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EVALUATION OF EFFECT OF EXOGENOUS MOLYBDENUM
AND TUNGSTEN ON SEED GERMINABILITY
AND ON SYMPTOMS OF VIRUS INFECTION IN PLANTS

Crop production is the basis of agriculture in Kazakhstan. Soils in Kazakhstan suffer from molybde-
num deficiency. Molybdenum deficiency in plants is characterized by the stunted growth, poor seed
setting, fruit deformation and reduced plant resistance to diseases. Molybdenum catalyzes key steps
in the metabolism of nitrogen, carbon and sulfur. It promotes the biosynthesis of the phytohormones
of abscisic acid and indole-3-butyric acid. An increase in molybdenum concentration leads to an
increase in aldehyde oxidase activity. Aldehyde oxidase generates hydrogen peroxide during viral in-
fection; hydrogen peroxide triggers a hypersensitive response, strengthens cell walls and prevents the
spread of viral infection. Molybdenum is biologically inactive until a special complex called molybde-
num cofactor is formed. For the formation of the latter it is necessary for molybdenum to be in the state
of molybdate anion. There are five known plant molybdoenzymes: aldehyde oxidase, sulfite oxidase,
nitrate reductase, xanthine dehydrogenase and mitochondrial amidoxime resuctase. The aim of this
work is to find the optimal concentration of molybdenum for aldehyde oxidase activation. The objec-
tives of the conducted experiment are: — to apply an efficient and cost-effective method to replenish
molybdenum deficiency in the experimental plant; — to demonstrate the effect of molybdenum on the
development of virus infection of the infected plant. As a result, it was proved that with the increase
of concentration from 0.1 mM to 1T mM, the activity of aldehyde oxidase increases, which contributes
to the increase of seed germination. The optimal concentration for seed germination is 1 Mm molyb-
denum concentration. As the concentration of molybdenum increases, the resistance of adult plants to
virus infection also increases. Thus, T mM molybdenum concentration is optimal for seed germination
and resistance to virus infection.

Key words: molybdenum; tungsten; N. benthamiana; spraying; aldehyde oxidase.
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TyKbIMAQPADBIH, GHTILITIriHEe BOAbDPAaM MeH MOAUDAEHHIH, 9CepiH aHbIKTay
)K9HE 0Cbl ME€TAaAAAPAbIH, 6CIMAIKTEPIHAE BUPYCTBIK, XKYKNna GeArirepi AamybiHa
3K30reHAIK acepiHiH, HaTHXecCi

OcimaiK WapyallbiAbiFbl KasakcraH aybiA LWAPYyaLLbIAbIFbIHbIH HEri3i 60AbIN Tabbiraabl. KasakcraH
ayMarblHAAFbl TOMbIPaK, MOAMBAEH TarlbIAbIFbIHAH 3apAan wWerin oTbip. ©cimaikTepaeri MoAnbAeH
TanlbIAbIFbl ©CYAIH TEXXEAYiHeH, Hallap TYKbIM CaAyblHaH, >XEMICTepAiH AedopMaLmsacbl MeH
OCIMAIKTEPAIH aypyAapFa TO3IMAIAITIHIH TemeHAeyiHeH Oaiikaraabl. MoAMOGAEH a30T, KemipTek
>KOHE KYKIPT aAMacyblHbIH, HErisri KaaaMAapbiH KaTtaamsaenAi. OA abcums KbIWKbIAbI MEH MHAOA-3-
MaM KbIWKbIAbI (PUTOrOPMOHAAPbIHBIH, OMOCUHTE3IHE bIKMaA eTeAl. MOAMOAEH KOHLEHTPAUMSICbIHbIH
JKOFapbIAAybl  aAbAEIMAOKCMAA3a OEACEHAIAIMHIH, JKOFapblAayblHa 8KeAeAl. AAbAErMAOKCMAA3A
BMPYCTbIK, MH(EKUMSFA YilblparaH Ke3Ae CyTeri ackblH TOTbIFbIH TyAblpaAbl, CyTeri acKblH TOTbIFbl
JKOFapbl CE3IMTaAAbIK, PEAKUMSCBIH TYAbIPaAbl, Xacylla KabblpFaAapblH HbIFANTaAbl XXOHE BUMPYCTbIK,
MH(EKUMAHBIH, TapaAybiH 60AAbIPMaiAbl. MoAMOGAEH KOaKTopbl Aen atay 6epiAreH apHaibl KelleH
nanaa 6oAFaHFa AEMiH MOAMOAEH BMOAOTUSIABIK, BEACEHAI emec. MoAnOAEeH KOaKTOPbI KAAbINTacy
YWiH MOAMBAEH aHMOH MOAMBAATBI KYMiHAE BOAYbI Kepek. OCiMAIK MoAMBAODEpPMEHTTEPIHIH, beceyi
GeAriAl — aAbAEIMAOKCUAA3A, CYAb(UTOKCUAA3A, HUTPAT PEeAyKTasa, KCaHTUHAErMAPOreHasa >KeHe
MUTOXOHAPMSIAbIK, aMUAOKCMMapesyKTasa. ByA >kymbicTa 6i3 aAbAErMAOKCUMAA3aHbIH €Ki Herisri
KbI3METIH KaQpaCTbIPAbIK: TYKbIMHbIH, OHTILUTIF MEH BUPYCTbIK, MHeKUMara Te3iMAIAIriHe acepi. bya
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SKYMBICTbIH, MakcaTbl AO GeACEHAIPY YLUIIH MOAMBAEHHIH OHTaMAbl KOHLUEHTPAUMSICbIH i3Aey GOAbIM
TabblAAADI.

