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Introduction

Aim. We carried out the phylogenetic analysis of the Ukrainian isolates of Cucumber mosaic
virus using incomplete sequences of several viral genes.Methods. ELISA, RT-PCR, DNA
sequencing and phylogenetic analysis. Results. The symptomatic samples of plants from dif-
ferent regions of Ukraine were collected and tested for CMV infection. Partial sequences of
the genes encoding coat protein, movement protein and 2b protein of four Ukrainian CMV
isolates were amplified and analyzed. These isolates were shown to belong to subgroups TA
and IB. The coat protein, movement protein and 2b protein gene sequences demonstrated high
intragroup homology. For isolates CMV-Ukr-28 and CMV-Ukr-58, the unique amino acid
substitutions were detected in 2b protein sequences which were considered independent of the
host plant. Conclusions. The isolates of Cucumber mosaic virus which circulate in Ukraine
and are described in this study, belong to the most widespread phylogenetic subgroups IA and
IB which are also found in other European countries. The obtained data may indicate separate
routes of CMV infection, as well as the ongoing virus microevolution in Ukraine.

Keywords: Cucumber mosaic virus, coat protein gene, movement protein gene, 2b protein
gene, phylogenetic analysis

year [1]. Wide dissemination of CMV suggests
its success in rapid adapting to new hosts and

Cucumber mosaic virus (CMV) is a type spe-
cies of the genus Cucumovirus (family
Bromoviridae) and known to infect approxi-
mately 1300 species of more than 500 mono-
and dicotyledonous plant genera among over
100 families, with new hosts reported every

new environments [2].

The genome of CMV is a single-stranded
positive sense RNA. There are three RNA seg-
ments containing five open reading frames
(ORF), which are packed in separate icosahe-
dral particles and code for the proteins 1a and
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2a (viral polymerase complex), 2b (suppressor
of the post-transcriptional gene silencing), 3a
(movement protein (MP)), and coat protein
(CP) [3].

According to serological relationships, pep-
tide mapping of the coat protein, nucleic acid
hybridization and nucleotide sequence iden-
tity, a number of CMYV isolates have been
described previously and classified into two
subgroups, designated I and II [4]. The devel-
opment of phylogenetic analysis methods led
to a further subdivision of CMV isolates of
subgroup I into subgroups IA and IB [4].
Subgroup IA and group II have worldwide
distribution and the subgroup IB is restricted
to Asia only [5]. The homology of nucleotide
sequences of group I and group II representa-
tives constitutes ~67—77%, when nucleotide
sequence similarity among subgroup IA and
IB strains is 92-94% or higher [2].

In Ukraine, the isolates of subgroups IA and
IB were found previously [6]. The presence of
subgroup II was initially reported but has not
been confirmed by phylogenetic analysis [7].
However, these conclusions were based exclu-
sively on the coat protein gene sequence as
the information about the other genes was
missing at the time. In this work, the addi-
tional sequences of the movement protein and
2b protein genes were employed as these affect
the pathogenicity of the isolate: together with
the coat protein, the movement protein is in-
volved in the cell-to-cell movement, when 2b
protein is a suppressor of the post-transcrip-
tional gene silencing and also facilitates long-
distance movement.

In the current work, we used incomplete
sequences of three viral genes for the phylo-
genetic analysis of the Ukrainian isolates of

Cucumber mosaic virus. These isolates be-
longed to subgroups IA and IB only. The
unique amino acid substitutions were detected
in the 2b protein sequences of two CMV iso-
lates described here, suggesting separate routes
of CMV infection and the ongoing virus mi-
croevolution in Ukraine.

Materials and Methods

Symptomatic plant samples were collected in
different regions of Ukraine (Vinnytsia,
Zaporizhzhia, Kyiv, Kirovohrad, Odessa,
Poltava, Lviv, Ivano-Frankivsk, Cherkasy and
Chernihiv) during the growing seasons of 2009—
2016. Plants (pumpkin, squash, watermelon,
melon, and cucumber) showing CMV-like
symptoms of mosaic, stunting, fruit discolor-
ation and/or malformation, were collected.

