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Abstract

Wildlife harbors a substantial and largely undocumented diversity of RNA viruses and microbial
life forms. RNA viruses and microbes are also arguably the most diverse and dynamic entities
on Earth, infecting a wide range of hosts throughout the tree of life and thriving in multiple
environments. Despite their evident importance, there are major limitations in our knowledge
of the diversity, ecology, and evolution of RNA viruses and microbial communities. These gaps
stem from a variety of factors, including biased sampling and the difficulty in accurately
identifying highly divergent sequences through sequence similarity-based analyses alone. The
implementation of meta-transcriptomic sequencing has greatly contributed to narrowing this
gap. In particular, the rapid increase in the number of newly described RNA viruses over the last
decade provides a glimpse of the remarkable diversity within the RNA virosphere. The central
goal in this thesis was to determine the diversity of RNA viruses associated with wildlife,
particularly in an Australian context. To this end | exploited cutting-edge meta-transcriptomic
and bioinformatic approaches to reveal the RNA virus diversity within diverse animal taxa,
tissues, and environments, with a special focus on the highly divergent "dark matter" of the
virome that has largely been refractory to sequence analysis. Similarly, | used these approaches
to detect targeted common microbes circulating in vertebrate and invertebrate fauna. Another
important goal was to assess the diversity of RNA viruses and microbes as a cornerstone within
a new eco-evolutionary framework. By doing so, this thesis encompasses multiple disciplines
including virus discovery, viral host-range distributions, microbial-virus and host—parasite
interactions, phylogenetic analysis, and pathogen surveillance. In sum, the research presented
in this thesis expands the known RNA virosphere as well as the detection and surveillance of
targeted microbes in wildlife, providing new insights into the diversity, evolution, and ecology

of these agents in nature.
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CHAPTER 1 General Introduction

1.1 The RNA virosphere

Viruses are likely the most abundant, diverse, and ubiquitous biological entities on
Earth. The more we learn about viruses, the more challenging it becomes to fully explain their
origin and diversity, as well as their impact on the biology and evolution of other life forms
(Berliner et al., 2018). Estimates based on bacteriophages, which may represent the majority of
existing viruses, suggest that there are >103! total viruses that infect bacteria alone (Breitbart &
Rohwer, 2005; Cobidn Glemes et al., 2016). Similarly, existing projections for other groups have
estimated approximately 87 million existing eukaryotic viruses (Geoghegan & Holmes, 2017). In
terms of diversity, the astronomical number of viruses within the global virosphere is
represented by approximately 10’-10° viruses that are sufficiently different to be considered
distinct species (Koonin et al., 2022). Notably, the International Committee on Taxonomy of
Viruses (ICTV) currently recognizes 10,434 virus species, which means that only a miniscule
proportion of the total virosphere have been discovered and classified to date (Geoghegan &
Holmes, 2017). Although these figures could easily be underestimated given the massive
number of viruses found in recent studies (Edgar et al., 2022; Neri et al., 2022; Shi, Lin, et al.,
2018; Shi et al., 2016), they provide a sense of the vastness of the virosphere, and the modest

steps taken to expand the known viral diversity (Figure 1.1). This idea is central to this thesis.

It has been proposed that viruses evolved on multiple times independently (i.e. they
have polyphyletic origin), with perhaps each of the six currently classified virus realms having an
independent origin: the Adnaviria, Duplodnaviria, Monodnaviria, Riboviria, Varidnaviria and
Ribozyviria (Koonin et al., 2022). These realms were established based on the phylogenetic
analysis of virus hallmark genes (VHG) that are relatively conserved across multiple taxa.
Depending on the realm, these genes encode structural or non-structural viral proteins (Table
1) (Koonin et al., 2020, 2022). Of particular relevance to this thesis, the realm Riboviria

encompasses all RNA viruses, including those that utilize either an RNA-dependent RNA
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polymerase (RdRp) or a reverse transcriptase (RT) for genome replication. Although the RdRp is
key feature for Riboviria, it is still too poorly a conserved gene to accurately elucidate the deep
evolutionary relationships within this realm. Conversely, the three-dimensional structure of the
RdRp exhibits greater evolutionary conservation (Bruenn, 2003; Ferrer-Orta et al., 2006; te
Velthuis, 2014), although there have been few attempts to reconstruct phylogenies based on

structure alone.
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Figure 1.1 Hypothetical representation of the diversity of the RNA virosphere. The tree shown in grey
represents the entire RNA virosphere, while those branches in green indicate those viruses described to
date. Data sources contributing to the expansion of the known virosphere are shown on the top of tree.
The tree was adapted from Zhang et al. 2019. Animal icons by Servier https://smart.servier.com/ is

licensed under CC-BY 3.0 Unported https://creativecommons.org/licenses/by/3.0/
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Table 1.1 List of conserved genes that characterize the current virus realms. Source: Koonin et al. 2022

Realm Virus Host range Hallmark genes
+) sSRNA viruses
L () Eukaryota, RNA-dependent RNA polymerase,
L) ] iR Bacteria Reverse transcriptase
dsRNA viruses P
Eukaryota,

.. ssDNA viruses .
Monodnaviria . Bacteria, Endonuclease
dsDNA viruses

Archaea

dsDNA tailed bacterial viruses Eukaryota, Major capsid protein, terminase,
Duplodnaviria Archaeal viruses Herpesviruses Bacteria, portal protein, capsid maturation

Mirusviruses Archaea protease

Bacterial viruses Eukaryota, Vertical jelly-roll major capsid
Varidnaviria Archaeal viruses Bacteria, .

. protein

Eukaryote viruses Archaea
Adnaviria Archaeal viruses Archaea Major capsid protein
Ribozyviria Hepatitis delta virus Eukaryota Nucleocapsid protein

Viroid-like circular RNAs

The RdRp domain resembles a closed right-hand shape owing to the presence of three
subdomains: the fingers, palm, and thumb. Seven conserved catalytic motifs (denoted A-G) are
distributed between the fingers (motifs F-G) and palm (motifs A—E) subdomains, which are
directly involved in the RNA synthesis (Jia & Gong, 2019; te Velthuis, 2014) (Figure 1.2). Some
viruses harbour an additional motif H that is present in the thumb subdomain (Ramaswamy et
al., 2022). Motifs A, B and C in the palm subdomain are generally well-conserved between
viruses even at higher taxonomic levels, allowing the recent development of domain-based
tools for virus discovery and classification (Figure 1.2) (Babaian & Edgar, 2022; Charon et al.,
2022b; te Velthuis, 2014). For instance, motif C typically consists of Gly-Asp-Asp (GDD) residues,
resulting in a major metal binding site in the RdRp of most RNA viruses. However, reported
exceptions to this canonical composition include negative-sense single-stranded RNA viruses
exhibiting GDN and SDD, and birnaviruses displaying an ADN tripeptide (Charon et al., 2022b;
Gorbalenya et al., 2002).
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Figure 1.2 Hand-like structure of the RNA virus RNA polymerase (RdRp). Motifs (A—E) are showed in

colours. Adapted from te Velthuis, 2014.

1.1.2 The expansion of known global RNA virome

RNA viruses exhibit a remarkable diversity and evolve at great rapidity due to very high
mutation rates. In turn, these high rates of mutation are in large part explained by the reduced
or absent proofreading activity of the RdRp, resulting in error rates that range from 1076 to 10
substitutions/nucleotide/cell infection (Sanjudn et al., 2010). The interplay of ongoing mutation
and natural selection has shaped this genetic variation into the current staggering diversity of
RNA viruses. Indeed, RNA viruses are adapted to virtually all environments and life forms

(Figure 1.1), although it is striking that no bona fide RNA viruses from Archaea have yet been
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identified. While earlier research was mainly focused on human and veterinary pathogenic
viruses, innovations in sequencing techniques and computational methods have allowed
contemporary studies to venture into a global virome approach to better understand the
diversity, evolution, and ecology of all RNA viruses in nature. For instance, in recent years
ambitious studies have covered a diverse range of animal species and environments by
generating and analyzing enormous amounts of sequencing data or mining massive data that is
publicly available in sequence databases (Chen et al., 2021; Edgar et al., 2022; Shi et al., 2018;
Shi et al., 2016). Despite these efforts, a sampling bias towards some biological groups such as
mammals (Chordata) and dipterans (Arthropoda) within the Animalia remains (Figure 1.3)

(Harvey & Holmes, 2022).
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Figure 1.3 Representation of RNA viruses associated with vertebrate and invertebrate hosts in the NCBI
GenBank databases. A) Distribution of recorded viruses by animal host taxa. B) Temporal trends in the
record of vertebrate and invertebrate-associated viruses over the past two decades. Taken from Harvey

and Holmes, 2022.

The substantial discovery of RNA viruses has also shaken their taxonomic classification
and the way we think about how viruses are related to each other. Modern taxonomy stretches

back to the 18th Century with Carl Linnaeus, who provided a hierarchical system and the
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principles for classifying and naming the biological diversity. The current taxonomic
classification of viruses reflects the traditional taxonomic ranks used for cellular organisms (i.e.
kingdom, phylum, class, order, family, genus, species), in addition to realm, the highest rank in
the taxonomic pyramid (Gorbalenya et al., 2020). Thus, new viruses are assigned to existing
categories within each rank or lead to the creation of new taxa, reflecting the dynamism of

virus taxonomy. The most recent report of the ICTV (https://ictv.global/) approved 174

taxonomic proposals, including the creation of new species, families and order categories, as
well as the renaming of viruses to binomial species names (i.e. genus name followed by species
epithet) (Walker et al., 2022). As part of the demarcation criteria, the taxonomic classification
of viruses considers different characters including genetic similarity, genome composition,
serological distances, protein structure, and hallmark genes and proteins. However, unlike the
taxonomic grouping of cellular forms, virus taxonomy does not necessarily mirror the
evolutionary history of a particular RNA viral group, since characters may have evolved
independently or resulted from horizontal gene transfer (HGT) (Breitbart & Rohwer, 2005;
Gorbalenya et al., 2020; Koonin et al., 2022), and classifications are often based on the analysis

of a single gene (the RdRP) only.

The assessment of phylogenetic relationships is central to comprehend the evolutionary
history of RNA viruses (Bamford et al., 2005a). In the context of virus surveillance and
discovery, phylogenetic analysis provides a key tool for inferring key aspects of virus evolution
and ecology. The branching pattern of a tree represents a hypothesis of how virus taxa are
related, the amount of genetic change through time, and their shared ancestors (Figure 1.4).
Indeed, the position of a particular virus in the tree can reveal information on likely host-
associations or even potential sources of contamination (e.g. a virus from a mammalian sample
that groups with aquatic viruses) (Cobbin et al., 2021; Shi et al., 2018). Hence, the metadata
annotation of viral taxa provides a more complete phylogenetic context for newly discovered
viruses, making it easier to identify evolutionary relationships as well as patterns of trait
distribution (e.g. geographic location, clinical phenotype, host, sampling environment) across

phylogenetic history.


https://ictv.global/

27

i Host
—@ reeeee Trait @ Geographic distribution

Most recent common ancestor
Environment

New virus taxon

®

Lineage 1

Alignment

s a

s a

s a

—~

@ o m M @

K

“
© o 0 m % =x

E €

Substitution model ~——=7

Lineage 2

s _— 4(:)
_®

®

Potential contaminant?

Genetic change

Figure 1.4 Schematic representation of a phylogenetic tree with hypothetical character traits. The
phylogenetic position of the new virus taxon shows a close relationship to terminal taxa A and B within
lineage 1. A hypothetical trait is annotated for terminal taxa A—F, whereas the shade of the blue square
represents the distribution of the trait state throughout the tree. Long branches suggest missannotation
or potential cross-contamination. Amino acid alignments are used to assess the phylogenetic

relationships of divergent viruses since they are more conserved than nucleotide sequences.

In addition, evolutionary and epidemiological processes, such as the mode of
transmission of a virus, can leave their stamp on the shape of virus phylogenies (Poon et al.,
2013). For instance, the ladder-like phylogeny of the haemagglutinin (HA) gene of Influenza A
virus (IAV) is typically associated with acute viral infections and antigenic drift (i.e., immune
escape), whereas viruses associated with persistent viral infections such as the human
immunodeficiency virus (HIV) result in “star-like” trees that are characterized by short-internal
branches and long branches at the tips (Colijn & Plazzotta, 2018). On the other hand,

phylogenies can provide important information on the occurrence of virus-host co-divergence
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and host-switching by assessing tree congruence (i.e. the extent of phylogenetic mismatch). For
instance, comparisons of vertebrate and virus phylogenies suggests multiple cross-species
transmission of influenza-like viruses among this group of organisms (Shi et al, 2018).
Phylogenetic analysis also assists in the taxonomic classification of novel viruses. As a case in
point, due to its close phylogenetic relationships and genomic similarity to other bat
betacoronaviruses (Andersen et al., 2020; Holmes et al., 2021), the recently discovered SARS-
CoV-2 is classified within the subgenus Sarbecovirus, genus Betacoronavirus in the family
Coronaviridae. The current nomenclature of SARS-CoV-2 variants is similarly based on

phylogenetic analyses and lineage annotation (Rambaut et al., 2020).

1.1.3 Virus-host associations

The study of virus-host associations is often a challenging task in virus discovery
projects. Indeed, it is estimated that over 40% of records in the NCBI lack host assignation
(Cobbin et al., 2021). This, in part, is due to the remarkable ability of some RNA viruses to infect
diverse host species, even across kingdoms (Table 1). Arthropod-borne viruses (i.e.,
arboviruses) represent a typical example of RNA viruses with a broad host range. These viruses
can replicate in both arthropod and vertebrate hosts, displaying adaptability to the differing
conditions of these cell environments (Hanley & Weaver, 2008; Shope & Meegan, 1997).
Notably, this strategy has arisen independently in multiple families within Riboviria. Providence
virus (Tetraviridae) provides another example of cross-species transmission. This virus has been
isolated from Lepidoptera and is able to replicate in plants and mammalian cells (Jiwaji et al.,
2019). Similarly, virus host ranges have been shown to be intricately dynamic over the
evolutionary time scale. For instance, it has been hypothesized that plant-associated viruses
from the order Bunyavirales have arthropod origins (German et al., 2020; Junglen, 2016). Just
as it is exciting to understand the evolution of virus-host ranges, so is expanding the host range
of known groups of viruses, and virus discovery projects have made great contributions in this

regard (Li et al., 2015; Shi et al., 2018).
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Another difficulty in assessing virus-host associations lies in the fact that viruses can
infect a particular host or symbionts or dietary-associated viruses within that host. This is a
common error that sometimes leads to incorrect host assignment (Cobbin et al., 2021). It is
similarly difficult to assign the natural host of viruses in samples containing diverse microbial
communities such as stool, water, or soil. Despite the challenges of virus-host inference based
on in silico data, helpful approaches, including comparisons of virus composition and relative
abundance within and across samples, compositional analyses (e.g. dinucleotide composition
and codon usage) as well as small RNA profiling, are available and assist in revealing the natural
hosts of newly discovered viruses (di Giallonardo et al., 2017; Kapoor et al., 2010; Mlotshwa et

al., 2008; Webster et al., 2016a).

1.2 Diversity of viruses and microbes in wildlife

1.2.1 Surveys of microbial diversity

The discovery and early detection of microbes in wildlife can assist in the surveillance of
microbial agents as well as in the monitoring and prevention of zoonotic spillovers (Artois et al.,
20009; Lipkin, 2013; Woods et al., 2019). As such, the combination of wildlife surveys and
genome sequencing can provide insights into the introduction of a particular microorganism in
a host population, its distribution, host range and diversity (Lipkin, 2013). Despite this, we
currently lack knowledge on the composition of the microbial communities associated with
native wildlife as well as their impact on the ecology and evolution of their hosts. This becomes
especially important when these microbial agents threaten populations of native fauna. For
example, the spread the fungus Batrachochytrium dendrobatidis has been associated with
disease outbreaks and increased mortality of amphibian populations (~ 700 species) globally
(Lips, 2016; van Rooij et al., 2015). It is also hypothesized that the Maclear's rat (Rattus
macleari), endemic to Christmas Island, was decimated to extinction by trypanosome parasites
likely introduced by black rats (Rattus rattus) (Wyatt et al., 2008). Likewise, wildlife fauna can

serve as reservoir hosts of pathogenic agents for other animals, including livestock and humans.
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As a case in point, trypanosomiasis in wildlife is suspected to facilitate the infection of
numerous mammalian species with Trypanosoma cruzi and T. evansi (Kasozi et al., 2021).
Strikingly, while some pathogenic trypanosome species are well characterized, we do not know
the host range distribution and impact of many trypanosome species on wildlife (Smith et al.,

2008).

Apart from the analysis of samples derived from vertebrate animals, the survey of
vector species offers a practical and non-invasive way to assess the composition of targeted
microbial agents in wildlife. Accordingly, the survey of arthropods with vectorial or parasitic
roles such as mosquitoes, mites, flies, fleas, lice, ticks, and midges can reveal the circulation of
common and unusual infectious agents in animal fauna (Figure 1.5) (Cohen et al., 2017).
Examples of this include the detection of tick-borne pathogenic bacteria such as Borrelia
burgdorferi and Rickettsia spp., the etiological agents of Lyme disease and Spotted fever,
respectively (Johnson et al., 1984; Stewart et al., 2017) (although it is important to note that
Borrelia burgdorferi has not been detected in Australia). Although vector surveys mainly focus
on the detection of microbes and viruses of public health and veterinary importance, vector
surveys facilitate investigations of other components of the symbiont microbiota (Bonnet &
Pollet, 2021). A well-known example is the detection of the endosymbiotic bacterium
Wolbachia sp. in natural populations of Drosophila simulans, sometimes revealing beneficial
effects on the fitness (i.e. survival and reproduction) of infected flies over time (Qiu et al.,
2014a; Weeks et al., 2007). Similarly, the presence of Coxiella and Francisella bacteria in ticks
have been associated with B vitamin and cofactor synthesis (Duron et al., 2018; Greay et al.,
2018; Wu-Chuang et al., 2021). Hence, vector surveys can shed light on the microbial

communities associated with both vertebrate and invertebrate hosts.
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Figure 1.5 Common arthropod vectors of microbial parasites present in vertebrate animals. (A) flies, (B),
triatomine bugs (C), mosquitoes (D), lice (E) fleas, (F) ticks. Examples of parasites are indicated next to
each arthropod. Icons by Servier https://smart.servier.com/ is licensed under CC-BY 3.0 Unported

https://creativecommons.org/licenses/by/3.0/ and Vecteezy (*) www.vecteezy.com.

1.2.2 The invertebrate-associated virome

Within the Animalia, the invertebrate phylum Arthropoda is the most diverse and
abundant group on Earth. Current estimates of arthropod species richness range from 5 to 10
million (@degaard, 2000; Stork, 2018), thereby accounting for over 83% of all animal species.
The evolutionary history of arthropods traces back to the Cambrian, more than 500 million
years ago (Gould, 1994). Over this extended time period arthropods have evolved complex life
cycles that involve different developmental stages, as well as adaptations to inhabit virtually all
environments. Likewise, arthropods have thrived as free-living forms or by stablishing a variety
of host-symbiont interactions (e.g. parasitism and mutualism) with other species, playing a
central role in terrestrial and aquatic ecosystems. To the same extent that arthropods continue
to defy our understanding of animal biodiversity, a growing number of studies of the arthropod

RNA virome have revealed astonishing levels of diversity, leading to the discovery of novel
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viruses and even higher taxa, including new viral genera and families (Kafer et al., 2019a; Li et
al., 2015). For instance, recent meta-transcriptomic research on arthropods has revealed
divergent virus lineages such as the Chuviridae family and the quenyaviruses. The Chuviridae
(Jingchuvirales) was first identified in Arthropoda (Li et al., 2015), although they have also been
documented in other invertebrates, including nematodes and arachnids. These negative-sense
single-stranded RNA (-)ssRNA viruses exhibit diverse genome organizations, including
segmented, non-segmented and circular genomes, and can also be found as endogenous viral
elements in their invertebrate hosts (Dezordi et al., 2020; Wallau, 2022). Similarly, the
guenyaviruses are a recently proposed family of segmented ssRNA viruses originally identified

in Drosophila and which appear to be divergent to other RNA viruses (Obbard et al., 2020).

Although most studies of invertebrate-associated viruses have focused on species of
scientific, ecological and/or socio-economic importance, such as Drosophila melanogaster,
Ixodes sp. Apis mellifera, and Aedes aegypti, the expanded research on invertebrates virome
has showed that RNA viruses that were once thought to be restricted to vertebrates have
relatives with invertebrate hosts, including those within the Hantaviridae, Orthomyxoviridae,
Paramyxoviridae and Rhabdoviridae (Figure 1.6) (Harvey & Holmes, 2022; Kafer et al., 2019;
Shi, et al., 2018). Hence, viruses that were previously thought to be exclusively associated with
mammals in fact have evolutionary histories that date back to the time of the invertebrates. In
addition, numerous families that infect plants also share ancestry with arthropod viruses (Chen
et al., 2019; Herath et al., 2020; Kormelink et al., 2011). Although this could point an even older
evolutionary ancestry, in most cases it likely reflects the intimate interactions between plants
and arthropods that enables cross-species virus transmission. Moreover, the survey of
invertebrates has also led to the discovery of viruses associated with their parasites and
microbiota, such as RNA viruses belonging to the Partitiviridae, Totiviridae and Narnaviridae
viral families that infect plants, fungi, and protists (Charon et al., 2019; Urayama et al., 2022;
Webster et al., 2015). From a broad perspective, the megadiversity of invertebrates gives us a
notion of the vast diversity of viruses yet to be discovered and helps highlight major taxonomic

gaps in sampling (Figure 1.2).
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Figure 1.6 Phylogenetic trees showing virus-invertebrate associations across different RNA virus families.
Branches are coloured according to the host: vertebrates (black), insects (red), other invertebrates
(orange), plants (green). RNA virus phylogenies correspond to the families (A) Rhabdoviridae; (B)
Xinmoviridae, Nyamiviridae, Bornaviridae, Artoviridae, Lispiviridae, Paramyxoviridae, Sunviridae,
Filoviridae, and Pneumoniviridae; (C) Chuviridae, Qinviridae, and Yueviridae; (D) Orthomyxoviridae; (E)
Hantaviridae, Cruliviridae, Peribunyaviridae, and Fimoviridae; (F) Phasmaviridae; (G) Phenuiviridae; (H)
Arenaviridae, Mypoviridae, Nairoviridae, and Wupedeviridae. Hosts infraorders are indicated as
Blattodea: Cockroaches (CCR); Coleoptera: Cucujiformia (CCJ); Diptera: Culicomorpha (CCM),
Muscomorpha (MSM), Psychodomorpha (PSM); Hemiptera: Stenorrhyncha (STR); Hymenoptera:



Aculeata (ACL), Parasitica (PRS); Lepidoptera: Heteroneura (HTN); Odonata: Anisoptera (ANS). Taken
from Kafer et al. 2019.
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1.2.3 The vertebrate-associated virome

Vertebrates (phylum Chordata) have evolved into complex life forms with diverse
morphologies, tissues, organ systems, immune mechanisms, and physiologies that have
allowed their adaptation to terrestrial, aquatic, and aerial environments. Although major
sampling biases for vertebrate groups such as mammals and birds has influenced our
perception of the known virus diversity (Figure 1.3), recent large-scale surveys of other animal
groups have led to the reinterpretation of the evolutionary history and ecology of vertebrate
RNA viruses (Harvey & Holmes, 2022; Shi et al., 2018). Many of the newly discovered RNA
viruses have seemingly accompanied the evolution of vertebrates, indicative of a complex
pattern of virus-host co-divergence (i.e. parallel evolution) and cross-species virus transmission
(i.e. viral host jumps) that have shaped virus phylogenetic history (Shi et al., 2018). For example,
the phylogeny of the virus family Arteriviridae broadly reflects the evolutionary relationships of
their vertebrate hosts, whereas the viruses within the Picornaviridae and Coronaviridae show

more frequent viral host jumps across vertebrates (Figure 1.7) (Shi et al., 2018).

The identification of novel viruses in different vertebrate groups has also expanded the
known host range for a variety of virus taxa. A remarkable example of this is found in the fish
virome. Recent research has shown that fish harbour enormous viral diversity, including RNA
viruses within the Astroviridae, Coronaviridae, Filoviridae, Hantaviridae and Arenaviridae that
were previously exclusively associated with mammals, birds, and reptiles (Geoghegan et al.,
2018; Shi et al., 2018). Hence, the likely age of these families can now be extended to at least
the age of the Osteichthyes. Similarly, the discovery of dimarhabdoviruses and flaviviruses in
fish suggest an early association with vertebrates (Geoghegan et al., 2018; Shi et al., 2018).
Moreover, studies of the fish virome have revealed highly divergent viruses such as tilapia lake
virus — TiLV (Tilapinevirus tilapiae) — which was detected in tilapia fish, giving rise to the novel
family Amnoonviridae within the order Articulavirares (Bacharach et al., 2016; Eyngor et al.,

2014).
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Figure 1.7 Maximum likelihood phylogenetic trees showing virus-vertebrate host associations in 17
families of RNA viruses. Hosts are highlighted according to the color-codes used in the vertebrate
phylogeny (right-bottom). Novel viruses within each host group are indicated with solid black circles.

Virus taxonomic categories are shown above each tree. Taken from Shi et al. 2018.

Given the multicellular organization of vertebrates into tissues and organs, RNA viruses
can also exhibit a broad cell tropism involving several tissues (i.e. systemic infection) or a
restricted affinity to a particular tissue. This has important implications for virus discovery and
the detection of RNA viruses in vertebrate hosts, as virus sampling tends to be directed to
specific tissues. For example, flaviviruses such as hepatitis C virus, dengue virus, and yellow
fever virus show a strong hepatotropism, whereas west Nile, japanese encephalitis virus and
zika virus have a high tropism for cells of the nervous system (Bailey & Diamond, 2022; Best,
2016). In contrast, enteroviruses (Picornaviridae) and noroviruses (Caliciviridae) are commonly

found in the gut (Muehlenbachs et al., 2015; Shi 2018; Wobus, 2018).

Wildlife vertebrates can also serve as important reservoirs for RNA viruses. Non-human
primates are suspected to be the primarily reservoirs of arboviruses such as yellow fever virus
and dengue virus in zoonotic cycles (Kuno et al., 2017). Common vertebrate reservoirs often
include rodents, birds, and bats (Calisher et al., 2006; Causey & Edwards, 2008; Luis et al.,
2013). For example, aquatic wild birds serve as natural reservoirs of Influenza A virus, whereas
rabies virus is associated with bats as reservoir hosts (Calisher et al., 2006; Webby & Webster,
2001). Nonetheless, the reservoirs for most RNA viruses are unknown. This is the case for SARS-
Cov-2, which is suspected to have a mammalian reservoir based on its close relatives found in
bats (particularly horseshoe bats) and pangolins (Andersen et al., 2020; Zhou et al., 2021).
Clearly, vertebrate hosts play a key role in the maintenance, emergence, and diversification of
RNA viruses, although the full host for most viruses is clearly unknown (as is also the case for
SARS-CoV-2). Exploring the vertebrate virome therefore remains a major task and an active

area of research.
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1.3 Virus and microbial discovery in the next-generation sequencing era

1.3.1 An overview of next-generation sequencing

Over the last two decades the development of sequencing technologies and associated
computational tools have revolutionized virus and microbial discovery. Precursor technologies
include Sanger sequencing, a first generation technology that initiated the field of nucleic acid
sequencing and became the benchmark for research and clinical diagnostics (Grada &
Weinbrecht, 2013; Sanger et al., 1977). Despite its historical importance and great utility,
Sanger sequencing has limitations, including low throughput, that it is not cost effective, and
has a reduced sensitivity to detect low frequent variants (Table 1.2). Ambitious initiatives such
as the Human Genome Project and the 1000 Genome project highlighted the limitations of
conventional sequencing and triggered important technological advances that promoted the

development of next-generation sequencing (NGS) technologies (Morey et al., 2013).

Table 1.2 Comparison of Sanger sequencing and massively parallel sequencing (Next generation

sequencing) technologies.

Feature Sanger sequencing Next generation sequencing
Variable. e.g., sequencing-by-synthesis,
Method Chain-termination sequencing-by-ligation, long read
sequencing?
Throughput Low High
Cost Cost-time effective for a low Cost-time effective for a large number of
number of samples samples
e Low sensitivity to detect low High sensitivity to detect low frequency
Sensitivity . .
frequency variants. variants
Per-base accuracy High (99 — 99.99%) High (99 — 99.999%)
Scalability Low High

Optional (e.g., hybridization-based, and
Sample enrichment Cloning vectors, enrichment PCR  PCR-based target/Amplicon Sequencing
methods, circularisation, etc.)
Read length Long reads up to ~1,000 bp Variable (150 bp — 2.3 Mb)
Complex pipelines and require

Workflow Simple data analysis .. . .
bioinformatic training.

Source: Goodwin et al., 2016
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First introduced in 2004, NGS is now classified into second and third generation
technologies depending on the length of the sequences generated. Second generation
technologies are represented by platforms such as lllumina, 454 Life Sciences, DNBSEQ and
SOLiD which focus on short-read sequencing (< 1000 bp), whereas third generation
technologies are dominated by platforms Pacific Biosciences (PacBio) and Oxford Nanopore
Technologies that produce far longer read lengths (up to > 800 Kb) (Hu et al., 2021; Pollard et
al., 2018). The preference of one technology over another is determined by the intrinsic
advantages and limitations of the sequencing approach associated to each NGS platform. For
instance, long-read NGS performs are superior to short-read NGS in terms of spanning longer
regions and enabling the high-resolution sequencing of transposable elements, repetitive
regions, and complex structural variants (Metzker, 2009; Pollard et al., 2018; Shahid & Slotkin,
2020). Moreover, recent innovations in this field have facilitated the development of portable
devices such as the Oxford Nanopore MinlON sequencer that have played an important role in
pathogen surveillance in clinical and fieldwork settings (de Vries et al., 2022; Greninger et al.,
2015; Quick et al., 2016). Conversely, short-read sequencing provides a powerful approach to
characterize whole-genomes with high depth of coverage, throughput, and accuracy (Goodwin
et al., 2016). Because short-read NGS has a wider applicability in de novo sequence assembly
and virus/microbial discovery in metagenomics, and was used extensively in this thesis, | will

describe short-read NGS in more detail throughout this section.

In general, short-read NGS relies upon three main steps: (i) Sampling processing, (ii)
library preparation and (iii) sequencing (Figure 1.8). Samples might include whole organisms,
blood, in vitro cell culture, water, urine, stool, as well as animal and plant tissues. Sample
quality is critical for efficient sequencing. As a consequence, samples should be as fresh as
possible and stored at very low temperatures (e.g. -80 2C) to prevent degradation of RNA by
RNA ribonucleases before use. During sampling processing, chemical or mechanical methods
are used to disrupt the integrity of tissues. The genetic material is then extracted and separated
from potential chemical contaminants that might interfere with downstream stages. This step is

achieved using a variety of methods and reagents as well as protocols and kits tailored to
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process specific biological and environmental samples. Once the RNA is isolated, it is reverse
transcribed into cDNA which is the input for library preparation. This latter involves the
fragmentation of the genetic material and the ligation of adapter sequences at each end of
molecules (Goodwin et al., 2016). Finally, during sequencing the molecules are clonally
amplified (i.e., template enrichment) in a flowcell or bead-based system, and the order of
nucleotides in the DNA templates is decoded. Depending on the platform, it is possible to
sequence template fragments in one (single-end sequencing) or both directions (paired-end
sequencing) by adding indexes to the ends (Hu et al., 2021; Metzker, 2009). The incorporation
of nucleotides in the new template is signaled using methods such as fluorescence imaging
(Goodwin et al., 2016; Metzker, 2009). As a result, multiple samples can be analyzed, and vast
amounts of raw sequence data are generated in parallel. Notably, the constant improvements
to library preparation kits contributes to optimize the sequencing process by reducing costs, the

number of steps and time involved in laboratory procedures.
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Figure 1.8 Overview of common steps in meta-transcriptomics analyses for virus and microbial

discovery. Icons by Servier https://smart.servier.com/ is licensed under CC-BY 3.0 Unported

https://creativecommons.org/licenses/by/3.0/; lllumina_miseq icon by DBCLS

https://togotv.dbcls.jp/en/pics.html is licensed under CC-BY 4.0 Unported

https://creativecommons.org/licenses/by/4.0/.

The capabilities of short-read sequencing have also been expanded to the field of RNA
research (Stark et al., 2019). RNA sequencing (RNA-seq) or meta-transcriptomics (when total
RNA is sequenced) enables the sequencing of coding and non-coding RNA. It therefore provides
a convenient means to characterize and quantify the whole repertoire of RNA molecules in a
sample, including the host transcriptome, but also the RNA from microbial parasites as well as
RNA viruses and DNA viruses that are expressing in the targeted host (Shi et al., 2018b). This
technique has opened a window to explore the virosphere and achieve a better sense of its
composition and scale in nature (Obbard, 2018). In this context, features and technological
developments of RNA-seq such as RNA ribosomal (rRNA) depletion during library preparation,
RNA target-enrichment, small RNAs profiling as well as detection of both sense and antisense
transcripts (Ozsolak & Milos, 2010) have facilitated the capture of key information on the
guantitative assessment and composition of RNA viruses, genome polarity, and even virus-host
associations via antiviral response (Batson et al., 2021; Obbard et al., 2020; Shi et al., 2018).
However, some methodological challenges remain regarding its implementation, relatively
high-cost (particularly for low-income countries), biases introduced by cDNA synthesis and
template switching, detection and coverage of low-abundance variants (Han et al., 2015;
Ozsolak & Milos, 2010). For microbial and virus discovery, further challenges are also present in
the form of computational analyses. These will be discussed in the next section (Cobbin et al.,

2021; Harvey & Holmes, 2022).

Overall, the growing access and affordability of NGS has enabled its implementation into
various research and industry fields. Indeed, the pressure imposed by the COVID-19 pandemic
on coronavirus surveillance since 2020 has greatly boosted the use and improvement of NGS

technologies, and it is likely only matter of time before NGS becomes an accessible tool in
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https://creativecommons.org/licenses/by/3.0/
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https://creativecommons.org/licenses/by/4.0/
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public health and veterinary institutions globally. Aside from virus and microbial discovery,
some applications of NGS include transcriptome profiling, whole-genome sequencing (WGS),
pathogen detection and population/evolutionary genetics. These have been reviewed in detail
elsewhere (Kulski, 2016; Metzker, 2009; Morey et al., 2013; Reuter et al., 2015). Thus, NGS will
continue to revolutionize the way we approach the study of life, and the questions that can be
addressed through genetically screening diverse living forms and their environments (Figure

1.1).

1.3.2 Meta-transcriptomic data analysis

The development of NGS in molecular biology has triggered important findings
accompanied by the generation of millions of sequences stored at public databases (Reuter et
al., 2015). Similarly, the emergence of NGS has impacted virology research and led to the
implementation of viral bioinformatics analysis as an alternative, but compatible, approach to
traditional in vitro experimentation. Indeed, the relevance and importance of computational
tools for analyzing and interpreting the large volume of virus sequencing data is becoming
increasingly evident (Figure 1.9). In this respect, the implementation of meta-transcriptomic
methods has led to the characterization of known, unknown and uncultured viral communities,
in turn accelerating the pace of virus discovery and the exploration of the RNA virosphere

(Obbard, 2018; Shi et al., 2018b).

There is a plethora of bioinformatic pipelines available for the analysis of sequencing
data derived from meta-transcriptomics (Ho & Tzanetakis, 2014; Kalantar et al., 2020; Neri et
al., 2022; Zhao et al., 2017). Since the analysis of metagenomic samples can be challenging,
pipelines can be tailored for specific applications depending on the research question, virus
type and sample characteristics. For example, virus discovery from clinical and environmental
samples might require different steps to filter out host-derived sequences or database
selection. Despite variations in methodological approaches, the use of defined pipelines

provides a logical order of steps to guide the process of virus discovery from metagenomic
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datasets to minimize artifacts and increases reproducibility of results (Figure 1.8). Generally,
the standard workflow of meta-transcriptomic analyses starts with the quality control of raw
read data (e.g. N and GC content, adaptor removal, quality-trimming) prior to the assembly of
the remaining reads into contigs. Poor quality reads might act as confounding factors during the
assembly process, in which an inadequate pre-processing of reads might strongly bias

downstream steps (Andrews, 2010; Cantalupo & Pipas, 2019).
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Figure 1.9 Distribution of sequencing data in the Sequence Read Archive (SRA) database. The number of
available SRAs is displayed by (A) sample type, (B) release date, and (C) geography. Taken from Edgar et

al. 2022 (https://serratus.io).

Because host ribosomal RNA (rRNA) sequences are often detected in metagenomics
data, even when ribosomal depletion methods are implemented during library preparation,
additional steps might be required to filter out host-derived sequences (i.e. Bacteria, Eukaryota
and Archaea hosts) using such tools as the SILVA and RFAM databases (Griffiths-Jones et al.,
2003; Quast et al., 2013). The major advantage of this strategy is that it increases the relative

signal of viruses compared to background noise, which impact estimates of virus abundance,


https://serratus.io/geo
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and reduces computational load. However, the accidental removal of viral sequences could also

impact sequence assembly and virus detection.

Sequence assembly is another critical step in metagenomic studies, especially as genetic
material is commonly derived from multiple hosts in virological studies. Metagenome
assemblers achieve this challenging task through two approaches: reference-based and de novo
assembly. During reference-based assembly, reads are mapped to a guide sequence based on
their similarity to a specific target. Although useful, this represents a limitation for the
detection of unknown or unrelated sequences. In contrast, de novo assembly is a reference-free
approach in which contigs are assembled using graph strategies such as the de Bruijn graph and
Overlap-Layout-Consensus algorithms (Behizadi et al., 2022; Cantalupo & Pipas, 2019; Holzer &
Marz, 2019). Although de novo assembly enhances the discovery of uncharacterized sequences,
including novel viruses, it is a computationally demanding process and assemblers often
perform poorly on repetitive regions, high redundancy data and low expressed transcripts (i.e.
rare variants) that might induce chimera formation or partial assemblies (Freedman et al., 2021;
Liao et al., 2019). However, it is always possible to combine both approaches as well as
assembly tools to increase accuracy and extend the length of assemblies (Cantalupo & Pipas,

2019; Holzer & Marz, 2019).

Virus discovery studies by meta-transcriptomics largely rely on the comparison of
assembly contigs against available sequences in public databases (Table 1.3). Sequence
similarity searches are performed by programs (e.g. blastp, blastn, blastx, MegaBLAST,
DIAMOND) that align query contigs to known sequences stored in various databases such as the
NCBI nucleotide and non-redundant protein databases (Table 1.3) (Buchfink et al., 2015). The
expected output is a collection of hits ranked by their similarity, bit score or expectation value
(e-value); the latter number confers statistical significance to matches (i.e. pairwise alignments)
and is influenced by the size of the database and the length of the query. An e-value less than 1
indicates that a particular hit is less likely to occur by chance alone given the size of the

database. Thus, the lower the e-value the more likely to attribute “significance” to a hit
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(Wheeler & Bhagwat, 2007). Although significant similarity might be related to shared

homology, it is misleading to infer that similar sequences are always homologous, since

similarity might result from convergent evolution. The opposite scenario is also possible, and

two homologous sequences might display limited similarity due to the accumulation of changes

since their time of divergence (Pearson, 2013).

Table 1.3 List of common databases used in meta-transcriptomics analyses for microbial and virus

discovery.
Search database )
Database Data type Link
tools
GenBank, Basic
Nucleotide local alignment ) )
NCBI/nt https://www.ncbi.nlm.nih.gov/genbank/
sequences search tool, blastn,
megablast
GenBank, Basic
Protein local alighnment
NCBI/nr & https://www.ncbi.nlm.nih.gov/genbank/
sequences search tool, blastp,
blastx
SRA Toolkit, Magic- ) )
SRA Raw reads https://www.ncbi.nlm.nih.gov/sra
BLAST
rpsblast, rpstblastn,
) ) p p https://www.ncbi.nlm.nih.gov/Structure/
CDD Protein domains InterProScan
cdd/cdd.shtml
(Batch) CD-Search
Protein domains
bt g tei InterProScan, hitps:// bi K/int /
am and protein s://www.ebi.ac.uk/interpro
o HMMER, HHblits . .
family models
Protein and
. PDB web portal, https://www.rcsb.org/
RCSB PDB nucleic acids 3D
HMMER, HHpred
structures
) PDB web portal,
Protein Structure )
AlphaFoldDB o AlphaFold web https://alphafold.ebi.ac.uk/
predictions
portal, HMMER
Reference GenBank, Basic
nucleotide and local alignment ) )
RefSeq https://www.ncbi.nlm.nih.gov/refseq/

protein
sequences

search tool, blastp,
blastx, blastn,
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Entrez
Transcriptome . .
TSA dat tblastn https://www.ncbi.nlm.nih.gov/genbank/
ata
Protein UniProt web portal,
) sequences and InterProScan, )
UniProt ] https://www.uniprot.org/
functional HMMER, HHpred,
information HHblits
Ribosomal RNA
(rRNA)
sequences: small .
SILVA SortMeRNA https://www.arb-silva.de
(16S/18S, SSU)
and large subunit
(23S/28s, LSU)
Taxonomy https://www.ncbi.nlm.nih.gov/Taxonomy

NCBI Taxonomy Taxonomic data -
browser, Entrez /Browser/wwwtax.cgi

https://www.ncbi.nlm.nih.gov/tools/vecs
) non-redundant Blastn, VecScreen
UniVec — cree/
vector database rogram
prog ftp://ftp.ncbi.nlm.nih.gov/pub/UniVec/

Traditionally, comparisons between virus queries and databases are performed at the
nucleotide or protein sequence level. Different search algorithms scan databases in a variety of
ways depending on the input, reference database, and the desired sensitivity (Table 1.3). For
example, nucleotide-to-nucleotide BLAST searches (blastn) are particularly useful for identifying
viruses that are moderately/closely related (>40% id) to known viral sequences in nucleotide-
based databases (Pearson, 2013). In contrast, translated nucleotide searches (blastx) compare
all six reading frames of a query sequence against a protein database, enabling a more sensitive
approach for the detection of distantly related viruses (>30% id). Default e-values during
similarity BLAST searches are commonly set to 10. Setting more relaxed or stringent e-values
can also be used to produce different levels of sensitivity, although this might also lead to a

greater number of false positives.
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To deal with the difficulty of detecting viral sequences that share marginal similarity
with known viruses (< 20% identity), alternative approaches have been adopted including
structure prediction and hidden Markov model-based profiles (HMM-profiles). These are
discussed in the next section (Bigot et al., 2019; Charon et al., 2022; Kelley et al., 2015; Soding,
2005). Similarly, within some biological groups, other methods such as virus-derived small RNA
profiling and CRISPR spacers searching have gained popularity for predicting viral sequences
and virus-host associations (Neri et al., 2022; Singh et al., 2012; Snyder et al., 2010; Webster et
al., 2015).

Prediction of open reading frames (ORFs) from putative viral sequences are used for
protein annotation by comparing these against databases such as Pfam and CCD (Table 1.3)
(Marchler-Bauer et al., 2011; Mistry et al., 2021). These resources classify protein domain
families, providing additional evidence on the genome assembly completeness, functionality,
virus-host cell interactions, and taxonomic identity of viral contigs (Chen et al., 2012; Sobhy,
2016). For instance, the identification of conserved virus motifs and domains in RNA-dependent
RNA polymerases (RdRp) and capsids can assist the classification of RNA virus orthologous
detected through meta-transcriptomics (Bramley et al., 2020; Simmonds, 2015; Wolf et al.,
2020).

Contamination is a recurrent peril in metagenomic analyses, and in most gene
sequencing applications. The sources of viral contamination are multiple and diverse. They can
come from reagents and controls as well as be introduced in all steps associated with sample
handling, including sample collection and processing, library preparation and sequencing
(Cobbin et al., 2021; Holmes, 2019; Porter et al., 2021). Circular Rep-Encoding Single-Stranded
(CRESS) DNA viruses, circoviruses, and other single-stranded DNA (ssDNA) viruses are well-
documented examples of viral contaminants in reagents (Holmes, 2019; Porter et al., 2021).
Similarly, cross-contamination between samples can occur due to misassignment of reads in
pooled libraries during sequencing. This phenomenon is referred to as index-hopping, in which

free adapters from multiplexed libraries are swapped during library preparation, resulting in
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false positive detection of sequencing reads among samples (Guenay-Greunke et al., 2021; van
der Valk et al., 2020). To mitigate the occurrence of index-hopping, it is advisable the use of
unique dual indexing for pooled libraries, storage of libraries and pools at low temperatures (T
<-202C), and pooling of samples with similar expression profiles (Costello et al., 2018; Guenay-
Greunke et al., 2021; lllumina, 2017). Index-hopped strands can also be detected
computationally by comparing the relative abundance of assemblies with the (average)
expected rates of index-hopping associated with each sequencing platform. For example,
abundance values below 0.1% of the highest count for a particular viral assembly among
libraries are often assumed as index-hopping artifacts in virus discovery studies (lllumina, 2017,

2022; Le Lay et al., 2020; Wengiang et al., 2022).

Finally, aside from the profiling of the viral composition present in metagenomic data
sets, abundance quantification is an essential component in determining virus diversity. There
are several expression units to assess the RNA abundance (Bedre, 2022; Corchete et al., 2020;
Tarazona et al., 2011). Such metrics might consider such aspects as the number of mapped
reads, sequencing depth, length of the target sequence, and library size (Bedre, 2022; Tarazona
et al., 2011). However, abundance assessment across samples is expected to perform poorly
when libraries are generated under different experimental conditions and sequencing protocols
(Zhao et al., 2020). Further, variation in RNA concentration and rRNA levels between samples
impact the accuracy of abundance estimates (Zhao et al., 2020). To avoid misinterpretation
regarding fluctuations in abundance levels across libraries, virus abundance estimates are
compared with those of stably expressed host genes such as the cytochrome c oxidase subunit |
(COX1), 12S rRNA (12S) and 16S rRNA (16S), thereby providing a reference for determining
expression levels within and between libraries. Hence, abundance quantification not only sheds
light on the relative contribution of a virus of interest to the RNA repertoire within a library, but
also provides insights into transcript expression levels, contaminant viral sequences (e.g. index-
hopping), and potential host-associations (Cobbin et al., 2021; Geoghegan et al., 2021;
Pettersson et al., 2019; Shi et al., 2017; Wille et al., 2018).
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Overall, NGS data analysis workflows are dynamic and continuing to evolve in response
to the challenges imposed by research questions and sequencing data. Clearly, NGS has
accelerated the pace of virus discovery and previous gold standard approaches such as Sanger

sequencing and PCR now play an assisting role in verifying metagenomic findings.

1.3.4 NGS discovery analyses and host associations

Since metagenomic sequencing enables the characterization of the entire collection of
nucleic acids present in one sample, this opens a window of opportunity for parallel viral and
microbial discovery. For instance, gut metagenomic samples might comprise sequences from
the animal host, diet components, as well as host protozoans, fungi, bacteria, and viruses
(Figure 1.10). This makes the prediction of virus-host associations a challenging process,
particularly for viruses that infect a wide range of hosts, including those from different
taxonomic domains. As a specific case in point, viruses within the family Totiviridae have been
associated with both fungal and protozoan hosts (Koonin et al., 2015). Similarly, viruses
belonging to the families Flaviviridae and Nyamiviridae can infect invertebrate and vertebrate
hosts (Dietzgen et al., 2021; Shi et al., 2016a). Horizontal virus transfer and gene module
shuffling are plausible explanations for the host range diversification observed in some virus

families (Dolja & Koonin, 2018; Koonin et al., 2015).
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Figure 1.10 Characterization of common components present in meta-transcriptomics libraries. Libraries
might include sequences from the host, co-infecting bacteria, protozoans and nematodes, diet and
viruses. Viruses and viral sequences are indicated with different colors. Icons by Servier

https://smart.servier.com/ is licensed under CC-BY 3.0 Unported

https://creativecommons.org/licenses/by/3.0/.

Because of the ubiquity of viruses and their dependance on life forms, sample profiling
is central to pinpoint potential hosts. Taxonomic sequence classifiers make use of public
sequence databases to determine the composition of metagenomic samples, providing an
overview of the spectrum of possible hosts for a target virus (Kim et al., 2016; Marcelino et al.,
2020; Wood & Salzberg, 2014). Although sample profiling narrows the search for potential
virus-host associations, it is still a vague and limited means to establish definitive associations
(Dolja & Koonin, 2018). Supportive evidence can come from examining the relative abundance
or the host-associations of close relatives in a phylogenetic tree (Figure 1.4). However, more
accurate methods include virus isolation, and the use of small RNAs in invertebrates, as well as
CRISPR spacers in bacteria and archaea (Freije & Sabeti, 2021; Mull et al., 2022; Obbard et al.,
2020; Shmakov et al., 2020; Webster et al., 2015).

Along with the massive detection of RNA viruses, NGS has also enabled the
characterization and discovery of microbial communities present in samples from multicellular
hosts, although to a lesser extent (Edgar et al., 2022; Fraser et al., 2000; Shi et al., 2016) (Figure
1.9). Unlike most RNA viruses, microorganisms exhibit larger and more complex genomes,
which are characterized by numerous genes and regulatory regions involved in metabolic and
ecological processes. The rapid advancement in comparative and functional genomics has
transformed the understanding of microbial genomes and genotype-phenotype associations
(Kobras et al., 2021). However, the characterization of microbial diversity is primality based on
targeting molecular markers in both mitochondrial and nuclear compartments (Burki et al.,
2021; Mitreva, 2017; Obiol et al., 2020; Roux et al., 2011). Specifically, hallmark genes, such as

16S rRNA in prokaryotes and the small subunit 18S rRNA (SSU) in eukaryotes, are widely used
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for taxonomic identification and phylogenetic analysis. For instance, sequence analysis of 16S
RNA have shown to be effective for assessing the composition of bacterial communities in
microbiome studies (Johnson et al., 2019; Mitreva, 2017; Tran et al., 2017), and diagnosing

known pathogens in clinical samples (Aggarwal et al., 2020; Woo et al., 2008).

Conveniently, the detection of marker genes during bulk RNA sequencing also enables
the surveillance and discovery of potential pathogenic organisms in wildlife (Ko et al., 2022).
Therefore, through a meta-transcriptomic pipeline it is possible to investigate the presence of
targeted microorganisms across different host species and environments (Doyle et al., 2017; Ko
et al., 2022). Although molecular surveillance of pathogens in wildlife has predominantly
focused on characterizing bacteria and viruses (Chang et al., 2021; Khoo et al., 2016; Lv et al.,
2018; Qiu et al., 2014; Shi et al., 2017), neglected groups such as fungi and protists are
increasingly gaining terrain (Burki et al., 2021; Caron et al., 2016). For example, the application
of NGS methods combined with data mining to study kinetoplastid protists led to the discovery
of free-living forms in the Prokinetoplastina subsclass, providing preliminary insights into the
evolution of endosymbiosis, parasitism, and associated characters in Kinetoplastea
(Tikhonenkov et al., 2021). Furthermore, meta-transcriptomic data have also revealed the
presence of trypanosomatids (e.g. Trypanosoma, Blechomonas and Leptomonas) in
invertebrate hosts across virome studies in Australia (Gofton et al., 2022; Harvey et al., 2019;
Harvey et al., 2019a; Shi et al., 2017). However, there are gaps in the current knowledge about
the distribution, ecology, and evolution of trypanosomatids in wildlife vertebrate populations.

This research topic is addressed in this dissertation in Chapter 6.

1.4 Profiles and protein structure prediction to detect divergent viral sequences

As noted above, primary sequence similarity-based searches rely on the comparison of
guery sequences with known sequences available in public databases. This approach exploits
the shared similarity between sequences, which is detected through the interplay between

algorithms and global and local alignments. However, this approach cannot detect sequences
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that share limited similarity with those already present in sequence databases. The
development of sequence profile methods has brought new opportunities for the detection of
distantly related sequences and, in turn, the discovery of divergent viruses. A profile can be
defined as the quantitative description of a protein alignment (Figure 1.11) (Gribskov et al.,
1987). In practice, this involves the quantification of the relative frequency for each amino acid
residue in a given position along the alignment, which is summarized in a position-specific
scoring matrix (Sander & Schneider, 1991; Thompson et al., 2008). Likewise, the use of
probabilistic inference models such as profile hidden Markov models (profile HMMs) has
enabled the capture of information on the occurrence of gaps, insertions, and substitutions,
providing a more precise and detailed description of the variability of each residue position in a

multiple sequence alignment (Figure 1.11) (Bder, 2016; Eddy, 1995, 1998).

Insertion Substitution Conserved position
RYRY v
Seq1 - A D _ c
Seq2 w A E - c
Sequence alignment Seq3 - v - - ¢
Seq4 - A D T c
Seq5 - A E - c
Consensus A DE c

Profile

Figure 1.11 Overview of a typical HMM profile. The occurrence of insertions, deletions and substitutions
is shown across the positions of a protein sequence alignment. The consensus sequence is indicated

below the alignment. To build a profile, the relative frequency (probability distribution) of the 20 amino
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acids in each position of the multiple sequence alignment is computed based on an HMM probabilistic
model. In the HMM model, match (M), insert (I) and delete (D) states are indicated with squares,
diamonds, and circles shapes, respectively. High state transition probabilities are displayed with bold

arrows. Adapted from Boer 2016 and Eddy 1995.

Profile HMM search algorithms (e.g. phmmer, hmmsearch, jackhammer, hhblits) enable
protein-protein, protein—profile, and profile—profile comparisons by interrogating profile HMM
libraries and sequence databases (Table 3) (Finn et al., 2011; Potter et al., 2018). These

algorithms are implemented in software suits such as HMMER (http://hmmer.org) and HHpred

(http://toolkit.genzentrum.Imu.de/hhblits/) that perform similarity searches at remarkable

speed against a specific database or even multiple databases, maximizing the use of available
sequence resources (Finn et al., 2011; Potter et al., 2018; Remmert et al., 2011). In a profile
HMM search the queries correspond to either a single protein sequence, a protein alignment or
a profile, while the target databases include sequence collections such as the NCBI/nr, PDB and
Pfam. Given that profile HMMs searches provide a more sensitive approach to detect remote
homology, it is feasible to scrutinize unclassified sequences from meta-transcriptomic data sets,
offering an alternative avenue to gain further insights into what has been termed viral “dark
matter” (i.e. sequences with < 30% amino acid identity) (Charon et al., 2022; Roux et al., 2015).
For example, the combination of profile HMMs searches, and homology modeling has proven
to be a successful strategy for the detection of sequences sharing residual similarity (< 10%
amino acid identity) with known viral sequences based on core components of the viral RdRp
(Charon et al., 2022). Protein structure prediction is another promising approach in the case of
the residual levels (< 10% aa id) of genetic similarity often observed among RNA viruses, helping
us to expand the limits of the known RNA virosphere. Indeed, the process resembles a feedback
loop, in which the newly detected and highly divergent viruses are effectively used as “baits” to
identify hidden relatives in public databases. Since homologous proteins are likely to be
conserved throughout evolution, this supports the prediction of protein structures from related

proteins with known 3D structures (Centeno et al., 2005; Dunbrack, 2006; Illergard et al., 2009).
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The broad idea behind the detection of remote homology using homology modeling
(template-based modeling) relies on generate query-template comparisons to guide a 3D
model prediction. Protein structure prediction applications such as the Phyre2 server enable
the analysis of hundreds of sequences by mining structure databases (Kelley et al., 2015). The
general process involves several steps, including (i) alignment of a target sequence against
distantly related sequences (< 20% id), (ii) secondary structure prediction, (iii) Profile HMM
building, (iv) profile-profile HMM search, (v) loop modeling and (vi) side-chain placement.
Likewise, the assessment of the output is made based on parameters such as the confidence

score (>90%), coverage and sequence identity (Figure 1.12) (Kelley et al., 2015).

Multiple
sequence
alignment

LA HHblits

PSIPRED

) LRARRR Query hidden
Markov
Secondary model
structure
prediction

HMM
HH h database of
Add o known
side chains

structures

Loop Crude
modeling backbone

Alignment between query and template

beerecrecncocrencicieend | @

Figure 1.12 Protein structure prediction process using the “normal” mode of Phyre2. Key steps are
numbered in a clockwise order. The query sequence is compared against a database of sequences with <
20% sequence identity. The alignment as well as derived secondary structure prediction data are

combined reconstruct a HMM profile. (2) The HMM profile is compared with a HMM database of known
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structures. (3) Loop modelling based on template proteins. (4) Addition of side chains to 3D predicted

structure protein. Algorithms are indicated in green. Taken from Kelley et al. 2015.

Although homology modelling takes advantage of existing protein structures as

templates, the main drawback of this approach is precisely the dependency on available

structures deposited in public databases such as the RCSB Protein Data Bank (RCSB PDB). In

particular, the viral RdRp structures represents only a tiny fraction (< 1%) of the database size

(Figure 1.13), which biases protein comparisons and increases the likelihood of false positives.

However, this might progressively be alleviated by the implementation of new approaches such

as artificial intelligence and machine learning methods. In this respect, the recent development

of AlphaFold has vastly expanded the boundaries of RCSB PDB by predicting a remarkable

number of computing structure models of proteins (~ 200 million protein structures) (Jumper et

al., 2021).
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Figure 1.13 Proportion of structure entries in the RCSB PDB. (A) Entries classified by taxonomic group.

(B) Distribution of Riboviria virus entries over time. Source https://www.rcsb.org/.

Five decades since the creation of the RCSB PDB, it continues to ensure the storage, access,

visualization, and analysis of structural data, exhibiting an annual growth rate of 10% (Figure

1.13). To date, the number of available protein structures deposited in the RCSB Protein Data
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Bank (RCSB PDB, https://www.rcsb.org) corresponds to ~198,000 experimental structures and

~1,000,000 computed structure models (CSM) from AlphaFold and RoseTTA fold (Baek et al.,
2021; Jumper et al., 2021). As a repository system of 3D structures, the RCSB PDB represents a
comprehensive collection of structural data and the primary search source for template-based

modelling and protein prediction.

1.5 Thesis rationale

Fundamental research on RNA viral and microbial diversity in wildlife is paramount to
enhance our understanding of key aspects of their ecology, evolution, host range and
distribution. The development of meta-transcriptomics was therefore central to recent
advances in the discovery and description of these agents in nature, enabling us to explore a
broad spectrum of research questions ranging from the origin of the known RNA virosphere to
the emergence of infectious pathogens. In this thesis, | aimed to determine the diversity,
abundance and distribution of RNA viruses and common microbial life forms circulating in
wildlife and reveal how this diversity contributes to shape aspects of their ecology and
evolution in nature. By doing so, | assessed a diverse array of hosts, tissues and environments,

largely within an Australian context.

This thesis encompasses six research-based chapters that contribute to both the
discovery and detection of infectious agents using meta-transcriptomics by addressing a range

of topics as follows:

Chapter 2 expands the known RNA virosphere by identifying a highly divergent virus
(Lauta virus) within the order Articulavirales (negative-sense RNA viruses) in an Australian
reptile. | also determined whether protein structure conservation in the viral RdRp enables the
detection of highly divergent viruses within the viral dark matter. Hence, this study exploited
the potential of protein structure prediction, together with meta-transcriptomics, to uncover

the hidden diversity of articulaviruses in wildlife.
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Chapter 3 continues to explore the diversity of articulaviruses in vertebrate hosts.
Specifically, this study asked whether relatives of the novel Lauta virus were associated with
host species placed deeper in the phylogeny of vertebrates. | therefore used meta-
transcriptomics and data mining of published transcriptomes to detect divergent viruses within
the family Amnoonviridae in fish from both from marine and freshwater environments. In
addition, the composition, and biological and/or ecological drivers of the RNA virome of 19
marine fish species were investigated in a collaborative publication included in the

supplementary material.

