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Antioxidant defense in plants during RNA virus infection:
the role of key enzymes

In recent decades, the issue of crop resistance to biotic stressors has gained particular relevance in the context
of global food security. Among biotic factors, viral infections occupy a special position, causing significant
yield losses and disrupting physiological processes in plants. RNA viruses are characterized by high adapta-
bility and the ability to effectively reprogram host cellular metabolism, a process accompanied by disruption
of redox homeostasis. The generation of reactive oxygen species (ROS) constitutes one of the key events in
this process and is characterized by functional duality: ROS act as signaling molecules that initiate defense
responses, whereas their excessive accumulation leads to damage to cellular components. Alterations in redox
homeostasis are accompanied by activation of the plant antioxidant system, which encompasses both enzy-
matic and non-enzymatic defense mechanisms. Despite considerable advances in the study of redox processes
in plants, the interplay between redox regulation mechanisms and antioxidant system functioning under viral
infection remains insufficiently characterized and requires further investigation. In this regard, the aim of the
present review is to systematize and analyze current knowledge of the roles of reactive oxygen species and
key antioxidant enzymes in the regulation of immune responses in plants infected with RNA viruses.
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Introduction

In recent decades, the issue of crop resistance to biotic stressors has become particularly relevant in the
context of ensuring global food security. Among biotic factors, viral infections occupy a special place, caus-
ing significant yield losses and disrupting plant physiological processes. RNA viruses are characterised by
high adaptability and the ability to effectively modify the host’s cellular metabolism, which is accompanied
by a disruption of redox homeostasis. The generation of reactive oxygen species (ROS) represents one of the
key stages of this process, characterised by functional duality: on the one hand, ROS act as signalling mole-
cules that initiate defence responses; on the other, their excessive accumulation leads to damage to cellular
components. Changes in redox homeostasis are accompanied by the activation of the plant antioxidant sys-
tem, which includes both enzymatic and non-enzymatic defence mechanisms. Despite significant progress in
the study of redox processes in plants, the integration of redox regulation mechanisms and the functioning of
the antioxidant system under conditions of viral infection remains insufficiently described to date and re-
quires further analysis. In this regard, the aim of this review is to systematise and analyse current understand-
ing of the role of ROS and key enzymes of the antioxidant system in the regulation of the plant immune re-
sponse during RNA virus infection.

1. Generation of Reactive Oxygen Species during RNA Virus Infection.

Reactive oxygen species (ROS) are highly reactive oxygen-containing molecules, including free radi-
cals such as the superoxide anion (O, -), the hydroxyl radical (-OH), and hydrogen peroxide (H,O,). The
compounds listed above are natural products of cellular metabolism and are formed predominantly in the
mitochondria during the functioning of the electron transport chain [1]. Under physiological conditions,
ROS act as signalling molecules performing regulatory functions in the control of cell proliferation
and differentiation, as well as in the activation of the immune response via redox-dependent signalling
pathways [2].

However, excessive accumulation of ROS within the cell leads to the development of oxidative stress,
accompanied by a disruption of redox homeostasis. Under these conditions, ROS actively interact with major
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cellular macromolecules—Ilipids, proteins and nucleic acids—causing lipid peroxidation, oxidative modifica-
tion of proteins and damage to genetic material, ultimately leading to the destabilisation of cell membranes,
disruption of organelle functions and cell death [3].

Oxidative stress can be induced both by abiotic factors, including extreme temperatures, ultraviolet ra-
diation and exposure to toxic compounds, and by biotic factors, such as bacterial, fungal or viral infec-
tions [4, 5]. In viral infections, changes in redox homeostasis are caused not only by the damaging effect but
also by the functional reorganisation of cellular processes aimed at ensuring viral replication. In particular,
RNA viruses actively interact with the cell’s membrane structures, forming replication complexes on the sur-
face of mitochondria, the endoplasmic reticulum and other organelles, which is accompanied by an increase
in ROS production. These replication complexes are virus-induced membrane structures formed by the re-
cruitment of intracellular organelles and serving as a platform for viral RNA synthesis [6, 7]. In plant RNA
viruses, their organisation has specific features: in Tobacco mosaic virus (TMV), replication is associated
with the membranes of the endoplasmic reticulum, in Tomato bushy stunt virus (TBSV)—with the mem-
branes of peroxisomes and mitochondria, where invaginations form, creating isolated microcompartments,
whereas in Cucumber mosaic virus (CMV) intracellular membrane structures and chloroplasts are involved
in the process. Such a spatial organisation of replication is inevitably accompanied by disruption of the func-
tion of the relevant organelles and alterations in electron transport, leading to oxidative stress [8, 9].

An additional contribution to the excessive accumulation of ROS is made by the activation of NADPH
oxidases and changes in the functioning of mitochondria and chloroplasts, which enhance the formation of
O, . In this context, ROS act not only as a by-product but also as a regulatory factor involved in the activa-
tion of signalling pathways that contribute to the maintenance of viral replication. RNA viruses are charac-
terised by their ability to maintain ROS levels within a functionally significant range, as a moderate increase
in their concentration facilitates the viral life cycle, whereas excessive accumulation is accompanied by the
development of oxidative damage to the cell and a limitation of the infectious process.

The balance between ROS formation and neutralisation under conditions of viral infection is deter-
mined by the functional state of the cell’s antioxidant system—an evolutionarily conserved defence mecha-
nism capable of counteracting oxidative stress [6, 10].

2. Plant antioxidant defense system.

Under stress conditions such as viral infection, the maintenance of redox homeostasis in plants is en-
sured by the coordinated functioning of the antioxidant defence system (Fig. 1). Antioxidants are molecules
capable of inhibiting free radical reactions, thereby preventing the development of cellular damage [11].

This system consists of enzymatic and non-enzymatic components (Fig. 2), which are localised in vari-
ous cellular structures and regulated in response to the physiological state of the cell. In this context, antioxi-
dant defence is formed as an integrated system that functions in a coordinated manner and mutually enhances
the effectiveness of ROS detoxification during viral infections.

