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ABSTRACT

Bats are the reservoir hosts of multiple zoonotic viruses, making them important targets for virus
discovery studies. In 2011, there was a large increase in the incidence of Hendra virus (HeV) disease
events in horses in Queensland and New South Wales, concurrent with an increase in HeV
prevalence in Australian pteropid bat urine. It has previously been observed that an increase in HeV
prevalence is representative of an increase in the prevalence of other viruses in bat urine. Pteropid
bat urine samples collected in 2011 from Alstonville, New South Wales were therefore assessed for

the presence of novel viruses.

Virus isolations and PCR analysis of the bat urine revealed the presence of paramyxoviruses,
paramyxovirus RNA, adenoviruses and a polyomavirus. One sample containing a potential henipa-
like virus, Lumley virus (LumPV), was further analysed by next generation sequencing and the
majority of the paramyxovirus coding sequence was obtained. Characterisation of the sequence
revealed that it encoded an attachment glycoprotein that was divergent from those of known
paramyxoviruses. In addition, two paramyxoviruses were isolated from the bat urine, Teviot virus
(TevPV) and Alston virus (AlsPV), and were characterised in vitro and in vivo to determine their
pathogenic potential. Phylogenetic and antigenic analysis of TevPV indicated that it was most closely
related to Tioman virus. Although currently classified as a rubulavirus, TevPV has a divergent cell
attachment glycoprotein and does not require sialic acid for infection. Animal infection trials
demonstrated that mice could not be infected with TevPV and that oronasal exposure of ferrets to
TevPV resulted in seroconversion but no further evidence of infection, suggesting that TevPV has a

low pathogenic potential in mammals.

In contrast, AlsPV is a novel bat-borne rubulavirus that was demonstrated by phylogenetic and
antigenic assessment to be most similar to parainfluenza virus 5 (PIV5). Nasal exposure of mice to
AlsPV resulted in no clinical signs of infection, however, viral RNA could be detected in the olfactory
bulb of the brains of two mice at 21 days post infection. Ferrets exposed to AlsPV through the
oronasal route shed the virus in respiratory secretions during acute stages of infection, followed by
seroconversion at 10 days post infection. AlsPV caused an upper respiratory tract infection in ferrets,
with virus detected predominately in the nasal turbinates and tonsils throughout acute infection,
although ferrets remained clinically normal for the duration of the trial. AlsPV also progressed from
the nasal turbinates to the olfactory bulb where viral RNA and low levels of viral antigen were
detected. These results indicated that AlsPV may be able to infect multiple host species, similar to

what has been observed for PIV5. The discovery of these viruses and viral sequences highlights the



diversity found in Australian pteropid bats and emphasises the significance of continued surveillance

of bats for the discovery of emerging viruses.
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CHAPTER 1: LITERATURE REVIEW



1.1 INTRODUCTION

Over recent decades, we have seen the continual emergence of new pathogens into the human
population, sometimes with devastating outcomes (1). Of these newly emerging pathogens, wildlife
have been the source of more than 70%, with bats harbouring a significant number (2). Surveillance
of Australian bats is essential to identify future emerging viruses and to prepare for the potential
transmission of viruses into other mammalian populations, also known as a spillover event (2-4).
Factors such as the urban habituation of bats means that the spillover of potentially zoonotic viruses
will increase in frequency (5), thus having significant effects on public health and the economy. The
improvement of wildlife surveillance would allow early detection of emerging viruses and a more
efficient response in the future (6). In particular, the isolation of novel viruses allows
characterisation, which leads to an increased understanding of the potential for these viruses to

cause disease.

One of these highly pathogenic emerging viruses is Hendra virus (HeV, described further in section
1.4.1 and 1.6.1), a henipavirus of the family Paramyxoviridae, which circulates in the Australian
pteropid bat population and has repeatedly spilled over to cause fatal disease into horses and
humans (7). Henipa-like virus RNA has been detected in bats globally, indicating that there is a risk of
similar viruses spilling over to cause disease in non-pteropid mammals and having a significant
impact on public health (8, 9). In 2011, during a year of unprecedented numbers of HeV disease
events, pteropid bat urine samples were collected in Alstonville, New South Wales. This increase in
HeV spillover was of note as it has previously been proposed that HeV and novel paramyxoviruses
have similar patterns of shedding (10). It was hypothesised that these urine samples likely contained
novel viruses, in particular paramyxoviruses, which may have the potential to spillover into human
or animal populations. In Chapter 3 of this thesis, the isolation of two paramyxoviruses, Teviot virus
(TevPV) and Alston virus (AlsPV), along with the detection of multiple paramyxovirus sequences,
adenoviruses and a polyomavirus, provided a greater understanding of the viral diversity present in
Australian pteropid bats. TevPV and AlsPV were then characterised in Chapters 4 and 5 respectively
to determine the antigenic relatedness, growth kinetics, seroprevalence and pathogenic potential of
these bat-borne viruses. These data would help facilitate a rapid response to any detected spillover
events. The information presented in this thesis provides an insight into the diversity of viruses
infecting bats and the pathogenic potential of selected bat-borne viruses of the family

Paramyxoviridae.



1.2 ZOONOTIC VIRUS EMERGENCE

Emerging diseases and zoonotic viruses are priority infectious disease concerns (11). The majority of
emerging and re-emerging infectious diseases are caused by zoonotic pathogens with a broad host
range (12). Over 70% of recently emerged infectious diseases originated in wildlife before being
passed to humans either directly or indirectly via domestic animals, a proportion that has risen
significantly since 2000 (2). Human population density and wildlife host richness are both important
drivers of emerging infectious diseases (2, 13, 14). Increased human population density can
contribute to the loss of wildlife habitats, therefore leading to an increase in wildlife density in the
remaining restricted habitat (15). This creates an ideal environment for the maintenance of disease
in wildlife and increases the potential for localised transmission of viruses from one species to
another. Other factors predicted to influence the risk of infectious disease emergence are changes in
land use, increased urbanisation, animal trade and the reduced ability to respond to infectious

diseases in developing countries (11).

Initially, the virus is maintained in the reservoir host population (16). Changes to the environment
can contribute to changes in host dynamics, such environmental changes leading to urban
habituation of the host species, resulting in increased risk of human exposure (17). Human exposure
can result in localised emergence of the virus with limited or no human-to-human transmission. The
final stage of emergence is when sustained human-to-human transmission is achieved (16). The
likelihood of a virus progressing from reservoir host infection to pandemic emergence is low,
particularly as adaptation may be required for a virus to be successful in a new host (18). Despite the
barriers to infection of a new species, the probability of transmission over time increases as the

number of exposures between host and recipient species increase (19).

There are still many unknowns surrounding zoonotic disease emergence (18). Continued surveillance
of animals and humans is required to rapidly detect zoonotic transmission events for the early
management of outbreaks. In turn, this minimises infection rates and the clinical impact in the
human population (16, 20). Targeted wildlife surveillance is an effective way of identifying

potentially zoonotic viruses (3), but as pathogen discovery programs are expanding (16), it is

essential that we also characterise novel viruses. The International Committee on Taxonomy of
Viruses (ICTV) currently requires a complete viral genome before a virus can be listed as a new
species (21). While novel viral sequences provide important data on viral diversity and evolution (20),
in vitro and in vivo characterisation of these viruses can provide valuable information regarding their

pathogenic potential.



1.3 BATS AS RESERVOIR HOSTS

The role of bats as reservoir hosts for zoonotic pathogens means that surveillance of bats and
discovery of novel bat-borne pathogens is a fundamental task in the preparation for virus emergence
(3, 15, 16). The significance of bats as reservoir hosts has become more evident in recent years as an
increasing number of emerging viruses have been isolated from multiple bat species (22-24). A study
of zoonotic viruses and mammalian hosts indicated that bats host a higher proportion of zoonotic
viruses than any other mammalian order (3). The surveillance of bats has revealed an extensive list
of over one hundred viruses from many different families (5) including coronaviruses (25),
adenoviruses (26), filoviruses (27), reoviruses (28), herpesviruses (29) and paramyxoviruses (30). In
fact, it has been estimated that each species of bat would have to be sampled approximately 1500

times in order to identify 85% of the viral diversity in that species (31).

With some exceptions, including Australian bat lyssavirus from the family Rhabdoviridae (32), these
viruses have been isolated from bats in the absence of clinical symptoms. The lack of symptoms
indicates that they are a possible reservoir host as it allows these viruses to be permanently
maintained in the bat population and therefore able to be continually transmitted to susceptible

target populations (33).

It has been suggested that the large number of viruses identified in bats can be attributed to some
unique chiropteran features. Bats are migratory, long-lived animals with a wide global distribution
(34). Their long life span, 3.5 times greater than non-flying mammals (35), increases the time for
potential shedding of the virus and transmission to other susceptible hosts. Furthermore, bats roost
in close quarters in large numbers, enhancing inter-host transmission of viruses through urine and
faeces (34, 36). As well as being a highly prevalent taxonomic order, bat lineages can be traced back
millions of years, making them one of the oldest surviving mammals (37). Viruses have potentially
co-evolved with bats for fifty million years; facilitating the development of the host-virus dynamics
that allow bats to be reservoir hosts for a range of viruses (34). This hypothesis of bat-virus co-

evolution is supported by evidence that viruses such as henipaviruses also have ancient origins (22).

Bats are also the only mammals with the capability of powered flight. It has been hypothesised that
the ability to fly, and the increased metabolic rate associated with it, requires increased resistance to
DNA damage (33). Whole-genome sequence analysis of Pteropus alecto and Myotis davidii genomes
revealed genetic changes in shared components of the DNA damage repair pathway and the innate
immune system, possibly contributing to the increased resistance of bats to symptomatic infection
by viruses (38). Furthermore, interferon a (IFN a) is constitutively expressed in bats, providing

immediate protection from viruses that can be further induced during infection (39). In comparison,



another study has detected dampening of the STING-dependent interferon response, potentially to

ensure a balanced response to viral infection (40).

1.4 BATS IN AUSTRALIA

Bats, belonging to the order Chiroptera, are the world’s second most abundant mammalian order
with over 1200 species. The order Chiroptera is divided into suborders of Yinpterochiroptera and
Yangochiroptera, which were established based on extensive phylogenomic studies and replaced the
previous phenotypic classification of Megachiroptera and Microchiroptera (41, 42).
Yinpterochiroptera comprises the families Pteropodidae, Rhinopomatidae, Megadermatidae and
Rhinolophidae (43). The genus Pteropus, which is the genus targeted for virus discovery in this thesis,
is classified into the family Pteropodidae. There are four pteropid bat species found on mainland
Australia; the grey-headed flying fox, Pteropus poliocephalus; the black flying fox, P. alecto; the little

red flying fox, P. scapulatus; and the spectacled flying fox, P. conspicillatus (44).

1.4.1 VIRUS DYNAMICS IN AUSTRALIAN BATS

Virus spillover requires a host to be present, infected with and often actively shedding the virus, as
well the presence of a susceptible recipient and the exposure of the recipient to a sufficient quantity
of the virus (36). In Australia, anthropogenic environmental changes, seasonal conditions and
behavioural changes have resulted in bats seeking alternative food sources, often in urban gardens.
This urban habituation, combined with a decrease in migration, leads to increased contact between
bats, domestic animals and humans, and therefore an increased likelihood of virus transmission (17,

45).

HeV, a pathogen transmitted from Australian pteropid bats to horses, is mainly detected in the
spleen and kidney of naturally infected flying foxes, and to a lesser extent in the lungs, liver and
blood, indicating systemic infection (46). Higher amounts of viral RNA have been detected in urine
from wild P. alecto flying foxes compared to other samples such as serum, nasal swabs and faeces,
making urine a useful specimen for HeV surveillance (47). HeV antibodies have been detected in all
Australian mainland pteropid bat species, however, evidence suggests that P. alecto and P.
conspicillatus are the primary reservoir hosts (46, 47). P. alecto flying foxes are found in coastal
northern and eastern Australia, down as far as south-eastern New South Wales, whereas P.

conspicillatus is found in northern Queensland down to the Queensland central coast (48, 49).

Although HeV can be detected in bat urine at any time of the year (50), it is not continually detected
from individual bat colonies, implying that viral shedding may occur in pulses with only very low

levels of virus circulating in between pulses (36). It has been proposed that these pulses of HeV



shedding could be occurring either due to episodic shedding of a latent infection or transient
epidemics that are characterised by reinfection after a decrease in population immunity (36). HeV
has been detected more often in female bats with increased viral shedding occurring around mid-
gestation between April and June (47). However, vertical transmission is not thought to occur very
often and reproductive material is not a major source of transmission (46). The role of stress in flying
foxes has also been investigated as a potential cause of increased virus transmission, but results vary

on whether it is a driver of viral spillover (51, 52).

The most significant route of transmission for HeV is through excretion of the virus in urine (47).
Despite HeV shedding occurring throughout the year, there is a seasonal clustering of spillover
events. In the subtropics, the majority of HeV spillover events into horses occur between May and
October with the peak number of events occurring in July. This pattern of spillover is not consistent
in the tropical north of Australia where spillover events have also been detected in summer (36).
During 2011 when an unprecedented number of HeV spillover events occurred, virus shedding was
more prevalent than previously detected and occurred for a longer period of time in southeast
Queensland and northern New South Wales (53). It has been proposed that the shedding of other
viruses may also be more prevalent in urine collected from Australian pteropid bats during the

winter months of 2011. It is therefore an ideal sample for detecting and isolating novel viruses.

1.5 PARAMYXOVIRUSES

Bats are reservoir hosts to two highly pathogenic members of the family Paramyxoviridae, HeV and
Nipah virus (NiV), along with many other paramyxoviruses that have been detected in bats globally
(30, 54, 55). There are currently seven genera in the family Paramyxoviridae: Morbillivirus,
Henipavirus, Rubulavirus, Respirovirus, Avulavirus, Ferlavirus and Aquaparamyxovirus. Recent
proposals to the International Committee on Taxonomy of Viruses have suggested the formation of

additional genera to incorporate currently unclassified viruses such as J virus and Beilong virus (56).

Paramyxoviruses are enveloped viruses with a linear non-segmented, negative sense RNA genome
(57). The genomes of paramyxoviruses are between 15kb to 19kb in length and must comply with
the rule of six, which requires the length of the genome to be a multiple of six in order to correctly
associate with the nucleocapsid protein (58). Six nucleotides helically assemble with a single
nucleocapsid protein allowing efficient replication and transcription (59, 60). The paramyxovirus
genome is flanked by 3’ leader and 5’ trailer sequences that play an important role as promoters of
transcription and replication. Paramyxovirus genes are made up of coding sequences adjacent to 5’
and 3’ untranslated regions (UTRs). The transcription of paramyxovirus genes is controlled by

conserved transcriptional start and stop sequences at the beginning and end of these UTRs. For most



paramyxoviruses, the transcriptional initiation sequence begins with a uridine residue (57), although
exceptions to this are the gene start sequences of Menangle and Tioman virus that begin with a
cytosine residue (61, 62). Between these paramyxovirus genes are intergenic regions that are either
highly conserved, such as the trinucleotide sequence between henipavirus genes, or variable in

length or sequence, such as the intergenic regions of rubulaviruses (57).

1.5.1 PARAMYXOVIRUS PROTEINS

The paramyxovirus genome is made up of six major genes encoding at least seven proteins (Figure
1.1). These genes encode the nucleocapsid protein (N), phosphoprotein (P), matrix protein (M),
fusion protein (F), attachment glycoprotein (H, HN or G), and the large polymerase subunit (L).
Mumps virus (MuV) and parainfluenza virus 5 (PIV5) also encode a transmembrane small
hydrophobic protein (SH) (57). Furthermore, RNA editing of the P gene results in the expression of
additional accessory proteins including the multi-functional V and W proteins due to the addition of
non-templated G residues (Figure 1.2) (57, 63). For viruses in the genus Rubulavirus, it is the
unedited transcript that encodes the V protein and the addition of two non-templated G residues
due to polymerase stuttering that results in expression of the phosphoprotein. Members of the
genera Morbillivirus, Henipavirus and Respirovirus express a C protein from an alternative start site

in the P gene (57).

N P/V/W/C M F G L

Hendra virus 3’ .| |_| |_| H |_| |_| l_ 5

N PN M F SH HN L

O s T | s

N P/V/W M F G L
Tioman virus 3 -| H |.| H H |_| |_ 5

Figure 1.1: Genome layout of representative paramyxoviruses. Hendra virus represents viruses of the genus

Henipavirus with a genome length of 18234 nt. Parainfluenza virus 5 and Tioman virus are members of the
genus Rubulavirus with genome lengths of 15246 nt and 15522 nt respectively. The SH gene is only encoded by
parainfluenza virus 5 and mumps virus. Grey boxes represent coding sequences and black lines represent

untranslated and intergenic regions drawn to approximate scale.
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Figure 1.2: Proteins expressed from the P/V gene of viruses in the genera Henipavirus and Rubulavirus. The
addition of non-templated G residues to the P gene mRNA of henipaviruses results in the expression of a V or
W protein. The C protein is expressed from an alternative start site. For rubulaviruses, the unedited transcript
encodes the V protein and the addition of non-templated G residues results in the expression of the P or W

protein. The W protein is sometimes referred to as the | protein for rubulaviruses.

1.5.2 PARAMYXOVIRUS CYCLE OF INFECTION

Invasion of the host cell by paramyxoviruses occurs when the viral attachment glycoprotein adsorbs
to specific cell surface receptors, such as host cell sialoglycoconjugates that are bound by the
attachment glycoproteins of rubulaviruses and respiroviruses. This protein can have
hemagglutinating and neuraminidase activity (HN), hemagglutinating activity alone (H) or neither of
these enzymatic abilities (G) (64, 65). After binding of the attachment glycoprotein to a cellular
receptor, the F protein undergoes conformational changes in order to facilitate fusion with the host
cell membrane at a neutral pH (66, 67). Following fusion of the viral envelope with the host cell
membrane and release of the viral nucleocapsid into the cytoplasm of the host cell, primary
transcription by the viral RNA-dependent RNA polymerase (RdRp) and translation by host machinery
can occur in the cell cytoplasm. The viral RdRp, consisting of a P protein tetramer and a monomer of

the L protein, sequentially transcribes the negative sense paramyxovirus genes into positive sense



monocistronic or dicistronic mRNA. These genes are expressed at different ratios due to the
instability of the viral polymerase on the genome, with expression decreasing at the junction

between the M and F genes, then again between the G and L genes (68).

Once enough N protein has accumulated, the viral polymerase produces full length, positive sense
antigenomes, which are encapsidated by the N protein. The antigenome can then be used as the
template for production of the full-length genome, also encapsidated by the N protein, forming the
ribonucleoprotein complex (69, 70). The N protein coats both the negative sense genome and the
positive sense antigenome to allow replication and further transcription. From these progeny full-
length genomes, a secondary round of transcription or replication can occur, or the encapsidated
negative sense genome can be directly incorporated into a budding virion. Viral envelope proteins
are transported to the host cell membrane through the secretory pathway, but the inactive
precursor of the F protein (Fo) must be cleaved in order to form the active heterodimer and to
expose the hydrophobic fusion peptide (71). For most paramyxoviruses, this occurs during transport
through the trans-Golgi network, whereas the F proteins of some paramyxoviruses, such as Sendai
virus, are cleaved at the cell surface by extracellular proteases. Henipavirus F proteins are cleaved by
cathepsin L following endocytosis of Fq back from the cell surface (72). A feature of paramyxovirus
infection is their ability to form multi-nucleated cells, syncytia. After translation, the fusion protein is
expressed on the host cell membrane, allowing fusion with the surrounding cells. This cytopathic
effect (CPE) allows identification of paramyxoviruses in cell culture and in vivo can result in tissue
necrosis (57). The SH protein is an additional short transmembrane protein only expressed by two
rubulaviruses, MuV and PIV5, which is thought to block apoptosis through a tumour necrosis factor-

alpha (TNFa) mediated pathway (73).

The ribonucleoprotein complexes are trafficked to the cell membrane by the host cytoskeleton (74),
potentially dependent on the M protein (75). The M protein is located under the virus membrane in
the mature virion (Figure 1.3) where it interacts with the cytoplasmic tails of envelope glycoproteins,
forming a bridge to the ribonucleoprotein complex (76). During infection, the M protein coordinates
the assembly of the components of the virion at the cell membrane and is essential for virus budding
(77). To promote budding of viral particles, the M protein interacts with the host membrane and
induces the required deformation and curvature (75). For some paramyxoviruses, this process of

virus release is driven by host proteins in the vacuolar protein sorting pathway (57, 77).
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Figure 1.3: Paramyxovirus virion. Two envelope proteins, the trimeric fusion protein (dark green) and
tetrameric attachment glycoprotein (light green), are expressed on the viral envelope (dark grey) with
cytoplasmic tails that interact with the matrix layer (black circles). The viral RNA genome is encapsidated with
the nucleocapsid protein (purple). A tetramer of the phosphoprotein (light blue) interacts with a monomer of L

protein (dark blue) and the encapsidated genome. Viral components are not drawn to scale.

1.5.3 PARAMYXOVIRUS ACCESSORY PROTEINS

Paramyxoviruses encode multiple accessory proteins, most of which are involved in the antagonism
of the host innate immune response, in particular by targeting multiple stages of the interferon (IFN)
pathway. The V proteins of many paramyxoviruses are involved in blocking IFN signalling by
mechanisms such as the degradation of signal transducer and activator of transcription 1 (STAT1) or
by forming multiprotein complexes to block the signalling of STAT1 (78, 79). Other paramyxovirus V
proteins inhibit the induction of IFN by interfering with pattern recognition receptors such as
melanoma differentiation-associated protein 5 (MDAS), or by preventing the activation and
signalling of interferon regulatory factor 3 (IRF-3) (80). The henipavirus W protein contributes to the
interference of IFN signalling by sequestering inactive STAT1 in the nucleus (81), whereas the C
protein of henipaviruses has been shown to interfere with host interferon induction and signalling,

as well as negatively regulating viral RNA production (82) and moderating genome polarity (83).

1.6 HENIPAVIRUSES

The genus Henipavirus was established following the discoveries of HeV and NiV, two zoonotic bat-

borne pathogens (84). Since then, many henipavirus sequences have been detected (54), along with
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the discovery of three additional henipaviruses, Cedar virus (85), Kumasi virus (54) and Mojiang virus
(86). Henipaviruses have genomes that are more than 10% larger than the average genome size of
other genera in the family Paramyxoviridae (84, 87). These large genomes include long 3’ and 5’
UTRs and express an attachment glycoprotein that lacks hemagglutinating and neuraminidase
activities (88). Both HeV and NiV have a broad host range that is largely attributed to their use of the

highly conserved ephrin-B2 and B3 host cell surface molecules as entry receptors (89, 90).

1.6.1 HENDRA VIRUS

HeV was first isolated after an outbreak in September 1994 that resulted in the deaths of fourteen
horses and one human on a property in Brisbane, Queensland (91). Infection with HeV causes severe
respiratory or neurological illness in horses that is often fatal (92). Humans in close contact with
infected horses can also become ill with severe respiratory symptoms or encephalitis (93). Infection
of humans resulted in death in four out of the seven recorded cases (7), one of which was caused by
relapsing encephalitis thirteen months after contact with an infected horse (94). From its discovery
in 1994 until 2010, fourteen recorded HeV spillover events from bats to horses occurred in coastal
Queensland and northern New South Wales, followed by an unprecedented eighteen spillover
events occurring in 2011 alone (7, 95). In 2012, a vaccine was released to protect horses by eliciting
an antibody response against a soluble HeV G glycoprotein (96). More recently, there was one
confirmed case of HeV in 2016, four confirmed cases in 2017 and one confirmed case in 2018 in

horses in Queensland and northern New South Wales (97).

During HeV surveillance of bat urine collected in southeast Queensland, a closely related virus was
isolated. Despite genetic and antigenic similarities to HeV, infection with this novel virus, Cedar virus
(CedPV), was asymptomatic in both ferrets and guinea pigs. In vitro infection of a human cell line
with CedPV resulted in greater interferon B production than HeV, potentially due to the lack of an
RNA editing site and V ORF in the CedPV phosphoprotein gene (85). Furthermore, the CedPV P
protein did not target STAT1 or STAT2 and had a significantly reduced ability to inhibit the nuclear
translocation of STAT1 (98). The lack of a V protein and the functional differences of the P protein
make CedPV a vital tool to research virus pathogenicity and highlights the importance of isolating

novel viruses.

1.6.3 NIPAH VIRUS

Initially detected in Malaysia in 1998, NiV causes respiratory disease and often fatal febrile
encephalitis in humans (99). It was transmitted from fruit bats to pigs, causing respiratory and
neurological disease, then transmitted from pigs to humans (100, 101). The outbreak resulted in the

culling of over one million pigs and the deaths of 105 out of 265 reported human cases (99, 100). A
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genetically distinct NiV strain emerged in Bangladesh and India in 2001 with important
epidemiological and clinical differences. The Bangladesh NiV strain can be directly transmitted from
bats to humans through contaminated palm sap, as well as between humans without an
intermediate host (102, 103). Annual outbreaks of NiV in humans have occurred in Bangladesh since
2001 (103, 104). In May 2018, an outbreak of NiV occurred in Kerala, India, resulting in the deaths of
sixteen out of eighteen laboratory confirmed cases. The outbreak was reported to be contained by

mid-June 2018 (105).

1.6.4 MOIJIANG VIRUS

More recently, a henipa-like virus, Mojiang virus (MojPV), was detected in rats (Rattus flavipectus) in
China. In 2012, three people working in an abandoned mine in the Yunnan province of China died
following diagnosis of severe pneumonia. No viruses could be isolated from patient specimens,
however, a henipa-like virus was detected in anal swabs collected from rats located in the
abandoned mine (86). Although this novel virus could not be isolated, the whole genome was
obtained and the virus attachment protein was functionally and structurally assessed by cloning the
sequence into mammalian expression vectors. These experiments revealed that the MojPV
attachment protein was divergent from the G proteins of previously characterised henipaviruses and
that it utilised a different entry receptor (106). Despite this divergence, MojPV is currently classified

in the genus Henipavirus.

1.6.5 KuMASI VIRUS

The whole genome sequence of a henipavirus, Kumasi virus (KV), was identified in an Eidolon helvum
bat spleen in Ghana (54). Similar to MojPV, this virus could not be isolated despite multiple attempts,
however, KV proteins have been studied in vitro. Initially, the KV F protein demonstrated no
fusogenic activity. In silico editing of the F gene sequence was required to correct what appeared to
be an error obtained due to polymerase stuttering over an AT-rich region. The addition of a single
nucleotide (either A, C or G), restored efficient expression and cleavage of the F protein, as well as
restoring fusogenic activity (107). Expression of KV glycoproteins on pseudotyped particles has been

used to determine that the KV G protein binds to ephrin-B2 but not ephrin-B3 (108).

1.7 RUBULAVIRUSES

Rubulavirus is a broad genus in the family Paramyxoviridae. It encompasses a number of human
pathogens, animal pathogens and zoonotic viruses. Seventeen viruses have been classified as
rubulaviruses, with the majority isolated from or detected in bats. Rubulaviruses are classified based

on the attachment glycoprotein having hemagglutininating and neuraminidase capability, along with
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a genetic similarity to the type species, MuV (88). The earliest paramyxoviruses to be isolated from
bats were of the genus Rubulavirus. A bat parainfluenza virus was isolated from frugivorous bats in
India that was serologically related to simian virus 41 (109). This was followed by the isolation of
Mapuera virus from bats in the absence of clinical disease in Brazil, 1979. It was later classified as a
rubulavirus closely related to porcine rubulavirus, which in turn was isolated as the causative agent
of disease in pigs in Mexico (110). Major human pathogens in this genus include MuV and human

parainfluenza virus 2 and 4 (54).

1.7.1 PARAINFLUENZA VIRUS 5

PIV5, previously called simian virus 5 or canine parainfluenza virus 2, has been isolated from multiple
host species, including from bone marrow aspirate from humans with and without Multiple Sclerosis
(MS) (111). It was controversially suggested to cause some cases of MS (112), but this association
was not supported by additional studies (113). Nevertheless, this evidence suggested that PIV5 may
persist in human cells (111). PIV5 has, however, been associated with disease in other hosts. PIV5 is
one of the causative agents of the canine infectious respiratory disease complex, normally causing a
self-limiting tracheobronchitis. Secondary infection with another respiratory virus or Bordetella
bronchiseptica can result in more severe symptoms (114). Due to the highly contagious nature of
PIV5, dogs can be vaccinated with a modified live vaccine beginning at 6-8 weeks of age (115). PIV5
has also been isolated from a dog with temporary posterior paralysis (116), the lung of a foetus from
a breeding sow with porcine respiratory and reproductive syndrome (117), and has been identified

as the possible cause of respiratory disease in weaning calves in China (118).

The ability of PIV5 to infect humans in the absence of clinical disease has meant that it is a candidate
to be used as a live recombinant vaccine for viruses such as influenza, respiratory syncytial virus and
rabies virus (119-122). Mice and dogs infected with a recombinant PIV5 expressing the HA of
influenza virus generated neutralising antibody responses against influenza virus, despite having

previously developed neutralising antibodies against PIV5 (123).

1.7.2 RUBULA-LIKE VIRUSES

Within the genus Rubulavirus, there is another phylogenetic branch of rubula-like viruses that cluster
away from the classical rubulaviruses. Recently, it has been proposed by the ICTV that these two
phylogenetic clusters should actually form two genera, Pararubulavirus and Orthorubulavirus, within
the subfamily Rubulavirinae (56). These rubula-like viruses, which would be classified as
pararubulaviruses, have been detected in or isolated from bats in Australia (30, 124), Ghana (125),

Uganda (126), China (127) and Malaysia (128).
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Tioman virus (TioPV) was discovered off the coast of Malaysia on Tioman Island during the search for
the reservoir host of NiV (128). Although neutralising antibodies against TioPV or a Tioman-like virus
were detected in human sera from a village nearby, exposure to the virus has not been linked to
clinical disease (129). It is most closely related to Teviot virus (TevPV), a virus that has been isolated
multiple times from pteropid bat urine collected throughout southeast Queensland, northern New
South Wales and in Geelong, Victoria. Although two isolates of TevPV have previously been
sequenced, only limited additional characterisation was conducted; therefore, its pathogenic

potential in non-pteropid mammals remains undetermined (30, 130).

Menangle virus (MenPV) was first detected during an outbreak of reproductive disease in a piggery
in New South Wales in 1997 (131). Post-natal pigs did not show clinical signs, however, there was an
increase in the rate of abortion and birth defects, such as the degeneration of the brain and spinal
cord. Over 90% of pigs at the affected piggery had neutralising antibodies against MenPV.
Serological screening identified that two piggery workers had also likely been infected with MenPV,
resulting in an influenza-like illness (132). MenPV has since been isolated from Australian pteropid
bats and serological evidence indicated that the outbreak may have originated from a nearby colony

of grey-headed flying foxes (124, 131).

Sosuga virus (SosPV) was discovered when an American wildlife biologist developed fever, malaise,
generalised myalgia and arthralgia, sore throat and neck stiffness after conducting fieldwork
involving bats in South Sudan and Uganda (133). After admission to hospital, the patient developed a
maculopapular rash, oropharynx ulcerations, mild diarrhoea and bloody emesis. The patient was
discharged after two weeks in hospital. SosPV was identified by deep sequencing of RNA from blood
and serum samples from the patient and the complete genome was determined by reverse
transcription PCR and Sanger sequencing (133). The virus was later detected in tissues collected
from Egyptian fruit bats (Rousettus aegyptiacus) collected prior to the detection of human illness, as

well as in archived Egyptian fruit bat tissues collected in Uganda across a three-year period (126).

Achimota viruses 1 and 2 (AchPV1, AchPV2) are distinct virus species that were isolated from straw-
coloured fruit bats, Eidolon helvum, in Ghana. Neutralising activity to AchPV2 was detected in serum
samples from humans from Ghana and Tanzania, indicating that it has the potential to spillover into
human populations, however, these viruses have not been associated with clinical symptoms in
humans (125). Three rubulaviruses were detected in alimentary and respiratory specimens from
Rousettus leschenaulti in China. The whole genome sequences of the three viruses were determined,
although the viruses could not be isolated in cell culture, and the three novel viruses were assigned

the names Tuhoko virus 1, 2 and 3 (127). In addition to these viruses, other rubulaviruses have been
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detected in and isolated from bats globally (30, 54), but have not yet been officially classified as part
of the genus Rubulavirus by the ICTV. Rubulaviruses and rubula-like viruses have the ability to

significantly impact animal and human populations when spillover from bats occurs.

1.8 ADENOVIRUSES

Adenoviruses consist of a linear, double-stranded DNA genome between 26 to 45kb in size enclosed
within an icosahedral capsid (134). Viruses within the family Adenoviridae are classified into five
genera; Aviadenovirus, Atadenovirus, Siadenovirus, Ichtadenovirus and Mastadenovirus (88, 135).
Mastadenovirus comprises mammalian viruses that are usually species specific (135). Although
infection is often subclinical, human mastadenoviruses have been associated with conjunctivitis,
gastroenteritis and respiratory symptoms including severe pneumonia (136, 137). Canine adenovirus
1 and 2 are also associated with disease, infectious canine hepatitis and infectious tracheobronchitis

respectively, in several species and subspecies including dogs, foxes and wolves (138).

Aviadenovirus contains the majority of avian adenoviruses (135), including avian pathogens
associated with inclusion body hepatitis (139), gizzard erosion (140) and hepatitis hydropericardium
syndrome (141). The genus Atadenovirus encompasses bovine, avian and ovine adenoviruses that
have genomes with high AT content, along with distinctive genome organisation (142). Siadenovirus
contains avian adenoviruses and an amphibian adenovirus. These viruses are characterised by a
putative sialidase gene and serological distinction from other genera (135, 143). Ichtadenovirus
currently contains one virus isolated from white sturgeon and is so far the only adenovirus isolated

from fish (144).

The potential to use adenoviruses as vectors for gene therapy, cancer treatments and vaccines has
been well studied. Although there are promising results for the therapeutic use of adenoviruses as
oncolytic viruses, their use as gene therapy vectors has not progressed beyond early clinical trials
(145). It has been proposed that mastadenoviruses isolated from other animals may be more
efficient vectors for gene therapy due to the absence of pre-existing immunity in humans (146), and

that bat adenoviruses may be good candidate vectors (26).

1.8.1 ADENOVIRUS CYCLE OF INFECTION

The adenovirus protein capsid is made up of a hexon protein and includes vertices of a trimeric fibre
protein extending from a penton base. The fibre proteins interact with host cells with high affinity,
followed by association between the penton base and host cell integrins to trigger endocytosis (134).
The virion begins to disassemble upon endocytosis and is released into the cytoplasm before viral

DNA and a core viral protein are transported into the nucleus. Transcription occurs from both
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strands of DNA. Around 20 early genes and 15 late genes are transcribed into early, intermediate

and late transcriptional units, many of which are alternatively spliced into multiple mRNAs (Figure

1.4) (147).
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Figure 1.4: Representative genome arrangement of a member of the genus Mastadenovirus. Grey arrows
represent coding sequences and indicate the direction of transcription. Coding sequences are approximately to

scale.

Transcription, translation and virus replication occurs, before viral proteins are imported into the
nucleus for virion assembly (134). During this infectious cycle, adenoviruses inhibit cellular
transcription, translation and replication. Cells round up, swell and detach from the monolayer, and
nuclei enlarge as virions assemble, causing characteristic CPE in cell culture. The virus triggers lysis of

the host cell by various mechanisms and progeny virus is released (147).

