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Abstract

The flavivirids (family Flaviviridae) are a group of positive-sense RNA viruses that include well-documented agents of human disease.
Despite their importance and ubiquity, the timescale of flavivirid evolution is uncertain. An ancient origin, spanning millions of years,
is supported by their presence in both vertebrates and invertebrates and by the identification of a flavivirus-derived endogenous viral
element in the peach blossom jellyfish genome (Craspedacusta sowerbii, phylum Cnidaria), implying that the flaviviruses arose early in the
evolution of the Metazoa. To date, however, no exogenous flavivirid sequences have been identified in these hosts. To help resolve the
antiquity of the Flaviviridae, we mined publicly available transcriptome data across the Metazoa. From this, we expanded the diversity
within the family through the identification of 32 novel viral sequences and extended the host range of the pestiviruses to include
amphibians, reptiles, and ray-finned fish. Through co-phylogenetic analysis we found cross-species transmission to be the predominate
macroevolutionary event across the non-vectored flavivirid genera (median, 68 per cent), including a cross-species transmission event
between bats and rodents, although long-term virus-host co-divergence was still a regular occurrence (median, 23 per cent). Notably,
we discovered flavivirus-like sequences in basal metazoan species, including the first associated with Cnidaria. This sequence formed
a basal lineage to the genus Flavivirus and was closer to arthropod and crustacean flaviviruses than those in the tamanavirus group,
which includes a variety of invertebrate and vertebrate viruses. Combined, these data attest to an ancient origin of the flaviviruses,
likely close to the emergence of the metazoans 750-800 million years ago.

Key words: Flaviviridae; Flavivirus; Pestivirus; Hepacivirus; virus discovery; Metazoa; phylogeny.

1. Introduction flaviviruses, and (iv) vertebrate-specific flaviviruses, also known
as the ‘no known vector’ flaviviruses (Blitvich and Firth 2017;
Simmonds et al. 2017). A wide diversity of more divergent

‘flavi-like’” viruses have also been identified, including a group

The flavivirids (family Flaviviridae) are a group of positive-sense
single-stranded RNA viruses comprising the genera Flavivirus,

Pestivirus, Pegivirus, and Hepacivirus. These viruses include well-
documented agents of human and livestock disease, including
dengue virus, hepatitis C virus, yellow fever virus, Zika virus, and
Bovine viral diarrhea virus 1. Reflecting their regular occurrence
as pathogens, our understanding of flavivirid biology is neces-
sarily skewed towards a subset of metazoan hosts, particularly
those known to experience overt disease or act as reservoirs for
these viruses, impeding our ability to understand the evolution-
ary history of this family. Currently available data suggest that
all established genera, with the exception of the genus Flavivirus,
are vertebrate-infecting viruses and do not require an arthropod
vector for transmission (Simmonds et al. 2017).

The genus Flavivirus can itself be divided into four groups
defined by phylogenetic position and host range: the (i) mosquito-
borne flaviviruses, (ii) tick-borne flaviviruses, (iii) insect-specific

associated with crustaceans and decapods, as well as the
tamanaviruses (after Tamana bat virus), which contains viruses
from a broad range of vertebrate and invertebrate species (Price
1978; Geoghegan et al. 2018; Shi et al. 2018; Skoge et al. 2018; Parry
et al. 2019; Le Lay et al. 2020; Soto et al. 2020; Costa et al. 2021).
Another clade of related flavi-like viruses was recently identified
in free-living parasitic flatworms (order Tricladida) (Dheilly et al.
2022).

Metagenomic surveys have identified flavivirid sequences with
diverse genome structures, straying from the single 9-13 kb
polyprotein that previously appeared to be canonical for the
family. This expanded diversity includes a group of novel, pre-
dominantly arthropod-associated viruses—the jingmenviruses—
that are both segmented and perhaps multicomponent (Qin et al.
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2014; Ladner et al. 2016; Shi et al. 2016; Simmonds et al.
2017). Metagenomic studies have also expanded the host range of
hepaci-, pesti- and pegiviruses in non-mammalian hosts, includ-
ing the discovery of hepaci- and pegiviruses in birds (Goldberg
et al. 2019; Porter et al. 2020; Chang, Rose, and Holmes 2021,
Zhang et al. 2022), hepaci- and pesti-like viruses in cartilaginous
fish (Chondrichthyes) (Shi et al. 2018), and hepaciviruses in rep-
tiles and bony fish (Osteichthyes) (Shi et al. 2018; Porter et al. 2020;
Costa et al. 2022; Harding et al. 2022).

The identification of flavivirid sequences in marine inverte-
brate and basal vertebrate lineages has led to suggestions that
the evolution of the Flaviviridae may follow that of the meta-
zoans through virus-host co-divergence over timescales of hun-
dreds of millions of years (Shi et al. 2018; Bamford et al. 2022;
Lensink, Yigiao, and Lequime 2022). This, in turn, has stimu-
lated questions regarding their host range and mode of transmis-
sion, while the complex evolutionary history of the flaviviruses
and related sequences has been highlighted by their broad host
range and sequence diversity. For example, the large phyloge-
netic gap between the cartilaginous fish and mammalian pes-
tiviruses suggests that related viruses in bony fish, amphibians,
reptiles, and birds exist but have yet to be sampled. The identifi-
cation of flaviviruses in freshwater and marine crustaceans and
a flavivirus-derived endogenous viral element (EVE) in the peach
blossom jellyfish genome (Craspedacusta sowerbii, phylum Cnidaria)
(Bamford et al. 2022) points towards an aquatic origin for the fla-
viviruses and highlights their long evolutionary association with
the Metazoa. In particular, the cnidarian EVE suggests the exis-
tence of exogenous cnidarian flaviviruses. These are of importance
for understanding the evolution of the Flaviviridae, as cnidarians,
which include jellyfish, sea anemones, and corals, are an early
branching lineage of the metazoans thought to have originated
700 million years ago (Erwin 2015). The phylogeny of the Metazoa
can itself be divided into two major groups: those with bilateral
body symmetry, the bilaterians, which comprise 99 per cent of all
animal species, and, basal to them, the non-bilaterians, which
include all the early diverging metazoan lineages—the Cnidaria,
Placozoa, Porifera, and Ctenophora. Because non-bilaterians lack
the body plan and circulatory system of vertebrates, it is possible
that viruses in these hosts use an alternate mode of cell-to-cell
transmission. To date, however, no flavivirids have been identified
in these early diverging metazoan phyla.

Transcriptome mining is a proven method of virus discovery
that leverages previous investment in metagenomics (Greninger
2018; Parry et al. 2019; Grimwood et al. 2021; Iwamoto et al.
2021; Miller et al. 2021; Paraskevopoulou et al. 2021; Dheilly et al.
2022; Edgar et al. 2022; Mifsud et al. 2022; Olendraite, Brown, and
Firth 2022). To understand the host range of flavivirid sequences
throughout the Metazoa and hence more accurately determine
the age of the Flaviviridae, we used the Serratus RNA-dependent
RNA polymerase (RdRp) search (https://www.serratus.io/explorer/
rdrp) to mine the Sequence Read Archive (SRA) database for
novel flavivirid sequences. To supplement this analysis, total RNA-
sequencing data of the tunicate Botrylloides leachii was generated
and screened to identify additional flavivirid sequences.

