,053 i infected with viruses. The results of diagnostics of viral
Note: # - virus detection was carried out after in vitro plant cultivation. pathogens in plants after magnetic treatment are presented
in Table 6. As a result of the impact of the applied
PVA elimination during electrotherapy of potato magnetic treatment modes on the cuttings of potato

cuttings with current of 15 and 20mA for 10, 20 and 30min plants infected in vitro, no virus elimination was observed.
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Table 4: Effect of electric current on the process of virus elimination from

potato cuttings

Int J Agri Biosci, 2026, 15(3): 1001-1012.

Electric current
treatment mode

Part of a plant

RNA concentration.
ng/pL

Elimination.
+/-

PVA
Control

(without treatment)

10min 15 mA

10min 20 mA

20min 15 mA

20min 20 mA

30min 15 mA

30min 20 mA

PVX
Control

(without treatment)

10min 15 mA

10min 20 mA

20min 15 mA

20min 20 mA

30min 15 mA

30min 20 mA

PLRV
Control

(without treatment)

Cutting

Cutting

Cutting

Cutting

Cutting

Cutting

Cutting

Cutting

Cutting

Apical segment
Cutting

Cutting
Cutting ¢
Apical segment
Apical segment
Cutting
Cutting ¢
Apical segment
Apical segment
Cutting
Cutting ¢
Apical segment
Apical segment
Cutting
Cutting ¢
Cutting

Apical segment
Cutting

Cutting

Cutting

Cutting

Cutting
Cutting
Cutting
Cutting
Cutting
Cutting
Cutting
Cutting
Cutting
Cutting
Cutting
Apical segment
Cutting
Cutting ¢
Cutting
Cutting
Cutting
Cutting
Cutting
Cutting
Cutting ¢
Cutting
Cutting
Cutting
Cutting
Cutting
Apical segment
Cutting ¢
Apical segment
Cutting
Cutting

Cutting
Cutting
Cutting
Cutting
Cutting
Cutting
Cutting

25.924
24.417
31.529
18.326
30.271
28422
41.421
21.648
17.421
26.974
25.270
28.132
24.382
43.900
23.778
22.087
29.379
41.047
34.874
26.845
32.682
19.491
23.265
30.494
26.179
34.232
37.227
30.590
21.900
21.130
24.371

56.461
9.837

35.940
15.988
15.576
16.839
63.136
22.677
20.690
32.655
22.934
19.597
41.670
31.257
21.880
25.870
20.230
24.833
38.032
23.410
35.390
19.790
18.840
33.252
33.080
17.159
43.437
26.381
29.876
39.372
18.337

14.483
17.216
14.348
35.892
26.382
18.541
27.718

Cutting 18.512 -
Cutting 29.412 -
10min 15 mA Cutting 17.786 -
Cutting 25.124 -
Apical segment 46.248 -
Cutting ¢ 29.365 -
10min 20 mA Cutting 14.688 -
Cutting 22.095 -
Apical segment 10.329 -
Cutting ¢ 21.493 -
20min 15 mA Cutting 29.435 -
Cutting 21.011 -
Cutting 15.880 -
Cutting ¢ 16.382 -
20min 20 mA Cutting 28.001 -
Apical segment 26.619 -
Cutting 13.201 -
30min 15 mA Cutting 5.187 -
Apical segment 22.997 -
Cutting 98.078 -
30min 20 mA Cutting 33.638 -
Cutting 12.471 -
Cutting 24477 -
Cutting ¢ 27.219 +
PVS
Control Cutting 26.389 -
(without treatment) Cutting 18.368 -
Cutting 35.279 -
Cutting 52.467 -
Cutting 16.368 -
Cutting 28.362 -
Cutting 27.171 -
Cutting 19.621 -
Cutting 39.618 -
10min 15 mA Cutting 21.567 -
Cutting 20.368 -
Cutting 32.864 -
Cutting ¢ 30.279 -
10min 20 mA Cutting 35.595 -
Cutting 25.052 -
Cutting 17.847 -
Cutting ¢ 23.489 -
20min 15 mA Apical segment 17.036 -
Apical segment 29.378 -
Apical segment 16.382 -
Cutting ¢ 23.478 -
20min 20 mA Cutting 25.739 -
Cutting 16.037 -
Cutting 17.394 -
Cutting ¢ 14.384 -
30min 15 mA Cutting 10.382 -
Apical segment 26.784 -
Cutting 49.389 -
Cutting ¢ 32.482 -
30min 20 mA Cutting 24.048 -
Cutting 24.238 -
Cutting 17.382 -

Note: ¢ - virus detection was carried out after in vitro plant cultivation.