The enzymatic components of the plant antioxidant system (including superoxide dismutase, catalases,
ascorbate peroxidase and glutathione reductase) are regarded as the main component of primary antioxidant
defence, ensuring rapid enzymatic detoxification of ROS induced by viral infection.
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Figure 1. Plant antioxidant system.
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Non-enzymatic antioxidants (ascorbate, glutathione, tocopherols, carotenoids and phenolic compounds)
constitute a pool of low-molecular-weight redox-active compounds that primarily perform buffering, reduc-
ing and stabilising functions in maintaining cellular redox [12-14].
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Figure 2. Enzymatic and non-enzymatic components of the antioxidant system
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2.1 Non-enzymatic Antioxidants

Non-enzymatic antioxidants are low-molecular-weight compounds that play an important role in neu-
tralising free radicals by donating electrons or hydrogen atoms. These compounds are divided into two cate-
gories: hydrophilic antioxidants, such as glutathione, ascorbate and phenolic compounds, and lipophilic
membrane antioxidants, which include carotenoids. Among hydrophilic antioxidants, ascorbate (AsA) occu-
pies a special place—one of the key water-soluble antioxidants in plants, playing an important role in main-
taining the redox balance during viral infection. The redox state of ascorbate, regulated by the activity of
ascorbate oxidase (AQ), determines the apoplast’s ability to participate in signal transduction associated with
the activation of the plant’s defence responses during a viral attack. In this context, AsA is involved not only
in the neutralisation of ROS but also in the signalling regulation of the immune response. The biosynthesis of
ascorbate is predominantly carried out via the Smirnov—Wheeler pathway, where the final step is the oxida-
tion of L- galactono-1,4-lactone in the mitochondria. Due to its structure, AsA is capable of directly neutral-
ising ROS, including O, - and -OH, and also acts as an electron donor for ascorbate peroxidase (APX) dur-
ing the reduction of H,O, [15, 16]. AsA functions as a redox buffer, coordinating antioxidant defence and
immune signalling in infected cells [17]. Alongside ascorbate, glutathione (GSH)—a low-molecular-weight
tripeptide—is one of the main antioxidants in plant cells during viral infection. Upon viral entry, there is en-
hanced ROS generation, accompanied by the accumulation of GSH in the cytosol, chloroplasts and mito-
chondria [18]. It is important to note that GSH participates in the ascorbate—glutathione cycle, ensuring the
reduction of dehydroascorbate to ascorbate via the enzyme dehydroascorbate reductase (DHAR) [19, 20]. In
this context, the GSH/GSSG ratio serves as an indicator of the cell’s redox status and regulates the activation
of defence response genes. Consequently, glutathione plays a dual role—as an antioxidant and a signalling
molecule—ensuring thiol redox homeostasis during viral [21-23]. Regarding lipid lipophilic antioxidants,
carotenoids belong to the group of isoprenoid compounds, characterized by significant structural diversi-
ty [24]. They consist of eight isoprene units, with most carotenoids deriving from the linear tetraterpene
phytoene. These low-molecular-weight metabolites protect the photosynthetic apparatus by preventing the
formation of reactive oxygen species through the guenching of excited chlorophyll and triplet sensitizers,
whilst simultaneously reducing the level of lipid peroxidation [25].

Non-enzymatic antioxidants include functionally diverse redox-active compounds involved in maintain-
ing cellular homeostasis. Individual representatives differ in their localisation, mechanisms of action and de-
gree of involvement in redox regulation. A comparative characterisation of the main components of the plant
antioxidant system and their roles in viral infection is presented in Table 1.

Table 1
The importance of non-enzymatic antioxidants in antiviral response
. o Role in Antiviral Response
Antioxidant Localization (RNA Viruses) Sources

Cytosol, Maintains redox homeostasis, participates in

Ascorbate chloroplasts, ROS detoxification, and enhances resistance to [26]

(Vitamin C) mitochondria; Turnip mosaic virus (TuMV) and Cucumber
apoplast mosaic virus (CMV).

Cytosol, nucleus,

mitochondria, chlo- Supports the ascorbate-glutathione cycle and

Glutathione (GSH) influences HR and resistance to Potato virus Y [27]

roplasts;
apoplast/cell wall (PVY) and TUMV.
Chloroplast During virus-induced chloroplast dysfunction
i thylakoid : _
Carotenolds membranes; and chlorosis, carotenoids are expected to play a [28]

plastoglobules crucial role in controlling 0,.

2.2 Enzymatic antioxidants

SOD acts as a key enzyme in the first line of antioxidant defence; however, its reaction product, H,O»,
is itself a toxic compound capable of converting into highly reactive OH in the presence of Fe?* via the Fen-
ton reaction. The detoxification of H,O, is the next essential stage in cellular antioxidant defence. This func-
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tion is performed by two other first-line defence enzymes, CAT and GR, which, together with SOD, form a
coordinated enzymatic system for the neutralisation of ROS [29].

2.2.1 Superoxide dismutase

Superoxide dismutase (SOD) is a metal-containing enzyme and one of the most effective components
of the antioxidant defence system of plant cells against ROS. SOD catalyses the dismutation of O, - to form
H202 and 02 (Flg 1) [30]

Depending on the metal cofactor, SOD exists in several isoforms: Cu/Zn-SOD, Mn-SOD and Fe-SOD.
The Cu/zZn-SOD isoform is localised in the cytoplasm, peroxisomes, chloroplasts and apoplast,
whilst Fe-SOD is found in plant chloroplasts, and Mn-SOD is localised in the mitochondrial matrix and in
peroxisomes [31].

Sequence alignment, as well as structural and evolutionary studies, have revealed homology between
Mn-SOD and Fe-SOD, whereas Cu/Zn-SOD has been found to be distinctly related to either Mn- or Fe-
SOD [32]. Cu/Zn-SOD is activated either via a CCS-dependent pathway, which requires the covalent bind-
ing of a Cu chaperone to the Cu ion, or via a CCS- independent mechanism [33]. The presence of two acti-
vation pathways is of significant physiological importance, as it ensures the preservation of the enzyme’s
catalytic activity even if one of the mechanisms is disrupted, thereby maintaining the functionality of the an-
tioxidant system and the cell’s resistance to oxidative stress.

The regulation of SOD under conditions of viral infection is characterised by multi-level modification,
affecting both post-translational processes and the subcellular localisation of the enzyme. It has been estab-
lished that infection with the bamboo mosaic virus (BaMV) in Brachypodium distachyon and Nicotiana
benthamiana is accompanied by the accumulation of the full-length Cu/Zn-SOD precursor protein
(PrNbCSD2) in the cytoplasm. This effect is attributed to the virus disrupting the processing of the
PrNbCSD?2 transit peptide, which impedes its normal function. The consequence is an excessive accumula-
tion of H,0, in infected cells, associated with the development of chlorotic mosaic symptoms [34].

However, the neutralisation of ROS is not limited to the action of a single enzyme: the product of the
reaction catalysed by SOD, hydrogen peroxide, is itself a toxic compound and requires further decomposi-
tion. This function is performed by catalase, which catalyses the dismutation of H,O, into water and molecu-
lar oxygen, thereby ensuring the cell’s antioxidant response [35].