2. Methods

2.1 Screening of SRAs for flavivirid-like
sequences

The Serratus RdRp search and palmID analysis suite (Babaian and
Edgar 2022; Edgar et al. 2022) were used to identify datasets within

the SRA (as of May 2022) that contain signatures of novel flavivirid-
like sequences. This search was limited to the family Flaviviridae
with a threshold score of >50 (for an explanation of the Ser-
ratus classifier score, see https://github.com/ababaian/serratus/
wiki/.summary-Reports). The de novo transcriptome assemblies
available at the National Center for Biotechnology Information
(NCBI) Transcriptome Shotgun Assembly (TSA) Database (https://
www.ncbinlm.nih.gov/genbank/tsa/) (as of June 2021) were also
screened using the translated Basic Local Alignment Search Tool
algorithm (TBLASTN) under default scoring parameters and the
BLOSUM45 matrix. Amino acid sequences from representatives of
the four Flaviviridae genera along with the related jingmenviruses
were used as queries for the palmID and TSA database searches
(Supplementary Table S1a). All novel virus sequences discovered
were then used as queries in further SRA and TSA searches. The
SRA and TSA search range was limited to Eukaryotes (NCBI taxo-
nomic identifier (taxid 2759)), excluding the Viridiplantae (taxid
33090). Invertebrate datasets were limited to aquatic species
as terrestrial invertebrate SRAs have been previously examined
(Paraskevopoulou et al. 2021).

2.2 Tunicate collection, RNA extraction, and
metagenomic next-generation sequencing

The tunicate B. leachii was collected by divers wearing surgical
gloves at 0.5-3m depth at the pier pilings in Chowder Bay, Sydney,
Australia (site description in Marzinelli (2012)), on 24 November
2021. Sections of colonies were detached from the substratum
using sterile tweezers, which were rinsed in 80 per cent ethanol
between samples and brought to the surface, where they were
placed in sterile cryogenic tubes. Samples were stored in liquid
nitrogen on-site and then transferred to a -80°C freezer until
extraction. Total RNA was extracted using the RNeasy Plus Mini
Kit (Qiagen, Hilden, Germany) as previously described in the study
by Geoghegan et al. (2021). These libraries were constructed using
the Truseq Total RNA Library Preparation Protocol (Illumina). Host
ribosomal RNA was depleted with the Ribo-Zero Plus Kit (Illu-
mina), and paired-end sequencing (150 bp) was performed on
the NovaSeq 6000 platform (Illlumina). Library construction and
metatranscriptomic sequencing were performed by the Australian
Genome Research Facility.

2.3 Identification of novel flavivirid genomes

Raw FASTQ files for all libraries that contained
flavivirid-like sequences were obtained through the European
Nucleotide Archive (https://www.ebi.ac.uk/ena/browser/home).
Adapter removal and quality trimming were conducted using
Trimmomatic (v0.38) with parameters SLIDINGWINDOW:4:5,
LEADING:5, TRAILING:5, and MINLEN:25 (Bolger, Lohse, and
Usadel 2014). To recover full-length virus sequences, raw reads
were assembled de novo into contigs using MEGAHIT (v1.2.9) (Li
et al. 2015). The assembled contigs were then compared to the
NCBI non-redundant protein database (as of August 2021) and
a custom Flaviviridae protein database using Diamond BLASTx
(v2.0.9) with an E-value threshold of 1x10~> (Buchfink, Xie, and
Huson 2015). To identify highly divergent sequences, a custom Fla-
viviridae protein database was regularly updated with the novel
viruses identified.

2.4 Genome extension and annotation

Sequence reads were mapped onto virus-like contigs using Bbmap
(v37.98), and areas of heterogeneous coverage were manually
checked using Geneious (v11.0.9) (Kearse et al. 2012; Bushnell
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2014). Where possible, the extremities of contigs were manu-
ally extended and re-submitted to read mapping until the contig
appeared complete or no overhanging extremities were observed.
Sequences of vector origin were detected using VecScreen (https://
www.ncbi.nlm.nih.gov/tools/vecscreen/) and removed. Contig
abundances were calculated using the RNA-Seq by Expectation
Maximization software (v1.3.0) (Li and Dewey 2011). GetORF from
EMBOSS (v6.6.0) was used to predict open reading frames (ORFs)
(Rice, Longden, and Bleasby 2000). To annotate protein functional
domains, the InterProScan software package (v5.56) was used with
the TIGRFAMs (v15.0), SFLD (v4.0), PANTHER (v15.0), SuperFam-
ily (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). Genome diagrams were constructed using a manually
curated selection of predicted functional domains and visualized
using gggenomes (Hackl and Ankenbrand, 2022).

2.5 Detection of endogenous virus elements

To screen for EVEs within the viral-like contigs, the putative virus-
like nucleotide sequence was compared to the corresponding host
genome (where available) and a subset of the whole-genome shot-
gun contig database (as of October 2022) using the TBLASTN
algorithm with an E-value cutoff of 1 x 100, In addition, the
virus-like sequences were checked for host gene contamination
using the contamination function implemented in CheckV (v0.8.1)
(Nayfach et al. 2021). All EVEs were removed from subsequent
analyses.

2.6 Assessment of library composition

Taxonomic identification for the contigs assembled for each
library was obtained by aligning them to the custom NCBI nt
database using the KMA aligner and the CCMetagen program
(Clausen, Aarestrup, and Lund 2018; Marcelino et al. 2020). In
the case of the cigar comb jelly flavivirus, where raw reads
are not publicly available, contigs from the corresponding TSA
(GHXY01000001:GHXY01366104) were used as input. Virus abun-
dance was calculated by counting the number of nucleotides
matching the reference sequence with an additional correction
for template length (the default parameter in KMA). Krona graphs
were created using the KMA and CCMetagen methods and further
edited in Adobe Illustrator (https://www.adobe.com) (Clausen,
Aarestrup, and Lund 2018; Marcelino et al., 2020).

The virus sequences identified in this study were named
using a combination of the host common name—if known—
and the appropriate Flaviviridae genera (e.g. Harrimaniidae fla-
vivirus). Virus-host assignments were made using a combination
of host/virus abundance measurements and phylogenetic analy-
ses. Where <80 per cent of host abundance was associated with
the target species of the library, the possibility of alternative hosts
was considered. In this case, the other organisms comprising this
library were examined to determine if they might represent the
source of the virus sequence. For instance, given the known host
range of the flavivirids, it is more likely that these sequences
are derived from metazoan species than from bacteria, fungi, or
archaea. As such, metazoan species were given greater weight-
ing when assigning putative virus-host assignments. Where host
assignment proved difficult to assign with accuracy, the suf-
fix ‘associated’ was added to the host name to signify this (e.g.
digyalum oweni-associated virus). Where the taxonomic position
of a virus was ambiguous, the suffix ‘-like’ was used (e.g. African
cichlid flavi-like virus).
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2.7 Phylogenetic analysis