OTKI3IAreH 3KCMNepuMEHTTIH MIHAETTEpI: — 3KCMEePUMEHTTIK OCIMAIKTEri MOAMBAEH TarlUbIAbIFbIH
TOATBIPY YLWIiH TUIMAI >K&HE 3KOHOMMKAAbBIK, YTbIMAbI SAICTI KOAAQHY; — >KYKTbIPbIAFAH ©CIMAIKTIH,
BUPYCTbIK, MH(PEKLMSACBIHBIH, AaMyblHA MOAMBAEHHIH oCepiH KepceTy GoAbIn Tabbliraabl. HaTmkeciHae
KoHUeHTpauusiHbiH 0,1 MM-aeH 1T MM-re aeiiH >korapbiAaybl HaTMxeciHAe AQ GeACEHAIAIrT ae
JKOFaPbIAAMTBIHbI ASAEAAEHAI, OYA TYKbIMHbIH OHTILITIFiHIH >KOFapblAaybiHa bikNaA eTeAi. TyKbIMHbIH
OHYI YLiH OHTaMAbl KOHUEHTpaums — 1T MM MOAMBAEH KOHLEHTpaumsiCbl. MOAMBAEH KOHLIEHTPALMSIChbI
>KOFapblAaca, epecek eCiMAIKTEPAIH BUPYCTbIK MHPeKLMsFa Te3iMAIAIM Ae apTaabl. OcbiAaiwa, 1T MM
MOAMBAEH KOHLIEHTPALMSIChbl TYKbIMHbIH, ©HYi KOHE BUPYCTbIK, MHPEKLMsFA TO3IMAIAIT YLIiH OHTaNAbI
6OAbIN TabbIAQADI.

Ty#in ce3aep: MoanbaeH, Boabbpam, N. benthamiana, cy 6ypky, aabaerna okcuaasa.
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OnpeaeaeHue BAUSIHUS BoAbppamMa U MOAMOAEHA HAa BCXOXXECTb CeMSIH
1 3ppeKT 3K30reHHOro BO3AEHCTBUSI AQHHbIX METAAAOB
Ha pa3BuTHE BUPYCHOrO MH(PULMPOBAHUSI B PACTEHMSIX