2.2.2 Catalase

Catalase (CAT) catalyses a two-step reaction for the decomposition of hydrogen peroxide and is local-
ised in peroxisomes. In the first step, H,0, oxidises the iron (Fe**) ion in the active site of CAT to form iron
peroxide. It is known that at low concentrations of H,0,, the enzyme can remain in this intermediate state
(compound I). However, at higher concentrations of H,O,, it acts as a reducing agent for compound I, there-
by regenerating the enzyme and releasing water and oxygen [36].

CAT-Fe-OH + H,0, — CAT-Fe-OOH + H,0O (Stage 1) @
CAT-Fe-OOH + H,0, — CAT-Fe-OH + H,0 + O, (Stage 2) 2

The sources of H,0, in plant cells are chloroplasts, mitochondria and peroxisomes. In all these com-
partments, H,O, is synthesised following the dismutation of O, - by SOD. Furthermore, H,O; is generated
by glycolate oxidase in peroxisomes [37] (Fig. 1).

Three distinct classes I, Il and 111 have been identified based on Nicotiana tabacum genes. Class | CATs
play a role in photosynthetic tissues and are involved in neutralising H,O,, which is produced during photo-
synthesis. Class Il predominates in vascular tissues and lignification in response to ABA and during ageing,
whereas class 111 is expressed in seeds and reproductive tissues, and its activity is high during fatty acid ca-
tabolism in the glyoxylate cycle in glyoxysomes. Three CAT isoforms (CAT1, CAT2, CAT3) have been
identified in Zea mays. These isoforms are identical in their coding region and differ only in variable intron
segments. Furthermore, the promoter sequence also differs in these different isoforms. The Arabidopsis ge-
nome also contains three CAT genes [38]. Recently, seven CAT genes were identified in Gossypium using
genome-wide association studies (GWAS) [39]. The number of CAT genes varies among different plants; for
example, there are three in O. sativa, C. pepo and Cucumis sativus, two in Hordeum spp. and one in Ipomoea
batatas, Ricinus communis and S. lycopersicum [40].

Viral infections have mixed effects on catalase activity; however, in most cases, a functional suppres-
sion is observed. For example, in Arabidopsis thaliana, upon infection, the 2b protein interacts with the
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CAT3 isoenzyme, inhibiting its activity and causing the development of necrosis [41]. A similar effect is
observed during infection with maize chlorotic mottle virus (MCMYV) in Zea mays, where the P31 protein
binds to ZmCAT1, suppressing its activity, which is accompanied by the accumulation of H,0,, suppression
of PR genes (ZmPR3, ZmPR4, ZmPR5) and enhanced viral replication; additional suppression of catalase
isoform expression further enhances this effect [42]. Furthermore, the involvement of the PV X viral protein
HC-Pro triggers a more intensive generation of H,0O, compared to mutant forms. This suggests that viral fac-
tors play a direct role in regulating the cellular oxidative status.

CAT ensures the effective decomposition of H,O, predominantly in peroxisomes however, in mito-
chondria, where CAT is virtually absent, the detoxification of H,O, and lipid hydroperoxides is carried out
by other enzymes. Maintaining redox homeostasis in these compartments requires the involvement of gluta-
thione-dependent enzymes, the key one being GR.

2.2.3 Glutathione Reductase

Glutathione reductase (GR) is one of the main enzymes of the plant antioxidant system, involved in
maintaining the balance between reduced (GSH) and oxidised (GSSG) glutathione. Maintaining this ratio is a
critical condition for the effective neutralisation of ROS accumulating during viral infections. GR functions
in close cooperation with other enzymes, in particular glutathione-S-transferases (GST), glutathione peroxi-
dases (GPX) and y-glutamyltransferases (GGT), providing comprehensive protection of cells against oxida-
tive stress [43].

A review of the literature indicates that viral infections have a varied effect on GR activity depending
on the host plant’s resistance: Turnip mosaic virus (TuMV) and Arabidopsis thaliana: in resistant mutants
(rbohF and rbohD/F), an increase in GR activity was observed, whereas in susceptible plants (Col-0 and
rbohD), GR activity decreased 7 days post-infection [44]. Cucumber mosaic virus (CMV) and Cucumis
sativus: treatment of plants with glycine betaine and chitosan led to a significant increase in GR activity, ac-
companied by a reduction in disease severity and viral accumulation [45]. Alongside changes in enzymatic
activity, viral infections modulate the expression of glutathione system genes: TuMV and A. thaliana: re-
sistant mutants demonstrated increased expression of the GSTU13 and GSTU19 genes, which correlated
with a restriction of viral spread. In susceptible plants, the expression of these genes decreased 7 days post-
infection [46].

These patterns are consistent with data obtained in other model systems and reflect the context-
dependent nature of glutathione system regulation during viral infection. Thus, in Solanum lycopersicum in-
fected with TOLCNDV, the SIGR3 isoform is significantly induced at the transcript and protein levels,
whereas its suppression via virus-induced gene silencing (VIGS) leads to increased viral DNA accumulation
and loss of resistance [47]. At the same time, during TuMV infection in Arabidopsis thaliana, the activity of
the glutathione peroxidase-like enzyme (GPXL) decreases in susceptible genotypes and increases in resistant
ones, accompanied by a change in the GSH/GSSG ratio, which reflects the redox state of the cell and deter-
mines the outcome of the infection [48].

GR plays a central role in ensuring the regeneration of reduced glutathione and thereby maintaining the
functionality of the entire glutathione-dependent antioxidant system. However, under conditions of viral
stress, not only ROS but also highly reactive aldehydes accumulate in the cell—by-products of the oxidative
degradation of lipids and carbohydrates, which are themselves capable of damaging proteins, nucleic acids
and membranes. The neutralisation of these compounds requires the involvement of specialised enzymes,
one of which is AOQ.