The phylogenetic trees of the putative flavivirid sequence iden-
tified here were inferred using a maximum likelihood approach.
Translated virus contigs were aligned with known flavivirid pro-
tein sequences from NCBI/GenBank using MAFFT (v7.402) employ-
ing the generalized affine gap cost algorithm (Katoh and Standley
2013; Sayers et al. 2021). Poorly aligned regions were removed
using trimAl (v1.2) with a gap threshold ranging from 0.7 to 0.9
and a variable conserve value (Capella-Gutiérrez, Silla-Martinez,
and Gabaldoén 2009). All phylogenetic trees were estimated using
IQ-TREE2. Branch support was calculated using 1,000 bootstrap
replicates with the UFBoot2 algorithm and an implementation
of the SH-like approximate likelihood ratio test within IQ-TREE2
(Guindon et al. 2010; Hoang et al. 2017). Selection of the best-
fit model of amino acid substitution was determined using the
Akaike information criterion (AIC), the corrected AIC, and the
Bayesian information criterion with the ModelFinder function in
IQ-TREE 2 (Kalyaanamoorthy et al. 2017; Minh et al. 2020). The
trimming methods, alignment lengths, and phylogenetic models
chosen in this analysis are outlined in Supplementary Table S1b.
Phylogenetic trees were annotated using the R packages phy-
tools (v1.0-3) and ggtree (v3.3.0.9) and further edited in Adobe
Mlustrator (https://www.adobe.com) (Revell 2012; Yu et al. 2017).

2.8 Assessment of cross-species virus
transmission

To visualize the relative occurrence of cross-species transmission
and virus-host co-divergence across the Flaviviridae, we analysed
the co-phylogenetic relationship between viruses and their hosts.
Host cladograms were created using the phyloT software, a phy-
logenetic tree generator based on NCBI taxonomy (http://phylot.
biobyte.de/). Virus-host associations were obtained from the NCBI
virus database (Brister et al. 2015; Hatcher et al. 2017) and the
Virus-Host database (release 213) (Mihara et al. 2016) (accessed
14 September 2022). Tanglegrams that graphically represent the
correspondence between host and virus trees were created using
the R packages phytools (1.0-3) (Revell 2012) and ape (v5.6-2)
(Paradis and Schliep 2019). The virus phylogenies used in the co-
phylogenies were constructed as described earlier. The relative
frequencies of cross-species transmission versus virus-host co-
divergence were quantified using the Jane package, which employs
a maximum parsimony approach to establish the best ‘map’ of the
virus phylogeny onto the host phylogeny (Conow et al. 2010). The
cost of duplication, host jumping, and extinction event types were
set to 1.0, while the cost of virus-host co-divergence was set to zero
as it was considered the null event. The number of generations and
the population size were set to 100. Jane was chosen over its suc-
cessor eMPRess (Santichaivekin et al. 2020), as it allows a virus to
be associated with multiple host species and handles polytomies
(Santichaivekin et al. 2020). For a multi-host virus, each associ-
ation was represented as a polytomy in the virus phylogeny. A
co-phylogenetic analysis of the genus Flavivirus was not conducted
as vector-borne viruses with both invertebrate and invertebrate
hosts are problematic to incorporate into analyses of this kind.

3. Results

Screening of transcriptomes revealed the presence of flavivirid-
like sequences in 154 sequencing libraries within the SRA and
TSA databases as well as one newly generated sequencing library
from tunicates. The assembly and mining of these sequencing
libraries identified 32 novel virus-like sequences, which were sub-
sequently assigned as hepaci-like (20), flavivirus-like (7), pesti-like
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Figure 1. Phylogeny of the Flaviviridae. Unrooted maximum likelihood
phylogenetic tree of the flavivirid sequences based on the conserved
amino acid in the RdRp (NS5). All branches are scaled according to the
number of amino acid substitutions per site. Established genera and
notable clades that are yet to be ratified by ICTV are highlighted. Novel
virus sequences identified in this study are displayed with a red star. LGF
refers to the ‘large genome flaviviruses’.

(4), and unclassified flavivirial-like sequences (1) (Table 1, Fig. 1).
These virus-like sequences were predominately found in meta-
zoan transcriptomes belonging to aquatic species (amphibians,
bony fish, cnidarians, comb jellies, crustaceans, and hemichor-
dates), although some were also found in land-dwelling verte-
brates (birds, primates, and rodents). One virus-like sequence was
assembled from a non-metazoan, alveolate library. No pegi-like
virus sequences were found. We now examine each genus in turn.

3.1 Genus Flavivirus

We identified seven putative flavi-like virus sequences, includ-
ing cnidaria flavivirus (CnidFV) and cigar comb jelly flavi-like
virus (CcjeFV) in libraries of the early diverging metazoan phyla
Cnidaria and Ctenophora, harrimaniidae flavivirus (HarFV) in
an acorn worm (Enteropneusta), photeros flavivirus (PhoFV) and
sea-firefly flavivirus (SefiFV) in marine ostracods, Chowder Bay
tunicate-associated flavivirus in tunicates (CbtuFV), and African
cichlid flavivirus (AfciFV) in a cichlid fish (Fig. 2). For all but one of
these sequences (CcjeFV), complete genome sequences ranging in
length from 10,364 to 11,290 nucleotides were assembled. CcjeFV
consists of two partial RARp fragments, 346 and 226 bp in length.

A range of genome structures was observed and found to
be largely consistent with those found in this genus. For exam-
ple, PhoFV and SefiFV, like the other viruses identified in marine
crustaceans, are predicted to contain a programmed -1 riboso-
mal frameshift on a ‘slippery’ heptanucleotide sequence down-
stream of the NS1 region (Rhys, Sassan, and Williams 2019)
(Fig. 2, Supplementary Fig. S1). However, CbtuFV was predicted
to contain two ORFs, with the NS4/5 region encoded on the sec-
ond OREF, although no ‘slippery’ heptanucleotide motifs could be

detected (Fig. 2). The remaining full-length sequences were pre-
dicted to contain a single ORF. Virus domains consistent with this
genus were detected across all sequences (Fig. 2).

Phylogenetic analyses of the conserved NS5 region place the
ostracod sequences (PhoFV and SefiFV) within a larger diver-
sity of marine crustacean flaviviruses. Two sequences, CnidFV
and HarFV, fell basal to all classified members of the genus Fla-
vivirus along with the crustacean flaviviruses (Fig. 2). Notably,
these sequences appear closer in phylogenetic position and amino
acid identity to tick, insect-specific, and crustacean flaviviruses
than those viruses in the more divergent tamanavirus clade. The
flavivirus-derived EVEs identified in the Cnidaria fell into approx-
imately the same phylogenetic location as CnidFV and SefiFvV
(Supplementary Fig. S2). CcjeFV and AfciFV were placed phylo-
genetically with salmon flavivirus (QJU12405.1), although unlike
salmon flavivirus, AfciFV consists of a single ORF.

3.2 Genus Pestivirus

We identified four pesti-like virus sequences in amphibians, rep-
tiles, and bony fish (Table 1). Two full genomes—glass knifefish
pestivirus (GlknPV) and frog pestivirus (FrogPV)—were recovered,
ranging from 14,199 to 15,334bp in length, in addition to two par-
tial genomes, Transcaucasian sand viper pestivirus (FrogPV) and
Cayenne caecilian pestivirus (CacaPV) (Fig. 3). These sequences
exhibit more sequence similarity with mammalian pestiviruses
than those associated with cartilaginous fish, with an average
of 28 per cent versus 24 per cent amino acid identity across the
complete polyprotein. This is reflected in the phylogenetic posi-
tioning of the novel pesti-like viruses based on the conserved NS5
region (Fig. 3). The newly identified reptile and amphibian pesti-
like virus sequences, FrogPV and CacaPV, form a sister group to
those found in rodents, bats, and pigs, while the sequence discov-
ered in fish, GlknPV, fell basal to this group but remained as a sister
group to those viruses from cartilaginous fish (Shi et al. 2018). The
topology of the pestivirus phylogeny varied depending on whether
the NS3 or NS5 domains were used in the analysis. In particu-
lar, FrogPV formed a sister lineage to the known pestiviruses in a
phylogeny based on the NS3 region (Fig. 3, Supplementary Fig. S3).

