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Abstract. Ferroptosis-like cell death in plantsisarecently described mechanism
triggered by iron accumulation and lipid peroxidation; however, its role in
viral infection remains unclear. In this study, we investigated the effect of iron
(Fe-EDTA) treatment on Nicotiana benthamiana plants infected with wild-
type tomato bushy stunt virus (wtTBSV). Morphological and biochemical
analyses under combined stress revealed pronounced symptoms, including
growth inhibition, necrosis, leaf yellowing, chlorosis, and leaf deformation,
while the expression of the viral suppressor protein P19 was reduced.
Biochemical assays showed that low Fe-EDTA concentrations maintained the
photosynthetic apparatus and increased chlorophyll content, whereas high
concentrations induced lipid peroxidation and ferroptosis-like cell death. Our
results suggest that excess iron activates RNA interference and ferroptosis-
like death, thereby suppressing viral infection, while low iron concentrations
preserve photosynthetic activity and alleviate symptoms. In addition,
combined stress led to reduced levels of HSP70 and HSP90, indicating that
iron homeostasis may interfere with cellular chaperones essential for viral
replication. These findings highlight the key role of ferroptosis-like cell death
in plant-virus interactions.
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Introduction

Abiotic stress refers to a set of unfavorable non-living factors whose impact disrupts
the physiological processes of plants, alters their metabolism, and suppresses growth and
development. The major abiotic factors include extreme temperatures, water deficit or
excess, soil salinization, as well as disturbances in ion balance caused by mineral deficiency or
overaccumulation. Metals act as significant abiotic stressors: although plants require them in
small amounts for normal growth, excessive accumulation can poison cells [1]. Metals of this
type include iron (Fe). Within plant cells, it can exist in two oxidation states, Fe?* and Fe**, and
serves as a cofactor in respiration, DNA synthesis, photosynthesis, and chlorophyll formation
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[2]. However, under neutral and especially alkaline soil conditions, most iron exists in the form
of poorly soluble compounds, which limits its availability to the root system. To overcome
this problem, chelated forms of iron are widely used in crop production. In particular, the Fe-
EDTA complex stabilizes iron ions in a soluble form, prevents their precipitation, and facilitates
their transport to plant cells. Chelates provide a convenient and effective tool for fertigation,
alleviating iron deficiency [3]. Despite its clear advantages, an excessive influx of iron into the
cell is associated with certain risks. One of the most serious consequences is ferroptosis, a form
of cell death induced by iron overload [4].

Ferroptosis is an iron-dependent form of regulated necrotic cell death, triggered by excessive
lipid peroxidation and leading to the destruction of cellular membranes [5]. Ferroptosis
is characterized by a decrease in the level of reduced glutathione (GSH) and inactivation of
glutathione peroxidase 4 (GPX4). Under normal conditions, GPX4 reduces lipid hydroperoxides
to non-toxic alcohols using GSH, thereby preventing the accumulation of lipid peroxidation
products. When ferroptosis begins, cells suppress GPX4 activity or degrade the enzyme, which
rapidly accumulates lipid peroxides and triggers cell death. Stress induces other antioxidant
enzymes, including superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase
(APX), which temporarily limit ROS accumulation; in plants, in particular, ethylene enhances the
activity of these enzymes, while transcription factors of the ERF family increase the expression of
antioxidant defense genes. Nevertheless, it is the inactivation of GPX4 that defines the specificity
of ferroptosis, since the activation of other antioxidants reflects only a general stress response
and does not prevent cell death [6,7]. At the same time, the molecular mechanisms underlying
changes in the expression and activity of antioxidant enzymes in plants under ferroptosis
conditions remain largely unexplored, highlighting the relevance of further research.

Heat shock proteins (HSPs) represent an evolutionarily conserved family of molecular
chaperonesthatplayakeyrolein maintaining protein homeostasis. Initially described as proteins
induced by elevated temperatures, they are now known to be upregulated under a wide range
of abiotic and biotic stresses [8,9]. During ferroptosis in animal cells, the HSP70 family exhibits
a protective role: HSP70 has been shown to enhance GPX4 expression and antioxidant activity,
thereby increasing resistance to ferroptosis. In contrast, HSP90 may promote ferroptosis by
binding to timosaponin Alll, thereby inducing ubiquitination and degradation of GPX4, which
enhances lipid peroxidation [7,10]. In plants, the direct roles of HSP70 and HSP90 in ferroptosis
remain poorly understood and require further investigation.