PacTeHneBOACTBO 9BASIETCS OCHOBOM CeAbCKOro xo3anctBa KasaxcraHa. [TouBbl Ha TeppuTopumn
KasaxcraHa cTtpapaioT aenumtom MoanbaeHa. Aedrumnt MoAnbAeHa y pacTeHMI XapakTepusyercs
33AEp>XKKOM pOCTa, MAOXOM 3aKAAAKOM CeMsaH, AedopMaumenn MAOAOB U CHUXKEHMEM YCTOMYMBOCTM
pacteHuit K 3aboAeBaHMAM. MOAMOAEH KaTaAM3MpyeT KAlOYeBble 3Tarbl MeTaboAM3Ma asoTa,
yraepoaa v cepbl. OH croco6cTByeT 6UOCUMHTE3Y (DUTOFOPMOHOB abCLM30BOIM KUCAOTbI M MHAOA-3-
MACASIHOM KMCAOTbI. YBEAMYEHME KOHLIEHTPALMM MOAMOAEHA MPUBOAMT K YBEAMYEHMIO aKTMBHOCTM
AAbAEIrMAOKCUMAA3bl. AAbAEIMAOKCUAQ3A MPY BO3AECBUE BUPYCHOM MHEKLIMN FreHepupyeT nepekuch
BOAOPOAQ, NMePEeKNCb BOAOPOAQ 3aryCKaeT rmrnepuyBCUBUTEAbHbIA OTBET, YKPENASIET KAETOYHbIE CTEHKM
M NpeAoTBpaLlaeT pacnpoCcTpaHeHne BUPYCHOM MHADeKUMN. MOAMBAEH KaTaAM3MPYEeT KAOYUEBbIE 3Tarlbl
mMeTaboAM3Ma asoTa, yraepoaa u cepbl. OH crnoco6CTByeT GUOCMHTE3Y (PUTOrOPMOHOB abCLM30BONA
KMCAOTbl U MHAOA-3-MAaCASIHOM KMCAOTbl. YBEAMYEHME KOHLIEHTpaLMM MOAMOAEHA MPUBOAMT K
YBEAMUEHMIO AKTMBHOCTM aAbAEIMAOKCUMAA3bl. AAbAETMAOKCUMAA3A MPU  BO3AENCTBMW BUPYCHOM
MH(eKLMM reHepupyeT Mepekmcb BOAOPOAQ, NMEPEKMCb BOAOPOAQ 3aryCKaeT rmnepyyBCUBUTEAbHbIN
OTBET, YKpEernAsieT KAeTOUYHble CTEHKM W MPeAOTBpaALLAEeT pacrpocTpaHeHue BUPYCHOM MHGEKUMM.
MoAnbaeH BMOAOTMYECKM HEAaKTMBEH AO TeX Mop, rnoka He CHOPMMPYETCS CrieLMaAbHbIA KOMITAEKC,
Ha3BaHHbI KOaKTOP MOAMBAEHA. AAS (DOPMMPOBAHUS MOCAEAHErO HEOGXOAMMO, UYTOObI MOAMOAEH
HaXOAMACS B COCTOSIHMM MOAMBAAT aHMOHA. M3BECTHO MSATb PACTUTEAbHbIX MOAMBAOMDEPMEHTOB
—  aAbAEIrMAOKCMAQ3a,  CYAbPUTOKCMAQA3Q, HUTpATPeAYKTa3a, KCaHTMHAErMAporeHasa u
MUTOXOHAPMAAbHasi aMMAOKCMMapesykTasa. B AaHHOM paboTe Mbl pacCMOTPEAM ABE TAaBHbIE
PYHKUMN aAbABTMAOKCUAA3bI: BAUSHME HA BCXOXECTb CEMSAH W YCTOMYMBOCTb K BUPYCHOM MH(EKLMN.
LleAab AaHHOI paboTbl SIBASIETCS MOMCK OMTMMAAbHOM KOHLUEHTpaumini MoAMOAeHa AAs akTmBaummn AQO.
3apayamMm MPOBEAEHHOIO 3KCMEPUMEHTA 9BASETCS: — NpUMeHeHne 3(hpPeKTMBHOrO M 3KOHOMUYECKM
BbIFOAHOIO METOAA AASl BOCMOAHEHUS AeduumMTa MOAMOAEHA B 3KCMEPUMEHTAAbHOM PaCTEHMM; —
NPOAEMOHCTPMPOBATb BAUSIHME MOAMOAEHA HA PAa3BUTME BUPYCHOM MH(DEKLMM 3aPaXKEHHOIO PaCTEHUSI.
B pesyAbTaTe 6bIAO AOKa3aHO, YTO C MoBblleHMeM KoHueHTpauumn ot 0,1 MM k 1T MM noBbiwwaercs
akTmBHOCTb AO, 4TO CrOCOOCTBYET MOBbIWEHMIO BCXOXECTM cemsiH. ONTUMaAbHOM KOHLEHTpaLmein
DAl BCXOXKECTU ceMsiH sBAsieTcsl TMM KoHueHTpaums MoArbAeHa. C MoBbIEHMEM KOHLEHTPALMM
MOAMBAEHA MOBbILLAETCS M YCTOMUYMBOCTb B3POCAbBIX PACTEHWUI K BUPYCHOM MHpeKLMM. Takmm 06pasom,
1 MM KOHUEHTpaUus MOAMBAEHA ABASIETCS OMTUMAABHOM AAS MPOPACTAHNA CEMSIH M YCTOMUYMBOCTM K
BMPYCHOM MHpeKUMU.

KatoueBblie caoBa: MoanbaeH, Boabdpam, N. benthamiana, onpbickuBaHme, aAbaerna okcraasa.
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Introduction

It has long been known that molybdenum is
important for the nutrition of higher plants [1].
Molybdenum in small quantities improves the
growth of barley, lettuce, asparagus, tomato and
other agriculturally important plants [2].

Freemolybdenumionsareinactive. Molybdenum
in plants occurs in the form of Mo042- anion [3].
In all organisms, molybdenum binds to pterin in a
complex called molybdenum cofactor (MoCo) [4].
MoCo is identical in all molybdoenzymes (except
for nitrogenase) [5]. The main function of MoCo is
catalytic [6, 7].

The antagonist of molybdenum is tungsten (W)
[8]. Despite its similarity to molybdenum, tungsten
has a toxic effect on plants [9]. It leads to the stunted
growth of seedlings, reduced biomass of roots
and shoots and dysregulation of gene expression
associated with the planned cell death (apoptosis)
[10]. Tungsten and molybdenum bind to the same
ligand in enzymes. Tungsten as a chemical analogue
of molybdenum can substitute molybdenum in the
active center of molybdoenzymes, making them
inactive. This function of tungsten is used to study
the structure and properties of molybdoenzymes
[11].