3.3 Genus Hepacivirus

We identified 20 novel hepacivirus sequences, of which 14 were
found in ray-finned fish (Actinopterygii), expanding on the two
hepaciviruses previously identified in this group (Fig. 4). The
remaining sequences (n=6) add to the known diversity of bat,
avian, primate, rodent, and treeshrew hepaciviruses (Fig. 4). Of
the novel hepaciviruses, five complete genomes were assembled,
ranging from 9,208 to 11,862bp in length (Fig. 4). Partial genome
sequences containing at least the NS3 and NS5 domains were
assembled for the remaining sequences, with the exception of
the featherfin cichlid hepacivirus, for which only the NS5 region
could be assembled (Fig. 4). Of note, greater mouse-eared bat hep-
acivirus (GmebHV) was assembled from a library generated for the
analysis of bat viromes (Wu et al. 2012) and shares 70 per cent
amino acid identity with rodent hepacivirus (QLM02863.1).

3.4 An unclassified flavivirid-like virus

In addition to the viruses that fell within established gen-
era, we identified a partial flavi-like virus sequence termed
digyalum oweni-associated virus (DiowV) in D. oweni, a species
of parasitic protist belonging to the phylum Apicomplexa. Two
contigs were assembled from this library, 3689 and 4577 bp
in length and predicted to contain the NS3 and NS5 domains,



5

J. C. O. Mifsud et al.

SNUNRU0D
psnut
(teoe) (1620629600 snarapeday
Te 19 13YeL 11 18417 66-356'% ¥y dA) Tsniapedsy 50000 SYEL  ¥P06896MUS upuimep 'y stutaedsH AHD2Q PIY21 Npumsd
(t1z02) (1°62899d1V) npuImap stuneday
T8 32 I9UeBL 4 19AT] £T1-380°S 0S sniadeday Juspoy 60000 €8ST  ¥H06896WUS snuviouony  snaaedsp AHD3Q PIUSD NpUImMaQ
610C-4dV
(202 (1°95¢£8MAY) sniapeday oquin( yremp, stupedsy
Te 32 12UEL 14 TBATT 0 3 Jreyspunoy xsuenn z10°0 8/98  6V18896MUS ds siwuoyoudf)  snutapedeH AHIdAD storypudAd
(8107) e 30 poorq (169€52€600 snutaedsy
ezueIadg S[0YM 0 /S dA) snipeday ezazenn 1€0°0 G586  S9FZE0OWMYS  SUDMOSDf IV SnIADEedLH AHWSI1D  anbeoew 3unes-qeid
(tzoz) (1°9282509V) snutaeday prydn
Te 32 1oUEL 14 AT 911-396°C 54 snutaedsy Juspoy £00°0 S8ET  6//0896¥4S o0} N snutaedsH AHPED snyejoundopnen
(1z02) (1°952/8NAY) snutateday avo} snaaeday prydd
T8 12 19URL 13 IATT  $8C-6FY %3 JIeyspunoy xauens 600°0 S9T/  6//0896¥¥S snbojoudwnjoaNy  snaaredsH AHIED snieldundopnen
(6102) (1'65¢£8NAV) suapeday
‘Te 32 Suey( I9ATT 0 43 JIRYSPUNOY IX3UEBND S00°0 G986  ST09ZY9ddS  smipmopwiovuw D sniaedsH AHRED snutaeday ysyien
(s107) (1'SOT8TINDD) snaanedsy
‘TR 19 sameq DIXIN 0 A2 sniaedsy Jeg 2000 ¥279  OLZIVIZNES snns snbiafyyvg  snaaedsy AHIWPD Je1-a[ow sunp aded
(tzoz) (19282509V) SNIIATOR
Te 39 1aUEL I3 1ATT  T11-380'T 54 snaaeday Juspoy 1000 0667  8798896MMS ppfeop  snaapedsH AHR(1g -day a1 umoig
(tzoe) (1'652£8NAY) snitaeday 1plafaorp SDIIALR
Te 32 19YEL 11 IBAIT 0¥1-380°T 154 J1eySpUNOY 1xsueno £000°0 09TZ  879889644S stwioayopyn/  sniapedsH AHDOg -dey an( umo1g
(0z02) 1212
BIBUSN (T'€T£00HDD)
-oyssag  £poq aoym 0 /€ STUIAIABR]] UOSUEID UOSUBID 9100 0£6'0T  8/1T/TM¥A  1fiopuabjy vinbivp SNITAIAR]] AJYSS SNITAIAR] A[Jo11-83S
(6102) (T'€T£00HDD)
‘Te Latsusy  Apoq atoyuym 0 8¢ SNUIAlABY UOSUEID UOSUEID €000 062'TT SE9TTSOTVYS ds soa30yg SNITAIAR]] Adoyd SNITAIAB]] SO1230Ud
(¥102) (T%v0°029 SNITATAR]]
‘Te 1o uouued PaXIN 8/¢—3168'C 8¢ dN) STUIA OABI] OTY €000 1S6°0T  ¢9¥S69THYS  ds sepluBwWILLIEH STUIIAIAB[] AdTeH SEpIUEBWILLIEH
(tzoe)
81aq[[oH (1°5€05%£600
pue epeid PXIN  Zle-A/¥T 8T dA) sniia wepey %000 6201 S999/8TTYS Dsonxay vadung SNIIATAR[] APIUD SNIIATAB]J BLIEPIUD
(ozoz) (1'sovzTnlo) T'TL9%8¢C STUIIA 93]
‘TRI9 ZAMYDS  Apoq S[oym 6¢-399°C 1S STLITAIAR]} UOUI[ES VN 977 TOAXHOVSL uppysiof q I[-14ET] AFRPD  -tarp A[pe( quuod 1e31D
(ozoz) (1'sovzTnlo) T'eLVEL STUIIA 93]
‘TRI9 ZAMYDS  Apoq S[oym £0-34LT 9 SNIIAIAR]} UOUI[ES VN 9%¢ OTOAXHOVSL uppysiof aoiag oI[-1AB[d AFRPD  -tarp A[e( quuod 1e31D
STUTA
SYI[-1AR]J PSIEIDOSSE
VN Apoq a1oym 08-300°T 6¢ (1°85€££000) ds snumiaelg 100°0 SSP'0T  9€8/5ddMdd nyova) g SHI-1aB[d AdMIQD  -93edIun) Aeq 19pmoyd
me(
(1z02) 1eaduka (1°s0¥21N(0) snyopidsiordtwu STUITA 9]
10 yeL[d  -eyd emoT 0 8¢ STUITAIAR]] UOWITRS 100 $9€°'0T  S918896¥4S stworydudAd RUNSUE AIPIV -IAR]] PIUDID UBDLYY
ERIEISIEN] anssty, (x1sv1d) (xLSv1d) (x1.SVT1d) 31H 1se[d 31seso[D  aouepunge  (dq) yadusy VSI/VMS — wstuedio sjduleS UOTIBDIISSE[d UONEIASIQQY QuweU STUIA
anea-  JUSPI % pPIS%  oouanbag SNIIA

