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Abstract

Biological invasions are among the biggest threats to freshwater biodiversity. This is increasingly relevant in the Murray-
Darling Basin, Australia, particularly since the introduction of the common carp (Cyprinus carpio). This invasive species now
occupies up to ninety per cent of fish biomass, with hugely detrimental impacts on native fauna and flora. To address the
ongoing impacts of carp, cyprinid herpesvirus 3 (CyHV-3) has been proposed as a potentially effective biological control agent.
Crucially, however, it is unknown whether CyHV-3 and other cyprinid herpesviruses already exist in the Murray-Darling.
Further, little is known about those viruses that naturally occur in wild freshwater fauna, and the frequency with which
these viruses jump species boundaries. To document the evolution and diversity of freshwater fish viromes and better un-
derstand the ecological context to the proposed introduction of CyHV-3, we performed a meta-transcriptomic viral survey of
invasive and native fish across the Murray-Darling Basin, covering over 2,200 km of the river system. Across a total of thirty-
six RNA libraries representing ten species, we failed to detect CyHV-3 nor any closely related viruses. Rather, meta-tran-
scriptomic analysis identified eighteen vertebrate-associated viruses that could be assigned to the Arenaviridae, Astroviridae,
Bornaviridae, Caliciviridae, Coronaviridae, Chuviridae, Flaviviridae, Hantaviridae, Hepeviridae, Paramyxoviridae, Picornaviridae,
Poxviridae, Reoviridae and Rhabdoviridae families, and a further twenty-seven that were deemed to be associated with non-
vertebrate hosts. Notably, we revealed a marked lack of viruses that are shared among invasive and native fish sampled
here, suggesting that there is little virus transmission from common carp to native fish species, despite co-existing for over
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fifty years. Overall, this study provides the first data on the viruses naturally circulating in a major river system and sup-
ports the notion that fish harbour a large diversity of viruses with often deep evolutionary histories.

Key words: virome; meta-transcriptomics; fish virus; freshwater fish; virus evolution; RNA sequencing.

1. Introduction

Anthropogenic stressors such as pollution, climate change and
the introduction of exotic species continue to pose a significant
threat to freshwater habitats, with almost one-third of all fish
species threatened by extinction (World Wildlife Fund 2021).
The Murray-Darling Basin, the largest freshwater river system
in Australia, harbours at least twelve exotic freshwater fish spe-
cies (Barrett, Bamford, and Jackson 2014). Key among these are
eastern mosquitofish (Gambusia holbrooki), redfin perch (Perca
fluviatilis) and, most notably, common carp (Cyprinus carpio).
Common carp (also known as European carp) were initially in-
troduced into Australia during the mid-1800s for aquaculture
operations and again on several occasions throughout the 1900s
(Koehn 2004; Forsyth et al. 2013). During extensive flooding
events during the 1970s, carp spread across much of the basin
and now represent up to ninety per cent of total fish biomass
(Forsyth et al. 2013).

The invasion of carp has been hugely detrimental to
Australian freshwater ecosystems (Koehn 2004; Forsyth et al.
2013). Impacts include increased water turbidity, decreased light
penetration, erosion of riverbanks, changes in the abundance
and diversity of native invertebrate communities and outcom-
peting native fish species for habitat and resources (Koehn
2004; Forsyth et al. 2013; Vilizzi et al. 2014). Several control
methods have been proposed to control invasive carp; never-
theless, their resilience and high fecundity create significant
challenges (Hayes et al. 2014). This has stimulated research into
biological control methods, such as deployment of the virus cyp-
rinid herpesvirus 3 (CyHV-3) (McColl et al. 2017; McColl, Cooke,
and Sunarto 2014).

CyHV-3 is a double-stranded DNA virus (family
Alloherpesviridae, order Herpesvirales) first isolated from farmed
carp in the late 1990s (Matsui et al. 2008). Since its discovery, it
has been responsible for large disease outbreaks worldwide
with a mortality rate of up to 80 per cent in domestic carp
(Michel et al. 2010). CyHV-3 is transmitted horizontally through
direct contact with skin lesions or secretion of viral particles in
freshwater where it can survive for up to 3 days (Shimizu et al.
2006). The host range of CyHV-3 is currently limited to koi and
common carp (Michel et al. 2010). While CyHV-3 DNA has been
identified in goldfish (Carrasius auratus) (Bergmann et al. 2010),
it is still relatively unclear whether infection occurs in these
species (Ilouze et al. 2011; Tolo et al. 2021).

Initial laboratory trials suggest that CyHV-3 is safe for non-
target species (McColl et al. 2017). However, little is known about
the viruses that naturally circulate in Australian native fresh-
water fauna, including any prior evidence for the existence of
CyHV-3 (Kopf et al. 2019), nor on the time-scales and frequency
with which viruses jump between fish hosts. To completely as-
sess the safety and efficacy of any virus biocontrol agent, in-
cluding CyHV-3, a comprehensive assessment of the viruses
that naturally infect both native and invasive species is
required.

Following the advent of meta-transcriptomic sequencing, it
is now possible to characterize the entire set of viruses—the
virome—within a given host (Shi, Zhang, and Holmes 2018;

Zhang, Shi, and Holmes 2018). Fish, in particular, harbour a high
abundance and diversity of viruses often with deep evolution-
ary histories (Shi et al. 2018; Zhang et al. 2018). However, despite
the antiquity and diversity of fish viruses, there are few studies
of virus diversity and evolution in wild freshwater fish popula-
tions, particularly in the context of biological invasions.

Determining the viromes of invasive freshwater fish like the
common carp will enhance our understanding of the broad-
scale factors that influence virus emergence and evolution. As
the date and site of their introduction is well-documented in
Australian waters, these species can potentially provide impor-
tant information on the both rate of cross-species transmission
and how frequently viruses might move between invasive and
native species. In addition, despite representing a small fraction
of the earth’s surface water, freshwater environments serve as
a habitat for forty to fifty per cent of total fish species, harbour-
ing the greatest biodiversity per land area (Dudgeon et al. 2006).
Such habitats are subject to rapid environmental change, which
may significantly impact species connectivity (Johnson and
Paull 2011). Since contact and exposure between hosts are vital
for cross-species transmission of viruses (Parrish et al. 2008),
these species may also inform us on the ecological factors that
impact virome composition within a given host.

We performed a meta-transcriptomic viral survey of inva-
sive and native freshwater fish species across the Murray-
Darling Basin in Australia to document the diversity and evolu-
tion of freshwater fish viromes and, from this, better under-
stand the ecological drivers of virus evolution and emergence.
To the best of our knowledge, this is the largest survey of fresh-
water fish viruses undertaken to date. In particular, we aimed
to determine whether CyHV-3 is already present in common
carp in Australia (Kopf et al. 2019), and whether there is evi-
dence for transmission of existing viruses between exotic and
native species. As such, we provide important information on
the ecological and evolutionary context for the potential release
of future virus biocontrols.

2. Methods
2.1 Ethics

Fish sampling was conducted with animal ethics approval (ref:
2019/035) from the Animal Ethics Committee (AEC) at
Macquarie University, Sydney, NSW. Biosafety was approved by
Macquarie University (ref: 5201700856).

2.2 Sample Collection

We compared the viromes of native and invasive fish species
occupying different areas across the Murray-Darling Basin,
Australia (Fig. 1). Sampling occurred between January and
March 2020. A total of seven native fish species were collected:
bony herring (Nematalosa erebi) (n=20), spangled perch
(Leiopotherapon unicolor) (n=1), Australian smelt (Retropinna sem-
oni) (n = 12), Murray-Darling rainbowfish (Melanotaenia fluviatilis)
(n=17), flat-headed gudgeon (Philypnodon grandiceps) (n=>9),
western carp-gudgeon (Hypseleotris spp.) (n =20) and unspecked
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Figure 1. Fish sampling locations. Map illustrating freshwater sampling locations across the Murray-Darling Basin, Australia. Pie charts show the abundance and diver-
sity of fish species captured at each site. Colours correspond to the fish species sampled as illustrated below the map.

hardyhead (Craterocephalus fulvus) (n=6). Three species of inva-
sive fish were also collected: common carp (C. carpio) (n=74),
goldfish (C. auratus) (n=5) and eastern mosquitofish (G. hol-
brooki) (n=15). All fish caught were apparently healthy, with no
signs of disease. Fish were caught using boat electrofishing, eu-
thanized and dissected immediately upon capture. Tissue
specimens (liver and gills) were placed in RNALater and stored
in a portable —80°C freezer, then later in an —80°C freezer in
the laboratory at Macquarie University, Sydney. Tissue selection
was based on previous studies (Shi et al. 2018; Geoghegan et al.
2018; Geoghegan et al. 2021), which show that liver and gill tis-
sue serve as a rich source of viruses. To facilitate virus discov-
ery, multiple individuals (one to ten) were pooled according to
species and the location in which they were captured
(Supplementary Table S2 and Fig. S1).

2.3 Total RNA Extraction and Transcriptome Sequencing

Frozen samples of liver and gill tissue were processed together
as a single extraction for each sample. The combined tissues
were placed in 600pl of lysis buffer containing 0.5 per cent
foaming reagent (Reagent DX, Qiagen) and 1 per cent of p-mer-
captoethanol (Sigma-Aldrich). Submerged tissue samples were
homogenized with TissueRuptor (Qiagen) for one minute at
5,000rpm. To further homogenize tissue samples and remove
tissue residues, the homogenate was centrifuged at full speed
for three minutes. The homogenate was carefully removed and
RNA from the clear supernatant was extracted using the
RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) following the
manufacturer’s protocol. Extracted RNA was quantified using
NanoDrop (ThermoFisher) and RNA from each species was

pooled corresponding to the site in which they were captured,
resulting in thirty-six sample libraries (Supplementary Table
S2). RNA libraries were constructed using the Truseq Total RNA
Library Preparation Protocol (Illumina). To enhance viral discov-
ery and reduce the presence of non-viral reads, host ribosomal
RNA (rRNA) was depleted using the Ribo-Zero-Gold Kit
(Illumina) and paired-end sequencing (150bp) was performed
on the NovaSeq 500 platform (Illlumina). Sample library con-
struction, rRNA depletion and RNA sequencing were performed
at the Australian Genome Research Facility.

2.4 Virus discovery

Raw Illumina sequence reads (forward and reverse) were ini-
tially quality trimmed with Trimmomatic v.0.39 (Bolger, Lohse,
and Usadel 2014) then assembled into contigs de novo using
Trinity RNA-seq v.2.8.5 (Haas et al. 2013), with the default pa-
rameter settings. Assembled contigs were annotated and com-
pared against the NCBI nucleotide (nt) and non-redundant
protein (nr) databases with an e-value threshold of 1 x 10~° us-
ing BLASTn and Diamond (BLASTX) (Buchfink, Xie, and Huson
2014). To initially distinguish between invertebrate and verte-
brate-associated viruses, contigs that matched viral sequences
were inspected using Geneious v.11.1.5 (Kearse et al. 2012) and
translated into amino acid sequences. Amino acid sequences
were then used as a single query in additional sequence com-
parisons against the NCBI nt and nr databases using BLAST
algorithms. This method was also used to remove false-posi-
tives (e.g. host genes and endogenous viral elements) from our
analyses. To help exclude instances of index hopping, viral
sequences that were identified in multiple libraries were also
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inspected using Geneious Prime (www.geneious.com) and
amino acid pairwise alignments between viral sequences were
performed with Multiple Alignment using Fast Fourier
Transform (MAFFT) v.7.450 (Katoh and Standley 2013), using the
E-INS-i algorithm. Abundances of identical viral transcripts
were then calculated (see below) and sequences that were pre-
sent at frequency of less than one per cent of that of the number
of reads present in the dominant library were excluded. To de-
termine whether a virus was novel, we followed the broad crite-
ria specified by The International Committee on Taxonomy of
Viruses (http://www.ictvonline.org/).

2.5 Inferring the evolutionary history of novel viral
sequences

To determine the evolutionary history of the viruses identified
in this study and further distinguish between vertebrate and in-
vertebrate-associated viruses (which are usually phylogeneti-
cally distinct), we estimated phylogenetic trees using amino
acid sequences of stable genomic regions such as RNA-depen-
dent RNA polymerase (RARp) or DNA polymerase for DNA vi-
ruses. To this end, we combined our sequences with
background sequences for each respective virus family taken
from NCBI/GenBank. Amino acid sequences were aligned with
MAFFT v.7.450 using the E-INS-i algorithm. To remove ambigu-
ous regions in the sequence alignment, amino acid sequences
were trimmed using trimAl v.1.2 (Capella-Gutiérrez, Silla-
Martinez, and Gabaldén 2009). To estimate phylogenetic trees,
selection of the best-fit model of amino acid substitution was
determined using the Akaike information criterion (AIC), cor-
rected AIC, and the Bayesian information criterion with the
ModelFinder function (-m MFP) in IQ-TREE (Nguyen et al. 2015;
Kalyaanamoorthy et al. 2017). Sequence data were analysed us-
ing a maximum likelihood (ML) approach in IQ-TREE, with 1,000
bootstrap replicates. Phylogenetic trees were annotated with
FigTree v.1.4.2. and further edited using Adobe Illustrator
(https://www.adobe.com).

2.6 Virome composition

To quantify the relative abundance of viral transcripts within
the host transcriptome, the RNA-Seq by Expectation (RSEM)
value was estimated using Trinity (Haas et al. 2013), and raw
counts from each transcript were standardized against the total
number of reads within the given sequencing library. We also
used this approach to estimate the relative abundance of a host
reference gene, ribosomal protein S13 (RPS13), which is stably
expressed in fish. To assess any differences in virome composi-
tion between hosts and sites, we calculated alpha diversity
(virome richness and Shannon diversity) using Rhea packages
(Lagkouvardos et al. 2017). Generalized linear models (GLM)
were used to identify the impact of host taxonomy (i.e. species),
host geography (i.e. site), water temperature, water pH, water
turbidity and species origin (i.e. invasive or native) on both ver-
tebrate-associated virus composition (abundance, richness and
diversity) and those viruses likely associated with non-fish
hosts: the latter should not be affected by aspects of fish biology
and hence effectively constitute a negative control. All GLM
models were tested using a likelihood-ratio test (%) and a
Tukey’s post hoc analysis (glht) was performed using the mult-
comp package (Hothorn, Bretz, and Westfall 2008). To assess vi-
ral diversity between samples, we calculated beta diversity
using a Bray Curtis dissimilarity with the phyloseq package
(McMurdle and Holmes 2013). Differences in virome

composition between native and invasive species were calcu-
lated using permanova (Adonis test), with the vegan package
(Dixon 2003). All statistical analyses were carried out on RStudio
V1.2.1335 and plotted using the ggplot2 package (Valero-Mora
2015).

3. Results

We characterized the viromes of ten freshwater ray-finned fish
species across seven taxonomic orders (two invasive and five
native) at thirteen locations across the Murray-Darling Basin in
Australia. Total RNA-sequencing was performed on thirty-six li-
braries, resulting in a median of 76,528,534 (range 66,015,138-
95,168,951) reads per library. De novo assembly of the sequenc-
ing reads resulted in a median of 617,588 contigs (range
198,446-1,989,596) per library, with a total of 23,976,218 contigs
generated. Analysis of the host reference gene, RPS13, revealed
abundances of 0.000001-0.0002 per cent, suggesting an inconsis-
tent sequence coverage across all RNA libraries, which may
have impacted virus discovery (Fig. 2).

3.1 Abundance and diversity of viruses

We identified eighteen viral sequences that were associated
with vertebrate hosts and a further twenty-seven that were
likely associated with algae, invertebrates and protists in the
freshwater environment (Supplementary Figs. S1 and S2).
Because such non-vertebrate viruses were likely derived from
diet or contamination of gill tissue, we primarily focused on ver-
tebrate-associated viruses.

Among the likely vertebrate-associated viruses, we identi-
fied viral sequences from fourteen viral families. With the ex-
ception of a novel poxvirus (family Poxviridae), a double-
stranded DNA virus, all the viruses identified possessed RNA
genomes. The most abundant vertebrate-associated viral tran-
scripts were those assigned to the Arenaviridae (49% of all verte-
brate-associated viruses), Hepeviridae (20%), Chuviridae (21%),
Astroviridae (3%) and Flaviviridae (2%) families. Other likely verte-
brate viral transcripts detected were assigned to the
Coronaviridae (<1%) Caliciviridae (<1%), Picornaviridae (<1%),
Paramyxoviridae (<1%), Hantaviridae (<1%), Bornaviridae (<1%),
Poxviridae (<1%), Reoviridae (<1%) and Rhabdoviridae (<1%) fami-
lies. The most common vertebrate-associated viruses identified
were astroviruses, detected in three host species (eastern mos-
quitofish, Murray-Darling rainbowfish, spangled perch). In addi-
tion, arenaviruses were detected in two host species (western
carp-gudgeon, eastern mosquitofish) along with hepeviruses
(common carp, eastern mosquitofish). All other viruses were
identified in one host species (Fig. 3).

Among the viruses likely associated with non-vertebrate
hosts (i.e. those infecting arthropods, fungi, plants and protozo-
ans), a large proportion (70%) were unclassified, comprising
picorna-like viruses, rhabdo-like viruses, tombus-like viruses
and narna-like viruses (Shi et al. 2016) (Supplementary Fig. S1).
We also detected viral transcripts that could be assigned to the
Nodaviridae (27.1%), Permutotetraviridae (1.3%), Dicistroviridae
(1.2%) and Phenuiviridae (<1%) families. Although viruses within
the Nodaviridae have been shown to infect fish (Hameed et al.
2019), all of the nodavirus sequences identified here clustered
with viruses from invertebrate hosts (Supplementary Fig. S2),
strongly suggesting they were similarly associated with fish diet
or contamination of gill tissue.
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Figure 2. Mean standardized viral abundance across all libraries. Clustered bar chart reveals differences in viral abundance between invasive and native fish species.
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of sequencing libraries for each fish species is displayed above bars.

3.2 Phylogenetic relationships of vertebrate-associated
viruses

To infer the phylogenetic relationships and hence the evolution-
ary history of the viruses newly identified here, we focused on
stable genomic regions such as the RdRp in RNA viruses and DNA
polymerase in the case of the novel poxvirus. Using these geno-
mic regions, we identified seven negative-sense single-stranded
RNA (-ssRNA) viruses (families Arenaviridae, Bornaviridae,
Chuviridae, Hantaviridae, Paramyxoviridae, Rhabdoviridae), nine posi-
tive-sense single-stranded RNA (+ssRNA) viruses (families
Astroviridae, Caliciviridae, Coronaviridae, Flaviviridae, Hepeviridae,
Picornaviridae), one double-stranded RNA (dsRNA) virus (family
Reoviridae) and one double-stranded DNA (dsDNA) virus (family
Poxviridae). We now describe each of these groups in turn.

3.2.1 -ssRNA viruses

We identified -ssRNA viruses that occupied phylogenetic posi-
tions that were broadly indicative of long-term virus-host co-di-
vergence, with many fish viruses falling basal to reptile, avian
and mammalian viruses (Fig. 4). Notably, we identified two
novel arenaviruses that clustered with members of the newly
formed Antennavirus genus that includes fish hosts (Shi et al.
2018; Abudurexiti et al. 2019). Western carp-gudgeon arenavirus
found at Narrabri creek shared 36.9 per cent amino acid se-
quence similarity with its closest relative, Wenling frogfish arena-
virus 1 (Shi et al. 2018) and grouped with recently discovered

arenaviruses from pygmy gobies (Eviota zebrina) sampled from
an Australian coral reef (Geoghegan et al. 2021). Eastern mosqui-
tofish arenavirus found in the Macquarie River shared 84.5 per
cent amino acid sequence similarity with its closest available
relative, Wenling frogfish arenavirus 1.

The divergent hantavirus detected in the Murray-Darling
rainbowfish falls basal to mammalian hantaviruses (orthohan-
taviruses) and clustered with members of the Actantavirinae and
Agantavirinae subfamilies that include ray-finned and jawless
fish hosts (Shi et al. 2018; Abudurexiti et al. 2019) (Fig. 4). This vi-
rus had only 27.3 per cent amino acid similarity with its closest
relative, Bern perch virus (NCBI/GenBank: QGM12349.1). Broad
patterns of virus-host co-divergence can similarly be seen in
the cultervirus identified in carp from Lake Burrendong. BLAST
analysis identified sharpbelly cultervirus (Shi et al. 2018) as the
closest relative of all genomic regions, including the L gene (93%
amino acid similarity), glycoprotein (86.3%) and nucleoprotein
(92.9%).

Our virological survey revealed the complete genome of a
novel chuvirus in the unspecked hardyhead in the Edward
River. This Hardyhead chuvirus displayed three open reading
frames, representing the L protein (RdRp), glycoprotein and nu-
cleoprotein. Our analysis identified Guangdong red-banded snake
chuvirus (Shi et al. 2018) as the closest relative of the L protein
(44% amino acid similarity), Wenling fish chu-like virus (Shi et al.
2018) as the closest relative of the glycoprotein (41%) and Herr
Frank virus 1 (Argenta et al. 2020) as the closest relative of the
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nucleoprotein (34%). Hardyhead chuvirus formed a distinct phylo-
genetic clade with all other vertebrate-associated chuviruses
(Fig. 5).

We also detected a novel paramyxovirus in western carp-
gudgeon in the Bogan River. This divergent viral sequence
shared 35.2 per cent L gene amino acid similarity with its closest
relative, Wenling tonguesole paramyxovirus (genus
Cynoglossusvirus, family Paramyxoviridae) (Shi et al. 2018). These
viruses grouped with Wenzhou pacific spadenose shark paramyxo-
virus (genus Scoliodonvirus), together falling basal to other mem-
bers of the Paramyxoviridae family. In addition, a novel
rhabdovirus in common carp similarly formed a distinct clade,
basal to other fish-infecting rhabdoviruses. This virus shared
35.7 per cent amino acid L gene sequence similarity with Beihai
dimarhabdovirus that was also identified in fish (Shi et al. 2018)
and clustered with other dimarhabdoviruses, including those
found in the spotted paddle-tail newt from China (Shi et al.
2018) and the big brown bat (Eptesicus fuscus) from the USA
(NCBI/Genbank: QPO14166.1). Across all genera within the
Rhabdoviridae, lyssaviruses were the closest relatives to this
clade (Fig. 4), with Murray-Darling carp rhabdovirus sharing 31.6
per cent amino acid L gene similarity with rabies lyssavirus
(Tordo et al. 1988).

3.2.2 +ssRNA viruses

We identified a viral sequence in common carp that shared 50.7
per cent RdRp sequence similarity with Pacific salmon nidovirus
(family Coronaviridae) (Mordecai et al. 2019). Murray-Darling carp

letovirus also exhibited sequence similarity (46.2%) with gamma-
coronaviruses, including bottlenose dolphin coronavirus and beluga
whale coronavirus (Mihindukulasuriya et al. 2008; Woo et al.
2014). This virus grouped with both Pacific salmon nidovirus and
Microhyla letovirus (Bukhari et al. 2018), which together form an
outgroup to all other coronaviruses (Fig. 6).

We also identified a novel flavivirus (genus Flavivirus, family
Flaviviridae) in western carp-gudgeon in the Bogan River. This vi-
ral sequence exhibited thirty-three to thirty-six per cent NS5
amino acid sequence similarity with its closest relatives,
Cyclopterus lumpus virus (Skoge et al. 2018), Tamana bat virus (de
Lamballerie et al. 2002), salmon flavivirus (Soto et al. 2020) and
Wenzhou shark flavivirus (Shi et al. 2018). All these viruses fall
basal to vector-borne viruses within the genus Flavivirus (Fig. 7).

Among other positive-sense RNA viruses identified, a novel
astrovirus, calicivirus and picornavirus all grouped with other
fish hosts and expanded the phylogenetic diversity of these vi-
rus families (Fig. 7). The novel astrovirus identified in Murray-
Darling rainbowfish shared forty per cent RdRp amino acid sim-
ilarity with Wuhan astro-like virus (Shi et al. 2018). This virus
clustered with other astro-like viruses discovered in fish, in-
cluding Beihai mudskipper astro-like virus (Shi et al. 2018) and
Guangdong catfish astro-like virus (Shi et al. 2018). This was simi-
larly observed in Australian smelt picornavirus, which clustered
with picornaviruses found in other freshwater fish, including
those from eels (Anguilla anguilla) (Fichtner et al. 2013) and carp
sampled from China (Shi et al. 2018). The Caliciviridae includes
two genera that infect fish: saloviruses associated with
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Rhabdoviridae Bornaviridae

ike fry sprivivirus YP_009094125.1
nch rhabdovirus AGE10373.1

rass carp virus AGE10378.1
arp sprivivirus AXA12039.1
American bat vesiculovirus TFFN 2013 YP_008767243.1
Isfahan virus YP_007641386.1
Vesicular stomatitis New Jersey virus AUI41073.1
‘erch perhabdovirus QIQ19259.1
ea trout perhabdovirus QIQ19264.1
uhan redfin culter dimarhabodovirus AVM87289.1
Almpiwar virus YP_009094372.1
Chaco virus YP_009362274.1
Australian bat lyssavirus ALP83509.1
L Rabies lyssavirus AEZ55951.1
Lagos bat lyssavirus QCC30175.1
West Caucasian bat lyssavirus YP_009094272.1
Ikoma lyssavirus YP_006742184.1
Beihai dimarhabodovirus 1 AVM87284.1
ray-Darling carp rhabdovirus
Eptesicus fuscus rhabdovirus QPO14166.1

Canary bornavirt
Borna disease vi
Borna disease vi

Loveridges garter

Fujian dimarhabdovirus AVM87298.1

Arenaviridae

Hantaviridae Wenzhou m;

Okahandja

Montano orthohantavirus YP_009361849.1

Sin Nombre orthohantavirus ALI59818.1

Choclo virus ABPB7977.1

Eothenomys miletus hantavirus LX309 YP_009507331.1

“I- Hantaan orthohantavirus QFX79463.1 i

L"8eoul orthohantavirus QBH70283.1
Tigray virus AOR07000.1

Kilimanjaro virus AFQ36588.1

— Uluguru virus AFQ36585.1

Imjin virus YP_009362290.1

Nova virus YP_009362032.1

Aquatic bird bornavirus 1 YP_009237647.1
mAquatic bird bornavirus 2 YP_009268916.1
Canary bornavirus 1 YP_009268910.1

Variegated squirrel bornavirus 1 YP_009269418.1
Parrot bornavirus 2 YP_009174181.1
"Parrot bornavirus 1 YP_009512933.1

Southwest carpet python virus YP_009508490.1

Jungle carpet python virus YP_009508484.1
urray-Darling carp cultervirus

harpbelly cultervirus AVM87541.1

Morogoro mammarenavirus YP_003090217.1
Luna mammarenavirus YP_004933733.1

4‘3&?(5“%!)30?7 virus APX61227.1
Golden Gate virus YP_006590089.1
fenling frogfish arenavirus 2 YP_009551605.1

eyed perch arenavirus
on pescarenavirus 2 QEG08232.1
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Paramyxoviridae

Beilong virus AOV81759.1
L Tailam virus YP_009094120.1
Rodent paramyxovirus ATPG6853.1
Bat paramyxovirus AIF74185.1
Mount Mabu Lophuromys virus 1 YP_009666847.1
Rinderpest virus strain Kabete O YP_087126.2
Feline morbillivirus AMM62640.1
Bovine respirovirus 3 AHZ90088.1
| Swine parainfluenza virus 3 ACA24952.1
Human respirovirus 3 QEG03688.1
almon aquaparamyxovirus YP_009094152.1
enling trilecross lizardfish paramyxovirus AVME7369.1
Avian avulavirus 3 YP_009094217.1
Avian avulavirus 1 AAS67167.1
Western carp gudgeon paramyxovirus
ling tonguesole paramyxovirus AVM87378.1
ou pacific spadenose shark paramyxovirus AVM87362.1

us 2 YP_009165497.1
irus 1 NP_042024.3
irus 2 YP_009268922.1

snake virus 1 YP_009055063.1

ammarenavirus YP_009113209.1
mammarenavirus YP_009141010.1

Merino Walk mammarenavirus YP_009019199.1
Lujo mammarenavirus YP_002929493.1

Pirital mammarenavirus YP_025093.1

Allpahuayo mammarenavirus YP_001649212.1

v mammals
Machupo mammarenavirus NP_899215.1
Latino mammarenavirus YP_001936026.1 birde and reptiies
University of Helsinki virus AKN10690.1 amphibians
[ fish

@ virusss identified

1 QEG08233.1

rch virus QGM12349.1 on
red spikefish hantavirus AVMB7662.1

g minipizza batfish hantavirus AVMB7656.1
ing yellow goosefish hantavirus AVM87659.1
Murray-Darling rainbowfish hantavirus

Western

nling frogfish arenavirus 1 YP_009551555.1
Eastern mosquitofish arenavirus

carp gudgeon arenavirus

Pygmy goby arenavirus

Figure 4. Phylogenetic relationships of negative-sense single-stranded vertebrate-associated viruses identified in this study. Viruses identified here are shown as a
black circle. ML trees were estimated using amino acid sequences of the RdRp gene and mid-point rooted for clarity only. Bootstrap values are represented as a percent-
age with branches scaled to amino acid substitutions per site. Tree branches are highlighted to represent host class: red, mammals; green, birds and reptiles; yellow,

amphibians; and blue, fish. Tip labels represent virus name and NCBI/GenBank accessi

salmonid hosts and minoviruses associated with cyprinid hosts
(Vinjé et al. 2019). Recently, several caliciviruses have been dis-
covered in ray-finned and jawless fish (Mikalsen et al. 2014; Shi
et al. 2018). The novel calicivirus identified in bony herring
expands the diversity of fish viruses as it shared eighty per cent
amino acid similarity with Atlantic salmon calicivirus (Mikalsen
et al. 2014) and clustered with other freshwater fish calicivi-
ruses, including Wuhan carp calicivirus and Guangdong pseudohe-
miculter dispar calicivirus (Shi et al. 2018).

3.2.3 dsRNA viruses

We identified a novel dsRNA virus in carp in the Castlereagh
River that could be assigned to the Reoviridae. This divergent vi-
rus shared forty per cent RdRp amino acid similarity with its
closest relative, Wenling scaldfish reovirus (Shi et al. 2018), to-
gether forming a clade basal to the genus Aquareovirus that are
known to cause considerable disease in some fish species (Chen
et al. 2018) (Fig. 8).

3.2.4 dsDNA viruses

A key observation of our study was the absence of Cyprinid her-
pesviruses, including CyHV-3, as well as other Alloherpesviridae,
in any of the thirty-six RNA libraries. Similarly, although mem-
bers of the Hepadnaviridae are commonly detected in fish (Dill
et al. 2016; Lauber et al. 2017; Geoghegan et al. 2018; Geoghegan
et al. 2021) they were notably absent in our samples. The only
DNA virus detected in this study was a novel poxvirus
(Poxviridae) identified in western carp-gudgeon. This virus
shared DNA polymerase amino acid sequence similarity with
salmon gill poxvirus (SGPV) (61%) (Gjessing et al. 2015). We also
detected other genomic regions such as DNA-dependent RNA
polymerase subunit rpo22 (49.5%), DNA-dependent RNA poly-
merase subunit rpo19 (40%), DNA binding virion core protein I1L
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(28.1%), A16L (32.9%) and SGPVO079 (40%) (Supplementary Table
S1). Both SGPV and western carp-gudgeon poxvirus form a highly
divergent clade within the subfamily Chordopoxvirinae that is
strongly indicative of virus-host co-divergence (Fig. 9).

3.3 Virome composition, ecological and environmental
factors

We next examined whether and how vertebrate virome compo-
sition in a range of native and introduced Murray-Darling Basin
fish was associated host ecological factors, namely host species,
geography (i.e. sampling site), water quality (temperature, pH
and turbidity). GLMs revealed host species (y>=7.57°, df = 9,
P=0.001) as the best predictor of viral abundance (i.e. the stan-
dardized number of viral sequencing reads) (Fig. 2). In particular,
the eastern mosquitofish had significantly higher viral abun-
dance compared to Australian smelt (Tukey: z=3.976, P =0.002),
bony herring (Tukey: z=4.334, P =0.001), western carp-gudgeon
(Tukey: z=4.019, P=0.002), common carp (Tukey: z=4.665,
P =0.001), flat-headed gudgeon (Tukey: z=3.632, P=0.001), gold-
fish (Tukey: z=3.632, P=0.001) and rainbowfish (Tukey:
z=4.110, P=0.001). However, the high viral abundance in the
eastern mosquitofish was driven by one sample containing an
extremely high abundance of arenaviruses, accounting for sev-
enty-six per cent of its total vertebrate virome and forty-nine
per cent of all vertebrate-associated viral reads. We found no
evidence for an association between viral abundance and host
geography (P=0.111), water turbidity (P =0.804), water tempera-
ture (P=0.709) nor water pH (P =0.141).

We calculated alpha diversity to assess any differences in
virome composition (abundance and diversity) between hosts
and sites. This included the observed virus species richness (the
number of viruses found in each sequencing library) and
Shannon diversity (both the number of viral families and
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A Guangdong red-banded snake chuvirus AVM87272.1

100

0.3
B Hardyhead chuvirus ORFs
1,566 nt 1,956 nt
—— Nucleoprotein Glycoprotein —
34% QHX39758 41% AVM87276
33% AVM87274 39% AVM87275
30% AVM87277 38% QHX39783

6 Herr Frank virus 1 QHX39784.1
1 Wenling fish chu-like virus AVM87275.1
L@ Hardyhead chuvirus
Wenzhou crab virus 2 AJG39060.1
Imjin River virus 1 ALP32028.1
Atrato Chu-like virus 1 QHA33913.1
Hubei chuvirus-like virus 3 YP_009337089.1
_EBole Tick Virus 3 QBQ65118.1
__lg7 Changping mivirus QFR36194.1
100 Wuhan mivirus QFR36197.1
Wenling chuvirus-like virus 1 YP_009333145.1
Hubei odonate virus 11 YP_009336946.1
Solanum melongena chuvirus-like virus QKI28861.1
Beihai barnacle virus 9 YP_009333178.1

—C Hancheng leafthopper mivirus QIH31161.1
Culverton virus QED21529.1

reptiles
I fish

invertebrates

100 ‘—— Hubei coleoptera virus 3 APG78687.1

100 Shuangao lacewing virus AJG39082.1

100 Beihai hermit crab virus 3 YP_009333157.1
Hubei myriapoda virus 8 YP_009330113.1

6,363 nt

L protein (RdRp) — 10,858 nt

44% AVM87272
42% QHX39784
40% AVM87275

Figure 5. Phylogenetic relationships and genome organization of hardyhead chuvirus. (A) Phylogenetic relationships between viruses within the Chuviridae. Novel chuvi-
rus identified in the unspecked hardyhead is represented as a black circle. The phylogenetic tree was estimated using amino acid sequences of the RdRp gene and mid-
point rooted for clarity only. The scale bar represents amino acid substitutions per site. Bootstrap values are shown as a percentage. Tree branches are highlighted to
distinguish between vertebrate and invertebrate-associated viruses: green, reptiles; blue, fish; and orange, invertebrates. Tip labels represent virus name and NCBI/
GenBank accession numbers. (B) Genome organization of hardyhead chuvirus. Diagram illustrates the structure and length of each genomic segment. Percentages below
each segment reveal the closest relatives (NCBI/GenBank accession number), with the L protein more related to reptile chuviruses; glycoprotein more related to fish

chuviruses; and nucleoprotein more related to reptile chuviruses.

abundance of viral reads in a given host). We found no associa-
tion between observed viral species richness and host species
(P=0.286), host geography (P =0.748), water turbidity (P =0.826),
water temperature (P =0.625) and water pH (P =0.115). Similarly,
there was also no observed association between Shannon diver-
sity and host taxonomy (P=0.117), host geography (P=0.551),
water turbidity (P=0.546), water temperature (P =0.206) and wa-
ter pH (P =0.039).

3.4 Virome composition of native versus invasive fish
species

While carp and native fish species were sampled together at
ten out of thirteen sites (Fig. 1), they shared no vertebrate-

associated viruses. Similarly, no vertebrate-associated viruses
were shared among any of the native fish species. Although
we identified hepeviruses in common carp and eastern mos-
quitofish, these were highly divergent and exhibited only
twenty per cent amino acid similarity such that they reflect
ancient divergence events. These viruses were also distinct in
that Murray-Darling carp hepevirus clustered with ray-finned
fish hosts (Shi et al. 2018), while eastern mosquitofish hepevirus
formed a distinct basal clade with amphibian (Reuter et al.
2018), jawless fish and cartilaginous fish hosts (Shi et al. 2018)
(Fig. 7).

While the native and invasive fish species largely had dis-
tinct viromes, two vertebrate-associated virus families were
present in both: arenaviruses (western carp-gudgeon and
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[ mammals
[ birds and reptiles
amphibians

[ fish

SARS CoV 2_YP_009724389.1

SARS CoV AAP51225.1
at coronavirus YP_009072438.1
Rousettus bat coronavirus YP_009273004.1
RS CoV YP_009047202.1

opean hedgehog coronavirus YP_009513008.1
ay rat betacoronavirus YP_009113022.1
rine hepatitis virus YP_009824978.1
Scotophilus bat coronavirus YP_001351683.1
Bat coronavirus YP_008439200.1
Miniopterus bat coronavirus YP_001718610.1 Alphacoronavll'us
at coronavirus YP_009755889.1

mel alphacoronavirus YP_009194637.1

heng Rn rat coronavirus_YP_009336483.1

Turkey coronavirus YP_001941164.2

uck coronavirus YP_009825006.1

nada goose coronavirus YP_009755895.1
ttlenose dolphin coronavirus QI189046.1
eluga whale coronavirus YP_001876435.1
hrush coronavirus YP_002308496.1
Ibul coronavirus YP_002308478.1

hite eye coronavirus YP_005352837.1
arrow coronavirus YP_005352845
rcine coronavirus YP_009513020
agpie robin coronavirus YP_005352853.1

heron coronavirus YP_005352862.1
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Betacoronavirus

Gammacoronavirus

Deltacoronavirus

02

Pacific salmon nidovirus QEG08237.1
— & Murray-Darling carp letovirus
Microhyla letovirus | Letovirinae

bream virus YP_803213.1
ad minnow nidovirus YP_009505581.1
k salmon bafinivirus YP_009130641.1
Guangdong red-banded snake torovirus YP_009755883.1
er River virus YP_009755843.1

Tornidovirineae

Hainan oligodon formosanus arterivirus YP_009755856.1

Guangdong greater green snake arterivirus YP_009755862.1 | Arnidovirineae

Wuhan japanese halfbeak arterivirus YP_009755852.1

Figure 6. Phylogenetic relationships within the virus order Nidovirales. The novel letovirus detected in common carp is labelled with a black circle. The phylogenetic
tree was estimated using the orflab polypeptide (polymerase associated) and midpoint rooted for clarity alone. Scale bar represents amino acid substitutions per site.
Bootstrap values are shown as a percentage. Taxon labels are highlighted: blue, fish; red, mammals; green, birds and reptiles; yellow, amphibians. Virus taxonomic
names are labelled to the right. Tip labels represent virus name and NCBI/GenBank IDs.

eastern mosquitofish) and bastroviruses (spangled perch and
eastern mosquitofish) (Fig. 3). However, the arenaviruses identi-
fied in the eastern mosquitofish and western carp-gudgeon
were highly divergent, exhibiting only 27.9 per cent amino acid
similarity, with western carp-gudgeon arenavirus falling basal to
eastern mosquitofish arenavirus (Fig. 4). The bastroviruses
detected in eastern mosquitofish and spangled perch shared
57.1 per cent RdRp amino acid similarity and formed a distinct
clade with other bastrovirus sequences identified in Culex

mosquitos (Sadeghi et al. 2018), bats (NCBI/GenBank:
NC_035471.1) and sewage samples in Brazil (Dos Anjos, Nagata,
and Melo 2017) (Supplementary Fig. S3). Because bastroviruses
have genomic features that resemble hepeviruses (Reuter et al.
2018), both these contigs had matches to invertebrate and verte-
brate-associated hepeviruses such that their true hosts could
not be easily determined.

We also examined whether there were any differences in
alpha and beta diversity between native and invasive
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Astroviridae Caliciviridae

Walrus calicivirus NP_777370.1

lenling yellow striped sandperch astrovirus AVM87184.1
/enling perciformes astrovirus 2 AVM87488.1
ed gurnard astrovirus
head tiger astrovirus
nling crossorhombus astrovirus 1 AVM87178.1
ig eyed perch astrovirus
enling plagiopsetta astrovirus AVM87176.1
‘ancheng grey stingfish astrovirus AVM87186.1
enling longspine snipefish astrovirus AVM87174.1
nling rattails astrovirus 1 AVM87150.1
gbei arctic lamprey astrovirus 1 AVM87496.1

Human vesivirus YP_009361874.1
Feline calicivirus QJQ50421.1
'+ Mink calicivirus AXI69355.1

Rabbit hemorrhagic disease virus ABV56616.1
Turkey calicivirus YP_009666353.1

Picornaviridae

eihai conger picornavirus AVM87437
Wuhan carp picornavirus AVM87438
enling hoplichihys picomavirus AVMa7455
el picornavirus 1 531322.1
enling p\euronecnlormes picornavirus AVM87596
ali

jan smell picornavirus
Yancheng asbecks grenadier anchovy picomavitus AVMB7418

Wen\lng brown lined puffer picornavirus AVM87454
irus AVM87443

niin
nan sharpbe\lé plcomairus AVME7439
< Ljungan virus NP_647602.1
attus tanezumi parecnowus AWK02688
P_046804.1

Turkey astrovirus NP_853540.1
Avian astrovirus AXG21615.1
Hainan black spectacled toad astrovirus 2 AVM87164.1
Feline astrovirus Viseu AGZ61937.1
“'Porcine astrovirus 2 Shanghai 2008 ADO30543.1
Human astrovirus NP_059443.2
Zhejiang chinese fire belly newt astrovirus 1 AVM87170.1
Zhejiang gunthers frog astrovirus AVM87611.1
Wenling japanese topeshark astrovirus AVM87192.1
nling pterygotrigla hemisticta astrovirus AVM87158.1
ry astrovirus

uhan carp calicivirus 2 AVM87200.1

tlantic salmon calicivirus YP_009026987.1

Bony herring calicivirus

uangdong pseudohemiculter dispar calicivirus AVM87230.1
eihai conger calicivirus AVM87195.1

ongbei arctic lamprey calicivirus 2 AVM87212.1

jiang gunthers frog calicivirus 1 AVM87226.1

ujian spotted paddle tail newt calicivirus AVM87224.1

ihai rabbitfish calicivirus 1 AVM87542.1

minnow picornavirus AGZ84536
uegill picomavirus YP_006607:
angdong spotted longbarbel OEifoh picomavirus AVMB7450
m1a‘\‘/|1r35 AVM87419

Yoo,
Human enterovirus YP. 09259673.1
Rhinovirus C YP_001552411.1

mammals birds and reptiles
vector-borne amphibians
invertebrates I fish

@ viruses identified

ihai ye\lowfn seabream calicivirus AVM87199.1

uhan spiny eel calicivirus 2 AVM87204.1

thead minnow calicivirus YP_009417302.1
lenling rattails calicivirus 1 AVM87216.1

eihai mudskipper astro like virus AVM87121.1
Murray-Darling rainbowfish astrovirus
luhan astro like virus AVM87125.1

uangdong catfish astro like virus AVM87132.1

Flaviviridae: Flavivirus

West Nile virus AAA48498.2
"L“Japanese encephalitis virus AAA81554.1
Saint Louis encephalitis virus AAV34160.1
Zika virus AZS35374.1
Dengue virus 1 AYN74343.1
Yellow fever virus AXP11705.1
Fyuleniy virus AHH82586.1
Meaban virus ABB90668. 1
Powassan virus AAA02739.1
Karshi virus ABB90671.1
Gammarus chevreuxi flavivirus QCH00712.1
Crangon crangon flavivirus QCH00713.1
Gammarus pulex flavivirus QCH00716.1
Quang Binh virus ACQ55297.1
‘Mosquito flavivirus AGI99551.1
Salmon flavivirus QJU12405.1
Western carp gudgeon flavivirus
Cyclopterus lumpus virus YP_009551951
Tamana bat virus NP 658908.1

Bovine rhi E25861.1
P 653077.1
Harrier picornavirus YP_009362314
Rodent hepatovirus ALL35:
Tremovirus AAVI10167.1

Hepeviridae

Wild boar hepatitis E virus AUM59992.1
|Filuman hepatitis E virus BBE29387.1
Bactrian camel hepatitis E virus AOR52323.1
Orthohepevirus C AVP32824.1
Orthohepevirus C AVP32821.1
Orthohepevirus D YP_006576507.1
“ Orthohepevirus D AQT40964.1
‘Avian hepatitis E virus KC454286
Avian hepatitis E virus KX589065
utthroat trout piscihepevirus QIB98726.1
ling samurai squirrelfish hepevirus AVM87265.1
ling fish hepevirus AVM87263.1
Murray-Darling carp hepevirus
lenling thamnaconus septentrionalis hepevirus AVM87557.1
Guangdong fish caecilians hepevirus AVM87270.1
inhai ghost shark hepevirus AVM87559.1
ngbei arctic lamprey hepevirus AVM87261.1

Rana hepevirus YP_009553650.1
Eastern mosquitofish hepevirus

\Wenzhou shark flavivirus AVM87250.1 oz

Figure 7. Phylogenetic relationships of positive-sense singe-stranded vertebrate-associated viruses identified in this study. Viruses identified here are shown as a black
circle. ML trees were estimated using amino acid sequences of the RdRp gene and NS5 gene for the novel flavivirus. Trees were mid-point rooted for clarity only and
bootstrap values are represented as a percentage with branches scaled to amino acid substitutions per site. Tree branches are highlighted to represent host class: red,
mammals; cyan, vector-borne viruses; green, birds and reptiles; yellow, amphibians; blue, fish; and orange, invertebrates. Tip labels represent virus name and NCBI/

GenBank accession IDs.

freshwater fish. Accordingly, we found no association between
host origin (i.e. invasive or native) and virome abundance
(P=0.390). When assessing alpha diversity, we similarly found
no association between host origin and virome richness
(P=0.626) nor Shannon diversity (P=0.425). Likewise, this re-
sult was also observed when examining beta diversity
(P=0.602).

3.5 Associations between host ecology and non-
vertebrate viruses

To assess any associations between host ecology and non-ver-
tebrate viruses, we similarly performed GLMs using the afore-
mentioned ecological factors as a negative control. As expected,
this revealed no association between non-vertebrate viral abun-
dance and host taxonomy (P =0.200), host geography (P =0.101),
host origin (P =0.998), water turbidity (P =0.421), water tempera-
ture (0.282) and water pH (P =0.343). We similarly found no as-
sociation between non-vertebrate virome richness and host
taxonomy (P=0.204), host geography (P=0.090), host origin
(P=0.675), water turbidity (P=0.398), water temperature
(P=0.072) and water pH (P=0.461). We also found no evidence
for an association between Shannon diversity and host taxon-
omy (P=0.691), host geography (P=0.173), host origin
(P=0.876), water turbidity (P=0.571), water temperature
(P=0.334) and water pH (P=0.578). This was also observed
when assessing statistical associations between beta diversity
and host species (P=0.684), host origin (P=0.239) and host ge-
ography (P=0.501).

4, Discussion

Our meta-transcriptomic viral survey of native and invasive
fish across the Murray-Darling Basin, Australia, revealed a high
diversity and abundance of viruses, including the identification
of 45 novel virus species that infected seemingly healthy fish or
non-vertebrate hosts in the freshwater environment. Crucially,
however, we observed no clear examples of recent cross-species
transmission among any fish hosts, including between invasive
and native species, nor any evidence for the presence of CyHV-3
from a total of thirty-six RNA sequencing libraries. Hence, these
data provide further evidence of the absence of CyHV-3 in
Australia (McColl and Crane 2013; McColl, Cooke, and Sunarto
2014; McColl et al. 2017). Similarly, our analysis failed to detect
other cypriniviruses (i.e. CyHV-1, CyHV-2), despite previous
reports of the presence of CyHV-2 in the Murray-Darling Basin
(Stephens, Raidal, and Jones 2004; Becker et al. 2014).

While we observed no cypriniviruses in our analysis, such
viruses typically induce latent infections in fish hosts and may
become transcriptionally inactive (Michel et al. 2010). Thus, cyp-
riniviruses in a latent stage may be difficult to detect using the
transcriptome-based methods described here. Despite this, a vi-
ral survey of CyHV-1, CyHV-2 and CyHV-3 was previously con-
ducted on carp across eight sites in the Murray-Darling Basin
(McColl and Crane 2013). Using PCR amplicon sequencing, this
study similarly failed to identify all three cypriniviruses in 849
carp DNA samples. This suggests that our findings may reflect a
true absence of CyHV-3 in Australian waterways, although addi-
tional surveillance studies will be required to further address
this issue.
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1Ié[‘;asama virus QLJ84448.1

b teropine orthoreovirus BAW99703.1

Avian orthoreovirus AMW77365.1

Broome virus ACU68602.1

Bush viper reovirus AVM87463.1

rown trout orthoreovirus QDF46760.1

ainbow trout orthoreovirus 3 AWD75451.1
John dory orthoreovirus

rgemouth bass reovirus ANY92092.1

nzhou pacific spadenose shark reovirus 1 AVM87460.1
tlantic halibut reovirus AIY69147.1

theostoma fonticola aquareovirus ANN11947.1
hinook salmon aquareovirus QEG08244.1

ass carp reovirus AMR58956.1 mammals
vector-borne
- Baku virus ATW68818.1 birds and reptiles
Wad Medani virus QBP34450.1 [ fish
invertebrates

1Igé)yama Hill virus BAP18631.1
Umatilla virus QCW07531.1
OoBluetongue virus 12 AOX24000.1
Tibet orbivirus ALB24936.1
African horse sickness virus YP_052966.1
Chuzan virus AMC39573.1

rray-Darling carp reovirus
Wenling scaldfish reovirus AVM87459.1

0.5

100
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Although carp and native fish have co-existed in the
Murray-Darling Basin for over 50 years (Forsyth et al. 2013), they
shared no vertebrate-associated viruses. The only instance of
co-occurrence of viruses from the same family in both invasive
and native species was the presence of arenaviruses in native
carp-gudgeon and invasive mosquitofish. However, these vi-
ruses were so divergent that they likely represent ancient com-
mon ancestry rather than recent cross-species transmission
(Fig. 4). Eastern mosquitofish, introduced into Australia during
the early 1920s to control mosquito populations (Ayres,
Pettigrove, and Hoffman 2010), are now widespread across the
Murray-Darling Basin and have become a successful invasive
species (Macdonald et al. 2012). Their abundance primarily
impacts smaller native fish (such as carp-gudgeon, rainbowfish
and hardyheads) since they typically outcompete these species
and disrupt food webs (Macdonald et al. 2012). As well as being
highly divergent, western carp-gudgeon arenavirus formed a basal
clade with a recently discovered arenavirus in the pygmy goby
sampled from an Australian coral reef (Geoghegan et al. 2021), a
member of the same fish order (Gobiiformes). These data further
suggest that arenaviruses may have been circulating in
Gobiiform fishes (gobies and gudgeons) in Australia prior to the
introduction of eastern mosquitofish.

We also identified a novel coronavirus—Murray-Darling carp
letovirus—that shared 50.7 per cent amino acid sequence simi-
larity with Pacific salmon nidovirus and 46.2 per cent amino acid
similarity with gammacoronaviruses. The Coronaviridae (order
Nidovirales) can be split into two subfamilies: the
Orthocoronavirinae, associated with birds and mammals, and the
Letovirinae associated with amphibians (Bukhari et al. 2018).
Both Murray-Darling carp letovirus and Pacific salmon nidovirus
formed a sister clade to only member of the Letovirinae subfam-
ily, Microhyla letovirus (genus Alphaletovirus) identified in the or-
namental pygmy frog (Microhyla fissipes) (Fig. 6), suggests that
fish may be common and ancient hosts for the Letovirinae. It is
also notable that Murray-Darling carp letovirus and Pacific salmon
nidovirus are highly divergent from the other Nidovirales that are
known to infect fish (e.g. Chinook salmon bafinivirus) (Cano et al.
2020).

The phylogenetic range of the Chuviridae largely incorporates
invertebrate hosts with diverse genomes (segmented, unseg-
mented and circular) (Jun-Hua et al. 2015). Recently, chuviruses
have been discovered in vertebrates, all possessing three seg-
ments (Shi et al. 2018; Argenta et al. 2020). The novel chuvirus
detected here in the unspecked hardyhead displayed these ge-
nomic features with the L gene (RdRp), S gene (glycoprotein)
and N gene (nucleoprotein) all related to fish and reptile viruses
(Fig. 5). The phylogenetic position of this vertebrate clade sug-
gests the ancestors of the viruses may be of invertebrate origin,
particularly those that inhabit aquatic ecosystems. For instance,
the closest related invertebrate viruses were Wenzhou crab virus
(Jun-Hua et al. 2015), Imjin River virus (mosquitos) (Hang et al.
2016) and Atrato chu-like virus (mosquitos). Similarly, chuvirus
endogenous viral elements have been detected in several fresh-
water fish species (Shi et al. 2018).

We identified a novel flavivirus in western carp-gudgeon
from the Bogan River. This virus falls basal to mammalian vec-
tor-borne viruses in phylogenetic trees, grouping with viruses
from other vertebrate hosts including Cyclopterus lumpus virus,
Tamana bat virus and Wenzhou shark flavivirus. Although western
carp-gudgeon flavivirus was detected in apparently healthy fish,
in vivo flavivirus replication was recently demonstrated in
Chinook salmon (Oncorhynchus tshawytscha) that were associ-
ated with abnormal mortalities in the Eel River, California (Soto

et al. 2020). While there is still no clear link between flavivirus
infection, transmission and disease in aquatic hosts, these data
suggest that flaviviruses may be common in fish species.
Moreover, the basal phylogenetic positions of aquatic flavivi-
ruses also suggest that these viruses may be the ancestors of
notable vector-borne viruses (Fig. 7). Nevertheless, gaps still re-
main in the evolutionary history of the genus Flavivirus and will
likely be bridged with additional metagenomic studies.

In broad terms, the evolutionary histories of many verte-
brate viral families appear to generally follow patterns of long-
term virus-host co-divergence, albeit with regular cross-species
transmission (Shi et al. 2018; Zhang et al. 2018). This evolution-
ary pattern can be observed in the phylogenies of the cultervi-
rus, poxvirus and arenaviruses identified here. The Bornaviridae
contain three genera with eleven currently classified viral spe-
cies that infect mammals, birds and reptiles (Amarasinghe et al.
2019). The only fish virus identified to date falls within the ge-
nus Cultervirus, comprising Sharpbelly cultervirus from China (Shi
et al. 2018). We identified this virus (i.e. transcripts with 93% L
gene amino acid similarity) in common carp in Australia.
Intriguingly, both fish hosts are members of the Cyprinidae that
date as far back as the Cretaceous to Jurassic periods (Hughes
et al. 2018; Betancur et al. 2017). Molecular clock dating using
endogenous viral elements also showed that culterviruses likely
emerged early on during the course of vertebrate evolution,
more than fifty million years ago (Shi et al. 2018).

Patterns of long-term virus-host co-divergence can also be
seen in the evolutionary history of the Chordopoxvirinae. Western
carp-gudgeon poxvirus expands the host range of the
Chordopoxvirinae subfamily within the Poxviridae, forming a
highly divergent clade with the only other fish-infecting chor-
dopoxvirus discovered to date, SGPV (Fig. 9). Since its classifica-
tion in 2015, several cases of SGPV have been identified in
farmed salmon with complex gill disease, although the reser-
voir host is unknown (Gjessing et al. 2017). The phylogeny of the
Chordopoxvirinae mirrors that of vertebrate hosts, strongly sug-
gesting long-term virus-host co-divergence (Fig. 9). Similarly,
the phylogeny of the Arenaviridae displays a basal fish clade that
is characterized by long branches with a large degree of diver-
gence (Fig. 4).

On this evolutionary backbone of ancient virus-host co-di-
vergence, we also detected cases of cross-species virus trans-
mission during evolutionary history, although the time-scales
of these events are uncertain. For example, we discovered a
novel reovirus that formed a basal divergent clade to other fish
viruses within the genus Aquareovirus (Fig. 8). Murray-Darling
carp reovirus was more closely related to viruses that infect
scaldfish (Shi et al. 2018) rather than other cyprinid hosts, which
are highly susceptible to reovirus infection (e.g. 80% mortality in
grass carp) (Chen et al. 2018). These patterns were also observed
in the phylogeny of the Rhabdoviridae, with Murray-Darling carp
rhabdovirus forming a distinct phylogenetic clade with other re-
cently discovered rhabdoviruses in fish, the big brown bat
(NCBI/Genbank: QPO14166.1) and the spotted paddle-tail newt
(Shi et al. 2018). Rhabdoviruses exhibit a very broad host range
including invertebrates, plants, mammals, fish, amphibians,
birds and reptiles (Bourhy et al. 2005). Notable among the
Rhabdoviridae are the lyssaviruses that can cause high mortality
in human populations (e.g. rabies lyssavirus). Intriguingly,
Murray-Darling carp rhabdovirus and its closest relatives form a
sister clade to the genus Lyssavirus, suggesting these viruses
may have a fish-infecting ancestor (Fig. 4).

Although carp are widespread and abundant across the
Murray-Darling Basin, they displayed lower viral abundance
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than some of the other hosts sampled (Fig. 2). This could be
partly explained by the large phylogenetic distance between
carp and other fish in the Murray-Darling Basin. For instance,
aside from bony herring, all the fish studied here are members
of the Acanthopterygii (Percomorpha). This could also explain
why invasive mosquitofish harboured similar viruses to native
gudgeon species (e.g. arenaviruses). Although not always the
case (Parrish et al. 2008), cross-species virus transmission often
occurs between phylogenetically related hosts, particularly
those that display conserved cell receptors (Longdon et al. 2014;
Dennehy 2017). In addition, it has been widely suggested that
introduced populations are associated with a lower pathogen
prevalence and diversity than native species (Phillips et al. 2010;
Mark et al. 2003). For example, because invasive species are of-
ten established from a small founder population, they likely
carry and acquire only a small proportion of pathogens in the
novel environment. Once a species rapidly becomes invasive,
the diversity of pathogens in this population should remain
small, such that the lack of disease likely facilitates the success
of invasive species (Mark et al. 2003; Phillips et al. 2010).

It is important to note, however, that there were necessary
variations within our sampling. For instance, carp and native
fish species were sampled together at ten out of thirteen sites,
with carp sampled from all thirteen sites (Fig. 1). In addition, all
other fish species were sampled from one to five sites. While an
artefact of the distribution of the fish, such gaps obviously limit
the power of our statistical analyses and perhaps prevent the
detection of ecological associations on virome composition
within host species, including between invasive and native fish.
In addition, due to animal ethics constraints, we were limited to
only a subset of native fish species. Nevertheless, the native
species examined in this study are generally those present in
the highest densities.

Finally, our analysis detected no viruses that are listed as re-
portable notifiable aquatic diseases in the Murray-Darling Basin
(Australian Health Committee 2020). Such notifiable aquatic dis-
eases include epizootic haematopoietic necrosis virus (EHNV—
Iridoviridae) and spring viraemia of carp virus (SVCV—
Rhabdoviridae). EHNV is known to cause high-impact infections
in redfin perch and is capable of infecting other freshwater fish
in the Murray-Darling Basin, including silver perch (Bidyanus
bidyanus), Macquarie perch (Macquaria australasica), Murray—
Darling rainbowfish, freshwater catfish (Tandanus tandanus) and
invasive mosquitofish (Becker et al. 2013). Although thought to
be endemic to the Murray-Darling Basin (upper Murrumbidgee
River), EHNV was last reported in 2012 (Becker et al. 2019).
Similarly, we did not detect the emerging dwarf gourami iridovi-
rus (Iridoviridae) that causes infectious spleen and kidney necro-
sis in several species of native Australian fish (Go et al. 2006;
Rimmer et al. 2017).

In sum, our metagenomic surveillance revealed a marked
lack of virus exchange between native and invasive fish species
in the Murray-Darling Basin, including those viruses found in
invasive common carp. At face value, these data suggest that
there is minimal virus transmission from common carp to na-
tive fish species, although more extensive sampling is needed
to fully address this issue. By investigating the viromes of native
and invasive fish, we provide the first data on viruses that natu-
rally circulate in a 2,200km river system, enhancing our under-
standing of the evolutionary history of vertebrate viruses.
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Abstract

The Nidovirales comprise a genetically diverse group of positive-sense single-stranded RNA virus families that infect a range of inver-
tebrate and vertebrate hosts. Recent metagenomic studies have identified nido-like virus sequences, particularly those related to the
Coronaviridae, in a range of aquatic hosts including fish, amphibians, and reptiles. We sought to identify additional members of the
Coronaviridae in both bony and jawless fish through a combination of total RNA sequencing (meta-transcriptomics) and data mining of
published RNA sequencing data and from this reveal more of the long-term patterns and processes of coronavirus evolution. Accord-
ingly, we identified a number of divergent viruses that fell within the Letovirinae subfamily of the Coronaviridae, including those in a
jawless fish—the pouched lamprey. By mining fish transcriptome data, we identified additional virus transcripts matching these viruses
in bony fish from both marine and freshwater environments. These new viruses retained sequence conservation in the RNA-dependant
RNA polymerase across the Coronaviridae but formed a distinct and diverse phylogenetic group. Although there are broad-scale topolog-
ical similarities between the phylogenies of the major groups of coronaviruses and their vertebrate hosts, the evolutionary relationship
of viruses within the Letovirinae does not mirror that of their hosts. For example, the coronavirus found in the pouched lamprey fell
within the phylogenetic diversity of bony fish letoviruses, indicative of past host switching events. Hence, despite possessing a phyloge-
netic history that likely spans the entire history of the vertebrates, coronavirus evolution has been characterised by relatively frequent
cross-species transmission, particularly in hosts that reside in aquatic habitats.

Key words: meta-transcriptomics; virus discovery; fish; evolution; phylogeny; Coronaviridae; lamprey; coronavirus

1. Introduction

The Coronaviridae are a family of enveloped, positive-strand RNA
viruses that have a broad host range, although they are pre-
dominantly associated with mammals and birds. Several coron-
aviruses have emerged as highly pathogenic viruses in humans
and other animals, the most recent and notable of which is severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) (Wu et al.
2020), which, at the time of writing, has infected over 150 million
people since its initial identification at the end of 2019. Coron-
aviruses, like other families within the order Nidovirales, possess
the longest genomes seen in RNA viruses (27-34 kb in the case

single virus identified in a reptilian host (Shi et al. 2018). How-
ever, our understanding of the host range of the Coronaviridae
has recently been enhanced by large-scale metagenomic stud-
ies, including the identification of a distinct second sub-family:
the Letovirinae (Coronaviridae Study Group of the International
Committee on Taxonomy of Viruses, Gorbalenya et al. 2020).
Specifically, an analysis of published transcriptome data identi-
fied a novel coronavirus in the ornamented pygmy frog (Microhyla
fissipes) termed Microhyla letovirus (Bukhari et al. 2018). A sub-
sequent virological survey of dead and moribund cultured Chi-
nook salmon (Oncorhynchus tshawytscha) identified Pacific salmon

of the coronaviruses) and seemingly replicate with higher fidelity
than other known positive-sense RNA viruses due to RNA proof-
reading associated with an exonuclease domain (Denison et al.
2011).

Most coronaviruses are classified within the sub-family
Orthocoronavirinae that infect mammals and birds as well as a

nidovirus (Mordecai et al. 2019). Phylogenetic analysis revealed
that Microhyla letovirus and Pacific salmon nidovirus formed a sister
group to all other known coronaviruses, with the large genetic
divergence between them suggesting that this group is likely far
larger and under-sampled (Bukhari et al. 2018; Mordecai et al.
2019). It is therefore unsurprising that more recent probes of

© The Author(s) 2021. Published by Oxford University Press.
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public sequencing data have identified additional coronavirus-
like sequences in non-mammalian aquatic vertebrate hosts,
namely in fish and amphibian transcriptomes (Edgar et al. 2020).
Indeed, this extensive data mining study identified six novel
viruses within the Letovirinae: five in bony fish and one in the
axolotl (Ambystoma mexicanum) (Edgar et al. 2020). More recently,
an additional virus identified in the common carp (Cyprinus carpio)
in Australia was also found to fall within this group (Costa et al.
2021).

The central aim of the current study was to determine whether
coronaviruses might be present in a wider range of fish hosts
and from this reveal more of their evolutionary history, partic-
ularly whether coronaviruses have co-diverged with their hosts
over many millions of years or whether there has been fre-
quent cross-species transmission (i.e. host jumping) as under-
pins the emergence of SARS-CoV-2 and whether such cross-
species transmission occurs in some hosts more frequently than
others.

To this end, we screened for coronaviruses using total RNA
sequencing (i.e. meta-transcriptomic) data from jawless and bony
fish. Jawless fish included the pouched lamprey (Geotria aus-
tralis) sampled from New Zealand—te reo Maori: kanakana (South
Island) or piharau (North Island)—that displayed lamprey red-
dening syndrome (LRS). This syndrome is characterised by red
lesions on their gills, fins, and body walls (Brosnahan et al. 2019),
but a causative agent has yet to be identified. We combined
this investigation with data mining of published RNA sequencing
data sampled from fish within the National Centre for Biotech-
nology Information (NCBI) Sequence Read Archive (SRA). This
enabled us to identify new coronavirus sequences that not only
significantly expanded the phylogenetic diversity of the coron-
aviruses but that provided important new insights into the fun-
damental patterns and processes of viral evolution in this virus
family.

2. Results

2.1 Identification of a novel coronavirus in the
pouched lamprey

Following a disease investigation into LRS in pouched lamprey
from New Zealand by the New Zealand Ministry for Primary
Industries (MPI) in 2012, 12 individuals (eight from this investi-
gation and four more recently collected control samples) were
subjected to meta-transcriptomic analysis. This led to the iden-
tification of a novel and divergent member of the Coronaviridae
in several individuals. We have named this new virus kanakana
letovirus, and as each virus shared >97 per cent sequence similar-
ity at the nucleotide level, they are likely genomic variants of the
same virus species.

