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Abstract: Multiple viruses with zoonotic potential have been isolated from bats globally. Here we
describe the isolation and characterization of a novel paramyxovirus, Alston virus (AlsPV), isolated
from urine collected from an Australian pteropid bat colony in Alstonville, New South Wales.
Characterization of AlsPV by whole-genome sequencing and analyzing antigenic relatedness revealed
it is a rubulavirus that is closely related to parainfluenza virus 5 (PIV5). Intranasal exposure of mice
to AlsPV resulted in no clinical signs of disease, although viral RNA was detected in the olfactory
bulbs of two mice at 21 days post exposure. Oronasal challenge of ferrets resulted in subclinical upper
respiratory tract infection, viral shedding in respiratory secretions, and detection of viral antigen in
the olfactory bulb of the brain. These results imply that AlsPV may be similar to PIV5 in its ability to
infect multiple mammalian host species. This isolation of a novel paramyxovirus with the potential
to transmit from bats to other mammalian species reinforces the importance of continued surveillance
of bats as a source of emerging viruses.
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1. Introduction

Bats are the source of multiple zoonotic viruses including severe acute respiratory syndrome
(SARS) coronavirus [1], Hendra virus [2], Nipah virus [3], and Marburg virus [4]. In fact, evidence
suggests that bats host a greater proportion of zoonotic viruses than any other mammalian order [5],
highlighting the importance of identifying novel viruses in bats. Australian pteropid bats are becoming
more urbanized and fewer bats are migrating, resulting in a greater chance of contact between bats
and humans or domestic animals [6,7]. This increased potential for exposure of non-reservoir hosts to
bat-borne viruses leads to the increased probability of infection spillovers occurring [8,9].

Isolation and phenotypic characterization should be critical components of virus discovery
programs because the analysis of novel viral sequences is not currently enough to predict the likelihood
of that virus causing a zoonotic disease event [10]. The likelihood of viral emergence and sustained
human-human transmission is influenced by many factors. In addition to environmental factors and
host behaviors, specific viral traits and host-pathogen interactions play important roles. For example,
low viral pathogenicity resulting in low host mortality influences opportunities for sustained viral
transmission; viral tissue tropism and host immune responses determine shedding at sites relevant to

Viruses 2018, 10, 675; doi:10.3390/v10120675 www.mdpi.com/journal/viruses

http://www.mdpi.com/journal/viruses
http://www.mdpi.com
https://orcid.org/0000-0002-8936-6564
https://orcid.org/0000-0002-3469-1837
http://dx.doi.org/10.3390/v10120675
http://www.mdpi.com/journal/viruses
http://www.mdpi.com/1999-4915/10/12/675?type=check_update&version=2


Viruses 2018, 10, 675 2 of 20

transmission; and the establishment of chronic or latent infection may allow for sustained or recurrent
viral shedding [11].

Paramyxoviridae is a family of negative strand RNA viruses currently comprising seven
genera—Rubulavirus, Henipavirus, Respirovirus, Morbillivirus, Ferlavirus, Aquaparamyxovirus and
Avulavirus [12]. PCR and virus isolation have been used to identify many paramyxoviruses in bats
globally, in particular, henipaviruses and rubulaviruses [13,14]. The genus Rubulavirus contains the
human pathogens parainfluenza virus 2 (hPIV2) and mumps virus (MuV), as well as bat-borne
viruses such as Mapuera and Menangle viruses (MapV and MenPV). Viruses within this genus have
a cell attachment glycoprotein with neuraminidase and haemagglutinin capability [15]. In addition
to the cell attachment glycoprotein (HN), the rubulavirus genome also encodes a nucleoprotein
(N), phosphoprotein (P), V protein, matrix (M) protein, fusion (F) protein and a large polymerase
subunit (L) [16]. The unedited P gene transcript encodes the V protein, whereas the addition of two
non-templated G residues by co-transcriptional stuttering of the RNA-dependent RNA polymerase is
required for the expression of the phosphoprotein [16]. MuV and parainfluenza virus 5 (PIV5) also
express a short hydrophobic (SH) protein that has been associated with blockage of the TNFα-mediated
apoptosis pathway [17].

PIV5 is most well known as one of the causative agents of Canine Infectious Respiratory Disease
Complex (CIRDC), where infection results in self-limiting tracheobronchitis that resolves in 6–14 days
when in the absence of any co-infections [18]. Since the discovery of PIV5 in monkey kidney-cell culture
in 1954 [19], it has been isolated from a wide range of host species including pigs and cattle [20,21].

Here we describe the isolation of a novel rubulavirus that we have called Alston virus (AlsPV).
AlsPV is closely related to PIV5 and was isolated from pteropid bat urine collected in Alstonville,
New South Wales in 2011. This is the first isolation of this novel virus. This paper describes the
characterisation of this virus in order to confirm its classification as a rubulavirus, as well as to
determine its pathogenic potential.

2. Materials and Methods

2.1. Cell Culture

Cell lines used in the characterization of AlsPV were African Green Monkey (Vero) cells (ATCC),
primary Pteropus alecto kidney (PaKi) cells [22], Madin–Darby Canine Kidney (MDCK) cells (CSL Ltd.,
Melbourne, Australia), Madin–Darby Bovine Kidney (MDBK) cells (ATCC), porcine kidney (PK15a)
cells (National Animal Disease Centre, Ames, IA, USA) and human cervical (HeLa) cells (ATCC).

With the exception of PaKi cells, all other cell lines were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM, Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum
(FBS, Gibco), 100 units/mL penicillin, 100 µg/mL streptomycin and 0.25 µg/mL amphotericin B
(Antibiotic-Antimycotic, Gibco), and 7.5 mM HEPES (Gibco). PaKi cells were grown in Ham’s F12
Nutrient Mixture (Gibco) supplemented as above for normal cell culture media.

2.2. Virus Isolation

For isolations, cells were cultured in Ham’s F12 Nutrient Mixture (Gibco), supplemented as
above except for the Antibiotic-Antimycotic that was added at double the normal strength. Virus
isolations were conducted using pooled bat urine collected from pteropid bat colonies in Alstonville,
New South Wales on the 12 July 2011 and 3 August 2011. Urine collection was conducted as previously
described [23]. Urine was clarified, diluted, and incubated with confluent Vero or PaKi cell monolayers
as previously described [24]. Cell monolayers were observed for at least one week for evidence of
virus-induced cytopathic effect (CPE). Supernatants were further passaged onto fresh Vero and PaKi
cell monolayers weekly for another two weeks and observed for signs of CPE.
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Isolated paramyxoviruses were initially identified using hemi-nested PCR with degenerate
primers following the protocols described previously [25], followed by Sanger sequencing of the
PCR products.

2.3. Viruses

In addition to Alston virus, viruses used for in vitro analysis included Teviot virus/Bat/2011/
Alstonville (TevPV), porcine rubulavirus (PorV), MapV, Tioman virus (TioPV), MenPV and Hendra
virus (HeV). The following reagents were obtained through BEI Resources, NIAID, NIH: hPIV2, Greer,
NR-3229; and PIV5, 21005-2WR (Tissue Culture Adapted), NR-42515; and MuV, Enders, NR-3846.

The GenBank accession number for the Alston virus sequence is MH972568. Virus sequences used
in phylogenetic analysis TevPV (KP271123), TioPV (NP665871), MenPV (AFY09794), PIV5 (YP138518),
hPIV2 (X57559), Achimota virus 1 (AchPV1, JX051319), Achimota virus 2 (AchPV2, AFX75118),
human parainfluenza virus 4 (hPIV4, AB543336), bat mumps virus (bat-MuV, HQ660095), MapV
(EF095490), MuV (NP054714), simian virus 41 (SV41, X64275), PorV (BK005918), Tuhoko virus 1
(ThkPV1, ADI80715), Tuhoko virus 2 (ThkPV2, GU128081), Tuhoko virus 3 (ThkPV3, GU128082),
Sosuga virus (SosPV, AHH02041), and HeV (NP047113).

