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Chapter 1
INTRODUCTION

Field sampling set up. Photo by Diana Prada

Anthropogenic influences on the resilience of ecosystems, the species they support,
and the interactions they govern, has resulted in an escalation of impacts across human
health, their economies, and the persistence of native flora and fauna globally [1–3].
Emerging infectious diseases (EIDs) of animal origin (zoonoses) are a notable sequelae to
globalisation, urban expansion, and habitat modification, which collectively bring
together species and their attendant pathogens with alarming and increasing frequency.
Examples include Nipah virus, which led to the culling of thousands of pigs in Malaysia
in 1998 [4]; the emergence of highly pathogenic avian influenza, with continuous
outbreaks causing important losses to local economies [5]; and infectious respiratory
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coronaviruses, which initially affected Asia in 2003 [6], the Middle East in 2012 [7], and
finally the emerging global socioeconomic crisis from pandemic SARS-CoV-2 in 20192020 [8]. Equally, there are many examples of novel pathogens or shifting pathogen
dynamics resulting in wildlife species facing extinction risks, including the impacts of
chytrid fungus (Bactrachochytrium dendrobatidis) in frog populations worldwide [9], the
astonishing mortality events associated with White-nose syndrome (WNS) in North
American bats caused by the introduction of Pseudogymnoascus destructans to the
continent [10], as well as the recent mortality events involving the Bellinger River
snapping turtle (Myuchelys georgesi) in Australia due to an emerging nidovirus [11].
Pathogen transmission from wildlife into human systems (spillover) is not novel.
However, the incidence of these events appears to be increasing [12,13] and propelled
by human-mediated impacts on climate, degradation and loss of natural habitat, rapid
global transportation, and the increased interactions between humans, livestock and
wildlife at the ever-expanding urban and agricultural frontiers [14–16]. Combined, these
processes create opportunities for un-natural contact between species that had been
previously separated, thereby altering host-microbe dynamics that induce pathogenicity
and facilitate spillover events, a key step in the emergence of disease agents [17].
The connection between wildlife, inherent microbial diversity, and the
anthropogenic actions impacting this relationship, calls for multidisciplinary approaches
that integrate host ecology, disease agent biology, and environmental factors to better
understand transmission, persistence and distribution of pathogens in the landscape, as
well as the fine scale processes that lead to disease emergence [18–20]. Examples of
such effective multidisciplinary approaches applied to the management of wildlife
disease agents include predictions of White-nose syndrome infection fronts inferred
from bat movements [21,22], evaluation of rabies vaccination zones based on dispersal
dynamics of raccoons in the USA [23], transmission dynamics and mechanisms of
persistence of henipaviruses in Africa [24], and rabies outbreak predictions based on the
dispersal patterns of its bat host in Perú [25].
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Integrative approaches have widely been advocated for the study of bats and their
role as reservoirs of viral agents of zoonotic potential, as an avenue to inform mitigation
actions for EIDs [18–20]. Their wide distribution, ability to exploit human associated
environments, ability to sustain a high viral diversity, and their involvement in recent
EIDs such as Ebola virus, Nipah virus and infections respiratory coronaviruses [6–8,26,27],
make this group of particular interest for such disease ecology research. Identifying the
environmental, ecological and host processes that alter viral-bat relationships and may
cascade into pathogen emergence has important applications for EID risk management,
providing an evidence-base for EID prevention and preparedness activities. However
these research frameworks generally require datasets across substantial spatiotemporal
scales to draw meaningful conclusions, and as such have primarily focused on agents that
emerged historically such as Nipah virus, Hendra virus, Marburg virus, paramyxoviruses
of unknown zoonotic potential, and lyssaviruses [24,28–31].
In Australia, studies of bat viral disease dynamics have largely focused on the
association of pteropid bats to Hendra virus and to a lesser extent Australian bat
lyssavirus (ABLV) [32–35]. Such research is largely driven by public health concerns
related to the high case fatality rate of Hendra virus outbreaks. Fundamental baseline
data on the viral composition, dynamics and host associations of insectivorous bats in
the country is limited to only a small number of studies [36,37], resulting in substantial
knowledge gaps to inform public health policy or conservation management objectives.
In light of this lack of baseline data, this project aimed to address the knowledge gap
around the viral and host dynamics of Australian insectivorous bats using a
multidisciplinary approach. It integrates virology, molecular ecology, community ecology
and epidemiology to describe the viral diversity and associations in microbats, small (<
20gr ) echolocating bats with an insectivorous diet, of the southwest of Western Australia.
The project is not motivated by any evidence suggestive of zoonotic threats to local
human populations, although it does take an initial focus on viral families of zoonotic
potential. It describes the viral characteristics of presumed healthy bat communities and
discusses the results from an ecological perspective. In doing so, it aims to provide an
3

overview of the natural viral associations within wild bat communities. The results will
improve hypothesis generation for these poorly studied species and the viral agents they
host, providing insights into species-viral interactions and therefore viral dynamics in the
region, which may feed into policy from a public health as well as conservation
perspective.

Thesis outline
This project explores the viral diversity and population dynamics of microbats within
the Southwest Botanical Province of Western Australia, including host-virus associations.
By combining real-time and targeted PCR assays, serological assays, and next generation
sequencing, this project generates a comprehensive assessment of the viral agents
circulating within regional bat communities. Additionally, we employed mitochondrial
and genome wide markers (SNPs) to infer the ecology of the bat host and its relationship
to observed viral patterns, in particular we explored population connectivity and
patterns of dispersal of local bat populations.
The research involved two field seasons carried over the austral summer months
between 2016-2018. The project was geographically bound to the Southwest Botanical
Province (SWBP), which is recognised as a global biodiversity hot spot. A total of 864 bats
representing 12 species were sampled across 17 sites. Where possible, buccal swabs,
blood, tissue and faecal samples were collected from each individual. This collection of
samples is the basis for this project, which is divided into four self-contained data
chapters as outlined below.

Chapter 2
This chapter provides a general literature review for this project with each chapter
containing additional relevant background information.
Chapter 3
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This chapter describes active targeted and sero-surveillance for ABLV infections
within local bat communities, using real-time PCR and serological assays. Until now, the
prevalence of ABLV within the region has been unknown and extrapolated from studies
in the eastern states. The results generated by this chapter comprise the second national
effort to determine the dynamics of ABLV within wild bat populations, thereby updating
and complementing the single previous ABLV surveillance effort of the early 2000’s. The
main outcome from chapter 3 is the detection of historical infection (seropositivity) with
ABLV in local bat communities, particularly the southwest of the study region. Since the
distribution of confirmed reservoirs of ABLV does not extend into the province, it is
hypothesised that at least one of the local bat species must also be acting as a reservoir.
Alternatively, migration or long-distance dispersal outside of the SWBP by at least one
bat species may explain the infection patterns observed here. Findings from this chapter
have been published [38].

Chapter 4
In this chapter targeted molecular and serological approaches were used to examine
bat populations for evidence of infection with viral families of zoonotic potential, namely
Adenoviridae, Coronaviridae and Paramyxoviridae. Besides describing novel viral strains,
host ecological features, primarily population connectivity and habitat use, were
deduced from the viral data, and putative bat species that play a stronger role in the
distribution and transmission of viral agents within the local communities were identified.
This chapter also describes the first coronavirus, and adenovirus full genomes amplified
from Australian bat species. The results from this chapter provided baseline data for
biosecurity risk assessment in Australia during the SARS-CoV-2 pandemic. Findings from
this chapter have been published [39]

Chapter 5
In general, virome studies have been limited to the description of novel viral strains,
with little focus on the environmental or individual factors affecting viral community
composition and possible links to disease emergence, spillover risks or threats to host
5

persistence. In chapter 5, the faecal viromes from two selected bat species with
contrasting ecologies were compared using next generation sequencing. The results
focused on viral families associated with vertebrate infections and provide the first
insights into the general viral diversity hosted by microbats in the country. Besides the
description of phylogenetic relationships of large viral contigs, intra and inter-specific
alpha and beta diversity analyses were carried out. Results showed that viral composition
varies seasonal and geographically. These results provide a foundation to further explore
the relationships between environmental and individual factors that drive the
composition patterns observed here.

Chapter 6
In previous chapters we emphasised the importance of understanding host ecology
in disease emergence research. Therefore, this chapter investigates the population
dynamics in microbats as it aligns to their viral carriage. The chapter focused on three
species, Chalinolobus gouldii, C. morio and Vespadelus regulus, which exploit different
ecological niches, and also have different epidemiological profiles as explored in chapter
3. This chapter focused on disease emergence as a conservation threat, as White-nose
syndrome, an emergent disease leading to high mortalities among North American bats,
which is likely to reach Australia. However, Australia greatly lacks the population
connectivity data that has been so important in North America to predict infectious
fronts and prioritise mitigation actions. Therefore, the resulting data in this chapter
illustrates population dynamics that may be relevant to other species in the country. Key
findings include higher levels of genetic connectivity than expected, especially for
C. morio and V. regulus, and cryptic and unexpected gene flow patterns. The data in this
chapter supported our hypothesis from chapter 3 on the importance of C. gouldii as a
key epidemiological element in the region.

Chapter 7
This chapter provides a concise summary of all results, identifying knowledge gaps
to be addressed by further research. Continuation of this research may involve
6

longitudinal surveillance of viral loads to better understand the covariates influencing
viral shedding and possible outcomes of such dynamics. Chalinolobus gouldii is
highlighted as a possible model organisim to study viral-host dynamics as it is common
in the human-wildlife interface, and its wide distribution provides opportunities for
comparative studies. This chapter also highlights the patterns of genetic connectivity for
three bat species that have differing ecologies, expanding our understanding of
landscape use from these species, and thus their influence on pathogen dynamics.

7

Chapter 2
LITERATURE REVIEW

Taking biological samples from Chalinolobus gouldii. Photo by Tina Lee

Emerging infectious diseases
Emerging infectious diseases (EIDs) are defined as pathogens that transition to a new
species (spillover), expand their geographic range, increase their incidence, exhibit
higher pathogenicity or have newly appeared in a naïve population [40]. Retrospective
metadata analysis estimates that the incidence of EIDs has significantly increased since
the 1940s [13], with most disease agents being of viral aetiology and of animal origin
(zoonoses) [13,41]. Zoonotic diseases have major impacts on ecological and socioeconomic systems and pose an important economic burden in global economies [42].
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Importantly, over two thirds of emergent agents have originated from wildlife [13],
a trend that has been recognized by the Health World Organization and the Food and
Agriculture Organization of the United Nations as a growing threat to global health [12].
Recent zoonotic EIDs of public health and economic importance include infectious
respiratory coronavirus syndromes (SARS, MERS, SARS-CoV-2) [6–8], human
immunodeficiency virus [43], paramyxoviruses (Ebola, Hendra, Nipah virus) [44] and
highly pathogenic avian influenza virus (HPAIV) [45]. Zoonotic disease emergence does
not always involve a direct transmission between wildlife reservoirs, humans or species
of economic importance, but often involves an intermediary host. For example, civets,
camels and pangolins are the proposed intermediary hosts involved in the emergence of
infectious respiratory coronaviruses.
Even though zoonotic disease emergence has been characterised as a complex and
unlikely processes that involves the alignment of several individual, ecological and
environmental factors to culminate in successful transmission and sustained infection in
the new host [20], anthropogenic impacts on the environment and global climate change
appear to be facilitating this process. Hence, degradation and loss of natural habitat,
rapid global transportation as well as the encroachment of wildlife by the ever-expanding
human frontier facilitate encounters between humans and zoonotic pathogens as well
as altering host-viral dynamics that lead to heightened transmission risks [14–16].
However, the identification of fine scale mechanisms that underpin disease emergence
and facilitate the prediction of emergence remain largely elusive [46,47]. Recent
initiatives aiming to prioritise resources and efforts in detecting the next novel pathogen
have involved the development of a global EID risk index based on metadata analysis,
which predicts higher emergence risks in tropical regions with high mammal biodiversity
and undergoing extensive land-use changes [48], while others have advocated for
increased surveillance effort in the human-wildlife interface in an attempt to predict and
intercept possible zoonotic events [19].
Identification of the most likely taxa involved in the emergence of novel pathogens
has also been an important focus of EID research, as such information is fundamental to
9

direct surveillance efforts [47,49]. Mammals have attracted particular attention as their
closer phylogenetic relationship to humans facilitates pathogen cross-species
transmissions[47]. Among mammals, rodents, bats, primates, ungulates and carnivores
have been disproportionately involved in zoonotic events, with the former three
accounting for the majority of zoonotic viral diversity described to date [49].

Bats as reservoirs of viral agents
Bats are a diverse taxonomic group divided into two main orders; Yinpterochiroptera,
also referred as pteropodiformes, and Yangochiroptera. The former contains
echolocating and non-echolocating species and the latter consists of echolocating bats
many of which have an insectivorous diet and are often referred as insectivorous bats or
microbats.
Even though the debate on whether bats carry a disproportionately large amount of
zoonotic microorganisms compared to similar speciose taxa is ongoing [49–51], bats
have recurrently been associated with the emergence of infectious agents and are
recognised reservoirs of multiple viral agents. Life history and ecological factors that
appear to underline the viral diversity among bat species include: a) larger colony
roosting habits and the formation of maternity roost that supply naïve individuals for
continuous infections; b) cycles of topor and hibernation induce reduced immune
response, thus allowing circulation of viral agents; c) wide distribution and high levels of
sympatry facilitate cross-transmission events; d) early phylogenetic emergence imply
long histories of host-virus co-evolution; e) great dispersal capacities foster transmission
to naïve individuals in new geographical regions, and f) long life spans facilitate viral
persistence within bat communities [51–54].
In the last few decades the cataloguing of bat-associated viruses has been motivated
by the role of bat-borne viral pathogens in pandemics of public health importance [6,7].
The advent of next generation sequencing has greatly facilitated this process as it allows
the detection of viral content without requiring family-level specific primers [55] or the
need to grow the virus in cell culture [56]. Next generation sequencing is also able to
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detect limited amounts of viral nucleic acids from environmental samples [57], and it can
identify different viral strains within a single host and amplify entire sections of the viral
genome instead of a single conserved site [58,59]. To date, this technology has enabled
the identification of thousands of novel bat associated viral species belonging to at least
28 viral families [60] most of which were until recently unknown from bat species or
represented by only a few strains [61–64]. Bat-borne viral pathogens of public health or
economic importance include the emergence of Nipah virus in Malaysia [65], Swine acute
diarrhea virus in Asia [66], Hendra virus and Australian bat lyssavirus in Australia [67,68],
infectious respiratory coronaviruses emerging in Asia and the Middle East [6,7,69], and
haemorrhagic fever filoviruses [70,71].Hence, beyond the human health toll, estimated
social economic consequences are exemplified by the culling of 1.1 million pigs during
the 1998 Nipah virus outbreak in Malaysia, which in monetary cost translated to a
combined US $462 million in compensantion payments to pig farmers, lost of tax and
revenue and expenditure directed at the control program for biosecurity and slaughter
facilities. Simirlarly, the 2003 SARS outbreak resulted in significant drops of tourist
numbers in Hong Kong, with flight carriers servicing the region lost approximately US $ 7
billion in revenue [72].
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Figure 2.2. Viral diversity from bats based on the genetic sequence data available
from the database of bat-associated viruses. Number of sequences shown in
parenthesis. Families containing zoonotic variants are underlined. Adapted from
“Bat-borne virus diversity, spillover and emergernce” by M. Letko et al. 2020.
Nature Reviews Microbilogy, 18, 463. Copyright © 2020, This is a U.S. government
work and not under copyright protection in the U.S.; foreign copyright protection
may apply.

Bat ecology, viral dynamics and prediction of disease emergence
Responses to emergent pathogens remain reactionary, whether we will ever be able
to predict host-switching or emergent events beyond the likely regions, species, and
circumstances that facilitate such events, is arguable. However, a first step towards
identifying agents with the potential to host-switch from bats to humans, is the
characterisation of viral diversity (virome) across bat populations around the globe
[64,74,75]. For this reason, bat virome studies are abundant and largely representative
of bat species across all continents [61,76–79].
Bat virome studies have greatly informed the evolutionary process of viruses and
their host, however their characterization alone offers little predictive power [19,73],
leading to meta-analyses aimed at identifying hosts, processes and viral characteristics
that are correlated to increased zoonotic risks [80,81]. Long term surveillance of batpathogen dynamics have provided important insights into viral temporal dynamics, the
processes that affect them and the correlation to spillover events [70,82–84], thus
12

informing outbreak mitigation actions. These studies have shown temporal variation in
viral shedding, with shedding in some systems occurring in short pulses in small
temporally and spatially restricted windows [85], and events that appear to be driven by
physiological processes including parturition and food shortages. While these events
remain variable and therefore challenging to predict, they provide important empirical
and specific evidence on the factors influencing viral excretion [73], which is key to viral
transmission.
Recent research has also highlighted the influence of viral co-infections within the
host as a predictor of pathogen emergence [86,87]. Viral interactions within a host have
the potential to enhance or inhibit the expression of other viruses. These processes have
been associated with induced pathogenicity by facilitating inter viral genetic
recombination or by increasing viral shedding [86]. Novel bat co-infections studies have
shown that synchronous shedding of paramyxoviruses, a viral family of zoonotic
importance, is influenced by climate cycles and dietary triggers [85], while in vampire
bats dietary source and elevation influence viral coinfections [31]. Hence, going beyond
a single pathogen-host model and investigating viral interactions within single host is an
emergeing research avenue with promising insights on disease emergence.
Different species within bat communities also do not appear to be equally involved
in cross-species transmissions, with bat ecological characteristics influencing the degree
of competence within each species [88,89]. Therefore a clear understanding of the
ecology of the host and the virus-host interactions are important to identify pathogen
transmission routes and mechanisms of persistence and their distribution on the
landscape [18,90]. Such integarative approaches have been fundamental to understand
the spatial dynamics of Lagos bat virus (a lyssavirus) and henipaviruses harboured by the
straw coloured flying-foxes in Africa [24], the transmission dynamics of rabies between
bat populations from the UK and continental Europe [91,92], the influence of sex biased
dispersal in vampire bats, and novel rabies infection outbreaks in Peru [93], as well as
the distribution and evolutionary history of Nipah virus in Asia [29].
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Disease emergence as an extinction risk to bat species
Bat communities are not only a potential source of emergent pathogens, but the
persistence of wild bat populations can also be threatened by disease emergence. By far
the most dominant example of this is the emergence of White-nose syndrome (WNS)
and its causative fungal agent Pseudogymnoascus destructans in North America. Even
though its origin in North America remains unknown, most evidence points to an
introduction from Europe, where it has not been associated with mass mortality events
[94,95]. The disease, first discovered in 2006, mainly affects hibernating bat species
during the winter months when their immune response is most depressed. The fungus
grows at temperatures between 3–15 °C and >90% humidity [10], also aligned to winter
and thus hibernating conditions. Despite its cold adapted nature, P. destructans is able
to persist in the environment for long periods of time which allows it to survive the
summer months [96]. The disease has caused up to 95% mortality in some hibernacula
[96,97] and it is responsible for over 90% declines of at least three previously abundant
species [98–100]. The fungal lesions instigate the early arousal of hibernating or torpid
bats leading to lower body condition with bats perishing due to starvation and
dehydration [101,102]. Therefore, WNS it is a major conservation threat to North
American bat communities and poses a risk to any hibernating naïve bat species
habituating temperature ranges that provide favourable thermic conditions for the
fungus to grow.
Beside North America, P. destructans has not been reported as a novel pathogen on
any other continent, however, a range of bat species known to go into torpor and
occupying thermic areas that may facilitate the successful establishment of P.
destructans inhabit Australian, New Zealand and South Africa [103–105]. Hence the
spread of WNS outside North America poses an important widespread extension risk to
bat communities, with Australia already assessing vulnerabilities, risks of entry and
establishment, and establishment of research priorities in preparation for a potential
incursion [106,107].
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Bats and emerging diseases: an Australian perspective
In Australia, three bat-borne viral pathogens of public interest have been
characterised, namely Hendra virus [67], Australian bat lyssavirus (ABLV) [68], both fatal
to humans, and Menangle virus [108], which involves direct bat to swine transmission
and was restricted to a single outbreak in 1998. Australian bat lyssavirus, a rabies-like
virus, was first reported in 1996 [68], with later studies identifying two phylogenetically
distinct variants [109], one isolated from all pteropid bats [110] and the second one
isolated from the insectivore bat Saccolaimus flaviventris [111]. Even though additional
reservoirs have not been identified, there is evidence of ABLV exposure in 11 genera of
microbats across four families [112]. Interestingly, the Australian virus-host association
appears to differ from worldwide patterns where microchiroptera species are the main
reservoir of lyssaviruses [12]. Prevalence of ABLV in wild populations, which is thought
to be very low (< 1%), is derived from a single surveillance effort of populations to the
north and north-eastern regions of the country [112]. Additional surveillance is currently
passive and opportunistic.
Unlike ABLV, Hendra virus has exclusively been linked to pteropid bats, and was
initially discover in Queensland in 1994 after a novel disease outbreak in horses [67]. The
increased urban presence of flying-foxes and rise in incidence of Hendra spillover cases
[113] has driven research on their ecology [114], spillover risks [115], mechanisms of
pathogen persistence [116] and management strategies [117,118]. Hendra virus has
likely attracted strong research efforts as it belongs to Paramyxoviridae, a viral family
that includes important human and animal pathogenic species such as measles and
mumps virus, and emergent bat-borne paramyxoviruses such as Nipah virus and
Menangle, leading to high fatality rates in humans or animals of economic importance.
Although paramyxoviruses have been primarily associated with fruit bats in Africa, South
America and Asia [64], investigations into insectivorous bats have shown that they are
also carriers of paramyxovirus strains [119], even in areas outside fruit bat distribution
[120]. Suggesting that the role of microbats as potential reservoirs of paramyxoviruses
has been overlooked and warrants further exploration.
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Surveillance of Hendra virus in Australia has also led to the discovery of an additional
eight paramyxovirus species circulating within pteropid bats [121–125]. Even though the
zoonotic potential of these newly discovered viruses remains undetermined, preliminary
evidence suggests that at least Cedar virus is able to infect human cells [121]. Additionally,
the detection of synchronous shedding of multiple paramyxovirus may increase the
likelihood of spillover events [85]. Paramyxoviruses from microbat species are not
documented to Australia, which is likely due to a lack of surveillance effort rather than
absence of microbat associated strains.
Due to the disease outbreaks associated with Hendra virus, and to a lesser extent
the carriage rates of ABLV in pteropids, the majority of research in bat systems has
concentrated on the role of the large and visible flying-foxes as viral pathogen reservoirs,
with most research restricted to populations in the eastern states. Thus, there is an
important knowledge gap regarding microbat viral diversity, the possible impacts of
anthropogenic processes to viral-host associations and unknown cascading
consequences to public health or bat health itself. Since 59 of the 81 species of Australian
bats are microbats [126], it would be appropriate to assert that very little is known of the
general bat viral diversity, the zoonotic potential and the processes influencing viral
dynamics in the country.
Investigations into microbats as reservoirs of emergent pathogens are reduced to
two main studies. The ABLV surveillance initiative previously mentioned and

a

coronavirus surveillance of northern and north-eastern bat populations aimed at
assessing biosecurity risks after the emergence of bat-associated respiratory infectious
coronaviruses [36]. Additional research on microbat viral dynamics without a direct
public health motive, included a three-month longitudinal study examining the
persistence of coronavirus infectious in a Queensland Myotis macropus roost [127] and
the role of viral pathogens in the decline of Victorian populations of two Miniopterous
orianae bassanii [37]. These studies have resulted in the description of coronavirus
strains from bat species in the north and north-eastern regions of the country, and only
the identification of several herpesvirus strains from the M. orianae subspecies. The
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surprising lack of detection of common bat viral pathogens such as coronaviruses and
adenoviruses from M. orianae spp suggests that either Australian microbats significantly
differ in their viral composition from bat species elsewhere, or the combination of
sample type and detection assay lacked sensitivity.
Therefore, viral diversity of Australian microbats remains largely uncharacterised
with current knowledge of microbat viral diversity consisting of four and six partial
coronavirus and herpesvirus genomes, respectively [36,37]. Two of the coronavirus
genomes were amplified from insectivorous bat species and identified as
alphacoronaviruses. Even though some alphacoronaviruses have been associated with
human infections, the Australian variants do not appear to be of zoonotic risk [128].
Additionally, two strains identified as betacoronaviruses have been detected exclusively
from pteropodiformes (Pteropus alecto and Rhinonycteris aurantia)[36]. Even though
there is no evidence of coronavirus bat-human transmission events, inter-bat species
transmissions were inferred from phylogenetic analysis showing two co-roosting species
sharing an alphacoronavirus strain.
Little is also known about the impacts of environmental processes on viral dynamics
within microbat species and whether their disturbance is likely to lead to the emergence
of novel infectious agents. Data from Hendra virus dynamics in pteropid bats has
associated increased risk of cross-species infection to food shortages, whether this
dynamic is unique to Hendra virus, remains unknown. However, the investigation of such
processes is particularly pressing as heatwaves have already resulted in massive
mortality events in flying-foxes [129], with unknown impacts on the persistence of
microbats, as well as broader bat-viral dynamics.

Bat ecology: molecular approaches
Due to their nocturnal, volant and cryptic nature, bats can be challenging to study
with traditional observational methods. However, ecological traits such as mating
systems, dispersal patterns, population connectivity and impacts of landscape features
on individual’s movements can be inferred from genetic signatures [130–132],making
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molecular approaches well suited to investigate bat population dynamics. Traditionally,
molecular markers have been employed to evaluate patterns of population subdivision
[133–136], dispersal patterns [137–139] and effects of habitat modification on bat
movements [140]. Additionally, technological and methodological advances in the
generation and analysis of molecular data provide frameworks to go beyond the
description of population or host-pathogen dynamics usually derived from markers
under no natural selection, and instead evaluate other aspects such as adaptive variation,
local adaptation and inbreeding depression [141,142], all of which can play a role in the
regulation of host-pathogen interactions.
Despite the advantages of molecular tools in the study of bats and their pathogens,
in Australia there have not been any studies that integrate molecular ecology and
epidemiology to understand transmission and persistence mechanisms of endemic viral
bat-borne pathogens. In general, molecular tools have been greatly underutilised in the
study of Australian bat ecology, with efforts limited to a few published and unpublished
studies and the literature markedly dominated by pteropid bat research [143–146].
Molecular techniques applied to unveil population dynamics in non-pteropid bats
include analysis of population structure on the ghost bat Macroderma gigas [147,148]
and the assessment of habitat fragmentation on the population connectivity of the
specialist fishing bat Myotis macropus in Victoria [149]. Further data includes a
comparative study on the effects of fragmentation on Victorian populations of
Nyctiphilus geoffroyi and N. gouldi [150], and an evaluation of female philopatry among
several Chalinolobus morio roosts in Queensland [151].
Despite the small body of literature describing the use of molecular techniques to
explore ecological patterns of Australian bats, such studies are expected to become
commonplace thanks to the advent of next generation sequencing, and its ability to
generate a myriad of genome wide markers, combined with the possibility of outsourcing
the process to specialised laboratories at a modest cost. This technology circumvents the
optimisation intensive phase involved in the development of microsatellites, the
dominant molecular markers of the past two decades and provides greater prescision
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and resolution in analysis [141], aspects that are of particular importance in bat research
due to the widespread distribution and the high dispersal capacity of this group.

