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We can see from phylogenetic tree that cluster separa-
tion depends neither on geography of virus isolation
(Ukrainian isolate are similar to American) nor on plant
cultivar as Ukraine isolate was extracted from Sum and
substance hosta cultivar whereas similar American isolate
was selected from hosta Striptease.

Our data is in agreement with literuture data according
to with analisys of CP i TGB1 aminoacid sequenses of all
known HVX strains confirmed their monophyletic origin.
Never the less the relationships between different isolates
of HVX are still unclear [8].

It was also shown that the HVX-CP gene is less vari-
able than TGB1, which suggests that CP is possibly under
more stringent selection pressure than TGB1. The substitu-
tions observed among the isolates in their respective se-
quences of the two genes were irregularly distributed. The
3'-proximal part of CP was the least variable region. This is
probably due to its critical role in mediating essential func-
tions such as interaction with the genomic RNA, movement
and encapsidation [9,10].

Observed HVX genetic variability possibly has biologi-
cal value. There are many instances where it has been
shown that a single amino acid changes in the CP of a
plant virus has a significant impact on virus/host interac-
tions. Hence, additional investigations are required to de-

termine the biological significance of the observed amino
acid sequence diversity in CP and TGB1 of HVX.

Reference

1. Currier S, Lockhart BEL. Characterization of a potexvirus infecting
Hosta spp // Plant Dis. — 1996. — Vol. 80 — P. 1040-1043.

2. Kolackova A., Holkova L. First report of Hosta virus Xinfecting
Hostain the Czech Republic // New Disease Reports — 2011 — Vol. 24 — P:9.

3. Lockhart B., Currier S. Viruses occurring in Hosta spp. in the USA //
Acta Hort — 1996 — Vol.19 — P. 62-67.

4. Park M.H., Ryu K.H. Molecular evidence supporting the classification
of Hosta virus X as a distinct species of the genus Potexvirus // Arch Virol —
2003 — Vol.148 — P:2039-2045.

5. Adedire O.L., Wen R.H., Windham A., Windham M., Hajimorad M.R.
Hosta virus X in Hostaidentified in Tennessee, USA // Plant Pathology —
2009 - Vol.58 — P:405.

6. Koenig R., Lesemann DE., Potexvirus group. Descriptions of Plant
Viruses // CMI/AAB. — England — 1978 — No. 200].

7. Tamura K., Peterson D., Peterson N. et al. MEGA5: Molecular Evolu-
tionary Genetics Analysis using Maximum Likelihood, Evolutionary Distance,
and Maximum Parsimony Methods//Mol. Biol. Evol. — 2011. — V. 28, Ne 10. —
P. 2731-2739.

8. Fajolu O., Wen R.-H., Windham S., Windham M. T., Moulton J. K.,
Hajimorad M.R. Genetic variability and phylogenetic analysis of hosta virus
X /I Arch Virol — 2009 — Vol.154 — P.1909-1916.

9. Lewandowski D. J. Hosta Virus X // Agriculture and Natural Re-
sources — 2008 — HYG-3069-08.

10. Tang J., Hardy C., Lebas B.S.M., Ward L.I. Presence of Hosta virus
X in New Zealand // Australasian Plant Dis. — 2012 — Vol.7 — P:39-40.

Received to editorial board 10.12.13

I. lLleTuHiHa, acn., O. NMepe6onyyk, kaHAa. 6ion. Hayk, A. XapiHa, kaHA. 6ion. Hayk

KHY imeHi Tapaca LLleB4yeHka, KuiB

®INOrEHETUYHUN AHANI3 X BIPYCY XOCTU OETEKTOBAHOIO HA TEPUTOPII YKPAIHU
X-eipyc xocmu (Potexvirus, HVX) 6ye ideHmucbikoeaHuli memodom IPA e pisHux copmax xocma 3 konekyii HayionanbHo2o0 6omaHi4yHo20 ca-
OaHAH Ykpainu im. M.M. Mpuwka. OmpumaHo cukeeHc 2eHa 6inka o60/10HKU yKpaiHcbko20 i3onsamy HVX. OmpumaHa nocnidoeHicmb rnopieHroea-
nacs 3 eidomumu wmamamu 3 NeHb6aHka. Punoz2eHemuyeckue depeea 6ynu nobydoeaHi 3a donomozoto Memody 06'edHaHHsI cycidie i Makcumarnb-
Hoi npaedonodi6Hocmi. eH kancudHoz2o 6inka ykpaiHcbko20 i3onamy Ha 99-100% nodi6Hi 3a HykneomudHUM i amiHOKUCTIOMHUM nocsiidoeHocmel
3 amMepuKaHCbKUMU u30Jisimamu.
Knroyoei cnoea: x-8ipyc xocmu, imyHoghepmeHmHuli aHanis, 2eH6aHK.