2.4. Parainfluenza Virus 5 Sequences

Parainfluenza virus 5 strains used in the analysis of AlsPV included 1168 (KC237064), ZJQ-221
(KX100034), SER (JQ743328), BC14 (KM067467), CC-14 (KP893891), W3A (JQ743318), KNU-11
(KC852177), AGS (KX060176), CPI- (JQ743320), CPI+ (JQ743321), 78524 (JQ743319), H221 (JQ743323),
08-1990 (KC237063), D277 (KC237065), DEN (JQ743322), LN (JQ743324), RQ (JQ743327), MEL
(JQ743325), and MIL (JQ743326).

2.5. Sequencing

2.5.1. Whole-Genome Sequencing

Supernatant of AlsPV infected Vero cells was prepared for sequencing by ultracentrifugation
through a 20% sucrose cushion at 35,000 rpm for 2 h at 4 ◦C. Total RNA was extracted from the
resulting pellet using a Direct-zol RNA Miniprep kit (Zymo, Irvine, CA, USA), including an in
column DNaseI digestion, and purified by an RNA Clean and Concentrator kit (Zymo). A REPLI-g
WTA Single Cell kit (Qiagen, Venlo, The Netherlands) was utilized for isothermal amplification,
followed by processing with a Genomic DNA and Concentrator 10 kit (Zymo). Fragmentation
and dual-index library preparation were conducted using Nextera XT DNA Library Preparation
kit (Illumina, San Diego, CA, USA), and denatured libraries were sequenced using a 300-cycle MiSeq
Reagent kit v2 (Illumina). 100,000 paired-end reads were imported into the VirAMP Galaxy pipeline,
trimmed, and assembled using the SPAdes de novo assembly algorithm [26,27]. The genome sequence
was iteratively extended by mapping trimmed reads back to the parainfluenza virus 5 genome
(NC_006430). Genome ends and regions of high variability were confirmed by Sanger sequencing.

2.5.2. Confirmation of Genome Termini

Ligation of genome ends was used to enable sequencing of the 3′ terminus, adapted from a
protocol previously developed for influenza virus sequencing [28]. Genome ends were ligated
overnight at 16 ◦C using 20 U T4 RNA Ligase, 20 U RNasin, 50 µM ATP, 10% PEG8000 and
T4 RNA ligase reaction buffer (NEB, Ipswich, MA, USA). Ligation was followed by hemi-nested
PCR amplification using a Superscript III One-Step RT-PCR System with Platinum Taq DNA
Polymerase (Invitrogen, Carlsbad, CA, USA), then an Expand High Fidelity PCR System (Roche,
Basel, Switzerland).

The rapid amplification of cDNA ends (RACE) [29] was required to determine the 5′ terminus,
with some adaptations made to the original method. Briefly, viral RNA was reverse transcribed using
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a virus specific primer and the Superscript III First-Strand Synthesis Supermix (Invitrogen, Carlsbad,
CA, USA). Viral cDNA was RNase H digested, followed by processing with a NucleoSpin PCR
Clean-up and Gel Extraction kit (Macherey Nagel, Düren, Germany). Viral cDNA was ligated to an
oligonucleotide adaptor (5′-GAAGAGAAGGTGGAAATGGCGTTTTGG-3′) overnight at 16 ◦C using
T4 RNA Ligase (NEB) and amplified by hemi-nested PCR using Platinum Taq DNA Polymerase High
Fidelity system (Invitrogen) with virus specific primers and an adaptor specific primer. Fragments of
the correct size were purified before sequencing by standard Sanger methods.

2.5.3. Amplicon Sequencing

Amplicon sequencing of the RNA editing site within the P gene was conducted on
RNA extracted from Vero cells infected with AlsPV for 72 h in triplicate. RNA was reverse
transcribed using oligo(dT) primers with Superscript III Reverse Transcriptase (Invitrogen).
Fragments containing the RNA editing site were amplified using an Expand High Fidelity
PCR System with primers containing Nextera adaptors, (5′-TCGTCGGCAGCGTCAGATGTGT
ATAAGAGACAGCCCAACCCTCTACTTGGCTTGGATTC-3′) and (5′-GTCTCGTGGGCTCGGAG
ATGTGTATAAGAGACAGGCCGGGTATCCATCCCTCTCACTG-3′). Controls were included in
triplicate to account for the mutation rate of the reverse transcriptase and the polymerase. PCR
controls were produced by amplifying pCAGGS constructs containing non-edited fragments with
an Expand High Fidelity PCR System. Reverse transcription controls were produced by transfecting
constructs containing non-edited fragments into Vero cells for 24 h using Lipofectamine LTX Reagent
(Invitrogen), followed by total RNA extraction, reverse transcription and PCR amplification. All PCR
products were amplified with Nextera adaptor-specific primers using a HiFi HotStart ReadyMix PCR
system (Kapa Biosystems, Wilmington, MA, USA). The DNA library was sequenced using a 600-cycle
MiSeq Reagent Kit v3 (Illumina). Data were analyzed using CLC Genomics Workbench 8.5.1 (Qiagen)
basic variant detection tool with a minimum frequency output of 0.05%. The prevalence of editing was
standardized per 100,000 reads.

2.6. Virus Quantification

10-fold serial dilutions of virus stocks were combined with Vero cells in 96-well plates to determine
the 50% tissue culture infectious dose per milliliter (TCID50/mL). Virus titers were calculated using
the Reed–Muench method [30].

2.7. Growth Kinetics Assay

Comparative growth analysis in multiple mammalian cell lines was conducted as described
previously [14]. Briefly, confluent cells were inoculated with AlsPV at an MOI of 0.01 and incubated for
1 h at 37 ◦C. Cells were washed four times with PBS and cell culture media was added. Infected cells
were incubated at 37 ◦C and aliquots were taken every 24 h for 6 days. Virus titers were determined
as above. Virus titers were compared by two-way ANOVA followed by Bonferroni adjustment using
GraphPad Prism 5 (LaJolla, CA, USA).

2.8. Immunofluorescence Assay

Confluent Vero cells were infected with virus at an MOI of 0.01 and incubated for 2–3 days at
37 ◦C. Cells infected with Hendra virus at an MOI of 0.5 were incubated at 37 ◦C for 24 h under BSL4
conditions. Infected cells were fixed with ice-cold methanol for 15 min, or 30 min for cells infected with
Hendra virus, before blocking with 1% BSA at 37 ◦C for 30 min. Cells were incubated with primary
antibody for 1 h at 37 ◦C and washed four times with PBS-T. Following this, cells were incubated for
1 h at 37 ◦C with a secondary antibody, either Protein A-Alexa Fluor 488 or anti-rabbit-Alexa Fluor 488,
and DAPI. Cells were washed four times with PBS-T before imaging using an EVOS FL Cell Imaging
System (Life Technologies, Carlsbad, CA, USA).
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2.9. Neutralisation Assay

Paramyxovirus sera were first inactivated by incubating at 56 ◦C for 35 min. Cell culture media
containing 100 TCID50 of AlsPV or other paramyxoviruses were incubated with two fold dilutions of
various paramyxovirus sera or AlsPV ferret sera for 30 min at 37 ◦C. A suspension of 2 × 104 Vero cells
was added to each well, and plates were incubated for 5–7 days and then assessed for the presence
of CPE. Neutralizing titers were calculated using the Reed–Muench method as described previously
as the reciprocal of the highest dilution of serum at which the infectivity of 100 TCID50 of virus is
neutralized in 50% of the wells [31].

2.10. Australian Flying Fox Serology

Australian pteropid bat sera, collected between 1999 and 2012, were inactivated by treating at
56 ◦C for 35 min. Sera at a 1:10 dilution were incubated in quadruplicate with 100 TCID50 AlsPV for
45 min before the addition of a suspension of 2 × 104 Vero cells per well. Plates were incubated for
7 days before being assessed for the presence of virus-induced CPE.

