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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 I 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, I 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 >1031 total viruses that infect bacteria alone (Breitbart & 

Rohwer, 2005; Cobián Güemes 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 107–109 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.  

 

 

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 

 

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). 

 

 

Realm Virus Host range Hallmark genes 

Riboviria 
(+) ssRNA viruses 
(-) ssRNA 
dsRNA viruses 

Eukaryota, 
Bacteria 

RNA-dependent RNA polymerase, 
Reverse transcriptase 

Monodnaviria 
ssDNA viruses 
dsDNA viruses 

Eukaryota, 
Bacteria, 
Archaea 

Endonuclease 

Duplodnaviria  
dsDNA tailed bacterial viruses 
Archaeal viruses Herpesviruses 
Mirusviruses 

Eukaryota, 
Bacteria, 
Archaea 

Major capsid protein, terminase, 
portal protein, capsid maturation 
protease 

Varidnaviria 
Bacterial viruses 
Archaeal viruses 
Eukaryote viruses 

Eukaryota, 
Bacteria, 
Archaea 

Vertical jelly-roll major capsid 
protein 

Adnaviria Archaeal viruses Archaea Major capsid protein 

Ribozyviria 
Hepatitis delta virus 
Viroid-like circular RNAs 

Eukaryota Nucleocapsid protein 
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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 10−6 to 10−4 

substitutions/nucleotide/cell infection (Sanjuán 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). 

 

 

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/
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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., 

2009; 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 (Ødegaard, 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 

https://creativecommons.org/licenses/by/3.0/
http://www.vecteezy.com/
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viruses and even higher taxa, including new viral genera and families (Käfer 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 

quenyaviruses 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; Käfer 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: 
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Aculeata (ACL), Parasitica (PRS); Lepidoptera: Heteroneura (HTN); Odonata: Anisoptera (ANS). Taken 

from Käfer 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. 

 1Source: Goodwin et al., 2016 

Feature Sanger sequencing Next generation sequencing 

Method Chain-termination 
Variable. e.g., sequencing-by-synthesis, 
sequencing-by-ligation, long read 
sequencing1 

Throughput Low High 

Cost 
Cost-time effective for a low 
number of samples 

Cost-time effective for a large number of 
samples 

Sensitivity 
Low sensitivity to detect low 
frequency variants. 

High sensitivity to detect low frequency 
variants 

Per-base accuracy High (99 – 99.99%) High (99 – 99.999%) 
Scalability Low High 

Sample enrichment Cloning vectors, enrichment PCR 
Optional (e.g., hybridization-based, and 
PCR-based target/Amplicon Sequencing 
methods, circularisation, etc.)  

Read length Long reads up to ∼1,000 bp Variable (150 bp – 2.3 Mb) 

Workflow Simple data analysis 
Complex pipelines and require 
bioinformatic training. 
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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 Illumina, 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 MinION 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, I 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 ºC) 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/; Illumina_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 

quantitative 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 

https://smart.servier.com/
https://creativecommons.org/licenses/by/3.0/
https://togotv.dbcls.jp/en/pics.html
https://creativecommons.org/licenses/by/4.0/


  42 

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).  

 

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; Hölzer & 

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; Hölzer & 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. 

Database Data type 
Search database 

tools 
Link 

NCBI/nt 
Nucleotide 

sequences 

GenBank, Basic 

local alignment 

search tool, blastn, 

megablast 

https://www.ncbi.nlm.nih.gov/genbank/   

NCBI/nr 
Protein 

sequences 

GenBank, Basic 

local alignment 

search tool, blastp, 

blastx 

https://www.ncbi.nlm.nih.gov/genbank/  

SRA Raw reads 
SRA Toolkit, Magic-

BLAST 
https://www.ncbi.nlm.nih.gov/sra  

CDD Protein domains 

rpsblast, rpstblastn, 

InterProScan 

(Batch) CD-Search 

https://www.ncbi.nlm.nih.gov/Structure/

cdd/cdd.shtml  

Pfam 

Protein domains 

and protein 

family models 

InterProScan, 

HMMER, HHblits 
https://www.ebi.ac.uk/interpro/  

RCSB PDB 

Protein and 

nucleic acids 3D 

structures 

PDB web portal, 

HMMER, HHpred 

https://www.rcsb.org/  

 

AlphaFoldDB 
Protein Structure 

predictions 

PDB web portal, 

AlphaFold web 

portal, HMMER 

https://alphafold.ebi.ac.uk/  

RefSeq 

Reference 

nucleotide and 

protein 

sequences 

GenBank, Basic 

local alignment 

search tool, blastp, 

blastx, blastn, 

https://www.ncbi.nlm.nih.gov/refseq/  

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
https://www.ebi.ac.uk/interpro/
https://www.rcsb.org/
https://www.rcsb.org/
https://www.rcsb.org/
https://alphafold.ebi.ac.uk/
https://www.ncbi.nlm.nih.gov/refseq/
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Entrez 

TSA 
Transcriptome 

data 
tblastn https://www.ncbi.nlm.nih.gov/genbank/   

UniProt 

Protein 

sequences and 

functional 

information 

UniProt web portal, 

InterProScan, 

HMMER, HHpred, 

HHblits 

https://www.uniprot.org/   

SILVA 

Ribosomal RNA 

(rRNA) 

sequences: small 

(16S/18S, SSU) 

and large subunit 

(23S/28S, LSU)  

SortMeRNA https://www.arb-silva.de 

NCBI Taxonomy Taxonomic data 
Taxonomy 

browser, Entrez 

https://www.ncbi.nlm.nih.gov/Taxonomy

/Browser/wwwtax.cgi   

UniVec 
non-redundant 

vector database 

Blastn, VecScreen 

program 

    

https://www.ncbi.nlm.nih.gov/tools/vecs

cree/ 

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. 

https://www.ncbi.nlm.nih.gov/genbank/
https://www.uniprot.org/
https://www.arb-silva.de/
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi
https://www.ncbi.nlm.nih.gov/tools/vecscree/
https://www.ncbi.nlm.nih.gov/tools/vecscree/
ftp://ftp.ncbi.nlm.nih.gov/pub/UniVec/
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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; Söding, 

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 

≤ –20ºC), and pooling of samples with similar expression profiles (Costello et al., 2018; Guenay-

Greunke et al., 2021; Illumina, 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 (Illumina, 2017, 

2022; Le Lay et al., 2020; Wenqiang 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 I 

(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 

https://smart.servier.com/
https://creativecommons.org/licenses/by/3.0/
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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 

query 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) (Böer, 2016; Eddy, 1995, 1998). 

 

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.lmu.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; Illergård et al., 2009). 

http://hmmer.org/
http://toolkit.genzentrum.lmu.de/hhblits/
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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).  

 

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).  

 

 

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 

https://www.rcsb.org/
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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, I 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, I 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. I 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.  

https://www.rcsb.org/
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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. I 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, I 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, I 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 



  

 

83 

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 (Černý 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., 2019c; 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-IV) 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 Illumina 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 ≥ 10-5) 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 (Schrödinger & 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.nlm.nih.gov/) and 

http://www.sbg.bio.ic.ac.uk/phyre2
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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 >10-4 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-aLRT). Sequencing reads are available at the NCBI 

Sequence Read Archive (SRA) under the Bioproject PRJNA626677 (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. 

 

https://www.uniprot.org/
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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 

S2.4). 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 α-helix (50%) and β-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) 1227 

 Predicted ORF length (aa) 407 

 Coverage (# of reads) 35 

 Abundance (TPM 1) 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 

RdRp subunit PB1 

Match [YP_009246481] Hypothetical protein (Tilapia lake 

virus), segment 1 

 Similarity (%) 29 

 e-value 2.4e-14 

HMMER/references proteomes Taxonomy Tilapia lake virus (3.9e-11) 

 Domain architecture Flu_PB1 

HMMER/UniProt Taxonomy Tilapia lake virus (1.4e-10) 

 Domain architecture Flu_PB1 

HMMER/SwissProt Taxonomy Infectious salmon anaemia virus RDRP_ISAV8, 

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) 

1 TPM: 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 <10−15) (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-IV) 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. 

 Virus classification  
Percentage of amino acid  

Identity 1  

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 
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1 Percentage of identical bases/residues 

 

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 alignment 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 
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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 I-IV 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 III 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 
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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 S2.4: Set of primers used for PCR and Sanger sequencing reactions. 
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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% ß-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 3g 

per pool (250ng 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 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 

(Illumina) 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 

(Illumina) 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, 10μl of extracted RNA was transcribed into cDNA using 

SuperScript® VILO™ reverse transcriptase (Invitrogen, CA USA). PCR amplification was 



 

 

108 

performed using Platinum™ II Hot-Start PCR Master Mix (2X) (Invitrogen, CA, USA) and 3 

sets of primers (Table S3.1) 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.nlm.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: 2.0x10-80, 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: 1.5x10-15) 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: 2.0x10-07) 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 II and III (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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Table 3.1 Novel viruses identified in this study.  

