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Abstract We isolated and characterized a novel positive-
sense, single-stranded RNA virus from Aedes larvae col-
lected on Okushiri Island, Hokkaido, Japan. This virus,
designated Okushiri virus (OKV), replicated in the Aedes
albopictus cell line C6/36 with severe cytopathic effects
and produced a large number of spherical viral particles
that were 50-70 nm in diameter and released into the cell
culture medium. The OKV genome consisted of 9,704
nucleotides, excluding the poly(A) tail at the 3’-terminus,
and contained three major open reading frames (ORFI,
ORF2, and ORF3). ORFI1 encoded a putative protein of
approximately 268 kDa that included a methyltransferase
domain, FtsJ-like methyltransferase domain, helicase
domain, and RNA-dependent RNA polymerase domain.
The genome organization and results of a phylogenetic
analysis based on the amino acid sequence predicted from
the nucleotide sequence indicated that OKV is a member of
a new insect virus group of negeviruses with a possible
evolutionary relationship to some plant viruses. ORF2 and
ORF3 were suggested to encode hypothetical membrane-
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associated proteins of approximately 45 kDa and 22 kDa,
respectively. This is the first study on a novel negevirus
isolated from mosquito larvae in Japan.

Introduction

Mosquitoes (Diptera) are one of the most important pest
insects that have a serious impact on public health; they are
a principal vector of serious infectious diseases including
malaria, dengue, chikungunya, Japanese encephalitis, and
yellow fever. Approximately 3.2 billion people are esti-
mated to live in malaria-endemic areas, and 584,000
malaria deaths were reported worldwide in 2013 (WHO,
Malaria Report 2014).

Vector control is an essential strategy for reducing the
transmission of mosquito-borne diseases. Since effective
vaccines have yet to be developed for malaria and dengue,
the importance of vector control is increasing [35].
Chemicals are a vital component of pesticides controlling
mosquitoes; however, the low host specificity of chemical
pesticides may lead to non-targeted insects being affected
[25, 33]. The appearance of pesticide-resistant insects has
also been reported [25, 32]. Mosquito-specific viruses with
mosquitocidal activity may be used as an alternative to
chemical pesticides. Although some mosquito viruses, such
as baculoviruses (family Baculoviridae), densoviruses
(family Parvoviridae, subfamily Densovirinae), iri-
doviruses (family Iridoviridae, genus Chloriridovirus), and
cytoplasmic polyhedrosis viruses (family Reoviridae,
genus Cypovirus), have been identified [4], molecular
biology studies of these viruses are limited because cell
lines suitable for investigating the replication of these
viruses and effectively producing them in large amounts
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are not currently available. This has hampered the detailed
microbiological analysis and industrial large-scale ampli-
fication of these viruses. One exception is mosquito
densoviruses (MDV), which are highly specific for mos-
quitoes and were previously shown to be pathogenic
in vitro and in vivo. These features make these viruses
potentially attractive candidates as biological control
agents for mosquitoes [6]. Since MDVs do not infect all
mosquito species and may not be a sufficient measure for
resistant insects, the isolation and characterization of novel
mosquito viruses are still important steps for the develop-
ment of environmentally friendly mosquito-management
strategies. Novel insect-specific, positive-sense, single-
stranded RNA viruses have recently been isolated from
naturally infected mosquitoes and sand flies in geographi-
cally distant areas, and a new genus, “Negevirus”, has been
proposed to include these viruses [2, 5, 12, 23, 34].
Experimental studies are still needed in order to investigate
the characteristics of these viruses, such as their
pathogenicity in vivo and replication mechanism. Never-
theless, the rapid and high-level replication of negeviruses
in some mosquito cells (up to 10’ PFU/ml) [34] implies
the possibility of developing some of these viral agents as
biological control agents in the future. Here, we report the
isolation of a novel negevirus, designated Okushiri virus
(OKYV), from pools of Aedes larvae collected in the field on
Okushiri Island, Hokkaido, Japan.

Materials and methods
Collection of mosquito larvae

Mosquito larvae were captured in small pools in the field
during the mosquito season in 2010. The mosquito larvae
collected were sub-grouped into three different genera
(Aedes, Culex, and Anopheles) based on their external
characteristics and stored at -80 °C in 1.5-ml centrifuge
tubes with a maximum of six larvae per tube.