2.11. Animal Experiments

All procedures were approved by the CSIRO Australian Animal Health Laboratory Animal Ethics
Committee. Study 1, project number 1814, was approved in August 2016. Study 2, project number
1865, was approved in June 2017.

2.11.1. Study 1

Female ferrets (n = 3) were exposed oronasally to 7 × 105 TCID50 AlsV in 1 mL sterile PBS. Adult
female BALB/c mice aged between 6–9 months (n = 5) and juvenile (8 week old) female BALB/c mice
(n = 5) were exposed intranasally to 2 × 104 TCID50 AlsV in 30 µL sterile PBS whilst under anesthesia
(ferrets—0.05 mg/kg medetomidine and 5 mg/kg ketamine; mice 1 mg/kg medetomidine and
75 mg/kg ketamine). Ferrets sourced from the CSIRO Werribee Animal Facility were approximately
one year old and had a mean weight of 890 g. Mice were provided by the CSIRO Australian Animal
Health Laboratory Small Animal Facility. Virus stock used for animal challenge was diluted 1/10
to reduce the risk of adverse reactions such as laryngospasm during virus challenge, while still
maintaining a high enough dose to maximize the likelihood of infection. The challenge doses of
inocula were confirmed by back titration.

Animals were monitored for clinical signs of disease for 21 days following challenge. Oral swabs,
nasal washes, rectal swabs and EDTA-treated whole blood samples were collected from ferrets on days
3, 5, 7, 10, and 14 days post-infection and again at euthanasia on day 21. Sera were also collected from
ferrets on day 7 onward and urine was collected at euthanasia. Weight, rectal temperature, and body
temperature measurements were collected from ferrets at each sampling event. Weight and microchip
temperature were measured daily for mice.

Tissues collected at euthanasia for assessment by both virus isolation and qRT-PCR were lung,
kidney, spleen, brain (olfactory bulb plus 2 mm caudal) and liver from mice; and lung, kidney, spleen,
brain (olfactory bulb plus 2 mm caudal), liver and retropharyngeal lymph node from ferrets. Tissues
were fixed in a 10% neutral buffered formalin for histology analysis.

2.11.2. Study 2

Female ferrets (n = 12), approximately one year old with a mean weight of 800 g, were exposed
to 7 × 105 TCID50 AlsV as for study 1. Three ferrets were euthanized on each of days 3, 5, 7, and 10
post-inoculation, based on random allocation of a time point for euthanasia.
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Microchip temperature was recorded daily from all animals following challenge. On the day
of euthanasia, oral swabs, nasal washes, rectal swabs, urine, and blood were collected from each
ferret, and weight and rectal temperature measurements recorded. Tissues collected for the detection
of virus by isolation and qRT-PCR were brain (olfactory bulb plus 2 mm caudal), nasal turbinates,
tonsil, trachea, peripheral lung, hilar lung, spleen, kidney, liver, heart, small intestine, large intestine,
bronchial lymph node and retropharyngeal lymph node. Tissues were also stored in 10% neutral
buffered formalin for histology analysis.

2.11.3. Analysis of Animal Infection Study Samples

RNA was extracted from swab, EDTA-blood and homogenized tissue samples using MagMAX-96
Viral RNA Isolation Kit (Applied Biosystems, Foster City, CA, USA) and analyzed by quantitative
RT-PCR. RNA was amplified with AgPath-ID One-Step RT-PCR Reagents (Applied Biosystems)
using primers and probe targeting a region in the viral nucleocapsid gene—AlsPV-N287F
(5′-AATCCCGAGCTACGTTCAAAACT-3′), AlsPV-N360R (5′-TGGGAGTCACGAGCTCCATT-3′),
AlsPV N-311-FAM (5′-FAM-CTGCTATTTTGCCTACGCATTGTGCTGA-TAMRA-3′)—and 18S as
an internal control—18S-F (5′-GGCCCTGTAATTGGAATGAGTCCA-3′), 18S-R (5′-GCTGGA
ATTACCGCGGCT-3′), 18S-VIC (5′-VIC-TGCTGGCACCAGACTTGCCCTC-TAMRA-3′). Reactions
were incubated at 45 ◦C for 10 min and 95 ◦C for 10 min, and cycled 40 times at 95 ◦C for 15 s and
60 ◦C for 45 s on a QuantStudio6 (Applied Biosystems). Copy numbers were calculated using standard
curves generated by serially diluting RNA transcribed from control DNA plasmids. To facilitate
data interpretation, a copy number of 5 in both qRT-PCR replicates, correlating with a CT value of
40 (study 1) or 37.4 (study 2), was used as the minimum of detection. Viral N gene copy numbers in
tissue samples were standardized to 18S expression (per 1010 copies of 18S RNA). Viral N gene copy
numbers in shedding samples were calculated per milliliter of sample. Results were analyzed using
QuantStudio6 software. For virus isolation and titration, 10-fold serial dilutions of samples were made
in 96-well plates. A suspension of 2 × 104 Vero cells was added to each well and plates were incubated
at 37 ◦C for 7 days before assessing for signs of CPE. Titers were calculated using the Reed–Muench
formula [30].

2.11.4. Histology

Tissues were fixed in 10% neutral buffered formalin, and then trimmed and processed using
routine histological methods as previously described [32]. Sections were assessed for the presence
of histopathological lesions and viral antigen following routine hematoxylin and eosin staining and
immunohistochemical staining using rabbit antibodies raised against a recombinant AlsPV N protein
peptide (Genscript, Piscataway, NJ, USA).

2.12. Antibodies

AlsPV polyclonal antibodies were generated in rabbits by Genscript (USA) using the peptide
RQQGRINPRYLLQP from the AlsPV N protein. AlsPV ferret antisera produced in the animal
infection trials described in this study were also utilized. Other primary antibodies included rabbit
or pig antisera against MenPV (AAHL), rabbit or pig antisera against TioPV (AAHL), TevPV ferret
antisera (AAHL), rabbit or horse antisera against HeV (AAHL), PorV rabbit antisera (AAHL) and
MapV rabbit antisera (AAHL). Polyclonal anti-PIV5, 21005-2WR (antiserum, guinea pig), NR-3232,
polyclonal anti-mumps virus, Enders (antiserum, guinea pig), NR-4019 and polyclonal anti-hPIV2,
Greer, (antiserum, guinea pig), NR-3231 were obtained through the NIH Biodefense and Emerging
Infections Research Resources Repository, NIAID, NIH.
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2.13. Protein Prediction

Membrane topology of AlsPV proteins was predicted using Phobius as described in [33].

2.14. Sialidase Assay

Confluent Vero cell monolayers were treated with 15 mU of Arthrobacter ureafaciens neuraminidase
for 2 h at 37 ◦C in cell culture media. Untreated and neuraminidase-treated cells were washed twice
with PBS and incubated with AlsPV or PIV5 (MOI 2) in duplicate for 1 h. The cells were then washed
four times with PBS and incubated for 24 h in cell culture media, before fixing and immunofluorescence
staining as above. Fluorescent cells were counted in nine fields of view per well using an ImageXpress
Micro XLS Widefield High-Content Analysis System (Molecular Devices, San Jose, CA, USA) and
compared to untreated infected cells. The relative number of infected cells was compared by one-way
ANOVA followed by Dunnett’s multiple comparison test (compared to untreated cells) using GraphPad
Prism 5.

3. Results

3.1. Isolation of a Novel Bat-Borne Rubulavirus

Bat urine samples were collected from Alstonville, New South Wales in July and August of
2011. Inoculation of the bat urine onto primary bat kidney (PaKi) cells and Vero cells resulted in the
isolation of a novel paramyxovirus. Cytopathic effect was initially observed in PaKi cells 18 days
post inoculation. RT-PCR and Sanger sequencing resulted in a 500 nt fragment of L gene that was
identical to a L gene fragment that had been previously detected by PCR in urine collected from
grey-headed flying foxes, Pteropus poliocephalus, in Geelong, Victoria in 2010 (KM359175.1). In that
instance, however, the virus was unable to be cultured [34]. Whole genome sequencing of PaKi cell
supernatant confirmed the presence of a novel paramyxovirus and the name Alston virus (AlsPV) was
chosen based on the location of the source bat colony. No other virus or bacteria were detected in the
supernatant by next generation sequencing.