At the same time, a decrease in the RNA concentration was
noted in cuttings infected with PVM and PVY NTN when
treated with a magnetic field with a frequency of 8Hz.
Analysis of the effect of magnetic treatment with a
frequency of 8Hz on viruses in three potato varieties
showed that the effect depended on the type of virus, the
concentration of the virus and varietal characteristics
(Table 7). In the innovator variety, magnetic treatment did
not contribute to the elimination of PVX. In contrast, in the
Cerata variety, the PVX infection index according to ELISA
decreased by 2.4 times compared to the control (without
treatment) and was at the level of the seronegative control.
At the same time, a decrease in RNA concentration by
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22.6% was noted compared to the control variant.
According to ELISA data, in the cuttings of the Colomba
variety, the PVM infection index after magnetic pulse
treatment decreased by 1.8 times compared to the variant
without treatment. Consequently, magnetic treatment with
a frequency of 8Hz on the varieties Cerata and Colomba
resulted in a decrease in the content of PVX and PVM in
potato tissues.

Table 5: Morphogenic capacity and average height of potato plants one
month after electrotherapy

Int J Agri Biosci, 2026, 15(3): 1001-1012.

ribavirin during chemotherapy, while higher concentrations
of the drug were required to eliminate PLRV and PVM
viruses (Oves et al, 2024). In addition, the use of
cryotherapy allowed successful curing of PVA-infected
potato varieties, while complete elimination of PVX virus

Table 6: Results of magnetic treatment of potato cuttings in relation to
virus isolates based on detection by the PCR method

Magnetic field treatment Clone RNA concentration.  Elimination.

Virus Processing option  Plant height after a month  Morphogenic
of cultivation on MS.cm ability. +/-
PVX 10min 15 mA 3.0+0.9 +
20min 15 mA 2.0+0.7 -
30min 20 mA 11.0+1.1 ++
PVS 10min 15 mA 7.0+1.0 ++
10min 20 mA 7.0+1.1 ++
20min 15 mA 5.0+0.8 ++
20min 20 mA 6.0+1.3 ++
30min 15 mA 2.0£0.6 -
30min 30 mA 2.0£0.6 -
PVM 10min 15 mA 3.0£0.8 +
10min 20 mA 10.0+1.4 ++
20min 15 mA 2.0+0.7 -
20min 20 mA 3.0£0.9 +
30min 20 mA 2.0£0.6 -
PLRV 10min 15 mA 7.0£1.0 ++
10min 20 mA 7.0+1.2 ++
20min 15 mA 7.0+1.1 ++
30min 20 mA 2.0£0.7 -
PVA 10min 15 mA 7.0£1.1 ++
10min 20 mA 10.0+1.3 ++
20min 15 mA 6.0+1.0 ++
20min 20 mA 7.0+1.1 ++
LSD(0.05) 0.9
m. % 6.5%
Note: ++ — intensive growth. active formation of new shoots and organs; +
— weak morphogenesis; - — absence of morphogenesis. growth cessation;

6.5% (relative standard error for the entire dataset).

DISCUSSION

In this study, the effectiveness of electrotherapy and
magnetic pulse treatment for the recovery of potato
microplants infected with viral pathogens was evaluated.
The results obtained demonstrate the high efficiency of
electrotherapy in the elimination of potato viral infections,
in particular PVM, PVA and PLRV. Electrotherapy showed a
selective effect depending on the type of virus and the
exposure mode, which emphasizes the importance of
selecting the current parameters, taking into account the
biological characteristics of the pathogen and the culture.
The structural characteristics of PVA may influence its
sensitivity to electrotherapy. Virions of this virus have a
curved thread-like shape, reaching a length of 680-750nm
and a width of 11-13nm. They contain a single-stranded
polyadenylated positive-sense RNA genome (Wu et al.,
2021). The main route of PVA transmission in the field is
non-persistent spread with the participation of aphids (Fox
et al, 2017). In potato crops, PVA-infected plants often
show mild mosaic symptoms on the leaves. According to
the results of Yanlin Li's research, PVA was effectively
eliminated from infected plants at a temperature of 36°C,
especially when combined with thermotherapy and in vitro
apical meristem culture (Li et al., 2016). Potato plants
infected with PVA were cured by using low doses of

mode ng/pL +/-
PVX
Control PVX1 56.461 -
(without treatment) PVX2 9.837 -
PVX3 35.940 -
PVX4 15.988 -
PVX5 15.576 -
8 Hz PVX1 7.037 -
PVX1 6.013 -
PVX2 12.943 -
PVX3 21.011 -
PVX4 27.274 -
PVX5 10.556 -
16 Hz PVX1 16.839 -
PVX1 63.136 -
PVX2 22.677 -
PVX2 20.690 -
PVX3 32.655 -
PVX3 12.945 -
PVX4 17.543 -
PVX5 18.336 -
32 Hz PVX1 12.026 -
PVX1 19.071 -
PVX2 20.574 -
PVX2 43.568 -
PVX3 32.259 -
PVX4 19.878 -
PVX5 6.182 -
PVM
Control PVM1 25.462 -
(without treatment) PVM2 65.747 -