Viral infections trigger ROS generation and cell death by employing virus-encoded suppressor
proteins that inhibit RNA interference, antioxidant systems, and hormone-mediated defense
pathways in plants. One such suppressor protein is p19, encoded by the tomato bushy stunt virus
(TBSV). This protein binds double-stranded siRNAs, thereby suppressing post-transcriptional
gene silencing and facilitating the spread of the viral genome within the plant. Previous studies
have shown that p19 forms dimers and interacts with the host RNA-binding protein Hin19. The
resulting complex plays a key role in the effective suppression of RNA interference and promotes
viral progression in plant cells [11]. As viruses spread through plant cells, they cause significant
changes in the activity of antioxidant enzymes. For example, cucumber mosaic virus (CMV)
disrupts the plant’s antioxidant defense by binding its 2b protein to catalase CAT3, initiating its
degradation via the ubiquitin-proteasome pathway. This process leads to the accumulation of
H,0, and the development of necrosis [12].

Simultaneous exposure to multiple stressors usually worsens plant damage as signaling
pathways interact in complex ways. The relationship between viral infections and ferroptosis
has been studied in detail in animals: viruses can both activate and suppress iron-dependent cell
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death by altering Fe metabolism, enhancing lipid peroxidation, and influencing ROS-dependent
mechanisms of cell death, thereby promoting either viral replication or evasion of the immune
response [13].

In plants, these processes have been studied to a limited extent. It is known that they involve
mechanisms similar to those in animals but also exhibit specific features, such as the presence
of multiple GPX isoforms and the involvement of chloroplasts and peroxisomes. Suppression of
GPX4 in Nicotiana benthamiana has been shown to enhance ferroptosis-like cell death during
infection with a mutant tobacco mosaic virus; however, systematic data remain scarce [6].
Studying such interactions is essential for understanding multistress responses, plant immunity,
and adaptation, as well as for breeding resistant cultivars. This is particularly important in the
context of combined viral infections and toxic metals, which are critical factors for predicting
crop yield and ensuring food security. Identifying common signaling nodes of multistress
responses may provide a basis for discovering genetic markers of resistance [14].

Materials and research methods

Plant preparation

In this study, Nicotiana benthamiana plants were used. Soil and pots were sterilized by
autoclaving, after which the soil was mixed with vermiculite at a ratio of 3:1 and watered every
other day for 30 days. We grew plants under controlled conditions with a 16-hour light/8-hour
dark photoperiod at 25°C during the day and 23°C at night.

Plant treatment

On day 30, plants were mechanically inoculated with tomato bushy stunt virus (TBSV) in 10
mM PBS buffer (1:3). One day post-inoculation, plants were irrigated with iron chelate (Fe-EDTA)
solutions at various concentrations: 0.05 mM, 0.1 mM, 0.5 mM, 0.8 mM, and 1 mM. Morphometric
measurements were performed on day 7 post-inoculation (dpi). Plants were harvested, their root
systems rinsed with water,; and then fixed for measurement of shoot and root length.

Chlorophyll content determination

Chlorophyll content in plant leaves was determined according to Arnon’s method [15].
We measured chlorophyll using a Multiskan SkyHigh spectrophotometer (Thermo Fisher
Scientific) with Skanlt Software at wavelengths of 664 nm and 647 nm. The contents of
chlorophyll a, chlorophyll b, and total chlorophyll were calculated using the equations proposed
by Lichtenthaler and Wellburn (1985) [16].

SDS-PAGE

For protein analysis, 0.1 g of plant material was collected and homogenized in 200 pL of
extraction buffer (1xTE: 10 mM Tris, pH 7.4-7.6; 1 mM EDTA, pH 8.0). SDS-PAGE was performed
according to the protocol developed by Laemmli (1970) using a polyacrylamide gradient gel
with a concentration range of 5-20% [17]. The gel was prepared from a separating gel (5 mL
30% acrylamide/bisacrylamide solution [29:1], 2.5 mL 1.5 M Tris, pH 8.8, 2.3 mL dH,0, 100
uL 10% SDS, 100 uL 10% APS, 5 uL. TEMED) and a stacking gel (1.35 mL 30% acrylamide/
bisacrylamide solution [29:1], 1 mL 1 M Tris, pH 6.8, 7.2 mL dH,0, 100 pL 10% SDS, 100 uL 10%
APS, 5 pL. TEMED). Samples were mixed with (-mercaptoethanol (1:3). Electrophoresis was
carried out at 120 V, 110 mA, and 50 W using 1xTGS buffer (25 mM Tris-HCI, 192 mM glycine,
0.1% SDS) for 2-3 hours.
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Protein transfer and immunodetection