Collected samples were tested for CMV
infection by a direct double-antibody sandwich
enzyme-linked immunosorbent assay (DAS-
ELISA), as described by Clark and Adams
(1977) [8], using CMV-specific polyclonal
antibodies (Loewe, Germany). Briefly, plant
leaves were ground to a powder with mortar
and pestle in 0.1M phosphate buffered saline
(PBS), pH 7.4, 1:2 (m/v). Plant debris was
removed by centrifugation at 5.000 g for
20 minutes at +4°C. The supernatant was used
for ELISA. DAS-ELISA was performed ac-
cording to the manufacturer’s recommenda-
tions. Absorbance values at 405 nm were mea-
sured using a Termo Labsystems Opsis MR
microtitre plate reader (USA).

Total RNA was extracted from naturally
infected CMV-positive plant samples using
RNeasy Plant Mini kit (Qiagen, UK). The two-
step reverse transcription reaction (RT-PCR)
was accomplished using pairs of specific prim-
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Fig. 1. Virus-like symptoms on sampled plants in field conditions (later confirmed as CMV-positive): 4 — leaf

deformation and stunting (pumpkin plant), B - leaf rolling and mosaic, and stunting (squash plant)

ers complementary to the genes of the CP, MP
and 2b protein of CMV producing the ampli-
cons with expected size of 500 bp, 800 bp, and
300 bp, respectively [9, 10]. Total RNA extrac-
tion and PCR amplification were assessed by
electrophoresis in a 1.5% agarose gel in TBE
buffer (89 mM TRIS borate and 2 mM EDTA,
pH 8.3) stained with ethidium bromide. The
purified amplicons were sequenced using
Applied Biosystems 3730x1 DNA Analyzer
with Big Dye terminators, version 3.1 (Applied
Biosystems, USA).

The aligned cDNA sequences of Ukrainian
CMV isolates were compared with the nucle-

otide sequences of CMYV strains and isolates
belonging to subgroup I and II publicly avail-
able from the GenBank database (http://www.
ncbi.nlm.nih.gov). The phylogenetic analysis
was conducted using MEGA 6 software. The
phylogenetic trees were constructed using the
Neighbor-Joining method.

Results and Discussion

A total of 370 samples of cucurbit plants show-
ing virus-like symptoms of yellow leaf mo-
saic, dark green spotting, leaf deformation,
vein banding, and/or fruit malformation
(Fig. 1) were collected in different sites.

Table 1. Ukrainian isolates of CMYV used for phylogenetic analysis

Isolate Host Symptoms Sampling region | Sampling year

CMV-Ukr-2114 Squash . Light green mosaic, vein banding, fruit Cherkasy 2014
(Cucurbita pepo L.) | malformation
Squash Yellow-green mosaic, leaf rolling and .

CMV-Uke-28 | cvycurbita pepo L) | yellowing, fruit malformation with knobs Lviv 2015

CMV-Ukr-36 Cucumb.er . Light green mosaic, fruit malformation Poltava 2015
(Cucumis sativus L.)

CMV-Ukr-s8 | Sauash - Fruit malformation Cherkasy 2015
(Cucurbita pepo L.)
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CMYV was detected by DAS-ELISA in large
part of the collected plant samples (>50%)
including pumpkin, squash, and cucumber.
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For further investigations, four samples
were selected differing either by their native
hosts or year of sampling (Table 1).

Partial nucleotide sequences of the CP, MP
and 2b genes responsible for pathogenicity of
CMV were amplified for four isolates desig-
nated CMV-Ukr-2114, CMV-Ukr-28, CMV-
Ukr-36, and CMV-Ukr-58 (see Table 1).

The nucleotide sequences of CMV strains
available from the GenBank database were
used when constructing the phylogenetic trees.
These strains originate from different countries
and are considered as typical representatives
of the IA and IB subgroups (Fig. 2). Strain TN
(AB176847) belonging to the subgroup I was
used as the outgroup.