T. lLleTuHuHa, acn., O. Mepe6onyyk, kaHA. 6uon. Hayk, A. XapuHa, kaHA. 6uon. Hayk,
KHY nmenu Tapaca LLleB4yeHko, KueB

PUNTOTEHETUYECKUN AHATIU3 X BUPYCA XOCTbl DETEKTUPYEMOIO HA TEPPUTOPUUN YKPAUHDbI
X-supyc xocmsl (Potexvirus, HVX) 6611 udeHnmuguyupoead memodom UDA e pasnudHbix copmax xocmbl u3 konnekyuu HayuoHanbHo20 60-
maHu4yeckoz2o cada HAH Ykpaunbi um. H.H. Mpuwka. MonyyeH cukeeHc 2eHa 6esika 060/104KU yKpauHcko2o u3onsima HVX. MonyyeHHass nocnedo-
eamesibHOCMb CcpaeHUBaslacb C U38eCmHbIMU WmaMMamu u3 2eH6aHKa. dunozeHemuyveckue depeebsi 6bis1U MOCMPOEHbI C MOMOWbLI0 Memoda
o6beduHeHus1 cocedell U MaKkcuMasibHo20 npaedonodobus. 'eH kancudHoz20 6esika yKpauHCcKo20 usonsima Ha 99-100% nodob6eH no Hykreomuo-
HbIM U aMUHOKUCIIOMHbIM rnocsiedogamesisHOCMSM ¢ aMepuKkaHCKUMU u3osissmamu.
Knroyoesle cnoea: x-eupyc xocmbl, uMMyHOghepMeHMHbIl aHanu3, 2eH6aHK.
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COMPLEMENTARY RESULTS OF LUMINESCENT
AND TRANSMISSION ELECTRON MICROSCOPY PROVIDE STRIKING EVIDENCE
OF HEAVY METAL IONS®' EFFECT ON THE FORMATION OF AGGREGATES
OF TOBACCO MOSAIC VIRUS VIRIONS BOTH /N VITRO AND /N ViIvVO

In vitro electron microscopy studies showed that virus particles treated with heavy metals aggregate creating either ‘typical’
lateral (side-to-side) aggregates of virions or star-like ones not reported previously. Luminescent light microscopy of epidermal
cells of virus-infected tobacco plants demonstrated that metal treatment has led to the appearance of mostly amorphous and
noncompact inclusion bodies, which were not typical for cells of plants not stressed with a heavy metal. Finally, electron micros-
copy of thin sections of tissues of virus-infected tobacco plants showed that metal-affected cells contained higher numbers of
larger crystalline multilayered inclusions consisting of virus particles.

Key words: virus-infected tobacco, metal-affected cells.

Introduction. Previously we have shown that heavy
metal contamination of ecosystems favours plant virus
spread [1, 2], more intense accumulation of viruses by sys-
temically infected plants and delay in the onset of virus-
specific symptoms [3]. We have also demonstrated positive
correlation between the heavy metal content in soil and

virus concentration in tissues of plants grown in such soil
[4]. Long-term virus passaging in heavy metal-stressed
plants has been shown to affect neither virus infectivity nor
the appearance of local virus-specific symptoms [4, 5].
According to the proposed hypothesis (partially con-
firmed by the outcomes of laboratory and small-scale field
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experiments), chronic effect of abiotic environmental stress
factors may lead to intensification of plant virus infection
development. Many plausible reasons for this may be sug-
gested including: (i) more efficient intercellular and/or sys-
temic virus ftransport; (ii) more efficient virus replica-
tion/accumulation at the cell level (for instance, due to the
plant defenses' failure); (iii) formation of novel virus vari-
ants tolerant to the stress exerted by the metals.

This work has been focused on the second option, as
we have studied the in vitro and in vivo effects of heavy
metals on Tobacco mosaic virus (TMV) virions and forma-
tion of virus-induced inclusion bodies in infected cells.

Materials and methods. In this work we have used a
well-studied model system "Tobacco mosaic virus — Nico-
tiana tabacum cv. Samsun plants".

