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Abstract

Viral surveillance programs or diagnostic labs occasionally obtain infectious samples that fail to be typed by available cell
culture, serological, or nucleic acid tests. Five such samples, originating from insect pools, skunk brain, human feces and
sewer effluent, collected between 1955 and 1980, resulted in pathology when inoculated into suckling mice. In this study,
sequence-independent amplification of partially purified viral nucleic acids and small scale shotgun sequencing was used
on mouse brain and muscle tissues. A single viral agent was identified in each sample. For each virus, between 16% to 57%
of the viral genome was acquired by sequencing only 42-108 plasmid inserts. Viruses derived from human feces or sewer
effluent belonged to the Picornaviridae family and showed between 80% to 91% amino acid identities to known
picornaviruses. The complete polyprotein sequence of one virus showed strong similarity to a simian picornavirus sequence
in the provisional Sapelovirus genus. Insects and skunk derived viral sequences exhibited amino acid identities ranging from
25% to 98% to the segmented genomes of viruses within the Reoviridae family. Two isolates were highly divergent: one is
potentially a new species within the orthoreovirus genus, and the other is a new species within the orbivirus genus. We
demonstrate that a simple, inexpensive, and rapid metagenomics approach is effective for identifying known and highly
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divergent new viruses in homogenized tissues of acutely infected mice.
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Introduction

Clinical laboratories are rapidly adopting viral species-specific
nucleic acid amplification for virus identification, thereby
increasing the sensitivity of detection and reducing the time
needed for diagnosis. Although widely successful, these methods
are limited for detecting divergent viruses due to their high

specificity. Failure rates in determining the etiological cause of

disease are varied. For example, the rate for encephalitis is
between 30-85% [reviewed in [1]], approximately 12% for acute
flaccid paralysis [2], and for non A-E hepatits between 18-62%
[reviewed in [3]]. In cases where routine screening fails, newer
technologies are now being employed. Prominent among these are
microarrays and sequence-independent amplification and se-
quencing of viral nucleic acids [4,5,6,7,8,9,10,11,12,13,14].

Viral microarrays can be used to screen for all viral families
simultaneously and have been used successfully to detect novel
human rhinoviruses [10], human coronaviruses [10], and a human
gamma retrovirus closely related to mouse retroviruses [14].
Microarrays require sufficient sequence similarities between virus
and array oligonucleotides for hybridization to occur, making the
detection of highly divergent viruses problematic. Sequence-
independent amplification of nuclease protected viral particles
[15] abrogates the need for a priori sequence information, allows
the detection of viruses recognizable through their protein
sequence homologies to known viruses and has successfully been
used to identify novel human and bovine parvoviruses [4,8,15],
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polyomaviruses [7,16,17], anelloviruses [5], an arenavirus [18], a
dicistrovirus associated with honey bee colony collapse disorder
[19], and a seal picornavirus [9].

In this study we utilized sequence-independent amplification of
partially purified viral nucleic acid from mouse tissue followed by
low-scale shotgun sequencing to quickly identify the viral agents in
five samples negative by tests available at the time of inoculations.
Of the five viruses identified, two belonged to the Picornaviridae
family, and three to the Reoviridae family.

Materials and Methods

Sample preparation and viral culture

VRDLI isolate was originally derived from sewer effluent from
Hamilton, Montana in 1959 and passaged five times through
intracerebral inoculation of suckling mice. Subsequently, the viral
stock was adapted to growth in primary rhesus monkey kidney
cells, and mice were re-inoculated by intramuscular injection.
Moribund mice were sacrificed; muscle tissue was collected.
VRDL2 was isolated from the muscle of a moribund mouse
inoculated with a fecal suspension of a 17 year old female suffering
flu like symptoms in 1960. VRDL3 and VRDL4 were isolated
from the brains of suckling mice paralyzed after inoculation of
ground tissue from a pool of C. tarsalis mosquitoes or a pool of
mosquitoes from multiple species, respectively. VRDL5 was
isolated from the brain of a suckling mouse paralyzed after
inoculation of filtered, ground skunk brain tissue in 1974. For all
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Author Summary

