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Abstract

The emergence of infectious agents poses a continual economic and environmental challenge to aquaculture production,
yet the diversity, abundance, and epidemiology of aquatic viruses are poorly characterised. In this study, we applied salmon
host transcriptional biomarkers to identify and select fish in a viral disease state, but only those that were negative for
known viruses based on RT-PCR screening. These fish were selected for metatranscriptomic sequencing to discover poten-
tial viral pathogens of dead and dying farmed Atlantic (Salmo salar) and Chinook (Oncorhynchus tshawytscha) salmon in
British Columbia (BC). We found that the application of the biomarker panel increased the probability of discovering viruses
in aquaculture populations. We discovered two viruses that have not previously been characterised in Atlantic salmon
farms in BC (Atlantic salmon calicivirus and Cutthroat trout virus-2), as well as partially sequenced three putative novel
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viruses. To determine the epidemiology of the newly discovered or emerging viruses, we conducted high-throughput re-
verse transcription polymerase chain reaction (RT-PCR) and screened over 9,000 farmed and wild salmon sampled over one
decade. Atlantic salmon calicivirus and Cutthroat trout virus-2 were in more than half of the farmed Atlantic salmon we
tested. Importantly we detected some of the viruses we first discovered in farmed Atlantic salmon in Chinook salmon, sug-
gesting a broad host range. Finally, we applied in situ hybridisation to determine infection and found differing cell tropism
for each virus tested. Our study demonstrates that continual discovery and surveillance of emerging viruses in these ecolog-
ically important salmon will be vital for management of both aquaculture and wild resources in the future.

Key words: virus discovery; viral ecology; in situ hybridisation; metatranscriptomics; aquaculture; fisheries.

1. Introduction

The global demand for seafood is rising, whilst many wild fish-
eries are decreasing in productivity (Worm and Branch 2012).
There is extensive interest in the potential impact of infectious
disease on wild salmon populations. The 2009 decline of
Canada’s largest salmon fishery, Fraser River sockeye salmon
(Oncorhynchus nerka), instigated a public enquiry into declining
salmon stocks, in which infectious disease was highlighted as
an area deserving of more study (Cohen 2002). Meanwhile, a re-
cent federal report found that half of Canada’s Chinook salmon
(Oncorhynchus tshawytscha) populations are endangered, with
nearly all other populations in decline (Environment and
Climate Change Canada 2018). Aquaculture production is grow-
ing rapidly to meet the increased seafood demand, and its ex-
pansion provides increased opportunity for the transmission of
emerging viruses and the evolution of virulence (Kennedy et al.
2016; Kibenge 2019). Disease can be a major factor limiting
aquaculture production (Zhang and Gui 2015) and lead to sub-
stantial economic loss (Walker and Winton 2010; Lafferty et al.
2015). Although there is a growing body of research on the risk
posed by pathogens and parasites associated with aquaculture
on wild marine species (Godwin et al. 2015, 2018; Groner et al.
2016; Teffer et al. 2018; Bass et al. 2019), there has been little re-
search that considers the risk of emerging viruses in this con-
text. In fact, a recent Canadian government audit criticised
government regulatory bodies for not addressing this knowl-
edge gap and the potential risk to wild salmon from emerging
viruses associated with the aquaculture industry (Spring
Reports of the Commissioner of the Environment and
Sustainable Development to the Parliament of Canada 2018).

Factors affecting salmon populations are multi-faceted and
complex, but accumulating evidence suggests that infectious
disease may play a role in the collapse of wild salmon popula-
tions in the Eastern Pacific. A range of pathogens have been
linked to mortality in adult wild Pacific salmon (Miller et al.
2014; Teffer et al. 2018; Bass et al. 2019), but there are few data
on the role of infectious diseases in the >90 per cent mortality
of migratory juvenile salmon in the ocean. Gene expression pro-
files consistent with an immune response to viruses have been
associated with mortality in wild migratory smolts and adults
(Miller et al. 2011; Jeffries et al. 2014), as well as in unexplained
aquaculture mortalities of salmon in marine net pens in British
Columbia (BC) (Miller et al. 2017; Di Cicco et al. 2018). Together,
these suggest that there are a range of viruses that may contrib-
ute to decreased survival of migratory salmon in BC. Moreover,
there are concerns about the impact of emerging infectious
agents associated with the expansion of salmon enhancement
hatcheries (Naish et al. 2007; Mordecai et al. 2019) and salmon
aquaculture in BC, which operate in the same waters through
which wild Pacific salmon migrate (Morton et al. 2017).

The number of documented RNA viruses is undergoing rapid
growth, largely since the next generation sequencing and asso-
ciated metatranscriptomic boom of the last decade (Bolduc
et al. 2012; Shi et al. 2016, 2018; Debat 2018; Greninger 2018). As
a result, we are gradually uncovering previously unknown viral
diversity, known as viral dark matter (Krishnamurthy and
Wang 2017; Obbard et al. 2020). However, metagenomics has
limitations, and there are barriers to viral discovery—screening
a large number of samples is costly and time consuming and vi-
ral genomes are often outnumbered by orders of magnitude
amongst the host, bacteria, and other contaminants (Daly et al.
2015; Rosani et al. 2019; Zhang et al. 2019). Furthermore, huge
amounts of data are generated in a ‘sequence and see’ approach
to metagenomics, which can be costly and time consuming to
analyse, and there is no guarantee that the genomes that are
found are biologically relevant, or even infect the host, which
was sampled. Our knowledge of viruses in non-mammalian ver-
tebrates is comparatively scarce, but growing rapidly, and most
families of RNA viruses once thought to be restricted to mam-
mals are now known to infect or be associated with fish meta-
transcriptomes, some of which appear to be ancient relatives of
important human pathogens (Shi et al. 2018; Zhang et al. 2018;
Mordecai et al. 2019).

Studying disease in wild populations is exceedingly complex
(Rhyan and Spraker 2010), and although terrestrial strategies
can include treating for known infectious agents, fish health
investigations often begin with discovery. In the ocean, mortal-
ity events are rarely observed; sampling efforts solely capture
live fish, and weak and dying fish are probably predated before
the disease progresses to mortality (Miller et al. 2014, 2017). In
order to surmount some of these difficulties, we applied a host
viral disease development (VDD) biomarker panel shown to be
predictive of an active RNA virus infection in salmon (Miller
et al. 2017; Di Cicco et al. 2018) to select fish for metatranscrip-
tomic sequencing, followed by molecular surveillance and in
situ hybridisation (ISH) to prove infection.

2. Materials and methods
2.1 Sample collection

We applied similar sequencing and screening approaches to
those used previously (Mordecai et al. 2019), but brief details are
included below for completeness. Samples were provided by the
Fisheries and Oceans, Canada Aquaculture Management
Division, Environmental Watch Program, High Seas Program,
Strait of Georgia Salmon Program, PARR Program and Salmon
Enhancement Program as well as by the Hakai Institute.
Hatchery samples are identified by fin clipping, but as not all
hatchery fish are marked, wild fish could also encompass
unmarked hatchery fish. In this study, we sequenced eighteen
Atlantic salmon and twelve Chinook salmon from the
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Aquaculture Audit for viral discovery and also sequenced one
sample from the High Seas Program (B2175) (Supplementary
Table S6).

2.2 Nucleic acid extractions

DNA was extracted for detection of DNA viruses, bacteria, and
parasites from the same tissues from which we extract RNA to
target RNA viruses. Nucleic acid extractions on the aquaculture
audit samples (eight tissues—gill, atrium, ventricle, liver, pyloric
caeca, spleen, head kidney, and posterior kidney) were as previ-
ously described (Laurin et al. 2019). For the wild samples, ho-
mogenisation using Tri-reagentTM was performed in a Mixer
Mill (Qiagen, Maryland) on each tissue independently (five tis-
sues—gill, liver, heart, head kidney, and brain). Tri-reagentTM

homogenates were organically separated using bromochloro-
propane, with the RNA-containing aqueous layer removed for
RNA extraction and the lower DNA-containing organic layer
separated from the organics using a TNES-Urea Buffer (Asahida
et al. 1996).

For the DNA extractions, a pool of 250 ll (five tissues contrib-
uting 50 ll each) from each of the tissue TNES aqueous layers
were processed for DNA using the BioSprint96 DNA Blood kit
(Qiagen, Maryland) and the BioSprint96 instrument (Qiagen,
Maryland) based on the manufacturer’s instructions. DNA was
quantified using spectrophotometer readings performed on the
Infinite M200Pro spectrophotometer (Tecan Group Ltd,
Switzerland) and normalised to 62.5 ng/ll using the Freedom
Evo (Tecan Group Ltd, Switzerland) liquid-handling unit, based
on manufacturer’s instructions.