Molybdenum deficiency in young plants is
characterized by chlorosis, leaf deformation,
grayish discoloration, leaf rot and stunted growth
[12]. Deficiency also leads to seed deformation in
oats and wheat, undergrowth of berries in grape
clusters, undergrowth of pollen grains in corn, and
poor pollen germination [13].

Molybdenum is a vital trace element as
it is required for the normal plant growth and
development [14]. The results of many years of
research at the Institute of Soil Science of the
National Academy of Sciences of the Republic of
Kazakhstan confirmed that the molybdenum content
in our soils is three times less than the necessary
critical concentration (0.1 mg Mo/kg for temperate
zone soils) for the normal plant development [15].
Molybdenum is necessary for the work of five plant
enzymes — sulfite oxidase, mitochondrial amidoxime
reducing component, xanthine dehydrogenase,
nitrate reductase and aldehyde oxidase [16, 17].

In this work, functions of aldehyde oxidase were
considered.

Aldehyde oxidase (AO) is an enzyme containing
flavin adenine dinucleotide (FAD), a cofactor of iron
and molybdenum, as prosthetic groups [18]. It be-
longs to the family of molybdenum-containing hy-

droxylases [19]. Aldehyde oxidase plays an impor-
tant role in plant life as it is involved in the defense
response to TBSV (tomato bushy stunt virus) attack.
The mechanism of reduction of viral infection by al-
dehyde oxidase is associated with the generation of
hydrogen peroxide, which initiates intense oxidative
stress that causes damage and cell death at the site of
virus entry [20]. H202 promotes cell wall strength-
ening: papillae are formed, lignification process is
activated, and hydroxyproline/proline-rich proteins
are cross-linked. These processes limit the spread of
viral infection [21].

It has been previously proven that an increase in
molybdenum concentration leads to an increase in
aldehyde oxidase activity and, consequently, posi-
tive growth and development of barley is observed
[22].

The object of study of our work is a plant of the
nightshade family (Solanaceae) — Nicotiana ben-
thamiana.

The aim of this work is to find the optimal con-
centration for aldehyde oxidase activation.

Main objectives are:

- to apply an efficient and cost-effective method
to replenish molybdenum deficiency in the experi-
mental plant;

- to demonstrate the exogenous effect of molyb-
denum on aldehyde oxidase activity against virus
infection.

Materials and methods

Seed priming and planting.

Priming of Nicotiana benthamiana seeds in 0.1;
0.5 and 1 mM concentration of sodium molybdate
dihydrate (Na,M0O,*2H,0), sodium tungstate dihy-
drate (Na,WO,*2H,0) and molybdate with sodium
tungstate dihydrate was performed. Distilled water
was used as a control [23]. Since the seeds are small,
priming was carried out for 1.5 hours.

After the seeding process, the seeds were dried,
thirteen seeds were selected from each group and
sown in pre-moistened soil in a specially equipped
growth chamber. Universal soil (“Terravita”, Rus-
sia) for sowing seeds was sterilized in an autoclave
for 30 minutes at a pressure of 1 atmosphere. Op-
timal conditions for seed germination were main-
tained in the growth chamber: air humidity of about
78% and air temperature of 28 °C. All pots were
sealed with parafilm and covered with foil to cre-
ate the best conditions for seed germination: dark-
ness and humidity. After seven days, the germinated
seeds were counted.
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Performing native gel electrophoresis of seeds.

The remaining seeds were homogenized in pre-
cooled porcelain mortars with the addition of the
extraction buffer at 1:3 ratio to perform native gel
electrophoresis under the non-denaturing condi-
tions. The extraction buffer included 250 mM su-
crose, EDTA, L-cysteine, DTT and TRIS-HCI, pH
8.5 [24]. The separation and loading gels were used
for electrophoresis.

The separation gel consisted of acrylamide, bi-
sacrylamide, TRIS-HCI pH 8.5, TEMED, APS,
and distilled water. The loading gel also consisted
of acrylamide, bisacrylamide, TRIS Base pH 6.8,
TEMED, APS and distilled water. Samples were
loaded into these gels at 4:1 ratio using the loading
buffer, and the process itself was performed in the
electrode buffer containing TRIS-HCI, TRIS-base
and glycine solution with pH 8.89 [25]. Before the
main electrophoresis, “pre-phoresis” was performed
on an idle gel for 30 minutes under the same condi-
tions as the main electrophoresis (110 V and 50 mA).
“Pre-phoresis” was necessary to clear the gel of re-
sidual unpolymerized reagents. Electrophoresis was
performed at 110 V and 50 mA current for 3.5 hours.

Determination of aldehyde oxidase activity of
seeds.