PVM3 27.779 -
PVM4 23.581 -
PVM5 29.074 -
8 Hz PVM1 6.398 -
PVM2 43.754 -
PVM3 6.643 -
PVM4 13.023 -

PVM5 8.194 -
PVM5 15.795 -
16 Hz PVM1 26.950 -
PVM1 23.201 -

PVM2 22.226 -
PVM3 15.924 -
PVM4 154.739 -
PVM5 54.310 -

32 Hz PVM1 7.919 -
PVM1 50.689 -
PVM2 5.407 -

PVM3 18.798 -
PVM4 2.383 -
PVM5 19.307 -

PVY
Control PVY NTN1 43.992 -
(without treatment) PVY O1 26.270 -
PVY O1 34.106 -
8 Hz PVY NTN1 3.808 -
PVY NTN1 14.000 -
16 Hz PVY NTN2 25.011 -
PVY NTN1 46.540 -
32 Hz PVY NTN2 84.569 -
PVY O1 31.387 -
PLRV
Control (without treatment) PLRV1 14.483 -
16 Hz PLRV1 17.216 -
32 Hz PLRV1 7.651 -
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Table 7: Effect of magnetic treatment on viruses in in vitro potato plant cuttings

Int J Agri Biosci, 2026, 15(3): 1001-1012.

Option Innovator (PVX) Cerata (PVX) Colomba (PVM)
Extinction Infection RNA concentration. Extinction Infection RNA concentration. Extinction Infection RNA concentration.
index* ng/uL index* ng/pL index* ng/pL
Control (no treatment) 0.341 2.7 5.721 0.327 2.6 23.963 0.245 2.2 11.870
Magnetic pulse treatment 8 Hz 0.412 33 12.898 0.138 1.1 19.544 0.138 1.2 13.453

Note: * Infection index is the ratio of sample extinction to the extinction of the negative control.

from plants was difficult (Bespalova et al., 2020). Our study
showed that the optimal electrotherapy regimes for PVA
elimination were 15-20mA for 10-30min, which is a faster
and less stressful method compared to the study by
Emami Meybodi, in which the highest efficiency was
achieved with the current of 35mA for 20min, which
significantly reduced the concentration of PVA and PVY
viruses. This may be due to the fact that, as indicated in
this study, the effectiveness of electrotherapy depends on
the varietal characteristics of potatoes (Emami et al., 2011).
In our case, electrotherapy in the tested modes did not
demonstrate effectiveness against the PVX isolate, while
the study (Badarau et al., 2014) confirmed the possibility of
eliminating this virus with a current of 100 mA for 10min.
This discrepancy may be due to the fact that in the
experiment of these researchers, the treatment was carried
out on plants in vivo, and then they were transferred to in
vitro culture.

During the study, the elimination effect was
predominantly observed in single-node cuttings rather
than apical cuttings, which may be due to the fact that
apical cuttings have more leaves and, accordingly, require
longer processing than cuttings with an upper cut, as well
as with two-sided access of the vascular system of the
cutting for electrical currents and the movement of viral
RNA, since the main plant viruses spread along the phloem
after primary infection (Maule & Palukaitis, 1991; Dupuis,
2017). Exposure to electric current for more than 10min
was in some cases accompanied by a decrease in the
morphogenic capacity of plants. The decrease in
regenerative capacity may be associated with damage to
the tissues of potato cuttings as a result of prolonged
stress exposure to the electric field. It is assumed that the
main mechanism of action of electrotherapy is associated
with the release of heat in tissues during the passage of
electric current, which causes denaturation of viral proteins
and makes the virus inactive, but can also overheat plant
tissues (Gonzalez et al, 2006). This indicates the need to
select an optimal electrotherapy regimen that ensures
effective elimination of the virus while maintaining the
ability of explants to form shoots.

The use of electrotherapy against PVY is more
common in the literature (Mahmoud et al., 2009; Petrov &
Lyubenova, 2011; AlMaarri et al, 2012). However, these
studies examined potato viruses, which have previously
been studied to a lesser extent by electrotherapy.
Magnetic pulse treatment in the studied modes did not
ensure the elimination of viruses on the isolates of PVX,
PVY, PLRV and PVM viruses, however, at a frequency of
8Hz, a decrease in the concentration of viruses was noted
in relation to the isolates of PVM and PVY NTN. Magnetic
treatment with a frequency of 8Hz on the varieties of
Cerata and Colomba led to recovery from PVX and PVM
viruses. It can be assumed that the effect of magnetic

treatment depends on the concentration of the virus and
its interaction with the host plant. In the case of a high
concentration of the virus, the best effect can probably be
provided by a set of health measures, including, along with
magnetic treatment, for example, thermo- and/or
chemotherapy, which was demonstrated on horticultural
crops (Upadyshev et al, 2025). The effect of magnetic
treatment depends on the degree of development of non-
specific resistance and activation of the synthesis of
phenolic compounds, including salicylic acid (Upadyshev et
al,, 2021, 2023).