Cell cultures

The mosquito (Aedes albopictus) cell line C6/36 was used
to isolate viruses and analyze their properties. These cells
were cultured in minimum essential medium Eagle (MEM,
Sigma-Aldrich, St Louis, MO, USA) containing 10% heat-
inactivated fetal bovine serum (FBS), 2% non-essential
amino acids (NEAA, Sigma-Aldrich), 100 U of penicillin
per ml (Gibco BRL, Gaitherburg, MD, USA), and 100 pg
of streptomycin per ml (Gibco), and they were then
maintained at 26 °C.
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Virus isolation from mosquito larvae

Samples of larvae in 500 pl of ice-cold MEM containing
2% NEAA, 100 U of penicillin per ml, and 100 pg of
streptomycin per ml were homogenized using a uT-01 bead
crusher (Taitec) with stainless steel beads (2 mm, 70 g).

The homogenates were clarified by centrifugation at
1,000 x g at 4 °C for 5 min, and the supernatants were
passed through sterile 0.22-pum filters (Ultrafree MC, Mil-
lipore, Bedford, MA, USA). The filtrates inoculated onto
monolayers of C6/36 cells. The plates were incubated at 26
°C. After inoculation, cell cultures were incubated for
approximately 5 days and then observed using phase con-
trast microscopy. The supernatants of cells with cytopathic
effects (CPE) were stored at -80 °C as virus samples. The
supernatants from cells without CPE were also stored at -
80 °C after a second blind passage.

Purification of viral particles

Viral particles were purified from the culture medium of
C6/36 cells inoculated with virus samples. The fluid was
clarified from cell debris by low-speed centrifugation as
above, and viral particles were precipitated by ultracen-
trifugation (250,000 x g at 4 °C for 5 hours). Pellets were
suspended in TE buffer, layered onto a 10-40% linear
sucrose gradient, and centrifuged at 99,600 x g for 2 hours.
Viral particles that formed a white band in the gradient
were resuspended in TE buffer, collected by centrifugation
at 10,000 x g at 4 °C for 12 hours and resuspended in TE
buffer.

Electron microscopic observations

Purified viral particles were used for electron microscopic
observations. Viral particles were negatively stained and
then observed using transmission electron microscopy
(Hitachi H-800) as described elsewhere [30].

Characterization of the viral genome

Nucleic acids were extracted from the purified viral parti-
cles or supernatants of infected C6/36 cell cultures using
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions. The extracted
nucleic acids were treated with DNase I or RNase A at 37
°C for 20 minutes, denatured with formamide and
formaldehyde, and electrophoresed on a 1.0 % GTG
agarose gel (Lonza). The agarose gels were stained with
GelStar™ Nucleic Acid Gel Stain (Lonza) and visualized
under ultraviolet illumination.
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Table 1 Primers used in this study

OKV-5 RACE-R

AACAGCGACAGCAAGCATCTTTAACTCGG

OKV-cDNAI1-F AACTTGAGTGTCTGACCATTTCCAGCG

OKV-cDNA2-R AATCTCGAGATTGAACTTCAGACCG

OKV-3' RACE-F TTGTTGATCGTAAACGACAGATGGACC

OKV-F1 AGAGACTCGAGAAGACCGAACAAGATCG

OKV-R2 TTGGGTGAAAAGATGGGATCTGACGG

Tag ATTGACTCAGCAATCGTAGTCAGCCG

OKV-F1-Tag ATTGACTCAGCAATCGTAGTCAGCCGAGAGACTCGAGAAGACCGAACAAGATCG

OKV-RI-Tag

ATTGACTCAGCAATCGTAGTCAGCCGTTGGGTGAAAAGATGGGATCTGACGG

Tag sequences are underlined

Complementary DNA strand synthesis, sequencing,
and analysis of genome organization

The first complementary DNA (cDNA) strand was synthe-
sized from viral RNA extracted from purified viral particles
with random primers or oligo dT primers, using M-MLV
reverse transcriptase (Takara), followed by second-strand
cDNA synthesis, using DNA polymerase I, after the RNase H
treatment. Double-stranded cDNA was trimmed to make
blunt ends using T4 DNA polymerase, ligated into the Smal
site in the pGEM 3Zf (+) plasmid (Promega), and sequenced.
Some primers designed from the sequences obtained were
used in PCR to synthesize additional viral genome sequences
(Table 1). The 3 and 5 sequences were obtained by rapid
amplification of cDNA ends (RACE) using a Gene Racer kit
(Invitrogen) according to the manufacturer’s instructions.