1.8.2 ADENOVIRUSES IN BATS

A diverse range of adenoviruses from the genus Mastadenovirus have been isolated from bats
globally (26, 148, 149). Thus far, these viruses have been classified into seven species, Bat
mastadenovirus A-G (150). Divergent adenovirus genomes have been sequenced from different bats
of the same species living at the same location (26). Although adenoviruses are generally species
specific due to virus-host codivergence (135), phylogenetic and structural similarities between some
bat adenoviruses and canine adenoviruses imply that cross-species transmission may have occurred
from bats to carnivores (151). This is supported by the broader host range and more severe clinical
disease exhibited by the canine adenoviruses. Isolation of bat-borne adenoviruses with shorter

genomes and low GC content contributes to the hypothesis that these bat viruses may be ancestral
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species to other mammalian adenoviruses, and are therefore key to understanding adenovirus

evolution (148).

1.9 POLYOMAVIRUSES

The family Polyomaviridae is currently divided into four genera; Alphapolyomavirus,
Betapolyomavirus, Gammapolyomavirus and Deltapolyomavirus (152). Polyomaviruses are non-
enveloped viruses with a circular double-stranded DNA genome approximately 5000 base pairs in
length, which wraps around cellular histones (153). The genome encodes an early and late region, as
well as a non-coding control region (NCCR, Figure 1.5) (152). The majority of the human population
have been infected with a polyomavirus during childhood. These polyomaviruses normally establish
an asymptomatic persistent infection, although the virus can reactivate in immunosuppressed
individuals. For example, BK virus is thought to persist in the kidney and can reactivate following
kidney transplant causing interstitial nephritis and allograft failure (154). Over 80% of adults are
seropositive to BK virus (155) and asymptomatic shedding of BK virus in urine occurs in 14-44% of

adults, increasing with age (156).
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Figure 1.5: Genome arrangement of a polyomavirus. NCCR represents the non-coding control region of the
genome. Bidirectional replication occurs from the origin of replication, Ori. The early region of the genome
encodes the large tumour (T) antigen and the small T antigen. The late region of the genome encodes VP1, VP2,

VP3 and sometimes an agnoprotein.
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1.9.1 POLYOMAVIRUS CYCLE OF INFECTION

Attachment occurs through the binding of the major capsid protein, VP1, to different gangliosides or
sialylated oligosaccharides depending on the species of polyomavirus. Virions are endocytosed,
transferred to the endoplasmic reticulum and then to the nucleus. During this trafficking, the capsid
disassembles. Once the genome is inside the nucleus, transcription by cellular RNA polymerase |l
occurs, first transcribing the early region of the genome (153). This transcript is alternatively spliced
and translated, resulting in the expression of the large tumour antigen (LTAg) and small tumour
antigen (STAg) (152). Bidirectional replication of the viral genome occurs after recruitment of the
LTAg to the origin of replication (153). Once the LTAg is expressed at a high enough concentration, it
binds to motifs in the control region of the genome, facilitating transcription of the late region by
blocking early region transcription. The late region encodes the three proteins that make up the
icosahedral capsid; VP1, VP2 and VP3 (153). Alternative splicing and alternate start sites leads to the
translation of these capsid proteins (152). Some polyomaviruses also express an agnoprotein. The
role of the agnoprotein is not fully understood, but it is proposed to have multiple functions in viral
transcription, replication and assembly (157). The capsid proteins are translocated into the nucleus
where they assemble into capsomeres. The DNA genome is incorporated to form viral particles (153).
The virus is released from the cell by poorly understood mechanisms, although both lytic and non-

Iytic release have been observed (158, 159).

1.9.2 POLYOMAVIRUSES IN BATS

Bat-borne polyomaviruses have been detected in North America (160), Asia (161), Africa (162, 163)
and South America (164) from at least thirteen different bat species (152). The prevalence of these
polyomaviruses ranges between 8-30% (161-163), although isolation of these viruses is rare (152).
Bat polyomavirus lineages are paraphyletic and these viruses have been phylogenetically classified
into the genera Alphapolyomavirus and Betapolyomavirus (152). The diversity of bat polyomaviruses
that group with polyomaviruses from rodents, cows and other mammals indicates that transfer
between these hosts is likely to have occurred over evolutionary time. In particular, bat
polyomaviruses form monophyletic groups with polyomaviruses from non-human primates (162),
although this could be affected by sampling bias (163). It has also been proposed that recombination

has occurred to facilitate these changes in host tropism (163).
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1.10 RESEARCH OBJECTIVES AND SIGNIFICANCE

The discovery of henipa-like virus RNA in multiple bat species (8, 9, 165) indicates that there are
many undiscovered viruses carried by bats globally, some of which are hypothesised to have
pathogenic potential in non-pteropid mammals, resulting in significant economic and public health
impacts. Australian pteropid bat urine has previously been demonstrated to be a good source of
novel viruses (30). The characterisation of two rubulaviruses isolated from Australian pteropid bat
urine, TevPV and AlsPV, is described in this thesis. Preliminary analysis of the genomes of these two
viruses indicated that further investigation was warranted. Based on the similarity between TevPV
and MenPV and the similarity between AlsPV and PIV5, it was hypothesised that these two viruses

have the potential to cause disease in non-pteropid mammals.
To investigate these hypotheses, specific research aims were developed:

1) To identify the viral RNA and viruses present in Australian pteropid bat urine, collected from
a colony of P. alecto and P. poliocephalus flying foxes in 2011;

2) Toisolate paramyxoviruses from the urine for in vitro characterisation, in order to determine
their taxonomic classification, their relationship with previously isolated paramyxoviruses
and their prevalence in Australian pteropid bats;

3) To investigate the pathogenic potential of these isolated paramyxoviruses by conducting

animal infection trials.

The continued emergence of zoonotic viruses, such as the infection of a wildlife biologist with SosPV
(133), demonstrates the value of understanding more about viruses before a spillover event occurs.
The isolation and characterisation of novel viruses allows for pre-emptive development of diagnostic
tools and the establishment of active surveillance programs, resulting in greater preparedness and

reduction of the impact of any spillover event that may occur.

Although previous outbreaks and spillover events suggest that there is a risk of novel
paramyxoviruses spilling over and causing disease (7, 105, 131, 133), bats host many other viral
families (26, 162, 166, 167). The discovery of novel virus sequences, such as adenovirus and
polyomavirus sequences, is important for understanding the viral diversity present in bats (168, 169),
virus evolution (54, 148), and the global distribution of particular viral families (170). Even in the
absence of any pathogenic disease potential, the study of novel viruses can help elucidate

pathogenic determinants of related viruses (85), investigate new viral entry mechanisms (106) and

be used as sentinels for the surveillance of more pathogenic virus (10), making them an important

contribution to the field of emerging zoonotic viruses.
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CHAPTER 2: MATERIALS AND METHODS
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2.1 BUFFERS, MEDIA AND SOLUTIONS

2.1.1 CELL CULTURE MEDIA

Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10%
foetal bovine serum (FBS, Gibco), 100 U/ml penicillin, 100 pg/ml streptomycin and 0.25 pg/ml
amphotericin B (Antibiotic-Antimycotic, Gibco) and 7.5 mM HEPES (Gibco). Cells for growing virus
stocks were passaged in this media supplemented with ciprofloxacin (20 pg/ml). All cells were

maintained at 37°C with 5% CO..

2.1.2 PAKI CELL MEDIA

The primary bat kidney cells used for this study were previously generated from Pteropus alecto as
described in (171). PaKi cells were maintained in Ham’s Nutrient Mixture F12 (Sigma-Aldrich)
supplemented with 10% foetal bovine serum (FBS, Gibco), 100 U/ml penicillin, 100 pug/ml

streptomycin and 0.25 pug/ml amphotericin B (Antibiotic-Antimycotic, Gibco).

2.1.3 VIRUS ISOLATION MEDIA

Virus isolations were conducted in Ham’s F12 Nutrient Mixture (Gibco), supplemented as described
in section 2.1.2 except for the Antibiotic-Antimycotic that was added at a final concentration of 200

U/ml penicillin, 200 pg/ml streptomycin and 0.5 pug/ml amphotericin B.

2.1.4 PHOSPHATE BUFFERED SALINE (PBS)

Deionised water containing 0.02% (w/v) KCl, 0.8% (w/v) NaCl, 0.02% (w/v) KH,PO,, 0.115% (w/v)
Na,HPO,, pH 7.4, made using 10 phosphate buffered saline tablets (Dulbecco A solution, Oxoid) per
litre of deionised water.

2.1.5PBS-T

PBS with 0.05% w/v Tween 20 (VWR International).

2.1.6 TAE BUFFER

40x solution (Promega) containing 1.6M Tris-acetate and 40mM EDTA diluted to 1x solution in
deionised H,0.

2.1.7 LuriA BERTONI (LB) BROTH

Deionised water with 5 g/L NaCl (Merck), 5 g/L yeast extract (BD Bacto) and 10 g/L tryptone (MP

Biomedical).
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2.1.8 LurIA BERTONI (LB) AGAR

Deionised water supplemented as above for LB broth, with the addition of 15 g/L agar (BD Bacto).

2.1.9 LB AGAR PLATES

LB agar was heated until melted, then allowed to cool slightly before the addition of 100 pug/ml
ampicillin (Gold Biotechnology). LB agar-ampicillin solution was poured into petri dishes and allowed

to set in a BSCII.

2.1.10 VIRUS TRANSPORT MEDIA

Sterile PBS with 1% bovine serum albumin (BSA), 200 U/ml penicillin, 200 ug/ml streptomycin and

0.5 ug/ml amphotericin B (Antibiotic-Antimycotic, Gibco).

2.1.11 NASAL WASH AND URINE COLLECTION MEDIA

10% BSA with 200 U/ml penicillin, 200 pg/ml streptomycin and 0.5 pg/ml amphotericin B (Antibiotic-

Antimycotic, Gibco).
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2.2 PRIMERS

Table 2.1: List of primers used throughout this thesis. Sequence encoding a FLAG protein tag is underlined.

Restriction enzyme sites are in bold. Letters used are standard International Union of Pure and Applied

Chemistry (IUPAC) notation, plus ‘I’ representing inosine.

T.represents the annealing temperature.

# Name Primer sequence 5’-3’ T. (°C) Reference Use
1 PAR-F1 GAAGGITATTGTCAIAARNTNT | ~54.9 (172) Identifying members
GGAC of the family
PAR-F2 GTTGCTTCAATGGTTCARGGN ~58.6 (172) Paramyxoviridae
GAYAA _
PAR-R CAGGAAACAGCTATGACGCTG | ~67.9 | (172) Flis external to F2,
AAGTTACIGGITCICCDATRTTN reverse primer
C contains M13R
sequence
2 RES-MOR- | TCITTCTTTAGAACITTYGGNCA | ~59.6 (172) Identifying members
HEN-F1 YCC of the genera
Respirovirus,
RES-MOR- | GCCATATTTTGTGGAATAATHA | ~53.3 | (172) Morbillivirus and
HEN-F2 THAAYGG Henipavirus
RES-MOR- | CAGGAAACAGCTATGACCTCA | ~63.7 (172) F1is external to F2,
HEN-R TTTTGTAIGTCATYTTNGCRAA reverse primer
contains M13R
sequence
3 AdV-F TGTTTATGAYATHTGTGGMAT | ~53.4 I. Smith Identifying members
GTATGC (unpublished, | of the family
CSIRO) Adenoviridae
AdV-R CAGGAAACAGCTATGACAAKG | ~62.7 | I Smith (Reverse contains
TTTGRTTTTTDTYYTTRTCTGC (unpublished, M13R sequence)
CSIRO)
4 Herpes- GAYTTYGCNAGYYTITAYCC ~53.2 (173) Identifying members
DFA of the family
Herpesviridae
Herpes- TCCTGGACAAGCAGCARIYSGCI | ~67.6 (173)
ILK MTIAA
Herpes- TGTAACTCGGTGTAYGGITTYA | ~65.3 (173)
TGV CIGGIGT
Herpes- GTCTTGCTCACCAGITCIACICCY | ~64.8 (173)
KG1 TT
Herpes- CACAGAGTCCGTRTCICCRTAIA | ~59.7 (173)
IYG T
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5 Orthoreol | CARMGNCGNSCHMGHTCHAT | ~63.2 (174) Identifying members
607F HATGCC of the genus
Orthoreovirus
Orthoreo2 | TAVAYRAAVGWCCASMHNGG | ~57.6 (174)
608R RTAYTG
Orthoreo2 | GGBTCMACNGCYACYTCBACY | ~65.6 (174)
090F GAGCA
Orthoreo2 | CDATGTCRTAHWYCCANCCRA | ~54.1 (174)
334R A
6 Coronavir | ACWCARHTVAAYYTNAARTAY | ~51.4 (175) Identifying members
us-F GC of the family
Coronaviridae
Coronavir | TCRCAYTTDGGRTARTCCCA ~54.2 (175)
us-R
7 pcDNA3-F | CTAACTAGAGAACCCACTGC 52.1 This study Sequencing and
colony screens of
pcDNA3-R | TAGAAGGCACAGTCGAGG 53.6 This study pcDNA3.1(+)
constructs
8 M13F GTAAAACGACGGCCAG 50.7 (176) Sequencing of
paramyxovirus,
M13R CAGGAAACAGCTATGAC 47 (176) henipavirus and
adenovirus PCR
products and pGEM-
T Easy constructs,
colony screens of
pGEM-T Easy
constructs
9 PyV-F1 CCTTACAGCTATACAAACGAG | 54.2 This study Sequencing of the
GT bat polyomavirus
PyV-R1 GCTACAGCAGCACTTAGTACT | 54.2 This study genome
10 | PyV-F2 GTGCACTCAGCTATGCTAAG 53.3 This study
PyV-R2 CACACAATCCGGGCATG 54.2 This study
11 | PyV-F3 CAGTAAGTATGCAAGCAAGCA | 54.2 This study
G
PyV-R3 ATGTCTGGGGTCATTGCTTC 55.1 This study
12 | PyV-F4 GCTTATGAAATTGAGATCTCAT | 53.5 This study
AGCAT
PyV-R4 GCAGTACTCCCAGACAACTTG | 55.5 This study
13 | PyV-246F | ATCTGATCAGCTACCATCTGG 53.7 This study
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PyV- CTCCCAACAGCTCTAAAGAGAT | 54 This study
1110R
14 | PyVv- GAGGCCTTCCTTAACCCT 53.9 This study
1660F
PyV- TCTCAATTGGGTATGCATCATC | 55 This study
2172R C
15 | Pyv- GGATGAACCTTCTTGTGACAG | 53.3 This study
2735F
PyV- GTTAAGGGTCAGCAAACAGAG | 53.6 This study
3208R
16 | Pyv- GCATTTAGTACAATACTCTGTT | 53.8 This study
3722F TCCTC
PyV-33R CCGAGGCAGATAACCTGTA 53.6 This study
17 | AlsPVMF- | AGGTATCGAGCAAACATAAGA | 52.1 This study Confirming regions
F G of high variability in
the AIsPV genome
AlsPVMF- | CTGTCGTACATTGGTAGGAAT | 53.1 This study
R AAC
18 | AlsPVFF-F | CTCCCAATCGACCCTCTAGATA | 54.9 This study
TAT
AlsPVFF-R | CCGAGACGGTTCTTTCAATACT | 54.9 This study
AG
19 AL30-M-F | CTCAGATGGGATTTCATCGTC 53 This study Determining gaps in
- AL30 whole genome
AL30-F-R | CTAAGCATGATGAGAGATTGC | 53.4 This study sequence
C
20 | AL30-G-F | GATAACTCAGCAGGTATTGAA | 53.1 This study
GG
AL30-L-R | ATGGGATATCTCAGCATACTCT | 52.5 This study
21 | AL30- CAATAATGGTGACACTGATGT | 50.5 This study Used in attempts to
383R1 C sequence AL30
AL30- ATGCTTTCAGATGCAATCTG 51.1 This study genome termini
279R2
AL30- CCTTATCCTGTGCTAGAGG 51.5 This study
6424F1
AL30- GCAAGATCCTTAGAATTCATCA | 51.4 This study
6514F2 G
AL30- CAGTCACTTTAAAAGAACTGCT | 51.1 This study
6582F3
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AL30-La-R | GAAADATCTCGTTATTAAGTTT | ~50.3 | This study
TTCTTAATA
AL30-Lb-R | GAAATCTTGATCTTAAGTTTTT | 48.5 This study
ATTAATAG
AL30-Lc-R | GCATAACTTGGATTTGGTTCTG | 54.4 This study
G
22 | TevPV5'F1 | GATTTCGACATCTTTGGCGAC 54.3 This study Nested primers for
- - sequencing across
TevPV5'F2 | GACCTCTTCACTCACCATCTC 54.5 This study ligated TevPV
TevPV3'R | GAAGACATCCTTGCACAGTGA | 55.7 This study genome ends
G F2 is external to F1
23 | AlsPV5'F1 | GATGGCGAGGAGTTGTAATCA | 55.4 This study Nested primers for
G sequencing across
- - ligated AlsPV
AlsPV5’F2 | GACTGCAACATTGAACTAACTA | 53.8 This study genome ends
GAC F2 is external to F1
AlsPV3'R CTCTGATGACAGGTTTTAGTGT | 53.3 This study
G
24 | DT88 Phosphate - 60.2 (177) Adapter to ligate to
GAAGAGAAGGTGGAAATGGC the 5’ genome ends
GTTTTGG - Phosphate of AlsPV and TevPV
25 | DT89 CCAAAACGCCATTTCCACCTTC | 60.2 (177) Adapter specific
TCTTC primer to sequence
the 5’ genome ends
of AlsPV and TevPV
26 | AlsPVv- GGATCTGGAATTTGGAATCTTC | 51.4 This study Sequencing the 5’
RACE genome end of AlsPV
14911F
AlsPV- CTAGTCTCCTTACTAACAGCTG | 51.8 This study
RACE
14993F
AlsPV- CTGTATTGGTCTAGTTAGTTCA | 51.3 This study
RACE- ATG
15049F
27 | TevPV- GATTTGACTGTGAGAAATTGG | 52.4 This study Sequencing the 5’
RACE C genome end of
15104F TevPV
TevPV- GATCTGTTATCCCTTGGGATG 52.6 This study
RACE
15192F
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TevPV- CTCATTGTACAATTGGACCG 51.2 This study
RACE
15296F
28 TevPV- CGTCGGCAGCGTCAGATGTGT | 71.8 This study, Determine the
edit-F ATAAGAGACAGGCCGCC adaptor prevalence of RNA
TCAAGATAATGCCCAGAACC sequences editing during TevPV
from lllumina infection
TevPV- GTCTCGTGGGCTCGGAGATGT | 71 This study,
edit-R GTATAAGAGACAGCAC AGA adaptor
GAG CAG ACATCT GGG CAG sequences
from lllumina
29 | AlsPv- TCGTCGGCAGCGTCAGATGTG | 71.1 This study, Determine the
edit-F TATAAGAGACAGCCCAACCCT adaptor prevalence of RNA
CTACTTGGCTTGGATTC sequences editing during AlsPV
from lllumina infection
AlsPV- GTCTCGTGGGCTCGGAGATGT | 71.4 This study,
edit-R GTATAAGAGACAGGCCGGGTA adaptor
TCCATCCCTCTCACTG sequences
from lllumina
30 | AlsPV N- AATCCCGAGCTACGTTCAAAAC | 56.7 This study Detecting AlsPV by
287F T gRT-PCT
AlsPV N- TGGGAGTCACGAGCTCCATT 58.4 This study
360R
AlsPV N- FAM - 61.3 This study
311-FAM | CTGCTATTTTGCCTACGCATTG
probe TGCTGA -TAMRA
31 | TevPVNF | ACCTGCTAACTACCCGCTGT 58.4 G.A. Marsh Detecting TevPV by
(unpublished, gRT-PCR
CSIRO)
TevPV N R | TCGGTTTGCTGTCTCAACTC 55.1 G.A. Marsh
(unpublished,
CSIRO)
TevPV N FAM - 60.1 G.A. Marsh
probe TCCTGAACGCTTCCGATACCCA (unpublished,
-TAMRA CSIRO)
32 | 18SF GGCCCTGTAATTGGAATGAGT | 59 This study Detecting 18S by
CCA gRT-PCR
18SR GCTGGAATTACCGCGGCT 61.1 (178)

Generating controls
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18S probe | VIC - 64.3 (179) for qRT-PCR
TGCTGGCACCAGACTTGCCCTC
- TAMRA
33 | AlsPV-N-F | CCGGATCCATGGACTACAAAG | 68.5 This study Generating control
ACGATGACGACAAGTCCTCCG plasmids for AlsPV
TACTCAAAG standard curve assay
AIsPV-N-R | TGCATCTCGAGTTAGATGTCAA | 67.2 This study (BamHl and Xhol
GATCACCGAGAGCAGCGTT C digestion sites,
nucleotide sequence
encoding a FLAG tag
in forward primer)
34 | TevPV-N-F | CCGAATTCATGTCTTCCGTGTT | 58 This study Generating control
CAG plasmids for TevPV
standard curve assay
TevPV-N- | TGCATCTCGAGCTACATGTCTA | 60.7 This study (EcoRl and Xhol
R GATCCAAGTAGCTCGAG

digestion sites)
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2.3 CELL CULTURE

2.3.1 PRIMARY CELLS AND CELL LINES

African Green Monkey kidney (Vero) cells (ATCC), primary Pteropus alecto kidney (PaKi) cells (171),
Madin-Darby Canine Kidney (MDCK) cells (CSL Ltd), Madin-Darby Bovine Kidney (MDBK) cells (ATCC),
porcine kidney (PK15a) cells (National Animal Disease Centre, lowa, USA), and human cervical (Hela)

cells (ATCC) were used throughout this thesis.

2.3.2 PASSAGING CELLS

Cells were passaged when the monolayer was approximately 80% confluent. Cell culture medium
was discarded and cells were washed twice with sterile PBS. The monolayer was then covered with
trypsin-EDTA (0.25%, Gibco) and incubated at 37°C until the monolayer detached from the cell

culture flask. Cells were resuspended in cell culture medium and diluted into a new cell culture flask.

When an accurate count of cells was required, 75 pl of resuspended cells were loaded onto a Type S
cassette of a MOXI Z Mini Automated Cell Counter (Orflo) to calculate the number of cells per mlin

suspension. The suspension was then diluted as required.

2.4 VIRUSES

2.4.1 IN SILICO ANALYSIS

Virus sequences used in phylogenetic analysis were Teviot virus (TevPV, Alstonville isolate,
MH708896; Cedar Grove isolate, KP271124; Geelong isolate, KP271123), Alston virus (AlsPV,
MH972568), Tioman virus (TioPV, NC_004074.1), Menangle virus (MenPV, NC_007620.1),
parainfluenza virus 5 (PIV5, NC_006430.1), human parainfluenza virus 2 (hPIV2, NC_003443.1),
Achimota virus 1 (AchPV1, NC_025403), Achimota virus 2 (AchPV2, NC_025404), Beilong virus (BeiV,
NC_007803), Cedar virus (CedPV, NC_025351), Hendra virus (HeV, NC_001906), human
parainfluenza virus 4 (hPIV4, NC_021928), human parainfluenza virus 3 (hPIV3, NC_001796), bat
mumps virus (MuV-Bat, HQ660095), J virus (JV, NC_007454), Mapuera virus (MapV, NC_009489),
measles virus (MeV, NC_001498), mumps virus (MuV, NC_002200), simian virus 41 (SV41,
NC_006428), porcine rubulavirus (PorV, NC_009640), Tuhoko virus 1 (ThkPV1, NC_025410), Tuhoko
virus 2 (ThkPV2, NC_025348), Tuhoko virus 3 (ThkPV3, NC_025350), Newcastle disease virus (NDV,
NC_002617), Nipah virus (NiV, NC_002728), Sendai virus (SeV, NC_001552), Sosuga virus (SosPV,
NC_025343), Atlantic salmon paramyxovirus (AsaPV, EF646380), fer-de-lance virus (FDLV,
NC_005084), canine distemper virus (CDV, NC_001921), Mojiang virus (MojPV, NC_025352), Kumasi
virus (HQ660129.1) and avian paramyxovirus 6 (APMV-6, NC_003043).
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2.4.2 PARAINFLUENZA VIRUS 5 SEQUENCES

PIV5 strains used in the phylogenetic analysis of AlsPV include 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).

2.4.3 VIRUSES FOR IN VITRO CHARACTERISATION

Australian Animal Health Laboratory (AAHL) stocks of TioPV, MenPV, PorV, MapV and HeV were
utilised for tissue culture infections to compare to TevPV and AlsPV. PIV5, 21005-2WR (Tissue

Culture Adapted), NR-42515 and hPIV2, Greer, NR-3229 were obtained through BEI Resources, NIAID,
NIH.

2.4.4 PREPARATION OF VIRUS STOCKS

TevPV and AlsPV were both initially isolated using PaKi cells. Three rounds of limiting dilutions in
Vero cells were conducted to purify the viruses. Virus was transferred to T150 flasks of Vero cell
monolayers (75% confluency) to grow virus stocks. Stock virus had been passaged a total of 6 times,

including limiting dilution passages, upon storage at -80°C.
2.5 VIRUS ISOLATION

2.5.1 URINE COLLECTION

Pooled urine was collected from plastic drop sheets situated under bat colonies in Lumley Park,
Alstonville on 12" July 2011 and 3" August 2011 as previously described (30). Only samples that
were negative for Hendra virus by reverse transcription PCR were included in this study to avoid

having to isolate mixed viral species from the one urine sample.

2.5.2 ISOLATION

Urine samples were rapidly thawed then centrifuged at maximum speed (18000 g) for 2 min. Urine
was diluted 1:10 in virus isolation media and centrifuged again for 5 min at 4500 rpm to clarify.
Media in T75 flasks of PaKi or Vero cell monolayers (75% confluency) was replaced with 2.5 ml of
inoculum. Cells were incubated for 45 min at 37°C, topped up to 15 ml with virus isolation media and
incubated for at least 7 days while monitoring daily for cytopathic effect (CPE). Volumes of 0.5-1 ml
of supernatant were passed onto fresh PaKi or Vero cell monolayers weekly for another two weeks.
Flasks were continually monitored for signs of CPE. Aliquots of supernatant were collected weekly

for three weeks and stored at -80°C.
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2.5.3 OTHER ISOLATION METHODS

Other methods were trialled when viral sequences were detected intermittently in the supernatant

or when multiple viruses were present. These methods were selected to account for the unknown
virus potentially requiring an external protease to complete the replicative cycle, replicating more

efficiently in different pteropid tissues, or only being present at low titres.

in DMEM supplemented with HEPES, Antibiotic-Antimycotic and 2 pg/ml TPCK-trypsin

(Sigma-Aldrich). Cells were monitored for cytopathic effect, aliquots of supernatant were

PCR positive supernatant or urine were inoculated onto Vero cell monolayers and incubated

harvested for analysis by PCR and supernatant was passaged weekly onto fresh Vero cells in

the presence of TPCK-trypsin.

- PCR positive supernatant was inoculated onto a mixed culture of PaKi and Vero cells.

- PCR positive supernatant was inoculated onto confluent Pteropus alecto fibroblast cells
(171).

- The allantoic cavity of embryonated chicken eggs was inoculated with 100 pl PCR positive
supernatant using a 22-gauge needle through a hole in the eggshell made with an egg hole
punch. Eggs were sealed, incubated for one week at 37°C and monitored for signs of CPE.
Allantoic fluid was harvested after one week. RNA was extracted from allantoic fluid and
assessed by PCR for evidence of viral growth.

- Supernatant of infected cells was concentrated by ultracentrifugation over a 20% sucrose
cushion at 35000 rpm for 2 h at 4°C. Virus pellet was then resuspended in PaKi cell culture

media (Section 2.1.2), added to confluent PaKi cells and monitored for CPE.

2.6 RNA EXTRACTION

Viral nucleic acid was extracted using the QlAamp Viral RNA extraction kit (Qiagen) as per

manufacturer’s instructions.

Urine samples and samples collected during animal infection studies were extracted by the
MagMAX-96 Viral RNA Isolation Kit (Applied Biosystems) according to the manufacturer’s
instructions because it allowed a higher throughput due to the use of a Kingfisher Flex purification

system (Thermofisher Scientific).

Samples for sequencing were extracted using Direct-zol RNA Miniprep kit (Zymo Research) after

resuspension in 350 ul of Trizol.
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2.7 PCR

PCR reactions were cycled in either a Veriti Thermal Cycler (Applied Biosystems) or a SimpliAmp
Thermal Cycler (Applied Biosystems). Amplified PCR products were assessed by agarose gel

electrophoresis.

2.7.1 PARAMYXOVIRIDAE-SPECIFIC AND RESPIROVIRUS-MORBILLIVIRUS-HENIPAVIRUS-SPECIFIC

PCR

Paramyxoviruses were detected using hemi-nested PCRs with primer sets 1 or 2 (Table 2.1,
Paramyxoviridae-specific or Respirovirus-Morhbillivirus-Henipavirus-specific respectively), adapted
from (172). Reactions were set up using the Superscript Il One-Step RT-PCR System (Invitrogen). A
volume of 2 ul extracted RNA was combined with 12.5 pl of 2x reaction mix, 2.5 ul each of 10 uM
forward and reverse primers to a final primer concentration of 1 uM, 0.4 uM additional MgSO, to a
final concentration of 2 mM, 2 ul Superscript lll/Platinum Tag mix, and H,0 to a final volume of 25 pl.
Reactions were run under the following conditions: 1 cycle of 60°C for 1 min, 1 cycle of 48°C for 30
min, 1 cycle of 94°C for 2 min, 40 cycles of 94°C for 15 s, 49°C for 30 s and 68°C for 1 min, and 1 cycle
of 68°C for 5 min.

First round PCR product was then amplified with the Expand High Fidelity PCR System (Roche). One
ul of template was combined with 2.5 ul Expand High Fidelity buffer without Mg, 2 mM MgCl,, 0.5 ul
of 10 mM dNTP, 2.5 ul each of 10 uM forward and reverse primers to a final primer concentration of
1 uM, 0.5 pl (1.75 U) Expand High Fidelity Tag polymerase and H,0 to a final volume of 25 pl.
Reactions were run under the following conditions: 1 cycle of 94°C for 2 min, 40 cycles of 94°C for 15
s, 49°C for 30 s and 72°C for 1 min, and 1 cycle of 72°C for 5 min. Positive samples were sequenced

by Sanger sequencing then identified using the Basic Local Alignment Search Tool (BLAST, NCBI).

2.7.2 BAT ADENOVIRUS-SPECIFIC PCR

Bat adenoviruses were detected using the Expand High Fidelity PCR System (Roche) with primer set
3 (Table 2.1). A volume of 2 ul of extracted nucleic acid was combined with 2.5 ul Expand High
Fidelity Buffer with MgCl,, 2.5 ul each of 10 uM forward and reverse primers to a final primer
concentration of 1 uM, 0.5 pl of 10 mM dNTPs, 0.5 ul (1.75 U) Expand High Fidelity Taq polymerase
and H,0 to a final volume of 25 ul. The PCR was conducted under the following conditions: 1 cycle of
94°C for 2 min, forty cycles of 94°C for 30 s, 50°C for 1 min and 68°C for 30 s, and 1 cycle of 68°C for

7 min. Positive samples were sequenced by Sanger sequencing then identified using BLAST.
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2.7.3 OTHER VIRAL FAMILY OR GENUS SPECIFIC PCRs

Unknown samples exhibiting CPE were screened for the presence of coronaviruses, orthoreoviruses

and herpesviruses.

2.7.3.1 HERPESVIRIDAE-SPECIFIC PCR

Samples were screened for the presence of herpesviruses using primer set 4 (Table 2.1) and a
protocol adapted from previously described methods (173). Reactions were set up using the Expand
High Fidelity PCR System. Two ul of extracted DNA were combined with 2.5 pl Expand High Fidelity
buffer without Mg, 2 mM MgCl,, 0.5 pl of 10 mM dNTP, 2.5 pl each of 10 uM DFA primer, ILK primer
and KG1 primer to a final primer concentration of 1 uM, 0.5 ul (1.75 U) Expand High Fidelity Taq
polymerase and H,0 to a final volume of 25 ul. Reactions were run under the following conditions: 1
cycle of 94°C for 2 min, 40 cycles of 94°C for 15 s, 49°C for 30 s and 72°C for 1 min, and 1 cycle of
72°C for 5 min.

First round PCR product was then amplified using the same protocol, except with the primers TGV

and IYG.

2.7.3.2 ORTHOREOVIRUS-SPECIFIC PCR

Samples were screened for the presence of orthoreoviruses using primer set 5 (Table 2.1) and a
protocol adapted from previously described methods (174). Reactions were set up using the
Superscript Il One-Step RT-PCR System (Invitrogen). A volume of 2 pl extracted RNA was denatured
for 5 min at 95°C, quenched on ice and then combined with 12.5 ul of 2x reaction mix, 1.5 ul each of
10 uM forward and reverse primers to a final primer concentration of 0.6 uM, 1 pl Superscript
[1l/Platinum Taq mix, and H,0 to a final volume of 25 pl. Reactions were run under the following
conditions: 1 cycle of 50°C for 30 min, 1 cycle of 94°C for 2 min, 40 cycles of 94°C for 1 min, 47°C for

1 min and 68°C for 1 min, and 1 cycle of 68°C for 5 min.

First round PCR product was then amplified using GoTaqg Hot Start Green Master Mix (Promega).
Two ul of template were combined with 12.5 pl 2x master mix, 2.5 ul each of 10 uM forward and
reverse primers to a final primer concentration of 1 uM, and H,0 to a final volume of 25 pl.
Reactions were run under the following conditions: 1 cycle of 94°C for 3 min, 40 cycles of 94°C for 20

s, 46°C for 30 s and 72°C for 30 s, and 1 cycle of 72°C for 10 min.

2.7.3.3 CORONAVIRIDAE-SPECIFIC PCR
Samples were screened for the presence of coronaviruses using primer set 6 (Table 2.1) and a
protocol adapted from previously described methods (175). Reactions were set up using the

Superscript Il One-Step RT-PCR System (Invitrogen). A volume of 2 ul extracted RNA was combined
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with 12.5 ul of 2x reaction mix, 1 ul each of 10 uM forward and reverse primers to a final primer
concentration of 0.4 uM, 1 pl of 10mM dNTP mix, 1 pl Superscript Ill/Platinum Taq mix, and H,O to a
final volume of 25 pl. Reactions were run under the following conditions: 1 cycle of 50°C for 30 min,
1 cycle of 95°C for 2 min, 40 cycles of 95°C for 15 s, 48°C for 30 s and 68°C for 1 min, and 1 cycle of
68°C for 5 min.

2.7.4 COLONY SCREEN

To screen for positive transformed colonies, individual colonies were mixed with 4 ul H,0, 5 pl of 2x
GoTaq Mastermix, and 2.5 ul each of 10 uM forward and reverse primers (primer pair 7 or 8, Table
2.1) to a final primer concentration of 0.5 uM. Reactions were cycled under the following conditions:
1 cycle of 95°C for 2 min, 25 cycles of 94°C for 30 s, 45°C for 30 s and 72°C for 1 min, and 1 cycle of
72°C for 5 min.

Cultures for minipreps of the colonies were set up simultaneously.