‘Apn3s SIY3 UL POISAODSIP SISTUIIA U3 JO 2[qe} ATBWIWINS “T d[qeL



Virus Evolution

6

(panunuod)

(8107) TB 30

(1°8£55¢AHO)

¢ snataeday

UBUWLISPAIG 13ATT £9-358°€ 1S st 3uoresof 20000 SHZT  6%9968904S pIvPnb L snaapedsH CAHYSZ Uy e1gaz
(1°8£55¢AHO) T stutaedeay

VN KreaQ 0 6% snuta 3uoresof 1000°0 965 ST¥IE0LTUS pIvPnb L snaapedsH TAHYSZ youy e1gaz
(1'£80%%4d0) T stutaedeay

VN I9ATT 081-3¥/C s snuanedsy Png 1000°0 797C  SI¥IE0LddS  vivinb vibAdowen]  sniaedsH TAHYSZ youy e1gaz

6102-9V

(1z02) (1'952/8INAY) snutaeday Jqatou snusjdor STUITAID®

T8 19 19UBL 11 19AT] 112-3€4°9 s JIBySpUNOY 1X8ueno 2000 [1TH  €910/96¥¥S  -1ds, ds mdoousy  snuiaedeH AHOUSX -day erdenousy

6102-9V

(1z02) (1°898Z0N'TO) qou stuaidog SNIIADE

Te 19 12yBL 13 1ATT  8T1-dCEE o sniapedsy 3uspoy £00°0 965C  €¥10/96¥dS  -1ds, ‘ds pidopjousy  snutaedeH AHOUSY -dey ede[nousx
(9102) (1°952/8NAY) snutadeday 11UOSUAULOD snutaedsy

‘Te 19 uyeH pw>ﬁ 0 1€ Jreyspunoy ﬂmeMSU 1000 ONﬁ.OH [CIRYARYA R SNwi0lsoln) mbbzomng AHOSUM I9ons mﬁﬁg

(0zoz)
Jawg pue

‘[e3euxday (T /¥STTL0) snitapedsy

‘ojusydInk  Apoq S[oym £9¢-992°6 /T stuiaeday ong 100°0 298'TT CEECOZITHES vipdinia poojooz  sniaedsH AHIIA prezi] snoredialp
(1z02) (1°9282509V) snuavday

‘Te 19 19YeL 14 IBATT €T11-91/¥ A% stutaeday JuUspoy 000 /S8C  TET16896¥YS 1Loowt A stuiaedsH AHOWEA 1£100ps snbojoidwnjoaN
(202 (1°65¢£8NAY) sniiapeday stuapeday roow

Te 10 19YUEL [4 I9ATT 1€2-928'1 9 Jreyspunoy xsuenn 900°0 8Seh  TE16896MUS woow A snitapedsH AHOUTBA SIWOIYDI[IqELIBA
(6102) (1'985£55600 sniapedsy

‘Te 19 BpRUES IBATT 0 99 dA) d snutaedayq £0000°0 8076 /80SSTYYd uabupjaq vivdny,  snaapedoHq AHIION MIIYS9D1} WISYLION
(1z02) (1'£2T6£1600 sniapeday 1h1oaes

T8 32 19UeL 14 I9AT] 1£2-42€°6 e dA) SnIia J1eyS Suruem 100°0 €7Cl  19808964dS 1fuoaps "N snutaedsH AHESSN sn3ooidure[oaN
(1z02) (1'£2T6£1600 sniiapeday 1h1oaes

Te 3@ 19yeL 14 I9A1] £6-356'C 97 dA) STUIA JIBYS SUuUam £00°0 1S¥S  19808964dS 1fuoaps N snutaedsH AHESaN sn3ofoidure[oeN
snutaedsy
(1202) (1'62899d.LV) uayosanq sns

‘e 12 19YeL [ I9ATT YP1-925'T o snitadeday Juapoy 2000 Y622 6S01896MdS uaydsang ‘N snataedsy AHNGIN -ojoxdure[oaN
snutaedsy
(1z02) (1'£2T6£1600 usydsanq snd

‘1819 18Rl 13 IBATT ¥/-9/S% [s74 JA) SOIIA J1eyS SUIUSM 2000 S0TZ  6S0T896¥YS uaydsang ‘N sniataedsy AHNGaN -ojoxdure[oaN

qems

(zto7) [eue pue (1°£98Z0ITO) sniapeday jeq

‘T’ NNM  [ea8ukieyd 0 €9 snaaeday Juapoy 9%0°0 1862 8I6£907¥YS spokw N sniaedsy AHGRWD DPa1B9-9SNOW 191Ba1D

qems

(c107) [BUE pUE (1°€98Z0NTO) snutapedsy jeq

Telony  eadukreyq 0 T/ snitaeday 3uspoy 9%0°0 00€€  8T6£90TMUS spofw spody  sniaedsH AHQSWD  p3IBS-2SNOW I8}ea1d
(t1z02) (1°€206£9600 sniapedsay sded

Te 12 19YeL 4 19AT] £6-365°¢E 7% dA) T stutanedsH 2000 €09T  1668896WUS sdadissaidwiod 'y STuTARASH AHOOUD  -1ss21dwiod peay p[oD
(1z02) (1°652/8INAY) snutaeday sdadissaidutod snutaedsy sdad

T8 12 19UBL 13 I9ATT 9/1-300°T 7% JIeyspunoy xauens 2000 €55 1668896W4S snbojosdwpjoyy  sniaedsy AHOOYD  -Issaxdwiod peay pioo
(9102) SINIXTW (T'955/8INAV) T SNIIATDE sntaedsy ysy

‘B 192 UNS BIDDSIA S/2-A0% ¥ 62 -day y1eys 1soys requeN $00°0 7T¥8  808/665Y¥S  1zjoyyonq uopojupd  sniiadedsH AHNQGII -A1o1ng 191eMySaIy
(T202) (1°955/8INAY) T STUIADE fofounf stupedsy

Te 19 1ayeL 1 18AT] T/-360°€ T -day 1eyS 1S0US TRyUEN %0000 0/0T  TE00896MUS xulioydoyvhd  snataedsH AHD PO UGISyIess

