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ABSTRACT

Food-value crops are frequently exposed to viral infections. Therefore, crops might experience a noticeable decline or even
perish. For instance, the Tomato Brown Wrinkle Virus, whose primary hosts are tomatoes and peppers, was first identified in
Kazakhstan in 2021. In farms where the virus was found, yield loss varied from 30 to 70% at the same time. To increase plant
stress tolerance to viral infection, it is crucial to develop techniques. This manuscript’s scientific uniqueness comes from the
fact that no previous research has been done on the combined impact of viral infections and heavy metals on plants. Reactive
oxygen species content in plant cells is tightly controlled by antioxidant enzymes. Superoxide radicals are neutralised by the
enzyme catalase, which initiates the breakdown of hydrogen peroxide into water and molecular oxygen. Therefore, antioxidant
enzymes stop tissue deterioration and necrosis. Reactive oxygen species can be produced by molybdenum enzymes under
unfavourable circumstances like pathogen infection or dehydration. In molybdoenzymes, molybdenum is a crucial component
of the Moco cofactor, but tungsten has the capacity to replace molybdenum, leading to a reversible loss of enzyme activity.
Consequently, tungsten acts as a stressor for plants. Inoculation of plants with 7Tomato Bushy Stunt Virus of the wild type leads
to their death. At the same time, when infected with 7BSV 157, RMJ1 and RMJ2 mutants, the plants recovered after some time.
Plants are expected to be more viable when the subject is exposed to heavy metal solutions and inoculated with viruses. As a
result of this study, it was found that a viral infection increased the activity of catalase. The combined effect of TBSV mutants
and heavy metals on enzyme activity was directly proportional to the effects of metals alone.
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INTRODUCTION

Biological significance of molybdenum and the role of
molybdoenzymes in plants

Molybdenum binds to the organic part of molybdopterin
to form the molybdenum cofactor (Moco) and acquires redox
properties. Moco is in the active centre of molybdoenzymes,
which are used to function as small electron transfer chains
and are involved in nitrogen and sulfur metabolism, hormone
biosynthesis, transformation of toxic compounds and other
important processes not only in plants, but also in many other
living things [1].

Mo was found as a cofactor in the active centers of more
than fifty enzymes. Most molybdenum-containing enzymes
are found in prokaryotes, while only five of them have been
identified in plants: nitrate reductase, sulfitoxidase, aldehy-
doxidase, xanthine dehydrogenase, and an amidoxime reduc-

o

ing component [2].

The process of Moco synthesis in plants is very conserva-
tive and includes 4 stages. During the first stage, the conver-
sion of 5’-GTP to cyclic pyranopterin monophosphate (cPMP)
takes place in mitochondria [3]. This reaction is catalyzed by
two proteins: CNX2 and CNX3 (Figure 1) [4, 5].

The formed cPMP must pass through the mitochondrial
membranes into the cytosol, where

The formation of Moco will go on. This is made possible
by the ABC family member transport protein ATM3, which is
located on the inner mitochondrial membrane [6].

The second step involves the synthesis of molybdopterin
(MPT) by introducing the dithiolene group by transferring two
sulfur atoms to cPMP using MPT synthase. MPT synthase is a
heterotetrameric complex consisting of two small CNX7 sub-
units and two large CNX6 subunits. Two steps are required for
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Figure 1 - Stages of Moco synthesis
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molybdopterin formation because each small subunit carries
one sulfur atom and the MPT-synthase must be resulfured by
CNXS5 sulfurase each time [7, 8].

MPT is activated by adenylation in the third stage, which
results in the production of the complex MPT-AMP [9]. The
reaction is catalyzed by the CNX1 protein, which consists of
two domains: the large N-terminal domain of CNX1E and the
small C-terminal domain of CNX1G. Binding of MPT to the
CNXI1G domain results in adenylation activation [9]. Then,
in the fourth step, MPT-AMP is transferred to the CNX1E
domain, where it is de-adenylated, and molybdenum de-
rived from molybdate is attached [10]. This reaction is Zn2+/
Mg2+-dependent [11].

Xanthine dehydrogenase is a homodimer with a molecular
weight of 300 kDa [12], each of whose subunits has catalytic
activity when separated [13]. The monomers are subdivided
into three distinct domains: the N-terminal domain required
for binding the two clusters [2Fe-2S], the FAD binding site,
and the C-terminal domain to which Moco and the second
monomer attach (Figure 2).
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Figure 2 — Domain structure of xanthine dehydrogenase [14]

XDH catalyses the two-step oxidation of hypoxanthine
and xanthine to uric acid, but the enzyme is also capable of
oxidizing about thirty aliphatic and aromatic aldehydes with
lower affinity to the substrate [15]. Xanthine dehydrogenase
is involved in the catabolism of purines formed during nitro-
gen fixation by legumes [16] and has NADH-oxidase activ-
ity. Electrons formed after the interaction of the enzyme with
the substrate are transferred from Mo via [2Fe-2S] clusters to
the FAD cofactor. When NADH is formed, the electrons are
transferred to either NAD+ or molecular oxygen, forming su-
peroxide anions. The production of reactive oxygen species
by xanthine dehydrogenase is of physiological significance,
since it has been shown that FAD activity and ROS production
increase during plant-pathogen interactions, drought, natural
aging, hypersensitivity and viral infection [13].