To determine the aldehyde oxidase activity of
seeds in gel that had undergone the seeding process
in the previously mentioned solutions, a reaction
mixture was prepared. This mixture included 2.5 ml
of 50 mM TRIS-HCI (pH 7.4); 15 mg vanillin, 10
mg indole-3-carboxaldehyde, 6 mg thiazolyl blue
tetrazolium bromide (MTT), and 1 mg phenazine
methosulfate (PMS). The total volume was brought
to 25 ml with distilled water. The gel was incubated
in the prepared substrate in a thermal shaker for 30
minutes at 37°C in the dark until violet bands ap-
peared. These bands characterized the activity of
aldehyde oxidase [22].

Cultivation of Nicotiana benthamiana plants in
soil.

After counting the germinated seeds, twelve
seedlings were replanted into individual pots with
soil mixed with vermiculite. Plants were grown in
the same specially equipped growth chamber under
conditions simulating a 17-hour day and a 7-hour
night. Artificial lighting was provided by Klaus
LED lamps with a spectrum of 6400 K. Watering
was carried out every 3 days with 40 ml of distilled
water for each plant [26].

Cultivation of Nicotiana benthamiana plants on
a hydroponic unit.

60

Twelve seedlings were placed on small pieces of
mineral wool and put in plastic boxes with pre-pre-
pared solution for “Tripart/Flora Series” hydroponic
unit made in France.

The” Tripart/Flora Series” solution contains to-
tal nitrogen, potassium oxide, calcium oxide, iron
chelate 6% EDDA — 11% DPTA, copper chelate
EDTA, zinc chelate EDTA, boron and manganese
chelate EDTA.

Treatment of plants with tungsten, molybdenum
and tungsten-molybdenum solutions and inocula-
tion of wild-type Tomato bushy stunt virus (TBSV).

Month-old N. benthamiana plants with initially
similar morphological characteristics such as height,
lamina development and total vegetative mass were
selected for infection.

Ten month-old N. benthamiana plants with sim-
ilar morphological features were sprayed with three
pre-prepared concentrations of molybdate dihy-
drate, tungstate dihydrate and a combined concen-
tration of 14 ml per plant. Distilled water was used
as a control. Spraying was performed one day before
infection. Infection of wild-type Tomato bushy stunt
virus (TBSV) plants was carried out through the me-
chanical damage to the mid-tier leaves.

Infected plants were grown under identical con-
ditions until symptoms appeared. Morphological
changes were observed on the third and seventh day
after infection.

Homogenization of samples for horizontal gel
electrophoresis.

300 mg of each of the leaves of control and inoc-
ulated N. benthamiana plants with wild-type TBSV
were homogenized in TE buffer consisting of TRIS
pH 7.4 and EDTA pH 8 at 1:2 ratio (mg/ul buffer
sample) on ice in sterile porcelain mortars. After
homogenization, the samples were centrifuged [20].

Results and discussion

Determination of aldehyde oxidase activity
in native gel after seeding at 0.1; 0.5 and 1 mm
concentrations

As aresult of enzymatic staining, three isoforms
of aldehyde oxidase (AO1, AO2 and AO3) were
detected in the seeds. Figure 1 shows that all three
concentrations of tungsten decreased the activity of
AOl isoform.

The effect of aldehyde oxidase activity
enhancement was more intense in samples incubated
in molybdenum solutions compared to combined
concentrations and concentrations with tungsten.
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Mo+W
0,1 mM

Mo+W Mo+W Mo

Control 0,5 mM 1mM 0,1 mM

Mo Mo W w w
0,5 mM 1 mM

0,1 mM 0,5 mM 1mM

Figure 1 — Determination of aldehyde oxidase activity in gel after electrophoresis
in non-denaturant conditions in N. benthamiana seeds

Previously, three AO isoforms in pea plants
(PAO1, PAO2 and PAO3) were identified by a
number of scientists. PAO1 was most active in
the leaves of seedlings and young leaves of adult
plants. In roots, PAO1 was found only in seedlings.
As pea plants aged, this isoform disappeared.
PAOI plays an important role in the germination
and development of pea plants [27]. The above-
mentioned article supports our findings, since with
increasing tungsten concentrations, the intensity
of staining of AO1 isoform decreases, and after
planting, the germination of seeds incubated in
tungsten concentration decreases (Fig. 2).

The opposite result was obtained when
seeds were incubated in molybdenum solutions.
Increasing the molybdenum concentration increased

Mo 0,1 mM
(12 from 13)

Control
(11 form 13)

W 0,1 mM
(11 from 13)

the activity of aldehyde oxidase. Also, molybdenum
had a positive effect on seed germination (Fig. 2).
The data obtained by us are consistent with earlier
studies [28, 29], according to which molybdenum
is vital for the normal growth and development of
plants.

Seed germination results

Priming is a cost-effective way to replenish
the lack of essential trace elements for the good
plant growth and development [30]. Therefore,
we applied this method to replenish trace element
deficiency.

A week after sowing the seeds that had
undergone the seeding process, the germinated
seeds were counted in comparison with the control.
Thirteen seeds were planted in each pot (Fig. 2).