The Southwest Botanical Province and bat assemblages
The southwest of Western Australia is floristically diverse and recognized as the only
Australian global biodiversity hotspot (Figure 2.1) [152]. It encompasses nine bioregions
and expands southwest of a line between Shark Bay and Israelite Bay [153]. Its
Mediterranean-type climate with highly seasonal annual rainfall supports a
heterogeneous landscape of transitional and xeric habitats with forests only persisting in
the extreme southwest and southern sub-coastal zones [154].
Fauna and flora communities within the region are threatened by land clearing and
climate change. Almost 90% of primary vegetation has been modified for agriculture and
mining [152], while climate change scenarios forecast a reductions to 49- 77% of its
current size [155]. Since climatic conditions underpin species distributions and habitat
composition [156], shifts in species distribution would be expected, leading to changes
in community assemblages and

competition dynamics with cascading effects on

pathogen distribution within those communities.
Picture has been removed due to copy right restrictions. Please see Figure 1
on the captioned reference.

Figure 2.3. Nine bioregions that form the Southwest Botanical Province (SWBP).
Avon Wheatbelt (AVW), Coolgardie (COO), Esperance Plains (ESP), Geraldton
Sandplains (GES), Hampton (HAM), Jarrah Forest (JAF), Mallee (MAL), Swan Coastal
Plain (SWA), and Warren (WAR). Reprinted from “Application of a Gondwanan
perspective to restore ecological integrity in the south-western Australian global
biodiversity hotspot” by G. Wardell-Johnson et. al. 2016, Restauration ecology,
24(6), 808. Copyright © 2016 Society for Ecological Restoration
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Bats of the Southwest Botanical Province
The province is home to 13 species of microbats (Order: Yangochiroptera) belonging
to two families, Vespertilionidae and Molossidae (Table 2.1). The majority of these
species roost in tree hollows and decorticating bark, and a single species, Chalinolobus
morio, is also known to occupy cave roosts [126].
The majority of species in the region have wide distributions that extend beyond the
province into the east of the country. The only exceptions to this pattern are Falsistrellus
mackenziei and Nyctophilus gouldi. The former is endemic to the jarrah forest of the
southwest while the second has a continuous distribution through the eastern states and
an isolated population in Western Australia. Even though none of the bat species are of
conservation concern, both F. mackenziei and Nyctophilus major tor are listed on the
state’s priority fauna list, due to its endemism in the case of F. mackenziei or as data
deficient and in the case of N. major tor.
Bat assemblages vary across the bioregion with some species such as Chalinolobus
gouldii, Austronomus austraulis and Nyctophilus geoffroyi being widespread across the
region, others such as Scotorepens balstoni is distributed inland in the regions while
genera such as Vespadelus and Ozimops contain coastal and inland species
representatives.
In general, microbat communities in the region have received scarce research efforts
and little is known of the effects of habitat degradation and climate modification on the
local communities and inherent viral diversity and dynamics. A great part of the bat
research in the region has explored the relationship of wing morphology, wing loading
and echolocation signatures in the ability of bats to exploit different habitats [157–162].
More recent studies, concentrated in the communities of the jarrah forests in the
southwest of the region, have focussed on the assessed habitat use [163–165] and
investigated the relationship between diet composition and energetic requirements [166]
(Table 2.1).
Additional ecological characteristics of local assemblages are therefore extrapolated
from studies of similar bat communities in the eastern states, which provide insights into
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their roost ecology [167,168], dispersal capacity [169], habitat use [170–172] and effects
of fragmentation [173–175] on bat communities for some but not all of the species found
within the SWBP.
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Table 2.1. Microbat species present in the Southwest Botanical Province of WA and
references to local research
Family

Species
Chalinolobus gouldii

Chalinolobus morio

Falsistrellus mackenziei

Nyctophilus geoffroyi
Vespertilionidae
Nyctophilus gouldi
Nyctophilus major major

References
Wing morphology [157], habitat
use [164,176,177], diet analysis
[166]
Wing morphology and
echolocation Fullard et al. 1991;
R. Bullen et al. 2001), habitat use
[164,176,177]
Wing morphology and
echolocation [162], habitat use
[164]
Wing morphology and
echolocation [157,158,162],
habitat use [176,177], diet
analysis [166]
Wing morphology and
echolocation [158,162], habitat
use [163,165]
Wing morphology and
echolocation [157,158]

Nyctophilus major tor
Scotorepens balstoni
Vespadelus baverstocki
Vespadelus regulus

Molossidae

Austronomus australis
Ozimops kitcheneri
Ozimops petersi
Ozimops planiceps

Wing morphology and
echolocation [157], habitat use
[176,177]
Habitat use [177]
Wing morphology and
echolocation [162], habitat use
[163–165], diet analysis [166]
Wing morphology and
echolocation [157,162], habitat
use [176,177], migratory habits
[178]
Habitat use [176]
Wing morphology and
echolocation [157,162]
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CHAPTER 3
INSIGHTS INTO AUSTRALIAN BAT LYSSAVIRUS IN
INSECTIVOROUS BATS OF WESTERN AUSTRALIA

Buccal swab from Scoterepens balstoni for ABLV testing. Photo by Mikaylie Wilson

This chapter has been published:
Prada, D., Boyd, V., Baker, M., Jackson, B., & O’Dea, M. (2019). Insights into
Australian bat lyssavirus in insectivorous bats of Western Australia. Tropical Medicine
and Infectious Disease, 4(1), 46. doi:10.3390/tropicalmed4010046
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Abstract
Australian bat lyssavirus (ABLV) is a known causative agent of neurological disease in
bats, humans and horses. It has been isolated from four species of pteropid bats and a
single microbat species (Saccolaimus flaviventris). To date, ABLV surveillance has
primarily been passive, with active surveillance concentrating on eastern and northern
Australian bat populations. As a result, there is scant regional ABLV information for large
areas of the country. To better inform the local public health risks associated with
human-bat interactions, this study describes the lyssavirus prevalence in microbat
communities in the Southwest Botanical Province of Western Australia. We used
targeted real-time PCR assays to detect viral RNA shedding in 839 oral swabs
representing 12 species of microbats, which were sampled over two consecutive
summers spanning 2016–2018. Additionally, we tested 649 serum samples via Luminex®
assay for reactivity to lyssavirus antigens. Active lyssavirus infection was not detected in
any of the samples. Lyssavirus antibodies were detected in 19 individuals across six
species, with a crude prevalence of 2.9% (95% CI: 1.8–4.5%) over the two years. In
addition, we present the first records of lyssavirus exposure in two Nyctophilus species,
and Falsistrellus mackenziei.

Introduction
Australian bat lyssavirus (ABLV) is one of the 16 classified species of lyssaviruses
within the family Rhabdoviridae [179]. It was first discovered in Australia in 1996 [68]
and early studies distinguished two variants, the pteropid variant carried by all four
species of flying fox within continental Australia [110], and the insectivorous variant
detected only in the yellow-bellied sheath-tailed bat (Saccolaimus flaviventris) [111].
Although there is evidence of ABLV exposure in 11 genera within four microbat families
[35], additional reservoir species have yet to be identified.
Both ABLV strains are associated with clinical disease in the host species [68,111].
Although spillover events are extremely rare, they have resulted in fatal neurological
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disease in humans and horses [180–182], making ABLV an agent of significant public
health concern. Current public health policy recommends a prophylactic rabies
vaccination for bat handlers, with the administration of post-exposure treatment
including vaccination and rabies immunoglobulin based on vaccination history and
individual immune status[183]. However, the perceived risk from exposure to microbats
is potentially limited by the relative lack of media exposure these species receive
compared to the larger pteropids, coupled with only a single documented microbat to
human transmission of ABLV to date.
Since the discovery of ABLV, surveillance has predominantly relied on passive
sampling regimes, with a single published study based on active sampling in the east and
north of the country [184]. Results suggest ABLV circulates at a low prevalence (< 1%) in
healthy wild bat populations [35]. However, the prevalence (and therefore risk) escalates
to 5%–10% where bats are injured, sick or orphaned. These are precisely the conditions
which are considered to drive human exposure through rescue and rehabilitation
attempts, or the protection of property, pets or children[185–187]. Interestingly, the
public health research on ABLV and human-bat interactions to date does not report on
community knowledge or risk perceptions of microbats versus pteropid species,
generally referring to ‘bats’ as a broad group [185–188]. Therefore, whilst basic
knowledge of ABLV in bats appears to be high in some regions [185], public awareness
of the specific risks and recommended post-exposure behaviours with respect to
microbats warrants further research.
In Western Australia, ABLV surveillance has also been sporadic and passive, with the
only targeted study focusing on the far northern part of the state and concentrating
mainly on the pteropid bats in the region [35], with sample collection occurring some 15
years ago. Active surveillance of microbats has likely been hindered by the additional
time and resource demands of sampling non-cave roosting species typical of the region
[126]. Therefore, there is limited current information on the ABLV status of Western
Australian microbat species and the disease status is assumed by the extrapolation of
information from bat populations in the eastern states. Additionally, there is no local
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data of ABLV status in the southwest of Western Australia, an area with arguably
increased human-bat interaction due to the higher population density.
In order to better inform the regional risks associated with human-bat interactions,
this study aimed to establish the lyssavirus status of insectivorous bats in the South-West
Botanical Province of WA over a period of two years. We used an ABLV specific and a
pan-lyssavirus reverse transcription real-time PCR (RRT-PCR) assay to screen oral swabs
from 12 species of microbats. Additionally, we used a bead-based Luminex® assay on
serum samples to determine previous lyssavirus exposure.

Materials and Methods
All sampling was approved by the Department of Parks and Wildlife of Western
Australia, permits 08-001359-1, and CE005517. Capture, handling and sampling
procedures were approved by the Murdoch University Animal Ethics Committee
(R2882/16).
Harp traps and mist nets were used to capture bats at different locations of the
South-West Botanical Province (SWBP), an Australian global biodiversity hotspot. The
province covers approximately 44 million hectares and comprises nine bioregions [153].
Remnant natural cover in the east and west of the region is separated by the extensive
monoculture known as the Western Australian wheatbelt, which acts as a major
dispersion barrier for many native species.
Sampling took place over two summers between 2016 and 2018, with sites in the
east and west boundaries of the wheatbelt. The northeastern sites were within the semiarid Avon bioregion which was predominantly sampled during the first season (2016–
2017). The southwestern sites were distributed across five bioregions, the Esperance
Plains, Geraldton Sandplains, Jarrah Forest, Swan Coastal Plain, and Warren (Figure 3.1),
which were mainly sampled during the second year of the study (2017–2018). Therefore,
most sampling sites were visited only once over the two years, except for locations in the
Avon bioregion which were sampled during both summers.
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Figure 3.1. The Southwest Botanical province (SWBP) highlighted in brown.
Sampling sites are shown and sites where seropositive individuals were identified
are labelled I-VII. Presence (light areas) and absence (dark areas) of human
populations are shown. The SWBP encompasses nine bioregions, Avon Wheatbelt
(AVW), Coolgardie (COO), Esperance Plains (ESP), Geraldton Sandplains (GES),
Hampton (HAM), Jarrah Forest (JAF), Mallee (MAL), Swan Coastal Plain (SWA), and
Warren (WAR).
Prior to undertaking trapping, all personnel involved in handling bats underwent a
complete rabies vaccination schedule. Biosecurity and biosafety protocols during
handling and sampling included the use of protective gloves while manipulating bats out
of traps and nets. During sample collection, double gloves were worn while restraining
the animal (nitrile gloves over protective gloves), with the nitrile gloves changed
between each bat. All surfaces and non-disposable equipment (e.g. calipers) were
disinfected with a 10% solution of F10 (Health and Hygiene, South Africa) between each
bat. Additionally, single calico bags were used for each individual and soaked in F10
before being re-used.
Following capture, bats were taxonomically identified, and a single oral swab
(FLOQSwab, Copan) was was twirled within the buccal cavity of each bat for 3-5 seconds
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and stored in RNAlater® (Ambion, Life Technologies). Swabs were stored at 4oC for up to
two weeks, once samples reached the laboratory they were kept at -80 oC until
processing. Additionally, 10 µL of blood was taken from the brachial vein and diluted 1:10
in phosphate buffered saline (PBS).
Oral swabs were vortexed and 50 µL of the supernatant used as starting material for
all extractions using a Magmax viral RNA extraction kit (Ambion, Applied Biosystems,
Vilnius, Lithuania) following the manufacturer’s instructions. The detection of lyssavirus
RNA was performed using an Australian bat lyssavirus RRT-PCR specific for the
insectivorous variant of the virus [189], and a pan-lyssavirus RRT-PCR assay [190].
Inactivated insectivorous ABLV RNA provided by the CSIRO Australian Animal Health
Laboratory (AAHL, Victoria, Australia) was used as a positive control. Assays were
performed on a QuantStudio 6 Flex platform (Life Technologies). Nucleic acid extraction
verification and lack of inhibitors were assessed using an endogenous 18S rRNA PCR
assay (Life Technologies).
Sera were tested for reactivity to lyssavirus antigens [191] in an indirect binding
Luminex® assay [192] , at a final working dilution of 1:50 at CSIRO AAHL. As a pilot study,
samples collected during the first season were pooled one in three (n = 246) or one in
four (n = 24). All samples collected during the second season were tested individually (n
= 391). Median Fluorescence Intensity (MFI) was read using a Bio-Plex instrument (BioRad Laboratories). Due to the lack of known positive and known negative bat sera from
the species captured in this study to validate the assay, the MFI threshold to differentiate
positive and negative samples was set at 1000 MFI as per CSIRO protocols. Previous
studies published by the Australian Animal Health Laboratory and elsewhere using the
same Bio-Plex platform have used a threshold of at least three times the mean MFI of
negative sera from other bat species with values below 250 MFI considered negative
[32,193–195]. The same principle was used here to establish a threshold based on an
MFI of 250 corresponding to a negative sample with sample MFIs above 1000 considered
positive.

28

Prevalence estimates and 95% confidence intervals were calculated using the Wilson’s
Method[196] [26] as implemented in the R package epitools [197].

Results
In total, 839 oral swabs and 661 blood samples were collected. Twelve samples did not
provide a valid Luminex® assay result and were removed from the analysis. Therefore,
the final serological dataset comprised 649 samples encompassing 12 bat species (Table
3.1). Captured species composition varied at each location (Figure 3.2) and in general
Chalinolobus gouldii and Vespadelus regulus had the greatest representation in the swab
and sera data sets (Table 3.1). A total of 270 serum samples were collected in the first
year and 379 during the second year.
Table 3.1. Seroprevalence of Australian bat lyssavirus in 12 species of microbats of
the Southwest Botanical Province of Western Australia. The total number of
samples tested and positives () are shown.
Family

Vespertilionidae

Species

Sera

Seroprevalence 1

Chalinolobus gouldii

287(0) 262(2)

0.7 (0.2–2.7)

Chalinolobus morio

105(0)

64(3)

4.6 (1.6–12.8)

Falsistrellus mackenziei

14(0)

7(1)

NC2

Nyctophilus geoffroyi

69(0)

48(0)

Nyctophilus gouldi

78(0)

66(3)

4.5 (1.5–12.5)

Nyctophilus major

12(0)

5(1)

NC 2

Nyctophilus sp3

6(0)

5(0)

Scotorepens balstoni

13(0)

8(0)

Vespadelus baverstocki

6(0)

5(0)

Vespadelus finlaysoni

1(0)

0

Vespadelus regulus

Molossidae

Swabs

227(0) 164(9)

Vespadelus sp3

2(0)

1(0)

Austronomus australis

13(0)

11(0)

Ozimops sp

6(0)

3(0)

5.5 (2.9–10.1)
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1

Prevalence (%) and 95% confidence intervals (CI). 2 Prevalence estimates not
calculated (NC) due to small sample size. 3 These individuals were not confidently
identified to species level, however will belong to either of the listed Nyctophilus
or Vespadelus species, and therefore do not count towards the total number of
species sampled.

Figure 3.2. Number of blood samples taken by genera and bioregion. Note, no
blood samples were obtained from bats in the Geraldton Sandplains bioregion.
Neither the ABLV specific or the pan-lyssavirus RRT-PCR reactions yielded a positive
result. No inhibition was detected in any of the samples and positive and negative
controls were valid.
Serological reactivity to lyssavirus antigens was detected in 19 samples (Table 3.1,
Appendix 1) resulting in an overall antibody prevalence of 2.9% (95% CI: 1.8–4.5%).
Seropositive samples encompassed six species, V. regulus had the highest prevalence at
5.5% (95% CI: 2.9–10.1%), followed by C. morio (4.6%, 95% CI: 1.6–12.8), Nyctophilus
gouldi (4.5%, 95% CI: 1.5–12.5) and C. gouldii (0.7%, 95% CI: 0.2–2.7%). Additionally,
reactivity was also detected in a single Falsistrellus mackenziei, and an N. major. Due to
their small sample sizes, prevalence values were not estimated for these two species
(Table 3.1).
Despite a large number of individuals being sampled during the first year (n = 270), none
reacted on the lyssavirus serological assay, thus all seropositive bats were captured
during the second year of the study, and south of the wheatbelt. Consequently, annual
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seroprevalence significantly increased from 0% in the first year to 5% (95% CI: 3.2–7.7%)
in the second year (p = < 0.0001). It should be noted that the majority (78%) of captures
in the first year and north of the wheatbelt were dominated by a single species, C. gouldii.
Seropositive individuals were captured at seven sites which were dominated by natural
jarrah (Eucalyptus marginata) and marri (Corymbia calophylla) forests, and on one
occasion on agricultural land transitioning to wandoo (E. wandoo) woodlands (Table 3.2).
Seropositive V. regulus were sampled at five different locations, seropositive N. gouldii,
and C. morio were captured at three and two locations, respectively, and the remaining
two species were all captured at a single site. When examining the data by number of
seropositive samples per location, three different species were captured at three
locations, and the remaining four locations were represented by a single seropositive
species.
Table 3.2. Distribution of seropositive individuals per bioregion and trapping
location. Number of positives () per species.
Bioregion

Location

Species

Jarrah Forest

I

Vespadelus regulus (1)

II

Chalinolobus gouldii (2)

III

Vespadelus regulus (2)
Nyctophilus major (1)
Falsistrellus mackenziei (1)

Warren

IV

Nyctophilus gouldi (1)

V

Vespadelus regulus (1)

VI

Chalinolobus morio (2)
Nyctophilus gouldi (1)
Vespadelus regulus (1)

VII

Chalinolobus morio (1)
Nyctophilus gouldi (1)
Vespadelus regulus (4)
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Discussion
Here we report the first comprehensive study investigating the lyssavirus status of
apparently healthy populations of insectivorous bats in the Southwest Botanical Province
of WA. Significantly, this is the first active surveillance to take place in the SWBP and
therefore constitutes an update to the existing limited lyssavirus data on wild microbat
populations [184]. We did not detect any current ABLV infection or the presence of any
other lyssavirus species circulating within the sampled populations, despite the large
sample size (n = 839). The suitability of oral swabs for lyssavirus detection has previously
been demonstrated in clinical studies [189,198–200], and in active lyssavirus surveillance
efforts [84,201]. Nonetheless, diagnostic sensitivity in a field surveillance setting for the
detection of ABLV may be limited by the combination of intermittent shedding [202], and
a small window of infection [84,203] of an already low prevalence virus.
Serological results indicated previous lyssavirus exposure in 19 individuals, resulting
in an overall seroprevalence of 2.9% in the study population. This result is congruent with
previous sero-response estimates of wild Australian bat populations[35], albeit using a
different serological assay. Antibody reactivity was detected in six Vespertilionidae
species, C. gouldii, C. morio, V. regulus, F. mackenziei, N. gouldi, and N. major. The
presence of lyssavirus antibodies has previously been documented for the Chalinolobus
and Vespadelus genera [35], and the results here constitute the first published report of
lyssavirus exposure in Nyctophilus spp. and F. mackenziei, an endemic species of the
jarrah forests of the Southwest. It was not possible to carry out further confirmatory
testing on seropositive individuals, as the volume of blood ethically permissible to be
drawn from microbats was fully used in the Luminex® assay.
Seroprevalence values per species varied between 0.7% and 5.5%, with the highest
values observed in V. regulus (5.5%), C. morio (4.6%) and N. gouldi (4.5%). Despite the
existence of previously published seroprevalence figures for some Australian
Vespertilionidae species [35], it is not appropriate to make direct comparisons due to
previous results grouping different species by genera and being based on an alternative
serological assay. Even though seropositivity for ABLV has previously been reported in
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Austronomus australis [35], we did not detect any antibody response in this species,
possibly due to the small sample size (n = 11).
All seropositive individuals originated from seven locations within the Jarrah and
Warren bioregions and none from the Avon bioregion, which is isolated by the Australian
wheatbelt. It is unclear whether this partitioning of the data represents a geographical,
temporal or a species association given these risk factors are confounded in the study
population. However, temporal shedding may explain the 0% prevalence in the Avon
bioregion despite the large sample size (n = 226), as this region was predominantly
sampled in the first year and all the seropositive individuals occurred in the second year
of the study. This hypothesis is supported by longitudinal studies elsewhere showing that
inter-annual variation of seroprevalence estimates is common in wild bat
populations[84,198]. Further, long term active surveillance in Myotis myotis has
provided important insights into the infection dynamics of lyssavirus at a temporal and
geographical scale [84], highlighting how similar studies would contribute to better
understanding of ABLV dynamics within Australian microbat populations. It is possible
that a failure to detect seropositive samples during the first year could also have been
the result of decreased assay sensitivity triggered by sample pooling. However, titration
studies using pools of Pteropus alecto sera by CSIRO AAHL have not demonstrated a loss
of assay sensitivity at the pooling levels used in this study.
The detection of ABLV seropositivity in the SWBP, particularly the southern parts of
the region, further supports the existence of additional lyssavirus reservoirs, as the
distribution of Pteropus spp. and Saccolaimus flaviventris does not extend to the SWBP.
This suggests that any hypothetical reservoir may be a member of the families
Vespertilionidae or Molossidae, with serology results indicating Vespertilionidae may be
a reservoir family in the Southwest of WA. Importantly, seropositive individuals of six
separate species came from a variety of areas in the southwest in relatively close
proximity to towns and recreational areas (< 20 km).
The results from this study suggest that active infections in wild microbat
populations may be even lower than previously thought. Despite this, the evidence of
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circulating ABLV in the region validates current recommendations for post-exposure
treatment of people with bat bites and scratches, including those from microbats. We
recommend public health research akin to that conducted in the eastern states [185–
188] in order to evaluate knowledge, attitudes and perceptions of ABLV risks in the
southwest of WA specifically for microbat species. This information should be used to
guide future public health campaigns in the region.
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Chapter 4
VIRAL DIVERSITY OF MICROBATS WITHIN THE
SOUTHWEST BOTANICAL PROVINCE OF WESTERN
AUSTRALIA

Blood sampling for serology. Photo by: Amy Hutchinson
This chapter has been published:

Prada, D., Boyd, V., Baker, M. L., O’Dea, M., & Jackson, B. (2019). Viral Diversity of
Microbats within the South West Botanical Province of Western Australia. Viruses,
11(12), 1157. doi:10.3390/v11121157
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Abstract
Bats are known reservoirs of a wide variety of viruses that rarely result in overt clinical
disease in the bat host. However, anthropogenic influences on the landscape and climate
can change species assemblages and interactions, as well as undermine host-resilience.
The cumulative result is a disturbance of bat–pathogen dynamics, which facilitate
spillover events to sympatric species, and may threaten bat communities already facing
synergistic stressors through ecological change. Therefore, characterisation of viral
pathogens in bat communities provides important basal information to monitor and
predict the emergence of diseases relevant to conservation and public health. This study
used targeted molecular techniques, serological assays and next generation sequencing
to characterise adenoviruses, coronaviruses and paramyxoviruses from 11 species of
insectivorous bats within the Southwest Botanical Province of Western Australia.
Phylogenetic analysis indicated complex ecological interactions including virus–host
associations, cross-species infections, and multiple viral strains circulating concurrently
within selected bat populations. Additionally, we describe the entire coding sequences
for five alphacoronaviruses (representing four putative new species), and one novel
adenovirus. Results indicate that viral burden (both prevalence and richness) is not
homogeneous among species, with Chalinolobus gouldii identified as a key
epidemiological element within the studied communities.

Introduction
In the past three decades, viral surveillance in wild bat populations has accelerated
due to human fatalities and the socio-economic impacts of emerging infectious diseases
with bat origins, including respiratory syndrome coronaviruses, and paramyxoviruses
such as Nipah and Hendra viruses [121,204]. Describing viral diversity within bat
communities facilitates early detection of direct and indirect zoonotic disease risks [75],
which are intensified by the anthropogenic modification of the landscape, climate
change and increased human–domestic animal–wildlife interactions [14–16]. In bats, this
link has been clearly illustrated by the loss of suitable habitat for flying foxes, and the
37

risks of spillover events either through increased viral shedding [205], or movements of
bat communities into bushland–urban interfaces [206].
Viral surveillance of wild bat populations is also necessary for proactive conservation
management of this diverse taxonomic group. Viral shedding can act as an indicator of
broader environmental change driving host population stress [207,208], which can
influence disease dynamics through behavioural and physiological changes in the host
[208]. Recent findings suggest that higher loads of coronavirus may hinder the survival
of bats infected with Pseudogymnoascus destructans, the causative agent of White-nose
syndrome which has had a devastating impact on the conservation of a range of North
American microbat species [209]. Further, a relationship between reduced nectar-based
resources in winter, and Hendra virus spillover has been described [83], arguably
mediated by impacts on the host energy budget and therefore immune system, as well
as dispersed foraging patterns of the host species. Given the plausible environmental
and biological drivers of viral shedding in bats, characterising their viral diversity is a
crucial first step to develop strategies to detect changes in pathogen dynamics with
implications for public health and conservation [210].
Among the variety of viral groups harboured by microbats [211], Adenoviridae,
Coronaviridae, and Paramyxoviridae are diverse viral families infecting a wide range of
vertebrates, and include species of known zoonotic potential, with key examples being
the precursors to the Severe Acute Respiratory Syndrome and the Middle East
Respiratory Syndrome coronaviruses which originated in insectivorous bats [6,7,212].
Even though adenoviruses of bat origin have not been associated with human disease
outbreaks, in-vitro experiments have demonstrated their capacity to infect other
vertebrate cell lines, including human cell lines [213]. Additionally, cross species
infections of adenoviruses from New World monkeys to humans and consequent human
to human transmission have also been reported [214]. Even though microbats are not
known to harbour paramyxoviruses of zoonotic or conservation concern, this viral group
is of interest as Hendra and Nipah viruses, two paramyxoviruses of flying fox origin, are
able to infect humans with fatal disease progression [26,215].
38

To date, only a few viral groups have been detected and characterised in Australian
bats, with surveillance predominantly focusing on the role of Australian flying foxes as
reservoirs of Australian bat lyssavirus (ABLV) and Hendra virus [33,117,216]. ABLV has
been isolated from a single Australian microbat species [111], with evidence of previous
exposure in several other microbat and megabat species [35,38]. Coronavirus
surveillance in northern Australia resulted in the detection of novel Australian alpha- and
betacoronavirus strains [36], and transmission dynamics for coronaviruses have been
modelled for the microbat, Myotis macropus [127]. Viral characterisation of populations
of Miniopterus orianae bassanii and oceanensis showed a high prevalence of
herpesviruses but neither coronaviruses, filoviruses, henipaviruses, nor lyssaviruses
were detected [37]. Currently, the pathogen–host associations, and potential human
risks or bat conservation implications of viral diversity within Australian insectivorous
bats remain relatively unknown.
Here we describe the viral diversity of microbat communities within the Southwest
Botanical Province (SWBP) of Western Australia, which is home to 13 species of
microbats from two families, Vespertilionidae and Molossidae, including the locally
endemic Falsistrellus mackenziei. We screened faecal samples for the presence of
adenoviruses, coronaviruses and paramyxoviruses using targeted molecular approaches,
and employed next generation sequencing (NGS) and serological protocols to enable a
broader characterisation of viral diversity.