We detected sequence reads that shared sequence identity
to coronaviruses in seven of the eight LRS-affected individuals
(confirmed by reverse transcription-polymerase chain reaction
(RT-PCR)). No coronaviruses or other viruses were found in the
remaining LRS sample nor the four control samples. However, we
were only able to generate consensus virus sequences from three
of these due to the low and fragmented virus abundance in the
other samples. All three samples possessed virus transcripts with
sequence similarity to the open reading frames 1a (ORF1a) and 1b
(ORF1b) common to the Coronaviridae, the latter of which contains
the viral RNA-dependent RNA polymerase (RdRp) (Table 1). We
also identified transcripts with marked sequence similarity to the
Nidovirales spike (S) protein. However, the closest sequence match
for the S protein transcripts were viruses from Porcine torovirus and

Atlantic salmon bafinivirus, both non-coronavirus members of the
Nidovirales (family Tobaniviridae), albeit these were highly diver-
gent sequences with only ~25-27 per cent amino acid sequence
similarity (Table 1). Phylogenetic comparisons of the ORFlab and
S genomic regions of kanakana letovirus in the context of its
closest relatives illustrated this striking incongruence (Fig. 1). In
particular, both Microhyla letovirus and kanakana letovirus were
more closely related to coronaviruses in the ORFlab region but
not in the S protein where they exhibited greater sequence simi-
larity to the Tobaniviridae, suggestive of past recombination events
(Fig. 1). In contrast, Pacific salmon nidovirus consistently fell as a
sister group to the Coronaviridae in both gene regions, although
with long branch lengths indicative of long periods of evolutionary
divergence (Fig. 1).

All three kanakana letovirus sequencing libraries had similar
sequencing depths as illustrated by the standardised abundance
of the host gene, RSP13, which was detected at a lower abun-
dance than kanakana letovirus (Fig. 2). However, the kanakana
letovirus in samples 1 and 3 were the most abundant across
the ORF1ab and S proteins. The presence of kanakana letovirus
in seven of the individual lampreys was confirmed by RT-PCR
(Supplementary Fig. S1). No other viruses were detected in these
data. An amino acid sequence comparison with Microhyla letovirus
across all three genomic regions shows relatively high sequence
similarity in ORF1b (Fig. 2).

2.2 Identification of novel coronaviruses in
published SRA data from bony fish

Data mining the SRA for coronavirus-like sequences revealed sev-
eral potentially novel virus transcripts within sequences obtained
from bony fish (Table 2). We detected coronavirus-like reads in
32 sequencing libraries (of the 1279 that met our search cri-
teria) that were further investigated. First, we identified four
new viruses that again shared OFR1b sequence similarity to
Pacific salmon nidovirus (52-56 per cent). These sequences were
identified in blenny (Acanthemblemaria sp.), bluespotted mud
hopper (Boleophthalmus pectinirostris), Schizothorax waltoni, which
were sampled from China, as well as the broadnosed pipefish
(Syngnathus typhle), sampled from Europe. The new viruses were
named blenny letovirus, mud hopper letovirus, waltoni letovirus,
and broadnosed pipefish letovirus, respectively. Second, we
identified a viral transcript in the trout perch (Percopsis omisco-
maycus) that shared 39per cent amino acid sequence similar-
ity to Shrew coronavirus in ORF1b and 20per cent amino acid
sequence similarity to Bat coronavirus in the S protein (Table 2),
although it is important to note that the vast majority of viruses
in the Letovirinae are not yet included in the non-redundant
(nr) protein database. This was termed ‘trout perch letovirus’.
Finally, two potentially novel virus sequences were identified
that, upon further inspection, shared greater sequence sim-
ilarity to viruses within the Tobaniviridae, in a similar man-
ner to the S protein of kanakana letovirus. These two novel
viruses, found in giant mudskipper (Periophthalmodon schlosseri)
and golden Chinese loach (Botia superciliaris), had >50per cent
sequence similarity in the RdRp and ~40per cent sequence
similarity in the S protein to other fish viruses in the Toban-
iviridae (see Table 1). These new viruses were named giant
mudskipper bafinivirus and golden Chinese loach bafinivirus,
respectively. The remaining 25 libraries that were further investi-
gated did not possess transcripts with sequence similarity to the
Coronaviridae.
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Figure 1. Unrooted phylogenetic trees for the open reading frame 1ab region (blue) and the spike protein (pink). Branches for viruses classified within
the Tobaniviridae are shown in black while all other branches are coloured. A dashed line circles those taxa that are closest known relatives of
kanakana letovirus in each case. Four of the viruses discovered in this study in which spike proteins were identified are in bold. All branches are
scaled according to the number of amino acid substitutions per site. Percentage node labels with bootstrap support >70 per cent are indicated with an
asterisk (*). Supplementary Table S2 provides the accession numbers for each sequence used in the trees. Amino acid alignments are available at

https://github.com/jemmageoghegan/Fish_coronaviridae.

2.3 The evolutionary history of novel
coronaviruses in aquatic vertebrates
We next inferred the evolutionary relationships of all the viruses
newly identified here and related Nidovirales through phyloge-
netic analysis of amino acid sequences of ORF1b that includes
the highly conserved RdRp. As noted above, two viruses identified
here fell within the Tobaniviridae, rather than the Coronaviridae,
and were close genetic relatives of other fish bafiniviruses (Cano
et al. 2020) (Fig. 3B). This analysis also revealed that fish coron-
aviruses fell only within the subfamily Letovirinae and were dis-
tinct from the Orthocoronavirinae. Specifically, the hosts of viruses
in the Letovirinae comprised only aquatic vertebrates: both jawless
and bony fish as well as viruses from amphibians (Fig. 3C).
Although there are broad patterns of host clustering across
the coronaviruses as a whole with, for example, most of the
mammalian coronaviruses falling in the genera Alphacoronavirus
and Betacoronavirus, and the genus Deltacoronavirus comprising
avian-associated viruses only, it is notable that the phylogenetic
position of the Letovirinae does not follow that of their hosts
(Fig. 4A). Of particular note, kanakana letovirus sampled from
New Zealand pouched lamprey falls as are a relative ingroup in
this subfamily (Fig. 3). Similar patterns can be seen for viruses
in amphibians, indicative of major cross-species transmission
events. For example, letoviruses identified from amphibian hosts
are highly diverse, with the axolotl letovirus more closely related
to viruses in fish and the frog letovirus falling in a more divergent

position, forming an outgroup to other viruses in this sub-family
(Fig. 3). Indeed, phylogenetic reconciliation analysis found that
host-jumping was consistently the most frequent evolutionary
event, although there was also clear evidence for host-virus co-
divergence that likely reflects deeper branching events in the
evolutionary history of these viruses (Fig. 4B).

2.4 Amino acid conservation across the
Coronaviridae

Compatible with their phylogenetic relationships, the new viruses
identified here possessed several motifs that are conserved among
the coronaviruses, particularly within the RdRp domain in ORF1b
(Fig. 5). These included the amino acid sequences ‘GWDYPKCD’,
‘SGDATTAYANS’, and ‘ILSDDGV’ that are mostly conserved among
the Coronaviridae but not the Nidovirales as a whole (Fig. 5). Indeed,
these conserved domains are essential for metal ion chelation
and binding of the primer 3’-end template complex (Snijder et al.
2003) and have recently been identified as potential ‘barcodes’ for
coronavirus identification (Babaian and Edgar 2021).

3. Discussion

Virological sampling of jawless fish combined with mining pub-
licly available sequence data of bony fish transcriptomes enabled
us to identify eight new members of the Nidovirales, six of
which fell within the Coronaviridae and a further two fell within
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Figure 2. (A) Standardised abundance of kanakana letovirus transcripts (yellow) in comparison to the lamprey host gene, RSP13 (green), across the
three lamprey samples that contained the highest abundance of the novel coronavirus. (B) Schematic alignment of all three transcripts against

Microhyla letovirus, along with the percentage sequence identity.

the related Tobaniviridae. The six new coronavirus-like tran-
scripts were close genetic relatives of viruses classified within
the Letovirinae in the RdRp, including Pacific salmon nidovirus,
Microhyla letovirus, and other viruses recently identified in fishes
and amphibians, forming a sister clade to all other known coron-
aviruses.

The discovery of these new viruses not only expands the phy-
logenetic diversity of the Letovirinae, but it also sheds important
new light on the evolution and host range in the Coronaviridae as
a whole. In particular, our study revealed that coronavirus hosts
include both freshwater and marine fish spanning multiple tax-
onomic orders. This includes an ancient lineage of jawless fish,
herein represented by the pouched lamprey from New Zealand,
that represents one of the evolutionary oldest vertebrates still to
exist and one that has experienced little morphological change
for around 360 million years (Gess, Coates, and Rubidge 2006),
although its true age has recently been debated (Miyashita et al.
2021). These jawless and bony fish hosts were also sampled across
a range of geographic localities: New Zealand, China, Europe
and North America. Although divergent in their sequences,
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conserved motifs across the entire virus family strongly support
the inclusion of these new viruses within the Coronaviridae and
more specifically the Letovirinae. With the expansion of virologi-
cal surveys of wildlife, it is likely that additional viruses within
the Coronaviridae will be discovered. Indeed, the long branch
lengths separating the divergent families within the Nidovirales
are indicative of very limited sampling across this order of RNA
viruses.

The genomic structure of both Pacific salmon nidovirus and
Ambystoma mexicanum nidovirus includes a short, non-coding
region between the ORFlab and the remaining genes, including
the S protein (Edgar et al. 2020; Mordecai et al. 2019). It has been
suggested that this homologous gap represents possible genome
segmentation in this clade (Edgar et al. 2020). We were, unfor-
tunately, unable to determine the complete genomic structure
of the viruses identified here and so cannot directly address this
issue. It is noteworthy, however, that the S protein of kanakana
letovirus shared more sequence similarity with toroviruses rather
than coronaviruses, while trout perch letovirus and Pacific salmon
nidovirus consistently fell within the Coronaviridae. This pattern
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Table 2. Novel viruses identified in this study by mining the Sequence Read Archive (SRA), their detection method and samplinglocations.

NCBI accession of Contig length Closest amino acid match;
Virus Host SRA data Sampling location (nt) GenBank accession
Blenny letovirus Acanthemblemaria sp. SRA search Caribbean 4,995 Pacific salmon nidovirus ORF1b
(SRR5997671) (56%); QEG08237.1
Mud hopper letovirus Boleophthalmus SRA search China 4,170 Pacific salmon nidovirus ORF1b
pectinirostris (SRR5012117) (56%); QEG08237.1
Waltoni letovirus Schizothorax waltoni SRA search China 906 Pacific salmon nidovirus ORF1b
(SRR6233344) (52%); QEG08237.1
Broadnosed pipefish Syngnathus typhle SRA search Europe 225 Pacific salmon nidovirus ORF1b
letovirsus (SRR663248) (55%); Q0Q03052.1
Trout perch letovirus Percopsis omiscomaycus SRA search North America 2,046 Shrew coronavirus ORF1b
(SRR5997814) (39%);
YP_009755838.1
3,942 Bat coronavirus spike
protein (20%);
QBP43256.1
Giant mudskipper Periophthalmodon SRA search China 6,786 White bream virus
bafinivirus schlosseri (SRR5012122) ORF1b (53%); YP_803213.1
3,519 Fathead minnow nidovirus
spike protein (40%);
YP_009505583
Golden Chinese loach Botia superciliaris SRA search China 6,996 White bream virus
bafinivirus (SRR5997844) ORF1b (57%) YP_803213.1
3,618 White bream virus
Spike protein (42%)
YP_803215.1

of phylogenetic incongruence between these genomic regions is
indicative of past recombination, or reassortment, within the
Nidovirales. At present, the occurrence of this process seems to be
limited to only some aquatic vertebrate hosts, although given the
propensity for coronaviruses to recombine (Denison et al. 2011),
it is likely that this will be observed in additional species.

First recorded in 2011, lamprey populations in New Zealand’s
Southland region have been affected by LRS, causing redden-
ing along the length of the body with increased mortalities
(Brosnahan et al. 2019). While we cannot assign the novel
kanakana letovirus discovered here as the causative agent of
this syndrome, similar disease symptoms have been observed
in salmon infected with Pacific salmon nidovirus (Mordecai et al.
2019). Since lamprey are classed as a nationally vulnerable threat-
ened species (Dunn et al. 2018), it is important that further
investigation is undertaken to determine the true prevalence of
coronavirus in lamprey populations, whether the virus is associ-
ated with LRS and if the virus has made a recent jump from a
reservoir host species. The increased deliberate movement of fish
around the world for aquaculture, ornamental fish trade, and bio-
fouling on vessels all are pathways for the potential transmission
of disease internationally (Cano et al. 2020).

That Letoviruses form a sister clade to all other coronaviruses
suggests that the backbone of the Coronaviridae phylogeny overall
mirrors that of their vertebrate hosts, with different viral gen-
era associated with different vertebrate classes, and the clear
transition from aquatic to land (Zhang et al. 2018). Neverthe-
less, lamprey represent an ancient lineage of jawless fish that fall
sister to all other vertebrates, including jawed fish, amphibians,
and reptiles. In this context, it is particularly notable that the
novel coronavirus identified here in the pouched lamprey does
not fall basal to other fish coronaviruses, in turn revealing that
cross-species transmission events have played a major role in the
evolutionary history of these viruses and which is also apparent

from our co-phylogenetic reconciliation analysis. Hence, as is the
case with many families of RNA viruses (Geoghegan, Duchéne,
and Holmes 2017), the broad association between different coro-
naviruses and their vertebrate host classes suggests that the
evolutionary history of this group likely dates to at least the ori-
gin of the vertebrates some 530 million years ago. However, on
top of this overall pattern of long-term virus-host co-divergence,
there have also been frequent instances of cross-species virus
transmission. As the case of the pouched lamprey demon-
strates, such host jumping events may be particularly com-
monplace in hosts that reside in aquatic environments, perhaps
reflecting a combination of evolutionary antiquity (and hence
more long-term opportunity for cross-species transmission) and
greater physical interactions between multi-species assemblages,
although this clearly needs to be investigated in greater detail.
Indeed, the parasitic behaviour of lamprey might facilitate viral
transmission.

4, Materials and methods

4.1 Lamprey sample collection in Aotearoa New
Zealand and RNA sequencing

LRS describes pouched lamprey from the South Island of New
Zealand that display red lesions on their gills, fins, and body walls
(Brosnahan et al. 2019). From 2011 to 2013, the New Zealand MPI
received specimens exhibiting possible signs of LRS for diagnostic
testing, including bacteriology, histology, and molecular analy-
sis targeting specific known diseases to determine if an infectious
agent was present. No infectious agent attributed to LRS was iden-
tified through this testing. Samples that MPI received in 2012 were
used in the current study. These comprised 40 pouched lam-
prey native to New Zealand. Lamprey skin and muscle tissues
displaying reddening, heart, kidney, liver, gut, and visceral fat tis-
sues were analysed for the presence of pathogens in 2012 by MPI,
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Figure 3. (A) Schematic phylogram showing where bony and jawless fish fall in the greater animal phylogeny and colour-coded to signify the host
class in (B) and (C), informed by the relevant literature on vertebrate evolution. (B) An order-level phylogenetic tree showing the relationships between
families within the Nidovirales. Branches are colour-coded to signify the host class shown in part a. Branches in bold represent those viruses identified
in this study. All branches are scaled according to the number of amino acid substitutions per site. Supplementary Table S3 provides the accession
numbers for each sequence used in the tree. Amino acid alignments are available at https://github.com/jemmageoghegan/Fish_coronaviridae.

(C) Maximum likelihood phylogenetic tree of the open reading frame 1b (ORF1b), containing the viral RdRp, showing the topology of the nine newly
discovered coronaviruses (bold font; blue and cyan) that fall within Letovirinae. The order-level tree in (B) was used to root the tree. All branches are
scaled according to the number of amino acid substitutions per site. Percentage node labels with bootstrap support >70 per cent are indicated with an

asterisk (¥).

and these tissues were then archived in formalin-fixed paraffin-
embedded (FFPE) blocks and stored at room temperature until
they were sent to the University of Otago for RNA sequencing
in 2020. Fresh tissues were obtained from four additional Geo-
tria australis individuals, collected on separate field expeditions
from the Mokau River, Aria, in 2015 (n = 2) and Okuti River, Banks
Peninsula, in 2019 (n=2), both of which are separate catchments
areas to locations sampled in 2012. These individuals displayed
no signs of LRS that has never been recorded from the Mokau or
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Okuti rivers. These samples were used as controls. Muscle and
skin subsamples from the control individuals were taken in the
field and were preserved in RNALater (Thermo Fisher Scientific)
and in a —80°C freezer. Sampling was conducted in consultation
with local Maori (rinanga and kaumatua).

Skin tissue was dissected from 26 FFPE blocks, representing
26 individuals. Total RNA was extracted using a Macherey-Nagel
NucleoSpin® totalRNA FFPE XS kit following the NucleoSpin total-
RNA FFPE XS protocol. Control samples from the Mokau and Okuti
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Figure 4. (A) Tanglegram of rooted phylogenetic trees for the Coronaviridae and their hosts. Lines and branches are coloured to represent host class, as
in Fig. 2. The ‘untangle’ function was used in TreeMap3.0 to maximise the congruence between the host (left) and virus (right) phylogenies.
Supplementary Fig. S2 provides the names of the hosts and viruses. The virus tree is that shown in Fig. 3C. (B) Reconciliation analysis of each virus
family using eMPRess (Santichaivekin et al. 2020) illustrates the proportion of specific evolutionary events, with the mean indicated by a red
horizontal line. The ‘event costs’ associated with incongruences between trees were conservative towards co-divergence and defined here as follows: 0

for co-divergence, 1 for duplication, 1 for host-jumping and 1 for extinction.
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Figure 5. Multiple virus amino acid sequence alignment of the RdRp showing three motifs (A, B and C) conserved throughout all known genera within
the Coronaviridae, including the newly discovered viruses within the Letovirinae for which virus transcripts in this region were identified.

rivers were extracted separately using a Zymo Research Direct-
zol RNA Miniprep Plus kit. The purity of the extracted RNA from
all sample types was evaluated (NanoDrop and Qubit Fluorom-
eter), and 12 of the highest scoring samples (eight LRS and four
controls) were sent to Otago Genomics Facility for sequencing
using the Truseq Total RNA Library Preparation Protocol (Illu-
mina). Host ribosomal RNA was depleted using the Ribo-Zero-
Gold Kit (Illumina) to enhance viral discovery. Libraries were
quality checked and sequenced in one lane on the HiSeq 2500 V4
lumina platform.

4.2 Data mining the Sequence Read Archive for
coronaviruses

To identify additional coronavirus-like sequences, we screened
bony fish transcriptomes present in the SRA. We focused on
a subset of available SRA libraries, particularly those RNA-seq

libraries without sequencing selection (e.g. poly(A)+ -selected).
We excluded zebrafish (Danio rerio) runs from the screens due
to the large number of experimental data sets. To reduce
redundancy, we selected the first six runs for a given species in
each experimental data set. In total, 1,279 libraries (both single-
and paired-end reads) were selected. SRA runs were obtained
through the European Nucleotide Archive (https://www.ebi.ac.uk/
ena/browser/home) that mirrors the SRA but allows for reads
to be downloaded directly in a FASTQ. Reads were then anal-
ysed using our coronavirus discovery pipeline. The pipeline con-
sisted of an initial screen that aligned the reads against a custom
database of Coronaviridae and other protein sequences within the
Nidovirales using Diamond BLASTx (v.2.0.2) (Buchfink, Xie, and
Huson 2015) with an e-value threshold of 1 x 10~°. Results were
manually inspected in Geneious Prime (www.geneious.com) to
exclude spurious alignments to low-complexity regions. Where
coronavirus-like reads were detected (n = 32), we quality trimmed
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and assembled de novo raw reads into contigs using Trinity RNA-
Seq (v2.9.1) (Haas et al. 2013). The assembled contigs were then
compared to NCBI non-redundant protein database using Dia-
mond BLASTx with an e-value threshold of 1 x 10—°. To identity
highly divergent sequences, we regularly updated our custom
Coronaviridae protein database with the novel viruses identified.
Where a coronavirus-like sequence was found, we examined all
SRA runs in the experimental data set for the given species.

4.3 Transcript sequence similarity searching for
novel coronaviruses

Sequencing reads were first quality trimmed and 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 NCBI nucleotide (nt) and non-redundant protein (nr)
databases using BLASTn (Altschul et al. 1990) and Diamond
BLASTx (v.2.0.2) (Buchfink, Xie, and Huson 2015).

4.4 Phylogenetic analysis
To infer the evolutionary relationships of the coronaviruses,
newly discovered translated viral contigs were combined with
representative amino acid sequences from both the Coronaviri-
dae and the order Nidovirales. All these sequences were obtained
from NCBI GenBank. The sequences retrieved were then aligned
with those generated here using MAFFT (v7.4) (Katoh et al.
2002) employing the E-INS-i algorithm. Ambiguously aligned
regions were removed using trimAl (v.1.2) (Capella-Gutiérrez,
Silla-Martinez, and Gabaldén 2009). To estimate phylogenetic
trees, we utilised the maximum likelihood approach available
in IQ-TREE (v 1.6.8) (Nguyen et al. 2015), selecting the best-
fit model of amino acid substitution, LG, with ModelFinder
(Kalyaanamoorthy et al. 2017), and using 1,000 bootstrap repli-
cates. Phylogenetic trees were annotated with FigTree (v.1.4.2).
To visualise the occurrence of cross-species transmission and
virus-host co-divergence in the Coronaviridae, we reconciled the
co-phylogenetic relationship between coronaviruses and their
hosts. A host phylogeny was manually constructed using topolo-
gies available in the appropriate literature, and a tanglegram
connecting the host and virus trees was inferred using TreeMap
v3.0 (Charleston 2011): lines between the trees connect the host
with its virus. We utilised the ‘untangle’ function, which rotates
the branches of one tree, to minimise the number of line crosses
(i.e. cross-species transmission events). To quantify the rela-
tive frequencies of cross-species transmission versus virus-host
co-divergence, we reconciled the co-phylogenetic relationship
between viruses and their hosts using eMPRess (Santichaivekin
et al. 2020). This approach employs a maximum parsimony
approach to determine the best ‘map’ of the virus phylogeny
onto the host phylogeny. We set the duplication, host-jump,
and extinction event types to have a cost of one, while that of
host-virus co-divergence was considered a ‘null event’ and there-
fore had a cost of zero. Following the parsimony principle, the
reconciliation proceeds by minimising the total event cost.

4.5 Estimation of virus abundance

Transcriptomes were quantified using RNA-Seq by Expectation-
Maximisation as implemented within Trinity (Li and Dewey 2011)
and standardised by the number of paired reads in a given library.
This enabled us to estimate the relative abundance of each virus
transcript in these data. For comparison, and to assess the
sequencing depth across libraries, we also estimated the relative
abundance of a stably expressed host reference gene, ribosomal
protein 513 (RSP13).
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4.6 PCR confirmation

To further confirm the presence of the novel coronavirus in the
pouched lamprey, total RNA was re-extracted from the 12 HiSeg-
sequenced samples using the methods described above. The total
RNA was then reverse transcribed (RT) using Maxima Reverse
Transcriptase kit (Thermo Scientific) and ReadyMade Random
Hexamers (Integrated DNA Technologies). The Maxima Reverse
Transcriptase (Thermo Scientific) protocol was followed and did
not include the GC-rich template options: 1ul template total
RNA, 1 ul ReadyMade Random Hexamers (10mM), 1 ul dANTP mix
(10mM), 11.5 pl nuclease-free water, 4 ul 5X RT Buffer, 0.5 ul
(20U) RiboLock RNase Inhibitor (Thermo Scientific), and 1 ul Max-
ima Reverse Transcriptase. The final volume (20 pl) was stored at
—20°C until used in PCRs. See Supplementary Table S1 for the
primer set used.

4.7 Etymology of virus names

New viruses discovered in this study were tentatively named by
drawing from their host species’ common names. The virus found
in pouched lamprey used the Maori name, kanakana, since they
were identified in the South Island of New Zealand and following
discussions with representatives for iwi (Maori tribes). We sug-
gest that all of these viruses be grouped within the subfamily
Letovirinae.

Data availability

Raw sequencing reads from pouched lamprey samples are avail-
able online by request via the Genomics Aotearoa database
to maintain Maori data sovereignty of native (taonga) species
(https://repo.data.nesi.org.nz/TAONGA-LAMPREY).  All  virus
sequences are available on NCBI (accession numbers: MZ203498-
MZ203506).

Supplementary data

Supplementary data is available at Virus Evolution online.
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Abstract

The Great Barrier Reef (GBR)—the largest coral reef ecosystem in the world—supports over 1,200 fish species with some of the highest
population densities and diversities observed in vertebrates, offering a high potential for virus transmission among species. As such,
the GBR represents an exceptional natural ecosystem to determine the impact of host community diversity on virus evolution and
emergence. In recent decades, the GBR has also experienced significant threats of extinction, making it one of the most vulnerable
ecosystems on the planet. Despite the global importance of the GBR, our understanding of virus diversity and connectivity in tropical
reef fishes remains poor. Here, we employed metatranscriptomic sequencing to reveal the viromes of sixty-one reef fish species. This
identified transcripts representing 132 putative viral sequences, 38 of which exhibited strong phylogenetic relationships with known
vertebrate-associated viral genera, including a novel Santee-Cooper ranavirus (Iridoviridae). We found little evidence for virus transmission
between fish species living within a very restricted geographical space—a 100-m? coral reef ecosystem—suggesting that there might
be important host barriers to successful cross-species transmission despite regular exposure. We also identified differences in virome
composition among reef fish families, such that cryptobenthic reef fishes—characterized by small body sizes and short life spans—
exhibited greater virome richness compared to large reef fishes. This study suggests that there are important barriers to cross-species
virus transmission and that successful emergence in a reef fish community likely requires active host adaptation, even among closely
related host species.

Key words: virome; Great Barrier Reef; virus; metatranscriptomics; fish; virus discovery.

Introduction (De’ath et al. 2012; Heron et al. 2016; Stuart-Smith et al. 2018).
While tropical coral reefs make up only a small fraction of
the marine environment, they support enormous biodiversity,
accounting for approximately one-third of all currently described

marine fish species (Spalding and Grenfell 1997). Many are

Despite their long evolutionary history, extensive diversity, and
complex ecological interactions, fish are greatly under-sampled
in studies of viral ecology and evolution. Economically, fish con-
tribute approximately 401 billion USD to the global economy and

supply a yearly average of 20.5 kg per capita for consumption
(FAO 2020). Yet fish face continual and potentially ruinous threats
from emerging viral infections (Kibenge 2019). Climate-associated
changes in species interactions are likely to have devastating eco-
logical and economic consequences, particularly in the context of
emerging infectious diseases (Burge et al. 2014). It was recently
estimated that climate change may be responsible for the extinc-
tion of almost half of the economically important fish species in
the tropical Pacific region by 2100 (Lam et al. 2020).

Tropical coral reefs are particularly vulnerable to biodi-
versity loss. In recent decades, global warming has caused
numerous coral bleaching events worldwide, with detrimental
cascading effects on reef ecosystem functioning and biodiversity

‘cryptobenthic reef fishes’, characterized by small body sizes
(i.e. adult sizes of approximately 5 cm), short lifespans, cryptic
behaviour, and benthic positioning on coral reefs (Depczynski and
Bellwood 2003; Brandl et al. 2018). These diverse reef fish assem-
blages are of significant economic and cultural value to humans
through aquaculture, fisheries, tourism, and the aquarium trade
(Moberg and Folke 1999; Brandl et al. 2018; Woodhead et al. 2019).

Despite the economic and socioecological importance of reef
fishes, little is known about the composition of their viromes
or how ecological and phylogenetic variability within a reef fish
community impacts cross-species virus transmission. Host com-
munity diversity likely plays a central role in virus emergence,
as contact between donor and recipient hosts is a prerequisite
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for virus transmission (Parrish et al. 2008). Yet, revealing the
exact nature of that role has proven challenging (Ostfeld and
Keesing 2012). A high diversity of hosts could provide more trans-
mission opportunities for viruses, elevating the risk of disease
emergence. Conversely, increased host community diversity may
reduce the probability of disease emergence through the ‘dilution
effect’, in which species richness provides more primary hosts
for pathogens, in turn reducing disease occurrence in some other
species (Schmidt and Ostfeld 2001; Ostfeld and Keesing 2012). As
tropical coral reefs are biodiversity hotspots, they serve as an ideal
natural ecosystem for exploring the impact of host diversity on
the extent, pattern, and evolution of virus diversity. Indeed, reef
fishes display some of the highest densities and highest diversities
of potential vertebrate hosts on the planet. In our study location,
a standard sampling area of 3.5 m? consistently supports between
50 and 150 fishes belonging to 15-25 species (Bellwood et al. 2006).
These values equate to a mean density of approximately twenty-
eight fishes per m?. In terrestrial systems, vertebrates are typically
at densities in the order of 0.001 per m?, rarely, if ever, exceeding 1
per m? (Santini et al. 2018). Furthermore, these fish densities and
richness are sustained year-round (Lefevre et al. 2016), offering
a continual potential for cross-species transmission in a readily
transmitting aquatic medium.

Much of our knowledge on the tropical reef virosphere is
skewed towards those viruses associated with coral species and
their symbionts (Thurber et al. 2017). While epizootic infections
have previously been reported in tropical reef fishes across the
Western Atlantic and the Gulf of Mexico (Panek 2005), there are
minimal data on viral diversity in fish from the Great Barrier
Reef (GBR), Australia, although this is the largest and among the
most threatened reef ecosystems in the world (Bellwood et al.
2004; De'ath et al. 2012; Stuart-Smith et al. 2018). A recent
metatranscriptomic analysis of the pygmy goby (Eviota zebrina)
identified three novel viruses (families Arenaviridae, Hantaviridae,
and Paramyxoviridae) despite Eviota exhibiting maximum lifespans
of between 60 and 100days (including a 24-26-day pelagic larval
phase) (Depczynski and Bellwood 2006; Geoghegan et al. 2021).

The rate of infectious disease emergence is expected to
increase in marine environments, particularly in the context of
climate change (Burge et al. 2014). As ocean temperatures con-
tinue to rise, many eastern Australian tropical fishes have begun
to shift their distribution poleward to temperate reefs situated at
higher latitudes through tropicalization (Vergés et al. 2014; Booth
et al. 2018). While the broad-scale ecological impacts of tropical-
ization are becoming increasingly apparent in native temperate
fishes (Vergés et al. 2014), it is unclear how this will impact virus
ecology and infectious disease emergence.

Tropical ornamental fishes may also act as viral vectors of
disease in economically important farmed species. For exam-
ple, in Australia, dwarf gourami (Trichopodus lalius) can trans-
mit infectious kidney and spleen necrosis virus (genus Megalocy-
tivirus and Iridoviridae) to domestic fishes, often with detrimental
impacts including disease outbreaks iniconic species such as Mur-
ray cod (Maccullochella peelii) (Lancaster, Williamson, and Schroen
2003; Go et al. 2006). Moreover, tropical wrasses (Labridae) have
been considered effective biological control agents in aquaculture
for their natural ability to consume pests (Barton et al. 2020).
However, temperate cleaner wrasses have been reported to be
important drivers of outbreaks of viral haemorrhagic septicaemia
virus (Rhabdoviridae) in farmed salmonids (Murray 2016). As such,
revealing viral diversity in ornamental tropical reef fishes is imper-
ative to understanding the risk of disease emergence in both wild
and domestic fish populations.

Revealing the nature of viral transmission within and among
species in natural environments is central to understanding dis-
ease emergence. With exceptionally high species diversity and
highly variable individual abundances and ecologies, coral reefs
offer an opportunity to explore cross-species virus transmission in
a complex natural high-diversity ecosystem. Our goal, therefore,
was to employ total RNA sequencing (i.e. metatranscriptomics)
to reveal the diversity, abundance, and composition of viruses
infecting reef fishes from the GBR, utilizing a fish community
from a 100-m? coral reef ecosystem. In particular, we aimed to
(1) reveal viral diversity in tropical reef fishes, (2) determine the
frequency of virus transmission within a spatially restricted reef
fish community, (3) determine whether there are differences in
virome composition between reef fish families, as well as between
cryptobenthic reef fishes and large reef fishes, that differ in size,
metabolic rate, lifespan, and fecundity (Brandl et al. 2018), and
(4) identify novel viruses that may pose an emerging threat to
Australian fisheries, aquaculture, and the aquarium trade.

Materials and methods
Animal ethics

Fish were collected under a Great Barrier Reef Marine Park Author-
ity permit (G16/37684.1) and James Cook University Animal Ethics
permit A2752.

Tropical reef fish sample collection

Fishes (n=192) were collected in early April 2021 at Orpheus
Island, GBR (18°36'44.3"S 146°28’59.4E). All were “healthy” in that
they were intact with good colour and no visible signs of dis-
ease, stress, or wasting. The vast majority were adult individ-
uals. These included sixty-one species across sixteen reef fish
families: Gobiidae (gobies) (n=30 species), Labridae (wrasses)
(n=6), Pomacentridae (damselfishes) (n=5), Blenniidae (blennies)
(n=5), Acanthuridae (surgeonfishes) (n=3), Apogonidae (cardi-
nalfishes) (n=2), Monacanthidae (filefishes) (n=2), Tetraodonti-
dae (pufferfishes) (n=1), Pseudochromidae (dottybacks) (n=1),
Chaetodontidae (butterflyfishes) (n=1), Atherinidae (silversides,
hardyheads) (n=1), Serranidae (groupers) (n=1), Tripterygiidae
(triplefin blennies) (n=1), Muraenidae (moray eels) (n=1), Bythi-
tidae (brotulas) (n=1), and Ophichthidae (snake eels) (n=1)
(Supplementary Table S1). We sampled one to twelve individuals
per species (+2.7 SD) (Supplementary Table S1). Of these species,
forty-three (thirty-two cryptobenthic reef fishes and eleven large
reef fishes) (n=148 individuals) were collected from a reef fish
community within a 100-m? sampling area (along the northern
margin of Pioneer Bay). The other eighteen (seven cryptobenthic
reef fishes and eleven large reef fishes) (n=44 individuals) were
collected from similar habitats (i.e. shallow fringing reefs) around
Orpheus Island (Supplementary Table S1). Fishes within the focal
sampling area were collected using an enclosed clove oil method,
in which a small portion of the reef is enclosed within a fine
net, and all fishes within the net were anaesthetized using clove
oil (Ackerman and Bellwood 2002). Additional fish were collected
using nets and/or dilute clove oil. All ish caught were placed either
dissected (liver and gills) or whole in RNAlater and then trans-
ported to the lab on ice (Supplementary Table S1). Specimens were
then stored at —80°C until RNA extraction.

RNA extraction, library preparation, and
metagenomic next-generation sequencing

Tissue specimens (e.g. liver and gills or whole fish) were processed
together as a single extraction for each individual fish sample.
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The combined tissues were placed in 600pl of lysis buffer con-
taining 0.5 per cent foaming reagent (Reagent DX, Qiagen) and
1 per cent of B-mercaptoethanol (Sigma-Aldrich). Tissue sam-
ples were homogenized with a TissueRuptor (Qiagen) for up to 1
minute at 5,000 rpm. To remove tissue residues, the homogenate
was centrifuged at full speed for 3 minutes. RNA from the clear
supernatant was extracted using the RNeasy Plus Mini Kit (Qiagen,
Hilden, Germany) following the manufacturer’s protocol.

RNA was quantified using a UV-Vis cuvette spectrophotome-
ter (DeNovix, Delaware, USA) and a parallel capillary elec-
trophoresis instrument (Fragment Analyzer; Agilent, CA, USA).
RNA from each individual fish was then pooled within each
species (Supplementary Table S1), resulting in a total of sixty-
one RNA sequencing libraries. These libraries were constructed
using the Truseq Total RNA Library Preparation Protocol (Illu-
mina). Host ribosomal RNA was depleted with the Ribo-Zero Plus
Kit ([llumina), and paired-end sequencing (150 bp) was carried out
on the NovaSeq 6000 platform (Illumina). To reduce the impact
of index hopping and false virus-host assignments, each library
was sequenced on two different lanes. Library construction and
metatranscriptomic sequencing were performed by the Australian
Genome Research Facility.

Virome assembly

Sequencing reads were first quality trimmed using Trimmomatic
v.0.38 (Bolger, Lohse, and Usadel 2014) and then de novo assem-
bled into contigs using MEGAHIT v.1.2.9, with default parame-
ter settings (Li et al. 2015b). Assembled contigs for each library
were used as queries against the NCBI nucleotide (nt) and non-
redundant protein (nr) databases using BLASTn and Diamond
(BLASTx) (Buchfink, Xie, and Huson 2015). To enable the identi-
fication of divergent viral sequences, we used an e-value search
threshold of 1 x 10~ (Shi et al. 2016, 2018; Geoghegan et al.
2021). All contigs with matches to viral sequences (NCBI/GenBank
taxid: 10239) were predicted as open reading frames (ORFs) using
Geneious Prime (v.2022.0) (Kearse et al. 2012) (www.geneious.com).
To remove any false positives, each putative viral ORF was trans-
lated into amino acid sequences and used as a query to perform a
second BLAST search against the NCBI nt and nr databases. From
this second search, ORFs with matches to host genes (e.g. from
fish or bacteria) were deemed as false positives and removed.
ORFs with top hits to viruses from the initial search were selected
and utilized for further analysis. Viral contig completion and con-
tamination were determined using CheckV (Nayfach et al. 2021).
The coverage was assessed by mapping using BOWTIE2 v 2.3.3.1
(Langmead and Salzberg 2012).

Virus taxonomic assignment and phylogenetic
analysis

We used a phylogenetic approach to taxonomically assign our
putative viral sequences and infer their evolutionary histories.
First, we aligned our putative viral sequences with complete
sequences of related viruses available on NCBI/GenBank (August
2021) using MAFFT v.7.450, with the E-INS-i algorithm (Katoh and
Standley 2013). While some of these sequences were partial, they
are adequate for phylogenetic analysis (Geoghegan et al. 2021).
We used background sequences from the similarity search as
well as additional sequences listed by the International Commit-
tee of Viral Taxonomy (ICTV) (https://talk.ictvonline.org) for each
viral family. These included the conserved RNA-dependent RNA
polymerase (RARp) for RNA viruses and the DNA polymerase and
major capsid protein for DNA viruses. The amino acid sequence
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alignment was trimmed using TrimAl v.1.2 to remove ambiguously
aligned regions with a gap threshold of 0.9 and a variable conserve
value (Capella-Gutierrez, Silla-Martinez, and Gabaldon 2009). The
best-fit model of amino acid substitution was estimated with the
‘ModelFinder Plus’ (-m MFP) flag in IQ-TREE (Nguyen et al. 2015;
Kalyaanamoorthy et al. 2017). Using these data, we estimated phy-
logenetic trees using a maximum likelihood approach with 1,000
bootstrap replicates using IQ-TREE. Trees were annotated using
FigTree v1.4.4 (http://tree bio.ed.ac.uk/software%20/figtree/).

Phylogenetic position and level of sequence similarity were
used to determine whether a viral sequence was likely infecting
fish (i.e. ‘vertebrate-associated’) or derived from diet or environ-
ment (i.e. non-vertebrate’): the latter often exhibits considerable
genetic divergence and hence are phylogenetically distinct (Shi
et al. 2018; Zhang et al. 2018; Costa et al. 2021; Geoghegan
et al. 2021). Vertebrate-associated viral sequences were classified
as novel species according to similarity thresholds for each viral
family as specified by the ICTV.

Viral genome annotation

Viral genomes were annotated using the NCBI conserved domain
(CDD) search tool and InterProScan with the TIGRFAMs (v15.0),
SFLD (v4.0), PANTHER (v15.0), SuperFamily (v1.75), PROSITE
(v2022_01), CDD (v3.18), Pfam (v34.0), SMART (v7.1), PRINTS
(v42.0), and CATH-Gene3D databases (v4.3.0) (Jones et al. 2014).

Removal of endogenous viral elements

To identify whether our putative viral contigs were expressed
endogenous viral elements, we initially searched for disrupted
ORFs using Geneious Prime (v.2022.0). Next, we screened for flank-
ing host regions using CheckV and BLASTn. We also searched for
flanking long terminal repeats as these are associated with inte-
grated proviruses (Johnson 2019). Contigs with intact ORFs that
were not flanked by host genes or repeats were subsequently used
as a query against all vertebrate genomes available on NCBI using
tblastn, with an e-value threshold of 1x1072° (Shi et al. 2018).
We used all published vertebrate genomes as no genomes are
currently available for the reef fish studied here. Viral sequences
identified as endogenous were removed from subsequent
analyses.

RT-PCR validation of vertebrate-associated
viruses

We used RT-PCR to validate the presence of the putative exoge-
nous vertebrate-associated viruses detected here. Primers for
each virus were designed using Primer3 v.0.4.0 (Untergasser et al.
2012). SuperScript IV One-Step RT-PCR (Invitrogen) was used to
amplify viral genes from the total RNA of all sequencing library
pools, with annealing temperatures ranging from 50°C to 55°C
(Supplementary Table S2).

Abundance estimation and virome statistical
analysis

We employed RNA-seq by Expectation-Maximization (v1.2.28) to
quantify the relative abundance of transcripts within each fish
species transcriptome (Haas et al. 2013). These included both
viral genes and the stably expressed host reference gene, ribo-
somal protein S13 (RPS13), which was used to assess sequencing
depth across libraries (Geoghegan et al. 2018, 2021). Abundance
measures were standardized by dividing values against the total
reads for each library. We calculated both alpha and beta diver-
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sity to compare virome composition between reef fish families,
as well as between cryptobenthic reef fishes (n=39 species) and
large reef fishes (n=22 species). We also analysed the composi-
tion of the non-vertebrate virome as a form of internal control,
as these viruses are not impacted by aspects of fish biology.
Accordingly, we used Rhea scripts to calculate alpha diversity,
including viral abundance, observed virome richness, and Shan-
non diversity (Lagkouvardos et al. 2017). Statistical comparisons
of alpha diversity were modelled using generalized linear models
and tested using a likelihood-ratio test (x?) and Tukey’s post hoc
analysis with the multcomp package (Hothorn, Bretz, and Westfall
2008). To compare viral communities between reef fish assem-
blages, we calculated beta diversity using a Bray-Curtis distance
matrix with the phyloseq package (McMurdie and Holmes 2013).
These data were then tested using permutational multivariate
analysis of variance (permanova) with the vegan package (adonis)
(Dixon 2003). All plots were constructed using ggplot2 (Valero-Mora
2010).

Results

Total diversity and abundance of viruses
discovered in tropical reef fish

We sequenced sixty-one metatranscriptomes of tropical reef
fish species for virus discovery, resulting in a median of
99,658,615 (range 45,583,181-121,905,422) reads and 371,944
(range 161,447-626,467) contigs with an average NS0 of 1,049

bp per library (Supplementary Table S1). From these data, we
identified transcripts representing thirty-eight putative exogenous
viral sequences that exhibited strong phylogenetic relationships
with viral families and genera known to infect vertebrate species,
comprising eleven negative-sense single-stranded RNA viruses
(-ssRNA) (Hantaviridae, Chuviridae, Orthomyxoviridae, Rhabdoviridae,
and Paramyxoviridae), eighteen positive-sense single-stranded RNA
viruses (+ssRNA) (Astroviridae, Hepeviridae, Picornaviridae, Flaviviri-
dae, and Coronaviridae), one double-stranded RNA virus (dsRNA)
(Reoviridae), six single-stranded DNA viruses (ssDNA) (Parvoviridae
and Circoviridae), and two double-stranded DNA viruses (dsDNA)
(Iridoviridae) (Table 1; Fig. 1). Using PCR, we confirmed the pres-
ence of thirty-six of the thirty-eight vertebrate-associated viruses
from our reef fish RNA libraries (Table 1). Two libraries con-
tained an insufficient volume of RNA for virus detection. In total,
thirty-two libraries (seventeen cryptobenthic reef fishes and fif-
teen large reef fishes) contained no vertebrate-associated viral
sequences.

Our metatranscriptomic analysis also identified ninety-four
viral sequences that shared sequence similarity and phyloge-
netically clustered with viruses associated with invertebrates
(arthropods, crustaceans, molluscs, platyhelminthes, myriapods,
and nematodes) and fungal hosts (i.e. the ‘non-vertebrate’ group;
Supplementary Figs S1-S4). These viruses were classified within
the Flaviviridae (27 per cent of total non-vertebrate virome abun-
dance), Narnaviridae (24per cent), Picornaviridae (20per cent),
Nodaviridae (10per cent), Hepeviridae (7 per cent), Solemoviridae

Table 1. Description of vertebrate-associated viruses identified in this study.

ORFs/ Complete

Virus name Reads Virus family Host segments Length (nt) genome Novel PCR

Goby astrovirus 2 24,100 Astroviridae Cabillus tongarevae 3 7,226 Y Y +

Goby astrovirus 2 2,767 Astroviridae Istigobius decoratus 3 7,085 Y Y +

Goby astrovirus 2 9,023 Astroviridae Istigobius 3 7,155 Y Y +

nigroocellatus
Goby astrovirus 2 1,184 Astroviridae Asterropteryx 3 7,045 Y Y +
semipunctatus

Goby astrovirus 1 2,863 Astroviridae Istigobius goldmanni 3 7,087 Y Y +

Goby astrovirus 3 6,709 Astroviridae Luposicya lupus 2 7,355 Y Y +

Blenniella astrovirus 59 Astroviridae Blenniella sp. 1 744 N Y +

Salarias guttatus 40,334 Chuviridae S. guttatus 3 10,801 Y Y +
piscichuvirus

Abudefduf bengalensis 54 Circoviridae A. bengalensis 1 873 N Y +
circovirus

Enneapterygius 26 Coronaviridae E. tutuilae 1 856 N Y +
tutuilae letovirus

Chaetodon aureofacia- 1,029 Flaviviridae C. aureofaciatus 1 8,826 Y Y +
tus hepacivirus

Luposicya lupus 6,144 Hantaviridae L. lupus 3 11,533 Y Y +
actinovirus

Pygmy goby 972 Hantaviridae Eviota zebrina 3 5,894 N N +
hantavirus

Trimma fangi 106 Hantaviridae T. fangi 2 1,319 N Y +
actinovirus

Pleurosicya acti- 123 Hantaviridae Pleurosicya sp. 2 2,103 N Y +
novirus

Cephalopholis boenak 9 Hantaviridae C. boenak 1 1,029 N Y +
actinovirus

Istigobius decoratus 16 Hepeviridae 1. decoratus 1 393 N Y +
hepevirus

Halichoeres melanurus 9,835 Iridoviridae H. melanurus 9 10,821 N N +
ranavirus

Enneapterygius 35,545 Iridoviridae E. tutuilae 9 20,970 N Y +
tutuilae iridovirus

(continued)
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ORFs/ Complete

Virus name Reads Virus family Host segments Length (nt) genome Novel PCR

Cheilodipterus 979 Orthomyxoviridae C. quinquelineatus 5 9,090 N Y +
quinquelineatus
orthomyxovirus

Pygmy goby 238 Paramyxoviridae E. zebrina 1 1,314 N N +
paramyxovirus

Enneapterygius tutu- 322 Paramyxoviridae E. tutuilae 1 618 N Y +
ilae paramyxovirus

Istigobius ornatus 1,746 Parvoviridae 1. ornatus 3 4,284 Y Y +
parvovirus

Istigobius rigillus 266 Parvoviridae L rigillus 1 1,656 N Y +
parvovirus

Ecsenius stictus 2,707 Parvoviridae E. stictus 2 4,286 Y Y +
parvovirus

Dinematichthys 122 Parvoviridae Dinematichthys sp. 1 1,236 N Y +
parvovirus

Luposicya lupus 12,328 Parvoviridae L. lupus 1 1,299 N Y +
ichthama-
parvovirus

Blenniella picor- 2 Picornaviridae Blenniella sp. 1 347 N Y +
navirus

Enneapterygius tutu- 225 Picornaviridae E. tutuilae 1 3,840 N Y +
ilae picornavirus

Exyrias picornavirus 44 Picornaviridae Exyrias sp. 1 1,373 N Y +

Halichoeres margina- 27,506 Picornaviridae H. marginatus 1 8,344 Y Y +
tus picornavirus

Neopomacen- 2,955 Picornaviridae N. bankieri 1 8,408 Y Y +
trus bankieri
picornavirus

Asterropteryx spinosa 8,307 Picornaviridae A. spinosa 1 8,405 Y Y +
picornavirus

Asterropteryx 210 Picornaviridae A. semipunctatus 1 992 N Y +
semipunctatus
picornavirus

Pomacentrus moluc- 12 Picornaviridae P. moluccensis 1 321 N Y +
censis picornavirus

Trimma okinawae 13 Rhabdoviridae T. okinawae 2 945 N Y —+
rhabdovirus

Trimma striatum 2 Rhabdoviridae T. striatum 1 488 N Y -
rhabdovirus

Istigobius nigroocella- 282 Reoviridae 1. nigroocellatus 6 6,966 N Y -

tus reovirus

(4 per cent), Totiviridae (1per cent), Partitiviridae, Iflaviridae, Pico-
birnaviridae, Phenuiviridae, Qinviridae, Rhabdoviridae, Tombusviridae,
Mimiviridae, Natareviridae, and Jingchuvirales (all less than 1per
cent) (Li et al. 2015a; Shi et al. 2016). We also identified viruses
related to negeviruses (2 per cent of non-vertebrate virus abun-
dance) (Nunes et al. 2017) and quenyaviruses (<1 per cent) (Obbard
et al. 2020) (Supplementary Fig. S1). While many of these families
include viruses that are known to infect fishes (e.g. Flaviviridae,
Picornaviridae, Nodaviridae, Hepeviridae, Totiviridae, and Rhabdoviri-
dae), the viruses identified here were highly divergent and clus-
tered with those that infect a broad range of invertebrate and
fungal species (Supplementary Figs S1-S4). We therefore focused
our analysis on vertebrate-associated viruses.

Genome organization and phylogenetic
relationships of vertebrate-associated viruses
-ssRNA viruses

Five actinoviruses were identified (subfamily Actantavirinae and
Hantaviridae) (Fig. 2E). All were novel, with the exception of pygmy
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goby hantavirus previously identified in E. zebrina (Geoghegan et al.
2021). We identified complete and partial actinovirus genomes
in Trimma fangi, Luposicya lupus, Cephalopholis boenak, and Pleu-
rosicya sp. (Fig. 2E; Supplementary Table S3). The genome of L.
lupusactinovirus contained all three expected actinovirus genomic
regions (Fig. 2E). The S segment possessed an additional ORF
upstream of the nucleoprotein in antisense orientation, also seen
in the genome of perch actinovirus, but not in other actinoviruses
(Hierweger et al. 2021).

Two partial genomes of paramyxoviruses were identified, one
in E. zebrina (i.e. pygmy goby paramyxovirus) (Geoghegan et al.
2021) and the other in Enneapterygius tutuilae. This virus was highly
divergent from other classified ray-finned fish paramyxoviruses,
including the genus Aquaparamyxovirus (Fig. 2A). We also identi-
fied partial genomes (L protein and nucleocapsid sequences) of
two novel rhabdoviruses in Trimma okinawae and Trimma striatum.
The T. okinawae rhabdovirus fell within the monophyletic Tupavirus
group that infects birds and mammals (Kurz et al. 1986; Allison
et al. 2011), whereas T. striatum rhabdovirus clustered with the
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Figure 1. The standardized abundance of viral and host reads across reef fish libraries. The abundance (i.e. percentage of reads) of (A) likely
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viral families.

dimarhabdoviruses (Shi et al. 2018) (Fig. 2B). Among other -ssRNA
viruses, we identified a novel pischichuvirus in Salarias guttatus
and orthomyxovirus in Cheilodipterus quinquelineatus that showed
sequence similarity to quaranjaviruses (Fig. 2D-E; Supplementary
Table S3).

+ssRNA viruses

Astroviruses were detected in seven fish species. All were mem-
bers of the Gobiidae, except for Blenniella sp. (Blenniidae). The
astroviruses identified here clustered with those that infect a
broad range of ray-finned and jawless fish species (Fig. 3D). Sim-
ilarly, we identified a divergent virus from this group in L. lupus,
tentatively named goby astrovirus 3. This virus had a genome of
7,355 nt with a predicted 5" untranslated region (UTR) of 347 nt,
two main ORFs, and a 3’ UTR of 347 nt. One ORF encoded the
astrovirus ORFla protein (protease), while the other encoded a
polyprotein containing the RdRp and capsid protein. This arrange-
ment is also seen in the genome of Wenling rattails astrovirus 5
but not in other currently described fish astroviruses that exhibit
three main ORFs (Shi et al. 2018).

The complete genomes of three novel picornaviruses were
identified in Halichoeres marginatus, Neopomacentrus bankieri, and
Asterropteryx spinosa, and partial sequences of five novel picor-
naviruses were identified in Asterropteryx semipunctatus, Pomacen-
trus moluccensis, E. tutuilae, Exyrias, and Blenniella sp. (Fig. 3A).
Although these fish species were members of the same commu-
nity, all eight viruses were highly divergent. Phylogenetic anal-
ysis of RARp revealed clustering with other fish picornaviruses,
with the exception of E. tutuilae picornavirus and Exyrias picor-
navirus that clustered with Ampivirus identified in the common
newt (Lissotriton vulgaris) (Reuter et al. 2015) (Fig. 3A). We also
identified the full genome of a novel hepacivirus (Flaviviridae) in
Chaetodon aureofaciatus with conserved genomic regions—Core C,

Envelope E1, NS2, NS3, NS4, and NS5B—that fell within a distinct
group of aquatic hepaciviruses (Shi et al. 2018) (Fig. 3B).

dsRNA viruses

The near-complete genome of a novel reovirus was identified in
Istigobius nigroocellatus. This included six segments encoding the
VP1 (guanyl transferase), VP2 (RdRp), VP3 (helicase), VP4 (NTPase),
VPS5 (outer capsid protein), and VP6 (core protein) proteins. Phy-
logenetic analysis of the VP2 gene revealed clustering within the
genus Aquareovirus, sharing 48-60 per cent amino acid similarity
with its closest relatives (Supplementary Table S3; Supplementary
Fig. S5).

ssDNA viruses

We discovered a basal group of four parvoviruses that fell within
the subfamily Parvovirinae (Parvoviridae) (Fig. 4A). The genome of
Ecsenius stictus parvovirus was a single contig of 4,286 nt, con-
taining two main ORFs. The left ORF was 1,374 nt and encoded
the conserved non-structural protein NS1 that has DNA helicase
and ATPase function (Pénzes et al. 2020). The right ORF encoded
the structural VP1 protein (2,571 bp). Istigobius ornatus parvovirus
had a genome of 4,284 nt and contained three main ORFs, one
encoding NS1 (1,878 nt) and the other two encoding putative struc-
tural proteins (Fig. 4B). We also identified the partial genome of
a novel ichthamaparvovirus in L. lupus and a novel circovirus in
Abudefduf bengalensis that clustered within a distinct clade of fish
circoviruses (Fig. 4C).

dsDNA viruses

The analysis of the Halichoeres melanurus meta-transcriptome
identified nine conserved proteins sharing 99-100 per cent simi-
larity with all currently described Santee-Cooper ranavirus isolates,
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Figure 2. The genome structure and maximum likelihood phylogenies of the RARp gene of -ssRNA viruses identified in this study. (A) The phylogeny of
novel and related virus species of the Paramyxoviridae. (B) The phylogeny of the Rhabdoviridae. (C) The phylogeny of the Chuviridae. The genus
Piscichuvirus is labelled to illustrate vertebrate-associated viruses. (D) The phylogeny of the Orthomyxoviridae. (E) The phylogeny of the Hantaviridae. The
subfamilies Mammantavirinae, Reptantavirinae, Actantavirinae, and Agantavirinae are labelled to illustrate virus-host co-divergence. (F) The schematic
genome of Salarias guttatus piscichuvirus. (G). The schematic genome of Luposicya lupus actinovirus. Trees were midpoint rooted for clarity. The scale
bar represents the number of amino acid substitutions per site. Tip labels represent virus name with NCBI/GenBank accession. Viruses in the bold text
represent sequences identified through metagenomics. Tree branches are highlighted to broadly represent host taxonomy. Schematic genome
diagrams illustrate genome orientation, length, predicted ORFs, and gene products.

such as largemouth bass virus, mandarin fish ranavirus, koi

ranavirus, doctor fish virus,

and guppy virus 6 (Iridoviridae;

Supplementary Table S3). We used the highly conserved major
capsid protein and DNA polymerase for phylogenetic analysis
(Whittington, Becker, and Dennis 2010), which further confirmed
a novel Santee-Cooper ranavirus isolate, tentatively named H. mela-
nurus ranavirus (Fig. 5). Largemouth bass virus and mandarin
fish ranavirus are highly lethal in farmed populations, causing
95-100 per cent mortality (Zhang et al. 2017; Zhao et al. 2020).
Our metatranscriptomic analysis also identified a novel iridovirus
in E. tutuilae that fell sister to erythrocytic necrosis virus (ENV)
(Pagowski et al. 2019) and clustered with other erythrocytic-like
viruses identified in amphibians and reptiles (Wellehan et al. 2008;
Alves de Matos et al. 2010; Grosset et al. 2014; Russo et al.
2021). ENV was the closest relative across all proteins identified

(Supplementary Table S3).
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Cross-species virus transmission in a reef fish
community
Despite the large number of viruses identified, we only found evi-
dence for one cross-species transmission within our GBR ecosys-
tem. This involved astroviruses found in five different fish species
that clustered together and exhibited high levels of amino acid
sequence similarity (Fig. 3D). Specifically, phylogenetic compar-
isons of ORF1b (RdRp) revealed two viral species: goby astrovirus
1, identified in Istigobius goldmanni, and goby astrovirus 2, iden-
tified in I. nigroocellatus, Istigobius decoratus, A. semipunctatus, and
Cabillus tongarevae (Fig. 3D). These two viruses exhibit 82.5 per cent
amino acid sequence similarity across the virus genome, while the
four sequences of goby astrovirus 2 had 96.8 per cent amino acid
similarity (Fig. 3D).

We also detected related viruses (i.e. those from the same virus
family) in several different fish species, including the Hantaviridae,
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Figure 3. The genome organization and phylogenies of the RdRp gene of +ssRNA viruses identified in this study. (A) The maximum likelihood
phylogeny of the Picornaviridae. (B) The phylogeny of the genus Hepacivirus (Flaviviridae). (C) Schematic genomes illustrate genome orientation, length,
and gene products. (D) The phylogeny of the Astroviridae and amino acid alignment of goby astrovirus 2 (GAst2) isolates against goby astrovirus 1
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midpoint rooted for clarity. The scale bar represents the number of amino acid substitutions per site. Tip labels represent virus name with
NCBI/GenBank accession. Viruses in the bold text represent sequences identified through metagenomics. Trees are highlighted to broadly illustrate

host taxonomy.

Rhabdoviridae, Paramyxoviridae, and Picornaviridae (Fig. 6A). How-
ever, most of these were sufficiently divergent in sequence that
they likely reflect common ancestry rather than direct host jump-
ingin the reef ecosystem. For example, of the eight picornaviruses
identified in this study, the closest relatives were A. spinosa picor-
navirus and A. semipunctatus picornavirus that shared only 44 per
cent amino acid similarity.

In addition, we identified viral species not directly infecting the
fish themselves but rather associated with the local environment,
diet, or microbiome (i.e. non-vertebrate viruses) that were also
transmitted among reef fish assemblages. These were as follows:
quenyaviruses (95 per cent amino acid similarity between P. moluc-
censis and A. bengalensis), flavi-like viruses (91.2 per cent between
L. goldmanni and I. ornatus), narnaviruses (97.7 per cent between
1. goldmanni, 1. nigroocellatus, and Istigobius rigillus) and totiviruses
(93.5 per cent between Amblygobius buanesis and Amblygobius rain-
fordi) (Supplementary Figs S1, S2, and S4; Fig. 6C). That there were
more instances of cross-species transmission of non-vertebrate
viruses compared to those viruses that actively replicate in fish
suggests that the latter group are subject to strong host barriers,
even among closely related species.

Comparisons of viral alpha and beta diversity
between reef fish families

We compared vertebrate virome composition between reef fish
families, as well as between cryptobenthic reef fishes and large
reef fishes (i.e. that differ in size). In our data set, cryptoben-
thic reef fish families included the Gobiidae, Apogonidae, Blenni-
idae, Tripterygiidae, Bythitidae, and Pseudochromidae, while the
large reef fish families included the Pomacentridae, Acanthuri-
dae, Tetraodontidae, Atherinidae, Serranidae, Monacanthidae,
Chaetodontidae, Labridae, Muraenidae, and Ophichthidae (Brandl
et al. 2018).

Three statistical measures were used to assess alpha diver-
sity: viral abundance (i.e. the standardized number of viral reads),
observed viral richness (i.e. the number of viruses), and the
Shannon index. We found an association between fish size and
observed viral richness, with cryptobenthic reef fishes harbouring
more viruses than large reef fishes (x?=2.795, df=1, P=0.028)
(Fig. 7). Among cryptobenthic reef fishes, E. tutuilae contained
the most vertebrate-associated viruses with four viral species,
followed by L. lupus with three viral species (Fig. 6A). To assess
whether this difference might be driven by these two outliers, we
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broadly represent host species at the family level.

omitted these libraries and repeated the analysis. This likewise
revealed a significant difference with cryptobenthics exhibiting
greater observed viral richness than large reef fish (x?=1.507,
df =1, P=0.044).

We identified an association between reef fish family and
observed viral richness, with the Tripterygiidae exhibiting greater
viral diversity than all other reef fish families (x*>=16.678,
df=15, P=0.007). However, we found no association between
reef fish family and viral abundance (P=0.153), Shannon diver-
sity (P=0.901), or beta diversity (R?=0.334, P=0.064). Like-
wise, we identified no significant differences in viral abun-
dance (P=0.271), Shannon diversity (P=0.142), nor beta diversity
(R?=0.048, P=0.121) between cryptobenthic reef fishes and large
reef fishes.

As a form of internal control, we repeated our analyses of
viral abundance and diversity on the non-vertebrate viruses iden-
tified here. This analysis revealed no significant differences in
viral abundance between reef fish families (P =0.994) nor between
cryptobenthic reef fishes and larger reef fishes (P=0.355). Sim-
ilarly, we found no significant difference in observed viral rich-
ness between fish families (P =0.733) although cryptobenthic reef
fishes exhibited higher observed non-vertebrate viral richness
than large reef fish families (x?=10.805, df=1, P=0.016). We
observed no difference in Shannon diversity among fish families
(P=0.453), as well as between cryptobenthic reef fishes and larger
reef fishes (P=0.070). Similarly, there was no association between
beta diversity and reef fish families (R?=0.279, P=0.126) nor
between cryptobenthic reef fishes and large reef fishes (R? =0.335,
P=0.058).

We tested for any differences in alpha diversity between dis-
sected and whole fish libraries. This identified no significant
differences in vertebrate-associated viral abundance (P=0.903),

observed viral richness (P =0.058), or Shannon diversity (P = 0.156).
Similarly, we detected no significant differences in non-vertebrate
viral abundance (P =0.055), observed viral richness (P =0.063), and
Shannon diversity (P =0.364). Finally, we tested whether the num-
ber of fish per library impacted viral alpha diversity. As expected,
this revealed a positive relationship between the number of repli-
cates per fish library and vertebrate viral richness (R?=0.115,
P=0.001).

Discussion

The GBR supports over 1,200 species of fish and is the largest
coral reef ecosystem in the world, comprising 2,500 reefs across
approximately 344,400 km? (De’ath et al. 2012). Despite the global
importance of the GBR, little is known about the natural diversity
of viruses that infect tropical reef fishes, as well as the ecologi-
cal and evolutionary processes that allow such viruses to spread
within a reef fish community. To this end, we employed metatran-
scriptomic sequencing to characterize the viromes of sixty-one
tropical reef fish species, including those occupying a 100-m? reef
fish community and several from the broader surrounding ecosys-
tem. This identified transcripts representing 132 viral sequences,
including 38 that exhibited strong phylogenetic relationships with
viral genera known to infect vertebrates.

While we sampled coral reef fishes from a small spatial area,
we identified a marked absence of cross-species virus transmis-
sion, with the only instance of host jumping being the presence
of a single viral species (Astroviridae) in four goby species (Figs 3C
and 6B). However, the observed level of genetic variation (96.8 per
cent amino acid similarity) is indicative of past host switching
during fish evolution, which may span millions of years, rather
than direct host jumping within the ecosystem sampled here.
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Given the restricted spatial area considered, and the density of
potential hosts, such a lack of cross-species transmission suggests
that there may be important host barriers (genetic, immune, and
physiological) to virus switching among the reef fishes sampled
herein. This is supported by the observation that non-vertebrate
viruses—that we assume are not impacted by aspects of fish
genetics—were characterized by higher levels of cross-species
virus transmission. Although more research is needed to under-
stand the nature of these barriers in fish, they may in part reflect
differences in host cell receptor binding (Longdon et al. 2014).
For instance, although the betacoronavirus RaTG13 sampled from
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Rhinolophus affinis bats is closely related (~96 per cent sequence
similarity) to SARS-CoV-2, it is unable to bind to the human ACE2
receptor (Wrobel et al. 2020).

These results also suggest that the reef ecosystem might select
for specialist viruses, such that there is no fitness advantage in
infecting multiple fish species despite ample exposure. Most fishes
within this reef fish community are typically found in high abun-
dances that are sustained year-round (Bellwood et al. 2006; Lefevre
et al. 2016; Brandl et al. 2018). The apparent lack of seasonal vari-
ation in fish densities as well as continuously high contact rates
and rapid life cycles implies that most of the viruses detected here
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have evolved to specialize within a reef fish community and max-
imize fitness in a single host type. Indeed, specialist-generalist
theory suggests that in most host-parasite systems, evolution
should select for specialist viruses, particularly when host popula-
tions remain stable over space and time (Elena, Agudelo-Romero,
and Lalic 2009). Moreover, the evolution of generalist viruses is
often restricted by antagonistic pleiotropy, in which mutations
that are beneficial in one host species are deleterious in others
(Lefeuvre et al. 2019). That we observed very limited evidence
for virus generalization across multiple viral families implies that
the ecological stability of this reef environment facilitates virus
specialization.