Proteins were transferred onto nitrocellulose membranes using a Mini Trans-Blot® Cell
(Bio-Rad). Transfer efficiency was verified by staining the membranes with Ponceau S. Non-
specific binding sites were blocked with 7.5% non-fat dry milk in TBS-Tween-20 (50 mM Tris,
200 mM NacCl, 0.25% Tween-20). Membranes were then washed three times for 7 min each in
1x TBS-Tween-20.

Immunodetection was performed using monoclonal primary antibodies against HSP70
(Agrisera, #AS08371) and HSP90 (Agrisera, #AS08346), as well as polyclonal primary antibodies
against P19. Secondary anti-rabbit antibodies (Rockland Immunochemicals, 611-1502) were
applied. Protein bands were visualized by incubating the membranes with NBT /BCIP substrate
in the dark for 5 min.

Native-PAGE

A 7% polyacrylamide gel was prepared under native conditions to determine enzyme activity. The
separating gel contained 3.75 mL N3 buffer (pH 8.5; 1 M Tris base, 2 M Tris-HCl), 2.82 mL N5 buffer
(40% acrylamide/bisacrylamide solution, 19:1), 8.44 mL dH,0, 100 uL APS, and 5 pL. TEMED. The
stacking gel contained 5 mL N6 buffer (6.24% acrylamide/bisacrylamide solution, 4:1), 2.5 mL N4
buffer (pH 6.9; 18 mM Tris base, 2 mM Tris-HCl), 2.5 mL dH,0, 100 pL APS, and 5 uL. TEMED.

Electrophoresis was carried outat 150V, 120 mA, and 50 W in the UPPER buffer (pH 8.88; 50
mM Tris, 7 mM Tris-HCI, 60 mM glycine) for 2-3 h. To determine AO activity, gels were incubated
in a solution containing 4 mM Tris-HCI, 3 mM indole-3-carboxyaldehyde, 0.6 mM MTT, and 0.7
mM PMS at 37 °C for 40 min [18].

Catalase activity was determined by incubating samples with 0.03% hydrogen peroxide
solution (500 pL H;0, in 49.5 mL distilled water) for 10 min. Subsequently, 0.6 g K3[Fe(CN)¢]
dissolved in 26.4 mL distilled water and 0.6 g FeCl3 dissolved in 26.4 mL distilled water were
added, and the reaction was incubated in the dark for 3 min [19].

Results

Nicotiana benthamiana plants were inoculated with wtTBSV, followed by irrigation with Fe-
EDTA solution starting at 2 days post-inoculation (dpi) (Figure 1A). At 7 dpi, plants exhibited
symptoms such as chlorosis and leaf wilting. Under combined stress, however, symptoms of
viral infection were alleviated compared with control plants inoculated only with wtTBSV. The
most pronounced improvement was observed at 0.8 mM and 1 mM Fe-EDTA.

Plants inoculated with wtTBSV displayed typical symptoms of TBSV infection, including leaf
curling, chlorosis, growth suppression, necrotic spots, and wilting (Figure 1B). Morphometric
analysis showed that the average shoot height of control plants was 5.0 + 0.7 cm. Irrigation with
Fe-EDTA at concentrations ranging from 0.05 to 1 mM did not significantly affect shoot growth
(p > 0.05) (Figure 1C). In wtTBSV-infected plants, shoot height decreased to 4.5 * 0.6 cm, and
under combined stress, the reduction was more pronounced.

Analysis of root length revealed an average of 15.8 * 4.2 cm. Fe-EDTA irrigation at
concentrations from 0.05 to 1 mM had no significant effect compared with the control (p >
0.05), although an increase was observed at 0.5 mM (17.1 + 4.8 cm) and a decrease at 0.1 mM
(13.2 £ 0.9 cm). In wtTBSV-infected plants, root length moderately decreased to 14.2 + 2.3 cm.
Under combined stress, root length increased to 18.9 + 6.8 cm at wtTBSV+0.1 mM, whereas at
wtTBSV+0.8 mM it decreased to 10.0 + 5.2 cm. However, these changes did not reach statistical
significance (p > 0.05).
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Figure 1. Morphometric parameters of Nicotiana benthamiana. (A) Day 1 after inoculation with
wtTBSV and Fe-EDTA irrigation; (B) Day 7 after inoculation with wtTBSV and Fe-EDTA irrigation;
(C) Morphometric measurements of plant shoots and roots