Fig. 2. Neighbor-Joining trees showing phylogenetic re-
lationships among previously known strains/isolates of
CMYV and four Ukrainian isolates based on their partial
nucleotide sequences of the coat protein (A), movement
protein (B) and 2b protein (C) genes. Bootstrap values
are shown near the branches. Ukrainian isolates are
shown in squares
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Regardless of the gene used for phyloge-
netic analysis, the trees (Fig.2, A, B and C)
had similar topology. In parallel to our previ-
ous results [6], Ukrainian isolates belonged to
the subgroups IA (isolate CMV-Ukr-2114) and
IB (isolates CMV-Ukr-28, CMV-Ukr-36, and
CMV-Ukr-58).

Depending on the gene used for phyloge-
netic analysis, Ukrainian subgroup IB isolates
changed their positions within the subcluster:

Table 2. Nucleotide identity (%) of partial
nucleotide sequences of CP, MP and 2b genes
of Ukrainian isolates of CMV. The highest
percentage of pairwise identity is shown in bold

cpP
X
= ' 0 ' O ' o0
Isolate > qQ Z e w >0
g5 | 25|85 |82
CMV-Ukr-2114 | 100
CMV-Ukr-28 93 100
CMV-Ukr-36 92,7 99,7 100
CMV-Ukr-58 93 98,4 99 100
MP
X
Isolate > ‘T'. > g; > § > 3?‘
g5 | 25|85 |82
CMV-Ukr-2114 | 100
CMV-Ukr-28 90,2 100
CMV-Ukr-36 96 97,4 100
CMV-Ukr-58 96,4 96,7 99,2 100
2b
X
Isolate > g. > gj > % > 3?’
35| 35|33 | 33
CMV-Ukr-2114 | 100
CMV-Ukr-28 88 100
CMV-Ukr-36 85 95,4 100
CMV-Ukr-58 88 99,6 95 100

36

isolate CMV-Ukr-28 was grouped together
with isolate CMV-Ukr-36 on the CP- and MP-
based trees (Fig.2, A and B), but it was grouped
with isolate CMV-Ukr-58 on the 2b-based tree
(Fig.2, C). This finding, however, had no effect
on the overall pattern of clustering of Ukrainian
isolates of CMV.

This tendency was also obvious when com-
paring pairwise identities for the obtained
CMV amplicons. Thus, the CP, MP and 2b
gene sequences of isolates belonging to the
same subgroup (subgroup IB, isolates CM V-
Ukr-28, CMV-Ukr-36, and CMV-Ukr-58)
showed high intragroup nucleotide identity
totaling 95-99% and generally demonstrated
good correlation of clustering irrespective of
the gene analyzed. For the CP gene region,
isolates CMV-Ukr-28 and CMV-Ukr-36 were
most homologous (99,7%), for the MP gene
region — isolates CMV-Ukr-36 and CMV-
Ukr-58 (99,2%), when isolates CMV-Ukr-58
and CMV-Ukr-28 were most identical in the
2b gene region (99,6%) (Table 2). High over-
all homology of Ukrainian isolates CMV-
Ukr-28, CMV-Ukr-36, and CMV-Ukr-58 (all
belonging to the subgroup IB) suggests that
they should be attributed to the same strain of
CMV which circulates in different regions of
Ukraine and is subjected to microevolutionary
changes.

Expectedly, isolate CMV-Ukr-2114 demon-
strated significantly lower nucleotide identity
with the remaining three Ukrainian isolates as
it was grouped into the genetically distinct
subgroup IA (Fig.2, Table 2).

Further analysis of the translated amino acid
sequences revealed unique amino acid substi-
tutions in the 2b protein: serine -> isoleucine
at the position 42 for isolates CMV-Ukr-28 and
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CMV-UKkr-58, and serine -> leucine at the
position 62 for CMV-Ukr-36.

The 2b protein is a suppressor of the post-
transcriptional gene silencing required for
host-specific ‘protective’ reactions of the virus
in order to evade plant defenses. In view of
this we supposed that the amino acid substitu-
tions in the 2b protein of isolates CMV-Ukr-28,
CMV-Ukr-36 and CMV-Ukr-58 may be con-
nected with the origin of the virus (see Table 1)
and are required for its efficient replication in
these plants. Isolates CMV-Ukr-28 and CM V-
Ukr-58 were collected from Cucurbita pepo
plants, when isolate CMV-Ukr-36 was ob-
tained from Cucumis sativus.