Similarly, a pool of 100 ll (five tissues contributing 20 ll
each) of the aqueous layer was processed for RNA using the
MagmaxTM-96 for Microarrays RNA kit (Ambion Inc., Austin, TX)
with a Biomek NXPTM (Beckman–Coulter, Mississauga, ON,
Canada) automated liquid-handling instrument, both based on
manufacturer’s instructions. The quantity of RNA was analysed
using spectrophotometer readings and normalised to 62.5 ng/ll
with a Biomek NXP (Beckman–Coulter) automated liquid-
handling instrument, based on manufacturer’s instructions.
Mixed tissue RNA (1 lg) was reverse transcribed into cDNA using
the superscript VILO master mix kit (Invitrogen, Carlsbad, CA)
following the manufacturer’s instructions.

2.3 VDD biomarkers

The VDD panel of host transcriptional biomarkers is capable of
differentiating fish in an active RNA viral disease state from
those carrying bacterial or fungal disease (Miller et al. 2017).
Biomarkers were derived through meta-analysis of independent
published and in-house microarray data and selected for their
consistent differential expression upon infection with a range
of RNA viral species (Miller et al. 2017). In a previous study (Di
Cicco et al. 2018), we derived species-specific VDD thresholds
for separating samples with viral disease from samples with no
known viral disease using the maximum value of Youden’s J
statistic for a receiver operating characteristic analysis of the
principal component 1 sample scores. For sequencing, we se-
lected dead and dying farmed Atlantic and farmed Chinook
salmon, which exhibited a strong VDD signal, but were deemed
negative by RT-PCR for any RNA viruses known to infect salmon
in the North Pacific (Piscine orthoreovirus-1, Infectious pancre-
atic necrosis virus, Infectious haematopoietic necrosis virus,
Infectious salmon anaemia virus, and Pacific salmon
paramyxovirus).

A statistical model based on the hypergeometric distribution
(Spiegel and Stephens 2017) was developed to assess the proba-
bility P that a particular novel virus would have been detected
via sequencing. The hypergeometric distribution determines
the chance that in a pond of m infected and n non-infected
salmon (total mþn), x infected salmon are found when k
salmon are pulled randomly from the pond. The probability P is
equivalent to the chance that at least one infected salmon is
found, which can be derived as 1 minus the probability that no
infected salmon is found in the k randomly pulled salmon.
Figure 4C shows probability curves for different virus prevalence
as a function of the number k of pulled salmon. All curves are
based on a total of mþn¼ 665 samples as an example, which is
the number of Atlantic salmon in the farm audit study. For the
curve with a virus prevalence of 10 per cent, parameters m¼ 67
and n¼ 598 are used for the calculation with the hypergeometric
distribution.

2.4 Metatranscriptomic sequencing

Samples, which were VDD positive but were not positive for any
known viruses based on RT-PCR screening (Bass et al. 2019),
were prepared for metatranscriptomic sequencing of RNA as
previously described (Mordecai et al. 2019). RNA-seq libraries
were prepared using the ScriptSeq Complete Epidemiology NGS
library kit (Illumina, San Diego, CA), barcoded, and four samples
were combined into RNA-seq runs on the Illumina MiSeq plat-
form (Illumina).

Sequences were processed as previously described
(Mordecai et al. 2019). In brief, host reads were removed by map-
ping to the Atlantic salmon genome and unmapped reads were
assembled de novo using SPAdes (v3.9.1) genome assembler
(Bankevich et al. 2012); putative viral sequences were identified
by a homology search of translated contigs using DIAMOND
(v0.9.16.117) to the nr database using the sensitive mode
(Buchfink, Xie, and Huson 2015) as well as HHMER and HHpred
searches using the MPI Bioinformatics Toolkit (Supplementary
Table S1) (Zimmermann et al. 2018). Assembled sequences are
available on GenBank (GenBank accession numbers MN995807–
MN995818). In some cases, de novo assemblies were extended or
scaffolded within Geneious. Assemblies were verified by re-
aligning reads to the final scaffold to ensure there was continu-
ous coverage.

2.5 Phylogenetic analysis

To infer the phylogenetic relationship of the viruses sequenced
from the salmon, the putative viral sequences were compared
to sequences obtained from GenBank, which showed similarity
to our emerging salmon virus via a translated blast search, as
well as using selected sequences from the same viral family to
provide context. Sequences with high similarity (greater than
99%) to plant viruses, or host derived sequences, which show
similarity to viral sequences (endogenous viral elements) was
not included. The evolutionary histories of the viruses were
based on the predicted RdRp amino acid sequences, complete
coding sequences for ASCV and CTV-2, and partial sequences
for the incomplete viral genomes (Supplementary Table S6).
Amino acid alignments were generated by MAFFT using the E-
INS-i algorithm (Katoh and Standley 2013), retaining all gaps to
avoid losing any information. Phylogenetic trees were gener-
ated with RaxML to construct ML trees using the
PROTGAMMALG model, 100 distinct starting trees and 1,000
bootstraps (Stamatakis 2014). Trees were mid-point rooted for
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clarity only and annotated within R using ggtree (Yu et al. 2017).
Supplementary Fig. S2 was also generated with RaxML using the
GTRCATI model, 100 distinct starting trees and 1,000 bootstraps.
The tree was rooted by the outgroup (Avian hepatitis E virus)
and viewed in R using ggtree (Yu et al. 2017).

2.6 RT-PCR

Assembled viral sequences from the appropriate sample were
imported into Primer ExpressTM v3.0.1 software (Thermo Fisher
Scientific, Waltham, MA) where quantitative polymerase chain
reaction (qPCR) TaqMan assays were designed using default
parameters. High-throughput RT-PCR using these assays was
carried out as previously described (Miller et al. 2016; Mordecai
et al. 2019), specifically, a 5 ll template mixture was prepared
for each sample containing 1� TaqMan Universal Master Mix
(No UNG), 1� GE Sample Loading Reagent (Fluidigm PN
85000746) and each of diluted STA’d sample mixtures. Five
microlitres of Assay mix was prepared with 1� each of the ap-
propriate TaqMan qPCR assays (agent probe in FAM-MGB and
artificial positive construct probe in NED-MGB, 10 lM of primers
and 3 lM of probes) and 1� Assay Loading Reagent (Fluidigm PN
85000736). Primer and probe sequences are included in
Supplementary Table S5 and the Fluidigm Biomark platform
standard TaqMan program for qPCR was used, which includes a
hot start followed by 40 cycles at 95 �C for 15 s and 60 �C for
1 min (Fluidigm Corporation, CA, USA). For each assay, a theo-
retical limit of detection was applied, which results in removing
positive detections with a very low load. The limit of detection
is set to the concentration of the analyte in the sample matrix
that would be detected with high statistical certainty (95% of
the time), as previously described (Miller et al. 2016).

2.7 Histology and ISH

Fish positive for CTV-2 (n¼ 19), PsNV (n¼ 7), CAV (n¼ 3), and
pRNAV (n¼ 2) were selected for histological analysis and ISH to
confirm the presence and localisation in the tissues and lesions.
Histology samples that tested positive for at least one of the
four agents from qPCR detection were used. We used methodol-
ogies similar to previously described (Mordecai et al. 2019).
Briefly, the fish were euthanized with an overdose of TMS, im-
mediately dissected and the internal organs (gills, skeletal mus-
cle, spleen, liver, heart, anterior and posterior kidney, pyloric
caeca, and brain) were fixed in 3.7 per cent neutral buffered for-
malin. Successively, the tissues were dehydrated through an as-
cending gradient of ethanol solutions, embedded in paraffin
wax, and consecutive serial sections were cut at 3.5-lm thick-
ness. One section per sample was stained with standard hae-
matoxylin and eosin staining for histological examination. The
same samples were used to perform ISH staining, which used
probes designed to hybridise the RNA of specific viruses. The
ISH was implemented using RNAscopeVR 2.5 HD Duplex Assay
(for CAV) and RNAscopeVR 2.5 HD RED (for CTV-2, PsNV, and
pRNAV) (Advanced Cell Diagnostics, Newark, CA, USA) accord-
ing to the instructions from the manufacturer. In preparation
for ISH, consecutive serial dewaxed sections to the ones used
for the histopathological analysis were boiled for 30 min in
RNAscope target retrieval reagents (Advanced Cell Diagnostics)
and then incubated for 30 min in RNAscope Protease Plus re-
agent prior to hybridisation. The sections were then hybridised
with RNAscope Duplex (CAV) or RNAscopeVR 2.5 HD (CTV-2,
PsNV, and pRNAV) probes against a portion of target agent ge-
nome segment (Advanced Cell Diagnostics, catalog #513571

[CAV], #513581 [CTV-2], #576651 [PsNV], and #576641 [pRNAV]),
to detect the target agent in the tissues. Probes against the bac-
terial gene DapB were used as a negative control to confirm the
absence of background and/or of non-specific cross-reactivity of
the assay (Advanced Cell Diagnostics, catalog #310043). Two
samples negative through RT-PCR to all the viruses were
utilised as negative controls to confirm the absence of
cross-reactivity. A probe against the housekeeping gene PPIB
(Advanced Cell Diagnostic, catalog #494421 and #540651 for
Atlantic salmon and Pacific salmon samples, respectively) was
used to assess the quality of RNA present in the tissue sections.
The finished histopathological sections went through the first
round of visual exam by a veterinary pathologist (co-author
E.D.D.), and then were read by a second fish pathologist (co-au-
thor H.W.F.). All images captured from the slides were photo-
graphed by a camera system (Nikon Digital Sight DS-U3, Nikon,
ON, Canada) attached to the Nikon Eclipse Ni microscope
(Nikon) and generated by Nikon NIS-Elements D4.30.01 64 Mb
software.