Aldehydoxidase has a similar structure and amino acid se-
quence to xanthine dehydrogenase. Due to the high degree of
homology, it is assumed that aldehyde oxidase evolved from
CDH by gene duplication or they have a common ancestor
[17]. Also, both enzymes can catalyze the oxidation of vari-
ous non-aromatic and aromatic aldehydes and heterocycles,
converting them into the corresponding tricarboxylic acids.
AR is involved in the biosynthesis of phytohormones: ab-

scisic and indolylacetic acids. The most preferred substrate
for the enzyme is abscisic aldehyde, after oxidation of which
abscisic acid is formed, while catalysis of the reaction of in-
dolylacetic acid formation from indole-3-acetaldehyde occurs
at a slower rate. Aldehydoxidase uses molecular oxygen as an
electron acceptor, forming superoxide anions and hydrogen
peroxide [13], and does not use NAD+ at all. Unlike CDH,
the FAD domain in AR does not contain the FFLGYR mo-
tif, which is presumably responsible for NADH/NAD+ bind-
ing. However, it has been shown that stimulation of aldehyde
oxidase by the addition of NAD+ increases its activity [18].

Nitrate reductase is a homodimer with a molecular weight
of about 200 kDa. Each of the subunits includes three pros-
thetic groups: flavinadenindinucleotide (FAD), cytochrome
b557, and the molybdenum cofactor. These domains are con-
nected by two protease-sensitive hinge regions [19]. The en-
zyme plays an important role in nitrogen metabolism and is
localized in the cytosol of the plant cell. Nitrate reductase cat-
alyzes the reduction reaction of nitrate (NO-) to nitrite (NO-)
[28].

NO3 + NADH-NO; + NAD™ + OH~
(1)

The reaction uses NADH electrons, which distinguishes
it from the processes catalyzed by xanthine dehydrogenases,
aldehydoxidases, and sulfitoxidases, where electrons are re-
leased on the contrary. Nitrite is further reduced to ammo-
nium in the plastids by nitrite reductase. Also plant nitrate
reductases are able to use nitrite as a substrate and produce
nitrogen monoxide (NO) [20]. Nitrate reductase-derived nitric
oxide is involved in antioxidant metabolism, stomatal open-
ing, respiration regulation, root development, responses to
osmotic stress and cold stress. External input of nitrate ac-
tivates the expression of nitrate reductase genes, while am-
monium suppresses them. Under conditions of molybdenum
deficiency, the enzyme activity also decreases, but when the
metal is added to optimal concentrations, activity is restored.

Accordingly, tungstate inhibits the activity of this molyb-
doenzyme. In the dark, the nitrate reductase protein is phos-
phorylated, which allows stoichiometric binding to the inhib-
itor protein. When leaves are illuminated, dephosphorylation
and dissociation of the inhibitor occur, causing the enzyme
to reactivate [21].

Sulfitoxidase plays an important role in the detoxification
of sulfite, that is, the oxidation of sulfite to sulfate. As a ho-
modimer, the enzyme has a molecular mass of 90 kDa. This
protein is highly conserved among plants and is considered
to be one of the simplest molybdenum enzymes found among
eukaryotes. The redox center of sulfitoxidase is represented
only by the molybdenum cofactor. Sulfitoxidase is localized
in peroxisomes and uses molecular oxygen as an electron ac-
ceptor and forms hydrogen peroxide. This in turn explains the
location of sulfitoxidase, since the excess hydrogen peroxide
is neutralized here by catalase [22].

Reactive oxygen species

Plants everywhere face adverse conditions caused by abi-
otic and biotic factors such as drought, soil salinity, exposure
to pathogens and heavy metals. As a consequence of such
stress, plant cells can reproduce reactive oxygen species.
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AOS, in turn, can both initiate oxidative stress, accompanied
by cell damage or death, and act as signaling molecules, in-
ducing an increase in the stress tolerance of the organism [23].

ROS include a set of reactive oxygen species. As a rule,
their lifespan is short. Reactive oxygen forms include free rad-
ical particles - superoxide radical anion (- O-), hydroxyl rad-
ical (- OH), peroxyl radicals (- RO-), alkoxyl radicals (- RO)
and nonradical molecular forms such as hydrogen peroxide
(H202) and singlet oxygen (102). However, the most com-
mon ones are superoxide, hydrogen peroxide and hydroxyl
radical [24]. The reduction of molecular oxygen leads to the
formation of superoxide, which then dismutase into hydrogen
peroxide. H202 can be partially reduced to a hydroxyl radi-
cal or completely reduced to water [25].

