
Genetic characterization of K13965, a strain of Oak Vale virus
from Western Australia

Phenix-Lan Quana, David T. Williamsb, Cheryl A. Johansenc, Komal Jaina, Alexandra
Petrosova, Sinead M. Divineyb, Alla Tashmukhamedovaa, Stephen K. Hutchisond, Robert B.
Teshe, John S. Mackenzieb,f, Thomas Briesea,g,*, and W. Ian Lipkina,g,h

aCenter for Infection and Immunity, Columbia University, New York, NY, USA
bSchool of Biomedical Sciences, Curtin University, Perth, WA, Australia
cDiscipline of Microbiology and Immunology, University of Western Australia, Nedlands, WA,
Australia
d454 Roche Life Sciences, Branford, CT, USA
eDepartment of Pathology, University of Texas Medical Branch, Galveston, TX, USA
fBurnet Institute, Melbourne, Australia
gDepartment of Epidemiology, Mailman School of Public Health, Columbia University, New York,
NY, USA
hDepartments of Pathology and Neurology, College of Physicians and Surgeons, Columbia
University, New York, NY, USA

Abstract
K13965, an uncharacterized virus, was isolated in 1993 from Anopheles annulipes mosquitoes
collected in the Kimberley region of northern Western Australia. Here, we report its genomic
sequence, identify it as a rhabdovirus, and characterize its phylogenetic relationships. The genome
comprises a P′ (C) and SH protein similar to the recently characterized Tupaia and Durham
viruses, and shows overlap between G and L genes. Comparison of K13965 genome sequence to
other rhabdoviruses identified K13965 as a strain of the unclassified Australian Oak Vale
rhabdovirus, whose complete genome sequence we also determined. Phylogenetic analysis of N
and L sequences indicated genetic relationship to a recently proposed Sandjima virus clade,
although the Oak Vale virus sequences form a branch separate from the African members of that
group.

Keywords
rhabdovirus; Oak Vale virus; Anopheles annulipes; Culex edwardsi; virus phylogenetics;
Australia; molecular characterization

© 2011 Elsevier B.V. All rights reserved.
*Corresponding author: Center for Infection and Immunity, Mailman School of Public Health, Columbia University, 722 West 168th
Street, New York, NY 10032, USA; Phone: 212-342-9031; Fax: 212-342-9044; thomas.briese@columbia.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Virus Res. Author manuscript; available in PMC 2012 September 1.

Published in final edited form as:
Virus Res. 2011 September ; 160(1-2): 206–213. doi:10.1016/j.virusres.2011.06.021.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
Viruses with nonsegmented, single-stranded negative sense RNA genomes are subsumed in
the order Mononegavirales that currently includes the four families Bornaviridae,
Filoviridae, Paramyxoviridae and Rhabdoviridae. The family Rhabdoviridae comprises
viruses of fish in the genus Novirhabdovirus and arthropod-borne viruses that infect plants
in the genera Nucleorhabdovirus and Cytorhabdovirus. The remaining genera
Ephemerovirus, Lyssavirus and Vesiculovirus include both arthropod-borne and non vector-
borne pathogens of mammals, birds, reptiles and fish that include significant threats to
agriculture and public health, such as vesicular stomatitis Indiana virus (VSIV) and rabies
virus (RABV) (Kuzmin et al., 2009). In addition, more than 100 viruses are tentatively
assigned to this family based on their characteristic bullet-shaped virion morphology, or via
serologic cross-reactivity with one or more of the classified members of the family (Tordo et
al., 2005).