Viral surveillance programs aim to identify circulating
viruses to safeguard the public and livestock from viral
outbreaks. Occasionally, samples suspected of harboring a
virus cause severe disease in laboratory animals, but the
identity of the virus eludes researchers. Here, we applied a
simple viral discovery technique to identify viruses directly
from the tissues of inoculated symptomatic mice and
found a single virus in each sample using a rapid viral
particle purification and random nucleic acid amplification
method. Two viruses appear to be closely related to the
members of the Picornaviridae family. In three other
samples, originally collected from pools of crushed
mosquitoes and the brain of a sick skunk, a known and
novel viruses related to members of the Reoviridiae family
were identified. Reoviruses are considered major patho-
gens of livestock. Our studies provide the groundwork for
further analysis of the prevalence and pathogenesis of
these divergent viruses and illustrate the ease with which
new viral species can be identified in tissues of acutely
infected animals.

samples, 0.5-1.0 gm of either muscle or brain was placed in a
sterile mortar, sprinkled with sterile alumdum and ground to a
pulp. The pulp was then suspended in 0.75% bovine albumin in
buffered saline (BABS) at pH 7.2, to either 10% or 20% weight-to-
volume. This suspension was then centrifuged @2500 RPM at
4°C for 20 minutes. The supernatant was removed and 20,000 U/
mL  Penicillin-Streptomycin was added to 1% by volume.
Suspensions were then aliquoted and frozen at —70°C.

Isolation of viral nucleic acid

Cellular debris and bacteria were removed from mouse tissue
homogenates by filtration through 0.45 pM filter (Millipore).
Filtered viral particles were then pelleted by centrifugation at
22,000x g for 2 hrs at 8°C and resuspended in Hanks buffered
saline solution (Gibco, BRL). Non-particle protected (naked) DNA
and RNA was removed by digestion with a cocktail of DNase
enzymes consisting of 14 U of turbo DNase (Ambion), 20U
benzonase (Novagen) and 20U of RNase One (Promega) at 37°C
for 90 minutes in 1x DNase buffer (Ambion). Remaining total
nucleic acid was then isolated using Qiamp Viral RNA isolation
kit (Qiagen) according to manufacturer’s protocol. Purified viral
RNA was protected from degradation by addition of 40U of
RNase inhibitor (Invitrogen) and stored at —20°C.

Reverse transcriptase priming and amplification of
nucleic acids

Viral ¢cDNA synthesis was performed by incubation of the
extracted viral RNA/DNA with 100pmol of primer K-8N (GAC
CAT CTA GCG ACC TCC ACN NNN NNN N) [13], and
0.5mM of each deoxynucloside triphosphate (ANTP) at 75°C for
5 min. Subsequently, 5U of RNase inhibitor, 10mM dithiothreitol,
1 x first-strand extension buffer, and 200U of SuperScript II
(Invitrogen) were added to the mixture and incubated at 25°C for
5 min, followed by 37°C incubation for 1 hr. In order to generate
products with the fixed portion of primer K-8N on the opposite
strand of the cDNA, single round priming and extension was
performed using Klenow fragment (New England Biolabs). 20 ul
of cDNA was heated to 95°C for 2 min and then cooled to 4°C in
the presence of 20pmol of primer K-8N in 1x klenow reaction
buffer. 5U of Klenow fragment were added and incubated at 37°C
for 60 min.
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PCR of extension products was performed using 5 pl of the
reaction described above in a total reaction volume of 50 ul
containing 2.5mM MgCl,, 0.2mM dNTPs, 1 x PCR Gold buffer,
0.8 uM primer K (GAC CAT CTA GCG ACC TCC AC), and
0.94U of AmpliTaq Gold. Temperature cycling was performed as
follows: 1 cycle of 95°C for 5 min, 5 cycles of denaturing at 95°C
for 1 min, annealing at 59°C for 1 min, extension at 72°C for
1 min, 33 cycles of denaturing at 95°C for 20 sec, 59°C for 20 sec,
72°C for 1 min + 2 sec each cycle. An additional extension for
7 min at 72°C was added to the end of the run. Products were
distinguished as a smear by agarose gel electorphoresis. Fragments
larger than 500bp were isolated (Qiagen) and subcloned into
pGem T-easy vector (Invitrogen) for sequencing.