Chapter 4 Compares the RNA virome of Aedes communis mosquitoes and their parasitic
mites to identify the occurrence of potential virus transfer through the host—parasite
interaction. This study characterized the RNA virome of mite-free and mite-detached
mosquitoes, as well as their parasitic mites, revealing a substantial RNA virus diversity that is

shared between mosquitoes and mites.

Chapter 5 assesses whether the RNA virome diversity of Drosophila simulans flies varies
with the presence or absence of the endosymbiotic Wolbachia bacteria. In this study, individual
Drosophila simulans flies sampled from Western Australia were sequenced to establish whether
the wAu strain of Wolbachia confers antiviral protection against the natural RNA virome of D.

simulans.

Chapter 6 investigates the RNA virome diversity of Carios vespertilionis ticks parasitizing
Soprano pipistrelle bats from Sweden to determine whether these ectoparasites carry tick-
borne viruses along with bat-associated viruses of public health importance. This study revealed
a substantial diversity of novel RNA viruses and provided the first report of Issyk-Kul virus
circulating in Sweden. This chapter also assesses the suitability of tick surveys for detecting

common pathogenic tick-borne bacteria.
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Chapter 7 provides the first meta-transcriptomic detection of Trypanosoma spp. in
wildlife. This chapter implemented a meta-transcriptomic approach to assesses the diversity,
tissue tropism, and distribution of trypanosomes in endemic Australian fauna, expanding the
known genetic diversity and host range for these important parasites and providing new

insights into their evolutionary history.

Finally, | discuss these findings considering the current body of knowledge in the area, as
well as the challenges and limitations identified, the impact of the work performed and the
general research area, as well as future research directions. In addition, the last section of this
thesis includes published collaborative co-authored research that further characterise the
ecology and evolution of the RNA virosphere. These studies addressed a variety of questions,
including: Is the RNA virome of the red fox structured by the rural/urban landscape? What is
the virome composition in marine fish, and what are the determinants that shape that
diversity? What is the origin of largest outbreak of yellow fever of the 21st century in the
Americas, and can we trace the circulation of this virus in Brazil? Furthermore, is there any
evidence of zoonotic spillover? How diverse is the faecal RNA virome of the Australian grey-
headed flying foxes in urban and suburban settings? Can the faecal RNA virome shed light on

the presence bat-associated viruses?

Overall, | expect that the research work presented in this thesis to contribute to a more
comprehensive understanding of the ecology and evolution of the RNA virus world, as well as

the formulation of specific hypotheses that will further advance the field.
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2.1 Abstract

The discovery of highly divergent RNA viruses is compromised by their limited sequence
similarity to known viruses. Evolutionary information obtained from protein structural
modelling offers a powerful approach to detect distantly related viruses based on the
conservation of tertiary structures in key proteins such as the RNA-dependent RNA
polymerase (RdRp). We utilised a template-based approach for protein structure prediction
from amino acid sequences to identify distant evolutionary relationships among viruses
detected in meta-transcriptomic sequencing data from Australian wildlife. The best predicted
protein structural model was compared with the results of similarity searches against protein

databases. Using this combination of meta-transcriptomics and protein structure prediction
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we identified the RdRp (PB1) gene segment of a divergent negative-sense RNA virus, denoted
Lauta virus (LTAV), in a native Australian gecko (Gehyra lauta). The presence of this virus was
confirmed by PCR and Sanger sequencing. Phylogenetic analysis revealed that Lauta virus is a
newly described genus within the family Amnoonviridae, order Articulavirales, that is most
closely related to the fish virus Tilapia tilapinevirus (TiLV). These findings provide important
insights into the evolution of negative-sense RNA viruses and structural conservation of the

viral replicase among members of the order Articulavirales.

Keywords: virus discovery; protein structure; meta-transcriptomics; Tilapia tilapinevirus;

Articulavirales; Amnoonviridae; RNA virus; Lauta virus; gecko

2.2. Introduction

The development of next-generation sequencing technologies (NGS), including total RNA
sequencing (meta-transcriptomics), has revolutionized studies of virome diversity and evolution
(Shi et al., 2018; Thermes, 2014; Zhang et al., 2019). Despite this, the discovery of highly
divergent viruses remains challenging because of the often limited (or no) primary sequence
similarity between putative novel viruses and those for which genome sequences are already
available (R. Rose et al., 2016; Shi et al., 2016a; Zhang et al., 2018). For example, it is possible
that the small number of families of RNA viruses found in bacteria, as well as their effective
absence in archaeabacteria, in reality reflects the difficulties in detecting highly divergent

sequences rather than their true absence from these taxa (Zhang et al., 2019).

The conservation of protein structures in evolution and the limited number of proteins
folds (fold space) in nature form the basis of template-based protein structure prediction (Deng
et al., 2018a), providing a powerful way to reveal the origins and evolutionary history of viruses
(Bamford et al., 2005b; Holmes, 2011). Indeed, the utility of protein structural similarity in
revealing key aspects of virus evolution is well known (Bamford et al., 2005c; Benson et al.,

2004). For instance, double-strand (ds) DNA viruses including the thermophilic archaeal virus
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STIV, enterobacteria phage PRD1, and human adenovirus exhibit conserved viral capsids,
suggesting a deep common ancestry (G. Rice et al., 2004). Thus, protein structure prediction
utilising comparisons to solved protein structures can assist in the identification of novel viruses
(Baker & Sali, 2001; Deng et al., 2018b). Herein, we use this method as an alternative approach to

virus discovery.

There is a growing availability of three-dimensional structural data in curated databases
such as the Protein Data Bank (PDB), with approximately 11,000 viral protein solved structures
that can be used in comparative studies. Importantly, these include a limited number (around
115) structures of the RNA-dependent RNA polymerase (RdRp) from a variety of viral groups.
Viral RdRp proteins are catalytic proteins (~460 to ~1930 residues) implicated in the low-
fidelity replication of the genetic material of RNA viruses (Jia & Gong, 2019). The tertiary
structure of the RdRp contains an active site (core component), and three subdomains: palm,
fingers and thumb that resemble a right-hand shape. These subdomains include seven catalytic
motifs (G, F1-3, A, B, C, D and E) that are central to polymerase function (Cerny et al., 2014; te
Velthuis, 2014). The palm subdomain comprises several key conserved motifs (denoted A—E),
including the aspartate residues (xDD) in motif C, that constitute a highly conserved element in
the RdRp that is central to catalytic activity (te Velthuis, 2014). The RdRp exhibits the highest
level of sequence similarity (although still limited) among RNA viruses, and hence is expected to
contain relatively well conserved protein structures. Exploiting such structural features in
combination with metagenomic data will undoubtedly improve our ability to detect divergent
viruses in nature, particularly in combination with wildlife surveillance (Shi 2018; Shi et al.,

2016; Zhang et al., 2018).

The International Committee on Taxonomy of Viruses (ICTV) recently introduced the
Amnoonviridae as a newly recognized family of negative-strand RNA viruses present in fish
(ICTV Master Species List 2018b.v2). Together with the Orthomyxoviridae, the Amnoonviridae
are classified in the order Articulavirales, describing a set of negative-sense RNA viruses with

segmented genomes. While the Orthomyxoviridae includes seven genera, four of these
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comprise influenza viruses (FLUV), and to date the family Amnoonviridae comprises a single
genus — Tilapinevirus — which in turn includes only a single species - Tilapia tilapinevirus or

Tilapia Lake virus (TiLV).

TiLV was originally identified in farmed tilapine populations (Oreochromis niloticus) in Israel
and Ecuador (Bacharach et al., 2016). The virus has now been described in wild and hybrid
tilapia in several countries in the Americas, Africa, Asia, and Southeast Asia (Ahasan et al., 2020;
Jansen et al., 2019b; Pulido et al., 2019). TiLV has been associated with high morbidity and
mortality in infected animals. Pathological manifestations include syncytial hepatitis, skin
erosion and encephalitis (Jansen et al.,, 2019¢; Subramaniam et al., 2019a). TiLV was initially
classified as a putative orthomyxo-like virus based on weak sequence resemblance (~17%
amino acid identity) in the PB1 segment that contains the RdRp, as well as the presence of
conserved 5' and 3’ termini (Bacharach et al., 2016). While both the Orthomyxoviridae and
Amnoonviridae have negative-sense, segmented genomes, the genomic organization of the
Amnoonviridae comprises 10 instead of 7-8 segments (Al-Hussinee et al., 2018; Bacharach et
al., 2016; Subramaniam et al., 2019), and their genomes are shorter (~10 kb) than those of the
Orthomyxoviridae (~12-15 kb). To date, however, only the RdRp (encoded by a 1641 bp PB1
sequence) has been reliably defined and most segments carry proteins of unknown function.
Importantly, comparisons of TiLV RdRp with sequences from members of the Orthomyxoviridae
revealed the presence of four conserved amino acid motifs (I-1V) of size 4-9 residues each

(Bacharach et al., 2016) that effectively comprise a "molecular fingerprint" for the order.

Unlike other members of the Articulavirales (Payne, 2017), TiLV appears to have a limited
host range and has been only documented in tilapia (O. niloticus, O. sp.) and hybrid tilapia (O.
niloticus x O. aureus). Herein, we report the discovery of a divergent virus from an Australian
gecko (Gehyra lauta) using a combination of meta-transcriptomic and structure-based
approaches, and employ a phylogenetic analysis to reveal its relationship to TiLV. Our work

suggests that this Gecko virus likely represents a novel genus within the Amnoonviridae.
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2.3 Materials and Methods

2.3.1. Sample collection

A total of seven individuals corresponding to the reptile species Carlia amax, Carlia gracilis,
Carlia munda, Gehyra lauta, Gehyra nana, Heteronotia binoei, and Heteronotia planiceps were
collected alive in 2013 from Queensland, Australia. Specimens were identified by mtDNA typing
and/or morphological data. Livers were harvested and stored in RNAlater at -80°C before
downstream processing. All sampling was conducted in accordance with animal ethics approval
(#A2012/14) from the Australian National University and collection permits from the Parks and
Wildlife Commission of the Northern Territory (#45090), the Australian Government (#AU-
COM2013-192), and the Department of Environment and Conservation (#SF009270).

2.3.2. Sampling processing and sequencing

RNA extraction was performed using the RNeasy Plus minikit (Qiagen, Hilden, Germany)
following manufacturer’s instructions. Each of the seven livers were extracted individually and
then pooled in equal amounts. For RNA sequencing, ribosomal RNA (rRNA) was depleted using
the RiboZero (epidemiology) depletion kit and libraries were prepared with the TruSeq
stranded RNA library prep kit before sequencing on an lllumina HiSeq 2500 platform (100 bp
paired end reads). Library preparation and sequencing was performed by the Australian
Genome Research Facility (AGRF), generating a total of 22,394,787 paired end reads for the

pooled liver RNA library.

2.3.3. De novo assembly and sequence annotation

Raw Illumina reads were trimmed of sequencing adapters and low-quality bases with
Trimmomatic v0.38 (Bolger et al., 2014a). The trimmed reads were then de novo assembled
into contigs (transcripts) using Trinity v2.6.6 (Grabherr et al., 2011a) with default parameter

settings. Contig abundance was estimated with RSEM (B. Li & Dewey, 2011) and shown as the
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numbers of transcripts per million (TPM). For sequence annotation, contigs were compared
against the NCBI nucleotide (nt) and non-redundant (nr) protein databases (nr) using BLASTn
v.2.8 (released on 2018-03-28) (Altschul et al., 1990) and DIAMOND v.0.921 (Buchfink et al.,

2015), respectively.

2.3.4. Protein structure prediction for virus detection

To further screen the meta-transcriptomic data, all the assembled sequences below the
assigned threshold (e-value = 107°) were assigned as "orphan" contigs (n= 293,586). These were
then analysed using a protein structure-informed approach. Specifically, orphan contigs were
translated into all six open reading frames (ORFs) using the getorf program (P. Rice et al.,
2000a) to identify continuous ORFs of at least 1000nt in length (n=57). To detect distant
sequence homologies and predict viral protein structures, this subset of translated ORFs were
then analysed using a template-based modelling approach as implemented in Phyre2

(http://www.sbg.bio.ic.ac.uk/phyre2) (Kelley et al., 2015). In brief, target proteins were

compared against proteins of known structure via homology modelling and fold recognition,
followed by loop modelling and sidechain fitting (Kelley et al., 2015). In total, 6 of 14 confident
(i.e. confidence values >90%) matches to known viral structures were identified. These included
a single match to the RdRp of a vertebrate-associated virus, and the queried contig was
selected for downstream analyses. Annotations from the predicted model were used as
preliminary data for tentative taxonomic assignment and protein classification. The structural
alignment between the PDB of the predicted model and the PDB of the template was
performed using TM-align v.20190822 (Zhang & Skolnick, 2005) with default settings, and
visualized using PyMOLv.2.3.5 (Schrodinger & Delano, 2015).

2.3.5. Annotation of the newly discovered virus

To corroborate the viral origin of the predicted protein structure and gain insights into its
taxonomic classification, we conducted parallel comparisons using DIAMOND (Buchfink et al.,

2015) against the GenBank non-redundant (nr) database (https://www.ncbi.nim.nih.gov/) and
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the HMMER web server v2.41.1 (http://www.ebi.ac.uk/Tools/hmmer) against the following
profile databases using default e-value cut-offs to assign significance: (i) reference proteomes
v.2019 09, downloaded on 2019-10-03 (https://proteininformationresource.org/rps/), (ii)
Uniprot v.2019_09, downloaded on 2019-10-03 (https://www.uniprot.org/), and (iii) Swiss-Prot

v.2019 09, downloaded on 2019-10-03. Protein families were identified using Pfam v.32.0
(https://pfam.xfam.org/). In addition, conserved domains were annotated using the Conserved
Domain Database (CDD) v.3.17 and the CD-search tool
(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). To detect additional contigs and
better characterize the genome of the novel virus, we aligned the cDNA contigs against custom
databases using DIAMOND v.0.9.32 (Buchfink et al., 2015), including (i) reference sequences
corresponding to all the segments of TiLV (Table S2.1), and (ii) reference RdRp sequences from
the order Articulavirales (Table S2.2). Given the divergent nature of these viruses, we

considered all hits with e-value >10 in the analyses using DIAMOND.

2.3.6. Phylogenetic analysis

The predicted contig encoding the RdRp of the newly discovered virus was aligned with
reference protein sequences of the order Articulavirales (Table S2.3). A multiple amino acid
sequence alignment was performed using the E-INS-i algorithm as implemented in the MAFFT
v7.450 program (Katoh & Standley, 2013a). Selection of the best-fit model of amino acid
substitution was carried out using the Akaike Information criterion (AIC) and the Bayesian
Information Criterion (BIC) with the standard model selection option (-m TEST) in IQ-TREE
(Nguyen et al.,, 2015a). Phylogenetic analysis of these data was then performed using the
Maximum Likelihood (ML) method available in IQ-TREE, with node support estimated with the
ultra-fast bootstrap (UFBoot) approximation (1000 replicates) and the Shimodaira-Hasegawa
approximate Likelihood ratio test (SH-alLRT). Sequencing reads are available at the NCBI
Sequence Read Archive (SRA) under the Bioproject PRINA626677 (BioSample: SAMN14647831;
Sample name: VERT7; SRA: SRS6507258). The assembled sequence for the newly determined

Lauta virus was deposited in GenBank under the accession number MT386081.
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2.3.7.PCR validation

To validate the presence of the novel gecko amnoonvirus, and to identify the putative host
species, we screened the individual liver RNA using RT-PCR. Briefly, cDNA was prepared using
Superscript IV VILO master mix and RT-PCR was performed with the Platinum SuperFi Green
PCR master mix and two primers sets targeting the gecko RdRp contig — F2V7 and F3V7 (Table
$2.4). The resultant RT-PCR products were analysed by agarose gel electrophoresis and

validated by Sanger sequencing.

2.4 Results

2.4.1. Virus discovery using meta-transcriptomics and protein structural features

We employed a meta-transcriptomic approach to screen a single pooled library containing
liver RNA of seven Australian native reptile species (Gehyra lauta, Carlia amax, Heteronotia
binoei, Gehyra nana, Carlia gracilis, Carlia munda, and Heteronotia planiceps). We focused on
the de novo assembled contigs that had no significant hits using initial searches against the
NCBI nucleotide and non-redundant databases. Accordingly, of 293,586 orphan contigs, 57
contained translatable ORFs of more than 1000 nt in length, and because we hypothesized that
some may correspond to undetected virus sequences, we interrogated them using a protein
structure prediction approach with template-based modelling (TBM) in Phyre2 (Kelley et al.,
2015). From the 57 queried contigs, we obtained a 3D model of a 407 amino acid (1227 bp)
contig with a high confidence hit (98.3%) to the RdRp catalytic subunit of a bat influenza A virus
(family Orthomyxoviridae) (Table 2.1, Figure 2.1a-b). This level of confidence is indicative of a
high probability of modelling success. Predicted secondary structures for the modeled protein
corresponded to a-helix (50%) and B-strand (9%) conformations. In addition, the alignment
coverage between our query and the viral template (PDB identifier: 4WSB) corresponded to
52% (213 residues) of the query sequence, while the proportion of identical amino acids (i.e.

sequence identity) was 19% (Table 2.1). Despite this low sequence similarity, we observed
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common folding patterns in the palm domain of the RdRp between the aligned protein

structures (Figure 2.1a).

Table 2.1 Summary of analyses and parameters used for the detection of Lauta virus.

Analysis/database

Parameter (unit)

Value / Hit (e-value)

Trinity de novo assembly

Length (nt)
Predicted ORF length (aa)
Coverage (# of reads)

Abundance (TPM 1)

1227
407
35
1.10

Phyre2/PDB PDB molecule RdRp catalytic subunit
PDB title Bat influenza a polymerase with bound vRNA
promoter
PDB identifier 4WSB
Resolution 2.65
Confidence (%) 98.3
Coverage (%) 52
Identity (%) 19
DIAMOND/nr Match [QES69295.1] Hypothetical protein (Tilapia lake
virus), segment 1
Similarity (%) 29
e-value 1.30e-07
DIAMOND/custom db Match [YP_009246481] Hypothetical protein (Tilapia lake

RdRp subunit PB1

virus), segment 1

Similarity (%) 29
e-value 2.4e-14
HMMER/references proteomes Taxonomy Tilapia lake virus (3.9e-11)

HMMER/UniProt

Domain architecture

Flu_PB1

Taxonomy

Domain architecture

Tilapia lake virus (1.4e-10)
Flu_PB1

HMMER/SwissProt Taxonomy Infectious salmon anaemia virus RDRP_ISAVS,
segment 2 (5.2e-3)
Domain architecture Flu_PB1
Pfam Family Flu_PB1 (1.8e-2)
Description Influenza RNA-dependent RNA polymerase subunit

PB1
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cDD Domain hit Flu_PB1 super family (6.43e-05)

1TPM: transcripts per million.

To corroborate these findings, the structural results were compared with those obtained
from other analyses based on primary sequence similarity searches against public databases
(Table 2.1). This revealed matches to the RdRp subunit (PB1 gene segment) of different
members of the order Articulavirales, including influenza A virus (FLUAV), TiLV, and Infectious
salmon anaemia virus (ISAV). Comparisons of the assembled contigs against a custom database
containing only members of the Articulavirales were then performed to improve sequence
alignments. Accordingly, the best hit matches were obtained to TiLV (e-values <107%°) (Table
2.1). To identify additional viral segments, the assembled contigs were aligned to the ten
segments of TiLV using DIAMOND. A total of 87 contigs were scored across the genome,
although we did not recover any significant hit for segments 2-10 likely because they are so

divergent in sequence (Table S2.1).

2.4.2. Sequence alignment and phylogenetic relationships

We tentatively name the new virus identified here as Lauta virus (reflecting the species
name of the gecko in which it was identified), abbreviated as LTAV. Multiple sequence
alignment of the RdRp between Lauta virus and other members the order Articulavirales
identified a number of well conserved amino acid motifs (I-1V) ranging in length from 5-11
amino acids in length (Figure 2.2). Phylogenetic analysis of the aligned RdRp region revealed
that LTAV falls within the order Articulavirales and, along with TiLV (family Amnoonviridae),
comprises a distinct monophyletic group. The close relationship between LTAV and TiLV was
supported by high UFBoot/SH-aLRT values (99%/99%) (Figure 2.1c). Likewise, estimates of the
amino acid identity in the RdRp showed a closer (but still distant) sequence similarity (15.35%)

with TiLV than other members of the order Articulavirales (Table 2.2).
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Figure 2.1 Protein structure prediction and phylogenetic relationships of Lauta virus (LTAV). (a) 3D
model prediction of the RdRp subunit PB1 of LTAV (top left). Protein structure superposition in the
aligned region between the predicted model for LTAV and the RdRp (PB1 gene) of influenza A virus
(FLUAV) (top right). Protein structure superposition of the predicted model for LTAV and the entire RdRp
subunit of FLUAV (bottom). The protein structure predicted for LTAV is displayed in orange and that of
FLUAV in green. (b) Confidence summary of residues modelled. (c) Maximum likelihood tree depicting
the phylogenetic relationships between LTAV and TiLV within the family Amnoonviridae, order
Articulavirales. Families are indicated with colored filled bubbles. Tip labels are colored according to
genus. Genera comprising multiple species are indicated with unfilled bubbles. Support values >= 95%
UFBoot and 80% SH-aLRT are displayed with yellow-circle shapes at nodes. Alphainfluenzavirus (FLUBA);
Betainfluenzavirus (FLUBV); Deltainfluenzavirus (FLUDV); Gammainfluenzavirus (FLUCV); Dhori
thogotovirus (DHOV); Oz virus (OZV); Thogoto thogotovirus (THOV); Quaranfil quaranjavirus (QRFV);
Wellfleet Bay virus (WFBV); Johnston Atoll quaranjavirus (JAV); Salmon isavirus (ISAV); Tilapia
tilapinevirus (TiLV); Lauta virus (LTAV; gecko symbol); Blueberry mosaic associated virus (BIMaV);

Montano orthohantavirus (MTNV); Bayou orthohantavirus (BAYV).

Table 2.2 Percentage of identical residues among members of the order Articulavirales and Lauta virus.

Percentage of amino acid
Virus classification

Identity *
Family Genus Species FLUAV TiLV LTAV
Orthomyxoviridae Alphainfluenzavirus FLUAV - 13.90 11.75
Betainfluenzavirus FLUBV 60.37 13.33 12.01
Deltainfluenzavirus FLUDV 39.03 14.62 11.53
Gammainfluenzavirus FLUCV 38.63 14.50 12.66
Isavirus ISAV 18.40 11.84 11.41
Quaranjavirus QRFV 22.94 13.68 11.46
Thogotovirus THOV 24.90 14.61 13.08

Amnoonviridae Tilapinevirus TiLV 13.90 - 15.35




93

1 Percentage of identical bases/residues

a
1 " m ne vwan il we o 1w O ) LRI EEE IR o in na rn mrom LTAV
n " m nrwi 1 1 1 n (0N | REREEREE ] oam o (N I fim wae n 1 I n mrom TiLvV
| L1 LI D | ! Lumnom n | (BE | 1 FLUAV
b
RdRp PB1

Articulavirales

358-368 475-482 515-519 551-555

SSDDE

Wi o
i ey
Wi ey Orthomyxoviridae
W GME
u"% IMGMI |
- " v..
F!
F! LTAV

TiLv

Motif | (A) Motif Il (B) Motif 1l (C)

Figure 2.2 Conserved motifs in the RdRp subunit PB1 from the order Articulavirales. (a) Comparison of
the Lauta virus RdRp sequence with the full-length PB1 sequence of TiLV and FLUAV. The gradient from
black to light grey indicates the level of sequence similarity in the alignment. Highly conserved positions
are shown in black. (b) Top panel shows the mean pairwise identity over all pairs in the column across
the multiple sequence alignment among members of the order Articulavirales. Sequence motifs are
shown with grey bars. The bottom panel depicts a magnified view of individual motifs. Letters in
parenthesis denote the A—G RdRp motif nomenclature. The original amino acid residue position and
standard logos are displayed in the top of each motif; the size of each character represents the level of
sequence conservation. Amino acid residues in the alighnment are coloured according to the Clustal

colouring scheme.

2.4.3. Host association and in vitro validation

Lauta virus was initially identified in the pooled sequencing library comprising a mix of
several Australian reptile species. To identify the exact host species, we screened each

individual species sample separately using RT-PCR and Sanger sequencing. As a result, we



94

detected the presence of the novel Lauta virus RdRp sequence in liver tissue of G. lauta
(paratype QM J96622) (Figure S2.1), a gecko species native to north-western Queensland and

the north-eastern Northern territory in Australia (Oliver et al., 2020).

2.5 Discussion

Advances in protein modelling and sequence analysis based on structural comparisons with
well-characterized protein templates constitute an attractive approach for the identification of
highly divergent RNA viruses (Kelley et al., 2015). The RdRp is ubiquitous in RNA viruses with
different genomic architectures and replication strategies, showing a conserved core with
sequence motifs that adopt specific folds. The protein is critically required for RNA synthesis
and replication in RNA viruses (i.e. template recognition, initiation, elongation and regulation)
(te Velthuis, 2014). As proteins such as the RdRp play such a central role in the life-cycle of RNA
viruses it is expected that structures and key motifs for catalytic functionality will be relatively
well conserved through evolutionary history (Ng et al., 2008; Wolf et al., 2018). Based on this
premise, it is expected that template-based protein structure modelling could be a powerful
tool in the identification of highly divergent viruses (Deng et al., 2018b; Fiser, 2010; Kelley et al.,
2015). Accordingly, we used protein structural similarity in combination with sequence and a

profile similarity to identify a novel and divergent RNA virus in an Australian gecko (G. lauta).

We obtained a confident predicted 3D model for the RdRp of Lauta virus based on its
structural similarity with the RdRp subunit PB1 of influenza virus (family Orthomyxoviridae)
(Figure 2.1a-b; Table 2.1). Although the structural data suggested that Lauta virus belonged to
the family Orthomyxoviridae (order Articulavirales) (Kelley et al., 2015), additional sequence
analysis revealed a closer relationship to members of the Amnoonviridae (Figure 2.1c). In this
context it is important to recall that biases in taxonomic assignment can occur because of the
limited number of available proteins with known structures in the PDB. Although this is clearly a
limitation, template-based approaches offer a tractable starting point for virus discovery and its

taxonomic classification.
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Although compromised by the large evolutionary distances involved, phylogenetic analysis
among members of the order Articulavirales revealed that Lauta virus was most closely related
to TiLV, in turn suggesting that it is a novel and divergent genus within the Amnoonviridae. To
date, members of the Amnoonviridae have only been detected in fish (Bacharach et al., 2016),
such that the discovery of Lauta virus expands the host range of this family. Indeed, given the
huge genetic distance between TiLV and LTAV, we expect that further uncharacterised
phylogenetic diversity exists in the Amnoonviridae especially in fish and reptiles, and that more
studies using the form of genomic surveillance performed here will capture a far greater

diversity of negative-sense RNA viruses (C.-X. Li et al., 2015; Shi et al., 2016).

Comparisons of the RdRp subunit PB1 from different articulaviruses revealed the presence
of four well conserved motifs in Lauta virus, broadly consistent with observations made for TiLV
(Bacharach et al., 2016). As suggested by several studies, motifs |-V are critically implicated in
the catalytic activity of PB1 (Biswas & Nayak, 1994; Chu et al., 2012). Despite minor variations,
we identified the SDD (serine-aspartic acid-aspartic acid) sequence in motif Il that is presumed
to be essential for protein functionality in FLUV (Biswas & Nayak, 1994; Chu et al., 2012).
Hence, the presence of well conserved motifs I-IV across the order Articulavirales may
constitute effective molecular fingerprints for these viruses. Unfortunately, the marked lack of
sequence similarity meant we did not recover any conclusive evidence regarding presence of
other genome segments in Lauta virus. Further studies that include sequencing, microscopy,
and cell culture techniques, are therefore required to fully characterize the genome of this

novel virus.

The identification of a novel virus in an Australian gecko (G. lauta) highlights the
importance of virus surveillance in native species. Although Lauta virus was detected in liver
tissue, we currently cannot draw any conclusions regarding its pathogenic potential and impact
on the health of G. lauta, particularly since a limited number of individuals were collected and

all were apparently healthy. Additional research is therefore needed to establish the type of



96

biological interaction between Lauta virus and G. lauta. While a previous study reported the
isolation of the arbovirus Charleville virus (family Rhabdoviridae) in G. australis (possibly G.
dubia based on its distribution) collected in Queensland [36,37], this is the first report of a
divergent articulavirus in reptiles. Taken together, these findings hint at a hidden diversity of

RNA viruses in reptiles that remains to be characterized.

2.6 Supplementary Material

The following are available online at http://www.mdpi.com/1999-4915/12/6/613/s1.

Figure S2.1: PCR detection and host association of Lauta virus. (a—b) Agarose gels
electrophoresis showing PCR products from two sets of primers that target a region in the PB1
gene segment (RdRp). Samples correspond to (c) liver tissue from seven different reptile

species. A 355 bp PCR product was only amplified in G. lauta.

Table S2.1: Summary of the contig alignment to genomic segments of TiLV using DIAMOND.

The relative abundance of each transcript was also calculated (see Methods).

Table S2.2: Summary of hits recovered after alignment of the untranslated contigs with
reference protein sequences of the RdRp subunit PB1. The custom database included virus

reference sequences from the order Articulavirales.

Table S2.3: List of virus sequences used in the phylogenetic analysis. All sequences correspond

to the PB1 protein.

Table $2.4: Set of primers used for PCR and Sanger sequencing reactions.

Author Contributions: Conceptualization, E.C.H.; methodology, A.S.0.-B., E.C.H., and J.-S.E;
formal analysis, A.S.O.-B.; investigation, A.S.0.-B., E.C.H., and J.-S.E.; resources, C.M., J.-S.E and
E.C.H.; writing—original draft preparation A.S.0.-B.; writing—review and editing E.C.H., J.-S.E.
and C.M.; visualization, A.S.0.-B.; supervision, E.C.H. All authors have read and agreed to the

published version of the manuscript.
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3.1 Abstract

Tilapia lake virus (TiLV) has caused mass mortalities in farmed and wild tilapia with
serious economic and ecological consequences. Until recently, this virus was the sole

member of the Amnoonviridae, a family within the order Articulavirales comprising
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segmented negative-sense RNA viruses. We sought to identify additional viruses within
the Amnoonviridae through total RNA sequencing (meta-transcriptomics) and data
mining of published transcriptomes. Accordingly, we sampled marine fish species from
both Australia and China and discovered several segments of two new viruses within the
Amnoonviridae, tentatively called flavolineata virus and piscibus virus, respectively. In
addition, by mining vertebrate transcriptome data, we identified nine additional virus
transcripts matching to multiple genomic segments of TiLV in both marine and
freshwater fish. These new viruses retained sequence conservation with the distantly
related Orthomyxoviridae in the RdRp subunit PB1, but formed a distinct and diverse
phylogenetic group. These data suggest that the Amnoonviridae have a broad host range
within fish and that greater animal sampling will identify additional divergent members

of the Articulavirales.

Keywords: meta-transcriptomics; virus discovery; Amnoonviridae; Articulavirales; fish;

tilapia lake virus; evolution; phylogeny

3.2. Introduction

The Amnoonviridae are a recently described family of segmented and enveloped
negative-sense  RNA viruses associated with disease in fish. Until recently, the
Amnoonviridae comprised only a single species, tilapinevirus or tilapia lake virus (TiLV)
(Bacharach et al., 2016; Eyngor et al., 2014), which is associated with high rates of
morbidity and mortality in both farmed and wild tilapia (Oreochromis niloticus
and Oreochromis niloticus x O. aureus hybrid). As the second most farmed fish globally
(Barange, 2018) and an important subsistence organism for farmers and high value
markets (Fitzsimmons, 2015), tilapia contribute USD $7.5 billion annually to the
aquaculture industry. Outbreaks of TiLV have resulted in significant economic and
ecological loss. The virus causes gross lesions of the eyes and skin, while also impacting
brain, liver and kidney tissue (Eyngor et al., 2014), with associated mortality rates up to
90% (Behera et al., 2018; Surachetpong et al., 2017). While ongoing surveillance has
detected the virus across numerous countries in Asia, Africa and South America (Jansen et

al., 2019a), whether related viruses infect other fish hosts remains unclear.
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The Amnoonviridae are members of the order Articulavirales that also includes the
Orthomyxoviridae (ICTV, 2018) that are particularly well-known because they contain the
mammalian and avian influenza viruses. Unlike the Amnoonviridae, the Orthomyxoviridae,
and closely related but unclassified orthomyxo-like viruses, infect a broad range of host
species comprising both invertebrates and vertebrates. Notably, a divergent member of
the Amnoonviridae, Lauta virus, was recently identified in an Australian gecko (Ortiz-Baez
et al., 2020), strongly suggesting that members of this family are present in a wider range
of vertebrate hosts. In addition, the large phylogenetic distance between Lauta virus and
TiLV suggests that the former may even constitute a new genus within the Amnoonviridae,
with the long branches throughout the Articulavirales phylogeny likely indicative of very

limited sampling.

To help address whether the Amnoonviridae might be present in a wider range of
vertebrate taxa, we screened for their presence using a meta-transcriptomic analysis of
marine fish sampled in Australia and China, combined with data mining of published

transcriptomes.

3.3 Materials and Methods

3.3.1 Fish collection in Australia

Fish samples were collected from the Bass Strait (40°15’ S—42°20’ S, 147°05' E—
148°35’ E), Australia, in November 2018. The fish species collected included Rhombosolea
tapirina, Platycephalus bassensis, Platycephalus speculator, Trachurus declivis, Trachurus
novaezelandiae, Scorpaena papillosa, Pristiophorus nudipinnis, Pentaceropsis recurvirostris
and Meuschenia flavolineata. Fish were caught via repeated research trawls on the
fisheries’ training vessel, Bluefin, following the methodology outlined in (J. M. Park et al.,
2017). Ten individuals from each species were caught and stored separately. Gill tissues

were dissected and snap frozen at -20°C on the vessel, and then stored in a -80°C freezer
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at Macquarie University, Sydney. Sampling was conducted under the approval of the

University of Tasmania Animal Ethics Committee, approval number A0015366.

3.3.2 Fish collection in China

As well as Australia, we analysed the transcriptome data derived from a previous
study of the viromes of fish sampled from the South China Sea (Shi et al., 2018). For that
study, the fish species sampled and subsequently pooled for shotgun RNA sequencing
included Proscyllium habereri, Urolophus aurantiacus, Rajidae sp., Eptatretus burgeri,
Heterodontus zebra, Dasyatis bennetti, Acanthopagrus latus, Epinephelus awoara, Conger
japonicus, Siganus canaliculatus, Glossogobius circumspectus, Halichoeres nigrescens, and
Boleophthalmus pectinirostris. Liver samples from each species were pooled and stored in
a -80°C freezer. The procedures for sampling and sample processing were approved by the
ethics committee of the National Institute for Communicable Disease Control and

Prevention of the China CDC.

3.3.3 RNA sequencing

For RNA extraction, frozen tissue was partially thawed and submerged in lysis buffer
containing 1% R-mercaptoethanol and 0.5% Reagent DX before tissues were homogenized
together with TissueRupture (Qiagen). The homogenate was centrifuged to remove any
potential tissue residues, and RNA from the clear supernatant was extracted using the
Qiagen RNeasy Plus Mini Kit. RNA was quantified using NanoDrop (ThermoFisher). RNA
isolated from the Australian samples was pooled for each host species, whereas RNA
isolated from the Chinese samples was pooled from all species (Shi 2018), resulting in 3ug
per pool (250ng per individual). Libraries were constructed using the TruSeq Total RNA
Library Preparation Protocol (lllumina) and host ribosomal RNA (rRNA) was depleted using

the Ribo-Zero-Gold Kit (Illumina) to facilitate virus discovery. Fish caught in Australia were
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subject to paired-end (100 bp) sequencing performed on the NovaSeq 500 platform
(INumina) carried out by the Australian Genome Research Facility (AGRF). RNA sequencing
of the pooled fish sampled from China were sequenced on the HiSeq 2500 platform

(Ilumina) at BGI Tech (Shenzhen).

3.3.4 Transcript sequence similarity searching for novel amnoonviruses

Sequencing reads were first quality trimmed then assembled de novo using Trinity
RNA-Seq (v.2.11.0) (Haas et al., 2013). The assembled contigs were annotated based on
similarity searches against the National Center for Biotechnology Information (NCBI)
nucleotide (nt) and non-redundant protein (nr) databases using BLASTn and Diamond
BLASTX (v.2.0.2) (Buchfink et al., 2014). To infer the evolutionary relationships of the
amnoonviruses newly discovered the translated viral contigs were combined with
representative protein sequences from TiLV and Lauta virus obtained from NCBI GenBank.
The sequences retrieved were then aligned with those generated here using MAFFT (v7.4)
employing the E-INS-i algorithm. Ambiguously aligned regions were removed using trimAl
(v.1.2) (Capella-Gutiérrez et al., 2009). To estimate phylogenetic trees, we utilized the
maximum likelihood approach available in IQ-TREE (v 1.6.8) (Nguyen et al., 2015a),
selecting the best-fit model of amino acid substitution with ModelFinder
(Kalyaanamoorthy, Minh, Wong, von Haeseler, et al., 2017), and using 1000 bootstrap
replicates to assess nodal support. Phylogenetic trees were annotated with FigTree

(v.1.4.2).

3.3.5 PCR confirmation

To further confirm the presence of flavolineata virus in the yellow-striped
leatherjacket collection, 10ul of extracted RNA was transcribed into cDNA using

SuperScript® VILO™ reverse transcriptase (Invitrogen, CA USA). PCR amplification was
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performed using Platinum™ Il Hot-Start PCR Master Mix (2X) (Invitrogen, CA, USA) and 3
sets of primers (Table $3.1) designed to cover different regions of the virus sequence. PCR

products were visualized on 2% agarose gel stained with SYBR® Safe (Invitrogen, CA USA).

3.3.6 TSA mining

To identify additional novel vertebrate viruses within the Amnoonviridae we screened
de novo transcriptome assemblies available at the NCBI Transcriptome Shotgun Assembly
(TSA) database (https://www.ncbi.nim.nih.gov/genbank/tsa/). Amino acid sequences of
flavolineata virus, piscibus virus and TiLV were queried against the assemblies using the
translated Basic Local Alignment Search Tool (tBLASTn) algorithm. We restricted the
search to transcriptomes within the Vertebrata (taxonomic identifier: 7742). Putative virus
contigs were subsequently queried using BLASTx against the non-redundant virus

database.

3.3.7 Virus naming

New viruses identified in this study are tentatively named by drawing from the names

of their host species.

3.4 Results

3.4.1 Identification of a novel Amnoonviridae in yellow-striped leatherjacket

As part of a large virological survey on nine species of marine fish our meta-transcriptomic
analysis identified several segments of a novel member of the Amnoonviridae, tentatively
named flavolineata virus, in a sequencing library of 10 pooled individuals of yellow-striped

leatherjacket (Meuschenia flavolineata) sampled from the Bass Strait off the coast of


https://www.ncbi.nlm.nih.gov/genbank/tsa/
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Tasmania, Australia. No amnoonviruses were identified in the remaining eight fish species.
We identified a complete, highly divergent protein in which a Diamond BLASTx analysis
revealed 37% amino acid identity to TiLV segment 1, characterized as the PB1 subunit
(Genbank accession: QJD15207.1, e-value: 2.0x10%%, query coverage 95%), with a GC
composition of 48.2% and a standardised abundance of 0.00004% of the total non-rRNA
library. The presence of flavolineata virus was further confirmed in the unpooled samples

using RT-PCR (Figure S3.1).

3.4.2 Identification of a novel Amnoonviridae in pooled marine fish from the South China

Sea

An additional novel member of the Amnoonviridae, in which we have provisionally termed
piscibus virus, was identified in a pool of various marine species (including sharks, eels,
stingrays, jawless fish and perch-like fish) sampled in the South China Sea as described
previously (Shi et al., 2018). Specifically, we identified a short contig (270 nucleotides) that
shared highest amino acid sequence similarity (48.8%, e-value: 1.5x10%°) to flavolineata
virus using a custom database including the known members of the family Amnoonviridae.
In addition, a comparison to the NCBI nr database showed that piscibus virus had 48.5%
amino acid similarity (e-value: 2.0x10"%7) to the PB1 subunit of the TiLV RdRp. The GC
composition of the assembled sequence was 49.2% and it had a standardized abundance
of 0.0001% of the total non-rRNA library. Despite the limited contig length for piscibus
virus, such that its status as a bona fide novel virus will need to be confirmed with
additional sequencing, we did identify conserved motifs within the PB1 subunit (see

below).

3.4.3 Identification of novel Amnoonviridae in published transcriptomes

To identify additional novel vertebrate viruses within the Amnoonviridae we screened

de novo transcriptome assemblies available at NCBI’s TSA database. In doing so we
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identified nine further potentially novel viruses in fish matching segments 1-4 of TiLV

(Table 3.1).

Relatives of the Amnoonviridae were identified in ray-finned fish species (Actinopterygii)
from marine (Lepidonotothen nudifrons and Chionodraco hamatus) and freshwater
ecosystems (Gymnocypris przewalskii, Gymnocypris namensis, Micropterus dolomieu,
Oxygymnocypris stewartia, Schizothorax plagiostomus and Silurus asotus) (Table 3.1). All
viral sequences corresponded to segments 1-4 and ranged from 209-1784 nucleotides in
length. The putative segments shared 26-51% sequence identity with TiLV. Most of the
identified viral sequences corresponded to segment 1, containing the RdRp and covered
motifs Il and Il (Figure 3.1). Notably, no other vertebrate class within the TSA were

identified as potential hosts of these viruses.

3.4.4 Evolutionary relationships of novel Amnoonviridae

We next performed phylogenetic analysis of the RdRp subunit (segment 1) across the
order Articulavirales (Figure 3.2). This revealed two distinct clades of fish viruses within
the Amnoonviridae (with 83% bootstrap support). The original member of this virus family,
TiLV, grouped with flavolineata virus, piscibus virus, dolomieu virus, namensis virus and
hamatus virus in one clade. The second fish virus clade comprised the newly identified
stewartii virus, plagiostomus virus, przewalskii virus, asotus virus 1, and asotus virus 2.
Lauta virus, identified in a native Australian gecko, appears to form a distinct lineage,
suggestive of a separate genus. This phylogenetic analysis clearly illustrates the diversity
of these viruses within both marine and freshwater fish, with no apparent host taxonomic

structure (Figure 3.2)
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Geographic location Detection method (NCBI accession of TSA

Contig length matching

Closest amino acid match to

Virus name Host of sample collection data) segment 1 or 4 of TiLV (nt) segme_nt 1 or 4 (GenBank
accession)
flavolineata virus Meuschenia Australia Fish sampling + meta-transcriptomics 1536 37% TiLV (QJD15207.1)
flavolineata
piscibus virus Pooled marine fish (see China Fish sampling + meta-transcriptomics 270 49% TiLV (QJD15207.1)
methods)
dolomieu virus Micropterus dolomieu TSA search 1440 34% TiLV (QJD15204.1)
(GDQU01066121.1, GDQUO1106321.1,

GDQU01283605.1, GDQU01532168.1)

namensis virus Gymnocypris namensis TSA search (GHYH01080462.1, 1503 35% TiLV (AOE22913.1)
GHYH01005036.1, GHYH01084204.1)

hamatus virus Chionodraco hamatus TSA search (GFMN01088333.1) 321 51% TiLV (QJD15205.1)

stewartii virus Oxygymnocypris TSA search (GIBO01031171.1, 1743 28% TiLV (QJD15204.1)

stewartii GIBO01013027.1)
plagiostomus virus Schizothorax TSA search (GHXZ01024367.1, 366 39% TiLV (AOE22912.1)
plagiostomus GHXZ01079240.1)

przewalskii virus Gymnocypris TSA search (GHYJ01002273.1, 1761 26% TiLV (QJD15208.1)
przewalskii GHYJ01008047.1, GHYJ01010906.1)

asotus virus 1 Silurus asotus TSA search (GHGF01026383.1, 1710 32% TiLV (QMT29723.1)
GHGF01034639.1, GHGF01033499.1,
GHGF01028660.1, GHGF01037407.1)

asotus virus 2 Silurus asotus TSA search (GHGF01016319.1, 1719 29% TiLV (QJD15204.1)

nudifrons virus

Lindbergichthys
nudifrons

GHGF01027066.1, GHGF01047620.1)
TSA search (HACN01008153.1)

1032 (segment 4)

44% flavolineata virus (segment
4)
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Figure 3.1 Alignment of viruses within the order Articulavirales in the RdRp subunit PB1. Blue bars
illustrate the mean pairwise identity over all the pairs in each column where royal blue highlights
conserved motifs with 100% identity. The sequences of two motifs (Il and 1) are shown where all

sequences overlapped.

3.4.5 Genome composition of the novel Amnoonviridae

Ten of the novel viruses identified included segment 1, corresponding to the RdRp subunit PB1,
and sharing clear sequence homology with different members of the Articulavirales including
the Orthomyxoviridae (Figure 3.1). These viruses had a closest genetic match to TiLV, ranging
from 28-51% sequence similarity at the amino acid level to segment 1 (Table 3.1). Segment 4

was the only segment found from the tentatively named nudifrons virus (Table 3.1, Table S3.2).
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Figure 3.2 Unrooted maximum likelihood phylogenetic tree of the PB1 subunit showing the topological
position of 10 of the 11 newly discovered viruses (red) that shared sequence similarity to segment 1
within the order Articulavirales (Amnoonviridae: orange; Orthomyxoviridae: shades of blue).
Tilapinevirus (TiLV) and the recently discovered Lauta virus were the only viruses previously identified in
this family.Fish viruses are annotated with fish symbols (filled: freshwater; outline: marine), and fish

order corresponds to shapes illustrated by the key. All branches are scaled according to the number of

amino acid substitutions per site. An asterisk (*) illustrates nodes with bootstrap support > 70%.
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Despite the lack of genomic characterization of TiLV, a sequence comparison across the
Articulavirales revealed several conserved PB1 motifs, which included those described
previously (Bacharach et al., 2016). Sequence similarities with other viral RNA-dependent RNA
polymerases suggest that motif Ill plays a key functional role at the core of the transcriptase-
replicase activity (Biswas & Nayak, 1994; Chu et al., 2012). Defined by the consensus serine-
aspartic acid-aspartic acid (SDD) sequence in the Articulavirales, this motif is highly conserved

and is critical for protein stability and function.

In contrast to the six to eight genomic coding segments that comprise viruses within the
Orthomyxoviridae, TiLV contains 10 segments with open reading frames, none of which have
been functionally characterized to date (Taengphu et al., 2020). While we were able to
distinguish virus transcripts with sequence similarity to segments 1 — 4 of TiLV (Figure 3.3), it is
possible that the other segments are present but too divergent in sequence to be detected, and
this will need to be addressed in future studies. Indeed, the remaining segments of TiLV exhibit
no sequence similarity to any other known viruses (Bacharach et al., 2016; Eyngor et al., 2014)

or eukaryotic genes.

It is also of note that we found some evidence for phylogenetic incongruence between the
topologies of the different gene segments, although this analysis is complicated by the differing
numbers of viruses available for each segment, the short sequence alignments, and the highly
divergent nature of the sequences being analysed. For example, flavolineata virus and TiLV
appear as sister taxa in segment 1 yet are seemingly more divergent in segment 4 (Figure 3.3).
Hence, this phylogenetic pattern tentatively suggests that amnoonviruses may have undergone
reassortment in similar manner to influenza A viruses in the Orthomyxoviridae, although this
will need to be confirmed with the addition of longer sequences and more taxa. Reassortment
has previously been observed within circulating TiLV strains, which has added complexity to

inferring its evolutionary history (Chaput et al., 2020).
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Figure 3.3 Maximum likelihood phylogenetic trees of genomic segments 1-4 for the new virus transcripts
identified in this study within the Amnoonviridae. Viruses previously identified in this family are in bold.
Bootstrap values >70% are shown. The segment 1 phylogeny was rooted using Lauta virus as the
outgroup (as suggested by the tree in Figure 3.2). The remaining three segment phylogenies were then
rooted to match the segment 1 tree. A branch scale bar represents 0.2 substitutions per site. See Table

S3.2 for virus sequence details.

3.5 Discussion

Through both sampling marine fish and mining publicly available sequence data, we
discovered 11 new viruses, all of which are the closest genetic relatives of TiLV. These viruses
fall within the Amnoonviridae, which currently comprises only two viruses: TiLV and Lauta virus.
The discovery of these new viruses expands our understanding of the host range of the
Amnoonviridae to include host species across multiple taxonomic orders of freshwater and
marine fish, including Cypriniformes, Siluriformes, Perciformes and Tetraodontiformes, and

includes animals sampled in a range of geographic localities (Australia, China, North America,
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Antarctica and Japan). Not only does the identification of these new viruses greatly increase the
phylogenetic diversity in this newly identified group of viruses, but it may also provide insight
into the potential origins and host range of TiLV, a virus that has major economic and ecological

impacts on fisheries and aquaculture.

The viruses discovered here were highly divergent in sequence, likely limiting our ability to
detect all genome segments present in the data. Nevertheless, sequence conservation within
segment 1 across the entire taxonomic order strongly supports the inclusion of these new
viruses within the Amnoonviridae. While we only found new viruses in fish and no other
vertebrate classes, it is important to note that fish comprise 44% of currently available
vertebrate transcriptomes (as of September 2020). With the expansion of these databases, it is
likely we will identify additional highly divergent viruses within the Amnoonviridae and hence of
the Articulavirales as a whole. The discovery of these 11 viruses invites further research into the

true diversity and evolutionary origins of the Amnoonviridae.

3.6 Supplementary Material

The following are available online at http://www.mdpi.com/1999-4915/12/11/1254/s1

Table $3.1: List of primer sets used for the RT-PCR confirmation of flavolineata virus in
specimens of Meuschenia flavolineata

Table S3.2: All virus transcripts identified in this study that fell across genomic segments within
the Amnoonviridae

Figure S3.1: Agarose gels electrophoresis showing PCR products from three sets of primers that

target a region in the PB1 gene segment (RdRp) for ten individuals of Meuschenia flavolineata.

Sequencing reads are available at the NCBI Sequence Read Archive (SRA). For piscibus virus see
Bioproject PRINA418053 (BioSample: SAMNO08013970; Library name: BHFishG) and for flavolineata virus
see Bioproject: PRINA667570. Alignments with new virus transcripts are available at

https://github.com/jemmageoghegan/Amnoonviridae-in-fish.
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4.1 Abstract

Arthropods harbor a largely undocumented diversity of RNA viruses. Some
arthropods, like mosquitoes, can transmit viruses to vertebrates but are themselves
parasitized by other arthropod species, such as mites. Very little is known about the

viruses of these ectoparasites and how they move through the host-parasite relationship.
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To address this, we determined the virome of both mosquitoes and the mites that feed on
them. The mosquito Aedes communis is an abundant and widely distributed species in
Sweden, in northern Europe. These dipterans are commonly parasitized by water mite
larvae (Trombidiformes: Mideopsidae) that are hypothesized to impose negative selection
pressures on the mosquito by reducing fitness. In turn, viruses are dual-host agents in the
mosquito-mite interaction. We determined the RNA virus diversity of mite-free and mite-
detached mosquitoes, as well as their parasitic mites, using meta-transcriptomic
sequencing. Our results revealed an extensive RNA virus diversity in both mites and
mosquitoes, including thirty-seven putative novel RNA viruses that cover a wide
taxonomic range. Notably, a high proportion of viruses (20/37) were shared between
mites and mosquitoes, while a limited number of viruses were present in a single host.
Comparisons of virus composition and abundance suggest potential virus transfer
between mosquitoes and mites during their symbiotic interaction. These findings shed
light on virome diversity and ecology in the context of arthropod host-parasite-virus

relationships.

Keywords: meta-transcriptomics, mosquito-borne viruses, arthropod-borne viruses, virus

evolution, virome

4.2. Introduction

Arthropods can interact in various ways to establish symbiotic relationships in nature
(Kaplan & Eubanks, 2005; Peng et al., 2013; Werblow et al., 2015a). Among these,
parasitic associations have profound effects on host populations and community ecology
(Vasquez et al., 2020). This symbiotic strategy allows a parasitic arthropod to exploit the
resources of an arthropod host to survive and reproduce. In freshwater ecosystems,
parasitic associations can be observed between water mites and other arthropods such as

crustaceans and insects (Pozojevic et al., 2019; Vasquez et al., 2020). However, such biotic
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associations are not only confined to hosts and parasites. Relatedly, viruses are ubiquitous
actors capable of permeating through arthropod symbiotic systems and interacting with
either the parasite and/or the ‘base host’, resulting in a dynamic tripartite setting (i.e.

host-parasite-virus system) (Di Prisco et al., 2016; Parratt & Laine, 2016a).

Parasitic mites can act as vectors or activators of viral diseases. For instance, RNA
viruses such as Kashmir bee virus (KBV), sacbrood virus (SBV) and deformed wing virus
(DWV) are often detected in honeybee colonies infested with Varroa mites (Dainat et al.,
2009; Shen et al., 2005). Importantly, there are major gaps in our current knowledge of
the diversity and biology of viruses associated with natural mite populations that
parasitize mosquitoes and their vectorial capacity. Indeed, most research on viruses
infecting mites are related to pathogens of mammals and plants (Poinar & Poinar, 1998;
Valiente Moro et al., 2005; X. -j. Yu & Tesh, 2014a). In the same way, the relationship
between parasitism (e.g. multiparasitism) and virus ecology at the mosquito—mite—virus

interface remains to be determined (Auld et al., 2017).

Water mite larvae (Acari: Parasitengona: Hydrachnid) are obligate ectoparasites of
culicid mosquitoes (Werblow et al., 2015b). Although the exact nature of the host-parasite
relationship between mosquitoes and mites is uncertain, water mites exhibit predatory
and parasitic behaviors on larval and adult stage mosquitoes, respectively (Atwa et al.,
2017; Vasquez et al., 2020; Werblow et al., 2015c). During the biotic interaction, water
mite larvae often attach to pre-imaginal stages or adult mosquitoes that provide the
larvae with nutrients and transport to complete their life cycle (Werblow et al., 2015c).
Once the larval stage is complete, water mites detach from the mosquito for post-larval
(nymphal stages) and adult development, feeding on insect larvae, including mosquito
eggs and larvae present in aquatic habitats (Atwa et al., 2017; Vasquez et al., 2020).
Conversely, parasitism of mosquitoes by mites is usually associated with adverse effects

on mosquito fitness (i.e. reduced reproductive ability and survival) (dos Santos et al.,
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2016). Among these, mite infestation might impact flight, sexual maturity, and egg

production in mosquitoes.

The snow-pool mosquito species, Aedes communis (De Geer 1976), is a monocyclic
species with a Holarctic distribution, occurring in Eurasia and North America (Becker et al.,
2010). It is commonly found not only in forested areas such as coniferous and temperate
forests but also on the tundra (Medvedev et al., 2011). Aedes communis females
commonly blood feed during twilight on a variety of vertebrates including, humans,
rabbits, birds, rodents, and cattle. In Sweden, A. communis is abundant and widespread in
spring and early summer (Lundstrom et al., 2013). The virome of A. communis is largely
unknown but has been shown to include insect-specific viruses (ISVs) from the families
Phasmaviridae, Rhabdoviridae and Solemoviridae of RNA viruses (Ohlund et al., 2019).
Sporadic detections of different arboviruses have also been reported from this species
(Campbell et al., 1991; Lvov et al., 2015), although it is not considered a vector species for

any arbovirus (Campbell et al., 1991).

The use of metagenomic sequencing to characterize virus diversity has revolutionized
our understanding of the evolutionary history, ecology, and distribution of RNA viruses in
nature (Shi et al., 2018a; Zhang et al., 2018), transforming our ability to detect viruses in
terms of scalability, speed, and accuracy. In particular, these studies have revealed an
enormous number and diversity of viruses in invertebrates, including both ISVs and
arboviruses, some of which fall into highly divergent lineages or RNA virus families (Li et
al., 2015; Liu et al., 2015; Shi et al., 2016). Herein, we used meta-transcriptomics to reveal
the virome diversity of A. communis and their parasitic mites and investigate whether
mosquito-mite interactions can facilitate virus transfer among them. For this purpose, we
compared the diversity and abundance of RNA viruses in mosquitoes parasitized by mites,
mite-free mosquitoes, and parasitic mites to assess the viral community composition in

the mosquito-mite interaction.
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4.3 Materials and Methods

4.3.1 Sample collection

Aedes communis mosquitoes were collected within a mosquito control program

(https://mygg.se/) across the river Daldlven floodplains in central Sweden (60.2888° N,

16.8970° E) between weeks 25 and 35 in 2014, 2019 and 2020, using the Centers for
Disease Control and Prevention miniature light traps (CDC-traps) baited with dry ice.
Morphological identification of mosquitoes was conducted using a stereomicroscope and
the key provided by Becker et al. (2010) (Becker et al., 2010) on a chilled table. The
mosquitoes collected were examined under a stereoscopic microscope for the presence of
mites (Mideopsis sp.). Detected mites were removed and, together with the mosquitoes,
were separated into groups of mites (K), mite-free mosquitoes (M) and mite-detached
mosquitoes (MK) (infection load = 1-20 mites per mosquito) (Supplementary Table S4.1).

The collected specimens were kept at -80°C until molecular processing.

4.3.2 Sample processing and sequencing

Samples were processed in three groups corresponding to M (n = 80), MK (n = 80),
and K (n=160). In total, twenty-four sequencing libraries were prepared, eight libraries for
each group. Samples were homogenized in pools of ten mosquitoes or twenty mites, using
ZR BashingBead 0.1mm (Zymo Research, Irvine, CA, USA) for 180s using a TissueLyzer
(Qiagen). Total RNA was extracted from the homogenates using the ZymoBIOMICS
DNA/RNA Miniprep Kit (Zymo Research, Irvine, California, USA) according to the
manufacturer’s instructions. Ribosomal RNA (rRNA) depleted RNA was extracted from
each sample using the Ribo-Zero Gold kit (Illumina). Whole-transcriptome libraries were
constructed using DNA nanoball technology (paired-end sequencing) on a DNBseq
platform. Library preparation and sequencing were performed by the Beijing Genomics

Institute, Hong Kong. For taxonomic identification of the most likely genus of mites
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detached from the mosquitoes we compared our contigs against a custom database
including Cox-1 amino acid sequences from mites (Trombidiformes; taxid: 83136). We also
assessed the variation in Cox-1 gene abundance across libraries using different reference

sequences of Mideopsis sp. (Figure S4.2).

4.3.3 Sequence data processing

Sequence read quality assessment was performed with FastQC v0.11.8 (Andrews,
2010) and summarized using the MultiQC tool (Ewels et al., 2016a). Ribosomal reads of
Archaea, Bacteria and Eukarya were filtered from the meta-transcriptomic data with the
SortMeRNA v2.1b software (Kopylova et al., 2012). Reads were assembled into contigs
using the metagenomic assembler MEGAHIT v1.2.9 with default settings (D. Li et al.,
2015). Meta-transcriptome assembly evaluation was conducted using QUAST v4.3
(Gurevich et al., 2013). To reduce false-positives in the detection of viruses due to index-
hopping, putative viruses were considered as present in a library if the total read count
was = 0.1% of the highest count for that virus across the libraries with at least two reads
per sample. Taxonomic profiling of metagenomic data was conducted using CCMetagen
v.1.2.4 (Marcelino et al., 2020) (Summary data available at doi:

10.6084/m9.figshare.20499726).