ERICICIEN| anssiy, (x1sv1d) (XISV1d) (x1.SVT1d) 31H 1Se[g 31seso[D  aouepunge  (dq) yadusy VSI/VMS — wstuedio sjduleS UOTIBDIISSE[D UONEIASIQQY SUIBU STUIA

oanfeA-J  1UIPI % PIS % 2ouanbag STLITA

(penunuoD) T 3[qeL



7

J. C. O. Mifsud et al.

SNITA
(6107) TE 30 IESRAE] (1°617882d0) axi-nsad STUIIA PRJRIDOSSE
DaA0¥SNoUE( [enprarpul ST-9¥6'8 Sz % snuta sduty ueaqhos 2000°0 $6SY  ¢h08836MYUS wamo wnpAbiq  pajissepun AMOIT -Tuamo wneA31q
STUITA
(6102) TE 32 1192 13 (T1°9%/¥5T600 axi-nsad STUITA P2)RID0SSE
J3A0gNOUB(  [ENPIATPU] €1-360F Z  dA) € snaia 19pids noyzurx £000°0 ST/ TH08886WUS wamo wnpAbiq  paJisseun Amoiq -Tuamo winfeASig
(zeor) pues (1°68510(40) snitansad 1odia
‘Te 19 91X WOUSA 88T-959°T ¢g  snuansad sumiod [eoidAy 1000°0 0217 €/PC08TTYNS  DUDISDINDISUDA} A SNIIATISSd AdeSIL pUBS UBISBONEISUR]],
(zeor) pued (1°20SSZ0NN) DUDISDD snuansad 1odia
‘Te 19 91X WOUSA 059159 sz snitansad je1 ooquieg 1000°0 $S0E  £/208ZTUMS -Nposuv4l viadIA SNITATISSd AdeSIL pUBS UBISBONEISUR]],
(8107) TR 30 (T'ST#920600 dA) SIIATY suadsadln snutansed
uosdwoy, S[PSnA 2£7-38C'F 6C -sad adoferue wioyduoid £10°0 66TYT  857S/9994S puuvwuabiy SNITATISSd AJUAD ysyejiuy SSe[D
(8102) (905244 dN)
‘T30 mo¥ST  UIYS [BIIUSA 9S9¢—3ds¢'T 8¢ STUTA 19A] SUIMS [BIISSB[D ¢100 YEE'ST  €CPOTBSUNS Snup1aqsajvd T STITATISSd Ad3o1g snuansad 3011
(6102) TR 12
Z3UDUES (1'950%90VV) ¢ THPT6SSHES DpNvIISsaLdU0d snaiansad
-S2110], Kaupry 871-16S'T 8G  STLIIA BOOULIEID [BIIA SUIAOY 00000 T6ET  ‘STHI6SSUYS sa10auolydAL STLITATISS] AdEOED UBI[ID9ED dUUDAED
(8107) TR 30 (1°8£55¢AHO) ¢ snaapedey
UuBULISPAIY £1eao 60C-3%9°T 3 snIIA 8uo[esof 10000 TH8T  6%9968994S pIvUnb L snaapedsH ZAHUSZ ouy e1gaz
EREICICN] ONSSIL, (x1sv1d) (X1Sv1d) (x1.SVT1d) 31H Iserd 3seso[D  aouepunge  (dq) yadus] VSI/V¥MS  wstuedio sjduleS UOT}BDYISSE[D UONWEIASIQQY QWU STUIA
oneA-g  1USpl % pis%  oouanbag SIUIIA

(penunuoD) *1 a[qeL



8 | Virus Evolution

Mosquito-borne

= Tick-borne 3
% BCL56285 Mpulungu flavivirus ;ﬂ
L~ —el] Unknown vector i
i - —eessgiliflill Insect-specific
I I— UHKO03172 Hangzhou flavivirus 3
L], 5 AGWS51756 uncultured virus
| SXWX1916 Shanxi sandfly flavivirus
Photeros flavivirus (PhoFV)
*_IZO Sea firefly flavivirus (SefiFV) §
QCH00713 Crangon crangon flavivirus §
QCHO00712 Gammarus chevreuxi flavivirus g
QCH00716 Gammarus pulex flavivirus °©

Cnidaria flavivirus (CnidFV)
_IZ.O Harrimaniidae flavivirus (HarFV)
Cigar comb jelly flavi-like virus (CcjeFV)
African cichlid flavi-like virus (AfciFV)

QJU12405 Salmon flavivirus
QYF49586 Jiangsu sediment flavi-like virus 3
QYF49572 Hubei sediment flavi-like virus 2

QQM16329 Waxsystermes virus

AVMB87250 Wenzhou shark flavivirus
AYU58608 Eastern red scorpionfish flavivirus

Lepisma flavi-like virus

QTJ63568 Plecopteran flavi-related virus

Antipaluria urichi flavi-like virus

—t

—|:QCH00711 Southern pygmy squid flavivirus
*
QCH00714 Firefly squid flavivirus

@ Chowder bay tunicate associated flavi-like virus (CbtuFV)
QOQ37358 Flavivirus sp. sea cucumber

ATY35190 Cyclopterus lumpus virus
QUF61513 Western carp gudgeon flavivirus

NP_658908 Tamana bat virus

Jingmenvirus-like

QVKB80306 Infectious precocity virus
_|: DAZ87867 Dendroflavili virus
*
BK059670 Bannflavili virus

DAZ87825 Candiflavili virus

0.2

QYF49580 Jiangsu sediment flavi-like virus 1

[] Ambulacraria
(echinoderm and hemichordates)

[] Arthropoda

DAZ87938 Fluviflavili virus

[l Cephalopoda [ Mammalia [] Osteichthyes

(ray-finned and lobe-finned fish)
[l Nematoda/Spiralia [ Non-bilaterian

(Porifera, Cnidaria, Ctenophora and Placozoa)

Chondrichthyes
(cartilaginous fish)

Tamanaviruses

0 2500 5000 7500 10,000 12,500nt
I - 8 — -
= —— >
= — —
i — o
= 1 )l
E- — —
1 1 -
9 ) >
1{ 1 ] ol
[ T -
{ T >
[ I )
= >
1 >
i]s}
[ >
= T — >
—
[ )—
[ 1 >
(m]
==
a
[ 1 )
{ I >
-1 I i)—
/=
= — ]
— —
— T ot
— | — |
— 1  E——
[ ] 1 >
{ > [ >

e

B prm
e

[ Ins1:2

[Inss
NS
[Inss

Figure 2. Phylogenetic relationships of the flavi-like viruses identified in this study. (Left) Phylogenetic relationships of the flavi- and jingmenviruses.
ML phylogenetic trees based on the conserved amino acid in the RdRp (NS5) show the topological position of virus-like sequences discovered in this
study (black circles) in the context of their closest relatives. Branches are highlighted to represent host clade (Ambulacraria = green, Arthropoda =
khaki, Cephalopoda = purple, Chondrichthyes = light blue, Mammalia = orange, Nematoda/Spiralia = red, Osteichthyes = dark blue, non-bilaterian =
light purple). All branches are scaled to the number of amino acid substitutions per site, and trees were midpoint rooted for clarity only. An asterisk
indicates node support where SH-aLRT > 80 per cent and UFboot > 95 per cent. (Right) Genomic organization of the virus sequences identified in this
study and representative species used in the phylogeny. The data underlying this figure and the definitions of acronyms used are presented in