3. Results

Metatranscriptomic sequencing was carried out on dead and
dying farmed Chinook and Atlantic salmon collected as part of
the Canadian Department of Fisheries and Oceans aquaculture
audit, which samples marine finish aquaculture facilities to
meet regulatory requirements. Samples, which exhibited a
strong host immune response to viruses (Miller et al. 2017) but
were deemed negative by RT-PCR for any RNA viruses known to
infect salmon in the North Pacific, were selected for viral discov-
ery. Illumina sequencing followed by de novo assembly and a
translated similarity search (to the nr database) revealed a col-
lection of novel viruses or novel variants of existing viral species
(Supplementary Table S1) including the first detection of
Atlantic salmon calicivirus (ASCV) in North America, a new vari-
ant of Cutthroat trout virus (CTV-2), and three previously
unidentified RNA viruses. For these three viruses, we only
obtained partial genome sequences and infection in salmon
was unconfirmed so we tentatively named these putative
Narna-like virus (pNarnaV), putative toti-like virus (pTotiV), and
putative RNA virus (pRNAV). Additionally we confirmed infec-
tivity in salmon of two other recently discovered salmon viruses
(Mordecai et al. 2019), Chinook aquareovirus (CAV) and Pacific
salmon nidovirus (PsNV).

3.1 RT-PCR surveillance of ASCV and CTV-2

Despite the high prevalence of ASCV in farmed fish in Norway
(Wiik-Nielsen et al. 2016), it was only recently reported in
Atlantic Canada (Teffer et al. 2020), and prior to the present
study, had not been reported from the Pacific, which is surpris-
ing considering we found ASCV in over half of the Atlantic
salmon tested (Fig. 1 and Supplementary Table S2). Infectivity of
ASCV in Atlantic salmon has been shown in Norway (Mikalsen
et al. 2014), but its presence in Atlantic salmon in BC is unex-
plored. Surveillance by high-throughput RT-PCR found that
ASCV was common in dead and dying farmed Atlantic salmon
(1,406 of 2,779 fish). Interestingly, ASCV was detected in 12 of
212 farmed Chinook and in 10 of 3,066 wild Chinook (Fig. 1).

CTV-2 was common in the salmon aquaculture samples and
was detected in 60.1 per cent of farmed Atlantic salmon and
10.5 per cent of farmed Chinook salmon (Fig. 1). However, sam-
ples with a high viral load were found in Atlantic salmon only,
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and these were mostly fish with a positive viral disease bio-
marker signal.

3.2 Phylogenetic relationship of newly discovered
viruses in British Columbia

In this study, the coding-complete genome sequence of ASCV
was assembled from a sample taken from a farmed Atlantic
salmon (G651). Interestingly, the variant sequenced in farmed
Atlantic salmon from BC is more closely related to the
Norwegian field variant than the cell-culture isolate sequenced
in the same study (Mikalsen et al. 2014) (Fig. 2A). These viruses
share 83.8 per cent nucleotide identity and 95.7 per cent amino
acid identity (in open reading frame [ORF]1) and form a distinct
clade from the cell-culture isolate based on their amino acid se-
quence. As expected for two closely related viral genomes, the
variant we sequenced in BC shares a genome structure similar
to those in Norway, with one large ORF1 (7,086 nt), and a second,
smaller ORF2 (378 nt), which overlaps with ORF1 in the 30 end of
the genome (Supplementary Fig. S1). ORF2 of the BC ASCV se-
quence is highly conserved and shares 98.4 per cent amino acid
identity with the Norwegian field sequence of ASCV.

We identified a virus genotype closely related to CTV we
named CTV-2. Figure 2B shows the phylogenetic placement of
CTV-2 within the wider Hepeviridae family and in relation to the
hepeviruses in fish and frogs recently identified from metatran-
scriptomic data (Shi et al. 2018). Although many sequence var-
iants of CTV have been partially sequenced (Batts et al. 2011),
CTV-2 is phylogenetically distinct from all published sequences
(Supplementary Fig. S2). CTV-2 shared 73.7 per cent nucleotide
identity (82% amino acid) to the published full-length CTV ge-
nome, whereas previous studies found that other variants of
CTV had a nucleotide diversity of less than 8.4 per cent (Batts
et al. 2011). Notably, CTV-2 is missing a homolog of ORF3
(Supplementary Fig. S1), which is possessed by the first full-
length CTV genome (Batts et al. 2011). Predicted ORFs are frag-
mented in the region where ORF3 is expected.

Previous metatranscriptomic sequencing of aquaculture
Chinook revealed a novel reovirus, CAV (Mordecai et al. 2019);
phylogenetic analysis of the RNA-dependent RNA polymerase
(RdRp) predicted that CAV is part of the genus Aquareovirus,
encoding eleven genome segments, each named in accordance
with their homology to the grass carp reovirus genome
(Supplementary Table S3). All segments are coding complete
but lack the terminal conserved untranslated region typical of
reoviruses (Mohd Jaafar et al. 2008). Nine of the eleven genome
segments were identified by their homology to other aquareovi-
ruses and the presence of conserved reovirus domains
(Supplementary Table S4), but there were no hits to the outer fi-
bre or FAST proteins found in other aquareoviruses and
orthoreoviruses.

3.3 Localisation

ISH revealed that CTV-2 infection was systemic, although pref-
erential sites appeared to be the optic lobes of the brain (partic-
ularly the stratum griseum periventricular and the stratum
fibrosum profundum) and the whole mesencephalon area
(Fig. 3A). The same areas were associated with mild neuronal
necrosis and degeneration as well as mild ventriculitis and pro-
liferation of ependymal cells. The virus was also observed in the
cardiomyocytes (some of which were necrotic), in the splenic
ellipsoids and in the renal haemopoietic tissue.

PsNV, first described in a metatranscriptomic survey of
Pacific salmon, was shown to be predominantly observed at
high prevalence over multiple years in Chinook salmon leaving
freshwater hatcheries and was localised to the gills by RT-PCR,
reminiscent of the respiratory disease caused by the related
mammalian coronaviruses (Mordecai et al. 2019). Here, ISH was
used to localise the viral RNA to the epithelial cells of the sec-
ondary lamellae of the gills, some of which showed swelling
and hydropic degeneration (Fig. 3B and C).

In this study, ISH shows that CAV has a systemic distribu-
tion, although it is primarily observed in the splenic, peri-
sinusoidal macrophages, and in the renal portal macrophages
(Fig. 3D–F). Additionally, scattered hepatocytes show viral par-
ticles in the cytoplasm, although lesions were not visible in
these cells.

3.4 RNA viruses with unconfirmed infectivity in salmon

Finally, smaller fragmented assemblies showed homology to
other groups of RNA viruses sequenced from three different
samples. Although there was not full genome coverage, we
were able to design RT-PCR assays (Supplementary Table S5) for
each putative virus to see how widely distributed they were in
farmed and wild salmon (Fig. 1). For all three samples, the assay
was designed on a de novo assembled sequence that showed
similarity to the RdRp, enabling phylogenetic analysis (Fig. 2C–
E). Although these RdRp sequence fragments were under 500 nt,
they are sufficient to reveal phylogenetic relationships of vi-
ruses in fish (Geoghegan et al. 2018). Each assembly was trans-
lated and aligned with protein sequences obtained from
GenBank using search results from BLAST to deduce the phylo-
genetic relationships of these putative viruses.

On the whole, these viral transcripts were more closely re-
lated to invertebrate-associated groups of viruses, implying
they were more likely to be infecting invertebrates associated
with the fish, rather than the salmon themselves (Geoghegan
et al. 2018). For example, several small assembled sequences,
referred to in this paper as pRNAV (accession numbers
MN995809–MN995814) were detected in a wild Chinook smolt
(Sample B2175). These sequences were identified as viral as
they showed similarity to a group of arthropod-associated vi-
ruses in the proposed Negevirus taxa (Fig. 3E) and the arthropod
Iflavirus genus. Additionally, screening by high-throughput RT-
PCR revealed that this virus was detected in only 0.69 per cent
of Chinook and sockeye salmon (forty-six of 6,603 samples)
(Fig. 1). Here we show, using ISH, that this putative virus is not
an environmental contaminant but appears to be associated
with an invertebrate parasite of the salmonid host, raising the
possibility that there is an alternative invertebrate host for this
virus. The virus was primarily observed in structures (tenta-
tively identified as embryonated metazoan eggs, possibly trem-
atode eggs) encysted in the lamina propria of the intestine and
localised on the serosal surface (Fig. 3G and H). The putative
eggs were surrounded by a granulomatous inflammatory reac-
tion. Viral RNA was also detected in the exocrine pancreas and
peri-capsular adipose tissue of the spleen.