Antioxidant enzymes

Catalase is an iron-containing enzyme consisting of four
subunits with a total molecular weight of about 240 kDa. The
tetramer catalyzes the dismutation of hydrogen peroxide into
water and molecular oxygen [26]. The mechanism of catalase
action includes four stages. In the first stages, hydrogen perox-
ide is reduced by splitting the O-O bond to form the first wa-
ter molecule and intermediate compounds, the oxyferryl and
the porphyrin cation radical. As the oxyferryl is reduced, the
second hydrogen peroxide molecule is oxidized to molecular
oxygen and this results in the release of bound oxygen as a
second water molecule (Figure 3).
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Figure 3 — Stages of the reaction catalyzed by catalase [26]

MATERIALS AND METHODS

Study objects: Nicotiana benthamiana, TBSV and its mu-
tants 157, RMJ1 and RMJ2.

Tomato bushy stunt virus (TBSV) is a typical member of
the genus Tombusvirus of the family Tombuviridae. Virions
are shell-free icosahedral particles assembled from 180 pro-
tein subunits of P41, the arrangement of which gives the sur-
face a granular appearance. The particles are about 33 nano-
meters in diameter and consist of 17% ribonucleic acid and
83% protein (Figure 4).
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Figure 4 — (a) viral particles of TBSV in a transmission electron
microscope and (b) atomic model of the crystallographic structure
of the TBSV virion [27]

The TBSV virus genome is a single-stranded positive-sense
RNA consisting of 4,776 nucleotides. The genomic RNA
(gRNA) lacks both a 5’-cap and a 3’-polyadenine tail and en-
codes five open reading frames (ORF). The genome contains
five genes encoding two viral replicase proteins (P33 and P92),
a capsid protein (P41), an RNA interference suppressor (P19),
and a transport protein (P22) [27].

P33 and P92 proteins are translated directly from the ge-
nomic RNA, with P92 being expressed via ribosomal read-
ing of the P33 stop codon, resulting in the accumulation of
more P33 relative to P92. The P33 protein is responsible for
binding to RNA and forming a replicase complex together
with the RNA-dependent RNA polymerase P92 [28]. Both
proteins localize in membranes. The replicase complex uses
genomic RNA as a matrix for the synthesis of complemen-
tary minus-sense RNA, which will serve as a matrix for posi-
tive-sense RNA. When the first unit of P33 binds to the RNA,
the ribonucleic acid is quickly coated with additional P33 mol-
ecules, which can be useful for the replication process. Also,
P33-coated viral RNAs may be less susceptible to nucleases
and gene silencing. However, without the P19 suppressor, the
viral RNA remains unstable to RNA interference [27]. The
above characteristics belong to the wild-type tomato bushy
stunt virus (TBSV-WT). However, the mutants differ in the
expression of some proteins: the TBSV 157 mutant (AP19)
does not express the interfering RNA suppressor P19 [29]; the
TBSV P19/75-78 mutant contains a substitution of two amino
acids of arginine for glycine at positions 75 and 78. Thus, a
P19 protein is formed that cannot specifically bind to short in-
terfering RNAs [30]; in the TBSV RMJ1 mutant genome, the
gene encoding the capsid protein P41 has been completely de-
leted and replaced with a gene for green fluorescent protein
(GFP), whose product exhibits bright green fluorescence when
exposed to light ranging from blue to ultraviolet. The suppres-
sor RNAI is identical to the wild type [31]; TBSV RMJ2 also
has GFP instead of capsid protein and a replacement of the
P19 start codon ATG by CTG, resulting in a shorter amino
acid sequence of the protein than wild-type P19. P19 expres-
sion is reduced but can still be detected; TBSV RMJ3 RNA
is similar to TBSV RMJ2, but additionally has a premature
stop codon in the P19 gene, which leads to destabilization and
rapid degradation of the suppressor protein (Figure 5) [32].

The P19 protein of tomato bushy stunt virus is a suppres-

sor of RNA interference, resulting in the spread of systemic
infection. P19 dimers correspond to 21 nucleotide duplexes
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Figure 5 — Comparative characterization of the TBSV wild-type
and its mutants [33]

of short interfering RNAs formed by DCL. During TBSV
replication, high levels of genomic single-stranded and dou-
ble-stranded RNA accumulate in plants and can be used as a
substrate for cleavage into short interfering RNAs. The sin-
gle-stranded siRNAs then bind to Ago and form the RISC
complex, forming a catalytic structure that targets viral RNA
degradation. To prevent this, the suppressor homodimeric pro-
tein TBSV binds to the siRNAs and thus makes them inacces-
sible for RISC formation [34]. Thus, infection with mutants
defective in the P19 protein does not lead to necrosis and the
plant can recover.

Grows of N. benthamiana

Prepared universal soil was used for planting, which was
mixed with vermiculite in the ratio of 3 parts soil and 1 part
vermiculite. The soil was moistened with 40 ml of water and
the seeds were planted at a frequency of 1-2 per square cen-
timeter. Watering was carried out regularly by 10-20 ml. On
day 7-10 after planting, each seedling was transplanted sep-
arately into a 250 ml pot. Watering was carried out by 30 ml
once every two days.

After reaching thirty days, the plants were watered daily
for one week with 20 ml of heavy metal solutions (Mo, W,
MoW) of two concentrations, 2.5 mM and 5 mM. On the thir-
ty-seventh day, plants were inoculated with TBSV WT virus
and its mutants, 157, RMJ1, and RMJ2.