3.2. Analysis of the AlsPV Whole-Genome Sequence

The whole genome sequence of AlsPV was assessed for the presence of paramyxovirus motifs
and features, as well as phylogenetically analyzed to determine its classification as a novel virus.
Whole genome sequencing revealed that AlsPV is a novel virus from the genus Rubulavirus (Figure 1).
The genome of AlsPV is 15270 nucleotides long with a GC content of 41.6%. The coding percentage
is 92.2%, which is the average coding percentage of the paramyxoviruses, not including members of
the genus Henipavirus [35]. It has a 55 nt leader sequence and a 31 nt trailer sequence that have been
confirmed using a combination of 5′ rapid amplification of cDNA ends (RACE) and sequencing across
ligated genome ends.

Phylogenetic analysis indicated that AlsPV is most closely related to PIV5 (Figure 1). The lengths
of the genomes and genes are highly conserved between PIV5 and AlsPV (Table 1), as well as the
sequences of the gene boundaries and the length of untranslated regions and intergenic regions
(Table S1). Furthermore, comparison of coding regions of PIV5 and AlsPV revealed nucleotide
identities between 63–81% and amino acid (aa) identities between 61–93% (Table 2). Across the whole
genome, including non-coding regions, the nucleotide identity was found to be 74%.
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Figure 1. Phylogenetic analysis of rubulaviruses. (a) L protein or (b) N gene of rubulaviruses with
Hendra virus as an outgroup. (c) L protein or (d) N gene of multiple parainfluenza virus 5 strains,
AlsPV and human parainfluenza virus 2. All trees are maximum-likelihood tree reconstructed with
MEGA 6.06, bootstrapping to 1000 replicates. AlsPV is highlighted in bold and with an asterisk.
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Table 1. Comparison of AlsPV and PIV5 coding sequence and protein lengths. Differences between
AlsPV and PIV5 are in bold.

Gene/Feature Coding Region Virus Length (nt) Length (aa)

3′ leader
AlsPV 55
PIV5 55

N
AlsPV 1530 509
PIV5 1530 509

P

V
AlsPV 669 222
PIV5 669 222

P
AlsPV 1179 392
PIV5 1179 392

W
AlsPV 516 171
PIV5 516 171

M
AlsPV 1134 377
PIV5 1134 377

F
AlsPV 1629 542
PIV5 1590 529 *

SH
AlsPV 135 44
PIV5 135 44

HN
AlsPV 1698 565
PIV5 1698 565

L
AlsPV 6768 2255
PIV5 6768 2255

5′ Trailer
AlsPV 31
PIV5 31

* The F protein length of PIV5 varies from 529 aa to 551 aa.

Table 2. Nucleotide and amino acid sequence identities between AlsPV and PIV5. Identities calculated
by ClustalW alignment in Geneious 10.1.3.

N P V W M F SH HN L

Nucleotide 76 79.4 80.6 76.9 76.6 72.5 63 71 76.7
Amino acid 91 86 89 86.6 93 85 61 81 92

3.3. Analysis of Deduced Amino Acid Sequences

3.3.1. SH

The short hydrophobic (SH) gene is only encoded by the genomes of MuV and PIV5, so the AlsPV
genome was assessed for the presence of an additional open reading frame in between the F gene and
the HN gene. AlsPV was found to have this additional open reading frame with the capacity to express
an SH protein of 44 aa in length. Despite lower similarity with PIV5 in this gene compared to the rest of
the coding regions, the SH protein of AlsPV is predicted to have the same cell surface orientation as the
SH protein of PIV5 [36]. The AlsPV SH protein is predicted to be a class II integral membrane protein
with 16–19 cytoplasmic N-terminal residues and 1–5 C-terminal residues. It is therefore possible that
the SH protein of AlsPV has the same anti-apoptotic functions as the SH proteins of PIV5 and MuV.

3.3.2. HN

Recently, a number of bat-borne rubula-like viruses have been isolated with attachment
glycoproteins that appear to lack hemagglutinin and neuraminidase activity, however, the AlsPV HN
gene contains important motifs and residues associated with neuraminidase function, in particular,
the NRKSCS motif [37,38]. Treatment of Vero cells with a broad acting sialidase prior to infection
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resulted in significant reduction in the ability of the virus to infect cells (Figure 2). It is likely that,
similar to PIV5 and multiple other rubulaviruses, sialic acid is the main cellular receptor used for
attachment to host cells.
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Figure 2. Effect of Arthrobacter ureafaciens neuraminidase treatment on AlsPV, PIV5, hPIV2 and TioPV
infection of Vero cells. Infected cells were counted and averaged across nine fields of view and compared
to infected but untreated cells. TioPV was included as a control because it lacks the NRKSCS motif and
was therefore not expected to bind sialic acid. Values represent a percentage of the number of infected
cells counted in untreated samples. Error bars represent standard error of the mean. Significance
calculated by one-way ANOVA followed by Dunnett’s multiple comparison test (compared to untreated
cells). *** represents a p value of <0.001. n = 2 independent experiments.

3.3.3. RNA Editing of the P Gene

Similar to other rubulaviruses, the unedited transcript of the AlsPV P gene encodes the V protein
and insertion of two guanine residues at the editing site results in the expression of the P protein.
Amplicon sequencing was used to determine the prevalence of edited transcripts per 100,000 reads.
On average, 79.63% of the transcripts were unedited or had the addition of three G residues resulting
in expression of the V protein. Transcripts encoding the P protein through the addition of two or five
G residues occurred 19.09% of the time. In 1.28% of transcripts, the addition of one or four G residues
encoded a putative W protein. This totaled an average editing frequency of 21.8%. Insertions of up to
eight G residues could be detected at the editing site, although at low frequency.

3.4. AlsPV is Antigenically Related to PIV5

In order to add evidence to its classification as a novel rubulavirus, the antigenic relatedness of
AlsPV to other paramyxoviruses was determined by immunofluorescence assay (IFA). Analysis of
antigenic relatedness by immunofluorescence assay showed cross-reactivity between AlsPV and PIV5
(Figure 3). There were low levels of cross-reactivity with hPIV2, MuV, MenPV, TioPV and TevPV when
using antisera against the AlsPV N protein. No cross-reactivity was detected for HeV, PorV or MapV.
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Figure 3. Antigenic cross-reactivity between PIV5 and AlsPV by immunofluorescence assay. Vero cells
were infected AlsPV or PIV5 and stained with either rabbit sera raised against an N protein peptide of
AlsPV, ferret sera resulting from infection with AlsPV, or anti-PIV5 guinea pig sera (magnification×20).

AlsPV was neutralized by low dilutions of PIV5 antisera, however, AlsPV antisera were unable to
neutralise PIV5 (Table 3). Additional higher titer PIV5 sera are needed to further investigate whether
this is truly only a one-way neutralization. There was no cross-neutralization between AlsPV and any
other tested virus; MenPV, TioPV, TevPV MuV, hPIV2, MapV, PorV and HeV.

Table 3. Neutralization titers of ferret AlsPV antisera, guinea pig PIV5 antisera and guinea pig
hPIV2 antisera against AlsPV, PIV5 or hPIV2 infection. Neutralization titers were calculated using
the Reed–Muench method, described as the reciprocal of the highest dilution of serum at which the
infectivity of 100 TCID50 of virus is neutralized in 50% of the wells. Results from matched virus-serum
pairs are in bold.