To check this hypothesis, we intentionally
selected the 2b protein sequences of IB strains
and isolates of CMV collected from various
hosts of 5 different families, and constructed
the phylogenetic tree (Fig. 3).

Most of the host plants were from the
Cucurbitaceae and Solanaceae families (which
were of special interest in this project), when
some were brassicas including wild-growing
plant species as well as crops which are often
cultivated nearby cucurbits and solanaceous
plants. Strain TN (AB176847) was used as the
outgroup. However, the resultant phyloge-
netic tree revealed no significant patterns be-
tween host type and respective amino acid
substitutions (Fig. 3).

Overall, CMV was found abundant in every
sampled region in Ukraine where it infected
various host plants with different systemic
symptoms. Commonness of CMV infection of
susceptible plants in field conditions suggests
a long-term circulation of the pathogen with
possible frequent co-infection of hosts by the
isolates belonging to the different phyloge-
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Fig. 3. Neighbor-Joining tree showing host-(in)depen-
dent phylogenetic relationships of Ukrainian IB isolates
and other known strains of CMV based on the translated
amino acid sequences of the 2b gene. Bootstrap values
are shown at the nodes. Ukrainian isolates are shown in
squares

netic subgroups. In this work, isolates from
both subgroups IA and IB were found and
analyzed. Subsequently, this may lead to the
recombination and reassortment between such
isolates generating new and possibly more
severe virus variants [10].

Genetic groups and subgroups of CMV
isolates differ geographically. Subgroup IA and
group II have worldwide distribution and the
group I isolates typically prevail (~80%), when
the subgroup IB isolates were initially restric-
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ted to Easy Asia which was considered their
place of origin [5]. During the last years, mem-
bers of the subgroup IB were also detected in
European countries, especially in Mediterra-
nean area, Poland, but with lower rate [11].
CMV isolates circulating in Ukraine belong
to the most frequent phylogenetic subgroups
also common for other European countries.
Phylogenetic analysis based on three virus
genes showed that 3 out of 4 isolates of CMV
(isolates CMV-Ukr-28, CMV-Ukr-36 and
CMV-Ukr-58) were attributed to the subgroup
IB, when the isolate CMV-Ukr-2114 remained
the only representative of the subgroup IA
found in this study. Similar clustering of the
isolates of CMV-Ukr-28, CMV-Ukr-36, CMV-
Ukr-58 on the CP- and MP-based phyloge-
netic trees as well as their high nucleotide
identity may imply that these isolates may
recently have had a common ancestor which
had passed through a bottleneck event [12].
In the previous work, we described two
CMV isolates, Ukr-sq13 (GenBank Accession
Number KJ921837) and Ukr-tom2 (GenBank
Accession Number KJ921838), also belonging
to the subgroup IB [13]. Comparison of the
isolates identified in this research (with the

exception of CMV-Ukr-2114 isolate from TA
subgroup) with those described previously
(Table 3) showed their high mutual homology
(>99%) suggesting that all these isolates were
the IB isolates belonging to the same virus
strain. Taking this altogether, we suggest that
IB isolates of CMV prevail in Ukraine.
Similarly to many other European countries,
subgroup II isolates have not been found in
Ukraine since they weren’t predominant in this
region [14].

Genetic differences found among the sub-
group IB isolates and the discovery of the only
subgroup IA isolate in this study (Fig. 2,
Table 1) may be indicative of the separate
origins of CMV infection in Ukraine. This is
in line with our findings of two new amino
acid substitutions in the 2b protein for isolates
CMV-Ukr-28 and CMV-Ukr-58 confirming the
never-ending process of natural selection in
Ukrainian ecosystems.