Rhabdoviruses have genomes that range in approximate size from 11,000 to 16,000
nucleotides (nt). The genome organization of many classic rhabdoviruses, as represented by
RABV, has been considered to be one of the simplest in the viral kingdom with only 5
genes: the nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G) and
polymerase (L) in the order 3′-N-P-M-G-L-5′ (Kuzmin et al., 2009). However, recent
molecular analyses of novel rhabdoviruses indicated considerable genetic variability and
more complex genomes, with up to 10 additional open reading frames (ORF) located within
or interposed between the five core genes, many still without known function. In addition to
overlapping ORFs characterized within the P gene of members of the Vesiculovirus genus
(C and C′; (Kretzschmar et al., 1996; Peluso et al., 1996; Spiropoulou and Nichol, 1993),
and in unassigned rhabdoviruses from vertebrates and dipterans (Allison et al., 2010; Gubala
et al., 2010; Nishizawa et al., 1997; Quan et al., 2010; Schutze et al., 1999; Springfeld et al.,
2005; Tao et al., 2008; Zhu et al., 2011), ORFs that overlap within N, M or G genes have
also been identified (Gubala et al., 2008; Jayakar and Whitt, 2002; Tao et al., 2008). One to
four ORFs located between the P and M genes are reported for plant-infecting rhabdoviruses
(Dietzgen et al., 2006; Huang et al., 2003; Reed et al., 2005; Revill et al., 2005; Scholthof et
al., 1994; Tanno et al., 2000), the unassigned Drosophila sigma viruses (Longdon et al.,
2010; Teninges et al., 1993), and the Culicoides-transmitted Ngaingan (NGAV) and
Wongabel viruses (WOGV) (Gubala et al., 2010; Gubala et al., 2008). In addition, an ORF
located between the M and G genes has been identified in the unassigned NGAV, Durham
(DURV), and Tupaia viruses (TUPV) (Allison et al., 2010; Gubala et al., 2010; Springfeld et
al., 2005). All members of the genus Novirhadovirus, the nucleorhabdovirus rice yellow
stunt virus (RYSV) and the unassigned Coastal Plains virus (CPV, Genbank accession
GQ294473) have a unique ORF located between G and L genes, whereas some members of
the genus Ephemerovirus contain ORFs potentially resulting from gene duplication at that
junction (Huang et al., 2003; McWilliam et al., 1997; Morzunov et al., 1995; Wang et al.,
1994). Additional genes located between the N and P genes have not yet been reported.

Arboviruses of medical importance have been monitored in northern Western Australia
(WA) since the 1970s through serology and annual surveys of mosquitoes during the late
wet season in major towns and communities across the Kimberley region (Broom et al.,
2003; Liehne et al., 1981). During the course of those surveillance campaigns, a novel virus,
designated K13965, was isolated. After K13965 failed to react with a panel of monoclonal
antibodies raised to alphaviruses and flaviviruses common in WA (Broom et al., 1998), and
did not yield amplification products using primers for the detection of common arboviruses,
unbiased high-throughput pyrosequencing (UHTS) was employed for genetic
characterization. Here we report the complete genome sequence of K13965, and its

Quan et al. Page 2

Virus Res. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



identification as a rhabdovirus that represents a strain of Oak Vale virus (OVRV), for which
we also report full genomic sequence.

2. Materials and Methods
2.1 Virus collection and culture

K13965 was isolated from a pool of female Anopheles annulipes s.l. mosquitoes collected in
May 1993 from a trapping site located approximately 3 km north of Kununurra in the
Kimberley region of WA (Fig. 1). Mosquitoes were collected in an annual survey of
mosquitoes and arboviruses across northern WA by the University of Western Australia
Arbovirus Surveillance and Research Laboratory (Broom et al., 2002; Johansen et al.,
2009a). Mosquitoes were processed for virus isolation by inoculation of C6/36 cells,
followed by serial passage of cell culture supernatant in PSEK and Vero cells (Johansen et
al., 2000; Lindsay et al., 1993). Infected cultures were monitored by microscopic
examination for cytopathic effect. Culture supernatants were harvested, serially passaged,
and used for subsequent studies. Virus identification using infected cell monolayers was
attempted by enzyme immunoassay using a panel of monoclonal antibodies to Australian
arboviruses (Broom et al., 1998), and by reverse transcription-polymerase chain reaction
(RT-PCR) assays on nucleic acid extracts using a panel of primer sets targeting
alphaviruses, flaviviruses, orbiviruses and bunyaviruses (primer sequences available upon
request).

OVRV strain CSIRO-1342 was obtained from the World Reference Center for Emerging
Viruses and Arboviruses collection at the University of Texas Medical Branch. The isolation
of OVRV strain CSIRO-1342 was reported from Peachester, Queensland, in 1981/82 from
truck-trapped Culex sp. mosquitoes, and in 1984 from Culex edwardsi mosquito pools
collected during an ephemeral fever outbreak (Calisher et al., 1989; Cybinski and Muller,
1990; Muller and Standfast, 1986) (Fig. 1).

2.2 Unbiased High-Throughput Sequencing (UHTS)
Culture supernatant from infected PSEK cells was clarified from cell debris by
centrifugation and total RNA was extracted from the clarified supernatant for UHTS (Trizol-
LS, Invitrogen, Carlsbad, CA, USA). RNA (0.5 μg) was DNase I-digested (DNA-free;
Ambion, Austin, TX, USA) and reverse transcribed using Superscript II (Invitrogen) with
random octamer primers linked to an arbitrary, defined 17-mer primer sequence. The cDNA
was RNase H treated prior to random amplification by PCR using AmpliTaq (Applied
Biosystems, Foster City, CA, USA) and a primer mix including the octamer-linked 17-mer
sequence primer and the defined 17-mer sequence primer in a 1:9 ratio (Quan et al., 2007).
Products >70 bp were purified (MinElute, Qiagen, Hilden, Germany) and ligated to linkers
for sequencing on a GSL FLX Sequencer (454 Life Sciences, Branford, CT, USA)
(Margulies et al., 2005). After trimming primer sequences and eliminating highly repetitive
elements, sequences were clustered and assembled into contiguous fragments (contigs) for
comparison by the Basic Local Alignment Search Tool (blast; (Altschul et al., 1990) to the
Genbank database at nucleotide (nt) and deduced amino acid (aa) level, applying blastn and
fastx algorithms.