Materials and Methods
Study Area
The Southwest Botanical Province (SWBP), a global biodiversity hotspot [152],
contains nine bioregions covering approximately 44 million hectares [153] and has a
predominantly Mediterranean-type climate. Landscapes in the area are floristically
diverse and have significantly changed due to anthropogenic activities [153]. Remnant
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natural cover on the east and west of the region is separated by the extensive
monoculture known as the Western Australian wheatbelt (Figure 4.1).
Sampling took place to the south-west and the north-east of the province, with the
14 sampling sites falling on the east and west boundaries of the wheatbelt. The southwestern sites were distributed across four bioregions: Swan Coastal Plain, Jarrah Forest,
Warren and the Esperance Plains. The north-eastern sites were predominantly within
the Avon bioregion (Figure 4.1).

Figure 4.1. The Southwest Botanical province (SWBP), highlighted in yellow,
sampling sites and extent of the Australian wheatbelt are displayed. The SWBP
encompasses nine bioregions, Avon Wheatbelt (AVW), Coolgardie (COO),
Esperance Plains (ESP), Geraldton Sandplains (GES), Hampton (HAM), Jarrah Forest
(JAF), Mallee (MAL), Swan Coastal Plain (SWA), and Warren (WAR).

Sample Collection
All sampling was approved by the Department of Biodiversity Conservation and
Attractions, permits 08-001359-1, and CE005517. Capture, handling and sampling
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procedures were approved by the Murdoch University Animal Ethics Committee
(R2882/16). Sampling occurred over two summers between November and April (2016–
2018) using a cross-sectional sample design. The sites within the Avon bioregion were
predominately sampled during the first year and the southwest sites during the second.
Bats were captured using harp traps and mist nets set up near water bodies or across
forest tracks. Captured individuals were placed inside clean calico bags for at least ten
minutes to allow time for defecation. Each individual was weighed and identified to
species or genus level, using morphological features [126].
Collected faecal pellets were placed into 250 µL of RNAlater® (Ambion, Life
Technologies) and kept at either room temperature or 4 °C for a maximum of three days.
Upon arrival to the laboratory, samples were stored at −80 °C until processing. A total of
10 µL of blood was collected, which was diluted 1:10 in phosphate buffered saline (PBS)
and kept at 4 °C before processing
Molecular Analysis
Faecal samples were homogenised in the preservation solution by vigorous
vortexing and centrifuged at 17,000 × g. A total of 50 µL of the supernatant was used as
starting material for all extractions, using a Magmax viral RNA extraction kit (Ambion,
Life Technologies) according to the manufacturer’s instructions.
Screening of coronaviruses and paramyxoviruses consisted of a nested and seminested reverse transcription PCR (RT-PCR) amplifying a segment of the RNA-dependent
RNA polymerase (RdRp).
Coronavirus screening was performed with two primer sets that amplify different
sections of the RdRp gene. These assays were run in parallel in order to increase
sensitivity [217]. Optimisation of the paramyxovirus assay involved testing two
previously published primer sets [218] on a sample subset (n= 48). The first set (panparamyxovirus) targeted all genera within the family and the second was specific to
Morbillivirus, Respirovirus, and Henipavirus (Mor-Res-Hen primer set). Following an
assessment of the results, subsequent screening was carried out using the group-specific
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primer set (Mor-Res-Hen primer set). Screening of adenoviruses involved the
amplification of a section of the DNA polymerase gene (DNApol) (Table 4.1).
Reverse transcription PCR amplifications were performed using SuperScript III OneStep with Platinum Taq (Invitrogen, Thermofisher). Additional PCRs were carried out with
MyTaq PCR mix (Bioline). Annealing temperatures are reported in Table 4.1.
Amplicons were visualised in 2% agarose gels stained with SYBR™ safe (Invitrogen,
Thermofisher). Products of the expected size were purified using Agencourt AMpure XP
beads (Beckman Coulter). All fragments underwent Sanger sequencing in forward and
reverse directions with the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) on an ABI PRISM 3130 DNA Analyser (Applied Biosystems).
For full-length reconstruction of viral genomes, faecal nucleic acid samples were
subject to sequence independent single primer amplification (SISPA) based PCR to
capture RNA and DNA viral material [219]. Library preparation was performed using a
Nextera XT library kit (Illumina) as per the manufacturer’s instructions, and sequencing
was performed on a NextSeq 500 using a 2x150 mid-output flowcell (Illumina). De novo
assembly of genomes was performed using SPAdes [220] with the –careful parameter
enabled. Contigs were searched against the GenBank non-redundant protein database
using DIAMOND v0.9 [221], and those returning significant similarity to viral sequences
(E value ≤10-5) were retained. Contigs matching coronavirus and adenovirus sequences
were extracted and examined manually by ORF prediction followed by BLASTn and
BLASTp search. For contigs in which entire coding sequences were present, manual
genome annotation was performed using Geneious v10.2.6 (BioMatters).
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Table 4.1. Primer sets used in this study for the screening of Adenoviruses,
Coronaviruses, and Paramyxoviruses.
Target Group
Adenovirus

Coronavirus

Paramyxovirus

Target Region
DNA polymerase
gene (DNApol)

RNA-dependent
RNA polymerase
gene (RdRp)

RNA-dependent
RNA polymerase
gene (RdRp)

Primer Name
F1
R1
F2
R2
CoV-Fwd1
CoV-Rvs2
CoV-Fwd2
PLQ-F1
PLQ-R1
PLQ-F2
PLQ-R2
PAR-F1
PAR-R
PAR-F2
RES-MOR-HEN-F1
RES-MOR-HEN-R
RES-MOR-HEN-F2

T °C
55
55
53
50
50
50
53

Amplicon
Size
205

[222]

400

[223]

300

[224]

500

50
53

Reference

[218]
500

50

Phylogenetic Analysis
Sequence read data were manually checked and trimmed in Geneious v10.2.6
(Biomatters) and subjected to BLASTn search to verify the identity of the sequenced
amplicons. Reference sequences, as recognised by the International Committee on
Taxonomy of Viruses (ICTV) and other publicly available sequences, were retrieved from
GenBank and aligned to the sequences generated by this study using MUSCLE [225] for
the Adenoviridae and Coronaviridae alignments and MAFFT [226] for Paramyxoviridae.
Nucleotide-based phylogenetic relationships were inferred from maximum
likelihood and bayesian analysis, based on the general time-reversible evolution model
with gamma-distributed rate variation among sites and a proportion of invariable sites.
Maximum likelihood trees were constructed in Mega X v.10.1.8 [227]; all gaps and
missing data were subject to total deletion and trees bootstrapped 1000 times. Bayesian
trees were constructed in MrBayes v.3.2 [228]. The default settings were employed to
set the prior probabilities on the model parameters. Two runs were performed for
1,000,000 generations and convergence of the posterior probabilities were assessed by
43

checking the standard deviation of split frequencies and the resulting PSRF statistics.
Additional generations were added until the standard deviation reached a value between
0.01 and 0.03.
Phylogenetic analyses for five whole coronavirus genomes constructed from NGS
data were performed on the polyprotein 1ab and spike gene amino acid sequences.
Representative coronavirus sequences were retrieved from GenBank and aligned using
MUSCLE [225]. Phylogenetic relationships were inferred by constructing maximum
likelihood trees using the PROTGAMMAWAG model with 1000 bootstraps in RAxML
[229].
Serology
Samples were tested for reactivity to four paramyxovirus and two betacoronavirus
antigens in an indirect-binding Luminex® assay at a final working dilution of 1:50. All
serological testing was performed at the CSIRO Australian Animal Health Laboratory
(AAHL; Victoria, Australia). The assay coupled soluble G (sG) glycoproteins from Hendra
virus (HeV), Nipah virus (NiV) and Cedar virus (CedV), and nucleoproteins (N) from
Tioman virus (TioV), SARS, and MERS coronaviruses to individual microsphere sets as
previously described [192].
A total of 662 samples were obtained for serological analysis. Those collected during
the first season were pooled one in three (n= 246) or one in four (n= 24). Positive pools
were then tested at the individual sample level where possible. Pooling has shown not
to have a diluting or detrimental effect on the assay result [230]. All samples collected
during the second season (n= 392) were tested individually. Median Fluorescence
Intensity (MFI) was read using a Bio-Plex 200 instrument (Bio-Rad laboratories). Positive
and non-template controls were included in all runs. Positive sera were of non-bat origin
from naturally or experimentally infected animals. Serology results from this study are
referred to as paramyxovirus-like (PaV), and betacoronavirus-like (ßCoV).
As the Luminex assay has not been validated for microbat species due to the lack of
species-specific positive controls, the MFI threshold to differentiate positive and
negative samples was set up at 1000 MFI, which is at least three times the mean MFI of
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negative sera. It is based on previous studies published by the AAHL and elsewhere using
the same Bio-Plex platform on sera from other bat species with values below 250 MFI
considered negative [32,193–195].
Prevalence Estimates
The Wilson’s method [196] was used to estimate prevalence values and 95%
confidence intervals in R package epitools [197]. Estimates for the molecular data were
stratified by viral family, and host species. Seroprevalence was calculated using all
samples within the serology dataset (n= 662). Positive results in pooled samples were
assigned to a single individual within each pool.
Species-specific prevalence estimates were derived from samples tested individually
and calculated for sample sizes greater than 20 individuals as estimates with a small
denominator provide meaningless values. Differences between prevalence values were
assessed using the Fisher Exact test as implemented in R.

Results
A total of 571 faecal samples were collected from 11 species of microbats, with
Chalinolobus gouldii (n= 232) and Vespadelus regulus (n= 141) having the largest
representation in the dataset. Details on number of faecal and blood samples per species
and collection sites are shown in table 4.2.
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Table 4.2. Details of species sampled, number of faecal and serum samples
collected per species and collection sites. Sampling location as follows, Blackwood
(Bla), Charles Darwin Reserve (CDR), Coconurup (Coc), Donnelly (Don) Dryandra
(Dry), Dwellingup (Dwe), Frankland (Frk), Kojonup (Koj), Mettler (Met), Mt Gibson
(MtG), Perth (Per), Twin Creeks (Twi), Two People’s Bay (Two)

Family

Vespertilionidae

Molossidae

Species
Chalinolobus
gouldii
Chalinolobus
morio
Falsistrellus
mackenziei
Nyctophilus
geoffroyi
Nyctophilus
gouldi
Nyctophilus
major
Scotorepens
balstoni
Vespadelus
baverstocki
Vespadelus
regulus
Austronomus
australis
Ozimops sp

N
Faecal

N
Serum

232

264

45

66

11

7

Bla, Dwe

51

50

MtG, Bla, CDR, Coc, Don, Dry,
Dwe, Ger, Per, Two

56

72

Bla, Don, Dry, Dwe, Per, Two

10

6

Bla, CDR, Dry, Dwe, Frk

9

8

MtG, CDR

4

5

MtG, CDR

141

170

Bla, Coc, Don, Dry, Dwe, Frk
Met, Per, Twi, Two

9

11

CDR

3

3

CDR

Trapping Locations
MtG, CDR, Coc, Dry, Dwe, Koj,
Per
MtG, Bla, CDR, Coc, Don, Dry,
Dwe, Frk, Met, Twi, Two

Serology
Resulting overall antibody prevalence estimates were generally low for all serology
assays. The highest values were observed for SARS-CoV at 5.8% (95% CI 4.3–7.9%) and
CedV at 5.3% (95% CI 3.8–7.3%), and the lowest for NiV at 1.3% (95% CI 0.7–2.6%) and
MERS-CoV at 1.5% (95% CI 0.8–2.7%). Sample sizes, overall seroprevalance estimates
and associated confidence intervals are shown in Table 4.3.
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Table 4.3. Overall seroprevalence to six antigens. Seroprevalence and confidence
intervals (95% CI) presented as percentages.
Family
Paramyxoviridae

Genus
Henipavirus

Coronaviridae

Rubulavirus
Betacoronavirus

Antigen
HeV
CedV
NiV
TioV
SARS-CoV
MERS-CoV

N1
645
637
648
653
645
659

Pos.2
33
34
9
17
38
10

Seroprevalence %
5.1 (3.6–7.1)
5.3 (3.8–7.3)
1.3 (0.7–2.6)
2.6 (1.6–4.1)
5.8 (4.3–7.9)
1.5 (0.8–2.7)

Total number of samples that were successfully tested. 2 Positives: number of
samples above the calculated MFI threshold (1000 MFI).
1

PaV-like and ßCoV-like antibody responses were detected in eight and six species,
respectively, (Table 4.4) but only C. gouldii and V. regulus reacted to all antigens. Speciesspecific antibody prevalence values were also low, with the highest value recorded for
CeV antibodies in C. morio at 10.3% (95% CI 4.8–20.7%) and ßCoV antibodies in N. gouldi
at 10% (95% CI 5.1–20%).
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Table 4.4. Seroprevalence per antigen per species. Tested samples (N), followed by the number of positives () are shown.
Seroprevalence (SeP) and 95% confident intervals (CI) are presented as percentages. Last two columns present the seroprevalence
range for each species. Estimates were not calculated for species with positive results but total sample sizes under 20 individuals (NC).
Antigen abbreviations are as follows: Hendra virus (HeV), Nipah virus (NiV), Cedar virus (CedV), Tioman virus (TioV), SARS coronavirus
(SARS-CoV), and MERS coronavirus (MERS-CoV).
Paramyxovirus Antigens
CedV
NiV

HeV
Species

N

SeP

N

C. gouldii

66(2)

3
(0.8–10.4)

66(4)

C. morio

60(5)

8.3
(3.6–18.0)

58(6)

F. mackenziei

7(7)

NC

7(7)

N. geoffroyi

27(0)

N. gouldi

69(2)

N. major
S. balstoni

5(0)
2(0)

V. baverstocki

1(0)

V. regulus

147(7)

A. australis
O. sp

11(0)
1(0)

SeP
6
(2.4–
14.6)
10.3
(4.8–
20.7)
NC

4.8
(2.3–9.5)

Overall Summary

N

SeP

N

SeP

N

SeP

N

SeP

PaV
Range

CoV
Range

68(2)

3
(0.8–10)

68(4)

6
(2.3–14.2)

66(2)

3
(0.8–10.4)

68(2)

3
(0.8–10)

3–6

3

58(2)

3.3
(0.9–11.5)

59(4)

6.7
(2.6–16)

60(1)

1.6
(0.2–8.7)

3.3–10.3

1.6–6.7

59(0)
7(3)

NC

7(0)

7(0)

7(0)

NC

26(1)

3.8
(0.6–1.8)

26(0)

26(0)

27(0)

NC

67(0)

69(0)

67(7)

70(0)

1.6–3

10

5(0)
2(0)

5(0)
2(0)

5(1)
2(0)

4(0)
2(0)

NC

NC

1(0)

1(0)

1(0)

0.6–6.1

2.5–6

NC

NC

26(0)
3
(0.8–10)

Betacoronavirus Antigens
SARS-CoV
MERS-CoV

TioV

63(2)

146(9)
11(0)
1(0)

1.6
(0.3–8.4)

6.1
(3.2–
11.3)

150(1)
11(0)
1(0)

0.6
(0.1–3.7)

154(2)
11(1)
1(0)

NC

5(2)
2(0)

10
(5.1–20)
NC

1(0)
1.3
(0.3–4.6)
NC

150(9)
11(1)
1(0)

1(0)
6
(3–11)
NC

155(4)
11(0)
1(0)

2.5
(1.0–6.4)
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Faecal PCR Analysis
Overall, the highest prevalence of viral nucleic acid shedding was observed for
coronaviruses at 18% (95% CI 15–22%), followed by adenoviruses at 11% (95% CI 8–14%)
and paramyxoviruses at 3% (95% CI 2–5%). All viral families were predominantly amplified
from four species, C. gouldii, C. morio, N. geoffroyi, and V. regulus, with the former two
species showing the highest prevalence estimates for adenovirus DNA and coronavirus
RNA (CoV-RNA) (Table 4.5).
Prevalence values across species were significantly different for adenoviruses and
coronaviruses but not for paramyxoviruses. This differentiation was driven by the high
prevalence in Chalinolobus spp, compared to all other species.

Table 4.5. Viral shedding prevalence of three viral families in 11 species of microbats
of the Southwest Botanical Province of Western Australia. Total number of samples
tested (N), prevalence values (%), confidence interval (95% CI) and number of
positive samples () are shown.
Family

Vespertilionidae

Molossidae

Species

N

Adenoviridae

Coronaviridae

Paramyxoviridae

C. gouldii
C. morio
F. mackenziei
N. geoffroyi
N. gouldi
N. major
S. balstoni
V. baverstocki
V. regulus
A. australis
O. sp

232
45
11
51
56
10
9
4
141
9
3

17 (13–23) (41)
16 (8–29) (7)

25 (20–31) (59)
36 (24–51) (17)
NC1 (2)
4 (1–13) (2)
3.5 (1–12) (2)

4 (2–7) (10)
9 (3–21) (4)

4 (1–13) (2)
1.8 (0.3–9) (1)

8 (4–13) (11)

NC1 (2)
12 (8–18) (17)

2 (0.3–10) (1)
NC1 (1)
1.4 (0.4–5) (2)

NC1 (1)

1

Not calculated—calculations were not made for species with total sample sizes
below 20 individuals.

Summary of Virus Prevalence in Relation to Serology
Seroprevalence values for ßCoV antibodies markedly differed from CoV-RNA
prevalence estimates, especially for C. gouldii, V. regulus and C. morio. These three species
showed the greatest levels of CoV-RNA shedding with values ranging from 12% to 36%
(Table 4.5), while the corresponding ßCoV seoprevalence was only between 1.6% and 6.7%.
To the contrary, PaV-RNA prevalence rates for these three species were comparable to
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their observed seroprevalence ranges. Thus, C. morio, which showed the highest PaV-RNA
prevalence at 9% (95% CI 3–21%), had a seroprevalence range between 3.3% and 10.3%.
C. gouldii showed a PaV-RNA shedding prevalence of 4% (95% CI 2–7%) and a PaVseroprevalence ranging between 3% to 6%, and in V. regulus PaV antibody prevalence
varied between 0.6% to 6.1% and the corresponding PaV-RNA shedding was 1.4% (95% CI
0.4–5%). Individuals that were seropositive in either coronavirus or paramyxovirus assays
yielded a negative PCR result for either family, except for a single C. morio which was RNA
and antibody positive for coronaviruses.
The detection rate of co-infections was low and limited to Chalinolobus spp. CoV and
PaV- RNA were found in three individuals, CoV-RNA and AdV-DNA were detected in 17
individuals, and all three viral families were amplified from a single sample.
Phylogenetic Analysis and Whole Genome Sequencing
Phylogenetic analysis showed a diverse number of coronavirus, adenovirus and
paramyxovirus strains circulating within microbat populations of the SWBP. Two different
strains of coronavirus were detected in C. gouldii, V. regulus and N. geoffroyi. For
adenoviruses, three strains were observed in C. gouldii and two in N. geoffroyi, and two
paramyxovirus strains were amplified in C. gouldii and V. regulus. GenBank accession
numbers of representative sequences generated by this study are reported in appendix 2.
Resulting tree topologies were similar under the maximum likelihood and Bayesian
analyses. Additionally, a total of six full genomes were described: five coronaviruses and
one adenovirus. Details are provided in the sections below.
In general, a host species–strain association independent of the sampling region was
observed for all viral families. In the majority of cases, individuals captured between 50 to
600 km apart, shared the same viral strain. However, for C. morio, a geographic clustering
pattern was observed in the coronavirus analysis, with cluster delineation appearing to be
based on the south-west and north-east sampling sites.
Adenovirus
The final working alignment for adenovirus amplicons contained 61 sequences of 228
bp. All amplified strains grouped into five clades (I-V) within the genus Mastadenovirus
(Figure 4.2).
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Most clades were dominated by strains detected from individuals of the same species
sampled at different locations. WA AdV clade I consisted of seven C. morio, clade III and IV
of 26 and 12 C. gouldii respectively, and clade V of 11 V. regulus. Clade WA AdV II contained
three highly similar sequences, amplified from two different species, N. geoffroyi, and N.
gouldi.
Additionally, two separate sequences which did not cluster directly within the WA AdV
clades, were detected from single C. gouldii and N. geoffroyi individuals. The former was
most similar to those within WA AdV V and the latter, grouped with Bovine AdV 3 (U57334).
WA AdV clades IV, V and sequence 3206-Cg-Dry clustered with sequences amplified
from other Vespertilionidae species, Bat AdV 2 (JN252129) and Bat AdV 205A (KX871230),
a pattern not observed for the remaining sequences. Under the Bayesian phylogenetic
analyses, the remaining clades grouped with sequences amplified from Rhinolophus sinicus
(KT698853, NC029899, NC09902) a member of Rhinolophidae, while under the maximum
likelihood approach there was not a clear association to any other sequence of bat origin.
A single full-length adenovirus genome was obtained from a C. gouldii (Bat AdV WA
3301 Cg Dwe, clade IV, GenBank accession MK472072). The genome was 37,617
nucleotides in length, with inverted terminal repeats of 288 bp and 293 bp at the 5’ and 3’
termini, respectively. A BLASTn search on the full-length genome returned most similarity
to Human adenovirus D isolate (KF268332.1) with 72% identity over a 32% query cover. Of
the 27 putative open reading frames identified, the conserved DNA polymerase protein
showed the greatest identity (62%) to canine (AP000050.1), equine (ANG08548.1) and bat
(YP_004782100.1) adenoviruses. The hexon protein appeared to be more evolutionarily
conserved with the highest similarity to Bat mastadenovirus G (YP009325345.1) (query
coverage 100%, identity 75%), identified from Corynorhinus rafinesquii, a member of
Vespertilionidae.
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Figure 4.2. Bayesian phylogenetic analysis of adenovirus sequences based on a
fragment of the DNApol gene. Tree was constructed with Mr Bayes, posterior
probabilities of mayor partitions are reported below branches. Clades identified in
this study are coloured, naming convention represents the unique ID for each
individual followed by the first letter of the genus, the first letter of the species and
the geographical trapping site. A full adenovirus genome was amplified from the
sample marked by an orange circle and samples that did not cluster within any of the
identified WA clades are underlined. GenBank accession numbers for representative
sequences produced by this study are reported in appendix 2. Within
Mastoadenovirus, clades of reference samples were collapsed for brevity, black
circles, and accession numbers are shown following strain names. Genbank
accession numbers for representatives of Siadavirus, Aviadvirus and Atadenovirus
are reported in appendix 3.
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Coronavirus
Coronavirus RNA was detected in 102 samples. Significant differences were observed
in sensitivity between the two primer sets used for the screening. The CoV primers [223]
detected 98 positives while the PQL primers [224] detected only nine. Since these two
primer sets amplify different regions of the RdRp gene, only those sequences successfully
amplified with the CoV primers were used to build the alignment, which consisted of 91
sequences of 396 bp.
Sequences grouped into four clades (I-IV) within the genus Alphacoronavirus (Figure
4.3). There was a clear host species dominance within each clade, WA CoV I and IV
consisted predominantly of C. gouldii (n= 28, 24), WA CoV II of C. morio (n= 14), and WA
CoV III of V. regulus (n= 16). Additionally, a single sequence was amplified from Ozimops
sp. Despite the observed species-specific dominance, clades also included highly similar
sequences detected from a minority of other species. Consequently, strains from two
Nyctophilus spp, and one from V. regulus clustered with the 28 C. gouldii sequences within
WA CoV I, two F. mackenziei, and two V. barvestocki clustered within the V. regulus clade
(WA CoV III), and a sequence amplified from N. geoffroyi was identical to C. gouldii
sequences within WA CoV IV.
Phylogenetic analysis also showed that all CoV groups were similar to sequences
amplified from members of the same host family. Accordingly, the Ozimops sp sequence
clustered with a Molossidae sequence (Chaerephon sp. HQ728486), and all the remaining
clusters were most similar to sequences from members of Vespertilionidae. WA CoV clades
I, II and III grouped with previously described strains from Australian and New Zealand
vespertilionid bats (EU834951, KF545987-90).
Five full alphacoronavirus genomes were amplified (GenBank accession numbers
MK472067–MK472071). Three genomes were obtained from C. gouldii individuals, 2028Cg-CDR and 3301-Cg-Dwe, representing clade CoV I and Bat CoV WA 1087-Cg-MtG, within
clade CoV IV. Additional genomes were amplified from a pooled faecal sample of V. regulus
(Bat CoV WA Vrpool-Dwe) and one from Ozimops sp (Bat CoV WA 3607-Ozi-CDR). Genome
sizes ranged from 27,405 nt to 28,171 nt in length, with all genomes containing the ORF1ab
translated as a result of the presence of the ribosomal frameshift signal UUUAAAC. In
addition to ORF1a, ORF1b and ORF1ab, all genomes contained coding regions for the spike
protein, envelope protein, membrane glycoprotein, nucleocapsid and ORF3.
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Phylogenetic analysis of the pp1ab amino acid sequences (Figure 4.4) and spike gene
sequences (Appendix 4) showed that genomes from clade CoV I clustered with the genome
amplified from the pooled V. regulus faecal samples, while the Ozimops sp genome
clustered with Rousettus bat coronavirus HKU10 (AFU92112). Even though these viruses
predominantly clustered with other bat viruses, the genome representing clade CoV IV
clustered with Porcine Epidemic Diarrhoea virus (PEDV) (ALB08471), with an amino acid
identity of 74.1% for the pp1ab region and 67.7% for the spike protein.
Analysis of concatenated amino acid domains from ORF1ab (NSP3, NSP5, NSP12,
NSP13, NSP14, NSP15, and NSP16) showed that the two samples from clade CoV I had over
99% identity to each other while levels of identity among the remaining three genomes
ranged from 67.8% to 85.5%. Levels of identity to other coronaviruses also resulted in
identity levels below 90%. Therefore, the five genomes reported here represent four
putative new coronavirus species, as per the International Committee on the Taxonomy of
Viruses guidelines [231].
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Figure 4.3. Bayesian phylogenetic analysis of coronavirus sequences based on a
fragment of the RdRp gene. Tree was constructed with Mr Bayes, posterior
probabilities of major partitions are reported below branches. Clades identified in
this study are coloured, naming convention is based on the unique ID for each
individual followed by the first letter of the genus, the first letter of the species and
the geographical trapping site. Full coronavirus genomes were amplified from the
samples marked by an orange circle. GenBank accession numbers for representative
sequences produced by this study are reported in appendix 2. Within
Alphacoronavirus, clades of reference samples were collapsed for brevity, black
circles, and accession numbers are shown following strain names. GenBank
accession numbers for representatives of Betacoronavirus, Deltacoronavirus and
Gammacoronavirus are reported in appendix 3.
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Figure 4.4. Maximum likelihood phylogenetic analysis of the pp1ab amino acid
sequences derived from five coronavirus genomes. The tree was constructed in
RAxML using the PROTGAMMAWAG model with 1000 bootstraps; supports above
80% are shown below each branch. Naming convention for the sequences generated
in this study is based on the unique ID for each individual followed by the first letter
of the genus, the first letter of the species and the geographical trapping site.