Heat-shock transformation of E.coli

The transformation was performed by heat-shock. Com-
petent cells are kept on ice throughout the procedure since
they must be stored at -80°C. pUC19 is a genetically engi-
neered construction which contains built-in viral sequences
of TBSV WT, 157, RMJ1 and RMIJ2. To 50 pl of compe-
tent cell culture (Escherichia coli, strain XL10) were added 5
pl of pUC19 plasmids containing DNA fragments of tomato
bushy stunt virus.

The pUC19 plasmid is a high-copy cloning vector consist-
ing of 2,686 base pairs. The plasmid includes an ampicillin
resistance gene used for selection and a polylinker site (mul-

tiple cloning site, MCS) embedded in the lacZ gene encod-
ing B-galactosidase and containing 13 different sites for the
restrictases Acc I, BamH I, EcoR I, Hinc II, Hind III, Kpn I,
Pst1, Sac I, Sal I, Sma I, Sph I, Xba I and Xma I.

The cells were left on ice for half an hour, then placed in
a water bath heated to 42°C for 2.5 minutes and transferred
back to ice for 30 minutes. Next, 1 ml of LB liquid medium
was added and incubated for one hour in a heat shaker at 37°C
and 150 rpm. After incubation, cells were centrifuged for three
minutes at 3000 rpm. The supernatant was removed to 100-
150 microliters, and the remaining precipitate was transferred
by the Koch method to Petri dishes with solid LB agarized
medium containing ampicillin. At 37°C overnight, colonies
consisting only of cells containing pUC19 plasmids grew be-
cause they contain the ampicillin resistance gene.

Plasmids isolation

Isolation of plasmids performed by using thermo scientific
GeneJET Plasmid Miniprep Kit.

Restriction of plasmids

Restriction was performed using the restrictase Smal. The
restriction site of Smal is CCC|GGG. One microliter of Smal
restrictase, one microliter of plasmids, five pl of buffer, and
50 milliliters of sterile injection water were added to an Ep-
pendorf tube. Incubated for 15 minutes at room temperature.

Purification of DNA

To 50 ul of DNA, 450 pl of distilled H,O and 500 pl of
phenol chloroform were added. Stirred by inverting the vial
for 30 seconds. It was centrifuged at 10,000 rpm and 4°C
for fifteen minutes. 400 pl of supernatant was carefully taken
from the upper phase and 40 ul of 3 molar sodium acetate and
560 ul of chilled 96% ethyl alcohol were added. Incubated for
40 minutes at -20°C in an upright position. Centrifuged for ten
minutes, after which the contents were poured off. The pre-
cipitate was washed with 500 pul of 70% ethyl alcohol, cen-
trifuged for five minutes, and drained again. This step was
repeated twice. The precipitate was dried at 37°C and resus-
pended in 10 pl of H O.

In vitro transcription

6 ul of Tango buffer were added to 4 sterile Eppendorf
tubes, 1 pl adenosine triphosphate, 6 pl uridine triphosphate,
6 wl cytidine triphosphate, 6 pl guanosine triphosphate, 6 pl
purified restrictants containing TBSV coding DNA WT, 157,
RMIJ1 and RMJ2, 6 ul T7 DNA dependent RNA polymerase,
and 21 pl sterile water. Incubated for

for three hours in a water bath at 37°C. The presence of
transcripts was checked using an agarose gel.

Inoculation of plants

The solution containing the virus RNA was brought to a
volume of 350 pLL with 10 mM phosphate buffer. After a week
of metal treatment, two leaves on each plant were infected
with the addition of selite and 25 pl of virus RNA and then
the leaf was gently rubbed to allow the RNA to penetrate the
cells. One week after infection, specimen isolation was per-
formed. 0.2 g of the leaves were homogenized with 400 pl of
single-TE buffer by pestle grinding in a chilled mortar, then
transferred to tubs. Centrifuged at 4°C and 10,000 rpm for 30
min, the supernatant was collected in clean tubes and stored
in the freezer at -20°C.
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Western blotting

Western blotting is required to determine the presence of
contamination. Gels after vertical SDS-PAGE electrophoresis
were used to transfer proteins to a nitrocellulose membrane.
Transfer buffer and the following parameters were used: cur-
rent voltage 180 V, current strength 300 mA, and transfer du-
ration 120 minutes. Protein transfer efficiency was checked
using Ponceau S dye. To avoid nonspecific binding, the mem-
brane was placed for one hour in a blocking solution pre-
pared from 3.5 g of skim milk powder and 50 ml of single
TBS/TWEEN. Immunoblotting was then performed for one
hour with specific antibodies induced against the TBSV P19
protein. The membrane was washed three times with a single
TBS/TWEEN solution. Next, the membrane was primed with
secondary anti-rabbit antibodies labeled with alkaline phos-
phatase and washed three times after one hour as well. Sub-
strate NBT/5-bromo-4-chloro-3-indolyl phosphate was used
to visualize the results.