2.7.5 PoLyomAvIRUS-SPECIFIC PCR

The polyomavirus was initially identified using the Paramyxoviridae-specific PCR as described above.
Sequencing of the virus was done by inverse PCR then primer walking along the ~5 kb genome. PCR
amplification was conducted using the Platinum Tag DNA Polymerase High Fidelity Kit. Extracted
nucleic acid was combined with 2.5 ul 10x High Fidelity PCR Buffer, 1 ul of 50 mM MgSQ,, 0.5 ul 10
mM dNTP mix, 1 ul each of 10 uM forward and reverse primers to a final primer concentration of 0.4
UM, 0.1 ul (0.5 U) Platinum Tag DNA Polymerase High Fidelity and H,0 to 25 pl. Reactions were run
under the following conditions: 1 cycle of 94°C for 30 s, 30 cycles of 94°C for 15 s, 50°C for 30 s and
68°C for 1 min/kb, and 1 cycle of 68°C for 5 min. Primer pairs 9-16 (Table 2.1) were used.

2.8 GEL ELECTROPHORESIS

1% agarose gels were prepared using Analytical Grade Agarose (Promega) in TAE buffer (Promega)

and SYBR Safe DNA Gel Stain (Invitrogen) diluted 1:20000.

PCR products were electrophoresed at 100V for 1 h through a 1% agarose gel in TAE Buffer for
visualisation of separated products on a Safe Imager Transilluminator (Invitrogen). Samples were
mixed with 6x Gel Loading Buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF, 30% glycerol in
H,0) or 6x Loading Buffer (NEB) and loaded alongside a 1 kb Plus DNA Ladder (Invitrogen). Gels were

imaged using a GelDoc-It Imaging System (UVP) and analysed using VisionWorks LS Software (UVP).

34



2.9 PURIFICATION OF DNA FROM AGAROSE GELS

Amplified PCR products were excised from the agarose gel and extracted from the gel matrix using a

Wizard SV Gel and PCR Clean-Up System (Promega) according to manufacturer’s instructions.

2.10 RESTRICTION ENDONUCLEASE DIGESTION

Digestion with restriction enzymes was required before ligating gel purified templates into
pcDNA3.1(+) or pCAGGS vectors. One hundred ng DNA was combined with 10 U of one or two
restriction enzymes, 2.5 ul of the preferred buffer for those enzymes, and H,0 to 25 ul. Reactions
were incubated at 37°C for approximately 2 h. Digested products were isolated by gel

electrophoresis.

2.11 LIGATION

DNA fragments were ligated into vectors for subsequent transformation into electrocompetent E.
coli. For ligation into pGEM-T Easy vectors, gel extracted PCR products could be used as template.
For all other vectors, both the vector and insert were first digested with the relevant restriction
endonucleases. Vector and insert were combined at a 1:3 ratio with 1 ul 10x T4 DNA Ligase Buffer
(Promega), 1 ul T4 DNA Ligase (Promega) and H,0 to 10 pl and incubated at room temperature for 3
h. If the 2x Rapid Ligation Buffer (Promega) was used, samples were only incubated at room
temperature for 15 min. If this method was unsuccessful, reactions were incubated overnight at

16°C.

2.12 TRANSFORMATION

Fifty pl of electrocompetent Top10f E. coli (Invitrogen) were thawed on ice and combined with 2 pl
of ligated plasmid. The E. coli mix was transferred into a 1 mm electroporation cuvette (Sigma-
Aldrich) and electroporated using a Gene Pulser electroporator (Bio-Rad) with the following
conditions: 1.8 kV, 200 Q, 25 uF and a time constant of approximately 4 ms. Cells were immediately
resuspended in 500 pl of LB broth and shaken at 200 rpm for 1 h at 37°C. Fifty pl of cell suspension
were plated onto LB agar plates with 100 pug ampicillin per ml LB agar. Plates were incubated

overnight at 37°C.

2.13 MINIPREP

Colonies of transformed bacteria were inoculated into 3 ml LB broth with 300 pug ampicillin and
cultured overnight at 37°C while shaking at 200 rpm. Plasmids were isolated from bacterial cultures

using a PureYield Plasmid Miniprep System (Promega).
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2.14 DNA CONCENTRATION

The DNA concentrations of gel extracted products or plasmids were determined using a Nanodrop

Spectrophotometer (Thermo Fisher Scientific).
2.15 SEQUENCING

2.15.1 SANGER SEQUENCING

One hundred ng DNA (PCR products) or 500 ng DNA (plasmids) were combined with 1.6 uM primer,
3.5 ul 5x Big Dye Terminator (BDT) reaction buffer and 1 pl of BDT3.1 Ready Reaction Premix
(Applied Biosystems). Product was reacted before sequencing by running under the following
conditions: 1 cycle of 96°C for 1 min and 25 cycles of 96°C for 10 s, 50°C for 5 s and 60°C for 4 min.
Sanger sequencing was conducted at the AAHL Sequencing Facility (Geelong, Australia) using a

3500x| Genetic Analyser (Thermofisher).

2.15.2 PREPARATION OF VIRUSES FOR WHOLE GENOME SEQUENCING

In preparation for whole genome sequencing, TevPV and AlsPV virus stocks were concentrated by
centrifugation over sucrose cushion before RNA extraction. A Vero or Paki cell monolayer was
infected with AlsPV or TevPV, respectively, and incubated at 37°C for 5 days in a T75 tissue culture
flask. Supernatant was clarified by centrifuging at 4000 rpm for 10 min using a Heraeus Multifuge
X3R centrifuge (Thermo Scientific). Clarified supernatant was ultracentrifuged over a 20% sucrose
cushion at 35000 rpm for 2 h at 4°C. Centrifugation was conducted in 13.2 mL Ultra-Clear centrifuge
tubes (Beckman-Coulter) inserted into an SW41 Ti swinging bucket rotor and run on an L-80 XP
Ultracentrifuge (Beckman Coulter). After centrifugation, liquid was removed and the pellet was
resuspended in 350 pl Trizol for RNA extraction using the Direct-zol Miniprep kit (Zymo Research)
with an in column DNase | digestion according to the manufacturer’s instructions. This was followed

by processing with an RNA Clean and Concentrator kit (Zymo).

2.15.3 WHOLE GENOME SEQUENCING OF TEVPV

Isothermal amplification was conducted using the REPLI-g WTA Single Cell kit (Qiagen) and purified
using the Genomic DNA and Concentrator 10 kit (Zymo). Five hundred ng DNA was fragmented for
30 min using DS DNA Fragmentase (NEB) without the addition of magnesium, followed by reaction
clean-up with a Minelute kit (Qiagen). Verification of DNA fragmentation was determined by running
4 ng DNA on a 2100 Bioanalyzer (Agilent) with a High Sensitivity (HS) DNA chip. Dual-index libraries
were prepared using an Accel-NGS 2S DNA Library Kit for lllumina Platforms (Swift Biosciences).
Clean-up and double-sided size selection of the PCR amplified libraries with SPRIselect beads

(Beckman Coulter) resulted in a library with an average size of 367 bp (size range 200-550 bp) as
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determined using the 2100 Bioanalyzer HS DNA chip. Denatured libraries, diluted to a final
concentration 10 pM and spiked with 1% PhiX control library, were sequenced on the 300 cycle
MiSeq Reagent kit v2 (lllumina) generating 150 bp paired-end reads. RNA or DNA samples and
Illumina library concentrations were accurately determined with the Qubit RNA or DNA High
sensitivity assays (Thermofisher Scientific) respectively. The Generate FASTQ and lllumina adapter

trimming workflows were selected for the run using the MiSeq reporter software.

Illumina FASTQ paired-end reads were imported into CLC Genomics Workbench v 8.5.1 using default
Illumina import parameters, then trimmed for size, quality and ambiguous bases using default
parameters except for the following: Quality Limit = 0.01, Ambiguous limit = 2 and Minimum number
of nucleotides in reads = 30. Trimmed reads were mapped to the Cedar Grove isolate of TevPV
(KP271124) using CLC Genomics Workbench Map Reads to Reference tool and confirmed by de novo

assembly. Genome ends were confirmed as described below (section 2.15.6).

2.15.4 WHOLE GENOME SEQUENCING OF ALSPV

Whole genome sequencing of AlsPV was executed as above (section 2.15.3), except fragmentation
and dual-index library preparation were conducted with 1 ng DNA using Nextera XT DNA Library
Preparation kit (lllumina). Library size distribution was determined by loading 3 ng of sample on a

2100 Bioanalyzer using a HS DNA chip.

As the genome of AlsPV was too divergent to assemble by mapping to a PIV5 reference genome, a
total of 100000 paired-end reads were imported into the VirAMP Galaxy pipeline, trimmed and
assembled using the SPAdes de novo assembly algorithm (180, 181). This produced an assembled
contig of 15047 nt that was missing the leader sequence, trailer sequence and the 5’ end of the N
gene. Therefore, the genome sequence was iteratively extended by mapping trimmed reads back to
the PIV5 genome (NC_006430). Regions of high variability and iteratively extended regions were

confirmed by Sanger sequencing. Genome ends were confirmed as described below (section 2.15.6).

2.15.5 SEQUENCING OF LUMLEY VIRUS CODING SEQUENCE

Following RNA extraction from bat urine using the MagMAX-96 Viral RNA Isolation Kit (Applied
Biosystems), fragmentation and dual-index library preparation were conducted as above (section
2.15.4). Whole genome sequencing was performed as described for AlsPV except the denatured
Illumina libraries were diluted to a final concentration of 1.3 pM spiked with 2% PhiX control library.
Libraries were sequenced on a MiniSeq system (Illumina) using a Miniseq mid output kit (300-cycles,

Illumina) generating 150 bp paired-end reads.
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Illumina FASTQ paired-end reads (4,246,158 and 12,900,314 reads) from two separate MiniSeq runs
were imported into CLC Genomics Workbench 11.0.1 using default Illumina import parameters, then
trimmed for size, quality and ambiguous bases using default parameters except for the following:
Quality Limit = 0.01, Ambiguous limit = 2 and Minimum number of nucleotides in reads = 30.
Trimmed FASTQ paired end reads (3,827,218 and 10,980,060 reads) were imported into Geneious
11.1.4, error corrected and normalised with BBNorm 37.64 using default settings (182). Combined
BBNorm processed reads (1,157,834 and 2,669,384 reads) were assembled with the SPAdes de novo
assembly algorithm 3.10.0, using default settings and selecting the multi-cell data source option.
Henipavirus-like contigs were identified by BLASTX and subsequently were input as “trusted contig
sequences” for additional rounds of SPAdes de novo assemblies. This was continued until the
henipavirus-like contig number was reduced to 16. Using CLC Genomics Workbench, the 16 contigs
were further verified and extended by read mapping using 3,827,218 and 10,980,060 paired end
trimmed reads. Read-map extended open reading frames (ORFs) were verified by BLASTX and
overlapping contigs were manually joined, resulting in 3 large non-overlapping contigs: 5217 bp

(coding for N, P and M), 4468 bp (F partial and G) and 6731 bp (L partial).

Gaps between the assembled contigs were determined by PCR amplification and Sanger sequencing
of viral RNA following the protocol in section 2.7.1 and using the primer sets 19 and 20 (Table 2.1).
Rapid amplification of cDNA ends (RACE, section 2.15.6) and amplification of genome ends using
primers recognising conserved regions (PCR protocol from section 2.7.1) were attempted to try to

determine the genome ends using primers in set 21 (Table 2.1).

2.15.6 CONFIRMATION OF GENOME TERMINI

The genome termini were confirmed using a combination of ligation and RACE followed by Sanger
sequencing. The 3’ terminus was confirmed sequencing across ligated genome ends, adapted from a
method described previously (183). A volume of 15 ul viral RNA was combined with T4 RNA ligase
reaction buffer (NEB) and 20 units of RNasin (Promega), denatured at 65°C for 5 min and cooled on
ice. Twenty units of T4 RNA ligase, 20 units of RNasin, 50 uM ATP and 10% PEG8000 were added to
the reaction and incubated at 16°C overnight. The ligated genome ends were amplified by hemi-
nested PCR using Superscript Il One-Step RT-PCR System with Platinum Tag DNA Polymerase
(Invitrogen) and Expand High Fidelity PCR System (Roche) following the protocol described in section
2.7.1. Primer set 22 was used for TevPV amplification and primer set 23 for AlsPV (Table 2.1). PCR
fragments were separated by gel electrophoresis, extracted and transformed into pGEM-T Easy for

Sanger sequencing.
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Due to difficulties determining the 5’ terminus by ligation of genome ends, the 5’ terminus was
instead determined by RACE, adapted from (177). Viral RNA was reverse transcribed using
Superscript Ill First-Strand Synthesis Supermix (ThermoFisher Scientific) according to manufacturer’s
instructions with a virus specific primer; AlsPV-RACE-14911F for AlsPV and TevPV-RACE-15104F for
TevPV (Table 2.1). Viral cDNA was treated by RNase H for 20 min at 37°C, then purified using a
NucleoSpin PCR Clean-up and Gel Extraction kit (Macherey Nagel). Viral cDNA was ligated to a 5'-
phosphorylated and 3’-blocked oligonucleotide (DT88) using T4 RNA Ligase (NEB) at 25°C for 16
hours. Two hemi-nested PCRs using an adaptor specific reverse primer (DT89) and nested virus
specific forward primers (AlsPV-RACE 14993F and AlsPV-RACE-15049F for AlsPV, TevPV-RACE 15192F
and TevPV-RACE 15296F for TevPV, Table 2.1) were conducted using a Platinum Tag DNA
Polymerase High Fidelity system (Invitrogen). The PCR reactions were set up according to
manufacturer’s instructions, except with an annealing temperature of 50°C for the first PCR and 49°C
for the second round of PCR. Fragments of the predicted length were gel purified using a NucleoSpin

PCR Clean-up and Gel Extraction kit before Sanger sequencing.

2.15.7 AMPLICON SEQUENCING

Amplicon sequencing was adapted from previously described methods (184) to determine the
prevalence of P gene editing for AlsPV and TevPV. Vero cells were infected in triplicate at an MOI of
0.01, followed by total RNA extraction at 72 h post infection. Total cDNA was produced from mRNA
using Superscript lll Reverse Transcriptase (Invitrogen) with oligo(dT) primers following the
manufacturer’s protocol. Short P gene editing site fragments were amplified with primers attached
to Nextera adaptors (primer set 28 for TevPV, and set 29 for AlsPV, Table 2.1) using the Expand Hi-
fidelity PCR kit.

PCR products were amplified with a HiFi HotStart ReadyMix PCR system (Kapa Biosystems) and a
Nextera XT Index Kit (lllumina) for Nextera XT barcode incorporation. A volume of 25 ul of KAPA HiFi
HotStart ReadyMix was combined with 5 pl Nextera XT Index 1 primers, 5 pl Nextera XT Index 2
primers, 10 ul H,0 and 0.5-5ng PCR product. This PCR was conducted under the following conditions:
1 cycle of 95°C for 3 min, then 8 cycles of 95°C for 30 s, 55°C for 30 s and 72°C for 30 s, followed by 1
cycle of 72°C for 5 min. Amplified PCR products were cleaned up using AMPure XP beads (Beckman
Coulter Genomics) as per lllumina sample preparation protocol (185). The denatured DNA libraries
(diluted to 12 pM) were spiked with 10% PhiX control library due to the low diversity of the
amplicons, then denatured at 96°C for 2 min immediately before sequencing on a MiSeq using a

600-cycle MiSeq Reagent Kit v3 (Illumina).
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Data was analysed using CLC Genomics Workbench. Paired end reads were merged, trimmed on size
and quality and reads with large deletions and insertions were removed. Basic variant detection,
with a minimum frequency output of 0.05%, was conducted and standardised to 100000 reads.
Manual scanning detected longer insertions at rates below 0.05%. Data was confirmed using

unmerged, untrimmed or non-standardised read inputs.

2.15.7.1 AMPLICON SEQUENCING CONTROLS

RNA extracted from infected cell supernatant was used as the template to generate the editing site
controls. Controls were amplified using the primer set 28 for TevPV and 29 for AlsPV (Table 2.1)
using the PCR protocol described in section 2.7.1. Amplified fragments were extracted from agarose
gel and cloned into pGEM-T Easy (section 2.9, 2.11-13). The absence of G residue insertions was
confirmed by Sanger sequencing. The AlsPV editing site-pGEM construct, TevPV editing site-pGEM
construct and pCAGGS were digested with Sacll and Nsil in buffer H (Promega) for 2h at 37°C
(section 2.10), then agarose gel purified. Digested constructs were cloned into pCAGGS (section
2.11-13). These pCAGGs constructs were either amplified in triplicate with the Expand Hi-Fi PCR kit
and gel purified to act as a control for the DNA polymerase, or transfected into Vero cells to act as a

control for the reverse transcriptase.

As a control for any G residues potentially introduced by the reverse transcriptase, confluent Vero
cells in 24 well plates were transfected with pCAGGS constructs in triplicate. Per well, approximately
500 ng of AlsPV editing site-pCAGGS or TevPV editing site-pCAGGS were combined with 0.5 pl PLUS
reagent (Invitrogen) and Opti-MEM medium (Gibco), then incubated for 5 min. A volume of 1.5 pl
Lipofectamine LTX diluted into Opti-MEM was added to the diluted DNA and incubated at room
temperature for 30 min. The DNA-lipid complex was then added to confluent Vero cells and
incubated at 37°C for 24 h. After 24 h, RNA was extracted from transfected cells, reverse transcribed

and amplified as for the test amplicons in section 2.15.7.

2.15.8 ANALYSIS OF SEQUENCES

Sequences were analysed using Geneious 10.2.2. Nucleotide and amino acid alignments were
completed using the ClustalW alignment tool in Geneious or the Clustal Omega multiple sequence
alignment program (186) and visualised using Jalview 2 (187). Trees were reconstructed following a
maximum likelihood model using MEGA 6.06 with a bootstrap test of phylogeny (1000 bootstrap
replications). Other analysis preferences were set to default. Where used, outgroups were selected
by examining paramyxovirus phylogenetic trees. Putative protein sequences were analysed using

various prediction tools; TMHMM 2.0 (188), Phobius (189), SignalP 4.1 (190).
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2.16 VIRUS QUANTIFICATION (TCIDsg ASSAY)

Serial 10-fold dilutions of virus were added to a 96-well plate. A suspension of 2x10” Vero cells was
added per well and plates were incubated at 37°C for 5-7 days then checked for cytopathic effect.

The TCIDso/ml of the virus was determined using the Reed-Muench method (191).
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2.17 ANTIBODIES

Table 2.2: Primary polyclonal antibodies used in immunofluorescence assays (IFA), neutralisation assays and

immunohistochemical analysis.

Antibody target Source animal Source Additional information
AlsPV Ferret AAHL Antisera obtained from three
different ferrets during
animal infection study 1,
section 2.22.8
AlsPV N protein Rabbit GenScript, USA Raised against the peptide
CRQQGRINPRYLLQP (from
position 200 in the AlsPV N
protein)
TevPV Ferret AAHL Antisera obtained from three
different ferrets during
animal infection study 1,
section 2.22.8
TioPV Pig AAHL
TioPV N protein Rabbit AAHL (Bioassay R&D
Group)
MenPV Pig AAHL
MenPV N protein Rabbit AAHL (Bioassay R&D
Group)
MapV N protein Rabbit AAHL
PorV N protein Rabbit AAHL
PIV5 Guinea pig BEI Resources, NAIID, NIH
hPIV2 Guinea pig BEI Resources, NAIID, NIH
MuV Guinea pig BEI Resources, NAIID, NIH
HeV Horse AAHL
HeV N protein Rabbit AAHL (Bioassay R&D

Group)
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2.18 IMMUNOFLUORESCENCE ASSAY

Immunofluorescence assays were used to detect the presence of AlsPV and TevPV in cell culture and
to assess cross-reactivity with other paramyxoviruses. Vero cells at 70-90% confluency were infected
with virus and incubated for 24-72 h. Infected cells were fixed in ice cold methanol for 15 min,
before being blocked with 1% BSA in PBS for 30 min at 37°C. HeV infections were done at BSL4 and
fixed in ice cold methanol for 30 min before being transferred to BSL3 for blocking with 1% BSA in
PBS. Cells were incubated with primary antibodies for 1 h at 37°C and washed 4 times with PBS-T.
Antibodies were diluted in 1% BSA/PBS and ranged from 1:100 for ferret antisera to 1:1000 for
rabbit antisera against viral N proteins. Cells were then incubated with either Alexa Fluor 488 goat
anti-rabbit IgG (1:1000, Life Technologies) or Alexa Fluor 488-protein A conjugate (1:1000, Life
Technologies, used to detected ferret, pig, guinea pig and horse derived antisera) and DAPI (1:5000,
Fluka) diluted in 1% BSA/PBS for 1 h at 37°C. Cells were washed 4 times with PBS-T, covered with

PBS and imaged on an EVOS FL Cell Imaging System (Invitrogen).

2.19 NEUTRALISATION ASSAY

Neutralising antibodies were detected by virus neutralisation test. Sera were first inactivated by
incubating at 56°C for 35 min. Antisera against a number of different paramyxoviruses were two-fold
serially diluted in quadruplicate, starting at a 1:10 dilution. Antibodies were incubated with 100
TCIDs, of virus stock for 30 min at 37°C. A suspension of 2x10” Vero cells was added per well and
plates were incubated at 37°C for 5 days while monitoring cells for viral CPE. Back titrations were
completed to confirm the addition of 100 TCIDs, of virus stock. Neutralising titres were calculated
using the Reed-Muench method as the reciprocal of the highest dilution of serum at which the

infectivity of 100 TCIDs, of virus is neutralised in 50% of the wells (192).

2.20 SEROPREVALENCE ASSAY

Sera from 120 Australian pteropid bats were initially screened for reactivity to TevPV and AlsPV
using the immunofluorescence assay described above (section 2.18). Samples were then analysed by
neutralisation assay at a 1:10 dilution in quadruplicate (section 2.19) to determine the prevalence of
TevPV or AlsPV in the Australian bat population. Sera were obtained for previous studies and were
collected between 1999 and 2007 from pteropid bats in Queensland or in 2012 from pteropid bats in

Victoria. Sera were inactivated by incubating at 56°C for 35 min.

2.21 SIALIDASE ASSAY

Analysis of the TevPV genome revealed that the sequence of its attachment glycoprotein was

divergent from those of other classical rubulaviruses, such as PIV5 and MuV. To investigate this
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further, a sialidase assay was designed to assess whether TevPV required sialic acid for the infection
of Vero cells. This assay was also completed during the characterisation of AlsPV to confirm its
similarity to the classical rubulaviruses. Vero cells at 75% confluency in 48-well plates were treated
with 15 mU neuraminidase from Arthrobacter ureafaciens (Sigma-Aldrich) in cell culture media for 2
h at 37°C. Some wells were simultaneously treated with 0.01% (w/w) sodium deoxycholate to
increase the solubility of glycolipids. Cells were washed twice with PBS and infected with different
rubulaviruses, MOI = 2. After cells were incubated with virus at 37°C for 1 h, cells were washed 4x

with PBS and incubated at 37°C for 24 h in cell culture media.

After 24 h, plates were processed for IFA as described above (section 2.18). Plates were viewed on
an ImageXpress Micro XLS Widefield High-Content Analysis System (Molecular Devices). Fluorescent
cells were counted in nine fields of view per well (n=2 wells per treatment per biological repeat) and
the mean was expressed as a percentage of the mean number of untreated cells that were infected.
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.

2.22 ANIMAL INFECTION STUDIES

2.22.1 ETHICS

These experiments were approved by the Commonwealth Scientific and Industrial Research

Organisation (CSIRO) AAHL Animal Ethics Committee (AEC), approval numbers 1814 and 1865.

2.22.2 BIOSECURITY

These animal infection studies were conducted under BSL3-Z conditions. All operators wore
powered air purifying respirators (PAPR, 3M). Operators underwent a three-minute personal shower

upon exiting the animal research rooms.

2.22.3 PREPARATION OF INOCULUM

Virus stocks were clarified by centrifugation at 4000 rpm for 5 min. Clarified stock was diluted 1/10
in sterile PBS. The high dose was selected to ensure the maximum likelihood of infection, while
dilution in PBS was required to reduce the risk of adverse reactions during virus challenge. Inoculum
titre was confirmed by back titration of aliquots of the inoculum (collected before and after animal

exposure) onto Vero cells (described in section 2.16).
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2.22.4 ANIMALS

All mice used in the following experiments were female BALB/c mice. Juvenile mice were 8 weeks of
age and adult mice were between 6-9 months of age. Ferrets were outbred animals approximately 1

year old. All ferrets were female except for the three ferrets exposed to TevPV.

2.22.5 HANDLING AND EUTHANASIA

Ferrets were anaesthetised for microchip implantation, virus challenge, sampling and euthanasia
using a combination of medetomidine (0.05 mg/kg) and ketamine (5 mg/kg) injected intramuscularly.
Except at euthanasia, the anaesthetic reversal agent atipamezole (0.25 mg/kg) was administered
intramuscularly to provide rapid recovery from anaesthesia. Ferrets were euthanased by intracardiac

exsanguination and intracardiac barbiturate (Pentabarbitone at 150 mg/kg).

Mice were anaesthetised for microchip injection, virus challenge and euthanasia using a
combination of medetomidine (1 mg/kg) and ketamine (75 mg/kg) intraperitoneally. Except at
euthanasia, sedation was reversed with an intramuscular injection of atipamezole (1 mg/kg). Mice

were euthanased by intracardiac exsanguination followed by cervical dislocation or cervical snip.

2.22.6 SAMPLE COLLECTION

Oral swabs and rectal swabs were collected from ferrets into 1 ml viral transport media (section
2.1.10). Sterile PBS was used to collect nasal washes from ferrets, then aliquoted into a tube
containing 100 pl nasal wash collection media (section 2.1.11). When possible, ferret urine was
collected into tubes containing 100 pl nasal wash collection media. Blood was collected from ferrets
and mice into tubes containing EDTA (1.8 mg EDTA per mL blood, Vacutainer or Microtainer Purple,
BD Biosciences) to be assessed for viraemia, and into serum separation tubes (Vacutainer or

Microtainer Gold, BD Biosciences) for serology.

Tissue samples were collected into tubes containing 750 ul viral transport media and 250 pl silicon
carbide beads (Biospec Products Inc.). Tissues for histology were collected into 10% neutral

phosphate buffered formalin and fixed for at least 48 h at room temperature.

2.22.7 STUDY 1: PATHOGENICITY STUDY

Pathogenicity studies were conducted in mice and ferrets to determine if either TevPV or AlsPV

could infect or cause disease in a non-pteropid mammal.
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2.22.7.1 FERRETS
Ferrets were anaesthetised and implanted with subcutaneous temperature microchips (LifeChip,
Destron Fearing) at least one week before virus challenge. Pre-challenge samples, temperature and

weight readings were collected for baseline data.

Ferrets were oronasally exposed to 1 ml of diluted TevPV virus stock (n = 3 ferrets) or diluted AlsPV
virus stock (n = 3 ferrets), confirmed by back titration to be 7x10* TCIDs of TevPV and 3x10° TCIDs, of
AlsPV. The route of infection was selected based on previous HeV infection trials in ferrets (193).
Furthermore, the most likely route of exposure for non-pteropid mammals to viruses in bat urine is
through the mucosal membrane. Subcutaneous microchip temperature data was recorded daily.
Clinical samples were collected on days 3, 5, 7, 10 and 14 post infection, as well as at euthanasia.
Body weight measurements, rectal temperatures, blood, nasal washes, oral swabs and rectal swabs
were measured and collected. Attempts were made to collect urine, however, this was only
successful at euthanasia when the urine could be collected directly from the bladder. Sera were

collected on days 7, 10, 14 and 21 (euthanasia) to assess for seroconversion.

Tissues were collected at euthanasia and assessed for viral replication. Sections of kidney, liver,
spleen, lung, retropharyngeal lymph nodes and brain (olfactory bulb plus 2 mm of the rostral
cerebral cortex) were collected for analysis by quantitative RT-PCR. Remaining tissues (thoracic pluck
including the pharynx/tonsils, retropharyngeal lymph nodes, mesenteric lymph nodes,
representative sections of the liver lobes, kidney, spleen, gonads (testes if male; ovary and uterus if
female), skull, brain and any abnormal areas of tissue seen on post mortem examination) were
collected into 10% neutral buffered formalin for histopathological and histochemical analysis.
Animals were assessed daily for clinical signs of disease. Changes in play scores (Table 2.3) were

utilised to determine the progression of disease.

Table 2.3: Ferret play scores

0 Alert and fully playful

1 Alert but playful only when induced to play
2 Alert but not playful when stimulated

3 Neither alert nor playful

Predetermined humane end-points were defined by mild, moderate and severe non-specific signs of
disease that could have developed during infection (Table 2.4). If ferrets displayed moderate disease

signs that persisted for 24 hours; a play score of 2 or more was noted; or total weight loss of 20%

46




(from pre-challenge bodyweight) or more was recorded, the animal was euthanised due to reaching

the humane endpoint.

Table 2.4: Possible symptoms during AlsPV or TevPV infection of ferrets for determining if the humane

endpoint had been reached.

Mild Onset of fever (>40°C); reluctance to rise from bed but bright and active once up;
“puffy” faced appearance, squinting, clear ocular or nasal discharge, sneezing. Play
score <2.

Moderate | Any of the following:

Fever (242°C). One of more of the following: coughing, vomiting, diarrhoea; purulent
or crusty nasal discharge; intermittent bouts of reduced activity; increased respiratory
effort; hunched posture; straining to defecate; swelling of the throat; hollow flanks;
weight loss of 10-20%. Play score 2.

Severe Any of the following:

Tremor, limb weakness, severe respiratory distress (significant abdominal sucking
during breathing), play score >2; immediate euthanasia is warranted. Weight
loss >20%.

2.22.7.2 MICE
Mice were injected with subcutaneous temperature microchips (LifeChip, Destron Fearing) at least
one week prior to virus challenge. Pre-challenge blood, temperature and weight readings were

collected for baseline data.

Mice were intranasally exposed to 30 pl of the diluted virus stock (n = 5 juvenile mice per virus, n =5
adult mice per virus). The virus titre in this volume was confirmed by back titration to be 2x10°
TCIDs, for TevPV and 9x10° TCIDs, for AlsPV. The route of infection was selected based on previous
HeV infection trials in mice (194). Animals were monitored daily for 21 days for clinical signs of
disease. Mice were monitored for pain using the mouse grimace scale (MGS) (195). Orbital
tightening, nose bulge, cheek bulge, ear position and whisker change were scored on a scale of 0-2,
where 0 indicated not present, 1 indicated an expression was moderately visible and 2 indicated the
expression was severe or clearly apparent. An overall score was calculated as an average of each
expression score. An overall score of greater than 1 would have warranted euthanasia due to the

presence of moderate to severe pain.

Predetermined humane end-points were defined by mild, moderate and severe non-specific signs of

disease that could have developed (Table 2.5). If mice exhibited moderate disease signs that
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persisted for 24 hours, an overall MGS of 1 or more, three days of continuous weight loss, or a total

of 20% weight loss was reached, the animal was euthanised.

Table 2.5: Possible symptoms during AlsPV or TevPV infection of mice for determining if the humane endpoint

had been reached.

Mild Mild lethargy with decreased curiosity in surroundings and/or mild weight loss (less
than 10%) but still performing normal mouse behaviours

Moderate | Any of the following:

Lethargic, disinclined to examine surroundings but some normal mouse behaviours;
intermittently isolated from cage mates; overall score on the MGS of 1 or more; weight
loss of 10-20%.

Severe Any of the following:

Fluffed up fur; inactivity; wasp-waisted or hunched appearance; isolated; agitated on
stimulation; ataxia; tremors; weight loss >20%.

Body weight and temperature data were recorded daily. Blood and sera were collected following
euthanasia. Samples of brain (olfactory bulb plus 2 mm of the rostral cerebral cortex), lung, kidney,
liver and spleen were collected for analysis by quantitative RT-PCR. Remaining tissues (entire
thoracic/abdominal pluck, skull and remainder of brain) were collected into 10% neutral buffered

formalin for histopathological and histochemical analysis.

2.22.8 STUDY 2: PATHOGENESIS STUDY

As virus shedding and seroconversion were observed in ferrets exposed to AlsPV in study 1, a follow
up animal infection trial was conducted. This study involved the serial euthanasia of ferrets exposed

to AlsPV in order to investigate the pathogenesis of the virus during acute infection.

Ferrets (n = 12) were randomly assigned to a date of euthanasia prior to exposure to AlsPV. Ferrets
were anaesthetised and implanted with subcutaneous temperature microchips at least one week
before virus challenge. Pre-challenge samples, temperature and weight readings were collected for

baseline data.

Ferrets were oronasally exposed to 1 ml of diluted virus stock, confirmed by back titration to be
3x10° TCIDs, of AlsPV. Temperature data was recorded daily from subcutaneous temperature
microchips and animals were monitored daily for clinical signs of disease as outlined above for
experiment 1. On each day of euthanasia, days 3, 5, 7 and 10 post infection, three ferrets were

euthanised and samples were collected for assessment for viral replication.
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Animals were first anaesthetised, then body weight data and rectal temperatures were recorded.
Following euthanasia, oral swabs, nasal washes, rectal swabs, urine, and blood were collected. Sera
samples were collected from ferrets that were euthanised on day 10 post infection. Sections of
ferret brain (olfactory bulb plus 2 mm of the rostral cerebral cortex), nasal turbinates, trachea, tonsil,
lung (hilar), lung (peripheral), kidney, heart, spleen, liver, small intestine, large intestine, bronchial
lymph node and retropharyngeal lymph node were collected to determine the tissue tropism of
AlsPV during acute infection. Remaining tissues (thoracic pluck including the pharynx/tonsils,
retropharyngeal lymph node, mesenteric lymph nodes, representative sections of the liver lobes,
kidney, spleen, gonads (ovary and uterus), skull, brain and any abnormal areas of tissue seen on post

mortem examination) were collected into 10% neutral buffered formalin.
2.22.9 SAMPLE PROCESSING

2.22.9.1 PROCESSING OF ANIMAL SERA
Whole blood was allowed to clot in serum separation tubes for at least 30 min. Tubes were
centrifuged at 1200 g for 10 min in swinging bucket rotors. Serum was then pipetted from above the

polymer barrier and stored at -20°C.

2.22.9.2 PROCESSING OF ANIMAL TISSUES
Tissues samples were homogenised by bead beating (4.0 m/s for 30 s) and then centrifuged for 2

min at maximum speed. Samples were then used for virus isolation or for RNA extraction.

2.22.9.3 PROCESSING OF SAMPLES FOR RT-PCR

A volume of 100 ul of sample (clinical samples, blood or homogenised tissue) was added into tubes
containing 260 pl of a guanidinium thiocyanate-based solution (MagMAX Lysis/Binding Solution,
Applied Biosystems). The solution was made of a 50/50 mix of isopropanol and Lysis/Binding
Solution Concentrate, with 1 pl carrier RNA. Samples were extracted using a MagMAX-96 Viral RNA

Isolation Kit.

2.22.10 HISTOPATHOLOGY AND IMMUNOHISTOPATHOLOGY

Tissues were fixed in 10% neutral phosphate buffered formalin for 48 h at room temperature. Fixed
tissues were dehydrated in graded alcohols, paraffin embedded and sectioned into 3-4 um slices.
Sections were stained with haematoxylin and eosin (Lillie-Mayer Haematoxylin; Australian Biostain
Pty Ltd and Alcoholic Eosin/Phloxine 0.1%; Australian Biostain Pty Ltd) for assessment by light

microscopy.