  

Virus name Host 
Geographic location 
of sample collection 

Detection method (NCBI accession of TSA 
data) 

Contig length matching 
segment 1 or 4 of TiLV (nt) 

Closest amino acid match to 
segment 1 or 4 (GenBank 
accession) 

flavolineata virus Meuschenia 
flavolineata 

Australia Fish sampling + meta-transcriptomics 1536 37% TiLV (QJD15207.1) 

piscibus virus Pooled marine fish (see 
methods) 

China Fish sampling + meta-transcriptomics 270 49% TiLV (QJD15207.1) 

dolomieu virus Micropterus dolomieu  TSA search 
(GDQU01066121.1, GDQU01106321.1, 
GDQU01283605.1, GDQU01532168.1) 

1440 34% TiLV (QJD15204.1) 

namensis virus Gymnocypris namensis  TSA search (GHYH01080462.1, 
GHYH01005036.1, GHYH01084204.1) 

1503 35% TiLV (AOE22913.1) 

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

stewartii virus Oxygymnocypris 
stewartii 

 TSA search (GIBO01031171.1, 
GIBO01013027.1) 

1743 28% TiLV (QJD15204.1) 

plagiostomus virus Schizothorax 
plagiostomus 

 TSA search (GHXZ01024367.1, 
GHXZ01079240.1) 

366 39% TiLV (AOE22912.1) 

przewalskii virus Gymnocypris 
przewalskii 

 TSA search (GHYJ01002273.1, 
GHYJ01008047.1, GHYJ01010906.1) 

1761 26% TiLV (QJD15208.1) 

asotus virus 1 Silurus asotus  TSA search (GHGF01026383.1, 
GHGF01034639.1, GHGF01033499.1, 
GHGF01028660.1, GHGF01037407.1) 

1710 32% TiLV (QMT29723.1) 

asotus virus 2 Silurus asotus  TSA search (GHGF01016319.1, 
GHGF01027066.1, GHGF01047620.1) 

1719 29% TiLV (QJD15204.1) 

nudifrons virus Lindbergichthys 
nudifrons 

 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 (II and III) 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 III 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 S3.1: 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 PRJNA418053 (BioSample: SAMN08013970; Library name: BHFishG) and for flavolineata virus 

see Bioproject: PRJNA667570. Alignments with new virus transcripts are available at 

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

Author Contributions 

http://www.mdpi.com/1999-4915/12/11/1254/s1
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. 

https://doi.org/10.1093/ve/veac090
mailto:john.pettersson@imbim.uu.se
mailto:jenny.hesson@imbim.uu.se
https://doi.org/10.1093/ve/veac090
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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 (Pozojević 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 (Lundström 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 (Öhlund 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. 

  



  

 

125 

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 Dalälven 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 II 

(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 

https://mygg.se/
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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: PRJNA838788; Biosamples: SAMN28502431–SAMN28502454; SRA 

accession codes: SRR19268734–SRR19268757) and GenBank (ON860444–ON860480, 

OP555115-OP555127) 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 
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(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/ncbi-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).  

 

  

https://pypi.org/project/ncbi-taxonomist/
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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 
Provisional 
classification 

Best hit in the NCBI/nr Similarity E-value Host 

Smedsang 
bunya-like 
virus 

k119_16122 2250 Bunyavirales 
BBQ05095.1 RNA-dependent RNA 
polymerase [Culex pseudovishnui 
bunya-like virus] 

34.5 1.34E-100 
K, M, 
MK 

Avesta bunya-
like virus 

k119_3430 1925 Bunyavirales 
QNS17451.1 RNA-dependent RNA 
polymerase, partial [Serbia bunya-like 
virus 1] 

57.4 2.84E-249 
K, M, 
MK 

Heby virus 
 

k119_4879 1754 Bunyavirales 
QGA70945.1 RNA-dependent RNA 
polymerase [Salari virus] 

69 8.28E-286 M, MK 

Buska virus k119_17401 7663 Bunyavirales 
AJG39275.1 RNA-dependent RNA 
polymerase [Zhee Mosquito virus] 

39.4 0 
K, M, 
MK 

Gaddsjo 
leishbunyaviru
s 

k119_11873 2442 
Bunyavirales 
Leishbuviridae 

ANJ59510.1 putative RNA dependent 
RNA polymerase [Leptomonas 
moramango leishbunyavirus] 

80.7 0 M, MK 

Sater virus k119_979 13942 
Bunyavirales 
Nairo-like 

YP_009300680.1 RNA-dependent 
RNA polymerase [Shayang Spider 
Virus 1] 

25.4 1.42E-278 K, MK 

Fallet virus k119_5606 7027 
Jingchuvirales 
Chuviridae 

API61887.1 RNA-directed RNA 
polymerase [Chuvirus Mos8Chu0] 

63 0 
K, M, 
MK 

Hede virus k119_2521 1378 
Amarillovirales 
Flaviviridae 

YP_009179222.1 polyprotein [Xinzhou 
spider virus 2] 

31 2.07E-53 K 

Broddbo 
narna-like 
virus 

k119_1307 3122 
Wolframvirales 
Narnaviridae 

APG77272.1 RNA-dependent RNA 
polymerase, partial [Wenling narna-like 
virus 6] 

35.9 6.23E-179 K 

Hytton narna-
like virus 

k119_17837 3140 
Wolframvirales 
Narnaviridae 

AGW51768.2 putative RNA-dependent 
RNA polymerase-like protein 
[Ochlerotatus-associated narna-like 

73.4 0 
K, M, 
MK 
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virus 2] 

Hedemora 
virus 

k119_6373 16014 
Mononegavirales 
Rhabdo-like 

YP_009304476.1 RNA-dependent 
RNA polymerase [Tacheng Tick Virus 
7] 

29.2 5.70E-211 K 

Sonnboviken 
virus 

k119_1814 1016 
Mononegavirales 
Lispi-like 

QMP82230.1 RNA-dependent RNA 
polymerase, partial [Megalopteran arli-
related virus OKIAV106] 

25.2 2.02E-13 K 

Fors virus k119_3330 3921 
Mononegavirales 
Lispi-like 

YP_009342285.1 RNA-dependent 
RNA polymerase [Wuchang 
romanomermis nematode virus 2] 

33.5 7.53E-171 K 

Osterbannback 
virus 

k119_16137 13129 Mononegavirales 
QRW42735.1 RNA-dependent RNA 
polymerase [Gordis virus] 

37.6 0 
K, M, 
MK 

Bro virus k119_22347 6397 
Mononegavirales 
Xinmoviridae 

BBQ04817.1 RNA-dependent RNA 
polymerase [Culex tritaeniorhynchus 
Anphevirus] 

41.2 0 M 

Malby virus k119_10539 6320 
Mononegavirales 
Xinmoviridae 

BBQ04817.1 RNA-dependent RNA 
polymerase [Culex tritaeniorhynchus 
Anphevirus] 

40 0 
K, M, 
MK 

Pelarsalen 
rhabdo-like 
virus 

k119_4181 6711 
Mononegavirales 
Rhabdo-like 

QHA33680.1 RdRp [Atrato Rhabdo-
like virus 3] 

48.6 0 
K, M, 
MK 

Tierp virus k119_3941 2428 
Articulavirales 
Orthomyxoviridae 

QRW42655.1 polymerase PB1 [Usinis 
virus] 

57.6 4.35e-311 K, MK 

Husby virus k119_19965 2448 
Articulavirales 
Orthomyxoviridae 

QGA70921.1 RNA-dependent RNA 
polymerase [Wuhan Mosquito Virus 4] 

55.9 3.01E-305 
K, M, 
MK 

Kagbo partiti-
like virus 

k119_14506 1722 
Durnavirales 
Partitiviridae 

APG78217.1 RdRp [Hubei partiti-like 
virus 22] 

60 2.19E-248 MK 

Ormpussen 
virus 

k119_12042 1630 
Durnavirales 
Partitiviridae 

AWY11085.1 orf1 [Galbut virus] 36 8.71E-90 
K, M, 
MK 

Hebron partiti-
like virus 

k119_1779 1699 
Durnavirales 
Partitiviridae 

APG78260.1 RdRp [Hubei partiti-like 
virus 19] 

50.6 7.23E-194 
K, M, 
MK 

Hundmyran 
chaq-like virus 

k119_19664 1476 
Durnavirales 
Partitiviridae 

AKH40308.1 orf1 [Chaq virus*] 52.9 3.8E-103 
K, M, 
MK 

Nor picorna-
like virus 

k119_7745 9260 
Picornavirales 
Iflaviridae 

AWC26954.1 polyprotein [Culex 
picorna-like virus 1] 

53.9 0 M 

Dalkarlsbo 
virus 

k119_10044 2238 Quenyaviridae 
QIQ61196.1 putative RNA dependent 
RNA polymerase [Nete virus] 

39.7 5.40E-158 
K, M, 
MK 

Morgongava k119_3685 5653 Muvirales QGA70948.1 RNA-dependent RNA 33.9 3.85E-226 K, M, 
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virus Qinviridae polymerase [Vittskovle virus] MK 

Hallarsbo virus k119_7784 4121 
Muvirales 
Qinviridae 

QLJ83493.1 RNA-dependent RNA 
polymerase [Fitzroy Crossing qinvirus 
1] 