Viral genome sequences were assembled and analyzed
using BLAST with the DDBJ, GenBank, and EMBL data-
bases. Alignments of the sequences obtained with those of
other RNA viruses were performed using the Clustal W
program [16] included in MEGAS [31] with the PAM matrix.
A gap-opening penalty of 10 and a gap-extension penalty of
0.2 were used. A phylogenetic analysis was performed by the
neighbor-joining method using MEGAS [29], and evolu-
tionary distances were computed using the Poisson correc-
tion method. Bootstrap values were calculated from 1,000
replicates [9]. The accession numbers used in the phyloge-
netic analysis are shown in Table 2b. The nucleotide and
amino acid identities for the ORFs were analyzed using ApE
software (Utah, United States). The protein sequences
encoded in each ORF were characterized by conducting a
CD Search using PSI-BLAST (http://blast.ncbi.nlm.nih.gov/
Blast.cgi) [3]. A homology search was also carried out using
PSI-BLAST. Glycosylation sites were predicted using the
NetNGlyc server 1.0 (http://www.cbs.dtu.dk/services/NetN
Glyc/), with a threshold value of 0.5. The programs
TMHMM (http://www.cbs.dtu.dk/servicessTMHMM) and
SOSUI (http://harrier.nagahama-i-bio.ac.jp/sosui/sosui_sub
mit.html) [11] were used to analyze the transmembrane
domains of putative proteins.

Table 2 GenBank accession numbers of viral genomic sequences
used (a) in the P22 transmembrane region prediction and (b) for the

phylogenetic tree

(@

Virus Accession number
Piura virus AFI24680.1
Negev virus AFI24674.1
Negev-like virus #174 CRLS87032.1
Brejeira virus AIS40880.1
Ngewotan virus AFY98074.1
Wallerfield virus AIS40853.1
Dezidougou virus AFI24671.1
Goutanap virus YP_009094128.1
Citrus leprosis virus C YP_654543.1
Citrus leprosis virus C type 2 AGM16556.1

Hibiscus green spot virus
Blueberry necrotic ring blotch virus

YP_004928121.1
YP_004901704.1

(b)

Virus Accession number
Piura virus AFI24678.1

Negev virus AFI24672.1
Negev-like virus #174 CCVO01575.2
Brejeira virus AIS40866.1
Ngewotan virus AFY98072.1

Loreto virus AFI24690.1

Tanay virus

Wallerfield virus

Dezidougou virus

Santana virus

Goutanap virus

Citrus leprosis virus C

Citrus leprosis virus C type 2
Hibiscus green spot virus
Ligustrum ringspot virus

Blueberry necrotic ring blotch virus

YP_009028558.1
YP_009001772.1
AFI24669.1
AFI24675.1
YP_009094126.1
YP_654568.1
AGES82887.1
YP_004928118.1
ADM47770.1
YP_004901700.1

Strand-specific RT-PCR

Total RNAs were extracted from purified OKV particles or
OKV-infected C6/36 cells at 6 days postinfection (dpi)
using TRIzol Reagent as described above and tested by
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strand-specific RT-PCR as described by Craggs et al. [8].
Total RNAs from uninfected cells were also extracted and
used in strand-specific PCR as a control. Cellular RNAs
and RNA extracted from purified viral particles were
treated with DNase I at 37 °C for 20 minutes and then
reverse transcribed using PrimeScript RTase (Takara)
using positive- or negative-strand-specific  primers
(Table 1) at 50 °C for 15 minutes. The remaining primers
and nucleotides in the RT-PCR reaction tubes were
digested with ExoSSAP-IT (Usb) at 37 °C for 15 minutes
and then used for PCR. RNA 1 strand-specific PCR was
carried out using a positive-strand-specific primer set
(OKV-F1, Tag) or a negative-strand-specific primer set
(OKV-R1, Tag). PCR products were visualized by agarose
gel electrophoresis.