For immunohistochemistry, sections were mounted onto positively charged adhesion microscope

slides (Hurst Scientific Pty Ltd). Paraffin sections were treated for 10 min with 10% hydrogen
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peroxide. Slides were incubated at 97°C for 30 min with high pH target retrieval solution (EnVision
FLEX Target Retrieval Solution, Dako Omnis) using a PT Link module (Dako), then treated with a 3%
hydrogen peroxide solution. Sections were incubated for 1 h with either Menangle virus N protein
rabbit antisera (1:100, produced by the Bioassay R&D Team, AAHL) for TevPV infected samples or
AlsPV N protein rabbit antisera (1:1600, produced by Genscript, USA). Following this, sections were
incubated for 45 min with a horseradish peroxidase-conjugated secondary antibody (Envision Flex
HRP; Dako) and reacted with aminoethyl carbazole substrate chromogen (DAKO Envision) for 10 min.
Sections were counterstained with Lillie-Mayer’s haematoxylin (Lillie-Mayer Haematoxylin;

Australian Biostain Pty Ltd). Cover slips were mounted using aqueous mounting media (Faramount

Agqueous Mounting Medium Ready-to-use; Dako). Slides were examined by light microscopy.

2.23 REAL-TIME PCR (TAQMAN)

2.23.1 PRIMERS AND PROBES

The presence of viral RNA in clinical samples or tissues was determined by quantitative RT-PCR.
Primers and probe for detecting the N gene of AlsPV were designed using Primer Express 3.0.1
(primer set 30, Table 2.1). Three different concentrations of forward and reverse primers were
compared. 300 nM of forward primer and 500 nM of reverse primer were selected for the assay

when using 133 nM for the probe concentration.

Existing primers, probes and concentrations were used for detecting TevPV N gene (final
concentration of 200 nM for forward and reverse primers, 100 nM for probe, primer set 31, Table
2.1) and 18S RNA (50 nM forward and reverse primers, 200 nM for probe), except a new forward

primer was designed for the detection of 18S (primer set 32, Table 2.1).

2.23.2 REAL-TIME PCR RUNNING CONDITIONS

Viral N gene RNA was detected by multiplex quantitative RT-PCR using AgPath-ID One-Step RT-PCR
reagents (Applied Biosystems). RT-PCR buffer was combined with virus specific forward and reverse
primers, virus specific probe, 50 nM 18S forward and reverse primers, 200 nM 18S probe, 0.6 ul RT-
PCR Enzyme Mix, 2 ul sample and H,0 to 15 ul. Reactions were then run in duplicate on a
QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems) under the following conditions: one

cycle of 45°C for 10 min and 95°C for 10 min, then 40 cycles of 95°C for 15 s and 60°C for 45 s.

2.23.3 CONTROL PLASMIDS

Control plasmids were developed so that standard curves could be produced for the qRT-PCR
reactions. Inserts for control plasmids were amplified using the PCR protocol described above

(section 2.7.1) with primer sets 32-34 (Table 2.1). PCR products were separated by gel
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electrophoresis and fragments of the predicted size were excised from the gel and extracted from
the gel matrix. The 18S control fragments were ligated into the pGEM-T Easy vector (section 2.11).
AlsPV and TevPV N gene control fragments were first digested with the corresponding restriction
enzymes (section 2.10) before ligation into the digested pcDNA3.1(+) vector (section 2.11). Ligated
plasmids were transformed into electrocompetent E. coli and incubated on L.B. agar plates
supplemented with ampicillin overnight (section 2.12). Colonies were selected for overnight culture
by colony screen PCR (section 2.7.4). Plasmids were isolated from overnight cultures (section 2.13)

and the correct sequence was confirmed by Sanger sequencing.

2.23.4 RNA TRANSCRIPTION

Plasmids were transcribed into RNA to make them more accurate controls for viral RNA. 18S-pGEM
was digested with Spel-HF in Cutsmart buffer (NEB), while TevPV N-pcDNA3.1 and AlsPV N-pcDNA3.1
were digested with Kasl in Cutsmart buffer. This allowed transcription of the insert from a nearby T7
promoter for 2 h at 37°C using the Hiscribe T7 In Vitro Transcription kit (NEB) according to the
manufacturer’s instructions. The transcribed sample was then digested with DNase | (NEB) for 15

min at 37°C, followed by reaction clean-up using an RNeasy Mini kit (Qiagen).

2.23.5 RNA CONCENTRATION

RNA concentration was determined using a Qubit RNA HS Assay Kit (Invitrogen). Qubit Working
Solution was prepared by diluting the Qubit RNA Reagent 1:200 into the Qubit RNA Buffer. RNA
standards (0 ng/ml and 10 ng/ml) were diluted into the Working Solution, vortexed and incubated at
room temperature for 2 min before being used to calibrate a Qubit 2.0 Fluorometer (Invitrogen).
Test samples were diluted 1:100 in Working Solution, vortexed and incubated at room temperature

for 2 min, then assessed on a fluorometer.

2.23.6 COPY NUMBER CALCULATION

The RNA concentrations (converted to g/ul) were used to calculate the copy number of control RNA
per ul using an online calculator (196). The formula assumes that the mass of each RNA nucleotide is
340 Da, therefore the mass of the fragment of RNA is the length in RNA bases multiplied by 340,
where 1 Da = 1 g/mol. The size of the insert was from the T7 transcription start site to the selected

restriction endonuclease digestion site (Spel or Kasl).
g/mol = (size of insertbp) * 340 Da

g/molecule = (%)/(Avogadro’s number: 6.02214199 * 10%3)

_ g) _9
molecules/ul = (yl /(molecule)
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2.23.7 STANDARD CURVES

Standard curves were generated to quantify the amount of viral RNA present in samples and to
confirm the efficiency of the reaction. Ten-fold serial dilutions of control plasmids were added in
triplicate to the reaction and the reactions were cycled on a QuantStudio 6 Flex Real-Time PCR
System as described above (Section 2.23.2). For analysis of the standard curves, data was imported
into QuantStudio Real-Time PCR Software (v1.1). First, the fixed threshold ARn value was selected to
best represent the phase of exponential target amplification. This was determined to be 0.2 (study 1)
or 0.13 (study 2) for 18S-specific products, 0.05 (study 1) or 0.135 (study 2) for AlsPV-specific
products and 0.018 for TevPV-specific products. The baseline start and end points were

automatically calculated by the QuantStudio software.

Eight control RNA dilutions representing the range of potential results were selected to generate the
standard curves. Copy numbers calculated from the RNA concentrations were applied to the
standard curves so that they could be used for quantification. Efficiencies of all the reactions were

between 95-101% with an R? value of >0.99.

The following formulas were used:

Study 1
(Cr=42.55
Copy numberAlsPVNgene = 10 -334
(CT—46.21)
Copy numberTevPVNgene = 10\ -344
(CT—40.4)
Copy number;gs rgya = 10\ —3.44
Study 2
(CT—38.74)
Copy numbeTAlsPVNgene = 10t -33
(CT—40.62
Copy numbergs ,pya = 10° -3.4

2.23.8 ANALYSIS

Data was imported into QuantStudio Real-Time PCR Software for analysis. The same thresholds that
were determined for the standard curve control reactions were applied to the test results. Standard
curves were imported so that positive results could be quantified. These steps required the
assumption that reverse transcription and amplification efficiencies were comparable across
different plates due to running with the same protocol, cycle conditions and using the same platform.

Standard curves were redone for the analysis of animal infection study 2. To facilitate data
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interpretation for AlsPV experiments, a copy number of 5 in both replicates, correlating with a C;
value of 40 (experiment 1) or 37.4 (experiment 2) was used as the minimum of detection. For 18S,
this correlated to a Cy value of 38 (study 1) or 38.2 (study 2). No samples were positive for the TevPV

N gene within 40 cycles therefore this additional threshold was not required.

Viral N gene copies detected in animal tissues were normalised to 18S values and expressed as a log
transformation of the number of copies of viral N gene RNA per 10'° copies of 185 RNA, relative to
the respective standard curves. Cyvalues and conversion to copy numbers were calculated using
QuantStudio software. Log transformations and graphs were produced using GraphPad Prism 5.02.
For shedding samples, positive results were expressed as the number of N gene copies per ml of

sample.
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CHAPTER 3: DETECTION AND ISOLATION OF
MULTIPLE VIRUSES FROM PTEROPID BAT
URINE
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3.1 INTRODUCTION

High diversity and prevalence of viruses in bats has been observed during the surveillance of
pteropid bats globally. Genetically diverse viruses have been isolated from, or detected in, a range of
bat genera, including adenoviruses (26), paramyxoviruses (54), polyomaviruses (162), coronaviruses
(166), and herpesviruses (197). These studies suggest that there are still many undiscovered viruses
in bats, some of which may have the potential to transmit to a non-reservoir host in what is known

as a spillover event.

In particular, a number of these studies have been aimed at detecting novel paramyxoviruses (54,
165, 168, 198). A survey of Australian pteropid bats screened bat urine by PCR for henipa or henipa-
like viruses, resulting in 100 detections of unknown paramyxovirus sequences. These sequences
were potentially derived from 31 new species and eight new genera (198). They proposed that these
viral sequences represented paramyxoviruses that had co-evolved with their specific host for
millions of years, since the dispersal of bats from Asia (198). Another survey of paramyxoviruses in
86 species of bats globally discovered many new paramyxovirus sequences, but conversely, these
sequences supported the conclusion that henipaviruses originated in African bats based on analysis
of key L protein motifs (54). Detection of additional paramyxovirus sequences may help to resolve

the evolution of paramyxovirus and bats.

A targeted approach can be more successful at identifying particular viral families than a hypothesis-
free method such as deep sequencing. Drexler et al. identified multiple novel paramyxovirus species
in bat samples by hemi-nested PCR, but when they attempted random cDNA amplification followed
by deep sequencing of serum samples, they concluded that the method wasn’t sensitive enough to
detect any paramyxovirus sequences (54). Similarly, a study of Eidolon helvum urine, throat swabs
and lung tissue by metagenomic analysis did not detect any paramyxoviruses despite previously

demonstrating a high prevalence of paramyxoviruses by PCR in the same population of bats (199).

During 2011, there was an unprecedented increase in the number of Hendra virus (HeV) disease
events in southeast Queensland and northern New South Wales, predicating the collection of bat
urine samples for HeV surveillance. The HeV prevalence was higher in these samples than previously
detected and HeV was shed in bat urine across a longer period of time (53). It has also previously
been observed that when the incidence of HeV detection increases, the incidence of other viruses in
the urine also increases. Therefore, it was hypothesised that the urine samples collected in 2011
would also contain a range of unidentified viruses, including adenoviruses and paramyxoviruses, that
would contribute to our understanding of viral diversity and evolution, as well as potentially having

public health implications if the identified viruses had zoonotic potential. Targeting these samples
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has previously proven successful, resulting in the isolation of novel paramyxoviruses (30). These
previous isolations justify the assessment of additional urine samples collected in 2011 for the

presence of novel viruses.

Urine collected from a pteropid bat colony in Alstonville, New South Wales in 2011 was selected for
analysis due to the colony having a HeV prevalence of >30%. This chapter demonstrates the
presence of multiple viruses and viral nucleic acid circulating in a colony of Australian pteropid bats.
Furthermore, almost the whole coding sequence of a novel paramyxovirus was obtained through
next generation sequencing, as well as the whole genome sequence of a polyomavirus species
previously only detected in Indonesian pteropid bats. Two paramyxoviruses identified in this chapter

were then characterised in Chapters 4 and 5 of this thesis.

3.2 RESULTS

Virus isolations were attempted on all Alstonville bat urine samples by inoculating 59 urine samples
onto PaKi and Vero cell monolayers. Samples causing cytopathic effect (CPE) and aliquots of
supernatant collected weekly were assessed by a range of viral family-specific PCRs;
Paramyxoviridae, Adenoviridae, Coronaviridae and Herpesviridae, as well as a genus-specific PCR;
Orthoreovirus. PCR positive samples were then identified by Sanger sequencing and BLAST analysis.
Nucleic acid extracted from the 59 urine samples was also assessed for the presence of viral
sequences. Although all samples were negative when assessed using PCRs specific for the virus
families Coronaviridae or Herpesviridae or the genus Orthoreovirus, the Paramyxoviridae and
Adenoviridae family specific PCRs were successful in identifying a range of viruses and viral

sequences in the bat urine.

3.2.1 DETECTION AND ISOLATION OF PARAMYXOVIRUSES AND PARAMYXOVIRUS RNA

3.2.1.1 PCR DETECTION OF PARAMYXOVIRUS RNA

Paramyxovirus RNA sequences were detected in multiple bat urine samples by PCR amplification
utilising consensus primers for the family Paramyxoviridae and the genera Respirovirus, Morbillivirus
and Henipavirus (Appendix, Table A1)(172). Viruses could not be isolated from most of these
samples. A total of 22.7% (5/22) of samples collected on the 12/7/11 and 32.4% (12/37) of samples

collected on the 3/8/11 had evidence of either paramyxovirus RNA or a paramyxovirus.

Analysis of the highly conserved 600 nt fragment amplified by this PCR provided evidence that some
of these viral sequences were likely to be derived from the same species of virus (Figure 3.1, 3.2).
Four of the viral sequences (AL30, AL34, AL38 and AL50) were between 93-99% identical at the

nucleotide level. AL23 and AL42 (urine extract) were also almost identical at the nucleotide level
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(99%), as were AL15 and AL21 (96%). Some of the detected sequences were almost identical to
rubula-like viruses isolated from bat urine collected during previous surveillance of Australian bats
such as Grove virus, Menangle virus and Teviot virus. The remaining sequences were 61-74%
identical to each other and were not similar to known, isolated paramyxoviruses, suggesting that
they were derived from unique viruses. Although the short fragments of sequence meant that some
of the phylogenetic distinctions were not strongly supported, there was a trend toward these viral
RNA sequences clustering away from previously isolated henipaviruses. BLAST analysis indicated
similarity between the Alstonville paramyxovirus RNA and RNA detected in Eidolon helvum bats from
Ghana (Table Al). Although this could imply similarity between African and Australian henipa-like

viruses, whole genome sequences are required before drawing any conclusions.
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99 | AL23 paramyxovirus/Bat/2011/Alstonville ¥
52 LALaz paramyxovirus/Bat/2011/Alstonville %

25 ——  ALS5 paramyxovirus/Bat/2011/Alstonville *

| AL15 paramyxovirus/Bat/2011/Alstonville *
100 AL21 paramyxovirus/Bat/2011/Alstonville ¥
4 AL44 paramyxovirus/Bat/201 1/Alstonville*
AL30b paramyxovirus/Bat/2011/Alstonville *
AL50 paramyxovirus/Bat/2011/Alstonville *
23 96 | AL38 paramyxovirus/Bat/2011/Alstonville ¥
AL34 paramyxovirus/Bat/2011/Alstonville *
Mojiang virus (KF278639.1)
AL20 paramyxovirus/Bat/2011/Alstonville *
Kumasi virus(HQ660129.1)
93 Beilong virus (DQ100461.1)
21 { J virus (AY900001.1)
Cedar virus (JQ001776.1)
25 ——— Hendra virus (AF017149)
74 Nipah virus (Bangladesh) (AY988601)
98 [ Nipah virus (Malaysia) (AJ627196)
Sendai virus (AB005795.1)
24 {anine distemper virus (AF014953.1)
87 Measles virus (AB016162.1)
30 Human parainfluenza virus 2 (X57559.1)

Mumps virus (AB040874.1)

96 AL12 paramyxovirus/Bat/2011/Alstonville *
9% L{Parainﬂuenza virus 5 (AF052755.1)
99 rMenangle virus (JX112711.1)
29 AL4 paramyxovirus/Bat/2011/Alstonville *
Tioman virus (AF298895)
8 55 Teviot paramyxovirus (KP271124)
2 100 I— AL46 paramyxovirus/Bat/2011/Alstonville *
AL42 paramyxovirus/Bat/2011/Alstonville *

33 Grove virus (KJ716812)
99 [AL48 paramyxovirus/Bat/2011/Alstonville *
56! AL53 paramyxovirus/Bat/2011/Alstonville *

Figure 3.1: Phylogenetic analysis of selected paramyxoviruses and bat-borne viral sequences identified using

0.1

Paramyxoviridae-specific primers (using the protocol described in section 2.7.1). Maximum-likelihood tree
based on partial and complete L gene nucleotide sequences and reconstructed with MEGA 6.06, bootstrapping
to 1000 replicates. Sequences identified in this study are marked by an asterisk. Genbank accession numbers

are provided in parentheses.
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g9 r Paramyxovirus AL27/Bat/2011/Alstonville
Pteropus sp. paramyxovirus (AlU34325.1)

Pteropus scapulatus paramyxovirus (AlU34323.1)
Paramyxovirus AL30/Bat/2011/Alstonville *

95
96 ' Paramyxovirus AL50/Bat/2011/Alstonville *
30] Paramyxovirus BO3/Bat/2011/Boonah
55 — Paramyxovirus AL42/Bat/2011/Alstonville *
100 Paramyxovirus BO13/Bat/2011/Boonah
29 Paramyxovirus IFBPB46/2011 (BAM63378.1)
Mossman virus (AY286409)
% Wl Beilong virus (DQ100461.1)
51 97 J virus (AY900001.1)
Mojiang virus (KF278639.1)
4 Kumasi virus (HQ660129.1)
Hendra virus (AF017149)
100 i Nipah virus (Bangladesh) (AY988601)
67 ! Nipah virus (Malaysia) (AJ627196)
Cedar virus (JQ001776.1)
Mumps virus (AB040874.1)
100 _|:Parainfluenza virus 5 (AF052755.1)
62 Tioman virus (AF298895)
| |
0.2

Figure 3.2: Phylogenetic analysis of selected paramyxoviruses and bat-borne viral sequences identified using

Respirovirus-Morbillivirus-Henipavirus specific primers (using the protocol described in section 2.7.1).

*

Maximume-likelihood tree based on partial and complete L protein sequences reconstructed with MEGA 6.06,

bootstrapping to 1000 replicates. Sequences identified in this study are marked by an asterisk. Genbank

accession numbers are provided in parentheses.

3.2.1.2 ISOLATION OF PARAMYXOVIRUSES

Inoculation of 59 urine samples urine onto cell monolayers resulted in the isolation of two previously

uncharacterised paramyxoviruses from urine samples 12 and 42 (Appendix, Table Al). The first of

these isolated viruses, Teviot virus (TevPV) from sample 42, had previously been isolated from

pteropid bat urine collected in Queensland, northern New South Wales and Victoria (30, 200). The

full genome sequence of this Alstonville isolate of TevPV was obtained and submitted to GenBank

(MH708896). The characterisation of this virus is described in Chapter 4. The second paramyxovirus,

isolated from urine sample 12, is a completely novel virus classified in the genus Rubulavirus. We

have named this virus Alston virus (AlsPV, MH972568) based on the location of urine collection. Full
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genome sequencing, along with in vitro and in vivo characterisation of this virus, forms the basis of
Chapter 5. Cytopathic effect was also detected in cells inoculated with two other urine samples,
designated AL23 and AL30. Further characterisation was prevented due to these putative viruses

failing to grow in serial passages of the samples.

3.2.1.3 DETECTION OF PUTATIVE PARAMYXOVIRUS IN SAMPLE AL23

Although subsequent growth of the virus present in sample AL23 was not detected, a small fragment
of paramyxovirus RNA was obtained. This RNA was detected in the supernatant of PaKi cells at 21
days post inoculation. The sequence was demonstrated by BLAST analysis to be most similar to
Paramyxovirus IFBPV01/2010, which was detected in the spleen of a Pteropus vampyrus flying fox in
Indonesia (Appendix, Table A1) (165). Although multiple methods for the concentration and re-
isolation of this novel virus were attempted (section 2.5.3), the putative virus in sample AL23 did not
appear to be able to consistently replicate in the tested cell lines and therefore was not able to be

characterised. No additional sequence was obtained for this paramyxovirus.

3.2.1.4 DETECTION OF LUMLEY VIRUS

Four days post-inoculation with sample AL30, CPE consistent with adenovirus growth was observed
in PaKi cells. PCR followed by Sanger sequencing revealed that both an adenovirus and a
paramyxovirus were present in the supernatant. Several methods were utilised in order to isolate
the paramyxovirus, named Lumley virus (LumPV) based on the location of urine collection, in the
absence of the adenovirus. These methods included inoculating alternative P. alecto cell lines,
inoculating mixed PaKi/Vero cell cultures and conducting limiting dilutions of the positive virus

supernatant.

After three rounds of limiting dilution, PCR analysis demonstrated the absence of any adenovirus
contamination, with CPE suggestive of paramyxovirus growth in Vero cells. Attempts to consistently
culture this virus after the limiting dilution were unsuccessful, with no virus detected by PCR in
subsequent passages of supernatant. Several unsuccessful attempts were made to culture this virus,
including adding trypsin to the supernatant in case the virus required an external protease to cleave
the fusion protein, concentrating the supernatant by ultracentrifugation over a sucrose cushion (as
described in section 2.5.3), and attempting to detect the virus by IFA using Hendra virus-specific

antibodies.

Despite the inability to isolate the virus, a near-complete coding sequence was obtained directly
from the urine sample. Two rounds of lllumina sequencing were conducted on RNA extracted from
bat urine. Reads were then assembled through multiple rounds of SPAdes de novo assembly (180)

and read mapping (as described in section 2.15.5). The two rounds of sequencing produced
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relatively low numbers of virus specific reads, however, three contigs that covered the majority of
the genome were successfully assembled. These contigs included a 5217 nt fragment that comprised
the entire N, P and M coding sequence, a 4468 nt fragment that covered the majority of the F and all
of the G coding sequence, and a 6731 contig that covered the majority of the L coding sequence.
These contigs were used to design primers and determine the missing sequences between the three
contigs by Sanger sequencing. Reads were successfully mapped back to these Sanger sequenced
fragments as confirmation, albeit at a very low coverage (range 1-60 reads, mean 14 reads in the M-
F region, range 0-21 reads, mean 6 reads in the G-L region). No reads mapped back to a 3 nt region
within the L gene 3’UTR. Across the entire genome, the coverage range was 0-2441 reads with a
mean of 257 reads. Rapid amplification of cDNA ends (RACE) was attempted to determine the
sequence of the genome termini and the 5’ end of the L gene, and primers against the 5" UTR of the
Mojiang virus (MojPV) L gene were used to try and complete the coding sequence (as described in
section 2.15.5-6). Neither of these methods was successful, leaving the genome termini

unsequenced.

3.2.1.4.1 ANALYSIS OF PUTATIVE GENES AND PROTEINS OF LUMLEY VIRUS

GENOMIC FEATURES

Despite having low sequence homology with other paramyxoviruses, conserved motifs were
identified throughout the sequence. The trinculeotide intergenic region, CTT, is located between all
the predicted open reading frames (ORFs) and surrounded by putative gene boundaries that are
relatively conserved with other paramyxovirus gene boundaries (Appendix, Table A2). The lengths of
untranslated regions are variable when compared with other paramyxoviruses, although this
variability has also been observed in the genome of MojPV. The genome organisation of LumPV
corresponds to the organisation of known paramyxoviruses, with six open reading frames correlating
with six major genes, the N, P, M, F, G and L genes (Table 3.1). LumPV also appears to have the
potential to express additional proteins from the P gene. Phylogenetic analysis indicated that LumPV
is most closely related to MojPV when comparing the whole nucleotide sequence (Figure 3.3), but is

more divergent when comparing G protein sequences (Figure 3.4, Table 3.2).
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Table 3.1: Comparison of LumPV predicted coding regions and other genomic features. LumPV coding

sequences are compared to those of MojPV and HeV.

Virus Length (nt) Length (aa)

MojPV 51

MojPV 1620 539

N CDS

398
534
707
402
172

166

LumPV 1026 341

M cbs HeV 1059 352

LumPV 2115 704

G cbs HeV 1815 604

LumPV -
5’ trailer

HeV 33
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Hendra virus (AF017149)
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Cedar virus (JQ001776.1)

Kumasi virus (HQ660129)

Lumley virus/Bat/2011/Alstonville *

Mojiang virus (KF278639.1)

Measles virus (AB016162.1)
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Menangle virus (JX112711.1)
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Human parainfluenza virus 2 (X57559.1)
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|
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Figure 3.3: Phylogenetic analysis of whole genome nucleotide sequences of representative paramyxoviruses.

Analysis includes the majority of the LumPV coding sequence. Maximume-likelihood tree reconstructed with

MEGA 6.06, bootstrapping to 1000 replicates. The paramyxovirus sequence identified in this study is marked

by an asterisk. Genbank accession numbers are provided in parentheses.
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Figure 3.4: Phylogenetic analysis of representative paramyxovirus attachment glycoprotein sequences.

Maximume-likelihood tree reconstructed with MEGA 6.06, bootstrapping to 1000 replicates. The paramyxovirus

sequence identified in this study is marked by an asterisk. Genbank accession numbers are provided in

parentheses.

Table 3.2: Comparison of LumPV putative protein sequences. Values represent the percentage amino acid

sequence identity compared to MojPV, HeV and Beilong virus (BeiPV). Sequences aligned and identities

calculated by ClustalW alignment in Geneious 10.2.2.

LumPV
N P Vv W C M F G L
MojPV 419 16.9 19.2 14.0 25.0 54.4 36.7 18.8 50.6
HeV 45.7 21.9 19.0 19.2 30.3 53.9 35.4 21.3 52.0
BeiPV 31.9 17.6 21.9 13.9 14.9 48.8 32.7 18.6 46.9
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N

The putative N protein of LumPV contains a central region that is conserved with other
paramyxovirus N proteins. For viruses in the family Paramyxoviridae, this central region contains the
motif F-X4-Y-X3-O-S-O-A-M (where O is a hydrophobic amino acid) (57). The LumPV N protein is
missing the final methionine residue of this motif (Appendix, Figure Al.1), despite relatively good
sequencing coverage in this region. Overall, the LumPV N protein is more similar to the N proteins of

henipaviruses than those of other paramyxoviruses.

P

The LumPV P gene encodes a conserved RNA editing site (Table 3.3). Consistent with other
paramyxoviruses, the unedited transcript encodes the P protein and the addition of one or two non-
templated G residues produces open reading frames encoding a putative V protein or W protein
respectively (Figure 1.2). LumPV also appears to have the coding capacity for a C protein from an
alternative start site located 35 nt downstream of the standard start site. Expression from this
alternative start site would result in the expression of a 172 aa protein. Although this is similar in
length to C proteins expressed from henipaviruses, there are only low levels of amino acid and

nucleotide identity in this sequence.

The predicted P and V proteins of LumPV have low overall sequence similarity to other
paramyxoviruses and are at least 150 aa shorter than the long P and V proteins expressed by the
henipaviruses. The C-terminal of the LumPV V protein is highly conserved with other
paramyxoviruses, containing one conserved histidine and seven cysteine aa residues that are

associated with zinc molecule binding (Appendix, Figure A1.3) (57).

Table 3.3: Comparison of RNA editing sites of paramyxoviruses. Difference in conserved site is highlighted in

bold and lowercase.

Editing site
LumPV ATTAAAAgGGGCACAGA
HeV ATTAAAAAGGGCACAGA
NiV ATTAAAAAGGGCACAGA

M

The M protein of LumPV is the most highly conserved with ~55% amino acid conservation with the
M proteins of the henipaviruses (Table 3.2). It encodes the ‘YMYL" motif and five out of six residues
of the ‘YPLGVG’ motif that are associated with viral budding in the NiV M protein (Appendix, Figure
Al.6) (201, 202).
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F

There are multiple potential start sites for the LumPV F protein that are all in the same reading
frame. The second potential start site, encoding a 550 amino acid fusion protein, is predicted to be
the expressed protein due to similarities in length and sequence with henipaviruses. The lack of a
virus isolate means that this cannot be confirmed. None of the potential ORFs have a strongly
predicted N-terminal signal sequence. Other out-of-frame start sites were investigated to see if,
similar to Kumasi virus, polymerase error resulted in the deletion of a nucleotide in an AT-rich region
near the N-terminus, however, no alternative ORFs could be generated in silico. In silico analysis
(section 2.15.8) also indicated that there are four hydrophobic regions that have the potential to be
transmembrane. One of these putative transmembrane regions would result in a 25-30 aa
cytoplasmic tail at the C-terminus of the LumPV protein, similar to what is observed for the F

proteins of other paramyxoviruses.

Similar to henipaviruses, the LumPV F protein has a monobasic cleavage site followed by a region of
higher conservation that corresponds to the hydrophobic fusion peptide (Appendix, Figure A1.7) (71).
The LumPV F protein encodes all 10 conserved cysteine aa residues that are found in paramyxovirus
fusion proteins and are critical for correct protein folding (203). It also encodes a conserved
endocytosis motif, YXX® (where @ is a hydrophobic amino acid) in the putative cytoplasmic tail that

has been shown to facilitate efficient internalisation of Hendra and Nipah virus F proteins (204, 205).

G

LumPV encodes a divergent G protein that is longer than most paramyxovirus attachment
glycoproteins. Alignment of henipavirus attachment glycoproteins indicated that this increase in
length is due to an extension of the C-terminus of the protein (Appendix, Figure A1.8). Despite the
lack of sequence similarity to other paramyxovirus attachment proteins, the LumPV G protein is
predicted in silico (section 2.15.8) to be a type 2 membrane protein with a 53 aa N-terminal
cytoplasmic tail, consistent with other paramyxovirus attachment proteins. It lacks the motif,
NRKSCS, which is part of the neuraminidase active site, as well as only having two out of seven aa
residues that are associated with neuraminidase function. Furthermore, the LumPV G protein lacks
12 out of 14 sites that were identified in either HeV or NiV as important for ephrin binding (206, 207),
although further studies are required to investigate the potential of this G glycoprotein to use

ephrins as cellular receptors for attachment.

L
The paramyxovirus L protein, responsible for transcription and replication of the viral RNA, can be

divided into six domains of high sequence conservation with the highest level of conservation in
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domains Il to V (57, 208). These domains appear to be present in the LumPV L protein (Appendix,
Figure A1.9). In particular, the motif GDNQ, thought to be the active site of paramyxovirus

polymerases (57, 61, 208), is found in domain Il of the LumPV L protein.

3.2.2 ISOLATION OF MULTIPLE ADENOVIRUSES

3.2.2.1 ISOLATION

Adenovirus induced cytopathic effect was characterised by cells becoming refractory to light in
localised sections of the cell monolayer (Appendix, Figure A2). Cells then started to shrink and
become rounded, before the monolayer of cells became completely detached from the tissue
culture flask surface. For the majority of isolates, this occurred between 4-7 days post inoculation,
although some needed additional passages or longer incubation times for the infection to become

visually evident (Table 3.4).

Table 3.4: Adenovirus isolation information. Dpi indicates days post infection

Date collected Urine no. Passage CPE first seen Dpi
12/7/11 | 9 PaKi 1* passage 7
11 PaKi 1* passage 4
32 Paki 1°/2"%/3" passage 18/11/7
3/8/11 | 6 PaKi 1* passage 6
30 PaKi 1* passage 4
Vero 1* passage
31 Paki 2™ passage 4
32 PaKi 1* passage 7
34 PaKi 1* passage 6

3.2.2.2 PHYLOGENETIC ANALYSIS

Eight urine samples contained adenoviruses that could be isolated in cell culture, resulting in a
detection rate of ~13.5% in urine collected at either time point. Out of those eight adenovirus
isolates, sequencing of the PCR amplified fragments of DNA polymerase indicated that potentially
three species had been isolated. These three viral DNA polymerase protein sequences are between
81-86% identical to each other and appear to be highly similar to unpublished adenovirus sequences
that were obtained from bat urine collected throughout southeast Queensland and northern New
South Wales. A whole genome sequence is not available for any of these Australian bat isolates

(Figure 3.5).

67



AL6b adenovirus/Bat/2011/Alstonville *
AL32 adenovirus/Bat/2011/Alstonville *
HB22F adenovirus/Bat/2011/Hervey Bay
HB7B adenovirus/Bat/2011/Hervey Bay
HB31K adenovirus/Bat/2011/Hervey Bay

98

42 EG adenovirus 1/Bat/2013/Geelong
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HB9D2 adenovirus/Bat/2011/Hervey Bay
HB20F adenovirus/Bat/2011/Hervey Bay
Cl13-16 adenovirus/Bat/2012/Christmas Island
HB13E adenovirus/Bat/2011/Hervey Bay
HB34K adenovirus/Bat/2011/Hervey Bay
64| AL30b adenovirus/Bat/2011/Alstonville *
AL34b adenovirus/Bat/2011/Alstonville *
98 | EG adenovirus 2/Bat/2010/Geelong
EG adenovirus 3/Bat/2012/Geelong

44

91

57

67

— CG adenovirus/Bat/2011/Cedar Grove
AL32b adenovirus/Bat/2011/Alstonville *
BO3 adenovirus/Bat/2011/Boonah

HB23F adenovirus/Bat/2011/Hervey Bay

98

HB18E adenovirus/Bat/2011/Hervey Bay
AL9 adenovirus/Bat/2011/Alstonville *
AL11 adenovirus/Bat/2011/Alstonville *
AL31b adenovirus/Bat/2011/Alstonville *

— HB14E/28J adenovirus/Bat/2011/Hervey Bay

A
0.05

Figure 3.5: Phylogenetic comparison of adenoviruses isolated from Australian and Christmas Island pteropid
bats. Maximume-likelihood tree is based on partial polymerase amino acid sequences and reconstructed with

MEGA 6.06, bootstrapping to 1000 replicates. Isolates identified in this study are marked by an asterisk.

The Alstonville bat isolates are also closely related to some of the short polymerase sequences
obtained from Pteropus giganteus flying foxes in Bangladesh, but more divergent from another

pteropid isolate, bat adenovirus FBV1 from Pteropus dasymallus yayeyamae in Japan (Figure 3.6).