We detected differences in vertebrate virome composition
between reef fish families, with cryptobenthic reef fishes har-
bouring more viruses than large reef fishes (Fig. 7). Due to their
small body size, cryptobenthic reef fishes exhibit significantly
higher rates of metabolism than large reef fishes, resulting in
high energy demands with a low tolerance for starvation (Brandl
et al. 2018). Given their extremely short lifespans, there are high
energy demands for their rapid growth and complex reproductive
strategies (e.g. sex change), such that there might be important
energy trade-offs between growth, reproduction, and immunity,
particularly asimmune systems require a substantial allocation of
resources for recognizing and eliminating pathogens (Lochmiller
and Deerenberg 2000). While it is unclear if and how such energy
demands impact immunity in cryptobenthic reef fishes, it is
notable that this lifestyle is associated with a more diverse virome
than large reef fishes, suggesting that these species may be more
susceptible to infection. Indeed, with a daily mortality rate of
8-9per cent (Depczynski and Bellwood 2005, 2006), investing in
immunity may be a poor strategy, and it is possible that these
energy-saving strategies are key to the spectacular reproductive
success of these cryptobenthic fishes (Brandl et al. 2019). Whether
as simple larvae in the pelagic realm, or on the reef, cryptobenthic
fishes may be able to minimize energetically expensive activities
such as immunity and swimming, freeing up energy to maintain
adequate fecundity, despite exceptionally high mortality rates and
infection risks.

Among reef fish families, the Tripterygiidae exhibited the great-
est observed viral richness, with E. tutuilae harbouring four viral
species. Enneapterygius tutuilae is a generalist on coral reefs, uti-
lizing sand and rubble, soft coral, cave, and open reef micro-
habitats (Depczynski and Bellwood 2004). It is therefore possible
that habitat generalism may increase interactions with other fish
species and hence increase the likelihood of being infected by
a larger number of viruses although only one example of rel-
atively recent cross-species virus transmission was detected in
our system. In contrast, Gobiodon species are extreme habitat
specialists and may often only occupy a single coral species as
habitat for its entire life with minimal interactions with other
fish species (Munday, Jones, and Caley 1997). This lifestyle may
explain why all five Gobiodon species examined here harboured
no vertebrate-associated viruses, as well as few non-vertebrate-
associated viruses (Fig. 1A-B).

Given the phylogenetic distance between fish and other ver-
tebrate classes, as well as long-term associations through virus—
host co-divergence (Zhang et al. 2018), it was not unexpected
that 95 per cent of the vertebrate-associated viruses discovered
here clustered with other fish viruses. A case in point comes
from the phylogeny of the Hantaviridae that clearly reflects the
broad evolutionary history of vertebrates, with the Agantaviri-
nae (jawless fish) falling basal to the Actantavirinae (ray-finned
fish), Reptantavirinae (reptiles), and Mammantavirinae (mammals),

respectively (Fig. 2). Despite their likely long-term presence in ray-
finned fish, actinoviruses have only recently been discovered and
have been associated with disease in farmed species (Shi et al.
2018; Geoghegan et al. 2021; Hierweger et al. 2021). For instance, a
novel actinovirus—perch actinovirus—was identified in diseased
European perch (Perca fluviatilis) with high concentrations of viral
RNA in gill endothelial cells and macrophages (Hierweger et al.
2021). Our discovery of four actinoviruses in gobies suggests that
these viruses may be widespread in this family and hence should
be monitored closely if interacting with farmed populations.

Another virus of concern identified in our study is a novel iso-
late of Santee-Cooper ranavirus in H. melanurus. To the best of our
knowledge, this is the first discovery of this virus in Australia.
Our detection of this virus in seemingly healthy wrasses, as well
as its natural presence in cleaner wrasses (Labroides dimidiatus),
suggests that this family of tropical reef fishes may be important
reservoir hosts for the Santee-Cooper ranavirus group (Hedricks and
McDowell 1995). For instance, disease outbreaks with high mor-
tality rates have only been observed in farmed freshwater fish
species including largemouth bass (Micropterus salmoides), mandar-
infish (Siniperca chuatsi), and koi (Cyprinus carpio) (Plumb et al. 1996;
Grizzle et al. 2002; George et al. 2015; Zhang et al. 2020; Zhao et al.
2020).

Despite the long-known presence of viral erythrocytic necro-
sis in various fish species across the North Atlantic and Pacific
Oceans, the genome of the causative virus—ENV—was only
recently characterized (Pagowski et al. 2019). We identified a
closely related virus in E. tutuilae. Viral erythrocytic necrosis in
a juvenile triggerfish (Rhinecanthus aculeatus) has been reported
nearby at Lizard Island (Davies et al. 2009), suggesting that this
virus may be circulating between several reef locations along the
GBR. Phylogenetic comparisons of DNA polymerase and major
capsid protein revealed a distinct ‘ectothermic vertebrate’ clade
that could be clearly classified as a novel genus within the Betairi-
dovirinae, Iridoviridae (Fig. 5).

While we observed significant differences in virome composi-
tion between coral reef fishes, there were necessary limitations in
our sampling. For instance, cryptobenthic fishes made up 62 per
cent of the fish diversity in this study. In addition, twenty-three
libraries contained only one individual. Such unequal sample
sizes likely impacted the statistical power of our analyses. Accord-
ingly, where possible, future work should balance the number of
samples as well as increase the number of reef sampling sites.
Another limitation was the difficulty in detecting highly diver-
gent viral sequences with the similarity-based methods used here.
Moreover, given the RNA-based nature of metatranscriptomics, we
were only able to detect DNA viruses that were actively generat-
ing transcripts, in turn reducing the chances of identifying viruses
that may be expressing genes at lower frequencies.

In sum, our study identified a large diversity of viruses in
tropical reef fish assemblages. We identified a marked absence
of virus exchange within a reef fish community, suggesting that
there may be important host barriers for successful cross-species
virus transmission. Our discovery of a novel Santee-Cooper ranavirus
isolate in seemingly healthy wrasses highlights the importance
of virological surveillance in marine wildlife, particularly as this
virus can cause significantly high mortality in farmed fishes.
As such, these species should be considered in biosecurity risk
assessments and screened if utilized for aquaculture or aquar-
ium operations (Rimmer et al. 2015). Accordingly, future studies
should also investigate its susceptibility in Australian food fish
to fully assess its threat of emergence (Hedricks and McDowell
1995). Overall, this study increases our knowledge on the severely
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understudied coral reef fish virome and provides the first data on
virus-host interactions in a reef fish community.
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The emergence of previously unknown disease-causing viruses in mammals is in part
the result of a long-term evolutionary process. Reconstructing the deep phylogenetic
histories of viruses helps identify major evolutionary transitions and contextualizes the
emergence of viruses in new hosts. We used a combination of total RNA sequencing and
transcriptome data mining to extend the diversity and evolutionary history of the RNA
virus order Articulavirales, which includes the influenza viruses. We identified instances
of Articulavirales in the invertebrate phylum Cnidaria (including corals), constituting
a novel and divergent family that we provisionally named the “Cnidenomoviridae.” We
further extended the evolutionary history of the influenza virus lineage by identifying
four divergent, fish-associated influenza-like viruses, thereby supporting the hypothesis
that fish were among the first hosts of influenza viruses. In addition, we substantially
expanded the phylogenetic diversity of quaranjaviruses and proposed that this genus
be reclassified as a family—the “Quaranjaviridae.” Within this putative family, we
identified a novel arachnid-infecting genus, provisionally named “Cheliceravirus.”
Notably, we observed a close phylogenetic relationship between the Crustacea- and
Chelicerata-infecting “Quaranjaviridae” that is inconsistent with virus—host codiver-
gence. Together, these data suggest that the Articulavirales has evolved over at least
600 million years, first emerging in aquatic animals. Importantly, the evolution of
the Articulavirales was likely shaped by multiple aquatic—terrestrial transitions and
substantial host jumps, some of which are still observable today.

Articulavirales | influenza | Cnidaria | evolution | virosphere

Zoonotic viruses transmitted from other animals to humans have caused multiple
epidemics in recent decades (1, 2), and the frequency of these events is projected to
increase as a consequence of a myriad of reasons including climate change (3). To
combat this threat research on zoonotic risk aims to identify viruses that are primed
to spill over into humans. It is commonly assumed that the viruses most likely to cause
future epidemics are genetically similar to those that have previously caused outbreaks
(4, 5). A range of field-based and bioinformatic methods aimed at detecting potentially
zoonotic viruses are predicated on this assumption (6-8). Although these approaches
help construct a picture of virus diversity, the process of cross-species virus transmission
that drives disease emergence in the short term also plays a key role in virus speciation
in the long term, shaping virus—host associations that likely date back to the existence
of single-celled organisms (9). In addition to revealing their antiquity, elucidating the
deep evolutionary history of known disease-causing viruses provides important context
for understanding the true rate at which viruses jump species boundaries to infect
new hosts.

Because they reveal the viromes of a diverse array of organisms, metagenomic data are
a powerful tool for tracing long evolutionary histories (10). These data have already shown
that the global virosphere is vast and largely unexplored (10), and the recent exploration of
marine environments has demonstrated that the ocean is a rich source of virus diversity (11).
Metagenomic research has also shown that viruses once thought to be restricted to mam-
mals in reality exist in a wide variety of other vertebrates (12), suggesting that they have
long evolutionary histories in animals. Similarly, disease-causing lineages of vertebrate
viruses can have origins in invertebrate hosts. For example, flavi-like viruses (single-strand
positive-sense RNA viruses) were recently identified in ancient invertebrates (Cnidaria)
(13), basal chordates (Ascidia) (13), and in diverse aquatic environments (14). Collectively,
this suggests that flavi-like viruses and their relatives, which include such human pathogens
as dengue virus and yellow fever virus, emerged concurrently with the origin of the Metazoa
(i.e., animals) some 750 to 800 Mya (15). Indeed, that aquatic ecosystems may have
harbored the ancestors of terrestrial viruses speaks to their antiquity and the biological
diversity that these environments support.
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The order Articulavirales is of special importance in exploring
the intersection of marine life and the evolution of disease-causing
viruses. Viruses within the Articulavirales have segmented,
negative-sense RNA genomes. This order is currently organized
into two families—the Orthomyxoviridae and the Amnoonviridae.
The former receives frequent public health attention because it
contains three genera that can cause disease in humans:
Thogotovirus, Quaranjavirus, and Influenzavirus. Thogotoviruses
were first isolated in the 1960s (16), while discoveries of
disease-causing quaranjaviruses are ongoing [e.g., the discovery
of Wellfleet Bay virus as the cause of avian mortality in 2014
(17)]. Both thogotoviruses and quaranjaviruses periodically spill
over into humans, other mammals, and birds through
tick-mediated transmission. In contrast, influenza viruses cause
seasonal epidemics in human populations, as well as occasional
pandemics.

Aquatic animals serve as hosts for viruses in both families. The
Amnoonviridae is a family of primarily fish-infecting viruses (18),
with two species also found in amphibians (19, 20). Tilapia lake
virus, a genus within this family, has important implications for the
global aquaculture industry because it is associated with severe disease
in tilapia (21). Similarly, salmon isavirus (Orthomyxoviridae) causes
overt disease in salmon (22), and influenza-like viruses have been
identified in fish and amphibians (12, 23), although with unknown
disease associations. Given their host distribution, the Amnoonviridae
likely emerged in aquatic animals. However, the long branch lengths
associated with this family in current the Articulavirales phylogeny
suggest substantial unsampled diversity.

Genomic architecture varies within and between the families
of the Articulavirales, but all contain three polymerase segments:
polymerase basic 1 (PB1), polymerase basic 2 (PB2), and poly-
merase basic 3/polymerase acidic (PB3/PA). These proteins form
a heterotrimer comprising the canonical RNA-dependent RNA
polymerase (RdRp) (24) that is routinely used as a phylogenetic
marker for RNA viruses (25). PB1 contains the palm domain,
defined by the SDD amino acid motif, and is therefore the most
highly conserved of the subunits. For this reason, PB1 is the seg-
ment that has the highest probability of being identified from
metagenomic data.

We applied a combination of total RNA sequencing and data
mining to revisit the evolutionary history of the Articulavirales.
To date, no Articulavirales genera have been identified in nonbi-
laterian (i.e., lacking body symmetry) invertebrates of the Cnidaria,
which includes corals, jellyfish, and hydra. To address this, we
analyzed the RNA viromes of Hexacorals and Octocorals from
Australia. Concurrently, we screened the NCBI Transcriptome
Shotgun Assemblies (TSA) database for novel orthomyxo-like
viruses associated with aquatic animals: Phylum Arthropoda (e.g.,
shrimp and crabs); Phylum Chordata, Subphylum Vertebrata
(fish); Subphylum Tunicata (sea squirts and tunicates); Phylum
Mollusca (e.g., squid and whelk); Phylum Porifera (sponges); and
Phylum Bryozoa. We combined the resulting datasets to charac-
terize the role of ancient aquatic animals in the evolution of the
Articulavirales and determine when this order may have emerged
in relation to the evolution of the Metazoa.

Results

Discovery of Highly Divergent Articulavirales in Ancient
Invertebrates. Influenza viruses are overrepresented in publicly
available data for viruses in the order Articulavirales. Of the
76,887 Articulavirales PB1 segments available on NCBI Virus in
January 2023, only 291 (0.38%) were not influenza or influenza-
like viruses (Fig. 1A4). Thus, our first objective was to expand the
known diversity of noninfluenza viruses in this order.

To search for highly divergent Articulavirales, we performed total
RNA sequencing on 128 corals (Cnidaria) collected in Western
Australia. From these, we identified Articulavirales PB1 segments
in two libraries—Heliopora coerulea (blue coral) (GenBank:
0Q939982.1) and Acropora samoensis (stony coral) (GenBank:
0Q939981.1)—using Diamond BLASTx. Although PBI is the
most conserved polymerase segment, both segments were highly
divergent, sharing <25% amino acid identity with those of known
viruses (81 Appendix, Table S1). Neither contained premature stop
codons nor returned BLAST hits to known coral genes, suggesting
they are not endogenous virus elements (EVEs). However, they
were present at very low abundance (both <0.001% non-rRNA
reads). The segment recovered from the Acropora-associated library

A 0.24% Influenza D virus B
0.06% Influenza C virus
0.05% Isavirus salaris
100+ 0.05% Orthomyxoviridae sp.
12.3% influenza B virus —] Heliopora-associated virus 1 2435 nt
- 754 — Heliopora-associated virus 2 }— 2362 nt
c
8 50 — Hydra-associated virus 1 > 2160 nt
& 87% influenza A virus
25 — Acropora-associated virus — 1720 nt
04
C Arthropoda Cnidaria other
= Chelicerata E Chordata
= Crustacea O Mollusca
m= Hexapoda = Anthozoa O Nematomorpha
m Myriapoda 3 Medusozoa = other (soil)
Total=111 Total=5 Total=15

Fig. 1. Expanding the known diversity of the Articulavirales. (A) Overrepresentation of influenza A and B viruses in publicly available genomic data. Distribution
of 99.7% of publicly available PB1 segments on NCBI Virus as of January 2023 by virus species. Those virus species not shown each comprise <0.05% of available
data. (B) PB1 segments of novel Articulavirales identified in Cnidaria hosts. Heliopora-associated virus 1 was identified through sequencing while Heliopora-
associated virus 2 was identified through data mining. (C) Distribution of host species and classes associated with the Articulavirales detected through total RNA

sequencing and data mining.
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(1720nt) was shorter than the Heligpora-associated segment
(2435nt) (Fig. 1B), and the two segments shared minimal sequence
similarity to each other (17.8% amino acid pairwise identity). This
substantial genetic distance is consistent with the phylogenetic rela-
tionship of Heliopora and Acropora corals. The former are commonly
known as blue corals belonging to the Subclass Octocorallia, Order
Scleralcyonacea, and estimated to have diverged from other
Anthozoa about 500 Mya (26). Acropora, commonly known as
staghorn corals, are from the Subclass Hexacorallia, Order
Scleractinia, which emerged more recently, likely in the Permian
around 260 Mya (26). Analysis of the composition of each library
using CCMetagen showed that the majority of eukaryotic genetic
material (98%) in the Acropora library was associated with Cnidaria
(81 Appendix, Fig. S1A4).

In contrast, 73% of contigs assembled from the Heliopora
library were Suessiales (dinoflagellate symbionts of corals)
(SI Appendix, Fig. S1B). Of the contigs associated with Anthozoa
in this library, most (76%) were assigned to Scleractinia rather
than Helioporidae. This suggested that Heliporidae reads were
misassigned due to overrepresentation of Hexacorallia in the
database (87 Appendix, Fig. S1B). To test this, we assembled the
rRNA contigs identified using sortMeRNA and assessed the
host composition against the NCBI nt database. A total of
84.0% of rRNA reads that corresponded to an entry in the nt
database were assigned to Octocorallia, with only 4.98%
assigned to Hexacorallia (Dataset S1). Assuming that any
Articulavirales that infect protists such as dinoflagellates would
share less than 25% sequence identity to known animal-infecting
viruses, the high proportion of reads assigned to Octocorallia
suggest that Heliopora (Octocorallia) was the most likely host
of the virus identified in this library.

We used these segments to screen the Cnidaria assemblies avail-
able in the NCBI TSA database (n = 50). This yielded two addi-
tional novel PB1 segments: one in a Heliopora coerulea coral library
(GFVH01041936.1) and another in a Hydra vulgaris hydra library
(HAACO01043982.1). The second Heliopora-associated PB1 seg-
ment (2362nt) was slightly shorter than the first (2435nt) and
shared 47.6% amino acid pairwise identity. The open reading
frame (ORF) of the hydra-associated segment was uninterrupted
but incomplete (Fig. 1B8). PB2 and PB3 segments could not be
identified in either.

Having identified Articulavirales in basal invertebrates, we rea-
soned that this viral order likely contains unrealized diversity in
other aquatic invertebrate hosts. To address this, we screened TSA
libraries for Arthropoda, Porifera, Ascidiacae, Bryozoa, Mollusca,
Cnidaria, and fish using an iterative process. Our first input
sequence was the PB1 segment of the Wenling hagfish influenza-like
virus (AVM87635.1) because this was identified in an aquatic
host—a jawless fish—and is highly divergent among the
Orthomyxoviridae in the current Articulavirales phylogeny. This
search yielded 30 novel (i.e., sharing <80% amino acid similarity
to the closest BLASTp hit) PB1 segments of at least 1000nt in
length. We then used each of these segments as input into the
same query, and continued until no additional new sequences
could be recovered. Through this process, we detected 94 novel
PB1 segments of at least 1000nt in length. To supplement this
dataset, we evaluated all RARp contigs assembled from the Serratus
project with an assigned “unknown” Articulavirales RARp palm-
print as per the palmDB database (27). After removing known
viruses, duplicated sequences, and fragments less than 800nt in
length, we identified 35 additional novel viruses.

In total, we discovered 131 novel Articulavirales PB1 segments.
Most of these viral sequences were associated with arthropod hosts
(n=111), which likely reflects a sampling bias toward Arthropoda
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rather than the true host distribution of Articulavirales (Fig. 1C
and Dataset S2).

Previous studies have presented evidence for the endogenization
of Orthomyxoviridae polymerase segments (28). We therefore
assessed whether the contigs identified here could be EVEs. PB1
candidates that included premature stop codons were excluded
from our dataset. We screened each segment for the presence of
host genes using CheckV (29), and none were identified. Because
the presence of multiple virus segments in a library would be
strongly indicative of exogenous expression, we screened each TSA
library in which we had found a PB1 segment for additional virus
segments. We recovered three polymerase segments for 91 of the
novel viruses we identified, and for 73 and 81 of these, we success-
fully retrieved nucleoprotein and hemagglutinin segments, respec-
tively (Dataset S2). Our inability to detect additional polymerase
segments in the invertebrate libraries using both sequence- and
structure-based approaches was likely due to very low similarity of
these segments to those of any known virus.

The Articulavirales Comprises at least Four Families and
Likely Originated in Ancient, Aquatic Animals. Given the low
sequence similarity of the PB1 segments we identified in the
Chnidaria libraries, we hypothesized that these viruses would be
phylogenetically distinct from other families in the order. To test
this, we aligned the novel 131 sequences identified in this study
with a representative sample of publicly available Articulavirales
PB1 sequences (Dataset S3) using MUSCLE (30) and inferred a
maximum likelihood phylogeny using IQ-Tree (31).

'The inclusion of the viruses identified here had a substantial impact
on the phylogenetic structure of this order. The Cnidaria-associated
viruses formed a putative new family currently comprising nonar-
thropod invertebrate hosts. We have provisionally named this family
the “Cnidenomoviridae.” Although there is generally strong support
within the “Cnidenomoviridae” (S Appendix, Fig. S2), the phyloge-
netic position of this family within the Arsiculavirales is uncertain
(ufboot = 56). The known hosts of this family are currently coral,
hydra, tunicate (Urochordata), sea cucumber (Echinodermata), sea
slug (Mollusca), and mussel (Mollusca) (32) (Fig. 24, “Cnideno-
moviridae”). Viruses associated with Heliopora coerulea corals were
more closely related to each other than to the virus identified in the
Acropora coral, tentatively suggesting class specificity (S Appendix,
Fig. S2). This relationship also suggests that Heliopora is the host of
the Heliopora-associated virus we identified through sequencing
despite the library composition.

The addition of the arthropod-associated viruses identified
through our TSA and palmDB screens suggested that the genus
Quaranjavirus and the quaranja-like viruses should be reclassified
as a new family that we have provisionally denoted as the
“Quaranjaviridae” (Fig. 24). We also identified a clade of quaranja-
like viruses associated with spiders (Arthropoda, Chelicerata)
(Fig. 24, “Cheliceravirus”). Although the PB1 segments of this
putative new genus were arguably sufficiently divergent from the
“Quaranjaviridae” to constitute a distinct family, this was not true
for the other segments, and we discuss this in more detail below.
The new tree topology also supported the addition of a genus
(Isavirus) to the Amnoonviridae through the reclassification of
salmon isavirus, which is currently classified as Orthomyxoviridae
(Fig. 24, red arrow). In sum, we propose that Articulavirales com-
prises at least four families: Orthomyxoviridae, Amnoonviridae,
“Quaranjaviridae”, and “Cnidenomoviridae”. We adopt this new
nomenclature for the remainder of the manuscript.

Putative host associations throughout the order are inconsistent
with strict virus—host codivergence. For example, viruses associated
with Mollusca and Cnidaria hosts did not belong exclusively to the
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“Cnidenomoviridae”. In particular, we identified amnoon-like viruses
associated with a squid (Sepioloidea lineolate) and a hydra (GHUC-
01003666.1) that formed a clade with viruses associated with fish
and whelk (Mollusca) (Fig. 24, gold arrow, “Metamyxovirus”). The
phylogenetic position of this clade, which comprises exclusively
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aquatic hosts (salmon louse, marine flatworm, lizardfish, squid, whelk,
crustacean, gobie, and hydra), had poor support within the
Ammnoonviridae (ufboot = 37) such that the true placement of this
putative new genus— ‘Metamyxovirus’—is uncertain. In the meta-
myxoviruses there is no clear separation of vertebrate and invertebrate
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hosts as observed between Thogotovirus and Influenzavirus and
within other families in the Articulavirales, although true host asso-
ciations cannot be verified with metagenomic data alone.

To interpret the evolutionary history of the Arsiculavirales, we
considered various possible rooting positions on the phylogeny.
The structure of the tree presents ambiguities because both the
Amnoonviridae and the “Cnidenomoviridae” are defined by long
branch lengths, and both are plausible roots. We first assessed
whether the branching patterns were an artifact of an alignment
error by comparing the topology of trees inferred using the
MUSCLE (30) and MAFFT (33) aligners that utilize different
algorithms (87 Appendix, Fig. S3). No substantive differences in
tree topology were observed, thereby suggesting that large sam-
pling gaps persist in these families and account for the branch
lengths. Rooting the phylogeny on the novel basal invertebrate
family “Cnidenomoviridae” is compatible with long-term virus—
host codivergence (Fig. 2B). This phylogenetic history means that
the Articulavirales likely originated in aquatic invertebrates, poten-
tially around 600 Mya when Medusoza and Anthozoa diverged
(26). In this scenario, the Amnoonviridae form a sister clade to the
Orthomyxoviridae and the “Quaranjaviridae”. Applying the parsi-
mony criterion, a transition to vertebrate hosts would have
occurred twice independently (Fig. 2B, blue circles), while a partial
transition to include vertebrate hosts would have occurred with
the evolution of “Metamyxovirus” (Fig. 2B, purple circle).

In contrast, placing the Amnoonviridae as the root introduces
vertebrate-to-invertebrate transitions, such that the evolution of
the order was not shaped by virus—host codivergence (Fig. 2C). In
this representation of phylogenetic history, the “Cnidenomoviridae”
are a sister clade to the “Quaranjaviridae”, and there is a clear
division between the invertebrate-only and vertebrate host sections
of the tree (the “Metamyxoviruses” notwithstanding). There is also
a division between arthropod-associated (the “Quaranjaviridae”)
and non-arthropod-associated (the “Cnidenomoviridae”) viruses,
although this partitioning may eventually change with additional
sampling. Midpoint rooting is relatively consistent with placing
the root on the branch leading to the Amnoonviridae, except the
monophyly of this family is lost (S/ Appendix, Fig. S4). Despite
these important differences, in all three rooting scenarios, the tree
structure indicates that the Arziculavirales first emerged in ancient,
aquatic hosts (either fish or marine invertebrates) before spreading
to terrestrial animals.

Fish Were among the Earliest Hosts of Influenza-Like Viruses.
Tracing the evolution of influenza and influenza-like viruses could shed
light on the mechanisms by which these viruses emerged in mammals.
Through data mining, we identified the PB1 segment of four divergent
influenza-like viruses associated with the transcriptomes of fish: a
Siberian sturgeon (Acipenser baerii, GIPE01045129.1), a flounder
(Paralichthys olivaceus, SRR8334112), a seahorse (Hippocampus
guttulatus, SRR1324961), and a grass carp (Ctenopharyngodon idella,
SRR6475468). In addition to identifying PB1, we successfully
recovered four segments (PB2, PB3, NB and HA) from the sturgeon
library, seven segments (PB2, PB3, NP, HA, NA, M1/M2, and NS1/
NEP) from the flounder library, five segments from the seahorse
library (PB2, PB3, NE, M1/M2, and HEP), and three segments
from the grass carp (PB2, PB3, and NP) (SI Appendix, Fig. S5). All
segments contained complete ORFs.

The genomes of the sturgeon- and carp-associated viruses dif-
fered from those of canonical influenza viruses, including those
discovered in other fish, in two notable ways. First, the predicted
protein sequences of the PB2 segment of these viruses are approx-
imately 100 amino acids longer than other segments found in the

viruses from this clade (87 Appendix, Fig. S5 A and C). These
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additional amino acids do not appear to be the result of an inser-
tion as they occur at the 3’ end of the segment. Second, while
there is a conserved VGG motif in the palm domain of the PB1
segment of known influenza and thogotoviruses, the PB1 segment
of the sturgeon- and carp-associated virus motif is IGG which is
common among the “Quaranjaviridae”, found in some members
of the “Cnidenomoviridae”, and entirely absent in the Amnoonviridae
(Fig. 3A). The flounder- and seahorse-associated PB1 segments have
a VGG motif. Polymerase motifs I-IV were well conserved (Fig. 34).
In Motif I, “KWNE” is conserved throughout the clade. The hag-
fish and our novel influenza-like viruses share identical sequences
in motif IT. While the SDD sequence in motif IIT is requisite for
functional ArticulaviralesPB1 segments, influenza and influenza-like
viruses have a second serine (SSDD) in this motif. Interestingly,
motif IV (canonically GINMS) is most divergent in the hagfish
virus compared to the sturgeon and carp viruses, but all are char-
acterized by asparagine and serine in the third and fifth positions,
respectively.

As the sturgeon transcriptome was generated from the animal’s
intestine, we hypothesized that this virus may have been derived
from the animal’s diet. To test this, we analyzed the library com-
position using KMA v1.3.9a (34) and CCMetagen v1.1.3 (35).
Interestingly, 64% of all contigs were associated with the host
(Actinopteri), and 29.5% aligned to other Chordates (14%
Primates, 16.5% Birds, 0.5% Felidae) (SI Appendix, Fig. S6A).
Although sturgeon consume other animals in nature, the authors
of the study that generated this sequencing library reported that
sturgeon were fed commercial fish feed prior to collection (36),
rendering the introduction of a competent RNA virus from a
different animal species unlikely. The close and consistent phy-
logenetic relationship of the sturgeon- and carp-associated seg-
ments (Fig. 3 B-D) further supports fish as the bona fide host of
these viruses. Thus, given that we were able to recover multiple
segments and in the absence of another plausible host, we con-
cluded that the sturgeon was the likely host of this virus.

Phylogenetic analysis of the three polymerase segments revealed
that the sturgeon- and carp-associated viruses consistently fall within
the influenza clade but are more divergent than all known
influenza-like viruses, while the placement of the flounder- and
seahorse-associated viruses is less certain (Fig. 3 B-D). Previously,
the most divergent virus in the influenza clade was an influenza-like
virus associated with a hagfish (12). However, our analysis found
that this placement is dependent on the alignment method.
Alignment with MAFFT using the BLOSUM45 and BLOSUMG62
scoring matrices recapitulated the reported placement of the
hagfish-associated polymerase segments when the novel influenza-like
viruses were added to the dataset (S Appendix, Fig. S7). For all three
segments, the flounder-, seahorse-, carp-, hagfish-, and sturgeon-
associated polymerase segments clustered outside of established spe-
cies of influenza viruses, with the sturgeon and carp segments con-
sistently comprising the most divergent lineage. Alignment with
MUSCLE affected the placement of the hagfish-, seahorse, and
flounder-associated PB1 segments, placing them in the same clade
albeit with low support (ufboot = 37) (Fig. 3B). However, this rela-
tionship was better resolved when inferred in the context of the
entire order (Fig. 2). Here, the sturgeon- and carp-associated viruses
were the mostdivergentin the clade, followed by the hagfish-associated
virus and then the flounder- and seahorse-associated viruses, all with
ufboot >95 (81 Appendix, Fig. S8). Alignment with MUSCLE also
placed the PB2 and PB3 segments of the hagfish-, seahorse-, and
flounder-associated viruses as sister lineages to influenza A and B
viruses (Fig. 3 Cand D). The polymerase segments of the sturgeon-
and carp-associated viruses were consistently the most divergent
relative to known influenza-like viruses when either alignment
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method was used. Moreover, the placement of the three polymerase
segments was relatively well supported at the base of the influenza
virus clade (ufboot = 94, 72, 82 Fig. 3 B-D).

To confirm that the unstable placement of the seahorse-,
flounder-, and hagfish-associated virus segments was not due to
infection by multiple influenza-like strains, we rescreened each
library for additional influenza-like segments. All segments pre-
sented in Fig. 3 were used as input. No additional segments were
found in the libraries, suggesting that the lack of robust support
is a consequence of the divergent nature of the viruses rather than
to coinfections.

These findings suggest that influenza-like viruses can infect all
classes of fish such that these animals may have served as early, if
not the first, hosts of influenza-like viruses before their later emer-
gence in birds and mammals.

Phylogenetic Relationships of “Quaranjaviridae” Segments
Suggest a History of Cross-Species Transmission. Having reasoned
that aquatic animals were likely central to the evolution of the
Articulavirales, we next investigated their role in the evolution of
the “Quaranjaviridae”. Nearly all viruses in this family, including
those identified in this study, are associated with arthropods as
their primary host. While we identified a quaranja-like virus in
a horschair worm (Nematomorpha), as this animal parasitizes
arthropods, we assumed that the respective virus was more likely

6 of 10  https://doi.org/10.1073/pnas.2310529120

3

to be associated with an arthropod than with the worm. Previous
studies have also identified “Quaranjaviridae” in sediment (14)
and feces samples (37), and host associations cannot be determined
in these instances. Among the 87 novel “Quaranjaviridae” we
identified here, nine were associated with crustaceans (three
amphipoda, two crab, and one each for shrimp, squat lobster,
copepod, and tanaid).

To evaluate the relationship of these aquatic viruses within
the family, we inferred maximum likelihood phylogenetic trees
for the three polymerase segments, the nucleoprotein (NP), and
hemagglutinin (HA). The composition of these trees necessarily
differed as not all segments (particularly NP and HA) were
publicly available for known viruses, preventing direct topolog-
ical comparisons. PB1 segments were available for all viruses,
arguably rendering this tree the most reliable. The topology of
the PB1 phylogeny revealed both virus—host codivergence and
cross-species virus transmission. This phylogeny can be divided
into two clades, albeit with limited support (Fig. 44, ufboot =
58). Clade 1 comprises predominantly Hexapoda-associated
viruses. However, all four Arthropoda subphyla are represented
in this clade, and their relative placement is consistent with the
host phylogeny with the exception of one spider-associated
virus. In the current host phylogeny, Chelicerata (i.e., ticks,
mites, and scorpions) are thought to have diverged first, while
Crustacea form a sister clade to the Hexapoda (38) (Fig. 4 4,
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Evolution of the “Quaranjaviridae” is shaped by virus-host codivergence and cross-species transmission. (A-£) Maximum likelihood phylogenies of the
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Inset). We identified two viruses associated with centipedes
(Myriapoda) that fell as sister taxa to Hexapoda- and
Crustacea-associated viruses (Fig. 44). Viruses associated with
the same host genera within the Hexapoda were generally more
closely related, suggesting limited recent cross-species transmis-
sion. For example, mosquito-associated viruses largely clustered
together (Fig. 44, mosquito icon).

In contrast, the organization of clade 2 is consistent with a
history of host jumping. Segments from five Crustacea-associated
viruses (two crab-associated, and one each associated with lob-
ster, shrimp and Amphipoda) formed a sister clade to
Chelicerata-associated quaranjaviruses, and this relationship
was observed in multiple segments (Fig. 4 A-D). The only
exception was the HA phylogeny, in which the Crustacea-
associated viruses were dispersed throughout the tree (Fig. 4E).
However, due to the limited availability of HA segments in
public datasets, this placement is likely to be an artifact of
undersampling. The topology of this clade is also inconsistent
with codivergence: Rather, it is suggestive of substantial host
jumping. The ability to jump between diverse host species is
apparent in the canonical quaranjaviruses (Quaranjfil quaran-
javirus, Johnston Atoll quaranjavirus), as evidenced by the abil-
ity of these viruses to infect vertebrate and invertebrate hosts
(Fig. 44, “canonical quaranjaviruses”).

The placement of “Cheliceravirus” was inconsistent among
segments. Both the PB1 and PB3 segments form a sister clade to
the rest of the family with high support (Fig. 4 A and C). Few PB2
segments could be recovered from this putative genus. In contrast,
the NP segments were more closely related to the Crustacea- and
other Chelicerata-associated segments, while most of the HA
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segments cluster with the Zhogorovirus outgroup. However, this
phylogeny may change with the addition of more sequences.

Discussion

We present evidence that the order Articulavirales originated in
aquatic ecosystems and should be reorganized into four families.
We document evidence of Cnidaria-associated Articulavirales,
demonstrating that viruses in this order are likely able to infect
ancient invertebrates. Our study also identifies an arachnid-
associated genus in the “Quaranjaviridae”, which we have termed
“Cheliceravirus”, and supports the addition of a new genus,
denoted the “Metamyxovirus”, that appears to infect both verte-
brate and invertebrate hosts. Finally, we greatly expanded the
number of known quaranja-like viruses and propose that this
genus be reclassified as a family—the “Quaranjaviridae”.
Although accurately rooting the phylogenetic tree of the
Articulavirales is challenging, it is possible that ancient inverte-
brate lineages rather than fish are the first hosts of the
Articulavirales for two reasons. First, this topology avoids intro-
ducing arguably unlikely vertebrate-to-invertebrate transitions.
Second, rooting the tree with the Amnoonviridae contradicts some
theories of virus genomic architectural evolution (9). If the
Amnoonviridae is the root of the tree the most parsimonious host
progression places fish as the first hosts of the Orthomyxoviridae.
The characterized segments of Tilapia lake virus (PB1) and of
salmon isavirus (PB1, PB2, and PB3) are approximately 50nt to
300nt shorter than their counterparts in the Orthomyxoviridae.
This relationship implies that Arziculavirales segments have
increased in length since the genesis of the order. However, it has
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been hypothesized that viral segments become shorter and more
streamlined over time (9). Moreover, the PB2 segment of the
novel sturgeon- and carp-associated influenza-like viruses are
longer than the PB2 segments from descendant taxa in the clade,
implying a lengthening and then shortening of this segment.
Thus, we argue that the currently available Articulavirales phy-
logeny should be rooted on the “Cnidenomoviridae”. Importantly,
however, both tree topologies support an aquatic origin of the
Articulavirales and indicate that this order may have persisted
since the split of Anthozoa and Medusozoa Cnidaria in the
Ediacaran (~640 Mya) or the evolution of fish, which is thought
to have occurred at approximately the same time.

Consideration of the Articulavirales as a whole highlights that
viruses within this order utilize a large repertoire of transmission
routes. Influenza virus spreads via respiratory droplets in mammals
and feces among birds. Fish-to-fish influenza transmission may also
be respiratory, as fish- and amphibian-associated influenza-like
viruses have been detected in gill tissue (23). There is evidence that
both salmon isavirus and TilV can be transmitted vertically
(39, 40) as well as horizontally, potentially through an oral-fecal
route (41). Characterising the transmission dynamics of the
“Cnidenomoviridae” between basal invertebrates is beyond the
scope of this study, but previous studies have suggested that crus-
taceanscouldserveasvectorsforaquaticRNAviruses(42). Invertebrate-to-
vertebrate transmission facilitated by terrestrial arthropods has
evolved independently at least twice within the Articulavirales
(“Quaranjaviridae” and Thogorovirus), and motile animals would
have been necessary if the Articulavirales first emerged in sessile
invertebrates such as corals. Crustaceans could play such a role, but
fish are also plausible vector candidates because they can travel long
distances and serve as hosts for at least two Articulavirales families.
Answering this question and elucidating the mechanism by which
the “Quaranjaviridae” spread among nonvertebrate biting arthro-
pods will require experimental data but could shed light on mech-
anisms of cross-species transmission.

Odur findings support the hypothesis that fish were early, if not
the first, hosts of influenza-like viruses. This hypothesis was orig-
inally put forward after the discovery of a divergent influenza-like
virus in a hagfish, although based on an assumption of virus—host
codivergence (12, 43). The presence of divergent influenza-like
viruses in a hagfish, carp, and sturgeon suggests that these viruses
have likely existed throughout the entire evolutionary history of
fish. Cyclostomata, to which Myxini (including hagfish) belong,
is thought to have diverged from other vertebrate phyla around 600
Mya (44), suggesting that Articulavirales adapted to vertebrate hosts
early in its evolutionary history. No influenza-like viruses have been
detected in invertebrates. Although substantial sampling gaps per-
sist, the discovery of other Articulavirales in a wide range of inver-
tebrate hosts suggests that influenza viruses, as defined as a distinct
phylogenetic group, are limited to vertebrate hosts, and implies that
fish were the first. A similar evolutionary history has been proposed
for the vertebrate-infecting family Coronaviridae (45). Amphibians
form an evolutionary lineage between fish and reptiles and bridge
aquatic and terrestrial ecosystems. The relative placement of
amphibians is consistent with both virus—host codivergence and
an aquatic-to-terrestrial transition. We find that the latter is more
strongly supported by the phylogeny of the influenza clade. Taken
together, the evolution of influenza viruses may therefore have
been shaped by cross-class host jumps. Some events of this kind
are still observable today [e.g., bird-to-mammal transmission of
H5NT1 (46)], while others, like the hypothetical transmission of
influenza-like viruses between fish and other aquatic vertebrates,
represent deep evolutionary relationships.
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Our study places vector-borne virus emergence into an evolution-
ary context. In the family “Quaranjaviridae”, only arachnid-associated
viruses are known to spill over into vertebrates. While this could be
due in part to the biting behavior of ticks, the “Quaranjaviridae”
have also been detected in mosquito genera known to transmit RNA
viruses to humans (Aedes and Culex). Mosquito-borne transmission
of quaranjaviruses to humans has not been reported. Although it
may be that cryptic transmission does occur, as vertebrates and par-
ticularly humans are disproportionately oversampled, these events
are likely to be captured if they are associated with overt disease.
Thus, of the possible explanations for this ostensible absence, we
consider two to be of particular interest: Spill over of mosquito-borne
quaranjaviruses does occur but does not cause disease, or spill over
of these viruses into vertebrates does not occur because of genetic
differences between mosquito- and tick-borne “Quaranjaviridae”. If
the former, it may be that these viruses are unable to evade the ver-
tebrate adaptive immune system. If the latter, they may not be able
to adapt to vertebrate host receptors. In either case, the absence of
mosquito-borne quaranjavirus conferred disease suggests that there
are key biological differences between Hexapoda-borne and
Chelicerata-borne quaranjaviruses, and the latter are better able to
adapt to vertebrate hosts. Elucidating these differences will require
experimental data and could have important implications for under-
standing vector-borne virus emergence in vertebrates. The close
relationship ~ between arachnid- and  crustacean-associated
“Quaranjaviridac” again indicates that the evolutionary history of
the Articulavirales has not followed strict virus—host codivergence.
Chelicerata diverged prior to both Hexapoda and Crustacea (38),
yet Crustacea-associated viruses are more closely related to
Chelicerata-associated viruses and are basal to the rest of the family.
Sampling horseshoe crabs, which are ancient, aquatic Chelicerata,
could provide insight into how this transition occurred.

This study was not without limitations. We utilized publicly
available data for most of our analyses, introducing sampling
biases (e.g., overrepresentation of Arthropoda hosts) and limiting
the size of our dataset. As such, the range of hosts of the
Articulavirales is likely far larger than what we have described.
Without experimental data, we cannot definitively establish the
true hosts of the viruses we have identified; however, there is
sufficient contextual data to draw reasonable inferences. We were
unable to obtain access to the raw sequencing reads of the stur-
geon library (TSA ID GIPEO1): The reported SRAs did not match
the assembled contigs available through the TSA database. As a
consequence, we could not assess the abundance of the sturgeon
influenza-like virus. Additionally, the use of cross-sectional
metagenomic data (i.e., data collected at a single time point)
precludes the assignment of true virus—host associations. Despite
this, the host associations we assumed were supported by phy-
logenetic analysis. For example, viruses identified in Heliopora
corals clustered together, as do most mosquito-associated
“Quaranjaviridae”. Finally, while the overall topology of the phy-
logenies we inferred had strong support, internal tree nodes were
less robust. This may reflect substantial undersampling within the
order, and the addition of more viruses when discovered should
improve the veracity of the placement of internal nodes. For this
reason, we avoided overly interpreting internal relationships,
which limited the depth of our conclusions.

We have demonstrated that metagenomic data can be used to
elucidate the origins of respiratory and arthropod-borne viruses
that are the focus of modern public health initiatives. Continuing
to explore virus diversity in a wide range of animal hosts will help
to answer key evolutionary questions. For example, how did the
evolution of the adaptive immune system influence virus evolution,
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particularly when ancient invertebrate viruses first appeared in ver-
tebrates? Answering this and related questions will be especially
useful for improving methods to estimate zoonotic risk. Importantly,
our findings show that, as one of the first animals to evolve on
Earth and therefore one of the likely first animal hosts of RNA
viruses, aquatic Metazoa have played a central role in shaping the
modern virome. Further exploration of marine virus diversity will
undoubtedly yield deeper insights into the drivers of virus diversity
and shed light on how these simple replicating entities have suc-
cessfully parasitized all known forms of life.

Methods

sample Collection. All (n = 128) coral samples were collected and identified by
Zoe Richards. Location details for the two individual corals in which we identified
novel Articulavirales sequences are as follows: Heliopora coerulea #2710, WAM
742167, subtidal 12m, collected 20.09.2016, NW Montelivet Island, Bonaparte
Archipelago, inshore Kimberley, Western Australia. Site 196; $14.28778,
£125.2127. Acropora samoensis, WAM 7421003, #158, intertidal, collected
18.09.2016, North Patricia Island, Bonaparte Archipelago, inshore Kimberley,
Western Australia. Site 189514.266603, E125.29700.

RNA Extraction and Sequencing. The first coral (Heliopora coerulea) was pro-
cessed in 2018. The sample was thawed on ice, removed from RNA later, and
rinsed gently with sterile RNAand DNA-free 1x PBS solution (GIBCO). Sterile tools
were then used to remove a small fragment (~1 g), with care taken to include both
soft and hard tissues. The tissue was homogenized using a sterile drill, and total
RNAwas extracted with the RNeasy Plus Mini Kit (Qiagen). RNA quality was deter-
mined using Bioanalyzer fragment analysis, followed by Ribo-Zero Plus library
preparation and next-generation sequencing (lllumina HiSeq 2500) performed
at the Australian Genome Research Facility (AGRF).

The second coral (Acropora samoensis) was processed in 2022.This sample was
homogenized in liquid nitrogen using a mortar and pestle. RNA was extracted
using the RNeasy Plus Mini Kit (Qiagen). The quality and concentration of the RNA
were assessed with Qubit. Ribo-Zero Plus library preparation and next-generation
sequencing (Illumina NovaSeq S4) were performed at AGRF. Negative extraction
controls were used to assess potential contaminants. No relevant contaminants
were identified. The extracted RNA from each sample was not pooled prior to
sequencing.

Virus Discovery. Raw sequencing reads were trimmed using Trimmomatic
v0.38 (47). Reads mapping to rRNA were removed using sortMeRNA v4.3.3
(48). Contigs were assembled from trimmed and filtered reads using MEGAHIT
v1.2.9(49).Assembled reads were screened against the NCBI nonredundant (nr)
protein database (as of June 2022) and a custom RdRp database using Diamond
BLASTxv.2.0.9.The custom RdRp database contains all currently identified RdRp
sequences. In both cases, we used an e-value cutoff of 1 x 107>, Contigs with
hits to known viruses with less than 80% amino acid identity were considered
new virus species. All contigs with hits to the RdRp database were cross-checked
against the nrresults, and virus candidates that hit to host genes were excluded
from further analysis. Contigs identified as Articulavirales segments were trans-
lated using the Expasy online translation tool (https://web.expasy.org/translate/),
and each translation was visually inspected in Geneious. Read abundance was
estimated using RSEM v.1.3.0 (50) implemented in Trinity v.2.5.1 (51).

Astructure-based approach was adopted to search for additional polymerase
segments in the coral libraries. All contigs of at least 1200nt in length that did
not correspond to an entry in the RdRp or nr databases were translated using
EMBOSS. Contigs with open reading frames between 600 and 900 amino acids
were retained. This range was selected according to the range in lengths of known
Articulavirales polymerase segments. The remaining contigs were analyzed using
Phyre2 to identify structural similarities to known Articulavirales polymerase
segments.

Assessment of Endogenous Virus Elements (EVEs). All virus candidates were
compared to the nr database (as of June 2022) to confirm that they did not share
similarity to known host genes. We also assessed the presence of host gene
contamination using the contamination function implemented in CheckV (29).
No virus candidates were found to be EVEs.

PNAS 2023 Vol.120 No.45 2310529120

NCBI TSA Database Screen. We performed tBLASTn searches limited to
the following organisms: Ascidiacea, Porifera, Cnidaria, Arthropoda, Bryozoa,
Mollusca, fish (Agnatha, Chondrichthyes, Actinopterygii, Osteichthyes actinop-
terygian, Osteichthyes coelacanthiform, Osteichthyes dipnoan, Hyperoartia,
Gnathostomata, Petromyzontidae, marine lamprey, Arctic lamprey), and
Amphibia. These organisms encompass the majority of aquatic animals with
available TSA libraries. To identify divergent PB1 segments, we began by using
the Wenling hagfish influenza-like virus (AVM87635), Beihai orthomyxo-like
virus 2 (APG77864) as input, as well as both PB1 segments identified in cor-
als. Divergent hits (less than 80% amino acid identity) were confirmed to be
novel using BLAST (nr database). We used these sequences as input for tBLASTn
against the TSA projects described above. Each novel sequence was translated
using Expasy and visually inspected in Geneious. In all cases, only translations
containing the RdRp SDD motif that defines the Articulavirales were considered. A
preliminary phylogenetic analysis was performed to remove identical sequences.
Inthis case, sequences were aligned in MAFFTv7.490(33), and the phylogenetic
tree was inferred using the maximum likelihood approach in 1Q-TREE v1.6.12(31)
with ModelFinder, which selected LG+F+R10 as the best-fit model.

Serratus Screen. To identify contigs assembled as part of the Serratus project
(27) containing "novel” or unassigned Orthomyxoviridae PB1 segments, we
downloaded and manually queried the master RdRp contig and metadata file
for Orthomyxoviridae-like PALMdb palmprint (or barcode) accessions (n = 336).
These PALMdb palmprints are assigned based on taxonomy and clustered based
on 90% identity (52). Putative novel Orthomyxo-like PB1 sequences were man-
ually validated using BLASTx against the NCBI nr virus database. SRA accessions
from identified novel viral-like sequences were assembled using MEGAHIT, and
additional segments were extracted from assemblies using tBLASTn.

Phylogenetic Tree Estimation. To compile a representative dataset of publicly
available Articulavirales PB1 segments, we downloaded all noninfluenza and
influenza-like Articulavirales PB1 segments available on NCBI "Virus" that were
at least 500 amino acids in length (n = 291). For completeness, we used all avail-
able spellings of "PB1" and "polymerase basic 1." Sequences associated with a
laboratory host were excluded. We included all influenza-like viruses identified
in nonmammalian and nonreptilian hosts (n = 8) and a representative sample of
influenza A, B, C, and D viruses (n = 22). Identical sequences were removed using
CD-HITv4.6.1 with athreshold of 0.99.The remaining sequences were aligned with
MUSCLE 5.1 (30). After trimming the aligned sequences to the conserved motifs in
Geneious and removing gaps with trimAl v1.4(53),identical sequences were again
removed according to genetic distance. The final dataset contained 288 sequences.

Sequences for all other phylogenies presented in this study were aligned
using MUSCLE v5.1 unless otherwise specified. In all cases, gaps were removed
using trimAlv1.4.,and maximum likelihood phylogenetic trees based on amino
acid sequences were inferred in IQ-TREE v1.6.12 using 1000 ultrafast bootstraps
and ModelFinder (Table 1). Trees were rendered with ggtree (54) implemented
in R v4.1.2 and visualized with Adobe llustrator.

Analysis of Host Gene Distribution in Sequencing Libraries. \We analyzed
the host gene assignment and distribution of the sequencing libraries asso-
ciated with the Siberian sturgeon (Acipenser baerii, TSA: GIPEQ1, BioProject:

Table 1. Substitution models selected by Model Finder
during phylogenetic inference

Phylogenetic tree Figure Substitution model
Articulavirales PB1 2A-C LG+F+R10
Influenza clade PB1 3A LG+F+R10
Influenza clade PB2 3B LG+F+R3
Influenza clade PB3/PA 3C LG+F+I'4
Quaranjaviridae PB1 4A LG+F+R10
Quaranjaviridae PB2 4B LG+F+R6
Quaranjaviridae PB3 4C LG+F+R9
Quaranjaviridae NP 4D LG+F+R10
Quaranjaviridae HA 4E WAG+F+R6

https://doi.org/10.1073/pnas.2310529120
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PRINA591120) as well as the corals from which we extracted RNA (Acropora
samoensis and Heliopora coerulea). For the sturgeon library, the transcriptome
shotgun contigs preassembled and associated with the BioProject ID were used
asinput. In all three cases, we used KMAv1.3.9a (34) and CCMetagen v1.1.3(35)
and visualized the results with Prism v9.5.0 and Adobe Illustrator.

Data, Materials, and Software Availability. Sequence data for the two viruses
identified through metatranscriptomic sequencing (Heliopora cnidenomovirus 1
and Acropora cnidenomovirus 1) have been submitted to both the SRA(BioProject
PRINA966762) (55) and GenBank (accessions 00939982.1 and 00939981.1,
respectively). The sequence accessions for the viruses identified here through data
mining are provided in S/ Appendix. The multiple sequence alignments used to
generate all of the phylogenetic trees presented in this study are freely available
at https://github.com/mary-petrone/ancient_articulavirales (56).
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Abstract

Although Australian marsupials are characterised by unique biology and geographic isolation, little is known about the viruses present
in these iconic wildlife species. The Dasyuromorphia are an order of marsupial carnivores found only in Australia that include both the
extinct Tasmanian tiger (thylacine) and the highly threatened Tasmanian devil. Several other members of the order are similarly under
threat of extinction due to habitat loss, hunting, disease, and competition and predation by introduced species such as feral cats. We
utilised publicly available RNA-seq data from the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA)
database to document the viral diversity within four Dasyuromorph species. Accordingly, we identified fifteen novel virus sequences
from five DNA virus families (Adenoviridae, Anelloviridae, Gammaherpesvirinae, Papillomaviridae, and Polyomaviridae) and three RNA
virus taxa: the order Jingchuvirales, the genus Hepacivirus, and the delta-like virus group. Of particular note was the identification of
a marsupial-specific clade of delta-like viruses that may indicate an association of deltaviruses with marsupial species. In addition,
we identified a highly divergent hepacivirus in a numbat liver transcriptome that falls outside of the larger mammalian clade. We also
detect what may be the first Jingchuvirales virus in a mammalian host—a chu-like virus in Tasmanian devils—thereby expanding the
host range beyond invertebrates and ectothermic vertebrates. As many of these Dasyuromorphia species are currently being used in
translocation efforts to reseed populations across Australia, understanding their virome is of key importance to prevent the spread of
viruses to naive populations.

Keywords: virus discovery; metatranscriptomics; hepcaivirus; deltavirus; marsupial; chuvirus.

1. Introduction Dasyuromorphia represent all carnivorous marsupials in Aus-
tralia apart from the omnivorous bandicoots (Peramelemorphia)
(Zemann et al. 2013) and are found only on the mainland of Aus-
tralia and its surrounding islands, such as the Australian island
state of Tasmania and Papua New Guinea (Kealy and Beck 2017).

The largest marsupial carnivore was the extinct thylacine, fol-

Australian wildlife has evolved in isolation for approximately 45
million years, resulting in a unique mammalian fauna, of which
87 per cent are endemic (Chapman 2009). This includes carniv-
orous marsupials of the order Dasyuromorphia (Kealy and Beck
2017). Dasyuromorphs have experienced extinction as a direct

result of human activity, with the Tasmanian tiger (Thylacinus
cynocephalus) an iconic symbol of human-mediated mammalian
extinction (Feigin, Frankenberg, and Pask 2022). Indeed, Australia
is experiencing one of the highest rates of mammalian extinction
globally due to changing land use, disease, and competition and
predation from introduced species (Woinarski et al. 2011). Despite
these threats, we know little about the viruses that infect these
unique and at-risk species and how these viruses might impact
population health.

Marsupials are an infraclass of mammals, characterised by
their distinctive pouch in which they carry live young. The order

lowed by the now-endangered Tasmanian devil (Sarcophilus harrisii)
that has replaced the tiger as the apex predator in Tasmania.
Through a combination of hunting, habitat loss, competition for
resources with introduced species and, potentially, the introduc-
tion of exotic pathogens, the last known thylacine died in 1936 and
the species was declared officially extinct in 1986 (Paddle 2000).
The Tasmanian devil is also threatened by a contagious cancer
that has contributed to an average population decline of 77 per
cent in the past 20 years (Lazenby et al. 2018).

Beyond these two iconic species, lesser-known marsupial car-
nivores are also at risk of extinction. The numbat (Myrmecobius
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fasciatus) is the last remaining member of the family Myrmeco-
biidae, one of the few diurnal marsupials, and the only one that
feeds exclusively on termites (Zemann et al. 2013). Due to habitat
loss and predation by introduced species such as cats and foxes,
the numbat only persists in two natural locations in southwest-
ern Australia and it is estimated that there are less than 1,000
numbats remaining in the wild (Peel et al. 2022). In addition,
other species that had been believed to be of little concern, such
as the fat-tailed dunnart (Sminthopsis crassicaudata), have recently
been listed as threatened by the state of Victoria due to popu-
lation decline (Scicluna, Gill, and Robert 2021). To combat these
dramatic declines in populations of marsupial carnivores across
Australia, programmes have been developed to relocate individu-
als from thriving populations in protected locations, such as the
quoll populations in Tasmania, as well as from captive breed-
ing populations (Portas et al. 2020). Similarly, the yellow-footed
antechinus (Antechinus flavipes) has been proposed as a candi-
date species for translocation as part of a rewilding project in an
area near Canberra, Australia (Manning 2021). These programmes
have experienced varied success, and an often-overlooked risk
with the translocation of wildlife is the introduction of pathogens
into naive populations already struggling under the burden of
anthropogenic activities and introduced species (French et al.
2022).

We know little about the viruses circulating within dasyuro-
morphs. To date, only a single virome project has been performed
on these animals—in this case, the faecal virome of Tasmanian
devils (Chong et al. 2019). There have been a small number of
studies of marsupial carnivores experiencing overt signs of dis-
ease, including the characterisation of Dasyurid herpesvirus 1 in
Antechinus (Barker, Carbonell, and Bradley 1981), and a chimeric
papilloma-polyomavirus has been identified in bandicoots (Wool-
ford et al. 2007). There have also been a small number of sero-
logical and bioinformatic screening studies targeting or including
marsupial carnivores. For example, the molecular and serological
study of marsupial tissues for the identification of herpesviruses
led to the identification of a novel herpesvirus in a Tasmanian devil
(Stalder et al. 2015), while an analysis of available transcriptomic
data and reference host genomes characterised the endogenous
viral elements (EVEs) of marsupial carnivores (Harding et al. 2021).

Herein, we present the first unbiased virus discovery analy-
sis of marsupial carnivores. Because of the inherent challenges
in acquiring samples from dasyuromorphs that are generally pro-
tected species, we instead mined the available transcriptomes
present on the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA), followed by genomic and
phylogenetic analysis.

2. Methods

2.1. Identification of virus contigs in
transcriptome data
A custom virus detection pipeline was used to screen all
available Dasyuromorphia (NCBI taxonomic identifier: taxid
2759) RNA-seq datasets available on the SRA, excluding fae-
cal samples. Raw FASTQ files for all libraries were down-
loaded using Kingfisher (https://github.com/wwood/kingfisher-
download). Sequencing reads first underwent quality trimming
and adapter removal using Trimmomatic (v0.38) with parameters
SLIDINGWINDOW:4:5, LEADING:5, TRAILING:5, and MINLEN:25,
prior to assembly (Bolger, Lohse, and Usadel 2014).

De novo assembly was conducted using MEGAHIT with default
parameters (v1.2.9) (Li et al. 2015). The assembled contigs were

then compared to the RdRp-scan RNA-dependent RNA poly-
merase (RARp) core protein sequence database (v0.90) (Charon
et al. 2022) and the protein version of the Reference Viral
Databases (v23.0) (Goodacre et al. 2018; Bigot et al. 2019) using Dia-
mond BlastX (v2.0.9) with an e-value cut-off of 1x 10~ (Buchfink,
Reuter, and Drost 2021). To remove potential false positives, con-
tigs with hits to virus sequences were used as a query against
the NCBI nucleotide database (as of May 2023) using Blastn,
and all contigs with sequence identity to non-virus nucleotide
sequences were removed from the query set (Camacho et al.
2009). The remaining contigs were then aligned against the NCBI
non-redundant protein database (as of March 2023) using Dia-
mond BlastX, and contigs with hits to virus proteins were further
examined. The de novo assembler and FindORFs tool, available
in Geneious (Kearse et al. 2012), were used to further assemble
genomes where necessary and to identify ORFs in potential virus
sequences, respectively. EVEs were identified by referencing Hard-
ing et al. (2021) and removed manually. NCBI Web BLAST (https://
www.ncbinlm.nih.gov/BLAST) was then used to check for false
positives, disrupted open reading frames (ORFs), and to manually
assess alignment to virus motifs.

2.3. Virus abundance

The abundance of virus contigs was measured using the RNA-
seq by Expectation Maximisation (v1.3.0) program (Li and Dewey
2011). The expected count of viral contigs was used to calculate
viral abundance as a percentage of total reads. All calculations
and graphing were performed using R (R Core Team 2021).

2.4. Phylogenetic analysis

Sequences representing novel virus species, defined as those with
<95 per cent nucleotide sequence identity to their closest rela-
tive, were assigned to a taxonomic family based on their iden-
tity to previously characterised virus species. For each family,
a reference dataset was downloaded from NCBI Virus (Hatcher
et al. 2017) and the completeness of this dataset was assessed
by comparing it to the International Committee on Virus Tax-
onomy (ICTV)-recognised species for each family. Unclassified
species related to the viruses discovered here were added using
a Web BLAST search using the novel virus sequence as the query.
Due to the high level of divergence within the reference dataset,
amino acid alignments were estimated for all families except
the Kolmioviridae (Deltavirus), in which case a nucleotide align-
ment was used. Multiple sequence alignments were inferred
using MAFFT (v 7.402) (Katoh and Standley 2013) with local pair
alignment for amino acid sequences and global pair alignment
for the deltavirus nucleotide sequences. All alignments were
then trimmed to remove ambiguous regions using trimAl (v1.4.1)
(Capella-Gutierrez, Silla-Martinez, and Gabaldon 2009) with a gap
threshold of 0.8 and a similarity threshold of 0.005 and then man-
ually assessed using AliView (Larsson 2014). Phylogenetic trees
were estimated using IQ-TREE 2 (v2.2.2) (Minh et al. 2020) with
the appropriate substitution model selected using ModelFinder
(Kalyaanamoorthy et al. 2017). Branch support was assessed with
1,000 bootstrap replicates using ultrafast bootstrapping (Hoang
etal. 2017).

2.5. Mapping sequences to herpesvirus

As only one reference sequence for a single gene (DNA-dependent
DNA polymerase) was available for the species of Antechinus her-
pesvirus previously identified, Bowtie2 (v2.2.5) (Langmead and
Salzberg 2012) was used to align the non-host reads to the
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Dasyurid herpesvirus 1 DNA-dependent DNA polymerase refer-
ence sequence (MF576269.1). The resulting alignment was viewed
in Geneious (Kearse et al. 2012) and used to assess the percentage
sequence identity between the novel sequence and the available
reference.

2.6. Library composition assessment

To assess the taxonomic composition of each library, contigs
were aligned to a custom NCBI nucleotide database without
environmental and artificial sequences (https://researchdata.edu.
au/indexed-reference-databases-kma-ccmetagen/1371207) using
the KMA aligner (v1.3.9a) and the CCMetagen program (v1.1.3)
(Clausen et al. 2018; Marcelino et al. 2020). The abundance of
each taxonomic group was determined by counting the number
of nucleotides that matched the reference sequence, with an addi-
tional correction for template length using the default parameter
in KMA. For data visualisation, CCMetagen was used to generate
Krona graphs, which were subsequently edited in Adobe Illustrator
(https://www.adobe.com).

3. Results

3.1. Screening Dasyuromorphia for viruses

As of March 2023, the NCBI SRA database contained 446 RNA-
seq libraries from Dasyuromorphia (Supplementary Table S1),
comprising seven species: S. crassicaudata (fat-tailed dunnart) (21
libraries), A. flavipes (yellow-footed antechinus) (113 libraries), A. stu-
artii (brown antechinus) (10 libraries), S. harrisii (Tasmanian devil)
(292 libraries), T. cynocephalus (Tasmanian tiger) (6 libraries), M.

fasciatus (numbat) (3 libraries), and Pseudantechinus macdonnellensis
(fat-tailed false antechinus) (1 library).

Virus sequence similarity screening of the available libraries
resulted in potential positive hits in 206 of the screened libraries,
including Tasmanian devil, yellow-footed antechinus, numbat, and
fat-tailed dunnart. Following secondary assembly and removal of
contigs with hits to endogenous viruses, twenty-two partial or full
virus genomes were identified in forty-three libraries including
four host species (Fig. 1). These virus sequences were taxonomi-
cally assigned to five DNA virus families: Adenoviridae, Anelloviri-
dae, Herpesviridae, Papillomaviridae, and Polyomaviridae, and
three RNA virus taxa: the order Jingchuvirales, the genus Hep-
acivirus, and the delta-like virus group (Table 1). Of these, two
were partial sequences of novel herpesviruses in the Tasmanian
devil and the fat-tailed dunnart for which no gene that could be
used for phylogenetic confirmation could be assembled, and were
thus excluded from further study. There was also a fragment of
the ORF2 of an anellovirus present in a Tasmanian devil library,
but as the ORF1 fragment that is used for phylogenetic classifica-
tion of these viruses was absent, and ORF?2 is rarely published for
this virus species, it was similarly excluded.

Within the virus-positive dataset, further analysis revealed
that four Antechinus libraries from the same study (SRR11306636,
SRR11306642, SRR11306648, and SRR11306672) appeared to con-
tain viruses identified as likely contaminants. Specifically, the
human-associated viruses Gammapapillomavirus 19 and Betapa-
pillomavirus 1 were identified with over 99 per cent nucleotide
sequence identity, and human reads were found in three of these
libraries (Supplementary Fig. S1). These viruses were excluded
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Figure 2. Virus abundance in marsupial carnivores as a percentage of total reads. The animal from which libraries were obtained is indicated by an

animal silhouette below the library ID.

from further analysis leaving fifteen novel virus species identified
in forty libraries (Fig. 2). No other libraries contained contaminat-
ing reads (Supplementary Fig. S1).

3.2. Marsupial delta-like viruses

Of particular note, we identified the first marsupial-associated
delta-like viruses. These were detected in a fat-tailed dunnart
and a Tasmanian devil, provisionally named fat-tailed dunnart
deltavirus and Tasmanian devil deltavirus, respectively. These
viruses shared 71per cent amino acid sequence identity with
their nearest relative, Rodent deltavirus, but were also distinct
from each other with 84 per cent nucleotide identity across the
entire assembled contigs. Notably, these viruses formed a distinct
clade within the Deltavirus small delta antigen-like protein phy-
logeny (Fig. 3), clustering most closely with viruses sampled from
rodents.

The fat-tailed dunnart deltavirus was identified in a library of
eye tissue from a study of gene expression in mammalian embryos
(Royall et al. 2019). The assembled contig was 643 nucleotides in
length, thereby representing only a fragment of the expected 1.6-
kb viral genome, and was found at remarkably low abundance,
with only 4.06e-7 per cent of total reads (expected count: 272)

aligning to the contig (Fig. 2). Tasmanian devil deltavirus was
identified in a sample of Tasmanian devil facial tumour disease
(DFTD) taken from a female Tasmanian devil. The assembled con-
tig was again fragmentary, at 741 nucleotides in length, and the
abundance was also low with 3.98e-7 per cent of reads (expected
count: twenty-seven) aligning to the contig. In both cases, no other
viruses were identified in the sequencing libraries.