Tobacco plants were virus-inoculated mechanically in
two upper leaves at the stage of four true leaves using car-
borundum powder [6]. The concentration of inoculum was
150 pg/ml. The development of systemic viral infection was
monitored visually by symptoms, and using indirect ELISA
[7] to measure virus content in the plants (not shown here
for the lack of space).

Heavy metals Zn and Pb in the form of water-soluble
salts (ZnSO4x7H20 and Pb(NO3)2 (Alfarus, Ukraine) have
been used to simulate a soil contamination. The com-
pounds were dissolved in sterile distilled water and added
to soil separately (monometal contamination) at the 5X
maximum permissible concentrations (MPC). Values of 1X
MPC for the metals under study were as follows: Zn —
300 mg/kg, and Pb — 100 mg/kg [8]. The heavy metals were
applied to soil 5 days prior to plant inoculation with TMV.

For thin-sectioning studies, leaf tissue was processed, thin
sectioned and analyzed with a transmission electron micro-

scope according to generally-accepted protocols [9]. For mi-
croscopy, copper grids or blends (Sigma, USA) were coated
with  chloroform-dissolved 0.2% polyvinyl formaldehyde
(Serva, Germany), dried overnight on filter paper at room
temperature, and then strengthened with carbon coating. The
samples deposited onto grids were stained with 2.5% uranyl
acetate and 0.02 N lead citrate (Serva, Germany), and exam-
ined using JEM-1200 ex or JEM 1400 (JEOL, Japan) trans-
mission electron microscopes. The sections were photo-
graphed at a magnification of 5,000-60,000x.

For luminescent microscopy studies we used fresh leaf
tissue of tobacco plants, acridine orange dye and green
light filter following generally-accepted protocol [10]. Pho-
tographs were made under UV-light at an instrumental
magpnification of 630x.

For in vitro studies, water-soluble salts of heavy met-
als (ZnS04x7H20 and Pb(NO3)2 (Alfarus, Ukraine) have
been used at the range of concentrations (5-22 mM, cal-
culated for metal). TMV was used in the distilled water
suspension of 0.165 mg/ml. Salt and virus suspensions
were mixed 1:1 on a glass slide and incubated at room
temperature for 30 min [11]. The resulting suspension
was used for transmission electron microscopy studies
following the generally-accepted procedure at a magnifi-
cation of 5,000-30,000x.

Results and discussion. In vitro studies showed that
TMV particles treated with heavy metals aggregate in two
ways creating either 'typical' lateral (side-to-side) aggre-
gates of virions known from literature or star-like ones not
reported previously (Figure 1, 2). Together with available
data [12], the importance of bivalent metal ions for the for-
mation of TMV-specific inclusion bodies in infected plant
cells has been suggested.
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Figure 1. Electron micrograph of TMV suspension:
(A, B) incubated with Zn salt (instrumental magnification 40000x); (C) incubated with Pb salt (instrumental magnification 30000x);
(D) not treated with metal (instrumental magnification 30000x)

Indeed, this has also been confirmed in part by in vivo lu-
minescent analysis of epidermal cells of TMV-infected to-
bacco plants. Normally, TMV U1 strain induced the devel-
opment of quasi-crystal intracellular inclusion bodies charac-

terized by compactness, visual homogeneity and geometri-
cally 'proper' shape. Zinc treatment has led to the appear-
ance of the inclusion bodies, most of which being amor-
phous and noncompact, with visible 'fissures' (Figure 2).
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Figure 2. Luminescent microscopy of TMV-induced inclusion bodies in epidermal hairs of leaves
of infected tobacco plants (UV light, acridine orange dye, green light filter, instrumental magnification 630x):
(A) compact virus inclusion (orange) typical for plants not treated with heavy metals; (B) noncompact virus inclusion (orange) often
found in metal-stressed plants

Further, we were primarily concerned with observing the
progress of TMV infection in cells of systemically infected to-
bacco plants subjected to heavy metal stress. The point was
to use electron microscopy as a proxy measure to see
whether virus replicates more efficiently in a single cell, and to
elucidate the consequences of dual stress at the cell level.

