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ABSTRACT

Modern studies in the field of plant molecular biology pay considerable attention to the mechanisms of regulation of the
antioxidant system. In this work we study the effect of heavy metals molybdenum and tungsten on the modulation of Mo-
hydroxylases and the functioning of the antioxidant system of plants using the model organism Nicotiana benthamiana.

The aim of the study is to analyse the effects of molybdenum and tungsten on the activity of antioxidant enzymes (SOD,
CAT) as well as the Mo-hydroxylases aldehyde oxidase (AO) and xanthine dehydrogenase (XDH). The methods used include

native gel electrophoresis and spectrophotometry.

The main results show that molybdenum application promotes the activation of plant antioxidant system by increasing
the production of reactive oxygen species (ROS) and superoxide dismutase (SOD) enzyme activities, while catalase activity
changed insignificantly. Also, AO activity increased, whereas XDH activity was almost unchanged. On the contrary, tungsten
application reduced the activity of these antioxidant defence mechanisms and inhibited Mo-hydroxylases.

The practical significance of the work lies in the possibility of developing biotechnological approaches to increase plant
resistance to abiotic stresses by regulating the activity of Mo-hydroxylases. The obtained data can be used in crop production

and agriculture to improve stress tolerance of agricultural crops.

Key words: aldehyde oxidase, xanthine dehydrogenase, Nicotiana benthamiana, ROS, molybdenum, tungsten, heavy

metals.

INTRODUCTION

During Kazakhstan’s early years of independence, per-
sistent environmental and management issues such as drought,
water scarcity, outmoded facilities, habitat loss, and soil deg-
radation posed significant constraints to agricultural produc-
tivity. The implementation of various restorative methods
has made Kazakhstan’s grain production variable through-
out the last few decades. However, water scarcity and soil al-
kalization remain important limiting factors for wheat out-
put, whereas soil alkalization is the case for barley [1]. Such
abiotic stresses, as well as drought, salinity and soil contam-
ination with heavy metals, have a negative impact on plant
growth and development. These conditions reduce crop pro-
ductivity, disrupt physiological processes and inhibit metabo-
lism, which in turn leads to longer growing seasons and lower
total yields.

A wide range of strategies are required to address this
problem. Currently, considerable attention is being paid to
the search for novel and affordable materials used to improve
crop resistance and productivity.

Mo-hydroxylases play a key role in many biochemical re-
actions of plant organism. These enzymes are involved in var-
ious processes of adaptation to biotic and abiotic stress fac-
tors. Modulation of Mo-hydroxylase activity by exogenous
addition of metals can serve as a useful methodological ap-
proach to develop new strategies for enhancing plant produc-
tivity and stress adaptation.

Molybdenum (Mo) is a vital component for most living
things. Mo is found as a pterin-cofactor in the active core
of plant enzymes that catalyze important processes in nitro-
gen, carbon, and sulfur metabolism, making them necessary
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for optimal growth under a variety of environmental condi-
tions [2]. After being absorbed into the cells as molybdate, it
is integrated into the molybdenum cofactor, which serves as
the active site for various molybdenum-requiring enzymes
and so plays critical roles in a variety of biological processes
[3]. Molybdenum, used as a catalytic center in enzymes, is
chemically adaptable and redox-active in physiological sys-
tems. Plants have around 50 Mo-dependent enzymes, includ-
ing sulfite oxidase (SO), mitochondrial amidoxime reductase
(mARC), xanthine dehydrogenase (XDH), nitrate reductase
(NR), and aldehyde oxidase (AO) [4]. Mo is not physiolog-
ically active, but it is an essential component of an organic
pterine complex known as the molybdenum cofactor (MoCo).
MoCo is composed of a tricyclic pterin that coordinates Mo
via a dithiol group in the third pyranocircle. All Mo-depen-
dent enzymes have a pterin-type cofactor, with the exception
of bacterial nitrogenase, which has a distinct iron-molybde-
num cofactor that provides catalytic activity. MoCo exists in
two forms in eukaryotic cells that differ from Mo. In the first
form, Mo is covalently linked to a conserved cysteine residue
in the MoCo connective domain. In the second form, the third
terminal sulfur ligand is coupled to Mo, however in this ver-
sion, MoCo remains non-covalently bound to the protein [5].

Tungsten (W) is a transition element of group VI, a refrac-
tory metal, with many similarities to its close element Mo,
with which W frequently co-occurs. In soil, tungstate is the
element’s most stable form. This oxyanion is chemically iden-
tical to molybdate; however, unlike molybdenum, tungsten
is not an essential micronutrient, and it has generally been
considered inert in the soil environment and nontoxic to hu-
man health [6]. The consequences of W contamination on the
biosphere have not been thoroughly assessed, however it is
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predicted that W may have negative impacts on species and
may become more significant when it accumulates in the food
chain or environment. The lack of mobility of W in acidic soil
conditions has been shown to inhibit bioaccumulation in di-
verse plant species, but bioaccumulation was stronger in sim-
ilarly contaminated alkaline soils [7].