3.3. RNA viruses

We identified three species of novel RNA viruses in this study:
two hepaciviruses (positive-sense RNA, family Flaviviridae), one in
antechinus and one in a numbat, and a chu-like virus (negative-
sense RNA virus, order Jingchuvirales) here named Tasmanian
devil chu-like virus. The chu-like virus, which has an unseg-
mented, non-circular genome, was identified in a DFTD cell line
that was cultured from primary tissue (Kozakiewicz et al. 2021).
The genome contained four predicted ORFs, one of these being
the RdRp, while the remaining three had no sequence identity
to any reference sequence. This was at the highest abundance
of all viruses identified in this study, representing 0.2 per cent of
total reads (expected read count: 253,672) aligning to the viral
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Figure 3. Phylogeny of mammalian deltavirus small delta antigen-like protein nucleotide sequence. The phylogeny was estimated using the
GTR+F+I+4 nucleotide substitution model. The nucleotide alignment used to generate this tree was 679 positions in length. Sequences identified in
this study are shown in red text and the library ID is indicated in the taxa name. Branch support >90 per cent is indicated with a black dot at the node.
The scale bar indicates the number of nucleotide substitutions per site and the tree is midpoint rooted for clarity. This alignment is based on that
provided by Bergner et al. (2021). Animal silhouettes indicate the host species.

genome (Fig. 2) of 12,118 nucleotides. A phylogenetic analysis of
the RdRp revealed that Tasmanian devil chu-like virus fell out-
side of the Chuviridae and was highly divergent from known
viruses including the only known vertebrate clade of Chuviridae,
the genus Piscichuvirus, although it did cluster within the order
Jingchuvirales (Fig. 4A). The high abundance in the cultured Tas-
manian devil tissues and the absence of any sequencing reads of
a non-target source in this library (BioProject SRR6380970) tenta-
tively suggest that it does replicate in these cells and was not the
result of contamination (Supplementary Fig. S1).

Antechinus hepacivirus was detected in multiple libraries from
a single BioProject (PRJINA565840) in which multiple tissues of thir-
teen antechinus individuals were sequenced. The assembled virus
genome was 9,094 nucleotides in length and was detected in five
of the thirteen individuals and in at least two tissue types from
each positive individual, with libraries of liver tissue consistently
having the highest abundance (1.18e-04-6.44e-04 per cent of total
reads). The genome structure was a single polyprotein, consistent
with the genus Hepacivirus. The full virus genome was assembled
from library SRR11306639, a library of male liver tissue and the
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Figure 4. Phylogenetic trees of the RNA viruses identified in this study. (A) Phylogeny of the order Jingchuvirales based on the RdRp amino acid
sequence using the LG+F+I+4 substitution model. The alignment used to generate this tree was 1,160 positions in length. (B) Phylogeny of the
hepacivirus NS5 protein sequence estimated using the LG+F+I+4 substitution model. The alignment used to generate this tree was 594 positions in
length. Scale bars indicate the number of amino acid substitutions per site. Trees are midpoint rooted for clarity. Branch support values >90 per cent
are indicated with a black dot at the node. Viruses identified in this study are highlighted with red taxa labels. Animal silhouettes indicate the host
species of the viruses identified here and tip branches are coloured according to broader host species.

sequence identity across the other five individuals varied between
93 and 98per cent. The virus was also identified in spleen, kid-
ney, stomach, and cerebrum. Based on the NS5 (RdRp) protein,
this virus was most closely related to a hepacivirus identified in
an Ixodes holocyclus tick engorged with the blood of a long-nosed
bandicoot in Australia (Harvey et al. 2019; Porter et al. 2020). In
turn, these two viruses were related to rodent hepacivirus (Fig. 4B).

Finally, a highly divergent hepacivirus was identified in a tran-
scriptome of numbat liver tissue (Peel et al. 2022) with an
abundance of 9.9e-5per cent of total reads and a length of
10,486 nucleotides with a single polyprotein consistent. This virus,
here named numbat hepacivirus, had 37per cent amino acid
sequence identity to the closest blast hit (Norway rat hepacivirus
2, YP_009325411.1) over the NS5 protein and 29per cent amino
acid sequence identity across the whole genome to the closest
blast hit (Duck hepacivirus, QKT21547.1). Numbat hepacivirus
clustered phylogenetically with a clade of avian- and reptile-
associated hepaciviruses based on the NS5 protein (Fig. 4B), but
on a long branch characterised by low bootstrap support (63 per
cent), suggesting that its phylogenetic position is uncertain due to
high-sequence divergence.

3.4. DNA viruses

Although RNA-seq data were analysed here, our dataset con-
tained a surprising diversity of novel DNA virus transcripts. Her-
pesviruses were present in three species—antechinus, Tasmanian
devil, and fat-tailed dunnart—but only two antechinus libraries

contained sufficient gene sequences for phylogenetic analysis and
therefore only these species were analysed further. A very small
fifty-five nucleotide fragment of glycoprotein H of the herpesvirus
identified in Tasmanian devils exhibited 100 per cent nucleotide
sequence identity to Dasyurid herpesvirus 3 (Chong et al. 2019).
Orthoherpesvirus sequences were identified in four Antechinus
libraries—two from female spleen libraries containing two contigs
each—although none were appropriate for phylogenetic analy-
sis and did not overlap with the genes present in the other two
libraries. These sequences were not investigated further. Within
the remaining two libraries, one library from male stomach tis-
sue (SRR11306624) contained two short contigs that included
the glycoprotein B gene (as well as one hypothetical protein
gene sequence), which could be utilised in phylogenetic anal-
ysis, here named Dasyurid herpesvirus 5. The other, a library
of prostate tissue, contained twenty-four contigs with sequence
identity to gammaherpesvirus genes, also including the glycopro-
tein B sequence, here named Dasyurid herpesvirus 4. A compar-
ison of these two glycoprotein B sequences revealed that they
shared only 25per cent amino acid sequence identity. We used
Bowtie2 to align reads from the herpesvirus-positive libraries to
the Dasyurid herpesvirus 1 reference sequence (MF576269.1), for
which only the DNA-dependent DNA polymerase is currently
available. A single read from SRR11306664 (containing Dasyurid
herpesvirus 4) aligned with 92 per cent nucleotide sequence iden-
tity to the Dasyurid herpesvirus 1 reference, while no reads
aligned from the other three Antechinus libraries containing
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A. Gammaherpesvirinae

ABS10999.1 Nyctalus noctula thadinovirus 2
ABS11000.1 Pipistrellus nathusil thadinovirus 1
QFU78301.1 Mastomys natalensis hadinovirus 1
ABS50875.1 Mus cervicolor rhadinovirus 1
ABS50874.1 thadinovirus 1
2

AZP55492.1
AFMB5233.1 Myotis ricketti herpesvirus 1
AEA39186.1 Procavia capensis gammaherpesvirus 2
AAQ10668.2 Piliocolobus badius lymphocryptovirus 1
(CAE46449.1 Gorilline gammaherpesvirus 1
YP_068009.1 Macacine gammaherpesvirus 4
ALQ28742.1 Human gammaherpesvirus 4
GAE46447.1 Papine gammaherpesvirus 1
ADX: 2
AAU13918.2 Hylobates syndactyius lymphocryptovirus 1
AAN39806.2 Pithecia pithecia lymphocryptovirus 1
AAN39807.2 Callithrix penicillata anhocrymuv\lus 1
Atel
L AAN39805.2 Saimin scureus AmehoypovuS 2
ABUS2898.1 Eleph:
Dasyurid herpesvirus 4
'YP_010087383.1 Vombatid gammaherpesvirus 1
'YP_010087456.1 Phascolarctid gammaherpesvirus 1
Dasyurid heresvirus 5

QIQ69341.1

1
iphin gammaherpesvirus. 1

'YP_009388513.1 C:
YP_000664703.1 Caprine gammaherpesvirus 2
QABA5085.1 Ovine gammanerpesvirus 2
NP 065511.1 Alcelaphine gammaherpesvirus 1
ADYB0542.1 Type 2 ruminant rhadinovirus of mule deer

_009041989.1 Bovine gammaherpesvirus 6
AAO12281.1 Porcine lymphotropic herpesvirus 2
YP_010085958.1 Porcine lymphotropic nemeswus 3
ACB69937.1 liberiensi
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C. Polyomaviridae

QBJ04576.1 ian devil i irus 1

SRR13765816 Tasmanian devil polyomakus 3
NC_010107.1 virus type 1
NC_010817.1 is virus type 2
QBJ04578.1 devil i poly like virus 2
UEV87527.1 1

KP033140 Pygoscelis adeliae polyomavirus 1
KF360862 Cracticus torquatus polyomavirus 1
YP_009508818.1 Erythrura gouldiae polyomavirus 1
YP_529828.1 Crow polyomavirus

QHD56406.1 iirus anseris

GU345044 Serinus canaria polyomawms 1
AKU38376.1 avis

AUNB86666.1 Gammapolyomavirus pypyrrhula
YP_009508824.1 Gammapolyomavirus lonmaja
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YP_009408614.1 Sus scrofa papillomavirus 2
e e
YP. 009507264 1 ggleslcus sefcnlnus papi lomavirus 2
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B. Papillomaviridae

{ YP_009552071.1 Boa constrictor papillomavirus 1
YP_004857840.1 Morelia spilota papillomavirus 1

00454634211 Clobus guereza paplomauis 2
NP N137| 1 Human papillor
P §32354 1 Human papilomavius type 96
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NP_041836.1 Human papllomavi
NP 41865 { Human paplona
VP | T beats Tadcats s pepllomavius 2
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i 22: pen illata papillomavirus 1
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581 a “!
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YP_001955935.1 papillomatosis carcinomatosis virus type 2
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78671 1 Har&qer Oarandus papillomavirus 2
Mg it taurus papillomavirus 20
YP_009175025 1 Eos taums papillomavirus 12
NP _694250.1 Xipapillomavirus 1
YP_003508776.1 Cervus elaPnus papillomavirus 2
YP_009272591.1 Bos faurus pap\llomavlrus 17

YP_ 170626.1 Phocoena pl na papillomavirus 1
NP_542622.1 Omlkw%aplllomav irus 1
17845.1 Tursiops truncatus paplllomawrus 1
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Figure 5. Phylogenies of Papillomaviridae, Polyomaviridae, and Gammaherpesvirinae. (A) Phylogeny of the family Gammaherpesvirinae estimated using the
LG+I+4 amino acid substitution model. The alignment used to generate this tree was 318 positions in length. (B) Phylogeny of the Papillomaviridae L1
and L2 proteins estimated using the LG+F+I+4 substitution model. The alignment used to generate this tree was 809 positions in length. (C) Phylogeny
of the Polyomaviridae large T antigen protein estimated using the LG+I+4 substitution model. The alignment used to generate this tree was 446
positions in length. Trees are midpoint rooted for clarity. Scale bars indicate the number of amino acid substitutions per site. Viruses identified in this
study are indicated with red text and animal silhouettes indicate the host species. Branch support values >90 per cent are indicated with a black dot at

the node.

herpesvirus contigs. Based on phylogenetic analysis of glycopro-
tein B, Dasyurid herpesvirus 4 was most closely related to an
elephant herpesvirus (Fig. SA). Dasyurid herpesvirus 5 fell as a
sister lineage to this group, although the sequence is very short
and the node is characterised by low bootstrap support. Without
the DNA polymerase, the most commonly sequenced orthoher-
pesvirus gene used for taxonomic demarcation, the taxonomic
relationship of these viruses was uncertain.

The most diverse viral family identified was the family Papillo-
maviridae. Specifically, we discovered transcripts from five species
of novel papillomavirus in six libraries of Tasmanian devil lip tis-
sue from a study of DFTD (Kozakiewicz et al. 2021). These viruses
were named Tasmanian devil papillomavirus 3-7 to remain con-
sistent with previously identified Tasmanian devil-associated
papillomaviruses (Chong et al. 2019). Partial gene transcripts were
identified in all six libraries, although they were not consistent
across all libraries. The L2 gene (minor capsid protein) was found
in all six libraries and thus used for comparison. Five of these were
distinct papillomavirus L2 genes, with amino acid sequence iden-
tity ranging from 36 to 59 per cent. As the ICTV species demarca-
tion for papillomavirus genera is <70 per cent, these were deemed
to represent five distinct virus species. As the L1 (major capsid)
protein was present in five libraries with distinct L2 transcripts,
L1 and L2 were used for phylogenetic analysis. These sequences
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formed a distinct clade of marsupial papillomaviruses with a bet-
tong papillomavirus and the bandicoot papillomavirus that is the
sole member of the genus Dyolambdapapillomavirus (Fig. SB). The
presence of papillomaviruses did not correlate with the DFTD
status of the animal as both DFTD positive and negative sam-
ples contained papillomaviruses and there was no phylogenetic
distinction based on the DFTD status.

As the study for which these data were generated was designed
to determine geographical patterns in DFTD expression profiles
(Kozakiewicz et al. 2021), we assessed whether geographic location
affected the phylogenetic clustering by manual inspection of the
tree. No obvious pattern was observed. Two papillomavirus species
were previously identified in Tasmanian devil faecal samples—
Tasmanian devil-associated papillomavirus 1 and Tasmanian
devil-associated papillomavirus 2—although only the E1 protein
was published for these viruses. Of the virus sequences discovered
here, only a small fragment (317 nt) of the E1 region could be recov-
ered for Tasmanian devil papillomavirus 6. This exhibited 48 per
cent amino acid (aa) identity to Tasmanian devil-associated papil-
lomavirus 1, 55 per cent aa identity to Tasmanian devil-associated
papillomavirus 2, and 28 per cent aa identity to Bettongia penicillata
papillomavirus 1.

Of interest, a library that contained the E2 protein of Tasma-
nian devil papillomavirus 5 (SRR13765816) also contained a contig
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10 | Virus Evolution

A. Anelloviridae
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B. Adenoviridae

ULR16493 Bat mastadenovirus

YP_009246356 Bat mastadenovirus WIVS
UYL15014 Bai mastadenovirus

QFX65726 Porcine mastadenovirus B
ALJOZE“ CEII'DmlB sea lion adenovirt
P_009553565 Polar bear masladenovnrus
28222'*272‘ 5547 glunns massmdsnowrus A
lurine adenovirus
ALE33729 Adsnovvrus squmel 9529 KOR
6927 Bovine adenovi

jirus 10
SRR11306643 Antechinus adenovirus
BAG48817 Human adenovirus 40 ’—"
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AKH 10605 Unidentiied simian, adenovirus
YF-009174196 Simian adenoviris
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(M 0R351555 Cyncinolgas adanovies 1
AUGT1769 Rhesus adenovirus 61

AEM45093 Macaca mulatta adenovirus 1
BAGA48789 Human adenovirus 12
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060! Stadonoviis D

ta
D
Hi mas'adenovuus >
ADW854 19 Human adenovirus 5
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AEM45098 Piliocolobus badius adenovirus 2
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QIJ58555 Bat mastadenovirus
FWHSSS Bat mastadenovirus

BBE29313 Bat mastadenovirus
BBE29343 Bat mastadenovirus A

YP_009210 F'oruns adenovirus
YP_009505695 Bomenose dolphin adenovirus 1
YP_009704131 Bottlenose dolphin adenovirus 1
YP_068069 Tree shrew adenovirus 1

YP_009664774 Ovine adenoviru

virus 1
YP 094039 Bovine mastadenovirus A
AP_000245 Porcine masladenovlrus C
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YP_009388320 Bat mastadenovirus WIV18
BBF72835 Eidolon helvum adenovirus
QGX41976 Mastadenovirus sp.

Qiz64154 Guinda pig adonouirus
'P_004123747 Murine adenovirus 2

YP_009389499 red squirrel adenovirus 1
e - AAB88060 Equine adenovirus 2
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Figure 6. Phylogenies of Adenoviridae and Anelloviridae. (A) Phylogeny of the Anelloviridae hexon protein estimated using the LG+F+4 substitution
model. The alignment used to generate this tree was 440 positions in length. (B) Phylogeny of the Adenoviridae hexon protein estimated using the
LG +1+ 4 substitution model. The alignment used to generate this tree was 545 positions in length. Viruses identified in this study are indicated with
red text and animal silhouettes indicate the host species. Trees are midpoint rooted for clarity. Branch support values >90 per cent are indicated with a
black dot at the node. Scale bars indicate the number of amino acid substitutions per site.

showing sequence identity to the large T antigen of a novel poly-
omavirus. A second library, SRR13765794, contained an identical
polyomavirus large T antigen but no other virus sequences. No
other polyomavirus genes were detected in these libraries. As this
large T antigen sequence was related to but distinct from Tasma-
nian devil polyomavirus 1 and 2 (Fig. 5C), we named this novel
virus Tasmanian devil polyomavirus 3.

Transcripts of two novel anelloviruses were detected, although
only
one of these—here named Antechinus anellovirus—contained the
ORF1 sequence and hence was analysed further. Phylogenetically,
Antechinus anellovirus was extremely divergent in the ORF1 pro-
tein from the current diversity of Anelloviridae and was closely
related to a group of anelloviruses detected in seals, cats, and
a giant panda (Fig. 6A). Antechinus anellovirus sequences with
100 per cent sequence identity were detected in two libraries of
spleen, co-occurring with Antechinus hepacivirus in one of these
libraries.

Similarly, the adenovirus transcripts identified in this study
were also found in the same samples as Antechinus hepacivirus:
in the kidney tissue of two individuals, as well as in eight other
libraries (seven individuals) where it was the only virus identi-
fled. Across libraries, the virus sequences were 99 per cent similar
at the nucleotide level. The virus was mainly found in libraries

of kidney tissue (8/10), as well as in one library of spleen and
one of prostate tissue. Antechinus adenovirus was most closely
related to members of the genus Mastadenovirus, but due to the
high degree of divergence, the phylogenetic position of this virus
is still unclear (Fig. 6B).

4, Discussion

We identified twenty-two full or partial virus genomes from eight
virus taxa within 446 SRA transcriptome libraries of tissue sam-
ples from species within the order Dasyuromorphia. Of these virus
genomes, fifteen were subjected to phylogenetic analysis. The
remaining seven virus contigs either were viruses identified as
contaminants (in four cases discussed later) or were too short for
meaningful analysis; this was the case with two herpesviruses
identified in a fat-tailed dunnart library and a Tasmanian devil
library, as well as the ORF2 segment of a novel anellovirus in a
Tasmanian devil. Human papillomavirus sequences were identi-
fied in four antechinus libraries, three of which also contained
contaminating human sequences. Although this is a risk when
analysing SRA data, the use of taxonomic classification software
such as CCMetagen (Marcelino et al. 2020) can be used to iden-
tify contaminating host sequences. We can also be confident that
the viruses identified here are exogenous, rather than endogenous,
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as high-quality host genomes are available for three of the four
Dasyurid species studied here, and a comprehensive analysis of
EVEs in marsupials has previously been undertaken (Harding et al.
2021).

Until 2018, deltaviruses were believed to be exclusive to
humans. However, this was disproven by the identification of
delta-like viruses in birds and snakes (Wille et al. 2018; Hetzel et al.
2019). Since this time, additional deltaviruses have been identified
through SRA screening (Bergner et al. 2021). Of note, we describe
the first marsupial deltaviruses that also form what appears to be
amarsupial-specific clade. Specifically, Tasmanian devil deltavirus
and fat-tailed dunnart deltavirus cluster in a sister clade to a
group of rodent-associated deltaviruses also identified in an SRA-
screening study (Bergner et al. 2021). Further exploration of the
marsupial virome is needed to determine if this putative marsu-
pial cluster of deltaviruses holds true, such that these viruses have
associated with marsupial hosts for their entire 160-million-year
history (Luo et al. 2011), or if there has been frequent cross-species
transmission on more recent timescales as in other deltaviruses
(Bergner et al. 2021).

Two distinct marsupial carnivore hepaciviruses were also iden-
tified in this study. Hepaciviruses are associated with liver dis-
ease in humans, although in most animals their pathogenic-
ity is unknown. Three marsupial hepaciviruses have previously
been identified: Koala hepacivirus, Possum hepacivirus, and
Collins beach virus, all of which were identified metagenomi-
cally (Chang et al. 2019; Harvey et al. 2019; Porter et al. 2020).
Antechinus hepacivirus was most closely related to a suspected
bandicoot-associated hepacivirus, denoted Collins beach virus,
while Koala hepacivirus and Possum hepacivirus cluster together.
These two marsupial clades are paraphyletic, with the Antech-
inus hepacivirus and Collins beach virus grouping with rodent
hepaciviruses and the Possum and Koala hepaciviruses cluster-
ing with a broader range of mammals. This phylogenetic pat-
tern may be a result of bandicoots and antechinus sharing a
similar ecological niche—ground-dwelling foragers (along with
rodents)—thereby enabling cross-species transmission, while
Koala and Possum hepaciviruses are mainly tree-dwelling her-
bivores. The lack of a marsupial-specific clade, as well as the
grouping with rodent-associated hepaciviruses, is also indicative
of multiple introductions of hepaciviruses to marsupials, per-
haps via rodent species, although this will again need to be
resolved through more extensive sampling. Of note, Antechi-
nus hepacivirus was identified in a relatively large proportion of
individuals (5/13), which could suggest a high prevalence in the
population and hence be of particular concern if populations are
being used for translocation in population reseeding programmes
(Manning 2021). In addition, we identified a highly divergent hep-
acivirus in a numbat liver transcriptome. This virus shared only
29per cent amino acid sequence identity to the closest blast hit
and did not fall within the larger mammalian/marsupial clade,
suggesting the presence of a third, highly divergent lineage of
marsupial hepaciviruses. Further study of marsupial-associated
hepaciviruses is needed to shed light on the emergence and evo-
lution of these viruses in Australian marsupials and to determine
what effect these infections may have on their hosts.

A highly divergent chu-like virus was identified in a transcrip-
tome of a DFTD cell line (SRR6380970) grown from primary tissues
(Kosack et al. 2019). The Chuviridae and chu-like viruses belong to
the order Jingchuvirales, which was until recently believed to be
invertebrate specific (Di Paola et al. 2022). The discovery of a chu-
like virus in the brain of a snake with neurological disease (Argenta
etal. 2020) and in a meta-transcriptomic study of reptiles (Shietal.
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2018) led to the identification of a fish-reptile-associated genus
(Piscichuvirus) within the Chuviridae. More recently, three novel Pis-
cichuvirus species were identified and associated with encephalitis
in turtles (Laovechprasit et al. 2023), suggesting that this genus
could be associated with neurological disease. Tasmanian devil
chu-like virus is the sister group to the Chuviridae within the
order Jingchuvirales and is highly divergent from the charac-
terised species. Interestingly, it has been suggested that DFTD is
of Schwann cell origin (Murchison et al. 2010), a cell type asso-
ciated with the peripheral nervous system, such that the novel
chu-like virus identified here could similarly be associated with
the nervous system. However, as this virus was identified from SRA
data and from a library of cultured cells, we cannot be certain of
the true host of this virus. Further work is needed to determine if
this virus is capable of infecting DFTD cells and what effect this
infection has on the cancer cells.

Transcripts from five families of DNA viruses were identified
in these samples. Papilloma-, polyoma-, and herpesviruses are
often associated with disease and, in some cases cancer, while
anellovirus and adenovirus have less definitive links to disease.
We identified a novel anellovirus in antechinus spleen transcrip-
tomes, which co-occurred with Antechinus hepacivirus in one
library. These viruses are ubiquitous and their disease associa-
tion is still debated, although it has been suggested that they
may play a role as co-infecting viruses (Webb, Rakibuzzaman,
and Ramamoorthy 2020). Similarly, Antechinus adenovirus was
identified in kidney, prostate, and spleen tissue transcriptomes
and co-occurred with hepacivirus in two of ten libraries. This
virus clustered with a group of mastadenoviruses identified in
mice, cows, pigs, bats, and a polar bear. Mastadenoviruses are
in some cases associated with diseases including encephalitis,
respiratory disease (Chen and Tian 2018), and gastrointestinal
symptoms (Dayaram et al. 2018). In this case, no disease was
reported in the individuals sequenced, but this is difficult to assess
in SRA-screening studies.

Sequences from two distinct species of the family Gammaher-
pesvirinae were identified in antechinus transcriptomes of stom-
ach and prostate tissue, along with partial herpesvirus sequences
in Tasmanian devil peripheral blood mononuclear cells and fat-
tailed dunnart mitogen-stimulated splenocytes. Herpesviruses
are relatively well characterised in marsupials, with Dasyurid
herpesvirus 1 identified in Antechinus in 2014 (Amery-Gale et al.
2014) and subsequent studies revealing two Tasmanian devil-
associated herpesviruses (Dasyurid herpesvirus 2 and Dasyurid
herpesvirus 3) (Stalder et al. 2015; Chong et al. 2019). However,
the species demarcation of viruses within the family now termed
Orthoherpesviridae is unclear, with no defined genetic distance
or biological features used for classification (Gatherer et al. 2021).
Given that very few genomic sequences are available for the
related viruses, we suggest 92 per cent nucleotide identity across
the single read of the DNA-dependent DNA polymerase (the only
gene available for Dasyurid herpesvirus 1) as sufficient genetic dis-
tance to represent a novel species. DNA sequencing would likely
lead to the recovery of the full genome, including gene sequences
necessary to determine the relatedness of these species to each
other and to other Dasyurid herpesviruses, but this is beyond the
scope of this study.

We identified five distinct but related species of papillomavirus
in Tasmanian devil lip tissue transcriptomes within the libraries of
a single SRA BioProject. The DFTD status of the sampled individual
did not appear to be associated with the presence of papillo-
mavirus, nor did the DFTD status correlate with any clustering in
the phylogeny of these species. Two Tasmanian devil-associated
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papillomaviruses were previously identified in a faecal
meta-transcriptome, but as these animals are carnivores, it was
impossible to determine their true host (Chong et al. 2019). Phy-
logenetic analysis revealed that all these sequences were most
closely related to each other and more broadly to Bettongia peni-
cillata papillomavirus 1, isolated from papillomatous lesions on
a brush-tailed bettong in Australia (Bennett et al. 2010), and
more distantly with Bandicoot papillomatosis carcinomatosis
virus types 1 and 2. Bandicoot papillomatosis carcinomatosis virus
uniquely exhibits genomic features of both papillomavirus and
polyomavirus proteins with the L1 and L2 proteins of a papillo-
mavirus and the large and small T antigen proteins of a poly-
omavirus (Woolford et al. 2007). Interestingly, the large T antigen
protein sequence of a novel polyomavirus was identified in one
library in this study, which also contained the E2 protein of Tasma-
nian devil papillomavirus 5, although this is not consistent with
the genomic structure of the previously identified hybrid virus.
Phylogenetically, the large T antigen sequence of Tasmanian devil
polyomavirus 3 was most closely related to the large T antigen
sequence of the hybrid Bandicoot papillomatosis carcinomatosis
virus, with Tasmanian devil-associated polyomavirus 1 and Tas-
manian devil-associated polyoma-like virus 2 being more diver-
gent. Interestingly, Tasmanian devil-associated polyomavirus 1
and Tasmanian devil-associated polyoma-like virus 2 were iden-
tified in the same faecal meta-transcriptome study as Tasmanian
devil-associated papillomaviruses 1 and 2. DNA sequencing will
be required to confirm the genomic structure and phylogenetic
relationships of these viruses.

Although our study identified evidence of a relatively high
diversity of DNA viruses within transcriptomic data, the lack of
complete genomes limits the value of these sequences in phyloge-
netic comparison and genomic characterisation of these species.
In contrast, there was a relatively limited diversity of RNA viruses
in these data, which may be a product of the sequencing method-
ology used. For example, poly-A selection during library prepa-
ration will remove many virus sequences (Visser et al. 2016).
However, despite being prepared with a poly-A selection, we iden-
tified a high diversity of viruses within the yellow-footed Antech-
inus libraries, with 10/13 sequenced individuals being associated
with at least one virus. Antechinus hepacivirus was particularly
prevalent, and as these species are being proposed for species
reintroduction programmes, it is of particular importance that the
viromes of these individuals are investigated to prevent the spread
of these viruses to naive populations. From the data provided here,
PCR primers could be designed to screen for these viruses in indi-
viduals being used in translocation programmes and in cases of
undiagnosed disease in marsupial species to determine if there is
some disease association.

In light of the diversity of marsupial carnivore viruses identified
in this small study of transcriptomic data not generated for the
purposes of virus discovery, it is evident that considerable viral
diversity exists in these species and that further study is required
to understand the viromes and viral evolutionary history of these
unique species. Given the threat that these species face as a result
of human activity, it is imperative that we understand the risk that
viral disease poses to what are often small, isolated populations.

Data availability

All viral genomes and corresponding sequences assembled in
this study and the alignments generated in this study for phylo-
genetic analysis are available at https://github.com/erinhunter4/

dasyurid_virome. The SRA virus discovery pipeline is available at
https://github.com/JonathonMifsud/BatchArtemisSRAMiner.

Supplementary data

Supplementary data is available at Virus Evolution online.

Acknowledgements

We acknowledge the University of Sydney’s high-performance
computing cluster, Artemis, for providing computing. This work
would not be possible without the sequencing data that have been
generously shared by the research community, and we are grateful
to the NCBI SRA team for their management of this resource.

Funding

This work was funded by a National Health and Medical
Research Council Investigator Grant to E.CH. (no. GNT201719)
and AIR@InnoHK administered by the Innovation and Technology
Commision, Hong Kong Special Administrative Region, China.

Conflict of interest: None declared.

References

Amery-Gale, J. et al. (2014) ‘Detection and Identification of a Gamma-
herpesvirus in Antechinus spp. in Australia’, Journal of Wildlife
Diseases, 50: 334-9.

Argenta, F. F et al. (2020) ‘Identification of Reptarenaviruses, Hart-
maniviruses, and a Novel Chuvirus in Captive Native Brazilian
Boa Constrictors with Boid Inclusion Body Disease’, Journal of
Virology, 94: €00001-20.

Barker, I. K., Carbonell, P. L., and Bradley, A. . (1981) ‘Cytomegalovirus
Infection of the Prostate in the Dasyurid Marsupials, Phascogale
tapoatafa and Antechinus stuartii’, Journal of Wildlife Diseases, 17:
433-41.

Bennett, M. D. et al. (2010) ‘The First Complete Papillomavirus
Genome Characterized from a Marsupial Host: A Novel Isolate
from Bettongia penicillata’, Journal of Virology, 84: 5448-53.

Bergner, L. M. et al. (2021) ‘Diversification of Mammalian Deltaviruses
by Host Shifting’, Proceedings of the National Academy of Sciences, 118:
€2019907118.

Bigot, T. et al. (2019) ‘RVDB-prot, a Reference Viral Protein Database
and Its HMM Profiles’, F1000Research, 8: 530.

Bolger, A. M., Lohse, M., and Usadel, B. (2014) ‘Trimmomatic: A
Flexible Trimmer for Illumina Sequence Data’, Bioinformatics, 30:
2114-20.

Buchfink, B,, Reuter, K., and Drost, H. G. (2021) ‘Sensitive Protein Align-
ments at Tree-of-Life Scale Using DIAMOND’, Nature Methods, 18:
366-8.

Camacho, C. et al. (2009) ‘BLAST+: Architecture and Applications’,
BMC Bioinformatics, 10: 421.

Capella-Gutierrez, S., Silla-Martinez, J. M., and Gabaldon, T. (2009)
‘trimAl: A Tool for Automated Alignment Trimming in Large-scale
Phylogenetic Analyses’, Bioinformatics, 25: 1972-3.

Chang, W.-S. et al. (2019) ‘Metagenomic Discovery and Co-infection
of Diverse Wobbly Possum Disease Viruses and a Novel Hep-
acivirus in Australian Brushtail Possums’, One Health Outlook,
1:5.

Chapman, A. (2009) ‘Numbers of living species in Australia and the
world’, Report for the Australian Biological Resources Study, pp.

376

202 J9qWIBAON B0 UO Josn A1eiqi pIo4-iing Aq 8ev/ L€2/L90PEA/Z/6/BI0NE/A/W0D dNO"DIWLBPEOE//:SARY WO} PAPEOIUMOQ



1-78.Canberra, Australia: Department of the Environment, Water,
Heritage and the Arts.

Charon, J. et al. (2022) ‘RdRp-scan: A Bioinformatic Resource to
Identify and Annotate Divergent RNA Viruses in Metagenomic
Sequence Data’, Virus Evolution, 8: veac082.

Chen, S, and Tian, X. (2018) ‘Vaccine Development for Human
Mastadenovirus’, Journal of Thoracic Disease, 10: S2280-94.

Chong, R. et al. (2019) ‘Fecal Viral Diversity of Captive and Wild
Tasmanian Devils Characterized Using Virion-Enriched Metage-
nomics and Metatranscriptomics’, Journal of Virology, 93:
€00205-19.

Clausen, P. T. L. C. et al. (2018) ‘Rapid and precise alignment of raw
reads against redundant databases with KMA’, BMC Bioinformatics,
19: 307.

Dayaram, A. et al. (2018) ‘Novel Divergent Polar Bear-Associated
Mastadenovirus Recovered from a Deceased Juvenile Polar Bear’,
mSphere, 3: €00171-18.

Di Paola, N. et al. (2022) ‘Jingchuvirales: A New Taxonomical Frame-
work for a Rapidly Expanding Order of Unusual Monjiviricete
Viruses Broadly Distributed among Arthropod Subphyla’, Applied
and Environmental Microbiology, 88: e0195421.

Duchéne, D. A. et al. (2017) ‘Analysis of Phylogenomic Tree Space
Resolves Relationships among Marsupial Families’, Systematic
Biology, 67: 400-12.

Feigin, C., Frankenberg, S. and Pask, A. (2022) ‘A Chromosome-
Scale Hybrid Genome Assembly of the Extinct Tasmanian Tiger
(Thylacinus cynocephalus)’, Genome Biology and Evolution, 14: evac048.

French, R. K. et al. (2022) ‘Novel Viral and Microbial Species
in a Translocated Toutouwai (Petroica longipes) Population from
Aotearoa/New Zealand’, One Health Outlook, 4: 16.

Gatherer, D. et al. (2021) ‘ICTV Virus Taxonomy Profile: Herpesviridae
2021’, Journal of General Virology, 102: 001673.

Goodacre, N. et al. (2018) ‘A Reference Viral Database (RVDB) to
Enhance Bioinformatics Analysis of High-Throughput Sequencing
for Novel Virus Detection’, mSphere, 3: e00069-18.

Harding, E. F. et al. (2021) ‘Ancient Viral Integrations in Marsupials: A
Potential Antiviral Defence’, Virus Evolution, 7: veab076.

Harvey, E. et al. (2019) ‘Extensive Diversity of RNA Viruses in Aus-
tralian Ticks’, Journal of Virology, 93: 3.

Hatcher, E. L. et al. (2017) ‘Virus Variation Resource—Improved
Response to Emergent Viral Outbreaks’, Nucleic Acids Research, 45:
D482-90.

Hetzel, U. et al. (2019) ‘Identification of a Novel Deltavirus in Boa
Constrictors’, mBio, 10: 2.

Hoang, D. T. et al. (2017) ‘UFBoot2: Improving the Ultrafast Bootstrap
Approximation’, Molecular Biology and Evolution, 35: 518-22.

Kalyaanamoorthy, S. et al. (2017) ‘ModelFinder: Fast Model Selection
for Accurate Phylogenetic Estimates’, Nature Methods, 14: 587-9.

Katoh, K., and Standley, D. M. (2013) ‘MAFFT Multiple Sequence
Alignment Software Version 7: Improvements in Performance
and Usability’, Molecular Biology and Evolution, 30: 772-80.

Kealy, S., and Beck, R. (2017) ‘Total Evidence Phylogeny and Evolution-
ary Timescale for Australian Faunivorous Marsupials (Dasyuro-
morphia)’, BMC Evolutionary Biology, 17: 240.

Kearse, M. et al. (2012) ‘Geneious Basic: An Integrated and Extend-
able Desktop Software Platform for the Organization and Analysis
of Sequence Data’, Bioinformatics, 28: 1647-9.

Kosack, L. et al. (2019) ‘The ERBB-STAT3 Axis Drives Tasmanian Devil
Facial Tumor Disease’, Cancer Cell, 35: 125-139.e9.

Kozakiewicz, C. P. et al. (2021) ‘Spatial Variation in Gene Expres-
sion of Tasmanian Devil Facial Tumors despite Minimal Host
Transcriptomic Response to Infection’, BMC Genomics, 22: 698.

377

E.Harveyetal | 13

Langmead, B., and Salzberg, S. L. (2012) ‘Fast Gapped-Read Alignment
with Bowtie 2’, Nature Methods, 9: 357-9.

Laovechprasit, W. et al. (2023) ‘Piscichuviral Encephalitis in Marine
and Freshwater Chelonians: First Evidence of Jingchuviral Dis-
ease’, bioRxiv, 2023.02.24.528524.

Larsson, A. (2014) ‘AliView: A Fast and Lightweight Alignment Viewer
and Editor for Large Datasets’, Bioinformatics, 30: 3276-8.

Lazenby, B. T. et al. (2018) ‘Density Trends and Demographic Signals
Uncover the Long-term Impact of Transmissible Cancer in Tasma-
nian Devils’, Journal of Applied Ecology, 55: 1368-79.

Li, D. et al. (2015) ‘MEGAHIT: An Ultra-fast Single-Node Solution
for Large and Complex Metagenomics Assembly via Succinct de
Bruijn Graph’, Bioinformatics, 31: 1674-6.

Li, B,, and Dewey, C. N. (2011) ‘RSEM: Accurate Transcript Quantifi-
cation from RNA-Seq Data with or without a Reference Genome’,
BMC Bioinformatics, 12: 323.

Luo, Z.-X. et al. (2011) ‘A Jurassic Eutherian Mammal and Divergence
of Marsupials and Placentals’, Nature, 476: 442-5.

Manning, A. (2021) ‘NESP Threatened Species Recovery Hub. Select-
ing Faunal Species for Reintroduction to Mulligans Flat Woodland
Sanctuary’, ACT, Project 4.1.2 Research Findings Factsheet, pp.
1-3.

Marcelino, V. R. et al. (2020) ‘CCMetagen: Comprehensive and Accu-
rate Identification of Eukaryotes and Prokaryotes in Metagenomic
Data’, Genome Biology, 21: 103.

Minh, B. Q. et al. (2020) ‘IQ-TREE 2: New Models and Efficient Methods
for Phylogenetic Inference in the Genomic Era’, Molecular Biology
and Evolution, 37: 1530-4.

Murchison, E. P. et al. (2010) ‘The Tasmanian Devil Transcriptome
Reveals Schwann Cell Origins of a Clonally Transmissible Cancer’,
Science, 327: 84-7.

Paddle, R. (2000) The Last Tasmanian Tiger: The History and Extinction of
the Thylacine, p. 273. Cambridge University Press: New York.

Peel, E. et al. (2022) ‘Genome Assembly of the Numbat (Myrmeco-
bius fasciatus), the Only Termitivorous Marsupial’, GigaByte, 2022:
gigabyte47.

Portas, T. J. et al. (2020) ‘Baseline Health and Disease Assessment
of Founder Eastern Quolls (Dasyurus viverrinus) during a Con-
servation Translocation to Mainland Australia’, Journal of Wildlife
Diseases, 56: 547-59.

Porter, A. F. et al. (2020) ‘Novel Hepaci- and Pegi-like Viruses in Native
Australian Wildlife and Non-human Primates’, Virus Evolution, 6:
veaa064.

R Core Team (2021) R: A Language and Environment for Statistical Com-
puting. Vienna, Austria: R Foundation for Statistical Computing
<https://www.R-project.org/>.

Royall, A. H. et al. (2019) ‘Of Eyes and Embryos: Subfunction-
alization of the CRX Homeobox Gene in Mammalian Evolu-
tion’, Proceedings of the Royal Society B: Biological Sciences, 286:
20190830.

Scicluna, E. L., Gill, B. P,, and Robert, K. A. (2021) ‘Fat-tailed Dun-
narts (Sminthopsis crassicaudata) of the Werribee Grasslands: A
Case Study of a Species in Decline’, Australian Journal of Zoology,
69: 27-32.

Shi, M. et al. (2018) ‘The Evolutionary History of Vertebrate RNA
Viruses’, Nature, 556: 197-202.

Stalder, K. et al. (2015) ‘Prevalence and Clinical Significance of Her-
pesvirus Infection in Populations of Australian Marsupials’, PLoS
One, 10: e0133807.

Visser, M. et al. (2016) ‘Next-generation Sequencing for Virus
Detection: Covering All the Bases’, Virology Journal,
13: 85.

202 J9qWIBAON B0 UO Josn A1eiqi pIo4-iing Aq 8ev/ L€2/L90PEA/Z/6/BI0NE/A/W0D dNO"DIWLBPEOE//:SARY WO} PAPEOIUMOQ



14 | Virus Evolution

Webb, B, Rakibuzzaman, A. G. M., and Ramamoorthy, S. (2020)
‘Torque Teno Viruses in Health and Disease’, Virus Research, 285:
198013.

Wille, M. et al. (2018) ‘A Divergent Hepatitis D-Like Agent in Birds’,
Viruses, 10: 720.

Woinarski, J. C. Z. et al. (2011) ‘The Disappearing Mammal Fauna
of Northern Australia: Context, Cause, and Response’, Conserva-
tion Letters, 4: 192-201.

Woolford, L. et al. (2007) ‘A Novel Virus Detected in Papillomas
and Carcinomas of the Endangered Western Barred Bandicoot
(Perameles bougainville) Exhibits Genomic Features of Both the
Papillomaviridae and Polyomaviridae’, Journal of Virology, 81:
13280-90.

Zemann, A. et al. (2013) ‘Ancestry of the Australian Ter
mitivorous Numbat’, Molecular Biology and Evolution, 30:
1041-5.

378

202 J9qWBAON 60 UO Josn Aleiqr pioJ-piung Aq 8et/ L€ 2/190PESA/Z/6/EI01E/oA/LI0D dNO"dlWSPEOR/:SANY WOl papeojumoq



10

11

12

13

14

15

16

17

18

19

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.24.581894; this version posted February 25, 2024. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Limited transmission of microbial species among coral

reef fishes from the Great Barrier Reef, Australia

Vincenzo A. Costa', David R. Bellwood?, Jonathon C.O. Mifsud!, Jemma L. Geoghegan’*,

Erin Harvey'!, Edward C. Holmes'*

!Sydney Institute for Infectious Diseases, School of Medical Sciences, The University of
Sydney, Sydney, NSW 2006, Australia.

2Research Hub for Coral Reef Ecosystem Functions, College of Science and Engineering,
James Cook University, Townsville, QLD 4811, Australia.

*Department of Microbiology and Immunology, University of Otago, Dunedin, New Zealand.

“Institute of Environmental Science and Research, Kenepuru, Porirua, 5022, New Zealand.

*Corresponding author:

Prof. Edward C. Holmes,

Sydney Institute for Infectious Diseases, School of Medical Sciences,
The University of Sydney, Sydney, NSW 2006, Australia.

Email: edward.holmes@sydney.edu.au

379



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.24.581894; this version posted February 25, 2024. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Abstract

Reef fishes account for one-third of all extant marine fishes and exhibit enormous
biodiversity within a highly interactive ecosystem. Yet relatively little is known about the
diversity and evolution of microbial species (bacteria, viruses, and eukaryotes) associated
with reef fish, even though this may provide valuable insights into the factors that shape
microbial communities within vertebrate hosts as well as the extent and pattern of cross-
species transmission. Through metatranscriptomic sequencing we characterised the viruses,
bacteria, and single-celled eukaryotes from 128 reef fish species inhabiting Lizard Island and
Orpheus Island on the Great Barrier Reef, Australia. We assessed whether microbial
communities differed between islands that are separated by approximately 450 kilometres,
and to what extent viruses were able to emerge in new hosts. Notably, despite strong
ecological interactions in the reef environment, and the presence of the same families and
subfamilies of viruses and bacteria on both islands, there was minimal evidence for the cross-
species transmission of individual microorganisms among fish species. An exception was the
high prevalence of the bacterial pathogen Photobacterium damselae among apparently
healthy cardinalfishes from both islands, indicating that these fish species are natural
reservoirs within the reef system. Overall, these data suggest that reef fishes have microbial-
host associations that arose prior to the formation of the Great Barrier Reef, leading to strong
host barriers to cross-species microbial transmission even within a highly interactive and

species-rich environment.
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Introduction

Symbiotic interactions are ubiquitous in nature and play an important role in animal, plant,
and microbial evolution. In reef systems, the interdependence of corals, fishes, and their
microbial symbionts supports fundamental ecological processes, and their dissociation may
cause devastating declines in species abundance and reef functioning (1). Healthy tropical
coral reefs are characterised by remarkable biodiversity and exceptionally complex
interactions. This provides an ideal forum for investigating the evolutionary and ecological
factors shaping microbial communities, especially among teleost fishes. Teleost fishes are the
most speciose group of vertebrates on coral reefs and rank among the most phylogenetically
and ecologically diverse group of vertebrates, accounting for one-third of all currently
described marine fishes (2, 3). Reef fishes exhibit exceptional dispersal capabilities. Most
have geographic ranges spanning thousands of kilometres, with some species spanning
approximately two thirds of the global tropics (4). This level of interconnectivity is also
exhibited on individual reefs, with highly complex food webs. Reef fishes display diverse
trophic guilds (e.g., carnivores, mobile invertivores, omnivores, planktivores, sessile
invertivores, herbivores/detritivores), occur in a range of habitats (e.g., coral, sand, rubble,

caves), and commonly live in exceptionally close proximity (5-7).

This high degree of interaction is exemplified in the cryptobenthic reef fishes: behaviourally
cryptic species with adult body sizes of approximately 5 cm or less that typically occupy the
benthic zone (6). Cryptobenthic reef fishes engage with larger reef fishes through extensive
predator-prey interactions, and their frequent consumption is an integral component of coral
reef food webs via the transfer of energy from microscopic prey to large predators (8). For
example, the dwarf goby (Eviota sigillata) has a maximum lifespan of just 59 days and
experiences mortality rates of 7.8% per day (9). In addition to predation, fishes interact

through cleaning (including the removal of blood-sucking parasites) (10) and extensive food
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webs of coprophagy (consuming the faeces of other fishes) (11). The potential for microbial

transmission on reefs is therefore considerable.

Although reef fish co-exist in a highly diverse and interactive ecosystem, relatively little is
known about whether and how microbial composition (i.e., of viruses, bacteria, eukaryotes)
differs across fish groups within and among communities. Studies of microbial ecology in
teleosts have largely focused on animals utilised in aquaculture and in laboratory model
species, with very few investigations of wild ecosystems (12-15). Fish-microbe interactions
are highly beneficial for fish nutrition and immunity and are shaped by host and
environmental factors including trophic level, age, water quality, and host phylogeny (12, 16-

20).

The extent of phylogenetic divergence between animal species has an important impact on
virus ecology and evolution, particularly the likelihood of successful cross-species virus
transmission, and it is therefore a key determinant of infectious disease emergence (21-25).
The “phylogenetic distance” theory posits that microorganisms are more likely to be
transmitted between closely related species that have conserved cellular properties, such as
cell receptors (26). This idea is supported by numerous studies across a broad spectrum of
host taxa (e.g., vertebrates, invertebrates) and pathogen groups including virus-host
interactions in reef fishes (16, 22). For example, recent work has shown that reef fishes from
a spatially restricted (100 square metre) community from Orpheus Island in the Great Barrier
Reef (GBR), Australia, harbour diverse viral assemblages that are highly host-specific despite

ample opportunity for cross-species transmission (16).

With approximately 2500 coral reefs and 900 islands, fishes of the GBR constitute a natural
model system to investigate spatial patterns of microbial evolution and diversity in vertebrate
hosts. Molecular and fossil evidence indicates that the majority of reef fish families

originated during the Paleocene and Eocene, approximately 66 to 50 million years ago (Ma).
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90  Subsequently, a notable acceleration in lineage diversification took place during the
91  Oligocene and Miocene (34-5.3 Ma), with this shift occurring in the Indo-Australia
92  Archipelago (IAA) (i.e., the IAA biodiversity hotspot) (27). During the Miocene (23-5.3 Ma),
93  the reciprocal diversification of fish and coral species likely led to the development of the
94  functional reef ecosystems that are observable today. By the early stages of the Pleistocene
95  (5.3-0 Ma), almost all reef fish taxonomic groups were established and began their settlement
96  on reefs across all tropical oceans (27), with the formation of the GBR fish communities
97  likely occurring within the last 10,000 years following the stabilization of sea level to its
98  current height ~6000-8000 years ago (5, 28). Whether and how these colonization events
99  have shaped microbial evolution and diversity is unknown. For example, many reef fishes—
100  particularly cryptobenthics that have limited dispersal—exhibit strong site fidelity,
101  maintaining the same community composition year-round (29). The seemingly consistent
102 community composition might therefore lead to the generation of distinct microbial
103  communities in different geographic areas, that will be most pronounced for rapidly evolving
104  RNA viruses. Conversely, it is possible that the high ecological similarities among disjunct
105  reef locations might result in broadly similar microbial compositions among fish

106 communities.

107  We characterised the total assemblage of viruses, bacteria, and single-celled eukaryotes from
108 128 reef fish species spread across Lizard Island and Orpheus Island in the GBR. This study
109  comprised 28 reef fish families, making it one of the largest investigations of microbial

110  diversity and evolution in reef fish undertaken to date. Using metatranscriptomics, we aimed
111 to determine the relationship between host community diversity and microbial diversity and
112 identify whether these communities differ between fish species from two islands separated by
113 approximately 450 kilometres. We also aimed to determine the impact of host ecology on

114  microbial diversity and evolution and to identify whether particular fish groups are potential
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115  reservoirs for important viral or bacterial pathogens. This is of particular importance given
116  the high utilisation of reef fish in aquaculture as well as the ongoing threats of biodiversity
117  loss on coral reefs from anthropogenic climate change, itself a significant contributor to the

118  emergence of infectious diseases (30).

119

120 Results

121  Composition of sequence reads

122 We sequenced a total of 10.7 billion RNA reads, including 4.7 billion reads newly generated
123 from Lizard Island fishes. The remaining reads (Orpheus Island) are available on NCBI

124 Sequence Read Archive (SRA) under BioProject PRINA841039 (16). These data were

125  generated from a total of 140 sequencing libraries, representing 128 reef fish species and 28
126  families (Figure 1) (mean 54,617,146 reads per library). Fish RNA accounted for 93% of the
127  total reads, followed by RNA associated with cnidarians (5.7%), bacteria (0.31%), single-
128  celled eukaryotes (0.29%), arthropods (0.23%), platyhelminths (0.18%), molluscs (0.04%),
129 poriferans (0.03%), annelids (0.02%), nematodes (0.01%), fungi (0.009%), and viruses

130  (0.009%) (Supplementary Table 1).

131
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133 Figure 1. Sampling locations and taxonomic diversity of reef fish. (A) Location of Lizard
134  Island and Orpheus Island in the GBR. (B) Taxonomy of samples collected from Lizard
135 Island. (C) Taxonomy of samples collected from Orpheus Island. All other families with less

136  than one species sampled are omitted from panels B and C.
137
138  Diversity and abundance of the reef fish virome

139  We identified sequences representing 64 vertebrate-associated viruses (i.e., those likely

140  infecting fish tissues), including 27 newly discovered from Lizard Island fishes

141 (Supplementary Table 2). The Astroviridae comprised 32.4% of vertebrate-associated viral
142 reads, followed by the Iridoviridae (21.8%), Picornaviridae (18.6%), Chuviridae (15.9%),
143 Parvoviridae (6.8%), Hantaviridae (2.9%) with all other groups representing <1% of the total

144 viral reads: Flaviviridae, Orthomyxoviridae (order Articulavirales), Poxviridae,
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145 Paramyxoviridae, Reoviridae, Circoviridae, Coronaviridae, Hepeviridae, Rhabdoviridae,

146  and Caliciviridae (Figure 2).

147 As well as vertebrate-associated viruses, we identified 194 viruses that were likely infecting
148  porifera, arthropods, molluscs, fungi, plants, and microbial eukaryotes (e.g., dinoflagellates),
149  including 100 that were newly discovered at Lizard Island. Because these viruses were likely
150  associated with fish diet and not infecting the fish themselves, we assume that their presence
151  does not reflect key aspects of fish biology (i.e., immunity or receptor binding) and hence
152 effectively serve as a “negative control” in comparison to the vertebrate-associated viruses.
153 We refer to this group as “non-vertebrate” viruses. The most abundant viral groups in this
154 category were the Flaviviridae (24% of non-vertebrate viral reads), unclassified

155  picornaviruses (i.e. “picorna-like” viruses) (22.5%) Narnaviridae (21.9%), Nodaviridae

156  (8.9%), Hepeviridae (6.2%), Partitiviridae (4%), Solemoviridae (3.2%), Negevirus (2.1%)
157  and Totiviridae (2%), with all other groups comprising <1%: Reovirales, Weivirus,

158  Qinviridae, Iflaviridae, Dicistroviridae, Rhabdoviridae, Picobirnaviridae, Quenyavirus,

159 Bunyavirales, Chuviridae, and Tombusviridae.
160  Spatial comparisons of the reef fish virome

161  To determine whether viral composition (i.e., virus families or subfamilies) differed between
162 Orpheus and Lizard islands, we analysed beta diversity using permutational multivariate

163  analysis of variance (PERMANOVA) with the Bray—Curtis dissimilarity matrix. This

164  revealed no significant difference in vertebrate-associated viral communities on both islands
165 (F=1.42, p =0.06), with overlapping viromes at the viral family/subfamily level (Figure 2b).
166  Accordingly, both islands contained viruses assigned to the Picornaviridae, Astroviridae,

167  Parvoviridae, Hantaviridae, Orthomyxoviridae, Coronaviridae, Hepeviridae and Iridoviridae

168  (Figure 2d-e). A similar pattern was observed when analysing the non-vertebrate virome (F =
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1.53, p = 0.07) (Figure 2¢) with both islands dominated by unclassified picornaviruses,

Narnaviridae, Totiviridae, Partitiviridae, and Nodaviridae.
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Figure 2. (A) Abundance of host gene marker (RPS13), non-vertebrate virome and vertebrate
virome. (B) Non-metric multi-dimensional scaling (NMDS) plot (Bray-Curtis dissimilarity
matrix) for vertebrate-associated viruses for each fish species. (C) NMDS plot for non-
vertebrate-associated viruses for each fish species. (D-E) Relative normalised abundance of

vertebrate-associated viral families from each island.

Evolutionary history and biogeographical patterns of vertebrate-associated viruses

While our analysis revealed similarities at the level of virus family/subfamily, almost all of
the viruses identified exhibited levels of genetic divergence that reflected long-term virus-
host associations, rather than recent cross-species transmission within each reef ecosystem.

The only instance of the same virus being shared between fish species was the presence of
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184  highly similar astroviruses (~96 similarity across the entire genome) in gobies from Orpheus
185  Island (see ref. 16 for full description of these viruses). No viruses were shared among the

186  fishes sampled from Lizard Island.

187  We now describe the phylogenetic relationships of the shared viral groups in turn. We focus
188  primarily on the relationships of viruses between both islands as well as those newly

189  discovered at Lizard Island.

190  Positive-sense single-stranded RNA viruses (+ssRNA): Picornaviridae, Astroviridae,

191  Hepeviridae, Caliciviridae and, Coronaviridae

192 The Picornaviridae were the most common viral group in our data set with 14 viruses: six
193 from Lizard Island and eight from Orpheus Island. We discovered a group of four novel

194  viruses that formed a distinct clade with the newly formed genus Danipivirus, represented by
195  asingle virus that is commonly detected in model zebrafishes (31) (Figure 2). In this group it
196  was notable that we identified two relatively closely related viruses (70.6% sequence

197  similarity across the entire polyprotein) in damselfishes (Pomacentridae) from both islands. A
198  more distantly related virus was identified in Chaetodon baronessa (Chaetodontidae; 48-49%
199  RdRp similarity with both damselfish picornaviruses) suggesting that these viruses

200  diversified within reef fish, although on an unknown time scale. Evidence of reef

201  diversification was also identified in Pomacentrus nagasakiensis picornavirus and Blenniella
202  picornavirus from Orpheus Island that exhibited 66.1% similarity and were related to

203 fipiviruses found only at Lizard Island (Figure 3).

204  We identified 12 astroviruses, including five novel viruses from Lizard Island. These were
205  spread across three major clades: clade I, represented exclusively by fish viruses including
206  five goby viruses from Orpheus Island (see above); clade II, similarly represented by fish

207  viruses including those from both Lizard and Orpheus Island; and clade III that fell sister to

10
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208  the genera Mamastrovirus, found in mammals and Avastrovirus, exclusively in birds (Figure
209  3). Notably, both Plagiotremus tapeinosoma astrovirus (Lizard Island) and Blenniella

210  astrovirus (Orpheus Island) fell within clade III, exhibiting 75.8% sequence similarity in the
211 RdRp gene. Similarly, both Eviota astrovirus and Chaetodon baronessa astrovirus clustered

212 together within clade II, while the other reef fish viruses were more divergent.

213 Among other +ssRNA viruses, we identified two hepeviruses — Istigobius decoratus

214  hepevirus (Orpheus Island) and Fowleria viaulae hepevirus (Lizard Island) — that grouped
215 with other fish hepeviruses in phylogenetic trees, as well as a novel calicivirus in

216  Pomacentrus brachialis that similarly fell within a broad group of fish and amphibian

217  caliciviruses (Figure 3).

218  Both letoviruses (Coronaviridae, subfamily Letovirinae) —Chromis atripectoralis letovirus
219  and Scarus psittacus letovirus—from Lizard Island formed a basal clade with Microhyla
220 letovirus and three other viruses identified in African cichlids (32, 33). Together, this group
221  likely formed a novel genus within the Lefovirinae that includes diverse ectothermic hosts

222 such as amphibians, jawless and ray-finned fishes (32).

223 Negative-sense single-stranded RNA viruses (-ssRNA): Hantaviridae and Articulavirales

224 A notable observation from our previous sampling of reef fish was the detection of

225  hantaviruses in four different goby species at Orpheus Island. In contrast, at Lizard Island we
226  only detected one hantavirus in a surgeonfish (Acanthurus nigrofuscus) that was sister to

227  Wenling red spikefish hantavirus (NCBI/GenBank accession: AVMS87662.1) and was highly
228  divergent to those found at Orpheus Island (~29% RdRp similarity). Overall, these viruses
229  fell within the subfamily Actantavirinae, that exclusively infects ray-finned fishes. Similarly,
230  we detected two viruses with high levels of divergence (40% similarity) from both islands

231  that were related to quaranjaviruses (order Articulavirales) (Figure 3).

11
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232 DNA viruses

233 We identified reef fish from three lineages within the Parvoviridae: the Parvovirinae,

234 Chapparvovirus, and Ichthamaparvovirus groups. Reef fish Parvovirinae fell as a sister

235  lineage to mammalian and avian viruses (e.g. Dependoparvovirus, Aveparvovirus), again

236  with high sequence divergence between islands. For example, the closest relatives among

237  both islands were Acanthurus nigrofuscus parvovirus (Lizard Island) and Dinematichthys

238  parvovirus (Orpheus Island) that shared 62% NS1 gene sequence similarity (Figure 3).

239  Notably, we identified a novel chapparvovirus in Cryptocentrus strigilliceps that was related
240  to tilapia parvovirus—a pathogen in farmed Tilapia in China—making it the second fish virus
241  1identified in this group (34). Among the genus Ichthamaparovirus, both pleurosicya

242 icthamaparvovirus (Lizard Island) and Luposicya lupus ichthamaparvovirus (Orpheus Island)
243 shared a common ancestor (57.9% NSI similarity) and formed a distinct clade with other fish-

244 infecting parvoviruses (16, 33, 35).

245  Similar patterns were observed in reef fish Betairidovirinae (Iridoviridae), between both
246  Chrysiptera rollandi iridovirus (Lizard Island) and Enneapterygius tutuilae iridovirus
247  (Orpheus Island). These viruses exhibited 82.2% similarity in the conserved major capsid

248  protein (MCP) and clustered with erythrocytic necrosis virus (ENV).

249  Poxviruses were only identified at Lizard Island, with phylogenetic analysis placing them
250  with other fish viruses—Salmon gill pox virus and carp edema virus—within the subfamily
251  Chordopoxvirinae. Notably, Zebrasoma veliferum poxvirus and Scolopsis bilineata poxvirus
252 shared a common ancestor (80.3% similarity), strongly suggestive of an origin in reef fish

253 (Figure 3).

254
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Figure 3. Phylogenetic analysis reveals relationships among reef fish viruses from both
islands. Phylogenies were estimated using the RdRp gene for RNA viruses (Picornaviridae,
Astroviridae, Hepeviridae, Hantaviridae, Caliciviridae, Coronaviridae, Articulavirales), NS1
gene for parvoviruses and DNA polymerase for iridoviruses and poxviruses. Coloured circles

on branch tips represent viruses identified in this study. The scale bar represents the number
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261  of amino acid substitutions per site. Shaded branches represent fish viruses. Trees were

262  midpoint rooted for clarity only.
263  Close phylogenetic relationships of non-vertebrate-associated viruses

264 A common observation in our data set was that genetically diverse reef fish exhibited very
265  similar assemblages of non-vertebrate-associated viruses (Figure 2). This pattern sits in

266  marked contrast to the vertebrate-associated viruses, that were rarely transmitted among

267  species. In particular, we identified the same virus (i.e., 98-99% similarity) in multiple host
268  species within the following groups: unclassified picornaviruses, Tombusviridae, Totiviridae,
269  Nodaviridae, Narnaviridae, Bunyavirales and (Figure 4). As expected, most of these cases of
270  virus sharing occurred within each island. For example, we identified the same tombusvirus
271  in two blennies and one wrasse from Lizard Island as well as the same narnavirus in three
272 gobies from Orpheus Island (Figure 4). A notable exception was the presence of two

273 nodaviruses identified in Fowleria vaiulae from both islands that exhibited 98% similarity in
274  the RdRp gene. While nodaviruses are capable of infecting fish species (e.g. nervous necrosis
275  virus) we detected reads associated with decapods in both libraries. These reads, in

276  combination with the phylogenetic positions of these viruses (i.e., highly divergent from

277  nervous necrosis virus and more related to crustacean viruses) strongly implies that these

278  viruses are of dietary origin.
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Figure 4. Close phylogenetic relationships among non-vertebrate-associated viruses sampled

from reef fish. Phylogenies were estimated using amino acid sequences of the RdRp gene.
Coloured circles on branch tips represent viruses identified in this study. The scale bar

represents the number of amino acid substitutions per site. Shaded branches represent

vertebrate-associated viruses. Trees were midpoint rooted for clarity only.

Diversity and abundance of bacteria in reef fish assemblages

After the removal of cyanobacteria, the phylum Proteobacteria accounted for 73.5% of the
total sequence reads from bacteria, followed by Firmicutes (9%), Actinobacteria (8%),

Bacteroidetes (2.9%), Spirochaetes (2.3%), Fusobacteria (1.7%), with all other phyla each
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290  representing <1% (Figure 5a). At the family level, the Vibrionaceae (42.7%) and

291  Enterobacteriaceae (11.6%) were present at the highest frequencies followed by the

292 Endozoicomonadaceae (5.9%), Comamonadaceae (5.9%), Shewanellaceae (5.8%),

293 Propionibacteriaceae (5%), Clostridiaceae (4.9%), Micrococcaceae (2.3%),

294 Fusobacteriaceae (2%), Pseudomonadaceae (1.3%), and Mycoplasmataceae (1.3%) (Figure

295 5).

296  To explore patterns of bacterial diversity between both islands and among reef fish groups,
297  we performed a principal coordinate analysis (PCoA). This revealed no partitioning

298  according to reef location with largely overlapping bacterial communities between the two
299  islands (F=1.711, R*=0.015, p =0.082) (Figure 6). PERMANOVA revealed significant
300 differences in bacterial composition between fish taxonomic groups

301 (F=2.42,R?>=0.153, p=0.001). However, there was overlap among all fish species,

302  particularly the gobies, which may be explained by their high involvement in coral reef food

303  webs (5, 6) (Figure 5b).

304  Despite the high degree of overlap in bacterial families among the reef fishes, there was

305  limited evidence for the sharing of individual bacterial species between fish species. Notably,
306  however, we identified Photobacterium damselae—an important pathogen in aquaculture—
307  in 88% of the cardinalfish species examined from both islands (Figure 6). We also detected
308  other potentially pathogenic Vibrionaceae, including four that were related to those within
309 the Vibrio harveyi clade: V. parahaemolyticus, V. campbellii, and V. owensii. (Supplementary
310  Figure 1). In addition, we identified V. fortis—an opportunistic pathogen of coral—in the

311  surgeonfish, Ctenochaetus binotatus (36) (Supplementary Figure 1).

312 To assess the impact of fish ecology on bacterial composition, we grouped fish species into
313 six trophic guilds: carnivores, mobile invertivores, omnivores, planktivores, sessile

314  invertivores, herbivores/detritivores (7). While we detected significant differences in bacterial
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composition between these groups (F=1.485, R*=0.074, p = 0.035), there was similarly high

overlap with no clear partitioning according to host trophic guild (Figure 5b).

N g ° ° ° Island
© O 2o, e f: . @ Lizard
. — DI T O s © Orpheus
e o * ¢
.
Pee ©
0.00 025 050
o Taxonomy
L .
. . ' - — ® Acanthuridae
e’ s = .'. Apogonidae
. . *AhC © Blennioidei
e go0 ° O @ Chaetodontidae
O ° ® Gobiidae
o @ Labridae
¥ ® Pomacentridae
000 025 050 @ Serranidae
. . . . ;
. o ©® :. e ‘.o . Trophic guild
P e o @ Generalized carnivore
o © % L @ Herbivore/detritivore
Qe o R @ Mobile invertivore
. ® Omnivore
PRI © Planktivore
2 ! ! Sessile invertivore
000 025 050

PCOA 1(25.1%)

Bacteria Phylum

B Acidobacteria
. Actinobacteria
. Bacteroidetes
. Chlamydiae
. Firmicutes
. Fusobacteria
W itrospinae
W Nitrospirae
. Planctomycetes
[ Proteobacteria
|| spirochaetes
Tenericutes

Normalised Abundance
°
8

000] Verrucomicrobia

LizardIsland  Orpheus Island

Figure 5. (A) Normalised abundance of bacterial phyla for each reef fish family. (B)
Principal coordinate analysis (PCoA) plots of bacterial communities for island, host
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326  Figure 6. Maximum likelihood phylogeny of the genus Photobacterium, estimated using
327 nucleotide sequences of the 16S gene. Fish silhouettes represent individuals identified in this
328  study. The scale bar represents the number of nucleotide substitutions per site. Tree was

329  midpoint rooted for clarity only.
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331  Composition of single-celled eukaryotes

332 Finally, we identified transcripts representing single-celled eukaryotes from 15 phyla.

333 Dinoflagellates were the most abundant group (46% of the total eukaryotic reads) followed
334 by Bacillariophyta (21.6%), Foraminifera (12.6%), Cercozoa (5.8%), Euglenozoa (2.9%),
335  Apicomplexa (2.7%), Ciliophora (2.5%), Endomyxa (1.1%), Parabasalia, Haptista, Fornicata,
336  and Heterolobosea (all less than one percent). Fungi—Ascomycota, Basidiomycota,

337  Microsporidia—were identified at much lower frequencies, representing only 3.3% of the

338  total reads in this category.