Infected with
Sera from AlsPV PIV5 hPIV2

AlsPV 202 14 <10
PIV5 <10 160 <10

hPIV2 <10 <10 226

3.5. Growth Analysis of AlsPV in Mammalian Cell Lines

Comparative growth analysis of AlsPV in multiple mammalian cell lines was conducted as a
preliminary indication of the potential for AlsPV to infect other mammalian species. AlsPV was found
to grow to high titers in all tested mammalian cell lines, with AlsPV growth plateauing at significantly
higher titers in MDBK, MDCK and PK15a cells than in HeLa, PaKi and Vero cells when assessed by
two-way ANOVA followed by Bonferroni adjustment. (Figure 4, Table S2). These higher titers may
be a consequence of the virus not causing significant damage to the cells as only minimal cytopathic
effect (CPE) was observed in MDCK, MDBK, and PK15a cells.
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Figure 4. Growth kinetics of AlsPV in multiple mammalian cell lines. Mammalian cell lines were
infected with AlsPV at MOI 0.01 for 1 h in triplicate. Cells were washed and aliquots were collected
every 24 h for 6 days. The TCID50/mL was determined by virus titration. Error bars represent standard
error of the mean.

3.6. AlsPV Neutralising Antisera Are Prevalent in Grey Headed Flying Foxes

To determine the potential exposure rate of Australian flying foxes to AlsPV, 120 pteropid bat
sera samples were tested by neutralization assay. Only ~8% (10/120) of total tested pteropid bat sera
samples neutralized the growth of AlsPV, however, 25% (5/20) of P. poliocephalus sera neutralized
AlsPV, suggesting it may be the primary host species for AlsPV (Table 4).

Table 4. Prevalence of neutralizing antibodies to AlsPV in Australian flying foxes. Sera from pteropid
bats collected in Queensland between 1999 and 2007, or Victoria in 2012 were diluted 1/10 and
incubated with 100 TCID50 AlsPV for 45 min before the addition of Vero cells.

No. Positive Percentage Positive

Pteropus sp.* 4/59 6.8
P. scapulatus 0/15 0

P. alecto 1/26 3.8
P. poliocephalus 5/20 25

Total 10/120 8.3

* Pteropid bat sera collected in Queensland between 1999 and 2007, species not recorded.

3.7. Animal Infection Studies

3.7.1. AlsPV Is Shed in Ferret Respiratory Secretions

Animal infection studies in ferrets and mice were completed to attempt to determine the
pathogenic potential of AlsPV in mammalian species. Mice remained clinically normal, with no
evidence of fever, weight loss or behavioral changes, until scheduled euthanasia at 21 days post
infection, and there was no evidence of seroconversion. Low copy numbers of viral RNA could be
detected by qRT-PCR in the brains of two mice, one adult (169 copies of AlsPV N per 1010 copies of 18S
RNA) and one juvenile (5 copies of AlsPV N per 1010 copies of 18S RNA), but there was no evidence of
viral antigen or inflammation when the brain was assessed by histopathology.

Ferrets also remained clinically normal with no fever, weight loss or behavioral changes following
exposure to AlsPV, however, infectious virus was isolated from oral swab and nasal wash samples
collected during acute infection (Figure 5). At 10 days post infection, oral and nasal shedding of virus
could no longer be detected, correlating with the first detection of seroconversion in one of the three
ferrets. Virus neutralization assays showed that all three ferrets had seroconverted by day 14 (Table 5).
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The shedding samples indicated that virus was replicating, potentially in the upper respiratory tract,
but by euthanasia on day 21 no viral RNA could be detected in any tissues by qRT-PCR. Viral RNA
could not be detected in ferret urine or blood.
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Figure 5. Shedding of AlsPV in ferret respiratory secretions following oronasal exposure. Graphs
present log transformations of the (a) copy number of AlsPV N gene per ml of nasal wash sample,
(b) titer of AlsPV isolated from nasal wash, (c) copy number of AlsPV N gene per ml of oral swab
sample, and the (d) titer of AlsPV isolated from oral swabs.

Table 5. Neutralizing antibody titers from AlsPV-infected ferrets. Neutralizing titers were calculated
using the Reed–Muench method as described previously [31].

Day 7 Day 10 Day 14 Day 21

Ferret 1 <10 <10 13 101
Ferret 2 <10 13 13 40
Ferret 3 <10 <10 32 202

3.7.2. AlsPV Infects the Ferret Upper Respiratory Tract and Olfactory Lobe of the Brain

A second animal infection study was conducted to determine sites of virus replication during the
acute stages of infection. As observed in the previous experiment, ferrets remained clinically normal
and no viral RNA could be detected in ferret urine or blood. Seroconversion was detected in one of
three ferrets euthanized on day 10. Oral and nasal virus shedding was similar to what was observed
in study 1 but virus was shed at higher titers and for a prolonged time (Figure 6). Viral RNA was
detected in the rectal swab of one ferret euthanized 5 days post infection (3.4 × 104 copies of AlsPV N
per mL). This ferret also had low copy numbers of viral RNA detected in the small intestine (41 copies
of AlsPV N per 1010 copies of 18S RNA).
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Figure 6. Shedding of AlsPV in ferret respiratory secretions following oronasal exposure. Ferrets were
sampled prior to euthanasia, either 3, 5, 7 or 10 days post infection. Graphs present log transformations
of the (a) copy number of AlsPV N gene per ml of nasal wash sample, (b) titer of AlsPV isolated from
nasal wash, (c) copy number of AlsPV N gene per ml of oral swab sample, and the (d) titer of AlsPV
isolated from oral swabs.

Viral RNA was detected in a number of tissues at euthanasia (Table 6). In particular, viral RNA
was detected in the olfactory bulb of the brain, nasal turbinates and palatine tonsils of all twelve ferrets
(Figure 7). Virus was reisolated from 9/12 nasal turbinate samples, 4/12 tonsil samples and from 2/12
olfactory bulb samples, suggesting that live virus was present in these tissues. Low titers of viral RNA
could sometimes be detected in the retropharyngeal lymph node, the main draining lymph node of
the upper respiratory tract, as well as the trachea and lung. Occasionally, viral RNA could be detected
in other organs at low titers.

Although many of the PCR positive samples, such as the nasal turbinates, tonsils, and most
olfactory lobes, were unavailable for histology, the olfactory lobe of the brains collected from ferrets
euthanized on day 10 were assessed by routine histology. Two out of three olfactory lobes had
evidence of inflammation consistent with viral infection, in addition to the presence of low amounts
of viral antigen (Figure S1). No other organs, including the remainder of the brain, showed signs of
inflammation or viral antigen.
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Table 6. Detection of AlsPV N gene RNA and isolation of AlsPV from tissues collected from
AlsPV-infected ferrets.

Dpi 3 Dpi 5 Dpi 7 Dpi 10

Ferret # 1 2 3 4 5 6 7 8 9 10 11 12

Nasal turbinates +/+ +/+ +/+ +/+ +/+ +/+ +/+ +/+ +/+ +/− +/− +/+
Tonsil +/+ +/− +/− +/+ +/+ +/+ +/− +/− +/− +/− +/− +/−

Retropharyngeal L.N. +/− - - +/− - +/− +/− - +/− +/− - +/−
Trachea - - - - - +/− +/− - - - - +/−

Lung (hilus) - - - +/− - +/− - - - - - -
Lung (peripheral) - - - +/− - - - - +/− - - -

Bronchial L.N. - - +/− - - - - - - +/− +/− -
Heart - - - - - +/− - - - - - -
Liver - - - - - - - - - - - -

Kidney - - - - - - - - - - - -
Spleen - - - - - - - - - - - -
Brain +/+ +/− +/− +/− +/− +/− +/− +/− +/+ +/− +/− +/−

Small intestine - - - - - +/− - - - - - -
Large intestine - - - - - - - - - - - -

Virus detection in tissue samples at euthanasia, RNA/virus isolation. +/+ indicates the sample was positive by both
qRT-PCR and virus isolation; +/− indicates the sample was only positive by qRT-PCR and not by virus isolation; -
indicates virus was not detected by qRT-PCR therefore virus isolation was not attempted. Dpi, days post infection;
L.N., lymph node; #, number.
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4. Discussion

Analysis of pteropid bat urine collected in northern New South Wales in 2011 has led to the
isolation of a novel rubulavirus that we have named Alston virus (AlsPV). Phylogenetic and antigenic



Viruses 2018, 10, 675 17 of 20

analyses indicated that this virus is closely related to PIV5. However, in comparison to the observed
variation between AlsPV and PIV5, 26% across the whole genome, isolates of PIV5 are almost
identical despite being isolated from a range of host species, geographical locations and over multiple
decades [39]. In fact, variability of only 7.8% is observed between strains of PIV5, with an average
pairwise difference of only 2.1% at the nucleotide level [39]. Given the level of genetic change seen
with AlsPV compared to PIV5 (greater than 20% diversity), we propose that AlsPV is a new species of
rubulavirus and not a new strain of PIV5.