Paramyxovirus
Paramyxovirus RNA was detected in 18 samples. The working alignment was 443 bp
long and contained 17 sequences. Sequences clustered by host species, forming two main
clades (Figure 4.5). WA PaV I consisted of nine strains amplified from C. gouldii, and WA
PaV II consisted of four sequences from C. morio. These two clades and two additional
sequences amplified from a single S. balstoni and a V. regulus clustered within the recently
proposed genus Shaanvirus [232] and were phylogenetically related to other reported
sequences amplified from host species of the same family. Two distinct sequences
detected in V. regulus and C. gouldii clustered within the genus Morbillivirus. To further
investigate the relationships to other bat morbilliviruses, these two samples were
amplified with the Pan-paramyxovirus primer set. Only one sample was successfully
sequenced, and the resulting sequence clustered within Shaanvirus instead of Morbillivirus
No contigs with homology to known paramyxovirus species were found following
next-generation sequencing analysis, inclusive of two samples paramyxovirus positive on
RT-PCR (3197- Vr-Dry and 1087-Cg-MtG).
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Figure 4.5. Bayesian phylogenetic analysis of paramyxovirus sequences based on a
fragment of the RdRp gene. Tree was constructed with Mr Bayes, posterior
probabilities of major partitions are reported below branches. Clades identified in
this study are coloured, naming convention for sequences produced by this study is
based on the unique ID for each individual, followed by the first letters of the genus,
the species and the geographical trapping site. Samples that did not cluster within
any the identified WA clades are underlined. GenBank accession numbers for
representative sequences produced by this study are reported in appendix 2. Clades
of reference samples were collapsed for brevity, black circles, GenBank accession
numbers for representatives of Rubulavirus, Avulavirus, Respirovirus, Henipavirus,
Metapneuavirus and Pneumovirus are reported in appendix 3.
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Discussion
Here we present a comprehensive characterisation of the viral diversity within
Australian insectivorous bat communities, providing the first records of adenovirus and
paramyxovirus shedding in Western Australian bats, as well as building on the current
knowledge of coronaviruses in Australian microbats. Our results indicate that disease
burden varies within bat species assemblages, and C. gouldii appears to be a key
epidemiological element within the studied communities, sustaining the greatest viral
richness and shedding. This study shows that WA microbat populations host a variety of
viral families and sustain multiple viral strains concurrently, in line with other studies [233–
238]. Our results are in contrast to the only additional Australian initiative to date aiming
at characterizing viral diversity in microbats, where only herpesviruses were detected [37].
Difference in the discovery rate between these two studies may be due to the number of
species surveyed (two subspecies vs. 11 species) as well as sample type (oral swabs vs.
faeces), with oral swabs likely to carry lower levels of viral RNA/DNA, thus decreasing the
sensitivity of molecular assays.
In general, phylogenetic analysis revealed an expected strain–host specificity
independent of geographical distance, in line with previous findings for the targeted viral
families [36,63,119,204,233–235,239–243]. At a finer scale, clustering patterns of
coronavirus strains for C. gouldii and C. morio, may reflect the ecological connectivity
between host populations. Host tropism over a wide spatial scale was particularly evident
in the high similarity (99% identity) of the C. gouldii coronavirus genomes amplified from
individuals captured at sites 350 km apart, while a partition between sites north and south
of the wheatbelt was observed for coronavirus strains amplified from C. morio. Even
though such partition was not reflected by either the adenovirus or paramyxovirus
phylogenetic analysis, genetic or capture/recapture studies would clarify the current and
historical connectivity of bat populations within the region, and their relationship to
observed host–pathogen associations.
Phylogenetic analysis of coronavirus sequences showed that species-specific groups
harboured a minority of identical or similar strains which were amplified from sympatric
individuals of different genera, providing evidence for the occurrence of historic crossspecies transmission events. For example, within clade WA CoV IV, a sequence amplified
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from N. geoffroyi was identical to those amplified from C. gouldii, with all individuals
captured at the same location, while sequences amplified from F. mackenziei clustered
with the clade dominated by V. regulus. Previous cross-species infections of bats have
mainly been observed in cave-dwelling species that share roosting sites, with viral
transmission plausible within this context [36]. However, bat species in the current study
predominantly roost in tree hollows and decorticating bark, although cave colonies of C.
morio are also known[126]. Given the predominant faecal–oral or respiratory transmission
of CoV, the observed strain clustering patterns suggest that C. gouldii may either share
roosts concurrently or use them alternatively with Nyctophilus species and V. regulus, and
a similar interaction may occur between F. mackenziei and V. regulus. This is supported by
studies showing that despite forest bats having strong intra and interspecific variation in
roost requirements [244,245], some species also exhibit considerable flexibility in roost
selection [165]. Additionally, unpublished records from the bat box monitoring program at
Organ Pipes National Park (Victoria, Australia) document the occasional co-roosting of V.
regulus with C. morio or C. gouldii [246].
Interestingly, the phylogenetic analysis of the spike protein from coronavirus genome
Bat CoV 1087-Cg-MtG showed a higher level of similarity to Porcine Endemic Diarrhoea
virus (PEDV) than to any other virus of bat origin. This raises the possibility of a spillover
risk, as the spike protein determines cell tropism. For instance, the emergence of the
alphacoronavirus Swine Acute Diarrhoea Syndrome (SADS) in Chinese swine, is a recent
example of a cross-taxa infection likely originating from an insectivorous bat coronavirus
[66]. Both SADS and HKU2 bat coronavirus, the likely strain of origin, share 86% identity
across the spike protein gene. However, the nucleotide identity of only 67.7% between the
spike protein of Bat CoV 1087-Cg- MtG and PEDV suggests that direct infection to swine
would be unlikely, and intermediate host jumps would likely be required.
Cross-species infections were not generally supported by the paramyxovirus or
adenovirus phylogenetic analysis. However, we detected an identical single adenovirus
strain from N. geffroyi and N. gouldi collected at two separate regions. The small amplicon
used for phylogenetic analysis may fail to discern a taxonomic separation between these
two closely related species, although previous studies have reported the occurrence of
divergent and cosmopolitan AdV strains [234,247,248]. However, evidence supporting this
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hypothesis has been based on a small amplicon and further studies on the co-evolution of
adenoviruses and bats will benefit from whole genome analysis.
Host tropism was also supported by the full-length adenovirus amplified from C.
gouldii. In general, the genome had low levels of identity to other available adenovirus
genomes. A strong host–strain association was also supported by the significant difference
of the fiber protein, which determines cellular tropism, to other sequences in GenBank,
including those derived from bat adenoviruses. Additionally, identity analysis using the
conserved hexon region was able to better identify this strain as of bat origin over DNApol
or the fiber protein. This supports previous findings that tree topologies based on the
hexon gene better reflect the phylogenetic relationships of the host than the DNApol gene
[233,234,248].
Despite adenoviruses being detected in a smaller number of microbat species
compared to coronaviruses (five versus eight species), they showed a similar level of strain
richness, supporting the emergent consensus that this family encompasses a greater
diversity than previously thought [233,240,249–251]. The relationship of the first three
adenovirus clades to other published bat sequences was not resolved, likely due to the lack
of comparable sequences. Despite the availability of several published Adenoviridae
sequences, these represent alternative sections of the DNApol gene, highlighting the
importance of unified protocols for the screening of wildlife populations to allow global
comparisons [252].
Molecular detection of paramyxoviruses in faeces found a crude prevalence of 3% in
line with previous reports [64,253]. We observed greater reactivity to antigens from
Australian paramyxovirus species (Hendra virus and Cedar virus) than to those found in
Asia (Nipah virus and Tioman virus). This pattern may be indicative of the closer
relationship expected between Australian henipaviruses than to geographically distant
viral species, and is consistent with cross-reactivity experiments on Hendra and Nipah
antigens showing variability of the binding response despite the close relationship
between these two viruses [192].
The serological results illustrate the challenges of sero-surveillance in novel species in
the absence of a validated species-specific assay [254]. For example, RNA- and
seroprevalence differed for the coronaviruses, in contrast to the paramyxoviruses where
the RNA- and seroprevalence were consistent. A high prevalence of coronavirus RNA
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shedding suggests endemic infection of the studied communities, a finding not supported
by the low seroprevalence. Such discrepancy is most likely caused by the lack of sensitivity
of the serological assay at detecting alphacoronavirus antibodies, as it comprises SARS and
MERS specific antigens. It could be argued that the use of alphacoronavirus antigens may
have been more appropriate as a serological screening tool. However, given the number
of betacornaviruses which are precursors of significant zoonotic viruses, we deemed it
important to perform serological surveillance for this group of viruses. The serological
assays employed here were developed for Australian flying foxes and have not been
validated in insectivorous bats. Therefore, a true epidemiological picture cannot be
resolved without further validation. Furthermore, unlike studies focusing on larger bats,
the small amount of blood that may be ethically drawn from microbats makes it
challenging to carry out confirmatory tests, such as titration testing, on seropositive
samples. Therefore, precluding the ability to perform discriminatory testing of genus level
reactivity.
Viral shedding, antibody reactivity, and viral richness varied across species, suggesting
that viral burden is not homogeneous within bat communities, but harboured by a
minority of key species. In this study, C. gouldii and C. morio consistently showed the
highest levels of viral shedding across all viral families despite the marked differences in
total sample size (232 vs. 45 individuals). Differential viral burden within bat communities
has also been hypothesised for Australian pteropid bats as reservoirs of Hendra virus, with
longitudinal studies indicating that spillover events are more likely associated with two of
the four species of Australian flying foxes, despite all being known reservoirs of the virus
[34].
While multiple studies discuss the life-traits that make bats competent viral reservoirs
compared to other taxa [47,51,255], only a few have specifically looked into the drivers of
pathogen persistence and richness within bat communities [88,89,256]. Such studies
investigated the relationship between viral richness and geographic range, colony size,
population fragmentation, body size, and threat status. In general, the role of home range
appears to be an important driver of viral richness [88,89], which is congruent with the
global pattern that widely distributed species at high densities harbour a greater diversity
of pathogens [257,258]. Equally, phylogenetic affinity has been suggested as an underlying
factor of viral richness, as pathogens are more likely to host-switch with closely related
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species [47,259]. Within this context, C. gouldii could be proposed as an important viral
reservoir within bat communities of the SWBP. This species showed the greatest viral
richness with a total of seven strains detected, it has a wide distribution being commonly
found in a variety of habitats including natural, rural and urban environments [126], and it
appears to have a higher level of tolerance to urbanisation than other Australian microbat
species [173,260].
High viral prevalence and richness were expected from A. australis, as this species has
a wide distribution [126], it is capable of covering long distances, and its suspected
migratory behaviour [178] would facilitate contact with species with more limited ranges,
thus making it a potential viral reservoir and super-spreader at large landscape scales.
However, the small sample size (n= 9) precluded any in-depth characterization of the viral
diversity within this group and its role as a super-spreader at large scales warrants further
research.
Since temporal fluctuation of viral load has been documented in virus surveillance of
north American and European microbats [84,198] as well as Hendra shedding in Australian
peteropid bats [33,85], longitudinal studies would be required to fully understand the viral
shedding and viral–host associations observed here. Furthermore, evidence of higher viral
loads as indicators of individual and population scale stress [208] provides a good example
of how long-term monitoring of viral prevalence can act as an indicator of environmental
pressure on bat communities, particularly with regards to climate change where habitat
contracture and distributional shifts may bring together populations harbouring novel viral
strains. This approach would allow bat viral research to move beyond prediction of
zoonotic disease emergence and be used as a management tool for monitoring the health
of cryptic bat communities and the environment as a whole.
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Chapter 5
SYSTEMS APPROACH TO THE MICROBAT FAECAL
VIROME; SEASONAL AND SPECIES INFLUENCES ON
VIRAL DYNAMICS

Chalinolobus gouldii caught in a mistnet with faeces evident. Photo by Tina Lee
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Abstract
Although cataloguing viral diversity for bat species is common across all continents,
extension of these analyses to include virome composition is largely missing from the
current literature. Such research may be used to infer relationships between
environmental variables and viral dynamics, thereby providing greater depth to
interpretation and refining hypotheses for future research. Here we used next generation
sequencing to characterise the faecal virome harboured by populations of two common
insectivorous bat species with contrasting ecologies, Chalinolobus gouldii and Vespadelus
regulus. We propose spatio-temporal factors that may influence corresponding virome
structures, providing ecological context to our findings. While the viromes were dominated
by bacteriophages associated with the faecal microbiota, sequences from 12 vertebrateassociated viral families were identified within each bat species. We reconstructed seven
full viral genomes from the families Circoviridae, Genomoviridae and Papillomaviridae, as
well as representatives of the proposed family Bastroviridae. All genomes represented
putative novel species. Perhaps counterintuitively, bat taxonomy, and the corresponding
ecological traits, was not an explanatory variable for virome structure, with both species
showing similar viral diversity and composition. However, intraspecies analysis showed
seasonality and population of origin as correlates of viral structure. Here we demonstrate
how virome studies can be easily interpreted under a community ecology framework to
identify factors affecting viral structure in bat populations, with direct application to
emerging infectious disease research.

Introduction
Although the zoonotic viral risks from bats were established as early as the 1920s [261],
characterising the viral diversity sustained by species at the wildlife-human interface has
been accelerated by next generation sequencing technologies, as they do not rely on a
priori knowledge [56,262], or the requirement for isolation of viruses in cell culture [56].
This technology has been fundamental in the cataloguing of bat viral agents, largely
triggered by the emergence of bat-associated respiratory coronaviruses [204,263]. Hence,
virome studies are abundant, with bat-borne viruses described for a myriad of species
globally [61,76–79], including many viral families not previously detected in this taxonomic
group [232]. Such viral cataloguing was initially an attempt to identify and predict the
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emergence of the next pandemic [64,74,75]. Whilst results have clearly expanded our
understanding of the evolutionary pathways and viral richness hosted within bats
worldwide, on their own they are limited in providing a predictive framework. As such,
there is a need for integrative approaches that examine the intrinsic viral diversity in bat
communities in the context of their ecology, environment, and their interactions with
human systems, as a more effective approach to understanding disease emergence
[18,19,31,73].
In bat research, multidisciplinary approaches have evaluated the environmental,
biological and ecological factors influencing specific viral pathogen shedding patterns and
their association with increased cross-species transmission risks [32,70,83,264]. Studies
have shown that increased viral shedding is often an indicator of physiological pressure
and can act as a reflection of environmental stressors on bat communities, processes that
are often hard to detect due to the cryptic, volant and nocturnal nature of bats. As a case
in point, increased excretion of Hendra virus, a paramyxovirus of public health and
veterinary importance, has been linked to nutritional stress induced by weather cycles and
changes in land use [32,83]. These studies have greatly advanced our understanding of the
interconnections between viral pathogen dynamics and host ecology. However, the onehost one-pathogen framework, is a reductionist approach given the pathogen of interest
is generally part of concurrent infections within the host. Microbiology studies provide
increasing evidence of the complex and dynamic nature of host-microbiome interactions,
such as host immunity and disease onset being affected by microbiome dynamics [265].
Even though such studies have primarily focused on host-bacteria interactions, it is
intuitive to think that similar process apply to the host-virome relationship [266].
Viral interactions have been proposed as an important factor shaping virome
composition [87,267,268]. For example, birds infected with influenza A virus (AIV) showed
consistently higher viral abundances and diversities than AIV negative birds [267,268].
Coinfections are a hypothesised driver of viral prevalence, as direct or indirect interactions
can enhance or interfere with the expression of another virus [87,269,270], albeit coinfections may not always involve interactions per se [271]. As a consequence this
proposed interaction between viral species within the host is an important process in
inducing increased pathogenicity, cross-species transmissions and recombination events
[86,272]. Identification of processes that drive viral coinfections may allow better
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understanding of dynamics underlying disease emergence and assist with the
identification of unexpected impacts of anthropogenic pressures in wildlife.
Examination of large scale bat viral diversity has predominantly followed an
interspecific meta-analysis perspective by focusing on correlations between species traits
and viral richness [74,273]. However, fine scale bat viral studies examining viral structure
and their underpinning factors are only nascent. Basic questions involving composition of
a healthy virome, factors driving asymptomatic carriage to pathogenic infection, virome
variation in spatial-temporal scales, and whether host or environmental specific factors
are more important in shaping wildlife viromes, have been highlighted as important
knowledge gaps in the study of avian disease emergence [266–268]. These questions are
equally applicable to bat research [73], as bats and birds are two important groups at the
human-wildlife interface which act as reservoirs of zoonotic pathogens .
Pioneering studies on bat viral communities include spatial-temporal analysis of
multiple paramyxovirus shedding patterns in pteropid bats in Australia [85], and correlates
of virome composition across populations of the Peruvian vampire bat Desmodus rotundus
[31]. Results from these studies identify that food diversity and abundance, as well as
environmental and demographic factors, may be key drivers of viral community
composition. Within pteropid bats, food scarcity is associated with synchronous viral
shedding of multiple paramyxoviruses, while in the vampire bat, livestock density,
elevation and age were correlated with viral richness and composition.
This study further contributes to the analysis of bat viromes from a community
ecology perspective. It characterizes the viral diversity of apparently healthy populations
of two Australian insectivorous bats, Chalinolobus gouldii and Vespadelus regulus (Family
Vespertilionidae), and evaluates the correlation between virome structure with host
taxonomy, location and seasonality. Both bat species are endemic to Australia, with
overlapping distribution along the V. regulus range and differing ecologies. C. gouldii is able
to exploit urban, agricultural and natural environments [126,274,275], usually foraging in
open spaces, and exhibits a high dispersal capacity (chapter 5), while V. regulus is
comparatively a smaller bat with a narrower dispersal capacity, a forest specialist and
therefore less tolerant to habitat modification [169,276].
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Methods
Sample collection
All sampling was approved by the Department of Biodiversity Conservation and
Attractions, permits 08-001359-1, and CE005517. Capture, handling and sampling
procedures were approved by the Murdoch University Animal Ethics Committee
(R2882/16). Faecal samples were collected as previously described [39]. Briefly, bats were
sampled across nine different locations of the Southwest Botanical Province of Western
Australia (Figure 5.1), using mist nets and harp traps. Sampling was spread across two
summer seasons (2016-2018). Except for CDR-MtG, each collection site was sampled
during a single sampling season, with most C. gouldii samples collected during the first
season and those from V. regulus, during the second. Collected faecal pellets were placed
into 250 µL of RNAlater® (Ambion, Life Technologies) and kept at either room temperature
or 4 °C. Upon arrival at the laboratory all samples were stored at −80 °C until processing.
Laboratory Methods
Faecal samples from C. gouldii and V. regulus were homogenised by vigorous vortexing
in the preservation solution or 100 µL of phosphate-buffered saline (PBS). Samples were
centrifuged at 17,000 × g for 5 min at room temperature. A total of 50 µL of the
supernatant was used as starting material for all extractions, using a Magmax viral RNA
extraction kit (Ambion, Life) according to the manufacturer’s instructions. Final RNA
concentration was determined using a Qubit RNA HS assay kit (Thermofisher Scientific).
Samples were pooled by species and collection site, with each pool representing three
to seven individual samples (Table 5.1) at equimolar concentrations of 10 ng of extracted
RNA. The final volume of each pool was reduced to 10 µl in a vacuum centrifuge (Eppendorf)
and the total amount was subject to sequence independent single primer amplification
(SISPA) based PCR to capture RNA and DNA viral material [219]. Library preparation was
performed using a Nextera XT library kit (Illumina) as per the manufacturer’s instructions,
and sequencing was performed on a NextSeq 500 using a 2x150 mid-output flowcell
(Illumina).
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Figure 5.1 Locations in the southwest of Western Australia, where Chalinolobus
gouldii and Vespadelus regulus were sampled. Sampling location as follows,
Blackwood (Bla), Charles Darwin Reserve- Mt Gibson (CDR-MtG), Coconurup (Coc),
Dryandra (Dry), Dwellingup (Dwe), Frankland (Frk), Mettler (Met), Twin Creeks (Twi),
Two People’s Bay (Two).

Bioinformatic pipeline
Read data was downloaded from BaseSpace with automated adapter trimming and
reads with a base quality score below 30 discarded. Read data was deduplicated and
normalised (max 50x coverage, cutoff off 2x coverage) using BBTools [277]. De novo
assembly of contigs was performed using SPAdes [220], which has shown to perform
consistently well across a variety of metagenome datasets [278]. Contigs constructed from
normalised read data were searched via BLASTx against the GenBank non-redundant
protein database using DIAMOND version v0.9 [221]. Reads returning significant similarity
to viral sequences (E value ≤10-5) were retained. For the assignments of taxonomic families,
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the BLASTx output was visualized in MEtaGenome Analyzer (MEGAN) version v6.12.3 [279],
with the following lowest common ancestor (LCA) assignment algorithm parameters, min
score= 35, max expected =0.01, min percentage of identity=10, top percent= 10, min
support =1, LCA algorithm= naïve. Viral families were divided into those predominantly
associated with vertebrates and those associated with other hosts.
Contigs above 1 kb identified as vertebrate virus sequences were extracted and
further examined in Geneious version v10.2.6 (Biomatters). Open reading frames were
assigned using Glimmer [280] and translated in Geneious. Nucleotide and protein
sequences were aligned to reference sequences using MUSCLE [225]. Due to the high
divergence observed between sequences, alignments were curated using Gblocks under
the low stringency settings [281]. The most appropriate amino acid evolution model and
subsequent maximum likelihood phylogenetic trees were estimated using RAxML-NG [282]
with 1000 bootstrap replicates, before annotation using ITOL [283].
Relative viral abundance and diversity
Exploration of the data included stratification by bat species and viral family. Relative
abundance of viral families per species was estimated as the proportion of the total contigs
across all pools. All ecological measures and comparisons were based on vertebrate viral
families only, referred as the vertebrate virome.
Observed and Shannon effective (alpha diversity) diversity indices were calculate
within and among species in R package phyloseq [284]. Stratification by season was
possible for the Charles Darwin Reserve- Mt Gibson (CDR-MtG) C. gouldii population, with
a difference assessed via a pairwise Wilcox test.
Inter and intra-species viral compositions,beta diversity, were evaluated based on a
Bray-Curtis dissimilarity matrix, with subsequent pairwise comparisons reduced to two
ordination components using a non-metric multidimensional scaling ordination method as
implemented in phyloseq [284]. A PERMANOVA test was employed to test the relationship
between viral pool composition and sampling site using an Adonis test in R package vegan
[285].
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Results
Thirty-five cDNA libraries, comprising amplicons from a total of 171 individual faecal
samples were processed. All reads have been deposited in the SRA database accession
PRJNA646531. Samples from V. regulus (n= 73) were divided into 15 pools and the
remaining 20 pools consisted of C. gouldii samples (n= 98) (Table 5.1). Across all pools for
each species, a total of 176,294,028 and 251,850,351 contigs were recovered for C. gouldii
and V. regulus, respectively, with 2.5% comprising viral contigs in C. gouldii and 1.6% in V.
regulus.
Of the total contigs, 1,523,823 (0.86%) for C. gouldii, and 1,614,471 (0.64%) for V.
regulus, were matched to known viral families (Appendix 5). Viral contigs included those
from retroviruses, which amounted to 4% and 6% of all viral contigs from C. gouldii and V.
regulus. Retroviruses were removed from downstream analysis as the differentiation of
exogenous and endogenous retroviral sequences was outside the scope of this study.
In addition to vertebrate-associated viruses, the bat libraries contained numerous
contigs matching plant, arthropod or bacterial-associated viruses. The relative abundances
of the viral host groups were similar for both species (Figure 5.2). The arthropodassociated viral contigs belonged to 28 families infecting members of Lepidoptera,
Hymenoptera, Coleoptera and Diptera, consistent with the insectivorous diet of both bat
species.
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Table 5.1. Details for each of the nuclic acid pools used for library preparation and
next generation sequencing. Libraries were generated from equal RNA concentration
of nucleic acid extracts from pooled samples (N) by species, sampling location,
summer period when samples were collected (Year) as well as the the total number
of reads and total number of viral reads recovered are showned. Charles Darwin
Reserve-Mt Gibson (CDR-MtG)

2016-2017
2016-2017
2016-2017
2016-2017
2016-2017
2016-2017
2016-2017
2016-2017
2016-2017
2016-2017
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018

Total
Reads
14,096,526
7,554,387
11,566,347
12,073,818
10688,685
7,948,407
4,518,255
10,390,197
5,887,458
3,043,239
8,953,977
12,267,804
383,0736
5,626,533
4,948,626
7,654,938
9,841,935
12628,500
9,169,968
13,603,692

Total Viral
Reads
137,229
175,200
234,516
231,399
145,674
65,565
142,491
236,571
146,955
183,075
294,546
214,629
163,137
219,717
265,710
393,237
317,757
221,667
370,881
323,349

2017-2018
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018
2017-2018

18,838,716
6,519,849
33,738,199
22,396,371
21,184,020
7,320,390
19,226,121
7,234,419
19,813,249
15,289,881
5,353,323
23,983,740
4,238,1643
6,278,877
2,291,553

198,174
216,213
89,955
37,743
139,122
175,584
241,692
152,553
266,358
143,139
289,110
338,574
294,021
846,888
588,288

Species

Pool ID

N

Location

Year

C. gouldii

Micro 07
Micro 08
Micro 09
Micro 10
Micro 11
Micro 12
Micro 13
Micro 14
Micro 15
Micro 16
Micro 21
Micro 22
Micro 23
Micro 24
Micro 25
Micro 26
Micro 27
Micro 28
Micro 29
Micro 31

5
5
5
5
5
5
5
5
5
5
5
5
4
5
5
5
5
4
5
5
98
5
3
5
5
5
4
5
7
4
5
5
5
5
5
5
73

CDR-MtG
CDR-MtG
CDR-MtG
CDR-MtG
CDR-MtG
CDR-MtG
CDR-MtG
CDR-MtG
CDR-MtG
CDR-MtG
CDR-MtG
CDR-MtG
CDR-MtG
CDR-MtG
Dryandra
Dryandra
Dryandra
Dryandra
Dwellingup
Dryandra
Dwellingup
Frankland
Mettler
Twin Creeks
Two People's Bay
Two People's Bay
Blackwood
Blackwood
Cocanarup
Dryandra
Dryandra
Dwellingup
Dwellingup
Dwellingup
Dryandra

Total
V. regulus

Total

Micro 33
Micro 35
Micro 36
Micro 37
Micro 38
Micro 39
Micro 40
Micro 41
Micro 42
Micro 43
Micro 44
Micro 45
Micro 46
Micro 47
Micro 48
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Figure 5.2. Relative abundance of viral contigs for Chalinolobus gouldii (Cg) and
Vespadelus regulus (Vr). A) Contigs identified to known viral families classified by
main host type. B) contigs classified by viral families associated to vertebrate hosts.