To assess the activity of the photosynthetic apparatus, the contents of chlorophyll a,
chlorophyll b, and total chlorophyll were analyzed in N. benthamiana. It was found that infection
with wtTBSV significantly reduced chlorophyll levels compared to control plants. Treatment
with Fe-EDTA markedly increased chlorophyll levels, with the highest values observed at 0.1
mM and 0.5 mM Fe-EDTA. Under combined stress, chlorophyll content was restored to control
levels or even exceeded them (Figure 2).
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the analysis using one-way ANOVA followed by Tukey’s HSD test. All experiments included at least three
biological replicates.

Figure 2. Analysis of chlorophyll content in the leaves of N. benthamiana plants. (A) Chlorophyll a
content; (B) Chlorophyll b content; (C) Total chlorophyll content

Differences between groups were considered statistically significant at p < 0.001. We
performed the analysis using one-way ANOVA followed by Tukey’s HSD test. All experiments
included at least three biological replicates.

To determine the levels of host proteins HSP70, HSP90, and the viral RNA silencing
suppressor P19, western blot analysis was performed. The detection of the viral protein P19
was carried out using polyclonal antibodies against P19. Under combined stress conditions (Fe-
EDTA + wtTBSV), the level of the viral protein P19 was significantly reduced compared to the
wtTBSV control (Figure 3A). In addition, the levels of host proviral heat shock proteins (HSPs)
were examined. The level of HSP70 increased at Fe-EDTA concentrations of 0.05 mM, 0.1 mM,
and 1 mM, but decreased at 0.5 mM and 0.8 mM. Under combined stress, the lowest levels
were observed at 0.05 mM, 0.5 mM, and 0.8 mM Fe-EDTA, whereas a significant increase was
recorded at 1 mM (Figure 3B). Analysis of HSP90 revealed maximum accumulation in control
plants and in response to 0.05 mM Fe-EDTA, while the lowest accumulation was observed at 1
mM Fe-EDTA. Under combined stress conditions, HSP90 levels remained moderate compared
to wtTBSV but also decreased at 1 mM Fe-EDTA, similar to the results observed with Fe-EDTA
treatment alone (Figure 3C).
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Figure 3. Western blot analysis of P19, HSP70, and HSP90 in N. benthamiana leaves. (A) Immunoblot
detection of the viral protein P19. (B) Immunoblot detection of HSP70. (C) Immunoblot detection
of HSP90. Data were analyzed using Image J. All experiments included at least three biological
replicates

Discussion

The term ferroptosis was first described in animals as a novel form of cell death triggered
by erastin in tumor cells [20]. Later, ferroptosis was also identified in plants [21], where it
is activated in response to various abiotic and biotic stresses [22], including Fe** overload,
accumulation of reactive oxygen species (ROS), and deficiencies in antioxidant defenses,
particularly glutathione-dependent antioxidants such as GPX4 [23,24]. Lipid peroxidation in the
membranes of mitochondria, chloroplasts, and peroxisomes, where ROS and iron-dependent
radicals accumulate, has been shown to act as the key trigger of ferroptosis initiation [25,26].
Damage to membrane lipids disrupts membrane integrity and suppresses respiration and
photosynthesis, thereby initiating a cascade of ferroptosis-like cell death.

Ferroptosis is considered a relatively recently described type of programmed cell death, and
therefore, information about its regulation in plants under abiotic and biotic stresses remains
fragmented. Consequently, the influence of viruses on ferroptosis is still unclear.
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Our study demonstrated that Fe-EDTA treatment significantly influenced plant development
and the symptoms of wtTBSV infection in N. benthamiana, as well as the levels of host heat
shock proteins (HSPs) and the viral suppressor P19.

To analyze ferroptosis-like cell death, N. benthamiana plants were treated with Fe-EDTA
solutions at varying concentrations to determine the optimal range. Fe-EDTA was selected
as the iron source because its chelated form ensures high bioavailability and promotes the
accumulation of Fe?* ions in plant cells. The buildup of free iron ions triggers the Fenton reaction,
which generates hydroxyl radicals (-OH):

Fe?*+H,0, — Fe**+OH +OH

Subsequently, the hydroxyl radical (-OH) reacts with polyunsaturated fatty acids (PUFAs),
generating lipid radicals. This initiates a chain reaction in which the lipid radicals propagate by
reacting with other lipids, leading to the accumulation of reactive oxygen species (ROS) [23].
Ultimately, this process results in damage to organelle membranes, proteins, and DNA [24].