Comparative sequence analysis

Reference sequences were obtained from NCBI and edited using
GENEDOC software. Accession numbers for sequences used
analyses are as follows: Picornaviruses; Simian picornavirus 1
(AY064708), Simian picornaviruses VP1 (AAL69622-AAL69637),
Human enteroviruses 89 (AY697439), 91 (AY697461), 83
(AY843301), 94 (EF107097), and 70 (DQ201177), 94 (EF107097),
70 (DQ201177), Coxsackie A viruses 5 (AF081296), 10 (AF081300),
3 (AF41342), 11 (AF499636), 15 (AF465512), 19 (AF08138) and 1
(AF499635), Coxsackie B4 virus (AF311939), Human Echoviruses
30 (AF311938) and 2 (AY302545), Bovine Enteroviruses
(AF123433, DO00214), Porcine Enteroviruses (AF363453,
AF406813), Duck Picornavirus TW90A (YP164335). Reoviruses;
Eyach virus (NC_003696-NC_003707), Colorado Tick and Fever
Virus (NC_004180_004191). Accession numbers for sequences
described in this study are as follows: SV49 strain VRDLI
(EU789367), skunk orthoreovirus (EU789368-EU789373), Eyach
virus strain  VRDL4 (EU789374-EU789390), and California
mosquito pool virus (EU789391-EU789395). Sequence alignments
were generated using the CLUSTAL_W package with the default
settings. CLUSTAL_W alignments were used to generate phyloge-
netic trees in MEGA 4 using either neighbor-joining, maximum
likelihood or maximum parsimony with bootstrap values calculated
from 1000 replicates. The generated phylogenetic trees were
visualized using the program MEGA 4.

Results

Summary of Viruses

As part of infectious agent surveillance programs, sewer effluent,
ground mosquito pools and skunk brain tissue collected between
1959 and 1980 by the California Department of Public Health were
used to inoculate suckling mice intramuscularly or intracerebrally.
In five samples, infectious agents could not be indentified in brain or
muscle homogenates using available techniques, although the
inoculated mice exhibited severe pathology. In this study, we used
sequence-independent amplification of viral particle protected
nucleic acids following nuclease digestion [8,13,15] of infected
mouse tissue to identify a viral agent in each of these samples. These
viruses are summarized in Table 1. In total, 47% of all plasmid
subclones were viral in origin, indicative of a high viral
concentration after filtration and nuclease treatment for both brain
and muscle tissues. Genomic coverage ranged from 55-57% for
picornaviruses (~7-9 kb viral genomes), but only 16-46% for the
larger genome reoviruses (~19-29 kb) (Table 1). Viral sequences
were further characterized through phylogenetic analysis.

Picornaviruses
Enterovirus. According to California Department of Public

Health records, sample VRDL2 produced flaccid paralysis in
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3The complete VRDL1 polyprotein and 3’-UTR was obtained by linking fragments via PCR and 5’- and 3'-RACE.

doi:10.1371/journal.ppat.1000163.t001
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injected suckling mice with diffuse myositis of trunk and limb
muscles. These symptoms are consistent with Coxsackie A virus
infection. However, all serological tests were negative for
enteroviruses [20]. In the current study, purified viral nucleic
acids randomly amplified from VRDL2-infected mouse muscle
confirmed infection with a moderately divergent Coxsackie A virus
(CoxA). Pair-wise sequence comparisons of VRDL2 revealed
between 74-86% nucleotide identity and 72-98% amino acid
identity to CoxAl, CoxAl9 and CoxA22, which comprise a
monophyletic cluster within the human enterovirus C species
(HEV-Q). Coxsackie virus serotypes have been shown to correlate
with their phylogenetic groupings based on sequence similarity,
with approximately >75% nucleotide identity and >88% amino
acid identity in the VP1 corresponding to the same serotype [21].
To determine the phylogenetic relationships between VRDL2 and
serotypes of HEV-C  several phylogenetic reconstruction
algorithms (maximum likelihood, maximum parsimony and
neighbor-joining) were used to compare HEV-C VP1 sequences
(Fig. 1). At least three representatives, when available, from each
member of HEV-C were used; a single member of human
enterovirus B was included as an outgroup. As suggested by amino
acid identity, VRDL2 segregated with CoxA22 with bootstrap
values between 71-98%, as a basal member of the CoxA22
serotype.

Sapelovirus. Viral sequences obtained from sample VRDLI
represent a highly divergent picornavirus most closely related to
simian picornavirus 1 (SV2), a member of the putative
“sapelovirus” genus [22], with only 63% deduced amino acid
identity within the originally sequenced VP2, VP3 and VP4
regions. Sub-genomic fragments were linked by PCR and both 5'-
and 3'-RACE were utilized to acquire the complete VRDLI
polyprotein sequence which exhibited 80% amino acid identity to
SV2. Except for the complete genome of SV2, sequence of simian
sapeloviruses polyproteins currently are limited to VP1 and 3D
regions [23,24]. To characterize the relation of VRDLI within the
sapeloviruses, the deduced amino acid sequence for VP1 was used
for phylogenetic reconstruction (Fig. 2). VRDL1 VPI clustered
tightly to SV49 VPI1, a divergent member within the sapelovirus
cluster; the two sequences showing 91% amino acid identity
(Fig. 2). Similar results were seen for partial sequence data within
3D (data not shown) [24]. We therefore report the complete
polyprotein sequence of SV49 strain VRDL1 (SV49-VRDLI)
which is sufficiently divergent from SV2, with amino acid identities
ranging from 52.3% in VPI to 98.9% within the conserved 3D
polymerase, to be considered the prototypic genome sequence for
a second simian sapelovirus genotype.