The sequencing reads and viral sequences identified in this study have been deposited in
the SRA (Bioproject: PRINA838788; Biosamples: SAMN28502431-SAMN28502454; SRA
accession codes: SRR19268734—-SRR19268757) and GenBank (ON860444—0N860480,

OP555115-0P555127) databases, respectively.

4.3.4 Virus abundance and host association inference

Abundance was quantified as the number of reads per million mapped reads (RPM).

Reads were mapped to the viral assemblies and the Cox-1 gene as host marker



127

(JX040509.1 and MN362385.1) using the BBMap tool v.37.98
(sourceforge.net/projects/bbmap/). Contig assemblies were compared against the
National Center for Biotechnology Information (NCBI) nucleotide (NCBI-nt) and non-
redundant protein database (NCBI-nr) using DIAMOND v.2.0.9 with e-value cutoffs > 1E-10
and > 1E-4, respectively. To infer likely virus-host associations, we considered available
data on (i) the virus prevalence within and between arthropod groups, (ii) abundance
estimates, (iii) the closest hits in the BLAST/nr search, and (iv) phylogenetic relationships.
To establish a likely host association, at least three of the four criteria had to be

compatible.

4.3.5 Taxonomic assignment and protein annotation

Taxonomic information was collected from the NCBI Entrez taxonomy database using

the NCBI-taxonomist tool v1.2.1 (https://pypi.org/project/nchi-taxonomist/) (Buchmann &

Holmes, 2020). Open reading frame (ORF) detection and sequence translation were
performed on contigs >1000 nt with the program getORF v.6.6.0 (-minsize 600 -find 0),
EMBOSS (P. Rice et al., 2000a). Classification of proteins and domain detection on
predicted ORFs were performed using the InterProScan v5.51-85.0 software (Jones et al.,
2014) with default search parameters, and the HMMER v3.3 program (hmmscan search)
against the Pfam and PROSITE databases (Finn et al., 2011). To identify and annotate
highly divergent viruses that were missed in the DIAMOND BLASTX search or that had
similarities to taxonomically unassigned viruses, orphan contigs and unclassified viruses
were run through the RdRp-scan resource with e-value 1E - 6 in the hmmscan search
(Charon et al., 2022a). The completeness and quality of viral sequences were assessed by
visual inspection and execution of the CheckV pipeline (Nayfach et al., 2020) and Prodigal

v.2.6.3 (Hyatt et al., 2012).
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4.3.6 Statistical analyses

To determine whether virus abundance levels differed significantly among the K, M
and MK groups, we assessed the normality of the data corresponding to RPM values (raw
and log10 transformed) by visual inspection and using the Shapiro—Wilk test. Since the
data did not follow a normal distribution, comparisons were made using the Kruskal —
Wallis chi-squared test and Pairwise Wilcoxon Rank Sum Test. All analyses were
performed using the packages rstatix (Kassambara, 2021) and ggpubr (Kassambara, 2020)

in R (R Core Team, 2021) (available at https://www.R-project.org/).

4.3.7 Phylogenetic analysis

Viral protein sequences for the RNA-dependent RNA polymerase (RdRp) identified in
this study were aligned to a set of representative sequences publicly available at
NCBI/GenBank according to the virus family, using Clustal Omega v.1.2.4 with default
settings. The reference Quenyavirus sequences were obtained from Obbard et al. 2020
(Obbard et al., 2020). We assigned provisional names to novel viruses based on
geographic locations from where they were collected. Selection of the best-fit model of
sequence evolution and phylogenetic relationships within the virus families were assessed
using the maximum likelihood (ML) method available in IQ-TREE v1.6.12 (-m TEST -alrt
1000 -bb 1000 -nt 4 -bnni) (Hoang et al., 2018a; Nguyen et al., 2015a). Nodal support was
estimated with SH-aLRT and the ultrafast bootstrap (UFBoot). A total of 1000 replicates
were run for both approaches and we used the option bnni to avoid overestimating
branch supports with UFBoot. Tree visualization was conducted using the R software

packages ggtree and ggplot2 (Wickham, 2016a; G. Yu et al., 2017).

4.4 Results

4.4.1 Extenstive RNA virome diversity in A. communis and their parasitic mites
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A total of 160 mosquitoes and their parasitic mites were collected and pooled into
twenty-four separate libraries, representing three different groups, to characterize the
virome of each host and assess the virus prevalence across mites, and in both mite-free
and mite-detached mosquitoes. Overall, we generated between 48.5 and 74 million pair
reads per library, of which ~76 per cent corresponded to rRNA content. Meta-
transcriptomic reads were de novo assembled into partial viral genomes from which we
identified thirty-seven novel RNA viruses based on the presence of a viral RdRp: these
represented eighteen families and fifteen orders of positive-stranded RNA (n = 8),
negative-stranded RNA (n = 18) and double stranded RNA (n = 6) (Table 4.1). Three viruses
were only classified to the level of phylum or class. One additional virus was taxonomically
unclassified. The newly discovered viruses shared between 25.2 and 80.7% amino acid

sequence similarity to the RdRp of the closest viral hit in the NCBI-nr (Table 4.1).

Notably, the mite-specific viruses were highly divergent. BLASTX similarity searches
revealed that the majority of the virus contigs were related to arthropod-associated
viruses (29/37), although we identified three viruses associated with those previously
identified in nematodes (Wuchang romanomermis nematode virus 2; similarity = 33.5%),
protozoans (Leptomonas moramango leishbunyavirus; similarity = 80.7%) and algae
(Diatom colony associated dsRNA virus 11; similarity = 34.2%). Likewise, we identified
three viruses in the families Narnaviridae and Tymoviridae that are most often associated

with fungi or plants (Table 4.1).
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Table 4.1 List of putative viruses discovered in this study and present in mite/mosquito hosts. Each viral sequence was compared with the NCBI non-redundant

(nr) database using DIAMOND BLASTX. Hosts are represented with letters corresponding to mites (K), mite-free mosquitoes (M) and mite-detached mosquitoes

(MK).
Virus name Contig name Length PI’OVI_SI_OHB_J Best hit in the NCBI/nr Similarity  E-value Host
classification
Smedsang BBQ05095.1 RNA-dependent RNA K M
bunya-like k119 16122 2250 Bunyavirales polymerase [Culex pseudovishnui 34.5 1.34E-100 M’K '
virus bunya-like virus]
Avesta bunva- QNS17451.1 RNA-dependent RNA K M
. - y k119 3430 1925 Bunyavirales polymerase, partial [Serbia bunya-like  57.4 2.84E-249 L
like virus virus 1] MK
- Bl it k119 4879 1754  Bunyavirales QGA70945.1 RNA-dependent RNA g 8.28E-286 M, MK
- polymerase [Salari virus]
Buska virus k119 17401 7663 Bunyavirales AJG39275.1 RNA-depenc_jent_RNA 39.4 0 K, M,
polymerase [Zhee Mosquito virus] MK
Gaddsjo Bunvavirales ANJ59510.1 putative RNA dependent
leishbunyaviru k119 11873 2442 nyaviral RNA polymerase [Leptomonas 80.7 0 M, MK
Leishbuviridae . .
S moramango leishbunyavirus]
Bunvavirales YP_009300680.1 RNA-dependent
Sater virus k119 979 13942 nya RNA polymerase [Shayang Spider 25.4 1.42E-278 K, MK
Nairo-like Virus 1]
. Jingchuvirales AP161887.1 RNA-directed RNA K, M,
FellEt e AT S0 ez Chuviridae polymerase [Chuvirus Mos8Chu0] o€ Y MK
Hede virus K119 2521 1378 Amgn!lqwrales YFf_009.179222.1 polyprotein [Xinzhou 31 2 07E-53 K
— Flaviviridae spider virus 2]
Broddbo Wolframvirales APG77272.1 RNA-dependent RNA
narna-like k119 1307 3122 o polymerase, partial [Wenling narna-like 35.9 6.23E-179 K
. Narnaviridae :
virus virus 6]
. AGW51768.2 putative RNA-dependent
Hytonnama- ;19 17g37 3149 ~ Wolframvirales o) holymerase-like protein 73.4 0 K, M,
like virus Narnaviridae MK

[Ochlerotatus-associated narna-like
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Based on the phylogenetic analysis, we identified several putative novel viruses in
mosquitoes and mites that shared close relationships to known RNA viruses within the
families Chuviridae, Flaviviridae, Metaviridae, Narnaviridae, Orthomyxoviridae,
Partitiviridae, Iflaviridae, Qinviridae, Quenyaviridae, Sedoreoviridae, Totiviridae and
Tymoviridae (Figure 4.1-4.5). Of particular note was a novel pestivirus, tentatively named
Hede virus, that exhibited ~31% amino acid sequence similarity to Xinzhou spider virus 2
previously discovered in spiders (Araneae), and the novel Kvarnon virus that shared ~51%
similarity to the errantivirus Aedes aegypti To virus 2 (Metaviridae) (Table 4.1, Figure
4.3B, Figure 4.4C) (Shi et al., 2016a). Similarly, we identified viruses related to members of
the Leishbunyaviridae and Nairoviridae within the order Bunyavirales, as well as members
of the Rhadboviridae, Lispiviridae and Xinmoviridae in the order Mononegavirales of
single-strand negative-sense RNA viruses (Figure 4.1). A small number of the novel viruses
identified here grouped with unclassified RNA virus sequences in the Bunyavirales and
Mononegavirales. Due to the limited similarity shared between the novel and known
viruses, we only recovered partial genome/replicase sequences encoding conserved
domains such as the RdRp and MTase, as well as segments encoding uncharacterized

proteins (Table S4.3, Figure 4.5).

Although the newly discovered Baggbo virus, Fullsta virus, Sala virus and Nedre virus
shared limited similarity with unclassified viruses (similarity = 39.2-42.7 per cent) (Table
4.1), we provided a broad taxonomic assignment for these viruses within the Sobelivirales,
Ellioviricetes and Pisuviricota (Table $4.2). Also of note was that the newly identified
viruses for which the taxonomic status could be assigned fell into distinct clades within
several families, helping to fill the gaps in the phylogenies of these groups. In other cases,
the putative viruses identified here are grouped together as sister taxa to each other. For
example, the Hallarsbo virus fell as a sister taxon to Morgongava virus (Qinviviridae) as
part of a clade of mosquito-associated viruses (Figure 4.2D), as did Malby virus and Bro
virus (Xinmoviridae) (Figure 4.1B). Finally, some of the newly identified viral sequences

occupied basal phylogenetic positions, such as Heby virus (Bunyavirales), which was a
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sister to a clade comprising the newly discovered viruses Smedsang bunya-like virus,

Avesta bunya-like virus, Buska virus and their closest known relatives in mosquitoes

(Figure 4.1A). Similarly, Sater virus (a Nairo-like virus) shared common ancestry with other

tick nairoviruses (Figure 4.1A).
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Figure 4.1 Phylogenetic relationships among the viruses found in this study and reference
sequences within the RNA virus orders (A) Bunyavirales and (B) Mononegavirales. Phylogenetic
trees were estimated using the Q.pfam+F+I+T"4 substitution model. Novel viruses are indicated
with blue tip points and hosts are represented with three-pack bars corresponding to mite (K;
yellow), mite-free mosquito (M; green), and mite-detached mosquito samples (MK; purple). Trees
are based on the amino acid sequences of the putative RdRp. Nodal support values > 80% SH-aLRT
and = 95% UFboot are denoted with yellow triangles at nodes. Scale bars indicate the number of
amino acid substitutions per site and the trees are mid-point rooted for clarity only. Host species

information (animal icons) is shown for the closest relatives of the novel viruses.

4.4.2 Composition and distribution of RNA viruses reveal host connectivity

To assess the differences in the virome composition between groups we determined
virus prevalence across all the sequencing libraries generated here. This revealed a similar
number of viruses present in M (n = 29), MK (n = 25) and K (n = 26) (Figure 4.6). Notably,
six viruses were specific to the mite (K) libraries, eighteen viruses were shared between
mosquitoes (M/MK) and mites (K), whereas five viruses were exclusively present in the
mite-free (M) libraries (Table 4.1, Figure 4.6). The shared viruses were classified within the
Chuviridae, Narnaviridae, Orthomyxoviridae, Partitiviridae and Quenyaviridae, as well as
those assigned to the orders Bunyavirales and Mononegavirales (Table 4.1, Figure 4.6).
Cross-reference between some MK and K pools was concordant with these results (Figure
$1). Within the Partitiviridae, Ormpussen galbut-like virus and Hundmyran chag-like virus
exhibited limited sequence similarity to galbut (similarity = 36%) and chaq virus (similarity
=~ 53%), respectively (Table 4.1). Remarkably, these viruses also co-occurred in most
libraries (7/10) (Figure 4.7, Figure S1). In general, we found at least four viruses per
library, with the exception of the mite-free mosquito library M3, which harboured

seventeen novel viruses (Figure 4.7).
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Although we expected that all viruses present in MK libraries (i.e. mosquitoes

previously infested with mites) would also be found in either M or K libraries, Kagbo

partiti-like virus was only recovered from a single MK library (Figure 4.6—4.7). In contrast,

we observed common viruses among host-specific libraries, such as Hallarsbo virus

(Qinviridae) and Kvarnon virus (Metaviridae) in mosquitoes and Baggbo virus

(Sobelivirales) and Hedemora virus (Mononegavirales) in mites (Table 4.1, Figure 4.7).

Only the putative Buska virus (Bunyavirales) was broadly distributed among most of the

libraries (17/24).
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Figure 4.2 Phylogenetic relationships among the viruses found in this study and reference

sequences within the RNA virus families (A) Narnaviridae, (B) Partitiviridae, (C) Totiviridae, (D)

Qinviridae, (E) Chuviridae and (F) Virgaviridae. Phylogenetic trees were estimated using the
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VT+F+1+G4 (Narnaviridae, Partitiviridae,Virgaviridae) and Q.pfam+F+1+I"4 (Totiviridae, Qinviridae,
Chuviridae) substitution models. Novel viruses are indicated with blue tip points and hosts are
represented with three-pack bars corresponding to mite (K; yellow), mite-free mosquito (M;
green), and mite-detached mosquito samples (MK; purple). Trees are based on the amino acid
sequences of the putative RdRp. Nodal support values 2 80% SH-aLRT and = 95% UFboot are
denoted with yellow triangles at nodes. Scale bars indicate the number of amino acid substitutions
per site and the trees are mid-point rooted for clarity only. Host species information (animal icons)

is shown for the closest relatives of the novel viruses.
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Figure 4.3 Phylogenetic relationships among the viruses found in this study and reference
sequences within the RNA virus families (A) Orthomyxoviridae, (B) Flaviviridae, (C) Picornaviridae
and (D) Reovirales. Phylogenetic trees were estimated using the VT+F+I+G4 (Flaviviridae,
Picornavirales and Sedoreoviridae) and Q.pfam+F+I+ I'4 (Orthomyxoviridae) substitution models.
Novel viruses are indicated with blue tip points and hosts are represented with three-pack bars

corresponding to mite (K; yellow), mite-free mosquito (M; green), and mite-detached mosquito
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samples (MK; purple). Trees are based on the amino acid sequences of the putative RdRp. Nodal

support values > 80% SH-aLRT and > 95% UFboot are denoted with yellow triangles at nodes. Scale

bars indicate the number of amino acid substitutions per site and the trees are mid-point rooted

for clarity only. Host species information (animal icons) is shown for the closest relatives of the

novel viruses.
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clarity only. Host species information (animal icons) is shown for the closest relatives of the novel

viruses.
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Figure 4.5 Schematic representation of protein domains found in the viral sequences identified in

this study. Putative novel viruses are grouped by virus family. Diagrams represent predicted ORFs

(grey), while domains are displayed as colored boxes (see legend). ORFs lacking conserved

domains are annotated (text labels) based on the closest hit in the BLASTX search. The question

marks (?) represent ORFs encoding hypothetical/unknown proteins. The ORFs size is shown as

number of nucleotides and each ORF is located along the contig according to the predicted

coordinates. Multiple segments of a virus are indicated by asterisks (*). GP: glycoprotein; HP:

hypothetical protein; CP: core protein; MTase: metyltransferase; NP: nucleoprotein; PA:
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polymerase acidic protein; PB2: polymerase basic protein 2; RdRp: RNA-dependent RNA

polymerase; RNase H: ribonuclease H; RT: reverse transcriptase.

4.4.3 Virus abundance levels suggest host-associations and virome connectivity between

mosquitoes and mites

We next assessed virus abundance for each newly discovered virus compared to host
gene markers (Figure 4.7). Accordingly, virus abundance varied from 1 to 47,863 RPM
(Figure 4.7). In contrast, the abundance of the reference mitochondrial gene marker Cox-1
was more stable across host-specific libraries, ranging between 40 and 307 RPM for
Mideopsis sp. and 43—348 RPM for A. communis. Importantly, reads from the mosquito
host were detected in all the libraries (Figure 4.7). Comparisons of virus abundances
between groups K, M and MK revealed no significant differences (KW = 2.68 p-value =
0.2617). We considered viruses with values > 1000 RPM (> 0.1% of ribosomal-depleted
RNA) to be highly abundant. For example, Hytton narna-like virus (Narnaviridae, RPM =
20-39,637) exhibited the highest abundance and was present across mite and mosquito
libraries (Figure 4.7). Nearly all viruses exclusively detected in mites showed very high
abundance levels, such as Baggbo virus (Sobelivirales, RPM = 84-10,251), which was highly
prevalent among K libraries (Figure 4.5 and 4.7). We were also able to identify some
viruses that were abundant in mosquito libraries but were still present in mites at
negligible levels, including Buska virus (Bunyavirales, RPM = 1-1,885), Osterbannback virus
(Partitiviridae, RPM = 1-3771) and Fallet virus (Chuviridae, RPM = 6-11,594), supporting
the idea that these viruses are likely more associated with mosquitoes (Figure 4.7).
Likewise, although both Kvarnon virus (Metaviridae, RPM = 6—19) and Hallarsbo virus
(Quinviridae, RPM = 2-93) were at low abundance, they were stably expressed and highly
prevalent in M libraries while scarce in K libraries. It is also notable that viruses restricted
to single libraries, such as Kagbo partiti-like virus (Partitiviridae, RPM = 125) and Disbo
virus (Totiviridae, RPM = 135) were at low abundance (Figure 4.7). Overall, these results

revealed differences in virus composition and abundance that might help demonstrate
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virus-host associations as well as connectivity (i.e. potential virus transfer) through the

host-parasite system.

K (n = 26) M (n =29)

MK (n = 25) %W

Figure 4.6 Comparison of the number of viruses shared between mites (K), mite-free mosquitoes
(M), and mite-detached mosquito libraries (MK). The total number of viruses is indicated for each
group. The size of the circle is proportional to the number of viruses identified in each host group.

Color coding is the same as in Figure 4.1-4.4.
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Figure 4.7 Overview of virus abundance quantified as reads per million (RPM). The newly discovered viruses are indicated on the y-axis. Abundance levels are

color-coded as a heat map as specified in the legend. The queried libraries corresponding to mite (K), mite-free mosquito (M) and mite-detached mosquito (MK)

are shown on the x-axis. Host abundance levels based on the Cox-1 gene marker are represented in the bottom panel.
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4.5 Discussion

Host—parasite relationships between mosquitoes and mites have impact on both arthropod
and ecosystem ecology. However, aspects such as host and parasite virome diversity and
composition, have largely been neglected within the mite-mosquito interaction. Here, we
provide an overview of the diversity of RNA viruses in these arthropods, comparing their virome
profile to investigate possible transfer events between both hosts. In line with previous studies
on arthropod viromes (C.-X. Li et al., 2015; Obbard et al., 2020; Pettersson et al., 2017; Shi et
al., 2016), we observed a high abundance of many diverse viruses, suggesting that many more
arthropod viruses remain to be discovered (Harvey & Holmes, 2022; Junglen & Drosten, 2013;

Shi et al., 2016).

Although mites are known to be vectors of some pathogens of medical and veterinary
importance for vertebrate hosts (Gubler, 1988; Hubalek et al., 2014; Mullen & O’Connor, 2019;
Weaver & Reisen, 2010; Yu & Tesh, 2014), these arthropods can also act as vectors of viral
agents to other arthropods. For example, Varroa mites (Varroa destructor) appear to mediate
transmission of KBV, SBV, and DWV to honey bees Apis mellifera (Shen et al., 2005). As a
consequence, the interaction between parasites and their hosts is also likely to lead to the
transfer of viruses. We investigated the virome of mosquitoes and their infesting mites to
reveal mosquito-mite interactions. A key result was that a number of viruses were commonly
present in both mosquitoes and mite samples (Figure 4.6), indicating that the transfer of
viruses is likely to occur when parasitic mites feed on dipteran hosts (Dolja & Koonin, 2018).
Further research is needed to assess whether these viruses are able to infect, replicate and
spread in both arthropod hosts, as opposed to being of dietary origin or infecting components
of the microbiome (Figure S4.3) (Obbard, 2018b). In the latter case, the presence of
partitiviruses, such as Ormpussen galbut-like virus and Hebron partiti-like virus, both widely
distributed among mite and mosquito samples, suggest the presence of common fungal and/or
protozoan microbiota (Figure 4.2B and 4.7). Nonetheless, we cannot definitively exclude
possible contamination with microorganisms present on the surface of arthropods or derived

from sample processing.
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The repertoire of putative viruses identified in this study spanned different viral families
previously reported in mites and mosquitoes (Table 4.1, Figure 4.1-4.4) (Chang et al., 2021;
Junglen & Drosten, 2013; Li et al., 2015; Shi et al., 2016). In particular, prior to this work there
were a relatively limited number of viruses recorded in mites that parasitize other arthropods,
representing the Chuviridae, Dicistroviridae, Iflaviridae and Rhabdoviridae families (Dietzgen et
al., 2014; Niu et al., 2019; Shen et al., 2005). Our results expand this virus diversity to include
viruses within the orders Sobelivirales, and Mononegavirales and the family Flaviviridae (Figure
4.1B, 4.3B, and 4.7). The occurrence of flaviviruses has been previously recorded in acarid
ectoparasites parasitizing natural bird populations (Kovalev & Yakimenko, 2021; Santillan et al.,
2015). In contrast, the highly divergent Hede virus (likely partial RdRp) found in mites was most
closely related to arthropod-specific long genome flaviviruses (Table 4.1, Figure 4.3B, Figure
4.5) (Paraskevopoulou et al., 2021), with related viruses documented in ticks (Tokarz et al.,
2014; Xu et al., 2022). Therefore, the presence of highly divergent viruses in mites suggests a

hidden diversity in Acari.

A key outcome of this study was the presence of viruses restricted to either mosquito or
mite libraries, which we hypothesized to correspond to host-specific viruses or those associated
with the host microbiota. For example, the presence of the Baggbo virus at abundant levels
across several K samples (Table 4.1, Figure 4.7), suggests that these arthropods might serve as
natural carriers of this virus. In contrast, Kvarnon virus, which was found at low abundance in
the majority of the M and MK libraries, yet not the K libraries, is presumed to derive from
symbionts in A. communis mosquitoes (Figure S4.3). However, due to the small sample size,

caution is needed in the formulation of definitive virus-host associations.

Insect-specific viruses (ISVs) in mosquitoes represent the Bunyaviridae, Sedoreoviridae,
Iflaviridae, Mononegavirales and Flaviviridae (Roundy et al., 2017). Bro virus (Xinmoviridae),
Nor ifla-like virus (Iflaviridae) and Berg reo-like virus (Sedoreoviridae), described here may also

constitute ISVs as they were found in high abundance and grouped with other viruses reported
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in mosquitoes (Figure 4.1-4.5) (Pettersson et al., 2019). In contrast, the novel totiviruses are
more likely to have a fungal or protozoan origin (Coatsworth et al., 2021; Fauver et al., 2016;
Wu et al., 2020) (Figure S4.3). Finally, among the set of newly discovered viruses, the broad
distribution of the Buska virus across most libraries (Figure 4.7) is consistent with that reported
for its closest match — Zhee mosquito virus in Coquillettidia richardii and Aedes spp. (Ohlund et
al., 2019). Together with the substantial variation in the abundance of Buska virus between
mite and mosquito libraries, we hypothesized that this bunyavirus might infect and replicate

well in A. communis mosquitoes.

Given the occurrence of Kagbo partiti-like virus in a single MK library and the lack of
detection in K and M samples, its true host-association is difficult to assign (Figure 4.2B and
4.7). Despite our thorough examination of the samples, it is possible that small remnants of
mouthparts contaminated with fungi or protozoa were still present in the M/MK libraries,
which may explain the sporadic occurrence of the novel Kagbo partiti-like virus. Conversely, the
presence of contaminant viral sequences might offer an alternative explanation (Porter et al.,
2021). It has previously been shown that contaminant viruses can not only be derived from
multiple sources, including specimen surface contamination, reagents, controls and cell culture,
but can also be introduced at any step in sample preparation and sequencing (Batson et al.,
2021a; Cobbin et al., 2021; Porter et al., 2021a). Interestingly, the closest relative to Kagbo
partiti-like virus (Figure 4.2B), has been reported in Culex modestus, Culex. vishnui, Culex.
tritaeniorhynchus, Culex. Quinquefasciatus, Culex. pipiens and Culex. torrentium and A. aegypti
from different geographic globally (Faizah et al., 2020a; Ohlund et al., 2019; Pettersson et al.,
2019; C. Shi et al., 2019; L. Wang et al., 2021) .

Previous work on arthropod viral transcriptomes strongly suggests that galbut and chaq
virus are associated with a satellite—helper virus system or are part of the same segmented RNA
virus (Batson et al., 2021; Cross et al., 2020; Shi et al., 2018; Webster et al., 2015), although key
aspects of the system are still poorly understood. In this context, the co-occurrence of the novel

partitiviruses Ormpussen galbut-like virus and Hundmyran chag-like virus distantly related to
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galbut virus and chaq virus-like sequences, respectively, which further supports the notion of an
existing relationship between these viruses, extending this association to more distant viral
relatives. It is important to note that we detected a similar pattern of co-occurrence for Hebron
partiti-like virus (Figure 4.7). This observation agrees with previous studies reporting the
presence of multiple partitiviruses in samples (Faizah et al., 2020b; Webster et al., 2015a),
although, based on the available data, we were unable to determine whether Hebron
partiti-like virus is specifically associated with Ormpussen galbut-like virus and Hundmyran

chag-like sequences.

It is also important to consider the co-occurrence of multiple virus taxa within libraries
regardless of the arthropod host (Figure 4.7). Accordingly, our analysis revealed a
heterogeneous diversity (i.e. composition and abundance) of RNA viruses within libraries. These
differences might reflect underlying interactions at the host—parasite—virus interface. Indeed
viral infection can shape host-parasite relationships by impacting ectoparasite virulence and
imposing differential selective pressures on the hosts in question (Di Prisco et al., 2016; Parratt
& Laine, 2016a). However, the interactions between viruses carried by the parasite host and the
base host have been poorly explored (Diaz-Mufioz, 2019), and viruses can also interact with
host microbiota (Altinli et al., 2021; Hahn et al., 2020; Jagdale & Joshi, 2018). Understanding the
implications of such symbiotic relationships in arthropods is therefore of importance (Altinli et

al., 2021).

4.6 Significance, limitations, and future directions

Our findings provide preliminary baseline evidence for understanding the structure of the
RNA virome in mosquitoes and their parasitic mites. A holistic understanding will require
research addressing open questions on such major topics as host associations and competence,
as well as the effect of virus infection on host biology. This study extends the current diversity
of RNA viruses in arthropods and provide high-resolution insights into the RNA viral

metagenome in the context of host-parasite interactions. Future research efforts should be
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addressed to determine the impact of these viruses on host-parasite relationships as well as the

ecological and evolutionary implications for this and other tripartite systems.

4.7 Supplementary Material

Supplementary data are available at Virus Evolution online.

Table S4.1. Summary of sample collection and pooling of mosquitoes and mites in this study.
Table $4.2. Summary of taxonomic assignment for the unclassified viruses identified in this
study using the RdRp-scan resource.

Table S4.3. Overview of completeness and quality of the viral sequences identified in this study.
Figure S4.1. Cross-reference between mite-detached mosquitoes (MK5-MK8) and mite (K5-K8)
pools. This information was only available for a limited number of pools. Links between groups
indicate the source of the mites used for pooling. Shared viruses are shown with colored circles
at intersections (see legend).

Figure S4.2. Comparison of Cox-1 gene abundance levels among libraries using different
reference sequences of Mideopsis sp.

Figure S4.3. Metagenomic characterization of group samples based on the number contigs
taxonomically assigned to the most common biological groups. Break points in the y-axis show

different scales for easy visualization of disparate values (S. Xu et al., 2021).
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5.1 Abstract

The endosymbiont bacterium Wolbachia is associated with multiple mutualistic
effects on insect biology, including nutritional and antiviral properties. Wolbachia
naturally occurs in Drosophila fly species, providing an operational model host to study
how virome composition may be impacted by its presence. Drosophila simulans
populations can carry a variety of Wolbachia strains, with the wAu strain associated with
strong antiviral protection under experimental conditions. We used D. simulans sampled
from the Perth Hills, Western Australia, to investigate the potential virus protective effect
of the Wolbachia wAu strain on individual wild-caught flies. Our data revealed no
appreciable variation in virus composition and abundance between Wolbachia
infected/uninfected individuals associated with the presence/absence of wAu. However, it

remains unclear whether wAu might impact viral infection and host survival by increasing
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tolerance rather than inducing complete resistance. These data also provide new insights
into the natural virome diversity of D. simulans. Despite the small number of individuals
sampled, we identified a repertoire of RNA viruses, including nora virus, galbut virus, thika
virus and La Jolla virus, that have been identified in other Drosophila species. Chaq virus-
like sequences associated with galbut virus were also detected. In addition, we identified
five novel viruses from the families Reoviridae, Tombusviridae, Mitoviridae and
Bunyaviridae. Overall, this study highlights the complex interaction between Wolbachia
and RNA virus infections and provides a baseline description of the natural virome of D.

simulans.

Keywords: Drosophila simulans , evolution , meta-transcriptomics , phylogeny , RNA

virome and Wolbachia

5.2 Introduction

The alpha-proteobacterium Wolbachia (order Rickettsiales) is a widespread
endosymbiont of arthropods and nematodes (i.e. filarial and plant-parasitic nematodes)
that can establish interactions with their hosts ranging from parasitic to mutualistic (Ross
et al., 2019; Zug & Hammerstein, 2015b). The genetic diversity of Wolbachia is substantial
and currently represented by 11 distinctive supergroups (denoted A-J), although the
majority of Wolbachia strains belong to supergroups A and B (Ros et al., 2009) that are
estimated to have diverged around 50 million years ago (Scholz et al., 2020). Although
these bacteria are commonly found in reproductive tissues and the germline of their
hosts, they have also been found in somatic tissues such as the brain, salivary glands and
gut (Dobson et al., 1999; Frydman et al., 2006; Strunov & Kiseleva, 2016; Tsai et al., 2004;
Zouache et al., 2009), such that understanding infection dynamics in detail is not a trivial
matter (Frydman et al., 2006). Wolbachia primarily spread by vertical inheritance through
transovarian transmission. However, the presence of Wolbachia in a diverse range of host

species suggests that horizontal transmission, likely through antagonistic interactions (i.e.
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herbivory, parasitism and predation), also contributes to the dissemination of the bacteria

in nature (Scholz et al., 2020; Turelli et al., 2018).

The occurrence of Wolbachia bacteria in insects is often associated with their
ability to manipulate host reproductive mechanisms and induce a range of alterations,
including parthenogenesis, feminization, cytoplasmic incompatibility and sex-ratio
distortion (O’Neill et al., 1997). Among these, cytoplasmic incompatibility is the most
common phenotypic effect, and as such represents an appealing approach for vector
population control. In this case, embryonic lethality is contingent on the infection status
and the strain type harboured by males and females (Ross et al., 2019). In addition, the
study of Wolbachia-host interactions has revealed a variety of mutualistic effects on host
biology (Iturbe-Ormaetxe & O’Neill, 2007; Zug & Hammerstein, 2015). For instance, in
filarial nematodes and the parasitoid wasp Asobara tabida, the presence of some
Wolbachia strains has been positively associated with developmental processes, fertility
and host viability (Dedeine et al., 2001; Hoerauf et al., 1999; Iturbe-Ormaetxe & O’Neill,
2007). Furthermore, nutritional mutualism between Wolbachia and the bedbug Cimex
lectularius as well as Wolbachia-infected planthoppers, has been suggested as a means to
explain B vitamin supplementation (Hosokawa et al., 2010; Ju et al., 2020; Nikoh et al.,

2014).

Arguably the most important outcome of Wolbachia infection in insects is its
potential for virus-blocking, which also provides a basis for intervention strategies based
on the control of arbovirus transmission. This seemingly antiviral effect of Wolbachia has
been well documented in some species of insects, including flies and mosquitoes. A
striking example involves the transinfection of Aedes aegypti mosquitoes with the
Wolbachia strain infecting Drosophila melanogaster (wMel). A. aegyptiis the primary
vector of a number of important arboviruses, including members of the species Dengue
virus, zika virus and chikungunya virus, and the establishment of the wMel strain in wild

mosquito populations represents a powerful and promising approach to decrease virus
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transmission (Moreira et al., 2009; Tantowijoyo et al., 2020). Although the underlying
mechanisms remain to be fully determined, it has been suggested that Wolbachia can
modify the host environment or boost basal immunity to viruses by pre-stimulating the
immune response of their hosts (Rances et al., 2012). Potential antiviral mechanisms
impacted by Wolbachia include gene expression of the Toll pathway, RNA interference,
and modification of the host oxidative environment that likely trigger an antiviral immune
response and hence limit infection (Rancés et al., 2012; Terradas et al., 2017; Zug &

Hammerstein, 2015a).

Unlike A. aegypti mosquitoes, Wolbachia naturally occur in Drosophila species,
providing a valuable model system to study Wolbachia-related virus protection (Martinez
et al., 2014; Teixeira et al., 2008). Natural populations of Drosophila can carry a diverse
array of insect-specific viruses belonging to the families Picornaviridae, Dicistroviridae,
Bunyaviridae, Reoviridae and Iflaviridae amongst others (Webster et al., 2015b). The co-
occurrence of Wolbachia in D. melanogaster has been associated with increased survival
and different levels of resistance to laboratory viral infections in fly stocks under
experimental conditions (Hedges et al., 2008; Teixeira et al., 2008). For example,
Wolbachia-infected flies containing the dicistrovirus Drosophila C virus (DCV) showed a
delay in mortality compared to Wolbachia-free flies (Hedges et al., 2008). In contrast,
other studies found no or limited effect of Wolbachia on viral protection, as well as on
virus prevalence and abundance in field-collected flies (Shi et al., 2018; Webster et al.,
2015b). Such contrasting data emphasize the need of further research efforts to

characterize the effect of Wolbachia strains on virus composition in Drosophila in nature.

Although the origin of D. simulans is thought to have been in East Africa or
Madagascar, this species now has a cosmopolitan distribution (Lachaise et al., 1988). In
Australia, D. simulans has been recorded along both east and west coasts as well as
Tasmania, with the earliest record dating to 1956 (Mather, 1960). Human mobility and

human-mediated activities have been associated with the introduction and spread of both
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D. simulans and Wolbachia into Australia, where wild fly populations occur near human
settlements, feeding and breeding on a variety of horticultural crops (Kriesner et al., 2013;
Parsons & Bock, 1979). Several Wolbachia strains from supergroups A and B can naturally
occur in populations of D. simulans (e.g. wAu, wRi, wHa, wMa and wNo) (Casiraghi et al.,
2005; Osborne et al., 2009b). From these, wAu is associated with strong antiviral
protection against Flock House virus (FHV) (Nodaviridae) and DCV (Dicistroviridae) under
experimental conditions (Osborne et al., 2009b). The wAu infection in Australia was one of
the first Wolbachia infections identified as showing no cytoplasmic incompatibility,
despite being widespread at a low to intermediate frequency (Hoffmann et al., 1996). wAu
increased in frequency along the east coast of Australia until it was replaced by wRi that
exhibits cytoplasmic incompatibility. However, unlike wAu, wRi has not yet reached the
Australian west coast (Kriesner et al., 2013). In this study, we used a meta-transcriptomic
(i.e. RNA shotgun sequencing) approach to determine the virome diversity of individual
field-collected D. simulans flies from Western Australia, and investigated how this virome

diversity might be impacted by the presence of the wAu strain of Wolbachia.

5.3 Materials and Methods

5.3.1 D. simulans collection and taxonomic identification

Flies used for the virus work performed here were collected at Raeburn Orchards in the
Perth Hills in Western Australia (Long. 116.0695, Lat. -32.1036) in July 2018 using banana
bait. The Wolbachia frequency at two other locations in the area (Roleystone, Long.
116.0701, Lat. -32.1396; Cannington, Long. 115.9363, Lat. -32.0243) was also established
with additional samples. Taxonomic identification to the species level was conducted
based on the morphology of reproductive traits of males and via DNA barcoding (cox1
gene marker). Field-collected flies were maintained at 192C under standard laboratory
conditions until F1 offspring were raised. Parental and F1 generations were then stored at

-802C until molecular processing.
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5.3.2 Wolbachia detection

Wolbachia infection of field females was determined using F1 offspring from each field
female. Note that wAu is transmitted at 100% from field females to the F1 laboratory
generation (Hoffmann et al., 1996). DNA extraction from heads was performed using the
Chelex 100 Resin (Bio-Rad Laboratories, Hercules, CA, USA) (Endersby et al., 2005) as
adapted in Shi et al. (Shi et al., 2018). Screening of natural Wolbachia infection was
conducted using a real-time PCR/ high-resolution melt assay (RT/HRM) and strain-specific
primers targeting a 340-bp region of the surface protein of Wolbachia (wsp) gene for wRi
and wAu strains. The assay was run following the protocol of Kriesner et al. (Kriesner et
al., 2013). In addition, reads were mapped to reference Wolbachia wsp gene sequences
for wRi (CP001391.1) and wAu (LK055284.1) with BBMap v.37.98 (minid=0.95) (available

at https://sourceforge.net/projects/bbmap/).

5.3.3 RNA extraction and meta-transcriptome sequencing

We screened a total of 16 individual flies to assess the effect of Wolbachia infection on
virome composition in D. simulans. Specimens were rinsed three times in RNA and DNA-
free PBS solution (GIBCO). Total RNA from individual flies was extracted using the RNeasy
Plus Mini Kit (Qiagen) following the manufacturer’s instructions. RNA-seq libraries were
constructed using a TruSeq total RNA Library Preparation Kit (Illumina). Host ribosomal
depletion was performed using a Ribo-Zero Gold rRNA Removal Kit (Human/Mouse/Rat)
(llumina) and paired-end transcriptome sequencing was performed on the HiSeq2500
platform (Illumina). Libraries from Wolbachia-negative and positive infected flies were run

in two | lanes.

5.3.4 De novo meta-transcriptome assembly and viral genome annotation

The overall quality assessment of reads was conducted in FastQC and Trimmomatic

(Bolger et al., 2014). A de novo assembly of RNA-Seq data was performed using MEGAHIT


https://sourceforge.net/projects/bbmap/
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v.1.1.3, with default parameters (Grabherr et al., 2011a). Assembled contigs were then
annotated through comparisons against the NCBI nonredundant (NCBI-nr) database using
DIAMOND v2.0.4 (Buchfink et al., 2015), with a cut-off e-value <1e-05. To identify protein-
encoding sequences, open reading frames (ORFs) were predicted in positive and reverse-
complement strands, with a minimum length of 600 nt between two stop codons using
the GetOrf program (EMBOSS) (Rice et al., 2000). Functional annotation was carried out
using InterProScan v5.39-77.0 (Zdobnov & Apweiler, 2001), and the HMMer software

(http://hmmer.org/) was used to perform sequence-profile searches against the Pfam

HMM database. To expand the de novo assembled contigs of known viruses, the reads
were mapped against reference genomic sequences. Provisional virus names were derived

from geographic locations in the Perth Hills, Western Australia.

5.3.5 Estimates of viral abundance

Viral abundance was assessed using the number of reads per million (RPM). This metric
guantifies the number of reads per million mapped to a given contig assembly over the
total number of reads. RPM values lower than 0.1% of the highest count for each virus
across samples were presumed to be index-hopping artifacts and excluded from the
remaining analyses (Le Lay, Shi, et al., 2020). To compare abundance levels, reads were
mapped to reference ribosomal and mitochondrial genes from Wolbachia (16S and cox1),
D. simulans (rpl32 and cox1), as well as against all the RNA viruses identified in the
annotation analyses. Mapping was performed using BBMap v.37.98 (minid=0.95)

(available at https://sourceforge.net/projects/bbmap/).

5.3.6 Sequence alignment and phylogenetic analysis

RNA viral sequences identified in D. simulans were compared with homologous reference
sequences retrieved from the NCBI GenBank database and aligned with MAFF v7.450 (E-

INS-1 algorithm) (Katoh & Standley, 2013c). Phylogenetic trees on these data were then


http://hmmer.org/
https://sourceforge.net/projects/bbmap/
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inferred using sequences of the conserved RNA-dependent RNA polymerase (RdRp) gene.
To this end, both the best-fit model of amino acid substitution and phylogenetic
relationships were estimated using the Maximum Likelihood (ML) (Felsenstein, 1981)
approach implemented in IQ-TREE v1.6.12 (Nguyen et al., 2015b). Nodal support was
estimated combining the SH-like approximate likelihood ratio test (SH-aLRT) and the
Ultrafast Bootstrap Approximation (Ufboot) (Hoang et al., 2018b). Redundant contigs with
over 99% amino acid similarity were excluded. For those libraries containing viruses that
were unlikely to be associated with Drosophila, taxonomic profiling and read mapping to
components of fly microbiome/diet were conducted using the CCMetagen software

(default settings) (Marcelino et al., 2020) and BBMap v.37.98 (minid=0.95).

5.3.7 Statistical analysis

The assumption of data normality was assessed by visual inspection and using
Kolmogorov-Smirnov (K-S) and Shapiro-Wilk’s tests. As the data was not normally
distributed, a Mann-Whitney-Wilcoxon test was used to compare the RNA virome
composition with respect to the presence/absence of Wolbachia. Comparisons were made
using raw and log-transformed data corresponding to RPM values (i.e. viral abundance) for
each library. All analyses were performed using R software package rstatix (available at

https://rpkgs.datanovia.com/rstatix/).

5.4 Results

A total of 272 female flies were wild-caught in the Perth Hills, Western Australia and
tested for Wolbachia infection through their F1s. The overall prevalence of Wolbachia was
63.6% (173/272), with frequencies at the three sampled locations varying from 54.8%
(Raeburn Orchard, N = 73) to 63.8% (Roleystone, N = 130) and 72.5% (Cannington, N = 69).

We randomly selected 16 flies from the Raeburn Orchard field females for individual


https://rpkgs.datanovia.com/rstatix/
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sequencing and RNA virus screening, representing eight Wolbachia-positive and eight

Wolbachia-negative specimens.

We identified the Wolbachia strain in D. simulans using sequence-specific primers
targeting the wsp gene. We further confirmed the occurrence of Wolbachia by mapping
the reads back to the wRi and wAu wsp genes. Most of the Wolbachia-infected flies
showed a median coverage >100 reads, number of mapping reads >40, and coverage
percentage >90% to the reference wAu strain, confirming that infected flies harbor wAu
rather than wRi. No reads mapped to the wsp gene for library RAPP88 (Table S5.1) despite

the positive infection status determined using a Wolbachia specific qPCR assay.

For comparison of virus diversity among libraries we mapped the reads of each
library to stably expressed genes: 16S and cox1 in Wolbachia and rp/32 and cox1 in D.
simulans. This provided an internal control to identify any effect on viral abundance due to
potential biases introduced during RNA extraction or library preparation. Although, as
expected, there was moderate variation in the abundance values, expression levels of
reference maker genes were relatively stable across libraries in both Wolbachia and D.

simulans (Figure 5.1).
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Figure 5.1 Comparison of the abundance levels of reference genes in Wolbachia-positive and

Wolbachia-negative individual D. simulans (rpl32 and cox-1) and Wolbachia sp. (16S and cox-1).

Overall, we detected nine viruses in the 16 individual D. simulans studied here, five
of which were novel (Figure 5.2). Specifically, four viruses shared high sequence identity at
the amino acid level (> 96%, e-value = 0.00E+00 - 4.2E-41) to the RdRp of known RNA

viruses, whereas the newly discovered viruses shared only between 32.6% to 62.6% amino
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acid identity to the best viral hit (e-value = 0.00E+00 - 1.4E-06) (Table 5.1, Table S5.4).
Similarly, phylogenetic analysis of the known virus sequences identified revealed close
relationships with known Drosophila-associated viruses: galbut virus (Partitiviridae), La
Jolla virus (Iflaviridae), thika virus (Picornaviridae) and nora virus (Picornaviridae) (Figure
5.3). In addition, we identified contigs related to “chaq virus-like” sequences (>85% amino
acid sequence similarity). The novel viruses identified, that did not share close
phylogenetic relationships to known viruses, were: Raeburn bunya-like virus
(Bunyaviridae), Araluen mito-like virus (Mitoviridae), Carmel mito-like virus (Mitoviridae),
Lesley reo-like virus (Reoviridae), and Cannin tombus-like virus (Tombusviridae) (Figure
5.3). Similarity searches against the NCBI/nr database showed that individual flies carried
multiple invertebrate-associated viruses from different virus families. For example, up to
six viruses were observed in a single wAu-negative library (RAPN56) (Figure 5.4, Table

$5.2).

Some of the newly discovered RNA viruses identified here were likely infecting
hosts other than D. simulans, and hence might be associated with the fly diet or
microbiome. Specifically, these viruses were closely related to Phytomonas sp. TCC231
leishbunyavirus 1 (in the case of Raeburn bunya-like virus), Leptomonas pyrrhocoris RNA
virus (Cannin tombus-like virus) and two mito-like viruses (Araluen mito-like virus and
Carmel mito-like virus) (Figure 5.3, Table $5.3), that are associated with trypanosomatid
protozoans and fungal hosts, respectively. In addition, taxonomic composition analyses as
well as read mapping to common components of Drosophila diet/microbiome revealed
that 0.1% and 0.05% of all non-rRNA reads mapped to fungi and trypanosomatids (cox-1
gene marker), respectively. Hence, multiple microorganisms were present within
individual fly libraries which may explain the occurrence of viruses not directly associated
with Drosophila (files available at https://doi.org/10.6084/m?9.figshare.c.5466690). In
contrast, Lesley reo-like virus is likely a bona fide arthropod virus since it grouped with
viruses previously detected in odonates and mosquitoes. In addition, it exhibited ~24%

nucleotide similarity with those reoviruses previously reported to be contaminants in
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Drosophila cell culture (Webster et al., 2015b). This suggests that Lesley reo-like virus is
not a component of known contaminants and more is likely part of the natural D. simulans
virome. The five newly identified viruses in this study corresponded to full or nearly
complete genomes (see below). However, for the majority of the known Drosophila
viruses we only were able to identify ORFs encoding the RdRp: the exceptions were La
Jolla virus and thika virus for which we also predicted structural components

corresponding to coat and capsid proteins.
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Figure 5.2 Comparison of viruses found in Wolbachia-positive and Wolbachia-negative D.
simulans. The thickness of links is proportional to the total abundance (RPM) of each virus across

the samples studied. The range of RPM values are represented with a star and circular shapes.
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Table 5.1 Summary of sequence similarity searches for viruses against the NCBI non-redundant database. Viral sequences listed below correspond to those

included in phylogenetic analyses.

Query sequence Library m‘;’z‘:;:’a Length (nt) Best match against the BLAST/nr database Similarity e-value
k119 3301_len12366_nora virus RAPP86 + 12366 AWY11063.1 putative replicase [Nora virus] 98.7 0.00E+00
k119 19486 len10256_La Jolla virus RAPN56 - 10256 AWY11061.1 putative polyprotein [La Jolla virus] 98 0.00E+00
k119 20553 len9231_thika virus RAPP86 + 9231 YP_009140561.1 putative polyprotein [Thika virus]  96.2 0.00E+00
k119 5914 [en9220_thika virus RAPN73 - 9220 YP_009140561.1 putative polyprotein [Thika virus]  97.1 0.00E+00
ASN64756.1 putative RNA-dependent RNA
k119 3227 len6958_Cannin tombus-like virus RAPN56 - 6958 polymerase, partial [Leptomonas pyrrhocoris RNA 44.6 1.80E-96
virus]
ASN64759.1 putative RNA-dependent RNA
k119 2329 len2049_Cannin tombus-like virus RAPP88 + 2049 polymerase, partial [Leptomonas pyrrhocoris RNA  48.4 3.80E-95
virus]
k119_4103_len1899_galbut virus RAPN73 - 1899 O A [ULEIE AR O IS N 96.7 0.00E+00

polymerase [Galbut virus]

k119 13353 _len1510_chaq virus RAPN79 - 1510 AWY11113.1 hypothetical protein [Chaq virus] 85.9 1.6E-153

APG79144.1 RNA-dependent RNA polymerase

k119 _2075_len4120_ Lesley reo-like virus RAPN73 - 4120 . . 48.6 0.00E+00
[Hubei odonate virus 15]
k119_10165_len2547 Carmel mito-like virus RAPN79 ; 2547 YP_009329842.1 RNA-dependent RNA polymerase 5, ; 2.0e-76
- - - [Hubei narna-like virus 24]
k119 273_len2671_Araluen mito-like virus RAPNS ; 2671 QDH87474.1 RNA-dependent RNA polymerase, 403 8.0E-96
- - - partial [Mitovirus sp.]
k119 22084_len2612_Araluen mito-like virus RAPNS ; 2612 QDH87474.1 RNA-dependent RNA polymerase, 432 2.36-103
partial [Mitovirus sp.]
k119_14037_len2615_Araluen mito-like virus RAPN56 - 2615 Ol M St G BT S SR 41.7 1.7€-98
- - - partial [Mitovirus sp.]
k119_14318_len2822_Araluen mito-like virus RAPNS6 ; 2822 QDH87474.1 RNA-dependent RNA polymerase, 38.1 9.7E-92

partial [Mitovirus sp.]
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Figure 5.3 Maximum likelihood phylogenetic trees of the viruses and virus-like sequences identified
from D. simulans. The phylogenies were inferred based on the amino acid sequences of the RdRp of six
virus taxonomic groups, whereas for chaq virus-like sequences we used a protein of unknown function.
Virus family trees were rooted with relevant outgroups that are indicated with grey tips. Order-level
trees and the chaq virus phylogeny (for which no suitable outgroup existed) were midpoint rooted.
Coloured arrow tips represent likely (A-B) Drosophila-associated viruses and (C) non-Drosophila-
associated viruses (i.e. that were more likely associated with a component of fly diet or microbiome).
Nodal support values greater than 80% (SH-aLRT) and 95% (UFboot) are indicated with white circular

shapes at the nodes. Branch lengths are projected using scale bars below each tree.

We next characterized the virome profile present in D. simulans in relation to the wAu infection
status (Figure 5.2, Table 5.1, Table S5.4). Accordingly, we identified a slightly higher number
(n=9) of viruses in Wolbachia-negative flies compared to Wolbachia-positive flies (n=6). Among
these, galbut virus, nora virus, thika virus, as well as three novel viruses identified in this study -
Raeburn bunya-like virus, Araluen mito-like virus and Cannin tombus-like virus - were present in
D. simulans regardless of Wolbachia infection. Likewise, “chaq virus-like” sequences were
observed co-occurring with galbut virus in the two groups of D. simulans. In contrast, La Jolla
virus, as well as the novel Carmel mito-like virus and Lesley reo-like virus, were only found in
wAu-negative flies. Overall, assembled viral contigs displayed high sequence similarity at
nucleotide and amino acid level within and between libraries and regardless of the

presence/absence of Wolbachia (Table $3.4).
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Figure 5.4 Representation of virome composition and abundance (RPM) across Wolbachia-positive and
negative libraries. Each library represents an individual D. simulans fly. All reads likely due to index-

hopping have been excluded.

We also assessed the potential effect of Wolbachia infection on the abundance of RNA
viruses present in wAu-infected and wAu-uninfected flies. Overall, the number of non-rRNA
reads represented ~50% of the total of reads (n= 743,389,696 pair-end reads) (Figure S5.1).
Furthermore, the RPM values among viruses infecting Wolbachia negative and positive infected
flies was highly heterogeneous, ranging from 47 to 232,346 and 7 to 37,688 virus RPM,
respectively. With the exception of thika virus, viruses present in both wAu-positive and wAu-
negative flies were 1.87 — 40.17-fold more abundant in the wAu-negative individuals than wAu-
positive D. simulans. In contrast, the abundance of Thika virus was 0.39-fold higher in the
Wolbachia-positive flies (Figure 5.3, Table $5.2). However, despite this variation in virus
abundance levels between groups, there was a non-significant difference between wAu-

negative and wAu-positive D. simulans (Mann-Whitney-Wilcoxon test; Figure 5.5). In the case
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of the viruses only detected in the wAu-negative flies, La Jolla virus was present in a single
library in moderate abundance (RPM = 378), whilst the newly discovered Lesley reo-like virus
was detected in 4/8 libraries (RPM = 3360 - 8749) (Table $5.2). Although an interesting result,
the limited sample size (n = 16) means that these observations should be taken with caution
and that larger sample sizes are needed for corroboration.

Infection status
® W(-) O w(+)

Raebumn Alauren Carmel Lesley Cannin

bunya-like virus mito-like virus  mito-like virus  reo-like virus  tombus-like virus thika virus
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Figure 5.5 Abundance distribution of six RNA viruses and the chaq virus-like sequences identified across
individual Wolbachia-positive and Wolbachia-negative D. simulans. A non-significant difference was

observed between Wolbachia-infected and uninfected flies using the Mann-Whitney U test.

5.5 Discussion

The occurrence and spread of Wolbachia infection has been widely documented in natural
populations of Drosophila (Kriesner et al., 2013; Turelli et al., 2018; Turelli & Hoffmann, 1991).

Indeed, D. simulans is commonly used as an experimental model to investigate the interactions
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within the tripartite Drosophila-Wolbachia-virus system. In Australia, D. simulans can be
naturally infected with two Wolbachia strains from supergroup A - wAu and wRi. While wRi has
been gradually displacing wAu in eastern Australia, reflected in the changing infection
frequencies in surveyed populations since 2004, D. simulans from the west coast of Australia
only harbor wAu (Kriesner et al., 2013). A simple and plausible explanation for this difference is
the geographic separation of D. simulans populations inhabiting the east and west coasts of
Australia and the challenging environmental conditions posed by the intervening desert

(Kriesner et al., 2013).

We corroborated the presence of Wolbachia infection across samples by identifying the
wsp, 16S and cox1 marker genes. The lack of reads mapping to the library RAPP88 might reflect
either low levels of wsp RNA molecules present in the input for library preparation or high
variability compared to the reference sequence. Although Wolbachia density was not
experimentally assessed, the similar levels of 16S and cox-1 abundance across libraries suggest

no appreciable biases in the library preparation and RNA sequencing steps.

Estimates from previous surveys showed that the frequency of the wAu strain in
Western Australia exceeded 50% in D. simulans (Kriesner et al., 2013). This is consistent with
the data provided here and suggests that Wolbachia might be present in a significant
proportion of the natural fly population, at least around Perth. Although wAu does not cause
cytoplasmic incompatibility, its spread is hypothesized to confer fitness advantages (increased
survival and/or reproduction) to the host, including antiviral protection (Mancini et al., 2020;
Ogunlade et al., 2020), that might favour its spread and prevent the bacteria from being
eliminated from D. simulans populations (Correa & Ballard, 2016; Kriesner et al., 2013).
However, our comparison of Wolbachia-infected and uninfected D. simulans in western
Australia revealed no clear effect of Wolbachia infection on virome composition and viral
abundance between Wolbachia infected/uninfected animals. Although our analysis is based on
a small sample of individual flies, the apparent absence of a Wolbachia-mediated virus

protection effect in natural D. simulans is compatible with previous findings on D. melanogaster
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naturally infected with wMel in eastern Australia (Shi et al., 2018), in which virus protection was
not observed regardless of the Wolbachia infection status and Wolbachia density. Even so, the
absence of a significant association between wAu infection and virus diversity does not
necessarily translate into a homogeneous effect of wAu on the different viruses identified here.
For example, it is plausible that the restricted presence of La Jolla virus and the newly identified
Lesley reo-like virus in Wolbachia-free flies could reflect some impact of antiviral protection in
D. simulans (Habayeb et al., 2009; Shi et al., 2018). Indeed, contrasting results were observed in
D. melanogaster, where La Jolla virus was widely distributed across different libraries (Shi et al.,
2018). Although this might provide insights into wAu-virus interactions, studies based on larger
sample sizes are clearly needed to determine whether the apparent association between La
Jolla virus and Wolbachia-uninfected flies observed here is an artefact due to small sample
sizes. Indeed, it is notable that La Jolla virus was so rarely detected in the D. simulans flies

studied here.

It has previously been shown that the wAu strain of Wolbachia has a protective role
against virus infection in D. simulans when flies are challenged with FHV and DCV in a
laboratory setting (Martinez et al., 2014; Osborne et al., 2009b). Moreover, the wAu strain is
protective against the dengue (DENV) and zika (ZIKV) viruses in Aedes aegypti mosquitoes (Ant
et al., 2018). Although our observation of an apparent lack of Wolbachia-mediated antiviral
protection contrasts with those obtained previously, it is likely that differences may depend on
Wolbachia-host species combinations and natural/artificial viral infections, which may also
explain the contrasting results for La Jolla virus. Indeed, most of the available studies have
documented the antiviral effect in transinfected insect hosts with non-natural Wolbachia
strains/viruses under laboratory conditions, as opposed to the study of the natural virome

undertaken here.

It is noteworthy that ecological variables such as temperature might impact Wolbachia-
virus-host interactions. Here, we collected flies during the Western Australian winter (mean

temperature of 21°C daylight time) and the specimens were maintained at 19°C under
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laboratory conditions. Lower temperatures have been associated with an increase in viral
resistance against DCV in D. melanogaster infected with wMel and wMelCS (Chrostek et al.,
2020). Similarly, variations in host developmental temperature have been associated with
differences in Wolbachia-mediated virus blocking in natural populations (Chrostek et al., 2020).
In this context, flies developed at lower temperature (18°C) exhibited a reduction in Wolbachia-
conferred antiviral protection. On the other hand, the presence of Wolbachia have been
hypothesized to influence host temperature preferences. For instance, wRi and wHo strains
seem to manipulate D. simulans flies to seek cooler temperatures (Hague et al., 2020).
Although the effect of temperature on wAu and D. simulans need to be tested, this suggests
that the results observed here as well as a protective scenario might be temperature-
dependent. This highlights the importance of careful future studies of the interactions within
the host-virus-Wolbachia system along with environmental factors in natural populations (Cao

et al., 2019; Fenton et al., 2011; Johnson, 2015).

As well as the small sample size, an important caveat of our work is that we explored
the Wolbachia-mediated virus protection in terms of virus abundance levels reflected in RPM
values. This provides insights into virus resistance, but not on tolerance or host survival. Thus, it
is still possible that Wolbachia is increasing tolerance to virus infection as have been
documented for DCV (Osborne et al., 2009b). In addition, although we were not able to assess
Wolbachia density, previous studies have shown that wAu is maintained at high-density in D.
simulans and has a role on virus blocking (Osborne et al., 2012). Further research is clearly
needed to assess these features in natural populations to determine any link with antiviral

protection.