Differentiating between the biophysical modes of
electrotherapy is crucial. While electric-current treatments
have the potential to generate localized heating, their
antiviral effects seem to primarily stem from the direct
inactivation of virions, rather than merely isolating
uncontaminated meristematic tissue (Magyar-Tabori et al.,
2021). The basis of virus eradication under electrotherapy
is not solely due to the high temperature, according to
Magyar-Tabori et al. (2021), suggesting a primarily non-
thermal (electroporation-like) mechanism.  Classical
thermotherapy, on the other hand, only uses heat stress,
which can denature viral proteins and RNA while also
causing phytotoxic stress to the plant.

Notably, electrical pulses administered at precise
doses can destroy viruses without compromising the host's
capacity to develop. The structural biology of the virus is
also probably important: tightly packed genomes like DNA
and RNA may withstand heat differently than single-
stranded RNA, and filamentous (helical) viruses may orient
and react to electric fields differently than quasi-spherical
(icosahedral) viruses. The fact that phloem-limited viruses
are generally easier to eradicate than viruses that invade
meristematic cells implies that virion location and mobility
are crucial, despite the paucity of empirical data on shape-
specific sensitivity in plants. An apical cutting will, in fact,
experience less current and contain fewer virions than a
basal segment rich in phloem because current flow in an
explant will follow the vascular conduits. These factors
align with recent research demonstrating the absence of a
one-size-fits-all sanitation methodology. Karan (2021)
highlighted that PVS, PVA, and PVM could not be
eradicated by thermotherapy or cryotherapy alone; the
virus-removal rates varied greatly (50-100%) depending on
the host and virus, according to Thanuja et al. (2025a), who
reviewed several in vitro techniques (chemo-, thermo-,
cryo-, and electrotherapy and meristem culture, and their
combinations).

According to Magyar-Tabori et al., electrotherapy can
pair with other therapies, like chemotherapy, to boost
effectiveness. Therefore, stacked therapies should be used
to treat strains that are high-titer or meristem-invading
and do not respond to single cures. To further weaken viral
particles in cases of extremely high viral load, one may
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even parallelize electrotherapy with chemotherapies or
thermotherapies or consider new tools like magnetic pulse
treatment (MPT). Previous studies have shown that the
effectiveness of short magnetic pulses for virus sanitation
varies by species and magnetic field type, indicating that in
some cases, electrotherapy and optimized MPT protocols
could be used together. Even though MPT is still in the
experimental stage, it might complement electrotherapy if
the pulse parameters are carefully calibrated. We must also
recognize the current work's limitations. Statistical
robustness is limited because sample sizes for each
treatment were small. Protocols must be standardized
before widespread use because results are probably
sensitive to the particular tools and configurations used
(electrode geometry, medium conductivity, field strength,
pulse duration, etc.). Furthermore, the 30-day follow-up
period was insufficient to ensure sustained virus
eradication. Future research should employ an extended
validation strategy to overcome these constraints. In
particular, regenerants should be indexed under
greenhouse or field conditions for symptom recovery, and
the viral load should be quantitatively monitored (e.g., by
gPCR or RT-gPCR) at several timepoints for at least 90
days. Combining molecular assays with biological indexing
would validate the cure (Singh et al., 2021).

Lastly, electrotherapy and MPT should be optimized
and generalized in future studies. Modeling the current
distribution in plant tissues to determine probable hot
spots of virus inactivation and designing electrodes or
chambers to deliver uniform fields through various explant
types are two examples of this. How to maximize viral
damage while preserving host viability would be made
clear by thorough biophysical investigations of
electroporation thresholds in plant cells versus virions
(possibly on isolated membranes or empty capsids). MPT
regimens could be defined by systematically screening the
frequencies, intensities, and durations of magnetic pulses
in virus-infected explants. Another promising avenue is
integration with other biotechnologies, such as using

gene-edited resistance in combination with physical
treatments or priming plants with antiviral RNA
interference  triggers. By pursuing these avenues,

electrotherapy (with or without MPT) can be refined into a
reliable component of integrated virus-sanitization
strategies for potatoes and other crops (Thanuja et al,
2025a).