Reoviruses

Eyach virus isolated in United States. The VRDL4
sample was originally derived from a pool of California
mosquitoes collected in 1980 as part of the arbovirus
surveillance program. Viral sequences from VRDL4 shared
strong amino acid identity to members of the Coltivirus genus.
Eyach virus (EYAV), Colorado tick fever virus (CTFV), and
CTFV-related viruses are the sole members of the Coltivirus genus.
Partial sequencing of segments 1, 2, 3, 4, 5, 7, 8, and 9 all shared
greater than 94% nucleotide identity to the prototype strain of
EYAV, originally identified in Ixodes ricinus ticks in Germany in
1976 [25] (Fig. 3a). To date, the reported geographical
distribution of EYAV has been limited to Europe, while C'TTV
(and related strains) have been isolated in the United States [26].
In a phylogenetic tree based on concatenated VP1 amino acid
sequence, VRDL4 paired with EYAV, with strong bootstrap
support (data not shown). Overall amino acid and nucleotide
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identities across all segments sequenced suggest VRDL4 represents
the first isolation of EYAV (EYAV strain VRDL4) from the
United States. (Fig. 3b).

Novel Orthoreovirus. VRDLS5, isolated from skunk brain
tissue intracerebrally inoculated into suckling mice, displayed
significant sequence identity to several fragments of mammalian
orthoreoviruses. Sequence from VRDL5 was obtained for 5 of the
9 segments, with amino acid identities to known mammalian
orthoreoviruses ranging from 23% to 79%. The greatest amount
of coverage (979bp of ~1150bp) was obtained for the S3 fragment
encoding the sigma NS protein. This fragment shared
approximately 78% amino acid identity with baboon reovirus
(Fig. 4). For the S4 segment, VRDL sequences also paired with
baboon reovirus. To date, no baboon reovirus class L. or M
segments have been published. VRDL5 fragment M2 shared
closest sequence identity to avian orthoreovirus, while both L2 and
M3 were weakly similar to mammalian orthoreoviruses. We
propose VRDLS represents a new orthoreovirus, tentatively
named “‘skunk orthoreovirus”, which shares greatest similarity to
baboon reovirus.

Novel Orbivirus. Sample VRDL3 consisted of brain tissue
from suckling mice that had been inoculated intracerebrally with
pooled Culex tarsalis homogenate. Viral sequences from VRDL3
displayed closest similarity to members of the Orbivirus genus in
the Reoviridae family. Sequence from six of the ten total segments of
Orbiviruses displayed weak amino acid identities (19-36%) to
subcloned VRDL3 fragments (Fig. 5). Amino acid sequence from
VP7, a structural protein, which along with VP3 forms the viral
capsid [27], is the protein primarily used for phylogenetic analysis
of Orbiviruses and exhibits the highest level of conservation within
members of the Orbivirus genus with intraspecies amino acid
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identities between 83-99% [28,29,30]. VRDL3 VP7 exhibited
only 19% amino acid identity to the closest Orbiviruses, and
phylogenetic analysis revealed a deep, weakly bootstrap-supported
pairing to the Great Island Broadhaven virus (Fig. 5). We propose
VRDL3 is a novel virus and propose the name California
Mosquito Pool Virus (CMPV), in accordance with traditional
nomenclature of Orbiviruses.

Several members of the Orbivirus genus, including Bluetongue
virus (BTV) and epizootic hemorrhagic disease virus (EPHDV),
contain a conserved RGD motif located between positions 168 to
170 of VP7 shown to be necessary for attachment to Culicoides cells
[31]. This motif'is missing in Orbiviruses transmitted by mosquitoes,
(e.g. Yunnan virus), or ticks [e.g. Broadhaven (BRDV) and St. Croix
River virus (SCRV)]. CMPV VP7 contained a RHD motif, similar
to the conserved RGD motif of BTV and EPHDV, despite being
isolated from Culex mosquitoes. BTV-10 VP7 crystal structure [32]
and functional analysis also have revealed several conserved
residues within nine alpha helices involved in formation of the
icosahedral viral core. Predicted secondary structure from CMPV
VP7 partial sequence reveals the presence of the four C-terminal
alpha helices (data not shown) and includes conserved residues
corresponding to BTV-10 D318 and Y271, the latter shown to be
necessary for stable trimerization and particle formation [27].