Collectively, comparisons of the virome composition in wAu infected/uninfected D.
simulans showed the presence of natural and relatively highly abundant Drosophila associated
viruses in both groups (Palmer et al., 2018; Shi et al., 2018a; Webster et al., 2015). Consistent
with previous studies we noted the co-occurrence of chaq virus-like sequences and galbut virus,

supporting the idea that chag virus might be part of a satellite-helper virus system or an
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additional segment associated with galbut virus (Cross et al., 2020a; Shi et al., 2018). In addition
to insect-associated viruses, we identified viruses that are likely to infect other hosts and hence
were likely associated with components of D. simulans diet or microbiome (Ebbert et al., 2003).
For instance, novel viruses from the families Tombusviridae and Bunyaviridae were related to
virus in trypanosomatid protozoa (Leptomonas and Leishmania). Similarly, given their normal
host range distribution, the novel viruses from the family Narnaviridae might be associated
with fungal hosts. Evidence of trypanosomatids and fungi have been reported in the gut of
several species of Drosophila, with effects on larvae eclosion and pupation times (Ebbert et al.,
2003; Wilfert et al., 2011). This, in turn, highlights the extent to which Australian D. simulans
can be parasitized in nature (Chandler & James, 2013; Ebbert et al., 2001; Lemaitre et al., 1996;
Naranjo-Lazaro et al., 2014; Wilfert et al., 2011).

In sum, we provide a preliminary framework for assessing the effect of wAu strain on
the virome of D. simulans, using a meta-transcriptomic analysis of individual wAu-infected and
uninfected flies. In doing so we identified Drosophila-associated viruses along with five novel
viruses likely associated with fly diet or microbiome. Although our sample size is small, we saw
no detectable Wolbachia-associated antiviral effect on virus composition and abundance,
although the approach taken prevented us from drawing conclusions on virus tolerance.
Further research employing larger sample sizes over broad spatial scales, including different
Wolbachia-Drosophila combinations, will enable a more nuanced understanding of Wolbachia-

virus dynamics in wild Drosophila populations.

5.7 Supplementary Material

One supplementary figure and four supplementary tables are available with the online version

of this article.
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6.1 Abstract

Ticks harbour a high diversity of viruses, bacteria and protozoa. The soft tick Carios
vespertilionis (Argasidae) is a common ectoparasite of bats in the Palearctic region and is
suspected to be vector and reservoir of viruses and other microbial species in bat
populations, some of which may act as zoonotic agents for human disease. The Soprano

pipistrelle (Pipistrellus pygmaeus— Vespertilionidae) is widely distributed in Europe, where
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it can be found inside or close to human habitation. We used meta-transcriptomic
sequencing to determine the RNA virome and common microbiota in blood-fed C.
vespertilionis ticks collected from a Soprano pipistrelle bat roosting site in south-central
Sweden. Our analyses identified 16 viruses from 11 virus families, of which 15 viruses
were novel. For the first time in Sweden we identified Issuk-Kul virus, a zoonotic
arthropod-borne virus previously associated with outbreaks of acute febrile illness in
humans. Likely bat-associated and tick-borne viruses were classified within the families
Nairoviridae, Caliciviridae, and Hepeviridae, while other invertebrate-associated viruses
included members of the Dicistroviridae, Iflaviridae, Nodaviridae, Partitiviridae,
Permutotetraviridae, Polycipiviridae and Solemoviridae. Similarly, we found abundant
bacteria in C. vespertilionis, including genera with known tick-borne bacteria, such as
Coxiella sp. and Rickettsia sp. These findings demonstrate the remarkable diversity of RNA
viruses and bacteria present in C. vespertilionis and highlight the importance of bat-
associated ectoparasite surveillance as an effective and non-invasive means to track

viruses and bacteria circulating in bats and ticks.

6.2 Impact Statement

Bats and ticks are known vectors and reservoirs of diverse pathogenic and non-
pathogenic viruses, bacteria and protozoa. The Soprano pipistrelle is a common bat
species in Europe that is often parasitised by the soft tick Carios vespertilionis. Given that
both the bat and tick can be found in direct proximity to human habitation and are
associated with disease-causing zoonotic agents, we used meta-transcriptomic sequencing
to uncover the RNA virome and microbiota in ticks that had recently blood-fed off
Soprano pipistrelle individuals. In addition to identifying 15 novel viruses and several
abundant bacteria, we also detected Issuk-Kul virus, a zoonotic pathogen associated with

human disease. Our study not only expands our knowledge of bat-tick associated viruses
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and microbes, but also demonstrates the utility and importance of using ectoparasites to

non-invasive survey bats for known and novel viruses and bacteria.

6.3 Introduction

The soft tick Carios vespertilionis, formerly known as Argas vespertilionis (Ixodida:
Argasidae) (Mans et al., 2021), is a common ectoparasite of several bat species in Eurasia
and Africa (Petney et al., 2017a; Sdndor et al., 2021). This soft tick can be found inside or
surrounding bat roosts within caves, burrows, wall crevices, tree cavities and other places
associated with its hosts. Although, C. vespertilionis is a bat-specialist (Sandor et al., 2019),
it can incidentally feed on birds, domestic dogs and humans, and may thus be a vector of
zoonotic microorganisms and viruses (Jaenson & Wilhelmsson, 2021). During their life-
cycle, the larvae attach to the infested bat for 14—-31 days, while nymphs and adults feed

to repletion in about half an hour (Hoogstraal, 1985).

Bat species in the family Vespertilionidae, the largest within the Chiroptera, are
frequent hosts of C. vespertilionis. Among these, the Soprano pipistrelle (Pipistrellus
pygmaeus) is an important host species in the Western Palearctic. Pipistrellus pygmaeus is
widely distributed in Europe and it is known to congregate in colonies of several hundred.
Buildings serve as common sites for roosting while riparian and woodland habitats are
preferred for foraging (Davidson-Watts & Jones, 2006; Stone et al., 2015a). In Sweden, P.
pygmaeus occurs in the south and south-central parts of the country, where it is often
well-adapted to human habitations (Jaenson & Wilhelmsson, 2021). In the wild, the diet of
pipistrelle bats largely comprises flying Diptera and Lepidoptera. In the IUCN Red List P.
pygmaeus is classified in the Least Concern category, but roost destruction is a common

threat to this bat species (Stone et al., 2015b).

Bats are common reservoirs for zoonotic agents that can potentially be transmitted by

their ectoparasites (Lv et al., 2018b). C. vespertilionis has been recorded parasitising P.
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pygmaeus in Sweden (Jaenson et al., 1994; Jaenson & Wilhelmsson, 2021) and, although
evidence is currently lacking, are suspected to be vectors of bat-associated pathogens,
including viruses, bacteria, and protozoans. For instance, Borrelia bacteria, including
Borrelia afzelii, have been recorded from C. vespertilionis (Hubbard et al., 1998; Jaenson &
Wilhelmsson, 2021; Zabashta et al., 2019). Other tick-borne microorganisms recorded
from C. vespertilionis include Rickettsia spp., Ehrlichia spp., and Babesia spp. (Lv et al.,
2018a). However, a lack of virome studies means that only a limited number of viruses
have been detected in these ticks to date, including Issyk-Kul virus (ISKV; Nairoviridae),
Sokuluk virus (SOKV; Flaviviridae) and Soft tick bunyavirus (Alkhovsky et al., 2013; Oba et
al., 2016; Obsomer et al., 2013; Petney et al., 2017). Similarly, in the case of P. pygmaeus
only a few zoonotic viruses within the families Adenoviridae, Astroviridae, Coronaviridae

and Herpesviridae have been documented (Chen et al., 2014; Zhou et al., 2022).

The implementation of bulk RNA-sequencing (meta-transcriptomics) technologies has
revolutionised our understanding of the virome diversity and virus-host interactions in
nature (Ortiz-Baez et al., 2020; Shi et al., 2018a; Shi et al., 2016; Stark et al., 2019). In
particular, the use of meta-transcriptomics has revealed an enormous diversity of RNA
viruses in invertebrate species, as well as revealing ancestral evolutionary links to
vertebrate RNA viruses (Li et al., 2015; Zhang et al., 2018). Since there is limited
knowledge of the RNA virome of C. vespertilionis and P. pygmaeus, we investigated what
proportion of viruses present in the bat-tick system is either shared between this
ectoparasite and its bat host or is specific to each host type. To address this question, we
used meta-transcriptomics to determine the virome, as well as common non-viral tick-
borne microorganisms, associated with C. vespertilionis from a bat-box inhabited by P.

pygmaeus in south-central Sweden.
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6.4 Materials and Methods

6.4.1 Sample collection

Tick specimens of C. vespertilionis were collected in the mornings from 24 June to 4
August 2020 from a plastic tray placed on the ground below a man-made wooden bat-box
housing a colony of about 250-500 adult females and juveniles of P. pygmaeus located in
a garden at Snesslinge, province of Uppland, South-Central Sweden (60.19.567° N, 18.067°
E). The nursery bat house was made with eight-chambers with dark exterior surfaces to
increase attraction to bats (Tuttle et al., 2013). An electric heater was placed in a bat-
restricted area of the house for use during very cold nights. Extra holes were included in
the walls of the house to allow sufficient air circulation during hot summer days. The bat
house was located in an open part of the garden with a mixture of spruce and broad-leaf
trees. To minimise bats being attacked by predators, the house was placed on poles about
3.5 m above the ground. A total of 165 ticks, naturally detached from the bats, were
collected, placed in vials containing RNA later (Thermo Fisher Scientific) and examined
microscopically for ingested blood meal. Ticks were identified microscopically to species
level and developmental stage (larva, nymph or adult) based on their morphological
characters as previously described (Arthur, 1963; Filippova, 1966; Hillyard, 1996;
Hoogstraal, 1958; Yamaguti et al., 1971). The ticks were stored in RNA later at -28 °C for

4—-6 months and subsequently at -80 °C until molecular analyses.

6.4.2 Sample preparation and sequencing

Ticks were processed into 12 libraries, pooling between 3—24 individuals of different
developmental stages per library (Supplementary table S1). Tick samples were
homogenized using ZR BashingBead 0.1mm (Zymo Research, Irvine, CA, USA) for 180s
using a bench-top homogenizer (Tissuelyzer Il, Qiagen). Total RNA was extracted from the
homogenates using the ZymoBIOMICS DNA/RNA Miniprep Kit (Zymo Research) according

to the manufacturer’s instructions. Library preparation and ribosomal RNA (rRNA)
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depletion was performed using the Tecan Trio RNA-seq kit (NUGEN Technologies, Inc. CA,
USA), following the manufacturer’s protocol. Bulk paired-end RNA sequencing was

performed on the DNBseq platform by the Beijing Genomics Institute (BGl), Hong Kong.

6.4.3 Sequence data processing and assembly

Quality control of sequencing reads was performed with FASTQC (Andrews, 2010) and
summarized using the MultiQC tool (Ewels et al., 2016b). Reads were de novo assembled
into contigs using MEGAHIT v1.2.9 with default settings (D. Li et al., 2015). Assembled
contigs were compared against the NCBI non-redundant database (NCBI-nr) using
DIAMOND BLASTX with an e-value cut-off > 1E-4 (Buchfink et al., 2015). To provide an
overview of the viral and microbial composition in the ticks, taxonomic profiling was
performed using CCMetagen (Marcelino et al., 2020). Open reading frame (ORF)
prediction and protein translation were performed on contigs above 900 nt with the
getORF program (EMBOSS). ORFs were predicted as translation regions between STOP
codons (-minsize 600 -find 0). Proteins and conserved domains present the viral contigs
were annotated using InterProScan v5.52-86.0 and HMMER v3.3 (hmmscan program),
with default search parameters (Finn et al., 2011). To quantify virus abundance, we
filtered out ribosomal reads from Bacteria, Archaea and Eukarya using SortmeRNA v. 2.1b
(Kopylova et al., 2012), with the non-ribosomal reads then mapped to the virus contigs
with BBMap v37.98. Relative contig abundance was computed as the number of Reads Per
Million (RPM). To determine the prevalence of the viruses across the samples and avoid
false-positives, read counts lower than 0.1% of the highest abundance for each virus were
assumed as the result of index-hopping and removed. Virus abundance was put in context
of host gene abundance by comparisons with the mitochondrial 12S and 16S rRNA genes
that are stably expressed in C. vespertilionis and P. pygmaeus. Similarly, we used 16S and

18S rRNA genes to compare sequence abundance in bacteria and protozoa, respectively.

6.4.4 Microbiota profiling
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We focused on targeting the common bacteria and protozoan microbiota found in
ticks. To this end, we targeted the 16S rRNA gene for bacterial agents and 18S rRNA for
protozoans. When no ribosomal RNA genes were detected, unfiltered reads (i.e. prior to
rRNA filtering) were mapped against available reference sequences corresponding to
Anaplasma (NR_044762.1), Borrelia (NR_170496.1), Ehrlichia (MF069159.1), Escherichia
(NR_074902.1), Francisella (NR_074665.1), Rickettsia (NR_074394.1), Delftia
(NR_116495.1), Pseudomonas (NR_117678.1), Coxiella (NR_104916.1), Moraxella
(NR_104936.1), and Babesia (AB242176) as these are common tick microbiota
components or known mammalian pathogens (Sandor et al., 2021). The majority
consensus sequences were obtained from the most common nucleotides shared between
the overlapping reads that mapped to the reference sequences. Consensus sequences
were screened against the NCBI nr/nt and rRNA/ITS databases for validation. Further
verification of the quality of the rRNA sequences was performed using the Ribovore v1.0.2
software (Schaffer et al., 2021). When no rRNA gene contigs or other suitable marker
genes were detected, consensus sequences were only used for phylogenetic
contextualization. Abundance was estimated as RPM by mapping reads to the reference

sequences as described above.

6.4.5 Phylogenetic analysis

For each virus taxonomic group, amino acid sequences corresponding to the RNA-
dependent RNA polymerase (RdRp) were aligned to reference sequences available in
GenBank using the E-INS-I iterative refinement method implemented in MAFFT v7.487
software (Katoh & Standley, 2013). Accordingly, the 16S and 18S rRNA marker genes were
used for bacteria and protozoans as noted above. The best-fit model of amino acid (coding
sequences) and nucleotide (ribosomal sequences) substitution, as well as phylogenetic
relationships, were inferred using the Maximum Likelihood (ML) method available in IQ-
TREE v1.6.12 (Nguyen et al., 2015a). Tree node support was estimated with SH-aLRT and

the ultrafast bootstrap (UFBoot) (Hoang et al., 2018a). A total of 1000 replicates were run
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along the “bnni” option to limit branch support overestimation. Tree visualisation and
annotation was performed using the R packages ggplot2 (Wickham, 2016b) and Inkscape

v1.2 software.

6.4.6 Virus nomenclature
Novel viruses were provisionally named based on geographic locations within the area
(province of Uppland) where the Soprano pipistrelle and the soft tick C. vespertilionis are

known to occur.

6.5 Results

A total of 165 ticks (144 larvae, 12 nymphs and 9 adults) of C. vespertilionis, all with
visible blood in their guts, were collected from the roost of P. pygmaeus. We used a meta-
transcriptomics approach to reveal the RNA virome and bacterial components of bat-
associated C. vespertilionis ticks. In total, we generated ~846 million reads, of which ~101
million corresponded to non-ribosomal reads. Approximately 51,000 contigs were

assembled from the total of reads.

We detected a high diversity of RNA viruses and microbiota, corresponding to
bacteria and parasitic protozoa in the bat-ticks analysed. Overall, we identified 16 viruses
based on the identification of RdRp sequences, including 15 putative novel viruses within
the families Caliciviridae, Dicistroviridae, Hepeviridae, Iflaviridae, Nairoviridae,
Nodaviridae, Partitiviridae, Permutotetraviridae, Polycipiviridae and Solemoviridae (Table
6.1). Among these, we detected at least one bat-associated tick-borne arbovirus within
the Nairoviridae (Figure 6.1). The most abundant families were the Nairoviridae and
Hepeviridae, although the Polycipiviridae and Caliciviridae and Solemoviridae were
moderately abundant (Figure 6.1). Also of note, we detected three short viral contigs
(libraries D and E) that were highly similar to known bat paramyxoviruses

(Paramyxoviridae), as shown in the blastx similarity search and an associated phylogenetic
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analysis (Supplementary Figure S1, Table S2). Although we excluded all contigs shorter
than 900 nt (300 aa) from the analyses, we further characterized these contigs given the
likely bat origin and relevance to surveillance. Accordingly, the paramyxovirus-like
sequences (381-595 nt) covered different regions in the L protein, including conserved
motifs found in the RdRp [SRLF*RNIGDP] and the G-7-mTase [LSHP] domains. Similarly,
the contig partially covering the RdRp was assigned with ~36% similarity and 99.9%
confidence to the RdRp of the parainfluenza virus (Supplementary Figure S1, Table S2).
The full diversity of RNA viruses characterized in this study included two negative-sense
RNA viruses (-ssRNA), 12 positive-sense RNA viruses (+ssRNA) and one double-strand RNA
viruses (dsRNA). Likewise, the virus prevalence ranged from six to ten viruses detected per

tick library.



Table 6.1 Summary of novel and known RNA viruses identified in this study and their closest hits in the NCBI/nr database.
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Provisional

. : contig . AT Provisional
Contig Egmg/wrus length Best hit on the NCBI/nr database Similarity  E-value classification Pools
k99 1661 :?kag%i?jl!c'- 9766 UCS96400.1 hypothetical protein 1 [Riboviria sp.] 79.13 0.00E+00 Caliciviridae AI‘EP?LEGH
k99 2737 ﬁksepi)/i;julzlstro— 1290 QPG92983.1 polyprotein [Ohio dicistro-like virus] 65.6 1.28E-185 Dicistroviridae AB,C,G,JK
k99 7 Valo virus 4700 QIS88064.1 polyprotein, partial [Bulatov virus] 46.62 0.00E+00  Hepeviridae B CDEF,
k99_1852 a‘;‘;‘;" fla- 9948 ACH57393.1 polyprotein [Infectious flacherie virus] 36.5 0.00E+00 Iflaviridae EF,G,l
K99 2945 Ornas 677 QKW94197.1 RNA-dependent RNA polymerase, partial 54 1.07E-82 Iflaviridae 1.3
- iflavirus [Sacbrood virus]
Gimo ifla-like . . . .
k99_7939 ViTUS 706 AQY34458.1 polyprotein, partial [Rolda virus] 38.9 5.96E-35 Iflaviridae B
k99 1517 Gu_bbc_> 12421 AKC89355.1 RNA-de_pendent RNA-polymerase, partial 505 0.00E+00 NEfGYEEE A,D,E,F,G,H
- nairovirus [Artashat orthonairovirus] UKL
Issyk-Kul AKI29982.1 RNA-dependent RNA-polymerase protein S AB,CD,EF,
k99_1658 virus © 12288 [1ssyk-Kul virus] 99.7 0.00E+00  Nairoviridae GHIIKL
A YP_009337883.1 RNA-dependent RNA polymerase y -
k99 2267 Gravol virus 1074 [Hubei orthoptera virus 4] 42.8 1.29E-85 Nodaviridae F.G
ko9 1814  Bolkavirus 811 NP_077730.1 RNA dependent RNA polymerase protein ¢ o 2.33E-114  Nodaviridae AE
A [Nodamura virus]
k99_1453 Agalmavirus 751 YP_009342458.1 RdRp [Wuhan fly virus 5] 78.5 6.61E-135 Partitiviridae E
Snesslinge BBE15516.1 RNA-dependent RNA polymerase L
k99 43 virus 1299 [Osugoroshi virus 1] 73.9 7.22E-200  Partitiviridae B
k99_2789 Ladskar virus 909 AOC55066.1 polyprotein, partial [Niehaus virus] 70.8 1.64E-127 g:;m“t"te”a"'“ K
k99_543 Grasovirus 10048 ﬁg@ﬁﬁfe'l polyprotein, partial [Hammarskog picorna- g g 196E-110  Polycipiviidae "2 EGH
k99_1507 Dudero virus 919 QHA33683.1 polyprotein [Cacaos virus] 45.2 2.73E-68 Polycipiviridae B,F,.G
k99_3888 Ed virus 2639 QEM39297.1 RNA-dependent RNA polymerase 51 7.36E-149  Solemoviridae ~ VB.CEGH
[Humaita-Tubiacanga virus] 03K, L

¢= known virus
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6.5.1 Likely tick-borne and bat-associated virus families

We identified two viruses within the Nairoviridae, including one novel virus. The novel virus
was tentatively named as Gubbo nairovirus (GUBV) and exhibited the three segments typical to
nairoviruses. GUVB shared a limited amino acid sequence in similarity with Artashat
orthonairovirus based on comparison with the viral polymerase (aa %id = 50.5) (Table 6.1). We
also detected virus contigs corresponding to the large protein (L segment), glycoprotein (M
segment) and nucleoprotein (S segment) of the bat-associated Issyk-Kul virus (ISKV) (RdRp aa
%id = 99.7) (Figure 6.2). Both nairoviruses were detected in > 80% of the samples at high
abundance levels (Figure 6.1). As expected, these viruses grouped phylogenetically with other

known tick-borne and bat-associated viruses (Figure 6.3). In particular, GUBV was closely

related to bat nairovirus and Berlin bat nairovirus detected in organ tissues from European

vespertilionid bats. However, the short available sequences for these viruses (127-147 aa)

made it difficult to assign with certainty that these correspond to GUBV.

Gubbo nairovirus 1

Issyk-Kul virus 1

Valo virus 1
Harg calici-like virus 1
Aspo virus 1
Barko ifla-like virus 4

Ornas ifla-like virus 4

Bolka virus q

Ladskar virus 1

Graso polycipi-like virus 1
Dudero virus {

Ed virus 1

Agalma virus 4

Snesslinge virus 4

Gimo ifla-like virus 1

Gravol virus 1

(-)ssRNA

Hepeviridae

- Caliciviridae

- Dicistroviridae
~iflaviridae
-iflaviridae
-iflaviridae

-Naodaviridae

(+)ssRNA

-Nodaviridae
=Permutotetraviridae
Polycipiviridae

~Polycipivindae

- so‘lem ° erida °

=Partitriviridae

dsRNA

-Partitiviridae

Library

Nairoviridae
Nairoviridae *

RPM
>200K-320K
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>10K-100K
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Figure 6.1 Overview of virus abundance across each bat-associated tick library. Abundance is quantified

as the number of reads per million (RPM). RNA viruses are grouped according to the Baltimore

classification. Levels of virus abundance are categorized as high, moderate, and low, as shown in the
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legend. The bat silhouette indicates whether a virus has previously been identified in bats and only

applies to Issyk—Kul virus.

(+) ssRNA
Valo virus
Hepeviridae
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Caliciviridae
ORF1 - (>
Aspo dicistro-like virus
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Figure 6.2 Schematic representation of the open reading frames (ORFs) found for the RNA viruses

identified in the bat-tick libraries analysed. ORFs are shown as arrow-shaped boxes whose orientation

depends on the frames they were identified. Domains and segments are indicated as shown in the

legend. Only the RdRp domain is shown in the L segment of nairoviruses.
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A o
Hepeviridae

QRV11689.1 Bat hepevirus BtHEV-Ps1

YP 006576507.1 Orthohepevirus D

AQT40964.1 Chirohepevirus eptesici

QTE76057.1 Bat hepevirus DesRot

APA34844.1 Orthohepevirus A

ABM92902.1 Avian hepatitis E virus

AAC97208.1 swine hepatitis E virus

AED98521.1 Cutthroat trout virus

AVMB87263.1 Wenling fish hepevirus

AWB14594 Murine feces-associated hepe-like viru
QJI53783 Hepeviridae sp.

QQP18671 French Guiana hepevirus

AXJ14247.1 Rana hepevirus

QIS88064.1 Bulatov virus

QKK82915.1 Vovk virus

Valo virus k99 7_len4700

All01815.1 Tick borne tetravirus-like virus

A Barns Ness sponge hepe-like \
UHM27595 Sanya hepevirus 1

< QKQ15122 Forsythia suspensa hepe-like virus

NP 620109 Pariacoto virus
YP 009337883 Hubei orthoptera virus 4
Gravol virus k99 2267 _len1074
BAV60982.1 B pt xylophilt
I—- ADF97523 Alphanodavirus
AMO03241 Craigmillar Park virus
ADI48250.1 Bat guano associated nodavnms
1— AET07013 Di labrax
"5 BAB64329 Striped jack nervous necrosis virus
AEQ39075 Flock house virus
NP 689439 Boolarra virus
AMO03244 Newington virus
NP 077730 Nodamura virus
Bolka virus k99 1814 _len811
BCG55383.1 Carano virus
QOR29565.1 Bat associated nodavirus

¢ Nodaviridae

& Permutotetraviridae
QQP18759 Soybean thrips permutotetra-like virus 1
YP( Beihai like virus 2
QDH90593 Permutotetraviridae sp.
AF282930 1 Thosea asigna virus
YP 009665207 Thosea asigna virus
AF461742 1 Euprosterna elaeasa virus
AWY11097 Newfield virus
BB025553 Culex permutotetra~like virus
APG76969 Hubei permulotalra ~like virus 1
ACU32793 D i
QQD36920 Aedes permutotetra-like virus 1
Ladskar virus k99 2789_len909
AOC55066 Niehaus virus
APG76925 Shuangao permutotetra-like virus 1
QKN89003 Riboviria sp.
titanus like virus 1
4 QNJ60189 Alphapermutotetravirus sp.

“® Q156920

0s
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- T
Nairoviridae

YP 00955i600 Avalon virus
5380 Avalon Bres virus
AZBdQSSS Paramushir wrus
AMT75431 Tillamook vi
AMT75419 Sakhalin cnhonalvovuus
QIS88061 Taggert virus
AAR25663 CCHFV orthonairovirus
AIZM%HF\II:QIOM sheep dﬁsease virus

10°F

Gubbo nairovirus k99 1517 Ien|2421
A"N73378 Bat

QOL70864.1 Berlin bat nairovirus
IAKC89352 Artashat orlhonawowrus
BBM96689 Soft tick bunyaviru:
YP 009361838 Keterrah vnrus

AKCSQSI:! Uzun Agach virus
AKI29982 sgk
Issyk-Kul k 1658 Ien‘lZZBB

QOL70871 Prackenbach bat nairovirus
Gossas virus
BAP90965 Leopards Hill virus
QNS29866.1 Kasokero virus
® QFU19352 Tamdy virus

® Partitiviridae

YP 009351838 Pepper cryptic virus 2
YP 009551627 Melon partitivirus
ASY03272 Norway partiti-like virus 1

GZM! 6.1 Botryosphaeria dothidea partitivirus 1
553311 partitivirus 2
(‘ i partifivirus 1

UGZ04
VYP 009508065 Ci losrondlum arvum virus 1
A alma virus k99 %%3 n751 B
1342458 Wuhan fly vi

YP 009329875 Hubei rllll—llke virus 11
Snesslinge virus k99 43_len1299
BBE15516 Osugoroshi virus 1
APG78218 Hu ei partiti-like virus 48

QQO&NO S an thrips partiti-like virus 5
YP 00 Carrot crypﬂc virus
YP 138537 masya chem{‘ disease-associated mycovirus
' YP 009273018 Arabidopsis halleri parll(Mrus 1
YP 009508059 Crimson clover cryptic virus 2

P 009293586 Cannabis cryptic virus
YP 392480 Rosellinia necatrix partitivirus

F s
Solemoviridae

NP 736593 Sesbania mosaic virus
YP 009344991 Solanum nodiflorum mottle virus
NP 715627 Subterranean clover mottle virus
YP 006331061 Artemisia virus A
QIJ70036 Ryegrass mottle virus
—EMN89|76 Tulasnella barnavirus 1
AQM32773 Mushroom bacilliform virus
AGN49061 Maize yellow dwarf virus
YP 003915148 Cotton leafroll dwarf virus
AAU04781 Carrot red leaf virus
ABP68690 Cereal yellow dwarf virus
AAA72297 Pea enation mosaic virus 1
ANA11694 Alfalfa enamovirus 1
QEM39297 Humaita-Tubiacanga virus
QHA33876 Atrato Sobemo-like virus 4
Ed virus 3888_len2639
@ YP 009337145 Beihai sobemo-like virus 12

Figure 6.3 Phylogenetic relationships among the viruses identified in this study and representative

background sequences from relevant families of RNA viruses. (A) Hepeviridae (B) Nairoviridae, (C)

Nodaviridae, (D) Partitiviridae, (E) Permutotetraviridae, (F) Solemoviridae. The viruses obtained here are

indicated with green. In each case maximum likelihood trees are mid-point rooted for clarity and were

constructed based on the amino acid sequences of the RdRp. Nodal support values corresponding to SH-

aLRT >= 80% and UFboot >= 95% are displayed with orange diamonds on nodes. The scale bars are

shown at the bottom of each tree and represent the number of amino acid substitutions per site.
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Similarly, we identified one novel member from the Caliciviridae provisionally referred to as
Harg calici-like virus (HCAV), which was present in all the libraries at low to moderate
abundance levels (Figure 6.1). Phylogenetic analyses showed that HCAV grouped with the
unclassified Riboviria sp. virus and Clinch calicivirus (Figure 6.4, Supplementary Figure S2),
exhibiting above 79% similarity for the RdRp protein (Table 6.1, Figure 6.4) and 93.3% similarity
for the VP1 protein, respectively. Notably these viruses form a clade basal to taxa of different
genera in the Caliciviridae. For HCAV we identified the nearly complete genome (~ 9 kb),
including two ORFs encoding the RdRp and the major capsid protein VP1, respectively. Finally,
among the most abundant viral families, we identified one novel virus — Valo virus (VALV) —
belonging to the Hepeviridae that was well represented in all the libraries (RPM = 200—100K)
(Figure 6.1). Phylogenetically, VALV grouped with Bulatov virus and Vovk virus, previously
identified in ticks, although it only exhibited 42% aa sequence similarity to Bulatov virus in the
RdRp region as the closest blast hit (Table 6.1, Figure 6.2—6.3). As a caveat, abundance levels
might be underestimated for partial or shorter virus contigs since RPM estimates are influenced

by contig length.

6.5.2 Likely arthropod and tick microbiome-associated viruses

Among the newly discovered +ssRNA viruses in the Picornavirales, we identified three
iflaviruses (Barko virus, Ornas virus and Gimo virus), two polycipiviruses (Graso virus and
Dudero virus), and one dicistrovirus (Aspo dicistro-like virus). Moreover, we identified two
members of the Nodaviridae (Gravol virus and Bolka virus), one permutotretavirus (Ladskar
virus) and one solemovirus (Ed virus). For all the viruses with the exception of Graso polycipi-
like virus and Barko virus, we only detected the viral RdRp gene (Figure 6.2). These viruses were
most closely related to other arthropod-associated viruses in the different viral families (Table
6.1, Figure 6.3-6.4), and were present in low to moderate abundance in the tick libraries
analysed. Barko virus, Graso polycipi-like virus and Ed virus were found in higher abundance,
while only Graso polycipi-like virus and Ed virus were present in all the libraries (Figure 6.1).
With respect to the dsRNA viruses, we identified two novel partitiviruses corresponding to

Agalma virus and Snesslinge virus based on the presence of a viral RdRp signal (Table 6.1,
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Figure 6.2). Both viruses were present in a limited number of tick libraries (2/12) at low

abundance levels (Figure 6.1). The closest relatives were partitiviruses previously found in

insects, including the Wuhan fly virus 5 and Osugoroshi virus 1 (aa %id = 73.9—-78.5) (Table 6.1,

Figure 6.3).

A .
Picornavirales

Iflaviridae
—
T
————
— Dicistroviridae

T ————— 4
L
e -
*— Marnaviridae

=

lE, . Picornaviridae
—————

Polycipiviridae

D

Dicistroviridae [" QFO38072.1 Procambarus clarkii dicistro-like virus
# QHD64741.1 Plasmopara viticola associated dicistro-like virus 1

€ QKF95576.1 Lindernia crustacea dicistrovirus

YP .1 Wenzhou virus 28
£ QPG92983.1 Ohio dicistro-like virus
@ Aspo virus k99 2737_len1290
4 ASM93979.1Caledonia beadlet anemone dicistrolike virus 1

# ASM93984.1 Caledonia beadlet anemone dicistrolike virus 2

# ASM93982.1 Millport beadlet anemone dicistrolike virus 1

& AZR39355.1

® YP .1 Apis dici:

@ AVP71827.1 i i dici irus 2

& ASM94061.1 Barns Ness breadcrumb sponge dicistrolike virus 1
€ QW70022.1 Gungahlin Chrysomya dicistrovirus
—{_‘—‘:‘- QKF95572.1 Leibnitzia anandria dicistrovirus
¥ ASM93986.1 Caledonia beadlet anemone dicistrolike virus 3
_:iwmml Human bloodassociated dicistrovirus

01

Polycipiviridae
74.1 Linepil humile polycipivirus 2

.1 C shohki virus 1

.1 Li humile ipivirus 1

'YP 009407949.1 Myrmica scabrinodis virus 1

'YP 009407905.1 Lasius neglectus virus 1

L—————@YP 009407937.1 Solenopsis invicta virus 4

l-—oomamaen Hammarskog picorna-like virus
l—Q(Srasc virus k99 543 _len10048

HA33683.1 Cacaos virus

IDudero virus k99 1507_len919
'YP 009337404.1 Hubei picorna-like virus 81

UHM27535.1 Sanya polycipivirus 1
02

c
Caliciviridae

AAP83356.1 Bovine enteric calicivirus
AF414426 1 Norwalk-like virus
AWI67137.1 Bat norovirus
AAF13919.1 Human calicivirus
ACV32645 Norovirus
AVL25887.1 Rhinolophus pusillus norovirus
KU712496.1 Bat calicivirus BtCalV/BS58/HUN/2013
AVM87543.1 Beihai rabbitfish calicivirus 2
AVMB87197.1 Beihali fish calicivirus

.1 Wenling kalanus
UCS96400.1 Riboviria sp.

QVW10130.1 Bat calicivirus
AAT39861.1 Porcine enteric sapovirus
BAO20940 Sapovirus
BAE93012 Swine enteric calicivirus
NP 786896 Vesicular exanthema of swine virus
AFZ40060.1 Reptile vesivirus

AAC16445 Canine vesivirus
QIS62439 Rabbit hemorrhagic disease virus

01

. YP 009047245.1 Lymantria dispar iflavirus 1
Iflaviridae YP 009116875.1 Thaumetopoea pityocampa iflavirus 1
7.1 Antheraea mylitta iflavirus
VP 009002581.1 Antheraea pernyi iflavirus
YP 009026409.1 Heliconius erato iflavirus
YP 009344960.1 Helicoverpa armigera iflavirus
QHI42120.1 Rondonia iflavirus 1
YP 009337003.1 Hubei picomalike virus 26
AYU66736.1 Laodelphax striatellus iflavirus 1
4 AUE23905 1 Tnbol-um castaneum iflavirus
INI22011.1 Langfang leafhopper iflavirus
0KO|5|24 1 Amygdalus iflaviridae
QIJ56901.1 Scaphoideus titanus iflavirus 1
VP 009553259 1 Psammotettix alienus iflavirus 1

88075427 1 Ixodes scapularis iflavirus
AQZ42314.1 Ixodes holoc‘clus iflavirus
BBK20270.1 Haemaphysalis flava iflavirus
OHDB4752 1 Plasmopala vmla associated iflavirus 1

—
_{ 8 PYP 009552080 1 Yongsan iflavirus 1

QIJ70025.1 llea iflavirus
QBP37020.1 anpyns noctiluca iflavirus 2
784.1 Yonago Culex iflavirus
0NM37B|0 1 Frankliniella occidentalis associated iflavirus 1
QNM3! associated iflavirus 1

iflavirus

tenuis iflavirus 1

AVH76848.1 Bee iflavirus 1
QGW51140.1 Aedes vexans iflavirus
BBQ04783.1 Isahaya Culex iflavirus
YP 009444707.1 Choqua rﬂav-ms
exigua iflavirus 2

—vp YP 009361829. l Diamondback moth iflavirus
QBP37019.1 Lampyris noctiluca iflavirus 1
AQY34458 Rolda virus
Gimo virus k99 7939_len706
QLJ83497.1 Fitzroy Crossing iflavirus 1
Ornas vlrus k99 2945_len! 577

Sacbrood vir
4 PD13905 1 Xysticus cnsmus iflavirus
QKQ15125.1 carnea iflaviridae
© QGL51726.1 Vespa velulma associated ifla-like virus
1 Spodoptera exigua iflavirus 1
YP 009165593.1 Opslphmes invirae iflavirus 1
* ACHS57393.1 Infectious flacherie virus
Barko virus k99 1852 _len9948
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Figure 6.4 Phylogenetic relationships among the viruses identified in this study and representative
background sequences within the Picornavirales. The family clades extracted from the order-level tree
correspond to the (A) Polycipiviridae (B) Caliciviridae, (C) Discistroviridae, (D) Iflaviridae. The viruses
obtained here are indicated with green-tip labels. In each case maximum likelihood trees are mid-point
rooted for clarity and was constructed based on the amino acid sequences of the RdRp. Nodal support
values corresponding to SH-aLRT >= 80% and UFboot >= 95% are displayed with orange diamonds on
nodes. The scale bars are shown at the bottom of each tree and represent the number of amino acid

substitutions per site.

6.5.3 Common microbiota in C. vespertilionis

An analysis of the microbial composition of C. vespertilionis revealed the presence of highly
abundant tick-borne bacteria genera (~35-66% of total contigs; taxonomy profiles available at
figshare: 10.6084/m9.figshare.21550899), including members of the Rickettsia, Delftia and
Coxiella, which were present in all the libraries screened (Figure 6.5, Supplementary Figure
$6.3). These bacteria exhibited > 97% similarity at the 16S rRNA gene to Rickettsia conorii,
Delftia lacustris and Coxiella burnetii, respectively (Supplementary Table S6.3, Figure 6.6A). In
particular, the Rickettsia identified here grouped with Rickettsia species classified in the spotted
fever group (SFG), including R. conorii, R. africae, R. slovaca and R. parkeri. The phylogenetic
analysis based on the outer membrane protein A (ompA) gene suggested a close relationship to
R. parkeri within the spotted fever group (~ 99% nt similarity) (Figure 6.6B). In the case of
Coxiella, we observed close relationships with other microbiota in Ornithodoros capensis and
Carios capensis ticks (Figure 6.6). C. vespertilionis ticks also harboured other highly prevalent
bacteria similar to Escherichia fergusonii and Moraxella osloensis, although these were
detected at much lower abundance levels, and placed as divergent taxa in the phylogenetic tree
(Figure 6.5-6.6, Supplementary Table $6.3). We did not detect members of the genera
Anaplasma, Borrelia, Ehrlichia, Francisella and Babesia that were also included in the

preliminary screen.
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Figure 6.5 Overview of bacteria abundance across each bat-associated tick library. Abundance is
quantified as the number reads per million (RPM) based on the 16S gene. Host expression was assessed
using the genes 16S and 12S C. vespertilionis and P. pygmaeus, as indicated with the animal silhouettes.

The bottom panel shows the size across each tick library.



L36101.1 Rickettsia australis
A L36099.1 Rickettsia akari
L28944.1 Rickettsia sp.
AF394906 Rickettsia asiatica
LC379487 Rickettsia helvetica
} AF141908 Rickettsia sp.
¥08783 Rickettsia moreli
NR 115686 Rickettsia monacensis strain IrR/MTnich
LC379490 Rickettsia tamurae
F U15162.1 Rickettsia canada
AF503168 Candidatus Rickettsia tarasevichiae
_§ M21789.1 Rickettsia prowazekii strain Breinl
U12463.1 Rickettsia typhi Wilmington
L36216.1 Rickettsia rhipicephali
U74757.1 Rickettsia aeschlimanni
L36214.1 Rickettsia massiliae strain Mtul
LC379489 Uncultured Rickettsia sp.
AF178037 Rickettsia heilongjiangensis strain HLJ-054
L36213.1 Rickettsia japonica strain YM
LC379488 Uncultured Rickettsia sp.
L36217.1 Rickettsia rickettsii
L36224.1 Rickettsia slovaca strain 13-B
L36220.1 Rickettsia sp. strain TT-118
[—— Consensus Rictkessia C. vespertilionis
AF541999 Rickettsia conorii strain Malish 7
Ll L36673.1 Rickettsia parkeri
L36098.1 Rickettsia africae
L36218.1 Rickettsia sibirica strain 246
D38624.1 Rickettsia tsutsugamushi strain Kato
M73222.1 Ehrlichia chaffeensis

NR 025569.1 Escherichia albertii

MN133962 Shigella flexneri strain NKD2 10-2B

HQ591457 Shigella sonnei strain DYB9

NR 104826 Shigella sonnei strain CECT 4887

NR 074902.1 Escherichia fergusonii ATCC 35469

MR 114079.1 Escherichia fergusonii strain NBRC 102419

‘consensus Escherichia C. vespertilionis

Q993869 Escherichia coli strain WP2

NR 136472.1 Escherichia marmotae strain HT073016

MK791711 Escherichia coli 0157 strain PAK/UVAS/PATH/SA417

NR 146667.2 Enterobacter mori strain YIM Hb-3

0.005

AY302438 Delftia tsuruhatensis
{ MF289504 Delftia sp.

—— EF440607 Delftia sp.

f— GQ464395 Uncultured Delftia sp.
— KU376501 Delftia acidovorans

MNR_116495 Delftia lacustris

Delftia C.

GQ994938 Delftia sp.

NR_157013 Delftia rhizosphaerae

r KX350209 Delftia sp.
—l: INB52948 Delftia sp.
NR_108843 Delftia litopenaei
,— MW599741 Comamonas fluminis
AB021418 C

0.009

terrigena
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RMUB3445 Rickettsia massiliae

RSUB3438 Rickettsia BAR-29
RRUB3450 Rickettsia rhipicephali
RMUB3447 Rickettsia montana
AHO13412 Rickettsia peacockii strain Skalkaho
RSUB3454 Rickettsia slovaca

RPUB3449 Rickettsia parkeri

Rickettsia sp. k99_4458_len529 C. vespertilionis
RSUB3455 Rickettsia sibirica

AY665613 Rickettsia mongolotimonae

RRU43804 Rickettsia rickettsii
TTU43809 Thai tick typhus rickettsia
RAU43790 Rickettsla africae
RHU43796 Rickettsia HA-91
RCU46918 Rickettsia conorii

ON600650 Candidatus Rickettsia jingxinensis
RIU43795 Rickettsia japonica

ON159998 Candidatus Rickettsia colombianensi

KP994836 Coxiella endosymbiont of Rhipicephalus evertsi
i KP994833 Coxiella endosymbiont of Rhipicephalus decoloratus
KP994832 Coxiella endosymbiont of Rhipicephalus bursa
..[ 1X432011 Uncultured Coxiella sp.
| kp99as11 Coxiella endosymbiont of Dermacentor marginatus
- EU143670 Uncultured Coxiella sp.
| AY342035 Haemaphysalis longicornis
1JQ764626 Bacterium symbiont of Haemaphysalis lagrangei
HQ287535 Bacterium symbiant of Haemaphysalis shimoga clone HSKY-3
MGB71184 Uncultured Coxiellaceae bacterium
LT548051 Uncultured Coxiella sp.
KP994826 Coxiella endosymbiont of Ixodes ricinus
KP94775 Coxiella endosymbiont of Omithodoros capensis
KF913919 Coxiella symbiont of Carios capensis
consensus Coxiella C. vespertilionis
NR 104916 Coxiella burnetii strain ATCC VR-615

LT009434 Uncultured Coxiella sp.

EF114360 Coxiella sp.
EF413063 Coxiella cheraxi strain TO-98

RRU11021 Rickettsia rickettsii

DQ156148 caprae
r’— AF005188 Moraxella cuniculi

AF005182 Moraxella bovis
DQ153089 Moraxella bovoculi
AF005187 Moraxella caviae
AB087260 Moraxella oblonga
AJ269511 Moraxella canis
AF005185 Moraxella catarrhalis
AF005160 Moraxella lacunata
L Aro05184 Moraxella equi
AF005181 Moraxella nonliquefaciens
AJ417490 Moraxella lincolnil
AF005192 Moraxella phenylpyruvica
DQ156147 Moraxella boevrei
| NR 104936 Moraxella osloensis strain A1920
AF005190 Moraxella osloensis
AF005191 Moraxella atlantae

=

JN082543 Uncultured Acinetobacter sp.

0.04

Figure 6.6 Phylogenetic relationships among the bacterial sequences identified in this study and

representative background sequences. The phylogenetic placement of Rickettsia was assessed by

comparing 16S rRNA (A) and ompA (B) genes, whereas 16S rRNA consensus sequences were used for (C)
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Escherichia, (D) Coxiella, (E) Delftia and (F) Moraxella. Bacteria consensus sequences are highlighted in
each tree. In each case maximum likelihood trees are outgroup rooted. Nodal support values
corresponding to SH-aLRT >= 80% and UFboot >= 95% are displayed with yellow circles on nodes. The
scale bars are shown at the bottom of each tree and represent the number of nucleotide substitutions

per site.

6.6 Discussion

Ticks naturally harbour a highly diverse array of viruses, bacteria and protozoans. Since
ticks are obligately hematophagous, these parasitic arthropods might also carry the viruses and
microbiota of their hosts acquired during the blood meal (Allan et al., 2010). The natural history
traits of bat ticks raise important questions on how the viral and bacterial diversity of ticks is
shaped by bat blood meals. In addition, ticks parasitising bats are of particular interest given
that bats are thought to be a natural reservoir for pathogens of veterinary and public health
concern (Letko et al., 2020b). Consequently, ticks might also act as vectors of pathogens
circulating in bats, posing a risk for the health of animal populations, including humans. Thus,
investigating the diversity of RNA viruses and bacteria in bat-associated ticks could provide a

strategy for regular active surveillance of bat-borne zoonoses.

Our analysis of the bat-tick C. vespertilionis virome revealed the family Nairoviridae
(Bunyavirales) as the most abundant and prevalent in the libraries of recently blood fed ticks
(Figure 6.1). Similar findings have been reported in recent metagenomic studies on different
tick and host species across a variety of geographic locations (Blomstréom et al., 2020; Z. Liu et
al., 2022; Wille et al., 2020; Z. Xu et al., 2022), suggesting that ticks might be competent hosts
and vectors for the replication and transmission of nairoviruses in nature. Among the members
of the Nairoviridae found here, we identified ISKV (Atkinson et al., 2015a; Lvov et al., 1973), a
zoonotic virus associated with outbreaks of acute febrile illness in humans. ISKV virus was
originally discovered in Central Asia in the 1970s, but has recently also been recorded in
Germany (Brinkmann et al., 2020; Kohl et al., 2021a; Lvov et al., 1973). The virus was first

identified in a Nyctalus noctula bat, although its host range has been expanded to other bat
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species (Brinkmann et al., 2020; Kohl et al., 2021a; Lvov, 2019; Lvov et al., 1973; Walker et al.,
2015). Similarly, there are reports of ISKV detected in C. vespertilionis (Lvov et al., 1973; Walker
et al., 2015). Herein, we demonstrate for the first time the presence of ISKV at high abundance
levels in bat-ticks in Sweden (Figure 6.1). From our current knowledge, there are no reports of
ISKV in P. pygmaeus bats. However, the presence of ISKV in recently blood fed C. vespertilionis
bat-ticks, as well as in other vespertilionid bats, make it plausible that this virus also occurs in P.

pygmaeus.

The recent detection of the novel Gubbo nairovirus (GUBV) at similar abundance levels to
ISKV is compatible with the notion that it might be both a tick-borne and bat-associated virus
(Figure 6.1). This is also supported by the close relationship of GUBV to other nairoviruses
isolated from European bats, suggesting that it might also be able to infect P. pygmaeus bats.
Since GUBV is distantly related to Artashat orthonairovirus, it might represent a new species
within the Nairoviridae together with bat nairovirus and Berlin bat nairovirus (Table 6.1, Figure
6.3). Notably, our analysis of the abundance, prevalence, and host range of GUBV is limited to a
small number of tick samples (Figure 6.1, Supplementary table S1). Similarly, we cannot
exclude the possibility of high viral loads in viraemic bat hosts. Comparative research targeting
unfed questing tick and bat samples separately could help test these hypotheses more
rigorously. The zoonotic potential and public health significance of GUBV for animal populations
similarly merits additional investigation. In combination with previous research (Atkinson et al.,
2015b; Brinkmann et al., 2020; Vargina et al., 1982), our results support the hypothesis that

these ticks might serve as vectors and/or potential reservoirs for these nairoviruses.

Although we did identify paramyxovirus-related sequences in the data generated here
(Figure S6.1, Supplementary table S6.2), they were not included in our analyses due to the
limited length of the contigs. It should be noted, however, that paramyxoviruses have been
reported in Pipistrellus species (Chua et al., 2001; Kohl et al., 2021a; Kohl et al., 2021b; Rizzo et
al., 2017; Van Brussel & Holmes, 2022). That we only recovered a few short paramyxo-like

sequences from bat-associated ticks might indicate low viral loads in the blood meal (Kurth et
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al., 2012), and bat urine and faeces may be more suitable samples for the detection of these

viruses (Chua et al., 2001; Kohl et al., 2021b; Rizzo et al., 2017).

The presence of newly discovered +ssRNA virus members within the Caliciviridae and
Hepeviridae is consistent with previous research on bat-borne and tick-borne viruses. A few bat
caliciviruses (sapoviruses and unclassified viruses) have been discovered in European
vespertilionid bats (Kemenesi et al., 2014; Lazov et al., 2021), although there are no
corresponding reports of viruses in P. pygmaeus (Chen et al., 2014; Zhou et al., 2022). The
calicivirus identified in this study (HCAV) was highly divergent and unrelated to other bat
caliciviruses, with its closest relative an unclassified virus found in reptile faeces (RdRp,
MZ375209) (Figure 6.4). Notably, there is no current evidence of ticks carrying caliciviruses or
playing a role on their transmission. Based on the divergent phylogenetic position of HCAV, it
might represent a member of a new genus within the family Caliciviridae, although establishing
a definitive association with vertebrate/invertebrate hosts is uncertain. In contrast, the novel
hepevirus VALV is suspected to be associated with the tick virome was most closely related to
Bulatov virus and Vovk virus that have been associated with the virome of Ixodes uriae ticks
from the Antarctic peninsula (Pettersson et al., 2020; Wille et al., 2020). In addition, the high
prevalence and abundance of VALV in all the libraries tentatively suggests that the virus
replicates in ticks (Figure 6.1). Finally, although some hepeviruses have been detected
circulating in bats (Drexler et al., 2012; T. Kobayashi et al., 2018; B. Wang et al., 2017), our

study lacks data to assess if VALV has any association with transmission or disease in bats.

As expected, a considerable fraction of the tick virome corresponded to viruses associated
with invertebrates. This included virus families such as the Iflaviridae, Nodaviridae,
Solemoviridae and Partitiviridae, previously identified in the virome of different tick species
(Harvey et al., 2019; D. Kobayashi et al., 2020; Pettersson et al., 2017; Vandegrift & Kapoor,
2019; Xu et al., 2022). We also found members of the Dicistroviridae, Permutotetraviridae and
Polycipiviridae that are likely infecting the bat-ticks. Indeed, the dominance of Graso

polycipi-like virus (Polycipiviridae) and Ed virus (Solemoviridae) in the tick libraries might
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indicate the efficient replication of these viruses within this arthropod species, although this
will need further research. Similarly, the occurrence of Partitiviridae in C. vespertilionis is
compatible with studies suggesting that partitiviruses can possibly infect arthropods (Cross et
al., 2020; Pettersson et al., 2017; Shi et al., 2018; Xu et al., 2022), as well as fungi and protozoa
in these ectoparasites. However, we were not able to definitively determine the host of these
viruses. Previous research on C. vespertilionis has been largely focused on targeting tick-borne
viruses of public health relevance (Palomar et al., 2021; Walker et al., 2015), with the RNA
virome as a whole largely unexplored. As such, our work provides a baseline for the study of

RNA viruses in C. vespertilionis.

It has previously been shown that C. vespertilionis can harbour a repertoire of bacterial and
protozoal species (Moustafa et al., 2022; Socolovschi et al., 2012; Zhmaeva et al., 1966). We
identified sequences related to the most common microbial agents in bat-ticks, some of which
are of particular interest due to their high abundance (Figure 6.5-6.6, Supplementary Table
$6.3). For instance, our data revealed the presence of Rickettsia sp. in C. vespertilionis collected
in Sweden, corroborating previous reports in Europe (Lv et al., 2018a; Socolovschi et al., 2012).
Although we were unable to provide a species level classification based on the 16S rRNA and
ompA genes, the close relationship to Rickettsia species, and in particular to R. parkeri, in the
SFG might constitute a risk for vector-borne zoonotic disease. Rickettsial infections with some
species within the SFG have been associated with pathogenicity in humans (Lv et al., 2018a;
McBride et al., 2007; Nilsson et al., 2010). For instance, R. parkeri is an emergent tick-borne
pathogen and the causative agent of R. parkeri rickettsiosis in America (Moo-Llanes et al., 2021;
Silva-Ramos et al., 2021). Similarly, in Sweden, infections with R. helvetica and R. felis have
been associated with severe clinical manifestations, including meningitis (Lindblom et al., 2010;
Nilsson et al., 2010). In contrast, It has been shown that Rickettsia could play a role in the
provision of folate in Ixodes pacificus ticks (Hunter et al., 2015). The range of interactions
between Rickettsia and C. vespertilionis remains uncertain, as does their pathogenic potential
for bat hosts (Socolovschi et al., 2012). Likewise, Rickettsia spp. have been reported in bat

tissue samples collected from vespertilionid bats (Matei et al., 2021; S. Zhao, Yang, et al., 2020).
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Therefore, whether bacterial infection can impact bat health or whether bats contribute to the

maintenance of Rickettsia spp. in nature merits investigation (S. Zhao, Yang, et al., 2020).

We also reported the co-occurrence of bacteria such as Delftia sp. and Coxiella sp. (Figure
6.5-6.6). Delftia sp. have been reported as core bacteria in the microbiome of Dermacentor
variabilis (Travanty et al., 2019). Given the high abundance and prevalence of Delftia sp. in the
tick libraries, a similar situation might exist for C. vespertilionis (Moustafa et al., 2022). An
earlier study documented the presence of Coxiella burnetii, the aetiological agent of Q fever, in
C. vespertilionis ticks collected from Asia (Zhmaeva et al., 1966), although many Coxiella species
are considered obligate and associated with nutritional and reproductive roles in ticks (Bonnet
et al., 2017; Bonnet & Pollet, 2021a; Khoo et al., 2016; T. A. Smith et al., 2015; Zhong et al.,
2007). General questions that remain are whether ticks act as vectors or reservoirs (or both) of
all these agents, and what extent the blood meal and the environment contribute to the viral

and bacterial composition in bat-ticks.

Overall, we provide new insights into the viral and bacterial diversity associated with C.
vespertilionis ticks in Sweden. The presence of dominant and underrepresented viruses and
bacteria warrants further research into the nature of bat-tick interactions and how these
impact viral and microbial transmission. Additional vector competence studies are required to
demonstrate that C. vespertilionis ticks can become infected when feeding on an infectious host
and maintain the pathogen such that it is capable of being transmitted to an uninfected,
susceptible host (Estrada-Pefia et al., 2021). Despite the small sample size, our study
demonstrates that bat-tick surveillance provides an effective and non-invasive means to detect
bat and tick-borne microorganisms circulating in bat roosting habitats. These results reinforce
the notion of protecting the natural environment of bats and minimizing human exposure to
bat/tick habitats to prevent zoonotic spillover events (Plowright et al., 2017; Sokolow et al.,

2019).
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Table $6.1. Number of individuals and developmental stages of bat-ticks included in this study.

Pools # Individuals Stage
A 3 Adults

B 3 Adults

© 3 Adults

D 4 Nymphs
E 4 Nymphs
F 4 Nymphs
G 24 Larvae
H 24 Larvae

| 24 Larvae
J 24 Larvae
K 24 Larvae
L 24 Larvae

Table S6.2. Detection of paramyxo-like viral sequences and their closest hits in the NCBI/nr

database.
. Contig . RIS Provisional

Contig length Best hit on the NCBI/nr database Similarity E-value classification Pool

k99_5075 381 A polymerase, partial [Bat 78.4 1.34E-63 Paramyxoviridae D
paramyxovirus]

k99 3206 487 AIF74192.1 polymerase, partial [Bat ¢ g 3.95e-44  Paramyxoviridae D
paramyxovirus]
AGU69459.1 large protein, partial

k99 8678 595 [Miniopterus schreibersii 51.5 1.39E-54 Paramyxoviridae E
paramyxovirus]

Table S6.3. Overview of the closest BLAST hits in the NCBI/16S rRNA database for the bacterial

consensus sequences generated in this study.

Best hit on the NCBI/nr database Sequence length  Similarity E-value
Rickettsia conorii strain Malish 7 16S ribosomal RNA, ®

partial sequence 1498 97.39% 0.00E+00
Coxiella burnetii strain ATCC VR-615 16S ribosomal RNA, o

partial sequence 1465 97.14% 0.00E+00
Delftia lacustris strain 332 16S ribosomal RNA, partial 1534 99.13% 0.00E+00
sequence

Mor_axella osloensis strain A1920 16S ribosomal RNA, 1522 92 78% 0.00E+00
partial sequence

Escherichia fergusonii ATCC 35469 16S ribosomal RNA, 1542 99 47% 0.00E+00

complete sequence
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Supplementary figures are available at at https://figshare.com/s/e5f49f80f6c906e519cd

Figure S6.1. Phylogenetic relationships among the putative paramyxovirus identified in this
study and representative sequences within the Paramyxoviridae. The virus sequence detected
in this study is shown in bold green in the tree and indicated in the aa alignment of the RdRp
region (top-right). Only conserved positions are shown in the alignment. The maximum-
likelihood tree is mid-point rooted for clarity and was constructed based on L protein amino

acid sequences (source: https://talk.ictvonline.org). Protein structure homology modelling is

shown in the bottom-right panel. Nodal support values corresponding to SH-aLRT >= 80% and
UFboot >= 95% are displayed with orange diamonds on nodes. The scale bars are shown at the

bottom of each tree and represent the number of amino acid substitutions per site.

Figure S6.2. Phylogenetic relationships among the calici-like virus identified in this study and
representative sequences within the Caliciviridae. The novel virus obtained here is shown in
bold green. The maximum-likelihood tree is mid-point rooted for clarity and was constructed

based on reference sequences of the VP1 protein (source: https://talk.ictvonline.org). Nodal

support values corresponding to SH-aLRT >= 80% and UFboot >= 95% are displayed with orange
diamonds on nodes. The scale bars are shown at the bottom of each tree and represent the

number of amino acid substitutions per site.

Figure S6.3. Map coverage plots for the 16S rRNA gene of the bacteria detected across libraries

of Carios vespertilionis (panels A-L).

The sequencing reads and viral sequences identified in this study were deposited at the
Sequence Read Archive (SRA) database under accession numbers SAMN29627891—
SAMN29627902 (Bioproject: PRINA838788) and GenBank database (OP514647—0P514662;
OP804625-0P804628; OP782089-0P782093; OP857220).
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Background: Wildlife species carry a remarkable diversity of trypanosomes. The detection
of trypanosome infection in native Australian fauna is central to understanding their
diversity and host-parasite associations. The implementation of total RNA sequencing
(meta-transcriptomics) in trypanosome surveillance and diagnosis provides a powerful
methodological approach to better understand the host species distribution of this
important group of parasites.