Results
Isolation of a virus from mosquito larvae

Extensive CPE with cell globularization and destruction
was observed in C6/36 cells inoculated with the homo-
genates of three (approximately 20 %) field-collected
mosquito larval pools 72 hours after inoculation (Fig. 1).
Virus-like particles were observed by electron micro-
scopy in the supernatants of C6/36 cell cultures with
extensive CPE, but not in the medium of control
(uninoculated) cell cultures (data not shown). These
virus-like particles purified by sucrose gradient cen-
trifugation were elliptical, with a diameter of approxi-
mately 50 to 70 nm and had projection-like structures
similar to those of Tanay virus [23] (Fig. 2). The puri-
fied particles were infectious to C6/36 cells [10] and
caused extensive CPE, similar to those inoculated with
the original homogenate (data not shown). The virus
isolated here was named OKYV after Okushiri Island,
where the virus was isolated.

Characterization of viral nucleic acids

A major band, corresponding to a size of approximately 10
kb, and some smaller bands were detected in the supernatant
of inoculated C6/36 cell cultures with CPE by agarose gel
electrophoresis under denaturing conditions (Fig. 3A). These
bands were also detected in the analysis of nucleic acids
extracted from purified viral particles (Fig. 3B). These
nucleic acids were subjected to DNase I or RNase A treat-
ment and were analyzed by agarose gel electrophoresis. The
bands disappeared when treated with RNase A, but not when
treated with DNase I, indicating that they were RNA bands
(Fig. 3B). Purified viral particles were subsequently sub-
jected to acridine orange staining, and they emitted a brilliant
flame-red fluorescence (data not shown). These results sug-
gested that the viral particles contained single-stranded RNA.

Strand-specific RT-PCR with primer sets designed from
the sequence of the 10-kb RNA (designated vRNA) was
performed in order to determine whether OKV had positive
or negative-stranded RNA. The positive- strand- and neg-
ative-strand-specific RT-PCRs using RNA extracted from
OKV-infected C6/36 cells as the template amplified the
sequences, producing amplicons that each had the expected
size of approximately 2.4 kb (Fig. 4). On the other hand,
only PCR designed for detecting positive-stranded RNA
amplified a sequence with the expected size when RNA
from purified OKV particles was used as the template.
However, both positive- and negative-stranded RNA were
detected in OKV-infected C6/36 cells (Fig. 4).

Organization of the viral genome RNA (VRNA)

Sequence analysis suggested that the VRNA was composed
of a 9,704-kb nucleic acid (DDBJ accession number
AB972669) and had three major ORFs (ORF1 at nt 262 to
7,347, ORF2 at nt 7,377 to 8,585, and ORF3 at nt 8,724 to
9,350) (Fig. 5A). A schematic diagram of the strategy for
VRNA cloning is shown in Fig. 5. cDNA fragments

) - O R B e € B 5
[ <G| C: { o SR ;'{\\ y 5 k=S o
VW @ 0T, OF s 00 A, et
» . > S < . LN ‘\‘)-G&- e ‘__‘.. o
e A Ca ‘_4«1‘ N et f;,(— y ) 2
. N m-' g s Coy A N :
2 B N L et 1 - ¥ 3
O A e )3 SN O » 9
a8 VA IHONG § & BALEoO y
._,(.’v/ g “"_ A CX — J: B A ; »'
\-::_. - A e ‘(9 . ),.\ f ‘{'_’\ -),\'CE,~ — -
. ) e ADRL ] AT . .
PRV ptede HURRERE T A > @Yt IS
-~ wa LAY & /
B et A S e P it e
2 D) oL &1/ - - -
7 ‘/’95 / \_\'Q‘) \-.:;‘; \'E‘Y\ \,‘ \')\.‘} , VT € ) s
- \.t)" : - f: ™.V S‘-A",;). 5 Lol > V) y
B "\,’1.'0 ",‘A - -’1"1‘";';?:‘_"" C’ 8L N y

Fig. 1 Phase contrast micrographs of control cells, uninfected C6/36 cells (A), and OKV-infected cells at 2 days postinfection (B)
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Fig. 2 Electron micrographs of viral particles purified by sucrose
gradient ultracentrifugation and visualized by negative staining (scale
bar, 100 nm)
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Fig. 3 Agarose gel electrophoresis of OKV-specific RNA. Nucleic
acids from the supernatant of OKV-inoculated C6/36 cells were
separated by agarose gel electrophoresis (A). M, size marker; 1,
control (uninfected) C6/36 cells; 2, OKV-infected C6/36 cells. RNAs
from purified viral particles treated with RNase A and DNase I (B).
M, size marker; 3, control (no treatment); 4, RNase-A-treated; 5,
DNase-I-treated. White arrows indicate OKV-specific RNA (VRNA)

obtained by 3’ RACE had a poly(A) tail at the 3end of the
VvRNA in the range of 28 to 44 nucleotides. The 5’-terminal
sequence of the VRNA was determined using 5 RACE
PCR products that were only obtained when VRNA was
used as the template after the decapping treatment.