Discussion

Genetic and antigenic diversity and the presence of un-
characterized viruses can confound virus identification using
species or serotype specific reagents. PCR tests generally exhibit
increased sensitivity relative to antibody based antigen detection.
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However, viral genetic diversity can prevent the detection of viral
variants. Use of degenerate consensus primers targeting conserved
viral regions can improve detection of variants, but often at the
cost of decreased sensitivity.

In this study, we circumvent the need for prior knowledge of
viral sequence using sequence independent amplification of
nuclease protected viral particles [15]. We tested samples of
ground mouse muscle or brain that had been moculated with
suspected infectious material including human feces, ground
mosquito pools, and sewer effluent. Processing of samples and
identification of five previously undetected viruses was achieved in
under a week. From each of the samples tested, a single viral
species was identified. Typically, the majority of clones sequenced
contained viral sequence. Of the five viruses amplified two were
picornaviruses. One picornavirus was a borderline new serotype of
HEV-C, most closely related to CoxA22, and the other was a
member of the putative sapelovirus genus, SV49 strain VRDLI.
Three reoviruses were identified: one was a very close match to
Eyach virus, while the other two were sufficiently divergent from
members of the Orbiwirus and Orthoreovirus genera to be candidates
for new species with the Reoviridae family. The Eyach virus, derived
from pooled mosquitoes collected in 1980 is the first reported case
of Eyach detection in the US. Eyach virus previously was thought
to be restricted to Europe, while the related coltivirus species
CTFV was found only in the US [26]. Current prevalence in US
mosquitoes remains to be determined.

Identification of novel viruses

We consider it unlikely that SV49-VRDLI, a simian sapelo-
virus, was derived from the sewer effluent used as inoculum, but
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instead was likely a contamination of lengthy @ vifro manipulation
in primary monkey kidney cells prior to mouse inoculation.
Isolation of several simian enteroviruses in the early development
and testing of poliovirus vaccine in primary monkey kidney cells
illustrates the hazard of cell culture introducing viral contaminants
[33,34,35,36]. Regardless of its origin, we report the complete
genome sequencing of SV49-VRDLI, a second simian sapelovirus
exhibiting an overall amino acid identity of 80% and 77%
nucleotide identity compared to SV2.

Orthoreoviruses currently consist of four species: mammalian
orhtoreovirus (MRYV), avian orthoreovirus (ARV), Nelson Bay
orthoreovirus (NBV), and Baboon reovirus (BRV), although
complete genetic sequence of BRV has not been described.
Additionally, incomplete genomes from three tentative species
have been described recently in reptiles [37]. Depending on the
host and viral species, orthoreoviruses can cause respiratory illness,
diarrhea, and severe neurological disorders. Infection in humans is
generally benign, but can cause respiratory or gastrointestinal
illness, with increased severity in infants [38,39]. Demarcation of
orthoreovirus species is based on sequence divergence, host
species, and pathogenesis.

To determine if the skunk orthoreovirus identified represents a
new species of orthoreovirus or a novel variant of the baboon
reovirus species, intraspecies and interspecies sequence diversity
within the orthoreovirus genus were examined. Deduced sigma
non-structural protein sequences share 83-98% amino acid identity
within avian orthoreoviruses (ARV) and 73%—-94% identitiy within
mammalian orthoreoviruses (MRV) [40,41]. Pair-wise amino acid
comparisons between AVR, BRV, and MRV species exhibit
identities between 18-53% [37,40]. The skunk orhtoreovirus S3
fragment shares 78% amino acid identity to baboon reovirus, falling
into a gray zone with regard to species demarcation. Similarly, the
BRYV and skunk orthoreovirus S4 segment encoding the fusion-
associated small transmembrane protein exhibit 79% amino acid
identity. Due to the paucity of known baboon reovirus sequences in
Genbank we cannot make direct comparisons with class L and M
segments [40,42]. Biologically, the tropism of BRV and skunk
orthoreovirus differ at the species level, but both were isolated from
brain tissue. In total, these data indicate the skunk orthoreovirus is
likely to be a classified as either a new highly divergent serotype
within the baboon reovirus species or a new species.