339  Using these data, we performed a PCoA based on fish location, taxonomy and ecology. As
340  with the analysis of virome composition, this revealed overlapping microbial communities
341  between both islands (F = 1.208, R>=0.015, p =0.181). However, there were significant
342  differences in microbial communities between fish taxonomic groups

343 (F=1.384, R?=0.119, p=0.002), which may be driven by the separation of pomacentrids
344  from other groups, in turn reflecting the larger diversity of microorganisms identified in this
345  group (Figure 7a-b). When assessing the impact of host ecology, we similarly identified

346  substantial overlap with no clear partitioning (Figure 7). Apart from Symbiodinium spp.,
347  which form symbiotic relationships with coral rather than fish and hence are dietary-

348  associated, we found no evidence for the same microbial species present in multiple fishes.
349  Among the Apicomplexa, which are common parasites of vertebrates, we detected reads
350 associated with Goussia spp. in Chaetodon aureofasciatus, Halichores melanurus, and Eviota
351  melasma. Overall, the parasitic families, such as the Eimeriidae (Apicomplexa),

352 Trypanosomatidae, and Ichthyobodonidae (both Euglenzoa) were found in eight libraries at

353  low transcript abundances, representing an average of 0.19% of the reads in each library.

354
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Our metatranscriptomic analysis of 128 reef fish species revealed no significant differences

in the composition of viral and microbial families/subfamilies between two islands located

~450 kilometres apart in the Australian Great Barrier Reef. Fish sampled from islands were

associated with the presence of the Picornaviridae, Astroviridae, Parvoviridae, Hantaviridae,

Orthomyxoviridae, Coronaviridae, Hepeviridae and Iridoviridae, as well as Proteobacteria
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368  of the Vibrionaceae, Enterobacteriaceae, and Endozoicomonadaceae. Also of note was that
369  within each group of viruses we observed high levels of genetic diversity, with minimal

370  evidence for the same virus being shared among fish species (both within and between

371  islands), despite strong ecological interactions in the reef ecosystem and our spatially

372 restricted sampling.

373 These findings offer further support for recent studies of virus ecology in fish that show that
374  host phylogeny has a strong influence on virome composition (16, 33). For example, closely
375  related African cichlid species, that have evolved in situ within Lake Tanganyika over the last
376 10 million years, exhibit highly similar viromes with high levels of cross-species

377  transmission and viral generalism (33). African cichlids are members of a single family, the
378  Cichlidae, and exhibit some of the lowest pairwise genetic distances observed between

379  vertebrates (e.g., differences of 0.03% between some species). In contrast, reef fish

380 communities are composed of several divergent families, including 28 examined in this study
381 (7, 37), many of which were established around 66 Ma, occupying the biogeographic region —
382  Tethys — now covered by Europe and the Mediterranean Sea (27). During the Oligocene there
383  was a shift in species richness from Tethys to the IAA, eventually forming the IAA

384  biodiversity hotspot (27, 38). Most reef fish genera formed within the IAA around 30-15 Ma,

385  with accelerated speciation during the Miocene (27).

386 A notable difference between cichlids and reef fishes, which may explain their strikingly
387  contrasting levels of cross-species transmission, is that cichlids rapidly evolved within Lake
388  Tanganyika, while reef fishes diversified within the [AA, over many millions of years, prior
389  to their settlement on the GBR (27, 39). As the GBR that exists today formed after

390  Pleistocene sea level rises, reef fish communities only became established during the last
391  ~10,000 years, such that the genetic boundaries inhibiting cross-species transmission were

392  already established in the IAA before their settlement at reef locations. In marked contrast,
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the adaptive radiation of the African cichlids would have provided a more favourable
environment for cross-species transmission as their diversification occurred rapidly within
the confinements of Lake Tanganyika, generating a large pool of closely related host species
for infection. Indeed, a time-calibrated phylogeny of cichlid hepaciviruses showed that

elevated rates of virus diversification coincided with a period of rapid cichlid speciation (33).

These ecological and evolutionary patterns were similarly observed across the bacteriome,
with P. damselae the only bacterium that was shared among multiple fish species. Indeed, P.
damselae was primarily identified in cardinalfishes (Figure 6), further illustrating a
phylogenetic effect. However, it is likely that this association represents a long-term
symbiotic relationship between cardinalfishes and P. damselae, particularly as it was detected
in Cheilodipterus quinquelineatus from both islands, as well as its presence in 88% of the
cardinalfish libraries examined. This strongly suggests that P. damselae forms part of the
natural microbiome in these species. It is noteworthy that most cardinalfish species are
nocturnal on coral reefs, and the genus Photobacterium is renowned for its
bioluminescence—via the expression of /ux genes—including some strains of P. damselae
(40). Indeed, Photobacterium mandapamensis is a bioluminescent symbiont of the urchin
cardinalfish, Siphamia tubifer, where it provides light to attract prey (40, 41). Several
cardinalfish species have evolved specialized “light organs” that harbour bioluminescent
Photobacterium; however, these specialized organs are not present in all species (42). It is
important to note that we did not observe the expression of /ux genes in any of our libraries,
and these species are not recognized for possessing a bioluminescent system. The presence of
P. damselae in almost all Apogonidae libraries implies a longstanding relationship between
Photobacterium and cardinalfishes on coral reefs, suggesting that this genus might have
originated and diversified in the reef environment. Overall, these data show that

cardinalfishes serve as natural hosts for P. damselae and should be monitored closely,
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418  particularly if interacting with farmed populations that are often severely affected by P.

419  damselae infection (43).

420  The identification of two iridoviruses that were related to Erythrocytic necrosis virus (ENV;
421 83-89% MCP similarity) was also noteworthy. ENV is an important pathogen in the North
422  Atlantic and North Pacific oceans (44), and the presence of an ENV-like virus at Lizard

423 Island is consistent with a previous study that identified viral erythrocytic necrosis (VEN) in
424  ajuvenile triggerfish (Rhinecanthus aculeatus) at this location (45). Moreover, this study
425  identified VEN-like bodies in R. aculeatus erythrocytes that were also found in the digestive
426  tract of associated gnathiid isopods that are common blood feeding parasites. Similarly, we
427  detected reads from gnathiids in C. rollandi from Lizard Island, implying that gnathids could
428  act as vectors in the marine environment (45), although we did not detect any gnathiid reads
429  in Enneapterygius tutuilae from Orpheus Island. This association warrants further

430  investigation and has the potential to improve control measures against pathogenic ENV in
431  susceptible species such as pink (Oncorhynchus gorbuscha) and chum (Oncorhynchus keta)

432 salmon (44).

433 It was notable that we identified a low number of protozoan parasites (n = 8), such as

434 apicomplexans and trypanosomes. In a similar manner, we detected low levels of fungal

435  reads (e.g., Ascomycota, Basidiomycota and Microsporidia), supporting the idea that the

436  marine environment, particularly coral reefs, contains low fungal biomass perhaps because of
437  the oligotrophic conditions compared to nutrient-rich terrestrial environments (46). The vast
438  majority of reads in this category came from dinoflagellates, diatoms, and foraminifera that
439  likely came from the reef environment, particularly dinoflagellates that form symbioses with
440  corals (1). Indeed, we discovered six viruses that fell within the “Weivirus” group—a group
441  of dinoflagellate, poriferan and mollusc viruses—grouping with a virus recently identified in

442 Symbiodinium spp. (47, 48) (Figure 4).
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443 While our microbial profiling was able to detect diverse microbial communities, it is

444  important to note that our sampling was initially performed for virological analysis (16), such
445 that our methodology was optimized for the detection of viruses (e.g. ribosomal depletion).
446  This may have limited our ability to detect bacteria and microbial eukaryotes. Moreover,

447  there were necessary limitations in our sampling that impacted the power of our statistical
448  analyses. For example, there was a considerably higher number of gobies sampled compared
449  to other reef fish families (Figure 1). Moreover, these comparisons are based on combined
450  tissues, such as liver and gills or whole fish (i.e. cryptobenthic reef fishes). Overall, given
451  that metatranscriptomics is solely based on RNA-sequencing, we were only able to detect

452 microbes and DNA viruses that were expressing genes during the time of sampling.

453 In summary, while our metatranscriptomic of reef fish communities from islands separated
454 by ~450 kilometres revealed the same viral and bacterial families across both islands, there
455  was strikingly little evidence for cross-species transmission within reef fish communities. As
456  such, these data support the concept that fish are rich in microbial diversity, but that there are

457  strong barriers to infection in host communities that display high levels of genetic diversity.

458

459  Materials and methods

460  Ethics

461  Fish were collected under a Great Barrier Reef Marine Park Authority permit (G16/37684.1)

462  and James Cook University Animal Ethics permit A2752.

463  Fish sample collection

464  Building on transcriptome data from our previous sampling of reef fish from Orpheus Island

465  (n=192 fishes; 16 reef fish families) (16), an additional 163 individuals (24 families) were
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466  collected at Lizard Island (14°40°08"S 145°27°34"E) during January 2022 (Supplementary
467  Table 3). All fishes were intact with no visible signs of disease, and the vast majority were
468  adults. These animals were captured using an enclosed clove oil method (16) from both

469  Mermaid Cove and the Lagoon entrance, located on the north and south side of Lizard Island
470  (Supplementary Table 1). All fish caught were placed either dissected (liver and gills) or

471  whole in RNAlater and then transported to the lab on ice (Supplementary Table 1).

472 Specimens were stored at —80°C until RNA extraction. Overall, we sampled 1-12 individuals

473 per species (with a mean of 3 per species).
474  RNA extraction, metagenomic library preparation and next-generation sequencing

475  As described previously (16), tissue specimens (e.g. liver and gills or whole fish) were

476  collectively processed as a single extraction for each individual fish sample. The combined
477  tissues were submerged in 600 u 1 of lysis buffer containing 30 w1 of foaming reagent

478  (Reagent DX, Qiagen) and 60 u 1 of 3 -mercaptoethanol (Sigma-Aldrich). Tissue samples
479  were homogenized with a TissueRuptor (Qiagen) for up to 1 minute at 5,000 rpm. The

480  homogenate was centrifuged at maximum speed for three minutes to remove tissue residues.
481  The RNA was then extracted from the resulting clear supernatant using the RNeasy Plus Mini

482  Kit (Qiagen, Hilden, Germany), following the manufacturer’s guidelines.

483  RNA quantification was conducted utilizing a UV—Vis cuvette spectrophotometer (DeNovix,
484  Delaware, USA) and a parallel capillary electrophoresis instrument (Fragment Analyzer;

485  Agilent, CA, USA). RNA from individual fishes were pooled according to species, resulting
486  in 79 RNA sequencing libraries newly generated from Lizard Island. All libraries were

487  prepared using the TruSeq Total RNA Library Preparation Protocol (Illumina). Ribo-Zero
488  Plus Kit (Illumina) was employed for host ribosomal RNA depletion, and paired-end

489  sequencing (150 bp) was performed on the NovaSeq 6000 platform (Illumina). To mitigate
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490  index hopping and minimize false virus—host assignments, each library was sequenced on
491  two different lanes. Library construction and metatranscriptomic sequencing were performed

492 by the Australian Genome Research Facility.
493 Assembly of reef fish viromes

494 We replicated the same methodology we used previously (16). Accordingly, raw RNA

495  sequencing reads were quality trimmed using Trimmomatic v.0.38, employing the parameters
496  SLIDINGWINDOW:4:5, LEADING:5, TRAILING:5, and MINLEN:25, and assembled into
497  contigs using MEGAHIT v.1.2.9, with default parameter settings (49, 50). Assembled contigs
498  were compared against the NCBI non-redundant protein (nr) and nucleotide (nt) databases
499  (August 2022) using DIAMOND (BLASTX) (v.2.0.9) and BLASTn (51). To enable the

500 identification of divergent viral sequences, we used an e-value search threshold of 1 x 107,
501  Contigs with top matches to the kingdom “Viruses” (NCBI taxid: 10239) were predicted as

502  open reading frames (ORFs) using Geneious Prime (v.2022.0) (www.geneious.com) (52). To

503  remove false positives, all putative viral ORFs were translated into amino acid sequences and
504  wused as a query to perform a second search (BLASTP) against the NCBI nr database using
505  Geneious Prime. ORFs with top matches to fish genes were deemed as false positives and
506  removed from further analysis. To determine whether our putative viral contigs were

507  expressed endogenous viral elements (EVEs) we screened for disrupted ORFs and flanking
508  host regions using CheckV and BLASTn (16, 33). Viral contig contamination and completion
509  was determined using CheckV (53). Transcript abundances of both host (RPS13 gene) and
510  wvirus (16, 17, 54) were calculated using RNA-Seq by Expectation Maximization (RSEM)

511  (v.1.3.0) and coverage was assessed by mapping using Bowtie2 (v.2.3.3.1) (55, 56).

512 Taxonomic assignment and genome annotation of reef fish viruses
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513  We aligned the amino acid sequences of our putative viruses (partial or complete) with the
514  complete sequences of related viruses available on NCBI/GenBank using the E-INS-i

515  algorithm in MAFFT v.7.450 (57). To determine whether our viruses were novel species, we
516  used levels of sequence similarity and phylogenetic relationships (see below) as specified by
517  the International Committee of Viral Taxonomy (ICTV) (https://talk.ictvonline.org) for each
518  viral genus/family. We used these criteria to determine whether a virus was likely infecting
519  reef fishes (i.e. vertebrate-associated) or of “non-vertebrate” origin, such as those derived
520  from fish diet, microbiome or environment (16, 17, 54). Viral genomes were annotated with
521  the Live Annotate and Predict tool in Geneious using reference sequences from

522 NCBI/GenBank, with a similarity threshold of 20%. We also used the NCBI conserved

523  domain (CDD) search tool and InterProScan with the TIGRFAMs (v.15.0), SFLD (v.4.0),
524  PANTHER (v.15.0), SuperFamily (v.1.75), PROSITE (v.2022_01), CDD (v.3.18), Pfam

525  (v.34.0), SMART (v.7.1), PRINTS (v.42.0), and CATH-Gene3D databases (v.4.3.0) (58).
526  Viral phylogenetic analysis

527  To infer the evolutionary relationships of both the vertebrate and non-vertebrate associated
528  viruses, we aligned the translated contigs with background protein sequences from each viral
529  family/subfamily/genus selected from the ICTV classification and obtained from

530  NCBI/GenBank. For RNA viruses, we used the conserved RNA-dependent RNA polymerase
531  (RdRp), while for DNA viruses we used the DNA polymerase. Amino acid sequence

532  alignments were trimmed using TrimAl (v.1.2) with a gap threshold of 0.9 and a variable

533 conserve value (59). The best-fit model of amino acid substitution was estimated with the
534 “ModelFinder Plus” (-m MFP) flag in IQ-TREE (v.1.6.12) (60, 61). We used a maximum
535  likelihood approach to estimate phylogenetic trees using IQ-TREE, with 1000 bootstrap

536  replicates. Trees were annotated using FigTree (v.1.4.4)

537  (http://tree.bio.ed.ac.uk/software%20/figtree/).
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538  Virus nomenclature

539  Viruses were provisionally named (i.e., awaiting ICTV confirmation) according to host

540  species (e.g. Halichoeres melanurus ranavirus) as described previously (16).
541  Microbial profiling

542 To screen for transcripts associated with bacteria or single-celled eukaryotes, we aligned our
543  contigs to a custom database comprising all nucleotide sequences available on NCBI (with
544  the removal of environment or artificial sequences) using the KMA aligner and CCMetagen
545 (62, 63). We also used this output to assess metazoan reads—e.g., arthropod, mollusc,

546  platyhelminth, nematode—that may represent potential vectors for virus transmission. For
547  instances in which CCMetagen identified a microbe at the species level, we validated these
548  taxonomic assignments by: (i) performing an additional search (BLASTn) against a custom
549 168 (bacteria) or 18S (eukaryote) rRNA database, and (ii) analysing the BLASTX output (see
550 above) for hits to bacterial or eukaryotic proteins. The contigs from these BLAST hits were
551  predicted into ORFs, translated into amino acid sequences, and used as a query to perform a
552 second search against the NCBI using BLASTP for further validation. The 16S or 18S rRNA

553  gene was then utilised for phylogenetic analysis as a final validation.
554  Analysis of Beta diversity

555  To compare viral and microbial communities between reef fish assemblages, we calculated
556  beta diversity using a Bray—Curtis distance matrix with the phyloseq package in R (64). The
557  variables assessed were host taxonomy, location (i.e. island) and trophic guild. Accordingly,
558  fish species were categorised into six trophic guilds: carnivores, mobile invertivores,

559  omnivores, planktivores, sessile invertivores, herbivores/detritivores as described in (7). We

560  based our analysis on groups with three or more species. These data were then tested using
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561  permutational multivariate analysis of variance (PERMANOVA) with the vegan package

562  (adonis) (65). All plots were constructed using ggplot2 in R (66).

563  Data Availability

564  Raw sequence reads have been deposited in the Sequence Read Archive (NCBI/SRA) under
565  BioProject PRINA1078998. All viral sequences discovered have been deposited in

566  NCBI/GenBank under the accessions XXXX-XXXX. All phylogenetic trees, tables, and
567  chrona plots are available on GitHub under the repository

568  https://github.com/vcostal 6/reeffishvirome.
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Supplementary Figure 1. Maximum likelihood phylogeny of the Vibrio harveyi clade
estimated using nucleotide sequences of the 16S gene. Fish silhouettes represent individuals
identified in this study. The scale bar represents the number of nucleotide substitutions per

site. Tree was midpoint rooted for clarity only.

Supplementary Table 1. Composition of host sequence reads.

Supplementary Table 2. Description of vertebrate-associated viruses.

Supplementary Table 3. Host library information.
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It is commonly held that there is a fundamental relationship between genome size and
error rate, manifest as a notional “error threshold” that sets an upper limit on genome
sizes. The genome sizes of RNA viruses, which have intrinsically high mutation rates
due to a lack of mechanisms for error correction, must therefore be small to avoid
accumulating an excessive number of deleterious mutations that will ultimately lead
to population extinction. The proposed exceptions to this evolutionary rule are RNA
viruses from the order Nidovirales (such as coronaviruses) that encode error-correcting
exonucleases, enabling them to reach genome lengths greater than 40 kb. The recent
discovery of large-genome flavi-like viruses (Flaviviridae), which comprise genomes
up to 27 kb in length yet seemingly do not encode exonuclease domains, has led to
the proposal that a proofreading mechanism is required to facilitate the expansion of
nonsegmented RNA virus genomes above 30 kb. Herein, we describe a ~40 kb flavi-like
virus identified in a Haliclona sponge metatranscriptome that does not encode a known
exonuclease. Structural analysis revealed that this virus may have instead captured cel-
lular domains associated with nucleic acid metabolism that have not been previously
found in RNA viruses. Phylogenetic inference placed this virus as a divergent pesti-like
lineage, such that we have provisionally termed it “Maximus pesti-like virus.” This virus
represents an instance of a flavi-like virus achieving a genome size comparable to that
of the Nidovirales and demonstrates that RNA viruses have evolved multiple solutions
to overcome the error threshold.

evolution | virology | metatranscriptomics | error threshold | Flaviviridae

RNA viruses have traditionally been characterized by small, compact genomes, often close
to 10 kb in length (1). The longest RNA virus genome documented to date is ~47 kb (2),
considerably shorter than those seen in DNA viruses whose genomes can exceed 2.5 Mb
(3). Despite the explosion in RNA virus discovery following the advent of metagenomic
sequencing (4-7), the maximum genome sizes of most families of RNA viruses have remained
relatively stable, with the longest nonsegmented genomes (i.e., >30 kb) consistently falling
within families from the order Nidovirales. Some segmented viruses have been found to
achieve comparable lengths, such as Dendrolimus punctatus cypovirus, which encodes a
genome of ~33 kb across 16 segments ranging from 700 bp to 4,100 bp in length (8).

The most popular theory for the restricted genome sizes of RNA viruses is that it stems
from the mutational burden associated with replication via an error-prone RNA polymer-
ase [i.e., RNA-dependent RNA polymerase (RdRp) or reverse transcriptase] (9). Because
these enzymes usually lack any form of error correction such as proofreading, longer
genomes are expected to accumulate more mutations per genome replication. As most
mutations are deleterious (or even lethal) (10), a high error rate will greatly reduce virus
fitness, eventually leading to population extinction. Consequently, an upper cap on
genome sizes reflects an “error threshold,” with high mutation rates necessarily resulting
in smaller genomes.

The existence of a mutation-driven cap on virus genome size is supported by two lines
of evidence. First, the treatment of experimental populations of RNA viruses with muta-
genic agents, such as 5-azacytidine and 5-fluorouracil, results in major fitness losses as
expected if these viruses reside close to the error threshold (11). Indeed, fitness losses
resulting from the use of antiviral mutagenic agents such as ribavirin and molnupiravir
(12) underpin viral therapies based on the induction of so-called “lethal mutagenesis”
(13, 14). Second, members of the Nidovirales, which include RNA viruses with the largest
known genomes (2), have acquired a unique proofreading mechanism. The Coronaviridae
encode endo- and exoribonucleases (such as nsp14-ExoN) that are essential for replication
(15) and that correct replication errors (16, 17). Similarly, members of the Roniviridae
utilize NAD and ADP-ribose (NADAR) domains which are associated with RNA repair
(18). Reducing the error rate per nucleotide should, in theory, have enabled nidovirus
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genomes to expand in size. Indeed, the discovery of Nam Dinh
virus, a ~20 kb nidovirus that is distantly related to the
Coronaviridae and the Roniviridae and that encodes an exoribo-
nuclease, further supports this hypothesis (19).

Although attractive, the error threshold theory for virus genome
size was challenged by the discovery of the so-called “large-genome
flavi-like” viruses (LGFs) that possess genomes up to 27 kb in
length (20, 21) and hence comprise the second-longest group of
nonsegmented RNA virus genomes documented to date.
Importantly, however, the LGFs do not encode an exoribonuclease
or similar domain, but rather a stabilizing methyltransferase
domain. This domain has been proposed as a mechanism for pro-
moting genome size expansion but is not directly involved in
proofreading (22). Previously, no nonsegmented virus outside of
the order Nidovirales had been identified with a genome exceeding
27 kb, and it was not known whether longer genomes could be
supported in the absence of a known proofreading mechanism.

Herein, we describe a divergent, flavi-like virus with a genome of
~40 kb that does not encode an exoribonuclease or recognizable
proofreading domain. This finding provides insights into the evolu-
tion of the Flaviviridae and demonstrates that exonuclease domains
are not required to support RNA virus genomes above 27 kb.

Results

Identification of a Large and Highly Divergent Marine Flavi-Like
Virus. We identified a ~40 kb flavi-like virus in a sea sponge (order
Haplosclerida) metatranscriptome. This sponge, along with 72
invertebrate specimens, was collected from Chowder Bay, Sydney
Harbour, Sydney, Australia, on October 20, 2022. Assessment of
the true host association of this virus was challenging due to the
complexity of the sequencing library (S/ Appendix, Fig. S1A), which in
turn reflected the heterogeneous composition of the ecosystem from
which it was collected (S Appendix, Fig. S1B). Despite this, over 74%
of rRNA reads in this library shared high sequence similarity with
tRNA of sponge, particularly those belonging to the genus Haliclona,
order Haplosclerida (Dataset S1). Given that the morphology of the
specimen was consistent with Haliclona (SI Appendix, Fig. S1 B, Inset)
and this genus has been previously documented in Sydney Harbour
(ozcam.ala.org.au), we concluded that a Haliclona sponge was the
most probable host organism of this virus.

This virus exhibited clear, yet minimal, sequence similarity with
members of the Flaviviridae. It was most closely related to Fushun
flavivirus 1 (length = 15 kb), with which it shared 25.7% sequence
similarity (e-value = 1.31e-23, Reference Viral Database). Like
other Flaviviridae, it comprised a single polyprotein (38 kb) and
long 5’ and 3" untranslated regions (UTRs) (488 nt and 1,277
nt, respectively) (Fig. 14). The polyprotein sequence was com-
plete, containing no premature stop codons and exhibited a strong
AT bias (64%). Its abundance in the sequencing library was low,
comprising less than 0.01% of non-rRNA reads (56,371 reads
mapped to the flavi-like virus contig), but its sequencing coverage
was robust, with a mean depth of 139 (SD = 13.2) (Fig. 1A4). We
recovered identical contigs with three independent assembly meth-
ods [MEGAHIT v1.2.9 (23), SPAdes v3.15.5 (24), and Trinity
v2.8.6 (25)].

Fragments of this virus were detected in two of the three other
libraries of samples collected from the same piling (Bryozoa,
<0.0001% non-rRNA reads; sponge, 0.015% non-rRNA reads)
[SI Appendix, Fig. S2, (28)]. To our knowledge, this is the longest
known flavi-like virus, nearly 1.5 times the length of previously
documented LGFs. It is also the longest known RNA virus outside
of the order Nidovirales and the only known RNA virus over 30 kb

to encode a single polyprotein.

https://doi.org/10.1073/pnas.2403805121

To assess whether this putative virus was replicating in our
environmental sample, we performed strand-specific PCR.
Because the replication of RNA viruses involves the synthesis of
negative-strand intermediates, both positive- and negative-sense
strands would be produced during viral replication. Both strands
could be amplified using RT-PCR (S/ Appendix, Fig. S3) and
quantified with qPCR (positive strand: 2.28 x 10° copies/mL,
negative strand: 1.10 x 10 copies/mL).

Despite its length and low sequence similarity to the Flaviviridae,
this virus possessed characteristics of canonical flavivirids. To
explore genome organization and annotate protein function we
used both sequence-based approaches (BLASTp, InterProScan,
SuperFamily, NCBI CD-Search, and NCBIfam) and protein struc-
ture prediction followed by fold-based homology searches. For the
latter, the polyprotein sequence was broken into overlapping 300
residue blocks for structure prediction, using ColabFold-AlphaFold2
(29, 30) and ESMFold (31), and queried using the Foldseck (32)
server. The putative NS2/3 protein featured a consecutive serine
protease and helicase pair (Fig. 1B8). Manual annotation showed
that the serine protease included the typical Ser (nucleophile), His
(base), Asp (acid residue) catalytic triad (SI Appendix, Fig. S4A).
Similarly, the putative NS5 RdRp protein was pesti-like in both
sequence and predicted structure (Fig. 1C) and retained the highly
conserved GDD motif (S Appendix, Fig. S4B). Like other LGFs,
a methyltransferase domain was present within the putative NS5.
However, we found no regions that were similar to nido-like endo/
exonucleases or NADAR domains (Fig. 1B).

An envelope protein surrounded by signal peptides and probable
N-linked glycosylation sites was detected near the 5’ terminal
(Fig. 1 Band D and SI Appendix, Fig. S5). ESMFold protein struc-
ture prediction yielded a domain of intermediate prediction con-
fidence toward the C terminus of this region. This domain exhibited
similarity to domain IIT of a class II fusion protein, with strongest
homology to glycoproteins from bunya-(Gc) and alphaviruses (E1)
rather than the E glycoprotein found in orthoflaviviruses (Phyre2:
Rift Valley Fever virus, HHPred: Thrombocytopenia syndrome
virus, Foldseek: Chikungunya virus, Dataset S2). This is consistent
with the highly divergent nature of this protein, as this region
exhibited only 16% identity with its closest homolog (Fig. 1D).

However, viral proteins are underrepresented in fold-based
homology search servers such as Foldseek. To address this, we pre-
viously generated a protein foldome for the Flaviviridae composed
of predicted structures for >450 viral species, all processed using
the 300-residue sequence block strategy described above (27). We
queried this database for similarity to the RdRp and glycoprotein
folds identified in the sponge flavi-like virus using Foldseck (Fig. 1
E and F). Being highly conserved, RdRp homologues were found
in all species, with highest similarity residing in the pestiviruses
and LGFs. Glycoprotein homologues were present across the
large-genome flavi-, jingmen- and orthoflaviviruses, where simi-
larity corresponded to E glycoproteins. Glycoprotein homologues
could not be found in the pesti-, pegi- or hepaciviruses, which
possess the E1E2 glycoproteins that are structurally distinct from
the E glycoprotein (33). We concluded that this virus expresses an
E-like glycoprotein homologous to other LGFs. Together, the qual-
ity of the sequence and the organization of the putative genome
suggested that this unusually large virus was exogenous and related,
albeit distantly, to the Flaviviridae.

Divergent, Cellular-Associated Domains in an RNA Virus
Genome. Given its size, we hypothesized that this virus would
encode noncanonical flavivirus domains, particularly those that
would help support the replication of such a large RNA genome.
Accordingly, using both sequence- and structure-based approaches,
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Fig. 1. Characterization of canonical Flaviviridae features in a highly divergent, large-genome flavi-like virus. (A) Sequencing coverage of nucleotide sequence.
The y-axis measures sequencing depth. Reads were mapped using BBMap (26) and the coverage plot was generated in Geneious Prime (www.geneious.com).
(B) Functional domains identified using sequence-based and protein fold-based homology. (C) Structural prediction of the putative NS5 protein. Left: ESMFold
structure prediction for polyprotein sequence block 117 (amino acid residues 11,700 to 12,000), color-coded by prediction confidence (predicted Local Distance
Difference Test, pLDDT) as shown in the key. Right: homologous BVDV NS5B structure (PDB:1S4F) returned by Foldseek as the top hit. Expected value (e-value) and
percentage sequence identity are shown. Regions of structure not aligned by Foldseek are transparent. (D) Homology between sequence block 16 (with putative
glycoprotein region) and Chikungunya virus (CHIKV) E1 structure (PDB: 6NK6), the top hit returned by Foldseek, displayed as in (C). () RdRp maximum likelihood
phylogeny for the Flaviviridae as described by Mifsud et al. (27). The tree is labeled and colored to indicate major viral genera and groups. The heatmap displays
log transformed e-values (color coded as shown in the key) demonstrating the distribution of homologues to block 117 (RdRP) and block 16 (glycoprotein) within
the Flaviviridae protein foldome. (F) Example structural homologues to block 16 from a large-genome flavivirus (Soybean cyst nematode virus) and a canonical
orthoflavivirus (Dengue virus 1 [DENV 1]); e-values and sequence identities are provided. The inset demonstrates structural similarity between these two hits.
The location of the Soybean cyst nematode virus and DENV 1 are indicated on the Flaviviridae phylogeny (E) with white and black arrowheads, respectively.
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we found three notable features: a divergent extended helical
domain (amino acid pos. 4,346 to 4,475), a Tu elongation factor
(pos. 6,419 to 6,586), and a nucleic acid metabolism cassette (pos.
7,286 to 8,206) (Fig. 24).

The potential functions of these domains were uncertain. The
role of the extended helical domain could not be determined. Both
ESMFold and ColabFold structures were of intermediate to high
confidence and were in excellent agreement, supporting their
veracity. However, this feature did not share detectable homology
with known proteins in both ESMFold and ColabFold predictions
(Fig. 2B). Its position in the genome proximally downstream of
the envelope protein could be consistent with host response antag-
onism like the canonical NS1 (35), although experimental analysis
is required to test this. In cellular organisms, Tu elongation factors
(Fig. 2C) principally facilitate translation (36). This may be par-
ticularly beneficial to a virus with a very long polyprotein, but Tu
elongation factors are also thought to exhibit “moonlighting” (i.c.,
noncanonical) functions (36). In this instance the protein was
highly divergent, exhibiting no detectable sequence similarity to
any other protein in the NCBI nr database, including from cellular
organisms, which may reflect functional divergence. We identified
related domains in the genomes of some Megaviricetes and
Caudoviricetes (i.e., DNA bacteriophage) when we screened the
Reference Proteomes database with HMMER (37), although we
found no homologues in RNA viruses. The predicted structure
shared homology with eukaryotic and bacterial elongation factors,
but it was most closely related (11.9% identity) to an ancestrally
reconstructed bacterial Tu Elongation Factor (Fig. 2C). However,
it should be noted that lower-confidence/low-frequency Foldseek
hits suggest other potential identities for this fold (e.g., uridine
phosphorylase; SI Appendix, Fig. S6).

Elements of the nucleic acid metabolism cassette were more
conserved. This region comprised an adenylate kinase, a nucleoside

A

Phosphoprotein phosphatas

diphosphate kinase (NDPk), a phosphoprotein phosphatase, and
a photolyase-related  protein upstream of the NS2/3
protease-helicase pair (Fig. 2 4 and D-F). Among these domains,
NDPks are the most highly conserved across all kingdoms of life
(38) and have been found in some giant DNA viruses and bacte-
riophage (39). They are involved in RNA synthesis but have not
previously been documented in RNA viruses. Interestingly, the
flavi-associated NDPk domain was more closely related to those
in cellular organisms than to those in other viruses, sharing up to
30% sequence similarity to homologous domains in bacteria and
eukaryotes. To search for related domains in viruses, we screened
the NCBI nonredundant (nr) protein database restricted to viruses
(taxid: 10239) using the flavi-associated NDPk as input. This
returned no results, indicating that the flavi-associated NDPk
domain does not share detectable sequence similarity with its
counterparts in DNA viruses and thus is not closely related. It also
suggested that NDPk acquisition is a rare event in RNA virus
evolution. Querying Reference Proteomes, UniProtKB, Swiss-Prot,
PDB, and ColabFold databases using hmmsearch with the NDPk
alignment as input also failed to detect this domain in any publicly
available RNA virus genomes.

Phylogenetic analysis of the NDPk domain could not confi-
dently resolve its evolutionary relationship to cellular organisms.
Although it did not share detectable sequence similarity to homol-
ogous domains in DNA viruses, the flavi-like virus-associated
domain shared <30% similarity to domains in Bacteria,
Viridiplantae, Fungi, Archaea, Metazoa, and Hapista. Using the
top 500 Blastp matches filtered for redundancy at a threshold of
90%, we inferred four phylogenetic trees from a combination of
aligning and trimming methods (87 Appendix, Fig. S7). In three
of the four phylogenies, the flavi-like virus-associated NDPk
domain was most closely related to bacteria-associated domains,

albeit with low support (87 Appendix, Fig. S7 B—D). Regardless of
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Fig. 2. Large-genome flavi-like virus polyprotein encodes a complement of noncanonical functional domains. (A) Annotation of domains detected using a
combination of sequence and structure-based analyses: InterProScan, DeepTMHMM (transmembrane domains), SignalP (signal peptidases), Pfam, CDD, and
Foldseek. Domain annotations reflect domains sharing the closest structural homology to the putative viral domains. The polyprotein is scaled to thousand
amino acids. NDPk: nucleoside diphosphate kinase. Helical domain: helical domain of unknown function. (B) Inferred ESMFold and ColabFold structures of a
helical domain of unknown function [found in sequence block, (34)], color-coded by prediction confidence (pLDDT) as shown in the key (C-F) ESMFold structures
of the stated sequence blocks alongside their cognate, top representative Foldseek hits, expected value, and percentage sequence identity are provided. Regions

of structure not aligned by Foldseek are transparent.
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its origins, this domain constitutes the only known example of
such a feature in the characterized RNA virosphere.

Phylogenetic Support for Classification as a Large-Genome
Flavi-Like Virus. The unique and divergent protein complement
encoded by this virus suggested that it could provide insights
into the evolutionary history of the Flaviviridae. A family-level
phylogenetic analysis placed both the putative NS2/3 and NS5
proteins with pesti-like viruses in a deep phylogenetic position
(Fig. 3 A and B). We herein refer to this section of the tree as
the “Pestivirus-LGF clade” that comprises the genus Pestivirus,
pesti-like viruses, and LGFs. The placement of the divergent
NS5 sequence at the base of the LGF clade was well supported
(ufboot = 92), and the size of the viral genome was consistent
with other members of this group (Fig. 3 A, Inset). In contrast,
the NS2/3 proteins did not form a monophyletic group, although
this topology did not have robust support (Fig. 3B). Here, the
putative NS2/3 sequence from the divergent virus formed a sister
group to two spider-associated pesti-like viruses (Xinzhou spider
virus 3 and Shayang spider virus 4) (Fig. 3B, ufboot = 64). These
spider-associated viruses were previously reported to be the most
divergent members of the Pestivirus and pesti-like virus clade (40),
and this relationship was reflected in our NS5 tree (Fig. 34).

In an attempt to improve the accuracy of the phylogenetic
position for both proteins, we realigned all NS2/3 and NS5
sequences belonging to the orthoflavivirus, pestivirus, pesti-like
viruses, and LGFs using six combinations of sequence alignment
and alignment trimming methods (Table 2). This did not yield
more stable results for the placement of either region in the
divergent virus (SI Appendix, Figs. S8 and S9). However, both
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amino acid sequences from the virus newly identified here con-
sistently fell at the base of the Pestivirus-LGF clade, suggesting
that this virus represents part of the deep evolutionary history of
this group. Both midpoint rooting and rooting on the
Orthoflavivirus clade consistently placed our virus within the sister
clade to containing the genus Pestivirus. Importantly, it shared a
closer phylogenetic relationship to animal-associated viruses than
to plant-associated viruses, which form a monophyletic group.
The placement of the divergent NS2/3 sequence, which formed
a sister group to the spider-associated pesti-like viruses, is consist-
ent with a history of virus—host codivergence. However, the broad
cross-kingdom range of hosts associated with the Pestivirus-LGF
clade indicates that the evolutionary history of this clade with
respect to virus—host interactions is complex.

Together, our analyses support the conclusion that this virus is
a large-genome sponge-infecting pesti-like virus, which we have
provisionally named “Maximus pesti-like virus.”

Discussion

We describe the largest known flavi-like virus and largest known
RNA virus outside of the order Nidovirales. With a genome size
of 39.8 kb, this virus surpassed the longest documented flavi-like
virus to date by nearly 13 kb (20). Despite its large size, this virus
possessed features that are characteristic of members of the
Flaviviridae: an E-like glycoprotein, a protease/helicase pair, and
a pesti-like RdRp. Although the E-like glycoprotein shared highest
similarity to alpha- and bunyavirus glycoproteins, this is consistent
with the notion that the class II membrane fusion machinery of
the Amarillovirales (that contain the Flaviviridae), Bunyavirales,
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Fig. 3. Phylogenetic analysis of the divergent flavi-like virus places it among the pesti-like viruses. Unrooted phylogenetic trees of Flaviviridae. (A) NS5 and
(B) NS2/3. Arrows indicate the divergent flavi-like virus identified here. Flower icon indicates plant-associated flavi-like viruses. Spider icon indicates spider-
associated pesti-like viruses. Ultrafast bootstrap values are shown as numbers at select nodes. Insets show the groups containing the divergent flavi-like virus
and correspond to the regions encircled by dotted lines in the main figure. The topology of the insets reflects midpoint rooting of each tree in the main figures.

Tree branches are scaled according to amino acid substitutions.
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Table 1. Primers used for the standard RNA transcripts, RT, and PCR for the strand-specific assay

RT reaction Name Sequence 5'-3’ Position (nt)

(+) strand Tag Pos RT CGGGAAGGCGACTGGAGATCATATGAGCATTCAGAGTACC 4790

(-) strand Tag Neg RT CCGTCATGGTGGCGAATAAGACTGGTGTCAATTAGAAGAATC 4700

PCR and qPCR

(+) strand PCR Pos F GACTGGTGTCAATTAGAAGAATC 4700
PCR Pos R CGGGAAGGCGACTGGAG Tag

(-) strand PCR Neg F CCGTCATGGTGGCGAATAA Tag
PCR Neg R ATCATATGAGCATTCAGAGTACC 4790

Standard RNA

(+) strand T7 Pos F GCGTAATACGACTCACTATAGGCTTCGATTCAAGATTACGTTTA 4586
T7 Pos R GATCCAAAGTGTCCATGTATGA 5564

(-) strand T7 Neg F GCTTCGATTCAAGATTACGTTTA 4586
T7 Neg R GCGTAATACGACTCACTATAGTAGAGATCCAAAGTGTCCATGTATGA 5564

Underlined nucleotides represent the unique nonviral tag sequence for the strand-specific RT reaction. Sequences in bold indicate the T7 promoter for the standard RNA generation. (+):

positive; (-): negative; nt : nucleotides.

and Martellivirales evolved from a common ancestor (41). The
polyprotein encoded a methyltransferase upstream of the RdRp,
which is common throughout the Flaviviridae (22). The organi-
zation of the genetic components was also congruent with that of
canonical Flaviviridae, a characteristic that differs from large nido-
viruses, as these exhibit a flexible modularity in their genetic
organization (2). Phylogenetic analysis placed the two most con-
served proteins (NS2/3 and NS5) of this divergent virus deep
within the Pestivirus-LGF clade, with a relatively close relationship
to previously characterized LGFs. Although small portions of the
genome shared sequence and structural homology to cellular pro-
teins, we concluded that the virus was unlikely to be an endoge-
nous viral element because the virus-associated sequences were
highly divergent from their cellular homologues. Successful ampli-
fication and quantification of both positive- and negative-sense
strands with PCR further supported this conclusion.

The identification of such a large flavi-like virus raises impor-
tant questions. Does it possess a mechanism for correcting errors
during replication? Or does it sustain a mutation rate similar to
those seen in other flavivirids, and if so, how? We did not find
evidence for nido-like endo- or exonucleases, the absence of
which is consistent with other LGFs. Instead, the nucleic acid
metabolism cassette encoded upstream of the putative NS2/3

could be a plausible proofreading candidate. One component of
this cassette, deoxyribodipyrimidine photolyase is involved with
nucleotide repair caused by UV damage (42). However, other
components may serve different purposes. Adenylate kinases
regulate adenosine phosphate concentrations (43), and, when
present in dsDNA viruses, are thought to counterbalance the
differential AT concentrations between the virus and its host
along with NDPk (39). The genome of our divergent flavi-like
virus exhibited a substantial AT bias (64%), and the nucleic acid
metabolism cassette may in part function to sustain this. The
only Haliclona genome available on NCBI (CAXHKCO1) com-
prises ~58% AT. The lack of additional proofreading candidates
reflected our inability to annotate or assess the role of large por-
tions of the genome in silico because they did not share sequence
or structural homology with known proteins. Isolation and cul-
turing of this virus is needed to ascertain the function of these
proteins. In vitro studies are also needed to estimate the intrinsic
mutation rate of this virus so that it may be compared to those
of canonical, ~10 kb vertebrate Flaviviridae (e.g., hepatitis C
virus, dengue virus).

The genomic architecture of this virus may also be consequential
in understanding the long-term evolutionary history of the
Flaviviridae. In contrast to nidoviruses, which are thought to have

Table 2. Combinations of sequence alignment and trimming methods used in phylogenetic analysis of the Pestivirus-

LGF clade
Substitution model

Protein Alignment method trimAl parameters Alignment length (aa) selected

NS5 MAFFT N/A 3,317 LG+F+R10
NS5 MUSCLE N/A 6,085 LG+R10

NS5 MAFFT -gappyout 621 LG+F+R10
NS5 MUSCLE -gappyout 453 LG+F+R8

NS5 MAFFT -gt 0.15 -cons 0.15 1,146 LG+F+R10
NS5 MUSCLE -gt 0.15 -cons 0.15 1,178 LG+F+R10
NS2/3 MAFFT N/A 3,321 LG+F+R6
NS2/3 MUSCLE N/A 8,477 LG+F+R10
NS2/3 MAFFT -gappyout 971 LG+F+R10
NS2/3 MUSCLE -gappyout 1,016 LG+F+R10
NS2/3 MAFFT -gt 0.15 -cons 0.15 1,525 LG+F+R10
NS2/3 MUSCLE -gt 0.15 -cons 0.15 1,226 LG+F+R10
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undergone genomic expansion after the acquisition of a proofreading
mechanism (19, 22, 44), members of the Pestivirus-LGF clade may
have undergone genome reduction. The phylogenetic placement of
NS5 sequences near the base of the Pestivirus-LGF clade was mod-
erately well supported (ufboot = 92), and this position was consistent
across multiple combinations of sequence alignment and alignment
trimming methods. This tree topology would be consistent with the
phylogenetic position of its putative host, a sponge, which was
among the first animals to evolve (34). Thus, one interpretation of
the size of the Maximus pesti-like virus genome is that it is a relic of
an ancestral state of the pestiviruses, and the canonical (i.e., 10 kb)
Pestivirus genome resulted from a series of genome reduction events,
perhaps concordant with their emergence in vertebrates where longer
genomes would mean more potential immune targets for organisms
that had evolved adaptive immunity (45). If large sections of the
Pestivirus genome were lost over time, it follows that the proteins
encoded in these sections were selected against. This could explain
why we were unable to find similar protein domains in other RNA
viruses. It also raises the interesting possibility that some RNA viruses
previously encoded a proofreading mechanism and then lost it, if
one is found in the divergent flavi-like virus described here. Such a
pattern would again be opposite to what has been inferred from the
evolutionary history of the Nidovirales. Robust sampling of basal
marine invertebrates for the purposes of virus discovery is required
to address this hypothesis more thoroughly.

Another explanation for the aberrant size of this virus is that it
belongs to a select group of specialized viruses that are successful
“genetic pirates.” The acquisition of the nucleic acid metabolism
cassette and the other functional domains could have been the result
of relatively recent genetic piracy wherein an ancestral virus captured
genetic material from a cellular organism. The divergent flavi-like
virus appears to have acquired these domains in at least two separate
events because its putative elongation factor does not share detectable
sequence similarity with known cellular homologues, whereas its
NDPk domain does. This suggests that the ancestors of this virus
may have been adept at stealing domains from cellular organisms, a
characteristic that may not be representative of most ancestral
Flaviviridae. However, no conclusions can be drawn on the origin
of the large sections of the genome that could not be aligned to any
known member of the Flaviviridae, were not present in any RNA
virus searchable in publicly available databases, and did not share
structural homology with known cellular proteins. It may be that
these sections were derived from organisms that are underrepresented
in publicly available databases. Alternatively, they may have been
captured long before the identifiable domains such that they no
longer share detectable structural similarity with their cellular
homologs. An assessment of this “genetic piracy” hypothesis will
require the discovery of additional LGFs of comparable size and a
more rigorous exploration of the LGF “foldome.”

Regardless of when it occurred, the apparent acquisition of
domains sharing sequence and structural similarity to those found
in bacteria is puzzling. Bacterial NADAR and Nudix domains have
been found in RNA viruses, including among the Nidovirales, but
these are thought to have been acquired through horizontal gene
transfer from a eukaryote (18, 46). Although they did not have
robust statistical support, the topologies of our NDPk phylogenetic
trees are inconsistent with this sequence of events because in three
of four topologies, the flavi-associated NDPk was most closely
related to bacteria-associated NDPk domains (SI Appendix, Fig. S7).
One explanation is that ancestral viruses infected bacteria-eating
protists. Because bacteria have evolved defenses that allow them to
use their would-be predators as safe ecological niches (47), coinfec-
tion with an ancestral flavi-like virus could have afforded the virus
an opportunity to steal bacterial domains. Alternatively, sponges
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harbor many endosymbionts, including bacteria (48), which may
have facilitated bacteria-virus gene transfer. It may also be that the
flavi-associated NDPk shares closer sequence similarity to an
unsampled eukaryote, and its position in the phylogenetic tree will
change as new genetic data become available.

Filling sampling gaps in the RNA virosphere may shift para-
digms in virus evolution if more exceptions to conventional wis-
dom are documented. Here, we present one such example by
showing that flavi-like viruses can support genome sizes compa-
rable to those observed in the Nidovirales. The absence of a detect-
able exonuclease domain demonstrates that other solutions are
available to RNA viruses for overcoming theoretical error thresh-
olds. Future studies may find that the Nidovirales and the
Flaviviridae are not unique in their possession of large genomes.
The continued exploration of RNA virus diversity is therefore key
to revealing the patterns that shaped the long-term macroevolu-
tion of RNA viruses.

Materials and Methods

Sample Collection. All invertebrate samples analyzed here (n = 72) were col-
lected on October 20, 2022, in Chowder Bay, Sydney, Australia. Samples were
collected by divers wearing latex gloves and using forceps cleaned with 96%
ethanol between sampling events. All samples were placed in RNA/DNA-free cry-
ogenic tubes, which were snap-frozen and stored immediately in liquid Nitrogen.
Samples were then transferred to a —80 °C freezer.

Sample Preparation and Metatranscriptome Sequencing. Sample tissue
was processed individually by flash freezing with liquid nitrogen and homogeniz-
ing with a mortar and pestle. Total RNA was extracted using the QIAGEN RNeasy
Plus Mini kit. The RNA of some samples was pooled for downstream processing.
The libraries in which the divergent flavi-like virus was found comprised single
samples. Sequencing libraries were prepared using the Ribo-Zero Plus library
preparation kitand sequenced on the lllumina NovaSeq 6000 platform. In total,
44 libraries were sequenced, including a "blank” negative control comprising a
sterile water plus reagent mix.

Virus Identification. Raw reads were processed by removing sequencing adapt-
ers with Cutadapt v1.8.3 (49) and the parameters: -u 5 -U 5 -q 25 -m 25. The
quality of trimming was assessed using Fastqc v0.11.8 (50). Reads mapping to
rRNA were removed using SortMeRNAv4.3.3 (51) and the SILVA rRNA database
(as of Dec. 2023). Contigs were assembled with MEGAHIT v1.2.9 (23) setting
the minimum contig length to 200 nt). All contigs were screened against the
RdRp-scan database (52) and a custom RNA virus databases using DIAMOND
BLASTx v2.0.9 (53) with the setting ultrasensitive and an e-value cutoff of 1e-5.
The custom database included divergent viruses identified in ongoing research
projects. Virus candidates (i.e., viruses with a detectable sequence similarity to
viruses in one or both of the databases) that were at least 1 kb in length were
collated for verification. To verify that putative virus sequences were not misas-
signed host genes, all candidates were screened against the NCBI nonredundant
protein database (as of Sept. 2023) using DIAMOND BLAST with an e-value cutoff
of 1e-5 and the setting very-sensitive. Virus candidates sharing sequence similar-
ity to host genes were excluded from further analysis. No virus candidates were
detected in the negative control.

The sequence of the divergent flavi-like virus was translated using Expasy
(https://web.expasy.org/translate/) to verify the presence of a complete and
uninterrupted open reading frame. UTRs were manually annotated in Geneious
Prime v2023.2.1. To further verify that this sequence did not contain known
host gene sequences, the polyprotein was screened for sequence and struc-
ture homologies using BLASTp and Phyre2 (54). The assembly of the contig
was compared against assemblies generated using SPAdes v3.15.5 (24) and
Trinity v2.8.6 (25).

The abundance of the remaining reads (i.e., non-rRNA reads) was estimated
using RSEM v.1.3.0 (55) implemented in Trinity v.2.5.1 (25). Raw reads were
aligned with bowtie2 v2.3.31 (56). The abundance of the contig encoding the
flavi-like virus described in this study was calculated by dividing the expected
count for that contig by the sum of the expected count for all rRNA reads.
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Genome Sequencing Coverage. Sequencing coverage was assessed using
BBMap v37.98 (26) with a mapping threshold of 95%. Calculation of the Q30
score and mapping visualization was performed by Geneious Prime (www.
geneious.com).

Host Associations. To characterize the host composition of the library,
non-rRNA reads and contigs were first screened using KMA v1.3.9a (57) and
CCMetagen v1.1.3 (58). Reads were mapped to the prebuilt KMA database.
Next, rRNA reads identified with SortMeRNA v4.3.3 (51) were assembled using
MEGAHIT v1.2.9 (23) and screened against the NCBI Blast nt database (as of
December 2023).

Strand-Specific Molecular Analysis.

CcDNA Synthesis by Reverse Transcription. The first(+) and (=) strands were gen-
erated by reverse transcription using the SuperScript™ IV First-Strand Synthesis
System (ThermoFisher). Reactions were performed using 100 ng of RNA as the
template, 1 pL of the appropriate strand-specific primer flanked with a nonviral
sequence tag (2 uM, Table 1), and 1 uLdNTPs (10 mM). The mixture was heated
at 65 °C for 5 min and incubated on ice for 5 min. In a separate tube, 4 pL of
SSIV Buffer (5X) was mixed with 1 L of DTT (100 mM), 1 uL of Ribonuclease
Inhibitor and 200 units of Superscript IV Reverse Transcriptase (Invitrogen). The
RNA-primer mix and the RT reaction mix were mixed together and incubated at
55 °C for 30 min and subsequently inactivated by heating at 80 °C for 10 min.
cDNAs were then used for the end-point and qPCR.

End-Point PCR Amplification. cDNAs produce by RTwere used as templates for
amplification in PCR carried outin a final volume of 50 pLthatincluded 25 plL
of Platinum™ SuperFi™PCR Master Mix (2X, ThermoFisher), 2.5 uL of each
respective forward and reverse primers (10 uM), 10 pL of cDNA, and 10 plL of
nuclease-free water. PCRs were performed on a SimpliAmp™ (ThermoFisher)
thermocycler with the following conditions: 98 °C for 30 s followed by
45 cycles of 98 °C for 10's, for 61 °C for 10's, 72 °C for 10's, and 72 °C for
5 min. The PCR products were analyzed on SYBR Safe (ThermoFisher) stained
agarose gels.

Strand-Specific RNA Transcripts. Synthetic positive and negative RNA transcripts
standards were synthetized by in vitro transcription using T7 RNA polymerase.
First, the positive and negative cDNA products were produced by RT-PCR from
the extracted RNA, using their respective primer pairs containing aT7 promoter
atthe 5" end (Table 1). Second, the in vitro transcription was performed using the
HiScribe™ T7 High Yield RNA Synthesis Kit (NEB). Briefly, 10 pL of the reaction
buffer (10X) was mixed with 2 pL of ATP, UTP, GTP, CTP (100 mM each), 1 pL of
DTT(0.1 M), 2 pL of T7 RNA polymerase mix, 2 puL of T7-DNA products (1 pg) and
5 pLof nuclease-free water. The reaction was incubated at 37 °Cfor 2 h and RNA
transcripts were then purified using the RNeasy MinElute Cleanup Kit (Qiagen).
Concentrations of purified RNAwere determined using a NanoDrop spectropho-
tometer (ThermoFisher).

Strand-Specific qPCR Assay. The QuantiNova SYBR Green PCR Kit (Qiagen) was
used for the strand-specific quantification by qPCR. The mixture contained 10 pL
of SYBR Green PCR Master Mix (2x), 1.25 uL of forward primer and reverse
primers (0.7 uM), 6 pL of cDNA, and 2.5 pL of nuclease-free water. Assays were
performed using the LightCycler® 480 Instrument Il (Roche) with the following
conditions: 95 °C for 2 min, followed by 40 cycles of 95 °Cfor 55, 60 °Cfor 10's,
72°Cfor 30's,and data collection occurred during the 60 °C step. Synthetic RNA
representing each strand, serially diluted from 10" to 107 was used to calculate
the amount of viral RNA copies.

Annotation of Functional Domains. Preliminary annotation of the diver-
gent flavi-like virus was performed using InterProScan v2.1 against the CDD,
SuperFamily, and NCBIfam databases as implemented in Geneious Prime
v2023.2.1. For manual annotation of protein boundaries, transmembrane (TM)
domains were predicted using DeepTMHMM v1.0.24 (59). These TM domains were
then analyzed to determine whether they were signal peptidases by querying a
40 amino acid (aa) region encompassing each TM domain using a 15aa sliding
window with SignalP v6.0 (60). The potential N-linked glycosylation residues on the
polyprotein were identified using NetNGlyc v1.0 (61), with likely N-linked glycan
residues considered above the threshold of 0.5. For functional protein domain
prediction, the polyprotein sequence was queried against the Pfam v34.0 (62)
and CDD v3.20 (63) databases utilizing the NCBI CD-search program (64) with an
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e-value threshold of 0.1.To examine the presence of a protease, we aligned with
NS3Pro of Classical swine fever virus (CSFV), Pangolin pestivirus, and the divergent
flavi-like virus with MAFFTv7.511 (65) L-INS-I method. CSFV was chosen because it
is a pestivirus and the catalytic triad in its protease is well documented. According to
BLASTp, the highest sequence similarity to the putative NS3 region of the divergent
flavi-like virus was found in Bovine viral diarrhea virus 3 (AFL65618.1). The putative
envelope protein was identified using HHpred (66), which predicted its presence
with 60.1% probability when the first 6,000 amino acids of the polyprotein were
tested against the PDB_mmCIF70_24_Oct database.

Protein Structure Prediction and Homology Search. We exploited machine-
learning approaches that allow high-confidence ab initio protein structure pre-
diction from sequence data alone. The polyprotein sequence of the divergent
flavi-like virus (12,694 amino acids) was split into 300 residue blocks each
overlapping by 100 residues (resulting in a total of 125 sequence blocks;
Sl Appendix, Fig. S6A). The structure of each sequence block was predicted using
both ColabFold-AlphaFold2 (29, 30) and ESMFold (31) (S Appendix, Fig. S6 Band
(). While the majority of the polyprotein did not yield confident predictions, peaks
in confidence corresponding to well-folded domains were produced by both
methods. ESMFold performed somewhat better than ColabFold (S/ Appendix,
Fig. S6 D-F), likely due to the latter's requirement for multiple sequence align-
ments, which cannot be readily assembled for highly divergent sequences, such
asthose found in this virus. Structure-guided homology searches were performed
using the Foldseek server (32) and we focused on hits against experimentally
solved structures from the protein database (PDB). Additionally, we used a local
installation of Foldseek to query a protein structure prediction database covering
the entire Flaviviridae, as described by Mifsud et al (27). We evaluated the distri-
bution of the identity of Foldseeks hits to ensure that the reported top hit for each
inferred structure reflected the majority of hits obtained through this screen, and
we assessed concordance between Foldseek hits returned when either ESMFold
or ColabFold inferred structures were used as input (S Appendix, Fig. S6D). Tables
of Foldseek hits for each structure block shown in the main figures are provided
in Datasets S2 and S3.

Phylogenetic Analysis. For the family-level virus analysis, all Flaviviridae (taxid
11050 and taxid 38144) available on the NCBI Virus were downloaded on Dec.
15,2022.These data were supplemented with sequences from Mifsud et al. (67),
Mifsud etal.(27), and the NCBI nucleotide database (searched using the phrase
"flavi[All Fields] OR pesti[All Fields] OR hepaci[All Fields] OR pegi[All Fields]AND
virusesffilter]" on Dec. 15,2022). We screened the BLASTx results for the divergent
flavi-like virus for sequences published in 2023 and added the two that met
these criteria (UHR49738.1 and WPA70758.1) to the dataset. We also screened
the NCBI Virus database for pesti- and pesti-like viruses and large-genome flavi-
like viruses published in 2023 that were longer than 20 kb, and consequently
added Macrosiphum euphorbiae virus 1isolate KO1(YP_009175071, length =
22.8 kb) to the dataset. Redundant nucleotide sequences were removed using
CD-HIT(68) at a cutoff of 95%. Remaining sequences were translated using the
Geneious Prime Find ORFs tool (v.2022.0) (www.geneious.com)and trimmed to
the NS2/3 and NS5 regions, individually. Putative NS5 sequences that lacked the
conserved GDD palm motif were excluded. Incomplete genomes were removed
manually. The corresponding segments of the two closest protein BLASTp hits to
the divergent flavi-like virus (Bovine viral diarrhea virus 3 [accession ANW09737]
and Pestivirus brazilense [accession WEC89329]) were added to each dataset.
Members of the Potyviridae were used as the outgroup for both trees. The final
NS2/3 and NS5 datasets contained 427 and 464 sequences, respectively. All
datasets were aligned with MAFFTv7.490 (65) using default parameters and the
BLOSUM62 scoring matrix (NS2/3 length = 2,279aa; NS5 length = 2,537aa).
Ambiguously aligned regions were removed with a conservation score of 0.15
using trimAlv1.4.1 (69).

For the genus-level analysis, pestivirus and pesti-like virus sequences were
realigned using members of the genus Orthoflavivirus as the outgroup. Both
MAFFT v7.490 (65) and MUSCLE v5.1 (70) alignment algorithms were used.
Ambiguously aligned regions were removed at a range of thresholds (Table 2)
using trimAlv1.4.1 (69).

All phylogenetic trees were inferred using the maximum likelihood method
available in 1Q-TREE v1.6.12 (71) with 1,000 ultrafast bootstraps. ModelFinder
Plus was enabled for inference of the family-level phylogenies (NS3: LG+F+R8,
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NS5: LG+F+R10), while substitution model selection was restricted to LG models
forthe Pestivirus-LFG clade because of the selection for the family-level analysis.

To infer the NPDk phylogenetic tree, the top 500 BLASTp results to the flavi-
associated NDPk domain were downloaded. Redundant sequences were removed
with CD-HIT(68) v4.8.1 at a threshold of 90%, leaving 139 sequences for subse-
quent analysis. Sequences were aligned with MAFFT v7.490 (65) and MUSCLE
v5.1(70), and the ends were manually trimmed to preserve the most conserved
region (length = 269 amino acids, gaps inclusive). Ambiguously aligned regions
were removed using trimAl v1.4.1(69) with the setting “gappyout.” This resulted
infour alignments: i) MAFFT without ambiguities removed, ii) MAFFT with ambi-
guities removed, iii) MUSCLE without ambiguities removed, and iv) MUSCLE with
ambiguities removed. Maximum likelihood trees were inferred using 1Q-TREE
v1.6.12 (71) with 1,000 SH-aLRT bootstraps and 1,000 ultrafast bootstraps. The
ModelFinder was unrestricted. Selected models are shown in S/ Appendix, Fig. S7.
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Australia is home to a diverse range of unique native fauna and flora. To address whether Australian ecosystems
also harbour unique viruses, we performed meta-transcriptomic sequencing of 16 farmland and sediment sam-
ples taken from the east and west coasts of Australia. We identified 2460 putatively novel RNA viruses across 18
orders, the vast majority of which belonged to the microbe-associated phylum Lenarviricota. In many orders, such
as the Nodamuvirales and Ghabrivirales, the novel viruses identified here comprised entirely new clades. Novel
viruses also fell between established genera or families, such as in the Cystoviridae and Picornavirales, while
highly divergent lineages were identified in the Sobelivirales and Ghabrivirales. Viral read abundance and alpha
diversity were influenced by sampling site, soil type and land use, but not by depth from the surface. In sum,
Australian soils and sediments are home to remarkable viral diversity, reflecting the biodiversity of local fauna

1. Introduction

RNA viruses are ubiquitous, diverse, and can play important roles in
multiple ecological processes. Yet a strong focus on viruses of clinical or
agricultural significance has limited our understanding of RNA viruses
as potentially key components of global ecosystems (French and
Holmes, 2020). Similarly, studies of environmental viruses have largely
considered marine systems and typically characterised DNA viromes
(Trubl et al., 2020), leaving the terrestrial RNA virome understudied
(Starr et al., 2019; Chen et al., 2022; Hillary et al., 2022).

Soil environments are complex and diverse, host to an intricate
network of macro- and micro-organisms that form unique ecosystems
with crucial global functions. An estimated 10° microbes are present in
1 g of soil, with species diversity up to the tens of thousands (Raynaud
and Nunan, 2014). Microbial community compositions both affect and
depend on such factors as the physicochemical properties of soil (Singh
et al.,, 2009; Dequiedt et al., 2011), land use (Tian et al., 2017), and
depth (Xue et al., 2022). The abundance and diversity of organisms in
soil implies that there must also be abundant and diverse viruses
infecting these hosts, which may play their own roles in soil cycles and
maintenance. Indeed, DNA viruses in soil have been estimated from
below detection limits in hot deserts to over 10'%/g soil in wetlands
(Williamson et al., 2017). DNA viruses have documented roles in carbon
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metabolism (Trubl et al., 2018; Jin et al., 2019) and phosphorus meta-
bolism (Han et al., 2022), as well as gene transfer to their bacterial hosts,
aiding in host extremotolerance and adaptation to environmental
stressors (Hwang et al., 2021; Huang et al., 2021). In contrast, the role of
RNA viruses in soil ecosystems is less defined (Wu et al., 2021; Hillary
et al., 2022).

Recent meta-transcriptomic (i.e., total RNA-sequencing) studies
have led to the discovery and characterisation of novel RNA viruses from
diverse ecosystems, including aquatic environments (Wolf et al., 2020)
and soil (Starr et al., 2019; Chen et al., 2022; Hillary et al., 2022). In
particular, meta-transcriptomic analyses of diverse soils and freshwater
sediments have shown that non-marine environments are a rich source
of viral diversity, with thousands of novel RNA viruses identified in
every major lineage of RNA viruses (Chen et al., 2022) and revealing
potential functions in soil carbon cycling (Starr et al., 2019) or in-
teractions between hosts spanning different kingdoms (Hillary et al.,
2022). Hence, soils provide a valuable means to characterise more of the
terrestrial RNA virome. These studies have also led to a deeper under-
standing of RNA viruses in a broader ecological context, revealing the
impacts of human land use, physicochemical properties, and
geographical features of the sampling environment on viral abundance
and diversity (French et al., 2022; Chen et al., 2022; Hillary et al., 2022).

Australia has been isolated from other continents for tens of millions
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of years and, as such, has developed many diverse and unique biomes.
Flora and fauna have adapted to the continent’s flat, dry, fire-prone, and
nutrient-poor landmass, resulting in a remarkable level of biodiversity
that is unique to Australia (Steffen, 2009). For example, many native
Australian plants have hardened foliage (sclerophylly) and evergreen
characteristics, causing herbivores to have slower metabolisms and
reptiles to have predominantly invertebrate-based diets (Steffen, 2009).
Insects play an active role in the dispersal of seeds and are key con-
sumers of leaves in the absence of any native ruminant species (Steffen,
2009). The majority of Australia’s mammals (87%), reptiles (93%), frogs
(94%), and vascular plants (92%) found across the country are endemic
(Chapman, 2009). Australia is also a “megadiverse” country, one of 17
that together comprise over 70% of the world’s total biodiversity (Wil-
liams et al., 2001). With so much diversity in its animals, plants, and
environments, it can be assumed that Australian microbes - including
viruses - harbour similar levels of diversity.