2.3 Specific RT-PCR and quantitative real time RT-PCR
Multiple primer sets were designed based on sequences obtained through UHTS. The draft
genome sequence was validated by sequencing overlapping PCR products that covered the
entire genome. Genomic termini were characterized by RACE (Invitrogen). RNA was
transcribed with Superscript II (Invitrogen) using random hexamer priming. PCR primers
were applied at 0.2 μM concentration with 1 μL cDNA and Platinum Taq DNA polymerase
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(Invitrogen). Products were purified (QIAquick PCR purification kit; Qiagen) and directly
dideoxy-sequenced on both strands (Genewiz, South Plainfield, NJ, USA).

Primers and probe for quantitative real-rime PCR were selected within the L gene using
Geneious software (Biomatters, Auckland, New Zealand): K13965-fwd 5′-
TGGAGGAGACCATGACCAGCACA, K13965-rev 5′-
GCTCAGACAGTTGGCTATGTTAGGAAG, K13965-probe 5′-FAM-
AGCAAGAGGTATGCAAGAATGTGCA-TAMRA. A calibration standard was generated
by cloning a 102 nt genomic fragment (pGEM-T Easy; Promega, Madison, WI, USA).
Assays were performed in duplicate using a StepOnePlus Real-time PCR mix (Applied
Biosystems), and a standard cycling profile with 45 cycles in a volume of 25 μL, containing
random hexamer-primed cDNA, 300 nM primer (each) and 200 nM probe.

2.4 Phylogenetic analysis
Phylogenetic trees were constructed based on aa sequences of L (970 aa, N=49, or
conserved block III, 156 aa, n=77) and N (325 aa, n=60). Sequences were aligned by the
MUSCLE 3.6 software algorithm (Edgar, 2004) and manually adjusted by using MEGA 4.0
software (Tamura et al., 2007) after terminal regions with low alignment confidence were
clipped. Phylogenetic trees were generated by applying the Bayesian method of the
MrBayes software package (v 3.1.2) (Huelsenbeck and Ronquist, 2001), using a Whelan and
Goldman (WAG) evolutionary model of aa replacement (Whelan and Goldman, 2001) with
a gamma distribution of rate variation among sites. Chains were run for 10 million
generations and sampled every 100th generation, applying a 25% burn-in rate at which point
all parameters had converged.

2.5 Protein analysis
Similarity to protein families and prediction of functional protein domains were obtained
through sequence analyses with PFAM (http://pfam.sanger.ac.uk/) and PROSITE
(http://ca.expasy.org/prosite). Predictions of physico-chemical properties of deduced
proteins of K13965 (molecular weight (MW), isoelectric point (pI), grand average of
hydropathicity (GRAVY)) were generated by using the Protparam tool
(http://expasy.ch/tools/). Phobius software (http://www.ebi.ac.uk/Tools/phobius/) was used
to predict signal peptides and protein topology. Predictions of N-glycosylation and
phosphorylation sites were derived with the respective algorithms of the Center for
Biological Sequence Analysis (http://www.cbs.dtu.dk/services/). Amino acid sequence
identity and similarity were calculated by applying the Needleman algorithm with an
EBLOSUM30 substitution matrix (gap open/extension penalties of 10/2 for aa alignments;
EMBOSS (Rice et al., 2000)) and a Perl script to compile the results for all comparisons.

3. Results
3.1 K13965 genome organization

The complete K13965 genomic sequence was determined using infected cell culture
supernatant. UHTS yielded approximately 112,800 sequence reads with a mean length of
245 nt. After primer trimming and assembly, 6 contigs ranging in size from 96 to 5,362 nt
(14,363 sequence reads, mean length 353 nt) showed homology to rhabdovirus sequences in
the NCBI non-redundant database (http://www.ncbi.nlm.nih.gov/Genbank). The assembled
sequence covered full-length genome sequence, except for leader and trailer regions.
Genomic termini were subsequently characterized by RACE. The generated draft sequence
was confirmed by overlapping PCR across the whole genome (GenBank accession
JF705877).
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The negative-sense genome sequence of K13965 comprises 11,220 nt; the antigenome
encodes at least eight ORFs (Fig. 2A). In addition to the five core rhabdoviral genes,
K13965 includes an additional ORF (SH) located between the M and G genes, and two
putative ORFs (P′, P″) in overlapping reading frames within the P gene to result in a genome
organization 3′-Leader-N-P-(P′, P″)-M-SH-G-L-Trailer-5′. Putative transcription initiation
(3′-CUGU) and termination (3′-GUACU7) signals are recognized flanking the identified
ORFs, resulting in six transcription units (Fig. 2A, B). Gene junctions show the usual
separation of the upstream termination signal by one to two nt from the downstream
initiation signal, except at the G-L junction. The intergenic regions consist of a dinucleotide
(GA) at the N-P and SH-G junctions, whereas a single nucleotide (G or A) is present at the
P-M and M-SH junctions (Fig. 2B). In contrast, the termination/polyadenylation signal of G
is located 2 nt downstream of the L initiation sequence, resulting in overlap of the G and L
genes without overlap of their ORFs.