A BLAST search using the predicted amino acid
sequence of ORFI indicated that it contained four con-
served domains: a methyltransferase domain (vMet, at nt
709 to 1,364), an FtsJ-like methyltransferase (ribosomal
RNA methyltransferase) domain (FtsJ, at nt 2,722 to
3,177), a viral RNA helicase domain (Hel, at nt 4,414 to
5,196), and an RNA-dependent RNA polymerase domain
(RdRp, at 6,046 to 7,212). A BLAST search showed that
the RdRp amino acid sequence had high similarity to those
of the negeviruses Piura virus (PIUV), Brejeira virus
(BRJV), Negev virus (NEGEV), NEGEV-like virus #174

Infected C6/36 Total RNA

Viral particles

(kb)
42
35

27
1.8

1.5

Fig. 4 Strand-specific RT-PCR using RNA extracted from purified
viral particles (lanes 1 and 2) or OKV-infected C6/36 cells one day
postinfection (lanes 3 and 4). Lanes 1 and 3, negative-strand-specific
RT-PCR; lanes 2 and 4, positive-strand-specific RT-PCR

(NEGEV174), Ngewotan virus (NWTV), Loreto virus
(LORV), Santana virus (SANV), Dezidougou virus
(DEZV), Wallerfield virus (WALV), Tanay virus
(TANAYV), and Goutanap virus (GANP) (Table 3), and
also to those of positive- sense, single-stranded RNA plant
viruses, including citrus leprois virus C (CiLV-C), citrus
leprosis virus C type 2 (CiLV-C2), and ligustrum ringspot
virus (LigRSV), and segmented double-stranded RNA
plant viruses, including hibiscus green spot virus (HGSV)
and blueberry necrotic ring blotch virus (BNRBV). CiLV-
C has not yet been assigned to any family but has been
assigned to the genus Cilevirus, and it has been proposed to
include LigRSV in this genus [7, 13, 17, 18, 20, 26, 27].
HGSV was very recently classified as a member of the
genus Higrevirus [1], and BNRBV is an unclassified virus
that has been proposed for inclusion in the proposed genus
“Blunervirus” [27].

ORF?2 was suggested to code for a putative glycoprotein
with an estimated size of approximately 45 kDa (desig-
nated P45) with two potential N-linked glycosylation sites
and three transmembrane domains, which is a common
feature of hypothetical proteins encoded by ORF2 of
negeviruses [12, 15].

ORF3 encoded a hypothetical protein of approximately
22 kDa (designated P22) that showed a high level of
similarity in its primary sequence (from 38 to 71 %) to
hypothetical proteins encoded by ORF 3 of NEGEV,
NEGEV174, PIUV, BRJV, LORV, and NWTV. It also
showed moderate sequence similarity (from 19 to 32%) to
P23/P24 of the plant viruses HGSV [21], CiLV-C2 [20],
CILV-C [17], and BNRBYV [27]. Furthermore, transmem-
brane domains (two or four domains) were predicted for
those proteins (Fig. 5B). This structural feature was also
commonly observed in hypothetical proteins encoded in
ORF3 of all other negeviruses (data not shown).