Despite proposing that AlsPV is a novel species, AlsPV and PIV5 share phenotypic similarities.
Experimental intranasal infection of ferrets with PIV5, similar to the infection studies described here,
demonstrated variable results ranging from no clinical symptoms to mild cough with minimal lesions
in the nasal cavities and upper trachea [40,41]. Antigen could only be detected in the trachea with
no evidence of virus in the lungs or the brain [40,41], although it is not known if the olfactory bulb
was specifically investigated. Neurological symptoms have been observed in ferrets experimentally
infected with PIV5, but only after intracerebral injection as the route of infection. In addition to these
in vivo similarities, PIV5 and AlsPV are similar in that they utilize sialic acid as a receptor for cell
entry (49), grow to high titers in multiple mammalian cell lines with minimal cytopathic effect (229,
230) and encode an SH gene (49). The multiple similarities between the two viruses indicate that,
despite the lack of clinical disease in ferrets and mice, AlsPV may also have the potential to infect other
mammalian species.

The findings presented here suggest that AlsPV causes an upper respiratory tract infection
in ferrets that is followed by infection of the olfactory pole of the brain. It is likely that from the
nasal turbinates, the virus has access to the olfactory neurons that extend from the olfactory bulb
through the cribriform plate and into the olfactory neuroepithelium in the nasal cavity [42], but further
histopathological examination would be required to confirm this hypothesis. This allows direct access
for the virus to disseminate through the central nervous system. However, AlsPV was not detected
in brain tissue beyond the olfactory bulb. It is likely that the innate immune response had a role in
preventing the spread of AlsPV throughout the CNS [42,43]. Further investigation into the persistence
of AlsPV is required, particularly as reduced cytopathic effect was observed during infection of some
mammalian cell lines with AlsPV and viral RNA was detected in the olfactory pole of mouse brains at
21 days post infection.

The timing of detection of virus shedding in respiratory secretions of ferrets suggests that virus
replication peaked around 5–7 days post inoculation. Although there was some variability between
shedding in the first and second animal infection studies, it may have been due to variation between
cohorts of outbred ferrets. The presence of virus in oronasal shedding samples and in the upper
respiratory tract suggests that AlsPV replicates in tissues that are relevant to virus transmission,
although transmission studies are required to confirm if transmission occurs in ferrets. Further
experiments are also required to determine the effect of the route of virus challenge and if oronasal
infection with lower doses of AlsPV still results in subsequent infection of the olfactory nerve.

Although AlsPV neutralizing antibodies were found at a low overall prevalence in Australian
pteropid bat sera, analysis of individual pteropid species indicated that the Pteropus poliocephalus flying
foxes may be the primary reservoir host. This species was observed in the colony in Alstonville as well
as in Geelong where AlsPV was detected by PCR. The high proportion of positive sera samples from
grey headed flying foxes, combined with the increasing urban habituation of pteropid bats [6], suggest
that there is risk of exposure and potential transmission of AlsPV to non-pteropid mammalian species.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1999-4915/10/12/
675/s1.

Author Contributions: Conceptualization, G.A.M. and L.-F.W.; methodology, R.I.J., M.T., and B.A.C.;
investigation, R.I.J., B.R. and R.L.; formal analysis, R.I.J., J.B. and M.T.; visualization, R.I.J.; writing—original draft
preparation, R.I.J.; writing—review and editing, R.I.J., B.A.C., M.T., L-F.W. and G.A.M.; supervision, G.A.M.

http://www.mdpi.com/1999-4915/10/12/675/s1
http://www.mdpi.com/1999-4915/10/12/675/s1


Viruses 2018, 10, 675 18 of 20

Funding: This work was supported by an Australian Government Research Training Program Scholarship (R.I.J.)
and CSIRO internal funding.

Acknowledgments: We are grateful to Jenn Barr, Shawn Todd and Ina Smith for their technical assistance;
Jean Payne, Jenni Harper and Teresa Eastwood for the preparation of tissue samples for histopathologic and
immunohistochemical assessment; and Hume Field and his team for their support with the field work. We are
also thankful to Ben Hubbard and Leah Frazer for their work with the animal study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Li, W.; Shi, Z.; Yu, M.; Ren, W.; Smith, C.; Epstein, J.H.; Wang, H.; Crameri, G.; Hu, Z.; Zhang, H.; et al.
Bats are natural reservoirs of sars-like coronaviruses. Science 2005, 310, 676–679. [CrossRef] [PubMed]

2. Field, H.; Crameri, G.; Kung, N.Y.; Wang, L.F. Ecological aspects of hendra virus. Curr. Top. Microbiol. Immunol.
2012, 359, 11–23. [PubMed]

3. Chua, K.B.; Koh, C.L.; Hooi, P.S.; Wee, K.F.; Khong, J.H.; Chua, B.H.; Chan, Y.P.; Lim, M.E.; Lam, S.K. Isolation
of Nipah virus from malaysian island flying-foxes. Microbes Infect. 2002, 4, 145–151. [CrossRef]

4. Towner, J.S.; Amman, B.R.; Sealy, T.K.; Carroll, S.A.; Comer, J.A.; Kemp, A.; Swanepoel, R.; Paddock, C.D.;
Balinandi, S.; Khristova, M.L.; et al. Isolation of genetically diverse marburg viruses from Egyptian fruit bats.
PLoS Pathog. 2009, 5, e1000536. [CrossRef] [PubMed]

5. Olival, K.J.; Hosseini, P.R.; Zambrana-Torrelio, C.; Ross, N.; Bogich, T.L.; Daszak, P. Host and viral traits
predict zoonotic spillover from mammals. Nature 2017, 546, 646–650. [CrossRef] [PubMed]

6. Plowright, R.K.; Foley, P.; Field, H.E.; Dobson, A.P.; Foley, J.E.; Eby, P.; Daszak, P. Urban habituation,
ecological connectivity and epidemic dampening: The emergence of hendra virus from flying foxes (Pteropus
spp.). Proc. Biol Sci. 2011, 278, 3703–3712. [CrossRef] [PubMed]

7. Tait, J.; Perotto-Baldivieso, H.L.; McKeown, A.; Westcott, D.A. Are flying-foxes coming to town? Urbanisation
of the spectacled flying-fox (Pteropus conspicillatus) in Australia. PLoS ONE 2014, 9, e109810. [CrossRef]
[PubMed]

8. Parrish, C.R.; Holmes, E.C.; Morens, D.M.; Park, E.C.; Burke, D.S.; Calisher, C.H.; Laughlin, C.A.; Saif, L.J.;
Daszak, P. Cross-species virus transmission and the emergence of new epidemic diseases. Microbiol. Mol.
Biol. Rev. 2008, 72, 457–470. [CrossRef] [PubMed]

9. Wolfe, N.D.; Dunavan, C.P.; Diamond, J. Origins of major human infectious diseases. Nature 2007, 447,
279–283. [CrossRef] [PubMed]

10. Young, C.C.; Olival, K.J. Optimizing viral discovery in bats. PLoS ONE 2016, 11, e0149237. [CrossRef]
[PubMed]

11. Geoghegan, J.L.; Senior, A.M.; Di Giallonardo, F.; Holmes, E.C. Virological factors that increase the
transmissibility of emerging human viruses. Proc. Natl. Acad. Sci. USA 2016, 113, 4170–4175. [CrossRef]
[PubMed]