Correlates of virome diversity and composition
The observed richness and Shannon effective diversity index (alpha diversity) varied
among pools, when the analysis was based on viruses associated with vertebrate hosts,
refered here after as vertebrate associated viral families (Figure 5.3). A median of 2.4 and
3.5 vertebrate viral families per pool were detected from C. gouldii and V. regulus,
respectively. Notably, a temporal association was apparent within the C. gouldii dataset,
with the indices being significantly lower (P < 0.05) for pools collected during the first
sampling season. The same comparison was not possible for V. regulus as these samples
were collected during a single summer (second sampling season).
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Figure 5.3. Relative abundance of vertebrate associated viral families per pool and alpha diversity indices for Chalinolobus gouldii (Cg)
and Vespadelus regulus (Vr). A) Proportion of viral vertebrate families per pool and species. B) Observed and Shannon biodiversity
coefficients for C. gouldii per location and sample collection season. C) Observed and Shannon biodiversity coefficients for V. regulus by
location. Sampling location as follows, Blackwood (Bla), Charles Darwin Reserve-Mt Gibson (CDR-MtG), Coconurup (Coc), Dryandra (Dry),
Dwellingup (Dwe), Frankland (Frk), Mettler (Met), Twin Creeks (Twi), Two People’s Bay (Two).
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Once all pools per species were combined, there was no difference in alpha diversity
between the two bat species. Thus, the global Shannon index was similar for both species,
1.6 for C. gouldii and 1.7 for V. regulus, and both species had an observed richness of 12
viral families per bat host (Figure 5.2). A number of vertebrate associated viral families
were common to both bat species, however differentiating families included Caliciviridae,
Flaviviridae and Poxviridae in V. regulus, and Paramyxoviridae, Picorbirnaviridae and
Polyomaviridae in C. gouldii. Although there was variation in relative abundance,
Coronaviridae, Picornaviridae and Adenoviridae made up the majority of the vertebrate
associated viral family contigs for each bat species with Picornaviridae being the most
commonly detected family and present in 73-80% of the pools (Figure 5.3).
The ordination analysis showed that taxonomy was not an explanatory factor of the
vertebrate virome composition and therefore clustering by species on the ordination
analysis was not observed (Figure 5.4). However, intra-species results revealed that viral
composition varied between populations. Within the C. gouldii dataset, collection site was
associated with 21% of the observed variation (P = 0.024) and pools from Dryandra were
significantly different from those collected at Charles Darwin Reserve-Mt Gibson (CDRMtG) (Figure 5.4). Additionally, pools from Dryandra shared higher similarity values among
each other than those from CDR-MtG as observed from the clustering patterns in the
ordination graph.
For V. regulus, collection site explained two thirds of the variation in the vertebrate
virome composition across all pools. (R2= 0.66, P= 0.008). This was driven by the similarity
among the Dryandra samples which significantly differentiates them from the remaining
populations (Figure 5.4).
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Figure 5.4. Non-metric multidimensional scaling (NMDS) plot derived from a Bray Curtis dissimilarity matrix for viral abundance and
diversity of vertebrate viral families in each faecal pool. A) interspecies analysis of Chalinolobus gouldii (Cg) and Vespadelus regulus (Vr);
B-C) intraspecies analysis of C. gouldii and V. regulus where colour refers to location (loc) of origin and in the case of C. gouldii shape to
field collection season. For both species there was significant clustering of pool by location (Cg Adonis: R2= 0.21 P= 0.023; Vr Adonis:
R2= 0.66 P= 0.008). Corresponding NMDS stress values: A) 0.17, B) 0.15, C) 0.10. Sampling location as follows, Blackwood (Bla), Charles
Darwin Reserve-Mt Gibson (CDR-MtG), Coconurup (Coc), Dryandra (Dry), Dwellingup (Dwe), Frankland (Frk), Mettler (Met), Twin Creeks
(Twi), Two People’s Bay (Two)
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Novel viruses
Overall, sequence data encompassing 15 viral families associated with vertebrate
hosts was identified to the family level when both bat species datasets were combined.
Contigs suitable for either genome annotation or phylogenetic analysis were recovered
from seven viral families distributed as follows; three single stranded positive sense RNA
groups (Astroviridae, Hepeviridae and Coronaviridae), and four DNA viruses (Adenoviridae,
Circoviridae, Genomoviridae, and Papillomaviridae). Detailed analysis of coronaviruses and
adenoviruses were part of a larger, previously published targeted study [39]. Phylogenetic
analyses were predominantly based on sequences recovered from V. regulus, except for
circoviruses which had representative genomes from both bat species, and genomoviruses
which had sequences isolated only from C. gouldii. All recovered sequences were highly
divergent and in general did not fall within bat specific clusters in any of the viral families
except for sequences from Papillomaviridae.
One full and two partial putative astrovirus genomes covering the coding region of the
RNA-depended RNA polymerase (RdRp) gene were recovered (Genbank accession
MT766313). Comparisons to publicly available astrovirus sequences using MUSCLE showed
high levels of divergence across the RdRp, with amino acid identity values ranging from 924%. Phylogenetic analysis as well as the genomic structure of the full putative astrovirus
genome suggested that samples from this study were most likely to be bastroviruses, a
recently proposed viral family which shares homology with both astroviruses and
hepeviruses, with a genomic organisation most similar to the latter [286]. Based on this,
representative hepeviruses and bastroviruses were used to analyse phylogenetic
relationships (Figure 5.5). All three viral sequences demonstrated high levels of divergence
from astroviruses, bastroviruses and hepeviruses. One of the sequences, M42, showed the
greatest similarity to astroviruses albeit with an amino acid identity of 23%, and shared 11%
and 9% identity, with M41 and M47 respectively. M41 and M47 had low levels of identity
to each other (24%) and showed the greatest phylogenetic similarity to bastrovirus
sequences, indication these may be divergent bastrovirus strains.
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Figure 5.5. Maximum likelihood phylogenetic analysis of hepevirus, astrovirus and
bastrovirus sequences based on the amino acid sequence of RNA dependent
polymerase. Relationships between hepevirus and bastrovirus based on the amino
acid sequence of the Helicase protein are also shown. Sequences recovered from this
study are highlighted in pink with a green square identifying the single full genome
recovered from this study. Trees were constructed in RaxML-NG with 1000
bootstraps, branch support values above 0.7 are displayed.
Hepevirus-like sequences were represented by a partial genome (M33) spanning the
helicase protein gene, hence the phylogenetic analysis was based on this gene. The
alignment also included the helicase section from available bat bastroviruses used in the
astrovirus alignments, as exploratory analysis indicated that the genome was more similar
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to bastroviruses than hepevirus sequences (Figure 5.5). The helicase section from the full
genome initially identified as a putative astrovirus (M47) was also included here. The
amino acid sequences obtained from this had a similarity of 17% between each other and
both of them were most similar to a sequence amplified from Mystacina tuberculata, a
New Zealand bat, with similarity values ranging between 31-37%. Phylogenetic analysis
suggested the samples from this study as well as the New Zealand sequences fall within
Bastroviridae.
Higher identities to reference samples, including other bat samples were observed for
the ssDNA virus alignments, particularly in papillomaviruses. Two full circovirus genomes
were recovered, one from each bat species (GenBank accession MT766309, MT766312).
Phylogenetic analysis based on the amino acid sequence of the replication-associated
protein (Rep), showed that both sequences clustered with cycloviruses, a proposed new
genus within Circoviridae (Figure 5.6) [287]. The two genomes shared 66% amino acid
similarity over the entire Rep gene. The highest identity values were observed with other
mammal and insect related sequences, thus both genomes were 67% similar to dragon fly
associated cyclovirus (KC512920) and shared between 60-68-% identity to putative
mammal cycloviruses, including sequences recovered from bats (KM382269 and
KM382270).
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Figure 5.6. Maximum likelihood phylogenetic analysis of Cyclovirus (Family:
Circoviridae) using a representative of Circovirus as an outgroup. The tree is based
on amino acid sequence of the replication-associated protein (Rep). The tree was
constructed in RaxML-NG with 1000 bootstraps, branch support values above 0.7 are
displayed. Sequences from this study are highlighted in pink.
Large papillomavirus contigs consisted of one full and eight partial genomes amplified
from one C. gouldii pool and two V. regulus pools, which covered sections of the L1, L2, E1,
E2 and E6 proteins. The concatenated amino acid sequence of E1, E2, L2, L1, from the
single full genome (GenBank accession MT766314) obtained from a V. regulus pool was
used to derive phylogenetic relationships. Results showed that the V. regulus sample had
the closest association to other bat-borne papillomavirus sequences, with the highest
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similarity (50%) observed with a European bat (Epistecus serotinus) papillomavirus
(KC858263), a member of the same bat family (Figure 5.7).
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Figure 5.7. Maximum likelihood phylogenetic analysis of Firstpapillomavirinae
(Papillomaviridae) showing a representative of secondpapillomaviriniae as an
outgroup. The tree is based on the amino acid concatenated sequence of the E1, E2,
L2, L1 proteins (1192 amino acids). Tree was constructed in RaxML-NG with 1000
bootstraps, branch support values above 0.7 are displayed. The sequence from this
study is highlighted in pink.
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Two full genomovirus genomes both amplified from C. gouldii samples, clustered
within two genomovirus genera, Gemycirculavirus and Gemykibivirus (Figure 5.8)
(GenBank accession MT766310, MT766311). Both genomes shared 43% amino acid
identity over the replication associated protein. Within Gemycirculavirus, the putative bat
sequence (M27) had an identity of 71% to a dragonfly gemycirculavirus (JX185429), and
within Gemykibivirus the highest identity of 70% was observed with a bird associated
sequence (KF371634).
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Figure 5.8. Maximum likelihood phylogenetic analysis of selected genera within
Genomoviridae based on the amino acid sequence of the replication-associated
protein, the genus Gemygorvirus is used as an outgroup. The tree was constructed
in RaxML-NG with 1000 bootstraps, branch support values above 0.7 are displayed.
The sequence from this study is highlighted in pink.
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Discussion
Bat virome studies are abundant, but despite the growing evidence that viral
composition is an important driver of disease emergence [86,87] the environmental,
ecological, spatio-temporal and host specific correlates remain poorly understood. Via
next generation sequencing, we have described the diversity of vertebrate viral families in
wild populations of two common Australian insectivorous bats, with contrasting ecological
habits. We examined the role of host taxonomy, sampling site, and collection year on
virome structure, and described putative novel viral species across 7 families often
associated to vertebrate hosts.
We identified a total of 15 vertebrate viral families from the combined C. gouldii and
V. regulus datasets, including coronaviruses, adenoviruses and paramyxoviruses which
were previously known from these two bat species [39]. Phylogenetic analyses were
possible for a total of five families, with corresponding viral sequences representing
putative novel species. The recovered viral strains from this study were highly divergent
from reference samples, which was expected as the viral diversity within Australian
insectivorous bats remains largely unknown, with only a few targeted studies focusing on
these species [36,37,39] despite the widespread effort of categorising bat viromes
worldwide.
Only the papillomavirus sequence showed relatively high levels of identity to other
bat-associated strains while contigs within Genomoviridae and Cyclovirus clustered with
sequences of vertebrate and insect origin. These two taxa have been recently defined
[287–289] and have been amplified from a variety of eukaryotic hosts, environmental and
sewage samples, exclusively through metagenomic sequencing analysis. This suggests that
some of the recovered contigs are likely a reflection of the insectivorous bat diet,
representing a passage of the viral genomes as opposed to an infectious process, and
therefore may not be part of the coinfection dynamics of the studied populations. The high
divergence observed here was further illustrated by the putative astrovirus and hepevirus
sequences, which had very low levels of identity to previously identified sequences from
either family. Based on the structure of the full putative astrovirus genome and the overall
topology of the phylogenetic trees, it is likely that all sequences belong to Bastroviridae, a
proposed new family sharing similarities with hepeviruses and astroviruses [286], albeit
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identities remained low. Interestingly, the phylogenetic analysis of the helicase protein
showed that the sequences recovered here had the highest similarity to representative bat
species from Mystacina tuberculata, an endemic New Zealand bat of Australian origin
[290]. Whether this association is the product of a lack of taxon representation or a
reflection of host-virus coevolution patterns, would require further characterisation of
bastroviruses, and additional representative sequences to test these hypothesises.
All of the identified viral families are known to contain species associated with human
infection, however, the presence of bat variants alone does not pose an immediate
zoonotic risk. Ultimately, zoonosis is the result of the alignment of complex processes
involving viral genetic capacity to cross the species host barrier and the permissive
ecological characteristics of the host and its environment to facilitate transmission and
infection persistence into human associated systems [20,291,292]. Likewise, none of these
families have been linked to known mortality events in bats, however, increased shedding
of endemic viruses have been reported to have a recrudescent effect when the host is
immunocompromised by novel infections or poor body condition [209,293].
There were no differences in the total amount of vertebrate viral families detected for
each bat host, with each species harbouring a total of 12 families. Nine families were
shared between C. gouldii and V. regulus. Therefore, host taxonomy was not correlated to
viral composition or richness, and pools from either species could not be differentiated
from each other on the ordination analysis. In this study taxonomy was considered a proxy
for the ecological niche of each species, and therefore the lack of correlation between
taxonomy and viral composition or richness was unexpected. Unlike V. regulus, C. gouldii
is able to exploit a wide range of human and natural environments [244,275], has a
widespread distribution [126], greater population connectivity, and high dispersal capacity
[244,294], consequently higher viral diversity values were expected from this host.
Additionally, previous targeted approaches to viral detection have identified C. gouldii as
an important epidemiological element due to its high viral prevalence and strain richness
[39]. Arguably, differences in viral diversity were diluted by the level of analysis being
restricted to viral family. The analysis carried out here was conservative in the classification
of viral reads to the family level and it is possible that a more detailed exploration and
classification of viral reads (to genus of species level) may result in some degree of
differentiation between these two species. However, other studies on vertebrate and non-
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vertebrate taxa have also found that taxonomy is a poor predictor of viral structure
[87,267,268]. For example, no significant virome diversity or composition differences were
observed between species of Anseriformes and Charadriiformes, two different avian
orders, despite analysis being carried out at the viral family, genus and species level
[267,268].
High heterogeneity in the number of viral families detected, with no single pool
representing the full viral richness for each species, suggest that viral richness is not equally
distributed among individuals and that members of a community are likely to present
different levels of viral infections. Additionally, the probability of detecting viral strains is
also influenced by the efficiency of the nucleic acid extraction protocol and consequent
amplification steps. This suggests that bat virome studies based on a few samples or a
single population would tend to underestimate the number of viral taxa circulating within
the targeted bat populations.
Intra-species variation in viral richness and composition were observed. The
evaluation of temporal correlates was possible for C. gouldii, where alpha diversity was
significantly higher during the second sampling season. Population age structure, in
particular a high rate of juveniles, is a widely recognized driver of viral persistence
[293,295,296], with viral communities appearing to be correlated by age structure in birds
and bats [31,297] and therefore it is a potential driver of the temporal differences seen
here. Since the two sampling collection seasons in this study took place at opposing ends
of the summer, and temperate Australian microbats follow an overall reproductive cycle
that involves partuition in early summer [298,299], individuals captured in the first season
were most likely comprised of adults while in the second season juveniles would have
already been recruited into the sampled population.
Location was also a correlate of viral structure. Within V. regulus the significance of
the correlation was mainly driven by representative pools from Dwellingup being more
similar to each other. Further interpretation of this dataset lacked statistical power due to
the low replication on additional sites, however, within C. gouldii the role of location as an
explanatory factor of virome composition was evident. Libraries from CDR-MtG and
Dryandra clearly separated in the ordination plots and sampling location explained 21% of
the viral structure variation. In parallel studies on avian species , similar patterns have been
observed, with a correlation between location and viral composition, albeit sample
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replication was low [267]. In bat studies spatial differences in viral community composition
have previously been reported [300,301], although, studies investigating the explanatory
variables or quantifying the observed variation are limited. In the intra-species analysis of
the Peruvian vampire bat, Desmodus rotundus, location was also correlated to virome
structure, however, other actors such as elevation, age structure, and food sources, had a
greater influence on viral composition than sampling location alone [31]. Since a large
proportion of the C. gouldii viral structure remained unexplained, environmental factors
associated to habitat characteristics or host specific attributes are likely underpining the
observed virome patterns and warrant further investigation.
Importantly, virome structure studies would greatly benefit from longitudinal datasets
to more clearly elucidate the variables influencing viral composition, especially as longterm spatial-temporal data on bat paramyxoviruses has shown that shedding and
composition is heterogeneous throughout the year [85]. Viral composition is likely to vary
on a temporal scale as physiological processes such as torpor, reproduction and parturition
are likely to influence the host’s immune system and its ability to suppress viral
coinfections. Equally, there may be extraneous factors impacting on the presence/absence
of viral infections within bat communities and therefore longitudinal studies may be
essential to determine the effect of such processes.
Here we have shown the potential of bat virome analyses to go beyond the
characterisation of viral variants and apply community ecology methodologies to
interrogate viral coinfections against host and spatio-temporal factors. Processes that
drive pathogenicity, and disease emergence at discrete scales are difficult to unravel but
can begin to be examined more completely using such approaches. Importantly,
replication and ideally long-term data, will be essential to derive strong conclusions from
this research approach. Although admittedly a time and resource demanding exercise,
such data is fundamental for disease emergence mitigation actions, a pressing priority
amidst frequent emergence of infectious respiratory coronaviruses of bat origin.
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Chapter 6
CONNECTIVITY MODELS USING SNP VARIATION AND
GENETIC ESTIMATES TO INFORM PATHOGEN SPATIAL
SPREAD IN BATS

Performing a wing biopsy for DNA extraction. Photo by: Katrina Anderson
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Abstract
Understanding population dynamics in host-pathogen systems is fundamental for the
identification of pathogen distribution, transmission and persistence mechanisms, especially
with emerging and novel zoonoses. This is particularly important in bats due to their role as
reservoirs of zoonotic viral agents, as well as the threat to their persistence by emergent
infectious diseases such as the fungal pathogen Pseudogymnoascus destructans. In Australia,
the ecological processes that influence pathogen dynamics in bats are only partially
understood. Therefore, this study aimed to identify population connectivity and dispersion
patterns from genetic markers for three common Australian insectivorous bats, Chalinolobus
gouldii, Chalinolobus morio, and Vespadelus regulus. Results revealed varying levels of
population subdivision. Populations of C. gouldii had the greatest connectivity with evidence
both sexes disperse at similar rates, while weak levels of population partitioning, and patterns
of sex-biased dispersal were implied for C. morio and V. regulus. These results support the
previous hypothesis developed in this work on the role of C. gouldii as a key epidemiological
element due to its high viral shedding and more connected populations. The results here also
revealed cryptic gene flow pathways, and greater connectivity than expected for both C.
morio and V. regulus, highlighting the importance of molecular ecological data not only for
species management but also for possible undocumented threats such as novel viruses,
bacterial pathogens or the arrival of P. destructans into the country,

Introduction
The global effort to predict pandemics that either affect humans directly or indirectly
via economic, trade and food security impacts, has understandably focused on identifying
candidate microbial threats [1–3]. To this end, viral diversity studies are numerous,
particularly in species at the urban interface that are proven to harbour viruses with
zoonotic potential, such as bats [302], rodents [303] and birds [304,305]. With the
emergence of SARS CoV-2, and the likely involvement of a bat-derived precursor
coronavirus [8], viral characterisation in chiropterans is expected to intensify. While
virological analysis is a key component of pandemic preparedness, effective management
and intervention requires an informed understanding of host dispersal, interactions, and
the effect of environmental factors in such processes [18,90]. Ultimately, pathogen
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dispersal and transmission routes are underpinned by host ecology [306]. Thus, the
ecology of bat populations, inclusive of the impacts of human-mediated habitat
modification, are equally relevant in the prediction, modelling and consequent
management of disease emergence within and from these species.
Deciphering bat ecology using traditional observational methods is challenging due to
the cryptic, volant and nocturnal nature of this group. Hence the application of molecular
approaches is well suited to bat research, as ecological patterns can be inferred from
genetic signatures. Molecular based data has demonstrated that bat populations exhibit
diverse patterns of subdivision, which appear to be explained by migratory habits,
geographical barriers and dispersal capacity [132]. Equally, variation of sexual dispersal
patterns has also been observed, with species showing natal philopatry by either or none
of the sexes [132,307,308]. Therefore, population dynamics unveiled by the
implementation of molecular markers have been fundamental to infer the transmission
dynamics and mechanisms of persistence of henipaviruses in Africa [24], the distribution
and evolutionary history of Nipah virus in Asia [29], as well as lyssavirus transmission
dynamics in Europe [91,92]. There are important conservation and public health benefits
from the theoretical and applied understanding of the parallels between population
connectivity, gene flow patterns, and their relationship to pathogen flow and persistence
mechanisms in wildlife.
Given these insights, it is surprising that the integration of molecular ecology with
host-pathogen interactions has been limited in chiropteran research. In Australia, bat
research has mainly relied on observational methods, with molecular approaches largely
underutilised. Only a few published studies have investigated bat population dynamics
using DNA tools [147,148,309], and there are no known studies that combine molecular
ecology and epidemiology to understand transmission and persistence mechanisms of the
variety of endemic viral pathogens known to Australian bats. Beyond the zoonotic risks,
there are critical conservation benefits to be derived through clarifying population
connectivity, dispersal and gene flow patterns among microbat species in this country.
Pseudogymnoascus destructans, the causative agent of White-nose syndrome (WNS), is
predicted to reach Australian borders within the next ten years [107]. In North America,
where WNS has decimated bat populations, the implementation of molecular methods to
understand gene flow has been fundamental to predict the infection front, and therefore
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prioritise risk mitigation and management actions [21,22,259,310]. Clarifying population
dynamics within Australian bat communities, as well as establishing host-pathogen model
systems based on existing endemic viral agents, offers a unique opportunity to inform
emergency disease preparedness planning in Australia, be they conservation or pandemic
focused.
Such fine-scale analyses of bat ecological patterns and their effect on viral dynamics
are possible by the identification of a staggering number of single nucleotide polymorphic
(SNP) markers using next generation sequencing. SNPs provide high resolution data, thus
enabling the identification of cryptic or subtle genetic patterns from this widely distributed
taxonomic group which may not have been possible from previously available markers.
Such methodologies have allowed the identification of landscape features affecting the
dispersal of Myotis lucifigus, a wide-ranging bat species that appears to be the most
important transmitting agent of P. destructans in North America [22].
This study aimed to investigate patterns of population connectivity, genetic diversity
and dispersal that may be common to Australian insectivorous bats by employing SNP loci
supported by additional mitochondrial markers, providing a backdrop for emergency
disease preparedness programs as well as complementing our current understanding of
bat population dynamics in the country. The study focused on Chalinolobus gouldii,
Chalinolobus morio, and Vespadelus regulus (Family: Vespertilionidae), three common and
widespread species, which often feature in community ecology or species-specific studies
[163,170,175,311]. These species have varying ecologies, dispersal capacities and viral
epidemiological profiles. They mainly roost in tree hollows and exfoliating bark, although
cave colonies of C. morio are also known [126]. C. gouldii is commonly found in a wide
range of natural, agricultural and urbanised environments [126,274,275], while C. morio
and V. regulus have specific habitat requirements and mainly inhabit montane forests and
woodlands [276]. Additionally, as explored in chapter 3, both Chalinolobus species appear
to be more competent viral reservoirs than V. regulus, as they have shown higher levels of
viral shedding and viral strain richness across three viral families, Coronaviridae,
Adenoviridae and Paramyxoviridae.
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Methods
Study Area
Sampling took place at 14 locations throughout the Southwest Botanical Province. All
sampling sites were in areas of natural cover, such as public and private conservation parks
and reserves (Figure 6.1). The data set for C. gouldii included ten individuals that were
under the care of a wildlife rescue group. These individuals were collected from locations
around the city of Perth and were clustered to represent the Perth population and unified
under a single set of geographical coordinates. Aside from the Perth population, sampling
locations were at least 50 km apart and treated as single populations for all analyses. A
location comprised a variety of collection sites which were within 10 km of each other. The
distance thresholds to define populations and sites comprising a “population” were based
on available telemetry data, which suggest a dispersal range for these species of 1–21 km
[163,165,244,294].
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Figure 6.1 Map of the southwest of Western Australia showing the capture sites for
three species of microbats. Blackwood (Bla), Coconarup (Coc), Charles Darwin
Reserve (CDR), Donnelly (Don) Dryandra (Dry), Dwellingup (Dwe), Frankland (Frk),
Jurien Bay (Jbay), Karakamia (Kar), Mettler (Met), Mt Gibson (MtG), Paruna (Par),
Perth (Per), Twin Creeks (Twi), Two People’s Bay (Two).