Phylogenetic analysis
Phylogenetic analysis based on the conserved RdRp

domain demonstrated that OKV formed a monophyletic
clade together with LORV as well as NEGV, NWTV,
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OKV AK----EAGFDLNKVVSDISSTFLAGLNKPLVLLTLVLVVALVFTHVNDFSSGVFGKWVA 96
PILV —=e——- DSSFDLNKIVSDVSSTFFSALNRPLVLLSLVMVVAFVFTHQSDFSSGAVGKYVA 94
BRIV —————- ASSFDLNKIVSDVSSTFLNALNRPMVLLSLVMVVALVFTHQSDFSSGALGKYVA 94
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BNRBV ~  mmmmmmmmm oo VGTDIYDTF LRSFSNPSFLLSCA/ISGLWLTHVENIHDGPFGPYLQ 78
NEGEV EKSASNSLALW---VHQNQVRFLGLAV-FLPAVLDTPDNVRVAVALASCFWVMLIPAVSI 152
NEGEV174 EKSASNSLALW---VHQNQVRFLGLAV-FLPAVLDTPDNVRIAVALSSCFWVMLIPAVSI 152
NWTV EKSTSNSLALW---VHENQARFLGLAI-FLPAVLDTPENVRVAVTLASCFWVMLIPASSV 150
OKV EKSANNSLALW---VHQNQMKFLGLAI - FAPAVLDSPDKIRLALALACVFWVMLVPQASYV 152
PIUV ERAETNSLAKW---VHENQFKFLGLAI-FAPAVLNSPEKMRVVLGLATLLWVMLVPQASV 150
BRIV ERAETNSLAKW---VHENQTKFLGLAI-FTPAVLNTPDKVRVVIGLATLLWVMLVPQASY 150
CILV-C AQFPNNTFIEW---AKSNFFRICGALV-FIPVIIDTEEKHRNYLALVIFVFLMGFPQRSI 131
CILV-C2 QQFPNNPVIEW---ARSNFFRLCGALV-FIPVITDARKEHQLYFGMVIALFLLGFPQRSI 129
HGSV KAYPRNPILKW---AKTDYVRFIGILV-GLPVIIDAPRSFQLLITGAVFVSTYILPPQTL 119
BNRBV EH-SQNAYVYW---VVQNVPKVLGLLT- gIP’VAMTAPRKLTTFWILAWSVIEILPPFPV 133
NEGEV YEYVIQALALHTYFRVTLQNSRIFILLAVGVLYFFG----—-----————-—————- HITL 192
NEGEV174 YEYVIQALALHTYFRVQLQNSRIFILMAVGVLYFFG---=-—------————=————— HITL 192
NWTV YEYVIHALALHTYFRVQLQNSRILILLAVGVLYFFG---=-—--=-==-==——=————-— HITL 190
OKV YEYAIQAIALHTYFRVRLQNSRVFILLLVAALYFFG---=--=======—=——————- HITL 192
PIUV LEYVLQALALHSYFRVRLQQSRLFIMVVVVFLYFMG---============————— YLTL 190
BRIV VEYVLQALALHSYFRVKLQHSRLFIMVVWVLLYFMG--~==-==========— == YLTL 190
CILV-C MEYFIYSISFHVYAKAKHPVTRIFIIGAAVFSCVMFGIFTNEQLRKL--------~ YAEL 182
CILV-C2 FEYFVYSLSLHVYAKSKHPFTRVFILVITVVSCVLFGVFTNDQLRKL--------~- YQEL 180
HGSV STYLLGFVSLHVYSKAKSVQLRIILLASFATYLVLSGIVDTEKFTGSGTVLGGAHGAPKL 179
BNRBV LVYLGASACMHIYLHARLSTTRLFVVALSGVVVYYGYKNKD-----------—- TFVLEL 180
D
NEGEV SPPSTPGA-LAPNSTSA---——=-——=————————— 208
NEGEV174 SPPSTPGA-LAPNTTTA--==—=====———-——-—— 208
NWTV ASNSAASAPVAVNTSTH--======== === =mm === 207
OKV SG--TPGGTPVTINSSIGG----==-=====-=====—~ 208
PIUV VKSPDQQVQSGNGTV=========——— e e o — 205
BRIV VKSPGFDAGTVNKTNAR=-=========——mmmmmm 207
CILV-C PKVPTHPVAVNRVEKVANRASRVSTEGTVNFG---~- 214
CILV-C2 PKVPTHP--VNRVERVVN---RVGGQ-QPYTG-~-~-~ 206
HGSV SEVPIPTVLNDPGPRIRSVEERLPVIKRGGSGGV-- 213
BNRBV PTGTGSDTFSRIVYSAKGTTKN=-============= 202