Supplementary Table S2.
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Figure 3. Phylogenetic relationships of the pesti-like viruses identified in this study. (Left) Phylogenetic relationships of the pestiviruses and
unclassified relatives. ML phylogenetic trees based on the conserved amino acid in the RdRp (NS5) show the topological position of virus-like
sequences discovered in this study (black circles) in the context of their closest relatives. The colour scheme is as found in Fig. 2, with the following
exceptions, Amphibia = green, Sauropsida = light orange, SAR = light purple. All branches are scaled to the number of amino acid substitutions per
site, and trees were midpoint rooted for clarity only. An asterisk indicates node support where SH-aLRT > 80 per cent and UFboot > 95 per cent. LGF
refers to the ‘large genome flaviviruses’. Non-novel sequences without NCBI accession were obtained from Wu et al. (2020). (Right) Genomic
organization of the virus sequences identified in this study and representative species used in the phylogeny. The data underlying this figure and the

definitions of acronyms used are presented in Supplementary Table S2.
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Figure 4. Phylogenetic relationships of the hepaciviruses viruses identified in this study. (Left) Phylogenetic relationships of the ‘pegi-hepaci’ clade. ML
phylogenetic trees based on the conserved amino acid in the RdRp (NS5) show the topological position of virus-like sequences discovered in this study
(black circles) in the context of their closest relatives. The colour scheme is as found in Fig. 2, with the following exception, Sauropsida = light orange.
All branches are scaled to the number of amino acid substitutions per site, and trees were midpoint rooted for clarity only. An asterisk indicates node
support where SH-aLRT > 80 per cent and UFboot > 95 per cent. (Right) Genomic organization of the virus sequences identified in this study and
representative species used in the phylogeny. The data underlying this figure and the definitions of acronyms used are presented in Supplementary
Table S2.



respectively (Fig. 3). DiowV shares the greatest amino acid iden-
tity (24 per cent) with the Xinzhou spider virus 3 (YP_009254746)
among other large genome flaviviruses (LGF). When included in
the ‘pesti-LGF’ tree, DiowV, along with diatom colony-associated
virus 1 (YP_009552082) and bremia lactucae-associated virus 1
(QIP68012), forms a sister group to the LGF. However, in the family-
wide tree, these sequences, along with Snake River alfalfa virus
(ON669064), fall outside of the ‘pesti-LGF’ lineage and basal to
the ‘pegi-hepaci’ group, although these branches receive poor
bootstrap support (Fig. 1).

3.5 Genetic composition of sequencing libraries

Metagenomic sequencing libraries are often comprised of organ-
isms in addition to the target host, which can complicate virus—
host assignment. To quantify the composition of these libraries
and improve virus-host assignments, we utilized the KMA and
CCMetagen tools (Fig. 5). For 20 of the libraries, over 80 per cent
of eukaryotic contigs were assigned to the expected target host of
the sequencing library (median, 90 per cent; range, 0-98 per cent).
In the case of the E. flexuosa (family Plexauridae) library in which
CnidFV was assembled, a genus of unicellular microalgae, Sym-
biodinium (phylum Dinoflagellata), represented 64 per cent of all
contigs (Fig. 5). In this library, soft corals (order Alcyonacea, phy-
lum Cnidaria), which include E. flexuosa, represented 63 per cent of
metazoan abundance, while tunicates and bony fish represented
13 and 10 per cent of abundance, respectively. Despite Plexauridae
comprising 60 per cent of cnidarian abundance, other soft coral
families were also detected, including the Ellisellidae, Nephtheidae,
Acanthogorgiidae, and Nidaliidae, each representing ~10 per cent of
cnidarian abundance. Likewise, the tunicate library from which
CbtuFV was assembled comprised reads belonging to various
marine organisms, including Bryozoa, Cnidaria, and crustaceans,
representing an average of 8 per cent abundance each.

Contigs belonging to catfish (order Siluriformes) comprised
95 per cent of the Glyptothorax macromaculatus library from which
catfish hepacivirus (CatfHV) was assembled, although it is uncer-
tain to which family of catfish this sample belonged. Likewise,
the American bullfrog (Lithobates catesbeianus) transcriptome com-
prised 60per cent contigs associated with fork-tongued frogs
(Dicroglossidae) and 17 per cent associated with true frogs (Ranidae),
including L. catesbeianus. No host-associated contigs were detected
in the D. oweni library in which DiowV was assembled. Instead,
64 per cent of the library is composed of contigs associated with
marine gastropod molluscs.

3.6 Long-term virus-host evolutionary
relationships

To examine the frequency of four macroevolutionary events (i.e.
co-divergence, duplication, host-switching, and extinction) among
the Flaviviridae, we estimated co-phylogenies to quantify the evo-
lutionary relationship between the ‘pegi-hepaci’ and pestivirus
clades and their hosts (Fig. 6; members of the genus Flavivirus
were excluded because of the high frequency of vector-borne
viruses). In accordance with earlier studies (Geoghegan, Duchéne,
and Holmes 2017), this analysis revealed that cross-species trans-
mission was the most common evolutionary event across the
‘pegi-hepaci’ and pestivirus clades, representing 65 and 71per
cent of events, respectively (Supplementary Fig. S4). Two viruses,
GmebHV and freshwater butterflyfish hepacivirus (FrbuHV) iden-
tified in this study, present notable exceptions (Fig. 6). GmebHV
is distinct from known bat hepaciviruses (Hepacivirus K, Hep-
acivirus L, and Hepacivirus M), and instead groups with those
viruses found in rodents, shrews, sloths, and raccoons (Fig. 4).

J.C.O.Mifsud etal. | 11

FrbuHV, along with Western African lungfish hepacivirus and
Wenling moray eel hepacivirus, fell basal to those viruses iden-
tified in cartilaginous fish.

Importantly, despite the widespread occurrence of cross-
species transmission, virus-host co-divergence was also predicted
to have occurred relatively frequently across the ‘pegi-hepaci’
and pestivirus clades, representing 22 and 23per cent of all
events, respectively. For these groups, duplication events were
more uncommon, representing 10 and 6 per cent of total events
(Supplementary Fig. S4). Extinction events were rarely predicted,
representing 4 per cent of events in the ‘pegi-hepaci’ clade, while
no extinction events were detected in the Pestivirus co-phylogeny:.

4, Discussion

Through transcriptome mining, we identified 32 novel flavivirid
sequences across the Metazoa, including the first flavivirus-
like sequences in non-bilaterians, pestivirus-like sequences in
amphibians, reptiles, and bony fish, as well as a range of vertebrate
hepaciviruses. Hence, this work provides further evidence of the
long-term associations between the Flaviviridae and Metazoa and
highlights the vast number of viruses that remain undiscovered.

The Cnidaria are a primitive and basal phylum of Metazoa.
Based on the identification of a flavivirus-like sequence in a cnidar-
ian sample (CnidFV), we suggest that the origins of this group of
viruses likely extend much further back in time than previous esti-
mates and are closer to the emergence of the metazoans 750-800
million years ago (Erwin 2015). This conclusion is supported by the
earlier inding of a flavivirus-derived EVE in the Cnidaria (Bamford
et al. 2022). Notably, CnidFV and the cnidarian EVE are more
closely related to members of the genus Flavivirus than are the
tamana/flavi-like viruses, suggesting that these groups, includ-
ing the jingmenviruses, are evolutionarily distinct (Bamford et al.
2022). As such, we suggest that the tamana/flavi-like viruses
should be given a distinct taxonomic classification within the Fla-
viviridae. However, it is clear that it is difficult to fully resolve
the evolutionary history of the flavivirids with our current under-
standing of their diversity, although it appears that the origins
of this group lie in aquatic environments (Lensink, Yigiao, and
Lequime 2022).