33 1.09E-222 
K, M, 
MK 

Berg reo-like 
virus 

k119_12531 4277 
Reovirales 
Sedoreoviridae 

QHA33824.1 putative RdRp [Atrato 
Reo-like virus] 

63.8 0 M 

Koversta virus k119_2089 3950 
Ghabrivirales 
Totiviridae 

QHA33712.1 RdRp [Embera virus] 54.2 0 M 

Disbo virus k119_15173 2401 
Ghabrivirales 
Totiviridae 

YP_009552795.1 RNA dependent 
RNA polymerase [Diatom colony 
associated dsRNA virus 11] 

34.2 2.53E-131 M 

Karbo virus k119_13033 1727 
Tymovirales 
Tymoviridae 

YP_009551972.1 polyprotein [Alfalfa 
virus F] 

44.5 5.20E-139 M, MK 

Ginka virga-
like virus 

k119_5852 2312 
Martellivirales 
Virgaviridae 

QHA33742.1 polyprotein [Atrato Virga-
like virus 3] 

57.1 4.76E-285 M, MK 

Baggbo virus k119_4924 4407 
Unclassified  

Sobelivirales 
QIS87998.1 RNA-dependent RNA 
polymerase [Khabarov virus] 

42.7 1.87E-75 K 

Sala virus k119_14050 5220 
Unclassified 

Ellioviricetes 

AGW51765.1 RNA-dependent RNA 
polymerase-like protein [uncultured 
virus] 

39.3 0 
K, M, 
MK 

Nedre virus k119_4180 7799 
Unclassified 

Ellioviricetes 

AGW51765.1 RNA-dependent RNA 
polymerase-like protein [uncultured 
virus] 

39.2 0 K, MK 

Kvarnon virus 
k119_3338 
 

1763 
Ortervirales 
Metaviridae 

QPF16710.1 putative RNA-dependent 
RNA polymerase [Aedes aegypti To 
virus 2] 

51.3 
7.60E-194 
 

K, M, 
MK 

 
Fullsta virus 

k119_9880 
 

2263 
Unclassified 

Pisuviricota 

QFR59041.1 putative RNA dependent 
RNA polymerase, partial [Hanyang 
virus] 

41.5 
2.57E-157 
 

K, M, 
MK 

*Chaq virus is often considered either a satellite virus or a segment or galbut virus.  Previously unclassified viruses annotated using RdRp-scan (Charon et al., 2022a). 
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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 S4.2). 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). 

 

 

 



  

 

135 

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+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 

S1). Within the Partitiviridae, Ormpussen galbut-like virus and Hundmyran chaq-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).  

 

 

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+I+G4 (Narnaviridae, Partitiviridae,Virgaviridae) and Q.pfam+F+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 ≥ 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. 

 

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+ 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. 

 

Figure 4.4 Phylogenetic relationships among the viruses found in this study and reference 

sequences within the RNA virus families (A) Quenyaviridae (B) Tymoviridae, and (C) Metaviridae. 

Phylogenetic trees were estimated using the rtREV+F+I+ 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 or RT. 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 
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clarity only. Host species information (animal icons) is shown for the closest relatives of the novel 

viruses. 

 

 

 

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. 

 

 

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; Hubálek 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; Santillán 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. (Öhlund 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; Öhlund 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 chaq-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 

chaq-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 (Díaz-Muñoz, 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 S4.2. 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 

mailto:edward.holmes@sydney.edu.au
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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. aegypti is 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 (Rancès 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 (Rancès 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 19ºC under standard laboratory 

conditions until F1 offspring were raised. Parental and F1 generations were then stored at 

-80ºC 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) 

(Illumina) and paired-end transcriptome sequencing was performed on the HiSeq2500 

platform (Illumina). Libraries from Wolbachia-negative and positive infected flies were run 

in two I 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 

quantifies 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-I 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 rpl32 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 

S5.2). 

  

 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 S5.3), 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/m9.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 



  

 

169 

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.  

 

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 

Wolbachia 
infection 

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_len9220_thika virus RAPN73 - 9220 YP_009140561.1 putative polyprotein [Thika virus] 97.1 0.00E+00 

k119_3227_len6958_Cannin tombus-like virus RAPN56 - 6958 
ASN64756.1 putative RNA-dependent RNA 
polymerase, partial [Leptomonas pyrrhocoris RNA 
virus] 

44.6 1.80E-96 

k119_2329_len2049_Cannin tombus-like virus RAPP88 + 2049 
ASN64759.1 putative RNA-dependent RNA 
polymerase, partial [Leptomonas pyrrhocoris RNA 
virus] 

48.4 3.80E-95 

k119_4103_len1899_galbut virus RAPN73 - 1899 
AWY11176.1 putative RNA-dependent RNA 
polymerase [Galbut virus] 

96.7 0.00E+00 

k119_13353_len1510_chaq virus RAPN79 - 1510 AWY11113.1 hypothetical protein [Chaq virus] 85.9 1.6E-153 

k119_2075_len4120_ Lesley reo-like virus RAPN73 - 4120 
APG79144.1 RNA-dependent RNA polymerase 
[Hubei odonate virus 15] 

48.6 0.00E+00 

k119_10165_len2547_Carmel mito-like virus RAPN79 - 2547 
YP_009329842.1 RNA-dependent RNA polymerase 
[Hubei narna-like virus 24] 

32.7 2.0e-76 

k119_273_len2671_Araluen mito-like virus RAPN5 - 2671 
QDH87474.1 RNA-dependent RNA polymerase, 
partial [Mitovirus sp.] 

40.3 8.0E-96 

k119_22084_len2612_Araluen mito-like virus RAPN5 - 2612 
QDH87474.1 RNA-dependent RNA polymerase, 
partial [Mitovirus sp.] 

43.2 2.3E-103 

k119_14037_len2615_Araluen mito-like virus RAPN56 - 2615 
QDH87474.1 RNA-dependent RNA polymerase, 
partial [Mitovirus sp.] 

41.7 1.7E-98 

k119_14318_len2822_Araluen mito-like virus RAPN56 - 2822 
QDH87474.1 RNA-dependent RNA polymerase, 
partial [Mitovirus sp.] 

38.1 9.7E-92 
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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 S3.4). 
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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 S5.2). 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 S5.2). 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. 

  

 

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 chaq 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-Lázaro 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; Sándor 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 (Sándor 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 oC for 

4–6 months and subsequently at -80 oC 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 II, 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 (BGI), 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 (Sándor 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 (Schäffer 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.



   

 

200 

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

Contig  
Provisional 
name/virus 
name 

contig 
length 

Best hit on the NCBI/nr database Similarity E-value 
Provisional 
classification 

Pools 

k99_1661 
Harg calici-
like virus 

9766 UCS96400.1 hypothetical protein 1 [Riboviria sp.] 79.13 0.00E+00 Caliciviridae 
A,B,C,E,G,H
,I,J,K,L 

k99_2737 
Aspo dicistro-
like virus 

1290 QPG92983.1 polyprotein [Ohio dicistro-like virus] 65.6 1.28E-185 Dicistroviridae A,B,C,G,J,K 

k99_7 Valo virus 4700 QIS88064.1 polyprotein, partial [Bulatov virus] 46.62 0.00E+00 Hepeviridae 
A,B,C,D,E,F,
G,H,I,J,K,L 

k99_1852 
Barko ifla-
virus 

9948 ACH57393.1 polyprotein [Infectious flacherie virus] 36.5 0.00E+00 Iflaviridae E,F,G,I 

k99_2945 
Ornas 
iflavirus 

677 
QKW94197.1 RNA-dependent RNA polymerase, partial 
[Sacbrood virus] 

54 1.07E-82 Iflaviridae I,J 

k99_7939 
Gimo ifla-like 
virus 

706 AOY34458.1 polyprotein, partial [Rolda virus] 38.9 5.96E-35 Iflaviridae B 

k99_1517 
Gubbo 
nairovirus 

12421 
AKC89355.1 RNA-dependent RNA-polymerase, partial 
[Artashat orthonairovirus] 

50.5 0.00E+00 Nairoviridae 
A,D,E,F,G,H
,I,J,K,L 

k99_1658 
Issyk-Kul 

virus  
12288 

AKI29982.1 RNA-dependent RNA-polymerase protein 
[Issyk-Kul virus] 

99.7 0.00E+00 Nairoviridae 
A,B,C,D,E,F,
G,H,I,J,K,L 

k99_2267 Gravol virus 1074 
YP_009337883.1 RNA-dependent RNA polymerase 
[Hubei orthoptera virus 4] 

42.8 1.29E-85 Nodaviridae F,G 

k99_1814 Bolka virus 811 
NP_077730.1 RNA dependent RNA polymerase protein 
A [Nodamura virus] 

65.9 2.33E-114 Nodaviridae A,E 

k99_1453 Agalma virus 751 YP_009342458.1 RdRp [Wuhan fly virus 5] 78.5 6.61E-135 Partitiviridae E 

k99_43 
Snesslinge 
virus 

1299 
BBE15516.1 RNA-dependent RNA polymerase 
[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 
Permutotetraviri
dae 

K 

k99_543 Graso virus 10048 
QGA87336.1 polyprotein, partial [Hammarskog picorna-
like virus] 

25.5 1.96E-119 Polycipiviridae 
A,B,C,E,G,H
,I,J,K,L 

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 
[Humaita-Tubiacanga virus] 

51 7.36E-149 Solemoviridae 
A,B,C,E,G,H
,I,J,K,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.  