A common feature of rhabdovirus genomes is partial complementary of their 3′- and 5′-
termini (Whelan et al., 2004). The 3′-leader and the 5′-trailer sequences of K13965 comprise
39 and 51 nt, respectively; with eleven of the fifteen terminal nt being complementary (Fig.
2C).

3.2 Open reading frames
Features of the ORFs identified in the K13965 antigenome are summarized in Table 1.
ORF-1 is compatible with nucleoproteins (N) of other rhabdoviruses by location, and
contains a highly conserved aa motif S289PYS that is proposed to be involved in RNA-
binding in vertebrate rhabdoviruses (Crysler et al., 1990; Tordo et al., 1986). Alignment
with other N sequences also indicates conserved aa identified as characteristic of
rhabdoviruses that infect vertebrates (Kuzmin et al., 2006). ORF-II contains several
potential phosphorylation sites, including 2 tyrosine, 24 serine, and 7 threonine
phosphorylation sites as anticipated for a phosphoprotein (P), the cofactor of the active viral
transcriptase/replicase complex. In addition, two non-overlapping ORFs in the +1 frame of
the P gene may encode small acidic proteins designated P′ and P″ (Table 1, Figure 2). P′ is
located close to the 5′-end of the P ORF, similar to C proteins identified in VSIV and
vesicular stomatitis New Jersey virus (VSNJV) (Peluso et al., 1996; Spiropoulou and
Nichol, 1993). Putative start codons for P′ and P″ are 65 nt and 758 nt downstream of the P
start codon. Both putative proteins show no significant similarity to known proteins in the
PFAM or PROSITE databases. ORF-III commonly codes for a matrix protein (M). The M
analog of K13965 includes potential serine (6 sites) and threonine (1 site) phosphorylation
sites, and no sequence similarity to other known proteins is detected. K13965 ORF-IV
includes 2 hydrophobic aa clusters located at the N terminus and the center of the sequence,
resulting in a grand average of hydropathicity of +0.595, analogous to the small hydrophobic
(SH) proteins recently identified for TUPV and DURV (Allison et al., 2010; Springfeld et
al., 2005). Phobius analysis indicated a signal peptide (aa 1-23) but no transmembrane
anchor, suggesting that a soluble protein may be generated. Despite the limited primary
sequence conservation amongst glycoproteins (G) of rhabdoviruses, general structural
features including glycosylation sites, and cysteine residues are commonly conserved (Coll,
1995; Walker and Kongsuwan, 1999). Accordingly, ORF-V of K13965 shows features of
type I glycoproteins, including an N-terminal signal peptide (aa 1-17), an ectodomain (aa
18-501), a transmembrane domain (aa 502-521) followed by a short cytoplasmic tail (aa
522-531), two potential N-glycosylation sites (N378KTL and N405GTT), and fourteen
cysteine residues including 7 of the 12 cysteines conserved among animal rhabdoviruses
(CI40, CIII81, CV119, CVI158, CVII163, CXI309, CXII342; (Walker and Kongsuwan, 1999).
The last and largest ORF-VI is predicted to translate into a 2,051 aa (231 kDa) L-
polymerase. The L-polymerase of K13965 contains the conserved residues present in L-

Quan et al. Page 5

Virus Res. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



polymerase of negative strand RNA viruses (Poch et al., 1990). In addition, all four highly
conserved motifs A through D of block III (Poch et al., 1990; Poch et al., 1989) are
conserved in L of K13965 (motif A (A577NHMDYSKWNNHQR); motif B
(A647CWRGQAGGLEGLRQKGWTITSLLMI); motif C (T685LAQGDNQIV); motif D
(Y758RGNLCNPKSKRY)).