Conclusion

The study demonstrated the effectiveness of
electrotherapy for the elimination of viral infections in
potatoes, in particular PVM, PVA and PLRV. The optimal
mode of electrotherapy of in vitro potato plant cuttings
from PVM is a current of 15-20mA for 20min. The most
pronounced eliminating effect of electrotherapy from PVA
was established when treating potato cuttings with a
current of 20 mA for 30min. The eliminating effect of
electrotherapy from PLRV persisted after 1 month of
cultivation when treated with a current of 20mA for 30min.
The studied electrotherapy modes were ineffective for PVX
and PVS. For PLRV, no immediate post-treatment

Int J Agri Biosci, 2026, 15(3): 1001-1012.

elimination was observed; however, a single regenerant
remained PLRV-negative 30 days after treatment with
20mA for 30min, indicating a rare but possible delayed
sanitation effect. It was found that prolonged exposure to
electric  current (over 10min) can stop plant
morphogenesis. The healing effect was observed mainly in
cuttings taken not from the apical part of the plant. These
results confirm the potential of electrotherapy as a
promising method for improving the health of potato
planting material. Magnetic pulse treatment in the 8, 16
and 32Hz modes did not ensure the elimination of PVY,
PLRV and PVM. Magnetic treatment at a frequency of 8Hz
on the varieties Cerata and Colomba led, according to
ELISA data, to a decrease in the concentrations of PVX and
PVM viruses in potato tissues.

DECLARATIONS

Funding: This research has been funded by the Science
Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan within the
framework of projects: AP19676907 "Development of
mushroom’s extracts and spent substrates efficient use
technology as means potato protection against
phytopathogens and feed additives manufacturing”, 2023-
2025 and AP23485559 “Potato with colored flesh for
Northern Kazakhstan: selection of varieties and hybrids,
creation of biologized protection technology”, 2024-2026.
The article was prepared within the framework of the
doctoral dissertation entitled “Effective technology
development for the improvement of perspective potato
breeding material from viral diseases.”

The article was made with the support of the Ministry of
Science and Higher Education of the Russian Federation in
accordance with agreement N2075-15-2025-182 on
providing a grant in the form of subsidies from the Federal
budget of the Russian Federation.

Acknowledgement: The authors thank the journal's
editorial team and reviewers for their careful evaluation,
constructive feedback, and valuable recommendations that
significantly improved the quality of this manuscript

Conflict of Interest: None.

Data Availability: Data will be available on request from
corresponding author.

Ethics Statement: This study did not involve human
participants or vertebrate animals. All experimental
procedures were conducted exclusively on in vitro potato
plant material under controlled laboratory conditions.

Author’s Contribution: VK developed the study concept
and supervised the research process. MK, SV, and MU
performed the experimental work, data collection, and
diagnostics. VK and MK conducted the formal data analysis
and interpretation. MK drafted the initial manuscript, and
all authors were extensively involved in reviewing, editing,
and improving the manuscript during revisions. All authors



1011

approved the final version and contributed equally to
strengthening the scientific quality of the article.

Generative Al Statement: The authors declare that no
Gen Al/DeepSeek was used in the writing/creation of this
manuscript.

Publisher’'s Note: All claims stated in this article are
exclusively those of the authors and do not necessarily
represent those of their affiliated organizations or those of
the publisher, the editors, and the reviewers. Any product
that may be evaluated/assessed in this article or claimed
by its manufacturer is not guaranteed or endorsed by the
publisher/editors.

REFERENCES

Abdulraheem, M.l, Moshood, A.Y., Gourkhede, P.H., Li, L, Zhang, Y., Abdi,
G., Raghavan, V., & Hu, J. (2025). Emerging trends in the application of
pulsed magnetic fields for modulating plant growth and
development: Mechanisms, dynamics, and potential impact. Acta
Physiologiae Plantarum, 47(10), 3843. https://doi.org/10.1007/s11738-
025-03843-z

Adil, S, Singh, V., Anjum, A, & Quraishi, A. (2022). A mini-review on
electrotherapeutic strategy for the plant viral elimination. Plant Cell,
Tissue and  Organ Culture (PCTOCQ), 150(1), 41-55.
https://doi.org/10.1007/s11240-022-02265-w

AlMaarri, K., Massa, R., & AlBiski, F. (2012). Evaluation of some therapies and
meristem culture to eliminate Potato Y potyvirus from infected potato
plants. Plant Biotechnology, 29(3), 237-243.
http://dx.doi.org/10.5511/plantbiotechnology.12.0215a

Anisimov, B.V., & Zebrin, S.N. (2018). Improvement of regulations for
production, quality control, and certification of seed potato. Zashchita
kartofelya, 1, 6-10.

Badarau, C.L., Chiru, N., & Guta, I.C. (2014). The effect of some therapies on
potato virus Y and potato virus X infected Solanum tuberosum L.
plantlets (cv. 'Roclas’). Analele Universitdtii din Oradea, Fascicula
Biologie, 21(1), 24-32.