Additionally, we identified sequences with similarity to vi-
ruses belonging to the Narnaviridae, a family of viruses that lack
a capsid, which we named pNarnaV, due to its phylogenetic
placement (Fig. 2D). Narnaviruses are non-infectious RNA tran-
scripts that are assumed to be vertically transmitted and which
reproduce inside the mitochondria (genus Mitovirus) or in the
cytosol (genus Narnavirus) of the host (Hillman and Cai 2013;
Dolja and Koonin 2018). pNarnaV was detected solely in
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aquaculture samples, in both Atlantic and Chinook salmon (3%
and 13% prevalence, respectively). Additionally, a small se-
quence assembly (309 nt) with similarity to a variety of fungi-
infecting totiviruses was detected in farmed Atlantic salmon
and named pTotiV (Figs 1 and 2C). However, the prevalence of
pTotiV was extremely low, with just nine out of 2,815 (0.3%)
samples of farmed Atlantic salmon samples positive for the vi-
rus, and no positive detections in 4,802 samples of Chinook
salmon.

3.5 VDD biomarkers and virus discovery

To demonstrate the effectiveness of sample selection via the
VDD biomarker, we calculated the probability of detecting novel
or emerging viruses if we had chosen a random subset of the
aquaculture audit samples available for sequencing. We include

newly described viruses, which were previously detected in
farmed Chinook including Salmon pescarenavirus-1 (SPAV-1),
CAV, and PsNV (Mordecai et al. 2019). Figure 4A and B shows
curves for the probability that randomly sequencing k samples
from the aquaculture audit would lead to virus detection in at
least one salmon. In these plots, observed detections by RT-PCR
in the aquaculture data sets were used to define prevalence
(Supplementary Data). Only viruses that had positive detections
in the aquaculture audit for each species were included. A theo-
retical copy number threshold of 1,000 nucleic acid copies per
mg of tissue was used to estimate the chance of identifying a
novel virus in a metatranscriptomic sequencing run. With this
threshold, five of the viruses were detected in the Chinook
salmon audit data (9/203 with SPAV-1, 7/203 with PsNV, 3/203
with CTV-2, 2/203 with pNarnaV, and 24/203 with CAV) and
three of the viruses were detected in the Atlantic salmon audit

Figure 1. Prevalence (%) of the emerging viruses detected by high-throughput RT-PCR. Numbers show the total number of samples tested, and the error bars show the

confidence intervals on the calculated prevalence using the Wilson method. ASCV, CAV, and CTV-2 are all confirmed to infect salmon, whilst the hosts of the pNarnaV,

pRNAV, and pTotiV are unconfirmed. Detections of PsNV and CAV in Chinook and sockeye are adapted from Mordecai et al. (2019).
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Figure 2. Phylogenetic relationship of (A) ASCV, (B) CTV-2, (C) putative totivirus (pTotiV), (D) pNarnaV, and (E) pRNAV. Sequences from this study are shown in red. Tip

points are coloured by ICTV classification where available. Phylogenies are based on the predicted amino acid RdRp-encoding sequences (CTV-2 phylogeny based on

full-length ORF1 polyprotein, see Supplementary Table S7). Branch labels show the bootstrap value, the tree is mid-point rooted for clarity only, and the scale bar

shows the mean number of substitutions per site. ASCV and CTV-2 are confirmed to infect salmon, whilst the hosts of the pNarnaV, pRNAV, and pTotiV are

unconfirmed.
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data (439/665 with ASCV, 320/665 with CTV-2, and 9/665 with
pNarnaV). Both ASCV in Chinook salmon and SPAV-1 and CAV
in Atlantic salmon had positive detections but were below the
copy number threshold of 1,000; thus, the corresponding curves
show probabilities of zero. Similarly, the probability of detecting
a novel virus depends on how many samples were sequenced
and the prevalence of the virus in the population (Fig. 4C). The
frequency is based on NGS-detectable infections, i.e. if 1,000 fish
were sequenced and 100 were positive for a specific virus, the
prevalence would be defined as 10 per cent. pTotiV was first dis-
covered in an alternative aquaculture data set (Di Cicco et al.
2018), which was not part of the Canadian Department of
Fisheries and Oceans aquaculture audit, so is excluded from
this analysis. The probabilities described in Fig. 4 demonstrate
that for more widely occurring viruses, a targeted sequencing

approach is not necessary; whereas, the rarer viruses would
likely remain undiscovered without our VDD-based sample se-
lection approach.

4. Discussion

In this study, we report the first detection of ASCV in North
America, as well as a new variant of CTV, and find that these vi-
ruses are highly prevalent in farmed Atlantic salmon in BC and
are also detected in Chinook salmon. We show that the combi-
nation of the VDD biomarker panel combined with metatran-
scriptomic sequencing, RT-PCR surveillance, and ISH is
appropriate tools for viral discovery.

The number of viral transcripts in fish metatranscriptomes
is hugely outnumbered by host transcripts and other contami-
nants (Supplementary Table S6) (Geoghegan et al. 2018; Zhang
et al. 2019). Therefore to achieve full genome coverage, high
depth of sequencing is required. In viral discovery studies, there
is a trade-off between sequencing a larger number of samples at
a lower depth of coverage versus less samples at a higher depth.
If coverage is too low, viral genome assembly can be fragmented
and only regions of the genome with similarity to known vi-
ruses are detected whilst others could be missed entirely. As a
compromise, our strategy was to sequence a larger number of
VDD-positive samples at a relatively low depth. Although this
did not yield ‘coding-complete’ sequences for all the putative
novel viruses, we were able to sequence enough of the viral ge-
nome to design RT-PCR primers to inform a high-throughput
epidemiological survey in which we screened over 9,000 salmon
sampled over one decade along the coast of Southern BC (Fig. 1),
conduct phylogenetic analyses (Fig. 2), as well as design probes
for ISH to determine infectivity and tissue tropism (Fig. 3).

ASCV was the first calicivirus in fish to be fully characterised
and sequenced (Mikalsen et al. 2014). ASCV was detected in a
high proportion of farmed Atlantic salmon in Norway and was
observed in association with several diseases including heart
and skeletal muscle inflammation. However, ASCV was also
commonly found in healthy fish and a more recent study found
no correlation between ASCV and heart and skeletal muscle in-
flammation (Mikalsen et al. 2014; Wiik-Nielsen et al. 2016).
However, there is evidence that co-infection of caliciviruses
with other viruses could be linked to clinical manifestations of
disease in baitfish (Mor et al. 2017). In this study, in farmed
Atlantic salmon from BC, we discovered viral genomes ex-
tremely closely related to the ASCV genome first discovered and
sequenced in Norway (Mikalsen et al. 2014).

The initial discovery of ASCV in Norway (Mikalsen et al.
2014) revealed two variants that shared 70.9 per cent nucleotide
identity across the whole genome, one of which was sequenced
directly from field material whilst the other was isolated
through cell culture and subsequently sequenced. This suggests
that the cell-culture isolate may have undergone selection pres-
sure under culture conditions, which is plausible considering it
was cultured in the GF-1 cell line, which originates from grou-
per, Epinephelus coioides (Chi, Hu, and Lo 1999). We found that
ASCV in BC and the wildtype sequence in Norway are closely re-
lated, whilst the cell line isolate is the most divergent of these
three sequences.

Caliciviruses are widespread in fish, and although we know
very little of their direct role in lesion development, caliciviruses
have been associated with diseased fish in aquaculture (Mor
et al. 2017). Phylogenetically, caliciviruses are part of the
picorna-like virus group, which is thought to have evolved since
eukaryogenesis (Koonin et al. 2008), so it is not surprising that

Figure 3. (A) CTV-2 in Atlantic salmon: intense staining (red) localising viral par-

ticles in the optic lobes, particularly the stratum griseum, periventricular, and

fibrosum profundum (arrowheads) and most of the mesencephalon (arrows).

Scale bar 100 lm. (B and C) PsNV in Chinook salmon: viral particles (red, arrows)

localised in the epithelial cells of the gills. Scale bar 10 lm. (D) CAV in Chinook

salmon: positive marking observed on macrophages (arrowheads) and other cell

types in the erythropoietic tissue (arrows). Scale bar 100 lm. (E) CAV in Chinook

salmon: widespread marking (green) in the spleen (arrows), particularly in the

macrophages (arrowheads). Scale bar 100 lm. (F) CAV in Chinook salmon: posi-

tive marking (green) observed in red blood cells (arrows) but also inside some

hepatocytes (arrowheads). Scale bar 100 lm. (G) pRNAV in Chinook salmon: se-

rosal surface of intestine showing granulomatous inflammatory response

engulfing embryonated metazoan eggs (probably trematodes), marked (red,

arrows) for viral particles. Scale bar 100 lm. (H) pRNAV in Chinook salmon: same

section as (G), showing granulomatous inflammation (arrows) encompassing

several embryonated metazoan eggs (probably trematodes) infected with virus.