Human adenovirus C (AFQ34654)

When only comparing to adenoviruses with a published whole genome sequence, the Alstonville bat

isolates are the most similar to an adenovirus recently isolated from Rousettus aegyptiacus in South

Africa (isolate 3085) (209) and isolates belonging to the newly classified species Bat mastadenovirus

D and E, both isolated from Miniopterus schreibersii in China (148, 150). No additional adenoviruses

could be detected by conducting PCRs directly on nucleic acid extracted from the bat urine.
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AL11 adenovirus/Bat/2011/Alstonville *
99 | AL31b adenovirus/Bat/2011/Alstonville *

AL32b adenovirus/Bat/2011/Alstonville *

AL9 adenovirus/Bat/2011/Alstonville *

4

65 L Rousettus aegyptiacus adenovirus 3085 (MG551742.1)
Pteropus giganteus adenovirus 1 (KC692417.1)
90 ag| |AL6b adenovirus/Bat/2011/Alstonville *
721 AL32 adenovirus/Bat/2011/Alstonville *
31 AL30b adenovirus/Bat/2011/Alstonville *
?' AL34b adenovirus/Bat/2011/Alstonville *
— Bat adenovirus WIV12 (KT698856)
- 951 Bat adenovirus WIV13 (KT698852)
100 Bat adenovirus WIV9 (KT698853)
| Bat adenovirus WIV10 (NC029899)
37 Canine adenovirus 2 (AP000613)
” Bat adenovirus 11 250-A (KX871230)
= Bat adenovirus TJM (GU226970.2)
5 Bat adenovirus 2 PPV1 (JN252129.1)
F | Equine adenovirus 1 (AEP16409)
42 Skunk adenovirus PB1 (KP238322.1)
997 Human adenovirus C (AFQ34654)
24 L Human adenovirus D (AGT76755)
Equine adenovirus 2 (KT160425.1)
1 Murine adenovirus 2 (HM049560.1)
Bat adenovirus FBV1 Japan (BAF93185)
24 g7 | Bat adenovirus WIV17 (KX961095)
98 |— Bat adenovirus WIV18 (KX961096)
86 Eidolon helvum adenovirus 06-106 (AP018374.1)
7‘— Rousettus leschenaultii adenovirus (AEO20260)
A
0.05

Figure 3.6: Phylogenetic tree of selected adenovirus isolates. Maximum-likelihood tree is based on partial and

complete polymerase amino acid sequences and reconstructed with MEGA 6.06, bootstrapping to 1000

replicates. Isolates identified in this study are marked by an asterisk. Genbank accession numbers are provided

in parentheses.
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3.2.3 ISOLATION OF A POLYOMAVIRUS

A polyomavirus was isolated following the inoculation of PaKi cells with bat urine collected on the 3"
August 2011. No obvious cytopathic effect was observed, however, aliquots of supernatant were
collected weekly. Nucleic acid was extracted from the supernatant and PCR identification was
attempted using Paramyxoviridae-specific degenerate primers due to the detection of a
paramyxovirus sequence in the source urine sample. A 600 bp fragment was obtained from nucleic
acid extracted 14 and 21 days post inoculation. Sequencing and BLAST analysis revealed this
sequence corresponded to a polyomavirus and was amplified due to a partial match with the
degenerate primers. Further PCR and Sanger sequencing was conducted to obtain the complete

virus genome sequence.

Polyomavirus genomes are comprised of circular double-stranded DNA. Analysis of this virus
revealed a 4958 bp long genome with open reading frames that corresponded to the polyomavirus
large T antigen, small T antigen and viral capsid proteins, VP1, VP2 and VP3. Phylogenetic analysis
indicated that this isolate, Pteropus sp. PyV/Bat/2011/Alstonville, was the same species as an
Indonesian bat polyomavirus that was isolated from a Pteropus sp. flying fox in Paguyaman,
Indonesia (Pteropus sp. PyV 6d/Bat/2013/Paguyaman) (161), with 96.59% nucleotide identity across
the whole genome (Table 3.5, Figure 3.7, 3.8). There were two nucleotide insertions in the non-
coding control region (NCCR) of the Australian isolate when compared to Pteropus sp. PyV
6d/Bat/2013/Paguyaman, but protein coding sequences were almost identical (Table 3.5). Pteropus
sp. PyV/Bat/2011/Alstonville also encodes four ORFs adjacent to the NCCR that potentially
correspond to an agnogene, however, the putative proteins from these sequences have no sequence

similarity to known agnoproteins.
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Figure 3.7: Phylogenetic analysis of whole genome nucleotide sequences of representative polyomaviruses.

B-lymphotropic PyV (M30540)

Pan troglodytes PyV 3 (HQ385748)
Gorilla gorilla PyV 1 (HQ385752)
Murine polyomavirus (AF442959)

67 Mesocricetus auratus PyV 1 (JX036360.1)

100

100
48

Maximume-likelihood tree reconstructed with MEGA 6.06, bootstrapping to 1000 replicates. The isolate

identified in this study is marked by an asterisk. Genbank accession numbers are provided in parentheses.
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Figure 3.8: Phylogenetic analysis of VP1 protein sequences of representative polyomaviruses. Maximum-
likelihood tree reconstructed with MEGA 6.06, bootstrapping to 1000 replicates. The isolate identified in this

study is marked by an asterisk. Genbank accession numbers are provided in parentheses.

Table 3.5: Gene and protein lengths of Pteropus sp. PyV/Bat/2011/Alstonville and comparison to Pteropus sp.
PyV 6d/Bat/2013/Paguyaman.

Length

Nucleotide

Identity

Amino acid

(bp) differences (%) Length (aa) differences Identity (%)
VP1 | 1104 32 97.1 367 6 98.37
VP2 | 975 33 96.62 324 2 99.38
VP3 | 615 23 96.26 204 1 99.51
Agnoprotein* | 213 0 100 70 0 100
LTAg | 1986 87 95.62 661 11 98.34
STAg | 501 16 96.81 166 0 100
Whole genome | 4958 169 96.59
NCCR | 629 11 98.25

*Based on open reading frame that encodes a protein most similar in size to other bat polyomavirus

agnoproteins




3.3 DISCUSSION

Fifty-nine urine samples collected in Alstonville in 2011 were assessed for the presence of unknown
viruses. It was predicted that these samples would contain multiple paramyxoviruses and
adenoviruses based on the high percentage of these urine samples that contained HeV RNA, as well
as previous studies that isolated paramyxoviruses or detected paramyxovirus RNA in Australian
pteropid bat urine (9, 30). In this chapter, urine samples collected in Alstonville were demonstrated
to contain paramyxovirus RNA potentially derived from a range of novel viruses, in addition to

adenoviruses and a polyomavirus.

The urine samples were collected from a mixed colony of flying foxes, made up of an approximate
50/50 split of P. poliocephalus and P. alecto. Therefore, information regarding the host specificity of
these viral sequences, and thus conclusions about host-virus co-evolution and infection dynamics,
cannot be determined. Previously, co-evolution of paramyxoviruses and their host species has been
supported by host specificity and the particular geographical distribution of these viruses or viral
sequences (198). For example, P. alecto and P. conspicillatus are considered the main reservoir hosts
of HeV, whereas infection rates are low in P. poliocephalus colonies despite the geographical overlap
with P. alecto colonies (47). Further work is required to determine the source species for each
sequence based on cytochrome B gene PCR (210), however, the results may not be accurate due to

potential pooling of the urine samples on the plastic collection sheets.

PARAMYXOVIRUSES

In addition to the isolation of Teviot virus and Alston virus that are described in Chapters 4 and 5,
analysis of the urine samples revealed a number of distinct sequences that could contribute to the
generation of a novel genus within the family Paramyxoviridae (Figure 3.1-2). Almost the whole
coding sequence of a novel paramyxovirus, Lumley virus (LumPV), was detected in a bat urine
sample as described in section 3.2.1.4. Initially, the virus was detected in the supernatant of cells
inoculated with the urine sample, but did not appear to replicate efficiently. It is possible that LumPV
requires a specific protease for efficient infection following cleavage of the fusion protein, although
no increase in growth was observed when LumPV was grown in the presence of trypsin. As
paramyxovirus-derived RNA could also be detected in the bat urine, it is possible that no replication
occurred at all and the sensitive hemi-nested PCR only detected residual viral RNA from the urine. In
comparison, the putative virus in sample AL23 could only be detected in the cell culture supernatant

and not in the urine, suggesting that some replication had occurred.

A cleavable signal sequence in the N-terminus of the F protein, present in all paramyxoviruses but

apparently lacking in LumPV, is required for targeting to the endoplasmic reticulum membrane (57).
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The fusion protein of Kumasi virus also appeared to lack an N-terminal signal sequence. This was
later determined to be due to an polymerase error and was adjusted by the in silico addition of
another nucleotide near the N-terminus (107). For the LumPV F protein, conserved features such as
the fusion peptide and a C-terminal endocytosis motif indicate that the protein is in the correct
reading frame when using the current start site. Other potential start sites in alternative reading
frames were investigated to see if there was a similar polymerase error to Kumasi virus, but this was
unsuccessful. Furthermore, in vitro investigation is required to confirm the membrane orientation of
the LumPV F protein as the in silico prediction of four potentially transmembrane regions is not

consistent with other paramyxovirus fusion proteins.

The lack of sequence similarity to other paramyxovirus attachment proteins (Figure 3.4) is similar to
what has been observed with MojPV. It has been demonstrated that MojPV does not use an
ephrinB2/B3-, sialic acid- or human CD150-dependent pathway for cell attachment (106). The
functional assessment of MojPV was conducted by co-expression of the fusion protein and
attachment glycoprotein from mammalian expression vectors. This method could be utilised for the
characterisation of LumPV as it only requires the sequences of the F and G genes instead of an
isolate of the virus. The sequence divergence of LumPV from other virus attachment proteins and
the lack of conserved neuraminidase or ephrin binding motifs indicate that it likely also uses an
alternative entry receptor to sialic acid or ephrinB2, or that it binds these host cell receptors in a
novel way. Obtaining the entire coding sequence of LumPV would allow this to be investigated even

further by developing a reverse genetics system.

A number of other short sequences of paramyxovirus-derived RNA were detected in bat urine by
PCR (section 3.2.1.1). Although metagenomic analysis of these samples would have potentially
yielded additional viral sequences, the aim of this thesis was to isolate and characterise
paramyxoviruses, therefore a targeted approach was used instead. For the majority of the samples
described in section 3.2.1, only fragments of RNA were detected, but no replicating virus could be
isolated or whole genome sequences obtained. This is because the nested RT-PCR assay used for
detecting paramyxoviruses was more sensitive than virus isolation and could detect viral RNA even
after the inactivation of the virus or degradation of the genome. The urine samples used for analysis
were collected off plastic sheets below bat colonies, potentially allowing time for the viral RNA to
degrade before collection into viral transport media. Following transport to the Australian Animal
Health Laboratory, the urine samples were thawed for HeV detection, before being frozen again and

stored for 4 years at -80°C.
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The urine samples used for this thesis had already been tested for the presence of Hendra virus (HeV)
RNA, which revealed that 39% of urine samples collected on the 12" July 2011 and 31% of samples
collected on the 3™ August 2011 were HeV positive. These HeV positive samples were removed from
analysis, meaning that the prevalence of paramyxoviruses in the Alstonville bat colony in 2011 was
actually 52.8% and 53.7% for the two collection dates. The observed prevalence of adenoviruses
may have also been misrepresented depending on the adenovirus prevalence in the removed

samples and how infection with HeV affects viral coinfections.

The sequences described in section 3.2.1.1 cannot currently be identified as ‘novel viruses’ due to
the lack of whole genome sequences. Some of these viral sequences may have been derived from
the same virus species as sequences identified during previous surveillance of Australian bats (198).
However, this cannot be confirmed due to the use of different primers and the lack of whole
genome sequences. Many previously identified sequences were detected by screening bat urine
using only the Respirovirus-Morbillivirus-Henipavirus degenerate primers (198), whereas this study
also utilised Paramyxoviridae degenerate primers, resulting in the detection of viral RNA in an
additional twelve urine samples. These two sets of primers amplify different, non-overlapping
regions of the L gene, therefore it is possible that the virus sequences detected using
Paramyxoviridae-specific primers in section 3.2.1.1 have been identified during previous Australian
surveillance using Respirovirus-Morbillivirus-Henipavirus-specific primers. Similarly, a major
international study of bat paramyxoviruses did not use the Paramyxoviridae degenerate primers (54);

therefore, comparisons to international sequences were limited to specific studies (31, 165, 168).

Phylogenetic analysis of the detected paramyxovirus sequences indicated that their closest relatives
were from the genus Henipavirus. We have used a similar method to Vidgen et al. to distinguish
between the virus-derived sequences based on the variation of the L gene within the genus
Henipavirus (198). A group of viral sequences, potentially representing a genus, contained sequences
with variation between 6.2-35.4% at the nucleotide level. Variation <6.2% potentially represented a
single species, based on the variation between the Malaysia and Bangladesh isolates of NiV. By this
definition, we have identified or isolated eleven sequences representative of virus species (Figure
3.1-2), four of which were potentially representative of novel virus species (Appendix, Table Al). The
high similarity, less than 6.2% variation, between particular identified sequences suggested that
some of the detected viral RNA originated from the same viral species. Despite RNA viruses having a
high mutation rate due to their highly error-prone RNA-dependent RNA polymerases (211), it has
been observed in multiple paramyxoviruses that mutations are often not tolerated in the field and
that the genome sequences of paramyxoviruses remain fairly stable (212, 213). Therefore, based on

the observed variation between the sequences described in section 3.2.1.1, it is likely that these
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representative sequences equate to unique viral species that were circulating throughout Australian
bat populations in 2011 and shed in their urine. Further inferences cannot be made because the

phylogenetic tree was not well supported by bootstrapping.

Many henipa-like virus RNA fragments have been detected globally, but there has been limited
success in isolating the viruses that correspond to these sequences (54, 198). As more whole-
genome sequences of these viruses are elucidated, it is likely that the paramyxoviruses from which
the sequences discussed in this chapter are derived will form at least one novel genus, consistent
with what has been hypothesised during other surveillance studies (168, 198). Although inferences
can be made about the range of viruses present in this population of bats, definite conclusions must
wait until whole-genome sequences or isolates of these viruses can be obtained. The whole-genome
sequence of LumPV is therefore an important tool for learning more about this potential new genus

of paramyxoviruses.

ADENOVIRUSES

Multiple adenoviruses were isolated from bat urine collected in Alstonville (section 3.2.2). The
sequence similarity of the adenovirus isolates with previously isolated Australian bat adenoviruses
suggests that these adenoviruses may be consistently maintained in the Australian flying fox
population, but a larger study size and regular sampling would be required to investigate this
hypothesis. Other bat adenoviruses have shown tissue tropism for the intestines, liver and kidney of
bats (214), and multiple bat adenoviruses have been isolated from bat faeces samples (148) or from
bat urine (199). Care was taken to avoid contamination with bat faeces, therefore it seems that
these adenoviruses were shed in the bat urine. Further investigation using a more sensitive PCR
would be useful for detecting any additional adenovirus DNA in the urine. This mechanism of virus
shedding would facilitate continuous exposure of the bat colony to the adenoviruses, contributing to

a higher probability of bat infection and maintenance of the virus circulation in the population (36).

Previous bat isolates have been classified as belonging to one of the seven recently formed species,
Bat mastadenovirus A-G (150). Species demarcation within the Mastadenovirus genus is dependent
on a number of criteria that cannot be determined from a short PCR fragment alone, including cross-
neutralisation and genome organisation (135). Although the adenoviruses described in this chapter
were isolated, no characterisation or further sequencing was completed. One criterion for the
formation of a new species is a phylogenetic distance of >5-15% based on the DNA polymerase
amino acid sequence (135). Although these isolates have a phylogenetic distance of ~15% or greater

from previously described adenovirus species, it is only based on a 126 aa fragment of the DNA
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polymerase, therefore whole genome sequencing is required to confirm their description as unique

species.

Mastadenoviruses are considered to be very host species-specific (215), however, the similarity of
the Alstonville bat isolates to Rousettus aegyptiacus adenovirus-3085 (209) suggests that host
switching events may have occurred instead of exclusively co-diverging with their host species. R.
aegyptiacus are also members of the Pteropodidae family, but cluster under the Rousettinae
subfamily that are estimated to have diverged from the Pteropodinae subfamily 20 million years ago
(216). As sampling and surveillance of bats continues, the phylogeny of bat adenoviruses may
become more distinct and this apparent relationship between adenoviruses from divergent host

species may disappear (209).

Furthermore, the isolates to which the Australian bat adenoviruses are most closely related have a
lower GC content than most mastadenoviruses. A similarly low GC content of between 34-39% is
observed in the DNA polymerase fragment obtained from the Australian isolates, although definite
conclusions cannot be made from only short fragments of genome. It has been suggested that
mastadenoviruses evolved to have longer genomes with higher GC content over millions of years
and that isolates with a low GC content may represent ancestral mammalian viruses (148). The
controlling factors behind the diversity and evolution of adenoviruses need further investigation by
obtaining the whole genome sequence of these Australian isolates. Characterisation of the

Australian isolates is also required to understand more about their potential for host switching.

POLYOMAVIRUS

The presence of a polyomavirus in bat urine is not surprising given the tissue tropism of BK virus, a
human polyomavirus. While usually caught as a respiratory infection in childhood, it later establishes
a latent infection in the urothelium and tubular epithelial cells (154). BK virus is highly prevalent in
humans with over 80% of adults seropositive for the virus (155) and up to half of these adults
exhibiting viruria of BK virus (156). Although normally asymptomatic, reactivation of BK virus can
occur after kidney transplant due to immunosuppression, resulting in interstitial nephritis and
allograft failure (154). Due to the differences in the bat immune system, bat polyomaviruses might
not establish a completely latent infection of the kidney and the urothelium. Further screening of
bat urine at regular intervals would be required to determine if there is periodic reactivation of the

virus or constant viruria.

Despite this, urine has not previously been used to detect bat polyomaviruses (152, 161-164). This
study indicates that urine is a viable sample for the isolation of polyomaviruses from bats. So far,

there is no documented evidence of bat polyomavirus isolation in cell culture from any bat sample
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and only genomic characterisations of bat polyomaviruses have been completed and published (152,
161-164). Therefore, this isolation provides a new opportunity for future characterisation of a bat

polyomavirus.

The polyomavirus species identified in this chapter has previously been detected in an Indonesian
pteropid bat (Table 3.5). Although similar viruses have been detected in Australian and Indonesian
pteropid bats, this is the first instance of the same viral species being identified in both countries.
The genome of the Indonesian isolate was detected in the spleen of an unidentified species of
pteropid bat in the Paguyaman District (161). Due to the lack of a confirmed host species, this virus is
yet to be officially classified as a new species by the ICTV. Bat samples collected from the Paguyaman
District in previous years indicate that Pteropus hypomelanus and close relatives are present in this

district (165).

As dsDNA viruses, polyomaviruses have a low level of mutation and substitution, with some strains
shown to have identical nucleotide sequences over a range of times and locations (217). However, it
has been hypothesised that the virus-host co-evolution of polyomaviruses follows an intrahost
divergence model, which allows for transmission between closely related species. This model
suggests that viruses diverge faster than host species evolution, resulting in multiple clades of
polyomavirus in one host species. (217). Therefore, given the minimal number of nucleotide
changes between these two isolates, it is likely that the virus transmission event occurred more
recently than the divergence of Australian and Indonesian pteropid bats. This once again raises the
question of the likelihood of Nipah virus (NiV) transmitting to Australian bats. NiV has been detected
in fruit bat populations within 500 km of Australia (218). It has previously been determined that the
risk of NiV introduction into the Australian bat population by a migratory route is medium, although
the presence of Hendra virus neutralising antibodies means that the risk of establishment of NiV in

the population is less due to cross protection (219).

Pteropid bats, including Pteropus alecto, have been shown by satellite telemetry to be able to fly
between Australia, Papua New Guinea and Indonesia, with one P. alecto travelling >3000 km over
the course of 11 months (220). Using the same methods, P. poliocephalus have been observed to fly
~1000 km from the initial trapping location over 39 weeks of tracking (221), although its more
southern geographical location means this distance is over Australian instead of international
borders. It is therefore possible that this polyomavirus has recently transmitted from pteropid bats
in Indonesia to Australian flying foxes. Previously, inter-species transmission of polyomaviruses has

only been observed for avian polyomaviruses involving captive host animals (217). However, as only
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the genus of Pteropus sp. PyV/Bat/2011/Alstonville and Pteropus sp. PyV/Bat/2013/Paguyaman was

identified, it remains unconfirmed if interspecies transmission has occurred.

3.4 CONCLUSION

These results build on our knowledge about the vast diversity of viruses in Australian bats. The
discovery of diverse paramyxovirus sequences, in addition to the isolation of two paramyxoviruses,
multiple adenoviruses and a polyomavirus, could have important public health implications if these
viruses spillover into non-pteropid mammalian populations. This knowledge of the primary host of
these viruses could enhance recognition and speed up the epidemiological response to viral spillover.
As we cannot determine the significance of these viruses based on sequence alone, two isolated

paramyxoviruses were selected for in vitro and in vivo investigation for this thesis.
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CHAPTER 4: CHARACTERISATION OF TEVIOT
VIRUS, AN AUSTRALIAN BAT-BORNE
PARAMYXOVIRUS

This manuscript has been submitted to the Journal of General Virology and is currently under review.

It describes the characterisation of a virus, Teviot virus, isolated during the investigation described in

Chapter 3 of this thesis.

Page numbers, as well as numbering of figures, tables and sections, have been changed in order to

generate a consistent presentation within the thesis.
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4.1 ABSTRACT

Bats are the reservoir hosts for multiple viruses with zoonotic potential including coronaviruses,
paramyxoviruses and filoviruses. Urine collected from Australian pteropid bats was assessed for the
presence of paramyxoviruses. One of the viruses isolated was Teviot virus (TevPV), a novel
rubulavirus previously isolated from pteropid bat urine throughout the east coast of Australia. Here,
we further characterise TevPV through analysis of whole-genome sequencing, growth kinetics,
antigenic relatedness and the experimental infection of ferrets and mice. TevPV is phylogenetically
and antigenically most closely related to Tioman virus (TioPV). Unlike many other rubulaviruses, cell
receptor attachment by TevPV does not appear to be sialic-acid dependent, with the receptor for
host cell entry unknown. Infection of ferrets and mice suggested TevPV has a low pathogenic
potential in mammals. Infected ferrets seroconverted by 10 days post infection without clinical signs
of disease. Furthermore, infected ferrets did not shed virus in any respiratory secretions, suggesting
a low risk of onward transmission of TevPV. No productive infection was observed in the mouse

infection study.
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4.2 INTRODUCTION

With the emergence of pathogens occurring at a greater frequency than ever before (2), the
discovery and characterisation of novel viruses is important in the prevention of emerging infectious
disease outbreaks. In particular, the number of pathogens emerging from wildlife has risen
significantly (2). The increased risk of pathogen emergence and infection of non-reservoir hosts
(spillover) is attributed to increased urbanisation and higher human population density leading to
more contact between humans, livestock and wildlife (2, 3, 16). Bats host a greater proportion of
zoonotic viruses than any other mammalian order (3), making them an important target group for a
systematic approach to the discovery of viral pathogens. Identifying potentially zoonotic viruses
before they emerge can reduce the impact of these viruses, both economically and from a public

health perspective, as well as increase our understanding of existing pathogens (16).

Multiple viruses from the family Paramyxoviridae have been detected in bats, including Hendra virus
and Nipah virus that cause significant disease and fatality in humans (30, 53, 54, 100). This viral
family currently contains the genera Morbillivirus, Henipavirus, Rubulavirus, Respirovirus, Avulavirus,
Ferlavirus, and Aquaparamyxovirus, with a number of viruses yet to be classified (222).
Paramyxoviruses are enveloped viruses with a linear negative sense RNA genome. With some
variation between genera, the genome encodes at least 6 genes. These are the nucleoprotein (N)
gene, phosphoprotein (P) gene, matrix (M) gene, fusion (F) gene, attachment glycoprotein (G, H or
HN depending on the enzymatic function of the protein) gene and the large polymerase subunit (L)
gene. RNA editing and alternative start sites in the P gene can result in the expression of multiple

proteins such as a P, V, W and/or C protein (57).

The genus Rubulavirus contains the human pathogens mumps virus and human parainfluenza virus 2,
as well as a number of bat-borne viruses, several of which have been associated with zoonotic
transmission to humans (57). For example, Menangle virus (MenPV) was identified as the causative
agent of an outbreak of reproductive disease in pigs and an influenza-like illness in two humans (131,
132). Sosuga virus was identified after a biologist conducting field work collecting bats and rodents

in South Sudan and Uganda developed symptoms including fever, maculopapular rash and
oropharynx ulcerations. The virus was then identified in Rousettus aegyptiacus fruit bats, suggesting

bats were the source of infection (126, 133).

Since the discovery of Hendra virus (HeV), the surveillance of Australian pteropid bats has led to the
discovery of multiple novel paramyxoviruses (30). In 2011, there was an unprecedented increase in
the number of Hendra virus disease events; 18 spillover events occurred in a single year, compared

to 14 events documented between 1994 and 2010 (53). Increased surveillance of pteropid bats
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triggered by increased spillover events demonstrated that shedding of Hendra virus from pteropid
bats in northern New South Wales and southeast Queensland was more prevalent in 2011 than in

previous years (53), making them useful targets for the discovery of novel paramyxoviruses.

In the current study, analysis was carried out on urine collected in 2011 from fruit bats in Alstonville,
New South Wales, leading to the isolation of Teviot virus/Bat/2011/Alstonville (TevPV). TevPV has
now been isolated 19 times including in Cedar Grove, Queensland, and in Geelong, Victoria (30, 200),
making it widespread down the east coast of Australia. Previous study of other isolates of TevPV has
revealed its whole genome sequence, its capacity for RNA editing of the P gene to result in the
translation of V and P proteins, and its growth in some mammalian cell lines (30, 200). The most
recent isolation of TevPV in Alstonville has prompted the current investigation into the ability of this
virus to cause pathogenic disease in experimentally infected animals, along with further in vitro

characterisation.

4.3 RESULTS
4.3.1 ISOLATION OF TEVIOT VIRUS FROM PTEROPID BAT URINE

Fifty-nine pooled urine samples, collected from a combination of Pteropus alecto and P.
poliocephalus bats, were inoculated onto Vero and P. alecto kidney (PaKi) cells (171) and monitored
for signs of viral cytopathic effect (CPE). One urine sample, collected on the 3" August 2011 in
Alstonville, caused syncytial CPE on day 13 of the first passage, day 6 of the second passage and day
4 of the third passage when inoculated onto PaKi cells. CPE appeared late in the second passage on
Vero cells. RT-PCR and Sanger sequencing indicated that the virus was the rubulavirus Teviot virus
(TevPV). RNA extracted from the supernatant of the first passage of PaKi cells exposed to the bat

urine containing TevPV was used for whole genome sequencing.

4.3.2 WHOLE GENOME SEQUENCING

Whole genome sequencing was conducted to confirm the presence of TevPV and to compare with
geographically different isolates of the virus (Fig. 4.1). This was carried out using RNA extracted after
pelleting by ultracentrifugation through a 20% sucrose cushion. Consistent with previous TevPV
isolates, the genome of the Alstonville isolate was found to be 15522 nucleotides long with a whole
genome GC content of 43.4%. This genome satisfies the rule of six, allowing efficient replication (60).
The protein coding percentage of the genome is 90%, which is similar to other rubulaviruses (223).
Phylogenetic analysis determined that the most closely related paramyxovirus is Tioman virus

(TioPV), isolated from pteropid bats in Malaysia during the search for Nipah virus (Table 4.1) (128).
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Figure 4.1: Phylogenetic analysis of rubulavirus N proteins. Maximum-likelihood tree constructed with MEGA
6.06, bootstrapping to 1000 replicates. Isolate characterised in this chapter is highlighted in bold. Genbank

accession numbers are provided in parentheses.

Table 4.1: TevPV amino acid sequence identity compared to TioPV and MenPV. Sequences aligned and

identities calculated by ClustalW alignment in Geneious 10.2.2.

Virus Percentage amino acid sequence identity

N P Vv M F G L
TioPV 90 72 71 92 83 73 79
MenPV 78 56 59 87 61 51 65

Genome ends were determined by a combination of 5’ rapid amplification of cDNA ends (RACE) and
sequencing across ligated genome ends. The resulting sequence matched predicted sequences
previously inferred from the genome termini of TioPV (200). The leader sequence of TevPV is 55

nucleotides and is highly conserved with other rubulaviruses, while the trailer sequence is 23
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nucleotides long and is similar to that of TioPV. The first 15 nucleotides of the leader sequence of the

genome are complementary to the 3’ terminus of the antigenome.

Similar to TioPV and MenPV, the transcriptional start sites of all TevPV genes begin with a guanine
(in the antigenome) and the gene boundaries are conserved (Table 54.1) (61, 62). In comparison,
other members of the family Paramyxoviridae, including other members of the genus Rubulavirus,
have adenine at the first position of gene transcription (57). The lengths of the intergenic regions are
variable, as are the starting nucleotides of these intergenic sequences, unlike TioPV where all

intergenic sequences begin with a cytosine (62).

4.3.3 ANALYSIS OF DEDUCED AMINO ACID SEQUENCES FOR KEY PROTEINS

Teviot virus/Bat/2011/Alstonville was found to be over 99% identical to the two other recorded
sequences of TevPV - Teviot virus/Bat/2011/Geelong and Teviot virus/Bat/2009/Cedar Grove. Only
11 amino acid differences were observed in total between the Alstonville isolate and the Geelong
isolate, and 14 amino acid (aa) differences between the Alstonville isolate and the Cedar Grove
isolate. Consistent with previous isolates, TevPV expresses 8 proteins from 6 genes, with the lengths

of coding sequences highly conserved with TioPV (Table 4.2).

Table 4.2: TevPV gene and protein lengths compared to TioPV genes and proteins. Differences between the

two viruses are highlighted in bold font.

Gene Region Virus Length (nt) Length (aa)
3’ TevPV 55
leader TioPV 55
N CDS TevPV 1560 519
TioPV 1560 519
P V CDS TevPV 681 226
TioPV 687 228
P CDS TevPV 1158 385
TioPV 1158 385
W CDS TevPV 636 211
TioPV 636 211
M CDS TevPV 1128 375
TioPV 1122 373
F CDS TevPV 1617 538
TioPV 1617 538
G CDS TevPV 1788 595
TioPV 1782 593
L CDS TevPV 6816 2271
TioPV 6816 2271
5’ TevPV 23
trailer TioPV 23
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4.3.3.1P/V

The gene editing strategy of TevPV was demonstrated to be the same as other rubulaviruses, with
the unedited form of the gene encoding the 226 aa long V protein. The addition of 2 non-templated
G nucleotides during transcription results in the translation of a P protein of 385 aa in length. Like
other paramyxoviruses, the V protein of TevPV has a highly conserved C-terminal domain and has all
seven of the conserved cysteines in this domain that have been previously demonstrated to be

associated with a zinc binding function (57).

The prevalence of RNA editing per 100000 reads was analysed by amplicon sequencing of the editing
site. Three biological replicates were compared to controls, also in triplicate, to eliminate the effect
of errors introduced during reverse transcription and PCR amplification of the amplicons. Amplicon
sequencing revealed that the transcript remained unedited or had the addition of 3 G residues to
maintain the reading frame 66.6% of the time, resulting in the expression of the V protein. The P
protein was expressed, on average, from 27.6% of transcripts and the W protein was expressed from
5.9% of transcripts. The majority of these W transcripts were from single G insertions, however
approximately 1.7% of transcripts had the insertion of four G residues. Five G insertions could also
be detected at a very low prevalence resulting in the expression of the P gene. This is consistent with

the editing frequency of the MenPV P gene when analysed by the same method (184).

4.3.3.2 ATTACHMENT GLYCOPROTEIN

The attachment glycoprotein of TevPV is predicted to be a Type 2 transmembrane protein with an N-
terminal cytoplasmic domain of 41 aa, however the sequence differs from classical rubulaviruses
such as mumps virus and parainfluenza virus 5 (Fig. 4.2a). Specifically, it is less than 20% identical to
these rubulaviruses, which is similar to the identity observed when comparing TevPV with other
genera of Paramyxoviridae (Fig. S4.2). Sequence analysis indicated that, similar to TioPV and MenPV,
TevPV is missing the first four residues of a key hexapeptide, NRKSCS. This motif is thought to be
part of the neuraminidase active site and is found in many rubulavirus and respirovirus attachment
glycoproteins (224, 225). TevPV also only has 2-3 out of seven residues that that are important for

neuraminidase function (61, 62, 226).

The attachment glycoprotein of TevPV and other rubula-like viruses also appear to be functionally
different to that of classical rubulaviruses. Treatment of Vero cells with sialidase from Arthrobacter
ureafaciens, which targets a2,3-, a2,6-, and a2,8-linked terminal N- or O-acylneuraminic acids,
resulted in the reduction of viral infection with human parainfluenza virus 2 and parainfluenza virus

5, but not with the rubula-like viruses TevPV and TioPV (Fig. 4.2b). Viral infection with MenPV
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increased slightly. The addition of detergent to hydrolyse glycolipids made no difference to viral

infection.
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Figure 4.2: Characterisation of the attachment glycoprotein of TevPV. a) Maximum likelihood phylogenetic
tree of paramyxovirus attachment glycoproteins, constructed using MEGA 6.06, bootstrapping at 1000
replicates. Genbank accession numbers are provided in parentheses. b) Effect of Arthrobacter ureafaciens
neuraminidase treatment on rubulavirus infection of Vero cells, with or without treatment with an ionic
detergent, sodium deoxycholate. Infected cells were counted in nine fields of view and compared to infected
cells not treated with sialidase. Values represent a percentage of the number of infected cells counted in
untreated samples. Error bars represent standard deviation. Significance calculated by one-way ANOVA
followed by Dunnett’s multiple comparison test (compared to untreated cells). *** represents a p value of

<0.001, * represents a p value of <0.05. n = 2 independent experiments.
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4.3.4 TEVPV IS ANTIGENICALLY RELATED TO TIOMAN VIRUS

Antibodies from multiple rubulaviruses and antibodies raised against the nucleocapsid protein of
Hendra virus were observed to cross-react with TevPV. In comparison, antibodies raised against
TevPV in ferrets only bound to MenPV and TioPV (Fig. S4.1), the two rubulaviruses most closely

related to TevPV. TioPV and TevPV sera were also cross-neutralising (Table 4.3).

Table 4.3: Cross-neutralising titres of sera generated against TevPV, TioPV and MenPV. Titres represent the
reciprocal of the highest dilution of serum at which the infectivity of 100 TCIDs, of virus is neutralised in 50% of

the wells, as calculated using the Reed-Muench method.

Sera from TioPV TevPV MenPV
Infected with
TioPV 453 28 <10
TevPV 13 226 <10
MenPV <10 <10 320

Sera: ferret TevPV antisera, pig TioPV antisera and pig MenPV antisera; bold numbers indicate homologous
sera virus pairs

4.3.5 SEROPREVALENCE STUDY IN AUSTRALIAN FLYING FOXES

The prevalence of TevPV in Australian flying foxes was assessed by neutralisation assay and
immunofluorescence assay (IFA) using sera collected from Australian flying foxes between 1999 and
2012 (Table 4.4). TevPV was neutralised by 12.5% of the tested sera, however almost two thirds of
the sera samples bound TevPV when assessed by immunofluorescence assay, indicating cross-
reactivity with a related virus. The prevalence of neutralising antibodies in P. poliocephalus sera was

30%.

Table 4.4: Prevalence of neutralising antibodies to TevPV in Australian flying foxes. Sera from pteropid bats

collected in Queensland between 1999 and 2007, or Victoria in 2012.

Pteropid bat species No. positive Percentage positive
Pteropus sp.* 7/59 11.9
P. scapulatus 0/15 0
P. alecto 2/26 7.7
P. poliocephalus 6/20 30
Total 15/120 12.5

*Pteropid bat sera collected in Queensland between 1999 and 2007, species not recorded
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4.3.6 TEVPV IS NON-PATHOGENIC IN FERRETS AND MICE

To determine the pathogenic potential of TevPV in mammalian species, animal infection studies
were carried out in ferrets and mice. Three ferrets, five aged mice and five juvenile mice were
exposed to TevPV via the oronasal (ferrets) or intranasal (mice) route and monitored for up to 21
days. Seroconversion was detected by neutralisation assay in all three ferrets on day 10, indicating
that infection had occurred (Table 4.5), however, ferrets remained clinically normal with no fever,
changes in weight or behaviour until the scheduled day of euthanasia (21 days post infection).
Shedding of virus was not detected in ferrets in nasal, oral or rectal swab samples collected over the
course of the study. Virus was not detected by qRT-PCR or immunohistochemical analysis in any

tissues collected from ferrets following euthanasia.

Table 4.5: TevPV neutralising antibody titres from infected ferrets. Neutralising titres were calculated using the

Reed-Muench method.