 

 

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.   

 

 

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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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).  
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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 

S6.3). 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 S6.3). 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. 
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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 (Blomström 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 

S6.3). 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-Peña 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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6.6 Supplementary Material 

 

Table S6.1. Number of individuals and developmental stages of bat-ticks included in this study. 

 

 

 

 

 

 

 

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

database. 

 

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

consensus sequences generated in this study. 

 

 

Pools # Individuals Stage 

A 3 Adults 
B 3 Adults 
C 3 Adults 
D 4 Nymphs 
E 4 Nymphs 
F 4 Nymphs 
G 24 Larvae 
H 24 Larvae 
I 24 Larvae 
J 24 Larvae 
K 24 Larvae 
L 24 Larvae 

Contig  
Contig 
length 

Best hit on the NCBI/nr database Similarity E-value 
Provisional 
classification 

Pool 

k99_5075 381 
AIF74192.1 polymerase, partial [Bat 
paramyxovirus] 

78.4 1.34E-63 Paramyxoviridae D 

k99_3206 487 
AIF74192.1 polymerase, partial [Bat 
paramyxovirus] 

90.8 3.95e-44 Paramyxoviridae D 

k99_8678 595 
AGU69459.1 large protein, partial 
[Miniopterus schreibersii 
paramyxovirus] 

51.5 1.39E-54 Paramyxoviridae E 

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, 
partial sequence 

1465 97.14% 0.00E+00 

Delftia lacustris strain 332 16S ribosomal RNA, partial 
sequence 

1534 99.13% 0.00E+00 

Moraxella osloensis strain A1920 16S ribosomal RNA, 
partial sequence 

1522 92.78% 0.00E+00 

Escherichia fergusonii ATCC 35469 16S ribosomal RNA, 
complete sequence 

1542 99.47% 0.00E+00 
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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: PRJNA838788) and GenBank database (OP514647–OP514662; 

OP804625–OP804628; OP782089-OP782093; OP857220). 

https://figshare.com/s/e5f49f80f6c906e519cd
https://talk.ictvonline.org/
https://talk.ictvonline.org/
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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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7.2. Graphical abstract  

 

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; McInnes 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) (McInnes 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 (Argañaraz et al., 2001; Bartlett-Healy et al., 

2009b; Fermino et al., 2019b; Ferreira et al., 2008; Nuttall, 1908; Svobodová et al., 2017; 

Svobodová & Rádrová, 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 S7.1) 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 (Illumina) with host ribosomal RNA (rRNA) depletion (RiboZero Gold – 

Epidemiology). Subsequently, paired-end (100 bp) sequencing of the cDNA libraries was 

performed using the Illumina 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 > 1x10-70 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 S7.2). 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 

S7.2. 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 S7.3). 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+I+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 IQ-

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). 
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Table 7.1 Characterization of samples from Australian vertebrates that tested positive for trypanosome infection.  

  

Library Host 
No. of 
individuals 
examined 

Tissue Health status Location PCR result (n) 

Vert1 Swamp wallaby (Wallabia 
bicolor) #1 

1 Brain Severe pulmonary 
congestion and oedema  

Pittwater Positive 

Vert11 Regent honeyeater 
(Anthochaera phrygia) 

1 Lung Unknown Sydney basin Positive 

Vert18 Bare-nosed wombat 
(Vombatus ursinus) 

5 Liver Healthy Southern Tasmania Positive (n = 3); 
negative (n = 2) 

Vert21 Southern brown bandicoot 
(Isoodon obesulus) 

1 Tail skin Proliferative to ulcerative 
skin lesions 

Sydney basin Positive 

Vert22 Koala (Phascolarctos 
cinereus) 

7 Liver Healthy Sydney basin Positive (n = 5); 
negative (n = 2) 

Vert43 Eastern dwarf tree frog 
(Litoria fallax) 

1 Testes and 
liver 

Diseased Kooragang island 
(NSW) 

Positive 

Vert48 Swamp wallaby (Wallabia 
bicolor) #2 

1 Liver and ear Lumpy jaw and ear lesions Mimosa National 
Park (NSW) 

Positive 

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 S7.1). 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.
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Table 7.2 Contigs with Blast hits to the small subunit (SSU) 18S rRNA in the nt/nr database 

Host Contig accession Length 
TPM 
Tryp 

e-value Hit Gene SSU TPM cox1 

Swamp wallaby  
(Wallabia bicolor) #1 

VERT1_DN159759_c0_g1_i1* 299 3.27 9E-152 
Trypanosoma sp. 
TL.AQ.22 

18S rRNA 
30192.26 

VERT1_DN215626_c0_g1_i1* 318 3.06 3E-162 
Trypanosoma sp. 
TL.AQ.45 

18S rRNA 

Regent honeyeater  
(Anthochaera phrygia) 

VERT11_DN10127_c0_g1_i1* 666 2.82 
0.00E+00 
 

Trypanosoma 
thomasbancrofti  

18S rRNA 512.02 

Bare-nosed wombat  
(Vombatus ursinus) 

VERT18_DN14693_c0_g1_i1* 615 2.94 
0.00E+00 
 

Trypanosoma sp. 18S rRNA 

3805.74 
VERT18_DN33207_c0_g1_i1 241 3.42 

1E-118 
 

Trypanosoma sp. AB-
2013 

18S rRNA 

VERT18_DN9224_c0_g1_i1 491 1.87 0.00E+00 Trypanosoma sp. 18S rRNA 
Southern brown bandicoot (Isoodon 
obesulus) 

VERT21_DN254377_c0_g1_i1* 411 0.64 
0.00E+00 
 

Trypanosoma sp. 
LM-2010 

18S rRNA 577.36 

Koala  
(Phascolarctos cinereus) 

VERT22_DN394953_c0_g1_i1* 241 0.86 
3E-118 
 

Trypanosoma irwini 18S rRNA 2622.98 

Eastern dwarf tree frog  
(Litoria fallax) 

VERT43_DN68004_c3_g3_i2* 1728 46.71 
0.00E+00 
 

Trypanosoma sp. 
858 

18S rRNA 1258.51 

Swamp wallaby  
(Wallabia bicolor) #2 

VERT48_DN150018_c0_g6_i1 718 55.01 0.00E+00 
Trypanosoma 
pestanai LEM 110 

18S rRNA 

2152.22 VERT48_DN190740_c0_g1_i1* 433 3.59 0.00E+00 
Trypanosoma sp. 
H26 

18S rRNA 

VERT48_DN367248_c0_g1_i1* 890 743.4 0.00E+00 
Trypanosoma sp. 
LM-2010 

18S rRNA 

* Contigs used for phylogenetic analysis based on the composition chi-square test performed by IQ-TREE
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Table 7.3 Summary of top Trypanosoma hits from BLAST in the nt/nr database  

 

Host 
No. of contigs 
with hits for 
Trypanosoma 

Length of 
best hit 
contig 

Best BLAST 
hits against 
nr 
(DIAMOND) 

Region 
Best hit e-
value 

Gene 
Best BLAST 
hits against 
nt/nr 

Best hit  
e-value 

Region 

Swamp wallaby 
(Wallabia bicolor) #1 

8 513 T. theileri 
Uncharacterized 
protein 

6.10E-49 
TM35_00006
3140 

T. minasense 0.00E+00 
18S rRNA, ITS1, 5.8S 
rRNA, ITS2, 28S rRNA 

Regent honeyeater 
(Anthochaera phrygia) 

3 421 T. theileri 
Uncharacterized 
protein 

5.50E-48 
TM35_00006
3130 

T. minasense 0.00E+00 
18S rRNA, ITS1, 5.8S 
rRNA, ITS2, 28S rRNA, 

Bare-nosed wombat 
(Vombatus ursinus) 

5 539 T. theileri 
Uncharacterized 
protein 

9.30E-32 
TM35_00006
3140 

T. pestanai 0.00E+00 28S rRNA 

Southern brown 
bandicoot (Isoodon 
obesulus) 

7 703 T. theileri 
Uncharacterized 
protein 

7.30E-37 
TM35_00006
3140 

T. rangeli 0.00E+00 28S rRNA 

Koala  
(Phascolarctos 
cinereus) 

24 241 T. theileri 
Uncharacterized 
protein 

5.80E-34 
TM35_00006
3130 

T. theileri 4e-106 
Uncharacterized 
protein 

Eastern dwarf tree 
frog (Litoria fallax) 

149 1267 T. cruzi 
Heat-shock 
protein 85, 
putative, partial 

1.80E-195 
Tco025E_097
08 

T. conorhini 0.00E+00 Heat-shock protein 90 

Swamp wallaby 
(Wallabia bicolor) #2 

314 2258 T. cruzi 
PWU95505.1 
putative surface 
protease GP63 

1.7e-143 
TM35_00006
3130 

Trypanosoma 
grayi surface 
protease GP63 
partial mRNA 
 

1e-60 
Surface protease 
GP63 
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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 18S 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 S7.2) 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 
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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 (Šlapeta et al., 2016), showed a perfect match with genotype 1 of T. 

thomasbancrofti (Additional file 5: Table S7.4), indicating that the regent honeyeater 

trypanosome likely belongs to that species. 