Scale bar 100 lm.
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Figure 4. (A) Probability of finding the specified virus when sampling k samples randomly from the set of 665 Atlantic salmon in the farm audit data and (B) when sam-

pling k samples randomly from the set of 203 Chinook salmon in the farm audit data. A copy number threshold of 1,000 was used to define detection. The x-axis goes

up to values of k¼12 for Chinook salmon and k¼18 for Atlantic salmon, which were the number of samples sequenced based on suggestions derived from VDD pat-

terns in the audit data sets. (C) Probability of detecting a novel virus in 665 samples by randomly sequencing the specified subset of samples. Curves represent different

scenarios where the specified percentage of 665 samples overall has a theoretical detectable viral load for NGS sequencing.
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they are found extensively in all groups of vertebrates and
cause a wide variety of diseases in mammals and birds (Wolf
et al. 2009; Tse et al. 2012; Scheuer et al. 2013; Lefkowitz et al.
2018), including transient clinical diseases as well as haemor-
rhaging and mortality (Smith et al. 1998; Cooke 2002; Hurley
et al. 2004). Interestingly, some caliciviruses infect marine
mammals (Smith and Boyt 1990), and at least one fish species
has been reported as a reservoir for vesicular exanthema of
swine virus, which can infect and cause disease in mammals
(Smith et al. 1980, 1981). More recently caliciviruses have been
discovered in several fish and amphibia (Mikalsen et al. 2014;
Mor et al. 2017; Shi et al. 2018). Phylogenetically, fish calicivi-
ruses are basal to mammalian caliciviruses (Shi et al. 2018), and
ASCV groups within a clade distinct from the mammalian cali-
civiruses (Fig. 2A), and are more closely related to metatran-
scriptomic discovered fish caliciviruses (Shi et al. 2018) and
fathead minnow calicivirus (Mor et al. 2017). Fish caliciviruses
(Mor et al. 2017; Shi et al. 2018) are phylogenetically distinct
from those in mammals, suggesting that spillover from fish to
mammals, which has been previously reported (Smith et al.
1980, 1981), is not a common occurrence. Due to the sequence
similarity of ASCV in BC to the Norwegian variant, and its high
prevalence in farmed Atlantic salmon in BC, it seems plausible
that ASCV originates from Norwegian Atlantic salmon that
were introduced to BC for aquaculture. Detection of ASCV in
Chinook suggests a broad host range and these findings are cor-
roborated by replication of ASCV in the grouper cell line. Once
introduced to a new region, transmission between populations
and species is feasible considering caliciviruses remain viable
even after exposure to sea water for 14 days (Smith et al. 1998).

In the past decade, there has been a surge in discovery of
Hepatitis E viruses in various animals (Doceul et al. 2016), in-
cluding CTV, the first hepevirus identified in fish (Dalton et al.
2008; Batts et al. 2011; Drexler et al. 2012). We hypothesise that
CTV-2 represents a second lineage of CTV adapted to salmonid
species. CTV was first isolated in the CHSE-214 (Chinook salmon
embryo) cell line, from material collected from cutthroat trout
(Oncorhynchus clarkia) (Batts et al. 2011), and is the first member
of the genus Piscihepevirus (Meng 2013; Smith et al. 2014). In re-
cent years, a range of hepeviruses have been discovered in fish
metatranscriptomes (Shi et al. 2018). These viruses are phyloge-
netically diverse and are likely representative of other unclassi-
fied hepevirus genera, which infect fish. Here we discovered a
viral sequence with similarity to CTV, which we named CTV-2,
due to a relatively high sequence similarity and overlapping
host range. To date, CTV has not been associated with disease
but it is widespread in trout populations in the Western USA
and has also been detected in Atlantic salmon (Kibenge et al.
2000; Batts et al. 2011). Interestingly, although CTV is wide-
spread in North America, it has not been detected on any other
continent (Batts et al. 2011), which suggests this may represent
a transmission event from a Pacific species to Atlantic salmon.
However, a closely related virus has been detected in Atlantic
Canada (Kibenge et al. 2000), so the origin is not clear. Similar to
ASCV, detection of this virus in Chinook highlights the potential
for cross-species transmission.

Interestingly, CTV-2 lacks ORF3, which is found in other
hepeviruses, and encodes an immunogenic protein, which is
thought to be involved in virion morphogenesis and pathogene-
sis, but its role is not fully understood. ORF3 is not highly con-
served amongst hepeviruses and there is a low similarity in
ORF3-encoding sequences between viruses from different hosts,
suggesting it represents viral adaptation to a particular host

(Drexler et al. 2012). Furthermore, hepeviruses recently se-
quenced in fish are also missing ORF3 (Shi et al. 2018).

We used ISH to demonstrate infection in salmon by two vi-
ruses (PsNV and CAV) described in a previous metatranscrip-
tomic study (Mordecai et al. 2019). Our results confirm the
previous finding via RT-PCR that PsNV primarily infects gill tis-
sue. This finding supports our previous hypothesis that disease
caused by the virus is manifested when fish undergo physical
stress due to osmotic imbalance as they move from fresh to ma-
rine waters during smoltification (Houde et al. 2019; Mordecai
et al. 2019). Additionally, we show that CAV infection is sys-
temic, although it was primarily localised to macrophages. It is
unclear if CAV infects these immune cells as a ‘Trojan horse’
and mediates virus spread in the whole organism whilst being
protected from the host immune response (Cafruny and Bradley
1996), or whether the virus was simply localised in macro-
phages following phagocytosis in an effort to eliminate the vi-
rus from the blood.

CAV can be grouped with a growing number of aquareovi-
ruses, which are phylogenetically basal to those first discovered
in fish (Nibert and Duncan 2013; Mordecai et al. 2019). This
group includes Hubei grass carp reovirus (HGCRV, also known
as GCRV104) (Fan et al. 2013) and Pangasius aquareovirus
(unpublished, sequence available on GenBank) and the Western
African Lungfish Reovirus (Shi et al. 2018). Of these, HGCRV is
the most studied, as it causes haemorrhagic diseases of grass
carp and serious loss to carp aquaculture in China (Wang et al.
2012). Interestingly, the addition of these metatranscriptomic
sequences (Fan et al. 2013; Shi et al. 2018) further breaks down
the shallow distinction between aquareoviruses and orthoreovi-
ruses, lending weight to the call for these genera to be merged
(Nibert and Duncan 2013). CAV is more akin to the aquareovirus
group due to its phylogenetic placement based on the RdRp, as
well as possessing eleven genome segments, each of which ap-
pear to encode an ORF. As segments seven and eleven showed
no recognisable sequence similarity using a translated BLAST of
the RefSeq non-redundant database (O’Leary et al. 2016), these
sequences were attributed to CAV by their size, predicted ORFs,
and their primary protein structure. Further analysis of these
predicted proteins revealed features reminiscent of closely re-
lated reoviruses. For example, HHpred analysis of segment 7
revealed a predicted protein domain similar to the orthoreovi-
rus sigma-1 protein and adenovirus fibre proteins, suggesting it
encodes the fibre protein that is present in some, but not all
aquareoviruses and Piscine orthoreovirus (Nibert and Duncan
2013). Similarly, the putative segment 11 of CAV, contains a sig-
nal peptide and transmembrane domains as detected by
Phobius (Käll, Krogh, and Sonnhammer 2007) (Supplementary
Fig. S3). These observations are similar to those of HGCRV,
Piscine orthoreovirus and GCRV-HZ08/GD10, which also contain
transmembrane domains that could represent a membrane
interacting non-structural protein (Nibert and Duncan 2013).

In this study, we partially sequenced viral genomes, which
resembled invertebrate viruses. pRNAV was localised to an in-
vertebrate parasite as well as in the spleen of the salmon.
Recent evidence of arthropod viruses circulating in the blood of
a vertebrate host (Bennett et al. 2019) adds to the growing num-
ber of instances where arthropod viruses have been detected in
vertebrates, suggesting that cross-kingdom transmission could
be more common than previously thought. However, in many
of these cases, infectivity has not been confirmed, and detection
of contaminating sequences from alternative hosts remains a
possibility. Similarly, there have been reports of novel flavivi-
ruses infecting both marine vertebrates and invertebrates (Parry

10 | Virus Evolution, 2020, Vol. 7, No. 1

https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa069#supplementary-data
https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa069#supplementary-data


and Asgari 2019). It is not clear if the localisation of pRNAV in
the spleen reflects the dissemination of the virus from the
metazoan eggs in the intestine, or infection of an immature
stage of the parasite itself. The detection in fish of viruses that
phylogenetically resemble viruses of invertebrates reflects re-
cent work, which found sequence from the same virus in both
crabs and sharks (Parry and Asgari 2019). It is apparent that in
the marine environment, certain groups of viruses are transmit-
ted horizontally between invertebrates and vertebrates, in
which case distinction between groups of viruses that infect
vertebrates and invertebrates is starting to break down.