Tissue sampling and DNA extraction
All sampling was approved by the Department of Biodiversity Conservation and
Attractions, permits 08-001359-1, and CE005517. Capture, handling and sampling
procedures were approved by the Murdoch University Animal Ethics Committee
(R2882/16). Sampling occurred over two summers between November and April (2016–
2018) using a cross-sectional sample design.
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Bats were captured using harp traps, and mist nets set up near water bodies or across
forest tracks. A single cave population of C. morio was sampled by placing harp traps near
the cave entrance. Captured individuals were weighed and identified to species level, using
morphological features [126]. A total of two, three millimetre biopsy punches were
collected from the wing and tail membranes of each bat. Biopsies were stored in 100%
ethanol and kept at -80°C before processing. DNA was extracted using a Magmax Core
extraction kit (Life Technologies) following the manufacturer’s instructions, in a KingFisher
Flex System (Thermofisher) automated extraction instrument.
Mitochondrial DNA amplification
Two mitochondrial DNA (mtDNA) markers, the NADH dehydrogenase subunit 2 (ND2)
and the non-coding hyper-variable domain II (HVII), were amplified for a subsample of
individuals employing previously published primers (Table 6.1). Amplicons were visualised
in 2% agarose gels stained with SYBR™ safe (Invitrogen, Thermofisher). PCR products were
purified using Agencourt AMpure XP beads (Beckman Coulter). Amplicons were Sanger
sequenced in the forward and reverse directions with the BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems) on an ABI PRISM 3130 DNA Analyser (Applied
Biosystems).
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Table 6.1. Primer sets used to amplify two mitochondrial markers (mtDNA region)
the non-coding hyper-variable domain II (HVII) and NADH dehydrogenase subunit 2
(ND2).
mtDNA
Region
HVII
ND2

Primer
Name
L16517
sH651 5
F
R

Primer sequence
CATCTGGTTCTTACTTCAGG
AAGGCTAGGACCAAACCT
CTAATTAAGCTATCGGGCCCATAC
TTC
TTGGATRATTAKTCATTTKGG

Product
size (bp)
950

Reference
[312]
[137]

750

[313]

Sequence data were assembled and trimmed in Geneious v10.2.6 (Biomatters).
Alignments of consensus sequences were performed using the MUSCLE algorithm [225]
implemented in the same software. Repetitive motifs of 6 base pairs (bp) were present in
all HVII sequences. These R2 repeats have been reported in a variety of vertebrates
including bats [133,312,314]. The motifs were removed, and the resulting alignments
ranged from 473–570 bp for HVII and 750–799 bp for ND2.
Genome reduction and identification of single nucleotide polymorphic (SNP) markers
Genome-complexity reduction was outsourced to Diversity Arrays Technology Pty Ltd
(Canberra, Australia). Approximately 20 µl of extracted DNA per sample, at a concentration
of 16 ng/µl was submitted for processing under their proprietary DArTseq

TM

protocol,

based on double-digest restriction, fragment size selection and next generation
sequencing [315,316]. Libraries were sequenced in a single lane on an Illumina Hiseq2500
at approximately 1.5 million reads/sample. The run included technical replicates
equivalent to one third of the number of samples.
Resulting sequences were processed under the proprietary DArTseqTM analytical
pipeline. In brief, filtering of poor-quality sequences was followed by a stringent selection
criterion to the barcode region. Sequences were checked for possible viral and bacterial
contaminants by checking the reads against the DArT and GenBank databases. Sequences
were truncated and aggregated into clusters and error corrected by the DArT algorithms.
Identical sequences were collapsed, and candidate SNP markers identified using
proprietary software (DArTsoft14), which implements a similar pipeline workflow to the
commonly used STACKS [317], with the difference that sequence clusters are call for all
pooled samples before making individual calls. Consequently, monomorphic clusters are
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removed, and SNPs only called when both homozygotes and heterozygote genotypes are
identified. The resulting data file contained 23,631 candidate loci for C. gouldii, 19,798 for
C. morio, and 29,116 loci for V. regulus.
Further filtering was carried out in R package DArTR [318]and involved removing loci
and individuals with more than 10% of missing data, retaining only one SNP per sequence,
dropping loci with reproducibility below 99%, and removing loci with a total read depth
value below 10X. Further filtering involved removing loci with overall minor allele
frequencies below 0.02 and observed heterozygosity above 0.6 thus eliminating possible
homologs [319]. Deviations from Hardy-Weinberg equilibrium were not observed after
applying a Bonferroni correction. Linkage disequilibrium was evaluated in SNPrelate [320]
with a sliding window of 500,000 and a linkage threshold of 0.5. Filtered datasets consisted
of 10,535 loci for C. gouldii, 10,386 loci for C. morio, and 12,184 loci for V. regulus.
Analysis of mitochondrial DNA markers
Unique haplotypes for each marker and the ND2-HVII concatenated alignment were
identified in DnaSP 6 [321]. Corresponding haplotype (Hd) and nucleotide diversity (p), as
well as the number of segregating sites (S) were calculated in Arlequin 3.5 [322].
Haplotype-sharing across populations and bio-geographical patterns were evaluated by
constructing median joining networks on the concatenated alignments in PopArt [323].
The concatenated alignment was used to assess the distribution of genetic variation
among populations, under a hierarchical analysis of molecular variance (AMOVA) [324] in
Arlequin. Pairwise population differentiation (fst) and associated significance values (P <
0.05) were derived by permutation (10,000 replicates) and computed for populations with
a minimum of three representative sequences, within the same software package.
Analysis of nuclear markers
Descriptive measures of genetic diversity for each species and population were
quantified by observed (Ho) and expected heterozygosity (HE) as well as the inbreeding
coefficient FIS. All were calculated from allele frequencies for each species and each
population in DarTR [318]. Populations containing less than nine individuals were removed
from frequency-based analysis and only included in individual genetic distance
computations.
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Population differentiation was measured by calculating population pairwise fixation
indices (Fst) [325] and associated significance values in DarTR. The FST index is derived from
allelic frequencies and varies from 0 to 1, where low values are indicative of genetic
similarity while high values are suggestive of population differentiation, due to fixation of
different alleles between compared groups.
Data was tested for isolation by distance (IBD) to assess whether population
subdivision was a function of geographic distance as geographically close populations are
expected to be more genetically similar than to those further apart [326]. IBD was based
in individual Euclidian genetic distances calculated in R package adegenet [327]. The
analysis involved deriving a correlation index r by comparing a geographical matrix to a
Euclidean genetic matrix using a Mantel test. The significance of this correlation was
calculated by permutation with 1,000 iterations.
The number of genetic distinctive groups, independent of an individual’s collection
site was first explored by a principal coordinate analysis (PcoA) as implemented in DarTR,
followed by hierarchical clustering analysis based on the sparse non-negative matrix
factorisation algorithm (sNMF), as implemented in the LEA R package [328]. The number
of ancestral population (K) represented in the genotypic pool was calculated by running
100 replicates of K= 1–5. The function estimates admixture coefficients for each individual
and the entropy criterion assist selecting the number of K, with the lower value
representing the best-supported number of ancestral populations [329].
Dispersal
Dispersal was assessed from the nuclear dataset by calculating the spatial
autocorrelation coefficient r [330] for males and females at different distance classes in
Genalex v 6.5 [331–333]. This is an individual-level analysis, which assumes that individuals
from the non-dispersing sex show greater levels of genetic similarity to neighbouring
individuals [333]. A subset of 4000 SNPs per species was used to carry out the analysis to
not exceed the excel-based processing ability of the software. The significance of the
difference between the estimates for the correlation coefficients at the smallest distances
class was estimated via a Z score in R.
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Results
Nuclear markers were identified from a total of 367 individuals of which 94, 88, and
185 samples corresponded to C. gouldii, C. morio and V. regulus, respectively. The mtDNA
dataset comprised a subset of 194 individuals. A total of 15 populations were sampled,
although not all species were sampled at each location (Table 6.2).

Table 6.2. Summary of sample sizes for the three species of microbats in this study.
Total number of individuals (indv.) per population (pop) and marker type are
presented for each species. Abbreviations of population names are shown in
brackets
Population
Blackwood
Charles Darwin Reserve
Coconarup
Donnelly
Dryandra
Dwellingup
Frankland
Jurien Bay
Karakamia
Mettler
Mount Gibson
Paruna
Perth
Twin Creeks
Two People’s Bay
Total indv.
Total pop.

C. gouldii
Nuclear mtDNA
20
2

9
2

26
16

7
9

20

8

10

Species
C. morio
Nuclear
mtDNA
13
7
1
1
4
4
14
7
3
3
12
8
9
8
22
9
1
2

1
2

V. regulus
Nuclear
mtDNA
31
12
10
18
30
31
33

8
10
12
13
16

1
10

1
5

2

2

8

94

43
6

5
2

5
2

13
6

9
6

88

57

185

94

12

11

Mitochondrial Markers
Genetic Diversity
Nucleotide diversity (p) for the concatenated alignment varied between the three
species with obtained values of 0.008, 0.013 and 0.019 for C. gouldii, V. regulus, and C.
morio, respectively (Table 6.3). The number of unique sequences was approximately
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double for HVII than for ND2, with the greatest number of haplotypes, for both
mitochondrial regions, observed in V. regulus followed by C. morio and C. gouldii.
Consequently, the concatenated sequences also resulted in high haplotype heterogeneity,
with more than 50% of the samples representing unique sequences for all three species.
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Table 6.3. Summary statistics for each of the individually sequenced mtDNA markers
(ND2 and HVII) and concatenated (combined) sequences. Table presents the number
of sequences per species (N), length of the final alignment in base pairs (bp), number
of unique haplotypes (Nh), segregating sites (S), haplotype diversity (Hd), Nucleotide
diversity (p) and average number of nucleotide differences (K) are shown.
N

bp

Nh

S

Hd

p

K

ND2
C. gouldii
C. morio
V. regulus

42
56
91

756
750
775

14
17
28

18
34
47

0.90
0.93
0.90

0.004
0.011
0.007

2.88
8.03
5.41

HVII
C. gouldii
C. morio
V. regulus

43
57
94

570
473
493

28
29
55

41
55
60

0.97
0.95
0.98

0.013
0.032
0.024

7.40
15.08
11.80

ND2 + HVII
C. gouldii
C. morio
V. regulus

42
56
91

1326
1223
1268

29
33
59

59
89
107

0.97
0.96
0.99

0.008
0.019
0.013

10.47
22.90
17.31

mtDNA Marker

Population Structure mtDNA
Network analysis of the concatenated alignment showed that most sequences were
unique to individuals in each population, with very few haplotypes common to more than
one locality. Hence, a single haplotype was shared between Perth and Dryandra within the
C. gouldii dataset (Figure 6.2), and between the Mettler and Two People’s Bay V. regulus
populations (Figure 6.3). The greatest level of unique sequences detected at more than
one location was observed in C. morio (Figure 6.4), where three separate haplotypes were
shared between Dryandra-Dwellingup, Donnelly-Blackwood, and Twin Creeks-Two
People’s Bay.

99

Figure 6.2 Median joining haplotype network of the mtDNA concatenated alignment
of ND2 and HVII for Chalinolobus gouldii. Each coloured circle represents a unique
haplotype, dashes represent nucleotide differences and black circles represent
haplotypes not represented in the dataset. The size of the circle is proportional to
the number of sequences sharing the haplotype. Circles are coloured by population,
Charles Darwin Reserve (CDR), Mt Gibson (MtG), Perth (Per), Dwellingup (Dwe),
Dryandra (Dry), Cococarup (Coc).

Different levels of biogeographical associations were observed among species, with C.
gouldii showing the weakest signal. Hence, C. gouldii sequences amplified from individuals
captured in the same geographical site did not tend to cluster together but were scattered
across the network. The only exception to this pattern was observed for the four
haplotypes amplified from Dwellingup, which were not dispersed across the network but
close to each other instead.
Unlike C. gouldii, both C. morio and V. regulus showed partitioning of the data into
discrete haplogroups. Within C. morio, two main haplogroups were separated by 31
nucleotide differences. The first one grouped the northern locations of Jurien Bay, Charles
Darwin Reserve (CDR) and Mt Gibson (MtG) with their most distant population, Coconarup
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as well as the single sequence from Mettler. The second haplogroup included the
remaining sequences. Generally, haplotypes from the same locations clustered with each
other, and relationships between sequences were congruent with geographical proximity.
Hence, haplotypes from Two Peoples Bay were most similar to those from Frankland and
Donnelly and more dissimilar to sequences from Dryandra and Dwellingup. Additionally,
the haplotypes that were represented in more than one location, were shared between
geographically closed populations.
Sequences amplified from V. regulus broadly separated into three main haplogroups
plus two highly divergent haplotypes, one from Karakamia (the furthest northern sampling
site) and the other from Dwellingup. The first haplogroup is dominated by the southern
populations of Blackwood, Donnelly, Frankland, Two People’s Bay, and Twin Creeks. The
second haplogroup is represented by only eight unique sequences detected in Dryandra,
Dwellingup and Donnelly. Most sequences from the third haplogroup were amplified from
Coconarup, Mettler and Paruna. A minority of haplotypes from Twin Creeks and Two
People’s Bay were also included here. Additionally, sequences from Dryandra and
Dwellingup were represented in all three haplogroups.
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Figure 6.3 mtDNA haplogroup analysis for Vespadelus regulus. A) Median joining
haplotype network of the mtDNA concatenated alignment of ND2 and HVII. Each
coloured circle represents a unique haplotype, dashes represent nucleotide
differences and black circles represent haplotypes not represented in the dataset.
The size of the circle is proportional to the number of sequences sharing the
haplotype. Circles are coloured by population: Blackwood (Bla), Coconarup (Coc),
Donnelly (Don) Dryandra (Dry), Dwellingup (Dwe), Frankland (Frk), Karakamia (Kar),
Mettler (Met), Paruna (Par), Twin Creeks (Twi), Two People’s Bay (Two). Identified
haplogroups are indicated by the dotted lines and the roman numbers. B) The
distribution of mtDNA haplogroups by sampling site. Numbers inside pie charts
indicate the number of individuals carrying that haplogroup.
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Figure 6.4 mtDNA haplogroup analysis for Chalinolobus morio. A) Median joining
haplotype networks of the mtDNA concatenated alignment of ND2 and HVII. Each
coloured circle represents a unique haplotype, dash represent nucleotide
differences and black circles represent haplotypes not represented in the dataset.
The size of the circle is proportional to the number of sequences sharing the
haplotype. Circles are coloured by population. Blackwood (Bla), Coconarup (Coc),
Charles Darwin Reserve (CDR), Donnelly (Don) Dryandra (Dry), Dwellingup (Dwe),
Frankland (Frk), Jurien Bay (Jbay), Mettler (Met), Mt Gibson (MtG), Twin Creeks (Twi),
Two People’s Bay (Two). Identified haplogroups are indicated by the dotted lines and
the roman numbers. B) The distribution of mtDNA haplogroups by sampling site.
Numbers inside pie charts indicate the number of individuals carrying that
haplogroup.

Analysis of molecular variance for each species showed that most of the observed
genetic variation was distributed within populations for C. gouldii (68%) and V. regulus
(69%), and among populations for C. morio (80%). Hence the high fixation index in C. morio
(fst = 0.8, P < 0.001) suggests strong mtDNA structuring among the sampled populations
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and low degrees of population subdivision in C. gouldii (fst =0.31, P < 0.001) and V. regulus
(fst =0.31, P < 0.001).
Pairwise population comparisons, showed that the strong population differentiation
among C. morio populations was mainly driven by the high fst values obtained for the cave
population of Jurien bay (fst = 0.66–0.96) and the individuals sampled from Cocanarup (fst
= 0.66–0.92) (Table 6.4). Even though these two populations were the most similar to each
other, they were still genetically distinct (fst = 0.66 P < 0.05). The highest genetic similarity
was observed for the Dryandra-Dwellingup comparison (fst = 0.09 P > 0.05), followed by
Dryandra and Donnelly (fst = 0.18 P > 0.05). The remaining populations showed moderate
to high levels of genetic differentiation with fst ranging between 0.24 to 0.78.
Pairwise comparisons between populations of C. gouldii and V. regulus suggest weak
to mild levels of population structure. Based on fst values computed for V. regulus, its
populations can be divided into two major groups, one spanning Dryandra, Dwellingup,
Mettler and Cocanurup (DDMC) and the second encompassing Blackwood, Donnelly,
Frankland, Twin Creeks and Two People’s Bay (BDFTT). Within DDMC, fst values ranged
between 0.02 and 0.09, and within BDFTT fst ranged between -0.02 and 0.28. Among these
two major groups, genetic differentiation ranged between 0.23 and 0.70. Overall, C. gouldii
populations showed low levels of population structure except for Dwellingup, which
appeared to be the most consistently genetically distinct population (fst = 0.40–0.69, P <
0.05).
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Table 6.4. Pairwise population distance values of mtDNA, measured as fst. All values
significantly different (P < 0.05) are shown in bold. Values are shaded by their
classification into terciles with darker shading representing higher values. Blackwood
(Bla), Coconarup (Coc), Charles Darwin Reserve (CDR), Donnelly (Don) Dryandra (Dry),
Dwellingup (Dwe), Frankland (Frk), Jurien Bay (Jbay), Karakamia (Kar), Mettler (Met),
Mt Gibson (MtG), Paruna (Par), Perth (Per), Twin Creeks (Twi), Two People’s Bay
(Two).
Species

C. gouldii

Populations

CDR
Dwe
Dry
Per
Coc

MtG
0.16
0.40
0.05
0.23
0.10

Dry
Dwe
Bla
Don
Fran
Twn
Coc

Jby
0.92
0.92
0.96
0.88
0.92
0.95
0.66

Dwe
Bla
Don
Fran
Twn
Two
Met
Coc

Dry
0.05
0.46
0.29
0.53
0.30
0.28
0.07
0.06

C. morio

V. regulus1

CDR

Dwe

Dry

Per

0.53
0.23
0.35
0.47

0.42
0.33
0.69

0.17
0.09

0.47

Dry

Dwe

Bla

Don

Fran

Twn

0.09
0.58
0.18
0.29
0.56
0.83

0.61
0.29
0.51
0.67
0.87

0.24
0.60
0.78
0.92

0.25
0.40
0.81

0.43
0.87

0.91

Dwe

Bla

Don

Fran

Twn

Two

Met

0.41
0.26
0.48
0.26
0.23
0.09
0.04

0.17
0.20
0.09
0.04
0.59
0.38

0.22
0.13
0.06
0.34
0.23

0.28
0.18
0.70
0.49

-0.02
0.35
0.16

0.39
0.17

0.02

1

Populations are divided into two major groups DDMC in blue and BDFTT in brown
based on fst values
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Nuclear Markers
Genetic Diversity
Observed and expected heterozygosity were broadly homogeneous at the inter- and
intraspecies level (Table 6.5 – 6.6). The observed values among species varied from 0.20 –
0.27, with the highest values corresponding to C. morio. The FIS value for C. morio was
markedly lower than for C. gouldii and V. regulus (Table 6.5) suggesting that its mating
behaviour involves greater levels of randomness, and comparatively individuals from C.
gouldii and V. regulus mate with more closely related individuals.

Table 6.5. Genetic diversity estimates derived from the SNP markers showing the
mean value (± standard deviation) per microbat species. Total number of SNP loci
per species (Loci), observed heterozygosity (Ho), expected heterozygosity (HE),
inbreeding coefficient (FIS).
Species
C. gouldii
C. morio
V. regulus

Loci
10,535
10,386
12,184

HO
0.21 ± 0.14
0.27 ± 0.17
0.20 ± 0.14

HE
0.30 ± 0.15
0.32 ± 0.16
0.27 ± 0.16

FIS
0.26 ± 0.32
0.12 ± 0.31
0.23 ± 0.32
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Table 6.6. Genetic diversity estimates derived from the SNP markers showing the
mean value (± standard deviation) per microbat species at each population (Pop).
Total number of individuals (N), observed heterozygosity (Ho), expected
heterozygosity (HE), inbreeding coefficient (FIS). Blackwood (Bla), Coconarup (Coc),
Charles Darwin Reserve (CDR), Donnelly (Don) Dryandra (Dry), Dwellingup (Dwe),
Frankland (Frk), Jurien Bay (Jbay), Karakamia (Kar), Mettler (Met), Mt Gibson (MtG),
Paruna (Par), Perth (Per), Twin Creeks (Twi), Two People’s Bay (Two).
Species
C. gouldii

Pop
MtG
CDR
Per
Dry
Dwe

N
20
20
10
26
16

HO
0.20 ± 0.13
0.21 ± 0.13
0.20 ± 0.16
0.21 ± 0.12
0.21 ± 0.14

HE
0.30 ± 0.15
0.30 ± 0.15
0.30 ± 0.17
0.30 ± 0.14
0.30 ± 0.16

FIS
0.26 ± 0.32
0.25 ± 0.30
0.26 ± 0.38
0.27 ± 0.29
0.25 ± 0.33

C. morio

Bla
Don
Dwe
Frk
Jby

13
14
12
9
22

0.27 ± 0.17
0.27 ± 0.17
0.28 ± 0.17
0.27 ± 0.19
0.27 ± 0.15

0.32 ± 0.16
0.32 ± 0.16
0.32 ± 0.16
0.32 ± 0.17
0.32 ± 0.15

0.12 ± 0.32
0.12 ± 0.31
0.12 ± 0.31
0.12 ± 0.35
0.13 ± 0.27

V. regulus

Blac

31

0.20 ± 0.13

0.27 ± 0.15

0.23 ± 0.28

Coc
Don
Dry
Dwe
Frk
Met
Twn

10
18
30
31
33
10
13

0.19 ± 0.16
0.20 ± 0.15
0.19 ± 0.13
0.19 ± 0.13
0.20 ± 0.13
0.20 ± 0.17
0.20 ± 0.15

0.26 ± 0.18
0.27 ± 0.16
0.27 ± 0.15
0.28 ± 0.15
0.27 ± 0.15
0.26 ± 0.18
0.27 ± 0.16

0.23 ± 0.37
0.20 ± 0.32
0.25 ± 0.29
0.24 ± 0.28
0.22 ± 0.27
0.20 ± 0.36
0.23 ± 0.35

Population Structure
Overall analysis of isolation by distance resulted in no correlation between genetic and
geographical distance for C. gouldii (r= 0.03, P > 0.05). Geographical distance influenced
genetic differentiation for V. regulus (r= 0.35, P < 0.05) and C. morio (r= 0.56, P < 0.05). This
relationship was also maintained when the C. morio population of Jurien Bay was excluded
(r= 0.36 P < 0.05).
In general, Fst pairwise comparisons were low but significant for all three species
(Table 6.7). The lowest pairwise Fst indices were observed for C. gouldii with values ranging
between 0.0–0.005. The highest pairwise comparisons for this species were consistently
observed between Dwellingup and the remaining populations. Interestingly, CDR and MtG,
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which are 50 km apart, instead of being more similar to each other, had lower pairwise Fst
values with Perth and Dryandra, which are more than 400 km away. Pairwise Fst values for
C. morio supported the mitochondrial results for Jurien Bay. Hence this population resulted
in the highest pairwise comparisons. Equally, low levels of population structure were
observed for V. regulus with Fst values ranging between 0.006–0.038. Cocanarup, was most
genetically similar to distant populations such as Dryandra and Dwellingup (> 300 km) than
to Mettler, which was only 150 km apart.
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Table 6.7. Pairwise population values of SNP markers Fst. All significant values at P <
0.05 are shown in bold. Values are shaded by their classification into terciles with
darker shading representing higher values. Blackwood (Bla), Coconarup (Coc),
Charles Darwin Reserve (CDR), Donnelly (Don) Dryandra (Dry), Dwellingup (Dwe),
Frankland (Frk), Jurien Bay (Jbay), Mettler (Met), Mt Gibson (MtG), Perth (Per), Twin
Creeks (Twi), Two People’s Bay (Two).
Species
C. gouldii

Populations
MtG

MtG
Per
Dry
CDR
Dwe

0.0006
0.0014
0.0021
0.0045

Per

Dry

0
0.0011
0.0048

CDR

0.0008
0.0033

0.0050

C. morio
Jby
Jby
Bla
Don
Dwe
Frk

Bla
0.025
0.024
0.021
0.026

Don

0.002
0.006
0.004

Dwe

0.005
0.004

0.007

V. regulus
Bla
Bla
Dry
Dwe
Coc
Don
Twn
Frk
Met

Dry
0.017
0.016
0.030
0.010
0.011
0.016
0.023

Dwe

0.006
0.010
0.022
0.013
0.027
0.019

0.017
0.022
0.015
0.027
0.023

Coc

Don

0.036
0.022
0.038
0.027

0.012
0.013
0.026

Twn

0.013
0.015

Frk

0.028

For all species, the first and second PCoA axis explained small amounts of the genetic
variation (< 3% and < 1.6 % respectively) (Figure 6.5). However, the plots showed evidence
of population differentiation for C. morio and V. regulus but not for C. gouldii. The majority
of C. gouldii individuals clustered together, with no clear separation between populations.
To the contrary, the C. morio plot suggests that the cave population of Jurien Bay is a
discrete unit, differentiated from the remaining individuals. Three additional groups are
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also distinguishable. One encompasses the few individuals captured at CDR and MtG; the
second represents the individuals from Cocanarup, and the third, clusters individuals from
the remaining eight locations.
Three broad clusters are also distinguishable from the V. regulus PCoA plot. The first
cluster includes Dryandra, Dwellingup, Cocanarup, Paruna and Karakamia, followed by the
Mettler individuals, and the remaining populations were contained into a third cluster.
Except for Twin Creeks and Two Peoples bay, populations within this last group were not
randomly mixed but separated into a continuum of discrete clusters.
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Figure 6.5. Graphical representation of genetic similarity between individuals using
principal coordinates analysis (PCoA) for each of three microbat species. A) C. gouldii,
B) C. morio and C) V. regulus. Blackwood (Bla), Coconarup (Coc), Charles Darwin
Reserve (CDR), Donnelly (Don) Dryandra (Dry), Dwellingup (Dwe), Frankland (Frk),
Jurien Bay (Jbay), Karakamia (Kar), Mettler (Met), Mt Gibson (MtG), Paruna (Par),
Perth (Per), Twin Creeks (Twi), Two People’s Bay (Two).