Little is known about the RNA viromes of Australian soil and sedi-
ment systems. Herein, we aimed to provide an initial snapshot of the
diversity, abundance, and composition of RNA viruses in Australian
environmental samples. In particular, we asked whether the unique flora
and fauna of Australia is mirrored by the presence of unique soil viruses.
Accordingly, we performed meta-transcriptomic sequencing of 16
geographically and ecologically distinct farmland soil and riverbank
sediment samples taken from New South Wales (NSW) and Western
Australia (WA), respectively, two Australian states separated by
approximately 3000 km.

2. Materials and methods
2.1. Sample collection

Soil samples from NSW were collected in December 2021 from ver-
tosol, sodosol, and chromosol soil types (Isbell, 2016) in cropping/pas-
ture fields and native vegetation at depths of 0-5 cm, 5-15 c¢m, and
15-30 cm at each site. NSW samples were collected from the University
of Sydney-owned ‘Nowley Farm’ on the Liverpool plains because of the
presence of multiple soil types and land uses. In the case of WA, sedi-
ment samples were collected in triplicate during April and May 2022
from four points along the riverbanks of the Swan River, Canning River,
and Denmark River. Maps of the NSW and WA sampling sites are shown
in Fig. 1, with more detail on the properties of the sampling sites

4 )

K Swan-Canning Riverpark, Perth X
\
4 o~ I

\ Denmark River, Denmark /
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provided in Table S1. All samples were packed into sterile 50 ml conical
tubes and either stored on ice (NSW samples) or between —30 °C and
—15 °C (WA samples) until transported to a —80 °C freezer for long-term
storage.

2.2. RNA extraction, library construction, and sequencing

Total RNA was extracted from the samples using the RNeasy Pow-
erSoil Total RNA Kit (Qiagen) as per the manufacturer’s instructions.
Extracted RNA was quantified using the Qubit RNA high sensitivity (HS)
Assay Kit on the Qubit Fluorometer v3.0 (Thermo Fisher Scientific) and
stored at —80 °C prior to library construction and sequencing. Libraries
were constructed using the Illumina Stranded Total RNA library prep-
aration protocol and rRNA was removed using the Ribo-Zero Plus rRNA
depletion kit (Illumina). Libraries were sequenced on the Illumina
NovaSeq 6000 platform (paired-end, 150 bp). Library preparation and
sequencing was performed by the Australian Genome Research Facility
(AGRF).

2.3. Data processing and abundance measurements

Data processing and subsequent phylogenetic analyses utilised the
BatchArtemisSRAMiner workflow (Mifsud, 2023). Sequence reads were
adaptor- and quality-trimmed using Trimmomatic (v0.38) (Bolger et al.,
2014), then assembled into contigs using MEGAHIT (v1.2.9) (Li et al.,
2015) employing default assembly parameters. No eukaryotic or bac-
terial reads were filtered prior to assembly. Sequence quality was
checked for both raw reads and trimmed reads using FastQC (v0.11.8)
(Andrews, 2010). Assembled contigs were compared to an in-house
curated database of viral sequences using DIAMOND BLASTX (v2.0.9)
(Buchfink et al., 2015) with an e-value of 1 x 107> for sensitivity. This
database was curated in October 2023 b y querying NCBI's protein
sequence database for entries with ‘Viruses’ in the organism field and
built using the ‘makedb’ function in DIAMOND BLAST. Contigs return-
ing positive hits were compared to the non-redundant (nr) protein
database as of October 2023, using DIAMOND BLASTX to identify false
positives. Contigs with hits to viral sequences were retained and sorted
by the taxonomy of the closest relative to the level of virus family (or to
the most specific available taxonomic level assigned to the closest
relative).

The relative abundance of viral transcripts within each library was

Nowley Farm

Fig. 1. Map of Australia showing riverbank sediment sampling sites along the Swan-Canning Riverpark (Perth, WA) and Denmark River (Denmark, WA), as well as
farmland soil sampling sites in Nowley Farm, NSW. In the inset boxes, each sampling site is indicated by an arrow. In the case of the Nowley Farm samples, soil type is

indicated by a letter: V -vertosol, C - chromosol, S - sodosol.
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estimated using RSEM (v1.3.1) (Li and Dewey, 2011), calculated as the
expected count of viral contigs divided by the total raw read count x 100.
Virome compositions for each library were calculated as the expected
count of contigs aligning to each viral family/order/phylum as a pro-
portion of the total expected count of contigs aligning to sequences from
the Riboviria (RNA viruses). The community compositions of potential
host organisms in each library were estimated using CCMetagen (Clau-
sen et al., 2018; Marcelino et al., 2020) by mapping the assembled
contigs to NCBI's nucleotide database (nt) as of June 2019. Host or-
ganisms were largely grouped at the phylum level, or at higher taxo-
nomic levels in the case of less frequently appearing organisms, such as
those in the Metazoa or Viridaeplantae. Virome and host organism
community composition figures were generated in R using ggplot2
(v3.3.3) (Wickham, 2016).

Viral alpha diversity was described by: (i) richness, or the number of
viral taxa in each library, (ii) Shannon diversity, which accounts for both
richness and the evenness of their distribution, and (iii) “true” diversity
or effective Shannon diversity, calculated as the exponential of each
respective Shannon diversity index. These indices were calculated in
RStudio (v4.1.1717) (RStudio Team, 2019), R (v4.1.0) (R Core Team,
2021) using an adaptation of the Rhea alpha diversity script (Lagkou-
vardos et al., 2017; Wille et al., 2018). RNA virus read abundance and
alpha diversity figures were generated in R using ggplot2 (v3.3.3)
(Wickham, 2016). Soil characteristics were tested for their influence on
viral read abundance and alpha diversity using generalised linear
models. The significance of these models was evaluated using y? tests
and significant differences between pairs of groups within each
ecological property were determined using post-hoc Tukey tests. To
determine the factors impacting soil virus read abundance and alpha
diversity, we conducted a best-subsets regression analysis. Models were
evaluated using the Akaike information criterion (AIC) and the model
with the lowest AIC was selected as the best-fit model. Soil character-
istics included soil type (chromosol versus sodosol), land use (native
vegetation, cropping, and pasture), environment (a combination of soil
type and land use) and depth from the surface, and the amount of nucleic
acid extracted. As sequence data was obtained from only one depth
measurement for chromosol and sediment environments, only sodosol
libraries were included in the comparison of viral read abundance and
alpha diversity across different depths. Viral read abundance and alpha
diversity were compared between the different sampling sites for sedi-
ment libraries. Due to the numerous confounding factors that may in-
fluence virus read abundance and alpha diversity, including the
surrounding environment, geographical location, climate, and storage
conditions prior to extraction, detailed comparisons between the NSW
farmland soil and WA sediment samples were not conducted.

2.4. Identification of novel viruses and phylogenetic analysis

Contigs with DIAMOND BLASTX hits to the viral RNA-dependent
RNA polymerase (RdRp) that were greater than 600 nucleotides (nt)
in length (arbitrarily set so as to minimise inaccurate classification) and
with less than 99% amino acid identity to their closest previously pub-
lished relative were translated to amino acid sequences. The standard
genetic code (i.e., code Table 1) was used in most cases, with the
exception of 133 sequences from the family Mitoviridae (phylum
Lenarviricota) for which the mitochondrial genetic code (i.e., code table
4) is more likely to be biologically accurate, and indeed provided ORFs
of expected lengths where the standard code led to truncation. Trans-
lated sequences were checked for the presence of the conserved A, B, and
C motifs that characterise viral RdRp. Contigs fulfilling these conditions
were included for phylogenetic analysis as these likely represent RNA
virus sequences.

Potentially novel virus sequences were aligned with members of the
family, order, or multi-family clade of their respective closest DIAMOND
BLASTX hit using MAFFT (v7.402) (Katoh and Standley, 2013).
Sequence alignments were trimmed wusing trimAl (v1.4.1)
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Table 1
Sequence data sets used for phylogenetic analysis (Figs. 6-8; Supplementary
Figs. 2-22).

Virus group Number of sequences Alignment length

Total Novel Reference  Untrimmed  Trimmed
Hepelivirales + 224 16 208 8750 711
Tymovirales(Fig. 6A,
Fig. $2)
Martellivirales(Fig. 6B, 249 22 227 9945 706
Fig. $3)
Nodamuvirales (Fig. S4) 259 101 158 6153 726
Nodaviridae 118 15 103 2839 704
(Nodamuvirales sub-
tree) (Fig. 6C)
Tolivirales (Fig. S5) 361 127 234 8263 702
Leviviricetes (Fig. S6) 2324 894 1430 19,225 711
Mitoviridae (Fig. S7) 1067 441 626 8555 710
Narnaviridae, 1157 445 712 12,089 725
Botourmiaviridae,
Narliviridae (Fig. S8)
Marnaviridae (Fig. S9) 396 70 326 8741 708
Picornaviridae, 221 13 208 12,632 707
Polycipiviridae,
Solinviviridae(Fig. 7A,
Fig. S10)
Dicistroviridae, 286 24 262 10,439 710
Secoviridae,
Iflaviridae(Fig. 7B,
Fig. S11)
Sobelivirales (Fig. S12) 156 49 107 6283 714
Astroviridae (Fig. 8A, 113 47 66 5966 704
Fig. S13)
Hypoviridae (Fig. S14) 59 3 56 8280 704
Partiti-Picobirna ( 1397 101 1296 3749 727
Fig. S15)
Fusariviridae (Fig. 516) 40 5 35 2688 702
Monjiviricetes (Fig. S17) 115 2 113 4569 704
Bunyavirales (Fig. S18) 42 21 21 5027 704
Cystoviridae (Fig. S19) 52 6 46 2308 702
Reovirales (Fig. 520) 76 5 71 2712 716
Ghabrivirales (Fig. 521) 289 64 225 7183 704
Giardiavirus-like clade 101 48 53 4911 702
(Ghabrivirales sub-
tree) (Fig. 8B)
Birnaviridae (Fig. 522) 52 4 48 2643 704

(Capella-Gutierrez et al., 2009) to retain only the most conserved amino
acid positions (between 702 and 726 residues in length) and to remove
ambiguously aligned regions (see Table 1). Alignments were also visu-
ally assessed to identify and remove poorly aligned sequences.
Maximum likelihood phylogenetic trees were then estimated on each of
these alignments using IQ-TREE (v1.6.12) (Nguyen et al., 2015),
employing the Le-Gascuel (LG) model of amino acid substitution —
determined using ModelFinder within IQ-TREE — with 1000 S H-aLRT
replicates (Anisimova and Gascuel, 2006) to assess node support. All
trees were visualised in R using packages ‘ape’ (v5.5) (Paradis and
Schliep, 2019) and ‘ggtree’ (v3.0.2) (Yu et al., 2017). Probable host
organisms for novel viruses were predicted based on the hosts of the
established viruses with which they clustered most closely.

3. Results
3.1. Data generation

We generated 26 sequencing libraries, 16 of which were from NSW
farmland soil samples, with the remaining 10 from sediment taken from
Denmark River in WA. Eighteen soil samples, representing three distinct
soil types (vertosol, chromosol, and sodosol), two categories of land use
(native vegetation or agricultural), and three depths (0-5 cm, 5-15 cm,
and 15-30 cm), were taken from NSW farmland environments (Sup-
plementary Table 1). Vertosol, which is high in smectitic clay and has
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high agricultural potential, and chromosol, which has a loamy texture
and moderate agricultural potential, were both collected from sites
containing native vegetation or crops. Sodosol has a sandy surface
texture with a high concentration of sodium and is nutrient poor. Due to
the generally low capacity for crop growth, sodosol samples were taken
from pasture and native vegetation sites. We were able to successfully
extract RNA from six of these 18 samples, five of which we extracted in
technical triplicates, totalling 16 RNA libraries for meta-transcriptomic
sequencing. No RNA was able to be extracted from vertosol or the 15-30
cm depths, and success in chromosol samples was restricted to the 0-5
cm depth despite multiple attempts on each sample.

The success of RNA extraction was similarly limited in the WA
riverbank sediment samples. The 24 samples taken from a total of eight
sites in the Swan-Canning Riverpark system (Perth, WA) were generally
coarse and sandy in texture, while the 12 samples taken from four sites
along Denmark River (Denmark, WA) were finer and muddier in com-
parison. No extractions from the Swan-Canning Riverpark system were
successful, and RNA was only extracted from all three biological repli-
cates in two of the four sites along Denmark River, for a total of 10 li-
braries able to be sequenced. Samples from which RNA was successfully
extracted and sequenced are described in Supplementary Table 1.

We generated approximately 5.26 billion paired-end reads from the
26 libraries successfully sequenced in this study, ranging from 133.5
million reads (native chromosol, NSW; library CN1A) to 396 million
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reads (native sodosol, NSW; library SN2A) per library. From these data,
6.2 million contigs were assembled, with contig numbers from indi-
vidual libraries ranging from 85,100 (native sodosol, NSW; library
SN2A) to 701,601 (riverbank sediment, WA; library KCAP1), with a
median value of approximately 182,600.

3.2. RNA virome composition

Across the data set as a whole there were 10,561 contigs greater than
600 nucleotides (nt) in length that had DIAMOND BLASTX hits to se-
quences from the Riboviria (i.e., RNA viruses). However, a proportion of
these contigs did not robustly align to reference sequences and could not
be reliably assigned to any RNA virus taxa. Thus, a subset of 9126 viral
contigs was retained for analyses. The number of viral contigs per library
ranged from 53 (native sodosol, NSW; SN2A) to 1336 (riverbank sedi-
ment, WA; KCAP3) and the majority of contigs (5823 out of 9126) had
less than 50% amino acid identity to reference sequences (Table S2). The
sample with the lowest RNA viral read abundance was NSW sodosol
pasture (library SP2C) at 0.018%, while the highest abundance of
1.279% was found in WA riverbank sediment (library KCAP3) (Fig. 2A).
Interestingly, some of the lowest and highest diversity indices were
observed in samples taken from the same WA riverbank sites, namely,
KCAP2 and MP2 (lowest) and MP1 and KCAP1 (highest) (Fig. 2B). While
viral read abundance differed significantly between sampling locations
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Fig. 2. (A) Abundance of RNA virus reads as a proportion of the number of total reads and (B) RNA virus Shannon diversity indices of the meta-transcriptomic
sequencing libraries generated from samples taken from NSW farmland soil (left and middle, in orange) and WA riverbank sediment (right, in blue). Letters (A,
B, C) at the end of each library name indicate technical replicate extractions of the same sample and are grouped within vertical lines.
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(p = 0.008), Shannon diversity did not (p = 0.585).

Sampling environment refers to the combination of soil type (chro-
mosol, sodosol) and land use (native, cropping, pasture), which we
found to be associated with soil virus read abundance and richness (p <
0.001 in both cases) (Fig. 3A). To explore which factors were most likely
to contribute to this effect, best-fit models were estimated considering
soil type and land use separately. Although soil type alone did not have a
significant effect on richness (p = 0.104), the best fit model describing
richness included both soil type and land use (p < 0.001), with agri-
cultural soils (cropping and pasture) harbouring greater species richness
than native soils in both chromosol and sodosol soil types (Fig. 3B). Soil

Virology 593 (2024) 110007

type did not have a significant effect on richness (p = 0.58). Land use
was also associated with viral read abundance (p < 0.001), in which
cropping soil had the highest read abundance, pasture soil had the
lowest, and native soils fell in the middle (Fig. 3B). However, it is
difficult to determine if the agricultural purpose of the soil (i.e., crop-
ping or pasture) was truly impacting viral read abundance as soil type
also had a significant influence on viral read abundance (p < 0.001),
which was higher in chromosol than in sodosol (Fig. 3C). As the crop-
ping soils were only chromosol and the pasture soils were only sodosol,
the pattern of read abundance observed in Fig. 3C may have been due to
the influence of soil type rather than agricultural purpose. In addition,
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Fig. 3. Viral read abundance, richness, Shannon diversity, and effective Shannon diversity indices of NSW farmland soils plotted against (A) environment as a
combination of soil type and land use, (B) soil type, (C) land use, (D) depth, and the same indices of WA riverbank sediments plotted against (E) sampling site.
Asterisks indicate significant differences (p < 0.05) between pairs of ecological properties as determined by post hoc Tukey tests. Shorthand labels for environment
indicate CC = cropping chromosol, CN = native chromosol, SP = pasture sodosol, and SN = native sodosol. Circles representing each library in columns B-D are

coloured by sampling environment as per column A.
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while native chromosol had lower viral read abundance than cropping
chromosol, native sodosol had higher viral read abundance than its
counterpart used for pasture (Fig. 3A). This suggests an influence of both
soil type and the purpose of agricultural land use, supported by the in-
clusion of both variables in the best-fit model for viral read abundance.
No ecological factors were associated with the Shannon and effective
Shannon diversity indices of soil when including both soil types (p =
0.165-0.669 and p = 0.109-0.671, respectively) (Fig. 3A-C), although
sampling depth did significantly impact read abundance, Shannon di-
versity, and effective Shannon diversity indices of sodosol viruses
(0.009-0.029) (Fig. 3D). Thus, the best fit models for these three indices
included soil type, land use, and depth.

In the case of the sediment libraries, we also measured the effect of
sampling site on read abundance, richness, Shannon diversity, and
effective Shannon diversity (Fig. 3E). Only sampling site influenced viral
read abundance (p = 0.006), with libraries from the densely vegetated
KCAP site having higher viral read abundance than the other sediment
sites, and higher than any soil libraries (Figs. 2 and 3E).

Also of note was that the amount of extracted RNA appeared to be
partially dependent on sampling environment (Supplementary Figs. 1A
and 1B). Native chromosol libraries had significantly higher RNA yields
than other libraries, ranging between 459.8 and 564.5 ng/g, whereas the
next highest yield was 219.7 ng/g from library KCAP3. Despite this as-
sociation, RNA yields at the time of extraction did not correlate with
read abundance or alpha diversity calculated from the subsequently
generated sequencing data (Supplementary Figs. 1C-F).

Relative virus read abundances (i.e., the total expected counts of
each viral group as a proportion of all Riboviria reads in each library) are
shown in Fig. 4A. The phylum Lenarviricota and orders Tolivirales and
Nodamuvirales were present in all libraries, with the Lenarviricota
generally comprising a large proportion, if not the majority, of reads. A
notable exception was library DRCP2B (riverbank sediment, WA) where
unclassified Picornavirales sequences comprised the majority of reads. As
they were the most abundant groups, we classified the virome compo-
sitions of the phylum Lenarviricota and order Picornavirales to the class
and family level, respectively (Fig. 4). In general, Picornavirales se-
quences comprised a greater proportion of reads in sediment than soil
libraries. Furthermore, these sequences were mostly unclassified Picor-
navirales in sediment libraries, whereas in the soil libraries over half of
the reads comprising Picornavirales sequences were from the family
Dicistroviridae. Marnaviruses also appeared more frequently in the
sediment than the soil libraries, likely due to their typically aquatic
hosts, although cropping chromosol library CC1A had a high proportion
of marnaviruses relative to the other Picornavirales groups and other soil
libraries.

The Lenarviricota were abundant in all libraries, as were bacteria
(Fig. 4). However, there was an overall decrease in the proportion of
fungal-associated class Amabiliviricetes and family Mitoviridae in the
sediment compared to the soil libraries. Sediment libraries were instead
dominated by bacteriophage of the class Leviviricetes, suggesting a
switch in microbial community composition towards bacteria in sedi-
ment environments (Fig. 4A). It is interesting to note that pasture sod-
osol samples taken 0-5 cm from the surface (libraries SP1A-C) were an
exception to this trend, in which the Leviviricetes represented a much
higher proportion of Lenarviricota sequences than in the other soil li-
braries (Fig. 4A). The composition of potential host organisms reflected
this switch in microbial community composition: although all libraries
were largely dominated by bacteria, soil libraries had higher relative
proportions of fungi (2.5-25.8%) than sediment libraries (0.3-4.5%)
(Fig. 4B). The most predominant bacterial phyla included Pseudomo-
natota (10.2-32.9%), Plantomycetota (8.3-28.9%), and Actino-
bmycetota (1.5-20.1%), although the latter of the three was less
prevalent in sediment libraries (1.5-6.8%). Acidobacteriota also
comprised a notable proportion of sodosol communities (6.9-14.8%). In
contrast, sediment libraries had higher relative proportions of hits to the
domain Archaea than soil (4.1-45.9% compared to 0.6-4.6%), most of
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which belonged to the phylum Methanobacteriota (Fig. 4B). Interest-
ingly, library MP2, which harboured the highest relative proportions of
Lenarviricota and Leviviricetes reads (95.6% and 84.8%, respectively),
was also the library with the largest proportion of archaea (31.9%)
(Fig. 4).

3.3. Phylogenetic analysis of novel virus species

We identified 2460 novel virus RARp sequences across all five RNA
virus phyla, including those with positive-sense single-stranded RNA
genomes (Astroviridae, Picornavirales, Sobelivirales, from the phylum
Pisuviricota; Alsuviricetes, Nodamuvirales, and Tolivirales from the phylum
Kitrinoviricota; and the phylum Lenarviricota), negative-sense single-
stranded RNA genomes (Bunyavirales and Monjiviricetes from the phylum
Negarnaviricota), and double-stranded RNA genomes (Hypoviridae, Par-
titiviridae, Picobirnaviridae, and Fusariviridae from the phylum Pisuvir-
icota; Cystoviridae, Reovirales, and Ghabrivirales from the phylum
Duplornaviricota; and Birnaviridae) (Table 1, Fig. 5, Supplementary
Table 2). By predicting host organisms based on phylogenetic clustering,
we suggest that viruses with bacterial, fungal, and protist hosts
comprised 38.7%, 41.9%, and 4.9% of novel sequences, respectively,
and those with plant and invertebrate hosts comprised 2.6% and 7.6% of
novel sequences, respectively. We were unable to confidently assign a
host organism to 4.3% of novel sequences as these did not cluster closely
enough to any reference sequences with a known host. Notably, no likely
vertebrate-associated viruses were observed. The majority of novel se-
quences (1,780) fell into the microbe-associated phylum Lenarviricota.
We now describe each of these groups in turn.

3.3.1. Positive-stranded RNA viruses — phyla Kitrinoviricota, Lenarviricota,
and Pisuviricota

3.3.1.1. Class Alsuviricetes  (Kitrinoviricota) = and  bastroviruses
(Pisuviricota). Eight novel sequences clustered within the order Tymo-
virales (Fig. 6A, Supplementary Fig. 2). Four appeared to be novel
marafiviruses (Tymoviridae), one fell basal to the family Tymoviridae,
and the other three clustered with the divergent mycoflexivirus Botrytis
virus F (Gammaflexiviridae). Within the Hepelivirales, four viruses were
identified from riverbank sediment samples, three of which clustered
with bastroviruses, which, despite being classified as members of the
Astroviridae, encode a Hepeviridae-like RARp protein due to a recombi-
nation event (Oude Munnink et al., 2016). Given the broad host range of
bastroviruses, the host of these novel bastroviruses cannot be confi-
dently inferred. Several novel sequences were also identified in the order
Martellivirales (Fig. 6B, Supplementary Fig. 3). These included an
ampelovirus (Closteroviridae), an ilarvirus (Bromoviridae), and 19
alphaendornaviruses (Endornaviridae).

3.3.1.2. Nodamuvirales (Kitrinoviricota). Our phylogenetic analysis of
the Nodaviridae revealed a conflict with the current taxonomy (Fig. 6C).
A clade including the alphanodavirus species Pariacoto virus
(NP_620,109) formed a sister group to the genus Betanodavirus rather
than clustering with the remaining alphanodaviruses. This clade
comprised several environmental noda-like viruses, including the novel
noda-like viruses Sopodan virus, Ripokam virus, Sopoban virus, Chro-
colird virus, and Ripokret virus, and may represent the existence of a
third genus within the Nodaviridae.

A total of 15 novel viruses fell within the Nodaviridae, four of which
fell within a group of noda-like viruses forming a sister clade to the
Nodaviridae (Fig. 6C, Supplementary Fig. 4). This sister clade — provi-
sionally named Ripobluf noda-like group — may represent a fourth genus
within the Nodaviridae. However, the largest expansion of virus diversity
was in a sister clade to the Nodaviridae that likely comprises a new
family. This putative family included many noda-like viruses previously
identified from soil (Chen et al., 2022) and invertebrates (Shi et al.,
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Fig. 4. (A) Virome compositions (family/order/phylum) and (B) potential host organism community compositions (phylum/kingdom/superkingdom) for each
sampling library. Relative proportions for viruses were determined by the total number of reads corresponding to contigs with DIAMOND BLASTX hits in each virus
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Fig. 5. Phylogenetic trees of the RARp amino acid sequences of viruses identified in this study, with reference sequences. Known viruses are shown in black, while
putative novel viruses identified here are shown in red. All trees are midpoint rooted for clarity only. Individual phylogenetic trees for each clade are shown in
Supplementary Figs. 2-22. Details on the alignments used to estimate these phylogenies are shown in Table 1. Phylogenies of the phylum Lenarviricota and order

Picornavirales were estimated for the purposes of visualising novel viruses but contain too much sequence divergence for robust alignments such that the phylogenies
presented in the supplement are divided into multiple, smaller groups containing 1-3 related families each.

2016) in China, and a total of 86 novel viruses from all environments
sampled (Supplementary Fig. 4).

3.3.1.3. Tolivirales (Kitrinoviricota). Novel Tolivirales sequences were
also identified in all environments sampled, although 23 of the 28 se-
quences clustering within the plant-associated Tombusviridae were
identified in riverbank sediment libraries (Supplementary Fig. 5). A total
of 27 sequences (24 from riverbank sediments) formed sister lineages to
the subfamilies Procedovirinae and Calvusvirinae.

All sampling environments were represented in the 20 novel se-
quences clustering within a clade of diverse tombus-like viruses (Sup-
plementary Fig. 5). This clade also included the sole species within the
Carmotetraviridae - Providence virus (AMQ67162) - a unique virus iso-
lated from arthropod (lepidopteran) tissue that is also capable of repli-
cating in plant and mammalian cell lines (Jiwaji et al., 2019). Finally, 28
novel sequences fell into the most divergent clade in this phylogeny,
which largely comprised previously identified environmental viruses, as
well as some sourced from invertebrates and animal faecal samples
(Supplementary Fig. 5).

3.3.1.4. Lenarviricota. A remarkable 1780 novel sequences were iden-
tified within the phylum Lenarviricota, comprising the majority of novel
viruses found in this study. Novel sequences were sourced from sedi-
ment and both farmland soil types and land uses. Due to the high level of
sequence divergence across the Lenarviricota, phylogenetic trees were
estimated on sub-alignments of (i) the class Leviviricetes (i.e., bacterio-
phage; Supplementary Fig. 6), (ii) the family Mitoviridae (Supplementary
Fig. 7), and (iii) the families Narnaviridae, Botourmiaviridae and the
newly proposed Narliviridae (Supplementary Fig. 8).

In total, 894 novel leviviruses were identified and from every sam-
pling environment. In many large clades, the majority of viruses were

novel sequences identified in this study (Supplementary Fig. 6). Simi-
larly, several clades largely comprising novel mitoviruses were identi-
fied in soil environments. Of particular interest was the Sopaluz mito-
like group, comprising seven native chromosol, five pasture sodosol,
and one sediment viruses that clustered with a mitovirus - Kinsystermes
virus (QQM16243) - identified in a termite, although their use of the
mitochondrial genetic code suggests they likely infect the fungal hosts
that are typical of mitoviruses (Supplementary Fig. 7). Similarly, the
basal lineages of the Ripanov mito-like group contained viruses likely
associated with the microbiomes of arthropods and vertebrates,
although as these viruses were obtained from metagenomic studies their
true host association is unclear. The Ripanov mito-like group also con-
tained 61% of the total number of sediment-associated mitoviruses, with
129 of the 135 novel sequences in this clade being sourced from sedi-
ment samples (Supplementary Fig. 7).

In the Narnaviridae-Botourmiaviridae-Narliviridae phylogeny multiple
new, distinct clades comprising viruses from different sampling sources
were observed, typically biased towards sediment or soil environments.
These novel viruses typically shared <50% amino acid identity with any
reference sequence. The largest clade of entirely new viruses was iden-
tified within the Narliviridae, with this group of 117 novel viruses
potentially representing a genus within this family (Supplementary
Fig. 8). The viruses from this group included 24 from sediment, 22 and
18 from pasture and native sodosol, respectively, and 46 and 8 from
cropping and native chromosol, respectively (Supplementary Fig. 8).
Most of the novel Botourmiaviridae identified here were associated with
soil samples. This contrasted with most of the viruses detected from
other families within the Lenarviricota that were predominantly associ-
ated with sediments (Supplementary Figs. 6-8). Indeed, only 14 of the
81 novel botourmiaviruses were identified in sediment, whereas the
percentage of sediment-associated sequences in the other families
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Fig. 6. Phylogenetic trees of RARp amino acid sequences from (A) the orders Hepelivirales and Tymovirales, (B) the order Martellivirales, and (C) the family Noda-
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ranged from 42 to 60%. A tendency for soil over sediment has previously
2022). We also
identified 19 novel Narnaviridae species in sediment, 8 and 7 in pasture
and native sodosol, respectively, and 13 and 5 in cropping and native
chromosol, respectively. Notably, the majority of the novel viruses

been observed in the Botourmiaviridae (Chen et al.,

identified in the Lenarviricota occurred in lineages that were divergent

from known viral families, including viruses from all five sampling en-

vironments (Supplementary Figs. 6-8).

analysis: (i) the Marnaviridae (Supplementary Fig. 9), (ii) the Picorna-
viridae, Polycipiviridae, Solinviviridae (Fig. 7A, Supplementary Fig. 10),
and (iii) the Dicistroviridae, Secoviridae, Iflaviridae (Fig. 7B, Supplemen-
tary Fig. 11). Each phylogeny also included several clades of unclassified
Picornavirales.

A total of 70 novel viruses with sequence similarity (22-94%) to the

Marnaviridae were identified. The majority were sourced from riverbank

sediment, which is unsurprising given that marnaviruses are typically
associated with marine organisms and environments. At the genus level,

3.3.1.5. Picornavirales (Pisuviricota). The main expansion of novel se-

quences in this order was in the Marnaviridae and Dicistroviridae, as well

as several unclassified Picornavirales species that fell outside of defined

families. Again, the scale of novel diversity in this order warranted
splitting it into smaller groups of 1-3 families for robust phylogenetic
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12 viruses clustered with the locarnaviruses, five with the salisharna-
viruses, three with the sogarnaviruses, five with the kusarnaviruses, and
15 with the labyrnaviruses (Supplementary Fig. 9). Finally, several un-
classified virus lineages fell between certain genera: four clades between
Locarnavirus and Salisharnavirus, five between Bacillarnavirus and
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Fig. 7. Phylogenetic trees of RdRp amino acid sequences from the order Picornavirales, displaying the expansion of novel, unclassified picorna-like clades sur-
rounding (A) the Picornaviridae, Polycipiviridae, Solinviviridae and a clade of previously identified picorna-like sequences, and (B) the Dicistroviridae, Iflaviridae, and
Secoviridae. Known viruses are shown in black, while putative novel viruses identified here are coloured by the sampling environment. Trees are midpoint rooted with
branch lengths scaled according to the number of amino acid substitutions per site. Black circles represent node support >80% using 1000 S H-aLRT replicates.
Phylogenetic trees with collapsed branches expanded are shown in Supplementary Figs. 10 and 11.

Kusarnavirus, and one between Kusarnavirus and Labyrnavirus (Supple-
mentary Fig. 9).

The 13 novel picorna-like sequences shown in Fig. 7A fell in diver-
gent clades outside of the established families Picornaviridae, Poly-
cipiviridae, and Solinviviridae. Over 90% of the published sequences in
these clades were metagenomically sourced from environmental or
invertebrate samples such that their true hosts are difficult to determine
(Fig. 7A, Supplementary Fig. 10). Ten novel viruses were identified in
the Dicistroviridae, and a further 14 novel picorna-like viruses fell in
clades of diverse, unclassified Picornavirales that formed sister lineages
to the Dicistroviridae (Supplementary Fig. 11). Another clade of interest,
containing Sopikij virus, fell between the plant-infecting family Seco-
viridae and insect-associated families Dicistroviridae and Iflaviridae
(Fig. 7B, Supplementary Fig. 11). The level of diversity in these un-
classified clades, comprised mostly of metagenomically sourced, envi-
ronmental picorna-like viruses, suggests the creation of several new
families across the Picornavirales may be warranted.

3.3.1.6. Sobelivirales (Pisuviricota). Two viruses fell within the fungi-
associated family Barnaviridae, while another 14 sequences formed a
clade with the sole member of the dinoflagellate-associated Alvernavir-
idae and three divergent sobemo-like viruses (Supplementary Fig. 12).
Several other sobeli-like viruses fell in clades of unclassified Sobelivir-
idae. Of note were the six novel viruses comprising the Ripichaj sobeli-
like group, which formed a cluster with solemoviruses predominantly
associated with insects including termites, rabbit fleas, and flies (Sup-
plementary Fig. 12).

3.3.1.7. Astroviridae (Pisuviricota). Two major, well-supported clades
were identified in the Astroviridae (Fig. 8A). The first group contained
vertebrate-associated genera Mamastrovirus and Avastrovirus, with a
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sister group comprised of 19 novel sequences from soil and sediment
clustering with several Flumine astrovirus species identified in river
samples from New Zealand (French et al., 2022). The second group was
similarly comprised of Flumine astrovirus species and 24 novel soil and
sediment virus species (Fig. 8A, Supplementary Fig. 13).

3.3.1.8. Durnavirales (Pisuviricota). A total of 109 novel viruses were
identified in four families from the order Durnavirales; Hypoviridae
(Supplementary Fig. 14), Partitiviridae, Picobirnaviridae (Supplementary
Fig. 15) and Fusariviridae (Supplementary Fig. 16). Two novel Hypovir-
idae sequences were identified in sediment and one in cropping chro-
mosol. Ripidost virus clustered with Jiangsu sediment hypovirus 3
(QYF49607), Chrocisint virus and Ripitrec virus were highly divergent
and had low node support, such that their true phylogenetic placement
could not be robustly determined (Supplementary Fig. 14). Novel se-
quences were identified in both the Partitiviridae and Picobirnaviridae,
the majority of which were found in divergent, unclassified clades. All
five sampling environments were represented in the Partitiviridae, while
novel Picobirnaviridae were identified in sediment, cropping chromosol,
and sodosol pasture, but not in native soil types (Supplementary
Fig. 15). Of the five novel fusariviruses, four fell within the larger group
comprising the majority of species in this family (Supplementary
Fig. 16). The remaining sequence, Ripijisc virus, clustered with the
highly divergent species Fusarium virguliforme dsRNA mycovirus 1 and
2 (AEZ54148 and 6), although there was low node support (32%).

3.3.2. Negative-stranded RNA virus families (Negarnaviricota)

It is striking that only 23 putative novel species of negative-sense
RNA viruses were identified from the entire phylum Negarnaviricota,
two of which fell within the class Monjiviricetes. These viruses — Ripivex
virus and Ripivax virus - were identified from a single riverbank
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Fig. 8. Phylogenetic trees of RARp amino acid sequences from (A) the Astroviridae, and (B) a clade of Giardiavirus-like sequences from the Totiviridae. Known viruses
are shown in black, while putative novel viruses identified here are coloured by the sampling environment. Trees are midpoint rooted with branch lengths scaled

according to the number of amino acid substitutions per site. Black circles represent node support >80% using 1000 S H-aLRT replicates. Phylogenetic trees with

collapsed branches expanded are shown in Supplementary Figs. 13 and 21.

sediment library (MP3). Ripivex virus clustered within the family
Mymonaviridae (although with low bootstrap support), while Ripivax fell
basal to the family (Supplementary Fig. 17).

The remaining 21 negative-stranded RNA viruses fell in two clades of
plant pathogenic fungi-associated Bunyavirales. The first clade, denoted
the Ripeford bunya-like group, included eight sequences related to
bunyaviruses found in grapevine downy mildew lesions caused by
Plasmopara viticola (Supplementary Fig. 18). In the second clade, the
Ripegrog bunya-like group, 13 sequences clustered with bunyaviruses
associated with Phytophthora cactorum and Halophyophthora species
(Supplementary Fig. 18). It is interesting that nine of the viruses in the
Ripegrog bunya-like group were identified in soil, given that several of
their relatives are associated with predominantly marine-inhabiting
host organisms (Halophytophthora species).

3.3.3. Double-stranded RNA virus families (Duplornaviricota)

3.3.3.1. Cystoviridae. All six novel cysto-like viruses were identified
from one WA riverbank sediment site (libraries KCAP1 and KCAP3).
These sequences formed an intermediate lineage between the two major
clades in this family (Supplementary Fig. 19).

3.3.3.2. Reovirales. One divergent reo-like virus in cropping chromosol
(denoted Chroculint virus) grouped with Hubei reo-like virus 10 and 11
(APG79149 and APG79051), falling as a sister lineage to the genus
Rotavirus (a vertebrate-associated genus), although with low node sup-
port (Supplementary Fig. 20). Riputrev virus fell within the genus
Cypovirus, while the remaining novel reo-like sequences (also identified
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in riverbank sediment) fell in a small sister clade to the genus Fijivirus
(Supplementary Fig. 20).

3.3.3.3. Ghabrivirales. Novel species in this order were identified pre-
dominantly in sediment, with a small number from both sodosol envi-
ronments and cropping chromosol (Supplementary Fig. 21). Of note, 18
novel toti-like sequences sourced from sediment greatly expanded a
clade that otherwise includes Giardia lamblia virus (NP_620,070),
Giardiavirus sp. (QXP43781), and seven toti-like viruses (Fig. 8B). This
may represent an expansion of the genus Giardiavirus within the Toti-
viridae that currently contains only one accepted species — Giardia
lamblia virus. Other novel species in the Totiviridae included a
trichomonas-like virus and a totivirus from riverbank sediment, three
sequences identified from sediment samples that clustered with one of
several lineages of unclassified Totiviridae, and 29 novel sequences
clustering in the toti-like sister clade to the Giardiavirus-like group
(Supplementary Fig. 21). A novel alphachryso-like virus (Riputesc virus)
and a divergent megabirna-like virus (Ripusarb virus) were also iden-
tified in sediment. Lastly, three riverbank sediment and three sodosol
pasture sequences formed a small sister clade to the Chrysoviridae and
Megabirnaviridae (Supplementary Fig. 21).

3.3.3.4. Birnaviridae. All four novel in this group were identified from
riverbank sediment and clustered with a group of birna-like viruses
exclusively from Chinese environmental samples taken promodinantly
from sediment, along with farmland, forest, and wetlands (Supplemen-
tary Fig. 22).
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4. Discussion

Numerous novel RNA viruses have been identified in Australia’s
unique ecosystems (Geoghegan et al., 2021; Harvey et al., 2018; Le Lay
et al., 2020; Mahar et al., 2020; Mu et al., 2018; Pyke et al., 2021; Chang
et al., 2021; Van Brussel et al., 2022; Wille et al., 2018). While efforts
have been made to characterise the overall microbial communities of
Australian soils (Bowd et al., 2022; Xue et al., 2022; Pino et al., 2023),
little work has been done on the Australian soil virome. We generated
meta-transcriptomic data on 26 libraries from 16 soil and sediment
samples taken from eastern (NSW) and western (WA) Australia. From
these, we identified a remarkable 2460 novel viral RdRp sequences
across all five RNA virus phyla, of which 1780 belonged to the phylum
Lenarviricota, classically associated with microbial species. The discov-
ery of 2460 putative viruses from such a small number of
meta-transcriptomic sequence libraries showcases the extensive, un-
tapped diversity of RNA viruses in Australian soil and sediment envi-
ronments. Viruses were detected across 18 viral orders and, in many
cases, were so diverse that they would constitute new viral genera and
even families comprised mostly, if not entirely, of novel Australian RNA
viruses.

A relationship between virome composition and land use has been
previously observed for both DNA viruses (Narr et al., 2017; Liao et al.,
2022) and RNA viruses (Hillary et al., 2022) in soil on other continents
including Europe and Asia. Likewise, local sampling environment has
been shown to be associated with RNA and DNA viral abundance and
diversity in Chinese and North American soils, respectively (Chen et al.,
2022; Durham et al., 2022). We found land use and sampling environ-
ment to be significantly associated with the read abundance and rich-
ness of RNA viruses in Australian soils. However, more specific soil
factors, such as pH and soil nutrient levels, have been identified as de-
terminants of both DNA and RNA viral abundance and diversity (Narr
et al., 2017; Chen et al., 2022; Liao et al., 2022). Of note, these factors
also determine the community compositions of soil-dwelling microbial
hosts (Wang et al., 2019; He et al., 2023), such that they likely play a
role in the RNA viral read abundance and diversity trends observed in
this study. Revealing the precise relationships between Australian soil
ecosystems and the viruses within them will not only rely on expansive
sampling of diverse environments, but also the generation of thorough
ecological metadata.

Despite a small sample size, we detected viruses that spanned the
entire diversity of the Lenarviricota. Such remarkable genetic diversity,
as well as the presence of bacterial- and eukaryote-associated families
(Hillman and Cai, 2013) and an often very simple genome structure,
suggests that this phylum may comprise the oldest extant RNA viruses.
Meta-transcriptomic studies of diverse ecosystems have consistently
detected members of the Lenarviricota, such that the diversity of this
phylum has greatly increased in recent years. Despite their microbial
association, these viruses have been detected in studies of both verte-
brates (Mahar et al., 2020; Wille et al., 2020) and invertebrates (Shi
et al., 2016; Kondo et al., 2020; Le Lay et al., 2020; Thongsripong et al.,
2021). Although they are unlikely to be infecting these animals directly,
it is clear that these highly diverse viruses are present in virtually all
environments (Starr et al., 2019; Wolf et al., 2020; Chen et al., 2022;
Neri et al., 2022). Hence, it is no surprise that 1780 novel Lenarviricota
sequences were identified from both soil types and land uses sampled
here, as well as a considerable number from riverbank sediment.

The presence of RNA viruses in archaea is yet to be proven (Krupovic
et al., 2018). This may in part reflect the difficulty in extracting suffi-
cient RNA and generating high-quality transcriptomes from
archaea-rich sites, as well as the likelihood that viruses infecting archaea
are so highly divergent that current virus discovery tools are unable to
accurately identify their sequences (Le Lay et al., 2023a). Due to the
expansive microbial host range and basal phylogenetic positioning of
the Lenarviricota, it is proposed that archaea-infecting RNA viruses are
most likely to be members of or related to this phylum (Wolf et al., 2018;
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Le Lay et al, 2023b). Although we found no evidence for
archaea-infecting RNA viruses, the relatively high prevalence of archaea
in the potential host organism communities from riverbank sediment
libraries, combined with the remarkable expansion of novel viruses
across the phylum Lenarviricota, suggests that aquatic sites remain a rich
reservoir of viral diversity and should be screened for potentially
archaea-associated RNA viruses.

Within the Lenarviricota, the Narnaviridae and Botourmiaviridae are
currently placed in different virus classes, but have been proposed to
comprise a single taxonomic class along with the newly proposed Nar-
liviridae (Sadiq et al., 2022). The phylogeny generated here, with an
additional 1780 viral sequences expanding known Lenarviricota di-
versity, supports the idea that the Narliviridae and Botourmiaviridae form
sister clades to the exclusion of the Narnaviridae (Sadiq et al. 2022).
Furthermore, the genus Ourmiavirus did not fall within the Botourmia-
viridae, where it is currently classified, but instead clustered with the
Narliviridae. This corroborates previous findings that these three our-
miaviruses are more closely related to the narliviruses than the
botourmiaviruses (Sadiq et al., 2022).

Based on the nature of the samples (soil and sediment) and the
known host ranges of families with which these novel viruses share
sequence similarity, the majority of host taxa evaluated in this study
were most likely associated with plant or microbial rather than animal
hosts. The limited proportion of viruses that were predicted to have
animal hosts (<10%) were also most likely associated with in-
vertebrates, such as insects, rather than vertebrates. The novel mitovi-
ruses identified here appeared to utilise the mitochondrial genetic code,
which changes the UGA codon from a stop codon to Tryptophan and is
typical of fungi-infecting mitovirus genomes, suggesting that these
mitoviruses also infect fungi (Cole et al., 2000; Nibert, 2017). As the
Leviviricetes and Cystoviridae are a class and family of bacteriophage
(King et al., 2012; Poranon et al., 2017), the 900 novel viruses within
them are also likely bacteriophage. Similarly, the detection of large
numbers of picobirnaviruses in environmental samples supports the
hypothesis that these viruses do not infect vertebrate hosts (as is
routinely assumed in the case of vertebrate faecal samples — Malik et al.,
2014; Delmas et al., 2019), but are instead associated with microflora
present in animal gastrointestinal systems or components of their diet
(Ghosh and Malik, 2021). Novel species in the Tombusviridae were likely
to be associated with plants due to their phylogenetic proximity to
established plant viruses. Similarly, the ten novel viruses that clustered
within the established dicistroviruses are likely to be insect-associated.
Therefore, while the metagenomic nature of this study makes it inher-
ently difficult to confidently determine the hosts of the novel viruses
identified, assuming similar host ranges to their closest phylogenetic
relatives reveals a remarkable variety of potential host organisms
ranging from microbes to plants to invertebrates. Hence, RNA viruses
are infecting the majority, if not all, key players in the ecological pro-
cesses of terrestrial and aquatic soil systems.

A limitation of this study was the initial extraction of genetic mate-
rial. Of 90 potential sequencing libraries (including technical triplicates
for the NSW farmland soil samples), RNA was only successfully extrac-
ted from 26 samples at low but detectable concentrations of 11.9-564.4
ng per gram of soil or sediment. This prevented us from conducting
robust statistical analyses on the various ecological factors that might
shape RNA viral abundance and diversity. The inability to extract RNA
from any samples collected 15-30 cm from the soil surface may result
from the reduction in host organisms at this depth, as deeper layers of
soil have been shown to harbour limited microbial diversity compared
to surface layers (Hao et al., 2021; Zhao et al., 2021). We were also
unable to extract RNA from the vertosol, even from surface level soil
which was successful in both chromosol and sodosol. This is likely due to
the high clay content of vertosol, which has a negative effect on RNA
yield under a variety of extraction protocols (Novinscak and Filion,
2011). Yields may have also been impacted due to limitations in sample
preservation, indicating a clear need for a more refined sampling and a
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storage cold chain to effectively extract RNA from remote soil and
sediment environments.

5. Conclusions

The discovery of 2460 novel viruses spanning all five RNA viral phyla
and a potential host range of bacteria, protists, fungi, plants, and in-
vertebrates shows that Australian terrestrial environments are evidently
an untapped resource for RNA virus diversity. These environments may
harbour entire families of ecological and evolutionary importance,
likely reflecting the vast array of flora and fauna that is unique to the
continent. Our work provides an initial view of the Australian terrestrial
RNA virosphere, as well as the broad environmental properties such as
land use and soil type that may be driving viral composition.
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SUMMARY

Adaptive radiations are generated through a complex interplay of biotic and abiotic factors. Although adap-
tive radiations have been widely studied in the context of animal and plant evolution, little is known about how
they impact the evolution of the viruses that infect these hosts, which in turn may provide insights into the
drivers of cross-species transmission and hence disease emergence. We examined how the rapid adaptive
radiation of the cichlid fishes of African Lake Tanganyika over the last 10 million years has shaped the
diversity and evolution of the viruses they carry. Through metatranscriptomic analysis of 2,242 RNA
sequencing libraries, we identified 121 vertebrate-associated viruses among various tissue types that fell
into 13 RNA and 4 DNA virus groups. Host-switching was commonplace, particularly within the Astroviridae,
Metahepadnavirus, Nackednavirus, Picornaviridae, and Hepacivirus groups, occurring more frequently than
in other fish communities. A time-calibrated phylogeny revealed that hepacivirus diversification was not
constant throughout the cichlid radiation but accelerated 2-3 million years ago, coinciding with a period of
rapid cichlid diversification and niche packing in Lake Tanganyika, thereby providing more closely related
hosts for viral infection. These data depict a dynamic virus ecosystem within the cichlids of Lake Tanganyika,
characterized by rapid virus diversification and frequent host jumping, and likely reflecting their close

phylogenetic relationships that lower the barriers to cross-species virus transmission.

INTRODUCTION

Since the origin of vertebrates some 540 million years ago (mya),
the evolution of the viruses that infect these animals has been
shaped by a combination of host-virus co-divergence over
many millions of years, coupled with cross-species virus
transmission (i.e., host-switching) events that occasionally result
in disease outbreaks.'”” Although viruses regularly emerge in
new hosts, there is increasing evidence that viruses are natural
and abundant components of ecosystems and may be trans-
mitted among species with no apparent disease.®'° Teleost
fishes, which are the largest clade of living vertebrates and
display extensive ecological diversity, are among those groups
that naturally exhibit highly diverse viromes, making them an
informative model system for determining the host and virolog-
ical factors that impact cross-species virus transmission.'®'"
Indeed, relatives of coronaviruses, hepatitis C virus, influenza vi-
ruses, filoviruses, and paramyxoviruses have all been identified
in teleosts.”'%"®

Adaptive radiations —the rapid formation of a species complex
through adaptations to new or existing ecological niches—have
generated substantial biodiversity in teleost fishes, with iconic
examples including the three-spined sticklebacks, Antarctic

Current Biology 34, 1247-1257, March 25, 2024 © 2024 The Author(s). Published by Elsevier Inc.

notothenioids, and most notably the cichlid fishes inhabiting
the East African Great Lakes—Tanganyika, Malawi, and Victo-
ria.'®'® The African cichlid radiations rank among the most
rapidly evolving species assemblages in vertebrates, comprising
nearly 2,000 species, all of which have evolved in less than
10 million years.'" The cichlid radiation in Lake Tanganyika
is the oldest of these species flocks, with approximately 240
endemic species arranged into 12 phylogenetic subclades (i.e.,
“tribes").“"20 The cichlids in Lake Tanganyika dominate the
lake’s ichthyofauna in most habitats, covering multiple trophic
levels and showing an extraordinary diversity in habitat use
and morphological features.'®?° Despite their phenotypic diver-
sity, African cichlids exhibit lower levels of genetic diversity than
most non-radiating vertebrate populations, and many alleles are
shared among species from different lakes as well as between
those with strikingly different morphologies, body sizes, and
ecologies.?” From a virological perspective, the limited genetic
diversity among Tanganyikan cichlids should also mean that
these animals will exhibit broadly similar cell receptors, in turn
lowering the adaptive barriers for viruses to jump species bound-
aries. Conversely, it is possible that viruses might co-diverge
with the rapidly evolving cichlids into different ecological niches.
To date, these ideas have not been tested.
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Determining the viromes of African cichlids can also provide
insights into how key host transitions have shaped the macro-
and microevolution of viruses. The cichlid radiation in Lake Tan-
ganyika, for which a robust phylogenetic framework based on
genome-wide data is available,”® began approximately 9-10
mya,”®?* and the divergence times of these host species can
be used to estimate the rate of virus diversification and deter-
mine whether and how it has been shaped by major events in
host evolution.?* For instance, as host populations become
denser and more diverse, it is expected that rates of virus evolu-
tion, including those of virus speciation, will similarly increase.
This question has yet to be addressed for viruses. Here, we
examine the relationship between host adaptive radiation and vi-
rus evolution, using the exceptionally diverse cichlid fauna of
Lake Tanganyika as a model system. In particular, we sought
to determine whether viruses have co-diverged with the radiating
cichlids or whether there has been more frequent cross-species
transmission within a restricted geographical space. In addition,
we aimed to reveal the rate of virus diversification in cichlids and
assess whether it was constant throughout cichlid evolutionary
history or whether it increased during periods of rapid host
diversification.

RESULTS

The Tanganyikan cichlid virome

We screened 23.7 billion RNA sequencing reads (median 62,909
assembled contigs per library) from 74 Lake Tanganyikan cichlid
species (n = 6 replicates per species) for vertebrate-associated
viral transcripts. The sequencing libraries screened were gener-
ated from a previous study of host gene expression dynamics®®
and are available on the NCBI Sequence Read Archive (SRA) un-
der BioProject: PRUNA552202. The taxonomic sample covers
the entire spectrum of the ecological, morphological, and taxo-
nomic (phylogenetic) diversity'®*° of the cichlid adaptive radia-
tion in Lake Tanganyika and includes all 12 tribes: Bathybatini,
Benthochromini, Boulengerochromini, Cyphotilapiini, Cyprichro-
mini, Ectodini, Eretmodini, Lamprologini, Limnochromini, Peri-
ssodini, Trematocarini, and Tropheini/Haplochromini.

From this analysis, we identified 121 likely vertebrate-associ-
ated viruses that fell within the following taxonomic groups (virus
genus or family): Hepacivirus (n = 33 viruses), Flavivirus (n = 7),
Astroviridae (n = 11), Matonaviridae (n = 5), Caliciviridae (n = 1),
Picornaviridae (n = 5), Coronaviridae (n = 3), Hepeviridae (n = 2),
Nanghoshaviridae (n = 2), Piscichuvirus (n = 4), Arenaviridae
(n = 1), Paramyxoviridae (n = 2), Birnaviridae (n = 2), Ichthamapar-
vovirus (n = 2), Adomaviridae (n = 7), Metahepadnavirus (n = 19),
and Nackednavirus (n=15) (Figure 1B; Table S1). Among the tribes,
we found a positive relationship between the number of cichlid
species examined and the number of viruses detected (R? =
0.74, p < 0.001), with the Lamprologini harboring 40% of the indi-
vidual viruses identified, followed by the Ectodini (30.4%),
Tropheini/Haplochromini (9.6%), and Cyprichromini (8%), reflect-
ing the species richness of these tribes in Lake Tanganyika.'®

To explore the potential tissue tropisms of the cichlid viruses
identified here, we calculated the transcript abundances of vi-
ruses identified in the brain, gill, liver, lower pharyngeal jaw
(LPJ; an important component of the cichlid’s feeding appa-
ratus), ovary, and testis. This revealed that 94% of the viral

1248 Current Biology 34, 1247-1257, March 25, 2024
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groups were present in the gills and the LPJ, implying that these
organs, which are in direct contact with the aquatic environment,
are a common transmission route among cichlid viruses (Fig-
ure 1C). Although the cichlids examined displayed no overt signs
of disease, we detected 41 viruses in multiple organs, suggestive
of systemic infection (Table S1). Notably, the piscichuviruses
were predominantly found in brain tissue, while the hepacivi-
ruses showed a higher prevalence in the liver.

Genome organization of cichlid viruses
The organization of cichlid virus genomes resembled those
of other fish viruses and, in many instances, those of their
mammalian counterparts (Figure S2). For example, all positive-
sense single-stranded RNA viruses had the same number of
open reading frames (ORFs) and conserved domains as related
mammalian viruses, with the picornaviruses containing a poly-
protein with rhinovirus (rhv)-like capsid, helicase, proteinase,
and RdRp domains, astroviruses comprising three ORFs, and
the hepeviruses and matonaviruses containing a non-structural
polyprotein and structural capsid protein, with the latter similar
to that of rubella virus (Figure S2A).°

Similarly, the genome of Neolamprologus multifasciatus para-
myxovirus had the same number and order of proteins as the or-
thoparamyxoviruses®’ (Figure S2C). The N protein encoded an
RNA-binding nucleocapsid domain and the three membrane-
associated proteins contained a viral matrix protein, fusion glyco-
protein domain, and conserved receptor binding protein encoding
a haemagglutinin-neuraminidase (HN) domain with a predicted
B-propeller fold consisting of six anti-parallel B sheets (i.e., “pro-
peller blades”).”® The second propeller blade had a starting
sequence of “HRKSCA,” resembling that of the “NRKSCS” hex-
apeptide motif (i.e., sialic-acid binding site) found in the respirovi-
ruses, jeilongviruses, ferlaviruses, orthorubulaviruses, and avula-
viruses that use sialic acids for cell entry, suggesting that this
mode of entry originated in the aquatic environment.?”*®

Among DNA viruses, all hepadnaviruses had circular and intact
genomes, with the expected length of approximately 3.2 kb
strongly implying that these are exogenous viruses (Figure S2E).
The metahepadnaviruses exhibited their typical genome organi-
zation, with the viral P protein containing the terminal protein
(TP), reverse transcriptase and RNase H domains (RT/RH), as
well as the viral core (C) protein and envelope glycoproteins
(PreS/S).292% All nackednaviruses contained viral C and P pro-
teins, with the absence of an envelope® (Figure S2F).

Ecology and evolutionary history of Tanganyikan cichlid
viruses

To determine whether host-switching has shaped the evolu-
tionary history of cichlid viruses, or whether it reflects the co-
divergence of viruses and cichlids into different ecological
niches during the Tanganyikan cichlid radiation, we performed
a phylogenetic reconciliation analysis. Accordingly, virus and
host phylogenetic trees were mapped against each other, from
which we calculated the proportion of the following biological
events: co-divergence, duplication, extinction, and host-switch-
ing."*! Co-divergence occurs when the virus phylogeny mirrors
the host phylogeny, indicative of linked speciation events. Dupli-
cation is a process where a virus lineage evolves independently
of the host lineage, and host-switching indicates that viruses are
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(A) Time-calibrated phylogeny of the cichlid (host) adaptive radiation in Lake Tanganyika. The phylogeny was obtained from the literature®® and pruned to the
species examined in this study. Tree branches are colored according to cichlid tribe.

(B) Normalized viral abundance of cichlid tribes.
(C) Normalized viral abundance for each organ.
See also Figures S1 and S2 and Table S1.

horizontally transmitted between different species.'*"** We
focused on the Hepacivirus, Astroviridae, Matonaviridae, Ado-
maviridae, Picornaviridae, Piscichuvirus, Metahepadnavirus,
and Nackednavirus groups as these contained viruses from mul-
tiple cichlid species. This analysis revealed that host-switching
was the most common event among virus-host associations
(x? = 141.52, p < 0.00001), representing 60% of all events, fol-
lowed by co-divergence (23%), duplication (15%), and extinc-
tion (4%). Cross-species virus transmission was particularly
common in the astroviruses (72% host-switching events), hepa-
civiruses (70%), nackednaviruses (65%), metahepadnaviruses
(63%), and picornaviruses (61%). Hence, cross-species trans-
mission has played a major role in shaping cichlid virus evolution,
occurring in both RNA and DNA viruses (Figure 2).

To further investigate the impact of host relatedness and ecol-
ogy on virus evolution, particularly whether cichlid viruses are
associated with specific host phylogenetic lineages or ecological
niches, we evaluated the phylogenetic and ecological diversity of
the infected and uninfected host species based on the host

phylogeny and available carbon (3'3C)- and nitrogen (3'°N)-sta-
ble-isotope measurements. Stable-isotope composition is a reli-
able measure of benthic-pelagic positioning (3'3C) and trophic
level (3'°N) among fish communities and therefore a strong indi-
cator of host ecological diversity.”° For instance, fishes with high
3'3C and low 3"°N occur mainly in the benthic and/or littoral zone
and are lower in the food chain (e.g., littoral herbivores), whereas
those with low 3'C and high 5'°N occur in the pelagic or deep
zone and have a higher trophic level (e.g., pelagic predators).°
Overall, we found no clear ecological or phylogenetic partitioning
for all or individual viruses (Figures 3A and 3B). For example, the
hepaciviruses, hepadnaviruses, picornaviruses, and astrovi-
ruses were found in both pelagic and benthic species, with no
structuring according to host ecology. We further compared
the ecological and phylogenetic diversity (measured as mean
pairwise phylogenetic distances) of both infected and uninfected
species in our dataset to 1,000 subsets of species that we
randomly sampled across the cichlid radiation. Differences
between observed diversity and the random samples were
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Figure 2. Co-phylogenetic analysis reveals
high levels of cross-species virus transmis-
sion among African cichlids

(A-C) Co-phylogenetic analysis of the genera
Hepacivirus, Metahepadnavirus, and Nack-
ednavirus, with the host phylogeny on the left and
virus phylogeny on the right. Lines connecting taxa
are colored according to cichlid tribe. Dashed
black lines represent background sequences of
non-cichlid fish viruses.

(D) Phylogenetic reconciliation analysis of cichlid

Virus

viral groups. Plots show the proportion of events.
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transmission, as the viruses in question
were very closely related (>99.5% amino
acid similarity). A case in point were the
hepaciviruses, which fell into three clades
(Figure 4). Although there was a relatively
high level of genetic divergence between

these clades (e.g., 60%-66% amino
acid similarity between clades | and ll),
there were multiple instances of cross-

species virus transmission within clades.
Within clade |, we identified four viruses
that had 99%-100% pairwise identity in
the NS5 gene in Julidochromis ornatus,
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Lamprologini (n = 2 individuals), Perisso-
dini (n = 1), Ectodini (n = 1), and Tropheini
(n=1), as well as African cichlid piscichu-
virus in the brain tissue of three species
(Figure 4). Similarly, all three piscichuvi-

assessed using a one-tailed test, which, under the null hypothe-
sis, assumes that virus infectivity and transmission is random.
This analysis showed that both groups represented random
subsets of the radiating cichlids that are not restricted to certain
areas in the host phylogeny (infected, p = 0.097; uninfected,
p = 0.796) or to particular ecological niches (infected,
p = 0.063; uninfected, p = 0.275) (Figure 3C). However, we found
slightly lower phylogenetic diversity in the infected hepacivirus
group compared with random subsets of equal sample size
(p = 0.049), which may be driven by the presence (and transmis-
sion) of these viruses among multiple lamprologine cichlid spe-
cies (see below). Collectively, these data strongly suggest that
cichlid viruses are generalists in Lake Tanganyika and may be
readily transmitted among species, irrespective of their ecolog-
ical niche and, in most cases, also independent of the host’s
phylogenetic position.

Close phylogenetic relationships among cichlid RNA
viruses

We identified 77 RNA viruses likely associated with vertebrate
hosts. Of these, 28% were associated with recent cross-species

1250 Current Biology 34, 1247-1257, March 25, 2024

ruses shared 99.2% L protein (RdRp),

98.4% M protein (glycoprotein), and
98.9% S protein (nucleoprotein) similarity. We also identified
African cichlid hepevirus in Altolamprologus compressiceps
and Benthochromis horii, and African cichlid flavivirus in two
Cyprichromini and Bathybates fasicatus (Bathybatini) (Figure 4).
Among other RNA viruses, 63% fell within the same genus
or species as another cichlid virus, such that they represent
a mixture of common ancestry and past host-switching
throughout evolutionary history (Figure 4). For example, we iden-
tified a novel group of five rubella-like viruses (Matonaviridae)
that had ~80% similarity and two birnaviruses that exhibited
93% similarity. Although the remaining RNA viruses were diver-
gent (or identified in a single host species), they exhibited phylo-
genetic relationships to other fish viruses (e.g., Paramyxoviridae,
Arenaviridae) (Figure S3).

Host-switching and phylogenetic relationships of cichlid
DNA viruses

As well as RNA viruses, our analysis identified 43 vertebrate DNA
viruses, the majority of which fell within the Hepadnaviridae: 19
metahepadnaviruses and 15 nackednaviruses (Figure 5). With
the exception of Lamprologus ocellatus nackednavirus, all other
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cichlid hepadnaviruses clustered together with other cichlid vi-
ruses in our phylogenetic trees, reflecting cross-species trans-
mission or recent common ancestry (Figure 5). This was particu-
larly apparent in the case of metahepadnaviruses, with examples
of cross-species virus transmission occurring within clade I
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(subclades 1.1, 11.2, and 11.3) and clade | (between Telmatochro-

mis temporalis and Lamprologus lemairii). This pattern was also
observed within clades | and Il of the nackednaviruses (Figure 5).

We also identified a novel group of adomaviruses that had
~70% amino acid similarity to tilapia adomavirus,*® identified
in Oreochromis niloticus, which shares a common ancestor
with Tanganyikan cichlids about 16 mya®* (Figure 5). The high
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Figure 3. Random transmission of cichlid
viruses

(A and B) Phylogenetic (A) and ecological diversity
(B) of infected (red) and uninfected (blue) species
compared with the overall (gray) diversity of cich-
lids in Lake Tanganyika.

(C) Violin plots of the difference between the di-
versity (mean pairwise phylogenetic and ecolog-
ical distances) of random sets of species (1,000
subsamples of the radiation) minus the diversity of
the observed set of infected and uninfected spe-
cies, respectively.

levels of sequence similarity within the
adomaviruses (93%) strongly suggests
that these viruses were associated with
cross-species transmission in Lake Tan-
ganyika (Figure 5).

Temporal dynamics of Hepacivirus

diversification in Lake Tanganyika

To infer the temporal dynamics of cichlid
virus evolution, we performed a molecular
clock analysis using the Lake Tanganyika
cichlid hepaciviruses as a model system.
We based our analysis on this group
because they contained the largest
number of viruses (n = 33) and are
monophyletic, strongly suggesting that
their diversification occurred within Lake
Tanganyika. Accordingly, the formation
of Lake Tanganyika at 9-12 mya,?® which
also corresponds to the age of the cichlid
radiation recently estimated at 9.7
mya,'®?° can be used as a biogeographic
calibration point to infer the timescale of
cichlid hepacivirus evolution. This molec-
ular clock analysis revealed that the mean
time to the most recent common ancestor
(tMRCA) of all the cichlid hepaciviruses
and Chaetodon aureofasciatus hepacivi-
rus (i.e., the Percomorpha clade'®) was
12.3 mya (95% higher posterior density
[95% HPD]: 10.1-14 mya), while (as ex-
pected given the fixed calibration time)
the mean tMRCA of the cichlid hepacivi-

ruses was 10.3 mya (95% HPD: 8.9-11.6 mya) (Figure 6). Simi-
larly, clade | has a mean tMRCA of 5 mya (95% HPD: 4.3-6.2
mya), clade Il at 9.2 mya (95% HPD: 7.7-10.8 mya), and clade
Ill the most recently emerged at 3.5 mya (95% HPD: 2.8-
4.2 mya).

To test whether the rate of cichlid hepacivirus diversification

changed over time, we computed the gamma statistic (y), the
null model of which assumes that rates of clade diversification
have remained constant over evolutionary history.*> Our time-
calibrated phylogeny revealed that the rate of hepacivirus
diversification was not constant throughout the cichlid radiation
(y = 3.864, p = 0.001), but seemingly began to accelerate around
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Phylogenetic analysis reveals close evolutionary relationships among cichlid RNA viruses—in most cases forming monophyletic groups—reflecting recent
common ancestry and cross-species virus transmission. Phylogenies were estimated using amino acid sequences of the RdRp gene. Trees were midpoint rooted
for clarity only. Circles on branch tips represent individual viruses identified in this study and colored according to tribe. Birnaviridae: IPNV, infectious pancreatic
necrosis virus; IBDV, infectious bursal disease virus. Shaded branches show fish viruses. The scale bar represents amino acid substitutions per site.