Express method for determination of infection

For plants infected with the TBSV 157 mutant, the above
described method of determining infection using the P19 pro-
tein is not applicable, because this protein is absent. There-
fore, the express method was used for it. Proteins separated in
1% agarose gel were transferred to a nitrocellulose membrane
by capillary forces using a stack of filter paper. Blocking was
performed similarly, but primary antibodies were used to the
anti-mouse capsid protein. Secondary antibodies were also
anti- mouse, labelled with alkaline phosphatase, and NBT/
BCIP substrate.

Native protein electrophoresis in polyacrylamide

For the bottom gel, 2.82 mL of 40% acrylamide solution,
3.75 mL of 1 M TRIS solution (pH 8.8), 8.44 mL of distilled
water, 100 pl of 10% ammonium peroxodisulfate, and 15 ul
of TEMED were used. The top gel was prepared by adding
2.5 ml of 6.25% acrylamide solution, 1.25 ml of 3 molar TRIS
solution (pH 6.8), 1.25 ml of distilled water, 100 pl of 10%
ammonium peroxodisulfate, and 5 pl of TEMED. The buffer
used was UPPER, current voltage 110 V, current strength 50
mA, and time three hours.

Determination of catalase activity

After electrophoresis of native proteins, the gels were
washed three times with distilled water and left for ten min-
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utes in 0.03% hydrogen peroxide solution. Then, they were
washed again with distilled water and simultaneously filled
with 2% iron (III) chloride solution and 2% potassium hexa-
cyanoferrate solution.

RESULTS AND DISCUSSION

Preparation of TBSV RNAs for plant inoculation V.
benthamiana

After transforming competent E.coli cells with pUC19
plasmids, the cells were multiplied and then plasmids were
isolated from them. The presence of plasmids in solution
was checked by electrophoresis of DNA in a 1% agarose gel
(Figure 6). Then, the restrictions were purified from possi-
ble impurities and contaminants. The TBSV genome is a sin-
gle-stranded RNA molecule; therefore, transcripts must be
used for infection. For this purpose, in vitro transcription was
performed, the results of which were verified by electropho-
resis.

Determination of infestation of V. benthamiana plants

Nicotiana benthamiana plants were treated with Mo, W,
and MoW solutions at concentrations of 2.5 mM and 5 mM
on day 30 after planting. Seven days later, plants were in-
fected with TBSV transcripts. On the 7th day after infection

157

RM.J1 RNML.J2

Figure 6 - Preparation of TBSV RNAs

A — Results of electrophoresis of isolated plasmids; B - Plasmid
DNA was linearized using the Smal endonuclease; C - Restrictions
in an agarose gel; D - Purified TBSV RNAs
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Figure 7 — P19 proteins on the membrane

C —negative control (H,0); WT — wild type, positive control; RMJ1 — viral mutant; RMJ2 — viral mutant; 1 - 6 indicate the concentration
of Mo, W and MoW solutions with viral mutants, where 1 - Mo 2,5 mM; 2 - W 2,5 mM; 3 - MoW 2,5 mM; 4 - Mo 5mM; 5 - W 5mM; 6 -
MoW 5mM. P19 protein encoded by TBSV is presented in a dimeric form on the membrane.
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of the plant with virions, the viral infection did not spread due
to the absence of the capsid protein and the plant did not die,
but growth slowed down.

On day 4-5 after infection, GFP proteins could be ob-
served under UV light on plants inoculated with TBSV RMJ1
and RMJ2, indicating the presence of viral particles.

Another week later, proteins were isolated from plant
leaves. Using electrophoresis of proteins in polyacrylamide
gel and its further staining with Coomassie Brilliant Blue, the
presence of proteins was determined.

After checking protein transfer, the dye was washed with
a single TBS/TWEEN solution and Western blotting was per-
formed to detect the P19 protein using anti-rabbit antibodies
(Figure 7). p19 protein encoded by TBSV is presented in a di-
meric form on the membrane.

To determine infestation in plants inoculated with TBSV
157 mutant, a rapid method of capsid protein determination
was used (Figure 8).

Determination of catalase activity

157

1 2 3

C WT 157

To determine catalase activity, native protein samples were
separated on a 7.5% polyacrylamide gel and stained with the
substrate. The degree of activity was analyzed using ImageJ
software. The data were converted into percentage values.

When exposed to viruses expressing P19 protein, catalase
activity was decreased. The TBSV 157 mutant does not con-
tain P19; therefore, the activity remains close to the control
sample (Figure 9).

The level of catalase decreased when treated with metals
with 5 mM concentration, but remained quite high after ex-
posure to 2.5 mM tungsten solution (Figure 10).

In plants infected with TBSV WT, the enzyme activity
decreased, but at the same time, the combined effect of this
pathogen and metal solutions led to its increase, especially in
combination with 2.5 mM tungsten (Figure 11).

The effect of TBSV 157 mutant and metals is similar to
the effect of metal solutions on uninfected plants, from which
we can conclude that infection had no effect on enzyme ac-
tivity (Figure 12).