2.2.4 Aldehyde oxidase

Aldehyde oxidase (AO) is a common molybdenum-iron-flavoprotein that oxidises various aldehydes to
carboxylic acids [49]. The mechanism of action of AO is characteristic of molybdeno-flavoproteins: in the
active site, molybdenum binds the aldehyde and transfers the oxygen group, reducing it, after which elec-
trons are sequentially transported through two iron-sulphur clusters and FAD to an O, molecule. In the pro-
cess, superoxide and, predominantly, hydrogen peroxide are formed [50]. Collectively, AO performs key
regulatory functions in plant metabolism, catalysing the final stages of phytohormone biosynthesis by
oxidising their aldehyde precursors. Four AO genes (AAO1-AAO4) have been identified in the Arabidopsis
thaliana genome, exhibiting different substrate affinities and tissue localisation (Tab. 2) [51].
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Table 2

Major isoforms of AO and their biochemical properties

Isoform Structure Localization Biochemical function Source
IAAld — TAA. Participates in the alternative

Homodimer (denoted | Seeds, roots,

AAO1 as AOQ) seedlings auxin biosynthesis pathway and oxidizes
benzaldehyde
Forms homo- and Seedlings, roots
heterodimers, often in g5 1 : Participates in the alternative auxin biosynthe-
AAO2 A . and senescing . -
combination with leaves sis pathway and oxidizes benzaldehyde
AAO1 (AOB) [52]
Leaves (vascular
AAO3 Homodimer tissues), seeds, ABAIld — ABA. Key enzyme of the final

stage of abscisic acid biosynthesis
roots

Benzaldehyde — Benzoic acid. Participates in
the metabolism of secondary compounds in
seeds

Developing fruits

AAO4 Homodimer o
(siliques), pollen

The data obtained reflect the functional specialisation of isoforms: AAO1-AAO2 are involved in
growth and development processes (biogenesis of secondary metabolites, oxidation of aldehydes), AAO3—
in the synthesis of ABA under stress conditions, AAO4—in the detoxification of aldehydes and the utilisa-
tion of O, metabolites in fruits [52].

Since the effectiveness of antioxidant defence is determined by the preservation of functionally signifi-
cant molecular mechanisms, it seemed appropriate to assess the degree of evolutionary conservation of the
enzymes under investigation. Analysis of amino acid sequences and the construction of phylogenetic trees
allow us to identify the level of conservation of functionally important domains, as well as to establish phy-
logenetic relationships between the proteins under investigation in different plant species. A high degree of
conservatism in antioxidant enzymes may indirectly indicate the fundamental role of these proteins in main-
taining redox homeostasis and plant adaptation to stressors, including viral infection. In this regard, key en-
zymes of the antioxidant system were examined and a comparative phylogenetic analysis was conducted.

Phylogenetic analysis

A search for the amino acid sequences of enzymes in the antioxidant system—SOD, CAT, GR and
AO—was conducted in the NCBI Protein database. For the analysis, representatives of dicotyledonous plants
(Eudicots) belonging to various families were selected: Solanaceae (Solanum tuberosum, Solanum
lycopersicum, Nicotiana tabacum), Fabaceae (Glycine max, Cicer arietinum), Cucurbitaceae (Cucumis
sativus), Rosaceae (Malus domestica) and Brassicaceae (Arabidopsis thaliana). Comparing representatives
of phylogenetically distant families within a single class enabled the identification of both conserved and
variable regions of protein sequences and also allowed the evaluation of the evolutionary relationships of the
enzymes under investigation at the level of eudicots as a whole.

The criteria for sequence selection were the presence of full-length, experimentally validated records
without fragmentary regions, a high degree of genomic annotation for each of the included species, and
comparability of the species composition of the sample for all four enzymes, which ensured the validity of
the comparative analysis. The exception was the analysis of AO, which included seven species instead of
eight due to the absence of a full-length validated sequence for Cucumis sativus in the NCBI database.

Multiple alignment of amino acid sequences was performed using the MUSCLE method in MEGA 11.

To assess the evolutionary conservatism of the enzymes under study, phylogenetic trees were construct-
ed based on the alignment of SOD, CAT, GR and AO amino acid sequences from selected dicotyledonous
plant species (Figs. 3-6).
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Figure 3. SOD phylogenetic tree and alignment of amino acid residues from different plant species:
A — MUSCLE alignment (MEGA 11); colors reflect the physicochemical properties of amino acids.
Conservatism: “*” — identity, “:”/ “.” — similarity, B — The Maximum Likelihood tree (500 bootstrap replications).
The length of the branches is proportional to the number of amino acid substitutions per site

The SOD phylogenetic tree is characterised by clear clustering, reflecting the systematic position of the
species. The genus Solanum is grouped with high support (94 %), the family Solanaceae forms a single, con-
nected cluster, whilst Glycine max and Cicer arietinum are grouped separately in accordance with their
membership of the Fabaceae. Malus domestica occupies an independent position on the tree. Sequence
alignment shows 90 % identity within Solanum and 70-80 % between families, indicating the conservation
of functionally significant domains of the catalytic centre. At the level of deep branches, bootstrap support
drops to 40-50 %, reflecting the limited resolution of a single gene for reconstructing ancient phylogenetic
relationships.
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Figure 4. Comparative analysis of the amino acid sequences of catalase (CAT) in eight plant species:
A — MUSCLE alignment (MEGA 11); colors reflect the physicochemical properties of amino acids.
Conservatism: “*” — identity, “:”/ «.” — similarity, B — The Maximum Likelihood tree (500 bootstrap replications).
The length of the branches is proportional to the number of amino acid substitutions per site

The topology of the CAT tree generally agrees with that of SOD, but differs in having higher bootstrap
support values within key clusters. The Solanum tuberosum-Nicotiana tabacum pair is grouped with maxi-
mum support of 99 %, indicating exceptional conservatism of CAT within the Solanaceae family. Fabaceae
are grouped with 80-85 % support, whilst Arabidopsis thaliana and Malus domestica again occupy isolated
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positions. The consistency of the SOD and CAT tree topologies may indicate their co-evolution, driven by
functional interdependence: SOD generates H,O,, the immediate detoxification of which is provided by
CAT.
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Figure 5. Comparative analysis of amino acid sequences of glutathione reductase (GR) in eight plant species:
A — MUSCLE alignment (MEGA 11); colors reflect the physicochemical properties of amino acids.

Conservatism: “*” — identity, “:”/ “.” — similarity, B — The Maximum Likelihood tree (500 bootstrap replications).
The length of the branches is proportional to the number of amino acid substitutions per site

Phylogenetic analysis of GR revealed a number of topological features that distinguish this enzyme
from SOD and CAT. Solanum lycopersicum and Solanum tuberosum are grouped together with maximum
bootstrap support, confirming the high conservation of GR within the genus. Notably, Malus domestica,
which occupied an isolated position on the SOD and CAT trees, is grouped together with representatives of
the genus Solanum in this analysis with 100 % support. Glycine max and Cicer arietinum are grouped to-
gether with 71 % support. The partial divergence of the GR tree topology from the SOD and CAT trees may
reflect differences in the intensity of evolutionary pressure on this enzyme in dicotyledonous plants, which is
associated with its broader functional role in maintaining cellular redox balance.