Mo+W 0,1 mM
(12 from 13)

Mo 0,5 mM
(12 from 13)

W 0,5 mM
(11 from 13)

Mo+ W 0,5 mM
(13 from 13)

Mo 1 mM
(13 from 13)

W 1mM
(4 from 13)

Mo+W 1 mM
(12 from 13)

Figure 2 — The growth of N. benthamiana after priming with various concentrations
of Mo, W and Mo+W on day 7 of cultivation

From the result obtained (Fig. 2) it follows that

the most optimal concentration for seeding is 1

Mm concentration of sodium molybdate dihydrate

(Na,MoO,*2H,0), i.e. at this concentration, absolute
seed germination is observed (13 out of 13). Studies
conducted on barley confirmed that molybdenum has
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a beneficial effect on the growth and development of
seedlings [22].

Morphological signs of infection of plants with
wild-type TBSV grown in soil

Three days after inoculation, the first signs of
infection appeared in the form of slight curling of the
upper tier leaves. Symptoms were weakly manifested,
the only exceptions being 0.5 and 1 mM concentrations
of Mo and 1 mM concentration of W. Plants sprayed
with the above mentioned concentrations showed

necrosis of the mid-tier leaves (Table 1, Fig. 2). It
is difficult to predict the dynamics of virus infection
spread based on the results of the third day.

Subsequent observation of the development
of symptoms was performed on the day after
inoculation.

On the seventh day, there was an increase in
infection symptoms. Control plants showed stan-
dard infection symptoms characteristic of wild-type
TBSV (Fig. 4, Table 2) [31].

Table 1 — Symptoms of virus infection on the third day after inoculation of soil-grown plants

Metattes / 0.1 MM 0.5 MM 1 MM
Concentrations
Control Curling of the upper tier leaves, chlorosis of the lower tier leaves
Mo Slight curling of the upper tier leaves | Necrosis of the mid-tier leaves Necrosis of the mid-tier leaves
W Slight curling of the upper tier Slight curling of the upper tier Necrosis of the mid-tier leaves
leaves leaves
Slight curling of the upper tier Slight curling of the upper tier Curling of the upper tier leaves,
Mo +W ; .
leaves leaves chlorosis of the lower tier leaves

1 mM

Figure 3 — The morphological signs of plant infestation treated
with 0.1, 0.5, 1 mM concentrations of Mo and Mo+W 3 dpi.

leaves, curling and mosaic of the upper tier leaves.
With the increase of tungsten concentration, plant
resistance to virus infection decreases (Table 2, Fig.

Plants sprayed with 1 mM tungsten concentra-
tion showed the most striking symptoms of infec-
tion: apical necrosis, death of the mid- and lower tier
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4). The obtained result is supported by research data,
according to which tungsten has a deleterious effect
on plants: it causes deformation of cell components,
disrupts the cell cycle and gene expression [32, 33].

An increase in molybdenum concentration from
0.1 to 1 mM increases plant resistance to virus in-
fection. Plants sprayed with 1 mM concentration of
molybdenum showed minimal symptoms of infec-
tion (Table 2, Fig. 4).

It has already been proven that molybdenum
helps to increase yield and improve the quality of
fruits [34], so it is often used as a fertilizer [35].
Batyrshina states that molybdenum increases the ac-
tivity of AO in barley leaves [22]. According to Yer-
galiyev, virus infection also increases the activity of
AO enzyme in N. benthamiana leaves, which leads
to an increase in H,O, production. This was the first
demonstration of the participation of plant AO in
defense mechanisms against virus infection [20].

Thus, molybdenum promotes aldehyde oxidase
activation, increasing plant resistance to biotic stress
(virus infection).

Plants sprayed with combined solutions showed
a slight increase in symptoms toward increasing
concentrations. In general, the symptoms of infec-
tion of the combined concentrations were similar to
those of the control plant.

Detection of virus infection in inoculated soil
plants by agarose gel electrophoresis

Virions are infectious virus particles. They con-
sist of proteins, envelope (lipid membrane) and nu-
cleic acid: DNA or RNA [36].

Virions were detected in infected plants by aga-
rose gel electrophoresis (Fig. 5) [37].

Detection of genomic RNA virus in gel under
UV light was performed using the Mego Bio-print-
1100/20M gel documentation system and ECX Vil-
ber Lourmat ECX transilluminator (France).

This gel analysis showed that all inoculated
plants were infected. This method is particularly
important for infected plants pretreated with three
molybdenum concentrations, since wild-type TBSV
causes mild symptoms of infection compared to
tungsten-treated and control plants.

Table 2 — Symptoms of virus infection on the seventh day after inoculation of soil-grown plants

Morphological signs of infection of plants with
wild-type Tomato bushy stunt virus (TBSV) grown
on a hydroponic unit

On the third day after infection, the main
characteristic of virus infection spread is the
appearance of numerous side shoots (Table 3,
Fig. 4). This sign of virus infection spread is an
indicator specifically for TBSV [38].