157

4 5 6

C WT 157

Figure 8 — P41 proteins on the membrane

C —negative control (H,0); WT — wild type, positive control; 157— viral mutant; 1 - 6 indicate the concentration of Mo, W and MoW
solutions with viral mutants, where 1 - Mo 2,5 mM; 2 - W 2,5 mM; 3 - MoW 2,5 mM; 4 - Mo 5SmM; 5 - W 5mM; 6 - MoW 5mM.

RMJ1

Figure 9 — Catalase activity when exposed to TBSV. On the left is in gel activity of catalase, and on the right is a diagram showing the
percentage values of activity

Mo 2.5 W25 MoW25 MoS ws MoW 5

Figure 10 — Catalase activity after metal treatment

C —negative control (H,0); 1 - 6 indicate the concentration of Mo, W and MoW solutions with viral mutants, where 1 - Mo 2,5 mM; 2 -
W25 mM; 3 -MoW 2,5 mM; 4 - Mo SmM; 5 - W 5mM; 6 - MoW 5mM.

53



Original artcle

WT

Figure 11 — Catalase activity when co-treated with heavy metals and TBSV WT

C —negative control (H,0); WT — wild type, positive control; 1 - 6 indicate the concentration of Mo, W and MoW solutions with viral
mutants, where 1 - Mo 2,5 mM; 2 - W 2,5 mM; 3 - MoW 2,5 mM; 4 - Mo 5mM; 5 - W 5SmM; 6 - MoW 5mM.
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Figure 12 — Catalase activity when exposed to heavy metals and TBSV 157 mutant

C —negative control (H,0); WT — wild type, positive control; 157 viral mutant; 1 - 6 indicate the concentration of Mo, W and MoW
solutions with viral mutants, where 1 - Mo 2,5 mM; 2 - W 2,5 mM; 3 - MoW 2,5 mM; 4 - Mo 5mM; 5 - W 5mM; 6 - MoW 5mM.
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Figure 13 — Catalase activity in plants treated with metal solutions and the TBSV RMJ1 mutant

C —negative control (H,0); WT — wild type, positive control; RMJ1 — viral mutant; 1 - 6 indicate the concentration of Mo, W and MoW
solutions with viral mutants, where 1 - Mo 2,5 mM; 2 - W 2,5 mM; 3 - MoW 2,5 mM; 4 - Mo 5mM; 5 - W 5SmM; 6 - MoW 5mM.
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Figure 14 — Catalase enzyme activity in heavy metals and the TBSV RMJ2 mutant

C — negative control (H,0); WT — wild type, positive control; RMJ2 — viral mutant; 1 - 6 indicate the concentration of Mo, W and MoW
solutions with viral mutants, where 1 - Mo 2,5 mM; 2 - W 2,5 mM; 3 - MoW 2,5 mM; 4 - Mo 5SmM; 5 - W SmM; 6 - MoW 5mM.
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The RMJ1 mutant together with metal solutions led to an
increase in catalase activity, the maximum of which was re-
corded at 2.5 mM concentration of tungsten (Figure 13).

Exposure to the TBSV mutant RMJ2 and heavy metals led
to an increase in activity, and just as in the results with RMJ1,
the maximum value was reached under the action of a concen-
tration of 2.5 mM tungsten (Figure 14).

Identification of differences in plant morphology and
symptoms

Plants of N.benthamiana treated with 2.5 mM molybde-
num solutions showed no distinguishing features from con-
trol plants. At a concentration of 5 mM, growth retardation
was observed.

Plants treated with 5 mM tungsten solution showed
stunted growth, yellowing and wilting of leaves. When treated
with the metal within 10 days, 50% of plants died, indicating
the destructive effect of tungsten. At a tungsten concentration
of 2.5 mM, a decrease in leaf plates was also observed com-
pared to the control plant, which was watered only with water.

The effect of MoW solutions at a concentration of 2.5 mM
affected the wilting of lower leaves. The concentration of 5
mM had a more aggressive effect on the plant, similar to the
same concentration of tungsten. When watered with the solu-
tion for 10 days, 40% of the plants died (Figure 15).

Infection with TBSV WT showed the presence of chlo-
rotic spots on the leaf surface, curling and wrinkling of the up-
per leaves. When infected with mutant TBSV 157, the symp-

W25 MoW2s

K Mo 2.5

toms were expressed only as chlorotic spots. No symptoms
were observed in plants inoculated with RMJ1 and RMJ2 mu-
tants other than leaf wilting through which infection occurred
(Figure 16).

Infected plants pre-treated with heavy metal solutions
showed a combination of traits from the two stressors. How-
ever, the plants survived and returned to normal growth af-
ter 10-14 days.

CONCLUSION

The presence of capsid protein, P19 protein, and GFP ex-
pression in leaves infected with RMJ1 and RMJ2 mutants
served as a marker for viral infection in N. benthamiana
plants. Plants were inoculated with transcripts of viral mu-
tants that contain a modified viral genome according to the
constructs specified in the materials and methods.