3.3 Sequence comparison of K13965 with OVRV CSIRO-1342 and other rhabdoviruses
In an independent approach we also determined the complete genomic sequence of another
unassigned Australian rhabdovirus, OVRV strain CSIRO-1342. As with K13965, culture
supernatant of CSIRO-1342 was analyzed by UHTS, sequence gaps filled with specific PCR
and RACE, and the draft sequence finally confirmed through re-sequencing by overlapping
PCR (GenBank accession JF705876). The total RNA preparations from CSIRO-1342 and
K13965 that were used for UHTS were subsequently evaluated by a real-time RT-PCR
assay developed based on the consensus genome sequences. The quantitative OVRV assay
indicated virus loads of 1.5x 105 copies/ng total RNA for CSIRO-1342, and 3.5 x 105

copies/ng for K13965.

Like K13965, the negative-sense genome of OVRV comprises 11,220 nt with a comparable
genome organization. Furthermore, identical putative transcription initiation, termination
and intergenic regions were identified for CSIRO-1342, except for a change at the M
termination sequence (3′-GCACU7). As in K13965 the G and L genes overlap. The putative
P′ ORFs of K13965 and CSIRO-1342 show high nt sequence conservation of 98.6%, and are
identical at the aa level. However, the putative P″ start and stop codons are positioned
differently in the same +1 frame, generating proteins of 67 aa for K13965, or 48 aa for
CSIRO-1342. Comparison of OVRV CSIRO-1342 and K13965 genomes indicated 93 % nt
identity. The P (92 %) and SH (93 %) ORFs show the least, and N (100 %) the highest aa
sequence identity (Suppl. Table 1). Comparison of individual K13965 ORFs to homologous
proteins of other representative rhabdoviruses for which complete sequence is available
indicated that K13965 shares at most 36 % aa identity for L with TUPV and DURV; P and
M show less then 17 % identity with the analyzed sequences, and identities for N ranged
between 15 and 30 % (Suppl. Table 2).

3.4 Phylogenetic analyses
Phylogenetic trees constructed from partial L aa sequences of K13965, CSIRO-1342 and
representative rhabdoviruses suggest that K13965 and CSIRO-1342 are closely related to,
but distinct from, members of the recently proposed Sandjimba group (Fig. 3A) (Dacheux et
al., 2010). Analysis of N aa sequences similarly grouped K13965 and CSIRO-1342 with the
available Sandjimba group viruses KOLV and SJAV (Fig. 3B), but also showed a
relationship to TUPV and DURV. Only the latter relationship could be confirmed by using
nearly full-length L sequence due to a lack of sequence information for the other viruses
(Fig. 3C).

4. Discussion
K13965, an uncharacterized Australian virus isolate, was genetically identified as a strain of
OVRV by comparison of its genome to the full length genomic sequence that we obtained
for the Australian OVRV CSIRO-1342, which matched the previously available partial
sequence for CSIRO-1342 (GenBank Accession GQ294474). The K13965 genome, in
addition to 5 core proteins typical for rhabdoviruses, encodes a small hydrophobic (SH)
protein, and putative P′ (C) and P″ proteins that may be expressed from alternative ORFs
contained within the P gene. Like sigma viruses in Drosophila spp. (Longdon et al., 2010;
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Teninges et al., 1993), K13965, isolated from mosquitoes has overlap between the G and L
gene without ORF overlap.

Within the order Mononegavirales, SH and C proteins were initially identified in
paramyxoviruses (Bellini et al., 1985; Curran and Kolakofsky, 2008; Elango et al., 1989).
Paramyxovirus C proteins have been shown to inhibit interferon signaling (Nagai and Kato,
2004), and SH proteins to inhibit TNF alpha production (Li et al., 2011) and apoptosis
(Wilson et al., 2006). Protein products coded in analogous genome locations to
paramyxovirus C proteins have been identified in the rhabdoviruses VSIV and VSNJV
(Kretzschmar et al., 1996; Peluso et al., 1996; Spiropoulou and Nichol, 1993), and products
comparable to SH proteins were identified in TUPV (Springfeld et al., 2005) and predicted
for DURV (Allison et al., 2010). The functions of these proteins in rhabdoviruses are
unknown although it has been hypothesized that C proteins may play a role in viral
pathogenesis and enhance transcriptional activity (Peluso et al., 1996).

The putative P′ (C) of K13965 is larger than those reported for members of the genus
Vesiculovirus, but smaller than P′ (C) reported for TUPV or DURV (Suppl. Table 3). The P′
(C) of K13965 is predicted to have an acidic pI whereas other rhabdoviral P′ (C) proteins,
with the exception of that of DURV, have a basic pI >9. P′ (C) of K13965 shows no
recognized sequence homology to other reported P′ (C), except for that of OVRV
CSIRO-1342. In addition, a small P″ ORF located downstream of P′ was identified in
K13965, resembling the P gene organization of NGAV, which is reported to also code for
two putative non-overlapping small ORFs (Gubala et al., 2010). Although a P″ ORF is
present also in CSIRO-1342, it is not conserved with respect to K13965; different start and
stop codons predict a smaller protein for CSIRO-1342. This lack of conservation between
the two isolates indicates a lower selective pressure on these sequences compared to the
other coding sequences.