It is important to note that host assignment of the non-
bilaterian flaviviruses is tentative as these sequences are
extremely divergent and have only rarely been sampled. Due to
the detection of several cnidarian species in addition to the tar-
get species, the octocoral E. flexuosa in library SRR12876665, we
have assigned the resulting virus sequence as cnidaria flavivirus
(CnidFV). The high abundance of Symbiodinium in this library is
unsurprising given that the octocoral-Symbiodinium mutualism is
well known (van de Water, Allemand, and Ferrier-Pages 2018).
However, the phylogenetic placement of this virus with those
found in a marine acorn worm suggests that it is more likely
associated with E. flexuosa than Symbiodinium. While CnidFV and
the peach blossom jellyfish EVE are relatively closely related to
each other, there is substantial genetic divergence between these
sequences. This has been previously observed with crocidura pes-
tivirus and a Crocidura EVE and may reflect divergent evolution
since the historic endogenization event (Li et al. 2022).

The discovery of Wenzhou pesti-like virus 1, Wenling pesti-
like virus 2, Xiamen fanray pesti-like virus, and Nanhai dogfish
shark pesti-like virus in cartilaginous fish marked the expansion of
the pestiviruses from warm-blooded mammals to basal vertebrate
species, suggesting that these viruses infect a range of vertebrate
lineages (Shi et al. 2018). For the first time, we identified pesti-
like viruses in reptiles, amphibians, and bony fish, extending the
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host range of these viruses to encompass all vertebrate classes  clear pattern of pestivirus-host co-divergence among the viruses
with the exception of Aves. The deep evolutionary association  identified in this study. As a result, we anticipate that novel pes-
between pestiviruses and vertebrates is further reflected in the  tiviruses will be found infecting a wider diversity of vertebrates
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and that their known host range largely reflects where sampling
efforts have been directed to date. Additionally, frog pestivirus was
identified in the ventral skin of the American bullfrog, although
other species of frog were detected in this library. Within the
study in which this library was generated, the American bull-
frog appeared resistant to the fungal pathogen Batrachochytrium
dendrobatidis (Bd) (Eskew et al. 2018). Co-infection with Bd and
ranaviruses is frequently observed in frogs, but whether the inter-
actions between these pathogens are antagonistic or facilitative
is currently unclear (Bosch et al. 2020). If Bd and pestiviruses
are found to commonly co-infect frogs, future efforts should be
directed towards studying their interactions.

We identified 20 novel hepacivirus sequences, among which
a clade of cichlid-associated hepacivirus sequences is notable.
This clade was derived from a study of Lake Tanganyika, a fresh-
water lake shared by Tanzania, the Democratic Republic of the
Congo, Burundi, and Zambia that is known for its high diversity
of endemic cichlid species (Koblmiller et al. 2008; El Taher et al.
2021). Importantly, the fish and reptile hepaciviruses identified in
this study were predominately associated with samples of liver
tissue, suggesting that hepatotropism is likely a universal feature
of these viruses across vertebrates (Smith et al. 2016).

Bats and rodents harbour a large diversity of hepaciviruses and
are thought to have played an important role in their global spread
and broader evolutionary history (Epstein et al. 2010; Drexler et al.
2013; Kapoor et al. 2013; Quan et al. 2013; de Souza et al. 2019;
Bletsa et al. 2021). We identified GmebHV, which falls within a
clade of rodent, sloth, and raccoon hepaciviruses. The clear relat-
edness between GmebHV and rodent hepacivirus (QLM02863),
combined with evidence from our co-evolutionary analyses, sug-
gests that this sequence might represent a cross-species trans-
mission event between bats and rodents. Similarly, ancestral state
reconstructions have previously shown that cross-species trans-
mission from rodents is likely the source of the sloth and ringtail
hepaciviruses (Moreira-Soto et al. 2020; Jo et al. 2022). In this case,
we cannot resolve the direction of virus transmission with any
certainty or whether other species are involved.

In very broad terms, we find that the hepaci-, pesti-, and
pegiviruses cluster with the phylogeny of their hosts, with the
relevant frequent cross-species virus transmission events only
occurring within host classes (i.e. Mammalia, Sauropsida, and
Chondrichthyes). The exceptions were FrbuHV, Western African
lungfish hepacivirus, and Wenling moray eel hepacivirus that fell
basal to those viruses identified in cartilaginous fish (although the
phylogenetic position of these viruses should be treated with cau-
tion as the relevant nodes have weak bootstrap support; Fig. 4,
Fig. 6). The clear phylogenetically defined barriers between host
classes may reflect differences in receptor binding and cell entry
mechanisms among distantly related hosts (Parrish et al. 2008).
Host ecology also likely contributes to these barriers, particu-
larly as physical separation means that fewer cross-species virus
transmission events are expected to occur between marine and
land vertebrates than among land vertebrates (Luis et al. 2015;
French et al. 2022). Together, this suggests that more cross-species
transmission occurs among closely related hosts, which may have
also resulted in the apparent loss of co-divergence signal within
relatively well-sampled taxonomic groups (e.g. mammals). At
deeper taxonomic levels, we found clear evidence for virus-host
co-divergence, particularly in lower vertebrates, which is consis-
tent with previous findings (Hartlage, Cullen, and Kapoor 2016;
Geoghegan, Duchéne, and Holmes 2017; Shi et al. 2018; Porter
et al. 2020). However, it is also apparent that the results of our
co-phylogenetic analysis are influenced by the sample of virus

diversity used and will likely change as more viruses are identified.
In addition, virus phylogenies were estimated using RdRp (NS5)
alone. Itis possible that differences in the phylogenies of the entire
polyprotein or NS3 region would produce different estimates of
the frequencies of co-divergence and host jumping.

Wenling moray eel hepacivirus (AVM87555) forms a sister
group to the ‘pegi-hepaci’ lineage, although this may be artefac-
tual due to recombination or extreme rate variation (Porter et al.
2020). If the position of the Wenling moray eel hepacivirus is cor-
rect, this suggests that a common ancestor of the ‘pegi-hepaci’
lineage may have existed in an aquatic environment. This notion
is supported by the recent finding of ‘pegi-hepaci’ derived EVE
in a marine mollusc (Bamford et al. 2022). The apparent lack of
pegiviruses in aquatic vertebrate and invertebrate species in this
study does not equate to their absence in these organisms due to
the current depth of SRA libraries available.

Another notable observation from this study was the identifi-
cation of a flavivirus in non-bilaterians, which raises additional
questions on the ancestral mode of flavivirus transmission. Non-
bilaterians lack the circulatory system of vertebrates, suggesting
that an alternative mode of cell-to-cell virus transmission may
exist in these animals (Bamford et al. 2022).

In sum, through a broad-scale survey of publicly available and
newly generated transcriptome data, we revealed a wide diver-
sity of flavivirid sequences in undersampled metazoan species. In
doing so, we provide additional information for an ancient origin
of the flaviviruses, likely closer to the emergence of the metazoans
some 750-800 million years ago, and hence for the long-term
association between the Flaviviridae and the Metazoa as a whole.

Data availability

All tunicate sequence reads are available on the NCBI SRA
under BioProject PRJEB57836. All viral genomes and correspond-
ing sequences assembled in this study have been deposited
in the European Nucleotide Archive at EMBL-EBI and GenBank
under BioProject PRJEB57836. The sequences, alignments, phy-
logenetic trees, and the custom Flaviviridae database generated
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iridae_to_non-bilaterians.
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