Molybdenum exposure showed almost no effect on the
plants, whereas tungsten exposure caused stunted growth, leaf
yellowing, and decreased viability. Molybdenum and tungsten
treatment in combination caused leaf wilting. The largest neg-
ative impact occurred at a dose of 5 mM. Plants with TBSV
WT infections have chlorotic patches and wrinkled leaves.
The higher leaves also started to curl. Only chlorotic patches
were produced by the TBSV 157 mutant. The plants’ outward
characteristics were unaffected by the RMJ1 and RMJ2 muta-
tions. Together, heavy metals and viruses had a combined ef-
fect, yet viability was boosted. Of all the TBSV mutants and
metal solutions tested, it was discovered that the 5 mM tung-

K Mo 5 WS MoW 5

Figure 15 — Effect of heavy metal solutions on plants

K WT

157

RMJ1 RML.J2

Figure 16 — Plants infected with TBSV and its mutants
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sten and TBSV WT solutions produced the most stress.

Catalase activity was highest when exposed to TBSV 157,
which does not contain the P19 protein responsible for sup-
pressing RNA interference. Plants treated with 2.5 mM tung-
sten solution also had high catalase activity. All solutions with
a concentration of 5 mM resulted in relatively low activity,
both in uninfected plants and in combination with viruses.
Thus, catalase activity increased upon exposure to 2.5 mM
solutions of tungsten and viruses, indicating a high concen-
tration of hydrogen peroxide in the cells, hence, the oxidative
stress from the combination of these factors was the greatest.
The low catalase activity in plants treated with metal concen-
trations of 5 mM was probably related to the accumulation
of other forms of AOS, which in turn led to impaired plant
growth. The effect of the combined effect of TBSV mutants
and heavy metals on enzyme activity was directly propor-
tional to exposure to metals alone, and in addition, viral in-
fection increased catalase activity. It was determined that cat-
alase activity increases with exposure to 2.5 mM tungsten and
viral solutions, and low catalase activity was found in met-
al-treated concentrations of 5 mM.
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COBMECTHOE BJIMSAHUE MYTAHTOB TBSV P19 U TSKEJIbBIX METAJIJIOB HA AKTUBHOCTDb
AHTHOKCUIAAHTHBIX ®PEPMEHTOB
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ABCTPAKT

KysabTypbl, UIMEIOIIHE MTUIIEBYIO IIEHHOCTh, YaCTO MOABEPralOTCs BO3/ICHCTBUIO BUPYCHBIX MaTtoreHoB. CliejoBaTebHoO, Mo-
CEBBI MOT'YT 3aMETHO YMEHBIIIUTBCS WM MOJHOCTHIO MOruOHyTh. Hanpumep, B 2021 rogy B Kazaxcrane Obu1 00Hapy»KeH BUPYC
KOPUYHEBOH MOpIIMHUCTOCTH ToMaToB (Tomato Brown Wrinkle Virus), O0CHOBHBIMH X035i€BaMH KOTOPOTO SIBIISTIOTCSI TOMATHI 1
niepetl. B To jxe Bpemst B X03sIiCTBaX, IJie ObUT 00HAPYKEH BO3OYIHUTEIb, IIOTEpH ypoxkas cocTarisin ot 30 10 70%. [Tostomy
Ba)XHO pa3paboTaTh METO/IbI, HAIIPABJICHHBIE HA MOBBIIICHUE CTPECCOYCTOMYNBOCTH PACTEHUH K BUpYyCcHOI nHpeknun. Ha-
y4YHasi HOBU3HA JTOH CTaThH 3aKIIOYAETCs B TOM, YTO PaHEee OJJHOBPEMEHHOE BO3CHCTBUE BUPYCHBIX MATOTCHOB U TSKEIBIX
METaJUIOB Ha PACTCHUs HE N3y4alloch. AHTHOKCHIAHTHBIE ()EPMEHTHI HI'PAIOT BaXKHYIO POJIb B PETYJIIMPOBAHUH KOHIICHTpa-
LMK aKTUBHBIX (pOpM KUCIIOpo/a B KileTKax pacTeHnil. DepMeHT Karaiasza KaTalu3upyeT MpeBpalieHue MepeKucH BOoposia B
BOJIY M MOJICKYJISIDHBIN KHCIIOPOJ, TEM CaMbIM HEHTPaIM3ysl CYNIEpOKCHUAHBIC pajuKaibl. TakuM 00pa3oM, aHTHOKCHAaHTHBIC
(epMEeHTBI IIPEI0TBPAIIAIOT MOBPEXkKICHHE TKaHel U HeKpo3. Monn610(hepMeHTH MOTYT BBIpa0aThiBaTh aKTHBHBIE (DOPMBI
KHCJIOpO/ia TIPH BO3/ICHCTBUH HEOIATONIPUSATHBIX YCIOBUH, TAKUX KaK 3apakeHUe IMaToreHaMH Win 3acyxa. MonuOeH sBist-
€TCsI HEOThEMIIEMOH YacThi0 KohakTopa Moco B MOTHOACHOBBIX (PepMEHTaX, HO BOJb(paM 001aacT ClIOCOOHOCTHIO 3aMe-
HSITh MOJIMOZICH, YTO MPUBOAUT K 00paruMoii norepe dyHkimn ¢pepmenta. CiienoBarenbHo, BOIb(Gpam IEHCTBYET Kak CTpec-
cop Juts pacTeHHH. IHOKyNSIMs pacTeHUH AMKUM THIIOM BHpPYyca KyCTUCTOH KapiukoBocTH TomaroB (Tomato Bushy Stunt
Virus) npuBomuT K ux rudenu. B To xe Bpems, npu 3apaxxenun Mmyranramu TBSV 157, RMJ1 u RMJ2 pacrenust uepe3 He-
KOTOpOE BpeMsi BbI3iopaBiauBain. OKKUIaeTcs, YT0 pacTeHUs OyayT Oolee KM3HECTIOCOOHBIMHU, €CIIH CYOBEKT IOIBEPTHETCS
BO3JICHCTBHIO PACTBOPOB TSDKEJIBIX METAJIOB U IIPUBHBKE BUPYCAMHU.