Intact palisade parenchyma cells of tobacco plants had a
typical morphology and properly shaped nuclei, chloroplasts
and mitochondria. The nucleus with nucleoli normally was
located close to the centre of the cell, whereas large chloro-

plasts were oval in shape, had dense stroma, fully-formed
thylacoids and lamellas, and typically resided at the cell pe-
riphery. Cells of tobacco plants systemically infected with
TMV showed typical mild pathologies mainly involving a
moderate vacuolization of the cytoplasm and deformation of
chloroplasts. The nuclei of such cells were larger than those
of intact cells, but the cell wall, mitochondria and cell mem-
brane did not demonstrate significant alterations. Virus-
specific crystalline inclusion bodies have been found in the
cytoplasm close to the cell periphery (Figure 3).

Figure 3. Electron micrographs of intact (A) and TMV-infected (B) cells of tobacco plants

Mesophyll cells of Zn-treated TMV-infected tobacco
plants demonstrated higher degree of vacuolization. Their
organelles (mainly, the nucleus and chloroplasts) were
often significantly distorted and usually displaced close to
the cell membrane. Virus particles formed numerous
prominent crystalline inclusion bodies located close to the
cell periphery forming layered structures composed of TMV
virions. In Zn-treated cells TMV particles have been re-
peatedly observed in nuclei and chloroplasts.

Pb-treated plant cells also reacted on viral infection
rather similarly (Fig.7). To our opinion, lead ions had more
dramatic effect on the progress of TMV infection in tobacco
parenchyma cells. As such, organelles (especially the nu-
cleus and chloroplasts) were more damaged. Cells of virus-
infected tobacco plants grown in Pb-enriched substrate
also showed higher degree of vacuolization, distinct ab-

A

normalities of the cell wall structure (visual 'fragility') and
expansion of the intercellular space. These virus-infected
cells, as well as Zn-effected, also contained numerous ab-
normally large starch grains in their chloroplasts. It worth to
note that according to microscopy data the cytoplasm of
such cells contained more virions and fully-formed virus-
specific crystalline inclusions as compared to the cells of
Zn-treated virus-infected plants (Figure 4).

In this work we were primarily concerned with observ-
ing the progress of TMV infection in cells of systemically
infected tobacco plants subjected to heavy metal stress.
The point was to use electron microscopy as a proxy
measure to see whether virus replicates more efficiently in
a single cell, and to elucidate the consequences of dual
stress at the cell level.
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Figure 4. Electron micrographs of TMV-infe;:ted cells of tobacco plants grown in (A) Zn-amended or (B) Pb-amended soil
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Visual estimates of the course of viral infection clearly
show that heavy metals Zn or Pb potentiate virus accumu-
lation in cells. This is in accordance with the quantitative
ELISA results, when Zn and Pb induced respectively
2-times and 4,5-times increase in TMV content as com-
pared to that in virus-infected plants not treated with heavy
metals (i.e., representing virus load at the plant level). In
addition, the microscopy provided evidence that metal-
affected cells contained higher numbers of larger crystal-
line multilayered inclusions consisting of TMV particles.

In TMV-infected parenchyma cells of tobacco plants
stressed by another stressor, heavy metal (Zn or Pb), simi-
lar pathological changes were observed: vacuolization,
some distortion/damage of major organelles (nucleus and
chloroplasts) more evident in Pb-treated cells, occurrence
of large starch grains in the chloroplasts and trans-
/malformation of the cell wall (Pb-specific effect). One can
say that the overall cell degradation is much more severe
when cells are affected by both TMV and a heavy metal.

Conclusions. In this work we have demonstrated plau-
sible coherence of results obtained using different kinds of
microscopy for TMV virions in vitro and viral infection in
vivo. Presented data show that heavy metals may have
direct effects on virions' aggregation and also can (indi-
rectly) influence the formation of viral inclusions in the cell.
Combined effect of viral infection and heavy metals has
more serious consequences for cells of tobacco plants and
may be indicative of more efficient virus replication in
chronically stressed cells.
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KHY imeHi Tapaca LLeB4eHka, KuiB

B3AEMOOMNOBHIOKOYI PE3YNIbTATU NIIOMIHECLIEHTHOI TA TPAHCMICIAHOI ENEKTPOHHOI MIKPOCKONIT
CBIOYATDb MNMPO BIMJIUB IOHIB BAXXKMX METAINIB HA YTBOPEHHSA AIrPErATIB BIPIOHIB BIPYCY
TIOTIOHOBOI MO3AIKU K B YMOBAX IN VITRO, TAK | IN VIVO