BTV, AHSV, and EPHDV within the Orbwirus genus are
emerging pathogens of livestock with significant economic impact.

References

1. Granerod J, Crowcroft NS (2007) The epidemiology of acute encephalitis.
Neuropsychol Rehabil 17: 406-428.

2. Saeed M, Zaidi SZ, Nacem A, Masroor M, Sharif S, et al. (2007) Epidemiology
and clinical findings associated with enteroviral acute flaccid paralysis in
Pakistan. BMC Infect Dis 7: 6.

3. Chu CM, Lin DY, Yeh CT, Sheen IS, Liaw YF (2001) Epidemiological
characteristics, risk factors, and clinical manifestations of acute non-A-E
hepatitis. ] Med Virol 65: 296-300.

4. Allander T, Tammi MT, Eriksson M, Bjerkner A, Tiveljung-Lindell A, et al.
(2005) Cloning of a human parvovirus by molecular screening of respiratory tract
samples. Proc Natl Acad Sci U S A 102: 12891-12896. Epub 12005 Aug 12823.

5. Biagini P, Uch R, Belhouchet M, Attoui H, Cantaloube JF, et al. (2007) Circular
genomes related to anelloviruses identified in human and animal samples by
using a combined rolling-circle amplification/sequence-independent single
primer amplification approach. J Gen Virol 88: 2696-2701.

6. Chiu CY, Alizadeh AA, Rouskin S, Merker JD, Yeh E, et al. (2007) Diagnosis of
a critical respiratory illness caused by human metapneumovirus by use of a pan-
virus microarray. J Clin Microbiol 45: 2340-2343. Epub 2007 May 2349.

7. Gaynor AM, Nissen MD, Whiley DM, Mackay IM, Lambert SB, et al. (2007)
Identification of a novel polyomavirus from patients with acute respiratory tract
infections. PLoS Pathog 3: e64. doi:10.1371/journal.ppat.0030064.

8. Jones MS, Kapoor A, Lukashov VV, Simmonds P, Hecht F, et al. (2005) New
DNA viruses identified in patients with acute viral infection syndrome. J Virol
79: 8230-8236.

@ PLoS Pathogens | www.plospathogens.org

Identification of Viruses from Animal Tissues

BTV exhibits only rare cases of morbidity in cattle but is lethal in
up to 70% of infected sheep and in all cases causes significant
morbidity [43]. Less is known regarding the pathogenesis,
prevalence, and complete sequence data for other species within
the Orbivirus genus, including BRDV, SRCV, Yunnan and Palyam
viruses. Differentiation of species is largely based upon vector
transmission, overall amino acid identity and phylogenetic analysis
of viral core (segment 7, VP7) or the RNA-dependent RNA
polymerase (segment 2) [29,44,45]. Within the Orbiviruses, amino
acid identities between serotypes, such as BI'V-1 through BTV-4
are typically above 80% [28,30,46] or 94% in EPHDV [29] within
segments 2 and 7. Divergence between BTV and the less well
characterized Yunnan, SRCV or BRDV exhibits between 21—
37% 1identity within segment 2 and 7 [44,45,47]. The six
fragments of CMPV isolated all exhibit amino acid identities
below 36% to all described Orbiviruses, qualifying it as a new
Orbivirus species. Transmission of Orbiviruses involves three
primary vectors; midges (BTV, AHSV), ticks (BRDV, SCRV)
and mosquitoes (Yunnan virus). While phylogenetic analysis of
VP7 indicated CMPV branches with very low bootstrap support
with BRDV, CMPV was isolated from C. tarsalis mosquito pools
while BRDV is tick-borne [48]. Taken together these data indicate
CMPV may be the founding member of a new species within the
Orbwirus genus.

These results indicate that known and novel viruses can be
readily characterized using limited sequencing, provided that they
are in the high concentration expected from affected tissues of
recently inoculated mice showing acute pathologies. Application of
such techniques to hard-to-type isolates may therefore accelerate
the identification of new viral species.

Acknowledgments

We thank Dr. Michael P. Busch and Blood Systems Research Institute for
sustained support.

Author Contributions

Conceived and designed the experiments: JGV AK ELD. Performed the
experiments: JGV AK. Analyzed the data: JGV AK. Contributed
reagents/materials/analysis tools: JGV KD DPS. Wrote the paper: JGV
ELD.