Methods: We implemented a meta-transcriptomic approach to detect trypanosomes in a
variety of tissues (brain, liver, lung, skin, gonads) sampled from native Australian wildlife,
comprising four marsupials (koala, Phascolarctos cinereus; southern brown bandicoot,
Isoodon obesulus; swamp wallaby, Wallabia bicolor; bare-nosed wombat, Vombatus
ursinus), one bird (regent honeyeater, Anthochaera phrygia) and one amphibian (eastern
dwarf tree frog, Litoria fallax). Samples corresponded to both clinically healthy and
diseased individuals. Sequencing reads were de novo assembled into contigs and
annotated. The evolutionary relationships among the trypanosomatid sequences
identified were determined through phylogenetic analysis of 18S rRNA sequences.
Results: We detected trypanosome sequences in all six species of vertebrates sampled,
with positive samples in multiple organs and tissues confirmed by PCR. Phylogenetic
analysis indicated that the trypanosomes infecting marsupials were related to those
previously detected in placental and marsupial mammals, while the trypanosome in the
regent honeyeater grouped with avian trypanosomes. In contrast, we provide the first
evidence for a trypanosome in the eastern dwarf tree frog that was phylogenetically
distinct from those described in other amphibians.

Conclusions: To our knowledge, this is the first meta-transcriptomic analysis of
trypanosomes in native Australian wildlife, expanding the known genetic diversity of these
important parasites. We demonstrated that RNA sequencing is sufficiently sensitive to
detect low numbers of Trypanosoma transcripts and from diverse hosts and tissue types,
thereby representing an effective means to detect trypanosomes that are divergent in

genome sequence.
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7.3 Introduction

Trypanosomes are haemoprotozoan parasites that infect a wide range of animal taxa
(Jakes et al., 2001; Mackie et al., 2017; Pinto et al., 2006). Endemic Australian fauna is a
susceptible target for trypanosome infection, and several studies have revealed a
remarkable diversity of trypanosomes in Australian wildlife (Barbosa et al., 2017; Cooper
et al., 2018; Hamilton et al., 2005; Jakes et al., 2001; Thompson et al., 2014). This includes
more than 15 species of exotic and endemic trypanosomes as well as several unclassified
species (Cooper et al., 2017; Thompson et al., 2014). While some Trypanosoma species are
associated with serious disease (Botero et al., 2013; Godfrey et al., 2018), others play an
undetermined role in the health of their hosts. For instance, the native trypanosomes
Trypanosoma copemani and T. vegrandis have been associated with population declines

of woylies (Bettongia penicillata) in Western Australia (WA) (Botero et al., 2013; Godfrey
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et al., 2018). It is likely that a similar phenomenon extends to other marsupial species,
highlighting the need for continued surveillance (Cooper et al.,, 2017; Mclnnes et al.,

2011).

To date, most trypanosome surveillance has been directed toward screening
Australian mammals (i.e. bats, marsupials, monotremes, and rodents). Marsupials, in
particular, have been widely screened, allowing the identification of several trypanosome
species (e.g. T. copemani, T. irwini, T. gilletti) (Mclnnes et al., 2009, 2011; Paparini et al.,
2011; Thompson et al., 2014). However, trypanosome infection has also been detected in
other Australian vertebrate wildlife such as amphibians, birds, fish and reptiles (Cooper et
al., 2017; Mackerras & Mackerras, 1961; O’Donoghue & Adlard, 2000). Moreover,
trypanosomes have been detected in hematophagous invertebrates that become infected
while feeding on infected vertebrate hosts and which may act as parasite vectors (Kreier,
2013; Spodareva et al., 2018). For example, in Australia, trypanosomes have been found in
both aquatic leeches and ticks (Hamilton et al., 2005; Harvey 2019; Krige et al., 2019).
Other invertebrates such as lice, culicid mosquitoes, sand-flies, and tabanid flies are also
believed to be potential trypanosome vectors (Argafiaraz et al., 2001; Bartlett-Healy et al.,
2009b; Fermino et al., 2019b; Ferreira et al., 2008; Nuttall, 1908; Svobodova et al., 2017;
Svobodova & Radrova, 2018). However, because incidental infection during feeding is not
necessarily associated with vector competence, further research is needed to determine
the role of these haematophagous invertebrates in trypanosome infection and

transmission (Cooper et al., 2017; Krige et al., 2019).

Multiple trypanosome species have been documented in Australian wildlife. For
example, surveillance in marsupials recorded up to five species (T. irwini, T. gilletti, T.
copemani, T. vegrandis and T. noyesi) in koalas (Barbosa et al., 2017), with similar results
in woylies and the southern brown bandicoot (Godfrey et al., 2018; Paparini et al., 2011).

In addition, the monitoring of Australian mammals has shown that Trypanosoma spp. are
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present in animals sampled on the east and west coasts of Australia, as well as Tasmania
(Thompson et al., 2014). Despite this, there are clear gaps in sampling, and it is likely that
trypanosomes are widespread across the Australian continent and in mammalian species

(Thompson et al., 2014).

Diagnosis of Trypanosoma infection largely relies on microscopy and a variety of
molecular techniques (Hutchinson & Stevens, 2018). PCR-based Sanger sequencing of
genetic markers constitutes the gold-standard for molecular diagnosis of Trypanosoma,
including the 18S rRNA gene in the small subunit rRNA (SSU), and the region encoding the
glycosomal glyceraldehyde phosphate dehydrogenase (gGAPDH), an enzyme involved in
the glycolytic pathway (Hamilton et al., 2004). In recent years, a number of studies have
implemented amplicon-based next-generation sequencing (NGS) to reveal the genetic
diversity of trypanosomes in Australian marsupials (Barbosa et al., 2017; Cooper et al.,
2018). In comparison with conventional methods, NGS is able to detect low copy number
of trypanosome sequences and target multiple genes with both high-throughput and
accuracy. In addition, the development of meta-transcriptomics (i.e. bulk RNA sequencing)
has enabled the detection and quantification of the transcripts expressed in the intra- and
extracellular environments, including those derived from trypanosomes and other
pathogens (Galen et al., 2020a), and hence represents an increasingly valuable diagnostic

tool (Shakya et al., 2019; Stark et al., 2019c; Z. Wang et al., 2009).

Herein, we employed, for the first-time, a meta-transcriptomics approach as a
method for the identification and surveillance of Trypanosoma in wildlife, screening
different tissues from a variety of native Australian species. From this, we identified
trypanosomes in several vertebrate groups from New South Wales (NSW) and Tasmania

(TAS), including the identification of a divergent Trypanosoma in an amphibian species.
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7.4 Materials and Methods

7.4.1 Sample collection

Most samples in this study were collected by the Australian Registry for Wildlife Health
(ARWH) during monitoring surveys of wildlife, as well as from road-kill cases in NSW. The
bare-nosed wombats were derived from road-kill in southern Tasmania. Following
dissection, all tissue samples were stored at -80 °C until molecular analysis (Table 7.1). In
total, we analysed 17 samples from different Australian native animal species, including
four marsupials (koala, Phascolarctos cinereus; southern brown bandicoot, Isoodon
obesulus; swamp wallaby, Wallabia bicolor; bare-nosed wombat, Vombatus ursinus), one
bird (regent honeyeater, Anthochaera phrygia) and one amphibian (eastern dwarf tree
frog, Litoria fallax). The amphibian specimen corresponded to a male diagnosed with
severe, multisystemic, chronic trypanosomiasis (Additional file 1: Figure S$7.1) and
presumptive testicular Myxobolus-like infection. All individuals were identified to the
lowest taxonomic level. Our sample set contained both healthy and diseased individuals

(Table 7.1).

7.4.2 Sample processing

In brief, total RNA was extracted from a variety of sample tissues (Table 7.1) using the
RNeasy® Mini Kit (Qiagen) according to the manufacturer’s instructions. Sequencing
libraries were generated using the TruSeq Stranded Total RNA Library Preparation
protocol (lllumina) with host ribosomal RNA (rRNA) depletion (RiboZero Gold —
Epidemiology). Subsequently, paired-end (100 bp) sequencing of the cDNA libraries was
performed using the lllumina HiSeq 2000 system targeting at least 20M paired reads per
library. All library preparation and sequencing were carried out by the Australian Genome

Research Facility (AGRF).
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7.4.3 Meta-transcriptomic analysis

Sequence reads were trimmed for quality using the Trimmomatic tool (Bolger et al.,
2014a) and assembled de novo into contigs using Trinity v. 2.5.1 (Grabherr et al., 2011)
with default parameter settings. The relative abundance of transcripts was quantified as
the number of transcripts per kilobase million (TPM). In short, this metric normalizes
transcript abundance by transcript length and sequencing depth. For sequence
identification, particularly of trypanosomes, the assembled contigs were compared
against the NCBI GenBank nucleotide (nt) and non-redundant protein (nr) databases using
BLASTN and DIAMOND v.0.9.32 (Buchfink et al., 2015) (Table 7.2 and 7.3; Additional file
2: Table S7.1). Those contigs that exhibited matches to known trypanosome sequences
with an e-value > 1x107° were retained for downstream analyses. Further, contigs
corresponding to the stably expressed host mitochondrial marker, cytochrome C oxidase
subunit 1 (Cox1), were identified based on sequence alignments using DIAMOND. All
contigs were aligned to reference sequences using BBMap v.37.98 and cross-validated to
DIAMOND results to verify that the matches correspond to the vertebrate host.
Abundance was quantified as the sum of relative abundances of contigs for the marker.
Sequence contigs were annotated as follows: (i) to find conserved domains and classify
protein families, sequences were compared against the Conserved Domain Database

(CDD) (Marchler-Bauer et al., 2015) and InterProScan (http://www.ebi.ac.uk/interpro/),

(ii) for gene assignment, all putative trypanosome contigs were aligned against a custom
reference sequence database (genome assembly ASM21029v1) using DIAMOND (Buchfink

et al.,, 2015).

7.4.4 Confirmatory PCR

All samples included in this study were screened for Trypanosoma infection via PCR assays

using primers targeting 2136-bp (outer) and 320-bp (nested) fragments of the 18S rRNA

(Additional file 3: Table $7.2). In general, the cDNA was synthesised from up to 100 ng of


http://www.ebi.ac.uk/interpro/
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total RNA using random hexamers and SuperScript™ VILO™ (Invitrogen, CA, USA). The RT-
PCR reactions proceeded as follows: 10 min of random priming at 25 °C, 20 min of
extension at 50 °C, and 5 min of RT denaturation at 85 °C. Similarly, the PCR reactions with
Platinum™ SuperFi™ (Invitrogen) were performed as follows: 1 min of hot start at 98 °C,
followed by 40 cycles consisting of denaturation at 98 °C for 10 s, primer annealing for 10
s, and then extension at 72 °C according to conditions described in Additional file 3: Table
§7.2. A final elongation step was run at 72 °C for 1 min. PCR products were visualized by
electrophoresis on a 1.5% agarose gel stained with ethidium bromide. Controls were

included to identify potential cross-contamination in reagents.

7.4.5 Phylogenetic analysis

The trypanosome contigs obtained here were compared with homologous sequences
retrieved from GenBank, using 18S rRNA as a key phylogenetic marker (Table 3,
Additional file 4: Table $7.3). Multiple sequence alignment (n = 81) was conducted using
the E-INS-i algorithm in MAFFT v7.450. The best-fit model of nucleotide substitution (i.e.
GTR+F+1+G4) was determined by using the Akaike Information Criterion (AIC) in the
ModelFinder program (Kalyaanamoorthy, Minh, Wong, Von Haeseler, et al., 2017)
implemented in IQ-TREE v1.6.7 (Nguyen et al., 2015b). Phylogenetic relationships were
then inferred using the maximum likelihood method (Felsenstein, 1981) available in 1Q-
TREE v1.6.7 (Nguyen et al., 2015b). Nodal support values were also assessed by using a SH-
like approximate Likelihood Ratio Test (SH-aLRT) and 1000 ultrafast bootstrap (UFBoot)

replicates (Guindon et al., 2010).



Table 7.1 Characterization of samples from Australian vertebrates that tested positive for trypanosome infection.
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Library Host Health status Location PCR result (n)

Vertl Swamp wallaby (Wallabia Severe pulmonary Pittwater Positive
bicolor) #1 congestion and oedema

Vertll Regent honeyeater Unknown Sydney basin Positive
(Anthochaera phrygia)

Vertl8 Bare-nosed wombat Healthy Southern Tasmania Positive (n = 3);
(Vombatus ursinus) negative (n = 2)

Vert21 Southern brown bandicoot Proliferative to ulcerative Sydney basin Positive
(Isoodon obesulus) skin lesions

Vert22 Koala (Phascolarctos Healthy Sydney basin Positive (n = 5);
cinereus) negative (n = 2)

Vert43 Eastern dwarf tree frog Diseased Kooragang island Positive
(Litoria fallax) (NSW)

Vert48 Swamp wallaby (Wallabia Liver and ear Lumpy jaw and ear lesions  Mimosa National Positive
bicolor) #2 Park (NSW)

Note: Libraries are indicated using alphanumeric codes and represent the collection of RNA fragments generated per sample for RNA sequencing

Abbreviation: n, number of samples
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7.5 Results

7.5.1 Detection of Trypanosoma in screened samples

Using a meta-transcriptomic approach, we successfully identified trypanosome
transcripts in six Australian species sampled in NSW and TAS, corresponding to the animal
classes Amphibia, Aves and Mammalia. Trypanosome transcripts were detected in 60% (3
out of 5) of bare-nosed wombats, 71.43% (5 out of 7) of koalas, in both of the swamp
wallaby samples, reagent honeyeater (n = 1), southern brown bandicoot tail (n = 1), and
the eastern dwarf tree frog (n = 1). In total, trypanosomes were detected in 76.47%
(13/17) of the individuals screened. With respect to target tissues, we detected
trypanosome transcripts across a variety of tissues in infected individuals (Table 7.1), and
positive samples were collected from both apparently healthy and diseased individual

animals.

Despite the widespread presence of Trypanosoma in the samples characterized, we
observed marked variation in the abundance and number of de novo assembled contigs
among libraries. In general, the host cox1 transcripts were ~60% to ~99% more abundant
than trypanosome transcripts (Table 7.2). Since samples showing high abundance of host
cox1 also exhibited variable levels of abundance for trypanosome transcripts, these results
suggest that the variation in abundance levels among samples was not due to biases in
sampling processing. In addition, most transcripts were detected in the swamp wallaby #2
sample (n = 314, i.e. 0.05% of total transcripts per library) followed by the eastern dwarf
tree frog (n = 149, i.e. 0.03% of total transcripts per library), whereas the lowest number
of transcripts was identified in the regent honeyeater (n = 3, i.e. 0.0008% of total
transcripts per library) (Table 7.3; Additional file 2: Table $7.1). Top BLAST hits ranged
from 241 bp to 2258 bp, targeting regions corresponding to the transcribed spacers (ITS1,

ITS2) and the 5.8S rRNA, 18S rRNA and 28S rRNA of the large subunit of the ribosome.
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Similarly, we recovered hits against uncharacterized proteins, the surface protease GP63,

and the heat shock proteins (HSPs) of Trypanosoma.



Table 7.2 Contigs with Blast hits to the small subunit (SSU) 185 rRNA in the nt/nr database
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Host Contig accession Length I:yl\:)l e-value Hit Gene SSU TPM cox1
. Trypanosoma sp.
* -
S |l VERT1_DN159759 c0 gl il 299 3.27 9E-152 TLAQ.22 18S rRNA
(Wallabia bicolor) #1 Trypanosoma s 30192.26
VERT1_DN215626_c0 gl il* 318 3.06 3E-162 yp - 185 rRNA
TL.AQ.45
Regent honeyeater . 0.00E+00  Trypanosoma
. VERT11 DN10127 1.i1* 2.82 . 1 RNA 12.02
(Anthochaera phrygia) - 0127 2cORg 1 666 8 thomasbancrofti 85r >12.0
. 0.00E+00
VERT18 DN14693_c0_gl_il* 615 2.94 Trypanosoma sp. 18S rRNA
Bare-nosed wombat
. . 1E-11 . AB- .74
(Vombatus ursinus) VERT18_DN33207_c0 gl il 241 3.42 8 ;6"1"’3"”0”’"0 SP-AB- 195 rRNA 3805.7
VERT18_DN9224_c0_gl1_il 491 1.87 0.00E+00 Trypanosoma sp. 18S rRNA
i .00E+ .
Southern brown bandicoot (/soodon VERT21_DN254377 c0_gl_i1* 411 0.64 0.00E+00  Trypanosoma sp 185 rRNA 577 36
obesulus) LM-2010
Koala . 3E-118 Lo
. VERT22_DN394953_c0_g1_il* 241 0.86 Trypanosoma irwini 18S rRNA 2622.98
(Phascolarctos cinereus)
Eastern dwarf tree frog VERT43_DN68004_c3_g3_i2* 1728 46.71 0.00E+00  Trypanosoma sp. 185 rRNA 1258.51
(Litoria fallax) 858
. Trypanosoma
VERT48 DN150018 c0 _g6_il 718 55.01 0.00E+00 pestanai LEM 110 18S rRNA
Swamp wallaby . Trypanosoma sp.
VERT48_DN190740 c0 g1 i1* 433 3.59 0.00E+00 18S rRNA 2152.22
(Wallabia bicolor) #2 - -cCe ! " H26 '
VERT48_DN367248 c0_gl i1* 890 743.4 0.00E+00 | TYPanosomasp. 185 rRNA

LM-2010

* Contigs used for phylogenetic analysis based on the composition chi-square test performed by IQ-TREE



Table 7.3 Summary of top Trypanosoma hits from BLAST in the nt/nr database

No. of contigs Length of :ﬁ:t::?:; Best hit e Best BLAST Best hit
Host with hits for best hit & Region Gene hits against Region
Trypanosoma conti nr value nt/nr e-value
P J (DIAMOND)

Swamp wallaby g Uncharacterized TM35_00006 . 18S rRNA, ITS1, 5.8S
(Wallabia bicolor) #1 g >13 atiill ] protein e 3140 T. minasense SR rRNA, ITS2, 28S rRNA
Regent honeyeater i Uncharacterized TM35_00006 . 18S rRNA, ITS1, 5.8S
(Anthochaera phrygia) 3 421 T theileri protein >-50E-48 3130 T. minasense 0.00£+00 rRNA, ITS2, 28S rRNA,
Bare-nosed wombat o 539 T. theileri Uncharacterized g 50 5, TM35.00006 o cronai 0.00E+00 285 rRNA
(Vombatus ursinus) protein 3140
Southern brown .
bandicoot (Isoodon 7 703 T. theileri Uncharacterized = _ 30 3, TM35.00006 el 0.00E+00 285 rRNA

protein 3140
obesulus)
Koala Uncharacterized TM35_00006 Uncharacterized
(Phascolarctos 24 241 T. theileri . 5.80E-34 - T. theileri 4e-106 .

. protein 3130 protein

cinereus)

Heat-shock
E 25E

astern dwarf tree 149 1267 T. cruzi protein 85, 1808195  1COO25E097 o orhini 0.00E+00  Heat-shock protein 90

frog (Litoria fallax) . . 08

putative, partial

Trypanosoma

PWU95505.1 grayi surface
swamp \‘/vallja\by 314 2258 T. cruzi putative surface 1.7e-143 TM35_00006 protease GP63  1e-60 ST TR
(Wallabia bicolor) #2 3130 . GP63

protease GP63 partial mRNA

241
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To place trypanosome sequences into a phylogenetic context (see below), and hence achieve
taxonomic assignment, we identified the contigs targeting the 18S rRNA of the SSU. Abundance
levels of 185 rRNA contigs ranged from 0.64 to 743.40 TPM. The highest cumulative
abundances were identified in the eastern dwarf tree frog (TPM = 46.71) and the swamp
wallaby #2 (TPM = 802) (Table 7.2), while the Southern brown bandicoot showed the lowest
values (TPM = 0.64). In comparison, the host reference gene cox1 was abundantly expressed
across samples (TPM: 512.02—-30,192.26), with the highest levels observed in the swamp
wallaby #1 sample (TPM = 30,192.26).

To validate these results, we used PCR assays and generic primers targeting the 18S rRNA gene
(Additional file 3: Table $7.2) to detect trypanosome infection in all samples analyzed. Samples
comprised a number of organs and tissues, including brain (n = 1), ear (n = 1), liver (n = 14), lung
(n=1), tail (n = 1), and testes (n = 1). A 320-bp nested fragment corresponding to the 18S rRNA
was amplified in all samples containing trypanosomes, as previously identified by meta-

transcriptomics (Table 7.1).

7.5.1 Phylogenetic analysis of Trypanosoma-positive samples

Phylogenetic analysis revealed that trypanosomes infecting the Australian native species
covered in our study were generally closely related to known trypanosome species (Figure 7.1).
We identified trypanosome sequences in the specimens of the swamp wallaby that fell into two
separate clades associated with placental and marsupial mammals. However, most samples
grouped with different trypanosomes identified from marsupials, forming a group that we term
the “Marsupialia” clade (Figure 7.1). This clade can be further divided into two groups: the first
includes trypanosomes from the wallaby and the southern brown bandicoot, while the second
group contained trypanosomes from the wallaby and bare-nosed wombat. Strikingly, the
trypanosome from the koala fell into a different clade that is related to T. gennarii (nucleotide
sequence similarity of 81.30%) and T. freitassi (82.04%) identified in South American marsupials

Monodelphis spp.), T. bennetti (92.56%) in birds (Falco sparverius) and T. irwini (98.75%) in
( phis spp.), ( ) ( p ) ( )
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koalas. Moreover, we identified a trypanosome species in the regent honeyeater that is closely
related to the avian trypanosomes T. thomasbancrofti and T. avium that share ~100% and 97%

sequence similarity, respectively. Sequence comparisons against avian genotypes 1-4,

classification sensu (Slapeta et al., 2016), showed a perfect match with genotype 1 of T.

thomasbancrofti (Additional file 5: Table S$7.4), indicating that the regent honeyeater

trypanosome likely belongs to that species.
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Figure 7.1 Maximum likelihood phylogenetic tree depicting the evolutionary relationships among

trypanosomes sampled here (branch labels in bold) and background representative sequences. Branch
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tips are colored according to the host of sampling. Trypanosomes detected in fish and annelids are
indicated by a star. Animal silhouettes represent the hosts that tested positive for trypanosome
infection. Node support values (SH-aLRT > 80% and UFBoot > 95%) are indicated with white circle node

shapes in the tree. Trypanosome T. sp. ABF was also identified in a specimen from NSW.

In addition to the trypanosomes related to mammals and birds, we identified a trypanosome
species infecting the eastern dwarf tree frog that was divergent from other trypanosomes in
amphibians (Additional file 1: Figure $7.1). Notably, this amphibian trypanosome was related
to those present in other amphibians, reptile and insect species, although it fell in a
phylogenetically divergent position in the clade (with relatively strong support; SH-aLRT 89.6%;
UFBoot 76%) and hence represents a novel lineage. The position of the dwarf tree frog
sequence remained unchanged following additional analyses including a broader range of fish,
reptile and leech transcriptomes (Spodareva et al., 2018), indicating that it is not an artefact

due to biases in taxon sampling (Additional file 6: Figure S7.2).

7.6 Discussion

We have, to our knowledge for the first time, implemented a meta-transcriptomic
approach for detecting Trypanosoma spp., investigating a variety of wildlife species indigenous
to Australia. Unlike conventional methods for trypanosome diagnosis (cellular culture, PCR
assays, and Sanger sequencing) (Noyes et al., 1999), meta-transcriptomics represents an
unbiased approach for the detection of parasite diversity within samples, only requiring
sufficient levels of gene expression (Galen et al., 2020a). To date, only a few surveillance studies
have applied NGS technologies for the detection of trypanosomes in wildlife, although this
approach is able to identify mixed trypanosome infections in marsupials and effectively screen
their ectoparasites (Barbosa et al., 2017; Cooper et al., 2018). Using total RNA sequencing we
identified trypanosomes in four marsupials, one bird and one amphibian species, highlighting
the ability of this approach to detect parasites in a range of host species and target tissues

(Table 7.1). Hence, meta-transcriptomics enables the detection of trypanosomes in a broad
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range of samples that might include symptomatic and subclinical infections, different stages of

disease, as well as variable levels of parasitemia.

Most of the trypanosome transcripts identified in the hosts analyzed were associated
with genes encoding ribosomal components, suggesting that ribosome biogenesis and protein
synthesis have a central role in the infection process (Tables 7.2, 7.3). In the case of the heat-
shock protein 90 (Hsp90) identified in the eastern dwarf tree frog, the presence of this
molecular chaperone has been associated with transitions across trypanosome life-cycle stages
(Pallavi et al., 2010). Hsp90 synthesis induction has also been related to stress responses in T.
cruzi, reflecting the change in temperature when the parasite moves from the vector to the
mammalian host (G. Palmer et al., 1995; Pérez-Morales et al., 2012). Hsp90 is also known to
play an essential role in protein folding and degradation under normal conditions (Dunn, n.d.;
Hoter et al., 2018). The major surface protease GP63 identified in swamp wallaby #2 is a highly
immunogenic antigen involved in macrophage-parasite interaction encoded by a multi-copy
gene that also occurs in Leishmania (Donelson et al., 1998; LaCount et al., 2003). Differential
expression of GP63 is associated with the parasite life-cycle, with genetic variation facilitating

immune evasion and colonization (Donelson et al., 1998; Guerbouj et al., 2001).

Previous studies have suggested that trypanosomes often have deleterious effects on
the health of the infected hosts (Barbosa et al., 2017; Botero et al., 2013; Godfrey et al., 2018;
Mclnnes et al., 2011; Thompson et al., 2014a). As the trypanosomes described here were
detected in both healthy and diseased individuals, we are unable to make inferences on their
capacity to cause disease (Table 7.1). Indeed, many of the health conditions manifest in the
animals studied were unspecific or prone to be associated with other sort of infections. For
instance, the pulmonary congestion and oedema in the swamp wallaby #1 sample may be
consistent with orbivirus infection symptoms (family Reoviridae) (K. Rose et al., 2012), while the
pox-like lesions in the southern brown bandicoot have been previously associated with
infection by the Bandicoot papillomatosis and carcinomatosis virus (BPCV2) (Polyomaviridae) in

the western barred bandicoot (Perameles bougainville) (Woolford et al., 2007). Similarly,
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although the ear lesions in the swamp wallaby 2 could be attributed to the trypanosome
infection, other causative pathogens could be associated with the lumpy jaw and emaciation
(Keane et al., 1977; McLelland, 2019). In addition, the eastern dwarf tree frog was co-infected
with Trypanosoma and Myxobolus, confounding the association of disease with any etiological
agent. Because our study was limited to vertebrates, it does not provide insights into the
potential vector involved in parasite transmission. However, as suggested in previous studies, it
is possible that both ticks and dipterans (i.e. flies and mosquitoes) are vectors of these parasites
as they can feed on a large variety of hosts including mammals, birds and amphibians (Barbosa
et al., 2017; Ferreira et al., 2008; Harvey 2019; Kato et al., 2010; Krige et al., 2019; Muzari,
2010; Svobodova et al., 2017). Some hemipterans might also play a vectorial role in the
transmission of trypanosomes in sylvatic and peridomestic settings, as documented in the
Americas (Buitrago et al., 2016; Cortez et al., 2006; Kjos et al., 2013). Clearly, more research is
needed to clarify the vectors and the mode of trypanosome transmission in Australian wildlife

(Cooper et al., 2017; Harvey et al., 2019; Krige et al., 2019).

Phylogenetic analysis revealed that the trypanosomes identified in native Australian
fauna fell into different lineages that were largely concordant with that of the host species from
which they were sampled, although we were unable to make taxonomic assignments to the
species level. Notably, we identified three distinct clades of marsupial trypanosomes (Figure
7.1). The trypanosome species detected in the swamp wallaby that fell outside the Marsupialia
clade was closely related to Trypanosoma sp. ABF previously described in the swamp wallaby in
NSW (Cooper et al., 2017), and to T. cyclops, an exotic trypanosome isolated from the monkey
Macaca nemestrina and related to T. theileri-related trypanosomes in ruminants and tabanids.
The relatedness among these trypanosome species raises concerns over the potential
susceptibility of Australian vectors and vertebrates to infection by exotic trypanosomes and
hence the establishment of a zoonotic transmission cycle (Cooper et al., 2017; Thompson et al.,
2014). In addition, although most marsupial trypanosomes analyzed fell into the Australian
Marsupialia clade, trypanosome species infecting these mammals did not form a monophyletic

group, indicative of a history of cross-species transmission (Hamilton et al., 2007).
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Among the trypanosome species infecting marsupials, T. irwini, T. gilletti, and T.
copemani, T. vegrandis, T. noyesi and T. sp. AB-2017 have been described in koalas (Barbosa et
al., 2017; Mclnnes et al., 2009; C. K. Thompson et al., 2014). Our results indicated that T. sp
detected in the koala was closely related to T. irwini and the avian exotic trypanosome T.
bennetti. Given than the former has been also identified in koalas, the trypanosome detected in
the sampled koala likely corresponds to T. irwini. The close relationship between the T. irwini
and T. bennetti has been previously documented (Cooper et al., 2017; Mclnnes et al., 2009) and
is compatible with the hypothesis that hosts sharing similar environments and vectors are
susceptible to related parasites (i.e. “host-fitting”) (Cooper et al., 2017; Dario et al., 2017). This
provides an explanation for the relationship between trypanosomes infecting arboreal fauna

inhabiting distant regions.

The trypanosome sequence we identified in the regent honeyeater likely belongs to T.
thomasbancrofti (genotype 1), and T. thomasbancrofti was originally described in the regent
honeyeater (Slapeta et al., 2016). This trypanosome species has been suggested to be a culicid-
vectored parasite and has been detected in healthy captive and wild regent honeyeaters
(Slapeta et al., 2016). In contrast, T. avium was identified in the rook (Corvus frugilegus) and
associated with serious disease and death in birds, with suggestions that it is transmitted by
blackflies (Simulium spp.) (Tarello, 2005; Votypka et al., 2002) and phlebotomine sandflies
(Svobodova & Radrova, 2018). Hence, our data corroborated the presence of T.
thomasbancrofti in the regent honeyeater and highlight the importance of parasitological

surveillance in the wild for this species classified as critically endangered (CR) (sensu IUCN).

Of particular interest was the case of the trypanosome detected in the eastern dwarf
tree frog that was related to those identified in amphibians, reptile, and insect species. Since
this amphibian trypanosome fell in a divergent and basal position within the clade it might
represent a new trypanosome species and hence merits further characterization (Additional

file 1: Figure S7.1; Additional file 6: Figure $7.2). Interestingly, considering the clinical diagnosis
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of the frog sampled (see Methods) as well as its transcript abundance (Table 7.3), it is possible
that this trypanosome species or the synergistic infection by Trypanosoma with Myxobolus
might have detrimental effects on amphibian health. This clearly merits further investigation.
To our knowledge, this is the first report of a trypanosome in the eastern dwarf tree frog
(Additional file 1: Figure S7.1), although amphibians are known to be parasitized by different
trypanosomes species (Bardsley & Harmsen, 1973; Johnston, 1916; O’Donoghue & Adlard,
2000; Spodareva et al., 2018; Werner & Walewski, 1976) and some have been documented in
Australian amphibians (Cleland & Johnston, 1910; Johnston, 1916; O’'Donoghue & Adlard,
2000). That the clade containing the eastern dwarf tree frog sequence also contains a
trypanosome infecting sand flies tentatively suggests that dipterans or other invertebrates

could play a role vectoring trypanosome transmission (Kato et al., 2010).

While our study was focused on samples collected from multiple organs and tissues,
meta-transcriptomics has been shown to be an efficient approach for characterizing blood
parasites, even when they are at low abundance (Cassin-Sackett, 2020; Galen et al., 2020a). In
addition, the technique has also been used to detect trypanosome sequence in the blood meals
of Ixodes holocyclus and Aedes camptorhynchus (Harvey et al., 2019; Shi et al., 2017a). Hence,
when combined with more traditional approaches, meta-transcriptomics offers a promising
way to shed new light on the ecology and epidemiological surveillance of parasites in nature,
although the approach is costly, requires extensive computational resources and may be unable

to detect genes that are not expressed to sufficient levels (Cassin-Sackett, 2020).

7.7 Conclusions

To our knowledge, this is the first meta-transcriptomic analysis of trypanosomes in
native Australian wildlife, expanding the known genetic diversity of these important parasites.
Our findings highlight the diversity of trypanosomes infecting an important spectrum of

Australian native fauna. We also demonstrated that RNA sequencing is sufficiently sensitive to
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detect low levels of Trypanosoma transcripts from diverse hosts and tissues types, and hence

represents an effective means to detect trypanosomes that are divergent in genome sequence.

7.8 Supplementary Material

The following are available online at https://doi.org/10.1186/s13071-020-04325-6.

Additional file 1: Figure S7.1. Light microphotograph of the promastigote phase of T. sp. in
giemsa-stained blood film from Litoria fallax. Scale bar represents 10um.

Additional file 2: Table S7.1. Summary of contigs with hits against trypanosome sequences at
the NCBI nucleotide (nt) database. Relative abundance was calculated for each contig as
transcripts per million (TPM).

Additional file 3: Table S7.2. List of PCR primers used in this study for confirmation of
trypanosome infection.

Additional file 4: Table S7.3. List of sequences used for phylogenetic analysis.

Additional file 5: Table S4. Pairwise sequence identity among SSU 18S rRNA sequences of avian
trypanosomes belonging to genotypes 1-4 and the putative T. thomasbancrofti identified in this
study. Genotype classification sensu Slapeta et al. 2016.

Additional file 6: Figure S7.2. Maximum likelihood tree showing phylogenetic relationships
among trypanosomes within the aquatic clade based on the SSU 18S rRNA gene. The
trypanosome identified in Litoria fallax is indicated in blue. The hosts of trypanosomes are

indicated with colour-coded tips.

Availability of data and materials

All data generated or analysed during this study are included in this published article and its
additional information files. The newly generated contig sequences were deposited in the
GenBank database under the accession numbers MT732373-MT732384. All new sequence
reads are available at the NCBI Sequence Read Archive (SRA) database under the BioProject

accession PRINA626677 (BioSample accessions: SAMN15401543 - SAMN1540159). The dataset
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supporting the conclusions of this article is available in the figshare repository,

https://figshare.com/s/d9c281ada61d8a8ed884.
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CHAPTER 8 General discussion

Over the last decade, our knowledge of the RNA virosphere has been vividly transformed by
innovations in genome sequencing and computational biology, as well as increased sampling
efforts globally. The discovery of RNA viruses described in Chapters 2 to 6 not only expands the
reaches of the known RNA virosphere and the sequence databases that harbour and describe
virus diversity, but it also highlights the importance of covering a broader and more diverse
repertoire of hosts (Harvey & Holmes, 2022; Junglen & Drosten, 2013b). For instance, the
discovery of Lauta virus (Chapter 2) is the first report of an articulavirus in reptiles, although
viruses within this order had previously been detected in other vertebrate lineages, including
fish and birds. In this manner, we are also able to unmask a notable fraction of the hidden
diversity of RNA viruses to the extent that sampling biases in virus discovery projects are
beginning to be minimized (Obbard, 2018a). The expansion of the known RNA virosphere has
also become evident given the recent trends in the vast quantities of novel viruses found at
large-scale virome studies (Edgar et al., 2022; Li et al., 2015; Neri et al., 2022; Shi et al., 2018;
Shi et al., 2016).

Attempts to characterize the RNA virome also face the challenge of detecting those viruses that
exist within the so-called viral dark matter: sequences that are so highly divergent that they lack
any detectable primary sequence similarity with known viruses in sequence databases. The
implementation of more sensitive approaches for virus identification, including protein
structure prediction, profile-based methods and machine learning (i.e., artificial intelligence)
are promising to transform the field of virus discovery, shedding new light on the dark viral
matter (Kelley et al., 2015; Khot et al., 2020; J. Park et al., 1998; Steinegger et al., 2019). With
respect to protein structure prediction, the low number of hallmark protein structures such as
capsids and RdRps available for comparison is currently a major limitation since the lack of
highly conserved viral structures might lead to false-positive identification (e.g.
misclassification) and under-detection. As discussed more in detail in Chapter 2, the enrichment

of the PDB and AlphaFold databases with viral 3D protein structures will be a critical step to
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identifying viruses that are currently out of reach using sequence similarity searches. Further
improvements in computational methods are needed to distinguish true evolutionary
homology from structural convergence, as well as more reliable statistical estimates to assign

score thresholds to profile-based comparisons (Park et al., 1998).

As well as offering a broad perspective of the scale of the virosphere, the coupling of meta-
transcriptomics and virus discovery pipelines has also contributed to revealing the composition
and distribution of the virome of natural organisms. In this thesis, | exploited these approaches
to identify numerous viruses from different taxonomic categories, including unclassified and
divergent viruses within the Riboviria (i.e., RNA viruses). For instance, in Chapters 2 and 3 |
identified novel viruses within the order Articulavirales by analyzing fish and reptile samples,
whereas newly discovered viruses in the Bunyavirales were reported in a variety of invertebrate
hosts, as showed in Chapters 4—-6. Not only do these findings increase our understanding of
virus diversity, but they also point to possible virus-host associations. However, despite clear
progress is this area, accurately determining virus-host associations remains a major challenge,
especially when considering holobiont hosts, since the processing of eukaryote host samples
often includes a variety of symbionts and dietary components that, in turn, carry RNA viruses
(Cobbin et al., 2021). Indeed, accounting for misleading host-annotation based on sequence
metadata is an important contributing factor to the host-misassignment of virus sequences in
public databases. In addition, the presence of viruses with a broad host-spectrum, such as some
members of the Picornavirales and Mononegavirales, exacerbates the difficulty for host
assignment given their association with diverse host organisms including vertebrates,
invertebrates, plants, and protists. A practical example of this is addressed in Chapter 4 where |
aimed to assess the virome in mosquitoes and their parasitic mites. Revealing virus-host
associations for uncultured RNA viruses requires a combination of multiple but scope-limited
approaches, including abundance comparison, sequence composition analyses, phylogenetic
contextualization, state reconstruction, small RNA profiling, etc. (Cobbin et al., 2021; Longdon
et al., 2015; Martinez-Garcia et al., 2014). Therefore, more comprehensive methods integrating

different aspects of the biology of hosts and their viruses, are required to establish precise
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virus-host associations across different groups of RNA viruses identified from eukaryotic hosts
(Longdon et al., 2015; Pons et al., 2021). Similarly, the development of experimental
procedures and optimization of existing virological techniques that can be applied to
uncultured viruses will enhance the virus discovery process and advance our understanding of

virus-host interactions.

Determining virus-host affiliations goes hand in hand with the pressing need to understand
virus-host interactions in nature. Despite the vertiginous expansion of the RNA virosphere, we
lack essential research about the roles and impacts of RNA viruses on their hosts and
environments (Roux & Emerson, 2022; Youle et al., 2012). This is also a clear limitation of
present research work. Future studies investigating both the underlying dynamics of RNA viral
communities, as well as their influence on the host biology, will provide a holistic insight into
the ecology and evolution of virus-holobiont relationships and their impact on the surrounding
environment (Youle et al., 2012). For instance, it has been suggested that viruses in soil and
ocean environments participate in complex nutrient cycling process, food webs and microbial
community dynamics (Emerson, 2019; Roux & Emerson, 2022). Likewise, mounting evidence
pinpoints a variety of roles for RNA viruses in biological processes rather than imposing
exclusively detrimental effects on hosts health. As a case in point, RNA viruses have shown to
drive the antiviral response in arthropods via an RNA interference pathway and modulate the
interactions between plants and insects (Schoelz & Stewart, 2018; Vogel et al., 2019).
Accordingly, in Chapter 4, the identification of patterns in the RNA virus diversity at the host-
parasite interface between mosquitoes and their ectoparasites implies major virus-virus and

virus-host interactions that remains unexplored and should be addressed in future studies.

Trans-kingdom interactions are also central to a better understanding of broad-scale RNA virus
ecology. It has been shown that microbial composition can impact virus infection and
transmission in dipteran insects (Johnson, 2015). In particular, the endosymbiotic bacterium
Wolbachia has been associated with a range of mutualistic effects on insects, including antiviral

protection against RNA viruses (Cao et al., 2019; Weeks et al., 2007). Chapter 5 offers a glimpse
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on the effect of the wAu strain of Wolbachia on the virome of natural populations of Drosophila
simulans in Western Australia. The lack of detectable antiviral protection was compatible with
previous research conducted on Drosophila spp. (Osborne et al., 2009; Shi et al., 2018a). As
discussed in detail in this chapter, antiviral protection was assessed in terms of resistance
rather than tolerance. It is therefore still possible that co-infection with wAu increases the
defensive capacity of D. simulans by limiting the impact of RNA viruses (Schneider & Ayres,
2008). The extent of antiviral protection might also be reduced against the natural RNA virome.
However, additional questions that warrant further research remain: Can environmental
conditions play a key role triggering the antiviral response mediated by wAu Wolbachia? Does
antiviral protection depend on Wolbachia wAu density? Does Wolbachia confers an RNA virus-

specific or generalist antiviral protection?

As noted throughout this thesis, meta-transcriptomics analyses enable the scrutiny of the
whole repertoire of RNA sequences present in a sample. This approach has opened new
windows of opportunity for exploring the RNA virosphere as well as the microbial diversity
occurring in wildlife samples (Bashiardes et al., 2016; Galen et al., 2020b; Gofton et al., 2022;
Shi et al., 2018b). Taking advantage of this, in Chapters 6-7 | investigated the occurrence of
targeted microbes including those of potential public health and veterinary significance such as
Rickettsia sp., Coxiella sp. and Trypanosoma spp. As a consequence, meta-transcriptomics was
implemented for the first time for the detection of Trypanosoma spp. parasites, which were
being identified in a variety of tissue samples and biological host groups. These results provide
insights into the distribution and host-range of Trypanosoma spp. circulating in Australian
wildlife species, and raises the question of whether these can sporadically affect humans. Aside
from taxonomic characterization, more research is needed to establish the nature and extent of
interactions between trypanosomes and their hosts, their pathogenic potential, and their mode
of transmission in natural settings (Bartlett-Healy et al., 2009a; Fermino et al., 2019a). Likewise,
the identification of Rickettsia sequences related to species within the spotted fever group in

Chapter 6 suggests that there is a risk of vector-borne rickettsioses that merits further
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investigation. Overall, these findings presented in this thesis contribute to the surveillance of

zoonotic agents circulating in wildlife.

Arthropod-based sampling provides a powerful and non-invasive means for pathogen
surveillance in wildlife species. Bats are considered major reservoir hosts for numerous
zoonotic viruses and microbial agents (Calisher et al., 2006; Letko et al., 2020a). Thus, surveys
of bat-ectoparasites are convenient in terms of minimizing the handling, stress, and disturbance
of captured bats and their colonies. Likewise, the exposure between humans and bats, and
hence possible zoonotic disease emergence, is reduced (Letko et al., 2020a). Consequently,
arthropod sampling offers a dual-purpose approach to detect infectious agents associated with
ticks and their vertebrate hosts (Batson et al., 2021a; Galen et al., 2020b; Gofton et al., 2022).
In Chapter 6, | explored this approach by analyzing Carios vespertilionis ticks naturally detached
from the Soprano pipistrelle bats in Sweden. The detection of Issyk-Kul virus was of particular
interest given its association with febrile outbreaks in Central Asia (Alkhovsky et al., 2013b;
Atkinson et al., 2015a; Lvov, 2019). Notably, this was the first record for Sweden and the
second report in Europe, suggesting that the virus might have a cryptic and broader distribution
range in the continent (Brinkmann et al., 2020). Among the newly discovered viruses, the
occurrence of Gubbo nairovirus at high abundance levels across all the query libraries might
indicate that it is a tick-borne virus. Comparisons between engorged and unfed ticks from
different developmental stages will shed light on this knowledge gap. Furthermore, it is unclear
whether Gubbo nairovirus is also able of infect and replicate in bat hosts (i.e. arbovirus) as well
as any potential pathogenicity to vertebrate animals (Junming et al., 2018). The study and
characterization of Gubbo nairovirus through experimental approaches, including cell culture-
based methods, antigen-based assays, and reverse genetics, could provide valuable insights

into the pathogenicity, cell tropism and gene function of this virus.

A broad comparison between the viromes identified in the invertebrate species studied
throughout Chapters 4-6, suggests a higher diversity in mosquitoes in contrast with flies, ticks,

and mites. The fact that mosquitoes can harbor a large fraction of insect-specific viruses (ISV) as
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well as arthropod borne viruses (arboviruses), contributes to our understanding their virome
composition, although it does not explain the origins nor the ecological drivers of this diversity
(Batson et al., 2021a; de Almeida et al., 2021). A systematic comparison of the RNA virome,
including endogenous viruses, and the immune response pathways to viral infections, could

reveal potential patterns and determinants of virus diversity across Arthropoda.

In contrast, in Chapter 5 | described the detection of viruses such as nora virus, galbut virus,
thika virus and La Jolla virus in Drosophila simulans that could represent core components of
the Drosophila virome, which in turn suggests that these RNA viruses have long-term
associations with their dipteran hosts (Shi et al., 2018a; Webster et al., 2015, 2016). This is clear
an issue that needs to be considered further. For instance, expanding the characterization of

RNA virome of Drosophila across different geographies could help test this hypothesis.

Although the vast majority of RNA viruses identified along Chapters 4-6 are likely associated
with vertebrate and invertebrate hosts, the presence of viruses in the families Mitoviridae,
Totiviridae, Narnaviridae, and Tymoviridae suggest likely associations with fungi and protists
host as well as dietary components. While virus composition can reflect underlaying trophic
interactions between hosts and symbionts in food webs, the possible impact of these viruses on
the outcome of fungal or protist infections in the base host is unclear and similarly merits
additional research (Ferrandon et al., 2007; Parratt & Laine, 2016). For example, mycoviruses of
fungal pathogens parasitizing plants have been associated with reduced virulence (i.e.
hypovirulence) in host plants (Nuss, 2005). Similarly, we routinely ignore the occurrence of virus
horizontal transfer between co-infecting symbionts (Dolja & Koonin, 2018) although, for
example, there is evidence for virus host switching between Leishmania and Blechomonas
parasites in fleas (Grybchuk et al., 2018). Moreover, the presence of mitoviruses in the nuclear
genome and mitochondria of plants support the idea of ancient virus transfer among plants and
fungi (Bruenn et al., 2015; Roossinck, 2019). Clearly, greater information on these and other
aspects of hyperparasitic infections will add important details to the viral tapestry of holobiont

hosts.
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It is noteworthy that many the novel viruses presented in Chapters 2-6 only represented partial
viral genomes. This could be explained by several factors, including low input/quality samples
and the difficulty in assembling highly variable regions in viral genomes. In theory, it is also
possible that some of these partial viruses in fact have segmented genome structures and that
there is heterogeneous sequence conservation across segments, resulting in the detection of
segments encoding conserved proteins such as the RdRp and capsid but not more divergent
segments (Obbard et al., 2020). To identify more divergent viral segments and sequences, it is
necessary to employ a variety of approaches, such as screening viral sequences against the TSA
database, identifying co-occurrence patterns between contigs, comparing virus abundance and
coverage levels, and binning sequences (Batson et al., 2021; Obbard et al., 2020). Furthermore,
even though the phylogenetic relationships for the newly discovered viruses were inferred
based on the RdRp protein, it is possible that recombination or horizontal gene transfer will
mean that different genes will produce incongruent phylogenetic signals (Boussau &
Scornavacca, 2020). In some instances, as shown in Chapter 5, the presence of unclassified
viruses will also require more extensive taxon sampling to assess their phylogenetic
relationships at deep taxonomic levels. Notably, future efforts to characterize the complete
genome of these viruses will further enhance our understanding of their evolution and genome

organization.

In sum, recent advances in meta-transcriptomic sequencing have it made possible to explore
the natural world in depth, opening up new avenues of research in virology and microbiology.
In the studies presented in this thesis | used integrative approaches, including meta-
transcriptomics and novel bioinformatic techniques, to investigate different aspects of the
diversity, ecology and evolution of RNA viruses and targeted microbial life forms. Overall, the
findings derived from this research contribute to our understanding the composition and
evolution of the RNA virosphere, as well as to the surveillance of microbial agents in wildlife. As

diverse research questions were addressed in this thesis, many open questions were also
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identified. Continuing to fill these gaps in knowledge will help unravel the complex diversity and

the eco-evolutionary dynamics of RNA viruses and microbes in nature.
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The largest outbreak of yellow fever of the 21° century in the Americas began in 2016, with intense
circulation in the southeastern states of Brazil, particularly in sylvatic environments near densely
populated areas including the metropolitan region of Sao Paulo city (MRSP) during 2017-2018. Herein,
we describe the origin and molecular epidemiology of yellow fever virus (YFV) during this outbreak
inferred from 36 full genome sequences taken from individuals who died following infection with
zoonoticYFV. Our analysis revealed that these deaths were due to three genetic variants of sylvatic
YFV that belong the South American | genotype and that were related to viruses previously isolated

in 2017 from other locations in Brazil (Minas Gerais, Espirito Santo, Bahia and Rio de Janeiro states).
Each variant represented an independent virus introduction into the MRSP. Phylogeographic and
geopositioning analyses suggested that the virus moved around the peri-urban area without detectable
human-to-human transmission, and towards the Atlantic rain forest causing human spill-over in nearby
cities, yet in the absence of sustained viral transmission in the urban environment.

Yellow fever virus (YFV) is an enveloped virus of the family Flaviviridae (genus Flavivirus) with a single stranded,
positive-sense RNA genome of approximately 11 kb that encodes a single polyprotein cleaved into three structural
(capsid (C), membrane (M) and envelope (E)) and seven non-structural proteins (NS1-NS5)!. The virus com-
prises a single serotype with four genotypes: (i) East Africa, (i) West Africa, (iif) South American I and (iv) South
American I1*? that may have diverged around several thousand years before present*® with a possible origin in
the African continent®®, Historical evidence points to a YFV introduction in the Americas around the 17" cen-
tury, possibly due to the slave trade>>~7. After its introduction, YFV established both urban and sylvatic cycles”*,
and several urban outbreaks have been reported in Brazil since the 17" century’. The circulation of YFV in the
urban cycle in the American continent was initially mitigated by curbing the infestation of Aedes aegypti and later
with the advent of an effective vaccine in the early 20" century”!?, with considerable success. As a consequence,
the last urban outbreak of YFV was officially reported in 1942 in Brazil®. After the reintroduction of A. aegypti
in the 1970’s'"!? the virus remained, until recently, largely in sylvatic environments in the Americas, infecting
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non-human primates (NHPs) with sporadic cases in susceptible human hosts. The main vectors of YFV in the
sylvatic cycle are mosquitoes of the genera Haemagogus and Sabethes'>'.

In 2014, intense enzootic activity of YFV was detected in Mato Grosso do Sul and Goias states that adjoin the
Amazon region of Brazil'>!¢. YFV carried by infected monkeys kept moving in a general southeasterly direction,
and in 2016 cases were reported in Minas Gerais, reaching epidemic proportions in 2017, during which cases
were also reported in the states of Rio de Janeiro, Espirito Santo and Bahia'’~>.

Between January 2016 and January 2018, seven countries and regions of the Americas reported cases of yel-
low fever in their territories (Bolivia, Brazil, Colombia, Ecuador, French Guiana, Peru and Suriname), with the
highest indices in Brazil. In early 2018 an unusually large increase in the number of confirmed cases was observed
in the state of Sdo Paulo??. A peak of notified human cases was reached in January 2018, This was the larg-
est outbreak registered in 21% century in the most populated state of Brazil, including the densely populated
metropolitan region of Sdo Paulo city (MRSP), which is the largest conurbation in the southern hemisphere
with around 23 million inhabitants. Until 2018, vaccination was not generally recommended in MRSP because
YFV had been absent in recent decades. Hence, most of the population in the area was susceptible to YFV and
autochthonous cases were reported®**. Due to the outbreak in Sao Paulo, vaccination campaigns were initiated
for resident populations, starting in northern peri-urban settings bordering forested and rural areas, where cases
of YFV were previously reported. Subsequently, vaccination was extended to the whole urban population as well
as to all inhabitants of the Sdo Paulo state as the epidemic expanded®. As this is the first time in the 21 century
that cases of YFV have appeared in the MRSP, we sought to characterize the circulating viruses and establish their
origin by studying their evolution and phylogeography based on samples taken from patients who died during
the 2017-2018 outbreak.

Material and Methods

Ethical statement. The human autopsies analyzed in this study were performed after obtaining informed
consent of the family members and following the protocol approved by the research ethics committee of the
Clinical Hospital of the University of Sdo Paulo School of Medicine (HCFMUSP) (CAPPesq #426.643). All the
methods were performed in accordance with the relevant guidelines and regulations of the ethics committee of
the HCEMUSP following the approval CAPPesq #426.643. All participating families were asked to sign a free and
informed consent form, authorizing the autopsy and all experiments performed with the collected tissues. All
laboratory procedures listed below were performed in a biosafety level (BSL)-2 laboratory, in accordance with the
Brazilian standards of the Ministry of Health for Biological Agents Risk Classification®.

Patients and samples. Overall, we analyzed 81 patients 67 of whom were confirmed to have died following
YFV infection. We successfully acquired 36 genome sequences from the 67 yellow fever deaths, with the remain-
ing samples being of insufficient quality to obtain YFV genomes at the necessary coverage. The suspected case
definition of YFV infection was established by the Brazilian Ministry of Health and the Health Department of
Sao Paulo State and included patients with sudden onset high fever associated with jaundice and/or hemorrhage
who had lived or had visited areas with YFV epizootics (i.e., clusters of infections in non-human primates (NHP)
or isolation of YFV in vectors), regardless of the vaccine status for YFV, during the preceding 15 days. Confirmed
cases had compatible clinical presentation and laboratory confirmation by at least one of the following meth-
ods: (i) serum IgM positive (MAC-ELISA); (ii) detection of YFV-RNA by qRT-PCR in blood samples; (iii) virus
isolation; (iv) histopathology compatible with YFV hepatitis with detectable antigen in tissues by immunohisto-
chemistry technique. All cases received the definitive laboratorial diagnosis of YFV by the Adolfo Lutz Institute
(TAL), the State Reference Laboratory. Previous exposure or co-infection by Hepatitis A virus (HVA), B (HBV),
C (HVC), Cytomegalovirus (CMV), Herpes virus (HSV), Dengue virus (DENV), Chikungunya virus (CHIKV),
Human Immunodeficiency virus type 1 (HIV-1), leptospirosis and other non-infectious diseases etiologies for
acute hepatitis were accessed and cases were excluded following clinical diagnostic methods. Epidemiological,
clinical (including demographic data, preexisting medical conditions, clinical signs and symptoms and in-hospital
follow-up until death) and other laboratory features were collected from the medical charts.

Autopsy protocol and tissue processing. The Service of Verification of Deaths of the Capital - USP
investigated deaths due to yellow fever from December/2017 to April/2018. Autopsies were performed following
the Letulle technique, where all the organs were removed en masse (one block), requiring dissection organ by
organ to exam them individually. Briefly, the dissection was performed in the following organs: (i) heart; (ii) lung;
(#i) brain; (iv) kidney; (v) spleen; (vi) pancreas; and (vii) liver.

Molecular characterization. Nucleic acid extraction from all collected tissues was performed using the
TRIzol® reagent (Life Technologies, Carlsbad, CA, USA) and carried out according to the manufacturer’s instruc-
tions. Molecular detection of YFV was performed with the use of the AgPath-ID One-Step RT-PCR Reagents
(Ambion, Austin, TX, USA) with specific primers/probe previously described?. To identify cases of adverse vac-
cine response (i.e., fatal cases associated with the vaccine virus) we used specific primers/probe specific for the
vaccine virus®. qRT-PCR reactions consisted of a step of reverse transcription at 45 °C for 10 min, enzyme activa-
tion at 95 °C for 10 min, and 40 cycles at 95°C for 15s and 60 °C for 45 s for hybridization and extension using the
ABI7500 equipment (Thermo Fisher Scientific, Waltham, MA, USA).

Sequencing and viral genome assembly. Based on the RNA viral concentration, total RNA were
extracted from the liver tissues using the TRIzol® reagent (Life Technologies, Carlsbad, CA, USA). Subsequently,
the RNA was purified with DNase I and concentrated using the RNA Clean and Concentrator ™ kit (Zymo
Research, Irvine, CA, USA) according to the manufacturer’s instructions. The paired-end RNA libraries were
constructed and validated using the TruSeq Stranded Total RNA HT sample prep kit (Illumina, San Diego, CA,
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USA). Sequencing was done at the Core Facility for Scientific Research — University of Sao Paulo (CEFAP-USP/
GENIAL) using the Illumina NextSeq platform. Each sample was barcoded individually, which allowed sep-
aration of reads for each patient. Short unpaired reads and low-quality bases and reads were removed using
Trimmomatic version 0.36 (LEADING:20 TRAILING:20 SLIDINGWINDOW:4:25 MINLEN:36)%*. Consensus
genomes were assembled with paired-end reads using Bowtie2 v.2.3.4.3% using default parameters.

Datasets. All full genomic sequences available from YFV that contained information on location and date
of isolation were recovered from the National Center for Biotechnology Information (NCBI) (https://www.ncbi.
nlm.nih.gov/genbank/) website. Sequences were aligned to our 36 new YFV genomes (Supplementary Table 1)
using Clustal Omega v.1.2.4%.. A list of the sequences used is available in Supplementary Table 2. Recombinant
sequences were screened using all algorithms implemented in RDP4 program (RDP, GENECONY, BootScan,
MaxChi, Chimaera, Siscan and 3Seq) using the default settings®. No evidence for recombination was detected.
Sequences containing long contiguous stretches of undefined nucleotides were excluded. A final alignment of
complete genome sequences was manually inspected and edited using the program AliView v.1.18%. After pre-
liminary phylogenetic analyses, the master alignment comprising 135 full-length, curated sequences encoding the
complete viral polyprotein (dataset-1) (Supplementary Table 2) was subdivided into two data sets for further anal-
ysis: (i) a data set containing 98 genomes of the SA1 and SA2 genotypes from the Americas (dataset-2); and (ii) 74
sequences from 2017 and 2018 sampled from the states of Minas Gerais, Espirito Santo, Bahia, Rio de Janeiro and
Sao Paulo (dataset-3) (Supplementary Tables 2 and 3). All alignments are available in the Supplementary Data
and on GitHub (https://github.com/MarieltonCunha/ViralDiversity/).

Phylogenetic analysis. Phylogenetic trees of YFV based on full-length, curated coding sequences for all
the data sets were estimated using the Maximum Likelihood (ML) method implemented in IQ-TREE 1.5.5* with
automatic model selection by ModelFinder and using the Bayesian Information Criterion (BIC)*. The robust-
ness of the groupings observed was assessed using 1,000 non-parametric bootstrap replicates. ML and Bayesian
maximum clade credibility (MCC) trees (see below) were visualized and plotted using FigTree v.1.4.3%. All taxon
labels for sequences used in this work are presented in the format: genotype/accession number/strain name/local
of isolation/date of isolation. We explored the temporal signal (i.e., molecular clock structure) and quality of our
data set using TempEst v.1.5.1%".

Phylodynamics and phylogeographic analysis. The spatio-temporal evolution of YFV spread was
inferred within a Bayesian framework as implemented in BEAST v.1.10.1%. An initial descriptive summary of
the demographic history of YFV was approximated using the Bayesian SkyGrid coalescent model® and revealed
no significant variation in genetic diversity (a marker of population size) during the period of our analysis. Based
on previous estimates of evolutionary dynamics of related YFV'74, we tested uncorrelated relaxed molecular
clocks assuming a log-normal distribution, in combination with constant size, exponential and logistic growth
demographic models (Supplementary Tables 4 and 5). Phylogeographic patterns and parameters were estimated
using the Bayesian inference through Markov chain Monte Carlo (MCMC) run for 50 million states, sampling
every 5,000 states with a 10% burn-in. Convergence and the effective sample size (ESS) > 200 were examined
using Tracer v.1.7.1*!. Likewise, the maximum clade credibility tree (MCC) was visualized and edited in FigTree
v.1.4.3%. We recorded the time to the most recent common ancestor (tMRCA) and their 95% Bayesian credible
intervals (HPD) for the MCC tree. To calculate the log marginal likelihood for molecular clock and demographic
model selection, we used the path sampling (PS) and the stepping-stone (SS) sampling approaches by running
100 path steps of 1 million iterations each*’. The spatiotemporal spread of YFV was visualized and plotted with
SPREAD3*. XML input files for BEAST are available in the Supplementary Data and on GitHub (https://github.
com/MarieltonCunha/ViralDiversity/).