Ferret No. Day 7 Day 10 Day 14 Euthanasia

Ferret 1 <10 57 96 101
Ferret 2 <10 100 186 226
Ferret 3 <10 64 135 113

Mice remained clinically normal following intranasal exposure to TevPV. Five mice were euthanised
during the predicted peak of infection (one on day 5 and four on day 6) and had no evidence of
infection by gRT-PCR or immunohistochemical analysis of various tissues. Remaining mice were
euthanised on day 21, at which point there was no detectable neutralising or non-neutralising

antibody response.

4.4 DISCUSSION

Bats have been identified as a significant reservoir of zoonotic viruses (3). It has been predicted that
with increased urbanisation and the encroachment of humans on bat habitats, the risk of these
viruses spilling over and causing disease will increase (3). Bat-borne paramyxoviruses, such as
Hendra virus and Nipah virus, can cause significant morbidity and mortality in livestock and humans
(7, 100). TevPV has been isolated multiple times from pteropid bats over a range of locations and
years (30, 200), suggesting an ongoing risk of human exposures. We demonstrated, through analysis
of sequence data and antigenic relatedness that TevPV is most closely related to TioPV. Serological
surveillance of humans living in proximity to TioPV-infected flying fox populations showed

seroconversion to a Tioman-like virus in a small number of cases, although TioPV infection has not
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been attributed to illness in people (129). It was therefore of interest to attempt to characterise the

disease-causing potential of TevPV in relevant animal models of paramyxovirus infection.

Although particular viral factors such as cytoplasmic replication, broad host range and low host
mortality can indicate a greater likelihood of causing zoonotic infections (3, 227), in vivo experiments
allow for characterisation of the pathogenic potential of flying fox isolates in non-pteropid
mammalian species. To this end, we exposed ferrets to TevPV isolated from flying foxes in Alstonville
in 2011. Ferrets developed a neutralising antibody response and had no detectable viral RNA or viral
antigen in tissues at 21 days post infection, suggesting oronasal exposure resulted in transient, self-
limiting subclinical infection that was cleared following a neutralising host antibody response. While
time-course studies would be needed to determine sites of viral replication during early infection of
ferrets, virus was not detected in oral or rectal swabs or nasal washes from ferrets sampled over the
course of the study, indicating viral replication at sites relevant to transmission did not occur. Mice
did not appear to be susceptible to infection with TevPV, indicated by the lack of detectable viral
genome or antigen, including in mice euthanised on days 5 and 6 post infection, and absence of a

serological response to infection in mice euthanised on day 21 post infection.

Taken together, our findings in ferrets and mice suggest that TevPV may have low pathogenic and
transmission potential in non-pteropid mammalian hosts. However, care must be taken in
extrapolating these observations to other animals and people. While ferrets are useful models for
infection with other paramyxoviruses of significance to human health, the similarity between TevPV,
MenPV and TioPV suggests that the infection of pigs with TevPV could provide a better indication of
its potential to cause disease in livestock. Experimental infection of pigs with TioPV was
characterised by pyrexia between 4-9 days post infection, the production of neutralising antibodies
and the presence of TioPV antigen in lymphoid tissues, particularly during acute infection (228). It
was proposed that circulating leukocytes were responsible for the dissemination of TioPV. Another
closely related bat-borne virus, MenPV, caused a higher rate of birth defects and abortion in pigs,
but did not cause disease in post-natal pigs during an outbreak at an Australian piggery. These pigs
were thought to act as an intermediate host, leading to the infection of two piggery workers who
displayed influenza-like symptoms (132). Further investigation of TevPV infection of pigs or other
livestock could also provide a greater understanding of their potential to be an intermediate or

amplifying host for the transmission of TevPV to humans.

Instead, ferrets were selected to assess the pathogenic potential of TevPV because they have been
shown to be useful models of infection for other paramyxoviruses of significance to human health

(193, 229, 230). Mice were selected as they are a useful early experimental model due factors such
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as ease of handling (194). Although previous experiments have demonstrated that the closely
related TioPV does not cause infection in suckling mice exposed intraperitoneally, age can be a
factor in susceptibility to paramyxovirus infection and disease. For example, aged mice more reliably
develop encephalitis than juvenile mice when infected with Hendra virus (194), therefore adult and

juvenile mice were included in this investigation.

Three isolates of TevPV have now been sequenced with only 11-14 aa differences and 64-101 nt
changes observed across the entire genome between the three isolates. This is despite two years
and 1400km between the collections of the sources of these isolates. The low number of nucleotide
differences between the TevPV isolates indicates that there may be constraining factors preventing
high levels of variation. This is seen in studies of other paramyxoviruses where, despite the high
error rate of RNA dependent RNA polymerases, the observed sequence diversity of different isolates
is very low (213). Multiple factors could influence these low levels of mutation, such as codon usage
constraints, nucleocapsid phasing constraints and the suppression of CpG ribonucleotide pairs to

reduce recognition by the immune system (213).

Despite the high sequence similarity between TevPV and TioPV, amplicon sequencing of the TevPV
RNA editing site indicated a much lower prevalence of P protein expression of 27.6% compared to 50%
for TioPV, though the TioPV prevalence was calculated by sequencing only sixty clones of the editing
site (128). Analysis of MenPV P gene editing by the same method of amplicon sequencing produces
similar results to TevPV (184), indicating the differences may just be due to the low depth of

sequencing for the TioPV editing site.

In vitro and in silico analysis of the attachment glycoprotein of the rubula-like viruses, TevPV, MenPV
and TioPV, indicated that they do not require sialic acid for cell entry and likely lack the ability to
bind sialic acid altogether (61, 62). The receptor for these rubula-like viruses remains unknown,
although the infection of pigs, bats and, in the case of MenPV, humans, demonstrates that it is likely
a conserved receptor. The reduction but not complete ablation of infection by the sialic acid-binding
rubulaviruses was similar to that observed after influenza virus infection of desialylated cells. Stray
et al. hypothesised that this was due to either a sialic acid-independent entry pathway or a multistep
pathway involving low affinity binding of sialic acid, which then facilitated higher affinity binding
with a secondary receptor (231). This evidence suggests that a new genus needs to be established to
reflect the sequence and functional differences. Recently, it has been proposed that these rubula-
like viruses be reclassified into a new genus, Pararubulavirus, within a new subfamily, Rubulavirinae

(56).
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Cross-reactive antibodies were detected in 65% of tested Australian flying fox sera, indicating that
other paramyxoviruses, in particular rubula and rubula-like viruses, are prevalent in these
populations. The higher prevalence of TevPV neutralising antibodies in P. poliocephalus sera
suggests that it is likely to be the primary host species for TevPV. P. poliocephalus flying foxes are
endemic to southeast Queensland, eastern New South Wales and Victoria (232) and were observed

in all the colonies from which TevPV has been isolated.

Enormous sampling efforts are taking place to describe the virome of bats and other animals globally
(233). Although detecting novel viruses in bats will increase our understanding of viral diversity, it is
necessary that we also continue to isolate and characterise viruses to better understand their
potential to cause disease. While our observations in ferrets and mice suggest TevPV poses a low risk
of infection causing significant disease or transmission, we cannot rule out this possibility for other
animals or people. Furthermore, the repeated isolations from bat colonies around Australia
demonstrate a large area for potential spillover, and anthropogenic changes could increase exposure
of the virus to other hosts, such as livestock animals, that have greater contact with humans. It is
therefore important that we continue to strive for increased understanding of potentially zoonotic

viruses, such as TevPV, through ongoing surveillance and discovery efforts in reservoir hosts.

4.5 MATERIALS AND METHODS

4.5.1 PRIMARY CELLS AND CELL LINES

Cell lines used were African green monkey kidney (Vero) cells and primary Pteropus alecto kidney

(PaKi) cells (171).

4.5.2 CELL CULTURE

Vero cells, MDCK cells, MDBK cells, Hela cells and PK15a cells were grown in Dulbecco’s Modified
Eagle Medium (Gibco) supplemented with 10% foetal bovine serum (FBS, Gibco), 100 units/ml
penicillin, 100 pug/ml streptomycin and 0.25 pg/ml amphotericin B (Antibiotic-Antimycotic, Gibco),
and 7.5mM HEPES (Gibco). PaKi cells were grown in Ham’s F12 Nutrient Mixture (Gibco)

supplemented as above.

4.5.3 SEQUENCES FOR PHYLOGENETIC ANALYSIS

Virus sequences used in phylogenetic analysis were the Alstonville isolate of Teviot virus
(MH708896), Teviot virus (Geelong isolate, KP271123), Teviot virus (Cedar Grove isolate, KP271124),
Tioman virus (NC_004074.1), Menangle virus (NC_007620.1), parainfluenza virus 5 (NC_006430.1),
human parainfluenza virus 2 (NC_003443.1), Achimota virus 1 (NC_025403), Achimota virus 2
(NC_025404), Beilong virus (NC_007803), Cedar virus (NC_025351), Hendra virus (NC_001906),
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human parainfluenza virus 4 (NC_021928), human parainfluenza virus 3 (NC_001796), bat mumps
virus (HQ660095), J virus (NC_007454), Mapuera virus (NC_009489), measles virus (NC_001498),
mumps virus (NC_002200), simian virus 41 (NC_006428), porcine rubulavirus (NC_009640), Tuhoko
virus 1 (NC_025410), Tuhoko virus 2 (NC_025348), Tuhoko virus 3 (NC_025350), Newcastle disease
virus B1 (NC_002617), Nipah virus (NC_002728), Sendai virus (NC_001552), Sosuga virus
(NC_025343), Atlantic salmon paramyxovirus (EF646380), fer-de-lance virus (NC_005084), canine
distemper virus (NC_001921), Mojiang virus (NC_025352) and avian paramyxovirus 6 (NC_003043).

4.5.4 URINE COLLECTION

Pooled urine was collected from plastic drop sheets situated under bat colonies in Lumley Park,
Alstonville on 12" July 2011 and 3" August 2011 as previously described (50). Samples that were
negative for Hendra virus by reverse transcription PCR were included in this study. At the time of
collection, the Alstonville bat colony comprised approximately 50% Pteropus alecto and 50%

Pteropus poliocephalus flying foxes.

4.5.5 VIRUS ISOLATION

Virus isolations were completed as previously described (124). Pooled urine samples were thawed,
centrifuged to remove debris, and then diluted 1:10 in PaKi cell growth media with a double
concentration of antibiotics and antimycotic. Diluted samples were added to Vero or PaKi cell
monolayers and rocked for 1 h at 37°C. Additional cell culture media was added and the flasks were
incubated at 37°C for one week to monitor for signs of viral cytopathic effect (CPE). One ml of

supernatant was passed onto Vero and PaKi cell monolayers at one week and again at 2 weeks.

4.5.6 VIRAL RNA EXTRACTION

RNA was extracted using a Viral RNA Isolation Kit (Qiagen) or Direct-zol RNA Miniprep (Zymo) as per
manufacturer instructions. A MagMAX-96 Viral RNA Isolation Kit (Applied Biosystems) was utilised

for viral RNA extraction from tissues and shedding samples collected from ferrets and mice.

4.5.7 VIRUS IDENTIFICATION

Extracted viral RNA was amplified by hemi-nested PCR using broadly reactive Paramyxoviridae-
specific primers (172). Reactions were set up using the Superscript Il One-Step RT-PCR System
(Invitrogen) with a final MgS0O,4 concentration of 2 mM, then incubated at 60°C for 1 min then 48°C
for 30 min for reverse transcription. Reactions were then cycled according to manufacturer’s
instructions with an annealing temperature of 49°C. First round PCR product was then amplified

with the Expand High Fidelity PCR System according to manufacturer’s instructions with an annealing
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temperature of 49°C. Positive samples were sequenced by Sanger sequencing then identified by

BLAST (NCBI).

4.5.8 WHOLE GENOME SEQUENCING

Virus stock was prepared for sequencing by incubating a PaKi cell monolayer for 7 days with
supernatant from passage 1 of putative TevPV isolation. Virus was pelleted by ultracentrifugation
through a 20% sucrose cushion at 35000rpm for 2 h, 4°C, then resuspended in 500 ul of TRIzol
Reagent (Invitrogen). Viral RNA was extracted using a Direct-zol RNA Miniprep kit (Zymo Research)
with an in column DNAsel digestion, followed by processing with a RNA Clean and Concentrator kit
(Zymo Research). Isothermal amplification was conducted using a REPLI-g WTA Single Cell kit (Qiagen)

and purified using a Genomic DNA and Concentrator 10 kit (Zymo Research).

DNA was fragmented for 30 min using DS DNA Fragmentase (NEB) without addition of magnesium.
Dual-index libraries were prepared using the Accel-NGS 2S DNA Library Kit for lllumina Platforms
(Swift Biosciences). Clean-up and double-sided size selection of the PCR amplified libraries with
SPRIselect beads (Beckman Coulter) resulted in a library with average size of 367bp (size range 200
to 550bp), as determined using the Agilent Bionalyzer 2100 HS DNA chip. Denatured libraries were

sequenced on the 300 cycle MiSeq Reagent kit v2 (lllumina) generating 150 bp paired-end reads.

Illumina FASTQ paired-end reads were imported into CLC Genomics Workbench 8.5.1 and trimmed
for size, quality and ambiguous bases. Trimmed reads were mapped to the Cedar Grove isolate of

Teviot virus (KP271124) and confirmed by de novo assembly.

4.5.9 CONFIRMATION OF GENOME TERMINI

The genome termini were confirmed using a combination of ligation and rapid amplification of cDNA
ends (RACE) followed by Sanger sequencing. The 3’ terminus was confirmed by ligating the ends of
the genome. T4 RNA ligase reaction buffer (NEB) was combined with 20 units of RNasin (Promega),
15 pl viral RNA, denatured at 65°C for 5 min and then cooled on ice. Then 20 units of T4 RNA ligase,
20 units of RNasin, 50 uM ATP and 10% PEG8000 were added to the reaction and incubated at 16°C
overnight. The ligated genome ends were amplified by hemi-nested PCR using Superscript Ill One-
Step RT-PCR System with Platinum Taq DNA Polymerase (Invitrogen) and Expand High Fidelity PCR
System (Roche) as described above. PCR fragments were gel purified and transformed into pGEM for
Sanger sequencing. The 5’ terminus was confirmed by rapid amplification of cDNA ends (RACE)
adapted from (177). Viral RNA was reverse transcribed with Superscript lll First-Strand Synthesis
Supermix (ThermoFisher Scientific) according to manufacturer’s instructions using a virus specific

primer. Viral cDNA was treated by RNase H for 20 min at 37°C, then purified using a NucleoSpin PCR
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Clean-up and Gel Extraction kit (Macherey Nagel). Viral cDNA was ligated to a 5’-phosphorylated and
3’-blocked oligonucleotide (5'-GAAGAGAAGGTGGAAATGGCGTTTTGG-3) using T4 RNA Ligase (NEB) at
25°C for 16 h. Two hemi-nested PCRs using an adaptor specific reverse primer and nested virus
specific forward primers were set up using a Platinum Taq DNA Polymerase High Fidelity system
(Invitrogen). The PCR reactions were set up according to manufacturer’s instructions, with an
annealing temperature of 50°C for the first PCR and 49°C for the second PCR. Fragments of the
correct size were gel purified using a NucleoSpin PCR Clean-up and Gel Extraction kit before Sanger

sequencing.

4.5.10 AMPLICON SEQUENCING

Amplicon sequencing was adapted from previously described methods (184). Vero cells were
infected in triplicate at an MOI of 0.01, followed by total RNA extraction at 72 h post infection. Total
c¢DNA was produced using Superscript lll Reverse Transcriptase (Invitrogen) with oligo(dT) primers
following the manufacturer’s protocol. Short P gene fragments were amplified with primers
attached to Nextera adapters using the Expand Hi-fidelity PCR kit (Roche). PCR controls were
produced in triplicate by cloning non-edited fragments into pGEM and amplifying the fragments
using the Expand Hi-Fi PCR kit (Roche). Reverse transcription controls were produced in triplicate by
cloning non-edited fragments into pCAGGS and transfecting the construct into Vero cells using
Lipofectamine LTX Reagent (Invitrogen). After 24 h incubation, total RNA was extracted. Reverse
transcription and PCR amplification were completed as above. Control and test PCR products were
amplified with Nextera adaptor-specific primers and a HiFi HotStart ReadyMix PCR system (Kapa
Biosystems). The DNA library was denatured at 96°C for 2 min before sequencing on a Miseq
(IMumina) using a 600-cycle MiSeq Reagent Kit v3 (lllumina). Data was analysed using CLC Genomics
Workbench 8.5.1 (Qiagen). Paired end reads were merged, trimmed on size and quality and reads
with large deletions and insertions were removed. Basic variant detection, with a minimum
frequency output of 0.05%, was conducted and standardised to 100000 reads. Data was confirmed

using unmerged, untrimmed or non-standardised read inputs.

4.5.11 VIRUS TITRATION

The 50% tissue culture infectious dose (TCIDs) per millilitre of virus stock was determined by
conducting serial 10-fold dilutions of virus in Vero cells in a 96-well plate. After 5 days incubation at
37°C, cells were assessed for the presence of cytopathic effect. Titres were then calculated using the

Reed-Muench method (191).
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4.5.12 IMMUNOFLUORESCENCE

TevPV was inoculated onto Vero cell monolayers in duplicate with an MOI of 0.01 and incubated for
48 h. Cells were fixed with methanol for 15 min at -20°C then blocked with 1% BSA in PBS for 30 min
at 37°C. Cells were incubated with primary antibodies for 1 h at 37°C and washed 4 times with PBS-T.
Cells were then incubated with either Protein A or anti-rabbit tagged with Alexa Fluor-488 and DAPI

for 1 h at 37°C. Cells were imaged using an EVOS FL Cell Imaging System.

4.5.13 NEUTRALISATION ASSAYS

Antibodies were two-fold serially diluted in quadruplicate starting at a 1:10 dilution. Antibodies were
then incubated with 100 TCIDs, of virus for 30 min at 37°C. A suspension of 2 x 10 Vero cells per
well were added and plates were incubated at 37°C for 5 days while monitoring cells for viral CPE.
Neutralising titres were calculated using the Reed-Muench method as the reciprocal of the highest
dilution of serum at which the infectivity of 100 TCIDsq of virus is neutralised in 50% of the wells

(192).

4.5.14 AUSTRALIAN FLYING FOX SEROLOGY ASSAY

Sera from 120 Australian pteropid bats were screened for reactivity to TevPV using the
immunofluorescence assay described above. Samples were then analysed by neutralisation assay in
quadruplicate using a 1:10 dilution of sera. Bat sera were collected between 1999 and 2012 and

were obtained for previous studies. All sera were inactivated by incubating at 56°C for 35 min.

4.5.15 ANIMAL EXPERIMENTS

All procedures were approved by the CSIRO Australian Animal Health Laboratory Animal Ethics
Committee. Ferrets (n=3), BALB/c mice aged between 6-9 months (n=5) and juvenile BALB/c mice at
8 weeks of age (n=5) were exposed to a 1/10 dilution of virus stock via the oronasal route (ferrets) or
the intranasal route (mice) whilst under anaesthesia (ferrets - 0.05 mg/kg medetomidine and 5
mg/kg ketamine; mice 1 mg/kg medetomidine and 75 mg/kg ketamine). The stock was diluted 1/10
to reduce the risk of adverse reactions during virus challenge, while still maximising the likelihood of
infection. The inoculum was confirmed by back titration to be 7x10" TCIDs, of TevPV per ferret and
2x10° TCIDs, of TevPV per mouse. Both species were monitored for 21 days for signs of clinical
disease and subcutaneous microchip temperature data were recorded daily. Weight data was
recorded and nasal washes, oral swabs, rectal swabs and blood were collected from infected ferrets
at days 3, 5, 7, 10, 14 and 21 post infection. Sera were collected on days 7, 10, 14 and 21 post
infection. Lung, kidney, spleen, brain (olfactory bulb plus 2mm caudal), liver and retropharyngeal

lymph node were collected from ferrets following euthanasia. Mice were weighed daily. Lung,
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kidney, spleen, brain (olfactory bulb plus 2mm caudal) and liver were collected from mice following

euthanasia.

4.5.16 QUANTITATIVE RT-PCR

Quantitative RT-PCR was conducted to detect viral RNA using Agpath-ID One-Step RT-PCR reagents
(Applied Biosystems). Briefly, 1x AgPath-ID One-Step RT-PCR Mastermix was combined with 300 nM
forward primer, 300 nM reverse primer, 100 nM probe, 0.4x RT-PCR Enzyme Mix and H,0 to 20 pl.
18S rRNA was amplified as an internal control using primer concentrations of 50 nM each and probe
concentration of 200 nM. Reactions were incubated at 45°C for 10 min and 95°C for 10 min, and
then cycled 40 times at 95°C for 15 s and 60°C for 45 s on a QuantStudio6 (Applied Biosystems).

Results were analysed using QuantStudio6 software.

4.5.17 HisToLOGY

Tissues collected at post mortem examination were assessed for the presence of histopathological
lesions and viral antigen following routine hematoxylin and eosin staining and immunohistochemical

staining using rabbit polyclonal antisera against MenPV N protein (AAHL Bioassay R&D).

4.5.18 SIALIDASE ASSAY

Confluent Vero cell monolayers were treated with 15 mU of Arthrobacter ureafaciens neuraminidase
(Sigma-Aldrich) for 2 h in cell culture media. Culture media was detergent free or contained 0.01%
(w/w) sodium deoxycholate (Sigma-Aldrich). Cells were washed 2x with PBS and incubated with virus
(MOI 2) in duplicate for 1 h. Cells were then washed four times with PBS and incubated for 24 h in
cell culture media, before fixing and immunofluorescence staining as above. Cells were viewed on an
ImageXpress Micro XLS Widefield High-Content Analysis System (Molecular Devices). Fluorescent
cells were counted in nine fields of view per well and compared to infected cells not treated with
sialidase. 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.
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4.6 SUPPLEMENTARY MATERIAL

Table S4.1: Comparison of genomic features of TevPV and TioPV. Nucleotide sequences of transcriptional start
and stop signals, untranslated region (UTR) lengths and intergenic region lengths (IGR) are compared.

Differences between the two viruses are highlighted in bold font.

Length Boundary Sequence
N 5 UTR TevPV 109 GAGCCCAGAAG
TioPV 109 GAGCCCAGAAG
3’ UTR TevPV 119 TAAGAAAAAA
TioPV 119 TAAGAAAAAA
IGR TevPV 41
TioPV 41
P 5'UTR TevPV 148 GAGCCCGAAC
TioPV 148 GAGCCCGAAt
3’'UTR TevPV 157 TAATAAAAAA
TioPV 151 TAAgAAAAAA
IGR TevPV 8
TioPV 8
M 5'UTR TevPV 35 GGGTCCGAAC
TioPV 35 GGGTCCGAAC
3’'UTR TevPV 253 TAAGAAAAAA
TioPV 220 TAAtAAAAAA
IGR TevPV 2
TioPV 35
F 5 UTR TevPV 74 GAGCCCGGAA
TioPV 74 GAGCCCGaAc
3’ UTR TevPV 86 AAAGAAAAAA
TioPV 84 ttAaggAAAA
IGR TevPV 40
TioPV 55
G 5 UTR TevPV 55 GGGCCCGAAC
TioPV 55 GaGCCCGAct
3’ UTR TevPV 120 TAAGAAAAAA
TioPV 137 TAAGAAAAAA
IGR TevPV 82
TioPV 70
L 5 UTR TevPV 8 GGGCCAGA
TioPV 8 GGGCCAGA
3’ UTR TevPV 42 TAATAAAAAAA
TioPV 42 TAAgAAAAAAA
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Table $4.2: Amino acid sequence comparison of TevPV with selected paramyxoviruses.

Virus Percentage amino acid sequence identity

TioPV 90 72 71 92 83 73 79

AchPV2 68 40 34 57 43 26 58

PIV5 46 31 30 37 36 19 49

PorV 48 28 21 46 37 17 48

hPIV2 41 27
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Uninfected TevPV TioPV

anti-TevPV

anti-TioPV

Figure S4.1: Antigenic cross-reactivity between TevPV and TioPV. Vero cells were infected TevPV or TioPV and
stained with either rabbit sera raised against recombinant N proteins of TioPV or with ferret sera resulting

from infection with TevPV. Magnification X20; scale bar = 100 um.
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CHAPTER 5: ALSTON VIRUS, A NOVEL
PARAMYXOVIRUS ISOLATED FROM BATS
CAUSES UPPER RESPIRATORY TRACT
INFECTION IN EXPERIMENTALLY CHALLENGED
FERRETS

This manuscript has been submitted to Viruses and is currently under review. It describes the
characterisation of a virus, Alston virus, isolated during the investigation described in Chapter 3 of

this thesis.

Page numbers, as well as numbering of figures, tables and sections, have been changed in order to

generate a consistent presentation within the thesis.
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Alston virus, a novel paramyxovirus isolated from bats causes
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Abstract: Multiple viruses with zoonotic potential have been isolated from bats globally. Here
we describe the isolation and characterisation of a novel paramyxovirus, Alston virus (AlsPV),
isolated from urine collected from an Australian pteropid bat colony in Alstonville, New South Wales.
Characterisation of AIsPV by whole-genome sequencing and analysing 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.

Keywords: Paramyxovirus, bat-borne, zoonoses

5.1 INTRODUCTION

Bats are the source of multiple zoonotic viruses including SARS coronavirus (25), Hendra virus
(53), Nipah virus (100) and Marburg virus (27). In fact, evidence suggests that bats host a greater
proportion of zoonotic viruses than any other mammalian order (3), highlighting the importance of
identifying novel viruses in bats. Australian pteropid bats are becoming more urbanised and fewer
bats are migrating, resulting in a greater chance of contact between bats and humans or domestic
animals (17, 45). This increased potential for exposure of non-reservoir hosts to bat-borne viruses

leads to the increased probability of infection spillovers occurring (18, 19).

104



Isolation and phenotypic characterisation 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 (24). The likelihood of viral emergence and
sustained human-human transmission is influenced by many factors. In addition to environmental
factors and host behaviours, 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 transmission; and the establishment of chronic or latent infection may allow for
sustained or recurrent viral shedding (227).

Paramyxoviridae is a family of negative strand RNA viruses currently comprising seven genera -
Rubulavirus, Henipavirus, Respirovirus, Morbillivirus, Ferlavirus, Aquaparamyxovirus and Avulavirus
(222). PCR and virus isolation have been used to identify many paramyxoviruses in bats globally, in
particular henipaviruses and rubulaviruses (30, 54). 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 (88). 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) (57). 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 (57). MuV and parainfluenza virus 5 (PIV5) also
express a short hydrophobic (SH) protein that has been associated with blockage of the TNFa-
mediated apoptosis pathway (73).

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 (114). Since the discovery of PIV5 in monkey kidney-cell
culture in 1954 (234), it has been isolated from a wide range of host species including pigs and cattle
(118, 235).

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. A 500 nt sequence that appears to be derived from AlsPV was previously
detected by PCR in pteropid bat urine collected in Geelong, Victoria (236), however, 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.
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5.2 MATERIALS AND METHODS

5.2.1 CELL CULTURE

Cell lines used in the characterisation of AlsPV were African Green Monkey (Vero) cells (ATCC),
primary Pteropus alecto kidney (PaKi) cells (171), Madin-Darby Canine Kidney (MDCK) cells (CSL Ltd),
Madin-Darby Bovine Kidney (MDBK) cells (ATCC), porcine kidney (PK15a) cells (National Animal
Disease Centre, lowa, 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) supplemented with 10% foetal bovine serum (FBS, Gibco), 100 units/ml
penicillin, 100 pg/ml streptomycin and 0.25 pg/ml amphotericin B (Antibiotic-Antimycotic, Gibco),
and 7.5mM HEPES (Gibco). PaKi cells were grown in Ham’s F12 Nutrient Mixture (Gibco)

supplemented as above for normal cell culture media.

5.2.2 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 (50). Urine was clarified, diluted and incubated with confluent Vero or PaKi cell
monolayers as previously described (124). 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.

Isolated paramyxoviruses were initially identified using hemi-nested PCR with degenerate
primers following protocols described previously (172), followed by Sanger sequencing of the PCR

products.

5.2.3 VIRUSES

In addition to Alston virus, viruses used for in vitro analysis included Teviot
virus/Bat/2011/Alstonville (TevPV), porcine rubulavirus (PorV), Mapuera virus (MapV), Tioman virus
(TioPV), Menangle virus (MenPV) and Hendra virus (HeV). The following reagents were obtained
through BEl Resources, NIAID, NIH: human parainfluenza Virus 2 (hPIV2), Greer, NR-3229;
parainfluenza virus 5 (PIV5), 21005-2WR (Tissue Culture Adapted), NR-42515; and mumps virus
(MuV), Enders, NR-3846.

The GenBank accession number for the Alston virus sequence is MH972568. Virus sequences

used in phylogenetic analysis Teviot virus (KP271123), Tioman virus (NP665871), Menangle virus
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(AFY09794), parainfluenza virus 5 (YP138518), human parainfluenza virus 2 (X57559), Achimota virus
1 (JX051319), Achimota virus 2 (AFX75118), human parainfluenza virus 4 (AB543336), bat mumps
virus (HQ660095), Mapuera virus (EF095490), mumps virus (NP054714), simian virus 41 (X64275),
porcine rubulavirus (BK005918), Tuhoko virus 1 (ADI80715), Tuhoko virus 2 (GU128081), Tuhoko
virus 3 (GU128082), Sosuga virus (AHH02041), and Hendra virus (NP047113).

5.2.4 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), CPl+ (JQ743321), 78524 (JQ743319), H221
(JQ743323), 08-1990 (KC237063), D277 (KC237065), DEN (JQ743322), LN (JQ743324), RQ
(JQ743327), MEL (JQ743325), and MIL (JQ743326).

5.2.5 SEQUENCING

5.2.5.1 WHOLE-GENOME SEQUENCING

Supernatant of AlsPV infected Vero cells was prepared for sequencing by ultracentrifugation
through a 20% sucrose cushion at 35000 rpm for 2 h at 4°C. Total RNA was extracted from the
resulting pellet using a Direct-zol RNA Miniprep kit (Zymo), including an in column DNasel digestion,
and purified by an RNA Clean and Concentrator kit (Zymo). A REPLI-g WTA Single Cell kit (Qiagen)
was utilised 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 (lllumina), and denatured libraries were sequenced using a
300-cycle MiSeq Reagent kit v2 (lllumina). 100000 paired-end reads were imported into the VirAMP
Galaxy pipeline, trimmed and assembled using the SPAdes de novo assembly algorithm (180, 181).
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.

5.2.5.2 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 (183). Genome ends were ligated
overnight at 16°C using 20 U T4 RNA Ligase, 20 U RNasin, 50 uM ATP, 10% PEG8000 and T4 RNA
ligase reaction buffer (NEB). Ligation was followed by hemi-nested PCR amplification using a
Superscript Ill One-Step RT-PCR System with Platinum Tagq DNA Polymerase (Invitrogen), then an
Expand High Fidelity PCR System (Roche).
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The rapid amplification of cDNA ends (RACE) (177) was required to determine the 5’ terminus,
with some adaptations made to the original method. Briefly, viral RNA was reverse transcribed using
a virus specific primer and the Superscript Il First-Strand Synthesis Supermix (ThermoFisher
Scientific). Viral cDNA was RNase H digested, followed by processing with a NucleoSpin PCR Clean-up
and Gel Extraction kit (Macherey Nagel). 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.

5.2.5.3 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 lll Reverse Transcriptase (Invitrogen). Fragments containing the RNA editing
site were amplified using an Expand High Fidelity PCR System with primers containing Nextera
adaptors,  (5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCCAACCCTCTACTTGGCTTGGATTC-3’)
and (5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCCGGGTATCCATCCCTCTCACTG-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). The DNA library was sequenced using a 600-
cycle MiSeq Reagent Kit v3 (lllumina). Data were analysed 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 standardised per 100000 reads.

5.2.6 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 millilitre (TCIDso/ml). Virus titres were
calculated using the Reed-Muench method (191).
5.2.7 GROWTH KINETICS ASSAY

Comparative growth analysis in multiple mammalian cell lines was conducted as described

previously (30). Briefly, confluent cells were inoculated with AlsPV at an MOI of 0.01 and incubated
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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 titres were

determined as above.

5.2.8 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.

5.2.9 NEUTRALISATION ASSAY

Paramyxovirus sera were first inactivated by incubating at 56°C for 35 min. A volume of 100
TCIDso 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 2x10* Vero cells was
added to each well, and plates were incubated for 5-7 days and then assessed for the presence of
CPE. Neutralising titres 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 TCIDsy of virus is

neutralised in 50% of the wells (192).

5.2.10 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 TCIDs, AlsPV for 45
minutes before the addition of a suspension of 2x10* Vero cells per well. Plates were incubated for 7

days before being assessed for the presence of virus-induced CPE.

5.2.11 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.

5.2.11.1 STUDY 1:
Female ferrets (n=3) were exposed oronasally to 7x10° TCIDso 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

109



(n=5) were exposed intranasally to 2x10* TCIDsy AlsV in 30 pl sterile PBS whilst under anaesthesia
(ferrets - 0.05 mg/kg medetomidine and 5 mg/kg ketamine; mice 1 mg/kg medetomidine and 75
mg/kg ketamine). Ferrets were approximately one year old and had a mean weight of 890g. Virus
stock used for animal challenge was diluted 1/10 to reduce the risk of adverse reactions during virus
challenge, while still maintaining a high enough dose to maximise the likelihood of infection. The
challenge dose 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 gqRT-PCR were lung,
kidney, spleen, brain (olfactory bulb plus 2mm caudal) and liver from mice; and lung, kidney, spleen,
brain (olfactory bulb plus 2mm caudal), liver and retropharyngeal lymph node from ferrets. Tissues

were fixed in 10% neutral buffered formalin for histology analysis.

5.2.11.2 STUDY 2:

Female ferrets (n=12), approximately one year old with a mean weight of 800g, were exposed
to 7x10° TCIDs AlsV as for study 1. Three ferrets were euthanised on each of days 3, 5, 7 and 10
post-inoculation, based on random allocation of a time point for euthanasia.

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 quantitative RT-PCR were brain (olfactory bulb plus 2mm 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.

5.2.11.3 ANALYSIS OF ANIMAL INFECTION STUDY SAMPLES

RNA was extracted from swab, EDTA-blood and homogenised tissue samples using MagMAX-96
Viral RNA Isolation Kit (Applied Biosystems) and analysed 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'-
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GGCCCTGTAATTGGAATGAGTCCA-3’), 18S-R (5-GCTGGAATTACCGCGGCT-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, copy numbers of 5 in both
gRT-PCR replicates, correlating with a Cy value of 40 (study 1) or 37.4 (study 2) were used as the
minimum of detection. Viral N gene copy numbers in tissue samples were standardised to 18S
expression (per 10 copies of 185 RNA). Viral N gene copy numbers in shedding samples were
calculated per millilitre of sample. Results were analysed using QuantStudio6 software. For virus
isolation and titration, 10-fold serial dilutions of clinical samples or homogenised tissue were made
in 96-well plates. A suspension of 2x10* Vero cells was added to each well and plates were incubated
at 37°C for 7 days before assessing for signs of CPE. Titres were calculated using the Reed-Muench

formula (191).