Similarly, we report the detection of sequences with similar-
ity to the Narnaviridae. These viruses are known to infect fungi
and are widespread in the viromes of plant-pathogenic fungi
(Marzano et al. 2016). This group was greatly expanded in a re-
cent metatranscriptomic study of invertebrates (Shi et al. 2016),
and many of these viruses appear to originate from host-
associated fungi, although it has been suggested that the sheer
number and diversity of this group of viruses implies a broader
host range (Dolja and Koonin 2018). It is unclear if the pNarnaV
infected the salmon, or an associated fungal parasite, but as the
sequence was only found in dead salmon, it suggests that the
virus may be associated with fungi associated with decompos-
ing fish.

Low detections of pTotiV meant that it was not possible to
determine the host range of this virus. There is a developing
body of work demonstrating that within one viral family, cross-
kingdom host ranges can occur (Li et al. 2014; Coyle et al. 2018).
Originally, totiviruses were thought to only infect unicellular
fungi, but the known host range of totiviruses has expanded to
include arthropods and fish (Haugland et al. 2011; Koyama et al.
2015). Pertinently, a totivirus, piscine myocarditis virus (PMCV),
was shown by ISH to infect Atlantic salmon and is associated
with cardiomyopathy syndrome (Løvoll et al. 2010; Haugland
et al. 2011). Additionally, a totivirus has been implicated as an
emerging pathogen in paenid-shrimp aquaculture (Tang et al.
2008; Prasad et al. 2017). The lack of sequence similarity be-
tween pTotiV and PMCV implies that pTotiV is evolutionarily
distinct from PMCV and may represent a second evolutionary
lineage of totiviruses infecting vertebrates. These findings high-
light the difficulties in identifying the host of novel viruses dis-
covered in metatranscriptomic surveys of RNA viruses purely
based on sequence alone.

5. Conclusions

In this study, we used ISH, sequencing, and RT-PCR surveillance
to show that newly discovered viruses ASCV and CTV-2 occur in
Atlantic salmon in BC and are also detected in Chinook salmon.
These viruses have phylogenetic proximity to other viruses that
infect fish, suggesting that they may be important to salmon
health. However, the detection of RNA via RT-PCR does not
demonstrate infection, and in some cases novel virus sequen-
ces could represent a virus from an alternative host associated
with salmon, such as pRNAV, which was seen in embryonated
eggs of what was likely a trematode parasite. Similarly, the
hosts of the putative viruses, pTotiV and pNarnaV, are not clear,
and they may have no relevance to investigations of salmon
health.

Disease is a factor affecting rates of population mortality,
and infectious diseases are an integral part of ecosystems.
However, the presence of a virus is not synonymous with dis-
ease; infections can be acute, subacute, chronic, or inapparent
(Naish et al. 2007). However, changing environmental or

anthropogenic factors, for instance, the introduction of a vector
(Martin et al. 2012), an alternative host or high density rearing
environments (Kennedy et al. 2016), can facilitate rapid viral
propagation and result in increased evolutionary pressure for
the emergence of more virulent strains or enable host-range ex-
pansion. Therefore, to understand the mechanisms of viral
emergence, we need to characterise virus diversity amongst dif-
ferent host species. Moreover, environmental stressors such as
climate change could result in disease emergence (Pagowski
et al. 2019; Price et al. 2019), even from agents that might have
previously been tolerated. Therefore, continual discovery and
surveillance of emerging viruses in ecologically important
salmon will be vital for management of both aquaculture and
wild resources in the future.

Previously, we identified VDD-positive fish with no known
viruses based on RT-PCR screening (Di Cicco et al. 2018) and se-
lected these for sequencing. Three previously unknown viruses
were identified from eighteen Atlantic salmon, and four more
viruses were identified in twelve Chinook salmon. For an as-
sumed, required copy number threshold of 1,000 to detect vi-
ruses by NGS on a MiSeq, the probability of detection of
pNarnaV in Atlantic salmon was 22 per cent if fish were ran-
domly selected. ASCV and CTV-2 would have been detected
with 100 per cent certainty. For Chinook salmon, the probability
of pNarnaV, CTV-2, PsNV, SPAV-1, and CAV was 11.5 per cent,
16.8 per cent, 35.2 per cent, 42.9 per cent, and 78.9 per cent if
fish were sampled randomly. In the future, the VDD panel will
be an important tool to enable the discovery of viruses in wild
salmon, in which we expect to find fewer positive or high-load
samples than in farmed fish. Moreover, given the high overlap
in genes contributing to the salmon VDD panel and those dis-
covered to be predictive of respiratory viral diseases in humans
(Zaas et al. 2009; Andres-Terre et al. 2015), there is a high poten-
tial that a similar panel of genes could be applied for viral dis-
covery in a diverse range of vertebrate host species (Miller et al.
2017).

Supplementary data

Supplementary data are available at Virus Evolution online.

Acknowledgements

We thank DFO Aquaculture Management Division, Salmon
Enhancement Program, Environmental Watch Program,
High Seas Program, Strait of Georgia salmon Program, PARR
Program, and the Hakai Institute Juvenile Salmon Program
for provision of samples, and all of the vessel and field
crews who collected the thousands of samples.

Funding

This research was supported by funding for the Strategic
Salmon Health Initiative (SSHI), which is part of the Salish
Sea Marine Survival Project. The SSHI seeks to discover
microbes present in salmon in British Columbia that may be
undermining the productivity of Pacific salmon and is
funded by the Pacific Salmon Foundation (PSF), Genome
British Columbia, and Fisheries and Oceans Canada through
grants to KMS and CAS. G.J.M. and E.D.C. were supported by
grants to KMS and CAS from MITACS and PSF, and computa-
tional resources provided by the Gordon and Betty Moore
Foundation through a grant to CAS.

G. J. Mordecai et al. | 11

https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa069#supplementary-data


Conflict of interest: None declared.

Data availability

Assembled sequences are available on GenBank (accession
numbers MN995807–MN995818). Raw reads are available
on the Sequence Read Archive (accession number
PRJNA639309).

References
Andres-Terre, M. et al. (2015) ‘Integrated, Multi-Cohort Analysis

Identifies Conserved Transcriptional Signatures across
Multiple Respiratory Viruses’, Immunity, 43: 1199–211.

Asahida, T. et al. (1996) ‘Tissue Preservation and Total DNA
Extraction from Fish Stored at Ambient Temperature Using
Buffers Containing High Concentration of Urea’, Fisheries
Science, 62: 727–30.

Bankevich, A. et al. (2012) ‘SPAdes: A New Genome Assembly
Algorithm and Its Applications to Single-Cell Sequencing’,
Journal of Computational Biology, 19: 455–77.

Bass, A. L. et al. (2019) ‘Fisheries Capture and Infectious Agents
Are Associated with Travel Rate and Survival of Chinook
Salmon during Spawning Migration’, Fisheries Research, 209:
156–66.

Batts, W. et al. (2011) ‘A Novel Member of the Family Hepeviridae
from Cutthroat Trout (Oncorhynchus clarkii)’, Virus Research, 158:
116–23.

Bennett, A. J. et al. (2019) ‘Diverse RNA Viruses of Arthropod
Origin in the Blood of Fruit Bats Suggest a Link between Bat
and Arthropod Viromes’, Virology, 528: 64–72.

Bolduc, B. et al. (2012) ‘Identification of Novel Positive-Strand
RNA Viruses by Metagenomic Analysis of Archaea-Dominated
Yellowstone Hot Springs’, Journal of Virology, 86: 5562–73.

Buchfink, B., Xie, C., and Huson, D. H. (2015) ‘Fast and Sensitive
Protein Alignment Using DIAMOND’, Nature Methods, 12: 59–60.

Cafruny, W. A., and Bradley, S. E. (1996) ‘Trojan Horse
Macrophages: Studies with the Murine Lactate
Dehydrogenase-Elevating Virus and Implications for Sexually
Transmitted Virus Infection’, Journal of General Virology, 77:
3005–12.

Chi, S. C., Hu, W. W., and Lo, B. J. (1999) ‘Establishment and
Characterization of a Continuous Cell Line (GF-1) Derived from
Grouper, Epinephelus coioides (Hamilton): A Cell Line
Susceptible to Grouper Nervous Necrosis Virus (GNNV)’,
Journal of Fish Diseases, 22: 173–82.

Cohen, B. I. (2002) Cohen Commission of Inquiry into the Decline of
Sockeye Salmon in the Fraser River. <http://publications.gc.ca/
site/eng/432516/publication.html> accessed 11 Aug 2020.