Mo-hydroxylases aldehyde oxidase and xanthine dehydro-
genase were studied in this paper. Aldehyde oxidase (AO) is a
cytosolic enzyme with a molecular mass of 300 kDa that con-
tains FAD, iron, and molybdenum cofactor (MoCo) as pros-
thetic groups and belongs to the molybdenum hydroxylase
family [8]. Plant AOs accelerate the oxidation of several aro-
matic and aliphatic aldehydes. The conversion of abscisic al-
dehyde to ABA and indole acetaldehyde to indoleacetic acid
by AOs, respectively, may be key regulatory elements; never-
theless, their regulatory role is still under question. Plant AOs
have been examined from a variety of sources, including oat
coleoptiles, potato tubers, cucumber seedlings, pea seedlings,
and maize coleoptiles. Both animal and plant AOs have rather
broad substrate specificity and can oxidize a number of dif-
ferent aldehydes, indicating that AOs play various biological
roles [9]. The AO enzyme catalyzes the final steps of carot-
enoid catabolism and is an important enzyme in the abscisic
acid (ABA) production. AO isoforms are found in the cyto-
solic compartment of tissues in many plants, where they pro-
mote the oxidation of aldehydes into carboxylic acid and cat-
alyze the hydroxylation of certain heterocycles [10].

Xanthine dehydrogenase (XDH), a molybdenum enzyme,
participates in purine metabolism by catalyzing the formation
of ureides from xanthine and hypoxanthine [11]. It controls
both normal development and non-biological stress-induced
aging processes in plants. The mechanisms of XDH partici-
pation in ageing and stress tolerance have been investigated
in Arabidopsis, pea, corn, and grapes. XDH involvement in
premature leaf senescence in plants includes several mecha-
nisms, such as nitrogen metabolism, reactive oxygen species
(ROS), and hormonal regulation [12]. Plant xanthine dehy-
drogenases appear to be capable of employing both O, and
NAD" as electron acceptors while also creating large quanti-
ties of ROS. It has previously been established that xanthine
dehydrogenase plays an important role in Arabidopsis thali-
ana defense responses, most likely via producing ROS in epi-
dermal cells and scavenging ROS in mesophyll cells [13].

The aim of the study was to investigate the effect heavy
metals (molybdenum, tungsten) on the activity of Mo-hy-
droxylases, antioxidant enzymes (SOD, CAT) and the level
of ROS accumulation (H,0,, O,’) in N. Benthamiana.

MATERIALS AND METHODS

Plant cultivation. N. benthamiana plants were grown in
a specially equipped growth chamber, where optimal condi-
tions for growth and development of these plants were cre-
ated: long photoperiod 16 hours of simulated daylight and 8
hours of darkness. Spiral heating lamps (Klaus) with 6400
K spectrum at 24-28 °C were used for illumination. Plants
were grown on enriched soil (Terra Vita) mixed with vermic-
ulite until the third week. 30-day-old plants with similar initial
morphological characters were selected for the experiment.

In this study, solutions of water-soluble salts Na-
2Mo004-2H20 and Na2WO04-2H20 of concentrations 2,5

and 5 mM were applied to the soil separately. As a control,
the plant was watered with distilled water. 30-day-old plants
were watered for 7 days with 30 ml of solutions at different
concentrations, respectively.

Analysis of enzyme activity. To determine the enzyme
activity, native gel electrophoresis was carried out, where
leaves of N. Benthamiana were homogenized. The ratio of
plant material to extraction buffer was taken as 1:2 (weight
to volume). The extraction buffer consisted of 250 mM Tris-
HCI (pH 7.5), 250 mM sucrose, 0.05 mM sodium molybdate
(Na,Mo00O,*2H,0), 1 mM ethylenediaminetetetraacetic acid
(EDTA), 4 mM 1,4- dithiothreitol (DTT), 5 mM L-cysteine,
0.001 mM aprotinin, 0.1 mM phenylmethylsulfonyl fluoride
(PMSF) and 0.001 mM pepstatin. After homogenisation, the
samples were centrifuged at 10000 rpm and 4°C for 30 min-
utes. Samples prepared for native PAGE were mixed with the
Laemmli sample buffer.

Analysis of AO activity in gel. After native gel electro-
phoresis, a solution containing 0.1M Tris-HCIL, pH 7.5, 0.1
mM phenazine methosulfate, | mM MTT (3 [4,5- dimethylth-
iazol-2-yl-2,5-diphenyltetrazolium-bromide), and 1 mM sub-
strate (indole-3-carboxo-aldehyde) was used to determine the
activity of AO, at room temperature for 30 minutes. AO activ-
ity was evaluated on the basis of MTT reduction, as a result
of the appearance of specific formazan bands [8].

Analysis of XDH activity in gel. After native gel elec-
trophoresis, the gel was washed in distilled water and stained
with substrate solution containing 0.05 M Tris-HCI, pH 7.4,
ImM hypoxanthine, 0.5mM thiazolyl blue tetrazolium bro-
mide (MTT) and electron carrier, 0.5 mM phenazine metho-
sulfate (PMS) at 37°C for 40 min. The resulting bends on the
gel were analysed [14].