Geopositioning of samples. To analyze the geographical proximity among fatal human and NHP cases we
calculated the spatial distances between all cases using available geoposition information. We geopositioned only
those fatal human and NHP YFV cases that occurred in the MRSP (47.0-46.2 S, 23.9-23.1 W), using the available
data on patient residence and day of death. NHP cases were included only for those were coordinates for the place
of where carcasses were found was available. For fatal NHP cases, the date the carcass was found was assumed to
be the day of death, although death may have taken place a few days before. Distances between the human and
NHP fatal YEV cases were calculated based on the available coordinates. Geographic pairwise distance matrices
among all YFV cases (in kilometers) were clustered using the neighbor joining algorithm available in the PHYLIP
v.3.695 package*, this enabled us to produce a dendogram based on geoposition information.

Results

Epidemiological surveillance of YFV in Sdo Paulo, 2017-2018. From January to August 17, 2018,
the State of Sao Paulo reported 3028 suspected cases of yellow fever, 537 (17.7%) of which were confirmed, with
498 (92.7%) autochthonous cases and 35 (6.5%) imported from other states**. Of the 498 autochthonous cases,
176 died, resulting in a mortality frequency of 35.4%™*. Despite the magnitude of the outbreak in So Paulo, little
is known about the epidemiological, genetic and evolutionary characteristics of the virus circulating in the state.
Accordingly, among all patients who died with suspected YFV infection between December 2017 and April 2018,
we focused on 81 cases identified through the service of verification of deaths of the capital - USP (SVOC-USP) in
the city of Sdo Paulo (Fig. 1A). Our qRT-PCR results indicated that 67/81 (82.7%) individuals had been infected
by YFV, while five were shown by qRT-PCR to only carry the vaccine strain YFV-17DD alone, suggesting that
their death was associated with an adverse response to the vaccine as previously reported**-*, and nine were
negative for YFV infection in all tissues tested (Fig. 1B,C). All 67 confirmed YFV deaths were due to complica-
tions of fulminant yellow fever hepatitis, with hepatic encephalopathy, severe coagulopathy, bleeding (mainly
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Figure 1. The current outbreak of yellow fever virus in Brazil (2016-2018). (A) Brazilian states with YEV
cases recorded and sequenced in humans, non-human primates (NHP) and mosquitoes between 2017-2018.
A grey circle marks the metropolitan region of Sdo Paulo (MRSP). (B) Cycle threshold according to each of the
7 tissues analyzed for positive patients. Boxplots represent the 75th percentile, median, 25th percentile and the
whiskers extend to the highest and lowest value in the 1.5x interquartile range. The different colors represent the
different tissues analyzed. (C) Total cases recorded represented sylvatic cases of YFV (qRT-PCR positive cases)
during the epidemiological weeks covered by the study (week 52 of 2017 to week 17 of 2018). (D) Relationship
between the average coverage and the Ct values obtained for each sequenced sample. The data indicate that

we obtained the expected direct inverse relationship between Ct and coverage parameters, as indicated by the
trend line. (E) Combined coverage (normalized by the sample average) along all 36 sequenced YFV genomes
generated in this study.

gastrointestinal, pulmonary and/or cerebral hemorrhages), renal dysfunction and secondary infections. We were
able to successfully sequence the full YFV genome from 36 of these patient samples.

All of our cases were sampled in 17 localities in the Sdo Paulo state, from which 16 localities had fatal cases
due to YFV (Supplementary Table 6). Our molecular diagnostics indicated a peak of cases during the first epi-
demiological weeks of 2018, particularly at the end of January, coinciding with official cases notifications data
(Fig. 1C). The median age of people with confirmed infection was 49.12 years (range 16-87) and were mainly
male (82.09-55/67).

Genomic surveillance. Because detailed spatio-temporal resolution of viral evolution often relies on a few
nucleotide differences among otherwise closely related viruses, complete genomes with high coverage for each
base position are a prerequisite for robust inference. Therefore, to select the appropriate clinical specimens for
viral sequencing, we analyzed cycle threshold (Ct) data from qRT-PCR from viral RNA in seven distinct tissues/
organs (heart, lung, brain, kidney, spleen, pancreas and liver) to choose samples with the lowest possible Cts.
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Figure 2. Time-stamped, MCC tree of YFV South American genotype I in Brazil recovered under the logistic-
lognormal demographic model. The different colours indicate samples from different locations. The black circles
represent posterior support upper than 0.7. The single synapomorphic change observed in Clade II [N1646T
(NS3)] is shown in the box over the branch leading to Clade II-D. The three distinct introductions in the
metropolitan region of Sao Paulo (MRSP) are shown (See also Fig. 3).

In general, all tissues had normally distributed Ct values, with the exception of the liver, which had a moder-
ately asymmetrical distribution and a deviation to lower Ct values, and hence generally inferior to other tissues
(Fig. 1B). In total, we obtained 36 complete YFV genomes from the 67 positive patients (Fig. 1D,E). All sequences
of the current outbreak belonged to the South American I genotype (Supplementary Fig. 1), and were related with
sequences previously isolated in neighboring states in 2017 (Fig. 2) with no evidence of recombination. Based on
the phylogenetic analysis, we could infer at least three distinct introductions of YFV in the MRSP: (i) A major
clade (34 genomes) in the northwest of the MRSP coming from Minas Gerais due to NHP movement, and likely
emerging between April 2017-October 2017 (95% HPD; mean - July 2017) (Fig. 3 and Supplementary Tables 4
and 5), (ii) one virus lineage from a case from Espirito Santo (Patient 16), and (iii) one from a case from Rio de
Janeiro (Patient 48) (Fig. 2). Importantly, our patient’s records indicated the two single introductions were due
to people visiting enzootic locations in these states and did not appear to have caused detectable additional cases
in the MRSP.

Origin of the 2016-ongoing Yellow Fever virus outbreak. Phylogenetic (Supplementary Figs. 1 and 2)
and phylogeographic (Figs. 2, 3 and Supplementary Tables 4 and 5) analyses of samples from the 2017-2018 YFV
outbreak allowed us to reveal the origin and spread of YFV in the Southeast and Northeast region of Brazil. In
particular, there was evidence of two distinct zoonotic clades (Clade I and IT) that likely separated in Minas Gerais
(location posterior support of 0.8) between November 2013-June 2016 (95% HPD; mean date of June 2015). The
mean rate of Clade I and II migration during the whole sampled period 2017 to 2018 was approximately 3.3 km/
day (95% HPD = 2.25-4.37 km/day) with a mean evolutionary rate of 9.85 x 10~* nucleotide substitutions per
site, per year (subs/site/year) (95% HPD =6.52 x 10~*— 1.35 x 107 subs/site/year). We now describe these two
clades in more detail.

Cladel. CladelI divided into two smaller clades (CI-A and CI-B) in 2016 (95% HPD of divergence time = July
2015 - September 2016) and likely in Minas Gerais (location posterior support of 0.82) (Fig. 2). CI-A then
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Figure 3. Highest posterior probability migration paths for the YFV Clades I and II from 2016 to 2018 towards
the metropolitan region of Sdo Paulo (MRSP), based on the analysis of 74 complete genomes. Although the
sample size is small such that inferences should be made with caution, three distinct introductions in the MRSP
are shown and strongly supported. The spatiotemporal spread was visualized with SPREAD?3.

diversified and moved and into peri-urban and forested regions in the state of Minas Gerais, causing an outbreak
after January 2017, then moving onto Bahia. In contrast, Clade CI-B likely diversified in the forest region in the
border between Minas Gerais and Espirito Santo, also in 2016, and then moved to Espirito Santo and Rio de
Janeiro, causing in both states an outbreak during the first part of 2017. Two YFV patients who died in 2018 and
resided in the MRSP had visited Espirito Santo (Patient 16) and Rio de Janeiro (patient 48). Fittingly, the virus
phylogeny showed that their posthumous viral samples were nested among isolated viruses from the areas they
visited (Fig. 2). These results indicated that CI-B was circulating until early 2018.

Cladell. This clade caused the majority of the deaths in the MRSP (Fig. 2). It diverged into Clades CII-C and
CII-D in the state of Minas Gerais, with a location posterior support of 0.87, near the border with Sao Paulo
between June 2016 - January 2017 (95% HPD; mean - December 2016) (Fig. 3). Subsequently, CII-D moved
towards the MRSP, causing epizootics beginning between April 2017-October 2017 (95% HPD; mean - July 2017)
(Supplementary Fig. 3) in forest parks (Horto Florestal and Cantareira State Park) that form a belt around the
Northern part of the MRSP (Fig. 4). It is noteworthy that our inferred dates correspond well with the reported
official cases of YFV cases in NHP and humans (Fig. 4). It is also notable that CII-D is also defined by a unique
synapomorphic substitution (N1646T) in the NS3 gene that is not present in CII-C and Clade I viruses (Fig. 2).

Geopositioning analysis. In total, 230 NHP carcasses were collected in the MRSP. Of these, 136 were mem-
bers of the genus Alouatta (howler monkeys), 14 were Callithrix genus (marmosets), and five were Cebus genus
(capuchin monkeys). The species identity of the remaining 75 carcasses were not determined (Fig. 4) (data pro-
vided by the Adolfo Lutz Institute). Analysis of spatio-temporal data showed that the YFV outbreak progressed in
different directions in humans and NHPs (Figs. 4 and 5). While the outbreak in NHPs had a tendency to move in
a south-southwest direction, in humans the outbreaks in a southeast direction (Figs. 4 and 5).

Several geographically well-defined clusters can be observed in the dendogram inferred from the pairwise
geographic distances matrix among all YFV cases (Fig. 5). Two areas of intense epizootics were inferred in the
north and southwest forested areas around the MRSP. We also inferred a large cluster of cases of NHP and humans
in the northern region, Cantareira and Horto Florestal State parks, spreading to the nearby towns of Mairipora
and Guarulhos, where most of the human and NHP cases were reported. Another cluster represents NHP cases
from the southwestern of the MRSP, around Cotia, where the second most affected NHP population was present.
Hence, the most striking finding of this analysis was that most human cases occurred close to both the NPH cases
and the forested belt around the MRSP.

Discussion

We describe the outbreak of YFV in the MRSP, Brazil, in 2016-2018, particularly its origin and how the virus
diversified and moved around the largest conurbation in the southern hemisphere carried by NHP, killing 176
people during 2018 in the process*. All the isolates from Sdo Paulo belonged to the South American I genotype
and formed a single monophyletic group along with viruses (comprising Clades I and II) that also circulated in
2016-2017 in the states of Minas Gerais, Bahia, Rio de Janeiro and Espirito Santo!”!%#0, Several synapomorphic
mutational changes in different genes were previously reported by our group’®, and here we report a synapomor-
phy (N1646T) in the protease NS3 gene shared by all CII-D. The mean evolutionary rate for all the YFV sequences
of the Brazilian outbreak (2017-2018) was 9.85 x 10~* subs/site/year, and hence compatible with those previously
estimated for YFV and for other flaviviruses*>*.
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Figure 4. Spatial distribution of YFV deaths through time in non-human primates (NHP) and humans. Arrows
indicate the general trend of movement around the metropolitan region of Sdo Paulo (MRSP) estimated from
distance matrices (see Fig. 5). The earliest cases in NHP are shown in the north, and later in the south and
northeast of the MRSP. Most human cases are near sites with reported deaths of NPH, confirmed to be caused
by YFV. The outbreak appears to have been confined mostly near the forested belt around the MRSP, contrasting
with the almost empty, heavily urbanized center. Cardinal points are aligned according to the main axis of

the page, (e.g., top being north, etc.). The figure was created by plotting the coordinates of reported cases to a
satellite image available from Google Maps (google.com/maps) as background.

The current Brazilian outbreak began in the state of Minas Gerais in June 2015, with all viruses sampled from
2017 belonging to a single monophyletic group that diverged into two main clades (Clade I and II), and indicative
of a single introduction of the virus in the region. These observations are supported by other molecular epidemi-
ological studies conducted in Brazil from 2016'7194%_ Although previous evolutionary studies point to an origin
of the virus in Venezuela®, epidemiological monitoring carried out by the Brazilian Ministry of Health suggest
a likely origin of the Brazilian outbreak in 2014, with confirmed epizootics in the transitional area between the
Amazon and the Cerrado biomes (with most of the confirmed cases occurring in the states of Goids and Mato
Grosso do Sul)!>1%2L This region was the probable link between the Amazon basin and the state of Minas Gerais,
located in southeastern Brazil. It is likely that the numbers of human cases in this region were not high due to the
vaccine coverage there®'. The viral invasion into southeast Brazil, associated with the rapid spatial spread of the
virus (estimated here at a mean of rate 3.3 km/day), caused the virus to circulate in important fragments of the
Atlantic Forest near the peri-urban areas of the main Brazilian megacities (notably Sao Paulo and Rio de Janeiro),
and led to a marked increase in the number of cases during the outbreak. In the MRSP, the virus (Clade CII-D)
was introduced, maintained and spread in the sylvatic transmission cycle, with occasional cases of infection in
humans between April 2017 and October 2017, with the interstate border between Sao Paulo and Minas Gerais as
the route of introduction. In Sdo Paulo state, the routes of viral dispersion included only interconnected forested,
corridors linked to peri-urban regions. The patients studied here were mainly unvaccinated adult males that had
contact with the sylvatic environment or lived nearby. No autochthonous cases were documented in the central
region of the city of Sdo Paulo. Importantly, the MRSP cases reduced in numbers as the populations of NHP col-
lapsed and with vaccination campaigns in areas classified as at risk®.
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Figure 5. Neighbor joining tree calculated from pairwise geoposition distances among all the non-human
primates and human cases available from the metropolitan region of Sao Paulo (MRSP).

The introduction and establishment of the YFV Clade II-D in the state of Sdo Paulo can be further explained
by environmental factors, including: (i) mosquitoes of the genus Haemagogus are abundant in the forested areas
of the state of Sio Paulo®*** and were the primary vectors in the YFV outbreak occurred in Brazil, 2016-2018;
(i) NHPs are found in areas of the Atlantic Forest and are susceptible and responsible for the maintenance of the
virus in the sylvatic cycle®®-%%; and (iii) the regions affected by the current outbreak had low vaccine coverage®!.
Our findings support previous work indicating that the outbreak of 2016-2018 (sampled in the states of Minas
Gerais, Bahia, Espirito Santo and Rio de Janeiro), occurred in a sylvatic environment with occasional infections
in humans".

Importantly, we also recorded two introductions of YFV Clade I-B detected in patients who travelled to
Espirito Santo and Rio de Janeiro - both states that experienced significant circulation of this virus lineage in
2018. In both these states an increase in the number of YFV notifications was reported in 2017 across succes-
sive epidemic periods, showcasing the maintenance of epizootic YFV. In addition, we highlighted the extent of
viral movement, such as observed in cases imported from Brazil by other countries®, largely facilitated by rapid
human movement such as those resulting from air travel®.

In contrast to other arboviruses in Brazil such as dengue virus, in which continuous reintroductions are
responsible for keeping the virus circulating in the urban cycle®-%, YFV is dependent on epizootics to cause
cases in humans. The South American I genotype belongs to a “modern lineage”, that has been circulating in
America since 1995 and that perhaps originated in Trinidad and Tobago™. It is believed that from there the virus
spread to South American countries, especially Venezuela and Brazil®’, carried mainly by NHP and sylvatic mos-
quitoes, moving along forested corridors and perhaps promoted by a series of interlocked epizootics involving
the exchange of viruses among infected and susceptible individuals®*®*. Epizootics among social animals, such
as New World arboreal primates, may be reduced by self-exclusion of infected individuals®. For instance, it is in
theory possible that social avoidance, changes in group size, group isolation and several other behaviors may have
evolved due to reduce pathogen transmission. Nevertheless, in the case of vector-borne diseases any isolation
mechanism is efficient only at distances that minimize transmission®. Howlers were the most affected monkey
species in the forested belt around the MRSP*2. As in several other previous YFV epizootics®, the high overall
fatality rate in howlers led to almost the complete extinction of these monkeys in most areas around Sao Paulo.

It has been assumed that the decline in the numbers of howler monkeys and the severe reduction of several
species of NHP from around the MRSP had a significant effect on ending the outbreak. Although perhaps due to
poor sampling of monkeys in that locality, it is possible that Clade II-D could have caused a limited number of
human-to-human transmission cases, as suggested by a cluster of human cases in Guarulhos (Fig. 5). Critically,
however, a key factor that differentiates the current outbreaks of YFV in the Americas and Africa is that there
is no clear evidence for urban cycles of YFV in the Americas has been observed since the first half of the 20"
Century. A possible, although untested, explanation is that the former A. aegypti colonizing the Americas was
from Africa (Senegalese strain), while the A. aegypti reintroduced in the early 1970’ is Asiatic, where no urban
spread of YFV is observed®’.
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Abstract

The Red fox (Vulpes vulpes) has established large populations in Australia’s urban and rural areas since its introduction fol-
lowing European settlement. The cryptic and highly adaptable nature of foxes allows them to invade cities and live among
humans whilst remaining largely unnoticed. Urban living and access to anthropogenic food resources also influence fox
ecology. Urban foxes grow larger, live at higher densities, and are more social than their rural counterparts. These ecological
changes in urban red foxes are likely to impact the pathogens that they harbour, and foxes could pose a disease risk to
humans and other species that share these urban spaces. To investigate this possibility, we used a meta-transcriptomic ap-
proach to characterise the virome of urban and rural foxes across the Greater Sydney region in Australia. Urban and rural
foxes differed significantly in virome composition, with rural foxes harbouring a greater abundance of viruses compared to
their urban counterparts. We identified ten potentially novel vertebrate-associated viruses in both urban and rural foxes,
some of which are related to viruses associated with disease in domestic species and humans. These included members of
the Astroviridae, Picobirnaviridae, Hepeviridae, and Picornaviridae as well as rabbit haemorrhagic disease virus-2. This study
sheds light on the viruses carried by urban and rural foxes and emphasises the need for greater genomic surveillance of
foxes and other invasive species at the human-wildlife interface.
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1. Introduction

Red foxes (Vulpes vulpes) have the largest natural distribution of
any wild terrestrial carnivore (Schipper et al. 2008), extending
through Eurasia and North America (Statham et al. 2014).
Introduced to Australia in the mid-1800s, they rapidly expanded
across the continent. Red foxes exploit a wide range of habitats
with varying climates, from alpine to desert, and are considered
one of the most adaptable species on the planet. They are
broadly distributed across natural and forested landscapes as
well as highly urbanised, human dominated areas (Saunders,
Gentle, and Dickman 2010; Bateman and Fleming 2012). Red fox
home ranges vary depending on resource availability and land-
use type. In Australia, home ranges for foxes in arid regions can
reach at least 120km? (Newsome, Spencer, and Dickman 2017),
between 5 and 7km? in rural areas (Coman, Robinson, and
Beaumont 1991) and <1km? in urban centres (Marks and
Bloomfield 2006).

Foxes have recently established a large presence in major
metropolitan centres (Marks and Bloomfield 1999; Saunders,
Gentle, and Dickman 2010). Urban areas support surprisingly
high densities of foxes. For example, there are up to sixteen
individuals per km? in Melbourne (Marks and Bloomfield 1999),
compared to just 0.2 individuals per km? in rural areas
(Saunders, Gentle, and Dickman 2010). In Bristol city in the UK,
densities reach as high as thirty-five foxes per km? (Baker et al.
2001).

Predation by red foxes is a key threat to Australian native
fauna (EPBC 1999). Due to this threat to vulnerable wildlife and
Australian biodiversity, fox populations are actively controlled.
Whilst poison baiting is common and cost-effective in rural
areas (Saunders, Gentle, and Dickman 2010), risks to pets and
humans restrict control methods in urban areas to trapping and
shooting (Marks et al. 1996). These methods are both relatively
expensive and difficult to apply at large scales, making urban
fox control challenging.

Red foxes are both cryptic and nocturnal, often remaining
unnoticed in urban areas despite their high abundance (Phillips
and Catling 1991; Doncaster and Macdonald 1997). They thrive
on anthropogenic resources and may develop distinct behav-
iours through urban living (Contesse et al. 2004; Bateman and
Fleming 2012; Stepkovitch 2017). Other urban carnivores such as
coyotes (Canis latrans) display increased boldness and decreased
human aversion by comparison to rural counterparts (Bateman
and Fleming 2012; Robertson 2018; Breck et al. 2019). Urban car-
nivores often become larger in size, which may have positive
effects on fitness and fecundity (Bateman and Fleming 2012;
Stepkovitch et al. 2019). Abundant food can decrease carnivore
home ranges, support higher densities, and increase conspecific
encounter rates (Bateman and Fleming 2012; Newsome et al.
2015; Dorning and Harris 2019). Urban fox family group sizes are
often larger than rural ones, as juvenile females may forego dis-
persal to assist with cub rearing (Macdonald 1979, 1983; Marks
and Bloomfield 1999). Thus, urban environments may enhance
conspecific tolerance and social behaviours in foxes (Macdonald
1979, 1983; Marks and Bloomfield 1999; Dorning and Harris
2019).

Although red foxes are known to harbour a diversity of vi-
ruses (Bodewes et al. 2013; Lojki¢ et al. 2016), it is unknown
whether urban and rural foxes have different viral

compositions. High-density living and increased contact can in-
crease pathogen transmission rates among hosts (Nunn et al.
2015). As such, a high-density population of cryptic urban foxes
living in proximity to largely unsuspecting humans could pose
an important pathogen risk. Foxes interact with human refuse,
including compost and rubbish bins, and consume food scraps
from surfaces such as outdoor barbeques and furniture, eat
from pet bowls and wildlife feeding stations, and defaecate
nearby, increasing the potential for pathogen transfer (Contesse
et al. 2004). In addition, as urban animals often habituate to
humans (Bateman and Fleming 2012), we might predict an in-
crease in fox-human interactions with the potential for dis-
eased transmission between the two species.

Using a meta-transcriptomic approach we describe, for the
first time, the virome of the introduced Australian red fox sam-
pled from urban and rural regions. We hypothesised that foxes
in urban areas could harbour a greater viral diversity and abun-
dance compared to rural foxes, due to higher population densi-
ties and increased conspecific interactions in urban areas.
Whilst there is limited information on fox social dynamics in
Australia, we also postulated that females could harbour a
greater diversity and abundance of viruses than males due to
particular social behaviours reported for female foxes in their
native ranges, such as cooperative cub rearing (Macdonald 1979,
1983). To this end, samples (liver, faecal, and ectoparasite) were
collected from foxes around the Greater Sydney region,
Australia, including in urban and rural areas (Fig. 1). Due to diet
and organ function, we hypothesised that these tissues com-
prised very different viromes and together provided a more
comprehensive view of the red fox virome. Samples were
pooled (based on sampling location, tissue type and sex) and
subject to RNA sequencing to reveal viral diversity, evolution,
and abundance.

2. Materials and methods

2.1 Sample collection

The current project was part of a larger research program into
urban foxes in partnership with Greater Sydney Local Land
Services, a New South Wales State Government organisation re-
sponsible for management of pest species across the region. We
collected fresh carcases from independent licenced trappers
and shooters who were actively controlling foxes in the Greater
Sydney region (see Fig. 1 for sample locations). To minimise
degradation of RNA, samples were taken as soon as possible af-
ter death (03:19:00 = 02:59:00h post-mortem, n=27). One car-
case had been frozen for approximately 1 week and one carcase
had been dead for an unknown amount of time. The foxes used
for this study were either trapped in cages and shot, or tracked
and shot. One individual was obtained as recent roadkill. Foxes
killed by poison baits were excluded.

Whole fox carcases were collected and transported to the
laboratory where they were immediately dissected to collect
faecal, liver, and ectoparasite samples. All samples were indi-
vidually stored in RNALater at —80°C. We sampled a total of
twenty-nine individual foxes; thirteen males and sixteen
females. For this study, foxes were classified as juvenile if their
body mass and body length were less than 3.3kg and 51 cm, re-
spectively. These values were chosen as the body mass of an
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Figure 1. Map of the Greater Sydney region showing fox sampling locations of urban (red) and rural (blue) fox carcases, identified as male (circle) or female (triangle), as

well as those harbouring ectoparasites (green asterisk).

adult red fox can range between 3.3 and 8.2kg, whilst body
length can range between 51 and 78 cm (when measured from
the tip of the nose to the first vertebra of the tail) (Cavallini
1995). Based on this assessment, twenty-five foxes were classi-
fied as adults (twelve males and thirteen females) and four as
juveniles (one male and three females).

2.2 Sampling in urban and rural areas

Fox sampling relied on coordination with professional pest con-
trol operators who focus control efforts in specific locations in
accordance with local control initiatives. For this reason, a rep-
resentative sample across a land-use gradient from urban to ru-
ral was not possible. Sufficiently fresh rural and bushland fox
samples were also difficult to obtain since poison baiting is the
principal control method in these areas. Therefore, ‘rural’ was
broadly defined as any natural bushland, national park, mostly
agricultural, or sparsely populated region outside the central ur-
ban districts, with a human population density of fewer than
500 people per km? Similarly, ‘urban’ was defined as built-up
areas inside the central urban district (including parks, gardens,
and golf courses) with a population density of more than 500
people per km? either in the area sampled or in the immediate
surrounding areas. Human population density information was
obtained from the Australian Bureau of Statistics (2016 census
data) (Australian Bureau of Statistics 2016a). Central urban dis-
tricts were defined by the Urban Centres and Localities statisti-
cal classification (Australian Bureau of Statistics 2016b). Land-
use classification and human population density cut-offs were
loosely based on work by Stepkovitch et al. (2019).

2.3 RNA extraction and whole-transcriptome
sequencing

Qiagen RNeasy Plus Mini Kits were used to extract RNA from
liver, faecal, and ectoparasite samples from collected red fox
carcases. Thawed samples were transferred to a lysis buffer so-
lution containing 1 per cent -mercaptoethanol and 0.5 per cent
Reagent DX. Samples were homogenised and centrifuged. DNA

was removed from the supernatant via gDNA eliminator spin
column and RNA was eluted via RNeasy spin column. RNA con-
centration and purity were measured using the Thermo Fisher
Nanodrop. Samples were pooled based on land-use category
(urban or rural), sex, and sample type (liver, faecal, or ectopara-
site), resulting in nine representative sample pools (Table 1).
Adults and juveniles were pooled as only two juveniles were
sampled. Ectoparasites included fleas (Siphonaptera) and ticks
(Ixodida). These were not classified below the Order level and
due to the small number sampled were also pooled. The TruSeq
Stranded Total RNA Ribo-Zero Gold (h/m/r) kit was used to pre-
pare pooled samples for sequencing. Pooled samples were se-
quenced on the NextSeq 500 with 2x 75 bp output at the
Ramaciotti Centre for Genomics at the University of New South
Wales, Sydney. Sequencing resulted in nine representative data
libraries (Table 1). The raw reads and virus sequences are avail-
able on NCBI's SRA database under BioProject PRJNA640177
GenBank accession numbers MT833874-MT833883.

2.4 Virus discovery

Sequencing reads were assembled de novo into longer sequences
(contigs) based on overlapping nucleotide regions using Trinity
RNA-Seq (Haas et al. 2013). Assembled contigs were assigned to
a taxonomic group (virus, Bacteria, Archaea, and Eukarya) and
viruses were identified to their closest species match based on
sequence similarity searches against the NCBI nucleotide (nt)
and non-redundant protein (nr) databases using BLASTn
(Altschul et al. 1990) and Diamond (BLASTX) (Buchfink, Xie, and
Huson 2015), respectively. An e-value threshold of 1 x 10~° was
used as a cut-off to identify positive matches. We removed non-
viral hits, including host contigs with similarity to viral sequen-
ces (e.g. endogenous viral elements).

2.5 Inferring the evolutionary history of fox viruses

We inferred the phylogenetic relationships of the vertebrate-as-
sociated viruses identified in the fox samples. Vertebrate-asso-
ciated viruses were defined as viruses, which shared sequence
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Table 1. Breakdown of red fox representative samples, detailing land use, sex, and sample type, as well as the number of individuals pooled for

RNA sequencing.

Representative sample Land use Sex Sample type Number of individual foxes pooled Viral transcripts found?
1 Urban Male Liver 9 No
2 Urban Male Faeces 6 Yes
3 Rural Male Liver 3 No
4 Rural Male Faeces 3 Yes
5 Urban Female Liver 9 No
6 Urban Female Faeces 13 Yes
7 Rural Female Liver 3 Yes
8 Rural Female Faeces 3 Yes
9 Both Male (1) Ectoparasites 3 Yes
Female (2)

Table 2. Vertebrate-associated viral contigs, contig length (nt), percent abundance in their respective pools, and the percent amino acid iden-

tity to their closest match on NCBI/GenBank.

Land use (sex) Virus name Virus family  Contiglength % Relative Closest match % Amino acid Sample type
(species) (nt) abundance (GenBank accession identity
number)
Rural (female) Vixey virus  Picornaviridae 2,427 0.007 Canine kobuvirus 97.65 Faeces
(AZS64124.1)
Wilde virus-1  Picornaviridae 7,236 5.66 Canine picornavirus 89.18 Faeces
(YP_005351240.)
Wilde virus-3  Picornaviridae 1,428 0.0004 Canine picornavirus 96.22 Liver
(AMX81409.1.)
Swiper virus  Hepeviridae 7,374 0.01 Elicom virus-1 28.92 Faeces
(YP_009553584.)
Red fox-associ- Caliciviridae 7,026 0.14 Rabbit haemorrhagic 99.62 Faeces
ated rabbit disease virus-2
haemorrhagic (MF421679.1)
disease virus-2
Rural (male) Tod virus-2  Picornaviridae 4,263 0.17 Canine picodicistro- 98.53 Faeces
virus
(YP_007947664.)
Vulpix virus  Astroviridae 2,556 0.046 Feline astrovirus 96.11 Faeces
(YP_009052460.)
Urban (female)  Tod virus-1  Picornaviridae 2,062 0.0004 Canine picodicistro- 98.83 Faeces
virus
(YP_007947664.)
Charmer virus Picobirnaviridae 448 0.0001 Wolf picobirnavirus 80.27 Faeces
(ANS53886.1)
Urban (male) Wilde virus-2  Picornaviridae 1,524 0.00058 Canine picornavirus 73.37 Faeces

(YP_005351240.)

similarity to other known vertebrate viruses. Due to the high di-
vergence of the virus transcripts, we used only the RNA-depen-
dant RNA polymerase (RdRp) transcripts for phylogenetic
analysis. First, the amino acid translations of the viral tran-
scripts were combined with other virus protein sequences from
the same virus families obtained from GenBank (Table 2).
Second, the sequences were aligned using MAFFT v.3.4, employ-
ing the E-INS-I algorithm. Ambiguously aligned regions were re-
moved using trimAl v.1.2 (Capella-Gutiérrez, Silla-Martinez, and
Gabaldén 2009). To estimate phylogenetic trees, we selected the
optimal model of amino acid substitution identified using the
Bayesian Information Criterion as implemented in

Modelgenerator v0.85 (Keane et al. 2006) and employed the
maximum-likelihood approach available in PhyML v3.1
(Guindon et al. 2010) with 1,000 bootstrap replicates. For the vi-
ral transcript matching rabbit haemorrhagic disease virus-2
(RHDV2), we used a nucleotide alignment with similar viruses.
New viruses were named after fictional fox characters.

2.6 Diversity and abundance analysis

Transcript abundance for all viruses (vertebrate and inverte-
brate associated) was estimated using RSEM within Trinity (Li
and Dewey 2011). Specifically, we assessed how many short
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Figure 2. Overview of the red fox virome. (a) Percentage abundance of each taxonomic group identified in each respective pooled sample, standardised against the
number of raw reads per pool. Due to their low abundance, archaea (0.002-0.021 per cent) and some of the viral reads (0.001-5.85 per cent) are too small to visualise. (b)
Percentage abundance of (eukaryotic-associated) viral families detected in each respective pooled sample (excluding bacteriophage). (c) Boxplots showing percentage
abundance of (eukaryotic-associated) viral reads in urban, rural, and ectoparasite samples and males and females. A black line indicates the median and the bottom
and top edges of the box indicate the 25th and 75th percentiles, respectively. Raw abundances are superimposed, and the colour and shape of data points are as in

Fig. 1.

reads within a given library mapped to a particular transcript.
Raw counts were then standardised against the total number of
reads within each library. Virome diversity (i.e. virus species
richness) and relative abundance were compared among sam-
ples using a non-metric multidimensional scaling (nMDS) ordi-
nation in conjunction with an analysis of similarities (ANOSIM)
based on Bray-Curtis dissimilarity as implemented in the vegan
package in R (Oksanen et al. 2019). To determine which viral
families were contributing the most to differences between
samples, an ‘indicator species’ analysis was performed, using a
point biserial coefficient of correlation within the indicspecies
package in R (De Caceres, Legendre, and Moretti 2010).

3. Results

Meta-transcriptomic sequencing of nine representative pooled
samples resulted in 44-57 million paired reads per pool
(593,406,706 reads in total). BLAST analyses revealed that the
faecal samples were dominated by bacteria (51.17-84.61%),
whilst the liver samples were dominated by eukaryotic tran-
scripts (92.90-99.43%), largely comprising fox RNA. Viruses
made up a small proportion of the four representative faecal
samples (0.002-5.85%) and were detected in only one of the rep-
resentative liver samples (0.001%). Archaea were detected at
very low levels in faecal samples only (0.002-0.021%). The ecto-
parasites (fleas and ticks) differed substantially to the liver and
faecal samples with 50.97 per cent of reads classed as
‘unmatched’ meaning they did not share sequence similarity to
any known sequence. The remainder of the contigs from ecto-
parasite samples were from eukaryotes (44.39%), bacteria
(4.64%), and viruses (0.004%). Unmatched reads in liver and

faecal samples ranged between 0.52 per cent and 12.22 per cent
(Fig. 2a).

Multiple novel vertebrate-associated virus transcripts were
identified from both urban and rural foxes, including a hepevi-
rus, picobirnavirus, astrovirus, and various picornaviruses
(Table 2). In addition, we found virus transcripts with sequence
similarity to RHDV2. Vertebrate-associated virus transcripts
represented between 0.4 per cent and 98 per cent of viral reads.
The remainder comprised mostly invertebrate-, plant-, and
fungi-associated virus transcripts, which were most likely ac-
quired from the foxes’ diet. As no vertebrate-associated viruses
were detected in the ectoparasite pool, we performed no further
evolutionary analyses.

3.1 Virome composition

Urban, rural, and ectoparasite samples had distinctly different
virome compositions (ANOSIM R=1, P=0.0167; Figs 2 and 3).
Transcripts from a total of thirty distinct viral families were
identified across the six pools in which viral RNA was detected
(rural male faeces, rural female faeces, rural female liver, urban
male faeces, urban female faeces, and ectoparasites). Overall,
twenty-one viral families were identified in transcripts from ur-
ban foxes and nineteen from rural foxes. Urban foxes exhibited
a slightly higher diversity of viruses compared to rural foxes;
transcripts from the latter were heavily dominated by
Picornaviridae, which made up between 77.33 and 98.97 per cent
of the virome of rural foxes (Fig. 2b). Indicator species analysis
suggested that Picornaviridae were associated with rural samples
(stat = 0.978, P =0.0496), whilst Nodaviridae were associated with
urban samples (stat = 0.998, P=0.0498). Viral diversity was
higher in females (twenty-five distinct viral families) than in
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Figure 3. nMDS ordination showing differences in virome composition (at the family level) among samples according to habitat and sex. Individual points represent in-
dividual pooled samples. Points closer together have a more similar virome composition (based on Bray-Curtis dissimilarity, which incorporates both the diversity and
abundance of viruses) and vice versa for those further apart. The stress value was <0.01 and is indicated on the figure.

males (thirteen distinct viral families). A much larger percent-
age of the viral transcripts identified were vertebrate associated
in rural foxes (male: 98.23% and female: 97.84%) compared to ur-
ban foxes (male: 2.41% and female: 0.39%), although this per-
centage was higher in males in both groups. In this context, it is
important to note that some virus transcripts found here may
be the result of contamination by reagents.

On average, total viral abundance (including both vertebrate
and non-vertebrate viruses) was higher in rural foxes
(2.03 = 3.31%, n=13) than in urban foxes (0.03 = 0.04%, n=2), and
in female foxes (1.97+3.36%, n=3) than in male foxes
(0.12£0.17%, n=2) (Fig. 2c). However, due to the small sample
size, differences may be due to some individual animals con-
tributing more to overall abundance or diversity in their respec-
tive pool than others. For example, the rural female fox pool
(comprising three individual foxes) contained an unusually
high number of viruses (>5%) compared to the others. This may
have inflated virus abundance counts in females when com-
bined. Whilst virome composition was compared among a rela-
tively small number of samples, this is balanced by the fact that
each sample comprises the viromes of multiple individual foxes
(n=3-13 foxes per pool; Table 1).

3.2 Vertebrate-associated viruses in foxes

3.2.1 Hepeviridae

Hepevirus (positive-sense single-stranded RNA viruses) sequen-
ces were discovered in the rural female faecal samples.
Tentatively named swiper virus, this virus transcript was very
distinct in sequence, sharing only 28.92 per cent amino acid
identity to its closest relative, elicom virus-1 from mussels, and
had a relative abundance of 0.01 per cent (Table 2). Whilst its
closest genetic relative is not from a vertebrate host suggesting

it may be a diet-associated contaminant, phylogenetic analysis
of the RdRp encoding region placed this hepevirus in proximity
to both house mouse hepevirus and elicom virus-1, with these
viruses forming a distinct monophyletic group (Fig. 4).

3.2.2 Astroviridae

We detected an astrovirus (positive-sense single-stranded RNA
virus), tentatively named vulpix virus, in the rural male faecal
samples. Notably, the sequence shared a 96.11 per cent amino
acid identity with feline astrovirus D1 and had a relative abun-
dance of 0.046 per cent (Table 2). Based on phylogenetic analysis
of the RdRp, this virus clustered with other mammalian-associ-
ated viruses within the mamastroviruses (Fig. 4).

3.2.3 Picobirnaviridae

Picobirnavirus (double-stranded RNA viruses) sequences were
detected in urban male, rural male, and urban female faecal
samples. As some of the sequences represented less conserved
regions of the viral genome, only one RdRp sequence (from the
urban female samples) was used for phylogenetic analysis. The
sequence, tentatively named charmer virus, shared an 80.27 per
cent amino acid identity with a picobirnavirus found in wolves
and had a relative abundance of 0.0001 per cent (Table 2). The
sequence also clustered with other mammalian-associated
picobirnaviruses (Fig. 4).

3.2.4 Picornaviridae

Several picornaviruses (positive-sense single-stranded RNA vi-
ruses) were discovered. Two kobuvirus-related sequences were
discovered in the rural female faecal samples. The longer se-
quence, tentatively named vixey virus, shared highest amino
acid identity with canine kobuvirus from a domestic dog
(97.65%) and had a relative abundance of 0.007 per cent
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(@) Hepeviridae

(NC_040710) Whitebacked planthopper hepevirus
(NC_040835) Agile frog hepevirus

(MG600007.1) Banna caecilian hepevirus
(MG600005.1) Wenling moray eel hepevirus
(MG600008.1) Nanhai ghost shark hepevirus
(AWB14594.1) House mouse hepevirus

_|’_|1Swipervirus (rural female faeces) h\
(YP_009553584.1) Elicom virus-1

(AVM87557.1) Wenling thamnaconus septentrionalis hepevirus

(NC_015521) Cutthroat trout piscihepeviru
(KJ562187) Greater horseshoe bat hepevirus
(KX589065) Little egret hepevirus
(MG737712) Sparrow hepevirus
(MK050107) Chicken hepevirus
(KC692370) Fox hepatitis E virus
(LC057247) Ferret hepatitis E virus
(AHC70111.2) Moose hepatitis E virus
(ANH58413) Tree shrew hepatitis E virus
"(KU356186) Goat hepatitis E virus

M (AB189075) Human hepatitis E virus

N (KJ013414) Rabbit hepatitis E virus

0.5 subs/site

(¢) Astroviridae

(AVM87496.1) Dongbei arctic lamprey astrovirus-1
(AVM87522.1) Guangdong chinese water skink astrovirus
(AVM87188.1) Beihai tree frog astrovirus
(NP_853540.1) Turkey astrovirus

(A1S22432.1) Duck astrovirus

(AMO03287.1) Chicken astrovirus
(AUX13146.1) Goose astrovirus
(AVM87528.1) Beihai fish astrovirus-1
(AEM37638) California sea lion astrovirus-11
(QB0O24279) Canine astrovirus
(AVX29484.1) Marmot astrovirus-1
(YP_009094052) Rabbit astrovirus
(YP_009448179.1) Brown rat astrovirus
(QBQ83078) House mouse astrovirus
(YP_009162617.1) Dromedary astrovirus
(QDP38690.1) Goat astrovirus
(QBJ04610.1) Tasmanian devil astrovirus-1
(AWV67084) Straw-coloured fruit bat astrovirus
(ASV45846) Ovine mamastrovirus-13
(BBB86742) Bovine astrovirus

(ARU76989.1) Swine mamastrovirus-3
(YP_009047079) Human astrovirus

(AGK45542) Fox astrovirus
* Vulpix virus (rural male faeces) h
" (YP_009052460) Feline astrovirus

0.6 subs/site

(MG600003.1) Wenling samurai squirrelfish hepevirus
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(b)  Picobirnaviridae

(MK521926) Tasmanian devil-associated picobirnavirus-6

(QDY92374.1) Pink eared duck picobirnavirus
(AAG53583.1) Human picobirnavirus

(AVD54061.1) Macaque picobirnavirus-25

(AMP18949.1) California sea lion picobirnavirus

(ATY68957.1) Simian picobirnavirus

(AlY31287.1) Dromedary picobirnavirus

(ATY68933.1) Bovine picobirnavirus

(AWB14662.1) House mouse picobirnavirus-3

(ANS53886) Wolf picobirnavirus

Charmer virus (urban female faeces) h

(ANS53885.1) Wolf picobirnavirus

(AXF38744.1) Shelduck picobirnavirus

(AIW53311.1) Chicken picobirnavirus
(AD0O22678.1) Porcine picobirnavirus

l (YP_009241386.1) Porcine picobirnavirus

(YP_009389484.1/) Canine picobirnavirus

(AHY84698.1) Turkey picobirnavirus

(AVA30701.1) Gorilla picobirnavirus

(ASK85695.1) Feline picobirnavirus

(YP_009553306.1) Roe deer picobirnavirus

(AIB06801.1) Fox picobirnavirus

(AVX29469.1) Marmot picobirnavirus

0.2 subs/site

(d) Picornaviridae

(QBJ04622. 3) Tasmanian devil associated sapelovirus
YP_009345901.1) Straw-coloured fruit bat sapelovirus

(AFVZ8064.1) Rhesus monkey sapelovirus-1
(AHY200: 0.15) Pig sapelovirus-A .
K\IF74253.1 zechwan myotis picornavirus
(AWK02690. % Rickett's big-footed bat sapelovirus
93.1) Bovine picornavirus

1.1) Brown rat pllcti:ornawrus

1) Himalayan marmot sapelovirus-2
(AEM23658.1) Common bent-wing bat picornavirus-1
%WK02674.1 ing horseshoe bat picornavirus
 Wilde virus-1 (rural female liver)

i rural male faeces) h

e virus-3 (rural female faeces)
YP_005352651.1) Canine picornavirus
YP_005351240.1) Canine picornavirus
Teratoscincus roborowskii picornavirus-1
Chinese broad headed pond turtle picornavirus-1
1) Chinese water snake picornavirus

i

)
1,

) Coxing's white,-bellliaed rat rosavirus-C

1

1.1)'Black rat rosavirus-

9.1) Norway rat rosavirus-B._

09552280.1) Hedgehog dicipivirus

d virus-1 ((’ur an female faeces A

P _007947664.1) Canine picodicistrovirus
od virus-2 (rural male faeces)

009026385.1) Tortoise rafivirus-A
009666862.1) Gekko picornavirus
U62946.1) Ferret kobuvi

8.1) Porcine kobuvirus .
00902.1) Black ﬁoat kobuvirus
uropean roller kobuvirus
Human aichi virus-1
1) Human kobuvirus X
.1) Lesser Asiatic yellow bat kobuvirus
1) Ricefield rat kobuvirus
2691.1) Tanezumi rat aichivirus-A
087.1) Feline kobuvirus
Sy virus (rural female faeces) h
*(AZS64124.1) Canine kobuvirus

0.4 subs/site

Figure 4. Phylogenetic relationships of likely vertebrate-associated viruses discovered from assembled contigs: (a) Hepeviridae, (b) Picobirnaviridae, (c) Astroviridae, and (d)
Picornaviridae. The maximum-likelihood phylogenetic trees show the topological position of the newly discovered potential viruses (bold, red text), in the context of
their closest relatives. All branches are scaled to the number of amino acid substitutions per site and trees were mid-point rooted for clarity only. An asterisk indicates

node support of >70 per cent bootstrap support.

(Table 2). Analysis of the RdRp region showed that the sequence
clustered most closely with feline kobuvirus and other mamma-
lian kobuviruses (Fig. 4).

A number of picodicistrovirus sequences were detected in
the urban male, rural male, and urban female faecal samples.
Two of the sequences, tentatively named tod virus-1 and tod
virus-2, both shared 98 per cent amino acid identity with ca-
nine picodicistrovirus (Table 2). Based on analysis of the RdRp
region, the sequences clustered together with mammalian dici-
pivirus and rosaviruses as well as reptilian picornaviruses
(Fig. 4).

Multiple picornavirus sequences were identified in the rural
male faecal and the rural female faecal and liver samples. Three
sequences, tentatively named wilde virus-1, 2, and 3, all shared
between 73 and 89 per cent amino acid identity with canine pi-
cornavirus and had relative abundances of 5.66 per cent,
0.00058 per cent, and 0.0004 per cent, respectively (Table 2).
These sequences clustered with other mammalian picornavi-
ruses (Fig. 4).

3.2.5 Caliciviridae

One of the most striking observations was the identification of
RHDV?2 (a positive-sense single-stranded RNA virus) in rural fe-
male and urban male faecal samples. The viral sequence in the
rural female samples shared a 99.62 per cent amino acid iden-
tity with RHDV?2 isolated from rabbits between 2015 and 2016
and had a relative abundance of 0.14 per cent (Table 2) (Fig. 5).
The viral sequence in the urban male samples was too short to
enable phylogenetic analysis. This is the second time that
RHDV2 has been found in non-rabbit hosts (Chong et al. 2019),
presumably through rabbit consumption in this case.

4, Discussion

We show that Sydney’s red foxes, in both urban and rural envi-
ronments, harbour a wide diversity of viruses, some of which
are genetically similar to those that infect domestic pets and
humans. Domestic mammals tend to hold central positions in
mammal viral transmission networks (Wells et al. 2020). The
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Caliciviridae: Rabbit hemorrhagic disease virus (capsid gene)

T (KX357681) AUS/NSW/OAK_NT_12 2011

(EU871528.1) AUS/MIC 2007 :I RCV-AT

(DQ205345.1) CHN/JX_97 1997 —

, (AB300693.2) JPN/Hokkaido 2002
i * AUS/NSW/Yar-1 01.09.2015
* AUS/NSW/BER-2 01.12.2013 RHDV

(JX886001.1) PRT/CB194-Chaves 2006

*

*

*

(KT344772) AUS/CSIRO/Release 1995
* (M67473.1) DEU/FRG 1988 —
(MF421684) AUS/VIC/AC_1 15.01.2016 ]
(MF421660) AUS/NT/Asp-1 21.04.2016
* (MF421694) AUS/VIC/CLC-1 08.07.2016
(MF421651) AUS/NSW/FC-1 12.11.2015
(MK521927.1) AUS/TAS Buckbys Road Tasmanian devil-associated 2017
(MF421588) AUS/NSW/Bib-1 20.01.2016
(MF421646) AUS/NSW/Hil-1 22.10.2015
*  (MF421650) AUS/NSW/Bega-2 30.10.2015
— (MF421639) AUS/NSWTar-2 21.08.2015
* AUS/NSW/CAR-3 10.10.2016
(MF421675) AUS/TAS/Spr-1 19.04.2016
(MF421652) AUS/NSW/Gou-1 16.12.2015
(MF421580) AUS/ACT/Ara-1 14.09.2015
* (KT280060) AUS/ACT/BIMt-1 13.05.2015
(MG602006.1) PLD/Lodzkie/RED 2016
(MG763936.1) PRT/Ponte_de_Sor/SOS089 2014
(KM115715.2) PRT/CBAIgarve14-3 2014
(KF442963.2) PRT/7_13_Barrancos 2013 RHDV2
(KM115681.2) PRT/CBEstremoz14-1 2014
(MN061492.1) NL/RHDV2 2016
(KP129398.1) ESP/Zar11-11 2011
(MG602007.1) PLD/West Pomeranian/VMS 2017
(MF421656) AUS/NSW/Mol-1 22.03.2016
* _ (MF421644) AUS/NSW/Wes-1 15.10.2015
(MF421676) AUS/VIC/Kerang-1 08.10.2015
(MF421641) AUS/NSW/Boc-1 22.09.2015
— (MF421688) AUS/VIC/DUN-3 27.01.2016
— (MF421659) AUS/NT/Dar-1 02.12.2015
— (MF421654) AUS/NSW/Swi-1 12.01.2016
— (MF421662) AUS/SA/ADL-1 27.02.2016
- (MF421698) AUS/WA/PTH-3 23.09.2016
- (MF421643) AUS/NSW/Oran-1 15.10.2015
(MF421696) AUS/VIC/CAM-2 03.08.2016
* (MF421695) AUS/VIC/DON-1 28.07.2016
T 0.06 subs/site AUS/NSWY/Syd red fox-associated 2019 (rural female faeces)
(MF421657) AUS/NSW/KUL-1 03.06.2016 —

(KT280058) AUS/NSW/BlueGums-2 16.05.2015

Figure 5. A maximum-likelihood phylogenetic tree showing the topological position of RHDV2 capsid gene in the red fox (bold, red text), in the context of its closest rel-
atives. Major clades are labelled. All branches are scaled to the number of nucleotide substitutions per site and trees were mid-point rooted for clarity only. An asterisk

indicates node support of >70 per cent bootstrap support.

close genetic similarity of the viruses found here to viruses fre-
quently found in common domestic pets such as cats and dogs
suggests that cross-species transmission between foxes and do-
mestic species may have occurred. The most cited case of viral
transmission between humans and domestic pets is the trans-
mission of rabies virus (Ghasemzadeh and Namazi 2015), al-
though other examples include noroviruses from dogs, isolated
cases of influenza A(H7N2) virus from cats (Lee et al. 2017,
Marinova-Petkova et al. 2017), and numerous bacterial diseases
and parasites (Ghasemzadeh and Namazi 2015; O’Neil 2018).
There may also be additional cases of viral sharing between
humans and their pets, although these may go undiagnosed
due to insufficient knowledge of the genetic variability of these
viruses and their relationships with hosts.

All vertebrate-associated viruses found here were RNA vi-
ruses. Although this may in part be due to the reliance on tran-
script-based viral detection, RNA viruses are in general
characterised by lower host specificity than DNA viruses,
reflecting an increased occurrence of cross-species transmis-
sion (Geoghegan, Duchéne, and Holmes 2017; Wells et al. 2020).
The opportunity for interactions between urban wildlife, pets,
and humans provides likely transmission pathways for novel
RNA viruses. Indeed, eukaryotic parasites are already known to
infect human hosts following the wildlife-domestic pet-human
transmission network (Wells et al. 2018).

We discovered viral transcripts with some sequence similar-
ity to the Hepeviridae that cause hepatitis E in mammals, which
has already been isolated from various domestic and wild ani-
mals including foxes in the Netherlands (Meng 2010; Bodewes
et al. 2013). Confirmed zoonotic cases include transmission to
humans from domestic pigs, cats, and wild rodents (Meng 2010;
Dremsek et al. 2012). In contrast, the hepevirus detected here
was phylogenetically distinct from the fox hepatitis E virus pre-
viously detected (Bodewes et al. 2013) and instead was more
closely related to hepeviruses detected in freshwater mussels
and a house mouse. Hence, although we have classed the virus
as vertebrate associated, its divergent phylogenetic position
could in fact mean that it results from dietary consumption.

The astrovirus transcript (vulpix virus) showed the greatest
sequence similarity (96 per cent) to astroviruses from domestic
cats as well as from other foxes, humans, and pigs. Astroviruses
have a broad host range (Donato and Vijaykrishna 2017) and are
frequently detected in the faeces of mammals, birds, and
humans with gastroenteritis (Finkbeiner et al. 2009; De
Benedictis et al. 2011). Astroviruses have also been associated
with other diseases and disorders such as shaking syndrome in
minks (Blomstrom et al. 2010), neurological disease in cattle (Li
et al. 2013), and encephalitis in humans (Quan et al. 2010). Some
human astroviruses are more closely related to those in animals
than to each other, suggesting that these viruses periodically
emerge from zoonotic origins (Kapoor et al. 2009). The similarity
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of fox astroviruses to those found in cats indicates that these vi-
ruses may have jumped hosts in the past and highlights further
the potential role of domestic pets and wildlife in virus
transmission.

Picobirnaviruses are found in humans and other mammals
and are thought to be linked with gastroenteritis, however their
role in disease remains unclear (Malik et al. 2014; Conceigao-
Neto et al. 2016). The picobirnavirus-related transcript found
here showed the greatest sequence similarly to a picobirnavirus
found in wolves with diarrhoeic symptoms (Conceigao-Neto
et al. 2016). It is also similar to picobirnaviruses described as po-
tentially zoonotic in humans with gastroenteritis (Yinda et al.
2019). There is, however, evidence that picobirnaviruses may
actually be bacteriophage rather than eukaryote-associated vi-
ruses (Krishnamurthy and Wang 2018), such that the virology of
these viruses is currently unclear.

We identified novel fox viruses within the Picornaviridae be-
longing to three distinct genera: kobuvirus, picodicistrovirus,
and picornavirus. The Picornaviridae are a large and diverse fam-
ily that include viruses associated with a variety of human dis-
eases such as hand, foot and mouth disease, polio, myocarditis,
hepatitis A virus, and rhinovirus (Zell 2018). All viral sequences
here were most closely related to those viruses previously found
in dogs. Whilst we cannot assume that these viruses cause dis-
ease, kobuviruses have been isolated from dogs and other
mammals with diarrhoeic symptoms (Reuter, Boros, and
Pankovics 2011; Di Martino et al. 2013). Additionally, the fox
picornaviruses found here are closely related to sapeloviruses
that cause encephalitis in domestic pigs (Lan et al. 2011; Schock
et al. 2014; Arruda et al. 2017).

Finally, and of particular note, we identified RHDV2 in fox
faeces. RHDV was initially released (or escaped) in Australia in
1995 following testing as a biological control agent for invasive
rabbits. A novel variant of the disease, RHDV2, began circulating
in Australia in 2015 and is presumed to be an incursion from
Europe where it first emerged in 2010 (Hall et al. 2015). RHDV2
has become the dominant strain circulating in Australia’s wild
rabbits (Mahar et al. 2018). The virus identified here was most
closely related to RHDV2 strains found in rabbits in New South
Wales, Australia in 2015-6. It is likely, then, that Sydney foxes
consume diseased rabbits and the virus is simply a gut contami-
nant with no active RHDV2 replication in the fox host. Although
it is worth noting that antibodies against RHDV have been
detected in red foxes in Germany, there was no evidence of ill-
ness or viral replication (Frélich, Klima, and Dedek 1998).

Urbanisation influences pathogen exposure and prevalence
in wildlife. For example, the prevalence of parvovirus increases
with proximity to urban areas in grey foxes (Urocyon cinereoar-
genteus) in the USA (Riley, Foley, and Chomel 2004), and dogs in
urban areas in Brazil harbour more tick-borne pathogens than
rural dogs (Vieira et al. 2013). In addition, the prevalence of
West Nile virus in wild birds in the USA increases with proxim-
ity to urban areas and human population density (Gibbs et al.
2006). Here, we found the highest overall viral abundance in ru-
ral foxes whilst urban foxes harboured a slightly higher diver-
sity of viruses (Fig. 2b and c). Whilst differences in overall
abundance and diversity of viruses present in foxes may be a re-
flection of differences in diet and environment, we found rural
foxes to have a much higher abundance of vertebrate-associ-
ated viruses than urban. It has previously been suggested that
red foxes in highly urbanised areas experience lower exposure
to canine distemper virus due to reduced movement opportuni-
ties as a result of wildlife corridors being absent in densely
built-up areas (Gras et al. 2018). By comparison, exposure to
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canine distemper virus increased in areas with more natural
habitats (Gras et al. 2018).

It is possible that urban living reduces fox susceptibility to
viral infection by positively influencing host immunity. For ex-
ample, an abundance of rich food sources would increase nutri-
tional intake, positively influencing overall health and
condition and hence resistance to viral infections (Beldomenico
and Begon 2010). Kit foxes (Vulpes macrotis) in urban areas in
California show less nutritional stress, increased body condi-
tion, and improved immune function when compared to foxes
in a nearby nature reserve (Cypher and Frost 1999). Australian
lace monitors (Varanus varius) consuming human refuse experi-
ence improved body condition and reduced blood parasite in-
fection compared to those that do not subsist on anthropogenic
food waste (Jessop et al. 2012). Foxes in urban Sydney grow
larger and are heavier than foxes in rural areas (Stepkovitch
et al. 2019), and there may be an advantage to consuming an-
thropogenic food sources for overall condition and pathogen
resistance.

Across both rural and urban habitats, we observed that fe-
male foxes harboured a higher abundance and had almost twice
the diversity of viruses found in male foxes (when including
both vertebrate and non-vertebrate associated). This difference
in viromes may indicate different ecologies and behaviours in
male and female foxes. Whilst other studies looking at sex dif-
ferences and immunity suggest that females typically display
stronger immune responses and reduced pathogen load com-
pared to males (Klein 2000), greater sociality in females
(Macdonald 1979, 1983) may increase viral transmission oppor-
tunities. However, our understanding of red fox sociality in
Australia is limited (Newsome 1995) and males may be more
likely to be involved in aggressive encounters with conspecifics
than females (White and Harris 1994). Alternatively, a combina-
tion of biological and ecological differences, such as hormones,
diet, and environment, could contribute to variation in male
and female viromes (Vemuri et al. 2019).

Multiple co-occurring factors could simultaneously affect vi-
ral infection in Sydney’s foxes. Additional assessments of habi-
tat structure, fox densities, movement behaviours, and social
dynamics in urban and rural areas in the Greater Sydney region
will help to elucidate such factors. An obvious extension to this
work is to examine fox viromes across a more comprehensive
urban-rural gradient, including foxes from more isolated bush
habitats. This would help us to understand differences in path-
ogen prevalence and transmission between isolated natural
habitats and more disturbed environments, and how intro-
duced species such as foxes contribute to disease prevalence
across different ecosystems. Another useful approach could
compare viral transmission dynamics in red foxes between
their native and introduced ranges.