 

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 S7.1). 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; 

McInnes 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; Svobodová 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; McInnes 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; McInnes 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 (Šlapeta 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 

(Šlapeta 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; Votýpka et al., 2002) and phlebotomine sandflies 

(Svobodová & Rádrová, 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 S7.2). 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 10μm.  

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 Šlapeta 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 PRJNA626677 (BioSample accessions: SAMN15401543 - SAMN1540159). The dataset 

https://doi.org/10.1186/s13071-020-04325-6
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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, I 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 I 

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 I 

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; Martínez-García et al., 2014). Therefore, more comprehensive methods integrating 

different aspects of the biology of hosts and their viruses, are required to establish precise 



  

 

262 

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 I 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, I 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 I 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 I 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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Origin of the São Paulo Yellow Fever 
epidemic of 2017–2018 revealed 
through molecular epidemiological 
analysis of fatal cases
Marielton dos Passos Cunha   1*, Amaro Nunes Duarte-Neto   2, Shahab Zaki Pour1, 
Ayda Susana Ortiz-Baez1,9, Jiří Černý3, Bárbara Brito de Souza Pereira1, Carla Torres Braconi1, 
Yeh-Li Ho   4, Beatriz Perondi5, Jaques Sztajnbok6, Venancio Avancini Ferreira Alves2, 
Marisa Dolhnikoff2, Edward C. Holmes   7, Paulo Hilário Nascimento Saldiva2 & 
Paolo Marinho de Andrade Zanotto   1,8*

The largest outbreak of yellow fever of the 21st 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 São 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 
zoonotic YFV. Our analysis revealed that these deaths were due to three genetic variants of sylvatic 
YFV that belong the South American I genotype and that were related to viruses previously isolated 
in 2017 from other locations in Brazil (Minas Gerais, Espírito 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)1. The virus com-
prises a single serotype with four genotypes: (i) East Africa, (ii) West Africa, (iii) South American I and (iv) South 
American II2,3 that may have diverged around several thousand years before present4,5 with a possible origin in 
the African continent5,6. Historical evidence points to a YFV introduction in the Americas around the 17th cen-
tury, possibly due to the slave trade3,5–7. After its introduction, YFV established both urban and sylvatic cycles7,8, 
and several urban outbreaks have been reported in Brazil since the 17th century9. 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 20th century7,10, with considerable success. As a consequence, 
the last urban outbreak of YFV was officially reported in 1942 in Brazil9. After the reintroduction of A. aegypti 
in the 1970’s11,12 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 Sabethes13,14.

In 2014, intense enzootic activity of YFV was detected in Mato Grosso do Sul and Goiás states that adjoin the 
Amazon region of Brazil15,16. 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, Espírito Santo and Bahia17–21.

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 São Paulo22. A peak of notified human cases was reached in January 201823. This was the larg-
est outbreak registered in 21st century in the most populated state of Brazil, including the densely populated 
metropolitan region of São 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 reported24,25. Due to the outbreak in São 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 São Paulo state as the epidemic expanded22. As this is the first time in the 21st 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 São 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 HCFMUSP 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 Classification26.

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 
São 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 
(IAL), 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; 
(iii) 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 described27. 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 virus28. 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 15 s 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 TM-5 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 São 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)29. Consensus 
genomes were assembled with paired-end reads using Bowtie2 v.2.3.4.330 using default parameters.

Data sets.  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.1.2.431. A list of the sequences used is available in Supplementary Table 2. Recombinant 
sequences were screened using all algorithms implemented in RDP4 program (RDP, GENECONV, BootScan, 
MaxChi, Chimaera, Siscan and 3Seq) using the default settings32. 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.1.1833. 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, Espírito Santo, Bahia, Rio de Janeiro and 
São 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 1.5.534 with 
automatic model selection by ModelFinder and using the Bayesian Information Criterion (BIC)35. 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.1.4.336. 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.1.5.137.

Phylodynamics and phylogeographic analysis.  The spatio-temporal evolution of YFV spread was 
inferred within a Bayesian framework as implemented in BEAST v.1.10.138. An initial descriptive summary of 
the demographic history of YFV was approximated using the Bayesian SkyGrid coalescent model39 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 YFV17,40, 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.1.7.141. Likewise, the maximum clade credibility tree (MCC) was visualized and edited in FigTree 
v.1.4.336. 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 each42. The spatiotemporal spread of YFV was visualized and plotted with 
SPREAD343. 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 YFV 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 package44, this enabled us to produce a dendogram based on geoposition information.

Results
Epidemiological surveillance of YFV in São Paulo, 2017–2018.  From January to August 17, 2018, 
the State of São 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 states45. Of the 498 autochthonous cases, 
176 died, resulting in a mortality frequency of 35.4%45. Despite the magnitude of the outbreak in São 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 São 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 reported46–48, 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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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 São 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. 

Figure 1.  The current outbreak of yellow fever virus in Brazil (2016–2018). (A) Brazilian states with YFV 
cases recorded and sequenced in humans, non-human primates (NHP) and mosquitoes between 2017–2018. 
A grey circle marks the metropolitan region of São 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.
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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 Espírito 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 II) 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 × 10−4 nucleotide substitutions per 
site, per year (subs/site/year) (95% HPD = 6.52 × 10−4 − 1.35 × 10−3 subs/site/year). We now describe these two 
clades in more detail.

Clade I.  Clade I 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 

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 São Paulo (MRSP) are shown (See also Fig. 3).
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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 Espírito Santo, also in 2016, and then moved to Espírito 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 Espírito 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.

Clade II.  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 São 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 Mairiporã 
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 process45. All the isolates from São 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 Espírito Santo17,19,40. Several synapomorphic 
mutational changes in different genes were previously reported by our group19, 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 × 10−4 subs/site/year, and hence compatible with those previously 
estimated for YFV and for other flaviviruses4,5,49.

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. 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 SPREAD3.
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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 201617–19,40,50. Although previous evolutionary studies point to an origin 
of the virus in Venezuela40, 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 Goiás and Mato 
Grosso do Sul)15,16,21. 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 there51. 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 São 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 São Paulo and Minas Gerais as 
the route of introduction. In São 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 São Paulo. Importantly, the MRSP cases reduced in numbers as the populations of NHP col-
lapsed and with vaccination campaigns in areas classified as at risk52.
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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 São 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.
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The introduction and establishment of the YFV Clade II-D in the state of São 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 São Paulo53,54 and were the primary vectors in the YFV outbreak occurred in Brazil, 2016–201855; 
(ii) NHPs are found in areas of the Atlantic Forest and are susceptible and responsible for the maintenance of the 
virus in the sylvatic cycle56–58; and (iii) the regions affected by the current outbreak had low vaccine coverage51. 
Our findings support previous work indicating that the outbreak of 2016–2018 (sampled in the states of Minas 
Gerais, Bahia, Espírito Santo and Rio de Janeiro), occurred in a sylvatic environment with occasional infections 
in humans17.

Importantly, we also recorded two introductions of YFV Clade I-B detected in patients who travelled to 
Espírito 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 countries59, largely facilitated by rapid 
human movement such as those resulting from air travel60.

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 cycle61–63, 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 Tobago40. It is believed that from there the virus 
spread to South American countries, especially Venezuela and Brazil40, 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 individuals64,65. Epizootics among social animals, such 
as New World arboreal primates, may be reduced by self-exclusion of infected individuals66. 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 transmission66. Howlers were the most affected monkey 
species in the forested belt around the MRSP52. As in several other previous YFV epizootics64, the high overall 
fatality rate in howlers led to almost the complete extinction of these monkeys in most areas around Sao Paulo52.

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 20th 
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’s is Asiatic, where no urban 
spread of YFV is observed67.

Received: 22 April 2019; Accepted: 11 December 2019;
Published: xx xx xxxx

References
	 1.	 Chambers, T. J., Hahn, C. S., Galler, R. & Rice, C. M. Flavivirus Genome Organization, Expression, and Replication. Annu. Rev. 44, 

649–688 (1990).
	 2.	 Barrett, A. D. T. & Higgs, S. Yellow Fever: A Disease that Has Yet to be Conquered. Annu. Rev. Entomol. 52, 209–229 (2007).
	 3.	 Monath, T. P. & Vasconcelos, P. F. C. Yellow fever. J. Clin. Virol. 64, 160–173 (2015).

NHP82

HUM34

NHP202

NHP187

NHP87

NHP79

NHP188

902PHN

NHP186

NHP13

NHP88

NHP85

NHP18

HUM35

NH
P2

30

NHP184 NHP185

NHP197

06PHN

HUM5

NHP26

NHP203

NHP81

NHP192

NHP12

NHP86NHP91

NHP196

NHP100

NHP183

HU
M2
0

NHP77
NHP76

HUM36

NHP105

NHP89

NHP75

NHP84

12 5 10 20km

Guarulhos

Mairiporã

Cantareira and 
Horto Florestal

State Parks

Southwestern 
São Paulo

Human cases
NHP cases

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).

https://doi.org/10.1038/s41598-019-56650-1


9Scientific Reports |         (2019) 9:20418  | https://doi.org/10.1038/s41598-019-56650-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

	 4.	 Zanotto, P. M. et al. Population dynamics of flaviviruses revealed by molecular phylogenies. Proc. Natl. Acad. Sci. 93, 548–553 
(1996).