Afterspraying withthree tungsten concentrations,
plants were characterized by the stunted growth.

Plants sprayed with molybdenum and
combined concentration continued to grow even

Metattes / 0.1 MM 0.5 MM 1M
Concentrations
Control Curling of the upper and mid-tier leaves, death of the lower tier leaves
Curling of the upper tier leaves Curling of the upper tier leaves . . .
. . . light curl f th t
Mo and small areas of necrosis on the | and mosaic pattern on the mid- Slight cur mlisves ¢ upper tiet
mid-tier leaves tier leaves
. . Curling of the upper and mid- Ap ! cal necrosis, d.eath of the
Curling of the upper tier leaves, . mid- and lower tier leaves,
W o . tier leaves, death of the lower . .
wilting of the lower tier leaves . curling and mosaic of the upper
tier leaves .
tier leaves
Curling of the upper tier leaves Curling of the upper and mid-tier Curling of leaves and mosaic
Mo +W and small areas of necrosis on the leaves, small areas of necrosis pattern on the mid-tier leaves,
mid-tier leaves on the mid-tier leaves necrosis of the lower tier leaves

after inoculation. It has already been proven that
molybdenum enhances the oxidative tolerance of
plants by increasing the activity of antioxidant
enzymes and the production of abscisic acid
(ABA) [39]. Therefore, plants treated with
molybdenum continued to grow. The stunted
plant growth after spraying with tungsten
is a toxic effect characteristic of this metal
[40].

Subsequent observation of the development
of symptoms was performed on the day after
inoculation.
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Control

Mo + W

Figure 4 — The morphological signs of plant infestation treated
with 0.1, 0.5, 1 mM concentrations of Mo , W and Mo+W 7dpi

Mo W R + W M W Mo + W Mo w Bl + W
Control 0,1 m 0,1 mha 0,1 mh 0,5 mm 0,5 mM 0,5 mM 1mm 1 mM 1mM

"Lkl L Saf L

Figure 5 — Detection of RNA molecules in agarose gel from soil-grown plant samples:
(A) using gel-documenting system Mego Bio-print-1100/20M, (B)
using transilluminator ECX Vilber Lourmat (France)

On the seventh day after inoculation, plants treat- Tungsten is a heavy metal [42]. Heavy metals
ed with 1 mM concentration of tungstate showed  (such as lead and copper) stimulate virus infection
clear symptoms of infection. The lower tier leaves  and lead to the virus population doubling [43]. Per-
died. It has been documented that excess tungsten  haps tungsten has a similar effect on the plant de-
can cause programmed cell death (PCD) [41]. fense system.
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Table 3 — Symptoms of virus infection on the third day after inoculation of hydroponically grown plants

M
etattes / 0.1 MM 0.5 MM 1 MM
Concentrations
Control Curling of the upper tier leaves, necrotic lesions on inoculated leaves
Appearance of numerous side Appearance of numerous side Appearance of numerous side
Mo shoots (bushy appearance), curling | shoots (bushy appearance), curling | shoots (bushy appearance), curling
of the upper tier leaves, necrotic of the upper tier leaves, necrotic | of the upper tier leaves, necrotic
lesions on inoculated leaves lesions on inoculated leaves lesions on inoculated leaves
Stunted growth, curling of the Stunted growth, increased curling
Stunted growth, curling of the upper tier leaves and necrotic of the upper tier leaves, presence
w upper tier leaves and necrotic lesions on inoculated leaves, of necrotic areas on the upper tier
lesions on inoculated leaves appearance of numerous side leaves, appearance of numerous
shoots (bushy appearance) side shoots (bushy appearance)
Appearance of numerous side Appearance of numerous side Appearance of numerous side
Mo + W shoots (bushy appearance), curling | shoots (bushy appearance), curling | shoots (bushy appearance), curling
of the upper tier leaves, necrotic of the upper tier leaves, necrotic | of the upper tier leaves, necrotic
lesions on inoculated leaves lesions on inoculated leaves lesions on inoculated leaves
0,1 mM 0,5 MM 1mM
Mo
Control
W
Mo + W

Figure 6 — Morphological signs of infection in N. benthamiana plants grown on a hydroponic

unit and treated with 0.1, 0.5, 1 mM concentration 3 dpi.

The symptoms of infection of plants sprayed Plants sprayed with three concentrations of
with the combined concentration are similar to the ~ molybdenum also showed symptoms of infection.
symptoms of virus infection in the control plant.  Despite this, we discovered a trend: the higher the
Chlorosis of the lower leaves in plants treated with ~ concentration, the weaker the symptoms of infec-
0.5 and 1 mM concentrations of Mo+W is a charac-  tion. The weakest symptoms of infection were char-
teristic sign of heavy metal impact on plants [44]. acteristic of 1 mM concentration of molybdenum.