In the assessment of physiological and morphometric parameters, we found that the effects
of Fe-EDTA treatment and viral infection were accompanied by symptoms such as growth
inhibition, leaf mottling, curling, necrosis, and chlorosis (Figure 1A, B). Iron (Fe) is essential
for many cellular functions in plants, including chlorophyll biosynthesis, photosynthesis, and
respiration [27]. It is well established that viral infection reduces photosynthesis and causes
severe alterations in the ultrastructure of chloroplasts [28]. Previous studies have shown
that treatment with iron oxide nanoparticles (Fe30,) at high concentrations under high light
intensity (300 uM m%-s™%) significantly increased plant biomass, as well as the contents of
chlorophyll a, chlorophyll b, and carotenoids in leaves. At the same time, the nanoparticles did
not have a noticeable effect on primary photochemical processes or stomatal conductance.
Treatment with Fe;0, nanoparticles led to a reduction in malondialdehyde (MDA) levels in
roots and leaves, indicating the absence of oxidative stress. This was supported by increased
activity of antioxidant enzymes, such as ascorbate peroxidase (APX) and superoxide dismutase
(SOD). The authors suggest that elevated iron content in leaves promotes higher chlorophyll
levels and enhances the activity of enzymes such as RuBisCO, ultimately increasing the rate of
CO; assimilation [29]. An increase in chlorophyll content was also observed following foliar
application of Fe,(S0,); and EDTA-Fe-Na fertilizers to potato (Solanum tuberosum L.) tubers
[30]. Iron deficiency in pea (Pisum sativum L.) plants led to a reduction in chlorophyll a and b,
accompanied by an increase in dry biomass per unit of fresh shoot weight. This resulted in a
significant decrease in photosynthetic rate per leaf area, as well as increased stomatal resistance
and reduced transpiration rate. However, under partial iron deficiency, the photosynthetic
rate per leaf area was not reduced, even though chlorophyll content decreased [31]. This
may be because the reduction in chlorophyll likely did not result from the destruction of all
components of the photosynthetic apparatus, but rather from an adaptive response to stress
conditions. In our study, we also observed an increase in chlorophyll content following both Fe-
EDTA treatment and combined stress from wtTBSV infection and Fe-EDTA, compared to control
plants (Figure 2). This effect is likely due to the crucial role of iron as a component of various
photosynthetic electron carriers, such as cytochrome (Cyt) bgf and Cyt ¢, and as an integral
part of both photosystem I (PSI) and photosystem II (PSII) [32-34]. Iron deficiency induces
significant changes in the structure of the thylakoid membrane and in the core processes
involved in photochemical energy conversion. The first transcriptomic studies conducted on
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P. tricornutum cells under iron-deficient conditions identified novel regulators of the iron
deficiency response, such as iron starvation-induced proteins (ISIPs) [35].

Tomato bushy stunt virus (TBSV) is a typical member of the genus Tombusvirus within the
family Tombusviridae. The P19 protein encoded by TBSV acts as a potent suppressor of RNA
interference (RNAIi) and blocks a key post-transcriptional defense mechanism in plants. RNAi is
a conserved eukaryotic mechanism that degrades RNA with high sequence specificity [36-38].
A DICER-containing complex recognizes and cleaves double-stranded RNA (dsRNA) or single-
stranded RNA (ssRNA) with hairpin structures, producing short interfering RNAs (siRNAs) of
approximately 20-25 nucleotides. The RNA-induced silencing complex (RISC) incorporates
these siRNAs and directs the endonucleolytic cleavage of complementary viral RNAs, thereby
limiting viral replication. P19, however, binds viral siRNAs (vsiRNAs) with high affinity,
preventing their incorporation into RISC. By doing so, P19 inhibits the RNAi pathway, allowing
the virus to evade degradation [39-41].