5.2.11.4 HISTOLOGY

Tissues were fixed in 10% neutral buffered formalin, and then trimmed and processed using
routine histological methods as previously described (237). Sections were assessed for the presence
of histopathological lesions and viral antigen following routine haematoxylin and eosin staining and
immunohistochemical staining using rabbit antibodies raised against a recombinant AlsPV N protein

peptide (Genscript).

5.2.12 ANTIBODIES

AlsPV polyclonal antibodies were generated in rabbits by Genscript (USA) using the peptide
CRQQGRINPRYLLQP from the AlsPV N protein. AlsPV ferret antisera produced in the animal infection
trials described in this study were also utilised. 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.

5.2.13 PROTEIN PREDICTION

Membrane topology of AlsPV proteins was predicted using Phobius (189).
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5.2.14 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) 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.

5.3. RESULTS

5.3.1 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 indicated that the virus was the source of a short
fragment of L gene 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 (236). Whole genome sequencing of first passage 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.

5.3.2 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 analysed to determine its classification as a novel virus.
Whole genome sequencing revealed that AlsPV is a novel virus from the genus Rubulavirus (Figure
5.1). 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 (223). It has a 55 nt leader sequence and a 31 nt trailer sequence
that were confirmed using a combination of 5’ rapid amplification of cDNA ends (RACE) and

sequencing across ligated genome ends.
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Figure 5.1: Phylogenetic analysis of rubulavirus and Hendra virus L protein. Maximume-likelihood tree
reconstructed with MEGA 6.06, bootstrapping to 1000 replicates. Genbank accession numbers are provided in

parentheses.

Phylogenetic analysis indicated that AlsPV is most closely related to PIV5 (Figure 5.2). The
lengths of the genomes and genes are highly conserved between PIV5 and AlsPV (Table 5.1), as well
as the sequences of the gene boundaries and the length of untranslated regions and intergenic
regions (Table S5.1). Furthermore, comparison of coding regions of PIV5 and AlsPV revealed
nucleotide identities between 63 - 81% and amino acid (aa) identities between 61 - 93% (Table 5.2).
Across the whole genome, including non-coding regions, the nucleotide identity between the two

viruses was found to be 74%.
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Figure 5.2: Phylogenetic analysis of the N gene of multiple parainfluenza virus 5 strains, AlsPV and human
parainfluenza virus 2. Maximume-likelihood tree reconstructed with MEGA 6.06, bootstrapping to 1000

replicates. Genbank accession numbers are provided in parentheses.
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Table 5.1: Comparison of AlsPV and PIV5 coding sequences and protein lengths. Differences between AlsPV

and PIV5 are in bold.

Gene/feature Coding region Virus Length (nt) Length (aa)

, AlsPV 55
3’ leader PIVS 5c

N CDS AlsPV 1530 509

PIV5 1530 509

V CDS AlsPV 669 222

PIV5 669 222

p P CDS AlsPV 1179 392

PIV5 1179 392

W CDS AlsPV 516 171

PIV5 516 171

M CDS AlsPV 1134 377

PIV5 1134 377

F CDS AlsPV 1629 542

PIV5 1590 529*

SH CDS AlsPV 135 44

PIV5 135 44

HN CDS AlsPV 1698 565

PIV5 1698 565

L CDS AlsPV 6768 2255

PIV5 6768 2255
P AlsPV 31
5' Trailer PIVS a1

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

Table 5.2: Nucleotide and amino acid sequence identities between AlsPV and PIV5. Identities calculated by

ClustalW alignment in Geneious 10.1.3.

N P Vv W M F SH HN L
Nucleotide 76 79.4 806 769 76.6 725 63 71 76.7
Aminoacid 91 86 89 86.6 93 85 61 81 92

5.3.3 ANALYSIS OF DEDUCED AMINO ACID SEQUENCES

5.3.3.1SH

The 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 a

short hydrophobic (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 (238). The AlsPV SH protein is predicted to be a
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class Il integral membrane protein with 16-19 cytoplasmic N-terminal residues and 1-5 C-terminal

residues.

5.3.3.2HN

The AlIsPV HN gene contains important motifs and residues associated with neuraminidase
function, in particular, the NRKSCS motif (224, 225). Treatment of Vero cells with a broad acting
sialidase prior to infection resulted in a significant reduction in the ability of the virus to infect cells
(Figure 5.3). 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 5.3: 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 the standard deviation. 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.

5.3.3.3 RNA EDITING OF THE P GENE
Similar to other rubulaviruses, the unedited transcript of the AlIsPV 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
100000 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
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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 totalled 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.

5.3.4 ALSPV IS ANTIGENICALLY RELATED TO PIV5

The antigenic relatedness of AIsPV to other paramyxoviruses was determined by
immunofluorescence assay (IFA) in order to add evidence to its classification as a novel rubulavirus.
Analysis by IFA revealed cross-reactivity between AlsPV and PIV5 (Figure 5.4). There were low levels
of cross-reactivity with hPIV2, mumps virus, Menangle virus, Tioman virus and Teviot virus when
using antisera against the AlsPV N protein. No cross-reactivity was detected for Hendra virus,
porcine rubulavirus or Mapuera virus.

AlsPV was neutralised by low dilutions of PIV5 antisera, however, AlsPV antisera were unable to
neutralise PIV5 (Table 5.3). More PIV5 sera need to be tested to confirm the one-way neutralisation.
There was no cross-neutralisation between AlsPV and any other tested virus; MenPV, TioPV, TevPV

MuV, hPIV2, MapV, PorV and HeV.

Uninfected AlsPV PIV5

anti-AlsPV
N protein

anti-AlsPV

anti-PIV5

Figure 5.4: Antigenic cross-reactivity between PIV5 and AlsPV by immunofluorescence assay. Vero cells were
infected with 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. Scale bar = 100 um.
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Table 5.3: Neutralisation titres of ferret AlsPV antisera, guinea pig PIV5 antisera and guinea pig hPIV2 antisera
against AlsPV, PIV5 or hPIV2 infection. Viruses were incubated with sera for 30 min before the addition of Vero
cells. CPE was assessed after 5-7 days. Neutralisation titres were calculated using the Reed-Muench method,
described as the reciprocal of the highest dilution of serum at which the infectivity of 100 TCIDsq of virus is

neutralised in 50% of the wells. Results from matched virus-serum pairs are in bold.

—Sera from AlsPV PIVS hPIV2
Infected with
AlsPV 202 14 <10
PIVS5 <10 160 <10
hPIV2 <10 <10 226

5.3.5 GROWTH ANALYSIS OF ALSPV IN MAMMALIAN CELL LINES
Comparative growth analysis of AIsPV 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 titres in all tested mammalian cell lines, with AlsPV growth plateauing at higher titres
in MDBK, MDCK and PK15a cells (Figure 5.5). These higher titres 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. No signs of CPE were observed in any control cells.
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Figure 5.5: 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 TCIDso/ml was determined by virus titration. Data represents 3 biological repeats and 6 technical repeats.

Error bars represent standard error of the mean.
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5.3.6 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 neutralisation assay. Only ~8% (10/120) of total tested pteropid bat
sera neutralised the growth of AlsPV, however, 25% (5/20) of P. poliocephalus sera neutralised

AlsPV, suggesting it may be the primary host species for AlsPV (Table 5.4).

Table 5.4: Prevalence of neutralising 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 TCIDsq 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

5.3.7 ANIMAL INFECTION STUDIES

5.3.7.1 ALSPV IS SHED IN FERRET RESPIRATORY SECRETIONS

Animal infection studies in ferrets (n = 3) and mice (n = 5 juvenile mice, n = 5 adult 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 behavioural 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 10" copies of 185 RNA) and one juvenile (5 copies of AlsPV N per 10 copies of
18S RNA), but there was no evidence of viral antigen or inflammation when the brain was assessed
by histopathology. Other tissues were negative by gRT-PCR and histopathology.

Ferrets also remained clinically normal with no fever, weight loss or behavioural changes
following exposure to AlsPV, however, infectious virus was isolated from oral swab and nasal wash
samples collected during acute infection (Figure 5.6). 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 neutralisation assays showed that all three ferrets had
seroconverted by day 14 (Table 5.5). 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 5.6: 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) titre of AlsPV isolated
from nasal wash, (c) copy number of AlsPV N gene per ml of oral swab sample, and the (d) titre of AlsPV

isolated from oral swabs.

Table 5.5: Neutralising antibody titres from AlsPV-infected ferrets. Ferret sera were incubated with 100 TCIDs,
of virus for 30 min before the addition of Vero cells. CPE was assessed after 7 days. Neutralising titres were

calculated using the Reed-Muench method as described previously (192).

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
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5.3.7.2 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. Ferrets (n = 12) were exposed to AlsPV and euthanised on either day 3,
5, 7 or 10 post 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 euthanised on day 10. Oral and nasal virus shedding was similar to what was observed
in study 1 but virus was shed at higher titres and for a prolonged time (Figure 5.7). Viral RNA was
detected in the rectal swab of one ferret euthanized 5 days post infection. This ferret also had low

copy numbers of viral RNA detected in the small intestine.
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Figure 5.7: Shedding of AlsPV in ferret respiratory secretions following oronasal exposure. Ferrets were
sampled prior to euthanasia, at 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) titre of AlsPV isolated from nasal wash, (c) copy

number of AlsPV N gene per ml of oral swab sample, and the (d) titre of AlsPV isolated from oral swabs.
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Viral RNA was detected in a number of tissues at euthanasia (Table 5.6). In particular, viral RNA
was detected in the olfactory bulb of the brain, nasal turbinates and palatine tonsils of all twelve
ferrets (Figure 5.8). 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 titres
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 titres, such as the heart.

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
euthanised 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 S5.1). No other organs, including the remainder of the brain, showed signs of

inflammation or viral antigen.

Table 5.6: Detection of AlsPV N gene RNA and isolation of AlsPV from tissues collected from AlsPV-infected
ferrets. Viral RNA was extracted from homogenised ferret tissues and amplified by qRT-PCR. Virus isolations

were conducted by inoculating Vero cells with homogenised tissue and assessing for CPE after 7 days.

Dpi 3 Dpi 5 Dpi 7 Dpi 10
Ferret® 3 2 3 4 5 6 7 8 9 10 11 12
Nasal turbinates H+ [+ [+ [+ [+ [+ [+ [+ [+ 4[4[ 4+
Tonsil H+ +/- [ [+ [+ [+ - H[- +[- +[- +[- +/-
Retropharyngeal LN. +/- - L o S o T A
Trachea - - - - -+ 4 - - - - 4/
Lung (hilus) - - -+ -+ - - - - - -
Lung (peripheral) - - -+ - - - -+ - - -
Bronchial L.N. - -+ - - - - - - +)- 4 -
Heart - - - - - +/- - - - - - -
Liver - - - - - - - - - - - -
Kidney - - - - - - - - - - - -
Spleen - - - - - - - - - - - -
Brain ++  H[- - H[- H[- - +[- +[- [+ +[- +[- +/-
Small intestine - - - - -+ - - - - - -

Large intestine - - - - - - - - - - R -

Virus detection in tissue samples at euthanasia, RNA/virus isolation. +/+ indicates the sample was positive by
both gRT-PCR and virus isolation; +/- indicates the sample was only positive by gRT-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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Figure 5.8: Detection of viral RNA in ferret tissues at euthanasia. Graphs represent log transformations of the
copy number of AlsPV N gene RNA per 10" copies of 18S rRNA detected in (a) nasal turbinates (b) tonsils (c)
retropharyngeal lymph nodes (d) olfactory bulb of the brain by qRT-PCR.

5.4 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
analyses indicated that this virus is closely related to PIV5. However, in comparison to the average
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 (239). 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 (239). Furthermore, AlsPV antisera
did not neutralise PIV5 infection. We therefore propose that AlsPV is a new species of rubulavirus
and not a new strain of PIV5.

AlsPV and PIV5 also 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
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(240, 241). Antigen could only be detected in the trachea with no evidence of virus in the lungs or
the brain (240, 241), 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 the in vivo similarities, PIV5 and
AlsPV are similar in that they utilise sialic acid as a receptor for cell entry (57), grow to high titres in
multiple mammalian cell lines with minimal cytopathic effect (242, 243) and encode an SH gene (57).
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 (244), 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 (244, 245). 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 neutralising 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 AIsPV 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 (17), suggest that there is risk of exposure and potential transmission of AlsPV to non-pteropid

mammalian species.
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5.5 SUPPLEMENTARY MATERIAL

Table S5.1: Comparison of AlsPV and PIV5 untranslated regions and intergenic regions. Differences between
AlsPV and PIV5 are in bold and lowercase.

Length Boundary Sequence
N 5" UTR AlsPV 102 AGGCCCGGAA
PIV5 96 AGGUCCGGAA
3" UTR AlsPV 106 UUUAAGAAAAAAA
PIV5 106 UUUAAagAAAAAAA
IGR AlsPV 1
PIV5 1
P 5'UTR AlsPV 61 AGGCCCGGAC
PIV5 61 AGGCCCGGAC
3'UTR AlsPV 66 UUUAGAAAAAA
PIV5 66 UUUAGAAAAAA
IGR AlsPV 33
PIV5 16
M 5'UTR AlsPV 33 AGGCCCGAAC
PIV5 32 AGcCCgaAca
3'UTR AlsPV 211 UUCAAAGAAAAa
PIV5 204 UUCAAAGAAAA
IGR AlsPV 22
PIV5 23
F 5 UTR AlsPV 28 AGCACGAATC
PIV5 28 AGCACGAACcC
3" UTR AlsPV 60 UUUAAGAAAAAA
PIV5 100 UUUAAGAAAAAAa
IGR AlsPV 5
PIV5 4
SH 5 UTR AlsPV 79 AGGACCGAAC
PIV5 79 AGGACCGAAC
3" UTR AlsPV 72 UUUUAAGAAAAAAA
PIV5 78 UUUUAAagAAAAAA
IGR AlsPV 1
PIV5 1
HN 5" UTR AlsPV 67 AGGCCCGAAC
PIV5 67 AGGCCCGAAC
3" UTR AlsPV 111 UUUAAGAAAAAa
PIV5 111 UUUAAGAAAAA
IGR AlsPV 13
PIV5 13
L 5 UTR AlsPV 8 AGGCCAGA
PIV5 8 AGGCCAGA
3" UTR AlsPV 34 UUUAAGAAAAAA
PIV5 34 UUUAAGAAAAAA

126



Figure S5.1: Immunohistochemical and histopathological analysis of olfactory bulb of ferret at 10 days post

infection with AlsPV. Olfactory bulb of ferret #10, euthanised on day 10 post infection, was (a) stained with
rabbit antiserum against the N protein peptide of AlsPV (arrow indicates stained antigen) and (b) assessed by
routine H&E staining. Panel (b) shows perivascular cuffing with mononuclear cells, indicating an inflammatory

process consistent with viral infection (arrows indicates perivascular cuffing).
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CHAPTER 6: GENERAL DISCUSSION
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6.1 INTRODUCTION

Bats host a significant number of zoonotic viruses that are continuing to emerge into susceptible
populations and have a substantial impact on animals and humans (3, 36). In 2018, Nipah virus (NiV)
caused an outbreak in Kerala, India, resulting in sixteen deaths out of eighteen confirmed cases (105).
Despite continuing outbreaks, there are no licensed vaccines or treatments for NiV (246, 247),
highlighting the difficulties of developing effective vaccines and anti-viral treatments. However,
previous characterisation of NiV and epidemiological investigations resulted in the quick
implementation of control measures in Kerala, such as patient isolation, surveillance of patient
contacts, as well as increased surveillance in surrounding regions (105). The large number of
undiscovered bat-borne viruses means that there is also the risk of unknown viruses spilling over and
causing disease, this time in the absence of any diagnostic tools or surveillance programs. Virus
discovery programs are an important part of preparing for outbreaks of emerging viruses because

they allow the development of pre-emptive control measures (16).

In the winter of 2011 there was an increase in HeV disease events detected throughout Queensland
and northern New South Wales. Sporadic outbreaks had occurred in the years following the
discovery of HeV in 1994. Conversely, there were eighteen disease events reported in 2011 alone (7).
It has previously been noted that an increased HeV prevalence reflected an increased prevalence of
a range of other paramyxoviruses shed in bat urine. Therefore it was hypothesised that bat urine
collected in 2011 would be a useful source for virus discovery projects. Samples collected in
Alstonville in July and August of 2011 were selected due to a high prevalence of HeV (31-39%). Based
on previous virus isolation studies using samples collected from other Australian bat colonies, it was
predicted that multiple adenoviruses and paramyxoviruses would be detected and isolated and that
these viruses would provide an important insight into the viral diversity found in Australian bats.
Consistent with this hypothesis, this study resulted in the isolation of two paramyxoviruses with
unknown pathogenic potential. Furthermore, this thesis describes the identification of multiple

paramyxovirus-derived sequences and the isolation of a polyomavirus and multiple adenoviruses.

Virus discovery programs are increasing (31), but there have been questions regarding their
contribution to outbreak prevention. The discovery of viral sequences are important for improving
our understanding of viral diversity and evolution, however, sequence data alone is not currently
sufficient for the prediction of pathogenic potential or likelihood of emergence (20). Therefore, this
study included both the discovery of viral sequences, as well as the characterisation of two isolated

paramyxoviruses. The isolation of these viruses facilitated whole-genome sequencing, animal
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infection studies, seroprevalence surveys, analysis of antigenic relatedness with other

paramyxoviruses, and growth kinetics analyses.

6.2 THERE ARE MULTIPLE UNKNOWN VIRUSES PRESENT IN AUSTRALIAN
PTEROPID BATS

In Chapter 3, bat urine samples were assessed for the presence of viruses. This resulted in the
isolation of two paramyxoviruses, multiple adenoviruses and one polyomavirus, as well as the
detection of a range of paramyxovirus RNA sequences. In Chapters 4 and 5, the two isolated
paramyxoviruses were characterised in vitro and in vivo to understand more about their pathogenic
potential. The whole genome sequences of the isolated adenoviruses were not determined,
however, it is recommended that characterisation and whole genome sequencing of these viruses
occurs in the future so that they can provide important data for elucidating the evolution of
adenoviruses. The isolation of a polyomavirus was unexpected because it was not targeted for
discovery. Sequencing of the whole genome revealed that it was the same species as a polyomavirus
isolated from Indonesian pteropid bats (161). This warrants further investigation to determine the
direction and frequency of this potential transmission between pteropid bats originating from

different countries.

The diversity of paramyxovirus-derived sequences detected by consensus PCR is consistent with
observations in previous surveys of bats globally (9, 31, 54, 165). It is of note that our current
method for virus isolation seems to be biased toward isolating rubulaviruses (30). It may be because
of this bias that all the rubula-like viruses and viral sequences that were detected in the bat urine
had been previously detected or isolated. In comparison, there were a multiple unique henipa-like
viral sequences, potentially corresponding to novel viruses, which were identified in the bat colony
but were unable to be isolated. The difference in the number of detected viral sequences between
the two genera may indicate an underlying difference in diversity, potentially due to a difference in
the tolerance of mutations and substitutions. Furthermore, other studies have identified similar
henipa-like viruses, however, none have been isolated to date (8, 86). This suggests that a different

approach to virus isolation may be required to specifically target these viruses.

This study examines urine samples collected in Alstonville in 2011, however, urine has been reported
to have low viral prevalence overall (24). Therefore, future virus discovery studies in Australian bats
may benefit from assessing a range of samples including faeces and oral swabs (54). However, this
must be weighed against the cost efficiency of collecting these extra samples and the stress caused
to the bats (248), particularly as P. poliocephalus are considered a vulnerable species (232). The

benefit of using urine is that it provides a way of regularly screening colonies for viruses without
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direct handling of the bats. In addition, other samples are more likely to carry bacterial loads that
will replicate in the cell culture media. This is particularly evident when using faecal samples as rapid

bacterial overgrowth of the culture often prevents virus isolation.

Almost the whole coding sequence of a novel paramyxovirus, Lumley virus (LumPV), was assembled
following next generation sequencing of one urine sample. This paramyxovirus appeared to be
prevalent in the Alstonville colony as similar sequences were detected in three other urine samples
collected at the same time point. Different detection methods, such as designing a specific qRT-PCR,
are required to confirm this hypothesis. It is unknown why the isolation of viruses similar to LumPV
has often been unsuccessful (8, 86). The coding sequence of LumPV is therefore an important tool to
help elucidate ways of isolating related viruses. In particular, further functional studies of receptor
binding, utilising the surface glycoprotein sequences determined in this thesis, may provide an

indication as to what is required for the growth of these viruses.

6.3 TEVIOT VIRUS DOES NOT CAUSE CLINICAL DISEASE IN MICE OR FERRETS

In Chapter 4, Teviot virus (TevPV), a rubula-like virus similar to Tioman and Menangle virus (TioPV
and MenPV), was characterised following isolation from the Alstonville bat urine samples. This
isolation followed eighteen previous isolations from pteropid Australian bats in Victoria, New South
Wales and Queensland, however, previous characterisation of the virus was limited (30, 130).
Investigation into TevPV was justified based on the apparently high prevalence amongst Australian
bats and its similarity to the zoonotic viruses such as MenPV and SosPV. This study therefore

describes a full analysis of the genome, in vitro investigation and in vivo animal infection trials.

Phylogenetic and antigenic assessment indicated that TevPV was more similar to TioPV than to
MenPV. Amplicon sequencing revealed that, consistent with other rubulaviruses (57), TevPV
expressed the V protein from the unedited P/V gene. Editing of the mRNA resulted in the expression
of the P protein and W protein with a prevalence of 27.6% and 5.9% respectively. TevPV also grew to
moderate titres in multiple mammalian cell lines. In accordance with the frequent isolations of
TevPV, neutralising antibodies were detected in 30% of Pteropus poliocephalus sera, suggesting that
this species may be the primary host of TevPV. Analysis of the attachment glycoprotein sequence
revealed a lack of important neuraminidase motifs. This led to functional studies that implied that

TevPV does not utilise sialic acid as a cell entry receptor.

The pathogenic potential of TevPV was investigated through animal infection studies in mice and
ferrets. Intranasal exposure of mice resulted in no evidence of infection. Exposure of ferrets via the

oronasal route resulted in infection, demonstrated by the presence of a neutralising antibody
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response, but no clinical disease. These results suggest that TevPV is unlikely to cause a significant,

transmissible outbreak in non-pteropid mammalian species.

TevPV is, however, an important tool for understanding more about other paramyxoviruses,
particularly rubula-like viruses. Although the risk of pathogenic infection of humans with TevPV is
low, it is important to understand its mechanism of host cell entry and how it relates to the entry
mechanism of zoonotic viruses such as MenPV and SosPV. The results in Chapter 4 also contribute to
the evidence that TevPV, along with MenPV, TioPV and others, should not be classified as
rubulaviruses. Recent proposals to the ICTV reflect this variation and suggest that TevPV be classified
in the genus Pararubulavirus, subfamily Rubulavirinae (56). These functional results are essential for

confirming the conclusions made from phylogenetic analyses.

6.4 ALSTON VIRUS IS CAPABLE OF INFECTING THE RESPIRATORY TRACT OF
FERRETS LEADING TO INFECTION OF THE OLFACTORY BULB OF THE BRAIN

Alston virus (AlsPV) was isolated from a pteropid bat colony in Alstonville and was shown through
the investigation described in Chapter 5 to be a novel rubulavirus. Although a sequence likely
corresponding to the L gene of this virus had previously been detected in Pteropus poliocephalus
urine collected in 2010, this was the first isolation of AlsPV. Although electron microscopy was not
attempted during the characterisation of this virus, whole genome sequencing indicated that no
other bacteria or viruses were present in the virus stock. Inoculation of cells with AlsPV resulted in
CPE that could be passed on to fresh cell cultures through the transfer of supernatant. Phylogenetic
and antigenic analysis revealed this virus was closely related to parainfluenza virus 5 (PIV5), but was
divergent enough to be classified as a novel species. Consistent with observations of PIV5, AlsPV
grew to high titres in multiple mammalian cell lines in the absence of strong CPE. The similarities to
PIV5 suggested that there was the potential for AlsPV to have a broad host range and to be
pathogenic in non-pteropid mammalian species, so this was investigated through animal infection

studies.

Two animal infection studies were conducted to understand the pathogenesis and tissue tropism of
AlsPV. These two studies revealed that oronasal exposure of ferrets to AlsPV resulted in virus
shedding in respiratory secretions, sometimes up to ten days post exposure. AlsPV was detected
throughout the upper respiratory tract, particularly the nasal turbinates and tonsils, although no
clinical symptoms were observed. AlsPV was also detected in the olfactory bulb of the brain,
suggesting trafficking of the virus from the nasal turbinates through the olfactory nerve. Viral RNA
was detected in various other organs, including the small intestine and heart, albeit at a low copy

number. Mice remained clinically normal and did not seroconvert following intranasal exposure to
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AlsPV, however, there was evidence of AlsPV RNA in the brains of two mice at 21 days post-infection.

The potential persistence of AlsPV in this immune privileged site was not investigated further.

These in vivo results were consistent with what was observed following the experimental exposure
of ferrets to PIV5 (240, 241). This implies that AlsPV may have the potential to infect other
mammalians species, but might only be pathogenic in select species or in immunocompromised
hosts. The shedding of virus in respiratory secretions and the replication of AlsPV in tissues relevant
for virus transmission indicate that AlsPV infection also has the potential for ongoing transmission to

other susceptible hosts.

The characterisations of TevPV and AlsPV in Chapters 4 and 5 demonstrated the phenotypic diversity
of bat-borne paramyxoviruses. This diversity is even observed within a single bat species as both
viruses appear to be primarily hosted by P. poliocephalus. Although both viruses are currently
classified as being part of the same genus, these viruses are phylogenetically distinct based on their
attachment glycoproteins and appear to utilise different host cell entry mechanisms. They are also
phenotypically distinct, with AlsPV infection causing minimal CPE in cell culture and TevPV causing
significant syncytia formation. Furthermore, exposure of ferrets to either virus resulted in very
different outcomes and pathogenesis. The differences between these two related viruses highlight

the importance of virus characterisation and the benefits of studying isolated viruses.

6.5 LIMITATIONS OF THE STUDY

The virus isolation methods used in this thesis have previously been optimised and have proven
successful for the isolation of multiple rubulaviruses and henipaviruses (30). While this is useful for a
targeted approach, these methods may not be ideal for the isolation of all genera of paramyxovirus.

Furthermore, divergent novel genera of paramyxovirus might not be detected by consensus PCR.

Animal infection studies are currently the most effective way to determine the pathogenic potential
of viruses (30). Mice and ferrets were selected for the infection studies because they have been
characterised as successful animal models for other paramyxoviruses. For example, HeV infection of
ferrets resulted in clinical disease that modelled the course of infection in horses and humans (193).
Additionally, intranasal exposure to HeV resulted in transient lung infection and encephalitis in 80%
of aged mice (194). In comparison, exposure of ferrets to PIV5 had variable results and was not
replicative of clinical disease in dogs (114, 240). Furthermore, despite causing a severe outbreak of
reproductive disease at an Australian piggery, MenPV infection was clinically silent during animal
infection studies of weaned pigs (237). These studies highlight that there are limitations in what can
be interpreted from the results as animal infection trials are considered predictive but not exactly

replicative of human infection (249). As such, the absence of clinical disease during experimental
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TevPV or AlsPV infection is therefore not conclusive evidence that disease would be absent in all
mammalian species. While it is not feasible to test every species that may be exposed to these
viruses, the experimental infection of pigs with TevPV may yield useful results based on the

pathogenesis of MenPV and TioPV.

Another limitation of the animal infection studies was the small sample size of ferrets in the first
study. This was due to it being an observational study aimed at determining whether ferrets could
be infected with either virus. AlsPV RNA was observed in the brain tissue of two out of ten mice at
21 days post exposure to AlsPV, but was not detected in any ferret brain tissue at the same time
point. It is possible that this evidence of viral persistence could have been found in ferrets if a
greater number were exposed to the virus. In addition, the high virus titres used in the animal
challenge experiments did not reflect the titres animals would be exposed to under natural
conditions. Nevertheless, the ferret is clearly a useful model for determining the pathogenesis of
AlsPV and could also be used in the future to understand the potential transmission of the virus

given previously established transmission models for influenza virus (250).

6.6 SUMMARY AND FUTURE DIRECTIONS

Multiple viruses and virus-derived sequences were detected in bat urine collected in Alstonville in
July and August of 2011, revealing the incredible diversity of unknown viruses in bats. The isolation
of two paramyxoviruses, AlsPV and TevPV, facilitated in vitro and in vivo characterisation. The
potential persistence of AlsPV in immune privileged sites warrants further investigation, particularly
as the reactivation of other persistently infecting paramyxoviruses has resulted in ongoing
transmission or death (94, 251). The growth of high titres of AlsPV causing limited cytopathic effect
in multiple mammalian cell lines may also indicate the potential for persistence (252). Additional
animal infection studies should be conducted to determine the potential for persistent infection and

the presence of any long-term neurological or olfactory effects.

It is also important to determine the whole genome sequences of representative adenoviruses that
were isolated from Alstonville bats, as no whole genome sequences of Australian bat adenoviruses
have been published thus far. Their low GC content and apparent relationship with geographically
and host species distinct adenoviruses suggests that these isolates are an important contribution to
our understanding of adenovirus evolution and diversity. The isolations and short sequences
described in Chapter 3 reveal that adenoviruses are prevalent in pteropid bats and bat urine,

consistent with observations in bats internationally (26).

Although the prevalence of AlsPV and TevPV neutralising antibodies in pteropid bats was assessed in

Chapters 4 and 5, it would be useful to conduct similar serosurveillance studies to determine their
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prevalence in other animals, particularly in livestock. There may be some difficulties with calculating
the prevalence of AlsPV due to the observed neutralisation of AlsPV with low dilutions of PIV5
antisera. PIV5 has been isolated from a wide range of animals and PIV5 neutralising antibodies have
even been detected in humans (235, 253), therefore false positives due to cross-reactivity may be
recorded. The results in this thesis raise the possibility that some PIV5 neutralising antibodies may
be due to another closely related virus, such as AlsPV. These cross-neutralising antibodies mean that
humans may be protected against AlsPV infection. Other serological tests would be needed to

distinguish antibodies against either of the two viruses.

Bats host a higher proportion of zoonotic viruses than any other mammalian order (3), therefore it is
important to identify these viruses with zoonotic potential before they emerge from the reservoir.
The viral sequences identified in this thesis are a valuable contribution to our understanding of viral
diversity and evolution. Furthermore, knowledge of the source of these viral sequences can assist an
epidemiological response if they are detected during disease outbreaks in non-pteropid mammals.
Imaging of these viruses by electron microscopy is recommended as a next step in understanding
more about the isolated viruses. It would be interesting to compare the viral diversity identified in
the Alstonville bat colony in 2011 to the current day to see if the same viral sequences are still
present now and if the prevalence of all viruses was affected by the same factors that caused an

increased prevalence of HeV in 2011 (53).

The risk of spillover of each virus described in this thesis is low due to the wide range of specific
conditions that are required for spillover to occur (23). Effective spillover and infection of a non-
reservoir host relies on the distribution, infection dynamics and shedding dynamics of the reservoir
host, as well as the susceptibility of the non-reservoir hosts and frequency of exposure (36).
However, changes to these factors are leading to an increased likelihood of exposure of non-
pteropid mammals to bat-borne viruses. Bats are seeking food and roosting in urban areas due to
ecological changes and bat behavioural adaptation (17, 45), and anthropogenic environmental
changes such as agricultural intensification are contributing to an increased risk of zoonotic virus
emergence (254). Although the individual risk of transmission of one of these viruses is low, regular
exposure to bat-borne viruses increases the risk of infecting a new host. It is therefore important
that we continue to recommend methods of preventing the transmission of these viruses. These
include restricting livestock access to trees that attract flying foxes and providing food and water

sources that are protected from bat urine or faecal contamination (255).

Despite multiple virus discovery projects in Australia, novel virus-derived sequences and viruses are

continuing to be detected and isolated, indicating that the saturation point of virus discovery has not
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yet been reached (9, 30). It is clear from these results that further virus discovery and
characterisation studies are warranted. Although the isolation of viruses can be more labour
intensive than the detection of nucleic acids, it allows complete phenotypic characterisation of
viruses and confirms their description as ‘novel’ species (24, 256). By conducting phenotypic
characterisation, we have been able to fully understand the relationship of AlsPV and TevPV with
other isolated viruses and determine the pathogenesis and tissue tropism following infection of
representative mammalian species. This information is lacking from the multiple detected
paramyxovirus sequences described in Chapter 3 and prevents their classification as novel species.
Furthermore, the isolation of a virus can facilitate whole genome sequencing. For the two isolated
paramyxoviruses described in Chapters 4 and 5, whole genome sequencing was successful and at
high coverage due to the higher virus titres found in infected cell culture supernatant. In comparison,
LumPV could not be isolated, with sequencing of the LumPV genome incomplete and at low
coverage as a result of the lower levels of viral RNA present in bat urine. Nevertheless, both the
detection of viral sequences and the isolation of viruses give an important insight into the
remarkable virus diversity in bats and highlight the importance of continued surveillance of

Australian bats.
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APPENDIX

Table A1: Paramyxovirus RNA detected in urine collected from a pteropid bat colony in Alstonville, or in the

supernatant (SNT) of cells inoculated with this urine.