Fig. 5 (A) Schematic drawing of the organization of the OKV
genome. Boxes with arrowheads indicate the positions of open
reading frames (ORFs), with putative conserved domains indicated.
Numbers in parentheses indicate nucleotide positions in the ORFs and
domains. (B) Predicted transmembrane regions in proteins encoded
by ORF3 of OKV and negeviruses (NEGEV, NEGEV174, PIUV,
BRIV, and NWTV) and P23/P24 of negevirus-related plant viruses
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(CILV-C, CILV-C2, HGSV, and BNRBV). The amino acid sequence
of OKV P22 was aligned with the deduced amino acid sequences
obtained from NCBI GenBank using the Clustal W program [16]
included in MEGAS [31]. Hypothetical transmembrane regions (A-D)
predicted by SOSUI [11] are shown in grey. GenBank accession
numbers for the sequences used for alignment are given in Table 2a
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Table 3 Percent nucleotide sequence identity (upper diagonal) and amino acid sequence identity (lower diagonal) in the RdRp region based on

pairwise sequence comparisons of negeviruses

OKV NEGEV Negev-like #174 PIUV NWTV Brejeira LORV GANP WALV TANAV DEZV SANV
OKV 70 73 74 70 74 72 * * * * *
NEGEV 79 98 74 75 73 71 * * * * *
Negev-like#174 79 100 74 75 72 70 * * * * *
PIUV 83 79 79 73 77 93 * * * * *
NWTV 80 88 88 84 72 75 * * * * *
Brejeira 75 77 74 90 74 69 * * * * *
LORV 63 61 64 61 64 60 * * * * *
GANP 31 34 35 42 35 31 31 79 88 80 74
WALV 32 36 32 48 33 32 31 70 66 81 77
TANAV 31 35 32 43 33 31 31 66 63 83 83
DEZV 32 35 33 48 33 31 31 76 75 70 78
SANV 31 35 32 45 33 32 30 59 60 59 63
*) no significant similarity found
100 Piuravirus
57 [_— Brejeiravirus
100 |"— Okushiri virus
— Ngewotanvirus Negevirus group |
100 Negev virus
99 |
100 L Negev-like virus 174
98 5
Loretovirus
Hibiscus green spot virus | Higrevirus
100 Citrus leprosis virus C
Citrus leprosis virus cytoplasmic type 2 | Cilevirus
100
£Ligustrum ringspot virus
Blueberry necrotic ring blotch virus | Blunervirus
Santanavirus
o0 Tanayvirus
%8 Goutanapvirus Negevirus group Il
?'E Wallerfield virus
81 Dezidougou virus
—

0.1

Fig. 6 Phylogenetic analysis based on the conserved amino acid
sequence of the RdRp region. The phylogenetic tree was constructed
by the neighbor-joining method based on the alignment of the RdRp
region (amino acid positions 1900-2342) of OKV ORF1 (DDBJ
accession number AB972669) with the deduced amino acid sequence
obtained from NCBI GenBank. The bootstrap test (1,000 replicates)
results are shown next to the branches. The tree was drawn to scale,

BRIJV, and PIUV, while the other members of the proposed
genus Negevirus, SANV, TANAV, GANP, DEZV, and
WALV, formed a different phylogenetic clade (Fig. 6).
Phylogeny also revealed a sister group relationship
between negeviruses and the plant-infecting viruses HGSV
(Higrevirus), CiLV-C, CiLV-C2, LigRSV (Cilevirus), and
BNRBV  (Blunervirus) on a solitary branch. The

with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The scale indicates the
number of nucleotide substitutions per site. The sequence of OKV
from this study is in boldface. GenBank accession numbers for the
sequences used to construct the phylogenetic tree are given in
Table 2b

phylogenetic relationships of these viruses did not contra-
dict the results of the analysis based on whole ORF1
sequences (data not shown) or those reported previously [2,
5, 12, 23, 34]. The topology of these viruses was also well
maintained in a phylogenetic tree including members of the
family Virgaviridae as an outgroup, which was confirmed
by an analysis based on a combination of the Bayesian
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approach and the maximum-likelihood procedure in
MEGAS, except that BNRBV showed a closer relationship
to negeviruses in group II (data not shown).