The sNMF analysis identified little genetic structure for C. gouldii with the best
predicted number of K= 1. Within the V. regulus dataset, the mean cross entropy criterion
was lowest for K= 2, separating individuals in two broad north and southern clusters. Thus,
the northern group included Paruna, Karakamia, Dryandra, Dwellingup, and Cocanarup
and the southern cluster grouped the remainder populations (Figure 6.6). The analysis was
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re-run within each of these major groups, there was no evidence of further substructure
in the northern group, while within the southern cluster K=1–2 was supported by close
values of the cross entropy criterium ranging between 0.701–0.705.
Similarly, for C. morio both K=1 and K=2 were supported by very similar values of the
mean cross entropy criterion, at 0.801 and 0.808 respectively. At K= 2 (Figure 6.7) one of
the clusters comprised the individuals from Jurien Bay, MtG and CDR while the second
group contained individuals from remaining sites. Once the data was re-analysed after
removing these three populations, the best predicted number of K= 1.
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Figure 6.6. Summary of clustering analysis for Vespadelus regulus. A) Visual representation of admixture coefficients when two genetic
clusters are identified (K= 2). Individuals are represented by each single bar with admixture proportions shown by the two different
colours. Populations are organized in a north-south, west-east direction: Blackwood (Bla), Coconarup (Coc), Donnelly (Don) Dryandra
(Dry), Dwellingup (Dwe), Frankland (Frk), Karakamia (Kar), Mettler (Met), Paruna (Par), Twin Creeks (Twi), Two People’s Bay (Two). B)
Distribution of the genetic clusters by sampling site when all populations are considered. C) Hierarchical analysis of the southern cluster
when K= 2. D) The distribution of the genetic clusters by sampling site when only the southern cluster is analysed
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B

Figure 6.7. Summary of clustering analysis for Chalinolobus morio. A) Visual representation of admixture coefficients when two genetic
clusters are identified (K= 2). Individuals are represented by each single bar with admixture proportions shown by the two different
colours. Populations are organized in a north-south, west-east direction: Blackwood (Bla), Coconarup (Coc), Charles Darwin Reserve
(CDR), Donnelly (Don) Dryandra (Dry), Dwellingup (Dwe), Frankland (Frk), Jurien Bay (Jbay), Mettler (Met), Mt Gibson (MtG), Twin Creeks
(Twi), Two People’s Bay (Two). B) Distribution of the genetic clusters by sampling site.
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Dispersal
Exploratory spatial autocorrelation analysis included the exploration of the data at
different distance classes. Hence, the distance class that was most meaningful in
representing and summarising the data for C. gouldii and C. morio was 50 km, and for V.
regulus was 30 km. Among all three species, C. gouldii showed the lowest autocorrelation
values (r= 0–0.0024) at the smallest distance class, while V. regulus analysis resulted in the
highest values (r= 0.02–0.03) (Figure 6.8).
Within C. gouldii, female autocorrelation values were marginally higher than those
obtained from males, however, this difference was not significant and therefore philopatry
was not supported for this species. In contrast, female philopatry was supported for V.
regulus as females within 30 km of each other had a significantly higher autocorrelation
value (r= 0.03) than males (r= 0.02) within the same distance class.
Female philopatry within C. morio appeared to be driven by the cave population of
Jurien BayThe analysis of the entire dataset showed that the correlation among females (r
= 0.023, D=50km) was almost double than that of males (r= 0.014, D= 50 km), however
once Jurien bay was excluded, there was a marked decrease in the spatial autocorrelation
index for both sexes, with no significant difference between females (r= 0.005, D= 50 km)
and males (r= 0.007, D= 50 km).
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Figure 6.8. Spatial autocorrelation coefficient (r) across, and 95% confident intervals
at different distance classes (km). for males and females from three species of
microbats. A) Chalinolobus gouldii, B) Vespadelus regulus, C) Chalinolobus morio with
all individuals and D) C. morio excluding individuals from the population of Jurien bay

Discussion
This study described patterns of genetic structure for three species of vespertilionid
bats that are common to the southwest of Western Australia (WA). In general, the
mitochondrial and nuclear markers resulted in congruent patterns of genetic structure for
all species, whilst unveiling cryptic population dynamics. Population subdivision was
detected in C. morio and V. regulus, while C. gouldii appeared to consist of a single highly
connected population across the study region. Given little is known of the population
dynamics of insectivorous bats in the country, and the influence of such patterns on
pathogen-flow, this data is fundamental to conservation and public health management
activities. Therefore, the data generated here contributes to the better assessesment of
anthropogenic impacts on bat species persistence in modified landscapes and provides
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background to generate hypotheses on the routes of transminssion of nationally
significant zoonotic agents such as Australian bat lyssavirus.
Among bat species of the southwest of WA, both C. gouldii and C. morio have
previously been shown to have the greatest levels of viral carriage across families of
zoonotic potential [39]. Even though increased viral carriage and shedding has been
associated with greater spillover risks in pathogen-bat systems [85,264], combining viral
epidemiological data with species-specific ecological features provides greater precision
to identify taxa relevant for pathogen surveillance programs [19]. As indicated by the
results here, the greater population connectivity of C. gouldii, suggests an increased
dispersal capacity over C. morio, which along with its ability to exploit human-associated
environments [126,274,275], supports our hypothesis that C. gouldii is an important
epidemiological element in the region. A greater dispersal capacity provides wider
opportunities to interact with a larger variety of species and exploit contrasting
ecosystems, thus opening the possibility to the transmission, aquisition and transport of
novel viruses into naïve bat and terrestrial mammal communities.
A stronger genetic differentiation was expected from the V. regulus and C. morio
datasets as they are often proposed to be sensitive to habitat fragmentation [163,165,276],
have specific habitat requirements [276] and, in the case of V. regulus, are reported to
disperse very small distances (<1 km) [163,165]. Despite these ecological features, we
identified weak levels of population subdivision which was supported by all the nuclear
and mitochondrial population metrics. This included very low pairwise Fst (< 0.04), few
ancestral populations identified from sNMF analysis, low levels of genetic clustering on the
PCoA and most of the mtDNA genetic variance distributed within populations instead of
amongst them. However, within C. morio a consistent pattern suggesting differentiation
between the Jurien bay, MtG, CDR, Cocanarup and the remaining populations, was derived
from all the applicable population metrics. Hence, overall genetic evidence suggests that
despite the drastic modification of land cover within the province [153], gene flow has been
maintained for these two species and differences among populations may be driven mainly
by isolation by distance. Equally, the observed patterns may be explained by historical
gene flow, with the impact of landscape fragmentation yet to be reflected in the dataset
due to the long life spans of bat species. Comparisons of historic and current gene flow
patterns was beyond the scope of this study and warrant further investigation.
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Additionally, these results also suggest that the dispersal capacity for these species is much
greater than the 1–21 km range suggested by telemetry studies [244,294].
Data from C. morio and V. regulus also unveiled a gene flow pattern that appears to
show a greater connection between southeast and northwest populations. This is derived
by the relationship between Coconarup, the most south-eastern population for both
species, and the most distant north-western populations. Within C. morio, Cocanarup
mtDNA haplotypes were most similar to those from Jurien Bay, MtG and CDR, which are
over 500 km apart, instead of Mettler which is only 100 km away. Similarly, the V. regulus
nuclear and mitochondrial markers showed that Cocanarup was genetically more similar
to Dwellingup and Dryandra (> 300 km) instead of geographically closer populations such
as Two People’s Bay or Twin Creeks. The observed southeast-northwest gene flow
pathway does not appear to be random as it was supported by both types of genetic
markers and across species. The observed connectivity is likely facilitated by landscape
features, as the persistence of V. regulus and C. morio in the agricultural environment has
been associated with remnant forest patches [169], with landscape attributes known to
play an important role in maintaining genetic connectivity among widely distributed bat
species [334].
Identifying landscape factors that influence bat population connectivity as well as
unveiling cryptic patterns of gene flow and weak signals of population structuring have
evidently important applications for species management at a variety of geographical
scales [335–337]. However, they are also extremely valuable in deciphering transmission
pathways and infection fronts in host-pathogen systems, as the inclusion of population
genetic information has been shown to greatly improve pathogen transmission model
performance, which are traditionally only based on the interaction of landscape features
and observational ecological data [22,338]. Integrating the connectivity patterns deduced
here with GIS data that characterises landscape features is a research avenue that can
provide further insights into the factors hindering or fostering bat population connectivity
in the region.
Characterising cryptic population dynamics from Australian bat populations is
fundamental in preparedness plans for the possible incursion of P. destructans (the fungal
pathogen responsible for White-nose syndrome, WNS) into the country [107]. The
experience in North America, where the disease has devastated microbat populations
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across the continent, is that the identification of even weak signals of population structure
in the widely distributed Myotis lucifugus, has facilitated the assignment of WNS risk values
to hibernacula across the continent, as well providing more robust predictions of the
spread of the infection [22,310]. Preliminary vulnerability assessment combining bat roost
ecology and thermal conditions suitable for the growth of P. destructans, place Australian
cave dwelling bats of the southeast region of the country at the highest risk of developing
WNS [106]. Tree roosting species in temperate zones, like the ones here, are considered
at low risk of developing WNS as it is assumed that higher temperatures in tree roosts will
prevent the fungus for growing at suitable rates to make it pathogenic [107]. However, the
population connectivity patterns of bat populations as shown in this study can be useful
to inform P. destructans incursion management plans. Particularly as interpolation may be
necessary to infer connectivity patterns of at-risk cave dwelling southeastern Australian
bat species, given molecular connectivity data does not currently exist for these species.
Further, although WNS is the current pathogen of conservation significance in North
American insectivorous bats, the combined risks of globalisation, climate change and
habitat modification, which undermine population resilience and provide opportunity for
pathogen spread and evolution, means we are likely to see further infectious disease risks
emerge in bat communities.
The genetic subdivision observed here appeared to mirror previously amplified
coronavirus strains [39]. Viral strains clearly separated C. morio populations into a northern
and southern clade, showed no differentiation among C. gouldii individuals, and split V.
regulus into two main clusters, one identifying Dwellingup as relatively different to other
populations. The host specificity of coronaviruses [204] , their common occurrence among
bat species [339,340], evidence of their higher prevalence in sick individuals [209], and the
apparent host-pathogen genetic congruence seen here, offer exciting possibilities to study
wildlife disease dynamics under a model framework within the Australian context. Parallel
studies of host-pathogen genetic signatures have explained viral expansion peaks and
forecast viral invasions of rabies associated with vampire bats in Peru [25], spatial and
temporal distribution and persistence of Nipah virus in Bangladesh [29], as well as
providing

insights into host ecological dynamics in Lynx rufus where pathogen

transmission occurs without a corresponding host signature [341]. Hence, a well
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understood Australian host-viral model could inform the dynamics of low prevalence bat
zoonotic pathogens such as Hendra virus and Australian bat lyssavirus.
Here we also explored dispersal patterns, as under a sex biased dispersal scenario one
of the sexes would have a stronger role in pathogen distribution across the landscape
[25,342]. The disparity in population subdivision between mitochondrial and nuclear
markers, along with unique haplotypes per population and a low number of common interpopulation sequences, have often been interpreted as evidence of female philopatry and
male-biased dispersal in bat studies [137,343,344]. Even though we observed a high
proportion of unique intrapopulation haplotypes with only a few shared among
populations, the genetic differentiation patterns obtained from the nuclear and
mitochondrial markers as well as the results from the spatial autocorrelation analysis,
supported female philopatry only for the C. morio cave population of Jurien Bay. In
contrast, female biased dispersal within V. regulus was only evident from the
autocorrelation analysis and none of the results suggested philopatry for C. gouldii.
Importantly, our sampling design may have concealed a philopatric signal as we captured
individuals along forest tracks or water bodies and agglomerated individuals within a
geographical radius, instead of sampling discrete roosts or hibernacula which are the
commonly used unit of study in bat research [92,133,147,310]. Since the studied species
roost mainly in tree hollows, identifying enough roosts for each species across the region
was beyond the scope of this study. Therefore, sex biased dispersal warrants further
investigation as alternative studies have suggested strong female associations for C. gouldii
roosting in bat boxes during the summer months [298], and mitochondrial analysis of
roosting colonies of C. morio in Queensland found low levels of genetic variance among
roosts [151]. Additionally, the observed fst pairwise comparisons were generally higher
than those observed in bat species where complementary methodologies have confirmed
non-sex-linked dispersal. For example, pairwise mtDNA fst below 0.1 are reported for the
highly vagile flying fox Pteropus medius [29], and values below 0.16 are reported for the
microbat Lophostoma silvicolum, where both sexes are involved in dispersal [307].
In sum, we have described the population connectivity patterns of Australian
microbats through the analysis of high-resolution molecular markers. These approaches
have been considerably underutilised in Australian bat research despite their potential to
complement existing observational studies, as demonstrated here. Clearly, the
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identification of gene flow routes and genetic connectivity among bat populations is
fundamental to assess the pressures that environmental and anthropogenic process pose
to local bat communities and the cascading effects into their viral dynamics. Importantly,
this study found levels of connectivity among insectivorous bat species of varying sizes and
ecological niches to be greater than expected, which in the absence of relevant data may
be fundamental to inform biosecurity preparedness plans for the eventual incursion of P.
destructans into the country. Equally we outline the importance of both epidemiological
and ecological species-specific data to identify taxa that may be of greater importance in
the dispersal, transmission and maintenance of viral agents in the landscape and at the
human -wildlife interface. It is expected that with the decreasing cost and easy access to
analytical pipelines, increasing numbers of molecular ecology studies will be undertaken
in Australia, informing both conservation efforts and disease ecology process underlying
disease emergence.
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Chapter 7
CONCLUDING REMARKS

Falsistrellus mackenziei, the only endemic bat of southwest WA. Photo by: Diana
Prada

This thesis is the result of a multidisciplinary approach to examine host-viral
relationships. The project was motivated by the recognition that anthropogenic processes
are not only the cause of the global biodiversity crisis, but also the driver of disturbance in
host-viral dynamics, which consequently facilitate pathogenicity and disease emergence.
Besides intensifying extinction risks, emergent diseases also have damaging effects on
human health and economies. Such impacts are confrontingly tangible at the time of
completing this study, with the emergence of SARS-CoV-2, a coronavirus of suspected bat
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origin [8], that has expanded globaly, greatly impacting worldwide economies and
associated with over a million human fatalities.
This project focused on bats as they are known reservoirs of viral agents
[47,51,255,345], with a significant proportion of zoonotic pathogens being associated with
bat species. We focused on Australian microbats as their viral diversity and intrinsic viral
relationships have been subject to a limited research effort and therefore are poorly
understood. In particular, we concentrated on the bat communities of the Southwest
Botanical Province (SWBP) of Western Australia, as the limited research on disease ecology
of microbats has focused on eastern states populations. The SWBP is biologically diverse
and subject to accelerating loss of natural habitat, with climate change models predicting
significant biome shrinkage [152,155]. Combined, these processes are expected to induce
species distribution shifts with unknown effects on host-pathogen dynamics and
subsequent risks to public health.
In order to address the knowledge gap on microbat viral ecology, this project aimed
to generate fundamental baseline data on the viral diversity and connectivity of bat
populations, as an integrative approach to the study of viral carriage and host ecology
provides a strong foundation to understand the environmental factors influencing batpathogen dynamics and pre-empting the consequences of disturbances to such
relationships [18–20,210]. Further, hypotheses are best derived from some level of
information, and so we sought to enhance and focus future research efforts more
effectively with this dataset.
This research involved a significant Australian bat lyssavirus (ABLV) surveillance effort,
the first in the region. Our results updated the existing knowledge on the circulation of
ABLV in wild populations, which is already 20 years old [112]. Importantly, we found
evidence of historical infections in local bat communities, which included three species not
previously known to be subject to ABLV infections, namely N. gouldi, N. major and F.
Mackenziei. These findings are important for compliance of microbat handling guidelines,
which involve the use of globes when manipulating bats, as the fact that the distribution
of known reservoirs of ABLV does not extend to the study region may lead to the false
belief that local microbat communities do not carry or are incapable of ABLV-human
transmissions. Although the risk of transmission from a microbat is extremely unlikely, the
consequence of death unless treatment is provided, warrants adherence to biosecurity
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guidelines when handling microbats. Findings also suggest that transmission, maintenance
and shedding of ABLV is the result of unknown processes, as the presence of local
infections must either involve additional reservoirs or the dispersal of local species in and
out of ABLV infection areas. The ABLV prevalence data identified a geographical partition,
with evidence of historical infections only detected in the south of the region, despite the
large sample size obtained from northern locations. Even though the study design in this
project did not allow us to disentangle the geographical and temporal factors influencing
the infection patterns observed here, it does provide an important direction into further
research of ABLV dynamics, which should involve longitudinal surveillance efforts across
multiple species, especially those at the human-wildlife interface, to detect and further
understand patterns of ABLV shedding.
This project provided the first insights into the viral diversity of Australian microbat
communities. We first used targeted approaches to examine viral families of zoonotic
potential, specifically coronavirus, adenovirus and paramyxovirus, with prevalence
patterns used to inform the design of non-targeted virome characterization of two
selected species showing ecological and viral burden differences. Findings included the
first publicly available coronavirus and adenovirus genomes amplified from Australian
microbats.
The coronavirus surveillance data significantly expanded the characterization of
Australian coronavirus strains for a range of species, which until now had relied on a single
multispecies effort and an additional species-specific study [36]. The coronavirus data from
this study contributed towards the assessment of the Australian biosecurity risks on the
wake of the SARS-2 pandemic [346], thus highlighting the importance of baseline
information in disease emergence preparedness.
This study also went beyond interpreting viral phylogenetic relationship and examined
the results in an ecological context. Hence, C. gouldii is proposed as a key epidemiological
element in the system, likely playing an important role in the transmission and
maintenance of viral agents within the local communities. This suggestion is based on the
high prevalence of viral shedding observed from the targeted approaches and the
ecological characteristics of this species, which involves wide distribution, ability to exploit
a wide range of habitats and high dispersal capacity as confirmed from the molecular
analysis in chapter 6. Albeit, when employing non-targeted approaches, C. gouldii did not
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show greater diversity of verterbrate associated viral families compared to V. regulus,
which showed a lower shedding and lower viral diversity in the targeted approaches. Thus,
highlighting how macro (non-targeted) and micro (targeted) methodologies provide
complementary information on the viral agents circulating within bat communities.
Identifying epidemiological agents is an important step towards the design of costeffective surveillance actions, as efforts can be narrowed down to a few or in this case to
one species of interest instead of targeting entire bat communities.
We were also able to infer ecological attributes from the targeted viral data and
proposed viral surveillance as a possible avenue to monitor environmental pressures in
cryptic bat communities, trends that may be challenging to detect with traditional
ecological methods. Hence, evidence of cross species infections inferred from the
coronavirus phylogenetic results, indicated that roosts are likely acting as spillover points,
Thus, suggesting that microbat species share roosts concurrently or alternatively. This is
an interesting finding as roosts are considered an important element for species
persistence in the landscape [244,245]. A variety of roost attributes are favoured
differently by bat taxa and there is only sporadic or anecdotal evidence of multispecies
concurrent roosting. Hence, we could hypothesise that decreased roost availability,
induced by habitat loss, could increase pathogen emergence risks through the force roost
sharing by multiple species.
The results from the targeted viral detection approaches also showed strong tropism
between viral strains and the host species, this was particularly evident in the analysis of
Coronaviridae strains and to a lesser degree in Adenoviridae and Paramyxoviridae analyses.
Further research avenues could investigate whether the level of tropism observed across
these three families is the result of co-evolutionary processes between the host and the
viral pathogen, ecological interactions, or both [271].
Based on the findings from this study, there is evidence to support implementation of
longitudinal studies to monitor viral shedding as indicator of bat health and early
identification of changes in host-viral dynamics. Such trends have already been used to
monitor other animal systems [207,208], with increased viral shedding acting as
recrudescent factor in bats already subjected to multifaceted stressors [83,209]. We
suggest coronaviruses are a suitable candidate to act as such indicator as they appear to
be prevalent within bat populations and show a strong congruence between the host and
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associated viral strains[36,204]. Additionally, developing a coronavirus- bat model system
can provide a robust framework to assess the environmental factors affecting such
dynamics. Immediate applications involve informing the Hendra virus - pteropid system,
where the low prevalence levels of the viral zoonotic agent makes it challenging to
disentangle the role of different biotic and abiotic factors involved in increased shedding
and consequent spillover risks. It would be interesting to determine whether monitoring
of a prevalent virus such as a coronavirus species may demonstrate temporal spikes in
reponse to colony stress, which precede increased shedding of viruses of public health
importance.
We further characterised the richness of viral families associated with vertebrate
infections using next generation sequencing which, unlike the targeted approaches of
chapter 3, does not require any a priori knowledge of the viral content of the faecal
samples. The interspecies comparative study included C. gouldii and V. regulus, two
species at opposite ends of the viral prevalence spectrum identified in chapter 5, and also
two species with different habitat requirements. The results showed that vertebrate viral
diversity in these two species is similar to that reported in other bat species worldwide.
However, we detected highly divergent single stranded positive sense RNA, and DNA
viruses, none of zoonotic potential. This is not surprising, given the separation of Australian
bats from the rest of the world, and the long period localised viral evolution that has
occurred. Unlike a great variety of bat virome studies [61,76–79], we included
representative samples from multiple populations to determine whether there was intra
or inter variation in viral composition. Even though we did not find any significant
differences in viral richness or composition between these two species, we did detect
temporal and spatial differences within C. gouldii. The results from the virome
investigations further expands the findings from chapter 4 and supports the importance of
identifying environmental and individual factors underpinning viral shedding, as
description of viral strains alone is unable to pre-empt changes in host-pathogen dynamics.
We suspect that temporal shedding was likely driven by age composition of the sampled
populations, but the geographical variation remains to be further understood. Further
research should involve the influence of sex and age on the observed viral prevalence,
diversity and richness as these aspects were not explored here. In chapter 5 we suggest
that surveillance of coronaviruses has the potential of acting as bioindicator of viral health.
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The information in chapter 6 offers a background to explore host-pathogen relationships
beyond single host- single pathogen systems, as coinfections have been identified as an
important driver of disease emergence [87].
This project also derived ecological data from genetic signatures from three bat
species, C. gouldii, C. morio and V. regulus. Since ecological attributes of the host ultimately
influence pathogen distribution and transmission routes, understanding of the host
population connectivity is an important step towards understanding pathogen dynamics
[18,90]. Despite the suitability of molecular methods to derive ecological attributes from
cryptic species, such as bats, the use of such approaches in Australian bat research has
greatly been under-utilised. Therefore, the data generated from this chapter provides
insights into the levels of connectivity between these bat species. A key finding includes
the cryptic patterns of gene flow showing that populations on the southeastern region
were more genetically similar to geographically distant populations than to neighboring
populations, a pattern observed across multiple species and molecular markers. This may
indicate that pathogen flow could occur in an unexpected northeasterly direction should
introduction of a novel infectious agent threaten microbat populations. Other key findings.
include subtle population structure and greater connectivity than expected for C. morio
and V. regulus. This type of data will be fundamental from a biosecurity perspective if
incursions of Pseudogymnoascus destructans [107] were to occur. Lessons from the North
American experience have shown than even low levels of population connectivity are
fundamental to predict infection fronts and prioritise management actions.
Finally, this project invested significant efforts in the identification of sampling sites
specifically towards the south of the region where most research has mainly focused in the
deployment of echolocation recording equipment. This will propel future bat research in
the region by providing certainty around capture sites and capture success rates, which
markedly varies from east coast reports. Importantly, this project addressed a significant
knowledge gap on the viral diversity and population connectivity of Australian microbats
and generated viral and ecological data fundamental to understanding viral dynamics and
disease emergence. This thesis lays a strong foundation for future research to further
investigate the host-viral dynamics observed here at a finer scale. Such initiatives may
include the exploration of the role of environmental and individual factors in viral shedding
patterns on a single or multi viral agent framework, as well as the design of longitudinal
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studies at a reduced number of sites. Bat-viral dynamic research will greatly benefit from
longterm spatial-temporal data as it allows the detection of viral dynamics across time and
facilitates the identification of processes affecting such relationships. Importantly,
integrative approaches such as those applied here, are already recognised as fundamental
frameworks to pre-empt and mitigate disease emergence risks.
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Appendices
Appendix I
Median Fluorescence Intensity (MFI) values obtained from the bead based Luminex assay. Samples from the first season were pooled
one in three or one in four. Therefore the MFI value represents an aggregate estimate for those samples. Samples above 1000 MFI
are shown in bold.
Season