Conclusions

In summary, we used incomplete sequences of
three viral genes for the phylogenetic analysis
of the isolates of Cucumber mosaic virus cir-
culating in Ukraine. These isolates belong to

Table 3. Comparison of Ukrainian isolates of CMV based on the nucleotide identity (%) of partial

nucleotide sequences of their CP gene

Isolate Ug\g\{] 4 CMV-Ukr-28 | CMV-Ukr-36 | CMV-Ukr-58 Clvt[(}'r;gkr' CNLX}E“‘
CMV-Ukr-2114 100
CMV-Ukr-28 93 100
CMV-Ukr-36 92,7 99,7 100
CMV-Ukr-58 93 98,4 99 100
CMV-Ukr-tom?2 90 99,5 99,8 98,5 100
CMV-Ukr-sq13 90,4 99,8 99,5 99 99 100

High homology values for all IB isolates from Ukraine are shown in bold.
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the most widespread phylogenetic subgroups
IA and IB which are also found in other
European countries. The unique amino acid
substitutions in 2b protein sequences of two
CMV isolates were described. The obtained
data may indicate separate routes of CMV
infection, as well as the ongoing virus micro-
evolution in Ukraine.
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MouekyJIsipHA XapaKTepHUCTHKA Ta
(inoreneTrnyHuii aHasi3 yKpaiHCHKHUX i30J4TIiB
Bipycy oripkoBoi M03aiKH i3 BHKOPHCTAHHAM
YaCTKOBHX MOCJIiIOBHOCTEll TPHOX IreHiB

T. I1. IlleBuenko, O. B. Tumunmmn, FO. A. Kocenko,
I. . Bymzaniscrka, O. B. llleBuenxo, B. I1. TTomimyk

Merta. [IpoBectr (hinoreHeTHYHMI aHaI3 YKPaiHCHKHUX
i3omatiB Cucumber mosaic virus 3 BAKOPUCTaHHSIM HeTo-
BHUX IOCJIIZIOBHOCTEH JIEKIIBKOX T'eHiB Bipycy. MeToau.
ImyHOpEepMeHTHMIT aHai3, MojliMepasHa JIaHIIoroBa pe-
aKIIis 31 3BOPOTHOIO TPAHCKPHITITi€r0, cekBeHyBaHHs [JHK
Ta (pinorenernyHmit ananiz. Pesyiabraru. 3pazku pociuH
13 cuMIToMamu OyI10 BiZliOpaHo 3 Pi3HUX perioHiB Ykpainu
Ta IIPOTECTOBAHO Ha HAsBHICTH BipyCY OTiPKOBOi MO3aiKH
BOM. OtpumaHo i npoaHaii3oBaHO HyKJICOTHIHI YacT-
KOBI ITOCJTITOBHOCTI F'€HIB KallCUIHOTO OLIIKa, OLIKIB pyXy
Ta OiiKa 2b gotuprox izomsaTiB BOM. Iokaszano, mio i
i30Js1TH Hasiexkarh 10 marpyn [A Ta IB. Bixcorok nomi-
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OHOCTI YKpaTHCHKUX 130JITIB 32 HYKJICOTHIHUMH ITOCITi-
JIOBHOCTSIMH TCHIB KarlCHIHOTO OiJika, OiIka pyXy Ta Our-
Ka 2b OyB BHCOKHM y MeKaX MiArpyIl. BusBiieHO yHiKaIb-
Hi 3aMiHM Y aMiHOKHCJIOTHHX TTOCITIIOBHOCTX Oinka 2b
13osaTiB CMV-Ukr-28 1 CMV-Ukr-58, s1xi He 110B’s13aHi1 3
pocimHOoI0-Xxa3giHoM. BUCHOBKH. [301151TH BipycCy OTripKo-
BOI MO3aikH, sSIKi IUPKY/IIOIOTh B YKpaiHi Ta omnucaHi B
po0OTi, HAJIEKATh 10 HAHOUIBII PO3MOBCIOMKEHHUX (iI0-
TeHETUYHHX TPYII, sIKi [IPEICTABIEH] 1 B IHIIUX €BPOIIEH-
chkuX KpaiHax. OTpuMaHi JaHi MOXYTh BKa3yBaTH Ha
JIeKIJIbKa OKPEMHUX JpKepedl poHnKHeHHst BOM Ha tepu-
TOpit0 YKpaiHH, a TaKO)K Ha IMOTOYHY MIKPOEBOJIIOIIIO
BOM B VkpaiHi.