Analysis of CAT activity in gel. After separation in na-
tive PAGE, a two-component substrate was prepared for cat-
alase determination using 2% ferric chloride and 2% iron po-
tassium cyanide. The prepared gel with samples was washed
three times in distilled water for 5 minute each, incubated for
10 minutes in 0.03% hydrogen peroxide, then in a mixture of
the above two substrate components until specific bands were
manifested for 3 minutes [15].

Analysis of SOD activity in gel. Total SOD activity was
estimated by nitroblue tetrazolium (NBT) photoreduction ac-
cording to Giannopolitis and Ries, 1977 [16]. 10% vertical
polyacrylamide gel was used for denaturing electrophoresis.
The gel was placed in a 20 ml solution with 0.02 g NBT for
30 minutes. Then, the gel was placed in a 100 ml solution with
1.199 g of potassium dihydrogen phosphate, 0.01 g of ribofla-
vin, and 2.8 pL. of TEMED for 20 minutes. The gel was placed
under UV. Visual and graphical data were derived from the
obtained bands.

Determination of ROS accumulation. For the determi-
nation of O,  and H,O,, samples were extracted in 50 mM
phosphate buffer (pH 7.5) at a ratio of 1:8 (wt./vol.) and cen-
trifuged twice at 10000 rpm for 10 min. The reaction mix-
ture for O, determination consisted of 4 mM epinephrine as
electron acceptor in 100 mM Tris-HCl buffer (pH 7.8) in the
presence or absence of 2100 units/ml CuZn-SOD, as previ-
ously described by Yesbergenova et al. (2005). Absorbance
was measured at 480 nm using a Biochrom Asys Expert 96
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microplate spectrophotometer [17].

The reaction mixture for H,O, determination consisted
of 0.85 mm 4-aminoantipyrin, 3.4 mm 3,5-dichloro-2-hy-
droxybenzene sulfonate, 4.5 units/ml HRP in 2 ml of 50 mm
phosphate buffer (pH 7.5) as previously described by Yes-
bergenova et al. (2005). Absorbance was measured at 480
nm using a Biochrom Asys Expert 96 microplate spectropho-
tometer [17].

Statistical analysis. Data are expressed as arithmetic
means * standard deviations (SD) from three independent
replicates. Statistical analysis was performed using one-way
ANOVA, and Tukey’s post hoc test was applied for multi-
ple comparisons when differences were significant at p<0.05.
Student’s t-test was conducted using GraphPad Prism (ver-
sion 8.0). Enzymatic activity assays in gels were repeated at
least three times. Data from three independent repeats were
converted to numerical values (£SD) using ImagelJ graphi-
cal editor.

RESULTS

In the present study, the impact of molybdenum (Mo) and
tungsten (W) on the growth and development of plants was
assessed based on morphometric indicators. The research
aimed to evaluate not only the individual effects of Mo and
W, but also their combined influence on the plant antioxidant
defense system. A particular focus was placed on identifying
potential antagonistic interactions between these two trace el-
ements when applied simultaneously.

Given that both Mo and W are group 6 transition metals
with chemical similarities, their interaction within biological
systems can result in competitive or inhibitory effects, espe-
cially regarding molybdenum-dependent enzymes. Therefore,
special attention was given to the modulation of Mo-contain-

ing hydroxylase activity under different treatment conditions.
The obtained morphometric data (such as plant height, leaf
number, and biomass accumulation) were analyzed to cor-
relate physiological responses with enzymatic and biochemi-
cal changes induced by Mo, W, or their combination.

The effect of Mo and W on the growth of N. benthamiana
is depicted in Figure 1.

As can be seen in the image, under the influence of 2.5
mM concentrations, the effect of heavy metals did not have
a significant effect on plant growth. Under the influence of 5
mM concentrations, it can be observed that under the influ-
ence of Mo, the plant size is visually similar to the control
plant. W, on the other hand, had a strongly negative effect on
the plant. Under the combined effect, the negative effect of W
was compensated by the effect of Mo.

Investigation of the effects of Mo and W on the level of
ROS (H,0,, O,) accumulation in N. Benthamiana. Hydrogen
peroxide (H,0,) and superoxide (O,) as previously described
is one of the key components of ROS and plays an important
role in the development of plant response to various stresses.
To study the effect of Mo and W on ROS accumulation level,
spectrophotometer experiments were performed (Figure 2).

The results showed that a significant increase in H O, and
O, levels was observed with W at concentrations of 2.5 and
5 mM compared to control plants. In addition, exposure to
molybdenum (Mo) at concentrations of 2.5 and 5 mM and
combined exposure to 2.5 and 5 mM Mo+W significantly in-
creased the production of H,O, and O,” compared to control
plants.