In our study, combined stress from wtTBSV infection and Fe-EDTA treatment led to a reduction
in the level of the viral suppressor P19 compared to virus-infected control plants. The decrease
in P19 protein levels indicates an effective RNAi response, resulting in a reduced wtTBSV
viral titer in N. benthamiana (Figure 3A). Interestingly, at higher Fe-EDTA concentrations, P19
protein levels increased compared to 0.1 mM Fe-EDTA, highlighting the dose-dependent role of
iron in regulating cellular metabolism. Similar studies in Cucumis sativus L. under combined
stress with Glomus mosseae showed significant improvements in key physiological parameters,
including chlorophyll content, photosynthetic rate, stomatal conductance, and accumulation
of phenolic compounds. These results also demonstrated that combined stress increased the
activity of antioxidant enzymes such as SOD, POD, CAT, and APX, mitigating oxidative stress and
promoting plant health [42]. Previous studies have shown that foliar application of Fe-EDTA
at a concentration of 3.36 mg-L™* in N. benthamiana plants infected with potato virus Y (PVY)
also reduced symptom severity and suppressed the accumulation of viral RNA and proteins,
particularly during the early stages of infection [43]. These findings support our results showing
a reduction in viral titer in plants undergoing ferroptosis-like cell death. As noted earlier, viral
infection suppresses photosynthesis. [ron treatment may assist the plant by regulating genes
associated with cytochromes, chlorophyll, and photosystems (PSI and PSII). Similar observations
were reported by Bwalya, Alazem, and Kim (2021), where photosynthesis-related genes (PSaC
and ATPsyn-a) conferred resistance to soybean mosaic virus (SMV) in N. benthamiana through
RNAi [44]. Additionally, Xu et al. (2023) employed virus-induced gene silencing (VIGS) and
found that suppressing the expression of the NbHSP90 gene in N. benthamiana significantly
increased PVY accumulation [43].

Heat shock proteins (HSPs), particularly HSP70, play a key role in the formation of the viral
replication complex. HSP70 interacts with the viral protein p33 and activates RNA-dependent
RNA polymerase (RdRp), ensuring efficient viral genome replication. HSP90 also contributes
by stabilizing and activating the viral RdRp. Together with the cofactor CDC37, HSP90 forms
a complex with the viral RdRp p92, which is essential for initiating replication [45-48]. The
role of HSP proteins in host cells is critical, as they participate in protein folding, prevent the
aggregation of denatured proteins, and maintain cellular homeostasis under stress conditions
[9]. Analysis of HSP70 protein expression showed a significant decrease under combined stress
compared to control plants, except for wtTBSV + 1 mM Fe-EDTA (Figure 3B). These results
suggest possible degradation of host proteins, in which HSPs normally play a protective role,
as also indicated by HSP70 expression under single stress with 1 mM Fe-EDTA. Interestingly,
treatment with 0.5 mM Fe-EDTA caused a marked reduction in HSP70 expression compared to
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control plants. Analysis of HSP90 expression revealed that under combined stress (wtTBSV + 1
mM Fe-EDTA), its level significantly decreased (Figure 3C).

Based on all our experiments, we propose that the combined stress of wtTBSV infection
and 1 mM Fe-EDTA causes more severe damage to plant cells. We suggest that high iron
concentrations induce an enhanced form of programmed cell death, ferroptosis. Accumulation
of Fe?* and the activation of lipid peroxidation may trigger localized necrosis by disrupting
cellular membranes, which in turn reduces viral titer in the plants. In contrast, lower Fe
concentrations help maintain the photosynthetic apparatus in N. benthamiana.

Conclusion

Our study provided new insights into the role of ferroptosis-like cell death in plant-virus
interactions with TBSV. We showed that Fe-EDTA treatment alters the accumulation of wtTBSV
in N. benthamiana. High concentrations of Fe-EDTA induced oxidative stress and ferroptosis-
like cell death, accompanied by membrane damage, necrosis, and growth inhibition, while
simultaneously leading to a decrease in the level of the suppressor protein P19. At the same time,
low concentrations of Fe-EDTA maintained photosynthetic activity and alleviated symptoms. In
addition, a decrease in HSP70 and HSP90 was observed under combined stress, suggesting a
possible interaction of iron with host chaperones required for viral replication.