Human encroachment on wild environments and the adap-
tation of wild animals to urban areas continues to intensify hu-
man-wildlife interactions. The effects of urbanisation on
wildlife pathogen dynamics may have unexpected consequen-
ces for human and domestic animal health. Although we can-
not say definitively that the viruses identified here cause
disease outbreaks or spill-over events, it is clear that foxes living
in Greater Sydney carry viruses that are related to those found
in domestic animals and humans. Our findings indicate that
foxes may be reservoirs for viral pathogens with zoonotic
potential.
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Abstract

Revealing the determinants of virome composition is central to placing disease emergence in a broader evolutionary con-
text. Fish are the most species-rich group of vertebrates and so provide an ideal model system to study the factors that
shape virome compositions and their evolution. We characterized the viromes of nineteen wild-caught species of marine
fish using total RNA sequencing (meta-transcriptomics) combined with analyses of sequence and protein structural homol-
ogy to identify divergent viruses that often evade characterization. From this, we identified twenty-five new vertebrate-
associated viruses and a further twenty-two viruses likely associated with fish diet or their microbiomes. The vertebrate-
associated viruses identified here included the first fish virus in the Matonaviridae (single-strand, positive-sense RNA virus).
Other viruses fell within the Astroviridae, Picornaviridae, Arenaviridae, Reoviridae, Hepadnaviridae, Paramyxoviridae,
Rhabdoviridae, Hantaviridae, Filoviridae, and Flaviviridae, and were sometimes phylogenetically distinct from known fish vi-
ruses. We also show how key metrics of virome composition—viral richness, abundance, and diversity—can be analysed
along with host ecological and biological factors as a means to understand virus ecology. Accordingly, these data suggest
that that the vertebrate-associated viromes of the fish sampled here are predominantly shaped by the phylogenetic history
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(i-e. taxonomic order) of their hosts, along with several biological factors including water temperature, habitat depth,
community diversity and swimming behaviour. No such correlations were found for viruses associated with porifera,
molluscs, arthropods, fungi, and algae, that are unlikely to replicate in fish hosts. Overall, these data indicate that fish
harbour particularly large and complex viromes and the vast majority of fish viromes are undescribed.

Key words: fish; virome; virus evolution; metagenomics; host-jumping.

1. Introduction

Metagenomic next-generation sequencing (mNGS) has led to a
revolution in virus discovery (Zhang, Shi, and Holmes 2018;
Zhang et al. 2018; Shi, Zhang, and Holmes 2018b), exposing
more of the diversity, scale and structure of the virosphere.
However, while it is now possible to reveal host viromes en
masse (Lim et al. 2015; Paez-Espino et al. 2016; Shi et al. 2016;
Temmam et al. 2016; Roux et al. 2017; Tirosh et al. 2018; Vibin
et al. 2018; Geoghegan et al. 2018b; Chang et al. 2019; Pettersson
et al. 2019; Porter et al. 2019), we still have an incomplete under-
standing of the factors that structure viromes. Until recently,
studies of virus evolution were largely limited to single viruses
and/or single hosts, restricting our ability to explore the diverse
host and environmental factors that might structure viromes as
a whole. Fortunately, this is changing with the advent of mNGS,
particularly total RNA sequencing. In particular, metagenomic-
based studies have shown that aspects of host biology can
greatly impact virus diversification (Wille et al. 2019; Wille 2020)
and as such may also be key drivers of virus emergence. As a
simple case in point, the behavioural ecology of host species
directly affects contact rates among individuals in a population,
and more frequent intra- and inter-species contacts are likely
to increase the potential for viral transmission.

The marine environment is a rich source of viruses. For
example, the bacteriophage in aquatic ecosystems greatly out-
number other life-forms (Maranger and Bird 1995). There is an
estimated concentration of 10 billion virus particles per litre of
surface water (Bergh et al. 1989; Breitbart and Rohwer 2005;
Suttle 2005; Middelboe and Brussaard 2017), although abun-
dance levels vary with such factors as ocean depth (De Corte
et al. 2012; Lara et al. 2017), temperature (Coutinho et al. 2017),
latitude (Gregory et al. 2019), and phytoplankton bloom develop-
ment (Alarcon-Schumacher et al. 2019). In marked contrast to
bacteriophage, little is known about the factors that contribute
to virus diversity in aquatic vertebrate populations, even though
viruses can cause large-scale disease outbreaks in farmed
fish (Whittington and Reddacliff 1995; Crane and Hyatt 2011,
Jarungsriapisit et al. 2020).

Fish provide an ideal model to better understand the diver-
sity of viruses that exist in nature as well as the range of host
and environmental factors that shape virome composition and
abundance. Fish are the most species-rich group of vertebrates
with over 33,000 species described to date (fishbase.org), the
vast majority of which (~85%) are bony fish (the Osteichthyes)
(Betancur-R et al. 2017). Bony fish themselves are an extremely
diverse and abundant group comprising forty-five taxonomic
orders, exhibiting a wide range of biological features that likely
play an important role in shaping the diversity of their viromes.
Initial studies indicate that fish harbour a remarkable diversity
of viruses, particularly those with RNA genomes, that may ex-
ceed that seen in any other class of vertebrate (Lauber et al.
2017; Geoghegan et al. 2018a; Shi et al. 2018a). In addition, those
viruses present in fish often appear to be the evolutionary

predecessors of viruses infecting other vertebrate hosts, gener-
ally indicative of a pattern of virus-host associations that can
date back hundreds of millions of years, although with frequent
cross-species transmission. Despite the apparent diversity
and ubiquity of fish viruses, they are severely under-studied
compared to mammalian and avian viruses and there is little
data on the factors that determine the structure of fish viromes.

To reveal more of the unexplored aquatic virosphere we
sampled wild-caught ray-finned marine fish spanning twenty-
three species across nine taxonomic orders and quantified a va-
riety of host characteristics that together may impact virome
composition, abundance and evolution. Specifically, we utilized
meta-transcriptomics together with both sequence and protein
structural homology searches of known viruses to: (1) reveal the
total virome composition of fish, (2) describe the phylogenetic
relationships of the novel viruses obtained, (3) determine
whether, on these data, there may be associations between
virome composition, abundance, richness, and diversity and
particular host traits, and (4) explore whether taxonomically-
related fish hosts have more similar viromes. The host charac-
teristics initially considered here were: fish taxonomic order,
swimming behaviour (i.e. solitary or schooling fish), preferred
climate, mean preferred water temperature, host community
diversity (i.e. multi- or single- species community), average
body length, maximum life span, trophic level, and habitat
depth (Supplementary Table S1).

2. Methods
2.1 Ethics

Biosafety was approved by Macquarie University, Australia
(ref: 5201700856). This study involved dead fish purchased from
a fish market for which no animal ethics approval was required.
The pygmy goby was collected under GBRMPA permit
G16/37684.1 and JCU Animal Ethics Committee #A2530.

2.2 Fish sample collection

Dead fish from twenty-three species were sampled for virome
analysis (Supplementary Table S1). These included eighteen
new species collected from a fish market in Sydney, Australia,
together with four species from our previous sampling of the
same fish market (Geoghegan et al. 2018a). These animals were
caught by commercial fisheries in coastal waters in New South
Wales, Australia by several different suppliers in Autumn 2018.
By way of contrast, an additional species, the pygmy goby
(Eviota zebrina), was obtained from the coral reefs of tropical
northern Queensland at approximately the same time. Fish
were snap frozen at -20°C immediately upon capture. Fish
obtained from the market were purchased on the day of catch.
Tissues were dissected and stored in RNALater before being
transferred to a -80°C freezer. To increase the likelihood of virus
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discovery during metagenomic sequencing, 10 individuals from
each species were pooled.

2.3 Transcriptome sequencing

mNGS was performed on fish tissue (liver and gill). Frozen tis-
sue was partially thawed and submerged in lysis buffer contain-
ing 1 per cent 3-mercaptoethanol and 0.5 per cent Reagent DX
before tissues were homogenized together with TissueRupture
(Qiagen). The homogenate was centrifuged to remove any po-
tential tissue residues, and RNA from the clear supernatant was
extracted using the Qiagen RNeasy Plus Mini Kit. RNA was
quantified using NanoDrop (ThermoFisher) and tissues from
each species were pooled to 3 ug per pool (250 ng per individual).
Libraries were constructed using the TruSeq Total RNA Library
Preparation Protocol (Illumina) and host ribosomal RNA (rRNA)
was depleted using the Ribo-Zero-Gold Kit (Illumina) to facili-
tate virus discovery. Paired-end (100bp) sequencing of the RNA
library was performed on the HiSeq 2500 platform (Illumina). All
library preparation and sequencing were carried out by the
Australian Genome Research Facility (AGRF).

2.4 Transcript sequence similarity searching for viral
discovery

Sequencing reads were first quality trimmed then assembled de
novo using Trinity RNA-Seq (Haas et al. 2013). The assembled
contigs were annotated based on similarity searches against the
NCBI nucleotide (nt) and non-redundant protein (nr) databases
using BLASTn and Diamond (BLASTX) (Buchfink, Xie, and
Huson 2015), and an e-value threshold of 1 x 107> was used as a
cut-off to identify positive matches. We removed non-viral hits
including host contigs with similarity to viral sequences (e.g.
endogenous viral elements). To reduce the risk of incorrect as-
signment of viruses to a given library due to index-hoping,
those viruses with a read count less than 0.1 per cent of the
highest count for that virus among the other libraries was as-
sumed to be contamination.

2.5 Protein structure similarity searching for viral
discovery

To identify highly divergent viral transcripts, particularly those
that might be refractory to detection using similarity searching
methods such as the BLAST approach described above, we
employed a protein structure-based similarity search for ‘or-
phan’ contigs that did not share sequence similarity with
known sequences. Accordingly, assembled orphan contigs were
translated into open reading frames (ORFs) using EMBOSS getorf
program (Rice, Longden, and Bleasby 2000). ORFs were arbi-
trarily defined as regions between two stop codons with a mini-
mum size of 200 amino acids in length. To reduce redundancy,
amino acid sequences were grouped based on sequence identity
using the CD-HIT package v4.6.5 (Li and Godzik 2006). The
resulting data set was then submitted to Phyre2, which uses ad-
vanced remote homology detection methods to build 3D protein
models, predict ligand binding sites, and analyse the effect of
amino acid variants (Kelley et al. 2015). Virus sequences with
predicted structures were selected on the basis of having confi-
dence values >90 per cent. Following structure prediction, we
used the associated annotations for preliminary taxonomic
classification. To avoid false positives due to the limited num-
ber of available structures in the Protein Data Bank (PDB) for
template modelling, the taxonomic assignment was cross-
validated with the results from the Diamond (BLASTX)
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similarity search. Subsequently, putative viruses were aligned
with reference viral protein sequences at the immediate higher
taxonomic level (e.g. genus, family), using MAFFT v7.4 (E-INS-i
algorithm) (Katoh and Standley 2013). Finally, we verified the
similarity among sequences by careful visual inspection of the
most highly conserved motifs of target proteins.

2.6 Inferring the evolutionary history of fish viruses

We inferred the evolutionary relationships of the viruses con-
tained in the fish samples and compared them with known vi-
ruses to determine those that were likely associated with
vertebrate or non-vertebrate hosts. Specifically, we assumed
that viruses that grouped with other vertebrate viruses in phy-
logenetic trees were likely to infect the fish sampled here, while
those virus that were more closely related to those usually asso-
ciated with other host types (such as invertebrates, fungi and
plants) were unlikely to infect and replicate in fish hosts. To
achieve this, the translated viral contigs were combined with
representative protein sequences within each virus family
obtained from NCBI RefSeq. The sequences retrieved were then
aligned with those generated here again using MAFFT v7.4 (E-
INS-i algorithm) as described above. Ambiguously aligned
regions were removed using trimAl v.1.2 (Capella-Gutierrez,
Silla-Martinez, and Gabaldon 2009). To estimate phylogenetic
trees, we selected the optimal model of amino acid substitution
identified using the Bayesian Information Criterion as imple-
mented in Modelgenerator v0.85 (Keane et al. 2006) and ana-
lysed the data using the maximum likelihood approach
available in IQ-TREE (Nguyen et al. 2015) with 1000 bootstrap
replicates. Phylogenetic trees were annotated with FigTree
v.1.4.2. Viruses newly identified here were named reflecting the
host common name.

2.7 Revealing virome abundance and diversity

Transcriptomes were quantified using RNA-Seq by Expectation-
Maximization (RSEM) as implemented within Trinity (Li and
Dewey 2011). We first estimated the relative abundance of a
host reference gene, ribosomal protein S13 (RPS13), to assess
the sequencing depth across libraries. Next, we used RSEM to
estimate the relative abundance of each virus transcript in
these data.

For those viruses most likely associated with fish them-
selves, rather than components of their diet or microbiome (see
Results), we performed analyses of virome abundance and di-
versity using R v3.4.0 integrated into RStudio v1.0.143 and plot-
ted using ggplot2. Both the observed virome richness and
Shannon effective (i.e. alpha diversity) were calculated for each
library at the virus family level using modified Rhea script sets
(Lagkouvardos et al. 2017; Wille et al. 2019). We used generalized
linear models (GLM) to initially evaluate the effect of host taxo-
nomic order, swimming behaviour (solitary or schooling fish),
preferred climate, mean preferred water temperature, host
community diversity, average species length, trophic level and
habitat depth on viral abundance and alpha diversity (see
Supplementary Table S1 for all variables). Models were % tested
(LRT) to assess model significance. When the number of factor
levels in an explanatory variable exceeded two, we conducted
Tukey posthoc testing (glht) using the multcomp package
(Hothorn, Bretz, and Westfall 2008). Beta diversity (i.e. the diver-
sity between samples) was calculated using the Bray Curtis dis-
similarity matrix. Effects of variables on viral community
composition were evaluated using permanova (Adonis Tests)
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and Mantel tests with 10,000 permutations using the vegan
package (Oksanen 2007).

To establish connectivity (i.e. sharing) among virus families
that were likely associated with non-fish hosts, we generated a
cord diagram by quantifying the number of fish species har-
bouring each virus family identified in this study. Virus families
that occur in the same fish species were represented by ribbons
or links in the diagram.

3. Results

We used mNGS to characterize viral transcripts from 23 marine
fish spanning nine taxonomic orders: 19 species from this cur-
rent study together with four from our previous work
(Geoghegan et al. 2018a). We combined data from our previous
fish sampling to expand our data set and to apply novel viral
protein structural searching methods not used previously. For
these reasons, individual viruses discovered in our previous
study are not detailed here. Combined, the extracted total RNA
was organized into 23 libraries for high-throughput RNA se-
quencing. Ribosomal RNA-depleted libraries resulted in a me-
dian of 45,690,996 (range 33,344,520-51,071,142) reads per pool.

3.1 Diversity and abundance of viruses in fish

The fish viromes characterized here contained viruses that
were associated with vertebrate hosts as well as those that were
more likely associated with porifera, invertebrates, fungi, and
algae (Fig. 1). We primarily focused on the former since we as-
sumed that the vertebrate-associated viruses were directly
infecting the fish sampled, rather than being associated with
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the aquatic environment, diet or a co-infecting parasite, and
hence are more informative in determining how host factors
shape virus ecology and evolution.

Overall, we identified virus transcripts likely associated with
vertebrate hosts that could be assigned to 11 viral families and
present in a variety of fish species (Supplementary Fig. Sla).
With the exception of the Hepadnaviridae, all were RNA viruses.
Across all the fish sampled, those viral families found at rela-
tively high abundances included the Astroviridae (representing
39% of all viruses discovered), Picornaviridae (19%), Arenaviridae
(16%), Reoviridae (13%) and the Hepadnaviridae (9%) (Fig. 1a).
Other viral families found at lower relative abundances were
the Matonaviridae (previously the Togaviridae) (2%),
Paramyxoviridae (1%), as well as the Rhabdoviridae, Hantaviridae,
Filoviridae, and Flaviviridae (all <1%) (Fig. 1a). The most common
vertebrate-associated viruses found in these fish were picorna-
viruses (eight species), astroviruses (seven species), and hepad-
naviruses (six species) (Fig. 1b). The eastern sea garfish
(Hyporhamphus australis) harboured the most diverse virome
with four distinct vertebrate-associated viruses (Fig. 1b). Six fish
contained no vertebrate-associated viruses, and we found no vi-
ral sequences in the yellowfin bream (Acanthopagrus australis)
(Fig. 1c). An equivalent analysis of a host reference gene, ribo-
somal protein S13 (RPS13) that is stably expressed in fish,
revealed similar abundances across species (0.004-0.02%), im-
plying similar sequencing depth across libraries (Fig. 1c). RPS13
was, on average, ~55 per cent more abundant than the total
virome.

We also examined viruses that were phylogenetically related
to those associated with porifera, molluscs, arthropods, fungi,
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Figure 1. (A) Total standardized abundance of vertebrate-associated viruses (at the level of virus family) across the fish species examined. (B) Normalized viral abun-
dance set out on a backbone of the fish host phylogeny at the order level. (C) Standardized number of total viral reads (black), vertebrate-associated viral reads (grey)

and host reference gene ribosomal protein S13 (RPS13) (orange) in each species library.
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and algae, and hence were unlikely to infect the fish them-
selves. Accordingly, we identified an additional 22 viruses
across 11 virus families (Supplementary Fig. S1b). These viruses
were found in the Chuviridae, Hepeviridae, Narnaviridae,
Nodaviridae, Partitiviridae, Picornaviridae, Solemoviridae,
Tombusviridae, Totiviridae, Dicistroviridae, and Iflaviridae, and are
described in more detail below.

3.2 Evolutionary relationships of fish viruses

To infer stable phylogenetic relationships among the viruses
sampled and to identify those that are novel, where possible we
utilized the most conserved (i.e. polymerase) viral regions that
comprise the RNA-dependent RNA polymerase (RdRp) or the po-
lymerase (P) ORF in the case of the hepadnaviruses. From this,
we identified 25 distinct and potentially novel vertebrate-
associated virus species, in addition to the eight novel viruses
described previously (Geoghegan et al. 2018a) (Supplementary
Table S2). All novel vertebrate-associated viruses shared
sequence similarity to other known fish viruses with the
exception of those viruses found in the Matonaviridae
and Rhabdoviridae, the latter of which was found using structure
similarity methods (Fig. 2, Supplementary Table S3; see below).
We found a further 22 viruses that clustered with viruses
found in porifera, molluscs, arthropods, fungi, and algae
(Supplementary Figs S2-S4).

Among the viruses identified was tiger flathead matonavirus
(in Neoplatycephalus richardsoni) — the first fish virus found in the
Matonaviridae. This novel viral sequence shared only 35 per cent
amino acid similarity with its closest relative—Guangdong
Chinese water snake rubivirus (Shi et al. 2018a). Until recently,
the only other representative of this family was the distantly re-
lated human rubella virus, although additional members of this
family have recently been identified in other mammalian spe-
cies (Bennett et al. 2020). Given the high levels of genetic diver-
gence in this family, it is likely that these fish-associated
viruses at least constitute a discrete and novel genus.

Another divergent virus discovered in this analysis is east-
ern sea garfish rhabdovirus (in Hyporhamphus australis), which
was most closely related to Fujian dimarhabdovirus sampled
from an amphibian host, sharing 45 per cent amino acid RdRp
sequence identity. Notably, this highly divergent virus was only
identified by using protein structure homology, and forms a
clade that is distinct from other fish rhabdoviruses (Fig. 2). We
also identified two novel viral sequences in the Filoviridae in
John Dory (Zeus faber) and the blue spotted goatfish
(Upeneichthys lineatus). These viruses shared sequence similarity
to the only other known fish filovirus, Wenling filefish filovirus
(Shi et al. 2018a). With the exception of these fish viruses,
all other known filoviruses including Ebola and Marburg viruses,
are found in mammalian hosts, notably humans, bats, and
primates.

We also found numerous viruses that cluster within estab-
lished clades of fish viruses. For example, pygmy goby hantavi-
rus (in Eviota zebrina) grouped with other hantaviruses recently
found in fish (Fig. 2). Although they were previously only
thought to infect mammals, hantaviruses have now been found
to infect amphibians, jawless fish, and ray-finned fish (Shi et al.
2018a). The evolutionary history of the Paramyxoviridae shows
two distinct fish virus lineages, of which both barramundi and
pygmy goby paramyxoviruses grouped with Pacific spade-nose
shark paramyxovirus and shared 50 and 45 per cent amino acid
L gene sequence similarity, respectively. This group of fish vi-
ruses is phylogenetically distinct from other paramyxoviruses.
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We also found novel fish viruses in the Flaviviridae, Arenaviridae,
and Reoviridae: although these grouped with other fish viruses,
they greatly expand the known diversity of these virus families.
Finally, as noted above, the most abundant viruses fell within
the Picornaviridae and Astroviridae, and all shared sequence simi-
larity to other fish viruses. Notably, both picornaviruses and
astroviruses are single-stranded positive-sense RNA viruses
that possess small icosahedral capsids with no external
envelope, which may aid their preservation in harsh marine
environments.

The only DNA viruses we identified were novel hepadnavi-
ruses. Those found in bonito (Sarda australis), ludrick (Girella
tricuspidata), and eastern school whiting (Sillago flindersi),
fell into the divergent group of hepadna-like viruses, the
nackednaviruses, that have been identified in a number of fish
species (Lauber et al.. 2017). In contrast, sand whiting hepad-
navirus (in Sillago ciliate) fell into the fish virus clade that
is more closely related to mammalian hepatitis B viruses (Dill
et al. 2016) (Fig. 2).

As expected, many of the viruses identified here were asso-
ciated with marine hosts belonging to invertebrates (including
porifera, molluscs, and arthropods; n=20), fungi (n=1), and al-
gae (n=1) as determined by their phylogenetic position and se-
quence similarity to viruses previously described in these taxa
(Supplementary Figs S2-S4). This implies that these viruses
more likely originated from host species that are associated
with fish diet, fish microbiomes or the surrounding environ-
ment, rather than from the fish themselves. None of these
viruses are highly divergent from other known viruses, but do
help fill gaps in the phylogenetic diversity of these groups.

3.3 Assessing the impact of host biology on virome
composition

Our relatively small sample of 23 fish species precluded us from
performing a detailed statistical analysis of the relationship be-
tween host traits and virome composition. Rather, we provide
an initial analysis that should be regarded as a framework for
understanding how key host variables might impact viral ecol-
ogy and evolution, and that can be extended as more species
are analysed.

To this end we examined the possible association between
eight host traits and viral abundance (the proportion of viral
reads in each sample), alpha diversity (the diversity within each
sample, measured by observed richness and Shannon diversity)
and beta diversity (the diversity between samples). The host
traits initially considered here were: host taxonomic order,
swimming behaviour (solitary or schooling fish), preferred cli-
mate, mean preferred water temperature, community diversity,
average species length, maximum life span, trophic level, and
habitat depth.

We first focused on the vertebrate-associated virome. This
initial analysis revealed that the phylogenetic relationships of
the fish studied, as reflected in their taxonomic order, seem-
ingly had the strongest association with the overall composition
of fish viromes. This pattern was consistent when assessing
viral abundance, alpha diversity, and beta diversity (Fig. 3). That
is, fish order (;*=0.003, df=8, P=0.0049) and mean preferred
water temperature (;°=0.008, df =1, P=0.035) were important
predictors of viral abundance, such that Scopaeniformes (i.e.
bigeye ocean perch, red gurnard, tiger flathead, and eastern red
scorpionfish) had significantly higher viral abundance than
Pleuronectiformes (i.e. largetooth and smalltooth flounder)
(Tukey: z=3.766, P=0.00479), while viral abundance had a
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Hantaviridae o~

Wenling red spikefish hantavirus
Pygmy goby hantavirus

European mole nova virus

Asturias virus

Spanish mole uluguru virus

® Kilimanjaro virus
Imijin virus

Dode virus

Seoul orthohantavirus
Tigray hantavirus

¢ Human choclo virus

* Reed vole hantavirus
Isla vista hantavirus

Paramyxoviridae

Barramundi paramyxovirus
Pacific spadenose shark paramyxovirus
Pygmy goby paramyxovirus
Triplecross lizardfish paramyxovirus
— Avian avulavirus-1
—— Awian avulavirus-3
— Bat paramyxovirus

Human mumps virus
Salmon aguaparamyxovirus
Human respirovirus-3
" Bovine respirovirus-3

Swine parainfluenza virus-3
- Canine morbillivirus
Rinderpest virus
Bat paramyxovirus
. Rodent paramyxovirus
Mount mabu lophuromys virus-1
Feline paramyxovirus
Tailam virus

Arenaviridae

Haartman Institute snake virus
Pygmy goby arenavirus
Wenling frogfish arenavirus-1
Big eyed perch arenavirus
Wenling frogfish arenavirus-2
Boa constrictor kaltenbach virus
Human lujo mammarenavirus
Mouse Latino mammarenavirus

Woodrat Real de Catorce virus
¢ Bear canyon mammarenavirus
Rat Tamiami mammarenavirus

Flaviviridae &7
Yellow fever virus
- Zika virus
Dengue virus-1
Lumpfish flavivirus
Tamana bat virus
Eastern red scorpionfish flavivirus
Wenzhou shark flavivirus
 Nanhai dogfish shark pesti-like virus
Xiamen fanray pesti-like virus
- Oriental leaf toed gecko hepacivirus
GB virus-B
Rodent hepacivirus
Hepatitis C virus
Simian pegivirus
Westemn African lungfish hepacivirus
and whiting flavivirus
Wenling shark hepacivirus
Guangxi houndshark hepacivirus
Xiamen sepia stingray hepacivirus
Kiamen guitarfish hepacivirus

fish mammals

birds, reptiles, vector-borne
amphibians

@® novel viruses

Wenling minipizza batfish hantavirus
Wenling yellow goosefish hantavirus

Human Argentinian mammarenavirus

Filoviridae s

* Wenling filefish filovirus
Blue spotted goatfish filovirus
 Human Marburg marburgvirus

Egyptian fruit bat Marburg marburgvirus
; Human Sudan ebolavirus
Crab-eating macaque reston ebolavirus
[ Angolan free-tailed bat bombali ebolavirus
“Little free-tailed bat bombali ebolavirus
'Human Zaire ebolavirus
Little collared fruit bat ebolavirus
 Human bundibugyo ebolavirus
" Human Tai forest ebolavirus

Hepadnaviridae
Tiger rockfish hepatitis B virus
—— European eel hepatitis B virus
i African cichlid hepatitis B virus
Bonito hapadnavirus
Sockeye salmon hepatitis B virus
Ludrick hapadnavirus
Yellow drum hepatitis B virus
Eastern school whiting hapadnavirus
‘Australasian snapper hepatitis B virus
White sucker hepatitis B virus
Coho salmon hepatitis B virus
- Duck hepatitis B virus
- Parrot hepatitis B virus
Skink hepatitis B virus
Spiny lizard hepatitis B virus
Tibetan frog hepatitis B virus
Sand whiting hapadnavirus
Crocodile icefish hepatitis B virus
Eastern sea garfish hepatitis B virus
Bluegill hepatitis B virus
Eastern bent wing bat hepatitis B virus
Ground squirrel hepatitis B virus
Orangutan hepatitis B virus
" Chimpanzee hepatitis B virus
“ Human hepatitis B virus

Rhabdoviridae oz

——— Paddle-tail newt Fujian dimarhabdovirus
Eastern sea garfish rhabdovirus
. Lagos bat lyssavirus
Rabies lyssavirus
Walkabout Creek virus
- Keuraliba virus
Le Dantec virus
Ngaingan hapavirus
Bovine ephemeral fever virus
Beatrice Hill virus
Turbot flatfish rhabdovirus
Perch perhabdovirus
Lake trout rhabdovirus
Vesicular stomatitis Mew Jersey virus
American bat vesiculovirus
Isfahan virus
Carp sprivivirus
" Grass carp virus
"Pike fry sprivivirus
Tench rhabdovirus

Matonaviridae &3
Chinese water snake rubivirus

—F_ gTiger flathead matonavirus
Cyclops roundleaf bat ruhugu virus
Yellow necked mouse rustrela virus
African wild ass rustrela virus

*|Capybara rustrela virus
Human rubella virus
Human rubella virus
+|Human rubella virus
«(Human rubella virus
«f Human rubella virus
«|Human rubella virus
Human rubella virus

-

@ new in (Geoghegan et al. 2018 Virus Evolution)

Picornaviridae

Rhinovirus C
Possum enterovirus

Norway rat hunnivirus
Porcine teschovirus

.'_

il

Il

=

Masavirus
Tortoise picornavirus
Banded bullfrog picornavirus
Black spectacled toad picornavirus
Eguine rhinitis A virus
Foot and mouth disease virus
Human cosavirus E
African bat icavirus A
Saffold virus
Ludrick picornavirus
- Eastern red scorpionfish picornavirus
—— Seal picornavirus
Chicken orivirus
Duck picornavirus
Eastern school whiting picornavirus
Western African lungfish picormnavirus
Bluegill picornavirus
"— Carp picornavirus
. Fathead minnow picornavirus
Pasivirus A1
Teratoscincus roborowskii picornavirus
Seamullet picornavirus
- uman parechovirus
Ljungan virus
Sardine picornavirus
Tiger flathead picornavirus
Red %mard picornavirus
Yancheng anchovy picornavirus
Beihai pentapodus picornavirus
Eel picornavirus
Eastern sea garfish picornavirus

Reoviridae &=

E Aquareovirus C
American grass carp reovirus
Human orthoreovirus-2
Bat Nelson Bay orthoreovirus
Avian orthoreovirus
Mahlapitsi orthoreovirus
- Bush viper reovirus
Reptilian orthoreovirus
Guangxi changeable lizard reovirus
Pacific spadenose shark reovirus-1
Largemouth bass reovirus
John Dory reovirus
* | Chinook salmon orthoreovirus
‘Rainbow trout orthoreovirus-3
:Coho salmon orthoreovirus-3
Brown trout orthoreovirus
Astroviridae o
Wenling blackspotted gurnard astrovirus
John Dory astrovirus
= Spotted paddle tail newt astrovirus
~ I Zhejiang gunthers frog astrovirus
MNanhai ghost shark astrovirus
Wenling banjofish astrovirus
Hainan black spectacled toad astrovirus
|E Turkey astrovirus
' Chicken astrovirus
Mouse astrovirus
Parcine astrovirus
Human astrovirus
* Feline astrovirus
Dongbei arctic lamprey astrovirus
Wenling longspine snipefish astrovirus
Eastern sea garfish astrovirus
Yancheng grey stingfish astrovirus
Largetooth flounder astrovirus
Wenling rattails astrovirus
Red gurnard astrovirus
Yellow striped sandperch astrovirus
Tiger flathead astrovirus
Beihai fish astrovirus
Wenling righteye flounder astrovirus
Big eyed perch astrovirus
Eastern red scorpionfish astrovirus

*
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Figure 2. Phylogenetic relationships of likely vertebrate-associated viruses identified here. The maximum likelihood phylogenetic trees show the topological position
of the newly discovered viruses (blue circles) and those identified in an earlier study (Geoghegan et al. 2018a), in the context of their closest phylogenetic relatives.
Branches are highlighted to represent host class (fish = blue; mammals = red; birds, reptiles and amphibians = yellow; vector-borne (mammals and arthropods) =
green). All branches are scaled according to the number of amino acid substitutions per site and trees were mid-point rooted for clarity only. An asterisk indicates
node support of >70 per cent bootstrap support. See Supplementary Table S3 for all accession numbers.
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Figure 3. Significant explanatory variables in generalized linear models (GLM) for viral abundance and two measures of alpha diversity. Viral abundance is best
explained by (A) fish host order and (B) mean preferred water temperature. Alpha diversity is best explained by (C) host order and (D) preferred habitat (Observed
Richness) and by (E) host order and (F) host community diversity (Shannon Diversity). Stars indicate significant differences between groups determined by post hoc
Tukey tests. Points represent different fish species and are coloured by host order.

negative relationship to mean preferred water temperature We applied two measures of alpha diversity to our sample
(Fig. 3). It is worth noting, however, that virus abundance set: observed richness, a count of the number of viral families,
within the Scopaeniformes were widely distributed and that and Shannon diversity, which also incorporates abundance.
their overall high abundance might only be due to a few spe- Observed richness was best explained by fish order (;*>=22.839,

cies or individuals. df=8, P=3.8"%) and habitat depth (4*=3.914, df=2, P=0.032),
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while Shannon diversity was best explained by fish order
(¥*=0.96, df=8, P=0.016) and community diversity (;>=0.41,
df=1, P=0.05), with a larger Shannon diversity in multispecies
communities compared with single species communities.
As with viral abundance, there was a significant difference in
alpha diversity between Scopaeniformes compared to
Pleuronectiformes (Tukey Richness z=23.039, P=0.0495; Tukey
Shannon z=2.845, P=0.05). Notably, in these data mid-water
fish had decreased viral richness compared to benthic fish
(Tukey z=-2.452, P=0.0338), and fish that reside in multispecies
communities had a larger Shannon diversity compared to single
species communities (;>=0.17089, df=1, P=0.05) (Fig. 3). Our
analysis also revealed that fish order (R>=0.57215, P=0.003),
swimming behaviour (R*=0.09904, P=0.005), climate
(R*=0.13315, P=0.012), and mean preferred water temperature
(R*=0.1005, P=0.05) were significant predictors of beta
diversity.

Importantly, we repeated the above analysis on the factors
associated with virome composition on those viruses (n=22)
that likely infected hosts other than fish. Because we can as-
sume that these viruses do not replicate in fish (for example, be-
cause they are related to host diet), and hence should be not
shaped by aspects of fish biology and ecology, this analysis ef-
fectively constitutes an internal negative control. Indeed, this
analysis revealed no association between virome composition
and host ecological traits (viral abundance: P =0.0; alpha diver-
sity: P=0.3; Shannon diversity: P=0.9; and beta diversity:
P=0.3), thereby adding weight to the biological associations de-
scribed above in the fish viruses.

4, Discussion

The metagenomic revolution is enabling us to uncover more of
a largely unknown virosphere. Here, we utilized mNGS to iden-
tify new viruses associated with fish, characterising the viromes
of 23 species of marine fish that spanned nine taxonomic orders
and identifying 47 novel viruses spanning 22 different virus
families. This included 25 new vertebrate-associated viruses
and a further 22 viruses associated with protozoans, plants,
arthropods, and fungi. Interestingly, the novel viruses included
the first fish virus in the Matonaviridae that are the closest phy-
logenetic relatives of the mammalian rubella viruses. We also
used these data to provide an initial assessment of how aspects
of host biology might impact virus diversity and evolution.
Although our study was limited to 23 fish species, on these data
we found that host phylogeny (taxonomy) was strongly associ-
ated with the composition of fish viromes. We also identified
several other host traits that were also associated with virus
abundance and/or diversity, particularly preferred mean water
temperature, climate, habitat depth, community diversity and
whether fish swim in schools or are solitary. That these traits
were not correlated with the composition of diet and
microbiome-associated viruses that do not actively replicate in
fish suggests that the patterns observed in marine fish are real,
although it will clearly be important to test these initial conclu-
sions using larger numbers of fish species sampled from a di-
verse set of environments.

Many of the viruses identified in this study were phylogenet-
ically related to other, recently discovered, viruses of fish (Dill
et al. 2016; Lauber et al. 2017; Geoghegan et al. 2018a; Shi et al.
2018a). However, there were some notable exceptions. Tiger
flathead matonavirus represents the only fish viral species in
the Matonaviridae and forms a distinct clade with a rubivirus dis-
covered in a Chinese water snake. The discovery of this

phylogenetically distinct fish virus tentatively suggests the pos-
sibility of a fish host origin for this family, although it is clear
that confirmation will require the sampling of a far wider set of
hosts. Indeed, it is notable that additional rubella-like viruses
have recently been identified in a range of mammalian hosts,
including bats (Bennett et al. 2020). A fish origin might also be
the case for other virus families such as the Hantaviridae and
Filoviridae, as the fish viruses in these families often fall basal to
viruses in other vertebrate hosts such as birds and mammals
(also see Shi et al. 2018a). In contrast, in some other virus fami-
lies such as the Astroviridae, Picornaviridae, Flaviviridae, and
Rhabdoviridae, viruses associated with fish are distributed
throughout the phylogeny suggestive of a past history of com-
mon host-jumping. Regardless, available data suggests that fish
viruses harbour more phylogenetic diversity than the better
studied mammalian and avian viruses within these families. It
is also clear that the discovery of novel viruses in fish has ex-
panded our knowledge of the diversity, evolutionary history
and host range of RNA viruses in general.

Although there is often a clear phylogenetic division be-
tween those viruses likely to infect fish and those associated
with diet or microbiome, in some cases this separation can be
nuanced. For instance, although totiviruses were thought to
only infect unicellular fungi, their known host range has now
expanded to include arthropods and fish (Mikalsen, Haugland,
and Evensen 2016; Mor and Phelps 2016; Lgvoll et al. 2010). In
particular, piscine myocarditis virus is a totivirus shown by in
situ hybridization to infect Atlantic salmon and is associated
with cardiomyopathy syndrome in salmon (Haugland et al.
2011). Similarly, viruses within the Narnaviridae are widespread
in fungi, and have now been extended to include both inverte-
brates (Shi et al. 2016) and protist (Charon et al. 2019). Due to
their phylogenetic position, we assume the narna-like viruses
identified here are associated with fungal parasites in these
samples.

As well as identifying new viruses, we sought to provision-
ally identify associations between host traits and the overall
composition of fish viruses, although this analysis was clearly
limited by the available sample size. A notable observation was
that fish virome composition, reflected in measures of viral
richness, abundance and diversity, is most impacted by the
phylogenetic relationships (i.e. taxonomy) of the host in ques-
tion. This in turn suggests that fish viruses might have co-
diverged with fish hosts over evolutionary time-scales, a pat-
tern supported by the general relationship between vertebrate
host class and virus phylogeny observed for RNA viruses as a
whole (Shi et al. 2018a). However, it is also clear that cross-
species is also a common occurrence in virus evolution
(Geoghegan, Duchéne, and Holmes 2017). Indeed, it is possible
that the strong association of host taxonomy and virome com-
position in some cases reflects preferential host switching
among fish species (otherwise known as the ‘phylogenetic dis-
tance effect’; Longdon et al. 2014), perhaps because viruses
spread more often between phylogenetically closely related
hosts due to the use of similar cell receptors (Charleston and
Robertson 2002). These competing theories could be tested by
more detailed co-phylogenetic comparisons among fish species
that exhibit no ecological overlap thereby precluding cross-
species transmission.

Our analysis also provided some evidence that virus abun-
dance was negatively associated with the preferred water tem-
perature of the fish species in question. Specifically, viruses
were more abundant in fish that preferred cooler temperatures
compared to those that prefer warmer temperatures. In this
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context it is noteworthy that virus transmission and disease
outbreaks have been shown to be influenced by temperature
and seasonality in farmed fish (Crane and Hyatt 2011).
Moreover, for some viruses, host mortality is water
temperature-dependent. For example, a highly infectious dis-
ease in fish, nervous necrosis virus, is more pathogenic at
higher temperatures (Toffan et al. 2016), while infectious hae-
matopoietic necrosis virus, which causes disease in salmonid
fish such as trout and salmon, causes mortality only at low tem-
peratures (Dixon et al. 2016). As the oceans continue to warm, it
is crucial to understand the impact of increased temperatures
on both marine life and virus evolution and emergence, espe-
cially as it is projected that outbreaks of marine diseases are
likely to increase in frequency and severity (Karvonen et al.
2010; Dallas and Drake 2016).

Also of note was that on these data, fish living in diverse,
multi-fish species communities harboured more diverse
viromes at a higher abundance than fish that live in less di-
verse, single-species communities. Previously, host community
diversity has been hypothesized to lead to a decrease in infec-
tious disease risk through the theory of the ‘dilution
effect’(Schmidt and Ostfeld, 2001). This theory views an in-
crease in host species’ community diversity as likely to reduce
disease risk, because encounter rates among preferred hosts are
decreased, and both experimental and field studies have shown
this phenomenon to occur across many host systems, particu-
larly those involving vector-borne disease (LoGiudice et al. 2003;
Keesing, Holt, and Ostfeld 2006; Ostfeld and Keesing 2012).
Although it might be reasonable to assume that increased virus
abundance and diversity is directly correlated with disease risk,
the association between host community diversity with that of
virus diversity and abundance has not previously been tested.
Our results, although preliminary, indicated that high multi-
species community diversity in fish may be associated with in-
creased virus diversity and abundance. It is possible that ele-
vated community diversity in fish simply increases the total
number of hosts in the system, in turn increasing viral diversity,
particularly since host jumping appears to be common in fish
viruses (Geoghegan et al. 2018a).

Finally, it is noteworthy that since these fish species were
market-bought rather than being directly sampled during fish-
ing trips (with the exception of the pygmy goby), it is possible
that viruses with short durations of infection were not detected.
In addition, the relatively small number of individuals sampled
here, and that samples were necessarily pooled to aid virus dis-
covery, unavoidably limits some of the conclusions drawn. In
particular, the host traits summarized here, such as life span,
were taken at the overall species level rather than for the indi-
viduals sampled. It is therefore important to broaden sampling
of fish and their viruses both geographically and seasonally,
and include phenotypic data for the individuals sampled. This
notwithstanding, our data again shows that fish harbour a very
large number of diverse viruses (Shi et al. 2018; Lauber et al.
2017). Indeed, even the pygmy goby, one of the shortest-lived
vertebrates on earth that lives for a maximum of 59 days on the
reef (Depczynski and Bellwood 2005), harboured novel viruses
that were assigned to three distinct virus families.

The new viruses discovered here greatly expand our knowl-
edge of the evolutionary history of many virus families, particu-
larly those with RNA genomes, with viruses identified in fish
species that span highly diverse taxonomic orders. More
broadly, the use of metagenomics coupled with a diverse multi-
host, tractable system such as fish has the potential to reveal
how host factors can shape the composition of viromes and

J.L. Geogheganetal. | 9

that might ultimately lead to cross-species transmission and vi-
rus emergence.

Data availability

All sequence reads generated in this project are available under
the NCBI Short Read Archive (SRA) under BioProject
PRJNA637122 and all consensus virus genetic sequences have
been deposited in GenBank under accession MT579871-
MT579895.

Supplementary data

Supplementary data are available at Virus Evolution online.
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Bats are important reservoirs for viruses of public health and veterinary concern. Virus studies in Australian bats
usually target the families Paramyxoviridae, Coronaviridae and Rhabdoviridae, with little known about their
overall virome composition. We used metatranscriptomic sequencing to characterise the faecal virome of grey-
headed flying foxes from three colonies in urban/suburban locations from two Australian states. We identified
viruses from three mammalian-infecting (Coronaviridae, Caliciviridae, Retroviridae) and one possible mammalian-
infecting (Birnaviridae) family. Of particular interest were a novel bat betacoronavirus (subgenus Nobecovirus)

and a novel bat sapovirus (Caliciviridae), the first identified in Australian bats, as well as a potentially exogenous
retrovirus. The novel betacoronavirus was detected in two sampling locations 1375 km apart and falls in a viral
lineage likely with a long association with bats. This study highlights the utility of unbiased sequencing of faecal
samples for identifying novel viruses and revealing broad-scale patterns of virus ecology and evolution.

1. Introduction

Bats (order Chiroptera) are one of the largest mammalian orders with
a unique physiology adapted for flight. The number of bat colonies in
urban habitats has increased in recent decades, leading to more frequent
interactions with humans, companion animals and livestock that have in
turn facilitated outbreaks of zoonotic disease (Plowright et al., 2011).
This process has been dramatically highlighted by the emergence of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the
detection of SARS-like coronaviruses in Asian bat populations (Temmam
et al., 2022; Zhou et al., 2020, 2021; Wacharapluesadee et al., 2021;
Murakami et al., 2020). In addition, bats have been associated with the
emergence of Hendra virus (Halpin et al., 2000), Nipah virus (Yob et al.,

* Corresponding author.

2001), lyssaviruses (Botvinkin et al., 2003; Gould et al., 1998) and
SARS-CoV-1 (Li et al., 2005). In turn, these outbreaks have led to an
increased sampling of bat species, and the widespread use of meta-
genomic sequencing has enabled more detailed exploration of the bat
virome (Wu et al., 2016; Hardmeier et al., 2021; Van Brussel and
Holmes, 2022).

In Australia, bat species of the Pteropus genus are reservoir hosts for
Hendra virus and Menangle virus, zoonotic pathogens of the family
Paramyxoviridae (Halpin et al., 2000; Philbey et al., 1998), as well as
Australian bat lyssavirus, a zoonotic virus of the Rhabdoviridae that
causes rabies in mammals (Gould et al., 1998). Studies of viruses in bats
in Australia have largely focused on these virus families and recently
identified a new member of the Paramyxoviridae — Cedar virus — as well
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as a novel genotype of Hendra virus (Wang et al., 2021; Marsh et al.,
2012). Although important, these studies lack information on overall
virome composition, particularly those virus families not included in
targeted PCR studies.

The grey-headed flying fox (Pteropus poliocephalus), a member of the
megabat family Pteropodidae and native to Australia, is a species of
importance in the context of zoonotic viruses. Grey-headed flying foxes
are distributed throughout the eastern coastline of Australia (Queens-
land, New South Wales and Victoria) and more recently a colony was
established in Adelaide (South Australia). Grey-headed flying foxes feed
on fruit, pollen and nectar and roost in large colonies, sometimes sharing
roosting locations with other species of Pteropus, allowing intraspecies
and interspecies virus transmission (Timmiss et al., 2021). Roosting sites
are commonly located alongside human communities including in
densely populated urban settings (Williams et al., 2006). As numerous
viruses are transmitted by faeces and other excretions, the co-habitation
between bats and humans likely increases the risk of zoonotic spill-over.

Herein, we used metatranscriptomic sequencing of faecal samples to
describe the community of viruses present in the gastrointestinal tract of
grey-headed flying foxes from three sampling locations in two Austra-
lian states — Centennial Park and Gordon in Sydney, New South Wales,
and the Botanic Park, Adelaide in South Australia. Specifically, to reveal
the composition and abundance of viruses in bats residing in metro-
politan areas we sampled roosting sites either located in a residential
setting or in parks that are frequented by humans.

2. Methods
2.1. Sample collection

Faecal samples were collected from grey-headed flying fox roosting
sites in three regions of Australia: Centennial Parklands, Centennial Park
New South Wales (NSW), Gordon NSW, and Botanic Park, Adelaide
parklands, Adelaide, South Australia (Table 1, Fig. 1A). Sampling was
conducted over two dates in 2019 for the Centennial Park and Gordon
sites, while the roosting site in the Adelaide parklands was sampled over
several months in 2019 (Table 1). A plastic sheet of approximately 3 x 5
m was placed under densely populated trees the night before collection.
The following morning samples captured by the plastic sheet were
placed into 2 mL tubes and immediately stored at —80 °C until pro-
cessing. Any faecal sample touching or submerged in urine was
discarded.

Table 1
Sampling overview, including number of samples allocated to sequencing pools
and sequencing metadata.

Location Sampling Pool No. Of No. Of No. Of
date no. samples reads contigs
Centennial Park, 5 February 01 12 24,732,494 159,527
NSwW 2019 02 9 35,835,953 147,425
33. 89999°S, 03 9 31,960,624 107,431
151.23592°E 26 04 9 19,833,973 111,196
February 05 11 31,410,836 136,180
2019 06 9 29,318,213 105,118
07 10 19,160,704 90,339
Gordon, NSW 12 March 01 12 52,605,108 89,247
33.75065°S, 2019 02 12 48,784,843 50,574
151.16242°FE 03 9 27,396,450 118,509
26 March 04 11 36,591,148 181,524
2019 05 12 36,815,461 146,466
06 12 52,934,611 97,013
07 10 37,980,832 156,960
Adelaide, SA 2019 01 8 25,977,712 135,969
34.91571°S, 2019 02 9 21,113,731 113,546
138.6068°E
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2.2. RNA extraction, sequencing and read processing

Faecal samples were homogenised at 5 ms—1 for 1.5 min using the
Omni Bead Ruptor 4 with 1.44 mm ceramic beads (Omni international)
in 600 pL lyse buffer. Total RNA was extracted from each sample indi-
vidually using the RNeasy Plus Mini Kit (Qiagen) following the manu-
facturer’s protocol. RNA was pooled in equimolar ratios and separated
by sampling location, date and RNA concentration (Table 1). Ribosomal
RNA was depleted followed by the construction of sequencing libraries
using the Illumina Stranded Total RNA Prep with Ribo-Zero Plus (Illu-
mina) preparation kit. Libraries were sequenced as 150 bp paired-end on
the Illumina Novaseq 6000 platform at the Australian Genome Research
Facility (AGRF).

Read ends with a quality score of below 25 phred and adapter se-
quences were removed using cutadapt v1.8.3 (Kechin et al., 2017).
Sortmerna v4.3.3 was used to remove 5 S and 5.8 S, eukaryotic 18 S and
23S, bacterial 16 S and 23 S, and archaeal 16 S and 23 S ribosomal RNA
(rRNA) reads (Kopylova et al., 2012). The filtered reads were then de
novo assembled using Megahit v1.1.3 (Li et al., 2015) and the contigs
compared to the non-redundant protein database using diamond v2.0.9.
The Genemark heuristic approach (Besemer and Borodovsky, 1999; Zhu
et al., 2010) and information from closely related viruses were used to
predict genes and annotate genomes. Intact retrovirus genomes were
detected using an in-house pipeline (Chang et al., manuscript in prep-
aration). The Geneious assembler (available in Geneious Prime version
2022.1.1) was used to reassemble megahit contigs from multiple li-
braries for bat faecal associated retrovirus 2 (see Results). The final
sequence for bat faecal associated retrovirus 2 (see Results) was deter-
mined by mapping reads from all libraries to the reassembled genome on
Geneious Prime and using a 0% (majority) threshold for the final
consensus sequence. Additionally, a negative control extraction library
was sequenced to help exclude viral contaminants. No viruses present in
the negative control library were present in the bat faecal libraries.

2.3. Abundance estimation

Virus and host abundance were estimated by mapping non-rRNA
reads from each library to assembled contigs, and to the COX1 gene
(accession no. KF726143) from the P. alecto (Black flying fox) genome
using the Bowtie2 alignment method in RSEM and expected count
values (Langmead and Salzberg, 2012). The impact of index-hopping
was minimised by excluding the expected count value for a contig in
any library that was less than 0.01% of the highest read count for that
assembled contig in any other library.

2.4. Phylogenetic analysis

Virus amino acid sequences were aligned with related sequences (i.
e., representing the same virus family and/or genus) retrieved from the
NCBI/GenBank database using MAFTT v7.450 (Katoh and Standley,
2013) and the E-INS-I algorithm (Katoh et al., 2005). The partial RARp
sequence of P. alecto/Aus/SEQ/2009 was retrieved from Smith et al.
(2016). The gappyout method in TrimAL v1.4.1 was used to remove
ambiguous regions in the alignment (Capella-Gutiérrez et al., 2009).
Maximum likelihood trees of each data set were inferred using IQ-TREE
v1.6.7 (Nguyen et al., 2014), employing the best-fit amino acid substi-
tution model determined by the ModelFinder program (Kalyaana-
moorthy et al., 2017) in IQ-TREE. Nodal support was accessed using
1000 ultrafast bootstrap replicates (Hoang et al., 2017). Any virus
sequence in this study with over 90% nucleotide similarity to another
detected here was excluded from phylogenetic analysis.

2.5. PCR validation of coronavirus, sapovirus and retrovirus

SuperScript IV One-Step RT-PCR (Invitrogen) was used to amplify
bat faecal coronavirus CP07/aus/1 (RdRp), bat faecal sapovirus Ad02/
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Fig. 1. Overview of sampling sites and bat faecal sample composition. (A) Sampling locations in Australia (left) and distribution map of the grey-headed flying fox
(right) (IUCN, 2021). (B) The proportion of virus reads separated by likely host group based on the contig host designation of the closest relatives in the NCBI
non-redundant protein database, shown as a proportion of the total virus reads in each sample location. (C) Read abundance presented as reads per million (RPM) for
the vertebrate-associated virus sequences for each library and separated by virus family. The virus families discussed in this study are highlighted with an asterisk.

aus/1 (RdRp), bat faecal associated retrovirus 1 G04/aus/1 (pol) and bat
faecal associated retrovirus AACPG/aus/1 (complete genome) from total
RNA from all 16 sequencing library pools (Supplementary Table 2).

3. Results
3.1. Virome overview

In total, 164 faecal samples allocated to 16 libraries underwent
metatranscriptomic  sequencing. This generated 19,160,704 to
52,934,611 reads per library (average of 33,278,293 reads) after read
filtering (Table 1). Reads were de novo assembled into 50,574 to 181,524
contigs (average of 121,689 contigs) per library (Table 1). A total of
5933 contigs were assigned as of viral origin across all the libraries. The
samples collected at Centennial Park, Sydney produced the most viral
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contigs, with 3216 identified from 65 virus families (Supplementary
Fig. 1). The Gordon, NSW sample site produced 2399 virus contigs from
66 virus families, while the Adelaide site contained 318 virus contigs
from 33 virus families, although this site had only two sequencing li-
braries comprising 17 faecal samples, compared to seven sequencing
libraries for each of the other two locations (69 faecal samples from
Centennial Park, 78 from Gordon) (Table 1, Supplementary Fig. 1).
Analysis of read abundance of the 5933 virus contigs identified by
screening the NCBI protein database revealed that virus reads were
largely associated with viruses of invertebrates (26.42% of total con-
tigs), fungi (40.06%) and plants (26.61%), representing 79 virus families
(Fig. 1B, Supplementary Fig. 1). These viruses were most likely associ-
ated with host diet and differed in frequency depending on sampling site
(Fig. 1B, Supplementary Fig. 1). The plant, fungal, and oomycete-
associated viruses, as well as those likely to be bacteriophage
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(including the picobirnaviruses) were not considered further. Impor-
tantly, however, we also identified sequences from viruses likely asso-
ciated with mammalian infection (3% overall), including near complete
genomes from members of the Coronaviridae, Caliciviridae and Retro-
viridae (Fig. 1B).

3.1.1. Mammalian-associated viruses

We detected contigs from nine viral families likely to infect mammals
(Fig. 1C). The Coronaviridae and Retroviridae were particularly abundant
and present in 10 and 16 libraries, respectively (Fig. 1C). Members of the
Birnaviridae and Caliciviridae were also abundant in specific libraries
(Fig. 1C). The remaining mammalian-associated viral families were only
detected at low abundance and the contigs were not of sufficient length
for further characterisation.

3.2. Novel betacoronavirus (Coronaviridae)

A novel complete betacoronavirus genome (single-strand, positive-
sense RNA virus; +ssRNA) — provisionally denoted bat faecal corona-
virus CP07/aus/1 — was identified in a sequencing library sampled from
Centennial Park (pool no. 07) and in a sequencing library from Adelaide
(pool no. 01). These two sequences exhibited 99.8% identity over the
complete viral genome indicating that they represent the same species.
Additionally, three sequences with 99.2-100% sequence identity to
CP07/aus/1 were identified in an additional Centennial Park library
(pool no. 05).

CP07/aus/1 contains ten ORFs in the arrangement ORFla, ORF1lab,
spike, NS3, envelope, matrix, nucleocapsid, NS7a, NS7b and NS7c.
Transcription Regulatory Sequences (TRS) preceeded all ORFs. Addi-
tional bat coronavirus contigs ranging from 318 to 1309 bp were
detected in sequencing libraries from two Gordon sampling locations.
These short contigs shared 40-95% amino acid identity to CP07/aus/1.
Three of these contigs contained RdRp or spike amino acid sequences of
sufficient length for phylogenetic analysis, and these were provisionally

NC_009021 Rousettus bat coronavirus HKU9
HQ728483 Rousettus bat coronavirus/Kenya/KY06/2006
HM211100 Bat coronavirus HKU9-10-1
EF065514 Bat coronavirus HKU9-2

MG762674 Rousettus bat coronavirus HKU9
MT337387 Coronavirus BtRt-BetaCoV/GX2018
MK492263 Bat coronavirus

MT350598 Rousettus bat coronavirus GCCDC1
MG693168 Bat coronavirus

MG693171 Bat coronavirus

OK067321 Rousettus madagascariensis nobecovirus
HQ728482 Eidolon bat coronavirus/Kenya/KY24/2006

Bat faecal coronavirus G05/aus/1
Bat faecal coronavirus CP07/aus/1
P. alecto/Aus/SEQ/2009
OK067319 Pteropus rufus nobecovirus

JX993988 Bat coronavirus Cp/Yunnan2011
GQ153543 Bat SARS coronavirus HKU3-8
MT726044 Bat coronavirus
JX993987 Bat coronavirus Rp/Shaanxi2011
KY417145 Bat SARS-like coronavirus
NC_004718 SARS coronavirus Tor2
MZ081378 Betacoronavirus sp. RmYN08
MN908947 SARS-CoV-2
MN996532 Bat coronavirus RaTG13
o LC556375 SARS-related coronavirus
KX574227 Bat coronavirus
MF593268 MERS-CoV
KC164505 Betacoronavirus England 1
LC469308 Bat coronavirus
KX442564 Hypsugo bat coronavirus HKU25
OM009282 Pangolin coronavirus
MH002339 Tylonycteris bat coronavirus HKU4
MN611520 Pipistrellus abramus bat coronavirus HKU5-related
MHO002342 Pipistrellus bat coronavirus HKUS
MK907286 Erinaceus hedgehog coronavirus HKU31
MW246799 Betacoronavirus Erinaceus

RdRp

KY370049 Rodent coronavirus

MH687968 Betacoronavirus sp.

MT085168 Coronaviridae sp.

NC_006577 Human coronavirus HKU1
MN514962 Dromedary camel coronavirus HKU23
AY585228 Human coronavirus OC43

JN874559 Rabbit coronavirus HKU14

KM349742 Betacoronavirus HKU24

0.04

Nobecovirus

Sarbecovirus

Merbecovirus
MZ328295 Longquan Niviventer niviventer betacoronavirus 1

Embecovirus 0.1
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denoted bat faecal coronavirus G05/aus/1, G05/aus/2 and G05/aus/3.
Based on phylogenetic analysis of the RNA-dependent RNA polymerase
(RdRp) and/or spike protein, the novel betacoronaviruses detected here
fell within the Betacoronavirus subgenus Nobecovirus (Fig. 2) and were
most closely related to P. alecto/Aus/SEQ/2009 (for which only a par-
tial RdRp is available) sampled from a black flying fox in south east
Queensland, Australia (Smith et al., 2016) and to Pteropus rufus nobe-
covirus sampled from a flying fox in Madagascar (accession no.
OK067319; Fig. 2) (Kettenburg et al., 2022). Pairwise comparisons
revealed that CP07/aus/1 had 83% amino acid identity to Pteropus
rufus nobecovirus over the complete ORFlab replicase and 97% to P.
alecto/Aus/SEQ/2009 over the partial RARp. Amino acid identity to
Pteropus rufus nobecovirus over the spike and non-structural proteins
was 72% and 58%, respectively. The RdRp of G05/aus/1 shared 95%
amino acid identity to CP07/aus/1, while the partial spike proteins of
G05/aus/2 and G05/aus/3 shared 57% and 63% amino acid identity to
CP07/aus/1, respectively. It is possible that GO5/aus/1 and G05/aus/2
represent transcripts from the same virus, while G05/aus/3 represents a
different species to CP07/aus/1. However, this could not be confirmed
as the G05/aus/3 genome was incomplete. Regardless, it is clear from
the spike protein phylogeny that at least three different coronaviruses
are circulating in the bats sampled here.