Investigation of the effect of molybdenum and tungsten
on aldehyde oxidase. To determine the activity of aldehyde
oxidase (AO) and xanthine hydrogenase (XDH), native pro-
tein samples were separated on a 7.5% polyacrylamide gel

Figure 1 — Morphological effects of molybdenum (Mo), tungsten (W), and their combinations on plant growth. (A) Top-view photographs
showing the growth of plants under control conditions and treatments with 2.5 mM Mo, 2.5 mM W, and 2.5 mM Mo + W, as well as 5
mM Mo, 5 mM W, and 5 mM Mo + W, (B) Side-view photographs of the same treatment groups illustrating differences in plant height

and leaf development
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Figure 2 — Determination of ROS in N. Benthamiana under Mo and W exposure. (A) H,O, content, (B) O,
content. Asterisks “*” - indicates significant (P < 0.05); “** and ****” - highly significant (P < 0.01 and
0.0001, respectively); “ns” - non-significant (P > 0.05) differences in the presented data. Data from three

independent repeats were converted to numerical values (£SD) using statistical analyses (one-way Anova test,
multiple comparisons) were performed using GraphPad Prism software (v.8.01)

Figure 3 — Determination of AO activity by 7,5% native PAGE in N. Benthamiana upon exposure to Mo

and W. (A) visualisation of AO activity, (B) graphical representation of AO activity. Asterisks

s

indicates

significant (P < 0.05); “** and ****” - highly significant (P < 0.01 and 0.0001, respectively); ns - non-
significant (P > 0.05) differences in the presented data. Data from three independent repeats were converted to
numerical values (£SD) using Image]J graphical editor, and statistical analyses (one-way Anova test, multiple
comparisons) were performed using GraphPad Prism software (v.8.01)

and stained with substrate. The degree of activity was anal-
ysed using ImageJ software. Data were converted to percent-
age values.

Native electrophoresis on the resulting gels after incuba-
tion in the specific substrate revealed two isoforms of AO,
AOI1, AO2, respectively (Figure 3). When exposed to Mo at
concentrations of 2.5 mM and 5 mM, significant AO activity
appears compared to control plants. When exposed to W at
concentrations of 2.5 mM and 5 mM, AO activity decreases
markedly. When Mo+W was co-expressed at concentrations
of 2.5 mM and 5 mM, an increase in AO activity was ob-
served compared to the control plant. Moreover, under W, the
AO1 isoform is activated to a small extent.

The appearance of the AO1 isoform in plants under
Mo+W exposure confirms that molybdenum replaced tung-
sten in the active centre of AQ, since it was previously re-
ported in the literature that the addition of tungsten (W) in-
hibited AO activity.

Investigation of the effect of molybdenum and tungsten on
xanthine dehydrogenase. The effect of Mo and W on xanthine
dehydrogenase activity was studied using the same samples
that were used to analyse AO activity.

XDH is an important molybdoenzyme involved in purine
catabolism and ureide synthesis. Our studies showed that,
when exposed to Mo at concentrations of 2.5 mM and 5 mM,

XDH activity was slightly increased compared to the control
plant. When W at concentrations of 2.5 mM and 5 mM was
applied, XDH activity was significantly decreased. Interest-
ingly, the activity of XDH increases when Mo+W is co-ex-
pressed at concentrations of 2.5 mM and 5 mM compared to
We-treated plants (Figure 4).

Our studies confirmed that tungsten (W) in non-toxic con-
centrations has no inhibitory effect on XDH activity in plants.
The detected XDH activity in plants can be explained by two
main factors. Firstly, it is the use of harmless low concentra-
tions of tungsten for plant treatment. Second, it is the pro-
cess of post-translational activation of XDH. In fact, most of
the XDH enzyme in plants is in an inactive form that can be
activated post-translationally in response to specific stimuli.

Investigation of the effects of Mo and W on superoxide
dismutase activity in N. benthamiana. Superoxide dismutase
(SOD) is an enzyme with the ability to convert superoxide an-
ions into hydrogen peroxide and molecular oxygen (O,) mole-
cules. The estimation of SOD activity by the in-gel method in
experimental N. benthamiana plants was performed using the
same samples used to analyse AO and XDH activities. Four
isoforms of SOD were detected by native electrophoresis on
the resulting gels after incubation in the specific substrate.
When Mo at concentrations of 2.5 and 5 mM was affected, lit-
tle SOD activity appears in the plants, whereas when Mo+W
was co-expressed at concentrations of 2.5 and 5 mM, SOD ac-
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Figure 4 — Determination of XDH activity by 7,5% native PAGE in N. benthamiana upon exposure to Mo and W.
(A) XDH isoforms are indicated by arrows to the right of the panels, (B) Graphical representation of XDH isoform
activity. Asterisks “*” - indicates significant (P < 0.05); “** and ****” - highly significant (P <0.01 and 0.0001,
respectively); “ns” - non-significant (P > 0.05) differences in the presented data. Data from three independent repeats
were converted to numerical values (=SD) using ImageJ graphical editor, and statistical analyses (one-way Anova
test, multiple comparisons) were performed using GraphPad Prism software (v.8.01)