Discussion

OKYV, which was newly isolated from Aedes larvae collected
on Okushiri Island, Japan, is a spherical virus of approxi-
mately 50 to 70 nm in diameter that contains a positive-sense
single-stranded RNA of 9,704 nt composed of three ORFs
separated by intergenic regions (Fig. 5A). Some lower-
molecular-weight RNAs were detected by electrophoresis,
even in the experiment using RNA extracted from purified
OKYV particles (Fig. 3B). Similar smaller RNAs have also
been detected in NEGV [34]; however, more detailed anal-
ysis is needed. Strand-specific PCR confirmed that OKV
replicated in the Aedes albopictus cell line C6/36, causing
severe CPE (Figs. 1 and 4). The genome organization and
amino acid sequences encoded in the ORFs showed a high
degree of similarity to those of viruses belonging to a pro-
posed new genus of insect-specific, positive-single-stranded
RNA viruses, “Negevirus” (Fig. 6). Positive-single-stran-
ded RNA viruses have been divided into three groups [14],
and OKYV contained sequences that are conserved in the Met,
Hel, and RdRp domains of viruses in the groups including
plant viruses (such as members of the families Virgaviridae,
Bromoviridae, and Closteroviridae), mosquito-borne viru-
ses (family Togaviridae, genus Alphavirus), mammal-in-
fecting viruses (family Hepeviridae), and family
Togaviridae, genus Rubivirus), and newly isolated insect
viruses belonging to the proposed genus Negevirus [12, 23].
Phylogenetic analysis clearly grouped the negeviruses into
two major clades (Fig. 6) corresponding to the negevirus
phylogenetic topologies presented in previous studies [2, 5,
12, 23, 34]. OKV formed one of the two major negevirus
clades (group I) together with NEGV, NWTV, BRIV, PIUV,
and LORYV (Fig. 6). Furthermore, the genome organization
of OKV (non-segmented, positive-sense sSRNA genome
with three major ORFs, four domains: vMet, FtsJ, Hel, and
RdRP predicted for the first ORF) was similar to those of the
other negeviruses reported to date. Potential glycosylation
sites and/or transmembrane domains were also commonly
predicted in the proteins P45 (ORF 2) and P22 (ORF 3) of
OKYV and the negeviruses reported previously. These results
implied that both ORFs encoded putative viral membrane
proteins, confirming the conservation of genome organiza-
tion among negeviruses. These results suggest that OKV is a
negevirus.

Phylogenetic relationships between the negeviruses and
some plant viruses of the genera Higrevirus and Cilevirus
and the proposed genus Blunervirus were identified based
on the conserved domain sequences (Fig. 6) as reported
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previously [2, 5, 12, 23, 34]; however, the genome archi-
tecture differs between negeviruses and plant viruses (plant
viruses have a segmented genome). The relationships
between these viruses may also be imagined based on
previous findings in which P22 of negeviruses and the
putative structural proteins P23/P24 of the plant viruses [2,
26] shared topological and sequence similarities (Fig. 5B).
Previous studies investigated plant-virus-like mosquito
viruses other than negeviruses. CuTLV, a mosquito virus
that was isolated from Culex mosquitoes, has the ability to
cause CPE in the mosquito cell line C6/36 and shares
sequence similarity with plant viruses of the family Ty-
moviridae [36]. These findings suggest possible transmis-
sion of some plant viruses by mosquitoes through the
behavior of feeding on plant nectar and juices [22]; how-
ever, a mosquito-borne plant virus or a virus that replicates
in both plants and mosquitoes has not yet been identified.
This is supported by the findings that economically
important viruses of the genera Cilevirus [17] and Higre-
virus [1], the proposed genus Blunervirus [27], and the
family Tymoviridae may be transmitted by mites, such as
Brevipalpus sp. [28] and insects such as leathoppers [19],
respectively. Furthermore, a metagenomic survey of DNA
viruses using mosquitoes also showed the presence of plant
virus (geminivirus and nanovirus)-like sequences [24].
OKYV isolated from Aedes larvae may be transmitted by
feeding at the larval stage (horizontal infection) and/or
through their parents (vertical infection); however, further
studies are needed to examine this in more detail.

In conclusion, we have isolated a novel negevirus,
Okushiri virus (OKV), in a subarctic region of Japan and
carried out genomic characterization. OKV formed one of
the two phylogenetic clades of negeviruses, together with
viruses isolated from Israel (NEGV), Portugal (NEGV174),
North America (NEGV), South America (BRJV, PIUV,
LORYV), and Indonesia (NWTV). The worldwide distribu-
tion of negeviruses with possible phylogenetic relation-
ships to plant viruses has prompted us to speculate about
unknown intimate relationships between mosquitoes and
plants. Further studies are needed in order to elucidate the
nature of negeviruses for a deeper understanding of the
potential risk of mosquitoes not only to public health but
also to agriculture.
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