Both OVRV K13965 and CSIRO-1342 encode a putative hydrophobic SH protein of smaller
size than those of TUPV and DURV (Suppl. Table 4) that has no sequence homology with
these SHs. TUPV and DURV SHs are predicted to adopt a type I, or type II, transmembrane
topology, respectively (Allison et al., 2010; Springfeld et al., 2005). In contrast, SH of
OVRV is not predicted to be a transmembrane protein. Interestingly, in NGAV an ORF (U4;
(Gubala et al., 2010) is present in the same genomic position as SH proteins that also likely
generates a soluble but not hydrophobic protein (NC_013955; Phobius). No aa conservation
was found in the N-terminal half of the ORF or the entire aa sequence. We also found no
conservation of the leucine residues with respect to TUPV and DURV in the SH of K13965
or CSIRO-1342. Together with TUPV and DURV (isolated from mammal and bird,
respectively), the mosquito-borne OVRV represents the third example of a rhabdovirus
encoding a P′ (C) and SH protein.

The geographic region from where K13965-infected Anopheles annulipes s.l. mosquitoes
were collected in 1993 is an enzootic focus for arboviruses, as the presence of the Ord River
irrigation area enables mosquito species to breed continuously (Broom et al., 2002; Broom
et al., 2003; Liehne et al., 1976; Mackenzie and Broom, 1999). The high level of rainfall
during the 1992/1993 wet season was associated with an increase in arbovirus activity in
that area (Broom et al., 1997). An isolate of the recently identified Stretch Lagoon orbivirus
was also recovered from mosquitoes collected from the Ord River area in 1993 (D.T.W. and
C.A.J., unpublished), suggesting that environmental conditions were suitable for heightened
arbovirus activity at that time. OVRV CSIRO-1342 was isolated in the early 1980s from
Culex edwardsi and Culex spp. mosquitoes from southeast Queensland (Calisher et al.,
1989; Cybinski and Muller, 1990; Muller and Standfast, 1986). In addition, OVRV was also
isolated in 1984 from Aedes vigilax mosquitoes collected in Darwin (Weir et al., 1997).
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Taken together, OVRV strains have been isolated from disparate regions of tropical
Australia, suggesting that this virus has been circulating widely for more than a decade.

An. annulipes s.l. is a species complex distributed across Australia, whilst Ae. vigilax has a
coastal distribution and Cx. edwardsi is restricted to Queensland and the northern coast of
New South Wales (Lee et al., 1989; Lee et al., 1987; Lee et al., 1984). Laboratory-based
vector competence studies will be required to confirm whether mosquitoes of these species
are vectors for OVRV. Blood meal studies suggest that An. annulipes s.l. and Ae. vigilax
feed on a variety of vertebrate hosts, including birds, marsupials and cattle (Jansen et al.,
2009; Johansen et al., 2009b; Lee et al., 1987; Lee et al., 1984), whereas Cx. edwardsi
appear to prefer humans and birds (Lee et al., 1989). No serosurveys of antibodies to
K13965 in humans or animals in the Ord River area have been conducted, and no antibodies
to CSIRO-1342 were found in cattle sera at Peachester (Cybinski and Muller, 1990). OVRV
likely cycles between mosquitoes and vertebrate host(s), possibly birds and/or pigs, as
suggested by a reported detection of antibodies to OVRV in feral pigs (Bourhy et al., 2008).

Phylogenetic analysis of the block III L aa sequence indicates that OVRV is closely related
to members of a recently proposed Sandjimba group (Dacheux et al., 2010) within the
tentative Dimarhabdovirus supergroup (Bourhy et al., 2005) of the Rhabdoviridae family.
Other members of this group were isolated from birds or mosquitoes from the Central
African Republic. However, the Australian viruses K13965 and CSIRO-1342 form a branch
separate from the African viruses, likely reflecting independent evolutionary pathways
consistent with their geographic separation. In this regard it is of interest that the Sandjimba
group forms a sister clade with the proposed Almpiwar group (Fig. 3), whose four members
have been isolated from southern Queensland (Charleville virus strain Ch9824 from
Charleville), from northern Queensland (Almpiwar virus and Charleville virus strain
Ch9847 from Mitchell River), and from the Northern Territory (Humpty Doo virus from
Beatrice Hill), similar geographic areas as Peachester, Darwin and the Kimberley region
where OVRV and K13965 have been found (Fig. 1) (Bourhy et al., 2008). Thus, OVRV and
Almpiwar group viruses have shared or overlapping geographic distributions. Analysis of
the N aa sequence showed a similar relationship of OVRV to two viruses from the Sandjima
group for which N sequence is available, and also indicated a relationship to TUPV and
DURV that was corroborated by the long L sequence analysis; however, further analyses are
hampered by the lack of long L and N sequences for other viruses, especially for Almpiwar
group viruses. Additional genomic sequence information will be necessary to provide
further insights into the evolutionary history and relationships of members of these proposed
groups.

