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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.
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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

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

marine fish species (Spalding and Grenfell 1997). Many are
‘cryptobenthic reef fishes’, characterized by small body sizes
(i.e. adult sizes of approximately 5 cm), short lifespans, cryptic

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

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 3.5m? 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 in iconic 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°28'59.4"E). 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 fish caught were placed either
dissected (liver and gills) or whole in RNAlater and then trans-
ported to the lab onice (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 600ul 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 (lllu-
mina). Host ribosomal RNA was depleted with the Ribo-Zero Plus
Kit (Illumina), 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 (RdRp) 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 N50 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 L. 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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Table 1. (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 L. 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 S1-5S4). 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

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
vertebrate-associated viruses; (B) non-vertebrate-associated viruses (i.e. those from algae, fungi, coral, arthropods, crustaceans, and protists); and (C)
host reference gene RPS13. Silhouettes represent viruses associated with fish species. (D) The total standardized abundance of vertebrate-associated
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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 RdRp 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 Cross-species virus transmission in a reef fish

ranavirus, doctor fish virus, and guppy virus 6 (Iridoviridae; community

Supplementary Table S3). We used the highly conserved major  Despite the large number of viruses identified, we only found evi-
capsid protein and DNA polymerase for phylogenetic analysis  dence for one cross-species transmission within our GBR ecosys-
(Whittington, Becker, and Dennis 2010), which further confirmed  tem. This involved astroviruses found in five different fish species
a novel Santee-Cooper ranavirus isolate, tentatively named H. mela-  that clustered together and exhibited high levels of amino acid
nurus ranavirus (Fig. 5). Largemouth bass virus and mandarin = sequence similarity (Fig. 3D). Specifically, phylogenetic compar-
fish ranavirus are highly lethal in farmed populations, causing  isons of ORF1b (RdRp) revealed two viral species: goby astrovirus
95-100per cent mortality (Zhang et al. 2017; Zhao et al. 2020). 1, identified in Istigobius goldmanni, and goby astrovirus 2, iden-
Our metatranscriptomic analysis also identified a novel iridovirus ~  tified in I nigroocellatus, Istigobius decoratus, A. semipunctatus, and
in E. tutuilae that fell sister to erythrocytic necrosis virus (ENV) Cabillus tongarevae (Fig. 3D). These two viruses exhibit 82.5 per cent
(Pagowski et al. 2019) and clustered with other erythrocytic-like ~ amino acid sequence similarity across the virus genome, while the
viruses identified in amphibians and reptiles (Wellehan et al. 2008;  four sequences of goby astrovirus 2 had 96.8 per cent amino acid

Alves de Matos et al. 2010; Grosset et al. 2014; Russo et al. similarity (Fig. 3D).

2021). ENV was the closest relative across all proteins identified We also detected related viruses (i.e. those from the same virus
(Supplementary Table S3). 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
(GAst1). GAst2 are labelled to represent host species: GAst2 C.t =C. tongaravae, I.d =1. decoratus, A.s = A. semipunctatus, L.n =1I. nigroocellatus. 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. 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
L. goldmanni, I. 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

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; Lefévre
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 as immune 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 95per 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.

Data availability

All sequence reads are available on the NCBI Sequence Read
Archive under BioProject PRJNA841039, and all generated virus
sequences have been deposited in NCBI/GenBank under acces-
sions ON595936-ON596019.
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Supplementary data are available at Virus Evolution online.
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