Figure 5 — Determination of SOD activity by 10% native PAGE in N. benthamiana upon exposure to Mo and W.
(A) XDH isoforms are indicated by arrows to the right of the panels, (B) graphical representation of XDH isoform
activity. Asterisks “*” - indicates significant (P < 0.05); “** and ****” - highly significant (P <0.01 and 0.0001,
respectively); “ns” - non-significant (P > 0.05) differences in the presented data. Data from three independent repeats
were converted to numerical values (£SD) using ImagelJ graphical editor, and statistical analyses (one-way Anova
test, multiple comparisons) were performed using GraphPad Prism software (v.8.01)

Figure 6 — Determination of CAT activity by 7,5% native PAGE in N. benthamiana upon exposure to Mo and
W. (A) CAT isoform is indicated by arrow to the right of the panel, (B) graphical representation of CAT isoform
activity. Asterisks “*” - indicates significant (P < 0.05); “** and ****” - highly significant (P < 0.01 and 0.0001,
respectively); “ns” - non-significant (P > 0.05) differences in the presented data. Data from three independent repeats
were converted to numerical values (£SD) using ImagelJ graphical editor, and statistical analyses (one-way Anova
test, multiple comparisons) were performed using GraphPad Prism software (v.8.01)

tivity was markedly increased. In addition, when exposed to
W at concentrations of 2.5 and 5 mM in plants, SOD activity
decreases in plants compared to the control plant (Figure 5).

Thus, it can be concluded that the joint exposure to Mo+W
at concentrations of 5 mM negatively affects the activation
of superoxide dismutase isoforms in N. benthamiana plants.
Presumably, the reduced activation of superoxide dismutase
isoforms in plants upon exposure to W can be interpreted as
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a strategy of this metal to reduce the level of hydrogen per-
oxide accumulation in plants by overcoming their defence
mechanisms.

Investigation of the effects of molybdenum and tung-
sten on catalase activity in N. benthamiana plant. Catalase is
one of the key antioxidant enzymes and is actively involved
in the regulation of hydrogen peroxide content in plant tis-
sues. Based on this, the present work also investigated the
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changes in catalase (CAT) activity upon exposure to heavy
metals. To determine catalase activity, vertical electrophore-
sis under non-denaturing conditions was carried out using the
same samples as in previous experiments for SOD and AO,
XDH. The gel with samples was incubated alternately first
in a weak hydrogen peroxide solution for 10 minutes, then
in a two-component substrate consisting of potassium ferri-
cyanide and ferric chloride solutions until the appearance of
well-defined colourless bands characterizing catalase activ-
ity (Figure 6).

Under the influence of Mo at concentrations of 2.5 and 5
mM, CAT activity did not change compared to control plants.
Under the influence of W at concentrations of 2.5 and 5 mM
in plants, CAT activity increased slightly in comparison with
control plants. Moreover, upon co-exposure to Mo+W at con-
centrations of 2.5 and 5 mM, CAT activity slightly decreased.

DISCUSSION

Effect of Molybdenum (Mo) and Tungsten (W) on mor-
phometric parameters of plants. One of the experiments inves-
tigated the effect of Mo nanoparticles on Nicotiana tabacum.
Two approaches were used: foliar sprays and root irrigation.
Tobacco plants were treated to Mo NPs at varying concentra-
tions (0-100 pg/mL) through root irrigation and foliar spray
treatments on the 25th day of growth. The physiology and
morphology of tobacco seedlings were then assessed. Mo NPs
significantly increased the development of tobacco seedlings
after 25 days of root irrigation treatment, whereas foliar spray-
ing with Mo NPs had no significant effect on seedling growth
[18]. Another study found that increasing molybdenum con-
centrations (0.1 mg kg™ Mo, 0.2 mg kg! Mo, 0.4 mg kg’
Mo, and 4 mg kg' Mo) resulted in a gradual increase in plant
size. This dose-dependent growth enhancement suggests that
molybdenum plays a positive role in promoting plant devel-
opment, likely through its involvement in key physiological
and metabolic processes [19]. Another study showed that mo-
lybdenum treatments (0.01-1 uM (NH,) Mo.0O,,) in nutritional
solutions caused only a minor decrease in shoot and root dry
weights compared to the control trial findind no harmful con-
sequences from molybdenum, even at its greatest dose [20].

As for W, based on previous studies, the first noticeable
symptom of W poisoning was a general decrease in root and
shoot development [21]. In our case, N. benthamiana also
showed a decrease in plant size under the influence of tung-
sten. W dissolution is associated with a decrease in oxygen
availability and hydrogen ion concentration in water and/or
soil, which could explain why tungstate at plant toxicity lev-
els causes delayed seedling growth. Other investigations have
found that W, like most heavy metals, influences cell forma-
tion and elongation by breaking cortical microtubules, which
inhibits root growth [22]. Interestingly, it has previously been
documented that low soluble W concentrations can improve
plant biomass production; however, this was only detected for
shoot biomass in the acidic W 500 mg kg™! clay, the soil with
the lowest soluble W concentrations. That treatment resulted
in slightly larger soybean nodule biomass and nodule fixation
activity than the control soil [23].