9. Kapoor A, Victoria J, Simmonds P, Wang C, Shafer RW, et al. (2008) A highly
divergent picornavirus in a marine mammal. J Virol 82: 311-320.

10. Kistler A, Avila PC, Rouskin S, Wang D, Ward T, et al. (2007) Pan-viral
screening of respiratory tract infections in adults with and without asthma reveals
unexpected human coronavirus and human rhinovirus diversity. J Infect Dis
196: 817-825. Epub 2007 Aug 2006.

11. Mehlmann M, Dawson ED, Townsend MB, Smagala JA, Moore CL, et al.
(2006) Robust sequence selection method used to develop the FluChip
diagnostic microarray for influenza virus. J Clin Microbiol 44: 2857—
2862.

12. Mihindukulasuriya KA, Wu G, St Leger J, Nordhausen RW, Wang D (2008)
Identification of a Novel Coronavirus from a Beluga Whale Using a Pan-viral
Microarray. J Virol 19: 19.

13. Stang A, Korn K, Wildner O, Uberla K (2005) Characterization of virus
isolates by particle-associated nucleic acid PCR. J Clin Microbiol 43: 716—
720.

14. Urisman A, Molinaro R]J, Fischer N, Plummer SJ, Casey G, et al. (2006)
Identification of a novel Gammaretrovirus in prostate tumors of patients
homozygous for R462Q RNASEL variant. PLoS Pathog 2: ¢25. doi:10.1371/
journal.ppat.0020025.

15. Allander T, Emerson SU, Engle RE, Purcell RH, Bukh J (2001) A virus
discovery method incorporating DNase treatment and its application to the
identification of two bovine parvovirus species. Proc Natl Acad Sci U S A 98:
11609-11614. Epub 12001 Sep 11618.

September 2008 | Volume 4 | Issue 9 | €1000163



20.

21.

26.

27.

28.

29.

30.

31.

. Allander T, Andreasson K, Gupta S, Bjerkner A, Bogdanovic G, et al. (2007)

Identification of a third human polyomavirus. J Virol 81: 4130-4136. Epub
2007 Feb 4137.

. Feng H, Shuda M, Chang Y, Moore PS (2008) Clonal integration of a

polyomavirus in human Merkel cell carcinoma. Science 319: 1096-1100. Epub

2008 Jan 1017.

. Palacios G, Druce J, Du L, Tran T, Birch C, et al. (2008) A new arenavirus in a

cluster of fatal transplant-associated diseases. N Engl ] Med 358: 991-998. Epub
2008 Feb 2006.

. Cox-Foster DL, Conlan S, Holmes EC, Palacios G, Evans JD, et al. (2007) A

metagenomic survey of microbes in honey bee colony collapse disorder. Science
318: 283-287. Epub 2007 Sep 2006.

Plager H, Decher WJ, Gross LL (1968) Isolation of a New Type A Coxsackie
Virus. Proc Soc Exp Biol Med 128: 988-990.

Oberste MS, Maher K, Kilpatrick DR, Pallansch MA (1999) Molecular
evolution of the human enteroviruses: correlation of serotype with VP1 sequence
and application to picornavirus classification. J Virol 73: 1941-1948.

Stanway G, Brown F, Christian P, Hovi T, Hyypia T, et al. (2005) Picornavirus
Genera.

. Oberste MS, Maher K, Pallansch MA (2002) Molecular phylogeny and

proposed classification of the simian picornaviruses. J Virol 76: 1244-1251.

. Oberste MS, Maher K, Pallansch MA (2003) Genomic evidence that simian

virus 2 and six other simian picornaviruses represent a new genus in
Picornaviridae. Virology 314: 283-293.

. Rehse-Kupper B, Casals J, Rehse E, Ackermann R (1976) Eyach—an arthropod-

borne virus related to Colorado tick fever virus in the Federal Republic of
Germany. Acta Virol 20: 339-342.

Attoui H, Mohd Jaafar F, de Micco P, de Lamballerie X (2005) Coltiviruses and
seadornaviruses in North America, Europe, and Asia. Emerg Infect Dis 11:
1673-1679.

Limn CK, Stacuber N, Monastyrskaya K, Gouet P, Roy P (2000) Functional
dissection of the major structural protein of bluetongue virus: identification of
key residues within VP7 essential for capsid assembly. J Virol 74: 8658-8669.
Kovi RC, Dahiya S, Prasad G, Minakshi (2006) Nucleotide sequence analysis of
VP7 gene of Indian isolates of bluetongue virus vis-a-vis other serotypes from
different parts of the world. DNA Seq 17: 187-198.