65



Evaluation of effect of exogenous molybdenum and tungsten on seed germinability and on symptoms of virus infection in plants

It has already been proven that treatment of plants
with non-toxic concentrations of the heavy metal
cadmium can inhibit the spread of virus infection by
blocking virus exit from the vascular tissue [45]. This
experiment demonstrated that a 1 mM concentration
of molybdenum is capable of delaying the spread of
viral infection. This fact is explained by the activation
of the aldehyde oxidase enzyme, which has a defense
property against virus infection [46].

Necrosis of inoculated leaves of plants treated
with 0.5 and 1 mM concentrations of molybdenum
is a defense mechanism to block the spread of vi-
rus infection. According to Tapan K. and Yergali-
yeva T., AO can serve as an important biological
source of reactive oxygen species (ROS), which
perform defense functions during the pathogen
invasion by blocking the spread of virus infection
[20].

Table 4 — Symptoms of virus infection on the third day after inoculation of hydroponically grown plants

Metattes / 0.1 MM 0.5 MM 1 MM
Concentrations
Control Curling and mosaic of the upper tier leaves, complete necrosis
of inoculated mid-tier leaves and wilting of the lower tier leaves
Curling of the upper tier leaves,
increased shoot growth, necrosis Slight curling of the upper tier Slight curling of the upper tier
Mo of shoot leaf tips, mosaic and leaves and necrosis of inoculated | leaves and necrosis of inoculated
increased curling of the upper tier leaves leaves
leaves

Mosaic and increased curling of the
W upper tier leaves, increased shoot
growth, necrosis of shoot leaf tips

Curling of the upper tier leaves,
shoot leaves curling, necrosis
of inoculated leaves. Intense

chlorosis of the lower tier leaves.

Increased curling of the upper tier

leaves, curling and necrotic lesions

on the mid-tier leaves, dying off of
the lower tier leaves

Mosaic and increased curling of the

Curling of the upper tier leaves
and necrosis of inoculated leaves.

Curling of the upper tier leaves,
necrotic lesions on inoculated mid-

Mo +W upper tier leaves, increased shoot . . . .
PP . . Intense chlorosis of the lower tier | tier leaves. Intense chlorosis of the
growth, necrosis of shoot leaf tips .
leaves. lower tier leaves.
0,1 mM 0,5 mM 1mM
Mo
Control
W
Mo + W

Figure 7 — Morphological signs of infection in N. benthamiana plants grown on a hydroponic unit
and treated with 0.1, 0.5, 1 mM concentration 7 dpi.
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Detection of virus infection in inoculated plants
grown on a hydroponic plant using agarose gel
electrophoresis

Mo W

Contral DdmM 01 mmM

.....

Bl + A Mo

Virus particles acids that glow under UV light.
Wild-type TBSV can be seen as single bright bands
on traces with samples isolated from leaves of
infected N. benthamiana plants (Fig. 8).

W Mo + W Mo W
0,5 mM 0,5 mM 1 mM 1

..........

Figure 8 — Detection of RNA molecules in agarose gel from plant samples grown on a hydroponic unit:
(A) using gel-documenting system Mego Bio-print-1100/20M, (B) using transilluminator ECX Vilber Lourmat (France)

Conclusion

Molybdenum deficiency leads to deterioration
in the quality of crop products, and the impact of
such abiotic stress as virus infection damages the
entire agriculture of the Republic of Kazakhstan.
Exposure to one stress affects the response of plants
during another stress. These two issues formed the
basis of our article.

Molybdenum deficiency in plants was
replenished by priming. The optimal concentration
for seed saturation is 1 mM molybdenum
concentration, since it is this concentration that
promotes absolute seed germination.

Plants deficient in a vital trace element such as
molybdenum become the most vulnerable to virus
infection.

Our study confirmed that molybdenum
application can enhance plant defense mechanisms
against virus infection by activating the
molybdoenzyme, aldehyde oxidase. Aldehyde
oxidase promotes the production of hydrogen
peroxide, which helps to inhibit the spread of virus
infection in experimental plants.

Aldehyde oxidase produces H202 during the
oxidation of aromatic and aliphatic aldehydes.
Oxidation electrons are transferred to molecular
oxygen in a two-electron transfer step, resulting in
the reduction of molecular oxygen to H202.

H202 performs several sequential functions: it
initiates intense oxidative stress, accompanied by
damage and cell death at the site of virus penetration,
then peroxide acts as signaling molecules, induction
of plant protective genes, glutathione S-transferase
(GST) and glutathione peroxidase (GPx), which
contribute to the formation of adaptive mechanisms
and strengthen the cell wall: papillae are formed,
lignification process is activated. As a result,
the supply of nutrients to neighboring tissues is
restricted, which leads to inhibition of the spread of
viral infection.

In this case, even infected plants continue
their growth and development. The optimal
concentration for increasing plant resistance to
virus infection is also 1 mM concentration of
molybdenum. This study confirmed that 1 mM
concentration is optimal for seed germination and
resistance to virus infection.
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