See also Figure S3 and Table S2.

2-3 mya, with multiple viral species forming during the last 1-2
million years (Figure 6). Overall, this coincides with the most
recent of three pulses of cichlid diversification in Lake Tanga-
nyika, a period of rapid host diversification.'®

DISCUSSION

Evolutionary radiations are responsible for much of the earth’s
biodiversity and often involve complex interactions between
both biotic and abiotic factors.*® The interplay between these
factors is also central to the generation of virus diversity: vi-
ruses routinely adapt to genetic and immunological barriers
when they invade new hosts, and there must be adequate
exposure between host species for intra- and inter-host
transmission.®” By analyzing the viromes of 74 closely related
cichlid species endemic to Lake Tanganyika, we show that
host adaptive radiation is associated with rapid virus diversifi-
cation and cross-species transmission. From a total of 121
vertebrate-associated DNA and RNA viruses identified, 94%
were characterized by both recent common ancestry and
host-switching.

1252 Current Biology 34, 1247-1257, March 25, 2024

The evolutionary patterns observed here support the idea that
viruses more readily jump between closely related host species,
perhaps because of an underlying similarity in their cell recep-
tors, which in turn lowers the adaptive barriers to viruses when
they encounter a new host species.®”"*® The maximum pairwise
genetic distance between cichlids in Lake Tanganyika is roughly
equivalent to that of human and chimpanzee, with some species
having pairwise distances of less than 0.03%, which are among
the lowest values observed in all vertebrate groups.® It is note-
worthy that the genetic distance between humans and chimpan-
zees is often sufficient for successful cross-species virus trans-
mission,® and in this context we assume that the remarkably
close genetic relationships among African cichlids, in line with
their rapid speciation, should therefore provide viruses access
to a constant supply of diverse cichlid hosts within Lake Tanga-
nyika. A case in point is the presence of African cichlid picorna-
virus in five species that are members of four tribes: the Lampro-
logini, Ectodini, Perissodini, and Tropheini (Figure 4). Moreover,
that our analysis detected no evidence for assortative transmis-
sion with respect to host phylogeny and ecology (Figure 3)
further implies that cichlid viruses have evolved to maximize their
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Figure 5. Close evolutionary relationships among cichlid DNA
viruses

Phylogenies were estimated using amino acid sequences of P protein for the
hepadnaviruses and the LO7 protein for adomaviruses. Trees were midpoint
rooted for clarity only. Circles on branch tips represent individual viruses
identified in this study and colored according to tribe. The scale bar represents
amino acid substitutions per site.

See also Figure S3 and Table S2.

fitness by infecting multiple host species in Lake Tanganyika,
and co-evolving with cichlids into ecological niches might there-
fore be a poor evolutionary strategy.

It is also likely that African cichlids will have similar immune
properties, increasing virus susceptibility, and are frequently
exposed to viruses. For example, a 125-m? area in Lake Tanga-
nyika can harbor up to 39 different cichlid species.® In contrast,
reef fishes—that are characterized by multiple families with
greater genetic diversity—show minimal virus cross-species
transmission, despite ample exposure among species.'’
Indeed, a recent study found that only four of the 38 viruses
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identified in a spatially restricted—100 m?—coral reef fish com-
munity, comprising 60 fish species (16 families), were associated
with host-switching, and only on relatively deep evolutionary
timescales.'® Moreover, in this reef system fish are consistently
found in groups of up to 25 species in a 3.5-m? area, such that
they represent the largest species densities among all extant
vertebrate species.’’ Despite such substantially high rates of
contact and exposure, the lack of host-switching in the reef
ecosystem implies that there are strong host barriers to infection,
particularly given the large degree of genetic divergence among
reef fish families. Indeed, the cross-species transmission events
observed were only identified in members of the same fish fam-
ily, the Gobiidae. This further supports the notion that close ge-
netic relatedness is a key determinant of rapid virus host-switch-
ing in African cichlids, occurring more frequently than in other
fish communities.

We assembled a time-calibrated phylogeny of hepaciviruses
from the Lake Tanganyika cichlid radiation. It was notable that
the rate of hepacivirus evolution was not constant throughout
the cichlid radiation, but increased rapidly during the last 2-3
million years, coinciding with a period of rapid diversification,
packing of niche space, and micro-niche partitioning in Tanga-
nyikan cichlids (Figure 6).°° This strongly suggests that, as
cichlid communities became denser and more diverse, viruses
exploited a larger number of closely related host species for
infection through cross-species transmission. For the future, it
will be important to test this theory using a larger virus sample
size and more detailed analyses, such as through a piece-wise
constant birth-death model.

As well as hepaciviruses, our analysis identified 34 hepadnavi-
ruses of which 97% were closely related, indicative of recent
cross-species transmission (Figure 5). In particular, a novel
group of metahepadnaviruses fell sister to Astatotilapia metahe-
padnavirus, which was recently discovered in Astatotilapia spe-
cies from Lake Masoko. Astatotilapia belongs to the Haplochro-
mini, which is the most species-rich clade of cichlids and
widespread in Africa, where it diversified in many rivers and
lakes, including Lake Malawi.”’ This suggests that cichlid meta-
hepadnaviruses are widely distributed in East African freshwater
systems and have likely diversified alongside cichlids during
multiple radiation events. A recent molecular clock analysis of
the Hepadnaviridae estimated that the genus Metahepadnavirus,
characterized exclusively by ray-finned fish hosts, split from or-
thohepadnaviruses, a group of mammalian viruses (e.g., hepati-
tis B virus), approximately 240 mya, with both Astatotilapia
and Mexican tetra (Astyanax mexicanus) metahepadnaviruses
diverging ~80-100 mya.*° However, the Haplochromini formed
in Lake Tanganyika ~5.5 mya, and A. mexicanus, both sur-
face-dwelling and cave populations, originated very recently
during the late Pleistocene, approximately 20 thousand years
ago.”’ This strongly suggests that metahepadnaviruses have
likely diverged much more recently than previously estimated.*°

We identified piscichuviruses with high abundances in the brain
tissue of three cichlid species. Currently, the genus Piscichuvirus
(Chuviridae) is described by viruses associated with ectothermic
vertebrates such as snakes, turtles, and ray-finned fish, as well
as decapods.“” Similarly, these viruses were recently detected in
the brain and spinal cord of boa constrictors and three aquatic tur-
tle species, causing lymphocytic meningoencephalomyelitis.****
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Despite the divergence between fish and reptile piscichuviruses
(~48% similarity), our data show that this emerging group is local-
ized to the central nervous system and have likely maintained this
tropism over millions of years.

Given their exposure to the external environment, it was not
surprising that, across all virus groups, the highest number of
viral transcripts were identified in the gills and the LPJ, which
together share a developmental origin and exhibit similar pat-
terns of gene expression.”® Conversely, we detected a very
low number of viral transcripts in the gonads. This suggests
that the viruses in this ecosystem might utilize cell receptors
that are not naturally expressed in cichlid reproductive organs.
It is also possible that the gonads might contain a rich source
of antimicrobial peptides, as observed in the seminal fluid prote-
ome of sparrows.“® Indeed, it was recently shown that the rate of
transcriptome evolution and the number of both protein-coding
genes and long noncoding (Inc) RNAs are higher in the gonads
compared with all other cichlid organs examined in this study.?
Transcriptome evolution in the gonads should therefore experi-
ence strong selective pressures given their function in sperm
competition and mate choice, and perhaps might select for anti-
viral mechanisms that protect the gametes from infection.*®

Although our analysis predicted multiple host-switching
events and potential tissue tropisms, these are necessarily
based on sequence analysis alone, such that the precise mech-
anisms of infection and the mode of transmission are not

1254 Current Biology 34, 1247-1257, March 25, 2024

covered here and require further investigation. This is of partic-
ular importance given the geographical proximity and evolu-
tionary relatedness to one of the most farmed and consumed
fish species globally, the Nile tilapia, which often experiences
devastating impacts from emerging viral infections.”” Indeed,
because the viruses identified are novel, their receptors are un-
known. Moreover, the transcriptome data screened were gene
expression profiles generated for host evolutionary analyses
only”® and therefore not optimized for virus discovery. Neverthe-
less, we discovered a large diversity of viruses in 72% of the
cichlid species examined. It is important to note that, given
the nature of transcriptomic sequencing, we were limited to
the detection of RNA viruses and DNA viruses that were actively
expressing genes at the time of sampling.

Taken together, we show that the African cichlid radiation
has had a profound impact on the extent, pattern, and evolu-
tion of virus diversity in Lake Tanganyika. Although virus-host
co-divergence is a common macroevolutionary pattern that
forms the “backbone” of many family-level virus phylogenies,
in the context of a host adaptive radiation virus, diversification
is accelerated by frequent cross-species transmission, espe-
cially during a time of rapid host diversification and increased
niche packing in Lake Tanganyika.'®*° Hence, the rich viral di-
versity shared by the cichlids is likely the product of close ge-
netic relatedness in combination with frequent interactions in
Lake Tanganyika.
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METHOD DETAILS

Assembly of cichlid viromes

Brain, liver, gill, lower pharyngeal jaw, ovary and testis transcriptomes from 74 Tanganyikan cichlid species (n = 445 individuals, 2242
RNA sequencing libraries) were obtained from a previous study®” (available at the NCBI Sequence Read Archive (SRA) under
BioProject: PRUNA552202; Cichlid taxonomy followed ref. '® and for detailed information on sampling localities refer to ref. 2°).
Raw reads were quality trimmed using Trimmomatic (v.0.38)*® with the parameters SLIDINGWINDOW:4:5, LEADING:5, TRAILING:5,
and MINLEN:25, and then de novo assembled into contigs using MEGAHIT (v.1.2.9)*° with default parameter settings. Assembled
contigs were compared against the protein version of the Reference Viral Database (RVDB) (August 2022), NCBI non-redundant pro-
tein (nr) and nucleotide (nt) databases (August 2022) using DIAMOND (BLASTX) (v.2.0.9) and BLASTn.**®” To enable the identifica-
tion of divergent viral sequences, we used an e-value search threshold of 1 x 10 as in previous studies.” "' Contigs with top
matches to the kingdom “Viruses” (NCBI taxid: 10239) were predicted as open reading frames (ORFs) using Geneious Prime
(v.2022.0) (www.geneious.com).”’ These represented 0.00002% of all contigs generated. All putative viral ORFs were translated
into amino acid sequences and used as a query to perform a second search (DIAMOND BLASTP) against the NCBI nr database
to remove false positives. ORFs with top matches to fish or bacterial genes were deemed as probable false positives and removed
from further analysis. Viral contig contamination and completion was determined using CheckV.>* Contig abundances were calcu-
lated using RNA-Seq by Expectation Maximization (RSEM) (v.1.3.0) and coverage was assessed by mapping using Bowtie2
(v.2.3.3.1).°>°* Virus abundance plots were generated using the phyloseq (v.1.42) and ggplot2 (v.3.3.6) packages in R (v.4.2.2).5%:%*

Identification and removal of endogenous viral elements

To determine whether our putative viral contigs were expressed endogenous viral elements (EVEs) rather than exogenous viruses, we
screened for: (i) disrupted ORFs and (ii) flanking host regions using CheckV and BLASTn."%°? Contigs that contained intact ORFs with
no flanking host genes were compared to all available cichlid genomes using TBLASTN with an e-value search threshold of 1 x 102,
Sequences identified as EVEs (14% of all viral contigs) were removed from further analysis.

Taxonomic assignment of cichlid viruses

To taxonomically assign our newly discovered viruses, we aligned their predicted amino acid sequences (complete or partial ge-
nomes) with the complete genomes of related viruses available on NCBI/GenBank using MAFFT (v.7.450) (E-INS-i algorithm).>®
To infer whether our viruses represented novel species, we used levels of sequence similarity (e.g., amino acid p-distances) and
phylogenetic grouping (see below) as specified by the International Committee of Viral Taxonomy (ICTV) (https://talk.ictvonline.
org) for each viral genus/family. We also used these criteria to determine whether a virus was likely vertebrate-specific (i.e., infecting
cichlid fishes) or associated with fish diet, microbiome or environment (i.e., “non-vertebrate”), particularly as viruses from these
different major host groups are usually phylogenetically distinct.'®'"'* Viruses identified as likely of non-vertebrate origin were
excluded from further analysis.

Annotation of cichlid viral genomes

Viral genomes were annotated with the “Live Annotate and Predict” tool implemented in Geneious using related sequences from
NCBI/GenBank, with a similarity threshold of 20%. To annotate specific protein domains, we used InterProScan with the
TIGRFAMs (v.15.0), SFLD (v.4.0), PANTHER (v.15.0), SuperFamily (v.1.75), PROSITE (v.2022_01), CDD (v.3.18), Pfam (v.34.0),
SMART (v.7.1), PRINTS (v.42.0), and CATH-Gene3D databases (v.4.3.0).°° To annotate divergent regions, we employed Phyre2 (con-
fidence level of >95%) which uses homology detection methods for protein structure prediction.®”

Phylogenetic analysis

To infer the evolutionary histories of cichlid viruses, we first used MAFFT (E-INS-i algorithm) to align the sequences determined here
with representative background sequences for each viral family/subfamily/genus. In instances where viruses identified in this study
were detected on more than one occasion, a single sequence from each individual fish was selected for the alignment. In the case of
RNA viruses, we utilised amino acid sequences of the most conserved RNA-dependent RNA polymerase (RdRp), while the DNA po-
lymerase and capsid proteins were used for DNA viruses. Background sequences were selected from the ICTV and downloaded from
NCBI/GenBank. Amino acid sequence alignments were trimmed using TrimAl (v.1.2) to remove ambiguously aligned regions with a
gap threshold of 0.9 and a variable conserve value.”® For each data set the best-fit model of amino acid substitution was estimated
with the “ModelFinder Plus” (-m MFP) flag in IQ-TREE (Version 1.6.12).°°%® We used a maximum likelihood approach to estimate
phylogenetic trees using IQ-TREE, with 1000 bootstrap replicates used to assess nodal support. All trees were annotated using
FigTree (v.1.4.4) (http://tree.bio.ed.ac.uk/software/figtree/).

Co-phylogenetic analysis of cross-species virus transmission and co-divergence

To visualise the relative frequency of cross-species virus transmission and virus-host co-sdivergence within each viral group, we
determined the co-phylogenetic relationship between viruses and their hosts. A complete phylogeny based on genome-wide data
of Tanganyikan cichlids was downloaded”® and pruned to those taxa in which a virus was identified using the R packages phytools
(v.1.0-3)°° and ape (v.5.6-2).°° A cladogram of the non-cichlid hosts was generated using the phyloT software, a phylogenetic tree
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generator based on NCBI taxonomy (http://phylot.biobyte.de/). The pruned cichlid and non-cichlid cladograms were then concate-
nated to form a host cladogram for each viral group. Tanglegrams that illustrate the link between host and virus trees were created
using phytools and ape. The virus phylogenies used in the co-phylogenies were constructed as described above. The relative fre-
quencies of cross-species virus transmission versus virus-host co-divergence were quantified using eMPRess,®' which uses a
maximum parsimony approach to determine the optimal “map” of the virus phylogeny onto the host phylogeny. The event costs fol-
lowed those in the literature,">'>"* specifically, duplication, host-jumping, and extinction event types were set to 1.0, whereas the
cost of virus-host co-divergence was set to zero since it is regarded as the null event. The number of generations and the population
size for both virus and host were set to 100.

Time calibration and diversification rates of cichlid hepaciviruses

We used BEAST2 (v.2.7.3)°° to estimate a time-calibrated phylogeny of representative ray-finned fish (Actinopterygii) hepaciviruses,
utilising the NS5 amino acid sequence alignment (see above). To achieve this, we employed a Yule speciation model with a single,
normally distributed calibration point at the root node of the cichlid hepacivirus clade based on prior age estimates of the formation of
Lake Tanganyika (9-12 Ma) and the tMRCA of the cichlid radiation that was recently estimated to have diverged around 9.7 Ma.?%-°
Our calibration was therefore set with a mean of 10.5 and standard deviation of 0.6 (interval 9-12 Ma). The best-fit evolutionary model
was selected using BEAULi (v.2.7.3).°" We tested a combination of JTT, WAG, and LG amino acid substitution models with strict and
relaxed clocks (lognormal or gamma) with an Effective Sample Size (ESS) cut-off of 200. Based on tree topology, ESS and marginal
likelihoods, a strict clock with the LG substitution model, a gamma distribution of among-site rate variation and a proportion invariant
of 0.077 were identified as the most appropriate model. We ran the model using a Markov chain Monte Carlo (MCMC) chain with 50
million iterations, sampling every 10000, with convergence and ESS assessed using Tracer (v.1.7.2).°° The maximum clade credibility
(MCC) tree was constructed using TreeAnnotator (v.2.7.3) after a 10% burn-in protocol (https://www.beast2.org/treeannotator/).
Finally, we computed the gamma statistic to test the null hypothesis that the rate of hepacivirus diversification was constant over
the cichlid radiation using the ape package in R.*>%°

Phylogenetic and ecological diversity analysis

To determine whether virus transmission across Lake Tanganyika cichlids was random with respect to phylogenetic position and the
ecology of the species, we evaluated the ecological and phylogenetic diversity of the infected and uninfected host species compared
to random subsets. Phylogenetic diversity was calculated as the mean pairwise phylogenetic distances, which were extracted from
the host tree using the cophenetic function in the R package ape (v.5.6-2).°° Ecological diversity was calculated as the mean pairwise
Euclidean distance of available carbon (3'3C) and nitrogen (5'°N) stable-isotope measurements of the Tanganyika cichlid species.?’
We then assessed whether the diversity of the infected and uninfected set of species (observed) is smaller than the diversity of a
random subsample of the radiation (random) by randomly subsampling the total number of infected and uninfected species from
the entire radiation 1000 times. If the observed diversity is lower (random-observed > 0) in more that 95% of the random samples
(one-tailed test), we considered the difference significant (transmission and infectivity is assortative). This resampling approach
was applied once across all viruses together, and once separately for each virus group that was present in at least five species in
our data set.

QUANTIFICATION AND STATISTICAL ANALYSIS

Viral contig abundances were estimated using RSEM as described under method details. We used linear regression to test for a cor-
relation between observed viral richness (i.e., number of viruses) and the number of cichlid species examined for each tribe. Subsam-
pling analysis was performed to determine whether virus transmission was random with respect to phylogenetic position and host
species ecology. Phylogenetic diversity was calculated as the mean pairwise phylogenetic distances, while ecological diversity was
calculated as the mean pairwise Euclidean distance of available carbon (3'3C) and nitrogen (3'°N) stable-isotope measurements. A
one-tailed test was employed to test for any significant differences. All statistical analyses were performed using R. The R packages
can be found under method details and key resources table. Support for nodes in phylogenetic trees were calculated using bootstrap
methods as described under method details.

e3 Current Biology 34, 1247-1257.e1-e3, March 25, 2024
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Improved RNA virus understanding is critical to studying animal and plant health,
and environmental processes. However, the continuous and rapid RNA virus
evolution makes their identification and characterization challenging. While
recent sequence-based advances have led to extensive RNA virus discovery,
there is growing variation in how RNA viruses are identified, analyzed,
characterized, and reported. To this end, an RdRp Summit was organized and a
hybrid meeting took place in Valencia, Spain in May 2023 to convene leading
experts with emphasis on early career researchers (ECRs) across diverse scientific
communities. Here we synthesize key insights and recommendations and offer
these as a first effort to establish a consensus framework for advancing RNA virus
discovery. First, we need interoperability through standardized methodologies,
data-sharing protocols, metadata provision and interdisciplinary collaborations
and offer specific examples as starting points. Second, as an emergent field, we
recognize the need to incorporate cutting-edge technologies and knowledge
early and often to improve omic-based viral detection and annotation as novel
capabilities reveal new biology. Third, we underscore the significance of ECRs in
fostering international partnerships to promote inclusivity and equity in virus
discovery efforts. The proposed consensus framework serves as a roadmap for
the scientific community to collectively contribute to the tremendous challenge
of unveiling the RNA virosphere.

KEYWORDS

RNA virus discovery, viral metagenomics, RNA-dependent RNA polymerase, viral
genome annotation, metagenomic metadata standards, virus evolution and diversity
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1 Introduction

RNA viruses (Orthornavirae) are genetic elements with RNA-
based genomes that replicate using their encoded RNA-dependent
RNA polymerase (RdRp) and by hijacking their host’s cellular
machinery. Progeny viruses are then transmitted to new hosts
either vertically, or horizontally most often in protein-based viral
particles that can sometimes be surrounded by a lipid envelope.
Viruses are widely diverse, infect all life forms (1), and include
many human pathogens of medical and epidemiological
importance (2), as well as various species with strong deleterious
impact in agriculture (3). Additionally, by infecting unicellular
eukaryotic and prokaryotic life forms, RNA viruses play a role in
shaping microbial ecosystems, from the oceans to the human gut
(4-8).

Historically, RNA virus discovery and characterization relied
on direct cultivation or isolation of the infective agents via
experiments that are often laborious and inherently restricted to
viruses infecting hosts amenable to laboratory cultivation or
propagation. The procedures typically involve the concentration
of infectious particles from symptomatic or diseased host cells or
tissues, followed by various identification techniques like
microscopy (imaging), neutralization (antibody), hemadsorption,
hemagglutination and plaque assays, and animal, plant, tissue or
cell culture inoculation. In most cases, isolated concentrated
particles would then undergo (viral) RNA extraction and
purification, followed by reverse transcription into cDNA and
subsequent sequencing enabling further genomic investigations
(phylogeny, genotyping, etc).

1.1 Recent developments in omic-based
RNA virus discovery: more, bigger, faster is
the new pace

The advent of the genomic era has gradually expanded RNA
virus discovery beyond experimental cultivation and isolation
methodologies. The substantial decrease in costs associated with
high-throughput nucleic acid sequencing, coupled with advances in
computational capacities for big data storage and processing greatly
facilitates the development of RNA virus discovery projects through
large-scale sequencing (omic-based).Importantly, this genomic-data-
driven exploration of the RNA virosphere using computational tools
offers a unique opportunity to bypass many biases and limitations of
traditional approaches, and goes hand in hand with the growing
recognition of global viral diversity in ecological systems as a whole,
including public health and one health [“pandemic preparedness”,
surveillance - (9)].

With an expanded diversity of environments sampled as well as
a growing re-assessment of publicly available sequencing data and
the continuous development of tools and resources, this field has
experienced massive growth in recent years, with no signs of
deceleration in sight (Figure 1) (8, 10-29).
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1.2 Interdisciplinarity nature of the field
limits data uniformity and standardization

RNA virus discovery is at the interface of various disciplines (i.e.
virology, molecular, and structural biology, evolution, genomics,
ecology, and computational sciences) and spans various fields
within virology itself, each with its specific virus groups of
interest, priorities, approaches, concepts, resources, etc. leading to
apparent discrepancies throughout the scientific process. This
heterogeneity manifests in both the experimental design, in the
interpretation of the data and in the eventual conclusions and data
sharing (novelty estimation, host inference, risk assessment, choice
of data deposition location).

This growing lack of standardization directly and severely
hampers interoperability - ie. the ability to review, compare,
reproduce, share, and build on each other’s efforts. For instance,
what one study may consider as a new RNA virus group based on
coat or movement protein sequence similarity, another study may
consider part of an existing group using the RdRp comparison.

In recognition of these issues as detrimental to the advancement
of the field, we recently held the first “RdRp summit” (https://
rdrp.io/) - a discussion-centric event with the goals of fostering
reproducibility, collaboration and interoperability in omics-derived
RNA virus discovery. The event was attended by over 70
participants (60% in-person and 40% remotely), from 50 research
institutions across the world. Most attendees were ECRs, with half
of the participants listed as PhD students. To promote inclusion and
exchanges between all participants, the meeting featured both open
discussion sessions and traditional lectures, given by key
bioinformaticians and experimentalists. Herein, we summarize
the major insights and consensus that emerged from the workshop.

2 Current challenges in RNA
virus discovery

2.1 Multiplicity of experimental and
computational practices in RNA virus
discovery workflows

The initial source and type of environment, the preservation,
and preparation of RNA input have profound implications on the
whole analysis and final RNA virus discovery. The input for RNA-
virus metagenomic studies is often the total extractable RNA from
an environmental, vector or host-associated sample (12, 17, 30).
Alternatively, studies can focus on a size-selected fraction where
host cells are excluded and virus-like-particles (VLPs) are enriched
using filtration and/or centrifugation, otherwise known as viromics
or virion-associated nucleic acids (VANA)-based sequencing (22,
31). Double-stranded RNA (dsRNA) purification can also be
applied to total RNA samples to specifically target dsRNA virus
genomes and replicative intermediate of single-stranded RNA
(ssRNA) viruses instead of single-stranded transcripts and
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FIGURE 1

The recent expansion of the omic-based RNA virus discovery field. (A) Examples of RdRp-based viral metagenomic studies and tools (PMID are
indicated in grey); (B) Multiplicity of publicly available sequences in the Sequence Read Archive based on human (pink bars) and other host
(grey bars) composition (bar chart, left axis) and total cumulative number of bases (blue line, right axis). Data taken from SRA metadata available via

BigQuery (nih-sra-datastore.sra.metadata).

ribosomal RNAs (32). Beyond dsRNA enrichment, targeted
approaches such as the Fragmented and primer-Ligated dsRNA
Sequencing (FLDS) method also feature the ability to sequence both
ends of the genome (33, 34), from which pairs of segmented or
multipartite viral genomes can be searched (33). Deep sequencing
of small RNAs (sRNAs) can also be advantageous to plant and
mycovirus discovery, by using various sSRNA size profiles depending
on the organism for RNA genome assembly (35-40). On the other
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hand, untargeted total RNA extraction followed by RNA-seq better
reflects the global sample complexity, including host and viral
diversity, and can assist with host association, further answering
ecological questions (41). However, the choice of the kit used for
RNA extraction can substantially influence the downstream analysis
(42). Prior to sequencing, classical treatments include genomic
DNA digestion and either targeted ribosomal RNA (rRNA)
depletion, or poly(A) enrichment steps prior to reverse
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transcription of RNA into ¢cDNA. Along with the choice of
sequencing platforms/technologies, those methods will directly
impact the subsequent RNA virus findability and identification.

Current computational identification of RNA viruses from
“-omic” data (mainly transcriptomic and metatranscriptomic
sequencing, i.e. bulk RNA-seq of either a single organism or a
community of organisms, respectively) is typically conducted via
direct comparative approaches following quality control and
filtering of raw reads and de novo assembly. The discovery of
viruses through omics data primarily depends on identifying
sequence similarities with existing RNA virus genomes, protein
sequences, or protein sequence profiles. This is often accomplished
using methods such as Hidden Markov Models (HMMs) or
Position-Specific Scoring Matrices (PSSMs). Similarity is defined
as a set of minimal statistical thresholds; typically established
arbitrarily in each study and thus further stresses the need for
standardized protocols.

Predominantly, the RdRp, which is the only protein shared by
all known RNA viruses, is used as the marker gene for RNA virus
identification (14). Virus RdRps share a right-hand-shape structure,
typical of DNA/RNA polymerases, with a palm-based active site
comprising several catalytic and structural motifs, which may
require additional host factors to constitute a mature, complete
replicase domain (43). Assignment of a query sequence as a
potential viral RARp usually requires the identification of at least
the three “core” motifs, commonly referred to as A, B, and C, with
the presence of any additional motifs increasing the reliability of the
assignment and the presumed completeness of the analyzed
sequence (44). The presence of these motifs (or roughly the
region they occupy) is most often identified via sequence search
engines (BLAST, DIAMOND, MMsegs, etc) (45-47) or profile-
based approaches (HMM via HH-Suite or HMMER, or PSSM/
PWM using PSI-BLAST or MEME) (48-50), often used in
conjunction with public databases and repositories of RNA virus-
derived RdRp e.g. subsetting NCBI nr, or custom databases like
TSA-database derived RdRps (29), NeoRdRp (23), Palmscan (51),
or RdRp-scan (18).

Furthermore, the enhancement of RNA extraction methods,
sequencing technologies, and the rapid advancement in the
development of new Al-based techniques, among other factors, is
playing a crucial role in advancing RNA virus discovery. These
advances facilitate the improved identification of potentially
divergent and low-concentration viruses within overlooked
environmental or host taxa. Nevertheless, these developments also
reinforce the methodology gaps and heterogeneity between studies
and severely limit interoperability.

2.2 Consequences of procedural
inconsistency for comparative analyses
across studies

Choices in both the experimental procedures and subsequent in
silico analyses play a crucial role in how different studies handle,
share, report, and reach conclusions regarding the suspected viral
sequences in the corresponding data. Discussions held during this
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first RARp summit pinpointed the global lack of procedure and
good practice standards at every level (sampling, extraction,
sequencing, read and contig processing, as well as data analysis,
storage, submission, mining, survey, etc) (Figure 2). Ultimately,
those differences in the computational and experimental aspects can
constitute strong obstacles for the ability to adequately compare the
results of different studies and it seemed important to first
identify them.

Regarding RNA virus detection itself, there is a crucial lack of
standard minimal alignment statistics (e-value, %ID, %coverage,
etc). Also, the inconsistency of what is considered a genuine viral
genome/viral hit/viral sequence versus a potential “false-positive” or
contaminant poses a major risk of misinterpretation of results. The
ability to identify and discriminate true replicative RNA virus
signals from active or integrated viruses replicating via reverse-
transcriptases (RT) (divergent other palm-like polymerases)
(kingdom Pararnavirae), endogenous viral elements (EVEs), and
non-viral hits or contaminants, is absolutely crucial in our field.
However, there is currently no widely agreed-upon consensus about
defining quality standards for viral sequences and how to ensure
their identification as such. Compounding this issue is the lack of
definition for real RNA-virus derived sequences that are either
chimeric or misassembled, and thus are not likely to represent a
functional infectious entity. Plus, expanding our knowledge of the
RNA virosphere revealed an ever-increasing plurality of genome
architectures and RdRp properties, which make it even harder to
define one single rule for all of them. The recently-described divided
RdRps confirmed and validated in silico (52-54), which are encoded
by two distinct ORFs from separate genomic segments, constitute
the best example of such unexpected plurality. Such challenges
require continuous adaptation of standard practices and motivate to
establish community-driven, up-to-date guidelines for RNA
virus discovery.

Standardizing RNA virus detection would strongly require a
community-built consensus about performance evaluation
pipelines (sensitivity, recall, F1, precision, algorithm resilience,
etc.), similarly to the ongoing efforts in microbial and DNA virus
metagenomics (55-58). Directly linked to this, unequivocal
agreements on the plurality of operational taxonomic unit (OTU)
definitions, clustering thresholds, and minimal procedure for
genome completeness estimation of novel and divergent viruses
will help set gold standards for the scientific community (Figure 2).

The aforementioned considerations would also dramatically
decrease common inconsistencies regarding the multiplicity of
repositories that host the data as well as metadata associated with
viral metagenomics projects deposited in standard databases.
Indeed, one could note the major confusion between host and
sample source, arbitrary taxonomy assignment and gene, protein,
and genome annotations, the lack of information relating to sample
preparation, sequencing, and computational analysis, the
inadequacy of current tools for uploading viruses with divided
RdRps or segmented genomes, or sequences with alternative
START codons, and the inability for external users to revise/re-
assess/edit/annotate the deposited metadata. All of which leads to
an absurd rate of unclassified/unannotated sequences when dealing
with remote homology searches.
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FIGURE 2

Main challenges identified in the omic-based RNA discovery field and proposed solutions

Considering the rising scale of viral metagenomic studies and
the pace of virus taxonomy expansion, such misannotations or mis-
assignments in reference databases can have dramatic consequences
when propagated to new studies and data submission, and
drastically limit the scope and efficiency of data mining projects,
yet are increasingly essential in our field.

3 Solutions and future perspectives

While incredibly valuable, the interdisciplinarity in the RNA
virus discovery field also requires concerted efforts from researchers
to build connections between those communities, share, and adapt
our respective practices, tools, vocabulary, terminologies, and
standards to fit in with everyone’s domain language.

To tackle the first challenge consisting of establishing minimum
standards for RNA virus genome (or viral RdRp) annotations, cut-
off for parameters (alignment scores, e-values, query and reference
lengths, etc.) need to be agreed upon when comparing candidate
sequences to known valid RdRp sequence database vs. decoy - (RT)-
like - databases and sets of unclassified/unannotated sequences.
Annotation could then be automatically assigned based on these
comparison scores (true complete RdRp vs RT-like hits vs
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unclassified/unknown). Discussions and lectures at the summit
also highlighted the importance of integrating additional
procedures into classical workflows such as placement within
phylogenies, genomic context scan (untranslated regions, RNA
structure, nucleotide and kmer composition among others), and
structural homology assessment using cutting-edge AlI-based
prediction tools (59, 60), essential for distant homology detection
or validation. While some quality criteria and cut-offs can easily be
built in, some others may be very challenging. Defining boundaries
for the RdRp gene (minimal length to describe a RdRp, structural
attributes, minimal presence of the catalytic motifs, presence/
absence of additional domains, such as Nidovirus RdRp
associated nucleotidyl transferase domain - NiRAN) remains a
complex task and requires expertise and extended knowledge of
the viral strain (61-63).

In addition, the standardization effort should also promote the
integration into the standard discovery pipelines of the most recent
and state-of-the-art concepts in RNA virology such as the search for
potential additional segments (64), the screen for divided RdRp
(52-54), etc.

Another challenge consists of homogenization of manual and
automatic clusterization procedures and taxonomic assignment of
viral-like sequences. Formal virus classification by the International
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Committee on Taxonomy of Viruses (ICTV) plays a vital role in
providing a reference language for scientists to communicate,
collaborate, and share knowledge about viruses. By coupling the
robust, updated, and standardized ICTV classification framework
with the power of omic-based RNA virus discovery, we can
collectively improve our description and global understanding of
RNA virus diversity (65).

Concretely, all these proposals will be pursued by the RdRp
summit community with different initiatives that are intended to be
maintained and updated over time by the community members. In
particular, the community will focus on:

I) Building a central infrastructure for the RNA virus discovery
community, which would work as a central repository for
data and knowledge.

II) Creating a curated database with automated quality scores
for data deposition based on the information provided. The
database should be community-driven and open to
feedback from end users to aid further curation.

III) Consolidating state-of-the-art experimental and computational
resources and knowledge to ensure the best up-to-date practices
among the community (pipelines, scripts, protocols, glossary,
guides, international journal club). Among others, this could
consist of recommended workflows for the challenging
identification of novel/remote RdRp, the Do’s and Don’ts of
annotating new, uncultivated RNA virus genomes, and
metadata recommendations for RNA viruses.

IV) In the same manner as the European Virus Bioinformatics
Center (https://evbc.uni-jena.de/), particular effort will be
put into enhancing the communication and uniting our
expanding community into one single spot through a
potential membership system, forums, round tables,
workshops, online chat channels, etc.

To conclude, the major consensus that emerged from the rich
discussions led during this first RARp summit lies in the current lack
of interoperability and reproducibility in our field but also the
possible concrete solutions to tackle these obstacles (summarized
in Figure 2).

The omic-based RNA virus discovery community, as an open
science-to-society-oriented community, should be aware of its roles
and responsibilities to make its scope as transparent and accessible as
possible. Through the collective development of a user-friendly open
platform, we aim to build a solid foundation for communicating,
sharing, and performing comparable analyses using optimal and
state-of-the-art tools across a wide array of biological contexts by
reaching the broadest audience possible. With similar issues faced in
microbial metagenomics and omic-based DNA virus discovery, we
also intend to inspire from the emerging solutions and infrastructures
being developed in these related fields and learn from their
experiences in tackling these challenges (e.g. 66-68).

We believe these efforts will lay the groundwork to promote
ECRs insertion into the community, best practices and repeatability,
and ultimately ensure the best future for our exploration of the
RNA virosphere.
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Abstract

Ribgrass mosaic virus (RMV) and related viruses of the genus Tobamovirus (Virgaviridae)
are cruciferous plant pathogens that represent a threat to global horticultural systems. In
Australia, they are considered exotic biosecurity threats, and an incursion of these viruses
would require rapid and strict control efforts. However, current surveillance methods for
these viruses are limited. We examined whether RMV and related tobamoviruses could be
detected by deep sequencing of gut metatranscriptomes of vertebrate animals and ticks.
Using this method, we discovered that RMV, as well as a novel relative of RMV, and two
highly diverse novel tobamoviruses are present in Australia. RMV was detected in multiple
sites in both the Australian Capital Territory (ACT) and Tasmania, two regions separated by
approximately 700km of land and 200km of water. The novel relative of RMV was detected
in the ACT and New South Wales (NSW), while the highly divergent novel tobamoviruses
were each detected in a single state, NSW and Queensland (QLD). In addition, Tobacco
mild green mosaic virus, which is already known to be present in Australia, was detected in
QLD using this method. This work highlights the potential utility of metatranscriptomic
sequencing of wild animal gut for the surveillance of biosecurity threats to native and

agricultural plant species.

Importance

Plant viruses can have devastating impacts on global horticulture. Tobamoviruses (family
Virgaviridae, genus Tobamovirus) are among the most damaging seed-borne viruses in
horticultural crops, and Australia is free of many of the tobamoviruses that cause major
crop losses in other countries. These viruses are extremely difficult to eradicate.
Consequently, early detection of incursions is key to the control of these viruses in
Australia, alongside rapid deployment of eradication and management plans. Current
biosecurity surveillance methods in Australia rely on visual inspection, immunological
assays, and molecular methods such as screening of imported seed lots. This study
introduces a complementary approach that utilises unbiased metatranscriptomic
sequencing of animal gut material to detect cryptic plant viruses circulating in nature. Using
this approach, we detected five different tobamovirus circulating in Australia, including a
virus thought to be exotic and three novel viruses. This unique approach highlights

alternative options for surveillance/detection of exotic crop viruses.

Keywords: Metatranscriptomics, Tobamovirus, surveillance, plant viruses, biosecurity,

incursion.
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68 Introduction

69  Worldwide, virus disease outbreaks, epidemics and pandemics pose a threat to agricultural

70  and horticultural systems (1). Viral diseases have been associated with impaired crop

71 growth and vigour, leading to diminished or total loss of gross yields (2). This has been

72 accelerated by agricultural globalization, climate change and other factors, such as

73  pesticide resistance in virus vectors, that together are complicating disease management

74 (3). Tobamoviruses (family Virgaviridae, genus Tobamovirus) are among the most damaging

75  seed-borne viruses in horticultural crops (4). These viruses have a single stranded, positive-

76  sense genome of about 6.3-6.5 kb that contain six open reading frames (ORFs): an RNA

77  replicase read-through derivative (ORF1 and 2), an undefined protein (ORF3), movement

78  protein (MP; ORF4), coat protein (CP; ORF5) (5), and occasionally an ORF®6, that overlaps

79  ORF4 and ORF5 (6). Tobamoviruses have an extensive host range and on this basis are

80 divided into three subgroups: subgroup 1 infect solanaceous species, subgroup 2 infect

81 Cactaceae, Cucurbitaceae, Fabaceae, Malvaceae and Passifloraceae species, and

82  subgroup 3 infect a range of hosts, including Cruciferae/Brassicaceae and Plantago

83 (Plantaginaceae) species (7, 8). Tobamoviruses have been associated with substantial

84  economic losses linked to reduced crop yield as well as fruit damage which triggers a

85  significant reduction in marketability (9, 10). For example, tomato brown rugose fruit virus

86 (ToBRFV), is a damaging new tobamovirus that infects tomatoes and peppers that was first

87  discovered in Jordan (11) and Israel (12), later spreading to many countries worldwide (13).

88  Similarly, cucumber green mottle mosaic virus (CGMMV) is a recently introduced

89  tobamovirus in Australia (14) that causes serious disease and damage in the Cucurbitaceae,

90  such that it is one of the most economically important cucurbit viruses (15).

91

92  Agriculture of non-native crops in Australia commenced after colonization by Europeans in

93 1788 and in some regions, as recently as 60 years ago (16). Such a recent timescale, as

94  well as the isolation of this large island nation, means that many viruses and virulent virus

95  strains that co-evolved with these plants and cause damaging crop diseases in other parts

96 of the world are absent or have only recently arrived in Australia. Human activities within the

97  global trade in plants and plant products, mostly involving unknowingly infected seed or

98  vegetative propagules, may spread viruses from other countries to Australia (3, 17, 18).

99  Evidence that this may have already occurred in the Australian horticultural industry include
100 recent detections of CGMMV and pepper vein yellows virus (14, 19). Alternatively, viruses
101 can spill over from indigenous wild plant populations to managed cultivated populations

102  (20-22). As agriculture and horticulture continues to expand in Australia, so too does the
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103  overlap of wild plant and crop habitat, increasing chances of virus spillover (23). As such,
104  understanding the range of viruses that exist on wild vegetation and their interactions with
105 local animal fauna is an important complementary route for managing crop viral diseases.
106  Indeed, plant viruses may colonize new environments through grazing animal teeth,

107  ingestion of plants, and subsequent passing of the viruses through the gut (24). However,
108  very few studies have comprehensively explored persistent viruses in wild plants (23, 25).
109

110  Recently, we inadvertently detected ribgrass mosaic virus (RMV) in Australia in wild animal
111 gut content while exploring animal viromes using metatranscriptomic (i.e. total RNA)

112  sequencing (26). RMV is considered a biosecurity risk and was previously considered to be
113  exotic to Australia, but is endemic in neighbouring New Zealand (27). Its natural hosts

114  include members of the Cruciferaceae and Plantaginaceae, and it is known to have a broad
115  host range compared to other tobamoviruses (28). RMV belongs to Tobamovirus subgroup
116 3, and is most closely related to youcai mosaic virus (YoMV), turnip vein clearing virus

117 (TVCV) and wasabi mottle virus (WMoV) (29), all of which are exotic plant pathogens and
118  Australian biosecurity risks (https://www.agriculture.gov.au/biosecurity-trade/pests-

119  diseases-weeds/plant/national-priority-plant-pests-2019, accessed 21/10/24).

120

121 Tobamoviruses are highly contagious, easily spread through mechanical transmission

122  between plants and fomites (30), and in some cases are seed transmitted. Additionally, they
123  can remain viable in soil for many months (even up to a year) and are very difficult to

124  eradicate once present (31). As there are no available treatments, plant destruction and soil
125  decontamination are the only means of control (32). Consequently, early detection and

126  prevention of incursion is key to the control of these viruses in Australia, alongside rapid
127  deployment of eradication and management plans in the event of incursions. Current

128  biosecurity surveillance methods in Australia rely on visual inspection, immunological

129  assays, and molecular methods such as screening of imported seed lots (32). Efforts to
130  include targeted plant viral genomics are in development (33).

131

132  Herein, we explored the use of an alternative surveillance strategy, based on the

133  metatranscriptomic sequencing of animal gut content, to unravel unknown circulating

134  biosecurity threats within wild or cultivated vegetation. This approach was used (i) to

135  determine the presence of biosecurity threat tobamoviruses in Australia, at the same time

136  assessing the utility of this method, and (ji) to reveal the phylogenetic relationships among
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137  the tobamoviruses detected and their implications for the biosecurity of the Australian

138  horticultural industry.

139

140  Materials and Methods

141 Metatranscriptomic sequence data

142  Metatranscriptomic data sets previously generated from studies of Australian animal

143  viromes were opportunistically screened for the presence of tobamoviruses. These data
144  sets were generated by sequencing total RNA extracted from whole ticks, and mammalian
145  gut content in the form of faecal samples, caecal content samples, or anal/rectal swabs
146  (Table 1). Total RNA was extracted using the Maxwell 16 LEV simply RNA tissue kit in

147  combination with a Maxwell nucleic acid extraction robot (Promega, WI, USA) for rabbit
148  caecal content; the Qiagen RNeasy Plus Universal Mini Kit (Hilden, Germany) for deer and
149  kangaroo carcass swabs; and the Qiagen RNeasy Plus Mini Kit (sometimes in conjunction
150  with Qiagen QiaShredder columns) for dog swabs, ticks and marsupial carnivore faecal

151  samples. The rabbit RNA libraries were prepared using the TruSeq Total RNA library

152  preparation protocol (lllumina, CA, USA), with rRNA removal using lllumina Ribo-Zero gold
153  epidemiology rRNA removal kit. The lllumina Stranded Total RNA Prep with Ribo-Zero Plus
154 kit was used for all the other libraries. Paired-end sequencing was conducted on an lllumina
155  HiSeq 2500 (200 cycles) for the rabbit libraries, and lllumina NovaSeq 6000 S4 lane (300
156  cycles) was used for all the other libraries) (lllumina, CA, USA). All library preparation and
157  sequencing was conducted at the Australian Genomic Research Facility (AGRF). The raw
158  reads obtained were trimmed using Trimmomatic v0.38 (34) and de novo assembled using
159  MEGAHIT v1.2.9 (35) or Trinity v2.5.1 (36). Further details on data generation and ethics for
160 data sets collected from rabbits can be found in Mahar et al. 2020 (26). Manuscripts are in
161 preparation for the remaining studies.

162

163  Ethics

164  For deer and kangaroo carcasses, scientific licenses and collection permits were obtained
165  to relocate carcasses (SL102334) and research was approved by the University of Sydney
166  Animal Ethics Committee, project number: 2019/1640. Dog and tick sampling was

167  approved by the Taronga Conservation Society Australia's Animal Ethics Committee,

168  approval number 4¢/10/21. Ethics for Tasmanian carnivores was obtained from the

169  University of Tasmania under Animal Ethic Committee permit number A0018012. Ethics for
170  rabbit sampling is as described in Mahar et al., 2020 (26).

171
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172 Tobamovirus detection

173  The assembled contigs were annotated using DIAMOND BLASTx (37), and blastn (38)

174  against NCBI’'s non-redundant protein and nucleotide databases, respectively. Contigs with
175  top hits to tobamovirus were selected for further analysis. Open reading frames were

176  identified using the Find ORFs tool within Geneious Prime ® 2022.2.2 using the standard
177  genetic code and UAG read-through. ORFs were adjusted and annotated based

178  annotations copied from related tobamoviruses using the Annotate from Database tool

179  available within Geneious Prime. ORF gene assignments were confirmed by identification of
180 conserved domains using RSP-TBLASTN v2.6.0 (39) and the NCBI CDD database.
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Table 1. Metadata of metatranscriptome libraries containing tobamoviruses.

. . . No. .
Collection location Library Animal species Sample samples D.O.C Tobamovirus(es)
name (common name) type in pool detected
Macropus giganteus® .
Crackenback/ Mouth and SG3-like
Moonbah, NSW 12-Kang2B  (Eastern grey anal swab 4 Feb 2021 tobamovirus
kangaroo)
Crackenback/ Dama dama® (Fallow Mouth and Dec 2020 SG3-like
13-Deer2A 4 and Jan .
Moonbah, NSW deer) anal swab 2021 tobamovirus
Crackenback/ Dama dama® (Fallow Mouth and . .
Moonbah, NSW 15-Deer2B deen) anal swab 4 Jan 2021 Bambi tobamovirus
Crackenback/ 16-Deer?B Dama dama® (Fallow Mouth and 5 Feb and MMMM_%_Em
Moonbah, NSW deer) anal swab Mar 2021 . o
Bambi tobamovirus
Hope Vale, QLD HPV3-R Canis \E.u us familiaris Rectal swab 2 Dec 2021 Bluey tobamovirus
(Domestic dog)
Hope Vale, QLD HPV4-R Canis \E.u us familiaris Rectal swab 3 Dec 2021 Bluey tobamovirus
(Domestic dog)
) Canis lupus familiaris Bluey tobamovirus,
Hope Vale, QLD HPV6-R (Domestic dog) Rectal swab 1 Dec 2021 TMGMV
Hope Vale, QLD HPVi5-oR NS lupus familiaris — po oo a2 Feb2022  Bluey tobamovirus
(Domestic dog)
Hope Vale, QLD HPVig-oR NS lupus familiaris — po oo swap 3 Feb2022  Bluey tobamovirus
(Domestic dog)
Rhipicephalus
) sanguineus (tick), Whole ,
Hope Vale, QLD HPV35-2E attached to domestic animal 1 Feb 2022 Bluey tobamovirus
dog
Ben Lomond, TAS Dasyurus maculatus Apr-Aug
Po4 (Spotted-tailed_quoll) ' 262 2 2021 RMV
Northern Slopes, . Apr-Aug
TAS P19 Felis catus (feral cat) Faecal 1 2021 RMV
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Northern Slopes, Dasyurus maculatus Apr-Aug

TAS P21 (Spotted-tailed quoll) | 282 1 2021 RMV

Northern Slopes, Sarcophilus harrisii Apr-Aug

TAS P22 (Tasmanian devi) Faecal 5 2021 RMV

_~pra  Oryctolagus cuniculus®  Caecal Dec 2016- RMV, SG3-like
Crace, ACT GUN-CC (European rabbit) content 20 Jan 2017 tobamovirus
H b
Booth, ACT Gudg-cc:  Qnyetolagus cuniculus® - Caecal 18 Feb2017  RMV
(European rabbit) content

a - published in Mahar et al., 2020
b — samples taken from carcasses, not live animals.

472



bioRxiv preprint doi: https://doi.org/10.1101/2024.12.10.627875; this version posted December 11, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

144 Phylogenetic classification of tobamoviruses

145  Contigs that had a top blast hit to a tobamovirus were confirmed through sequence

146  alignment and phylogenetic analysis with other published tobamovirus sequences.

147  Accordingly, the tobamovirus NCBI nucleotide RefSegs, the top blast hits to the

148  tobamoviruses detected here, as well as all published nucleotide sequences of RMV, TVCV,
149 WMoV, YoMV, and TMGMYV were downloaded from the NCBI nucleotide database

150  (https://www.ncbi.nlm.nih.gov/) and aligned with the tobamovirus nucleotide sequences
151 detected in this study using MAFFT v7.490 (40). Ambiguously aligned regions were

152  removed using trimAl v1.4.1 (41). Nucleotide substitution model selection was performed
153  (42) and maximum likelihood phylogenies inferred using IQ-TREE v2.1.3 (43). Branch

154  supports were estimated using bootstrapping (1,000 replicates). Phylogenetic trees were
155 inferred for both the complete genome (n=131, 8,341 nt), as well as the coat gene, the most
156 commonly sequenced gene among tobamoviruses (n=167, 528 nt). A distance matrix for
157  subgroup 3 tobamoviruses was inferred by aligning all available subgroup 3 nucleotide

158  sequences from NCBI with the new sequences from this study, using MAFFT. Identical

159  sequences were removed and genetic distances were calculated (as percentage nucleotide
160 identity) and visualized in Geneious Prime ® 2022.2.2.

161

162  Recombination detection

163  All new tobamovirus species were screened for the presence of recombination using the
164  recombination detection program v4.96 (RDP4) (44), using the default parameters. A full
165 genome alignment including the new tobamoviruses detected here, NCBI RefSeqgs for

166  subgroup 1 and 3 viruses, and the top blast hits for each tobamovirus contig was used as
167  input (n=75 sequences). The highest acceptable p-value was set to 0.05 with Bonferroni
168  correction, and recombination events were only considered if detected by at least three

169  different methods.

170

171 Meta-transcriptomic identification of potential plant host species

172  CCMetagen (45) was used to classify the non-viral transcripts in the libraries where

173  tobamoviruses were detected, using the default method of abundance calculation.

174  Classification was based on screening against the curated indexed database compiled by
175  the CCMetagen creators, which contains the NCBI nucleotide collection, with the exception
176  of most artificial and environmental sequences that lack taxids.

177

178  PCR confirmation
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179  The presence of the novel or exotic tobamoviruses detected within each

180  metatranscriptomic library were confirmed by amplifying a small fragment of the relevant
181  virus (RMV, 565 bp; SG3-like tobamovirus, 571 bp; bluey tobamovirus, 226 bp; bambi

182  tobamovirus, 540 bp). For RMV, the SuperScript™ One-Step RT-PCR System with

183  Platinum™ Taqg DNA polymerase (Invitrogen, MA, USA) was used according to the

184  manufacturer’s instructions. RMV isolate PV-051 infected lyophilized plant material

185  imported from DSMZ Germany was used as a positive control. Optimum cycling conditions
186  were as follows: 50°C for 30 min for reverse transcription, 95°C for 15 min followed by 35
187  cycles at 95°C for 30 s, 55°C for 40 s, and 72°C for 45 s, with a final extension at 72°C for
188 10 min. For all other viruses, the RT-PCRs were conducted in a different lab using the

189  SuperScript™ IV One-Step RT-PCR system (Invitrogen) according to the manufacturer’s
190  protocol. The cycling conditions were as follows: 50°C for 10 mins and 98°C for 2 mins,

191 followed by 35 cycles of 98°C for 10 s, 55°C for 10 s and 72°C for 30 s, with a final

192  extension of 72°C for 5 mins. The amplified specific PCR products generated were

193  confirmed by gel electrophoresis followed by SYBR safe staining. At least one set of PCR
194  products for each virus were purified and confirmed by Sanger sequencing at the Australian
195  Genome Research Facility (AGRF) at Westmead, NSW.

196

197  Amplification and Sanger sequencing confirmation of SG3-like tobamovirus virus genome
198  To confirm the consensus genome sequence of SG3-like tobamovirus virus, RT-PCR and
199  Sanger sequencing was performed on sample 12.9 from library 16-Deer2B. The

200 tobamovirus sequence was amplified in four segments (~1040 bp to ~2100 bp) using the
201  SuperScript™ IV One-Step RT-PCR system (Invitrogen) following the manufacturer’s

202  protocol and using four primer sets (Table S1). The cycling conditions were as follows: 50°C
203  for 10 mins and 98°C for 2 mins, 35 cycles of 98°C for 10 s, 55°C for 10 s and 72°C for 1
204  min, and a final extension of 72°C for 5 mins. DNA amplicons were purified using the

205  GenElute PCR clean-up kit (Sigma-aldrich, MO, USA) and sent for single direction sanger
206  sequencing at AGRF at Westmead, NSW, Australia using the amplification primers plus
207  additional sequencing primers (Table S1). The resulting chromatograms were trimmed and
208  mapped to the original metatranscriptomic-assembled genome sequence using Geneious
209  Prime version 2022.1.1, and a consensus generated.

210

211 Data Availability

212 The consensus sequences for tobamoviruses assembled in this study have been submitted
213  to NCBI/GenBank and assigned accession numbers XXXXX-XXXXX.
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214

215 Results

216  Detection and classification of tobamoviruses in animal gut metatranscriptomes

217  Viral contigs related to tobamovirus species were detected by Blast analyses of the gut
218  metatranscriptomes of Australian wild animals collected from four states/territories in

219  eastern Australia; NSW, TAS, ACT and QLD. Phylogenetic classification based on complete
220 genome sequences (Figure 1A) revealed that five different tobamovirus species were

221 present in the animal metatranscriptomes sampled here: Tobacco mild green mosaic virus
222  (TMGMV), two subgroup 3 viruses, and two distinct novel tobamoviruses. Tobamovirus

223  contigs varied in length, but the complete coding region of each of the five tobamoviruses
224  detected here was assembled from at least one library.

225

226  Classification of the subgroup 3 viruses was hindered by the fact that many published virus
227  sequences (particularly CP sequences) in the subgroup 3 clade have been misclassified.
228  Despite this, it was possible to identify defined clades that represent each viral species

229  Tobamovirus plantagonis (RMV), Tobamovirus rapae (TVCV), Tobamovirus wasabi (WMoV),
230 and Tobamovirus youcai (YoMV) (Figure 1), each with 100% bootstrap support in the

231  genome sequences tree. A distance matrix based on complete genome nucleotide

232  sequences also supported that the species should be defined by these clades, in

233  accordance with the ICTV species demarcation criteria for these viruses

234  (https://ictv.global/report/chapter/virgaviridae/virgaviridae/tobamovirus), with sequences in

235 the same clade sharing >90% similarity and those in separate clades sharing less than 90%
236  nucleotide similarity (with a single outlier in YoMV) (Table 2).
237

238 Table 2. Nucleotide identity within and between tobamovirus subgroup 3 species.
YoMV WMoV TVCV RMV SG3-like tobamovirus
Maximum % identity (identical sequences have been removed)

YoMV 99.9° 85.0 824 825 81.7
WMoV 85.0 99.7 82.7 833 826
TVCV 82.4  82.7 98.4 89.0 88.0
RMV 82.5 833 89.0 99.9 88.2

SG3-like tobamovirus 81.7 82.6 88.0 88.2 98.8
Minimum % identity

YoMV 89.1° 83.1 80.6 79.5 80.5
WMoV 83.1 98.4 81.9 803 822
TVCV 80.6 81.9 926 854 87.2
RMV 79.5  80.3 85.4 90.3 86.0
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SG3-like tobamovirus 80.5 82.2 87.2 86.0 98.8
Mean % identity

YoMV 942 845 81.6 81.0 81.3
WMoV 845  99.1 82.3 818 825
TVCV 81.6 823 94.0 87.0 87.6
RMV 81.0 81.8 87.0 93.6 86.7

SG3-like tobamovirus 81.3 82.5 87.6 86.7 98.8

239  a - Cells with >90% nucleotide identity are shaded grey
240 b - Minimum identity within YoMV sequences drops below 90% due to one sequence only
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241
242  Figure 1. Diversity and geographic distribution of tobamoviruses found in animal

243  meta-transcriptomes in Australia. (A) ML phylogenetic tree of the genome sequences of
244  the tobamoviruses detected in Australian animal metatranscriptomes together with
245  published tobamovirus genomes. (B) ML phylogenetic tree of the coat gene sequences of

246  tobamoviruses detected in Australian animal metatranscriptomes together with published
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247  coat sequences, showing only the subgroup 3 clade (CP tree is in shown in Supplementary
248  Figure 1). In the ML trees, sequences obtained from animal metatranscriptomes in Australia
249  are indicated in bold and coloured by viral species, and the clades that they cluster within
250 are highlighted in the same colour: purple=bluey tobamovirus; dark blue=SG3-like

251  tobamovirus; blue=RMV; green=bambi tobamovirus; orange=TMGMV. Animal silhouettes
252  beside the clades indicate the animal metatranscriptomes from which these viruses were
253  obtained and are coloured by viral species. The GenBank accession number for published
254  sequences is indicated at the start of the taxon name. Numbers at the nodes indicate the
255  percentage support from 1,000 bootstrap replicates and the trees are midpoint rooted. The
256  location (country) of collection is indicated in the taxa name in relevant clades. Genome
257  schematics for viruses detected in this study are shown to the right of the relevant viral

258  species, with coloured arrow-tipped boxes representing forward open reading frames for
259 the following gene products: RNA replicase read-through component (RRC), RNA replicase
260 (R), movement protein (M) and capsid protein (C). The read-through stop codon in the RRC
261 is indicated by an asterisk and a break in the box, while the RNA-dependent RNA

262  polymerase region translated via the read-through mechanism is indicated by lighter

263  shading. (C) Map of eastern Australia indicating where tobamoviruses were detected.

264  Animal silhouettes indicate the animal metatranscriptomes where these viruses were

265 obtained and are coloured by viral species. Locations on the map are indicated by a letter
266 and are as follows: A=Hope Vale, QLD; B=Crace, ACT; C=Booth, ACT,;

267  D=Crackenback/Moonbah, NSW; E=Ben Lomond, TAS; F=Northern Slopes, TAS.

268

269 In clearly defining the subgroup 3 species clades, it was possible to determine that the two
270  distinct SG3 viruses detected here belonged to RMV and a distinct novel SG3 group,

271 tentatively named SG3-like tobamovirus (Figure 1A and B). The SG3-like tobamovirus clade
272  contained sequences previously published as RMV or TVCV, including the complete

273  genome of a virus detected by Mahar et al., 2020 (26) in rabbits (accession MT129780) and
274  CP sequences from New Zealand (HQ389333) and Germany (AM040973) (Figure 1B). While
275  phylogenetic analyses grouped these sequences with RMV and TVCV with strong bootstrap
276  support, these viruses are distinct from both RMV and TVCV (Figure 1). Support for the

277  SG3-like tobamovirus clade of viruses is not robust in the CP tree (bootstrap support of
278  46%; Figure 1B) due to limited informative sites, but the complete genome phylogeny

279  strongly supports the existence of this small clade (Figure 1A). Furthermore, according to
280 the Tobamovirus genus demarcation criteria (<90% nucleotide similarity between species)

281 the SG3-like tobamovirus clade is diverse enough to constitute a new species, with all
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282  sequences in the SG3-like tobamovirus clade sharing no more than 88.2% identity with

283  RMV and other viruses (Table 2), although this will need to be confirmed with additional

284  data. It should be noted that because this virus was novel but closely related to RMV and
285  TVCV, the metatranscriptome assembled genome sequence was confirmed by

286  amplification and Sanger sequencing. The entire genome sequence was confirmed with the
287  exception of a 395 nt region within ORF1 which could not be completed by Sanger

288  sequencing due to sample insufficiency.

289

290  The other two novel viruses detected in this study, tentatively named Bluey Tobamovirus
291  and Bambi Tobamovirus, were highly divergent from each other and all previously classified
292  Tobamoviruses (Figure 1A). Bambi tobamovirus was most genetically similar to Piper

293  chlorosis virus (PChV) isolate DSMZ PV-1126 (accession KX683424) based on nucleotide
294  sequence identity but shared only 60.3% nucleotide similarity across the genome and these
295  sequences did not cluster together (Figure 1). Similarly, bluey tobamovirus had the highest
296  nucleotide identity to TVCV (accession OK058510), but shared only 57.5% nucleotide

297  identity with this virus and did not form a monophyletic group with TVCV (Figure 1). These
298  two highly novel viruses did not group into a known subgroup but were most closely related
299  to subgroup 3 viruses. Finally, no viruses discovered here were determined to be

300 recombinants.

301

302  Distribution and diversity of detected tobamoviruses

308 TMGMV was detected in domestic dog rectal swabs from one location in QLD, while RMV
304  was found in rabbit gut in two locations in the ACT, and in marsupial carnivore faeces in
305 two locations in Tasmania (Figure 1C). Genetic diversity within the detected RMV viruses
306 ranged from 97.4 — 99.3% nucleotide identity. SG3-like tobamovirus was detected in both
307 the ACT in rabbit gut and in deer and kangaroo carcass swabs in NSW, sharing 98.1 —

308  99.9% nucleotide identity between them. Bluey tobamovirus was detected in a single

309 location in QLD in five libraries sequenced from domestic dog rectal swabs as well as a

310 library from a tick that was attached to a domestic dog. The bluey tobamovirus viruses

311  discovered here shared 98.1 — 100% nucleotide identity, including the tick virus that

312  exhibited 100% identity with a virus from a dog rectal swab. Bambi tobamovirus was found
313  intwo libraries from fallow deer anal and mouth swabs, both libraries sampled from the

314  same deer 2-4 weeks apart in a single NSW location and these sequences exhibited 99.8%
315  nucleotide identity.

316
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317  Potential source and spread of tobamoviruses in Australia

318  As there are limited published sequences for RMV, TMGMV, and related viruses, it is

319  challenging to determine when these viruses arrived in Australia and where they came from.
320  The closest relatives to the Australian RMVs were sampled from Germany and Hungary

321 (according to the CP phylogeny which has the most available sequence data, Figure 1B),
322  while the closest relatives of the SG3-like tobamovirus viruses were from Hungary,

3283  Germany and New Zealand. However, these countries are not necessarily the source of the
324  introduction but may have simply contributed a large proportion of the published

325  tobamovirus sequences (particularly in the case of multiple RMV sequence from Germany).
326  The Australian TMGMYV clustered with viruses from Italy and Japan, based on the CP gene
327  tree (Supplemental Figure 1), but based on the full genome phylogeny was most closely
328 related to viruses from Germany. Accession OP525296, from Germany shared the highest
329 identity with the virus detected here at 96.7% nucleotide identity across the complete

330 genome, although there are a range of viruses from various countries that share more than
331  96% identity, including one from China (MZ395975), and Kenya (ON013908), that share
332  96.6% and 96.5% identity, respectively. Indeed, the most divergent TMGMV (MH730970)
333  still shares 94.5% identity with the new Australian isolate. Considering the high levels of
334 identity between isolates from different countries, it is not possible to get an indication of
335 the source country. However, for each viral species, the Australian sequences clustered
336  together (Figure 1A), suggesting that there was a single introduction of each of the five

337 tobamoviruses into Australia, and subsequent spread to other states, although this is again
338  subject to sampling biases.

339

340  Abundance of plant transcripts in gut-metatranscriptomes

341 To assess potential hosts of the tobamoviruses detected in these libraries, we examined
342  the metatranscriptomic data to identify transcripts from plants (Figure 2). The Poaceae

343  family (grasses) were detected almost universally in the dog libraries isolated in QLD. This
344  was the only plant family detected in three out of the five libraries sequenced and were only
345  absent in one library, which was made up entirely of Fabaceae (legumes). Thus, the

346  Poaceae and Fabaceae are strong candidates as hosts for bluey tobamovirus. Notably,

347  grasses were present in most metatranscriptomes sampled in this study (Figure 2), albeit in
348  lower proportions than in the dog libraries. The libraries from TAS, ACT and NSW contained
349  a greater variety of plant transcripts making it harder to identify potential hosts (Figure 2).
350 Both libraries containing bambi tobamovirus had transcripts from the Fabaceae,

351 Plantaginaceae, and Poaceae, but among a range of many other potential hosts. Most
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RMV- and SG3-like tobamovirus-containing libraries prepared from samples sourced from

herbivores (with the exception of Gudg-CC and 12-Kang2B) contained Plantaginaceae

and/or Brassicaceae transcripts (among a range of other plant transcripts), which are

known hosts for SG3 tobamoviruses (27, 29). However, the Plantaginaceae and

Brassicaceae families were absent in the RMV-containing carnivore libraries, suggesting

potential alternate hosts (Figure 2). There were no detectable plant transcripts in the tick

library.
TAS ACT NSW QLD Plant taxonomy
B Alismataceae B Malpighiaceae
1.00 E— . Amaryllidaceae Malvaceae
i) . | Amborellaceae Malvales_UC
g' Apiaceae . Molluginaceae
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Figure 2. Abundance of plant transcripts in animal gut metatranscriptomes.

Abundance of plant families is represented as a proportion of total plant transcripts present

in each library. Animal silhouettes underneath each bar indicate the animal

metatranscriptomes from which the plant transcripts were obtained and are coloured by

viral species (purple=bluey tobamovirus; dark blue=SG3-like tobamovirus; blue=RMV;

green=bambi tobamovirus; orange=TMGMYV). Multiple animal silhouettes represent multiple

viruses in that library. Note that libraries not pictured in the plot did not contain any plant

transcripts.