12. Adams, M.J.; Lefkowitz, E.J. Changes to taxonomy and the international code of virus classification and
nomenclature ratified by the international committee on taxonomy of viruses (2017). Archi. Virol. 2017, 162,
2505–2538. [CrossRef] [PubMed]

13. Drexler, J.F.; Corman, V.M.; Muller, M.A.; Maganga, G.D.; Vallo, P.; Binger, T.; Gloza-Rausch, F.;
Cottontail, V.M.; Rasche, A.; Yordanov, S.; et al. Bats host major mammalian paramyxoviruses. Nat. Commun.
2012, 3, 796. [CrossRef] [PubMed]

14. Barr, J.; Smith, C.; Smith, I.; de Jong, C.; Todd, S.; Melville, D.; Broos, A.; Crameri, S.; Haining, J.; Marsh, G.;
et al. Isolation of multiple novel paramyxoviruses from pteropid bat urine. J. Gen. Virol. 2015, 96, 24–29.
[CrossRef] [PubMed]

15. Wang, L.-F.; Collins, P.L.; Fouchier, R.A.M.; Kurath, G.; Lamb, R.A.; Randall, R.E.; Rima, B.K. Family
paramyxoviridae. In Virus Taxonomy: Classification and Nomenclature of Viruses: Ninth Report of the International
Committee on Taxonomy of Viruses; King, A.M.Q., Adams, M.J., Carstens, E.B., Lefkowitz, E.J., Eds.; Elsevier:
Amsterdam, The Netherlands, 2012.

16. Lamb, R.A.; Parks, G.D. Paramyxoviridae. In Fields virology, 6th ed.; Knipe, D.M., Howley, P.M., Eds.;
Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2013; Volume 1, pp. 957–995.

http://dx.doi.org/10.1126/science.1118391
http://www.ncbi.nlm.nih.gov/pubmed/16195424
http://www.ncbi.nlm.nih.gov/pubmed/22476530
http://dx.doi.org/10.1016/S1286-4579(01)01522-2
http://dx.doi.org/10.1371/journal.ppat.1000536
http://www.ncbi.nlm.nih.gov/pubmed/19649327
http://dx.doi.org/10.1038/nature22975
http://www.ncbi.nlm.nih.gov/pubmed/28636590
http://dx.doi.org/10.1098/rspb.2011.0522
http://www.ncbi.nlm.nih.gov/pubmed/21561971
http://dx.doi.org/10.1371/journal.pone.0109810
http://www.ncbi.nlm.nih.gov/pubmed/25295724
http://dx.doi.org/10.1128/MMBR.00004-08
http://www.ncbi.nlm.nih.gov/pubmed/18772285
http://dx.doi.org/10.1038/nature05775
http://www.ncbi.nlm.nih.gov/pubmed/17507975
http://dx.doi.org/10.1371/journal.pone.0149237
http://www.ncbi.nlm.nih.gov/pubmed/26867024
http://dx.doi.org/10.1073/pnas.1521582113
http://www.ncbi.nlm.nih.gov/pubmed/27001840
http://dx.doi.org/10.1007/s00705-017-3358-5
http://www.ncbi.nlm.nih.gov/pubmed/28434098
http://dx.doi.org/10.1038/ncomms1796
http://www.ncbi.nlm.nih.gov/pubmed/22531181
http://dx.doi.org/10.1099/vir.0.068106-0
http://www.ncbi.nlm.nih.gov/pubmed/25228492


Viruses 2018, 10, 675 19 of 20

17. Lin, Y.; Bright, A.C.; Rothermel, T.A.; He, B. Induction of apoptosis by paramyxovirus simian virus 5 lacking
a small hydrophobic gene. J. Virol. 2003, 77, 3371–3383. [CrossRef] [PubMed]

18. Ford, R.B. Canine infectious respiratory disease. In Infectious Diseases of the Dog and Cat, 4th ed.; Greene, C.E.,
Ed.; Elsevier Health Sciences: St Louis, MO, USA, 2013; pp. 55–65.

19. Hull, R.N.; Minner, J.R.; Smith, J.W. New viral agents recovered from tissue cultures of monkey kidney
cells. I. Origin and properties of cytopathogenic agents s.V.1, s.V.2, s.V.4, s.V.5, s.V.6, s.V.11, s.V.12 and s.V.15.
Am. J. Hyg. 1956, 63, 204–215. [PubMed]

20. Chatziandreou, N.; Stock, N.; Young, D.; Andrejeva, J.; Hagmaier, K.; McGeoch, D.J.; Randall, R.E.
Relationships and host range of human, canine, simian and porcine isolates of simian virus 5 (parainfluenza
virus 5). J. Gen. Virol. 2004, 85, 3007–3016. [CrossRef] [PubMed]

21. Liu, Y.; Li, N.; Zhang, S.; Zhang, F.; Lian, H.; Hu, R. Parainfluenza virus 5 as possible cause of severe
respiratory disease in calves, China. Emerg. Infect. Dis. 2015, 21, 2242–2244. [CrossRef] [PubMed]

22. Crameri, G.; Todd, S.; Grimley, S.; McEachern, J.A.; Marsh, G.A.; Smith, C.; Tachedjian, M.; De Jong, C.;
Virtue, E.R.; Yu, M.; et al. Establishment, immortalisation and characterisation of pteropid bat cell lines.
PLoS ONE 2009, 4, e8266. [CrossRef] [PubMed]

23. Field, H.; de Jong, C.; Melville, D.; Smith, C.; Smith, I.; Broos, A.; Kung, Y.H.; McLaughlin, A.; Zeddeman, A.
Hendra virus infection dynamics in Australian fruit bats. PLoS ONE 2011, 6, e28678. [CrossRef] [PubMed]

24. Barr, J.A.; Smith, C.; Marsh, G.A.; Field, H.; Wang, L.F. Evidence of bat origin for menangle virus, a zoonotic
paramyxovirus first isolated from diseased pigs. J. Gen. Virol. 2012, 93, 2590–2594. [CrossRef] [PubMed]

25. Tong, S.; Chern, S.W.; Li, Y.; Pallansch, M.A.; Anderson, L.J. Sensitive and broadly reactive reverse
transcription-PCR assays to detect novel paramyxoviruses. J. Clin. Microbiol. 2008, 46, 2652–2658. [CrossRef]
[PubMed]

26. Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.;
Pham, S.; Prjibelski, A.D.; et al. Spades: A new genome assembly algorithm and its applications to single-cell
sequencing. J. Comput. Biol. 2012, 19, 455–477. [CrossRef] [PubMed]

27. Wan, Y.; Renner, D.W.; Albert, I.; Szpara, M.L. Viramp: A galaxy-based viral genome assembly pipeline.
Gigascience 2015, 4, 19. [CrossRef] [PubMed]

28. De Wit, E.; Bestebroer, T.M.; Spronken, M.I.; Rimmelzwaan, G.F.; Osterhaus, A.D.; Fouchier, R.A. Rapid
sequencing of the non-coding regions of influenza a virus. J. Virol. Methods 2007, 139, 85–89. [CrossRef]
[PubMed]

29. Li, Z.; Yu, M.; Zhang, H.; Wang, H.Y.; Wang, L.F. Improved rapid amplification of cDNA ends (RACE) for
mapping both the 5′ and 3′ terminal sequences of paramyxovirus genomes. J. Virol. Methods 2005, 130,
154–156. [CrossRef] [PubMed]

30. Reed, L.J.; Muench, H. A simple method of estimating fifty percent endpoints. Ameri. J. Epidemiol. 1938, 27,
493–497. [CrossRef]

31. Simmons, C.P.; Bernasconi, N.L.; Suguitan, A.L.; Mills, K.; Ward, J.M.; Chau, N.V.; Hien, T.T.; Sallusto, F.;
Ha do, Q.; Farrar, J.; et al. Prophylactic and therapeutic efficacy of human monoclonal antibodies against
H5N1 influenza. PLoS Med. 2007, 4, e178. [CrossRef] [PubMed]