Among all the enzymes considered, AO exhibits the most structured phylogenetic topology with two
distinct monophyletic groups: Solanaceae (100 % support) and Fabaceae (100 % support), whilst Malus
domestica occupies a sister position (75 %), and Arabidopsis thaliana occupies a basal position. High sup-
port values for deep nodes (75-85 %) and identity of functionally important domains exceeding 92 % within
dicots indicate a slower evolutionary rate of the AO gene and pronounced purifying selection aimed at pre-
serving the enzyme’s catalytic structure.

Phylogenetic analysis of the amino acid sequences of SOD, CAT, GR and AO in dicotyledonous plants
revealed a high degree of conservatism of the enzymes under study within closely related taxa. The highest
bootstrap support values were recorded within the genus Solanum and amounted to 94 %, 99 %, 100 % and
100 % for SOD, CAT, GR and AO, respectively. Representatives of the Fabaceae family were consistently
grouped together in all four analyses, reflecting the conservation of the amino acid sequences of these en-
zymes within the family. The topologies of the resulting trees are generally consistent with the systematic
position of the taxa under study, confirming the validity of the analysis. The results obtained indicate the
evolutionary conservatism of the enzymes of the antioxidant system in dicotyledonous plants and their func-
tional significance in the mechanisms of cellular defence against oxidative stress during viral infection.
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Figure 6. Comparative analysis of amino acid sequences of aldehyde oxidase (AO) in seven plant species:

A — MUSCLE alignment (MEGA 11); colors reflect the physicochemical properties of amino acids

Conservatism: “*” — identity, “:”/ “.” — similarity, B — The Maximum Likelihood tree (500 bootstrap repli
The length of the branches is proportional to the number of amino acid substitutions per site

cations).

The data obtained suggest that the evolutionary conservation of the enzymes under investigation is due
to their key functional role in the mechanisms by which cells defend themselves against oxidative stress. At
the same time, phylogenetic analysis characterises each enzyme in isolation, whereas their protective func-

tion is realised within a single, coordinated system. To assess the nature of molecular interactions

between

the components of this system, a network analysis of protein-protein interactions among the enzymes under

investigation was conducted.

4. Network Analysis of Antioxidant Enzyme Interactions

While phylogenetic analysis characterized the evolutionary conservation of each enzyme individually,
the efficiency of antioxidant protection during RNA virus infection is determined not by the properties of
isolated proteins, but by the degree of their coordination within an integrated redox-regulatory network. Viral
infection triggers simultaneous ROS generation across multiple cellular compartments, including chloro-
plasts, mitochondria, peroxisomes, and the apoplast, causing antioxidant enzymes to function as intercon-
nected elements of a multicomponent system. To assess the structural organization and functional integration

of these components, protein—protein interaction (PPI) analysis was performed using the STRING
(v12.0, https://string-db.org) with a confidence threshold of > 0.800. The resulting interactomes

database
revealed

pronounced network organization characterized by dense intracluster connectivity and functional modularity.
Within the Arabidopsis thaliana interactome, CAT1-2 occupies a central hub position (Fig. 7), coordinating

key ROS-associated pathways.

ISSN 3080-6836 (Print) ISSN 3080-6844 (Online)

161



T.G. Yertayeva, S.D. Belgibay et al.

QO

(> ANGL
< Ul ~7

2
|
GLOS

Figure 7. Functional interaction network of catalase (CAT1-2)
The network was constructed in STRING for A. thaliana. Colored nodes represent primary interaction partners.

Edge types: teal lines—curated database evidence, pink lines—experimental data, black lines—co-expression.

Results and Discussion

The analysis identified ten high-confidence interaction partners of CAT1-2 (Tab. 3), predominantly rep-
resented by glycolate oxidases (GLO1-GLO5), superoxide dismutases (CSD1, CSD2, FSD1), as well as cat-
alase isoforms CAT2 and CAT3.

Table 3

Functional interaction partners of CAT1-2 identified via STRING database analysis

Protein Description Score
GLO2 (S)-2-hydroxy-acid oxidase GLO2 0.950
CSD1 Superoxide dismutase [Cu-Zn] 1 0.942
GLO5 Peroxisomal oxidase GLO5 0.932
GLO4 Peroxisomal oxidase GLO4 0.931
GLO3 Peroxisomal oxidase GLO3 0.930
GLO1 (S)-2-hydroxy-acid oxidase GLO1 0.930
CAT3 Catalase-3 0.906
CAT?2 Catalase-2 0.902
CSD2 Superoxide dismutase [Cu-Zn] 2, chloroplastic 0.878
FSD1 Superoxide dismutase [Fe] 1, chloroplastic 0.823

The most robust interactions were detected between CAT1-2 and glycolate oxidase family proteins, in-
cluding GLO2 (0.950), GLOS5 (0.932), GLO4 (0.931), and GLO1/GLO3 (0.930), indicating tight functional
integration between catalase-dependent peroxide detoxification and photorespiratory metabolism and con-
firming the existence of a well-coordinated peroxisomal redox regulation module.

Strong associations with cytosolic CSD1 (0.942), chloroplastic CSD2 (0.878), and iron-containing
FSD1 (0.823) demonstrate that antioxidant regulation during viral infection operates through coordinated
multi-compartmental ROS buffering rather than isolated enzymatic reactions, linking chloroplasts, cytosol,
and peroxisomes into a unified system. This organization is particularly critical under viral infection, where
oxidative stress develops simultaneously across multiple intracellular compartments, necessitating rapid re-
distribution of redox-buffering capacity throughout the cell (Fig. 8).

A further characteristic feature of the CAT1-2 interactome is strong connectivity among catalase
isoforms CAT2 (0.902) and CAT3 (0.906), suggesting functional redundancy and the presence of compensa-
tory mechanisms that maintain network stability under pathogen-induced oxidative damage and reduce the
likelihood of complete disruption of hydrogen peroxide detoxification pathways.

Analysis of the CSD1 interaction network revealed a similarly high level of structural integration across
multiple cellular compartments (Fig. 8).
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Figure 8. Network analysis of superoxide dismutase CSD1 interactions
Visualization was performed using the STRING database (A. thaliana). Nodes represent different SOD types
(CSD, FSD, MSD), the chaperone CCS, and catalases (CAT). The combined confidence score
for primary interaction partners exceeds 0.900.

Edge types: teal lines—curated database evidence, pink lines—experimental data, black lines—co-expression.