Investigation of the effect of molybdenum and tungsten on
aldehyde oxidase.A similar investigation on the effect of mo-
lybdenum in tobacco found that molybdenum treatment al-

tered the expression of the AO gene. The control group had
the lowest AO gene expression levels. Gene expression in-
creases dramatically with molybdenum content, peaking at 0.2
mg kg™' Mo, which has the highest relative expression level.
In the 0.4 mg kg™' Mo group, expression reduces slightly but
remains high. At the maximum concentration, 4 mg kg™! Mo
group, expression reduces further, but remains above the con-
trol level [19].

In a previous study, it was observed that Mo application
(1 uM Na, MoO,*2H,0) raised AO activities in leaf tissues by
36.10%, 46.93%, and 29.34% in Mo-efficient cultivars, and
by 64.70%, 88.56%, and 46.87% in Mo-inefficient cultivars
under NO3; NH4NO3, and NH4+ sources, respectively [24].

According to another study, using indole-3-carboxalde-
hyde as an AO substrate in barley resulted in the identification
of one isoform in leaves. Increasing molybdenum concentra-
tions (0.1, 0.5, I mM) increased enzyme activity significantly.
The combination of both metals considerably increased leaf
AO activity, outperforming molybdenum alone, which does
not agree with our results, since the AO activity is slightly
lower when Mo and W are co-exposed than when Mo is ex-
posed separately [25].

In addition, according to the literature, the mecha-
nism by which W exerted negative impact has not been thor-
oughly investigated, although widely evident flaws were
linked to decreasing activity of the Mo-enzymes in response
to increasing levels of tungstate. Within the cell, W effectively
antagonizes and may replace Mo in the molybdenum cofactor
(MoCo) of the Mo-enzymes [21]. In our case, we can observe
the same thing: W strongly decreased the activity of AO.

Investigation of the effect of molybdenum and tungsten
on xantidehydrogenase. In one of the previously mentioned
studies, the effect of molybdenum on XDH gene expression in
Nicotiana tabacum was investigated. XDH activity increased
gradually with increasing Mo concentrations (0.1 mg kg-' Mo,
0.2 mg kg-' Mo, 0.4 mg kg-' Mo, and 4 mg kg-' Mo) [19].

Considering W, as previously stated, the activity of Mo
enzymes is decreased according to the literature. As soon as
W reaches the plant cell, it may have an unfavorable effect on
certain targets. The first targets identified were Mo-enzymes,
primarily due to W-Mo antagonism. Because of their similar
physical and chemical properties, W and Mo have been inte-
grated into the active sites of important enzymes throughout
evolution, greatly increasing their catalytic diversity in bio-
logical systems [21].

Investigation of the effects of Mo and W on superoxide
dismutase (SOD) activity in N. benthamiana. As noted in the
earlier research about the effect of molybdenum nanoparticles
on Nicotiana tabacum, SOD activity was also studied. At 0
pg/mL, SOD activity is the lowest for both treatment strate-
gies (root irrigation and foliar spraying), acting as a control.
SOD activity increases considerably as concentrations rise,
particularly in the foliar spray group. SOD activity increases
significantly at 25 pg/mL and 100 pg/mL, especially for fo-
liar application [18]. Compared to our results, the SOD activ-
ity also increased with increasing Mo concentration. Consid-
ering the effect of W on SOD activity, the effect of different
concentrations (0 to 60 mg/litre) in celery and pepper plants
was examined. In both cases, it was possible to observe the
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activation of SOD with increasing concentration [22].

Investigation of the effects of molybdenum and tungsten
on catalase (CAT) activity in N. benthamiana plant. Compar-
ing the data obtained with the study on the effect of molybde-
num particles on Nicotiana tabacum, different trends can be
observed. In the above-mentioned study at the control concen-
tration (0 pg/mL), both treatments exhibit moderate CAT ac-
tivity, with the root-irrigation group showing slightly higher
levels. At a concentration of 25 ug/mL, root irrigation con-
siderably boosts CAT activity in plants, but foliar application
has no noticeable effect. At 100 ng/mL, root irrigation leads
to the maximum CAT activity, while foliar treatment shows
just a small increase [18]. In the aforementioned study on the
effect of W on antioxidant enzyme activity in pepper and cel-
ery plants, the effect of tungsten on CAT was also mentioned.
When the concentration was increased from 0 to 60 mg/L,
a direct relationship could be observed: increasing tungsten
concentration increased catalase activity [22]. However, in an-
other study, where broccoli was studied at concentrations of
0-100 mg/kg soil, a slight decrease in catalase activity could
be observed with increasing concentration. CAT activity in-
creased gradually with tungstate exposure up to 50 mg/kg soil,
but decreased at 100 mg/kg soil relative to the control, indi-
cating little involvement of CAT during W exposure [26]. In
our case, the activity of catalase under Mo and W changed in-
significantly and decreased with increasing concentration (2,5
mM and 5 mM) which is possibly due to the fact that the con-
centrations chosen in this study are too low and had a negli-
gible effect on catalase activity.