Cooke, B. D. (2002) ‘Rabbit Haemorrhagic Disease: Field
Epidemiology and the Management of Wild Rabbit
Populations’, Revue Scientifique et Technique de L’oie, 21: 347–58.

Coyle, M. C. et al. (2018) ‘Entomophthovirus: An Insect-Derived
Iflavirus that Infects a Behavior Manipulating Fungal Pathogen
of Dipterans’, bioRxiv 2018:371526.

Dalton, H. R. et al. (2008) ‘Hepatitis E: An Emerging Infection in
Developed Countries’, The Lancet Infectious Diseases, 8: 698–709.

Daly, G. M. et al. (2015) ‘Host Subtraction, Filtering and Assembly
Validations for Novel Viral Discovery Using Next Generation
Sequencing Data’, PLoS One, 10: e0129059.

Debat, H. J. (2018) ‘Expanding the Size Limit of RNA Viruses:
Evidence of a Novel Divergent Nidovirus in California Sea
Hare, with a ~35.9 kb Virus Genome’, bioRxiv 2018:307678.

Di Cicco, E. et al. (2018) ‘The Same Strain of Piscine orthoreovirus
(PRV-1) Is Involved in the Development of Different, but
Related, Diseases in Atlantic and Pacific Salmon in British
Columbia. Facets, 3: 599–641.

Doceul, V. et al. (2016) ‘Zoonotic Hepatitis E Virus: Classification,
Animal Reservoirs and Transmission Routes’, Viruses, 8: 270.

Dolja, V. V., and Koonin, E. V. (2018) ‘Metagenomics Reshapes
the Concepts of RNA Virus Evolution by Revealing Extensive
Horizontal Virus Transfer’, Virus Research, 244: 36–52.

Drexler, J. F. et al. (2012) ‘Bats Worldwide Carry Hepatitis E
Virus-Related Viruses That Form a Putative Novel Genus
within the Family Hepeviridae’, Journal of Virology, 86: 9134–47.

Environment and Climate Change Canada (2018) Summary of
COSEWIC Wildlife Species Assessments <https://www.canada.ca/
en/environment-climate-change/services/species-risk-public-
registry/cosewic-annual-reports/2018-2019.html> accessed 11
Aug 2020.

Fan, Y. et al. (2013) ‘Identification and Genomic Characterization
of a Novel Fish Reovirus, Hubei Grass Carp Disease Reovirus,
Isolated in 2009 in China’, Journal of General Virology, 94:
2266–77.

Geoghegan, J. L. et al. (2018) ‘Hidden Diversity and Evolution of
Viruses in Market Fish’, Virus Evolution, 4: vey031.

Godwin, S. C. et al. (2015) ‘Sea Lice, Sockeye Salmon, and
Foraging Competition: Lousy Fish Are Lousy Competitors’,
Canadian Journal of Fisheries and Aquatic Sciences, 72: 1113–20.

et al. (2018) ‘Heavy Sea Louse Infection Is Associated with
Decreased Stomach Fullness in Wild Juvenile Sockeye
Salmon’, Canadian Journal of Fisheries and Aquatic Sciences, 75:
1587–95.

Greninger, A. L. (2018) ‘A Decade of RNA Virus Metagenomics Is
(Not) Enough’, Virus Research, 244: 218–29.

Groner, M. L. et al. (2016) ‘Lessons from Sea Louse and Salmon
Epidemiology’, Philosophical Transactions of the Royal Society of
London. Series B, Biological Sciences, 371:20150203.

Haugland, Ø. et al. (2011) ‘Cardiomyopathy Syndrome of Atlantic
Salmon (Salmo salar L.) Is Caused by a Double-Stranded RNA
Virus of the Totiviridae Family’, Journal of Virology, 85: 5275–86.

Hillman, B. I., and Cai, G. (2013) Chapter Six—The Family
Narnaviridae: Simplest of RNA Viruses, in S. A., Ghabrial (ed.).
Advances in Virus Research, Vol. 86, pp. 149–76. Cambridge,
Massachusetts: Academic Press.

Houde, A. L. S. et al. (2019) ‘Discovery and Validation of
Candidate Smoltification Gene Expression Biomarkers across
Multiple Species and Ecotypes of Pacific Salmonids’,
Conservation Physiology, 7: coz051.

Hurley, K. E. et al. (2004) ‘An Outbreak of Virulent Systemic
Feline Calicivirus Disease’, Journal of the American Veterinary
Medical Association, 224: 241–9.

Jeffries, K. M. et al. (2014) ‘Immune Response Genes and
Pathogen Presence Predict Migration Survival in Wild Salmon
Smolts’, Molecular Ecology, 23: 5803–15.

Käll, L., Krogh, A., and Sonnhammer, E. L. L. (2007) ‘Advantages
of Combined Transmembrane Topology and Signal Peptide
Prediction—The Phobius Web Server’, Nucleic Acids Research,
35: W429–32.

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.

Kennedy, D. A. et al. (2016) ‘Potential Drivers of Virulence
Evolution in Aquaculture’, Evolutionary Applications, 9: 344–54.

Kibenge, F. S. (2019) ‘Emerging Viruses in Aquaculture’, Current
Opinion in Virology, 34: 97–103.

12 | Virus Evolution, 2020, Vol. 7, No. 1

http://publications.gc.ca/site/eng/432516/publication.html
http://publications.gc.ca/site/eng/432516/publication.html
https://www.canada.ca/en/environment-climate-change/services/species-risk-public-registry/cosewic-annual-reports/2018-2019.html
https://www.canada.ca/en/environment-climate-change/services/species-risk-public-registry/cosewic-annual-reports/2018-2019.html
https://www.canada.ca/en/environment-climate-change/services/species-risk-public-registry/cosewic-annual-reports/2018-2019.html


et al. (2000) ‘A Dual Infection of Infectious Salmon
Anaemia (ISA) Virus and a Togavirus-like Virus in ISA of
Atlantic Salmon Salmo salar in New Brunswick, Canada’,
Diseases of Aquatic Organisms, 42: 11–5.

Koonin, E. V. et al. (2008) ‘The Big Bang of Picorna-like Virus
Evolution Antedates the Radiation of Eukaryotic Supergroups’,
Nature Reviews Microbiology, 6: 925–39.

Koyama, S. et al. (2015) ‘Identification, Characterization and
Full-Length Sequence Analysis of a Novel dsRNA Virus
Isolated from the Arboreal Ant Camponotus yamaokai’, Journal of
General Virology, 96: 1930–7.

Krishnamurthy, S. R., and Wang, D. (2017) ‘Origins and
Challenges of Viral Dark Matter’, Virus Research, 239: 136–42.

Lafferty, K. D. et al. (2015) ‘Infectious Diseases Affect Marine
Fisheries and Aquaculture Economics’, Annual Review of Marine
Science, 7: 471–96.

Laurin, E. et al. (2019) ‘Histopathological and Novel
High-Throughput Molecular Monitoring Data from Farmed
Salmon (Salmo salar and Oncorhynchus spp.) in British
Columbia, Canada, from 2011–2013’, Aquaculture, 499: 220–34.

Lefkowitz, E. J. et al. (2018) ‘Virus Taxonomy: The Database of the
International Committee on Taxonomy of Viruses (ICTV)’,
Nucleic Acids Research, 46: D708–17.

Li, Z. et al. (2014) ‘The Ability to Cause Infection in a Pathogenic
Fungus Uncovers a New Biological Feature of Honey Bee
Viruses’, Journal of Invertebrate Pathology, 120: 18–22.

Løvoll, M. et al. (2010) ‘A Novel Totivirus and Piscine Reovirus
(PRV) in Atlantic Salmon (Salmo salar) with Cardiomyopathy
Syndrome (CMS)’, Virology Journal, 7: 309.

Martin, S. J. et al. (2012) ‘Global Honey Bee Viral Landscape
Altered by a Parasitic Mite’, Science, 336: 1304–6.

Marzano, S.-Y. L. et al. (2016) ‘Identification of Diverse
Mycoviruses through Metatranscriptomics Characterization of
the Viromes of Five Major Fungal Plant Pathogens’, Journal of
Virology, 90: 6846–63.

Meng, X.-J. (2013) ‘Zoonotic and Foodborne Transmission of
Hepatitis E Virus’, Seminars in Liver Disease, 33: 41–9.

Mikalsen, A. B. et al. (2014) ‘Characterization of a Novel
Calicivirus Causing Systemic Infection in Atlantic Salmon
(Salmo salar L.): Proposal for a New Genus of Caliciviridae’, PLoS
One, 9: e107132.