Thus, viral infection accumulation is regulated by iron availability in the cell: limited iron
supply supports photosynthesis and RNA interference activation, whereas its excess may
trigger ferroptosis-like cell death pathways. These findings highlight the importance of iron
homeostasis in studying plant defense mechanisms and open perspectives for the practical
application of iron-containing treatments to control viral diseases. However, further studies are
needed to clarify the precise mechanisms of interaction between viral infection and ferroptosis-
like cell death in plants.
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Temip roMmeocTasbiHbIH 6y3bLIYybI, GeppoONTO3 TIPi3Ai XKacylaabIK 6J1iMi )KoHe eciMAiKTepaeri
PHK uHTep¢epeHInACH apKbLIbl BUPYCThIK, MHPEeKIHSHbI 6aCybI

A. Apteik6aeBa’, T. EpraeBa’, C. Beari6aii!, XK. baiikapaes?, XK. Typap6ekoBa’,
K. MacasiumoB?, H. UkcaT*!
IPycmem Omapos ambIHOAFbI 6CIMOIKMep 6UOMEXHO02USICbl 3ePMXAHACHI, GUOMEXHO02USl HCIHE
Mukpobuosozus kagedpacsl, JL.H. ['ymusiee amviHdarbl Eypasus yaimmulk yHUgepcumemi,
Acmana, Kazakcmah

AngaTtna. PepponTos-TopisAi xacywanblk eiM - 6yJ eciMAik KacyllasapbliHJa TeMipAiH *KUHaIybl
MeH JIMIIUATEPAIH acKblH TOTBIFybIHAH KO3JbIPbLIAThIH KaHaJaH CUNATTaJfaH MeXaHU3M. Asaija
OHBIH, BUPYCTbIK, MHQEKIUAAAFb] peJli a1 ToJbIK aHblKTaaMaraH. Ockl 3epTTeyze Nicotiana benthamiana
eciMaikrepine TemipmeH (Fe-EDTA) enzeyaiH, wild type tomato bushy stunt virus (wtTBSV) nndexuusicol
’KaFAaWbIHAAFbl bIKNAIbl TajaZaHAbl. KelneHAi cTpecc »afAalblHAA KYprizijireH MopQOJIOTHUSIBIK,
*KoHe OHOXUMUSIIBIK Taslay eciM/IiKTep 6CyiHiH Texesyi, HeKpo3, xKanblpaKTap/blH CapFalobl, XJI0p03
’KOHE JKalbIpaKTapZblH >KUbIPbIIYbl CUSKTHI alKbIH CUMIITOM/AP/AbIH OaWKaJIFaHbIH KOPCETTi, aj
cynpeccopJsblK P19 akybI3bIHBIH, 3KCIIPeCcCUSAChl TOMeHJeli. DBUOXUMUAIBIK Tajaay >kafFblHaH Fe-
EDTA TeMeH KOHIleHTpalusaaapbl eciMAikTepAiH, ¢OTOCHMHTETUKAJBIK alllapaTThlH, TYPaKTbLIbIFbIH
KaMTaMachI3 eTiN, XJ0podU/II KYpaMbliH apTThIPAThIHbI aHBIKTA/bl, aJl )KOFAphl KOHILIEHTpALUsIap
JIMIIUATEPAIH acKblH TOTBIFYbIH >XoHe (epponTo3 Topi3Ai Kacyma eJiMiH TyAablpAbl. AJIbIHFAH
HOTIKeJlep TeMip/iiH apThiK MeJiepinjie PHK-unTepdepeHusacbiHbIH, 6esiceHyi MeH $eppomnTos
TOPIi3Ai *KacyIIabIK 6J1iMHIH iCKe KOChLIAThIHBIH, COHIAN-aK 0ChI YKaFai]a BUPYCTHIK HHPEKIUAHbIH,
TexeJleTiHIH fmasengelai. Ay TeMipJliH TeMeH KOHIeHTpauusjapbiHIa ¢GOTOCHUHTETUKABIK,
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GeJICeH/Ii/IiK CAaKTaJIbII, CHMIITOMAAP/bIH aWKbIH/IbLIBIFbI TOMeH Ie/1i. COHBIMEH KaTap, KellleH/li CTpecc
»karpabinga HSP70 »xoHe HSP90 *)bL1ybIK HIOK aKybI3JapblHbIH, JleHTeli ToeMeH/JjereHi aHbIKTa/1/lbl,
OyJl MUKPO3JIEMEHTTIK TOMeOCTa3/iblH, BUPYC peIlIMKAlMsACbIHA KAXKeTTi KacCyllaJblK LIanepoHAAP/AbIH
’KYMBICbIHA apaJiacyblH KOPCEeTYi MYMKiH. Bys1 3epTTey depponTosFa yKcac )KacCyabIK 6JIiMHiH BUPYC
MIeH 6CIM/IiK apacbIHAAFbl 63apa 9peKeTTeCy/leri HEeri3ri peJiiH KepceTez,.