	 5.	 Bryant, J. E., Holmes, E. C. & Barrett, A. D. T. Out of Africa: A Molecular Perspective on the Introduction of Yellow Fever Virus into 
the Americas. PLoS Pathog. 3, e75 (2007).

	 6.	 Nunes, M. R. T. et al. Genomic and phylogenetic characterization of Brazilian Yellow Fever virus strains. J. Virol., 1–33, https://doi.
org/10.1128/JVI.00565-12 (2012).

	 7.	 Vasconcelos, P. F. & da, C. Yellow Fever. Rev. Soc. Bras. Med. Trop. 36, 275–293 (2003).
	 8.	 Soper, F. L. et al. Yellow Fever without Aedes Aegypti. Study of a rural epidemic in the Valle Do Chanaan, Espirito Santo, Brazil, 

1932. Am. J. Hyg. 18, 555–587 (1933).
	 9.	 Consoli, R. A. G. B. & Oliveira, R. L. Principais mosquitos de importância sanitária no Brasil. (1994).
	10.	 Theiler, M. & Smith, H. H. The Use of Yellow Fever Virus Modified By in Vitro Cultivation for Human Immunization. J. Exp. Med. 

65, 787–800 (1937).
	11.	 Kraemer, M. U. G. et al. The global distribution of the arbovirus vectors Aedes aegypti and Ae. Albopictus. Elife 4, 1–18 (2015).
	12.	 Braga, I. A. & Valle, D. Aedes aegypti: History of Control in Brazil. Epidemiol. e Serviços Saúde 16, 113–118 (2007).
	13.	 Rodaniche, Ede & Galindo, P. Isolation of Yellow Fever virus from Haemagogus mesodentatus, H. equinus and Sabethes 

chloropterus captured in Guatemala in 1956. Am. Soc. Trop. Med. Hyg. 6, 232–237 (1957).
	14.	 Rodaniche, E., de, Galindo, P. & Johnson, C. M. Isolation of Yellow Fever Virus from Haemagogus Lucifer, H. Equinus, H. 

Spegazzinii Falco, Sabethes Chloropterus and Anopheles Neivai Captured in Panama in the Fall of 1956. Am. Soc. Trop. Med. Hyg. 6, 
681–685 (1957).

	15.	 Possas, C. et al. Yellow fever outbreak in Brazil: the puzzle of rapid viral spread and challenges for immunisation. Mem. Inst. Oswaldo 
Cruz 113, e180278 (2018).

	16.	 da Saúde, Ministério Reemergência da Febre Amarela Silvestre no Brasil, 2014/2015: situação epidemiológica e a importância da 
vacinação preventiva e da vigilância intensificada no período sazonal. Bol. Epidemiológico 46, 1–10 (2015).

	17.	 Faria, N. R. et al. Genomic and epidemiological monitoring of yellow fever virus transmission potential. Science (80-). 7115, 1–12 
(2018).

	18.	 Rezende, I. Mde et al. Persistence of Yellow fever virus outside the Amazon Basin, causing epidemics in Southeast Brazil, from 2016 
to 2018. PLoS Negl. Trop. Dis. 12, 1–12 (2018).

	19.	 Barbosa, C. M. et al. Yellow Fever Virus RNA in Urine and Semen of Convalescent Patient, Brazil. Emerg. Infect. Dis. 24, 176–178 
(2018).

	20.	 Figueiredo, P. O. et al. Detection and Molecular Characterization of Yellow Fever Virus, 2017, Brazil. Ecohealth 1942, 1–7 (2018).
	21.	 Delatorre, E. et al. Distinct YFV lineages co-circulated in the Central-Western and Southeastern Brazilian regions from 2015 to 

2018. Front. Microbiol. 10, 1–12 (2018).
	22.	 da Saúde, Ministério Monitoramento do Período Sazonal da Febre Amarela Brasil-2017/2018. Bol. Epidemiológico 27, 1–14 (2018).
	23.	 Saúde, S. & do E. da. Boletim epidemiológico Febre Amarela -28/12/2018. Bol. Epidemiológico 1–9 (2018).
	24.	 da Saúde, M. Monitoramento do Período Sazonal da Febre Amarela Brasil-2017/2018. Bol. Epidemiológico 27, 1–14 (2018).
	25.	 Moreno, E. S. & Barata, RdeC. B. Municipalities of higher vulnerability to sylvatic Yellow Fever occurence in the São Paulo state, 

Brazil. Rev. Inst. Med. Trop. Sao Paulo 53, 335–339 (2011).
	26.	 da Saúde, M. Classificação de Risco dos Agentes Biológicos. Ministério da Saúde 1–50 Available at, http://bvsms.saude.gov.br/bvs/

publicacoes/classificacao_risco_agentes_biologicos_3ed.pdf, (Accessed: 2nd September 2019) (2017).
	27.	 Diallo, D. et al. Patterns of a sylvatic yellow fever virus amplification in southeastern Senegal, 2010. Am. J. Trop. Med. Hyg. 90, 

1003–1013 (2014).
	28.	 Avelino-Silva, V. I. et al. Yellow fever vaccine viremia following ablative BM suppression in AML. Bone Marrow Transplant. 48, 

1008–1009 (2013).
	29.	 Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120 

(2014).
	30.	 Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 9, 357–359 (2012).
	31.	 Larkin, M. A. et al. Clustal W and Clustal X version 2.0. Bioinformatics 23, 2947–2948 (2007).
	32.	 Martin, D. P., Murrell, B., Golden, M., Khoosal, A. & Muhire, B. RDP4: Detection and analysis of recombination patterns in virus 

genomes. Virus Evol. 1, 1–5 (2015).
	33.	 Larsson, A. AliView: a fast and lightweight alignment viewer and editor for large datasets. Bioinformatics 30, 3276–3278 (2014).
	34.	 Nguyen, L.-T., Schmidt, H. A., Haeseler, Avon & Minh, B. Q. IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating 

Maximum-Likelihood Phylogenies. Mol. Biol. Evol. 32, 268–274 (2015).
	35.	 Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., Von Haeseler, A. & Jermiin, L. S. ModelFinder: Fast model selection for accurate 

phylogenetic estimates. Nat. Methods 14, 587–589 (2017).
	36.	 Rambaut, A. & Drummond, A. FigTree (2009).
	37.	 Rambaut, A., Lam, T. T., Max Carvalho, L. & Pybus, O. G. Exploring the temporal structure of heterochronous sequences using 

TempEst (formerly Path-O-Gen). Virus Evol. 2, vew007 (2016).
	38.	 Suchard, M. A. et al. Bayesian phylogenetic and phylodynamic data integration using BEAST 1.10. Virus Evol. 4, 1–5 (2018).
	39.	 Gill, M. S. et al. Improving bayesian population dynamics inference: A coalescent-based model for multiple loci. Mol. Biol. Evol. 30, 

713–724 (2013).
	40.	 Mir, D. et al. Phylodynamics of Yellow Fever Virus in the Americas: New insights into the origin of the 2017 Brazilian outbreak. Sci. 

Rep. 7, 1–9 (2017).
	41.	 Rambaut, A. & Drummond, A. J. Tracer v1.4. Available from, http://beast.bio.ed.ac.uk/Tracer, Available from, http://beast.bio.ed.ac.

uk/Tracer (2007).
	42.	 Baele, G., Li, W. L. S., Drummond, A. J., Suchard, M. A. & Lemey, P. Accurate model selection of relaxed molecular clocks in 

Bayesian phylogenetics. Mol. Biol. Evol. 30, 239–243 (2013).
	43.	 Bielejec, F. et al. SpreaD3: Interactive Visualization of Spatiotemporal History and Trait Evolutionary Processes. Mol. Biol. Evol. 33, 

2167–2169 (2016).
	44.	 Retief, J. D. Phylogenetic analysis using PHYLIP. In Bioinformatics methods and protocols 132, 243–258 (2000).
	45.	 da Saúde, M. Boletim epidemiológico - Febre Amarela - 17/08/2018. Bol. Epidemiológico 1–10 (2018).
	46.	 Vasconcelos, P. F. C. et al. Serious adverse events associated with yellow fever 17DD vaccine in Brazil: A report of two cases. Lancet 

358, 91–97 (2001).
	47.	 Lindsey, N. P. et al. Adverse event reports following yellow fever vaccination. Vaccine 26, 6077–6082 (2008).
	48.	 Whittembury, A. et al. Viscerotropic disease following yellow fever vaccination in Peru. Vaccine 27, 5974–5981 (2009).
	49.	 Jenkins, G. M., Rambaut, A., Pybus, O. G. & Holmes, E. C. Rates of molecular evolution in RNA viruses: A quantitative phylogenetic 

analysis. J. Mol. Evol. 54, 156–165 (2002).
	50.	 Moreira-Soto, A. et al. Evidence for multiple sylvatic transmission cycles during the 2016–2017 yellow fever virus outbreak, Brazil. 