Mecham JO, Stallknecht D, Wilson WC (2003) The S7 gene and VP7 protein
are highly conserved among temporally and geographically distinct American
isolates of epizootic hemorrhagic disease virus. Virus Res 94: 129-133.

Wang LF, Kattenbelt JA, Gould AR, Pritchard LI, Crameri GS, et al. (1994)
Major core protein VP7 of Australian bluetongue virus serotype 15: sequence
and antigenicity divergence from other BTV serotypes. J Gen Virol 75:
2421-2425.

Tan BH, Nason E, Stacuber N, Jiang W, Monastryrskaya K, et al. (2001) RGD
tripeptide of bluetongue virus VP7 protein is responsible for core attachment to

Culicoides cells. J Virol 75: 3937-3947.

@ PLoS Pathogens | www.plospathogens.org

32.

33.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

Identification of Viruses from Animal Tissues

Grimes J, Basak AK, Roy P, Stuart D (1995) The crystal structure of bluetongue
virus VP7. Nature 373: 167-170.

Fuentes-Marins R, Rodriguez AR, Kalter SS, Hellman A, Crandell RA (1963)
Isolation of Enteroviruses from the ‘“Normal” Baboon (Papio Doguera).
J Bacteriol 85: 1045-1050.

. Hoffert WR, Bates ME, Cheever FS (1958) Study of enteric viruses of simian

origin. Am J Hyg 68: 15-30.

. Kalter SS (1982) Enteric viruses of nonhuman primates. Vet Pathol Suppl 7:

33-43.

. Poyry T, Kinnunen L, Hovi T, Hyypia T (1999) Relationships between simian

and human enteroviruses. ] Gen Virol 80: 635-638.

. Duncan R, Corcoran J, Shou J, Stoltz D (2004) Reptilian reovirus: a new

fusogenic orthoreovirus species. Virology 319: 131-140.

Chua KB, Crameri G, Hyatt A, Yu M, Tompang MR, et al. (2007) A previously
unknown reovirus of bat origin is associated with an acute respiratory disease in
humans. Proc Natl Acad Sci U S A 104: 11424-11429. Epub 12007 Jun 11425.
Excoffon KJ, Guglielmi KM, Wetzel JD, Gansemer ND, Campbell JA, et al.
(2008) Reovirus preferentially infects the basolateral surface and is released from
the apical surface of polarized human respiratory epithelial cells. J Infect Dis
197: 1189-1197.

Duncan R (1999) Extensive sequence divergence and phylogenetic relationships
between the fusogenic and nonfusogenic orthoreoviruses: a species proposal.
Virology 260: 316-328.

Liu HJ, Huang PH (2001) Sequence and phylogenetic analysis of the sigmaA-
encoding gene of avian reovirus. J Virol Methods 98: 99-107.

Duncan R, Murphy FA, Mirkovic RR (1995) Characterization of a novel
syncytium-inducing baboon reovirus. Virology 212: 752-756.

MacLachlan NJ (1994) The pathogenesis and immunology of bluetongue virus
infection of ruminants. Comp Immunol Microbiol Infect Dis 17: 197-206.
Attoui H, Stirling JM, Munderloh UG, Billoir F, Brookes SM, et al. (2001)
Complete sequence characterization of the genome of the St Croix River virus, a
new orbivirus isolated from cells of Ixodes scapularis. J Gen Virol 82: 795-804.

. Moss SR, Jones LD, Nuttall PA (1992) Comparison of the major structural core

proteins of tick-borne and Culicoides-borne orbiviruses. J Gen Virol 73:
2585-2590.

Maan S, Maan NS, Samuel AR, Rao S, Attoui H, et al. (2007) Analysis and
phylogenetic comparisons of full-length VP2 genes of the 24 bluetongue virus
serotypes. J Gen Virol 88: 621-630.

Attoui H, Mohd Jaafar F, Belhouchet M, Aldrovandi N, Tao S, et al. (2005)
Yunnan orbivirus, a new orbivirus species isolated from Culex tritaeniorhynchus
mosquitoes in China. J Gen Virol 86: 3409-3417.

Moss SR, Ayres CM, Nuttall PA (1988) The Great Island subgroup of tick-borne
orbiviruses represents a single gene pool. ] Gen Virol 69: 2721-2727.

September 2008 | Volume 4 | Issue 9 | €1000163