3.2.1. Novel sapovirus (Caliciviridae)

A near complete genome of a novel sapovirus (Caliciviridae, +ssRNA
virus), tentatively named bat faecal sapovirus Ad02/aus/1, was detected
in a sequencing library sampled from Adelaide (pool no. 2). Nine
additional bat sapovirus sequences ranging from 340 to 783 bp were
detected in the same sequencing library. The nine sequences shared
66-74% nucleotide and 76-81% amino acid identity to Ad02/aus/1
over the polyprotein, suggesting the presence of additional diverse
sapoviruses. The near complete Ad02/aus/1 genome is 7254 bp and
contains two ORFs encoding a polyprotein (near complete with likely 45
residues missing from the 5’ end), and the VP2. Ad02/aus/1 exhibited

MT337387 Coronavirus BtRt-BetaCoV/GX2018
MK492263 Bat coronavirus
HM211100 Bat coronavirus HKU9-10-1
EF065514 Bat coronavirus HKU9-2
MT350598 Rousettus bat coronavirus GCCDC1
NC_009021 Rousettus bat coronavirus HKU9
HQ728483 Rousettus bat coronavirus/Kenya/KY06/2006
MG762674 Rousettus bat coronavirus HKU9
MG693171 Bat coronavirus
HQ728482 Eidolon bat coronavirus/Kenya/KY24/2006
OK067321 Rousettus madagascariensis nobecovirus
MG693168 Bat coronavirus
0OK067319 Pteropus rufus nobecovirus
Bat faecal coronavirus CP07/aus/1
Bat faecal coronavirus G05/aus/2
Bat faecal coronavirus G05/aus/3
JX993987 Bat coronavirus Rp/Shaanxi2011
A GQ153543 Bat SARS coronavirus HKU3-8
JX993988 Bat coronavirus Cp/Yunnan2011
KY417145 Bat SARS-like coronavirus
NC_004718 SARS coronavirus Tor2
MN996532 Bat coronavirus RaTG13
MN908947 SARS-CoV-2
LC556375 SARS-related coronavirus
MT726044 Bat coronavirus
MZ081378 Betacoronavirus sp. RmYNO8
MW246799 Betacoronavirus Erinaceus
MK907286 Erinaceus hedgehog coronavirus HKU31
MF593268 MERS-CoV
KX574227 Bat coronavirus
KC164505 Betacoronavirus England 1
MN611520 Pipistrellus abramus bat coronavirus HKU5-related
MHO002342 Pipistrellus bat coronavirus HKU5
LC469308 Bat coronavirus
KX442564 Hypsugo bat coronavirus HKU25
OM009282 Pangolin coronavirus
MHO002339 Tylonycteris bat coronavirus HKU4
MH687968 Betacoronavirus sp.
KY370049 Rodent coronavirus
NC_006577 Human coronavirus HKU1
MZ328295 Longquan Niviventer niviventer betacoronavirus 1
MT085168 Coronaviridae sp.
KM349742 Betacoronavirus HKU24
MN514962 Dromedary camel coronavirus HKU23
-AY585228 Human coronavirus OC43
JN874559 Rabbit coronavirus HKU14

spike

Nobecovirus

Sarbecovirus

Merbecovirus

Embecovirus

Fig. 2. Phylogenetic relationships of the novel bat betacoronaviruses based on the amino acid sequences of the RdRp and spike protein. Amino acid alignment
lengths were 832 and 1092 residues for the RdRp and spike protein, respectively. Representative betacoronavirus sequences from this study are coloured by sampling
location (Centennial Park, Sydney — purple, and Gordon — green) and the subgenera are highlighted. Bootstrap values > 70% are represented by the symbol shown at
the branch node. The tree is rooted at midpoint for clarity and the scale bar represents the amino acid substitutions per site.
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44.8% amino acid identity in the partial polyprotein to its closest rela-
tive — Bat sapovirus Bat-SaV/Limbe65/CAM/2014 (accession no.
KX759620) — detected in the faeces of Eidolon helvum bats in Cameroon,
Africa (Yinda et al., 2017). Phylogenetic analysis of the RdRp and VP1
revealed a clustering of bat sapoviruses in both trees that included the
novel Australian bat sapoviruses found here (Fig. 3). Bat sapoviruses
have been assigned to the putative genogroups GXIV, GXVI, GXVII,
GXVIII and GXIX based on VP1 phylogeny and amino acid sequence
identities. Using the same criteria, the novel sapovirus Ad02/aus/1
identified here should be assigned to its own genogroup, putatively
named GXX which would also include the partial VP1 Ad02/aus/4
sequence (Supplementary Table 1, Fig. 3).

3.3. Novel birna-like virus (Birnaviridae)

Sequences related to the Birnaviridae (double-stranded RNA viruses;
dsRNA) were detected in one Centennial Park and two Gordon libraries.
All the birna-like virus sequences identified in the Centennial Park and
Gordon libraries shared >99% nucleotide identity, and the complete
coding region of segment B, which encodes the RdRp, was obtained from
one library (Gordon 05). The Birnaviridae segment A that encodes the
polyprotein and a small overlapping ORF was not identified in our data.
Phylogenetic analysis revealed that the birna-like virus RdRp sequence,
denoted G05/aus/1, was most closely related (50% amino acid identity)
to the disease-causing virus Chicken proventricular necrosis virus
(Fig. 4) (Guy et al., 2011), forming a distinct clade that is distantly
related to the birnaviruses that infect a wide range of hosts.

*MN461475 Sapovirus GlII.3
MH922774 Sapovirus GlI

NC_006554 Sapovirus C12
MN461476 Sapovirus GII.3

RdRp

MN451711 Sapovirus GIV

MN451710 Sapovirus GIV

MN451709 Sapovirus GIV

MH933795 Sapovirus sp.

MH922771 Sapovirus GlI

MZ488271 Sapovirus Gll

KX894314 Sapovirus GII.8

NC_006269 Sapovirus Hu/Dresden/pJG-Sap01/DE

AY646854 Sapovirus Chanthaburi-74/Thailand
MZ576278 Sapovirus Sapozj—9

*MG515476 Sapovirus Gl

JX993277 Sapovirus Hu/G1/BE-HPI01/DE/2012
LC215885 Sapovirus GV/HkKa2-1
KX000383 Sapovirus GV/WG194D-1
KY040366 Sapporo virus

MW285642 Sapovirus GllI

*MW285641 Sapovirus GllI

2 MwW285640 Sapovirus Glil

NC_000940 Porcine enteric sapovirus
KX000385 Sapovirus GXIl/\WD1237
*rMZ218056 Bat calicivirus

KJ641703 Bat calicivirus
KJ641701 Bat calicivirus
*JN899075 Bat sapovirus TLC58/HK
*|JN899074 Bat sapovirus TLC39/HK
*JN899073 Bat sapovirus TLC38/HK
JN899072 Bat sapovirus TLC34/HK
*KX759621 Bat sapovirus

KX759618 Bat sapovirus

KX759620 Bat sapovirus

*rKX759623 Bat sapovirus

KX759619 Bat sapovirus

Bat faecal sapovirus Ad02/aus/1

Bat faecal sapovirus Ad02/aus/2

*| MHO003837 Sapovirus rat/S4-82
_*,_:Kxooosm Sapovirus GVI/RV0042
*OM451120 Bamboo rat sapovirus

0.1 10M480531 Bamboo rat sapovirus

VP1

KU712497 Bat calicivirus BtCalV/M63/HUN/2013
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3.3.1. Bat retrovirus (Retroviridae)

A near complete genome of a retrovirus was identified in Gordon
library 04 and provisionally named bat faecal associated retrovirus 1
G04/aus/1. Four ORFs were observed over the 7455 bp genome and
assigned as the gag, pro, pol and env genes based on the presence of
conserved domains. In the pro gene we were able to identify an active
site motif DTGAD predominately observed in functional retroviruses,
and a helix motif GRDVL (Turnbull and Douville, 2018). We were unable
to identify complete long terminal repeat (LTR) regions in the 7455 bp
genome, although this may be due to incomplete assembly at the 5’
and/or 3’ end, rather than a true absence of LTRs. Importantly, as the
four ORFs contained the appropriate retrovirus conserved domains and
were uninterrupted by stop codons, it is possible that G04/aus/1 is
potentially exogenous and functional. A BLASTn analysis of the com-
plete GO4/aus/1 genome revealed no match to any bat reference
genome on NCBI/GenBank. GO4/aus/1 exhibited 56% amino acid
identity in the pol protein to its closest relative, Simian retrovirus 2
(accession M16605), a presumably exogenous retrovirus (Thayer et al.,
1987). The abundance for this novel retrovirus in the Gordon 04 library
was 90 RPM (2453 reads) (Fig. 1C).

A further near complete retroviral genome was identified by reas-
sembling 31 partial contig sequences from 10 libraries from all three
sample locations. PCR confirmed that the entire genome was present in
the GO7 sequencing library pool (Supplementary Table 2). This bat
faecal associated retrovirus 2 AdCPG/aus/1 is 6630 bp and contains four
open reading frames encoding the gag, pro, pol and env genes. It also
contains the conserved domains expected in functional retroviruses,
although the terminal end of the env gene is missing (either from true

*1KM092507 Sapovirus GI.2
*1JX993277 Sapovirus Hu/G1/BE-HPI01/DE/2012
*1KM092506 Sapovirus GI.2
AB258427 Sapovirus Hu/Chiba/041413/2004/JP
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AY646854 Sapovirus Chanthaburi-74/Thailand
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MN102412 Sapovirus Gl.1
AY237423 Sapovirus N21
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KY040366 Sapporo virus
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*IMN 102409 Sapovirus GIV.1
MN451711 Sapovirus GIV.1
*IMN451709 Sapovirus GIV.1
MN451710 Sapovirus GIV.1
*IMH541046 Sapovirus GII.3
*IMH541047 Sapovirus GII.3
* *#I!IMH541045 Sapovirus GlI.3
#[${MN461475 Sapovirus GII.3
MN461476 Sapovirus GII.3
MH922773 Sapovirus Gl
MZ488271 Sapovirus GlI
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MH922771 Sapovirus Gl
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*MHO003837 Sapovirus rat/S4-82
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*rJN899072 Bat sapovirus TLC34/HK
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Fig. 3. Phylogenetic relationships of the novel bat sapoviruses using the amino acid sequences of the RdRp and VP1. Amino acid alignment lengths were 491 and 623
residues for the RdRp and VP1, respectively. Bat sapoviruses from this study are coloured by sampling location (Adelaide - pink) and bootstrap values > 70% are
represented by the symbol shown at the branch node. The putative bat sapovirus genogroups are displayed to the right of the VP1 tree and our proposed putative
genogroup is coloured in red. The trees are rooted at midpoint for clarity and the scale bar represents the amino acid substitutions per site.
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Birnaviridae
KP268679 Victorian trout aquabirnavirus

MG599937 Wenling jack mackerels birnavirus
MG599938 Wenling japanese topeshark birnavirus
-AJ459383 Blotched snakehead virus

MK103420 Lates calcarifer birnavirus

MZ080600 porcine birnavirus

L19502 Infectious bursal disease virus

-AF196645 Drosophila X virus

X403942 Mosquitoe x virus

MW?784062 South China Sea birna-like virus
-ACU32792 Drosophila melanogaster birnavirus SW-2009a
MT381948 QOE89200_Aedes birnavirus
FM995221 Rotifer birnavirus strain Palavas
KX883001 Hubei birna-like virus

-AJ920336 Tellina virus 1

*EMT036105 Chicken proventricular necrosis virus
Bat faecal associated birna-like virus G05/aus/1
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Retroviridae

NC_031326 Simian retrovirus 8
M12349 Mason-Pfizer monkey virus
M16605 Simian retrovirus 2
HM143845 Simian retrovirus 1
MT787217 Prosimian retrovirus 1
L519619 Retroviridae sp.

317 Endogenous prairie dog retrovirus
Bat faecal associated retrovirus 1 G04/aus/1

MK304634 Black Syrian hamster retrovirus

D16249 Mouse mammary tumor virus

KU720628 Bovine retrovirus CH15

Betaretrovirus

p.
MN735307 Avian leukosis virus
A ian end: retrovirus EAV-HP
oproliferative disease virus Alpharetrovirus
Simian immunodeficiency virus

106042 Simian immunodeficiency virus

Avial
KC802224 Igmg
AJ58040

MH936674 Small ruminant lentivirus
-JF502416 Caprine arthritis encephalitis virus

AF326583 Human T-lymphotropic virus 2
U90557 Simian T-lymphotropic virus 2
EF488483 Human T—lymphotropic virus 4
AY590142 Simian T-lymphotropic virus 1
MT700539 Eptesicus fuscus deltaretrovirus
AF033818 Bovine leukemia virus

KF786286

Lentivirus

Deltaretrovirus

Gammaretrovirus
Human endogenous retrovirus HCML-ARV
-AF014792 Walleye epidermal hyperplasia virus 1

JX307862 Bovine foamy virus

-AF201902 equine foamy virus Equus caballus

MH759719 Feline foamy virus

GU356394 Squirrel monkey simian foamy virus

Fig. 4. Phylogenetic analysis of the birna-like virus and bat retroviruses based on the RdRp and pol amino acid sequences, respectively. The Birnaviridae RdRp
sequence alignment was 767 amino acid resides in length while the Retroviridae pol alignment comprised 1356 residues. The viruses from this study are coloured by
sampling location (Gordon - green) and the reassembled retrovirus sequence is in red (to indicate multiple locations). The Retroviridae genera are highlighted and
endogenous viruses are shown in bold. The bootstrap values > 70% are represented by the symbol shown at the branch node and the tree is midpoint rooted for

clarity, with the scale bar representing the amino acid substitutions per site.

truncation or incomplete assembly). AAdCPG/aus/1 is most closely
related to a retrovirus sampled from the lung tissue of Malayan pango-
lins (Ning et al., 2022). BLASTn analysis of the complete genome of
AdCPG/aus/1 showed the absence of this genome in any bat reference
genome on NCBI/GenBank. AdCPG/aus/1 reads were detected in 13
libraries (two Adelaide, four Centennial Park and seven Gordon) and the
abundance in each library ranged from 3.7 to 68.8 RPM (127-1786
reads) (Fig. 1C). Phylogenetic analysis of the pol protein that contains
the reverse transcriptase (RT) domain revealed that GO4/aus/1 and
AdCPG/aus/1 fell within the genus Betaretrovirus, clustering with both
exogenous and endogenous retroviruses associated with various
mammalian species (Fig. 4).

3.4. PCR confirmation

PCR confirmed that bat faecal coronavirus CP07/aus/1, bat faecal
sapovirus Ad02/aus/1 and bat faecal associated retrovirus 1 G04/aus/1
were present in eight, one and three library pools, respectively (Sup-
plementary Table 2). For all the library pools that were PCR positive,
metagenomic read abundance was above the 0.01% index-hopping cut-
off, although in the case of library pool CP06 read abundance was
slightly below this cut-off. Library pools that had no sequence reads for
these viruses were also negative by PCR (Supplementary Table 2).

3.5. Invertebrate-associated viruses

We detected likely invertebrate-associated virus sequences from
seven single-strand negative-sense RNA viruses (-ssSRNA), three + ssRNA
virus and one dsRNA virus families, in addition to the order Bunyavirales
(-ssRNA). The virus sequences from the Chuviridae, Lispiviridae, Arto-
viridae, Nyamiviridae, Xinmoviridae, Qinviridae, Disctroviridae and Ifla-
viridae are not discussed further, although information on positive
libraries is provided (Supplementary Fig. 1) and phylogenetic analysis
was performed (Supplementary Fig. 2). Virus sequences from the
Orthomyxoviridae, Nodaviridae, Reoviridae and Bunyavirales are
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considered further as these viral groups include mammalian-infecting
viruses, are important vector-borne viruses, or are able to infect mam-
mals experimentally (Nodaviridae, genus Alphanodavirus).

Orthomyxovirus (-ssRNA virus) segments were identified in five li-
braries from Centennial Park. Full coding regions for two polymerase
segments — PB2 and PA - and the hemagglutinin segment 2 and nucle-
ocapsid segment 5 were present in all libraries, although a full coding
region for polymerase segment PB1 was only present in a single
Centennial Park library. The three polymerase proteins of Centennial
Park library 06 were used for phylogenetic analysis, which revealed that
this sequence was most closely related to an orthomyxovirus sampled
from jumping plant lice in Australia (Fig. 5) (Kafer et al., 2019).
Nodaviruses (+ssRNA virus) were detected in five Centennial Park li-
braries and three Gordon libraries. Both the RNA1 (RdRp) and RNA2
segments were identified, including two sequences with the complete
RdRp. Nodavirus CP01/aus/1 and CP02/aus/1 were related to a noda-
virus sampled from birds in China (Zhu et al., 2022) and most likely
belong to the same viral species, although these fragments were only
476 and 232 amino acids, respectively. The nodavirus CP07/aus/1 RdRp
segment was related to a nodavirus from arthropod hosts from China
(Fig. 5) (Shi et al., 2016). Gene segments related to the Reoviridae
(dsRNA) were present in all Centennial Park, three Gordon and one
Adelaide library. The reovirus VP1 Pol segments detected here were
related, albeit distantly (~40% amino acid identity) to reoviruses
associated with ticks (Harvey et al., 2019; Vanmechelen et al., 2021),
moths (Graham et al., 2006), bat flies (Xu et al., 2022) and the Asian
citrus psyllid (Nouri et al., 2015) (Fig. 5).

Finally, bunyavirus fragments were detected in all the Adelaide and
Centennial Park libraries and six Gordon libraries. Eleven RdRp coding
regions were used for phylogenetic analysis which revealed that two
bunyavirus sequences fell into the Phenuiviridae and four were basal to
that family, while two sequences fell into the Phasmaviridae, two were
basal to the Arenaviridae and one was basal to a grouping of five families
(Fig. 6). The Adelaide bunyavirus Ad02/aus/1 was related to the plant
associated genus Tenuivirus and the remaining 10 were related to
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Reoviridae

ubei odonate virus 14
P714090 Bloomfield virus
MT747991 Skokie reo-like virus

662 Hubei reo-like virus 2

Bat faecal associated reovirus 3 Ad01/aus/1
MN938833 Lymantria dispar cygowrus 1

KR003805 Lutzomyia reovirus
P714078 Torrey Pines virus
KU754533 Soudat virus segment 1
MN938843 Hubei lepidoptera virus 3
MK026600 Shelly beach virus
MW199263 Reoviridae sp.
Bat faecal associated reovirus 1 CP02/aus/1
MW874105 Zoersel tick virus

Bat faecal associated reovirus 2 CP02/aus/2
DQ192235 Operophtera brumata reovirus

AF282467 Eyach virus )
NC_ 004181 Colorado tick fever virus
MK026572 Shelly headlands virus

LC275156 Tarumizu tick virus

ﬁéggg%ggﬁh Forest reovigus
Y coreovirus
— T NC 010743 Myboreouirus 1
023819 Reptilian orthoreovirus
029912 Mahlapitsi orthoreovirus
014238 Broome virus X
C_ 015878 Baboon orthoreovirus
015127 Avian orthoreovirus
NC 013225 Mammalian orthoreovirus 3
036477 Piscine orthoreovirus
010585 American grass carp reovirus
05167 Aquareovirus C :
NC_ 034169 Fall chinook aquareovirus
“NC_038594 Lebombo virus
NC~ 038604 Orungo virus i
NC 006021 African horse sickness virus
NC 038574 Equine encephalosis virus
NC_005990 Palyam virus
NC” 038614 Warrego virus L i
NC~013396 Epizootic hemorrhagic disease virus
C 038592 Eubenangee virus
NC~022639 Changuinola virus
NC~ 014522 Great Island virus
NC 027533 Wad Medani virus
027534 Chenuda virus
014522 Great Island virus
012754 Stretch Lagoon orbivirus
38568 Corriparta virus i
07748 Peruvian horse sickness virus
997 St Croix River virus
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Fig. 5. Phylogenetic analysis of the invertebrate-assocaited reoviruses, orthomyxoviruses and nodaviruses based on the VP1 Pol, concatenated PB2-PB1-PA and
RdRp amino acid sequences, respectively. Amino acid alignment length were 1020 residues for Reoviridae, 2233 residues for the Orthomyxoviridae and 774 residues
for the Nodaviridae. Viruses from this study are coloured by sampling location (Adelaide — pink, Centennial Park — purple and Gordon — green) and genera are
highlighted in the Reoviridae and Orthomyxoviridae tress. Bootstrap values > 70% are represented by the symbol shown at the branch node. The tree is rooted at
midpoint for clarity and the scale bar represents the amino acid substitutions per site.

invertebrate hosts (Fig. 6).
4. Discussion

Virological surveillance of bats in Australia has largely focused on
screening for known zoonotic viruses such as Hendra virus and
Australian bat lyssavirus, although the paramyxovirus Tioman virus, for
which flying foxes are the natural host, and coronaviruses are also tar-
geted (Boardman et al., 2020; Prada et al., 2019a; Smith et al., 2016).
The primary aim of these studies is to identify specific viruses using
either PCR or serological data. Although such surveillance has been
successful in determining the active circulation of these specific viruses,
these approaches necessarily have restricted capacity to detect novel or
unexpected viruses, thus providing a very limited understanding of vi-
ruses circulating in Australian bats. As bats are frequently found near
human populations, they are of particular concern regarding potential
zoonoses (Plowright et al., 2011; Williams et al., 2006; Halpin et al.,
2000). Herein, we used metatranscriptomics to reveal the natural faecal
virome of the grey-headed flying fox. Although most of the viruses
identified were likely associated with bat diet, as expected from faecal
sampling, we also identified viruses from three mammalian-associated
families (Coronaviridae, Caliciviridae, Retroviridae) and one virus from
the Birnaviridae family that may also have a mammalian association.

Both alpha- and betacoronaviruses have been identified in a variety
of bat species (Smith et al., 2016; Prada et al., 2019b). Here, we char-
acterised the complete genome of a betacoronavirus in grey-headed
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flying foxes that was closely related to two other betacoronaviruses
sampled in flying foxes in Australia and Madagascar (Smith et al., 2016;
Kettenburg et al., 2022). The current ICTV classification for coronavirus
species states that less than 90% amino acid identity in the ORFlab
conserved replicase domains constitutes a new species. Although bat
faecal coronavirus CP07/aus/1 shares high sequence similarity to
another reported bat betacoronavirus, the P. alecto/Aus/SEQ/2009
sequence is only 146 amino acids in length, does not span the complete
RdRp and is therefore difficult to classify. Accordingly, we suggest that
betacoronavirus bat faecal coronavirus CP07/aus/1 represents a novel
species, to which P. alecto/Aus/SEQ/2009 may also belong. The com-
plete genome of this virus was found in both Adelaide and New South
Wales (99.8% nucleotide similarity between the two genomes) and
abundance counts were high in both locations (Fig. 1C), indicative of
virus exchange between bat populations. Flying foxes are known to
travel long distances to feed, roosting sites change depending on season,
and in Australia several flying fox species share roosting sites (Timmiss
et al., 2021), all of which provide opportunities for viruses to infect new
individuals. Importantly, while we were only able to assemble the
complete genome of one novel coronavirus, we identified partial
genome fragments of at least two more diverse coronaviruses (Fig. 2),
indicating that Australian bats carry a high diversity of coronaviruses as
has been seen in other bat species.

This is the first report of a sapovirus in Australian bats. Previously,
bat sapoviruses have been sampled from Eidolon helvum (Straw-coloured
fruit bat) in Cameroon (Yinda et al., 2017) and Saudi Arabia (Mishra
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et al., 2019) and Hipposideros Pomona (Pomona leaf-nosed bat) from
Hong Kong (Tse et al., 2012). Currently, the bat sapoviruses charac-
terised have been from bats with no apparent disease (Tse et al., 2012;
Yinda et al., 2017; Mishra et al., 2019). Whether this is the case here is
unknown because the reliance on faecal sampling meant that there was
no direct interaction with individual animals. The disease potential of
bat sapoviruses should be investigated further as sapoviruses have been
linked to acute gastroenteritis outbreaks in humans (Oka et al., 2015)
and some animal sapoviruses are closely related to those found in
humans (Mombo et al., 2014; Firth et al., 2014; Martella et al., 2008).
Until the metagenomic detection of porcine birnavirus (Yang et al.,
2021) and porcupine birnavirus (He et al., 2022) it was believed that the
Birnaviridae infected fish, insects and birds exclusively (Crane et al.,
2000; Da Costa et al., 2003; Chung et al., 1996; Brown and Skinner,
1996; Guy et al., 2011). We identified the segment B sequence of a novel
bat faecal associated birna-like virus that was most closely related to a
divergent pathogenic avian birnavirus (50% amino acid identity). Given
its divergent phylogenetic position — falling basal to all other birnavi-
ruses in a mid-point rooted tree (Fig. 4) — it is unclear whether this virus
actively infects grey-headed flying foxes or is associated with a
component of their diet or microbiome. While grey-headed flying foxes
are not insectivores, the ingestion of insects through the consumption of
fruit and nectar seems likely given the high number of invertebrate,
plant and fungi viruses sequenced here (Fig. 1B, Supplementary Fig. 1).
The moderate abundance values (81.6 and 31.3 RPM) cannot exclude

49

either scenario as using a host reference gene such as COX1 for
sequencing depth comparisons may not be as reliable for faecal samples
as it would be for tissue samples. Further investigation is needed to
determine the natural host of bat faecal associated birna-like virus and
to determine what tissue types are affected.

Two intact, possibly exogenous retrovirus near complete genomes
were also identified in this study and were most closely related to
mammalian associated retroviruses from the genus Betaretrovirus. Six
retroviruses have been previously characterised from Australian bat
brain tissue and excretions (including faeces), all from the genus Gam-
maretrovirus (Hayward et al., 2020; Cui et al., 2012) and hence highly
divergent from the viruses identified here. Although the exogenous
status needs to be confirmed, it is possible that bat faecal associated
retrovirus 1 GO4/aus/1 and bat faecal associated retrovirus 2 AdCP-
G/aus/1 constitute the first exogenous and intact betaretroviruses
sampled from the faeces of bats in Australia. Unfortunately, virus
identification through metatranscriptomics does not provide reliable
information on whether a virus is endogenous and defective, or still
functional and exogenous (Hayward et al., 2013; Hayward and
Tachedjian, 2021). That the retroviruses detected here have all the
necessary genes to comprise a functional virus, with undisrupted ORFs,
were not detected in every library, and are not present in the bat
genome, at the very least suggests that they are only recently endo-
genized and currently unfixed in the bat population. Further work
confirming the nature of the retroviruses detected here is warranted
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since bats are known to be major hosts for retroviruses (Cui et al., 2015)
and their cross-species transmission across mammalian orders is
commonplace (Hayward et al., 2013).

In addition to mammalian viruses, we detected virus sequences that
are likely invertebrate-associated. Of particular interest were those from
the Orthomyxoviridae and Reoviridae that span a wide variety of hosts
including mammals and were at high abundance in some of the
Centennial Park libraries. Notably, bat faecal associated reovirus 1
CP02/aus/1 groups with members of the Reoviridae associated with
ticks. Tick-associated reoviruses from the genus Coltivirus — Colorado
tick fever virus and Eyach virus (Goodpasture et al., 1978; Rehse-Kiipper
et al., 1976) — have been associated with human infection and disease
such that their presence in urban wildlife merits attention.

Our study highlights the diversity of viruses in wildlife species from
metropolitan areas. In this context it is notable that the bat coronavi-
ruses identified fall within the subgenus Nobecovirus of betacor-
onaviruses. Currently, this subgenus is strongly associated with bats
sampled on multiple continents, with the phylogenetic depth of the
Nobecovirus lineage further suggesting that bats have harbored these
viruses for millennia with no apparent infection of humans.

Data statement

The raw data generated for this study are available in the NCBI SRA
database under the BioProject accession number PRJNA851532 and
SRA accession numbers SRR19790899-SRR19790914. All genome se-
quences presented in phylogenetic trees are available in NCBI GenBank
under the accession numbers ON872523-ON872588.

Ethics statement

Ethics approval was granted by the University of Sydney Animal
Ethics Committee (AEC, 2018/1460) and the Sydney Institute for In-
fectious Diseases.

Funding source

The work was funded by an Australian Research Council Australian
Laureate Fellowship to ECH (FL170100022) and the Sydney Institute for
Infectious Diseases.

CRediT authorship contribution statement

Kate Van Brussel: Investigation, Data curation, Formal analysis,
Writing - original draft, Writing — review & editing, preparation. Jackie
E. Mahar: Formal analysis, Writing — review & editing, preparation.
Ayda Susana Ortiz-Baez: Formal analysis, Writing — review & editing,
preparation. Maura Carrai: Investigation, Writing — review & editing.
Derek Spielman: Investigation. Wayne S. J. Boardman: Investigation,
Writing — review & editing. Michelle L. Baker: Resources, Writing —
review & editing, preparation. Julia A. Beatty: Investigation, Supervi-
sion. Jemma L. Geoghegan: Resources, Writing — review & editing.
Vanessa R. Barrs: Conceptualisation, Methodology, Funding acquisi-
tion, Supervision, Writing — review & editing. Edward C. Holmes:
Conceptualisation, Funding acquisition, Supervision, Writing — review &
editing, Writing — original draft, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

50

Virology 576 (2022) 42-51

0rg/10.1016/j.virol.2022.09.002.

References

Besemer, J., Borodovsky, M., 1999. Heuristic approach to deriving models for gene
finding. Nucleic Acids Res. 27, 3911-3920.

Boardman, W.S.J., Baker, M.L., Boyd, V., Crameri, G., Peck, G.R., Reardon, T., Smith, I.
G., Caraguel, C.G.B., Prowse, T.A.A., 2020. Seroprevalence of three
paramyxoviruses; Hendra virus, Tioman virus, Cedar virus and a rhabdovirus,
Australian bat lyssavirus, in a range expanding fruit bat, the Grey-headed flying fox
(Pteropus poliocephalus). PLoS One 15, e0232339.

Botvinkin, A.D., Poleschuk, E.M., Kuzmin, L.V., Borisova, T.I., Gazaryan, S.V., Yager, P.,
Rupprecht, C.E., 2003. Novel lyssaviruses isolated from bats in Russia. Emerg. Infect.
Dis. 9, 1623-1625.

Brown, M.D., Skinner, M.A., 1996. Coding sequences of both genome segments of a
European "very virulent’ infectious bursal disease virus. Virus Res. 40, 1-15.

Capella-Gutiérrez, S., Silla-Martinez, J.M., Gabaldon, T., 2009. trimAl: a tool for
automated alignment trimming in large-scale phylogenetic analyses. Bioinformatics
25, 1972-1973.

Chung, H.K., Kordyban, S., Cameron, L., Dobos, P., 1996. Sequence analysis of the
bicistronic Drosophila X virus genome segment A and its encoded polypeptides.
Virology 225, 359-368.

Crane, M.S., Hardy-Smith, P., Williams, L.M., Hyatt, A.D., Eaton, L.M., Gould, A.,
Handlinger, J., Kattenbelt, J., Gudkovs, N., 2000. First isolation of an aquatic
birnavirus from farmed and wild fish species in Australia. Dis. Aquat. Org. 43, 1-14.

Cui, J., Tachedjian, G., Wang, L.F., 2015. Bats and rodents shape mammalian retroviral
phylogeny. Sci. Rep. 5, 16561.

Cui, J., Tachedjian, M., Wang, L., Tachedjian, G., Wang, L.F., Zhang, S., 2012. Discovery
of retroviral homologs in bats: implications for the origin of mammalian
gammaretroviruses. J. Virol. 86, 4288-4293.

Da Costa, B., Soignier, S., Chevalier, C., Henry, C., Thory, C., Huet, J.C., Delmas, B.,
2003. Blotched snakehead virus is a new aquatic birnavirus that is slightly more
related to avibirnavirus than to aquabirnavirus. J. Virol. 77, 719-725.

Firth, C., Bhat, M., Firth, M.A., Williams, S.H., Frye, M.J., Simmonds, P., Conte, J.M.,
Ng, J., Garcia, J., Bhuva, N.P., Lee, B., Che, X., Quan, P.L., Lipkin, W.L, 2014.
Detection of zoonotic pathogens and characterization of novel viruses carried by
commensal Rattus norvegicus in New York City. mBio 5, e01933, 14.

Goodpasture, H.C., Poland, J.D., Francy, D.B., Bowen, G.S., Horn, K.A., 1978. Colorado
tick fever: clinical, epidemiologic, and laboratory aspects of 228 cases in Colorado in
1973-1974. Ann. Intern. Med. 88, 303-310.

Gould, A.R., Hyatt, A.D., Lunt, R., Kattenbelt, J.A., Hengstberger, S., Blacksell, S.D.,
1998. Characterisation of a novel lyssavirus isolated from Pteropid bats in Australia.
Virus Res. 54, 165-187.

Graham, R.L., Rao, S., Possee, R.D., Sait, S.M., Mertens, P.P., Hails, R.S., 2006. Detection
and characterisation of three novel species of reovirus (Reoviridae), isolated from
geographically separate populations of the winter moth Operophtera brumata
(Lepidoptera: geometridae) on Orkney. J. Invertebr. Pathol. 91, 79-87.

Guy, J.S., West, A.M., Fuller, F.J., 2011. Physical and genomic characteristics identify
chicken proventricular necrosis virus (R11/3 virus) as a novel birnavirus. Avian Dis.
55, 2-7.

Halpin, K., Young, P.L., Field, H.E., Mackenzie, J.S., 2000. Isolation of Hendra virus from
pteropid bats: a natural reservoir of Hendra virus. J. Gen. Virol. 81, 1927-1932.

Hardmeier, 1., Aeberhard, N., Qi, W., Schoenbaechler, K., Kraettli, H., Hatt, J.M.,
Fraefel, C., Kubacki, J., 2021. Metagenomic analysis of fecal and tissue samples from
18 endemic bat species in Switzerland revealed a diverse virus composition
including potentially zoonotic viruses. PLoS One, €0252534.

Harvey, E., Rose, K., Eden, J.-S., Lo, N., Abeyasuriya, T., Shi, M., Doggett, S.L., Holmes, E.
C., 2019. Extensive diversity of RNA viruses in Australian ticks. J. Virol. 93, e01358,
18.

Hayward, A., Grabherr, M., Jern, P., 2013. Broad-scale phylogenomics provides insights
into retrovirus-host evolution. Proc Natl Acad Sci USA110 20146-20151.

Hayward, J.A., Tachedjian, G., 2021. Retroviruses of bats: a threat waiting in the wings?
mBio 12, e0194121.

Hayward, J.A., Tachedjian, M., Kohl, C., Johnson, A., Dearnley, M., Jesaveluk, B.,
Langer, C., Solymosi, P.D., Hille, G., Nitsche, A., Sanchez, C.A., Werner, A.,
Kontos, D., Crameri, G., Marsh, G.A., Baker, M.L., Poumbourios, P., Drummer, H.E.,
Holmes, E.C., Wang, L.F., Smith, 1., Tachedjian, G., 2020. Infectious KoRV-related
retroviruses circulating in Australian bats. Proc. Natl. Acad. Sci. U.S.A. 117,
9529-9536.

He, W.T., Hou, X., Zhao, J., Sun, J., He, H., Si, W., Wang, J., Jiang, Z., Yan, Z., Xing, G.,
Lu, M., Suchard, M.A., Ji, X., Gong, W., He, B, Li, J., Lemey, P., Guo, D., Tu, C.,
Holmes, E.C., Shi, M., Su, S., 2022. Virome characterization of game animals in
China reveals a spectrum of emerging pathogens. Cell 185, 1117-1129 e8.

Hoang, D.T., Chernomor, O., von Haeseler, A., Minh, B.Q., Vinh, L.S., 2017. UFBoot2:
improving the ultrafast bootstrap approximation. Mol. Biol. Evol. 35, 518-522.

International Union for Conservation of Nature, 2021. Data from “Pteropus
poliocephalus”. The IUCN Red List of Threatened Species 2021-2023. https://www.
iucnredlist.org/species/18751/22085511.

Kaéfer, S., Paraskevopoulou, S., Zirkel, F., Wieseke, N., Donath, A., Petersen, M., Jones, T.
C., Liu, S., Zhou, X., Middendorf, M., Junglen, S., Misof, B., Drosten, C., 2019.
Reassessing the diversity of negative strand RNA viruses in insects. PLoS Pathog. 15,
€1008224.

Kalyaanamoorthy, S., Minh, B.Q., Wong, T.K.F., von Haeseler, A., Jermiin, L.S., 2017.
ModelFinder: fast model selection for accurate phylogenetic estimates. Nat. Methods
14, 587-589.


https://doi.org/10.1016/j.virol.2022.09.002
https://doi.org/10.1016/j.virol.2022.09.002
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref1
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref1
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref2
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref2
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref2
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref2
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref2
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref3
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref3
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref3
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref4
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref4
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref5
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref5
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref5
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref6
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref6
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref6
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref7
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref7
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref7
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref8
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref8
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref9
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref9
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref9
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref10
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref10
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref10
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref11
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref11
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref11
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref11
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref12
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref12
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref12
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref13
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref13
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref13
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref14
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref14
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref14
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref14
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref15
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref15
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref15
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref16
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref16
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref17
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref17
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref17
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref17
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref18
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref18
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref18
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref19
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref19
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref20
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref20
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref21
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref21
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref21
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref21
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref21
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref21
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref22
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref22
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref22
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref22
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref23
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref23
https://www.iucnredlist.org/species/18751/22085511
https://www.iucnredlist.org/species/18751/22085511
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref25
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref25
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref25
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref25
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref26
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref26
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref26

K. Van Brussel et al.

Katoh, K., Kuma, K., Toh, H., Miyata, T., 2005. MAFFT version 5: improvement in
accuracy of multiple sequence alignment. Nucleic Acids Res. 33, 511-518.

Katoh, K., Standley, D.M., 2013. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol. Biol. Evol. 30, 772-780.

Kechin, A., Boyarskikh, U., Kel, A., Filipenko, M., 2017. cutPrimers: a new tool for
accurate cutting of primers from reads of targeted next generation sequencing.

J. Comput. Biol. 24, 1138-1143.

Kettenburg, G., Kistler, A., Ranaivoson, H.C., Ahyong, V., Andrianiaina, A., Andry, S.,
DeRisi, J.L., Gentles, A., Raharinosy, V., Randriambolamanantsoa, T.H.,
Ravelomanantsoa, N.A.F., Tato, C.M., Dussart, P., Heraud, J.M., Brook, C.E., 2022.
Full genome Nobecovirus sequences from Malagasy fruit bats define a unique
evolutionary history for this coronavirus clade. Front. Public Health 10, 786060.

Kopylova, E., Noé, L., Touzet, H., 2012. SortMeRNA: fast and accurate filtering of
ribosomal RNAs in metatranscriptomic data. Bioinformatics 28, 3211-3217.

Langmead, B., Salzberg, S.L., 2012. Fast gapped-read alignment with Bowtie 2. Nat.
Methods 9, 357-359.

Li, D., Liu, C.M., Luo, R., Sadakane, K., Lam, T.W., 2015. MEGAHIT: an ultra-fast single-
node solution for large and complex metagenomics assembly via succinct de Bruijn
graph. Bioinformatics 31, 1646-1674.

Li, W., Shi, Z., Yu, M., Ren, W., Smith, C., Epstein, J.H., Wang, H., Crameri, G., Hu, Z.,
Zhang, H., Zhang, J., McEachern, J., Field, H., Daszak, P., Eaton, B.T., Zhang, S.,
Wang, L.F., 2005. Bats are natural reservoirs of SARS-like coronaviruses. Science
310, 676-679.

Marsh, G.A., de Jong, C., Barr, J.A., Tachedjian, M., Smith, C., Middleton, D., Yu, M.,
Todd, S., Foord, A.J., Haring, V., Payne, J., Robinson, R., Broz, 1., Crameri, G.,
Field, H.E., Wang, L.F., 2012. Cedar virus: a novel Henipavirus isolated from
Australian bats. PLoS Pathog. 8, e1002836.

Martella, V., Lorusso, E., Banyai, K., Decaro, N., Corrente, M., Elia, G., Cavalli, A.,
Radogna, A., Costantini, V., Saif, L.J., Lavazza, A., Di Trani, L., Buonavoglia, C.,
2008. Identification of a porcine calicivirus related genetically to human
sapoviruses. J. Clin. Microbiol. 46, 1907-1913.

Mishra, N., Fagbo, S.F., Alagaili, A.N., Nitido, A., Williams, S.H., Ng, J., Lee, B,
Durosinlorun, A., Garcia, J.A., Jain, K., Kapoor, V., Epstein, J.H., Briese, T.,
Memish, Z.A., Olival, K.J., Lipkin, W.I., 2019. A viral metagenomic survey identifies
known and novel mammalian viruses in bats from Saudi Arabia. PLoS One 14,
e0214227.

Mombo, I.M., Berthet, N., Bouchier, C., Fair, J.N., Schneider, B.S., Renaud, F., Leroy, E.
M., Rougeron, V., 2014. Characterization of a genogroup I sapovirus isolated from
chimpanzees in the Republic of Congo. Genome Announc 2, e00680, 14.

Murakami, S., Kitamura, T., Suzuki, J., Sato, R., Aoi, T., Fujii, M., Matsugo, H.,
Kamiki, H., Ishida, H., Takenaka-Uema, A., Shimojima, M., Horimoto, T., 2020.
Detection and characterization of bat sarbecovirus phylogenetically related to SARS-
CoV-2, Japan. Emerg. Infect. Dis. 26, 3025-3029.

Nguyen, L.-T., Schmidt, H.A., von Haeseler, A., Minh, B.Q., 2014. IQ-TREE: a fast and
effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol.
Biol. Evol. 32, 268-274.

Ning, S., Dai, Z., Zhao, C., Feng, Z., Jin, K., Yang, S., Shen, Q., Wang, X., Sun, R.,
Zhang, W., 2022. Novel putative pathogenic viruses identified in pangolins by
mining metagenomic data. J. Med. Virol. 94, 2500-2509.

Nouri, S., Salem, N., Nigg, J.C., Falk, B.W., 2015. Diverse array of new viral sequences
identified in worldwide populations of the Asian citrus psyllid (Diaphorina citri) using
viral metagenomics. J. Virol. 90, 2434-4245.

Oka, T., Wang, Q., Katayama, K., Saif, L.J., 2015. Comprehensive review of human
sapoviruses. Clin. Microbiol. Rev. 28, 32-53.

Philbey, A.W., Kirkland, P.D., Ross, A.D., Davis, R.J., Gleeson, A.B., Love, R.J.,
Daniels, P.W., Gould, A.R., Hyatt, A.D., 1998. An apparently new virus (family
Paramyxoviridae) infectious for pigs, humans, and fruit bats. Emerg. Infect. Dis. 4,
269-271.

Plowright, R.K., Foley, P., Field, H.E., Dobson, A.P., Foley, J.E., Eby, P., Daszak, P., 2011.
Urban habituation, ecological connectivity and epidemic dampening: the emergence
of Hendra virus from flying foxes (Pteropus spp.). Proc. Biol. Sci. 278, 3703-3712.

Prada, D., Boyd, V., Baker, M., Jackson, B., O’Dea, M., 2019a. Insights into Australian bat
lyssavirus in insectivorous bats of Western Australia. Trav. Med. Infect. Dis. 4, 46.

Prada, D., Boyd, V., Baker, M.L., O’Dea, M., Jackson, B., 2019b. Viral diversity of
microbats within the south west botanical province of Western Australia. Viruses 11,
1157.

Rehse-Kiipper, B., Casals, J., Rehse, E., Ackermann, R., 1976. Eyach-an arthropod-borne
virus related to Colorado tick fever virus in the Federal Republic of Germany. Acta
Virol. 20, 339-342.

Shi, M., Lin, X.D., Tian, J.H., Chen, L.J., Chen, X., Li, C.X., Qin, X.C., Li, J., Cao, J.P.,
Eden, J.S., Buchmann, J., Wang, W., Xu, J., Holmes, E.C., Zhang, Y.Z., 2016.
Redefining the invertebrate RNA virosphere. Nature 540, 539-543.

51

Virology 576 (2022) 42-51

Smith, C.S., de Jong, C.E., Meers, J., Henning, J., Wang, L., Field, H.E., 2016.
Coronavirus infection and diversity in bats in the Australasian region. EcoHealth 13,
72-82.

Temmam, S., Vongphayloth, K., Baquero, E., Munier, S., Bonomi, M., Regnault, B.,
Douangboubpha, B., Karami, Y., Chrétien, D., Sanamxay, D., Xayaphet, V.,
Paphaphanh, P., Lacoste, V., Somlor, S., Lakeomany, K., Phommavanh, N., Pérot, P.,
Dehan, O., Amara, F., Donati, F., Bigot, T., Nilges, M., Rey, F.A., van der Werf, S.,
Brey, P.T., Eloit, M., 2022. Bat coronaviruses related to SARS-CoV-2 and infectious
for human cells. Nature 604, 330-336.

Thayer, R.M., Power, M.D., Bryant, M.L., Gardner, M.B., Barr, P.J., Luciw, P.A., 1987.
Sequence relationships of type D retroviruses which cause simian acquired
immunodeficiency syndrome. Virology 157, 317-329.

Timmiss, L.A., Martin, J.M., Murray, N.J., Welbergen, J.A., Westcott, D., McKeown, A.,
Kingsford, R.T., 2021. Threatened but not conserved: flying-fox roosting and
foraging habitat in Australia. Aust. J. Zool. 68, 226-233.

Tse, H., Chan, W.M.,, Li, K.S., Lau, S.K., Woo, P.C., Yuen, K.Y., 2012. Discovery and
genomic characterization of a novel bat sapovirus with unusual genomic features
and phylogenetic position. PLoS One 7, e34987.

Turnbull, M.G., Douville, R.N., 2018. Related endogenous retrovirus-K elements harbor
distinct protease active site motifs. Front. Microbiol. 9, 1577.

Van Brussel, K., Holmes, E.C., 2022. Zoonotic disease and virome diversity in bats. Curr.
Opin. Virol. 52, 192-202.

Vanmechelen, B., Merino, M., Vergote, V., Laenen, L., Thijssen, M., Marti-Carreras, J.,
Claerebout, E., Maes, P., 2021. Exploration of the Ixodes ricinus virosphere unveils an
extensive virus diversity including novel coltiviruses and other reoviruses. Virus Evol
7, veab066.

Wacharapluesadee, S., Tan, C.W., Maneeorn, P., Duengkae, P., Zhu, F., Joyjinda, Y.,
Kaewpom, T., Chia, W.N., Ampoot, W., Lim, B.L., Worachotsueptrakun, K., Chen, V.
C., Sirichan, N., Ruchisrisarod, C., Rodpan, A., Noradechanon, K., Phaichana, T.,
Jantarat, N., Thongnumchaima, B., Tu, C., Crameri, G., Stokes, M.M.,
Hemachudha, T., Wang, L.F., 2021. Evidence for SARS-CoV-2 related coronaviruses
circulating in bats and pangolins in Southeast Asia. Nat. Commun. 12, 972.

Wang, J., Anderson, D.E., Halpin, K., Hong, X., Chen, H., Walker, S., Valdeter, S., van der
Heide, B., Neave, M.J., Bingham, J., O’Brien, D., Eagles, D., Wang, L.F., Williams, D.
T., 2021. A new Hendra virus genotype found in Australian flying foxes. Virol. J. 18,
197.

Williams, N.S.G., McDonnell, M.J., Phelan, G.K., Keim, L.D., Van Der Ree, R., 2006.
Range expansion due to urbanization: increased food resources attract Grey-headed
Flying-foxes (Pteropus poliocephalus) to Melbourne. Austral. Ecol. 31, 190-198.

Wu, Z., Yang, L., Ren, X,, He, G., Zhang, J., Yang, J., Qian, Z., Dong, J., Sun, L., Zhu, Y.,
Du, J., Yang, F., Zhang, S., Jin, Q., 2016. Deciphering the bat virome catalog to
better understand the ecological diversity of bat viruses and the bat origin of
emerging infectious diseases. ISME J. 10, 609-620.

Xu, Z., Feng, Y., Chen, X., Shi, M., Fu, S., Yang, W., Liu, W.J., Gao, G.F., Liang, G., 2022.
Virome of bat-infesting arthropods: highly divergent viruses in different vectors.

J. Virol. 96, e0146421.

Yang, Z., He, B., Lu, Z., Mi, S., Jiang, J., Liu, Z., Tu, C., Gong, W., 2021. Mammalian
birnaviruses identified in pigs infected by classical swine fever virus. Virus Evol 7,
veab084.

Yinda, C.K., Conceicao-Neto, N., Zeller, M., Heylen, E., Maes, P., Ghogomu, S.M., Van
Ranst, M., Matthijnssens, J., 2017. Novel highly divergent sapoviruses detected by
metagenomics analysis in straw-colored fruit bats in Cameroon. Emerg. Microb.
Infect. 6, e38.

Yob, J.M., Field, H., Rashdi, A.M., Morrissy, C., van der Heide, B., Rota, P., bin
Adzhar, A., White, J., Daniels, P., Jamaluddin, A., Ksiazek, T., 2001. Nipah virus
infection in bats (order Chiroptera) in peninsular Malaysia. Emerg. Infect. Dis. 7,
439-441.

Zhou, H., Ji, J., Chen, X., Bi, Y., Li, J., Wang, Q., Hu, T., Song, H., Zhao, R., Chen, Y.,
Cui, M., Zhang, Y., Hughes, A.C., Holmes, E.C., Shi, W., 2021. Identification of novel
bat coronaviruses sheds light on the evolutionary origins of SARS-CoV-2 and related
viruses. Cell 184, 4380-4391 el4.

Zhou, P., Yang, X.L., Wang, X.G., Hu, B., Zhang, L., Zhang, W., Si, H.R., Zhu, Y., Li, B.,
Huang, C.L., Chen, H.D., Chen, J., Luo, Y., Guo, H., Jiang, R.D., Liu, M.Q., Chen, Y.,
Shen, X.R., Wang, X., Zheng, X.S., Zhao, K., Chen, Q.J., Deng, F., Liu, L.L., Yan, B.,
Zhan, F.X., Wang, Y.Y., Xiao, G.F., Shi, Z.L., 2020. A pneumonia outbreak associated
with a new coronavirus of probable bat origin. Nature 579, 270-273.

Zhu, W., Lomsadze, A., Borodovsky, M., 2010. Ab initio gene identification in
metagenomic sequences. Nucleic Acids Res. 38, e132.

Zhu, W., Yang, J., Lu, S., Jin, D., Pu, J., Wu, S., Luo, X.L., Liu, L., Li, Z., Xu, J., 2022. RNA
virus diversity in birds and small mammals from Qinghai-Tibet plateau of China.
Front. Microbiol. 13, 780651.


http://refhub.elsevier.com/S0042-6822(22)00149-0/sref27
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref27
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref28
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref28
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref29
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref29
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref29
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref30
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref30
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref30
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref30
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref30
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref31
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref31
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref32
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref32
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref33
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref33
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref33
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref34
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref34
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref34
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref34
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref35
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref35
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref35
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref35
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref36
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref36
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref36
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref36
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref37
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref37
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref37
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref37
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref37
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref38
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref38
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref38
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref39
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref39
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref39
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref39
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref40
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref40
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref40
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref41
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref41
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref41
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref42
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref42
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref42
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref43
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref43
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref44
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref44
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref44
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref44
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref45
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref45
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref45
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref46
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref46
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref47
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref47
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref47
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref48
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref48
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref48
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref49
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref49
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref49
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref50
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref50
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref50
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref51
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref51
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref51
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref51
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref51
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref51
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref52
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref52
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref52
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref53
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref53
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref53
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref54
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref54
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref54
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref55
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref55
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref56
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref56
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref57
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref57
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref57
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref57
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref58
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref58
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref58
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref58
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref58
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref58
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref59
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref59
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref59
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref59
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref60
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref60
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref60
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref61
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref61
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref61
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref61
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref62
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref62
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref62
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref63
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref63
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref63
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref64
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref64
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref64
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref64
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref65
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref65
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref65
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref65
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref66
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref66
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref66
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref66
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref67
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref67
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref67
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref67
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref67
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref68
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref68
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref69
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref69
http://refhub.elsevier.com/S0042-6822(22)00149-0/sref69

	CHAPTER 1 General Introduction
	1.1 The RNA virosphere
	1.1.2 The expansion of known global RNA virome
	1.1.3 Virus-host associations

	1.2 Diversity of viruses and microbes in wildlife
	1.2.1 Surveys of microbial diversity
	1.2.2 The invertebrate-associated virome
	1.2.3 The vertebrate-associated virome

	1.3 Virus and microbial discovery in the next-generation sequencing era
	1.3.1 An overview of next-generation sequencing
	1.3.2 Meta-transcriptomic data analysis

	1.4 Profiles and protein structure prediction to detect divergent viral sequences
	1.5 Thesis rationale
	1.6 References

	CHAPTER 2 Adivergent Articulavirus in an Australian gecko identified using meta-transcriptomics and protein structure comparisons
	2.1 Abstract
	2.2. Introduction
	2.3 Materials and Methods
	2.3.1. Sample collection
	2.3.2. Sampling processing and sequencing
	2.3.3. De novo assembly and sequence annotation
	2.3.4. Protein structure prediction for virus detection
	2.3.5. Annotation of the newly discovered virus
	2.3.6. Phylogenetic analysis
	2.3.7.PCR validation

	2.4 Results
	2.4.1. Virus discovery using meta-transcriptomics and protein structural features
	2.4.2. Sequence alignment and phylogenetic relationships
	2.4.3. Host association and in vitro validation

	2.5 Discussion
	2.6 Supplementary Material
	2.6 References

	CHAPTER 3 Meta-transcriptomic identification of divergent Amnoonviridae in fish
	3.1 Abstract
	3.2. Introduction
	3.3 Materials and Methods
	3.3.1 Fish collection in Australia
	3.3.2 Fish collection in China
	3.3.3 RNA sequencing
	3.3.4 Transcript sequence similarity searching for novel amnoonviruses
	3.3.5 PCR confirmation
	3.3.6 TSA mining
	3.3.7 Virus naming

	3.4 Results
	3.4.1 Identification of a novel Amnoonviridae in yellow-striped leatherjacket
	3.4.2 Identification of a novel Amnoonviridae in pooled marine fish from the South China Sea
	3.4.3 Identification of novel Amnoonviridae in published transcriptomes
	3.4.4 Evolutionary relationships of novel Amnoonviridae
	3.4.5 Genome composition of the novel Amnoonviridae

	3.5 Discussion
	3.6 Supplementary Material
	3.6 References

	CHAPTER 4  Meta-transcriptomics reveals potential virus transfer between Aedes communis mosquitoes and their parasitic water mites
	4.1 Abstract
	4.2. Introduction
	4.3 Materials and Methods
	4.3.1 Sample collection
	4.3.2 Sample processing and sequencing
	4.3.3 Sequence data processing
	4.3.4 Virus abundance and host association inference
	4.3.5 Taxonomic assignment and protein annotation
	4.3.6 Statistical analyses
	4.3.7 Phylogenetic analysis

	4.4 Results
	4.4.1 Extenstive RNA virome diversity in A. communis and their parasitic mites
	4.4.2 Composition and distribution of RNA viruses reveal host connectivity
	4.4.3 Virus abundance levels suggest host-associations and virome connectivity between mosquitoes and mites

	4.5 Discussion
	4.6 Significance, limitations, and future directions
	4.7 Supplementary Material
	4.7 References

	CHAPTER 5 RNA virome diversity and Wolbachia infection in individual Drosophila simulans flies
	5.1 Abstract
	5.2 Introduction
	5.3 Materials and Methods
	5.3.1 D. simulans collection and taxonomic identification
	5.3.2 Wolbachia detection
	5.3.3 RNA extraction and meta-transcriptome sequencing
	5.3.4 De novo meta-transcriptome assembly and viral genome annotation
	5.3.5 Estimates of viral abundance
	5.3.6 Sequence alignment and phylogenetic analysis
	5.3.7 Statistical analysis

	5.4 Results
	5.5 Discussion
	5.7 Supplementary Material
	5.6 References

	CHAPTER 6 Substantial Viral and Bacterial Diversity at the Bat–Tick Interface
	6.1 Abstract
	6.2 Impact Statement
	6.3 Introduction
	6.4 Materials and Methods
	6.4.1 Sample collection
	6.4.2 Sample preparation and sequencing
	6.4.3 Sequence data processing and assembly
	6.4.4 Microbiota profiling
	6.4.5 Phylogenetic analysis
	6.4.6 Virus nomenclature

	6.5 Results
	6.5.1 Likely tick-borne and bat-associated virus families
	6.5.2 Likely arthropod and tick microbiome-associated viruses
	6.5.3 Common microbiota in C. vespertilionis

	6.6 Discussion
	6.6 Supplementary Material
	5.6 References

	CHAPTER 7 Meta-transcriptomic identification of Trypanosoma spp. in native wildlife species from Australia
	7.1 Abstract
	7.2. Graphical abstract
	7.3 Introduction
	7.4 Materials and Methods
	7.4.1 Sample collection
	7.4.2 Sample processing
	7.4.3 Meta-transcriptomic analysis
	7.4.4 Confirmatory PCR
	7.4.5 Phylogenetic analysis

	7.5 Results
	7.5.1 Detection of Trypanosoma in screened samples
	7.5.1 Phylogenetic analysis of Trypanosoma-positive samples

	7.6 Discussion
	7.7 Conclusions
	7.8 Supplementary Material
	7.9 References

	CHAPTER 8 General discussion
	References

	CHAPTER 9 Appendix
	List of additional publications
	1.pdf
	Origin of the São Paulo Yellow Fever epidemic of 2017–2018 revealed through molecular epidemiological analysis of fatal cas ...
	Material and Methods

	Ethical statement. 
	Patients and samples. 
	Autopsy protocol and tissue processing. 
	Molecular characterization. 
	Sequencing and viral genome assembly. 
	Data sets. 
	Phylogenetic analysis. 
	Phylodynamics and phylogeographic analysis. 
	Geopositioning of samples. 

	Results

	Epidemiological surveillance of YFV in São Paulo, 2017–2018. 
	Genomic surveillance. 
	Origin of the 2016–ongoing Yellow Fever virus outbreak. 
	Clade I. 
	Clade II. 
	Geopositioning analysis. 

	Discussion

	Acknowledgements

	Figure 1 The current outbreak of yellow fever virus in Brazil (2016–2018).
	Figure 2 Time-stamped, MCC tree of YFV South American genotype I in Brazil recovered under the logistic-lognormal demographic model.
	Figure 3 Highest posterior probability migration paths for the YFV Clades I and II from 2016 to 2018 towards the metropolitan region of São Paulo (MRSP), based on the analysis of 74 complete genomes.
	Figure 4 Spatial distribution of YFV deaths through time in non-human primates (NHP) and humans.
	Figure 5 Neighbor joining tree calculated from pairwise geoposition distances among all the non-human primates and human cases available from the metropolitan region of São Paulo (MRSP).


	2.pdf
	l
	l

	3.pdf
	l
	l
	l

	4.pdf
	Faecal virome of the Australian grey-headed flying fox from urban/suburban environments contains novel coronaviruses, retro ...
	1 Introduction
	2 Methods
	2.1 Sample collection
	2.2 RNA extraction, sequencing and read processing
	2.3 Abundance estimation
	2.4 Phylogenetic analysis
	2.5 PCR validation of coronavirus, sapovirus and retrovirus

	3 Results
	3.1 Virome overview
	3.1.1 Mammalian-associated viruses

	3.2 Novel betacoronavirus (Coronaviridae)
	3.2.1 Novel sapovirus (Caliciviridae)

	3.3 Novel birna-like virus (Birnaviridae)
	3.3.1 Bat retrovirus (Retroviridae)

	3.4 PCR confirmation
	3.5 Invertebrate-associated viruses

	4 Discussion
	Data statement
	Ethics statement
	Funding source
	CRediT authorship contribution statement
	Declaration of competing interest
	Appendix A Supplementary data
	References