Bespalova, E.S., Agakhanov, M.M., Arkhimandritova, S.B., Erastenkova, M.V.,
& Uhatova, Y.V. (2020). Sanitization of potato varieties from the VIR
collection against viruses. Proceedings on Applied Botany, Genetics and
Breeding, 181(4), 164-172. https://doi.org/10.30901/2227-8834-2020-
4-164-172

Donetskikh, V., Upadyshev, M.T., & Kulikov, .M. (2018). Device for
magnetic pulse treatment of plants (Russian Federation Patent No. RU
2652818 C1, IPC A01G 7/04). Federal Service for Intellectual Property.

Dupuis, B. (2017). The movement of potato virus Y (PVY) in the vascular
system of potato plants. European Journal of Plant Pathology, 147,
365-373. http://dx.doi.org/10.1007/s10658-016-1008-5

Emami, M.D., Mozafari, J., Babaeiyan, N., & Rahimian, H. (2011). Application
of electrotherapy for the elimination of potato potyviruses. Journal of
Agricultural Science and Technology, 13(6), 921-927.

Fox, A, Collins, L.E, Macarthur, R, Blackburn, L.F., & Northing, P. (2017).
New aphid vectors and efficiency of transmission of potato virus A
and strains of potato virus Y in the UK. Plant Pathology, 66(2), 325-
335. http://dx.doi.org/10.1111/ppa.12561

Gonzalez, J.E, Sanchez, R, & Sanchez, A. (2006). Biophysical analysis of
electric current mediated nucleoprotein inactivation process. Paper
presented in the First International Workshop on Bioinformatics Cuba-
Flanders'2006, Santa Clara, Cuba, February 7-10, 2006, 12 p.
https://doi.org/10.48550/arXiv.q-bio/0601014

Grzelka, K., Kowalczyk, S., & Lojewski, M. (2023). Electrostimulation improves
plant growth and modulates metabolism in soilless cultivated
medicinal plants. Frontiers in Plant Science, 14, 1142624.
https://doi.org/10.3389/fpls.2023.1142624

Karan, Y.B. (2021). PVX, PVY, PVS, PVM ve PLRV'nin patatesten kemoterapi,
termoterapi ve kemoterapi+ yontemleriyle eliminasyonu. Journal of
Agricultural Faculty of Gaziosmanpasa University, 38(3), 117-122.
https://doi.org/10.13002/jafag4787

Kulikov, 1.M., Donetskikh, V.I, & Upadyshev, M.T. (2015). Magnetic-pulse
processing of plants as perspective technique in technological
processes of horticulture. Horticulture and Viticulture, 4, 44-52.

Lavrynenko, Y., Balashova, G., & Kotova, O. (2016). Cultivation of plants of

Int J Agri Biosci, 2026, 15(3): 1001-1012.

potato in vitro at microclonal reproduction. Visnyk Ahrarnoyi Nauky,
11, 43-47. https://doi.org/10.31073/agrovisnyk201611-08

Li, Y., He, C, Hu, X, Liu, M., Zhou, Q. & Xiong, X. (2016). An efficient
protocol of potato virus A eradication by thermotherapy coupled with
in vitro culture of potato (Solanum tuberosum). The Indian Journal of
Agricultural Sciences, 86(4), 541-544.
http://dx.doi.org/10.56093/ijas.v86i4.57570

Loebenstein, G., Berger, P.H., Brunt, AA., & Lawson, R.H. (2001). Virus and
virus-like diseases of potatoes and production of seed potatoes.
Dordrecht: Springer, 479 p.

LOEWE (2021). Product manual: Complete Kit Standard DAS - ELISA.
https://loewe-info.com/wp-content/uploads/2023/10/Complete-
Standard-ELISA-Rev-150121-.pdf

Magyar-Tabori, K., Mendler-Drienyovszki, N., Hanasz, A, Zsombik, L, &
Dobranszki, J. (2021). Phytotoxicity and other adverse effects on the in
vitro shoot cultures caused by virus elimination treatments: Reasons
and solutions. Plants, 10(4), 670.
https://doi.org/10.3390/plants 10040670

Mahmoud, S.Y.M., Hosseny, M.H., & Abdel-Ghaf, M.H. (2009). Evaluation of
some therapies to eliminate potato Y potyvirus from potato plants.
International Journal of Virology, 5(2), 64-76.
http://dx.doi.org/10.3923/ijv.2009.64.76

Mathew, L., Tiffin, H., Erridge, Z,, McLachlan, A, Hunter, D., & Pathirana, R.
(2020). Efficiency of eradication of Raspberry bushy dwarf virus from
infected raspberry (Rubus idaeus) by in vitro chemotherapy,
thermotherapy and cryotherapy and their combinations. Plant Cell,
Tissue and  Organ  Culture  (PCTOC),  144(1), 133-141.
https://doi.org/10.1007/s11240-020-01829-y

Maule, AJ., & Palukaitis, P. (1991). Virus movement in infected plants.
Critical Reviews in Plant Sciences, 9(6), 457-473.