32. Bowden, T.R.; Bingham, J.; Harper, J.A.; Boyle, D.B. Menangle virus, a pteropid bat paramyxovirus infectious
for pigs and humans, exhibits tropism for secondary lymphoid organs and intestinal epithelium in weaned
pigs. J. Gen. Virol. 2012, 93, 1007–1016. [CrossRef] [PubMed]

33. Kall, L.; Krogh, A.; Sonnhammer, E.L. A combined transmembrane topology and signal peptide prediction
method. J. Mol. Biol. 2004, 338, 1027–1036. [CrossRef] [PubMed]

34. Boyd, V.; Smith, I.; Crameri, G.; Burroughs, A.L.; Durr, P.A.; White, J.; Cowled, C.; Marsh, G.A.; Wang, L.F.
Development of multiplexed bead arrays for the simultaneous detection of nucleic acid from multiple viruses
in bat samples. J. Virol. Methods 2015, 223, 5–12. [CrossRef] [PubMed]

35. Miller, P.J.; Boyle, D.B.; Eaton, B.T.; Wang, L.F. Full-length genome sequence of mossman virus, a novel
paramyxovirus isolated from rodents in australia. Virology 2003, 317, 330–344. [CrossRef] [PubMed]

36. Hiebert, S.W.; Richardson, C.D.; Lamb, R.A. Cell surface expression and orientation in membranes of the
44-amino-acid SH protein of simian virus 5. J. Virol. 1988, 62, 2347–2357. [PubMed]

37. Jorgensen, E.D.; Collins, P.L.; Lomedico, P.T. Cloning and nucleotide sequence of newcastle disease virus
hemagglutinin-neuraminidase mRNA: Identification of a putative sialic acid binding site. Virology 1987, 156,
12–24. [CrossRef]

http://dx.doi.org/10.1128/JVI.77.6.3371-3383.2003
http://www.ncbi.nlm.nih.gov/pubmed/12610112
http://www.ncbi.nlm.nih.gov/pubmed/13302209
http://dx.doi.org/10.1099/vir.0.80200-0
http://www.ncbi.nlm.nih.gov/pubmed/15448364
http://dx.doi.org/10.3201/eid2112.141111
http://www.ncbi.nlm.nih.gov/pubmed/26583313
http://dx.doi.org/10.1371/journal.pone.0008266
http://www.ncbi.nlm.nih.gov/pubmed/20011515
http://dx.doi.org/10.1371/journal.pone.0028678
http://www.ncbi.nlm.nih.gov/pubmed/22174865
http://dx.doi.org/10.1099/vir.0.045385-0
http://www.ncbi.nlm.nih.gov/pubmed/22915696
http://dx.doi.org/10.1128/JCM.00192-08
http://www.ncbi.nlm.nih.gov/pubmed/18579717
http://dx.doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
http://dx.doi.org/10.1186/s13742-015-0060-y
http://www.ncbi.nlm.nih.gov/pubmed/25918639
http://dx.doi.org/10.1016/j.jviromet.2006.09.015
http://www.ncbi.nlm.nih.gov/pubmed/17059848
http://dx.doi.org/10.1016/j.jviromet.2005.06.022
http://www.ncbi.nlm.nih.gov/pubmed/16076500
http://dx.doi.org/10.1093/oxfordjournals.aje.a118408
http://dx.doi.org/10.1371/journal.pmed.0040178
http://www.ncbi.nlm.nih.gov/pubmed/17535101
http://dx.doi.org/10.1099/vir.0.038448-0
http://www.ncbi.nlm.nih.gov/pubmed/22278823
http://dx.doi.org/10.1016/j.jmb.2004.03.016
http://www.ncbi.nlm.nih.gov/pubmed/15111065
http://dx.doi.org/10.1016/j.jviromet.2015.07.004
http://www.ncbi.nlm.nih.gov/pubmed/26190638
http://dx.doi.org/10.1016/j.virol.2003.08.013
http://www.ncbi.nlm.nih.gov/pubmed/14698671
http://www.ncbi.nlm.nih.gov/pubmed/2836617
http://dx.doi.org/10.1016/0042-6822(87)90431-4


Viruses 2018, 10, 675 20 of 20

38. Mirza, A.M.; Deng, R.; Iorio, R.M. Site-directed mutagenesis of a conserved hexapeptide in the
paramyxovirus hemagglutinin-neuraminidase glycoprotein: Effects on antigenic structure and function.
J. Virol. 1994, 68, 5093–5099. [PubMed]

39. Rima, B.K.; Gatherer, D.; Young, D.F.; Norsted, H.; Randall, R.E.; Davison, A.J. Stability of the parainfluenza
virus 5 genome revealed by deep sequencing of strains isolated from different hosts and following passage
in cell culture. J. Virol. 2014, 88, 3826–3836. [CrossRef] [PubMed]

40. Capraro, G.A.; Johnson, J.B.; Kock, N.D.; Parks, G.D. Virus growth and antibody responses following
respiratory tract infection of ferrets and mice with WT and P/V mutants of the paramyxovirus simian virus
5. Virology 2008, 376, 416–428. [CrossRef] [PubMed]

41. Durchfeld, B.; Baumgartner, W.; Krakowka, S. Intranasal infection of ferrets (mustela putorius furo) with
canine parainfluenza virus. Zentralbl. Veterinarmed. B. 1991, 38, 505–512. [CrossRef] [PubMed]

42. Durrant, D.M.; Ghosh, S.; Klein, R.S. The olfactory bulb: An immunosensory effector organ during
neurotropic viral infections. ACS Chem. Neurosci. 2016, 7, 464–469. [CrossRef] [PubMed]

43. Detje, C.N.; Meyer, T.; Schmidt, H.; Kreuz, D.; Rose, J.K.; Bechmann, I.; Prinz, M.; Kalinke, U. Local type I
IFN receptor signaling protects against virus spread within the central nervous system. J. Immunol. 2009,
182, 2297–2304. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.ncbi.nlm.nih.gov/pubmed/8035509
http://dx.doi.org/10.1128/JVI.03351-13
http://www.ncbi.nlm.nih.gov/pubmed/24453358
http://dx.doi.org/10.1016/j.virol.2008.03.034
http://www.ncbi.nlm.nih.gov/pubmed/18456301
http://dx.doi.org/10.1111/j.1439-0450.1991.tb00904.x
http://www.ncbi.nlm.nih.gov/pubmed/1663681
http://dx.doi.org/10.1021/acschemneuro.6b00043
http://www.ncbi.nlm.nih.gov/pubmed/27058872
http://dx.doi.org/10.4049/jimmunol.0800596
http://www.ncbi.nlm.nih.gov/pubmed/19201884
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture 
	Virus Isolation 
	Viruses 
	Parainfluenza Virus 5 Sequences 
	Sequencing 
	Whole-Genome Sequencing 
	Confirmation of Genome Termini 
	Amplicon Sequencing 

	Virus Quantification 
	Growth Kinetics Assay 
	Immunofluorescence Assay 
	Neutralisation Assay 
	Australian Flying Fox Serology 
	Animal Experiments 
	Study 1 
	Study 2 
	Analysis of Animal Infection Study Samples 
	Histology 

	Antibodies 
	Protein Prediction 
	Sialidase Assay 

	Results 
	Isolation of a Novel Bat-Borne Rubulavirus 
	Analysis of the AlsPV Whole-Genome Sequence 
	Analysis of Deduced Amino Acid Sequences 
	SH 
	HN 
	RNA Editing of the P Gene 

	AlsPV is Antigenically Related to PIV5 
	Growth Analysis of AlsPV in Mammalian Cell Lines 
	AlsPV Neutralising Antisera Are Prevalent in Grey Headed Flying Foxes 
	Animal Infection Studies 
	AlsPV Is Shed in Ferret Respiratory Secretions 
	AlsPV Infects the Ferret Upper Respiratory Tract and Olfactory Lobe of the Brain 


	Discussion 
	References