Knw4oBi cJoBa: Bipyc oripkoBoi M03aiky, r'eH Karl-
CHJTHOTO OiNIKy, TeH OlnKa pyxy, reH Oinka 2b, ¢imoreHe-
TUYHUN aHaI3.

MouJiekyJIsipHasi XapaKTepUCTHKA U
¢unoreHeTnyecKMi AaHAJIN3 YKPANHCKUX U30/I5ITOB
BHPYCa OT'ypeYHOH MO3aUKHU € HCIOJIb30BAHHEM
YACTHYHBIX MOCJIe10BATeIbHOCTEe TpeX reHoB

T. I1. IlleBuenko, O. B. Termunmmn, FO. A. Kocenko,
W. I'. Bynzanusckas, A. B. Illepuenko,
B. II. ITonumyk

Hesn. [TpoBecty rtoreHeTHYECKHI aHAITN3 YKPAHHCKHX
n3omsaToB Cucumber mosaic virus ¢ ACTIONB30BaHIEM He-
TIOJTHBIX TIOCIIEI0BATEIbHOCTEH HECKOIIBKMX T€HOB BUPYCA.

40

Metonpl. IMmmyHO(DEpMEHTHBIN aHAJH3, TTOTMMEpa3Hast
TIETHAS PEaKIWs ¢ OOPaTHON TPAHCKPHUIIIINEH, CEKBEHHUPO-
Barne JIHK u ¢unoreHerrueckuii aHamu3. Pe3yibrarhl.
OO0Opa3ibl PacTCHUI ¢ CUMITTOMaMHU OBUTH OTOOpaHbBI B
Pa3HbIX PernoHax YKpauHbl U IPOTECTUPOBAHHBI HA HAJIH-
uyrie BOM. TlomydeHs! ¥ npoaHATM3UPOBAHBI YACTUYHBIE
HYKJICOTH/THBIE TIOCIJIE/IOBATEIIbHOCTH T'€HOB KAIICHIHOTO
Oernka, 6erka IBIDKEHMS U OerKa 2b 4eThIpex YKPanHCKUX
m3onsroB BOM. Iokas3aHo, 4To 3TH W30JIAThI IPUHAZIIEKAT
k noarpymnmam IA u IB. TlpoueHT cxoncTBa yKpauHCKUIA
H30JIATOB MO HYKJIEOTUHBIM [1OCIIEA0BATENEHOCTSIM I'€HOB
KarCHIHOro Oenka, OeJika IBIKEHHUS U Oenka 2b ObLI BBI-
COKMM B Tipenenax rpymni. OOHapyKeHbI YHUKAIbHBIC 3a-
MEHBI B AMHHOKHUCIIOTHBIX MTOCIIEIOBATEIBHOCTSX N30JIATOB
CMV-Ukr-28 un CMV-Ukr-58, He cBsi3aHble C paCTEHUEM-XO-
3stuHOM. BBIBOMIBI. 305151THI BUpYyCa OrypeqHON MO3aMKUY,
[OUPKYJIMpYIOIINe B YKpanHe U OIMcaHble B paboTe, mpu-
Ha/JIeKAT K HauOoJIee pacipoCTPaHEHHBIM (PHIIOTCHETH-
yeckuM noarpynmam A u IB, koTopele nipeicTaBieHb U B
JIPYrUX eBponeickux crpanax. [lomyueHHble naHHble MOIYyT
YKa3bIBaTh HA HECKOJIBKO OT/IEJTbHBIX HCTOUHUKOB IIPOHUK-
HoBeHMs1 BOM Ha Tepputoprio YkpauHBL, a TakKe Ha Te-
KyIIYI0 MHKPOABOJIIOLIMIO BUpyca B YKpanHe.

KnwueBble ¢J0Ba: BUPYC OTYPEUHOM MO3AUKH, TCH
KarcuaHoro Oenka, reH Oelika JBMOKEHHS, TeH Oeika 2b,
(bUITOreHeTHYECKUIA aHATIH3.
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