Mirzaei, L, Yadollahi, A, Naderpour, M., Kermani, M.J, Zeinanloo, A.A,
Eftekhari, M., & Eichmeier, A. (2024a). Electrotherapy: A promising
therapy to eradicate viruses from infected in vitro olive cv. Meshkat.
Plant Cell, Tissue and Organ Culture (PCTOC), 157(3), 2777.
https://doi.org/10.1007/s11240-024-02777-7

Mirzaei, N. Jafari, S, & Abolhasani, M. (2024b). Electro- and thermal
tolerance responses in meristematic cells during in vitro virus
eradication. Plant Cell, Tissue and Organ Culture, 159(3), 512-524.
https://doi.org/10.1007/s11240-024-02811-y

NY/T 2678-2015. Methods for detection of potato viruses. Detection of six
potato viruses. RT-PCR method. (2015). Beijing: Ministry of Agriculture
of the People’s Republic of China, 12 p.

Oves, E.V,, Gaitova, N.A, Etdzaeva, K.T., & Stoyanova, S.M. (2024). Modern
methods of releasing potato varieties from viruses (review).
Zemledelie, 5, 41-46. https://doi.org/10.24412/0044-3913-2024-5-37-
42

Petrov, N., & Lyubenova, V. (2011). Thermotherapy and electrotherapy of
potato tubers infected with potato virus Y-PVY. In Union of scientists
in Bulgaria jubilee national scientific conference with international
participation "The man and the universe”’, October, 6-8, 2011,
Smolyan, Bulagria (pp. 678-685). Smolyan: Union of Scientists in
Bulgaria.

Rubtsov, S.L., Milekhin, A.V., Shevchenko, S.N., Bakunov, A.L, & Dmitrieva,
N.N. (2017). The method of microclonal propagation and production
of improved minitubers in pre-basic potato seed growing in
conditiones of high infectious loading. Bulletin of the Samara Scientific
Center of the Russian Academy of Sciences, 19(4), 650-658.

Saletnik, B., Saletnik, A, Stysz, E., Zaguta, G., Bajcar, M., Puchalska-Sarna, A.,
& Puchalski, C. (2022). The static magnetic field regulates the
structure, biochemical activity, and gene expression of plants.
Molecules, 27(18), 5823. https://doi.org/10.3390/molecules27185823

Sarraf, M., Kataria, S., Taimourya, H., Santos, L.O., Menegatti, R.D., Jain, M.,
Ihtisham, M., & Liu, S. (2020). Magnetic field (MF) applications in
plants: An overview. Plants, 9(9), 1139.
https://doi.org/10.3390/plants9091139

Shevchenko, S.N., Glushchenkov, V.A., Milekhin, A.V., Belyaeva, I.A., Rubtsov,
S.L, Bakunov, A.L, & Yusupov, R.Y. (2021). Method for improving the
health of potato plants against viral infections (Russian Federation
Patent No. RU 2761498 C1). Federal Service for Intellectual Property.

Singh, V., Adil, S., & Quraishi, A. (2021). Elimination of BBTV via a systemic in
vitro electrotherapy approach. Journal of Virological Methods, 300,
114367. https://doi.org/10.1016/j.jviromet.2021.114367

Sukhova, E., & Sukhov, V. (2021). Electrical signals, plant tolerance to actions
of stressors, and programmed cell death: Is interaction possible?
Plants, 10(8), 1704. https://doi.org/10.3390/plants10081704

Szabd, LK., Fehér, A, & Téth, Z. (2024). In vitro methods for virus
elimination from Prunus species: A mini review. Plant Cell, Tissue and
Organ Culture, 160(2), 347-357. https://doi.org/10.1007/s11240-023-