PCR confirmation

We employed RT-PCR of original RNA samples to verify the true presence of novel and

exotic viruses in each individual library. The following viruses were detected in multiple
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373 libraries sequenced on the same lane: bluey tobamovirus, bambi tobamovirus, SG3-like
374  tobamovirus, and RMV. RNA was not available for the ACT libraries, but for the libraries
375  from NSW, QLD and TAS, the presence of the relevant viruses in individual RNA samples
376  was determined by RT-PCR (except for libraries P19 and P21 for which there was

377  insufficient RNA for all samples) (Table 3). Importantly, where RNA was available for testing,
378  we confirmed the presence of all viruses detected in metatranscriptomes in one or more
379  samples pooled in the library, including confirming the presence of the bluey tobamovirus in
380 tick samples. While insufficient RNA precluded the use of RT-PCR to confirm that the RMV
381  contigs in P19 and P21 are not the result of index hopping from other libraries, we

382  determined that the contigs from these libraries are not identical to those from other

383 libraries sequenced on the same lane, suggesting that RMV is indeed present in P19 and
384  P21. Specifically, the P21 library had multiple RMV contigs which shared 96.4-99.4%

385 nucleotide identity with contigs from P22, and 95.4-98.4% nucleotide identity with the

386  single RMV contig from P04. P19 RMV contigs shared 97.6-98.4% and 97.8-98.1%

387  nucleotide identity with contigs from P22 and P04, respectively. Equally, while RMV was
388 detected in both of the libraries from the ACT that were sequenced on the same lane, the
389  RMV contigs in these two libraries (Gudg-CC and GUN-CC) were not identical, sharing

390 98.4% nucleotide identity, and therefore RMV is likely present in both libraries.
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Table 3. RT-PCR confirmation of detected viruses.

Library and RT-PCR testing details No. of samples testing positive by RT-PCR per library
No. No.
Animal(s) SG3-like Bambi Bluey
State | Library samples samples | Viruses tested” RMV ) i .
sampled tobamovirus | tobamovirus | tobamovirus
in library tested?
12- Eastern grey SG3-like
NSW 4 4 NA° 1 NA NA
Kang2B kangaroo tobamovirus
SG3-like
NSW | 13-Deer2A | Fallow deer 4 4 NA 1 NA NA
tobamovirus
NSW | 15-Deer2B | Fallow deer 4 4 Bambi tobamovirus NA NA 1 NA
Bambi tobamovirus,
NSW | 16-Deer2B | Fallow deer 5 5 SG3-like NA 4 2 NA
tobamovirus
QLD | HPV3-R Domestic dog | 2 2 Bluey tobamovirus NA NA NA 2
QLD | HPV4-R Domestic dog | 3 3 Bluey tobamovirus NA NA NA 3
QLD | HPV6-R Domestic dog | 1 1 Bluey tobamovirus NA NA NA 1
QLD | HPV15-2R | Domestic dog | 2 2 Bluey tobamovirus NA NA NA 2
QLD | HPV16-2R | Domestic dog | 3 3 Bluey tobamovirus NA NA NA 3
QLD | HPV35-2E | tick 1 1 Bluey tobamovirus NA NA NA 1
Spotted-
TAS | P04 2 1 RMV 1 NA NA NA
tailed quoll
TAS | P19 feral cat 1 0 RMV Insuff® | NA NA NA
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Spotted-

TAS | P21 RMV Insuff | NA NA NA
tailed quoll
Tasmanian

TAS | P22 devil RMV 3 NA NA NA
evi

a - No. samples tested refers to the actual number of samples from this library tested by RT-PCR (as some samples had insufficient RNA)

b - Viruses tested - refers to the viruses tested by RT-PCR for this library; determined by those found in the metatranscriptome of this library

as well as other libraries on the same lane (TMGMV was not included in testing as it was not a novel or exotic finding and it was only found in

a single library).
¢ - NA=testing not required, indicated in grey

d - Insuff=Insufficient RNA for all samples in library (in both cases each library only had one RNA sample), indicated in grey.
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390 Discussion

391  Tobamoviruses are known to have devastating impacts on agricultural and horticultural

392  crops. Consequently, they are listed as biosecurity threats in many countries, including

393  Australia, where many tobamoviruses are not known to be present. Australia imports seeds
394  for the horticultural industry under stringent phytosanitary inspections. However, with

395 increasing climate change and globalisation, Australia remains vulnerable to the

396 introduction of seed or vector transmitted viruses (46, 47). Surveillance has been used in
397  Australia to monitor virulent viruses and their vectors and has been critical for the early

398 detection of exotic viruses, as well as demonstration of freedom from exotic or endemic
399  pathogens (47). The surveillance methods vary by region, but mainly involve the use of

400 targeted molecular approaches and immunoassays applied to survey particular field crops
401  and samples at the border (32). These approaches are limited in that they are unlikely to
402  detect unknown viruses and potential endemic variants, and may fail to detect incursions in
403  atimely manner (15, 48). In addition, viruses may invade or persist in wild or native host
404  vegetation habitat before spilling over to cultivated land. As such, combining surveillance in
405 field crops and border samples with metatranscriptomic surveillance of wild and domestic
406  animal gut material, offers an alternative virus surveillance strategy for early detection of
407  exotic virus incursions, and demonstration of eradication or containment measures. In this
408  study, metatranscriptomic sequencing of opportunistically sampled wild and domestic

409  animal gut material in Australia revealed the presence of five different tobamovirus species,
410 including one that was thought to be exotic (RMV) and three novel viruses (a tentative novel
411 relative of subgroup 3 tobamoviruses — SG3-like tobamovirus — and two highly diverse

412 novel tobamoviruses, bluey tobamovirus and bambi tobamovirus). This is the first study to
413  explore the use of metatranscriptomic sequencing of animals as a strategy to detect exotic
414  crop viruses.

415

416  The significance and potential impact of the presence of each of the five tobamoviruses
417  detected here varies. The detection of RMV in Australia in native and feral animal gut

418  metatranscriptomes is critical as this virus was previously considered to be exotic in

419  Australia. Likewise, the detection of the SG3-like tobamovirus is also important, as its

420  closest relatives, RMV and TVCV are known plant pathogens (27). Furthermore, this virus
421 clusters within the larger subgroup 3 clade of viruses containing RMV, TVCV, WMoV, and
422 YoMV, which are all important pathogens of Brassicaceae and Plantaginaceae (27, 49-52).
423  Therefore, it is highly possible that this virus could be pathogenic in Brassicaceae and

424  Plantaginaceae plants like its subgroup 3 relatives (27, 49-52) as transcripts from these
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425  host families were found in three of four libraries containing SG3-like tobamovirus virus. In
426  addition, the New Zealand virus that clusters with the SG3-like tobamovirus based on CP
427  sequence (HQ389333; originally characterised as TVCV), was found in a Plantago species
428  presenting with mild chlorosis or mottles (27). Nevertheless, a broader survey of the SG3-
429  like tobamovirus species in various hosts should be conducted in the future, along with
430  virus host studies.

431

432  The detection of TMGMV is not alarming as this virus is among a number of tobamoviruses
433  that have previously been detected in Australia (53), including CGMMV (14), yellow

434  tailflower mild mottle virus (YTMMV) (54), clitoria yellow mottle virus (55), YoMV (48), pepper
435  mild mottle virus (48), hibiscus virus (AY664875), tomato mosaic virus (NC_002692),

436  odontoglossum ringspot virus (KF855954.1), and tomato mottle mosaic virus (56). Indeed,
437  TMGMV has been present in Australia since the late 1800s (53). TMGMV seems well

438 adapted to members of Nicotiana (57) and is particularly common in wild Nicotiana glauca
439  wherever it is present around the world, including Australia (53). However, TMGMV is

440  known to infect a wide range of hosts, including members of the Solanaceae, Umbelliferae,
441 Gesneriaceae, Rubiaceae and Poaceae families (28, 58), and transcripts of the latter two
442  were present in the TMGMV containing library, suggesting these as potential hosts in this
443  case.

444

445 It is difficult to speculate on the pathogenic potential or likely hosts of the two highly novel
446  viruses detected in this study — bluey tobamovirus and bambi tobamovirus — because they
447  are both distinct from known viruses. However, analysis of the eukaryotic transcripts in the
448  libraries containing bluey tobamovirus and bambi tobamovirus viruses suggests grasses
449  (Poaceae) and potentially legumes (Fabaceae) as strong candidate hosts for bluey

450 tobamovirus and bambi tobamovirus, along with Plantaginaceae for bambi tobamovirus. It
451 is also possible that the true natural host for these viruses were not detectable in the

452  metatranscriptome due to low abundance or RNA degradation, as eukaryotic RNA

453  transcripts would not be protected like encapsulated viral RNA. Indeed, there were no

454  detectable plant transcripts in the tick library (which contained bluey tobamovirus).

455

456  As these viruses have not been detected elsewhere, is it possible that the natural hosts of
457  bluey tobamovirus and bambi tobamovirus are wild Australian native plants, as previously
458  shown for yellow tailflower mild mottle virus (54). As a tobamovirus originating from native

459  Australian plants has been shown to naturally spread to exotic plant species (22), a broader
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460 understanding of the distribution and the natural hosts of these viruses could be beneficial
461  for both native conservation, and their management to deter potential spillover or spread to
462  cultivated crops. Notably, there was no evidence that any of the tobamoviruses detected in
463  animal metatranscriptomes are present in horticultural farms in Australia. Thus, increased
464  field surveillance efforts remain vital to protect the horticultural industry.

465

466  We detected these viruses in a variety of animal guts, including native and feral wild-living
467  species and domestic animals, and assume that the viral hosts are plants within the animal
468  diet. Interestingly, we also found some of these viruses in carnivores and hypothesize that
469  the viruses were in plants that were incidentally consumed or in the gut of their ingested
470  prey. This is possible due to the high stability of tobamoviruses and their ability to remain
471 viable in the environment for a long time (30, 31). As tobamoviruses are spread by

472  mechanical transmission (30), it is likely that vertebrate species may play a role in the

473  spread of these viruses. It has already been shown that plant viruses may colonize new
474  environments through grazing animal teeth, ingestion of plants, and subsequent passing of
475  the viruses through the gut (24). As such, these data emphasize the potential ecological
476  importance of wild animals in the spread of tobamoviruses and other contact transmitted
477  viruses.

478

479  Interestingly, bluey tobamovirus was found in high abundance in a tick metatranscriptome
480  with a near identical viral genome sequence (99.8-100% nucleotide identity) to those found
481  in dog faeces. As this virus is highly divergent from known tobamoviruses and no plant

482  transcripts were found in the tick library, we cannot rule out an animal tropism. However,
483  since no tobamoviruses are known to be arboviruses, it is unlikely that this virus was

484  replicating in ticks or dogs. Further, it is not uncommon for plant viruses to be detected in
485  (and transmitted by) invertebrates (24, 26, 48). Indeed, 80% of plant viruses rely on insect
486  vectors for mechanical transmission (59), and invertebrate pollinators (such as the

487  honeybee and bumblebee) have been shown to transmit tobamoviruses (60, 61). As ticks
488  are not herbivores, it is unlikely that they would play a major role in plant virus transmission.
489  However, ticks are commonly found in plants, as they climb into vegetation to be in a

490 position to fall on passing animals. It is therefore possible that the bluey tobamovirus

491 mechanically adhered to tick body parts following tick contact with infected sap, through
492  physical abrasion of an infected plant, as known to occur with plant viruses transmitted by
493  bees and other pollinator insects (60-63). As such, ticks could play a role in wider dispersal

494  of tobamoviruses. Indeed, a number of tobamoviruses were found in tick viromes in China,
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495 including Tobacco mosaic virus, YoMV, and CGMMYV (64). As the dog and tick sampling
496  was done at an outdoor pop-up vet clinic in regional Queensland, it is also possible that the
497  dog and tick samples were contaminated at the point of sampling. Regardless of the host
498  origins or transmission pathways of these viruses, ectoparasites should also be considered
499  during the management and control of these viruses in the field.

500

501  These findings demonstrate that total RNA-sequencing of wild and domestic animal gut
502 swabs and faecal material is a potentially useful alternative strategy for the surveillance of
503 economically important plant viruses in Australia, in addition to targeting specific field crops
504  or natural plant hosts. This work also demonstrates that tobamoviruses are detectable in a
505 range of different animals (including domestic, native and introduced wild animals,

506  herbivores, carnivores, and even invertebrates) and that any method of sampling the gut
507  content (i.e. anal/rectal swab, faecal sample, gut content sample) can be applied. While

508 current surveillance methods involve direct sampling of individual plants or seed lots, gut
509 metatranscriptomics allows a larger scale sampling approach whereby a pool of animal

510 faeces, representing an entire range of ingested plants can be sequenced. This may reduce
511  the labour involved in the field sampling effort. In addition, where RNA extraction from plant
512  material can be challenging, the plant material in animal gut has already been broken down,
513  and therefore extraction from animal material could be a simpler process requiring less

514  complex tissue disruption methods. Conversely, a limitation of the gut metatranscriptomic
515  approach is that viruses that are not highly stable in the environment may be less likely to
516  be detected (24) due to degradation within the animal gut. It may also often fail to detect
517  DNA viruses as only RNA transcripts from these viruses are expected to be sequenced and
518 these may be degraded in the animal gut since they would not be protected by capsids.
519  However, considering RNA viruses are the most abundant plant pathogens, causing nearly
520  one-third of global crop losses (65), this approach could be a highly beneficial addition to
521  current surveillance techniques, enabling detection of a broad range of potential viral

522  threats. In particular, animal gut metatranscriptome-based surveillance would be a valuable
523  tool for detection of potential viral threats circulating in the wild, facilitating mitigation

524  techniques to avoid spill over into cultivated crops. Interestingly, in Australia,

525  metatranscriptomics has also been employed to detect plant viruses on honeybees (48),
526  including the devastating CGMMV known to have caused major losses in the horticultural
527  industry (66). Although CGMMV was first detected in Australia from a survey of cucurbit
528  crops in the Northern Territory conducted in July 2014 (14), metatranscriptomic surveillance

529  of honeybees detected low levels of CGMMYV in additional states, Queensland and Western
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530  Australia, prior to its identification in field crops (48). This further demonstrates the utility of
531 metatranscriptomics of animals for plant virus surveillance.

532

533  Due to a lack of global sequence data for RMV and related viruses, it is difficult to

534  determine their source of introduction into Australia. The TMGMV detected in this study is
535  most closely related to viruses detected in other countries, including Germany, Japan and
536  Italy. However, this does not necessarily indicate that the detected virus was recently

537 introduced from overseas as TMGMV has been endemic in Australia since the early 1900s
538  (53) and is known to demonstrate little genetic variation over time (53). However, our work
539 indicates that there has been at least one recent incursion event of a known virus — RMV.
540  As the Australian RMV sequences formed a monophyletic group, the current evidence

541  suggests that there was a single incursion of this virus. The SG3-like tobamovirus also

542  seems likely to be from a single introduction and, based on CP sequence, is closely related
543  to New Zealand and German sequences (although support for the German and New

544  Zealand viruses’ position in the CP tree was weak). Finally, the two highly diverse novel

545  tobamoviruses, bluey tobamovirus and bambi tobamovirus, are so distinct from known

546  viruses that it is difficult to determine if they represent exotic incursions or whether they are
547  endemic in Australian plants, like YTMMV (54).

548

549  Importantly, tobamoviruses were detected in animals in four Australian states and

550 territories, and RMV and SG3-like tobamovirus were each found in two states and

551  territories indicating spread of these viruses within Australia. RMV was detected in both the
552  ACT and Tasmania, even though these locations are more than 700 kms apart and

553  separated from the mainland of Australia by Bass strait, >200km of water. Viruses may

554  have spread over Bass strait through their ability to be contact transmitted via fomites (15) —
555  potentially on shoes or equipment travelling by air or on car tyres on ferries, or even by

556  migratory birds. Future studies should focus on understanding the distribution and the

557  impact of RMV and the other tobamoviruses detected here.

558

559  In sum, we determined that metatranscriptomic screening of animal gut content could serve
560 as a non-targeted surveillance tool, particularly in conjunction with existing methods of

561 plant biosecurity surveillance. Future work should focus on characterizing the host range,
562  geographic distribution and the impact potential of the new and known tobamoviruses

563  detected here. The significant distribution of these viruses in Australia demonstrates the

564  importance of early detection to prevent cryptic spread. This study also solidifies the
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565  importance of continuous integration of innovative rapid diagnostic and surveillance

566  genomics tools to support viral disease management for sustainable food production.
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SUMMARY

Tunicates are a key transitional taxon in animal evolution as the closest extant invertebrate
relatives of the vertebrates. Their viruses may also reflect this transitional state. Yet, it is not
known whether tunicate viruses are more closely related to vertebrate- or invertebrate-infecting
viral lineages. We analysed primary and publicly available RNA libraries to extend the known
diversity of tunicate-associated viruses and determine their relationship to viruses of other
animals. We present evidence that influenza viruses, alphaviruses, and some mononegaviruses
emerged prior to the evolution of vertebrates. We also show that the recombination of
glycoproteins between different orders of RNA viruses, including between positive- and
negative-sense viruses, may have shaped the evolution of multiple lineages. Our study reveals
that some disease-causing RNA virus lineages were present in early chordates and highlights
that the evolution of structural genes may be incongruent with that of the highly conserved

RNA-dependent RNA polymerase.
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INTRODUCTION

Tunicates, sometimes referred to as urochordates, are filter-feeding marine invertebrate
members of the phylum Chordata. The Tunicata subphylum comprises three classes — the
Ascidiacea, Thaliacea, and Appendicularia — that exhibit distinct life cycles and body plans.
The Ascidiacea (“sea squirts™) are the canonical tunicate, as it was their thick, tunic-like
encasement made of cellulose that inspired the name “Tunicata” (Lamarck, 1816). Ascidians
begin life as free-swimming ‘tadpole’ larvae with a simple chordate body-plan, before
attaching to manmade or natural surfaces where they undergo profound morphological changes
and become sessile adults. Despite a simple outward appearance, adult ascidians possess a
complement of organs, including a pharynx, reproductive organs, digestive organs, neural
gland, and a heart that circulates hemolymph. The Thaliacea (salps and doliolids) do not attach
to surfaces when they mature and remain free floating at a wide range of ocean depths for the
duration of their lives'. Like that of the ascidians, the doliolid life cycle includes a tadpole
stage. In contrast to the Ascidiacea and Thaliacea, the Appendicularia do not undergo
morphological changes as they mature, instead crafting intricate mucosal “houses” around their

tadpole-like bodies to trap food?.

The Tunicata are of evolutionary importance because all tunicate larvae possess a notochord.
It was the discovery of this feature by Alexander Kovalevsky in 1866 that prompted the
reclassification of the Tunicata from Mollusca to Chordata®. Since then, ascidians, in particular
Ciona intestinalis (Phlebobranchia, Ascidiacea), have been used to elucidate the mechanisms
driving gastrulation and the formation of the notochord during the early stages of chordate
development*3. The precise phylogenetic relationship of the Tunicata to the Vertebrata has
sparked considerable debate. While it has been argued that cephalochordates (lancelets) are the
sister group of the vertebrates®’, molecular data support the conclusion that tunicates are indeed
the closest relatives of the vertebrates®!°. Thus, tunicates represent a key transitional taxon in

animal evolution as the “most vertebrate-like invertebrate”.

Despite their scientific importance, very little is known about the viruses that infect tunicates

113 and incidental

aside from studies of bacteriophage diversity in tunicate gut microbiomes
findings from metagenomic sequencing. Outbreak investigations into the cause of soft tunic
syndrome, a disease that affects edible ascidians, identified a novel birnavirus'*!>. However, a
pathogenic protist was later determined to be the aetiological agent!®!'8, Data mining of tunicate

metatranscriptomes identified two members of the Medioniviridae (Botrylloides leachii
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82 nidovirus, NCBI accession MKO956105 and Tognidovirus botryllus22085, accession
83 BK066634') that utilise togavirus-like class II fusion proteins. Tunicate-associated Beihai
84  orthomyxo-like virus 2 was originally classified within the Orthomyxoviridae®’, but was later
85  found to be a member of the divergent “Cnidenomoviridae” (order Articulavirales)®'. Lastly,
86  Chowder bay tunicate associated flavi-like virus (0X394159) was identified as a member of
87  the Flaviviridae related to other marine invertebrate viruses among the “tamanaviruses”??. The
88  diversity of tunicate-associated viruses in such a small data set hints at unrealised RNA virus
89  diversity that has yet to be fully explored.
90
91  Aswell as uncovering more of the global virosphere, a thorough characterisation of the tunicate
92  virome could address a key evolutionary question: as tunicates are the sister-group to the
93  vertebrates, do their RNA viruses share a closer phylogenetic relationship with viruses found
94  in vertebrate or invertebrate hosts? If the former, these vertebrate-infecting viral lineages may
95  have predated the evolution of the Vertebrata themselves. In addition, the emergence of the
96  vertebrates was marked by major evolutionary innovations, including the development of an
97  adaptive immune system, which may have in turn impacted virus diversity. Hence, the
98 identification of vertebrate-infecting-like viruses in tunicates would provide a starting point for
99  understanding how these innovations in vertebrate evolution shaped the long-term evolutionary

100  history of disease-causing viruses. Herein, we explored this question by systematically

101 screening primary and publicly available tunicate metatranscriptomes for RNA viruses. We

102 combined phylogenetic analysis and protein structural prediction to re-assess the evolutionary

103 origins of some vertebrate-infecting viral lineages and examine instances of recombination

104  between viral orders.

105

106 RESULTS

107  Tunicate metatranscriptomes are a rich source of viral diversity

108  We assembled a data set of 3,499 tunicate metatranscriptomes from publicly available SRA

109  libraries and primary samples. The SRA libraries comprised all three classes within the

110  Tunicata (Ascidiacea, Appendicularia, and Thaliacea), albeit with an uneven distribution: the

111 majority of libraries were Ascidiacea (93%), and orders within each class were not uniformly

112 represented (Fig. 1a). The primary samples sequenced for this study comprised 31 samples of
113 Ascidiacea collected from Chowder Bay, Sydney Harbour, Australia at two time points

114  approximately one year apart (November 2021 and October 2022) (Fig. 1b).

115
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116  This data set yielded extensive viral diversity, particularly in the primary samples. In the SRA
117 and primary libraries combined, we detected putative viral contigs in 242 of the 3,480 libraries
118  analysed (7.0%) (Fig. 1¢). However, we identified putative viral contigs in all the libraries
119  generated from primary samples, which may be indicative of differences in viral prevalence
120  between primary and laboratory reared organisms and library selection protocols (e.g., the use
121 of poly-A selection in 440 libraries). Of the 1,370 putative viral contigs detected, 33 belonged
122 to known viral taxa and an additional 187 shared sequence similarity with viruses that are
123 unclassified by NCBI or the International Committee on Taxonomy of Viruses (ICTV). We
124 further categorised these contigs as “vertebrate-like candidates” and “probable non-vertebrate
125  infecting” according to the viral order to which they belonged (Fig. 1d). Contigs assigned to
126  “vertebrate-like candidates” belonged to taxa with known vertebrate hosts: the Amarillovirales,
127 Articulavirales, Birnaviridae, Bunyavirales, Hepelivirales, Jingchuvirales, Martellivirales,
128  Mononegavirales, Nidovirales, Nodamuvirales, Picornavirales, Reovirales, and Stellavirales
129 (Fig. 1e). Contigs sharing sequence similarity to viruses in taxa that have no known vertebrate
130 hosts (e.g., the Ourlivirales) were classified as “probable non-vertebrate infecting” and
131 excluded from further analysis. No vertebrate-like candidates were found in Appendicularia
132 libraries and only three candidates were detected among the Thaliacea libraries (Fig. 1d).

133

134 Because each viral taxon with known vertebrate hosts also includes families of viruses that
135  infect non-vertebrates (i.e., invertebrates and organisms outside of the animal kingdom), we
136 performed preliminary phylogenetic analyses to identify and remove vertebrate-like candidates
137  that fell within known invertebrate-infecting virus clades. Virus candidates belonging to the
138 orders Amarillovirales, Birnaviridae, Bunyavirales, Hepelivirales, Nodamuvirales,
139 Picornavirales, and Reovirales shared closer phylogenetic relationships to non-vertebrate-
140 associated viruses in their respective taxa (Figs. S1-9). Notably, two divergent Amarillovirales
141 NS5 sequences were positioned close to Chowder bay tunicate associated flavi-like virus?? near
142 the tamanaviruses (Fig. S1b). Two tunicate-associated birna-like viruses formed a clade with
143 Chicken proventricular necrosis virus and a bat faecal birnavirus (UVF62127.1) with low
144 support when aligned with MAFFT (Fig. S2a), but because this relationship was not apparent
145 when a different alignment method (MUSCLE??) was used (Fig. S2b), we were unable to draw
146 a confident conclusion on the phylogenetic relationships among these viruses. Similarly, two
147  viruses found in Stolidobranchia libraries (Polycarpa, accession: SRR18265385; Botrylloides,
148 primary sample) fell at the base of a fish astrovirus clade (Fig. S9a). However, this relationship

149 was not recapitulated when sequences were aligned with MUSCLE?. Instead, these viruses
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150  fell at the base of a clade comprising bat-associated astroviruses and Duck hepatitis virus 3
151  (albeit with low support; sh-aLRT/UFboot = 50/59) (Fig. S9b). In the case of the Nidovirales,
152 tunicate-associated nidoviruses were not closely related to the vertebrate-infecting members of
153 this order and exhibited unique features that we discuss below.

154

155  As a consequence of these analyses, we removed viruses belonging to the Amarillovirales,
156 Birnaviridae, Bunyavirales, Hepelivirales, Nodamuvirales, Picornavirales, and Reovirales
157  from our vertebrate-like candidate data set. Virus candidates belonging to the Articulavirales,
158  Jingchuvirales, Martellivirales, Mononegavirales, and Nidovirales were retained for
159  subsequent analysis.

160
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162 Figure 1. Diversity of RNA viruses identified in Tunicata metatranscriptomes. (a)
163 Distribution of host organisms represented in SRA libraries as of February 2024. (b)
164  Distribution of host organisms of primary samples collected in November 2021 (time point 1)
165  and October 2022 (time point 2). (c) Percentage of libraries in which viral contigs were detected
166 by host class. (d) Distribution of viruses belonging to orders with known vertebrate hosts
167  (vertebrate-like candidates) and with no known vertebrate hosts (probable non-vertebrate
168  infecting). (e) Distribution of vertebrate-like candidates in libraries by host class. As:

169  Ascidiacea, Ap: Appendicularia, T: Thaliacea.
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170

171

172 Evolutionary history of the influenza virus lineage may have predated the Vertebrata
173 We detected articulavirus-like segments in eight Ascidiacea libraries (Fig. 2a). Three libraries
174 (accessions SRR7503161, SRR7503162, SRR7503170) were from the same BioProject
175 (PRIJNA480375) and their corresponding segments were identical. These and the library
176  generated from Clavelina lepadiformis (accessions ERR11767553, ERR11767551) were
177  derived from pharyngeal tissue. Only a small fragment (692nt) of a polymerase basic (PB) 1-
178  like segment was found in a primary library that we collected at the first time point. Two
179 fragments of a PB3-like segment were also identified in this library but could not be joined
180  with PCR. We identified complete or near-complete additional segments in five of the eight
181 libraries and fragments in two libraries (Fig. 2a). All segments were at low abundance in their
182 respective libraries (<0.01% non-rRNA reads) (Supp. Data 1).

183

184  Notably, the PB1 segment in the Clavelina library encoded a complete PB1 protein with two
185  overlapping ORFs that could make the complete PB1 through a programmed ribosomal
186  frameshift (-1 PRS). This -1 PRF mechanism involves a "slippery" heptanucleotide sequence
187 (X XXY_YYZ, here A AAA AAA), followed by a downstream stem-loop RNA structure,
188  stimulating ribosomal slippage. The placement of this frameshift (position 841) was not
189  consistent with the position of the PB1-F2 ORF found in some influenza A PB1 segments®*.
190  The sequencing coverage for this contig was low (median fold = 6, BBMap, Fig. S10), but it
191  was not indicative of an assembly error. We detected five additional segments in this library
192 (PB2, PB3, NP, HA, M), which supported the conclusion that this virus was exogenous rather
193  than an endogenous sequence.

194

195  Four of the articulavirus-like PB1 segments were influenza-like, falling basal to the hagfish-
196  associated PB1-like sequence with long branch lengths (Fig. 2b,c¢). Three of these (Ciona
197  savignyi, Clavelina lepadiformis, and Ascidia mentula influenza-like viruses) formed a clade
198  (Fig. 2b,c). Although the relationship of these sequences to that associated with a hagfish
199  (jawless vertebrate) and most other vertebrate-associated influenza viruses was consistent with
200  virus-host co-divergence over timescales of hundreds of millions of years (Fig. 2c), their
201  relationship to each other was not. In particular, Ciona and Ascidia are both members of the
202 Phlebobranchia, while Clavelina, the sister group to the Ciona-associated sequence, belongs to

203 the Aplousobranchia. Additionally, two fish-associated sequences (Grass carp influenza-like
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204  virus and Sturgeon influenza-like virus) fell at the base of the clade, albeit with low support
205  (sh-aLRT/UFboot = 49.9/44), suggestive of possible ancient host jumps. This placement was
206  consistent in the other two polymerase segments (PB2 and PB3, Fig. S11), but not in the
207  structural proteins (HA and NP, Fig. S12,13) that may be too divergent to compare.

208

209  The other segments from the tunicate libraries similarly shared a close relationship with the
210  canonical influenza viruses (i.e., Influenza A, B, C, and D) (Fig. S11-13). In all cases, the PB2
211 and PB3 segments shared a closer relationship with influenza C and D viruses rather than
212 falling as distinct lineages (Fig. S11). The placement of the NP and HA segments was uncertain
213 and changed depending on the alignment method used (MAFFT: C/D-like, MUSCLE: A/B-
214 like) (Fig. S12-13). The PB1 segment from the Aplidium library (ERR6745738), which was
215 the only segment we could identify in this library, was not influenza-like and formed a sister
216 group with the divergent “Cnidenomoviridae™?! (Fig. 2a,b).

217

218  Given that influenza-like viruses have not been previously documented in invertebrates and
219  ascidians are filter-feeders that consume particulate organic matter, an alternative hypothesis
220  was that these viruses were derived from the diet of the host animal. However, this was not
221  supported through an analysis of the library composition. In three cases, other chordate reads
222 comprised a small percentage of each library (6% ERR1037086, 1% SRR7503170, 0.7%
223 Primary Sample #17), and no other chordate reads were detected in the remaining four libraries
224 (Fig. S14). The consistently close phylogenetic relationship of the tunicate-associated
225  segments further suggested that tunicates were the bona fide host because the libraries were
226  derived from organisms collected across multiple continents (e.g., ERR10378036, Europe;
227 SRR7503170, Asia; Primary sample #17, Oceania). We therefore conclude that these viruses
228 likely represent the first observed instances of invertebrate-associated influenza-like viruses,
229  and, as a consequence, that the influenza virus lineage evolved prior to the Vertebrata.

230
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Figure 2. Influenza-like virus segments in seven ascidian metatranscriptomes. (a)
Schematic of articulavirus-like segments detected in SRA (n = 8) and primary (n = 1)
metatranscriptome libraries. The lengths of each segment are denoted in nucleotides (nt).
Curved edges indicate incomplete ORFs. Bold face indicates the representative library from
which segments were visualised. (b) Unrooted phylogeny of the Articulavirales inferred using
the PB1 gene. Viruses identified in this study are indicated with stars. (¢) Extract of the
influenza virus clade from the order-level phylogeny. Viruses identified in this study are
denoted by red tip labels. Support values for select nodes are reported as sh-aLRT/UFboot. The

branches of both phylogenies are scaled by the number of amino acid substitutions per site.
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243 Evidence for aquatic, invertebrate origins of multiple vertebrate disease-causing viral
244 lineages

245  Given the discovery of tunicate-associated influenza-like viruses we asked whether other
246  disease-causing viral lineages might have originated early in chordate evolution. We identified
247  one such example in the novirhabdoviruses, negative-sense RNA viruses from the order
248  Mononegavirales that can cause overt disease in finfish?. Specifically, five putative viral
249  contigs in our data set formed a “stepwise” branching pattern at the base of the canonical
250  Novirhabdovirus clade (Fig. 3a). The family-level tree topology recapitulated the position of
251  the novirhabdoviruses as the only members of the Gammarhabdovirinae, which form a sister
252 group to the other lineages within the Rhabodiviridae*® (Fig. 3b). Two novirhabdo-like viruses
253  were associated with Stolidobranchia (Botryllus schlosseri, accession SRR10352255;
254 Botrylloides leachii, primary sample). Three identical and highly divergent Phlebobranchia-
255  associated viruses from the same BioProject (PRINA248170, Ciona intestinalis) fell between
256  them (Fig. 3b). The Ciona libraries were derived from nervous tissue in animals undergoing
257  regeneration (Fig. S15). Two novirhabdo-like contigs encoded seemingly complete genomes
258  (13306nt) with six ORFs, while the third contig was partial (8764nt) (Fig. 3b).

259

260  The genomic architecture of the seemingly complete novirhabdo-like virus differed from that
261  of canonical novirhabdoviruses. Specifically, the Ciona-associated virus (Ciona intestinalis
262 novirhabdo-like virus 1) was ~200nt longer than other viruses in this genus, and the ORF
263 encoding the glycoprotein appeared to be split with a frameshift (Fig. 3¢). In addition, we were
264  unable to identify the non-virion (NV) protein unique to the novirhabdoviruses using sequence-
265  based similarity methods. It may be that the tunicate-associated NV is too divergent in
266  sequence, and we hypothesised that it could be encoded between ORFs 3 and 4 (Fig. 3c),
267  although it is also plausible that these viruses do not encode a NV protein at all. We therefore
268  concluded that these ascidian-associated viruses were novirhabdo-like and represented
269  divergent, invertebrate members of the genus.

270

271 In asimilar fashion, we detected two fragments of a chu-like virus closely related to Tasmanian
272 devil chu-like virus (TDCV)?’ in a library generated from Ciona intestinalis larvae undergoing
273 tail regression (accession SRR18365523, BioProject PRINA725676). We assumed that the
274  ascidian was the host because no other plausible host was present in the library, which
275 comprised >99% Phlebobranchia contigs. One fragment encoded the RNA-dependent RNA
276  polymerase (RdRp) and was present at low abundance (0.003% of non-rRNA reads). The 5’
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277  terminal of the ORF was incomplete, precluding us from determining whether this virus is
278  segmented. Nevertheless, the RARp sequence formed a sister clade with that of the TDCV (sh-
279  aLRT/UFboot = 100/100), and this clade did not fall within any known Jingchuvirales linecages
280  (Fig. 3d, Fig. S16) as previously reported®®. The other fragment encoded three ORFs (a
281  metapneumo-like glycoprotein, a protein of unknown function, and a bornavirus-like
282 nucleoprotein), which reflected the genome organisation of TDCV (Fig. 3d, insef) and was
283 more abundant than the RdRp-encoding fragment (0.13% non-rRNA reads). The nucleoprotein
284  and the glycoprotein sequences similarly formed clades with their TDCV counterparts (Fig.
285 S17). Taken together, these evolutionary relationships, the shared genome organisation, and
286  the phylogenetic distance from other vertebrate-infecting viruses in this order, suggested that
287  there are multiple unrelated clades of chordate-infecting viruses in the Jingchuvirales.

288

289  Lastly, we identified a fragment (3481nt) of an alpha-like virus in a library generated from a
290  hemolymph sample of an Ascidia sydneiensis samea (Phlebobranchia) at low abundance
291 (0.002% of non-rRNA reads). Although the ORFs encoding non-structural and structural
292 proteins were both partial, they exhibited well-defined alphavirus characteristics. The structural
293 ORF encoded an alphavirus capsid protein (HHPred probability = 97.16%, e-value = 0.00027).
294  The RdRp encoded by the non-structural ORF fell at the base of the canonical alphavirus clade
295  with robust support (sh-aLRT/UFboot = 99.9/100) (Fig. 3e, Fig. S18). Of note, its relationship
296  basal to the two known aquatic alphaviruses (southern elephant seal virus and salmon pancreas
297  disease virus, Fig. 3e, icons) was consistent with virus-host co-divergence and an aquatic origin

298 of the Togaviridae®.
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Figure 3. Evolutionary origin of the novirhabdoviruses, vertebrate-infecting
Jingchuvirales, and the Togaviridae may have predated Vertebrata. For all phylogenies,
branches are scaled according to the number of amino acid substitutions per site. (a)
Phylogenetic diversity of the Rhabdoviridae with the novirhabdoviruses indicated by green
branches. Stars denote viruses identified in this study. (b) The Novirhabdovirus clade from (a).
Support values are shown as sh-aLRT/UFboot at select nodes. Red tip circles denote viruses
identified in this study. (c) Genomic organisation of a canonical novirhabdovirus (Snakehead
rhabdovirus) and a novirhabdo-like virus identified in this study (Ciona intestinalis
novirhabdo-like virus 1). Genomes are scaled by nucleotides (nt). (d) Phylogenetic diversity of
the order Jingchuvirales RdRp-encoding ORFs. Viruses that are associated with vertebrate
hosts are indicated by red branches. Stars denote viruses identified in this study. Inset: Genomic
organisation of Ciona Chu-like virus identified in this study and Tasmanian devil Chu-like
virus. (e) Rooted phylogeny of the Togaviridae (order Martellivirales). Support values are

shown as sh-aLRT/UFboot at select nodes. The red circle indicates the placement of the
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314  ascidian-associated alpha-like virus identified in this study. The icons represent the putative
315 host of select viruses (source: phylopic.org).

316

317

318  Recombinant history of ascidian-associated nidovirus glycoproteins

319  Thus far, we have examined the evolutionary history of RNA viral taxa using the RdRp.
320 However, other viral proteins, such as those that facilitate virus entry into the host cell, can
321  exhibit markedly different histories*’. Recombination involving glycoproteins has already been
322 reported in tunicate-associated nidoviruses. Specifically, two of these viruses belong to the
323 Medioniviridae (positive-sense RNA viruses; order Nidovirales) and encode Class II fusion
324  proteins with apparent similarity to togavirus E1 glycoproteins (Botrylloides leachii nidovirus,
325 MK956105 and Tognidovirus botryllus22085, BK066634'") — hence the name
326  “Tognidoviruses”. This contrasts with the glycoproteins encoded by other chordate- and
327  invertebrate-infecting families in the order: the Coronaviridae®', Tobaniviridae*, and
328  Mesoniviridae®® that utilise Class I fusion proteins, and the Arteriviridae, whose fusion protein
329 has yet to be identified’**>. Thus, recombination among diverse virus groups may have played
330  a central role in shaping the evolution of the Nidovirales within chordates.

331

332 To investigate recombination in more detail, we first identified six additional tunicate-
333 associated nido-like viruses. Two of these — an apparently complete 28kb putative viral contig
334 in a Botrylloides ascidian and a partial RdRp fragment in a Didemnum ascidian — shared
335  sequence similarity with members of the Medioniviridae (Fig. 4a). The remaining four were
336  highly divergent and present in 53 libraries (51 Phlebobranchia, 2 Aplousobranchia) (Supp.
337  Data 2). We recovered only fragments of two of the four viruses, but the other two appeared
338 to be complete and were ~33kb and ~40kb in length. They did not encode a frameshift in their
339  putative ORF1lab and expressed either one or two ORFs following the putative glycoprotein
340  (Fig. 4a). We assigned names to these viruses according to their putative hosts (Fig. 4a) and
341 will use them herein.

342

343 We next used protein structural prediction to identify and characterise the glycoproteins of
344 these viruses and of members of nidovirus families for which the class of fusion protein was
345 not known. Class II fusion proteins were a defining characteristic of the Medioniviridae,
346 including the members we identified in this study (“Botrylloides medionivirus 17, “Didemnum

347  medionivirus 17, Fig 4b). Of note, they shared nearly equal structural homology (defined by
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348  FoldSeek probabilities) with the glycoproteins of flaviviruses (Spondweni virus and Bole Tick
349  virus 4), togaviruses (chikungunya virus), and bunyaviruses (Severe Fever with
350  Thrombocytopenia Syndrome Virus), suggesting that their glycoproteins share a deep ancestry
351  with all Class II fusion proteins and are not necessarily “toga-like” (Fig 4b). The glycoproteins
352 of the non-medioniviruses identified here (“Ciona robusta nido-like virus 17, “Ciona savignyi
353  nido-like virus 1 & 2”’) were more difficult to classify, with sequence-based analyses returning
354  ambiguous results (i.e., low probabilities and high e-values, Table 1). However, by structure-
355  based analysis, Ciona robusta nido-like virus 1 and Ciona savignyi nido-like virus 2
356  glycoproteins were inferred to be Class II-like with medium to high probability (0.912 and
357 0.692, respectively, Fig 4b). The protein structure of the Ciona savignyi nido-like virus 1
358  putative glycoprotein could not be predicted confidently, suggesting it is highly divergent.

359

360  The glycoproteins of previously identified nidoviruses were also predominantly Class II-like.
361  According to sequence-based analyses, the Roniviridae and Euroniviridae utilise fusion
362  proteins with similarity to both alpha- and bunyavirus glycoproteins (Table S1). Unlike other
363  members of the Nidovirales, the Mononiviridae encode a single polyprotein, and the location
364  of the glycoprotein therein was previously unknown. We therefore searched for glycoprotein-
365  like features in the Flatworm mononi-like virus polyprotein using protein structure prediction
366  and found a fold (amino acid residues 9650-9800) that was consistent with the C-terminal
367  portion of a Class II fusion protein (comprising Domain-III and the transmembrane region; Fig.
368  S19). Similarly, divergent nidoviruses previously identified using artificial intelligence-based
369  analyses® encode Class II-like fusion proteins, albeit with varying degrees of likelihood (Table
370 S2, Fig. S20).

371

372 Table 1. HHPred results for glycoproteins encoded by divergent ascidian-associated
373 nidoviruses

Virus name HHPred reference name E-value Probability (%)
Ciona savignyi nido-like  Envelope gB; Varicella Zoster Virus 4.2 67.5

virus 1

Ciona savignyi nido-like  Glycoprotein, zika virus 5.1 84.85

virus 2

Ciona robusta nido-like ~ Protocadherin-15 33 81.37

virus 1

374
375  Given the frequent occurrence of Class II fusion proteins among nidovirus families, we mapped

376  fusion protein class onto the Nidovirales RARp phylogeny to assess the frequency of inter-virus
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recombination. Notably, fusion protein types fell on multiple branches on the RdRp
phylogenies, indicative of recombinant evolutionary histories. The two tunicate medioniviruses
identified here fell within the diversity of the Class II-encoding Medioniviridae, which forms
a sister group with the Class I-encoding Mesioniviridae (Fig. 4¢). The remaining four newly
identified tunicate nido-like viruses did not fall within a known family, and the long branches
characterising the latter combined with their range of genome size (between ~33kb and 40kb)
suggest that each may represent novel virus families (Fig. 4¢). Although there was an apparent
division of vertebrate- and invertebrate-infecting lineages, this pattern again did not correspond
to glycoprotein class. Thus, as with the flaviviruses®’, glycoprotein composition in the
Nidovirales is not congruent with the evolutionary history of the RdRp, such that

recombination likely played a substantial role in shaping this order.
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389
390  Figure 4. Utilisation of Class I and Class II fusion proteins across the Nidovirales. (a)

391  Genomic architecture of tunicate-associated nido-like viruses and previously identified
392 “Tognidoviruses”. Asterisks indicate viruses identified in this study. Genomes are scaled by
393 genome size (nt). (b) Protein structure predictions for sequential overlapping sequence blocks,
394  spanning entire viral polyproteins, were compared to class-1 (C-I), III (C-III) and II (C-II)
395  fusion protein reference structures using Foldseek’’. Heat map displays highest detected
396  Foldseek probabilities for each nido- and nido-like virus against each fusion protein reference.
397  White squares are shown where no probability value was returned by Foldseek. (c) Unrooted
398  phylogeny of the Nidovirales RdRp. Branches are scaled by the number of amino acid

399  substitutions per site.
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400

401

402  Virus-host co-divergence and recombination in a divergent mononega-like virus

403  The examination of Class II fusion proteins in our tunicate virus data set revealed an additional
404  example of inter-virus recombination of a glycoprotein in a highly divergent virus found in the
405 Styela rustica hemolymph library (accession SRR16495746). The organisation of this putative
406  virus resembled that of members of the Rhabdoviridae, a family of negative-sense RNA viruses
407  (order Mononegavirales), encoding six complete ORFs, including a nucleoprotein, a
408  glycoprotein, and an RdRp that utilises the GDD amino acid motif in the palm C catalytic triad
409  (Fig. 5a). The first ORF was mononega-like, sharing similarity with Borna- and
410  Paramyxoviridae nucleoproteins (Table 3). Although the length and position of ORFs 2 and 3
411  may correspond to rhabdo-like phosphoprotein (P) and matrix protein (M), respectively, they
412 shared neither sequence nor structural homology with known proteins (Fig. 5a). We were also
413 unable to determine the possible function of the sixth ORF (Supp. Data 3). The RdRp was
414 highly divergent, sharing minimal sequence similarity (28.57%) with members of this order
415  (Table 4). Phylogenetic analysis of the Negarnaviricota placed this virus sequence at the base
416  of the vertebrate-infecting Paramyxoviridae and Pneumoviridae, suggesting that the ancestors
417  of these families evolved among invertebrate, chordate hosts (Fig. Sb). We named this putative
418 virus Styela rustica patchyvirus 1.

419

420  In a similar manner to the Rhabdoviridae, but unlike the Paramyxoviridae and Pneumoviridae,
421  the genomic architecture of Styela rustica patchyvirus 1 suggested that it encoded a single
422 glycoprotein ORF (Fig. 5a). Strikingly, this glycoprotein was not rhabdo-like (Class 1), but
423 instead shared low (25.93%) but detectable sequence similarity to the E1 glycoprotein of
424  alphaviruses, a group of positive-sense RNA viruses (7Togaviridae) (Table 4). When the
425  phylogenetic relationship of all so-called “toga-like” glycoproteins was inferred relative to the
426  canonical alphavirus glycoproteins, this sequence formed a sister group to the glycoprotein of
427  Ascidian alpha-like virus described above, albeit with long branches (Fig. 5¢). Due to the
428  divergent nature of these sequences, we could not conclude that Styela rustica patchyvirus 1
429  acquired its Class II fusion protein from the Togaviridae; however, the shared sequence identity
430  suggests that a recombination event between positive- and negative-sense RNA viruses may
431  have occurred during the evolutionary history of this viral lineage. Thus, given its unique
432 composition, Styela rustica patchyvirus 1 may be the first representative of a distinct family

433 within the Mononegavirales that exemplifies a complex, recombinant evolutionary history.
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Table 3. HHPred results for the putative nucleoprotein encoded by Styela rustica

patchyvirus 1

E- Probability
HHPred reference name value (%)
Borna disease virus nucleoprotein 6.3e- 100

33
Newcastle disease virus nucleoprotein 2.7e-6  98.6
Parainfluenza virus 5 nucleocapsid 3.3e-6 98.58
Nipah virus nucleoprotein 4.4e-6 98.53

Table 4. BLASTX nr results for Styela rustica patchyvirus 1 ORFs

Reference name (accession) Query cover E-value Identity
(%) (%)
RdRp (ORF4)

Beihai rhabdo-like virus 5 (YP_009333422.1) 20 4e-04 28.57
Hubei rhabdo-like virus 5 (YP_010084250.1) 26 0.001 22.26
Artemisia capillaris nucleorhabdovirus 1 29 0.002 23.59
(YP_010805763.1)

Jungle carpet python virus (YP_009508484.1) 20 0.002 26.92

Glycoprotein (ORF3)

Western equine encephalitis virus (ABD57956.1) 49 3e-08 25.93
Highlands J virus (ANJ02316.1) 49 2¢-06 25.83
Fort Morgan virus (YP_003324599.1) 59 3e-06 23.15
Eastern equine encephalitis virus (ADB08674.1) 55 6e-06 25.86
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Figure 5. Recombination of Class II glycoproteins to a tunicate-associated mononega-like
virus. (a) Schematic of divergent mononega-like viral genome sequence with sequencing
coverage. Question marks indicate ORFs that shared no detectable sequence or structural
similarity with known proteins but whose positions may be indicative of their function
according to the genome organisation of the Rhabdoviridae. Abbreviations: P
(phosphoprotein), M (matrix protein). (b) Unrooted maximum likelihood phylogeny of the
Negarnaviricota. Branches are scaled by amino acid substitutions per site. The arrow indicates
the placement of the Styela rustica patchyvirus 1 identified in this study. Branches are scaled
by amino acid substitutions per site. (¢) Unrooted maximum likelihood phylogeny of alphavirus
E1 glycoproteins and class II glycoproteins encoded by tunicate-associated RNA viruses.
Branches are scaled by amino acid substitutions per site, and support values are shown at select
nodes as sh-aLRT/UFboot. Animal icons indicate the known or associated host of each putative

virus (source: phylopic.org).
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457  Our analysis of tunicate metatranscriptomes sheds new light on the evolutionary history of
458 animal RNA viruses. Specifically, we present evidence that five vertebrate-infecting viral
459  lineages may have evolved prior to the origin of the Vertebrata. The phylogenetic placement
460  of the RdRp of some tunicate-associated influenza-, novirhabdo-, alpha-, chu-, and mononega-
461  like viruses was consistent with a process of virus-host co-divergence that commenced in basal
462 chordates. Perhaps most notable among these were the influenza viruses, which we previously
463  hypothesised first emerged in early vertebrates due to basal fish-associated lineages®'. In
464  contrast, other tunicate-associated viruses belonging to nine viral lineages (the Amarillovirales,
465  Birnaviridae, Bunyavirales, Hepelivirales, Nidovirales, Nodamuvirales, Picornavirales,
466  Reovirales, and Stellavirales) were invertebrate-like or fell with non-animal infecting viruses.
467  Whether this pattern reflects the evolutionary histories of those orders or is the result of
468  insufficient sampling requires further investigation.

469

470  Inaddition to enriching our understanding of the origins of some disease-causing viral lineages,
471  vertebrate-like tunicate-associated viruses exhibited unique genetic features. Ciona Chu-like
472 virus and its closest relative Tasmanian devil Chu-like virus encode an ORF of unknown
473 function between their chu-like glyco- and nucleoproteins. Similarly, Ciona intestinalis
474  novirhabdo-like virus 1 may not encode the auxiliary non-virion (NV) protein. It could be that
475  this protein, which has been shown to interfere with the host immune response’®, was an
476  innovation that evolved when the novirhabdoviruses emerged in vertebrates or that the
477  tunicate-associated homolog is too divergent to detect with sequence similarity-based methods.
478  This protein or its derivative could be encoded by the second glycoprotein-like domain
479  immediately preceding the RdRp, congruent with the canonical novirhabdovirus organisation.
480  Characterising these tunicate virus domains in cell culture would directly address the question
481  of how the evolution of the vertebrate immune system may have influenced that of RNA
482  viruses.

483

484  More striking was the example of Styela rustica patchyvirus 1, which comprises a negative-
485  sense mononega-like nucleoprotein and RdRp, coupled with a Class II fusion protein that
486  shares detectable sequence similarity to the E1 glycoprotein of a positive-sense alphavirus. The
487  placement of the RdRp at the base of the Paramyxoviridae and Pneumoviridae is indicative of
488  a viral lineage that extends back to the basal chordates. Both of those vertebrate-infecting
489  families encode Class I fusion proteins, which suggests that the switch from Class II to Class I

490  formed part of the transition from invertebrate chordate to vertebrate hosts. A similar pattern
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491  of major changes of glycoprotein composition concordant with the use of vertebrate hosts has
492 been observed in members of the Flaviviridae®’. However, the retention of sequence similarity
493 to alphavirus E1 in the patchyvirus is puzzling, particularly because this degree of similarity
494  was not retained by the putative glycoprotein encoded by Ascidian alpha-like virus. It is also
495  intriguing because it suggests a recombination event between positive- and negative-sense
496  viruses that may have occurred more recently than the transition to vertebrate hosts. Calibrating
497  the timing and direction of this event will require additional sampling of the diversity of the
498  patchyvirus lineage.

499

500  Despite these uncertainties, incongruence between the glycoprotein and RdRp phylogenies can
501  be observed multiple times in tunicate-associated viruses, and we found evidence that this
502  pattern is not specific to tunicate hosts. Tunicate-associated nidoviruses utilise an array of Class
503  Il-like fusion proteins that differ markedly from both each other and those used by other
504  families in the order. Similarly, glycoproteins encoded by the non-chordate-infecting families
505  the Roniviridae, Euroniviridae, and Mononiviridae share sequence and/or structural homology
506  with Class II fusion proteins. The Medioniviridae, which comprise a combination of tunicate
507  and non-chordate invertebrate hosts, also exhibit this feature. In contrast, Class I fusion proteins
508 are only utilised by the Coronaviridae, Tobaniviridae, and Mesioniviridae within the
509  Nidovirales, and the RdRps of these families are polyphyletic. Unlike in the Flaviviridae,
510  fusion protein type does not map onto the host: not all vertebrate-infecting families utilise Class
511 I (e.g., the Arteriviridae) and not all invertebrate-infecting families encode Class II (e.g., the
512 Mesioniviridae). Thus, host type does not account for such flexibility, and additional sampling
513 is required to elucidate the evolutionary drivers that underpinned these recombination events.
514

515  Genome size also appears to be fluid within the Nidovirales. The discovery of Nam Dinh virus
516  (family Mesioniviridae) prompted the hypothesis that this family represented an “evolutionary
517  intermediate” between the large nidoviruses (the Coronaviridae and Roniviridae) and the small
518  nidoviruses (the Arteriviridae), bolstering the argument that the acquisition of a proof-reading
519  mechanism enabled the size of the nidovirus genome to expand®’. The nido-like viruses

520  discovered in this study and previously'®3

refute such a history. In particular, Ciona savignyi
521 nido-like virus 1 (~40kb) and Ciona savignyi nido-like virus 2 (~30kb) formed a clade outside
522 of any known family in the order. Not only is this relationship indicative of unrealised viral
523 diversity, but it suggests that the genome size of nidoviruses has fluctuated, growing both larger

524 and becoming smaller, at multiple points throughout the evolution of this order. Whether this
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525  is due to the acquisition of proof-reading mechanisms, to patterns of horizontal gene transfer
526  or gene loss, or to other key genetic features requires experimental validation. It also raises the
527  question of whether other orders of RNA viruses are equally disposed to take up genetic
528  material from cellular organisms in this way. A large flavi-like virus that we previously
529  identified in a sea sponge®®, notable for both its length and apparent acquisition of bacterial
530  genes, remains the sole example outside of the Nidovirales. Further exploration of the marine
531  invertebrate virosphere is likely to reveal additional examples.

532

533 This study has some limitations. A primary challenge of metatranscriptomic analysis in the
534  absence of experimental validation is the inability to directly determine the host associations
535 of the newly identified viruses. We were instead reliant on indirect lines of evidence such as
536 the library composition and the phylogenetic relationship of divergent viruses to one another
537  to conclude that some of the viruses described in this study were likely infecting ascidians. Our
538  data set was also affected by sampling biases, specifically the overrepresentation of Ciona spp.
539  in the SRA. We were therefore unable to fully explore the viromes of the Thaliacea and
540  Appendicularia, and a concerted effort to sample these organisms from their natural
541  environments is needed to rectify these gaps. Additionally, although we could conclude that
542 some viral lineages likely emerged before the origin of the vertebrates, we were unable to
543 determine the timing of these events as we did not observe clustering by host order. For
544  example, Ciona intestinalis novirhabdo-like virus 1 (host: Phlebobranchia) fell between two
545  Stolidobranchia-associated viruses. A similar absence of clustering was observed for the
546  influenza-like viruses, and the placement of the sturgeon- and carp-associated clade at the base
547  of this group added another layer of virus-host incongruence. A further complication is a lack
548  of consensus on the phylogenetic relationships within the Tunicata and even the Ascidiacea***!,
549  such that whether or not tunicate-associated viruses adhere to virus-host co-divergence within
550  this subphylum cannot be assessed currently.

551

552 Despite this, our findings address and raise intriguing questions about the mechanisms and
553 antiquity of animal RNA virus evolution. Virus-host co-divergence has, in multiple instances,
554  been punctuated by the acquisition of genetic material through recombination across virus taxa
555  that may have had a marked effect on virus evolution (e.g., Styela rustica patchyvirus 1). As
556  this was the first systematic analysis of tunicate-associated RNA viruses, more systematic
557  sampling of the Tunicata may find that the origins of additional disease-causing vertebrate

558  viruses predated the Vertebrata. In particular, mapping the acquisition and loss of genetic

518



bioRxiv preprint doi: https://doi.org/10.1101/2024.12.15.628590; this version posted December 16, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

559  features to the transition from basal chordates to vertebrates in these lineages could reveal viral
560 traits that are correlated with disease emergence in vertebrates. Not only are tunicates a rich
561  source of RNA virus diversity, but their viruses stand to further reshape our understanding of
562 animal RNA virus evolution.

563

564

565 METHODS

566  Sample collection

567  Primary samples were collected as previously described®® from Chowder Bay, Sydney
568  Harbour, Australia on November 24,2021 (n = 12) and October 20, 2022 (n = 18). To minimise
569  the risk of cross-contamination, divers wore latex gloves and cleaned forceps with 96% ethanol
570  between sampling events. Samples were stored in RNA/DNA-free cryogenic tubes and placed
571  immediately in liquid Nitrogen before being transferred to a -80C freezer for long-term storage.
572

573 Classification of primary samples

574  All ascidians were identified based on morphology. Further classification was performed in
575 two ways. The composition of each library was first analysed using CCMetagen*?, KMA*, and
576  and the NCBI nt database (June 2019). In many cases, this proved inconclusive due to the
577  complex nature of the libraries, which include the ascidian, its diet, and the invertebrate
578  symbionts that can inhabit the organism (Fig. S21). Second, the rRNA in each library was
579  assembled and screened against the NCBI nucleotide (nt) database using blast+ v.2.12.0*
580  (Supp. Data).

581

582  RNA extractions and sequencing

583  To extract total RNA, samples were processed individually and homogenised by flash freezing
584  with liquid nitrogen and grinding with a sterile mortar and pestle (one mortar/pestle pair per
585  sample). Total RNA was extracted using the QIAGEN RNeasy Plus Mini kit, with the RNA
586  from some libraries pooled for downstream processing. Samples from the first time point were
587  sequenced individually, and samples from the second time point were combined into eleven
588  pools. Library preparation was performed using the Ribo-Zero Plus library preparation kit, and
589  all libraries were sequenced on the Illumina NovaSeq 6000 platform. One "blank" negative
590  control that contained sterile water and reagent mix was included for each run.

591

592 Library processing and assembly
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593 Nextera adapters were removed from raw reads using cutadapt v1.8.3% and the following
594  parameters: minimum length = 25, quality-cutoff = 24, number of bases trimmed at the
595  beginning and end of reads = 5. The quality of trimming was checked FastQC v0.11.8%. In
596  cases where removal was incomplete, the contigs were manually trimmed and reassembled if
597  needed. Reads mapping to TRNA were removed using sortMeRNA v4.3.3*7. Contigs were
598  assembled with MEGAHIT v1.2.9%. A total of 3,468 libraries were successfully assembled
599  (Supp. Data 4).

600

601  SRA screening

602  To capture all publicly available tunicate metatranscriptomic data, we queried the NCBI SRA
603  database for all libraries sequenced from "Tunicata", "Urochordata", "Sea squirt”, "Ascidiacea"
604  as of March 2024, at least 0.5Gb in size (n = 3937). Ten libraries were removed because they
605  were in fact associated with mollusc metatranscriptomes (1 Katharina tunicata, 1 Crobula
606  tunicata, 8 Clione limacina).

607

608  Identifying putative viral contigs

609  To detect RNA virus-like sequences, we screened all assembled libraries against the protein
610  version of the Reference Viral Database (RVDB, November 2023)*-° and RdRp-Scan
611  databases using DIAMOND BLASTx v2.0.9°!. We specified an e-value of 1 x 10~ and the
612  parameter “—very-sensitive”. All contigs that returned hits to viruses were checked against the
613  NCBI non-redundant (nr) protein database (as of September 2024) and contigs that shared
614  detectable sequence similarity to known cellular genes were removed from the data set.
615  Minimum length thresholds for contigs were assigned according to order (Table S2).

616

617  All contigs were checked for open reading frames (ORFs) using the standard genetic code (all
618  virus contigs), invertebrate mitochondrial genetic code (Cryppavirales), or ciliate genetic code
619  (Zhaovirus). Contigs that encoded truncated ORFs or did not encode ORFs were removed from
620  the data set. The sequencing coverage of contigs with unique features such as frameshifts or
621  instances of putative recombination was assessed using BBMap v37.98°2. Nucleotide
622  sequences were translated  using  the Expasy  web translate tool

623 (https://web.expasy.org/translate/), EMBOSS getorf (https://www.bioinformatics.nl/cgi-

624  bin/emboss/getorf), or InterProScan’®?. Abundance was measured according to the expected
625  count generated by RSEM v1.3.0%,
626
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627  PCR of ascidian-associated PB3 fragments

628 PCR was performed using the SuperScript IV One-Step RT-PCR kit following the
629  manufacturer’s instructions. An annealing temperature of 55C was used. Custom primers were
630  designed (Table 5).

631

632 Table 5 Primers used for RT-PCR

Primer direction Sequence
Forward CGAACTGATTGAGGAAAGAATCGAG
Reverse CACCTATGAAACAAAAACACTGTCT
633
634

635  Genome annotation and protein structure prediction

636  We used multiple sequence-based methods to identify functional domains in the genomes of
637  putative viral contigs: NCBI Conserved Domains®, InterProScan (CDD, NCBIfam,
638  TMHMM)*, HHPred>®, and Phyre2”’.

639

640  We used protein structure prediction to search for putative glycoproteins as described
641  previously®*3°. Briefly, viral polyprotein sequences were split into sequential 300 residue
642  blocks, overlapping by 100 residues. Structures were predicted using AlphaFold2-ColabFold
643 and ESMFold*-% and then compared to reference protein structures using Foldseek®’. The
644  following reference structures were used: Class | - HKU1 Spike (PDB: 5108), RSV F (6APB).
645  Class III: HCMV Gb (7KDP), VSV G (512S); Class II — CHIKV El1 (6NK7), SPONDV E
646  (6ZQI), SFTSV Gc (8ILQ) and Bole Tick Virus 4 E glycoprotein identified in a previous
647  study®*¢!¢7_ For each virus species, we identified structure blocks with the best Foldseek
648  probabilities (highest values) and e-values (lowest values) against each of the reference
649  structures.

650

651  Phylogenetic analysis

652 Preliminary invertebrate/vertebrate analyses

653  We first curated reference data sets for RNA virus orders with known vertebrate and
654  invertebrate hosts using the NCBI Virus resource. For the Bunyavirales, Martellivirales, and
655  Picornavirales, we selected representative members of each family within these orders due to
656  the high levels of sequence divergence. For the other viral orders, we downloaded all publicly

657  available RdRp amino acid sequences and removed redundant sequences at 85% identity with
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658  CD-HIT v4.8.1%%. The remaining sequences were aligned with MAFFT v7.490%, and
659  sequences that did not align correctly were removed. Misaligned sequences were mostly
660  misannotated genes (i.e., they were not RdRps). We aligned the Bunyavirales, Martellivirales,
661  and Nidovirales using MAFFT and MUSCLE v5?>. MUSCLE performed better for the
662  Bunyavirales (i.e., it did not incorrectly pull fragmented sequences to the centre of the
663  alignment), and hence this alignment was used for further analysis. All other phylogenetic trees
664  were inferred from sequence alignments generated with MAFFT v7.490. We removed
665  ambiguities at specified thresholds for the Martellivirales (70%) and Nidovirales (75%) and
666  with the parameter gappyout in all other cases using trimAl v1.4.17°, Phylogenies were inferred
667  using the maximum likelihood (ML) method in IQ-TREE v1.6.127!, with the ModelFinder
668  limited to LG models with “-mset”. Node support was measured with 1000 ultrafast bootstraps
669  (UFboot) and sh-aLRT.

670

671 Family and lineage-specific analyses

672  For the phylogenetic analysis of influenza virus segments (i.e., PB2, PB3, NP, HA),
673  representative sequences from the canonical influenza viruses A-D were included, along with
674  amphibian and fish-associated influenza-like viruses. Representative thogotoviruses and
675  quaranjaviruses were included as outgroups. Sequences were aligned with both MAFFT v7.490
676  and MUSCLE v5. No ambiguities were removed, but the ends of the alignments were trimmed
677  for PB2 and NP.

678

679  In the case of the Togaviridae, we downloaded all polymerase sequences from this family that
680  were at least 400 amino acid residues in length (n = 1,041) from NCBI. Redundant sequences
681  were removed at 90% identity with CD-HIT, leaving 45 unique sequences in our data set. We
682  then added the first 100 BLASTx hits for Ascidian alpha-like virus and removed redundancies
683 at 90% identity with CD-HIT. For the Jingchuvirales nucleoprotein and glycoprotein
684  phylogenies, we downloaded all corresponding sequences available on NCBI and removed
685  redundant sequences at 99% using CD-HIT. Sequences from each data set were aligned with
686  MAFFT v7.490 and the edges of the alignments were manually trimmed. Ambiguities were
687  removed with trimAl and the parameter gappyout, and ML phylogenies were then inferred with
688  IQ-TREE v1.6.12 and the best-fitting model was chosen by ModelFinder. Similarly, we
689  downloaded all alphavirus glycoproteins from NCBI (n = 2307) and removed redundancies at
690  85% with CD-HIT. The resulting phylogenetic trees were inferred as described for the

691  Jingchuvirales glycoproteins. We compiled reference sequences from the Negarnaviricota
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692 from NCBI, the LucaProt database’®, and studies identifying viruses in environmental
693  samples’®’?73. Amino acid sequences were aligned with MAFFT v7.480 and ambiguities were
694  removed with trimAl v1.2rev59 (parameters: -gt 0.8 -st 0.005 -cons 30). The phylogeny was
695  inferred using the ML method available in PhyML v3.3.37%, and the model was limited to LG.
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696 RESOURCE AVAILABILITY
697  Nucleotide sequences, amino acid sequences, multiple sequence alignments, and tree files are
698  publicly available at https://github.com/mary-petrone/tunicate _viruses 2024.
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