The reconstructed interactome comprised a broad set of functional partners identified via STRING
analysis (Tab. 4), including Cu/Zn-containing superoxide dismutases, chloroplastic Fe-SOD isoforms
(FSD1-FSD3), mitochondrial Mn-SOD proteins (MSD1-MSD?2), catalases CAT1-2 (score = 0.942) and
CAT2 (score = 0.893), as well as the copper chaperone CCS (score = 0.991). Thus, the interaction profile of
CSD1 reflects the formation of a highly interconnected cross-compartmental antioxidant network that inte-
grates ROS regulatory systems across chloroplasts, mitochondria, cytosol, and peroxisomes.

Table 4

Functional interaction partners of CSD1 identified via STRING database analysis (A. thaliana)

Protein Description Localization
FSD1 Superoxide dismutase [Fe] 1 Chloroplast
MSD1 Superoxide dismutase [Mn] 1 Mitochondria
FSD3 Superoxide dismutase [Fe] 3 Chloroplast

CCS Copper chaperone for SOD Chloroplast/cytosol
FSD2 Superoxide dismutase [Fe] 2 Chloroplast
MSD2 Superoxide dismutase [Mn] 2 Mitochondria
CSD2 Superoxide dismutase [Cu-Zn] 2 Chloroplast

CAT1-2 Catalase-1 Peroxisome
CSD3 Superoxide dismutase [Cu-Zn] 3 -
CAT?2 Catalase-2 Peroxisome

Partners are ranked by combined confidence score in descending order. The network encompasses all
major SOD isoforms across chloroplastic (FSD1-3, CSD2), mitochondrial (MSD1-2), and cytosolic com-
partments, the copper chaperone CCS, and peroxisomal catalases (CAT1-2, CAT2), reflecting the broad in-
tegration of CSD1 into the plant antioxidant defense network.

Particularly strong interactions were observed between CSD1 and chloroplast-localized FSD isoforms,
supporting the existence of coordinated ROS regulation between the cytosolic and chloroplastic compart-
ments during oxidative stress. At the same time, the inclusion of mitochondrial MSD proteins within the
same interaction cluster suggests that mitochondrial ROS-associated pathways are also structurally integrated
into the global antioxidant network. This multi-compartmental organization implies that oxidative stress in-
duced by viral infection is regulated at the level of the entire cell through synchronized interactions among
multiple organelle-associated antioxidant defense systems (Fig. 9).
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Figure 9. Comprehensive protein-protein interaction network of antioxidant defense and aldehyde metabolism systems.

Analysis was performed in STRING (A. thaliana). Network nodes correspond to proteins (SOD, CAT, APX, GR, and

AAO isoforms). Pronounced clustering is observed: the core direct ROS detoxification system (SOD-CAT-APX-GR)
operates distinctly from the aldehyde oxidase module (AAO1-3).

Edge types: teal lines—curated database evidence, pink lines—experimental data, black lines—co-expression

The interaction between CSD1 and the copper chaperone CCS (score = 0.991) highlights the im-
portance of post-translational regulation in antioxidant defense architecture, indicating that adaptation during
infection depends not only on transcriptional responses but also on mechanisms controlling enzyme assem-
bly and cofactor delivery.

Reconstruction of the combined antioxidant interactome revealed two major functional modules
(Fig. 9). The first comprised core ROS detoxification enzymes, including SOD isoforms, catalases, ascorbate
peroxidase, and glutathione reductase, forming a densely connected central redox-buffering scaffold. GLO-
like peroxisomal glycolate oxidases (GLO1-GLO5; scores 0.930-0.950) constituted a tightly integrated
peroxisomal submodule directly linked to CAT1-2 as the primary H,O,-scavenging component. In contrast,
aldehyde oxidase proteins AAO1-AAO3 formed a relatively segregated cluster with limited direct connec-
tivity to the core network, indicating that aldehyde oxidase-associated metabolic routes operate as a coordi-
nated but structurally distinct regulatory system.

Conclusion on PPI Analysis of the Arabidopsis thaliana Antioxidant System

PPI network reconstruction of key antioxidant enzymes in Arabidopsis thaliana using STRING re-
vealed a modular topology reflecting the functional architecture of the redox regulatory system under patho-
gen-induced stress. The analyzed network, comprising 11 protein nodes represented by SOD isoforms
(CSD1, CSD2, FSD1, MSD1), catalases (CAT1-2, CAT2), ascorbate peroxidase (APX1), glutathione
reductase (GR1-2), and aldehyde oxidases (AAO1-AAO3), demonstrated high-confidence associations
(combined score > 0.823) verified by experimental data, curated databases, and co-expression analysis.

The network separates into two functionally distinct modules. The core antioxidant module
(SOD-CAT-APX-GR) is characterized by high inter-node connectivity spanning cytosolic, chloroplastic,
mitochondrial, and peroxisomal compartments, implementing sequential ROS detoxification: dismutation of
superoxide (O, - to H,O, by SOD isoforms), followed by H,O, degradation via catalases and APX1, and re-
generation of reduced ascorbate through the ascorbate-glutathione cycle involving GR1-2, thereby forming a
closed metabolic circuit maintaining redox homeostasis during oxidative burst. The aldehyde oxidase cluster
(AAO1-AA03) functions as a relatively autonomous unit mediating auxin and abscisic acid biosynthesis.
The absence of direct protein contacts between AAO proteins and the SOD-CAT core indicates that crosstalk
between hormonal signaling and antioxidant defense operates predominantly at the transcriptional level ra-
ther than through physical protein complex formation.

The obtained data indicate that reactive oxygen species during RNA viral infection perform a dual func-
tion determined by their concentration, subcellular localization, and temporal characteristics of generation. A
moderate increase in H,O, and superoxide anion levels is necessary to trigger the host plant’s defensive sig-
naling cascades, whereas their excessive accumulation activates cell death mechanisms that limit the spread
of infection [53]. The localization specificity of viral replication complexes is also of considerable im-
portance: in TMV they are associated with endoplasmic reticulum membranes, in TBSV with peroxisomes
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and mitochondria, and in CMV with elements of the endomembrane system. This indicates that viruses spe-
cifically form organelle-specific redox microenvironments and exploit ROS as a tool for regulating their own
life cycle, rather than merely as a byproduct of cellular stress [54, 55].

Viral proteins can interfere with the plant antioxidant system through various mechanisms. The
CMV 2b protein interacts with catalase CAT3 of Arabidopsis and suppresses its activity, leading to H,O,
accumulation and the development of necrotic processes. The MCMV P31 protein inhibits ZmCATL1 in
maize, simultaneously reducing PR gene expression and enhancing viral replication. A different mechanism
is observed in Bamboo mosaic virus, where processing of the transit peptide of Cu/Zn-SOD PrNbCSD2 is
disrupted, preventing the enzyme from being transported to the chloroplast and causing loss of functional
activity without direct suppression of synthesis. Tomato chlorosis virus (ToCV) acts even more indirectly: its
p22 protein disrupts a-tocopherol biosynthesis through interaction with the FBN1.1-VTE1 complex, creating
heightened vulnerability in the cellular compartment where singlet oxygen production is most intense. De-
spite the mechanistic differences, the common thread among all these strategies is not the complete suppres-
sion of the antioxidant system, but rather its targeted modulation in specific cellular structures [56, 57].