TyiiH ce3aep: depponTos, eciM/iik BUpycTaphl, KypaMa ctpecc, 6escensii orrek TypJiepi (BOT), TBSV

HapymeHue romeocrasa »xejie3a noJaBJiseT BUPYCHYI0 UHPEKIUIO OCPEACTBOM KJIETOYHOMN
cMepTH, Io06HO0I pepponTo3y, U PHK-untepdepeHinm B pacTeHUsIX

J. ApteikGaeBa?, T. EpraeBa'l, C. Bearu6aiil, 7K. Baiikapaes?,
K. Typap6ekoBa’, ’K. Macasimmos?, H. Ukcat*!
1/labopamopus 6uomexHo02uu pacmenuti umeHu Pycmema Omapoea,
Eepaszutickull HQYUOHA/1bHbLIU yHUBepcumem umeru JIL.H. ['ymuaesa, Acmaua, Kazaxcmau

AHHoTanusa. PepponTos3-noso6HasA KjaeToOYHasd Tubesb y pacTeHUH ! 3TO HelaBHO OMMCAHHBIN
MeXaHMU3M, 3allyCKaeMbli HaKOIJIEHHEM >KeJie3a U MepPeKUCHbIM OKHCJIEHWEM JIMNU/ 0B, OJHAKO €ro
poJib B BUPYCHOU UH}EKIUU OCTaéTCcsl HesICHOW. B JaHHOM Mccie/joBaHUU OBLIO MPOaHAJTU3UPOBAHO
B/IMsiHUE 06paboTkH esie30M (Fe-EDTA) Ha pactenus Nicotiana benthamiana, nadunipoBadHbie wild
type tomato bushy stunt virus (wtTBSV). Mopdosioruyeckre 1 6MOXMMHUYECKHE aHATU3bl pACTEHUI
10/ BO3/lefCTBHEeM KOMOMHHPOBAHHOIO CTpecca NoKa3aJsy 60J/iee BbIpaXKeHHbIE CUMIITOMBI, TAKUe, KaK
yrHeTeHHe pOoCTa paCTEeHUH, HEKPO3, MOXKeJATEHNE JUCThEB, XJIOPO3 U CMOpPLIMBaHKE JUCThEB, TOTAA
KaK 3KcIpeccys cynpeccopHoro 6esnka P19 cHmxanach. BuoxuMuveckyuil aHaaus BhISBUJI, YTO HU3KHUE
koHneHTpauuu Fe-EDTA mnopzep:xuBaiv (GOTOCHHTETHYECKHM ammapaT pacTeHWH W MOBBILIAIN
coflepkaHue XJ0pPOPHUIIOB, TOI/la KaK BbICOKME KOHLEHTpAllMM HWHAYLUPOBAJU IEpeKHUCHOeE
OKHCJIEHHE JTMIIUA0B U GepponTo3-N0A06HY0 ribeb KJeTOK. Pe3ybTaThl yKa3blBalOT Ha aKTUBALUIO
PHK-unTepdepenuu u pepponto3-noJo6HON KJIETOUHOU TMOe/H B YCIAOBUAX U30bITKA XKeJe3a, Ipy
KOTOPOM BHUpyCcHas MHQeKLUs NojaBJsack. B To BpeMsi Kak NpPU HU3KUX KOHIIEHTPAIUIX XKejie3a
CoxXpaHsiIach GOTOCUHTETUYECKAs! aKTUBHOCTDb M CHHXKAJIACh BEIPAX)KEHHOCTb CHMIITOMOB. Kpome ToroO,
ObLIO BbISIBJIEHO CHUXKEHHME YPOBHSA 6esKoB TemsaoBoro moka HSP70 u HSP90 npu koM6GHHHUPOBAaHHOM
CTpecce, YTO MOXKET OTpakaTh BMELIATE/JbCTBO MUKPO3/JIEMEHTHOTO FTOMeOCTa3a B paboTy KJIeTOYHbIX
IIaNepoOHOB, HEOOXOAUMBbIX /151 pellJIMKAl[MU BUpyca. ITO YKAa3bIBAeT HA KJIIOYEBYIO pOJib GpepponTos-
nof06HOM KJIeTOUHOM rubesi BO B3aUMO/IEHCTBUH BUPYC-paCTEHUE.

Knio4yeBble cioBa: ¢epponTos, BUPYC pacTeHUH, KOMOMHUPOBAHHBIM CTpecc, aKTUBHble (HOPMBbI
kucyopoza (APK), TBSV
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