Miller, K. M. et al. (2011) ‘Genomic Signatures Predict Migration
and Spawning Failure in Wild Canadian Salmon’, Science, 331:
214–7.

et al. (2014) ‘Infectious Disease, Shifting Climates, and
Opportunistic Predators: Cumulative Factors Potentially
Impacting Wild Salmon Declines’, Evolutionary Applications, 7:
812–55.

et al. (2016) Report on the Performance Evaluation of the Fluidigm
BioMark Platform for High-Throughput Microbe Monitoring in
Salmon. DFO, Can. Sci. Advis. Sec. Res. Doc. 2016/038. xiþ282 p

et al. (2017) ‘Molecular Indices of Viral Disease
Development in Wild Migrating Salmon’, Conservation
Physiology, 5:cox036.

Mohd Jaafar, F. et al. (2008) ‘Complete Characterisation of the
American Grass Carp Reovirus Genome (Genus Aquareovirus:
Family Reoviridae) Reveals an Evolutionary Link between
Aquareoviruses and Coltiviruses’, Virology, 373: 310–21.

Mor, S. K. et al. (2017) ‘Genomic Characterization of a Novel
Calicivirus, FHMCV-2012, from Baitfish in the USA’, Archives of
Virology, 162: 3619–27.

Mordecai, G. J. et al. (2019) ‘Endangered Wild Salmon Infected by
Newly Discovered Viruses’, Elife, 8: e47615.

Morton, A. et al. (2017) ‘The Effect of Exposure to Farmed Salmon
on Piscine Orthoreovirus Infection and Fitness in Wild Pacific
Salmon in British Columbia’, PLoS One, 12: e0188793.

Naish, K. A. et al. (2007) ‘An Evaluation of the Effects of
Conservation and Fishery Enhancement Hatcheries on Wild
Populations of Salmon’, Advances in Marine Biology, 53: 61–194.

Nibert, M. L., and Duncan, R. (2013) ‘Bioinformatics of Recent
Aqua- and Orthoreovirus Isolates from Fish: Evolutionary Gain
or Loss of FAST and Fiber Proteins and Taxonomic
Implications’, PLoS One, 8: e68607.

Obbard, D. J. et al. (2020) ‘A New Lineage of Segmented RNA Viruses
Infecting Animals’, Virus Evolution, 6. 10.1093/ve/vez061.

O’Leary, N. A. et al. (2016) ‘Reference Sequence (RefSeq) Database
at NCBI: Current Status, Taxonomic Expansion, and
Functional Annotation’, Nucleic Acids Res, 44: D733–45.

Pagowski, V. A. et al. (2019) ‘Distribution and Phylogeny of
Erythrocytic Necrosis Virus (ENV) in Salmon Suggests Marine
Origin’, Viruses, 11: 358.

Parry, R., and Asgari, S. (2019) ‘Discovery of Novel Crustacean
and Cephalopod Flaviviruses: Insights into Evolution and
Circulation of Flaviviruses between Marine Invertebrate and
Vertebrate Hosts’, Journal of Virology, 93: 00432–19.

Prasad, K. P. et al. (2017) ‘Infectious Myonecrosis Virus
(IMNV)—An Alarming Viral Pathogen to Penaeid Shrimps’,
Aquaculture, 477: 99–105.

Price, S. J. et al. (2019) ‘Effects of Historic and Projected Climate
Change on the Range and Impacts of an Emerging Wildlife
Disease’, Global Change Biology, 25: 2648–60.

Rhyan, J. C., and Spraker, T. R. (2010) ‘Emergence of Diseases
from Wildlife Reservoirs’, Veterinary Pathology, 47: 34–9.

Rosani, U. et al. (2019) ‘A Needle in a Haystack: Tracing
Bivalve-Associated Viruses in High-Throughput
Transcriptomic Data’, Viruses, 11: 205.

Scheuer, K. A. et al. (2013) ‘Prevalence of Porcine Noroviruses,
Molecular Characterization of Emerging Porcine Sapoviruses
from Finisher Swine in the United States, and Unified
Classification Scheme for Sapoviruses’, Journal of Clinical
Microbiology, 51: 2344–53.

Shi, M. et al. (2016) ‘Redefining the Invertebrate RNA Virosphere’,
Nature, 540: 539–43.

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

Smith, A. W., and Boyt, P. M. (1990) ‘Caliciviruses of Ocean
Origin: A Review’, Journal of Zoo and Wildlife Medicine, 21: 3–23.

et al. (1980) ‘Calicivirus Pathogenic for Swine: A New
Serotype Isolated from Opaleye Girella nigricans, an Ocean
Fish’, Science, 209: 940–1.

et al. (1981) ‘Calicivirus (SMSV-5) Infection in
Experimentally Inoculated Opaleye Fish (Girella nigricans)’,
Archives of Virology, 67: 165–8.

et al. (1998) ‘Calicivirus Emergence from Ocean Reservoirs:
Zoonotic and Interspecies Movements’, Emerging Infectious

Diseases, 4: 13–20.
Smith, D. B. et al. (2014) ‘Consensus Proposals for Classification of

the Family Hepeviridae’, Journal of General Virology, 95: 2223–32.
Spiegel, M. R., and Stephens, L. J. (2017) Schaum’s Outline of

Statistics, 6th edn. New York, USA: McGraw-Hill Education.
Spring Reports of the Commissioner of the Environment and

Sustainable Development to the Parliament of Canada (2018)
Salmon Farming—Independent Auditor’s Report. <https://www.oag-
bvg.gc.ca/internet/English/parl_cesd_201804_01_e_42992.html>
accessed 11 Aug 2020.

G. J. Mordecai et al. | 13

https://www.oag-bvg.gc.ca/internet/English/parl_cesd_201804_01_e_42992.html
https://www.oag-bvg.gc.ca/internet/English/parl_cesd_201804_01_e_42992.html


Stamatakis, A. (2014) ‘RAxML Version 8: A Tool for Phylogenetic
Analysis and Post-Analysis of Large Phylogenies’,
Bioinformatics, 30: 1312–3.

Tang, J. et al. (2008) ‘Infectious Myonecrosis Virus Has a
Totivirus-like, 120-Subunit Capsid, but with Fiber Complexes
at the Fivefold Axes’, Proceedings of the National Academy of
Sciences of the United States of America, 105: 17526–31.

Teffer, A. K. et al. (2018) ‘Infections, Fisheries Capture,
Temperature, and Host Responses: Multistressor Influences
on Survival and Behaviour of Adult Chinook Salmon’, Canadian
Journal of Fisheries and Aquatic Sciences, 75: 2069–83.

et al. (2020) ‘A Molecular Assessment of Infectious
Agents Carried by Atlantic Salmon at Sea and in Three
Eastern Canadian Rivers, Including Aquaculture Escapees
and North American and European Origin Wild Stocks.
Facets, 5: 234–63.

Tse, H. et al. (2012) ‘Discovery and Genomic Characterization of a
Novel Bat Sapovirus with Unusual Genomic Features and
Phylogenetic Position’, PLoS One, 7: e34987.

Walker, P. J., and Winton, J. R. (2010) ‘Emerging Viral Diseases of
Fish and Shrimp’, Veterinary Research, 41:51.

Wang, Q. et al. (2012) ‘Complete Genome Sequence of a Reovirus
Isolated from Grass Carp, Indicating Different Genotypes of
GCRV in China’, Journal of Virology, 86: 12466.

Wiik-Nielsen, J. et al. (2016) ‘Viral Co-Infections in Farmed
Atlantic Salmon, Salmo salar L., Displaying Myocarditis’, Journal
of Fish Diseases, 39: 1495–507.

Wolf, S. et al. (2009) ‘Molecular Detection of Norovirus in Sheep and
Pigs in New Zealand Farms’, Veterinary Microbiology, 133: 184–9.

Worm, B., and Branch, T. A. (2012) ‘The Future of Fish’, Trends in
Ecology & Evolution, 27: 594–9.

Yu, G. et al. (2017) ‘ggtree: An R Package for Visualization and
Annotation of Phylogenetic Trees with Their Covariates and Other
Associated Data. Methods in Ecology and Evolution, 8: 28–36.

Zaas, A. K. et al. (2009) ‘Gene Expression Signatures Diagnose
Influenza and Other Symptomatic Respiratory Viral Infections
in Humans’, Cell Host & Microbe, 6: 207–17.

Zhang, Q., and Gui, J.-F. (2015) ‘Virus Genomes and Virus–Host
Interactions in Aquaculture Animals’, Science China Life Sciences, 58:
156–69.

Zhang, Y.-Z. et al. (2018) ‘The Diversity, Evolution and
Origins of Vertebrate RNA Viruses’, Current Opinion in Virology,
31: 9–16.

et al. (2019) ‘Expanding the RNA Virosphere by Unbiased
Metagenomics’, Annual Review of Virology, 6: 119–39.

Zimmermann, L. et al. (2018) ‘A Completely Reimplemented MPI
Bioinformatics Toolkit with a New HHpred Server at Its Core’,
Journal of Molecular Biology, 430: 2237–43.

14 | Virus Evolution, 2020, Vol. 7, No. 1