Clin. Microbiol. Infect. 24, 1019.e1–1019.e4 (2018).
	51.	 Shearer, F. M. et al. Existing and potential infection risk zones of yellow fever worldwide: a modelling analysis. Lancet Glob. Heal. 6, 

e270–e278 (2018).
	52.	 Fioravanti, C. O alarme dos macacos. Pesquisa Fapesp 263 (2018).

https://doi.org/10.1038/s41598-019-56650-1
https://doi.org/10.1128/JVI.00565-12
https://doi.org/10.1128/JVI.00565-12
http://bvsms.saude.gov.br/bvs/publicacoes/classificacao_risco_agentes_biologicos_3ed.pdf
http://bvsms.saude.gov.br/bvs/publicacoes/classificacao_risco_agentes_biologicos_3ed.pdf


1 0Scientific Reports |         (2019) 9:20418  | https://doi.org/10.1038/s41598-019-56650-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

	53.	 Camargo-Neves, V. L. Fde et al. Entomological investigation of a sylvatic yellow fever area in São Paulo State, Brazil. Cad. Saude 
Publica 21, 1278–1286 (2005).

	54.	 Mucci, L. F. et al. Haemagogus leucocelaenus and Other Mosquitoes Potentially Associated With Sylvatic Yellow Fever In Cantareira 
State Park In the São Paulo Metropolitan Area, Brazil. J. Am. Mosq. Control Assoc. 32, 329–332 (2016).

	55.	 Abreu, F. V. Sde et al. Haemagogus leucocelaenus and Haemagogus janthinomys are the primary vectors in the major yellow fever 
outbreak in Brazil, 2016–2018. Emerg. Microbes Infect. 8, 218–231 (2019).

	56.	 Chiarello, A. G. Home Range of the Brown Howler Monkey, Alouatta fusca, in a Forest Fragment of Southeastern Brazil. Folia 
Primatol. 60, 173–175 (1993).

	57.	 Pinto, L. P. S., Costa, C. M. R., Strier, K. B. & Fonseca, G. A. Bda Habitat, Density and Group Size of Primates in a Brazilian Tropical 
Forest. Folia Primatol. 61, 135–143 (1993).

	58.	 Bonvicino, C. R. & Viana, M. C. Genetic Diversity of Alouatta (Primates) from Brazilian Atlantic Forest. J. Primatol. 04, 2 (2015).
	59.	 Hamer, D. H. et al. Fatal Yellow Fever in Travelers to Brazil, 2018. Morb. Mortal. Wkly. Rep. 67, 340–341 (2018).
	60.	 Nunes, M. R. T. et al. Air Travel Is Associated with Intracontinental Spread of Dengue Virus Serotypes 1–3 in Brazil. PLoS Negl. Trop. 

Dis. 8 (2014).
	61.	 Cunha, M. et al. Phylodynamics of DENV-1 reveals the spatiotemporal co-circulation of two distinct lineages in 2013 and multiple 

introductions of dengue virus in Goiás, Brazil. Infect. Genet. Evol. 43, 130–134 (2016).
	62.	 Ortiz-baez, A. S. et al. Origin, tempo, and mode of the spread of DENV-4 Genotype IIB across the state of São Paulo, Brazil during 

the 2012-2013 outbreak. Mem. Inst. Oswaldo Cruz 114, 1–8 (2019).
	63.	 Nunes, M. R. T. et al. Emergence and potential for spread of Chikungunya virus in Brazil. BMC Med. 13 (2015).
	64.	 Vargas-Mendez, O. & Elton, N. W. Naturally acquired Yellow Fever in wild monkeys of Costa Rica. Am. J. Trop. Med. Hyg. 2, 850–863 

(1952).
	65.	 Vasconcelos, P. F. C. et al. Genetic Divergence and Dispersal of Yellow Fever Virus, Brazil. 10 (2004).
	66.	 Loehle, C. Social Barriers to Pathogen Transmission in Wild Animal Populations. Ecology 76, 326–335 (1995).
	67.	 Powell, J. R., Gloria-Soria, A. & Kotsakiozi, P. Recent History of Aedes aegypti: Vector Genomics and Epidemiology Records. 

Bioscience 68, 854–860 (2018).

Acknowledgements
We thank Renato de Souza and Fernando L. Macedo from the Adolfo Lutz Institute for sharing dates and places 
of confirmed cases of non-human primate (NHP) deaths. We thank the Core Facility for Scientific Research – 
University of São Paulo (CEFAP-USP/GENIAL) for excellent technical assistance. PMAZ was funded by the 
Brazilian National Council of Scientific and Technological Development (CNPq) (process no. 441105/2016-5), 
by the Fiocruz/Pasteur/Aucani-FUSP (process no. 314502) and by the São Paulo Research Foundation (FAPESP) 
(process no. 2017/23281-6). PHNS is funded by the FAPESP (process no. 2013/21728-2). ECH is funded by an 
ARC Australian Laureate Fellowship (FL170100022). CTB is funded by the CNPq (process no. 405691/2018-
1). MPC and ASOB received FAPESP grants: no. 2016/08204-2 and 2013/25434-3, respectively. CTB received a 
CAPES fellowship grant no. 1796450. JC received Czech Academy of Sciences grant no. MSM200961703.

Author contributions
Conceptualization: M.d.P.C., A.N.D.N., J.C., P.H.N.S., E.C.H. and P.M.d.A.Z. Medical care for patients during 
hospitalization: Y.L.H. and J.S. Responsible by the Yellow Fever crisis committee – HCFMUSP: B.P. Autopsies: 
A.N.D.N., V.A.F.A., M.D. and P.H.N.S. Sample collection: M.d.P.C., and S.Z.P. Molecular analysis: M.d.P.C., 
S.Z.P., B.B.S.P. and C.T.B. Bioinformatics analysis: M.d.P.C., A.S.O.B. and J.C. Data curation: M.d.P.C., A.N.D.N., 
A.S.O.B., J.C., E.C.H. and P.M.d.A.Z. Funding acquisition: C.T.B., P.H.S.N., E.C.H. and P.M.d.A.Z. Project 
administration: M.d.P.C., and P.M.d.A.Z. Manuscript preparation and revision – M.d.P.C., E.C.H. and P.M.d.A.Z. 
All authors revised, edited and approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-56650-1.
Correspondence and requests for materials should be addressed to M.d.P.C. or P.M.d.A.Z.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-56650-1
https://doi.org/10.1038/s41598-019-56650-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/


Red fox viromes in urban and rural landscapes
Sarah J. Campbell,1 Wilbur Ashley,1 Margarita Gil-Fernandez,1 Thomas M.
Newsome,2 Francesca Di Giallonardo,3 Ayda Susana Ortiz-Baez,4,† Jackie E.
Mahar,4,‡ Alison L. Towerton,5 Michael Gillings,1 Edward C. Holmes,4,§

Alexandra J.R. Carthey,1 and Jemma L. Geoghegan1,6,7,*,¶

1Department of Biological Sciences, Macquarie University, Sydney, New South Wales 2109, Australia, 2School
of Life and Environmental Sciences, The University of Sydney, Sydney, New South Wales 2006, Australia, 3The
Kirby Institute, University of New South Wales, Sydney, New South Wales 2052, Australia, 4Marie Bashir
Institute for Infectious Diseases and Biosecurity, School of Life and Environmental Sciences and School of
Medical Sciences, The University of Sydney, Sydney, New South Wales 2006, Australia, 5Greater Sydney Local
Land Services, Sydney, New South Wales 2750, Australia, 6Department of Microbiology and Immunology,
University of Otago, Dunedin 9016, New Zealand and 7Institute of Environmental Science and Research,
Wellington 5018, New Zealand

*Corresponding author: E-mail: jemma.geoghegan@otago.ac.nz
†https://orcid.org/0000-0003-0080-0633

‡https://orcid.org/0000-0003-2687-9810

§https://orcid.org/0000-0001-9596-3552

¶https://orcid.org/0000-0003-0970-0153

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.

VC The Author(s) 2020. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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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 120 km2 (Newsome, Spencer, and Dickman 2017),
between 5 and 7km2 in rural areas (Coman, Robinson, and
Beaumont 1991) and <1 km2 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 km2 in Melbourne (Marks and Bloomfield 1999),
compared to just 0.2 individuals per km2 in rural areas
(Saunders, Gentle, and Dickman 2010). In Bristol city in the UK,
densities reach as high as thirty-five foxes per km2 (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�c 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 6 02:59:00 h post-mortem, n¼ 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 3.3 kg and 51 cm, re-
spectively. These values were chosen as the body mass of an
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adult red fox can range between 3.3 and 8.2 kg, 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 km2. 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 km2 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 b-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 2� 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 � 10�5 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

Greater Sydney

Australia

Urban males

Urban females

Rural males

Rural females

Ectoparasites

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).
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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-Martı́nez, and
Gabaldón 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

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)

Female (2)
Ectoparasites 3 Yes

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
(species)

Virus family Contig length
(nt)

% Relative
abundance

Closest match
(GenBank accession

number)

% Amino acid
identity

Sample type

Rural (female) Vixey virus Picornaviridae 2,427 0.007 Canine kobuvirus
(AZS64124.1)

97.65 Faeces

Wilde virus-1 Picornaviridae 7,236 5.66 Canine picornavirus
(YP_005351240.)