Arbovirus surveillance in northern Australia has yielded insights into the incidence,
geographic range and ecology of major human flavi- and alphaviral pathogens through
continued annual studies over the last 5 decades (Broom et al., 1998; Johansen et al., 2009a;
Johansen et al., 2009b; Liehne et al., 1976). Our identification of Oak Vale rhabdovirus in
uncharacterized isolates identified through those surveillance efforts further defines viral
flora in that area and enhances our knowledge of the diversity and complexity of rhabdoviral
genomes and their phylogenetic relationships.
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Highlights
Full genome sequence of Australian viruses K13965 and Oak Vale was determined by
unbiased pyrosequencing. Genetic analysis identified K13965 as a rhabdovirus and as a
strain of Oak Vale virus. Genome organization is unusual for P′(C)/P″ combined with a
SH gene, and overlap of G and L genes. Phylogenetic analyses indicate relationships to
the African Sandjimba clade and Australian Almpiwar clade.
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Figure 1.
Map of Australia by states and territories showing the geographic locations where OVRV
K13965 and CSIRO-1342 were isolated. K13965 was isolated from Anopheles annulipes s.l.
collected 3 km north of Kununurra. OVRV CSIRO-1342 was isolated from Culex edwardsi
collected at Peachester. Another isolation of OVRV has been reported from Aedes vigilax
collected at Darwin. ACT, Australian Capital Territory; NSW, New South Wales; NT,
Northern Territory; QLD, Queensland; SA, South Australia; TAS, Tasmania; VIC, Victoria,
WA, Western Australia.
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Figure 2.
K13965 genome organization. (A) Schematic organization of the K13965 genome. The bar
represents the 11,120 nucleotide (nt) antigenome. The eight open arrows indicate the
position of the open reading frames (ORFs) for putative N, P, P′, P″, M, SH, G, and L
proteins. (B) Transcription initiation, intergenic and transcription termination/
polyadenylation sequences. The start and stop codon for each gene is in bold, the intergenic
region is underlined. (C) Complementarity between the 3′ leader and the 5′ trailer sequences.
Bases conserved among rhabdoviruses known to infect vertebrates are shown in bold. Start
and stop codons are underlined.
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Figure 3.
Phylogenetic relationships of K13965 and CSIRO-1342 with representative rhabdoviruses
derived from partial L (156 aa; A), N (325 aa; B) and full L amino acid sequence (970 aa;
C). The geographic origin (*Africa, # Australia) is indicated for K13965, CSIRO-1342 and
members of the Sandjimba and Almpiwar groups. K13965 is indicated by a circled
arrowhead. Analysis was performed using a Bayesian method applying a WAG model of
amino acid replacement with a gamma distribution of rate variation among sites for 10
million generations (with a 25% burn-in). Support for each node is provided by BPP
(Bayesian posterior probability) (>0.8). Branch lengths are drawn to scale and the trees were
mid-point rooted. Amino acid sequences used were: ABLV, Australian bat lyssavirus
(L:NP_478343; N:AAD01267); ALMV, Almpiwar virus (L:AY854645); ARAV, Aravan
virus (L:ABV03822; N:Q6X1D8); ARV, Adelaide River virus (L:AF234534;
N:AAC54627); BBOV, Bimbo virus (L:GU816016); BEFV, bovine ephemeral fever virus
(L:NP_065409; N:NP_065398); BGNV, Bangoran virus (L:GU816010); BRMV, Berrimah
virus (L:AAZ43265); BTKV, Boteke virus (L:GU816014); BYSMV, barley yellow striate
mosaic virus (L:ACT21686); CFRV, China fish rhabdovirus (L:AAX86686); CHPV,