https://doi.org/10.1007/s11738-025-03843-z
https://doi.org/10.1007/s11738-025-03843-z
https://doi.org/10.1007/s11240-022-02265-w
http://dx.doi.org/10.5511/plantbiotechnology.12.0215a
https://doi.org/10.30901/2227-8834-2020-4-164-172
https://doi.org/10.30901/2227-8834-2020-4-164-172
http://dx.doi.org/10.1007/s10658-016-1008-5
http://dx.doi.org/10.1111/ppa.12561
https://doi.org/10.48550/arXiv.q-bio/0601014
https://doi.org/10.3389/fpls.2023.1142624
https://doi.org/10.13002/jafag4787
https://doi.org/10.31073/agrovisnyk201611-08
http://dx.doi.org/10.56093/ijas.v86i4.57570
https://loewe-info.com/wp-content/uploads/2023/10/Complete-Standard-ELISA-Rev-150121-.pdf
https://loewe-info.com/wp-content/uploads/2023/10/Complete-Standard-ELISA-Rev-150121-.pdf
https://doi.org/10.3390/plants10040670
http://dx.doi.org/10.3923/ijv.2009.64.76
https://doi.org/10.1007/s11240-020-01829-y
https://doi.org/10.1007/s11240-024-02777-7
https://doi.org/10.1007/s11240-024-02811-y
https://doi.org/10.24412/0044-3913-2024-5-37-42
https://doi.org/10.24412/0044-3913-2024-5-37-42
https://doi.org/10.3390/molecules27185823
https://doi.org/10.3390/plants9091139
https://doi.org/10.1016/j.jviromet.2021.114367
https://doi.org/10.3390/plants10081704
https://doi.org/10.1007/s11240-023-02670-9

1012

02670-9

Thanuja, K., Arulmozhiyan, R., Saraswathi, M.S., Selvarajan, R., Jegadeeswari,
V. & Rajanbabu, V. (2025a). A comprehensive review on in vitro
therapies for virus elimination and novel methods for virus protection
in key horticultural crops. Planta, 262(1), 15.
https://doi.org/10.1007/s00425-025-04718-w

Thanuja, K., Arulmozhiyan, R., & Rathinasabapathi, P. (2025b). Integrated in
vitro therapies for virus elimination and protection in horticultural
crops. Planta, 262(1), 15. https://doi.org/10.1007/s00425-025-04718-w

Tokbergenova, Z.A., & Babayev, S.A. (2011). Diagnostics of improved potato
source material by the method of apical meristem culture in
combination with thermotherapy. In Status and prospects of scientific
research on potato, vegetable and melon growing (pp. 509-514).
Almaty-Kainar: KazNIIKO.

Tota, J., Saletnik, B., & Zaguta, G. (2024). Magnetic field stimulation
modulates plant antioxidant and phenolic metabolism: A systematic
review and meta-analysis. Molecules, 29(4), 5823.
https://doi.org/10.3390/molecules27185823

Upadyshev, M., Motyleva, S., Kulikov, I, Donetskih, V., Mertvischeva, M.,
Metlitskaya, K., & Petrova, A. (2021). The effect of magnetic field on
phenolic composition and virus sanitation of raspberry plants.
Horticultural Science, 48(4), 166-173.

Int J Agri Biosci, 2026, 15(3): 1001-1012.

https://doi.org/10.17221/60/2020-HORTSCI

Upadyshev, M.T., Ivanova, B.V., & Motyleva, S.M. (2023). Mass-spectrometric
identification of metabolites after magnetic-pulse treatment of
infected Pyrus communis L. microplants. International Journal of
Molecular Sciences, 24(23), 16776.
https://doi.org/10.3390/ijms242316776

Upadyshev, M.T., Makarov, S.S., & Upadysheva, G.Y. (2025). Peculiarities of
organogenesis and recovery of apple tree clonal rootstock from
viruses using complex in vitro therapy. lzvestiva of Timiryazev
Agricultural Academy, 1, 93-107. https://doi.org/10.26897/0021-342X-
2025-1-93-107

Wang, M.R,, Bi, W.L, & Bettoni, J.C. (2022). Shoot-tip cryotherapy for plant
pathogen eradication. Plant Pathology, 71(6), 1241-1254.
https://doi.org/10.1111/ppa.13565

Wu, J., Zhang, Y., Zhou, X.-P., & Qian, Y.-J. (2021). Three sensitive and
reliable serological assays for detection of potato virus A in potato
plants. Journal of Integrative Agriculture, 20(11), 2966-2975.
https://doi.org/10.1016/52095-3119(20)63492-X

Zhang, L, Wang, H. & Liu, R. (2023). Mild electric stimulation induces
systemic acquired resistance in Nicotiana benthamiana through WRKY-
mediated pathways. Environmental and Experimental Botany, 211,
105225. https://doi.org/10.1016/j.envexpbot.2023.105225



https://doi.org/10.1007/s11240-023-02670-9
https://doi.org/10.1007/s00425-025-04718-w
https://doi.org/10.1007/s00425-025-04718-w
https://doi.org/10.3390/molecules27185823
https://doi.org/10.17221/60/2020-HORTSCI
https://doi.org/10.3390/ijms242316776
https://doi.org/10.26897/0021-342X-2025-1-93-107
https://doi.org/10.26897/0021-342X-2025-1-93-107
https://doi.org/10.1111/ppa.13565
https://doi.org/10.1016/S2095-3119(20)63492-X
https://doi.org/10.1016/j.envexpbot.2023.105225