KaioueBble ciioBa: TBSV, monubnodepMeHTsl, TsHKeNbIe MeTaJlIbl, MOJIMO/IEH, BoIb(paM, KaTasasa.
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ABCTPAKT

TaramIIbIK KYHBUIBIFBI Oap JaKpLinap KeOiHece BUPYCTHIK KO3BIPFBIIITAP/bIH 11a0ybUIbIHA YIIbIpai/ibl. COHIBIKTAH
JAKbLIIAP alTapiIbIKTail a3ar0bl HEMECE TOJBIFBIMEH 01yl MyMKiH. Mbicaiibl, 2021 xbutbl KazakcTanma KbI3aHAKTBIH KOHBIP
oypicy Bupycel (Tomato Brown Wrinkle Virus) TaObLIbl, OHBIH HETI3r1 Heepi KbI3aHaK MeH OypsIin 0ok Tadbutaasl. Co-
HBIMEH KaTap, KO3ABIPFhIII Ta0bLIFAH IIAPYallbUIBIKTapAa eriHHIH bIFbIHBI 30-1aH 70% - ¥a meiiin 0osiasl. COHIBIKTAH
OCIMIIIKTEPIH BUPYCTHIK HH(EKIHsFa CTPEeCCKe TO3IMALIINH apTThIpyFa OaFbITTalIFaH d/IiCTep/i d3ipiiey MaHbI3/ibl. by Maka-
JIAHBIH FBUIBIMU JKaHAJIBIFBI - OYPBIH BUPYCTHIK KO3BIPFBILITAP MEH aybIp METAJIap/IblH oCiMIiKTepre OipiIeckeH acepi 3epT-
TEJIMETeH. AHTHOKCUIAHTTHI (PEPMEHTTEP OCIMIIIK JKacylllallapblHAa OTTErHIH OeJICeH I TYPIePiHiH KOHLIEHTPALSICHIH PeT-
TEyJle MaHbI3IbI POJI aTKapaasl. Karanasa pepMeHTI CyTeri aCKbIH TOTBIFBIHBIH CYFa KOHE MOJICKYJIAJIBIK OTTETIre alHaIybIH
KaTaJau3/e i, ochuIaiiia CylepoKCH/ paJuKaiapbiH oeidrapantanapipansl. Ocbuiaiiina, aHTHOKCUIAHTTHI (pepMEHTTEp TiH-
JIepIIiH 3aKbIMIaHYbl MEH HEKPO3/IbIH aJIIbIH aia ibl. MonubiodepMeHTTep KO3bIPFhIII HHPEKIHUSICH HEMeCce KYPFaKIIbLIBIK
CHSIKTBI KOJIAMChI3 JKarmaiyiapra yilbIpara Ke3e OTTeriHiH OeICeH Il TypIepiH mibiFapa anaasl. Monudaen Monubaen dep-
MeHTTepiHgeri Moco ko(hakTopbIHbIH axbIpamac 6estiri 0obin TadbuIabl, 0ipak Boib(ppaM MOIMOACH/I AIMACThIPa alla/ibl,
OyJ1 pepMeHT PpyHKUUSICHIHBIH KaWTBIM/IbI JKOFaTybIHa oKene/ii. COHbIKTaH BOJb(paM 6CiMIIKTep YILIH CTpecC peTiHae ape-
KeT eteai. KpzaHakTbiH OyTaibl eprexeiini BUpychIHbIH (Tomato Bushy stunt Virus) xabaiibl TypiMEH ©CIMIIKTEPl KYKTBIPY
onap/pH enimine akenesi. Conbiven karap, TBSV 157, RMJ1 sxone RMJ2 myTaHTTapbIMeH KYKThIPFaH Ke3/ie ociMikTep Oi-
pa3 yakbITTaH KeiiH KaJbIHa Kesai. Erep cyObeKT ayblp MeTasu1 epiTiHALIepIMEH OHIEIICE J)KOHE BUPYCTAPMEH erijice, OCIMIIK-
Tep eMipiieH 0oJaabl AeT KyTiyje.

KinrTi ce3nep: TBSV, monmubnodepmentrep, ayslp MeTasiiap, MOJIUOICH, BOIb(pam, KaTaasa.
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