Reconstruction of the PPI network of key antioxidant enzymes of Arabidopsis thaliana using the
STRING platform revealed pronounced modular organization playing an important role in the systemic re-
dox response. The core direct ROS detoxification system—comprising SOD, CAT, APX, and GR—is char-
acterized by high inter-protein interaction density and multi-compartmental organization. The isoforms
CSD1, CsSD2, FSD1, FSD2, FSD3, MSD1, and MSD2 function in concert, providing compartment-specific
neutralization of superoxide anion with subsequent degradation of H,O, by catalases and ascorbate peroxi-
dase. The particularly high combined scores for the CSD1-FSD1 and CSD1-MSD1 pairs reflect evolutionari-
ly established functional redundancy of the system. The aldehyde oxidase cluster—AAO1, AAQO2, and
AAO3—operates relatively autonomously and does not form direct protein contacts with the SOD-CAT
core, indicating that the link between the antioxidant response and hormonal reprogramming during infection
is predominantly regulatory in nature.

The glutathione system demonstrates a pronounced context-dependence of response. Increased GR ac-
tivity and changes in the GSH/GSSG ratio correlate with resistance in rbohF Arabidopsis mutants during
TuMV infection, whereas in susceptible genotypes enzyme activity decreases. Identification of tomato
SIGR3 as a causative resistance component against Tomato leaf curl New Delhi virus (TOLCNDV) via VIGS
verification demonstrates that cellular redox status can serve as a kind of epigenetic switch determining the
outcome of viral infection. Nevertheless, certain limitations of this study must be acknowledged. All PPI
analyses were conducted using Arabidopsis thaliana as a model, so extrapolation to crop plants with differ-
ent multigene family compositions requires caution. Furthermore, the static nature of network analysis does
not reflect the dynamic post-translational modifications occurring during infection. Data on non-enzymatic
antioxidants, including carotenoids and tocopherols, also remain predominantly indirect. Despite this, the
findings provide an important conceptual framework for developing biotechnological approaches to enhance
plant resistance. Promising directions include marker-assisted selection based on ascorbate and glutathione
loci, as well as the application of exogenous biostimulants capable of enhancing GR-mediated protection
during viral infection.

Conclusion

The present review systematically analyzes the role of reactive oxygen species and the antioxidant de-
fense system in plant-RNA virus interactions. The data collectively demonstrate that ROS occupy a central
position in this relationship, functioning simultaneously as triggers of host immune responses and as regula-
tory factors exploited by viruses to facilitate their own replication cycle. The dual nature of ROS signaling—
protective at moderate concentrations and cytotoxic upon excessive accumulation—determines the outcome
of infection and reflects the evolutionary arms race between plant hosts and RNA viruses.

The enzymatic components of the antioxidant system—superoxide dismutase, catalase, glutathione
reductase, and aldehyde oxidase—do not function as isolated units but form a highly integrated, multi-
compartmental network. Protein-protein interaction analysis of key Arabidopsis thaliana antioxidant en-
zymes via the STRING platform confirmed this architecture, revealing two functionally distinct modules: a
densely interconnected core ROS detoxification system (SOD-CAT-APX-GR) spanning cytosolic,
chloroplastic, mitochondrial, and peroxisomal compartments, and a relatively autonomous aldehyde oxidase
cluster (AAO1-AAO03) linked to phytohormone biosynthesis. The absence of direct protein contacts between
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these modules suggests that crosstalk between antioxidant defense and hormonal signaling operates predom-
inantly at the transcriptional level.

Phylogenetic analysis of SOD, CAT, AO, and GR across eight dicotyledonous species confirmed the
high evolutionary conservation of these enzymes, particularly within closely related taxa, underscoring their
fundamental and indispensable role in cellular redox homeostasis. The functional redundancy observed with-
in multigene families—multiple SOD isoforms across compartments, multiple CAT isoenzymes—provides a
buffering capacity that prevents complete antioxidant collapse even when individual components are sup-
pressed by viral effector proteins.

The reviewed literature demonstrates that RNA viruses have evolved diverse and precise strategies to
manipulate the host antioxidant system: direct inhibition of catalase activity by CMV 2b and MCMV P31,
disruption of SOD transit peptide processing by Bamboo mosaic virus, and impairment of tocopherol biosyn-
thesis by ToCV p22. Crucially, these mechanisms share a common logic—not wholesale destruction of anti-
oxidant capacity, but fine-tuned modulation that maintains ROS within a range permissive for viral replica-
tion while avoiding irreversible cellular damage.

Taken together, these findings establish redox regulation as a central battlefield in plant-virus interac-
tions and provide a conceptual basis for the development of novel resistance strategies. Biotechnological ap-
proaches targeting the enhancement of GR-mediated glutathione regeneration, marker-assisted selection at
ascorbate and glutathione biosynthesis loci, and the application of exogenous antioxidant biostimulants rep-
resent promising directions for improving crop resistance to RNA viral pathogens.
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T.F. EpraeBa, C./I. benri6aii, /I.E. ApteikOaesa, )K.M. baiikapaes, H.H. Hkcar

Ocimaikrepain PHK BupycrapsiMeH HHpeknusianybl
Ke3iHJeri aHTHOKCHAAHTTBIK KOPFAHBICHI:
Herisri (pepMeHTTEPAIH PO.I