Bioregion

Species

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii

MFI
84

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii

91

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii

93

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii

95

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii

98

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii

104

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii

107

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii

107

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii

129

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii

150

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii

161

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii

169

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus morio

77

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus morio

96

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus morio

99

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus morio

123

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

74

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

76

150

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

80

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

86

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

88

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

91

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

91

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

94

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

96

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

97

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

102

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

104

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

105

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

108

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

125

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

130

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi

132

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus major

127

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus sp

105

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Ozimops sp

108

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Ozimops sp

120

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Scotorepens balstoni

0

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Scotorepens balstoni

83

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Scotorepens balstoni

95

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Scotorepens balstoni

98

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Scotorepens balstoni

105

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Scotorepens balstoni

107

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Scotorepens balstoni

112

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Scotorepens balstoni

133

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus baverstocki

81

151

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus baverstocki

106

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus baverstocki

108

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus baverstocki

174

1

Avon Wheatbelt

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus baverstocki

243

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii*

Chalinolobus gouldii*

108

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii*

Chalinolobus gouldii*

109

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii*

Chalinolobus gouldii*

136

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii*

75

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii*

85

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii*

97

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii*

105

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii*

115

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii*

120

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus morio*

196

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi*

76

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi*

80

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi*

89

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi*

107

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi*

110

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi*

111

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi*

113

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus geoffroyi*

141

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Nyctophilus gouldi*

103

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus regulus*

Vespadelus regulus*

94

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus regulus*

Vespadelus regulus*

96

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus regulus*

Vespadelus regulus*

126

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus regulus*

69

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus regulus*

81

152

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus regulus*

93

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus regulus*

96

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus regulus*

101

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus regulus*

105

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus regulus*

116

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus regulus*

132

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus regulus*

150

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus regulus*

210

1

Avon Wheatbelt / Jarrah Forest

Chalinolobus gouldii

Chalinolobus gouldii

Vespadelus regulus*

123

1

Avon Wheatbelt / Swan Coastal Plain

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii*

78

1

Avon Wheatbelt / Swan Coastal Plain

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii*

86

1

Avon Wheatbelt / Swan Coastal Plain

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii*

103

1

Avon Wheatbelt / Swan Coastal Plain

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii*

105

1

Avon Wheatbelt / Swan Coastal Plain

Chalinolobus gouldii

Chalinolobus gouldii

Chalinolobus gouldii*

119

2

Avon Wheatbelt

Austronomus australis

112

2

Avon Wheatbelt

Austronomus australis

127

2

Avon Wheatbelt

Austronomus australis

129

2

Avon Wheatbelt

Austronomus australis

145

2

Avon Wheatbelt

Austronomus australis

148

2

Avon Wheatbelt

Austronomus australis

150

2

Avon Wheatbelt

Austronomus australis

156

2

Avon Wheatbelt

Austronomus australis

193

2

Avon Wheatbelt

Austronomus australis

279

2

Avon Wheatbelt

Austronomus australis

400

2

Avon Wheatbelt

Austronomus australis

463

2

Avon Wheatbelt

Chalinolobus gouldii

77

2

Avon Wheatbelt

Chalinolobus gouldii

103

2

Avon Wheatbelt

Chalinolobus gouldii

104

153

2

Avon Wheatbelt

Chalinolobus gouldii

106

2

Avon Wheatbelt

Chalinolobus gouldii

117

2

Avon Wheatbelt

Chalinolobus gouldii

122

2

Avon Wheatbelt

Chalinolobus gouldii

123

2

Avon Wheatbelt

Chalinolobus gouldii

127

2

Avon Wheatbelt

Chalinolobus gouldii

129

2

Avon Wheatbelt

Chalinolobus gouldii

131

2

Avon Wheatbelt

Chalinolobus gouldii

134

2

Avon Wheatbelt

Chalinolobus gouldii

140

2

Avon Wheatbelt

Chalinolobus gouldii

145

2

Avon Wheatbelt

Chalinolobus gouldii

145

2

Avon Wheatbelt

Chalinolobus gouldii

146

2

Avon Wheatbelt

Chalinolobus gouldii

152

2

Avon Wheatbelt

Chalinolobus gouldii

156

2

Avon Wheatbelt

Chalinolobus gouldii

163

2

Avon Wheatbelt

Chalinolobus gouldii

164

2

Avon Wheatbelt

Chalinolobus gouldii

168

2

Avon Wheatbelt

Chalinolobus gouldii

185

2

Avon Wheatbelt

Chalinolobus gouldii

186

2

Avon Wheatbelt

Chalinolobus gouldii

199

2

Avon Wheatbelt

Nyctophilus geoffroyi

112

2

Avon Wheatbelt

Nyctophilus geoffroyi

112

2

Avon Wheatbelt

Nyctophilus geoffroyi

114

2

Avon Wheatbelt

Nyctophilus geoffroyi

127

2

Avon Wheatbelt

Nyctophilus geoffroyi

175

2

Avon Wheatbelt

Nyctophilus geoffroyi

222

2

Avon Wheatbelt

Nyctophilus geoffroyi

270

2

Avon Wheatbelt

Nyctophilus geoffroyi

297

154

2

Avon Wheatbelt

Nyctophilus geoffroyi

310

2

Avon Wheatbelt

Nyctophilus geoffroyi

330

2

Avon Wheatbelt

Nyctophilus geoffroyi

363

2

Avon Wheatbelt

Nyctophilus geoffroyi

366

2

Avon Wheatbelt

Nyctophilus geoffroyi

368

2

Avon Wheatbelt

Nyctophilus geoffroyi

403

2

Avon Wheatbelt

Ozimops sp

245

2

Esperance Plains

Chalinolobus gouldii

333

2

Esperance Plains

Chalinolobus gouldii

482

2

Esperance Plains

Chalinolobus morio

87

2

Esperance Plains

Chalinolobus morio

120

2

Esperance Plains

Chalinolobus morio

163

2

Esperance Plains

Chalinolobus morio

234

2

Esperance Plains

Chalinolobus morio

311

2

Esperance Plains

Nyctophilus geoffroyi

357

2

Esperance Plains

Nyctophilus sp

NA

2

Esperance Plains

Vespadelus regulus

77

2

Esperance Plains

Vespadelus regulus

146

2

Esperance Plains

Vespadelus regulus

152

2

Esperance Plains

Vespadelus regulus

170

2

Esperance Plains

Vespadelus regulus

225

2

Esperance Plains

Vespadelus regulus

285

2

Esperance Plains

Vespadelus regulus

288

2

Esperance Plains

Vespadelus regulus

387

2

Esperance Plains

Vespadelus regulus

NA

2

Esperance Plains

Vespadelus regulus

NA

2

Esperance Plains

Vespadelus regulus

NA

2

Jarrah Forest

Chalinolobus gouldii

102

155

2

Jarrah Forest

Chalinolobus gouldii

150

2

Jarrah Forest

Chalinolobus gouldii

189

2

Jarrah Forest

Chalinolobus gouldii

200

2

Jarrah Forest

Chalinolobus gouldii

204

2

Jarrah Forest

Chalinolobus gouldii

217

2

Jarrah Forest

Chalinolobus gouldii

219

2

Jarrah Forest

Chalinolobus gouldii

230

2

Jarrah Forest

Chalinolobus gouldii

236

2

Jarrah Forest

Chalinolobus gouldii

240

2

Jarrah Forest

Chalinolobus gouldii

248

2

Jarrah Forest

Chalinolobus gouldii

264

2

Jarrah Forest

Chalinolobus gouldii

280

2

Jarrah Forest

Chalinolobus gouldii

313

2

Jarrah Forest

Chalinolobus gouldii

316

2

Jarrah Forest

Chalinolobus gouldii

317

2

Jarrah Forest

Chalinolobus gouldii

339

2

Jarrah Forest

Chalinolobus gouldii

345

2

Jarrah Forest

Chalinolobus gouldii

349

2

Jarrah Forest

Chalinolobus gouldii

349

2

Jarrah Forest

Chalinolobus gouldii

360

2

Jarrah Forest

Chalinolobus gouldii

360

2

Jarrah Forest

Chalinolobus gouldii

373

2

Jarrah Forest

Chalinolobus gouldii

416

2

Jarrah Forest

Chalinolobus gouldii

421

2

Jarrah Forest

Chalinolobus gouldii

479

2

Jarrah Forest

Chalinolobus gouldii

645

2

Jarrah Forest

Chalinolobus gouldii

711

2

Jarrah Forest

Chalinolobus gouldii

1981

156

2

Jarrah Forest

Chalinolobus gouldii

23352

2

Jarrah Forest

Chalinolobus morio

99

2

Jarrah Forest

Chalinolobus morio

100

2

Jarrah Forest

Chalinolobus morio

104

2

Jarrah Forest

Chalinolobus morio

121

2

Jarrah Forest

Chalinolobus morio

122

2

Jarrah Forest

Chalinolobus morio

124

2

Jarrah Forest

Chalinolobus morio

125

2

Jarrah Forest

Chalinolobus morio

130

2

Jarrah Forest

Chalinolobus morio

130

2

Jarrah Forest

Chalinolobus morio

141

2

Jarrah Forest

Chalinolobus morio

152

2

Jarrah Forest

Chalinolobus morio

153

2

Jarrah Forest

Chalinolobus morio

185

2

Jarrah Forest

Chalinolobus morio

227

2

Jarrah Forest

Chalinolobus morio

230

2

Jarrah Forest

Chalinolobus morio

235

2

Jarrah Forest

Chalinolobus morio

238

2

Jarrah Forest

Chalinolobus morio

245

2

Jarrah Forest

Chalinolobus morio

247

2

Jarrah Forest

Chalinolobus morio

255

2

Jarrah Forest

Chalinolobus morio

256

2

Jarrah Forest

Chalinolobus morio

308

2

Jarrah Forest

Chalinolobus morio

310

2

Jarrah Forest

Chalinolobus morio

317

2

Jarrah Forest

Chalinolobus morio

327

2

Jarrah Forest

Chalinolobus morio

342

2

Jarrah Forest

Chalinolobus morio

355

157

2

Jarrah Forest

Chalinolobus morio

409

2

Jarrah Forest

Chalinolobus morio

449

2

Jarrah Forest

Chalinolobus morio

472

2

Jarrah Forest

Chalinolobus morio

683

2

Jarrah Forest

Falsistrellus mackenziei

116

2

Jarrah Forest

Falsistrellus mackenziei

127

2

Jarrah Forest

Falsistrellus mackenziei

152

2

Jarrah Forest

Falsistrellus mackenziei

164

2

Jarrah Forest

Falsistrellus mackenziei

177

2

Jarrah Forest

Falsistrellus mackenziei

1959

2

Jarrah Forest

Nyctophilus geoffroyi

119

2

Jarrah Forest

Nyctophilus geoffroyi

200

2

Jarrah Forest

Nyctophilus geoffroyi

219

2

Jarrah Forest

Nyctophilus geoffroyi

221

2

Jarrah Forest

Nyctophilus geoffroyi

278

2

Jarrah Forest

Nyctophilus geoffroyi

325

2

Jarrah Forest

Nyctophilus gouldi

20

2

Jarrah Forest

Nyctophilus gouldi

91

2

Jarrah Forest

Nyctophilus gouldi

111

2

Jarrah Forest

Nyctophilus gouldi

115

2

Jarrah Forest

Nyctophilus gouldi

117

2

Jarrah Forest

Nyctophilus gouldi

145

2

Jarrah Forest

Nyctophilus gouldi

149

2

Jarrah Forest

Nyctophilus gouldi

184

2

Jarrah Forest

Nyctophilus gouldi

184

2

Jarrah Forest

Nyctophilus gouldi

189

2

Jarrah Forest

Nyctophilus gouldi

209

2

Jarrah Forest

Nyctophilus gouldi

212

158

2

Jarrah Forest

Nyctophilus gouldi

213

2

Jarrah Forest

Nyctophilus gouldi

222

2

Jarrah Forest

Nyctophilus gouldi

223

2

Jarrah Forest

Nyctophilus gouldi

238

2

Jarrah Forest

Nyctophilus gouldi

239

2

Jarrah Forest

Nyctophilus gouldi

242

2

Jarrah Forest

Nyctophilus gouldi

245

2

Jarrah Forest

Nyctophilus gouldi

248

2

Jarrah Forest

Nyctophilus gouldi

250

2

Jarrah Forest

Nyctophilus gouldi

266

2

Jarrah Forest

Nyctophilus gouldi

274

2

Jarrah Forest

Nyctophilus gouldi

276

2

Jarrah Forest

Nyctophilus gouldi

288

2

Jarrah Forest

Nyctophilus gouldi

288

2

Jarrah Forest

Nyctophilus gouldi

292

2

Jarrah Forest

Nyctophilus gouldi

292

2

Jarrah Forest

Nyctophilus gouldi

292

2

Jarrah Forest

Nyctophilus gouldi

311

2

Jarrah Forest

Nyctophilus gouldi

321

2

Jarrah Forest

Nyctophilus gouldi

350

2

Jarrah Forest

Nyctophilus gouldi

356

2

Jarrah Forest

Nyctophilus gouldi

360

2

Jarrah Forest

Nyctophilus gouldi

374

2

Jarrah Forest

Nyctophilus gouldi

382

2

Jarrah Forest

Nyctophilus gouldi

387

2

Jarrah Forest

Nyctophilus gouldi

389

2

Jarrah Forest

Nyctophilus gouldi

396

2

Jarrah Forest

Nyctophilus gouldi

400

159

2

Jarrah Forest

Nyctophilus gouldi

420

2

Jarrah Forest

Nyctophilus gouldi

440

2

Jarrah Forest

Nyctophilus gouldi

464

2

Jarrah Forest

Nyctophilus gouldi

540

2

Jarrah Forest

Nyctophilus gouldi

540

2

Jarrah Forest

Nyctophilus gouldi

563

2

Jarrah Forest

Nyctophilus gouldi

663

2

Jarrah Forest

Nyctophilus gouldi

735

2

Jarrah Forest

Nyctophilus gouldi

976

2

Jarrah Forest

Nyctophilus gouldi

1950

2

Jarrah Forest

Nyctophilus gouldi

NA

2

Jarrah Forest

Nyctophilus gouldi

NA

2

Jarrah Forest

Nyctophilus gouldi

NA

2

Jarrah Forest

Nyctophilus major

91

2

Jarrah Forest

Nyctophilus major

218

2

Jarrah Forest

Nyctophilus major

1416

2

Jarrah Forest

Nyctophilus sp

133

2

Jarrah Forest

Nyctophilus sp

146

2

Jarrah Forest

Nyctophilus sp

149

2

Jarrah Forest

Vespadelus regulus

25

2

Jarrah Forest

Vespadelus regulus

60

2

Jarrah Forest

Vespadelus regulus

65

2

Jarrah Forest

Vespadelus regulus

90

2

Jarrah Forest

Vespadelus regulus

107

2

Jarrah Forest

Vespadelus regulus

110

2

Jarrah Forest

Vespadelus regulus

111

2

Jarrah Forest

Vespadelus regulus

116

2

Jarrah Forest

Vespadelus regulus

118

160

2

Jarrah Forest

Vespadelus regulus

121

2

Jarrah Forest

Vespadelus regulus

123

2

Jarrah Forest

Vespadelus regulus

123

2

Jarrah Forest

Vespadelus regulus

124

2

Jarrah Forest

Vespadelus regulus

125

2

Jarrah Forest

Vespadelus regulus

126

2

Jarrah Forest

Vespadelus regulus

130

2

Jarrah Forest

Vespadelus regulus

133

2

Jarrah Forest

Vespadelus regulus

134

2

Jarrah Forest

Vespadelus regulus

134

2

Jarrah Forest

Vespadelus regulus

136

2

Jarrah Forest

Vespadelus regulus

137

2

Jarrah Forest

Vespadelus regulus

137

2

Jarrah Forest

Vespadelus regulus

137

2

Jarrah Forest

Vespadelus regulus

142

2

Jarrah Forest

Vespadelus regulus

146

2

Jarrah Forest

Vespadelus regulus

150

2

Jarrah Forest

Vespadelus regulus

154

2

Jarrah Forest

Vespadelus regulus

156

2

Jarrah Forest

Vespadelus regulus

160

2

Jarrah Forest

Vespadelus regulus

161

2

Jarrah Forest

Vespadelus regulus

162

2

Jarrah Forest

Vespadelus regulus

162

2

Jarrah Forest

Vespadelus regulus

170

2

Jarrah Forest

Vespadelus regulus

172

2

Jarrah Forest

Vespadelus regulus

178

2

Jarrah Forest

Vespadelus regulus

186

2

Jarrah Forest

Vespadelus regulus

187

161

2

Jarrah Forest

Vespadelus regulus

190

2

Jarrah Forest

Vespadelus regulus

194

2

Jarrah Forest

Vespadelus regulus

194

2

Jarrah Forest

Vespadelus regulus

201

2

Jarrah Forest

Vespadelus regulus

202

2

Jarrah Forest

Vespadelus regulus

202

2

Jarrah Forest

Vespadelus regulus

204

2

Jarrah Forest

Vespadelus regulus

207

2

Jarrah Forest

Vespadelus regulus

207

2

Jarrah Forest

Vespadelus regulus

216

2

Jarrah Forest

Vespadelus regulus

225

2

Jarrah Forest

Vespadelus regulus

236

2

Jarrah Forest

Vespadelus regulus

241

2

Jarrah Forest

Vespadelus regulus

241

2

Jarrah Forest

Vespadelus regulus

250

2

Jarrah Forest

Vespadelus regulus

253

2

Jarrah Forest

Vespadelus regulus

258

2

Jarrah Forest

Vespadelus regulus

261

2

Jarrah Forest

Vespadelus regulus

262

2

Jarrah Forest

Vespadelus regulus

262

2

Jarrah Forest

Vespadelus regulus

263

2

Jarrah Forest

Vespadelus regulus

266

2

Jarrah Forest

Vespadelus regulus

266

2

Jarrah Forest

Vespadelus regulus

272

2

Jarrah Forest

Vespadelus regulus

276

2

Jarrah Forest

Vespadelus regulus

279

2

Jarrah Forest

Vespadelus regulus

282

2

Jarrah Forest

Vespadelus regulus

283

162

2

Jarrah Forest

Vespadelus regulus

285

2

Jarrah Forest

Vespadelus regulus

287

2

Jarrah Forest

Vespadelus regulus

293

2

Jarrah Forest

Vespadelus regulus

300

2

Jarrah Forest

Vespadelus regulus

329

2

Jarrah Forest

Vespadelus regulus

340

2

Jarrah Forest

Vespadelus regulus

347

2

Jarrah Forest

Vespadelus regulus

356

2

Jarrah Forest

Vespadelus regulus

356

2

Jarrah Forest

Vespadelus regulus

364

2

Jarrah Forest

Vespadelus regulus

368

2

Jarrah Forest

Vespadelus regulus

398

2

Jarrah Forest

Vespadelus regulus

401

2

Jarrah Forest

Vespadelus regulus

406

2

Jarrah Forest

Vespadelus regulus

427

2

Jarrah Forest

Vespadelus regulus

430

2

Jarrah Forest

Vespadelus regulus

453

2

Jarrah Forest

Vespadelus regulus

457

2

Jarrah Forest

Vespadelus regulus

460

2

Jarrah Forest

Vespadelus regulus

472

2

Jarrah Forest

Vespadelus regulus

573

2

Jarrah Forest

Vespadelus regulus

595

2

Jarrah Forest

Vespadelus regulus

606

2

Jarrah Forest

Vespadelus regulus

616

2

Jarrah Forest

Vespadelus regulus

643

2

Jarrah Forest

Vespadelus regulus

717

2

Jarrah Forest

Vespadelus regulus

745

2

Jarrah Forest

Vespadelus regulus

813

163

2

Jarrah Forest

Vespadelus regulus

848

2

Jarrah Forest

Vespadelus regulus

947

2

Jarrah Forest

Vespadelus regulus

1115

2

Jarrah Forest

Vespadelus regulus

1128

2

Jarrah Forest

Vespadelus regulus

1149

2

Jarrah Forest

Vespadelus regulus

1818

2

Jarrah Forest

Vespadelus regulus

NA

2

Jarrah Forest

Vespadelus regulus

NA

2

Jarrah Forest

Vespadelus sp

517

2

Swan Coastal Plain

Chalinolobus gouldii

179

2

Swan Coastal Plain

Chalinolobus gouldii

247

2

Warren

Chalinolobus morio

182

2

Warren

Chalinolobus morio

204

2

Warren

Chalinolobus morio

242

2

Warren

Chalinolobus morio

261

2

Warren

Chalinolobus morio

281

2

Warren

Chalinolobus morio

333

2

Warren

Chalinolobus morio

356

2

Warren

Chalinolobus morio

359

2

Warren

Chalinolobus morio

369

2

Warren

Chalinolobus morio

375

2

Warren

Chalinolobus morio

386

2

Warren

Chalinolobus morio

388

2

Warren

Chalinolobus morio

395

2

Warren

Chalinolobus morio

397

2

Warren

Chalinolobus morio

419

2

Warren

Chalinolobus morio

447

2

Warren

Chalinolobus morio

452

164

2

Warren

Chalinolobus morio

582

2

Warren

Chalinolobus morio

724

2

Warren

Chalinolobus morio

753

2

Warren

Chalinolobus morio

1166

2

Warren

Chalinolobus morio

1645

2

Warren

Chalinolobus morio

2602

2

Warren

Chalinolobus morio

NA

2

Warren

Chalinolobus morio

NA

2

Warren

Falsistrellus mackenziei

928

2

Warren

Nyctophilus geoffroyi

223

2

Warren

Nyctophilus geoffroyi

447

2

Warren

Nyctophilus gouldi

138

2

Warren

Nyctophilus gouldi

233

2

Warren

Nyctophilus gouldi

249

2

Warren

Nyctophilus gouldi

280

2

Warren

Nyctophilus gouldi

285

2

Warren

Nyctophilus gouldi

309

2

Warren

Nyctophilus gouldi

334

2

Warren

Nyctophilus gouldi

348

2

Warren

Nyctophilus gouldi

358

2

Warren

Nyctophilus gouldi

403

2

Warren

Nyctophilus gouldi

694

2

Warren

Nyctophilus gouldi

783

2

Warren

Nyctophilus gouldi

884

2

Warren

Nyctophilus gouldi

1229

2

Warren

Nyctophilus gouldi

1544

2

Warren

Nyctophilus major

258

2

Warren

Nyctophilus sp

273

165

2

Warren

Vespadelus regulus

0

2

Warren

Vespadelus regulus

167

2

Warren

Vespadelus regulus

192

2

Warren

Vespadelus regulus

207

2

Warren

Vespadelus regulus

213

2

Warren

Vespadelus regulus

226

2

Warren

Vespadelus regulus

235

2

Warren

Vespadelus regulus

238

2

Warren

Vespadelus regulus

243

2

Warren

Vespadelus regulus

250

2

Warren

Vespadelus regulus

257

2

Warren

Vespadelus regulus

264

2

Warren

Vespadelus regulus

274

2

Warren

Vespadelus regulus

292

2

Warren

Vespadelus regulus

295

2

Warren

Vespadelus regulus

295

2

Warren

Vespadelus regulus

300

2

Warren

Vespadelus regulus

301

2

Warren

Vespadelus regulus

308

2

Warren

Vespadelus regulus

310

2

Warren

Vespadelus regulus

318

2

Warren

Vespadelus regulus

320

2

Warren

Vespadelus regulus

320

2

Warren

Vespadelus regulus

342

2

Warren

Vespadelus regulus

351

2

Warren

Vespadelus regulus

358

2

Warren

Vespadelus regulus

358

2

Warren

Vespadelus regulus

392

166

2

Warren

Vespadelus regulus

393

2

Warren

Vespadelus regulus

421

2

Warren

Vespadelus regulus

431

2

Warren

Vespadelus regulus

462

2

Warren

Vespadelus regulus

464

2

Warren

Vespadelus regulus

497

2

Warren

Vespadelus regulus

849

2

Warren

Vespadelus regulus

1026

2

Warren

Vespadelus regulus

1054

2

Warren

Vespadelus regulus

1187

2

Warren

Vespadelus regulus

1192

2

Warren

Vespadelus regulus

2678

2

Warren

Vespadelus regulus

NA

*Samples collected at either the Jarrah Forest or the Swan Coastal Plain Bioregions
NA, assay failed.
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Appendix 2
GenBank accession numbers for representative sequences produced by the targeted
amplification of Adenoviridae, Coronaviridae and Paramyxoviridae. Chapter 4
Accession
number
MN583338
MN583339
MN583340
MN583341
MN583342
MN583343
MN583344
MN583345
MN583346
MN583347
MN583348
MN583333
MN602054
MN602055
MN602056
MN602057
MN602058
MN602059
MN602060
MN602061
MN602062
MN602063
MN602064
MN602065
MN602066
MN602067

Viral family
Adenovirida
e
Adenovirida
e
Adenovirida
e
Adenovirida
e
Adenovirida
e
Adenovirida
e
Adenovirida
e
Adenovirida
e
Adenovirida
e
Adenovirida
e
Adenovirida
e
Adenovirida
e
Coronavirid
ae
Coronavirid
ae
Coronavirid
ae
Coronavirid
ae
Coronavirid
ae
Coronavirid
ae
Coronavirid
ae
Coronavirid
ae
Coronavirid
ae
Coronavirid
ae
Coronavirid
ae
Coronavirid
ae
Coronavirid
ae
Coronavirid
ae

Strain
name
BatAdV_
WA01
BatAdV_
WA02
BatAdV_
WA03
BatAdV_
WA04
BatAdV_
WA05
BatAdV_
WA06
BatAdV_
WA07
BatAdV_
WA08
BatAdV_
WA09
BatAdV_
WA10
BatAdV_
WA11
BatAdV_
WA12
BatCoV_
WA01
BatCoV_
WA02
BatCoV_
WA03
BatCoV_
WA04
BatCoV_
WA05
BatCoV_
WA06
BatCoV_
WA07
BatCoV_
WA08
BatCoV_
WA09
BatCoV_
WA10
BatCoV_
WA11
BatCoV_
WA12
BatCoV_
WA13
BatCoV_
WA14

Host species
Chalinolobus
morio
Chalinolobus
morio
Chalinolobus
gouldii
Nyctophilus
gouldi
Chalinolobus
gouldii
Chalinolobus
gouldii
Chalinolobus
gouldii
Chalinolobus
gouldii
Vespadelus
regulus
Vespadelus
regulus
Vespadelus
regulus
Nyctophilus
geoffroyi
Chalinolobus
gouldii
Chalinolobus
gouldii
Chalinolobus
gouldii
Vespadelus
regulus
Chalinolobus
gouldii
Chalinolobus
morio
Chalinolobus
morio
Vespadelus
baverstocki
Vespadelus
regulus
Vespadelus
regulus
Vespadelus
regulus
Vespadelus
regulus
Falsistrellus
mackenziei
Chalinolobus
gouldii

Names used for
sequence analyses
Bat_AdV_WA_1066_
Cm_CDR
Bat_AdV_WA_3464_
Cm_Fra
Bat_AdV_WA_1068_
Cm_MtG
Bat_AdV_WA_3446_
Ng_Don
Bat_AdV_WA_2055_
Cg_CDR
Bat_AdV_WA_3302_
Cg_Dwe
Bat_AdV_WA_3301_
Cg_Dwe
Bat_AdV_WA_3206_
Cg_Dry
Bat_AdV_WA_3270_
Vr_Dwe
Bat_AdV_WA_3153_
Vr_Dry
Bat_AdV_WA_3323_
Vr_Dwe
Bat_AdV_WA_3091_
Ngf_Two
Bat_CoV_WA_1014_
Cg_CDR
Bat_CoV_WA_2092_
Cg_MtG
Bat_CoV_WA_2102_
Cg_MtG
Bat_CoV_WA_3254_
Vr_Dwe
Bat_CoV_WA_3296_
Cg_Dwe
Bat_CoV_WA_1120_
Cm_MtG
Bat_CoV_WA_3456_
Cm_Don
Bat_CoV_WA_1006_
Vb_CDR
Bat_CoV_WA_3042_
Vr_Dry
Bat_CoV_WA_3057_
Vr_Twi
Bat_CoV_WA_3276_
Vr_Dwe
Bat_CoV_WA_3388_
Vr_Bla
Bat_CoV_WA_3396_F
m_Bla
Bat_CoV_WA_2129_
Cg_MtG

Phylogenetic clade
WA AdV I
WA AdV I
WA AdV II
WA AdV II
WA AdV III
WA AdV III
WA AdV VI
NA
WA AdV V
WA AdV V
WA AdV V
NA
WA CoV I
WA CoV I
WA CoV I
WA CoV I
WA CoV I
WA CoV II
WA CoV II
WA CoV III
WA CoV III
WA CoV III
WA CoV III
WA CoV III
WA CoV III
WA CoV IV
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MN602068
MN602069
MN602070
MN602071
MN602072
MN602073
MN602074
MN602075

Coronavirid
ae
Paramyxovi
ridae
Paramyxovi
ridae
Paramyxovi
ridae
Paramyxovi
ridae
Paramyxovi
ridae
Paramyxovi
ridae
Paramyxovi
ridae

BatCoV_
WA15
BatPaV_
WA01
BatPaV_
WA02
BatPaV_
WA03
BatPaV_
WA04
BatPaV_
WA05
BatPaV_
WA06
BatPaV_
WA07

Ozimops sp
Vespadelus
regulus
Chalinolobus
gouldii
Scoterepens
balstoni
Vespadelus
regulus
Chalinolobus
gouldii
Chalinolobus
morio
Chalinolobus
morio

Bat_CoV_WA_3607_
Oz_CDR
Bat_PaV_WA_3197_V
r_Dry
Bat_PaV_WA_3606_C
g_CDR
Bat_PaV_WA_1034_S
b_CDR
Bat_PaV_WA_3481_V
r_Fran
Bat_PaV_WA_3204_C
g_Dry
Bat_PaV_WA_1120_C
m_MtG
Bat_PaV_WA_3070_C
m_Twin

NA
NA
NA
NA
NA
WA PaV I
WA PaV II
WA PaV II
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Appendix 3
GenBank accession numbers for outgroup sequences used to construct phylogenetic
trees of Adenoviridae, Coronaviridae and Paramyxoviridae. Chapter 4
Sequence name
Bovine AdV D

Accession number
NC002685

Viral family
Adenoviridae

Snake AdV 1

NC009989

Adenoviridae

Fowl AdV A

NC001720

Adenoviridae

Fowl AdV D

NC000899

Adenoviridae

Frog Adv 1

NC002501

Adenoviridae

Turkey AdV 3
Avian infectious bronchitis virus

NC001958
NC001451

Adenoviridae
Coronaviridae

Beluga whale CoV

NC010646

Coronaviridae

Munia CoV

NC011550

Coronaviridae

Thrush CoV

NC011549

Coronaviridae

Human BetaCoV 2c

JX869059

Coronaviridae

Bat CoV HKU5-1

NC009020

Coronaviridae

Bat CoV HKU4-1

NC009019

Coronaviridae

Bat CoV CoV000

EU834950

Coronaviridae

SARS CoV

NC004718

Coronaviridae

Bat Cov Gabon

JX174638

Coronaviridae

Bat CoV GhanaKwam

FJ710052

Coronaviridae

Bat CoV HKU9-1

NC009021

Coronaviridae

Bat CoV KY06

HQ728483

Coronaviridae

Human CoV HKU1

NC006577

Coronaviridae

Mouse hepatitis virus MHV-A59

NC001846

Coronaviridae

Human metapneumovirus
Avian metapneumovirus

AF371337

Paramyxoviridae

AY590688

Paramyxoviridae

Human respiratory syncytial virus

HRU39662

Paramyxoviridae

Bovine respiratory syncytial virus

AF295543

Paramyxoviridae

Cedar virus

JQ001776

Paramyxoviridae

Hendra virus

AF017149

Paramyxoviridae

Nipah virus

AF212302

Paramyxoviridae

Sendai virus

AB195968

Paramyxoviridae

Human parainfluenza virus 1

AF457102

Paramyxoviridae

Human parainfluenza virus 3

EU424062

Paramyxoviridae

Human parainfluenza virus 4a

AB543336

Paramyxoviridae

Human parainfluenza virus 2

AF533010

Paramyxoviridae

Bovine parainfluenza virus 3

AF178654

Paramyxoviridae

Simian Agent 10

HM583801

Paramyxoviridae
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Mumps virus

AB040874

Paramyxoviridae

Porcine rubulavirus

BK005918

Paramyxoviridae

Mapuera virus

EF095490

Paramyxoviridae

Simian parainfluenza virus 5

AF052755

Paramyxoviridae

Tioman virus

AF298895

Paramyxoviridae

Menangle virus

AF326114

Paramyxoviridae

Avian PaV 2

EU338414

Paramyxoviridae

Avian PaV 8

FJ215863

Paramyxoviridae

Avian PaV 6

EF569970

Paramyxoviridae

Newcastle disease virus

AF077761

Paramyxoviridae

Avian PaV 9

EU910942

Paramyxoviridae

Avian PaV 3

EU403085

Paramyxoviridae

Avian PaV 4

EU877976

Paramyxoviridae

Avian PaV 7

FJ231524

Paramyxoviridae

Avian PaV 5

GU206351

Paramyxoviridae
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Appendix 4

Maximum likelihood phylogenetic analysis of the spike protein amino acid sequences
derived from five coronavirus genomes. The tree was constructed in RAxML using
the PROTGAMMAWAG model with 1,000 bootstraps; supports above 50% are shown
below each branch. Naming convention for the sequences generated in this study
represent the unique ID for each individual followed by the first letter of the genus,
the first letter of the species and the geographical trapping site. Chapter 4
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Appendix 5

Total next generation contig counts assigned to known viral families for Vespadelus
regulus and Chalinolobus gouldii. Chapter 5
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