Chandipura virus (L:P13179; N:P11211); CHVV9824, Charleville virus (L:AY854644);
CHVV9847, Charleville virus (L:AY854672); COCV, Cocal virus (L:ACB47438;
N:ACB47434); CPV, coastal plains virus (L:ADG86364; N:ADG86356); DAffSV,
Drosophila affinis sigma virus 10 (L:GQ410980); DobsSV, Drosophila obscura sigma virus
10A (N:GQ410979); DURV, Durham virus (L:ADB88761; N:ADB88758); DUVV,
Duvenhage virus (L:ABZ81216; N:Q66453); EBLV1, european bat lyssavirus 1
(L:ABZ81181; N:AAX62875); EBLV2, european bat lyssavirus 2 (L:ABZ81191;
N:YP_001285393); FLAV, Flanders virus (L:AAN73288; N:AAN73283); FUKV, Fukuoka
virus (L:AAZ43279); GARV, Garba virus (L:GU816018); HDOOV, Humpty doo virus
(L:AAZ43271); HIRRV, Hirame rhabdovirus (L:NP_919035; N:NP_919030); IHNV,
infectious hematopoietic necrosis virus (L:CAA52076; N:NP042676); IRKV, Irkut virus
(L:ABV03823; N:Q5VKP6); ISFV, Isfahan virus (L:Q5K2K3; N:Q5K2K7); KAMV,
Kamese virus (L:GU816011); KCV, Kern Canyon virus (N:ABE69215); KEUV, Keuraliba
virus (L:GU816021); KHUV, Khujand virus (L:ABV03824; N:Q6X1D4); KIMV,
Kimberley virus (L:AAZ43266); KOLV, Kolongo virus (L:GU816020; N:ABE69214);
KOTV, Kotonkan virus (L:AAZ43267; N:ABE69213); LBV, Lagos bat virus
(L:ABZ81171; N:ABF56214); LDV, Le Dantec virus (L:AAZ43278); LYMoV, lettuce
yellow mottle virus (L:YP_002308376; N:YP_00208371); LNYV, lettuce necrotic yellows
virus (L:YP_425092; N:CAG34083); MEBV, mount Elgon bat virus (N:ABE69217);
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MFSV, maize fine streak virus (L:YP_052849; N:YP_052843); MMV, maize mosaic virus
(L:YP_052855; N:YP_052850); MOKV, Mokola virus (L:ABZ81211; N:YP_142350);
MOSV, Mossuril virus (L:GU816012); MOUV, Moussa virus (L:ACZ81402;
N:ACZ81403); NASV, Nasoule virus (L:GU816017); NCMV, northern cereal mosaic virus
(L:NP_597914; N:NP_057954); NGAV, Ngaingan virus (L:YP_003518294;
N:YP_003518280); NKOV, Nkolbisson virus (L:GU816022); OBOV, Obodhiang virus
(N:ABE69212); OFV, orchid fleck virus (L:YP_001294929; N:BAH97109); OITAV, Oita
rhabdovirus (N:BAD13431); OUAV, Ouango virus (L:GU816015); PCRV, Parry Creek
virus (L:AAZ43275); PERV, Perinet virus (L:AAZ43280); PFRV, Pike fry rhabdovirus
(L:ACP28002; N:ACP27998); PIRYV, Piry virus (N:P26037); PORV, Porton virus
(L:GU816013); PYDV, potato yellow dwarf virus (N:ABW35154); RABV, Rabies virus
(L:Q66T60; N:ACN15666); RBUV, Rochambeau virus (N:ABE69218); RYSV, rice yellow
stunt virus (L:NP_620502; N:NP_620496); SCRV, Siniperca chuatsi rhabdovirus
(L:YP_802942; N:YP_802937); SCV, strawberry crinkle virus (L:AAP03645); SFRV,
Starry flounder rhabdovirus (L:AY450644); SHRV, snakehead rhabdovirus (L:NP_050585;
N:NP_050580); SIGMAV, Drosophila melanogaster sigma virus (N:ACV67011);
SIGMAVHAP23, Drosophila melanogaster sigma virus HAP23 (L:GQ375258;
N:GQ375258); SIGMAVHAP30, Drosophila melanogaster sigma virus AP30
(L:YP_003126913; N:YP_003126908); SJAV, Sandjimba virus (L:GU816019;
N:ABE69216); STRV, sea trout rhabdovirus (N:AAL35756); SVCV, spring viraemia of
carp virus (L:Q91DR9; N:ABW24033); SYNV, Sonchus yellow net virus (L:NP_042286;
N:NP_042281); TaVCV, Taro vein chlorosis virus (L:YP_224083; N:YP_224078); TIBV,
Tibrogargan virus (L:ADG86355; N:ADG86347); TUPV, Tupaia virus (L:YP_238534;
N:YP_238528); VHSV, viral hemorrhagic septicemia virus (L:CAB40833; N:P24378);
VSAV, vesicular stomatitis Alagoas virus (L:ACB47443; N:ACB47439); VSIV, vesicular
stomatitis Indiana virus (L:NP_041716; N:P11212); VSNJV, vesicular stomatitis New
Jersey virus (L:P16379; N:P04881); WCBV, West Caucasian bat virus (L:ABV03821;
N:Q5VKP2); WOGV, Wongabel virus (L:AAZ43276; N:YP_002333271).
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