CONCLUSION

The following main conclusions were drawn from the re-
sults of the research conducted within the framework of the
project effect of molybdenum and tungsten on the activity of
Mo-hydroxylases and the antioxidant system in plants.

Exogenous Mo application promotes accumulation of re-
active oxygen species (ROS) such as H20: and Oz, and leads
to increased activity of the antioxidant enzyme, superoxide
dismutase (SOD) while catalase (CAT) activity changed in-
significantly. In addition, Mo causes activation of the Mo- hy-
droxylases enzyme aldehyde oxidase (AO) whereas xanthine
dehydrogenase (XDH) activity remained almost unchanged,
indicating enhanced defence and metabolic processes in
plants.

W, unlike Mo, has an inhibitory effect on the same enzy-
matic systems. Its application leads to a slight increase in the
level of ROS, decrease in SOD and CAT activity, and reduces
the activity of AO and XDH. This confirms its role as a func-
tional Mo antagonist and Mo-hydroxylase inhibitor.

It was found that Mo is able to activate aldehyde oxi-
dase isoforms (AO1 and AO2) and enhance the functioning
of Mo-dependent redox enzymes. In contrast, tungsten sup-
presses these isoforms, indicating its negative effects on enzy-
matic activity and potential stress tolerance of plants.

Thus, the results demonstrate that Mo and W have oppo-
site effects: molybdenum activates, and tungsten inhibits both
the antioxidant system and Mo-hydroxylases. This emphasises
the importance of the balance of trace elements in the regula-
tion of metabolic and defence processes in plants.
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BJIMSIHUE MOJIMUBAEHA 1 BOJIb®PAMA HA AKTUBHOCTb MO-T'HJPOKCHJIA3 1
AHTUOKCUJIAHTHYIO CUCTEMY PACTEHUI

MamoGeroBa M.K.!, Beiicexopa M.K.!, Kypmau6aeBa A.B.!, Camar A.!, Bektyposa A.7K.!, Kaurasuu C.B. !, Ukcar
H.H.', Ak6acosa A.)K.!, Macaimumos K. K. '*

!Eepasutickuti nayuonanonoiii ynugepcumem um. JI.H. I'ymunesa, yn. Camnaesa, 2, 2. Acmana, Kazaxcman
*masalimov@gmail.com

ABCTPAKT

CoBpeMeHHBIE UCCTIEA0BAHUS B 00IACTH MOJIEKYISPHON OMOJIOTHY PACTEHUH YIENAIOT 3HAYNTETbHOE BHUMaHUE MEXaHU3-
MaM PETYISAIUN aHTHOKCHIAHTHOU CUCTEMBI. B JaHHOM paboTe MBI M3YUMIIN BIUSHHE TSHKEIBIX METAUIOB MOJIMOICHA U BOJIb-
(pama Ha MOIYJISAIHI0O MO-THAPOKCHIIA3 U (PYyHKIIMOHUPOBAHUE AHTHOKCHIAHTHOW CHCTEMBI PACTEHUH C UCTIOIb30BAHUEM MO-
JenpHOTrO opranu3ma Nicotiana benthamiana.

Lenpro uccenoBaHus SBISETCS aHATU3 BIMSHUS MOJIMOeHA U BOIb(paMa Ha aKTHBHOCTh AHTHOKCHIAHTHBIX (pepMeH-
toB (CO/I, KAT), a Takxxe Mo-ruapokcunas anpaerunokcunassl (AO) n kcantunaernaporenassl (KAIN). cnons3yemble Me-
TOJbI BKJIFOYAIOT HATUBHBIN TeJIb-31eKTPodope3 1 CIeKTPOPOTOMETPHIO.

OCHOBHBIE pe3y/bTaThl IOKA3bIBAIOT, YTO IIPIMEHEHNE MOJIMOIEHa CIIOCOOCTBYET aKTHBALIMN AaHTHOKCHIAHTHON CHCTEMBI
pacTeHnH 3a CUeT yBEIWUIEHHS MPOAYKIMH aKTUBHBIX (opM kuciopona (ADPK) n akruBHOCTH (hepMEHTa CyNEpOKCHIIUCMY-
ta3el (CO/I), B To BpeMst Kak aKTUBHOCTB KaTasla3bl N3MEHMWIIACh HE3HAUUTENBHO. Takxke akTHBHOCTH AO yBeJIMUMIIach, TOTAA
kak akTuBHOCTh KJII' mpakTryeckn He m3MeHMnIack. HanmpoTus, BHECEHHE BONMb(ppaMa CHIKAIO aKTUBHOCTD 3THX MEXaHM3-
MOB aHTHOKCHJAHTHOM 3aIIUTHl © HHIMOMPOBaJI0O MO-THIPOKCHIIA3BI.