CoHFBI OHXBUIBIKTAp/ia aybUIIAPYAIIbUIBIK JAKbUIAAPBIHBIH OHOTHKAJBIK CTpeccopiapra Te3iMAiliri
Mocerneci xahaHIBIK a3bIK-TYJIK KayilCI3AiriH KaMTaMachl3 €Ty TYPFBICBIHAH €peKIIe O3eKTUTIKKE ne OO
BuoTukanblk ¢axTopimapAbH iOIiHAE OHIMIUTIKTIH alTapibIKTaii TeOMEHAEyiHe KOHE OCIMIIKTEepIiH
(bUBHOTOTHSIIBIK TIPOLIECTEPiHiH OY3bUTYbIHA OKEJETIH BHPYCTHIK MH(eKIusap epeknre opbiH anaasl. PHK
BHPYCTaphl JKOFapbl OCHIMIENTIIITIKIICH XOHE HECiHiH jKacylIanblk MeTabOoJIM3MiH THIMAI TypAe e3repTy
KabieTiMeH cumaTTanaisl, Oy MpoIece peAoKc-roMeoCcTa3AblH Oy3blTybIMEH KaTap xKypeni. bencenai orreri
typaepinig (BOT) Ty3inyi 6y mporectiH Heri3ri ke3eHaepiHiy 0ipi jkoHe QyHKIMOHAIABIK eKiyIaibIKIeH
cunarranansl: BOT KopraHbIC peakIMsuIapblH KO3/bIPAThIH CUTHAJIBIK MOJICKYJIaJap PETiHAE OpeKeT eTeni,
aJl OJapAbIH IIaMagaH THIC >KUHAIYBl >KacyIIalblK KOMIIOHEHTTEpPHIIH 3aKbIMIATyblHa okelendi. Pemoxc-
TOMeocTa3/[aFbl e3repicTep (pepMEeHTATHBTI jkoHE (EPMEHTATUBTI eMeC KOPFaHBIC MEXaHU3MEPiH KAMTHTHIH
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OCIMIIKTEepJiH AaHTHOKCHAAHTTBIK OKyieciHiH OeJceHmipinyiMeH kainFacaabl. Penokc-mporectepai
3epTTeyAeri alTapiabIKTail JKETICTIKTepre KapamMacTaH, BHPYCTBIK MH(MEKIUS >KafJalblHAA PEJOKC-PETTETy
MEXaHU3MJICPiHIH HMHTErpalusIchl jKOHE AaHTHOKCHAAHTTHIK JKYMEHIH XYMBIC icTeyi OYTiHTi KyHre neiin
JKETKUTIKTI TYpJle CHIIaTTaIIMaraH JKoHE opi Kapad Tanmaynsl KakeT eremi. OcklFaH OaiIaHBICTBI, Oy
woiyablH Makcatsl — PHK BupycrapbiMeH uHQEKUMsIaHFaH OCIMIIKTeperi UMMYHABIK JKayanTbl
perTeyzneri GeiceHzl oTTeri Typiepi MeH aHTHOKCHIAHTTHIK JKYHEeHIH HeTisri ()epMEeHTTEepiHiH peii Typassl
Ka3ipri TYCIHIKTepl XKy#Heney xoHe Tajay.

Kinm ce30ep: OKCHIOATUBTIK CTPECC, OCIMAIKTIH AHTHOKCHAAHTTBHIK KYPBUIBIMBI, BHUPYCTBIK HHQEKIHS,
©CIMIIK UMMYHHTETI.

T.I'. Epraesa, C./l. benru6aii, [I.E. Apteik6aeBa, XK.M. baiikapaes, H.H. Ukcar

AHTHOKCHIAHTHAA 3alIUTa pacTeHuil npu nHgpuuuposanuu PHK-supycamu:
PoJib KJI04YeBbIX ()ePMEHTOB

B mocnennmne necsatwietus mpobieMa YCTOWYHMBOCTH CEIBCKOXO3SHCTBEHHBIX KYJIBTYp K OHOTHUECKUM
cTpeccopaM nprobpena ocoOyr0 akTyalbHOCTh B KOHTEKCTe o0ecreueH s I100albHOI IPOI0BOIbCTBEHHON
6e3omacHocTH. Cpeny OMOTHYECKHX (PaKTOPOB 0COO0E MECTO 3aHUMAIOT BUPYCHBIE HH(EKIMH, BEI3BIBAIOIIIEC
3HAYUTENFHBIE TIOTEPH ypo)Kas W Hapymamomye ¢usnonormyeckue mpoueccsl pactenuii. PHK-supycsr xa-
PaKTEepPHU3YIOTCS BBICOKOHM aJlallTUBHOCTBIO U CIIOCOOHOCTHIO 3()(hEeKTHBHO MOIUPHUINPOBATH KIETOYHBIA Me-
Tab0IM3M X03MHA, YTO CONPOBOXKAACTCS HApYIIEHNEM pelIoKc-roMeocTasa. ['eHepalis akTHBHBIX (OPM KH-
ciopoza (ADK) sBiseTcs ogHUM M3 KIIOUEBBIX 3TANlOB 3TOTO MpoIecca U XapakTepusyercs (pyHKIHOHAb-
HOH nBoHcTBeHHOCTHI0: ADK BBHICTYNAIOT B POJIM CHTHAJIBHBIX MOJICKYJI, MHUIUUPYIOIINX 3aIIUTHBIC peak-
WY, B TO BpeMs Kak X M30BITOYHOE HAKOIICHHE IIPUBOJHUT K TIOBPEXKICHUIO KJIETOYHBIX KOMIIOHEHTOB. V3-
MEHEHUS PeIOKC-TOMEOCTa3a CONMPOBOXKAAIOTCS aKTHBAIMel aHTHOKCHIAHTHOW CHCTEMBI PAcTEHHH, BKIIIO-
yaromeil kKak ()epMEeHTaTHBHbIE, TaK U He(epMEHTAaTUBHBIE MEXaHM3MBbI 3amuTHl. HecMOTpsl Ha 3HaUMTENb-
HBIE YCIIEX! B M3YyYEHUH PEIOKC-IIPOLECCOB, HHTETPAINS MEXaHU3MOB PEIOKC-PETYISINN U (QPyHKIIMOHUPO-
BaHNE aHTHOKCUIAHTHOI CHCTEMBI B yCIOBUSIX BUPYCHOH MH(PEKIUH K HACTOSIIEMY BPEMEHU OCTAIOTCSA He-
JOCTATOYHO OMMCAHHBIMHU U TPEOYIOT JalbHEHIIEeTo aHanu3a. B cBA3M ¢ 3TUM IeIbI0 HACTOSIIIEro 0030pa SB-
JsIeTCS CHCTEMATH3aIHs U aHAJI3 COBPEMEHHBIX NPEACTABICHHI O POJIM AKTUBHBIX (JOPM KHCIIOPOJa U KITIO-
YeBBIX (PePMEHTOB AaHTHOKCHAAHTHON CUCTEMBI B PEry ALY HIMMYHHOTO OTBETa Y PaCTeHUH, HHQHUIIMPOBaH-
Hbix PHK-Bupycamu.

Knrouesvle cnosa: OKWUCIUTENBHBIN CTpecC, aHTHOKCHIAHTHAs CHUCTEMa pacTeHWH, BHpyCHas HWHpeKIws,
UMMYHHUTET PAaCTEHUH.
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