89.18 Faeces

Wilde virus-3 Picornaviridae 1,428 0.0004 Canine picornavirus
(AMX81409.1.)

96.22 Liver

Swiper virus Hepeviridae 7,374 0.01 Elicom virus-1
(YP_009553584.)

28.92 Faeces

Red fox-associ-
ated rabbit

haemorrhagic
disease virus-2

Caliciviridae 7,026 0.14 Rabbit haemorrhagic
disease virus-2
(MF421679.1)

99.62 Faeces

Rural (male) Tod virus-2 Picornaviridae 4,263 0.17 Canine picodicistro-
virus

(YP_007947664.)

98.53 Faeces

Vulpix virus Astroviridae 2,556 0.046 Feline astrovirus
(YP_009052460.)

96.11 Faeces

Urban (female) Tod virus-1 Picornaviridae 2,062 0.0004 Canine picodicistro-
virus

(YP_007947664.)

98.83 Faeces

Charmer virus Picobirnaviridae 448 0.0001 Wolf picobirnavirus
(ANS53886.1)

80.27 Faeces

Urban (male) Wilde virus-2 Picornaviridae 1,524 0.00058 Canine picornavirus
(YP_005351240.)

73.37 Faeces
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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 Cáceres, 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 R¼ 1, P¼ 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 ¼ 0.978, P¼ 0.0496), whilst Nodaviridae were associated with
urban samples (stat ¼ 0.998, P¼ 0.0498). Viral diversity was
higher in females (twenty-five distinct viral families) than in
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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.
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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 6 3.31%, n¼ 3) than in urban foxes (0.03 6 0.04%, n¼ 2), and
in female foxes (1.97 6 3.36%, n¼ 3) than in male foxes
(0.12 6 0.17%, n¼ 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
(n¼ 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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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.
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(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
RHDV2 (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 RHDV2 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

0.6 subs/site

(YP_009094052) Rabbit astrovirus

(AUX13146.1) Goose astrovirus

(AVM87496.1) Dongbei arctic lamprey astrovirus-1

(ARU76989.1) Swine mamastrovirus-3

(AWV67084) Straw-coloured fruit bat astrovirus

(QBO24279) Canine astrovirus

(YP_009448179.1) Brown rat astrovirus

(YP_009047079) Human astrovirus

(ASV45846) Ovine mamastrovirus-13

(AVM87188.1) Beihai tree frog astrovirus

(AEM37638) California sea lion astrovirus-11

(BBB86742) Bovine astrovirus

(AVM87528.1) Beihai fish astrovirus-1

(QBJ04610.1) Tasmanian devil astrovirus-1

(AVM87522.1) Guangdong chinese water skink astrovirus

(NP_853540.1) Turkey astrovirus

Vulpix virus (rural male faeces)

(QDP38690.1) Goat astrovirus

(QBQ83078) House mouse astrovirus

(AIS22432.1) Duck astrovirus

(AVX29484.1) Marmot astrovirus-1
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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.

S. J. Campbell et al. | 7

D
ow

nloaded from
 https://academ

ic.oup.com
/ve/article/6/2/veaa065/5896995 by Burkitt-Ford Library user on 20 D

ecem
ber 2022



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, Duchêne, 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 (Blomström 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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(AB300693.2) JPN/Hokkaido 2002

(JX886001.1) PRT/CB194-Chaves 2006

(MF421656) AUS/NSW/Mol-1 22.03.2016

(MF421695) AUS/VIC/DON-1 28.07.2016

(MF421675) AUS/TAS/Spr-1 19.04.2016

(MF421662) AUS/SA/ADL-1 27.02.2016

(KF442963.2) PRT/7_13_Barrancos 2013

AUS/NSW/CAR-3 10.10.2016

(MF421641) AUS/NSW/Boc-1 22.09.2015

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

**

RHDV2

RHDV

RCV-A1

Caliciviridae: Rabbit hemorrhagic disease virus (capsid gene)

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.
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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; Conceiç~ao-
Neto et al. 2016). The picobirnavirus-related transcript found
here showed the greatest sequence similarly to a picobirnavirus
found in wolves with diarrhoeic symptoms (Conceiç~ao-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 (Frölich, 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

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 ß-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 mg 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 (100 bp) 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 � 10�5 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)

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 v2 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

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. S1a).
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,

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.

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; n¼ 20), fungi (n¼ 1), and al-
gae (n¼ 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 (v2¼ 0.003, df¼ 8, P¼ 0.0049) and mean preferred
water temperature (v2¼ 0.008, df¼ 1, P¼ 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: z¼ 3.766, P¼ 0.00479), while viral abundance had a
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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 ¼ blue; mammals ¼ red; birds, reptiles and amphibians ¼ yellow; vector-borne (mammals and arthropods) ¼
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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negative relationship to mean preferred water temperature
(Fig. 3). It is worth noting, however, that virus abundance
within the Scopaeniformes were widely distributed and that
their overall high abundance might only be due to a few spe-
cies or individuals.

We applied two measures of alpha diversity to our sample
set: observed richness, a count of the number of viral families,
and Shannon diversity, which also incorporates abundance.
Observed richness was best explained by fish order (v2¼ 22.839,
df¼ 8, P¼ 3.8�6) and habitat depth (v2¼ 3.914, df¼ 2, P¼ 0.032),

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.
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while Shannon diversity was best explained by fish order
(v2¼ 0.96, df¼ 8, P¼ 0.016) and community diversity (v2¼ 0.41,
df¼ 1, P¼ 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 z¼ 3.039, P¼ 0.0495; Tukey
Shannon z¼ 2.845, P¼ 0.05). Notably, in these data mid-water
fish had decreased viral richness compared to benthic fish
(Tukey z¼ -2.452, P¼ 0.0338), and fish that reside in multispecies
communities had a larger Shannon diversity compared to single
species communities (v2¼ 0.17089, df¼ 1, P¼ 0.05) (Fig. 3). Our
analysis also revealed that fish order (R2¼ 0.57215, P¼ 0.003),
swimming behaviour (R2¼ 0.09904, P¼ 0.005), climate
(R2¼ 0.13315, P¼ 0.012), and mean preferred water temperature
(R2¼ 0.1005, P¼ 0.05) were significant predictors of beta
diversity.

Importantly, we repeated the above analysis on the factors
associated with virome composition on those viruses (n¼ 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: P¼ 0.0; alpha diver-
sity: P¼ 0.3; Shannon diversity: P¼ 0.9; and beta diversity:
P¼ 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; Løvoll 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, Duchêne, 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

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.
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A B S T R A C T   

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., 

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 × 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. 

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 μL 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 
23 S, 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 RdRp 
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/ 

Table 1 
Sampling overview, including number of samples allocated to sequencing pools 
and sequencing metadata.  

Location Sampling 
date 

Pool 
no. 

No. Of 
samples 

No. Of 
reads 

No. Of 
contigs 

Centennial Park, 
NSW 
33. 89999◦S, 
151.23592oE 

5 February 
2019 

01 12 24,732,494 159,527 
02 9 35,835,953 147,425 
03 9 31,960,624 107,431 

26 
February 
2019 

04 9 19,833,973 111,196 
05 11 31,410,836 136,180 
06 9 29,318,213 105,118 
07 10 19,160,704 90,339 

Gordon, NSW 
33.75065◦S, 
151.16242oE 

12 March 
2019 

01 12 52,605,108 89,247 
02 12 48,784,843 50,574 
03 9 27,396,450 118,509 

26 March 
2019 

04 11 36,591,148 181,524 
05 12 36,815,461 146,466 
06 12 52,934,611 97,013 
07 10 37,980,832 156,960 

Adelaide, SA 
34.91571◦S, 
138.6068oE 

2019 01 8 25,977,712 135,969 
2019 02 9 21,113,731 113,546  
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aus/1 (RdRp), bat faecal associated retrovirus 1 G04/aus/1 (pol) and bat 
faecal associated retrovirus AdCPG/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 

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 

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. 
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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 ORF1a, ORF1ab, 
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 

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 ORF1ab replicase and 97% to P. 
alecto/Aus/SEQ/2009 over the partial RdRp. 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 G05/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 

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. 

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 G04/aus/1 genome revealed no match to any bat reference 
genome on NCBI/GenBank. G04/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 G07 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 

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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truncation or incomplete assembly). AdCPG/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 G04/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 (-ssRNA), 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 

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) (Käfer 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 

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. 
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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 

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 ORF1ab 
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 

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. 
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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 

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 G04/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 

Fig. 6. Phylogenetic analysis of viruses from the order Bunyavirales. The RdRp amino acid sequence was used to estimate phylogenetic trees and the alignment length 
was 1434 amino acid residues. Viruses from this study are coloured by sampling location and bootstrap values > 70% are represented by the symbol shown at the 
branch node. The tree is midpoint rooted for clarity and the scale bar represents the amino acid substitutions per site. 
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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-Küpper 
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. 
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