EnekmpoHHoMikpockoniyHi docnidxeHHs1 8 yMoeax in vitro noka3asu, ujo o6pobrieHi eaxkuMu Memasiamu eipycHi Yacmku azpez2yroms y "mu-
noei" cmpykmypu, e sikux gipioHu 3'e0HaHi namepanbHO, ma ymeoproroms 3ipkonodioHi cmpykmypu, HeonucaHi paHiwe. Pesynbmamu ceimnoeoi
NroMiHecyeHmHoi Mikpockonii npodeMoHcmpyseanu, wo nio enueoM 8aXxKux memarsie 8 enidepmasnbHUX KnimuHax eipyc-iHghikosaHux pocrnuH
MIOMI0OHY ymeoprorombCsi 20/I086HUM YUHOM aMOPGHi HEKOMMaKMHI 8ipycHi 8KITI0OYeHHsI, Hemuroei O7ns1 KNimuH POC/uH, siKi He nidnsizanu ennusy
cmpecy, Crpu4uHeHo020 8aXKUMu memanamu. EnekmpoHHa MiKpockonisi ynbmpamoHKuX 3pi3ie mkaHuH eipyc-iHghikogaHUX POC/IUH MIOMIOHY
rnoka3sana, Wo eaxki Memarsnu euksiukau nosiey 6inbwoi KinbKkocmi eenukux 6azamowapoeux 8KI0Y€eHb, sIKi CKI1adaucsi 3 8ipyCHUX 4acmok.

Knro4oei cnoea: nromiHecyeHmHa MiKpOCKoOisi, MIKPOCKOMisi yNbmpamoHKUX 3pi3ie, eaxki memanu, eipyc-iHghikogaHi pocnuHU MOMIHY,
8ipYCHIi 8KI/THOYEHHSI.

A. leBueHko, kaHAa. 6uon. Hayk, E. UyTuHckasn, kaHa. 6uon. Hayk, Mnag. Hay4. CoTp.
KHY nmenu Tapaca LLleB4yeHko, KueB

B3AUMOLOMNOJNHAIOLWME PE3YNbTATbI IOMUHECLEHTHON
U TPAHCMUCCUBHOW 3NIEKTPOHHOW MUKPOCKONMNWUU CBUAETENBLCTBYIOT
O BIIMAHUN NOHOB TAXEJIbIX METAJIJIOB HA OBPA30OBAHUE ATPEFATOB BUPUOHOB
BUPYCA TABAYHOW MO3AKU KAK B YCITOBUAX IN VITRO, TAK W IN VIVO

AnekmpoHHOMUKpPOCKONuYecKue uccredoeaHusi 8 ycoeusx in vitro nokasanu, ymo o6pabomaHHble MsXXeNbIMU Memannamu eupycHble 4ac-
muuybl azpeaupyrom 6 "munu4Hbie” cmpyKmypbl, 8 KOmopbIX 8UPUOHbLI COEOUHEHbI JlamepasnibHO, U 06pa3ytom 38€300M10006HbIe CMPYKMYypbI,
onucaHble paHee. Pe3ynbsmambi ceemogoli IIOMUHeCyeHMHoU MUKPOCKOMUU MoKa3asu, Ymo nod esussHueM msixesibiX Memarioe e anudepmarb-
HbIX K/lemkKax eupyc-uHguyupoeaHHbIX pacmeHuli mabaka o6pa3yromcsi 2/1aéHbIM 06pa3oM aMOPgHbIE HEKOMIMAKMHbLIE 8UPYCHbIE SKITHOYEHUS,
HemunuyHble Ons1 KIemoK pacmeHuli, Komopbie He nodnexanu eo3delicmeuto cmpecca, 8bI38aHHO20 MshKesIbIMU Memasnnamu. JeKmpoHHas
MUKPOCKOMUS yNIbmpamoHKUX cpe30e mkaHel eupyc-uHghuyupoeaHHbIX pacmeHuli mabaka nokasana, Ymo msikesible Memasnbl npusenu 60Jb-
wemy Kosu4yecmey MHO20C/TIO0UHbIX 8KITFOYEHUL, KOMOopble COCMOSIU U3 8UPYCHbIX Yacmuy.

Kntodeebie croea: noMUHecyeHMHasi MUKPOCKOIMUS, MUKPOCKOMUS Y/IbMPamoHKUX CPpe308, msiXe/ible Memarsbl, eupyc-UHuyuposaHHbie
pacmeHusi mabaka, euUpyCHbIe 8KITIOYEHUS].