[IpakTrueckas 3HaYMMOCTh PAaOOTHI 3aKITFOYAETCS B BO3MOKHOCTH Pa3pabOTKH OMOTEXHOIOTNYECKUX MOAXO0B K MOBBI-
LIEHUIO YCTOMYMUBOCTH PACTEHUH K a0HOTHYECKNUM CTpeccaM IyTeM PETYISIIY aKTUBHOCTH Mo-ruapokcuinas. I[loryuennsre
JAHHBIE MOTYT OBITh UCIIOIb30BAHbI B PACTCHUEBOJICTBE U CEJILCKOM XO3SHCTBE 7SI HOBBIIEHHS CTPECCOYCTONYNBOCTH CEIThb-
CKOXO3SIICTBEHHBIX KYJIBTYD.

KuroueBble ci10Ba: anpaeruaoKcuaasa, KCaHTHHACTUAPOreHasa, Nicotiana benthamiana, ADOK, monubaeH, Bonbhpam,
TSOKEIIBIE METAILIbI

MOJIMBJAEH MEH BOJIb®PAMHBIH OCIMAIKTEPAEI'T MO-TUJAPOKCHJIA3AJIAPIBIH
BEJICEHJILIITTHE )KOHE AHTUOKCUJAAHTTBIK )KYHAEI'E OCEPI

Maméerosa M.K.! , BeiicekoBa M.K.!, Kypmau6aesa A.B.!, Camar A.!, BekrypoBa A.)K.!, Kaunrazuu C.B. ', Ukcar
H.H.!, Ak6acoBa A.XK.!, Macaaumos K.K. '*

ULH. Tymunee amuvindazel Eypasus ynmmex ynusepcumemi, Comnaes kowteci, 2, Acmana, 010000, Kazaxcman
*masalimov@gmail.com

ABCTPAKT

OCIMIIKTEpIiH MOJIEKYTaTIBIK OMONOTHACH CATaChIHAAFEI Ka3ipri 3epTTeyiep aHTHOKCHAAHTTHIK KYHCHIH PETTEITy MeXa-
HU3M/JIEpiHe Kol KeHin Oenei. By sxyMbIcTa ayblp MEeTaIAaPIbIH MOIHOIEH MEH BOJb(GPaMHBIH MO-THAPOKCHIIA3aIapIbIH
MOIYISIIHASACHIHA dcepiH koHe Nicotiana benthamiana MonenpIiK OpraHU3MIH NaiiIadaHbIl ©CIMIIKTEpAiH aHTHOKCHIAHT-
THIK JKYHECiHIH KbI3METIH 3epTTeHMI3.

3epTTeynin MakcaTsl MOIHOAEH MEH BOIb(paMHBIH aHTHOKCHAAHTTHIK pepmentTepnid (CO/, KAT), connaii-ak anpaeru-
nokcuaasa (AO) xone kcantunaeruaporenasa (KIAI) Mo-depmenTTepinin 6encenainirine ocepid Tainay OoiIbII TaObUTaIb.
KonnaspuiaTeIa oicTepre TaOUFHU TeMbAIK IEKTpodopes KoHE CIeKTPOHOTOMETpHS JKaTabl.

Herisri HoTmKenep MOIHOICH I KOIaHy oTTeriHiH 0encenmi Typiepinin (OBT) sxone cynepokcumaucmyTazacsiabiy (COJI)
(bepMeHTTepiHiH OeICEeHIIIrH apTThIPY apKbUIbl OCIMIIKTIH aHTHOKCUIAHTTHIK JKYHECIHIH OeJICeHAIpiyiHe bIKIAN eTeTiHIH
KepCeTe/Ii, all Karaiasa OenceHainiri mamansl e3repi. Conmaii-ak, AO Oencenainiri ecti, ain K/ Gencenainiri aepiik e3rep-
reH oK. Kepiciniie, Bonbdpambl KOJIIaHy 0Chl aHTHOKCUIAHTTHIK KOPFAHBIC MEXaHU3MICPIHIH OSIICEHALTINIH TOMEHACTTI
#oHe Mo-THIpOKCHIIa3anapabl TEXe 1.

JKYMBICTBIH PaKTUKAIBIK MaHBI3ABLIBIFEI MO-THAPOKCHIIa3atapAblH OCICEH IUIITH PeTTey apKbUIbl OCIMIIKTEpAIH a0Ho-
THKaJIBIK KEpHEYJIepre TO3IMAUIITIH apTThIPYAbIH ONOTEXHOIOTHSUIBIK TOCUIAEPIH )Kacay MYMKIHAIrHIe. AJIBIHFaH MAJTiMeT-
Tep/i ayblIapyambuIbIK JaKbULIAPEIHBIH CTPECCKE TO3IMALTITIH apTThIpy YIIIH 6CIMIIIK MapyalbUIbIFbIH/IA XKSHE aybUl Ia-
PyalIbUIBIFBIHIA TTafiaanyFa Ooiapl.

Kiar ce3aep: anprernaokcunasa, KCaHTUHACTHAPOTeHa3a, Nicotiana benthamiana, OBT, MmonubnieH, Bomb(ppam, aybIp Me-
Taaap
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