) Closest . T
Date Urine . . Closest relative  Similarity
collected no. Source Primers used relative by by BLASTn to HeV
BLASTX
12/7/11 | 12 SNT Paramyxoviridae | 100% Geelong | 99% Geelong 38%
paramyxovirus | paramyxovirus
(KmM359175.1) | (KM359175.1)
15 Urine Paramyxoviridae | 75% 72% 66%
Paramyxovirus | Paramyxovirus
PgPMV-10 PgPMV-10
(KC692412.1) | (KC692412.1)
20 Urine Paramyxoviridae | 95% Bat 96% Bat 66%
paramyxovirus | paramyxovirus
(AKG96280.1) | (KM391916.1)
21 Urine Paramyxoviridae | 68% 70% 56%
Paramyxovirus | Paramyxovirus
PgPMV-10 PgPMV-10
68% (KC692412.1)
(KC692412.1)
23 SNT Paramyxoviridae | 79% 73% 67%
Paramyxovirus | Paramyxovirus
IFBPV01/2010 | IFBPV01/2010
(AB691542.1) | (AB691542.1)
3/8/11 | 4 Urine | Paramyxoviridae | 97% Menangle | 97% Menangle 39%
virus virus isolate
(YP_00951297 | Australia/bat/20
1.1) 09/Cedar Grove
97%
(IX112711.1)
5 Urine Paramyxoviridae | 98% 100% Yarra 72%
Paramyxovirus | Bend
PgPMV-10 paramyxovirus
(KC692412.1) | (KM359176.1)
27 Urine Respirovirus- 100% 100% Pteropus 59%
Morbillivirus- Pteropus sp. sp.
Henipavirus paramyxovirus | paramyxovirus
100% (KF871295.1)
(AlU34325.1)
30 Urine | Paramyxoviridae | 76% Eidolon 75% Eidolon 70%
and helvum helvum
SNT paramyxovirus | paramyxovirus
(AEY68861.1) (JN648079.1)
Respirovirus- 90% Pteropus | 76% Pteropus 65%
Morbillivirus- scapulatus scapulatus
Henipavirus paramyxovirus | paramyxovirus
(AlU34323.1) (KF871293.1)
34 Urine | Paramyxoviridae | 74% Eidolon 74% Eidolon 65%
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helvum
paramyxovirus
(AEY68861.1)

helvum
paramyxovirus
(JN648079.1)

38 Urine | Paramyxoviridae | 74% Eidolon 78% Eidolon 67%
helvum helvum
paramyxovirus | paramyxovirus
(AEY68861.1) (JN648079.1)
42 Urine Paramyxoviridae | 82% 74% 68%
Paramyxovirus | Paramyxovirus
PgPMV-10 PgPMV-10
(KC692412.1) | (KC692412.1)
Respirovirus- 99% Pteropus | 98% Pteropus 60%
Morbillivirus- alecto alecto
Henipavirus paramyxovirus | paramyxovirus
(KF871301.1) (KF871301.1)
42 SNT Paramyxoviridae | 99% Teviot 98% Teviot virus | 35%
virus isolate isolate Cedar
Cedar Grove Grove
(KP271124.1) (KP271124.1)
44 Urine Paramyxoviridae | 89% 79% 68%
Paramyxovirus | Paramyxovirus
PgPMV-9 PgPMV-9
(KC692411.1) | (KC692411.1)
46 Urine Paramyxoviridae | 100% Teviot 100% Teviot 40%
virus virus isolate
(AI1S82743.1) Cedar Grove
(KP271124.1)
48 Urine Paramyxoviridae | 97% Grove 98% Grove virus | 34%
virus (KJ716812.1)
(AI1S82741.1)
50 Urine | Paramyxoviridae | 75% Eidolon 75% Eidolon 68%
helvum helvum
paramyxovirus | paramyxovirus
(AEY68861.1) (JN648079.1)
Respirovirus- 89% Pteropus | 76% Pteropus 66%
Morbillivirus- scapulatus scapulatus
Henipavirus paramyxovirus | paramyxovirus
(AlU34323.1) (KF871293.1)
53 Urine Paramyxoviridae | 97% Grove 96% Grove virus | 31%
virus (KJ716812.1)

(AIS82741.1)
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Table A2: Comparison of Lumley virus (LumPV) genomic features. Putative gene boundary sequences and

intergenic region (IGR) sequences of LumPV are compared to those of Mojiang virus (MojPV) and Hendra virus

(HeV).
Length Boundary Sequence
N 5 UTR LumPV - -
MojPV 85 AGGATTCAGGAC
HeV 57 AGGAACCAAGAC
3’ UTR LumPV 149 ATTATAAAAAA
MojPV 164 ATTAAACAAAA
HeV 568 ATTAAGAAAAA
IGR LumPV 3 CTT
MojPV 3 CTT
HeV 3 CTT
P 5'UTR LumPV 228 AGGAGCCAAGCC
MojPV 264 AGGATCCAAGAG
HeV 105 AGGATCCAAGAC
3'UTR LumPV 139 GCTTAAGAAAAA
MojPV 144 TATCATAAAAAA
HeV 469 CATTAAGAAAAA
IGR LumPV 3 CTT
MojPV 3 CTT
HeV 3 CTT
M 5'UTR LumPV 310 AGGATCCAAGAT
MojPV 49 AGGAGTCAAGAA
HeV 100 AGGAGACAGGTA
3’'UTR LumPV 83 TCTTATGAAAAA
MojPV 455 CAATATAAAAAA
HeV 200 TATTAAGAAAAA
IGR LumPV 3 CTT
MojPV 3 CTT
HeV 3 CTT
F 5’ UTR LumPV 275 AGGATCCCAGAA
MojPV 952 AGGTGTCAGGAC
HeV 272 AGGAGCCAAGTT
3’ UTR LumPV 264 CACTATAAAAAA
MojPV 173 TATTAATAAAAA
HeV 418 CTTTACAAAAAA
IGR LumPV 3 CTT
MojPV 3 CTT
HeV 3 CTT
G 5 UTR LumPV 283 AGGATTCAAGGC
MojPV 121 AGGAGTCAGGGT
HeV 233 AGGACCCAAGTC
3’ UTR LumPV 237 AATTATAAAAAA
MojPV 543 GGTTACAAAAAA
HeV 516 ATTAAGAAAAA
IGR LumPV 3 CTT
MojPV 3 CTT
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TATTAAGAAAAA
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Lumley_virus
Maojiang_virus
Hendra_virus
Nipah_vins
Cedar_virus
Kumad_virue

Lumley_virus
Maiangy_virus
Hendra_virus
Nipah_vins
Cedar_vius
Kumas_vius

Lumley_virus
Mofang_virus
Hendre_virue
Nipak_vinz
Cedar_vins
Kumas_virus

Lumley_virus
Maojiang_virus
Hendra_virus
Nipah_vius
Cedar_vius
HKumas_virus

Lumley_virus
Maiang_virus
Hendre_virue
Nipah_vins
Cedar_vius
Kumas_vius

Lumley_virus
nofang_virus
Hendre_virue
Nipak_vinez
Cedar_vins
Kumas_virue

Lumley_virus
Maojiang_virus
Hendra_virue
Nipah_vins
Cedar_vius
Kumad_virue

Lumley_virus
Maiany_virus
Hendra_virus
Nipah_vins
Cedar_vius
Kumas_viue

-MSKLLHKAEEFRNYQTQLGRGGRASAATTALTTKVRVF TPSTSEPQLRWDLTKFAMRVLWSQIASESMKVGAFF

MY.T.K.ET.R..E. . AN...Q KPL.S.AT. ... IIl.YN. . NKG.A.. EI......LI..PA..H.V.... AL
-..DIFDE.AS. .S. .SK...D... ... . AT. ... I, 1. V. A NS.E.. .E..L..LD.IR.PS.A....I|..A.
..DIFEE.AS. . .5. .5K...D.......AT. ... I.I.V.A.NS.E.. .E..L..LD.IR.PS.A.......A.
.DIFNETQS. ... .SN...D... .. ... T......1.¥V.ANNK.N .R..L.L.D.VR.PASA.......0I

FSYT.D. A. .. K...D..P.. . .NT........V.V.D..E R T.LLD.IR.P. .PDDLRM..SM

TIISMYAEHPGTF IRTMLHDPD ISVTI IDVAQONREG | PFLERRGEVAVAEMEVLAKI VASQPGGDRNKRKIFVDDR

LL.AH. N. AM. . SLVN. .. E.V.T.ISEFDH.V.R... .. . K.EQQ. SYKR.LNRT.----QENL.YNPE
.L....S.R..AL..SL.N. .. EAV... . GS.LN.. . .VN. .DK.QE.. . G.NR.LKTARESSKGKTP...S.
.L....S.R..AL..SL.N. .. . EAV... GS.VN.. . VM....DK.QE.. . G.NMR.LKTARDSSKGKTP. ..S.
SLV..... K. ALV.AL .N...VEAIl... YGFD IM. .. .DK.TDD.DS.R.. .KAAHDFS.G.S5L...0Q.
S.LA. ... R..AL..GI N....E.l... SDFEGEV.V. ... .. NR.TE..AA.TRY .. AARETM.G.TP. | .P.
ANTMQ ISPTGTLMHALTTI I SQTWILLAKAVTAPETAEESERRRWTKLIUQRRVDPLFTIVQQWIDVARDLISTN

IPDPLE.L.S. .FLF.IA . VLA. V.. . V... ....Dp...D. . NK. A.YV.. K. . N.DYLVSNR. .TAM.S. ..MD
YGLR.T . MS . . VS. VI . . EA. | I 14 LT ALYV L UKL UNLF UALT .. .LTEM.N.L.QS
YGLR.T . MS . . VS. VI . .EA.I...1I LoD T ALYV L LKL UNLCF LALT .. .LTEM.N. L.QS
Vab IV M.SFVN. I .S ET. .. | .. Do B ALYV, K. N, L.SP.. NDM.S. AAS
Y. LALH. VS .. IS.IV.VET. I VoL D LN UNLYL ... . NA. _ELN .G.LTIM.N. AGS

LSVRKNMYEINVDVKKSGGPKGRVTEL IAD ISSYVEQAGLTGFFTTIKYGIETGYSALALNELQGDL ITMQSLMK

..... Y....LIE.... VSR..LN.M... .GN.I .ET.MA. .. L.....L.MKFPYIVI. F.A. . L.L.T..R
..... F....LME.. .G .SA.. AV.I|.S. .GN..  .ET.MA. . . A. . RF.L..R.P..... F.S..N.IKG.. L
..... F....LIE...G.SA.. AV.I.S. . GN.. .ET.MA. . . A. . RF.L..R.P..... F.S. . N.IK... L
.L..F.. .LLMEA. .GR.T...IM.IVS. .GN.. .ET.NA. . A -F.L KFFP sec8..N. . K... |
.L..F.. . LLIEA. .©0SAV.. AV.l ... .ON..  .ET.MA. . . A..R.... .R.P... .. F....NIIKN. E

LYODLGDRAPYMVLLEDATOTRFAPGNY | LLWEFAVGVGTTYDRALTGLNITRSFLDPNYFRLGOKNMARHOVGN |

B e - L I O oM. L SMGA. . N Y E. . K. NA _KNA. S.
.REI.P.........ES|. . KESSSSESt oM. AL SMGA. L N.GY.E .M. . .S...HA.G.
.REI.P. ... .. .ES . . KESmscasn M. A 1. .SMGA. . . N.GY.E.M.......S.. .HA.G.
..RSI.PK..F. ... S 1. . KEEEaaSEE M. o MGAL LN LY LELV. ..Q8 . K. .A..V
VKT, .P. ... ...81. . KL...S.P ML LK.M A .. N.GY.E.V.. R...NR..TV
DERMARDLNLTPEQRSELTTIMSDIRGFANETUPYSREGKFAIVEGVS- DLAVEKDOQNOQNTGHWDINSSA- -- - E

.RKL.EE.®@I1S.. .AD. IKEM.QEVTTQRH. . .NVQA. .. .N.AV.GIES.LTDE.DPDITNSRYMSETTDTNMFNL

.QN. . NK.G.NSD.VA. AAAVQETSVGRQDNNMQA. A .. AGGVLV--- -GGGE.DIDEEEEP.EH.GRASVT
.QN..NR.G.SSD.VA. AAAVAQETSAGRQ.SNVQA. A ... AGGVLI....G&GES. DIDE .EEP.EQ.GRASVT
KE. . EK G. ED.IVH SANVK. ASQGRDDN . INI. .. _TN.VDDI---.QDHA SSSEDYNPSKK.----.-
.T...AE.G. .SD.L.D.S.AIVESNVGKQ .LTSAT...R..SSAPNI----1.V.EES-EDEQPQFRQGQ-- . -

LRQIADNTGMHVYFDKKTDKFYTLDKGESYLVNPEAINTG - - NVMLAPDRSQELNPKSAISSLRSRLGLDNLRES

V.PTR.YESSK.SPKESNKNKSDOMSVRDRL .M.LREEEARKSEAQMLGINDLAFKKT . . GQ - - -« - -« TPT

FKREMSMSSLADSVPSSSVSTSGGTRLTNS .L .LRS- ----- .- R. AKAIK.STAQ.SSE--- - -.NP

FKREMS | SSLANSVPSSSVSTSGGTRLTNS .L.LRS- -+ --- -~ R..AKAAK . AASSN.TD----=---=--- - DPA

FSILTSI.STVDSA. SRSAMNESM- -TTTS .LKLRQ- - - - - - - - . .EKKGDSK.SQDTPP--- -« -« - KPP
--Q.QFRAQPT¢ IQGRETQTTSEG - -VGKS IQELRS- - - - - - - - R.QGN .GL-- . TSKVQQ - - - - - - - - - - - .NQ

ENVSEHLGLNTPETPKDSTIGSDLDFLG- - -

SSTAATAQADSSYDISA N.VN... A .DN. -

P.NRPQADSGRKDDQEPKPAQN ... . VRADV

ISNRTAGESEKKNNQDLKPAQN ... .VRADV

RA- -« - ee et KDQPTDEVS .MDSN |
IDDQTPVQSSKDD-- --NRKSM. .E.IDG.- -

Figure A1.1: Alignment of henipavirus N proteins with putative LumPV N protein. Sequences aligned using

Clustal Omega multiple sequence alighment program and visualised using Jalview 2. Conserved motif

highlighted in grey.
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Lumley_virus 1MSSDDKMEQVKNGLE | IKF IQENRET- - IQKSYGRSAIEDPRIKDRVTAWEIYTGDKAEKSDGKSGSDEILEDSAE
Mojiang_virus 1..YE.RIK.I1Q...Q.VDLVKKV.QESIEKPT. .. ... GL.TT...AA. . LFHKSSLDEAGPEELPLKEGD.P.D
Hendra_virus 1---M. .LDL.ND..D..D...K.QKE-- ... .$.QQ.8ST...TR. . .DFLQSTSGEHEQAE .GMPKNDGGT .
Nipah_virus 1---M..L.L.ND..N..D...K.QKE-- ... .§.QQ.5...QTK.. .DFLQCTSGE.EQVE.GMSKDDGDV .
Cedar_virus 1---M..LQLIED..ST.N.. ... K.K--L. .S.RE.PTSV. .EE..KFIRKI.SGPEQVQ .GGSET.ITGD
Kumasi_virus 1---M. . ESL.D..IK..E...K.KDE-- ... .Q.QE..TRE.AA. . . LFIRGENPRPE.DRMAGVDQQ .PT.
Lumley_virus 75 DGVDRDGPDYSEGDSQKGERFSKTEDWNDSTDDLHLESMVSNIVLHDHGGNVSYSNNSGKDADSINYNQGGGNNGK
Majiang_virus 77 TRDGVG | .EPLHNVDSG .S.TY.EAN .DEGDEPILENQL.T. . QPN.P.RKTA.GKSDHTY. . .T.NRTK..EWSN
Hendra_virus 72 GRNVE .LSSVTSS.G6TI.Q.V.N.RA.AEDP. . IQ.DP. . TDV.Y. .. .. ECTGHGP . SSPERGWS . HMS . THD . N
Nipah_virus 72 RRNLE.LSST.PT.GTI.K.V.N.R. .AEGS. . IQ.DPV.TDV.Y ... .. ECTGYGFTSSPERGWSDYTS.A. .. N
Cedar_virus 72 N.DRGNFTNPDQ.GGVT .QFEERYQK.GSQDSE.Q.DP. .VHDFFY.ERRENPDNGKYDRSSKKRDNIRE.TRQD.
Kumasi_virus 72 RRD.DGR.NTLAR.GEI| . .SGPNYIS.SSGG. . |IQ.GP. . QDFEID.N.IKLPN.RG.KSAPRCRSVDKSRASDWE
Lumley_virus 151 RSFEPNQPTLSNPK: = = = = === = =2==cscuocesumassasasssnesessmssesassssasassesasesmsszss
Mojiang_virus B3 GCSS . .KVDV .G IFQG - - - - - - - o o o e e o e et et e s e e e e e e e e e s e e e e e DV
Hendra_virus 148 VRAV . DTKV . P L AP - - - - o o ot ot et L KTTVPEE
Nipah_virus 148 VCLVSDAKM . L YAP - - - - - o ot e e e e e et et et et s ettt s e e e s e e e e e s e s e e e EIAVSKE
Cedar_virus 148 YNNQSTDEL . . CLQ - - - - - v o c e e et et et e n e PSSKND
Kumasi_virus 148 . .PAS . IDH.. . LSGGGKDLGNY I KNVGVMVYPPTGAGVDRNSLTKPVSGVRQSRLSKLTWTKESPLDQPETVPET
Lumley_virus 185 - - e e e e e e GDPVPSDANYLSKPNSTKGVRNCDYNPSLGARPK
Mojiang_virus 171 PKDTDAEGPSEKPKSS - - - - - - FRMNPNAQEY IPRDLTPLTVIIDSCPFDHNHADDD .EDQTEDSA.VFEA.LNKP
Hendra_virus 169 VREIDLIGLEDKFAS- - - - - - - AGLNPAAVPFVPKNQSTPTEEP. . IPEYY.G.GRRGDLSKSPPRG.VN.DSIKI
Nipah_virus 169 DRETDLVHLENKLST- - - - - - - TGLNPTAVPFTLRNLSDPAKDS . . |AEHY . GLGVKEQNVGPQTSR.VN.DSIKL
Cedar_virus 188 VIKNESTSVSNLHVTG- - - - - - NKLNPDAKPFEPTSQSKEHPTTTQHNKNDHQTDDDYKNRRSSENNVI .DH.TTM
Kumasi_virus 224 LNDAYV I KEATSKKEVTPEDGISILNPNAASFTPRSTPAPKSVEKE . NQRQPAGGHPED. .TP.RSE. .TTKSTAI
Lumley_virus 199 IYPT -« s e e e e e e e L A I I e R RN
Mojiang_virus 241 AVKP - - - - - o o e e e e RMI . AAQKETLVDAQDGEVMNLS ILPKQRKSILNK- - - - - -« v v v vvoecae oo P
Hendra_virus 238 YTS:- - - - - - - v a et DDEDENQL . YEDEFAKSSSEVVIDTTPEDNDSIN- - - - - QEEVVGD
Nipah_virus 23 YTS- - - - - = v v e e e e DDEEADQL .FEDEFAGSSSEVIVGISPEDEEPSS- - - - - - -« oo v oo oo o VGGKPNE
Cedar_virus 23 EDN- - - - - - - - - - o h e NNF .PATKRKNALSEP IYVQVLPSNTEGFS- - - - - - - - - -« o0 oo m o i o a e o G
Kumasi_virus 300 KNSKV I TKAMVHTSPNE INQSARSMN IEFEPKSNPSTLTLETVQPSNQQTNNTPASHPSGKTTRELPKGAQPQSGT
Lumley_virus b0 B e I YGNDDKPVKKRLPKELLEPDSQTFEDNSSEWTDV
Mojiang_virus 281 GAEDAIPKKQARPSLVVIEEDDEDQKSEP - - - - - - - - - - - IENIDKSDAGSDITIFDIADKATDHLRR .QMAVKA
Hendra_virus 282 PSDPQGLEHPFPLGKFPEKEETPDVRRKDS - - - - - - - - - - LMQDSCKRGG .P. .. MLSE.FECSGSD.PIIQELER
Nipah_virus 282 SIGRTIEGQSIRDNLQAKDNKSTDVPGAG - - - - - - - - - - PKDSAVKEE.PQ. .. MLAE.FECSGS. .PIIRELLK
Cedar_virus 272 KDYPLLKDNSVKKRAEPVILETANHPAGS - - - - - - - - - ADQDTNQIEENMQFN.. .L.T.DTDDEP.. . NDSMPLE
Kumasi_virus 376 SRAANIKDPTTAPNKTS IQTKPARNASGGDGTNPQMASPPPPPVVTNP .L. . .V. . LSEPNTRDHLSHPTD.KR.H
Lumley_virus P e e I N
Mojiang_virus 346 GNI IETSAGVP I IQEEVIYLSDRPTQPAPEKIPAKESRKLRALEKTESGKGES - - - - - - = = = =« o v v v v v oo oot
Hendra_virus 348 EGSHPGGSLR- - LREPPQSSGNSRNQPDRAQLKTGDAASPGGVARPGT-PMP - - - - - - - - o v o m it i i m e e et
Nipah_virus 348 ENSLINCQQGKDAQPPYHWS IERSISPDKTEIVNGAVAQTADRAQRPGT -PMP - - - - - - - oo oo v i e i ie it
Cedar_virus 330 EDIREIGSMLKDGTKD IKTRMNE IDDAITKKINKKSKNRSLDLESDGKDQGRRDPS - - - - - - - - - o v oo v o v v e ot
Kumasi_virus 452 GGPAVKSKTQAHRGLNADNTQNCTDQPTPSSNKAQPPKTPKPENPQAEPKPKKHVSFPNLDLTIEEEGGTAVD IMV
Lumley_virus 243 DDGLEKIKRGTEGSMRLSKKKGKHTLS- -HGATRCVPRSDPKQEEKNVHV - - - - - - - - - - -
Mojiang_virus 399 .S..RLV.K. I .ENTVSVGMDQ .SRSK--N..|.SA. LNQNHQG.S.P.--------.-.
Hendra_virus 396 KSRIMP. . K. .DAKSQYVGTEDVPGSK--S... .Y.RGLP.N..S.S.TA----- ENVQLS
Nipah_virus 398 KSRGIP. . K. . DAKYPSAGTENVPGSK--S... . H.R6.P.Y..G.S.NA----- ENVQLN
Cedar_virus 394 V.L.IK.R.E.LKAA QKT .EQLSIKVEREI .LNDRICQNSKMST. . KLIYAGMEMEYGQTS
Kumasi_virus 528 NETREGVIDVHL IKE.NKILNMDQDNPC .NQITSQQETGVTK--R.IGENSSCIGT.EDSRQLSGAIQSAQKSRLS
Lumley_virus 201 - - - - - - GDVLESAPNVSLLEKNLKEIKDSYLGRLGFLSDAAYNHACNF I IEGICDLDCSVDEKVDILNCGIATIS- -
Mojiang_virus 47 - -SN.QSC.KTSTVPKL .MN.QQSGHDLGYTSEESTPSSMNIS.E.YFDG.VTQLTKDDIVREVYRNQLVIL
Hendra_virus 450 - -APSA . TRNEGHDQEVTS .EDSLD .K. IMPSDDFANTFLP .DTDRLNYHA . HLNDY . LETLCEESVLMG .VNA
Nipah_virus 452 - - - -ASTA . K.TDKSEVNPVDDNDSLD .K. IMPSDDF .NTFFP.DTDRLNYHA HLGDY.LETLCEESVLMGVINS
Cedar_virus 456 TGSGGPQGSKDGTSDDVQVDEDYD .GE . YEAMPSDRFYTTLSGEQKDRFDLDANQMSQY . LEAQVDELTRMNLILY
Kumasi_virus 602 QORQENASAESARPGVT . VPSDDPESEEVKTYRASDAI| IEQLN.DEAQDYYSFL. .MENT.DDDL.CEETKFSLLNT
Lumley_virus 350 AQNDYLVNVVTLINEKMDNLTKLNDKMNLLERMIAKNSMSLSTLEGHISSILIMVPGEAGADQHGSRNIQLNPELK
Mojiang_virus 517 SKVEENNATAD . LKLLAN .QKAMLA .LDA.D.NVSRLGLAV.SM.QMLA . MR. .|l . .KP----PENGEK.K. .L..
Hendra_virus 522 IKLINIDMRLNH.E.Q . KEIP.IIN.IDSID.VL..TNTA. . .|l .. . LV.MM. . |I. KG----K.E.KGKT.....
Nipah_virus 524 |KLIN.DMRLNH.E.QVKEIP.IIN.LESID.VL. . TNTA. ..l ...LV.MM. .| . . KG----K.E.KGKN.....
Cedar_virus 532 SRLETTNKLLID.LDLAKEMP. . VR.VDN. . . QMGNLN.LT. ... .. L..VM..Il. .KD----KSEKE.PK..D.R
Kumasi_virus 678 .RLIS . NSRIEK.E. QI KKIPAMEK.LSDI .KLLL.TNTA. ..l ... . T.MM. .. .. KT----VNEGE. .| .EQ..
Lumley_virus 435 LPVGR- - QVKSQEKLLSLDDV - - - - =« - o v o v vt e et e e m e e e e e EGGRRVLKKDLILPPVDLLKTNA
Mojiang_virus 580 PV 1. .--ANMKV.EVIDVNPDIGVGKN- - - - - - - - - - - o v o v i mmm e m e NFHSA. . E.FIE.L.PA. ...
Hendra_virus 594 PVI1..--NILE.QE.F.F.NLKNFRDG- SLTDEPY..VARIRD. .. .. ELNFSE. ..
Nipah_virus 596 PVI1..--DILE.QS.F.F.N.KNFRDG - SLTNEPY.AAVQ .RE. . ... ELNFEE. ..
Cedar_virus 604PIL..--SNT.LTDVID. HYPDKGSKGIKPSGSGDRQYIGSLESKFSINDEYNFAPYPIRDE.L..GLRDD. ...
Kumasi_virus 750 PV . .KDG.YDKMI .PRV.KKISLVTDR- - - - - -« - - v v v oo TPLCDDFKEDPY. .NEK...D.INPSV. ..
Lumley_virus 477 SQF IPSSDFESLSTMYGMIMKLD IDIGIKQELLNILNNIDTDEDAKLLHDMIVELKTF - - - - -
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Kumasi_virus 808 .A....Y.NI.PAVLRSL.RSNVE.RETRV. . IELV.QARN.SELNEILALVNDIIDSNQSGV

Figure A1.2: Alignment of henipavirus P proteins with putative LumPV P protein. Sequences aligned using

Clustal Omega multiple sequence alighment program and visualised using Jalview 2.
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Figure A1.3: Alignment of henipavirus V proteins with putative LumPV V protein. Sequences aligned using

Clustal Omega multiple sequence alignment program and visualised using Jalview 2. Conserved histidine (blue)

and cysteine (yellow) residues are highlighted.
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Figure A1.4: Alignment of henipavirus W proteins with putative LumPV W protein. Sequences aligned using

Clustal Omega multiple sequence alighment program and visualised using Jalview 2.
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Figure A1.5: Alignment of henipavirus C proteins with putative LumPV C protein. Sequences aligned using

Clustal Omega multiple sequence alighnment program and visualised using Jalview 2.
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Figure A1.6: Alignment of henipavirus M proteins with putative LumPV M protein. Sequences aligned using

Clustal Omega multiple sequence alighment program and visualised using Jalview 2. Conserved motifs are

highlighted in grey.
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Figure A1.7: Alignment of henipavirus F proteins with putative LumPV F protein. Sequences aligned using

Clustal Omega multiple sequence alignment program and visualised using Jalview 2. Fusion peptide is

highlighted in green and conserved cysteine residues are highlighted in yellow. The YXX® (where ® is a

hydrophobic amino acid) endocytosis motif is highlighted in grey.
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Figure A1.8: Alignment of henipavirus G proteins with putative LumPV G protein. Sequences aligned using

Clustal Omega multiple sequence alighment program and visualised using Jalview 2. Residues associated with

ephrin binding in Hendra virus (blue) and Nipah virus (red) are highlighted.
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Figure A1.9: Alignment of henipavirus L proteins with putative LumPV L protein. Sequences aligned using

1517
1514
1521
1521
1775
1529

1591

1588 . . .
1505 . . .
1505 . . .
1848 . .
1603 . .

1665
1662
1669
1669
1923
1877

1739
1736
1743
1743
1007
1751

1813

1808 . . .
1815 . .
1815 . . S .
2069 . . .

1823

1887

1882 .

1889
1889

1897

2214
2252
2223
2223
2477
2229

LNSEDHITSLITEFLMVDPELFSMNLGLCVAIKWAYEIHYRRPNGRWGMVELLNDLLSDTSKHTYSVLKNAISH
IS.D.N.N. ... ... L..VN.L.VY. . QACSN.. .FD..FK. . Q. K.Q.1...T....... V.VFR..T..L..
ID.D.S.N.............. ALY..QSISV...F...H.. . H. .HT..D..S..1.N...... K..s..L..
ID.D.N.N....... | ALY..QSlIs....F.. . H...R. .HT..D..S..V.N.... .. K..s..L..
IDVD.N.KT...... L....M.AV.. . . HIS...SFD..FK. . R..¥S.1.Y.T...DN..S.V.RI.T.VL..
VS.D.N.S....... L. YY..MYS.L..SFD...... R.KNA.. . IIR...NQA.R.S.K.IA. . .L..

PRVFRRFWQKG I LEPNFGPYLHMOQNFDHLAVNLLTTSYMNYLQSVQNNINSEYILTEQEEEVVESRFEI IQARH
.KK..DS.L.S.HY.. .FYN.DTTK. .ID.IIS..TM. . TIWLEGRTVSFLMA. . SVDA.DI.SQTV. . .K.
KL UVNC . L. L.TQ. . ... Q.D.EK.SQ...l....... MNWCDFKKFPFLIA..D.A. . .L.ED..TSK.
KO LUVNC . L. L.TQ.L ... Q.D.EK.SQ...V....l. MNWCDFKK.PFLIA..D.T.ISL.ED..TSK.
M.OK.TNA.L.V.KY....TS.D.KKM. .DFI I . A.TTF.TNWC. NKFSILIP. .DPDIL.L.KD.TH. ..
CLKKLOINS . LVT . .D.YVMSQ. . . IS. . NMF.TKIL.SEIVRIMIA. . D.N...I|.EKTQLSKY

LSVLADLYCSDDKIPWIKNMTS IEKSRVLTDFLNISCRKAAGGNTWNLKPLRVTVYSTSLTYLRKGVIKQLKIR
.CM.C. .. .NEQGP.H.RDLMPHQ.IDI.S..IKKTRLNIV.SDS..IHN.HIN. . PA.. ... R...... R..
.CMIIl ... ANHH.P...IDLNPQ..IC..R..ISKCRHTDVSSRS..ITD.DFM.FYA. . . ... R.I....R
.C.1 1 ... ANHH.P. . . IDLNPQ..IC. .R..ISK.RHVDTSSRS. . TSD.DFVIFYA.. .. ... R.I1....R..
.CMIS....¥YSF.Q... . EL.PQ..IC.ME..IANCVANDQTSAG. .IT....¥YNLPA.T..I.R.I....R..
.CL.I...AYRGE... . VDLDPF..Al. . ENY.FEQ.Q.EGMIGV. . ITSPKFSQ.RA.V... .RSSV...R

SASEVSDILYYQSEEKVLNTNIQDLTILTKDITYCVQLSLGDVLSGTILRYERQYFKNSKIRSLESHKYRRVG |
QD- - IGEMFDI IEMDRKYHKFMVETA . NY .PRSS.TV.N.N.IDRPLNSTLYIDLEDSVPVNGW. .. .. ... ..
QVT. . I . TTTMLR- -DNILVENPPIKTGVL. .RG.IIYN.EEI. . MNTKSTS . KV.NLGSKL.V.N. .. .. I.L
QVT. . I .TTTMLR- -DNIIVENPPIKTGVL. . RG.IIYN.EEI. MNTKSASKKI .NLNSRP.V.N. .. .. l.L
QSN.PI .LEDIRI-GQNPDFVNKPIEFCSSE-FGITIYN.EEI . QSNVHLSVNMNIDS.TSNNT.N.LF. ... .L
QND..IE.SRLEN--D.MVKFNSSILSQVDLNDS.FLMN.EEAIFQSTEIMTSHSVVSRSP.L. .N.MN. . 1|..

NSTSCYKAIDLIPYIRPLEPQSGERLF IGEGSGSMLITYYRLLGSRRSYYNSGVSTDGMLGQRELKLYPAEVCL
.6...LE.YSI|.ERYYTPNSP...V..... A.MSV.FK. ..
.S.L.QRYL.AGSQ...V....... MLL .QQT. .
S.L.QRYL.SGAQ........... MLL .QST. .
.T.V.KRYHQ .NTN........... MYL .QKT. .
T.IVKRYL.SE.R. .. A.MYV.QNT. .

SINLLKPEGLLVSKVAYVQGFPISELLRMYYSIYNTVKVIIPQYSNPESTEFYLMCLNPRVSDFITPSRVMTL I
A....RFD.I....INPSSS. LTA.FN. KACFVDI.IAL.K... . N...C..l.TQ..ILTVV. . EIILEHS
A. .VMIED.V....I|I.FAP. .. .. R..N..R.YFGL.L.CF.V........ V..l..QKTIKTI.P.QK.LDHS
A. . VMMED. ... .. l..TP..o. .. R.FN. . R.YFGL.L.CF.V... ..V L. QKT .KTIVP.QK.LEHS
LLTVMIDD . 1. AP..C..S..N..RTFFSL.LCAF.P...F....... I..QKSIPGP.. A .AlIQQT
H...TVEDS!I....I.FGNNLN.MR.FK. R.FFSL.IIAM.IS...Q.S.1..1..QKLIRGI...Q..LGAS

NNSPCVSNDEITD I ILSAKFYQ - - - - - - oo v o e o e e e o e e m e m e e e e e e SERLDMSLRNDYDLDE
IDK.EDC.KSVLNY. .IL..RIGISFEDRGRSVCDGKIVGDMSHG IVEYKRSGSDRIELTGQVKANIC.S . NIT
YL.DEINDQG . .SV .FKI . NI . -ttt i i s s e e .KQFHED.VKH.QVEQ
CLHDE .NDQG . .SV .FKI . NS . - - - - ememmt ittt s i e e e e e e .KQFHDD.KKY.Ql .Q
TKQSREEDNS . .NN. . KI . NLV- - - - e e e e e e e e e e s QKEF IKTVKKK.EIHP
MG . TPDITLSFINLVEKI . MKN- - - -« - v e s e e n e e e e e e s YLQMIKDD IRKSVREP

YFNLPNCLTRHDRLLLQVGLEINGPVI IKKLTGHTVGSGIENLESTLKLHILEYVNYYDNQRLPSSHLEPYPVL
LI..l@6. . ED.KI..SC..SL...T.CQ..L.YD.SGPL.TILESSF.LLN.AL.I..GN.M. . .FF....1.
P.FV.SHI .CDEK. M. A. KM.. E.L.NEV.YDI..D.NT.R..IIILLN.AM. . F.DE.S..H....F...
P.FV.TKI .SDEQV...A.  KL...E.L.SEISYDI..D.NT.RD.IIIMLN.AM. . .F.DN.S..H.. e
S..C.INF.KD.KY.MS. .FQA.. .DM.R.E..¥YDI..NV.. RDV.IKLFADA.TF. .DVTNKKNF . .N....Y
EMLI .GK. .SKEKF..S|.FSA. . TL.ESE...DP. . TK.D.RTA. I ITLN.LL.HL.LE.H.. .FFQ..Q..

EESRNRILQEKVVRKAFLYILATRKARSLEFIRYHINNLRSNSININISHFKRTAI IPGFLWKRMKD - - - - - - -
.ST.LTRYMH.F ... 116G .TYLKYNTLD.SLVNQ..S. KRRYLIFDFNTY.H.K.. . NYYY..INKGKFKQNW
KT .VKTIMGR . T. . VTV.S. IKL.ETKSPELYNIK.Y | .RKVLILDFRSHTMIKLL .KGMKE.REKSGFKEIW
RT.OIKTIMNC . TK.VIV.S. IKF .DTKSSELYHIK. .| . RKVLILDFRSKLM.KTL.KGMQE.REKNGFKEVW
TRTQYK. .MD. ICK.VT..T.IISCKG.NQYCWEIKSQI| . .KHCLILDLKSKVF.KL..KG.RE.GDSKGMKSIW
.N. . ILS.KD.IAK.YA.F. LYINTVESK-- . KV.C. KRGK.VCDFGEKQFLK.L.KK.RE.VHTALENSIH

AAAAAA INLNLWFHMNKFDFL- - - - -
MISLTTKEIK. .WKLISYVPIFNKTT
IFDLSNREVKI .WKIIGYLS . V- - - -
IVDLSNREVKI . WKIIGYISII-
FTKLTSQEVKR .WK. ISYIVIISNP-
I INLERVIQKR WKIVGYTGIL- - - -

VI

Clustal Omega multiple sequence alighnment program and visualised using Jalview 2. Conserved domains I-VI

are highlighted in grey. The GDNQ motif (red) is in Domain lll. The LumPV L protein 3’ terminal sequence

remains unknown.
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Figure A2: Cytopathic effect caused by an adenovirus in urine sample AL11. Urine was inoculated onto PaKi

cells and cytopathic effect was observed at 6 days post inoculation. Left panel shows cytopathic effect at 6

days post inoculation, 4x magnification. Right panel shows uninfected PaKi cells at the same time point and

magnification.
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