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Abstract

Fish papillomaviruses form a newly discovered group broadly recognized as the
Seconapapillomavirinae subfamily. This study expands the documented genomes of the fish
papillomaviruses from six to 16, including one from the Antarctic emerald notothen, seven from
commercial market fishes, one from data mining of sea bream sequence data, and one from a
western gull cloacal swab that is likely diet derived. The genomes of secondpapillomaviruses

are ~6 kilobasepairs (kb), which is substantially smaller than the ~8 kb of terrestrial vertebrate
papillomaviruses. Each genome encodes a clear homolog of the four canonical papillomavirus
genes, E1, E2, L1, and L2. In addition, we identified open reading frames (ORFs) with short linear

peptide motifs reminiscent of E6/E7 oncoproteins. Fish papillomaviruses are extremely diverse
and phylogenetically distant from other papillomaviruses suggesting a model in which terrestrial
vertebrate-infecting papillomaviruses arose after an evolutionary bottleneck event, possibly during
the water-to-land transition.
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Papillomavirus; Trematomus bernacchii ; Melanogrammus aeglefinus ; Sparus aurata
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Introduction

Papillomaviruses have circular double-stranded DNA genomes. The Papillomaviridae family
is comprises of two subfamilies (Firstpapillomavirinae and Seconapapillomavirinae) (Van
Doorslaer et al., 2018a). The Firstpapillomavirinae encompass >50 genera that infect
mammals and other terrestrial vertebrates, including various birds (Canuti et al., 2019;
Prosperi et al., 2016; Truchado et al., 2018; Van Doorslaer et al., 2017b; Varsani et al.,
2014), lizards (Agius et al., 2019), and snakes (Gull et al., 2012; Kubacki et al., 2018). Some
are oncogenic and can have disease outcomes that are lethal to their host.

The discovery of divergent papillomaviruses in fish prompted the establishment of a

novel subfamily, Seconapapillomavirinae, composed of one genus, Alefpapillomavirus.
Since the discovery of the first fish papillomavirus in a gilthead sea bream (Sparus

aurata) (Lopez-Bueno et al., 2016), other fish papillomaviruses have been recovered from
commercial market samples of haddock (Melanogrammus aeglefinus), red snapper (Lutjanus
campechanus), and rainbow trout (Oncorhynchus mykiss) (Tisza et al., 2020), as well as
farmed wels catfish (Silurus glanis) (Surjan et al., 2021). In the cases of the sea bream and of
the wels catfish, the papillomaviruses were identified in individuals exhibiting papillomatous
lesions (Lopez-Bueno et al., 2016; Surjan et al., 2021).

Unlike mammalian papillomavirus genomes, which are generally about 8 kilobase pairs
(kb) in length (Frias-De-Diego et al., 2019), papillomaviruses associated with fish are
significantly smaller, with sizes of 5.6-6 kb (Lopez-Bueno et al., 2016). Previously reported
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fish papillomavirus genomes contain the core four open reading frames (ORFs) with
predicted protein products that include two early genes, E1 and E2, which encode protein
products involved in replication), and two late genes, L1 and L2, that encode viral capsid
proteins (Van Doorslaer et al., 2018a).

Here we report the identification of ten novel fish-associated papillomaviruses in an
endeavor to gain further insight into the Seconapapillomavirinae. Genomic characterization,
including ORFs with features that resemble the papillomavirus E6/E7 proteins (which

we call Oncoid), and phylogenetic analyses shed light on this highly divergent group of
papillomaviruses.

Material and methods

Sampling and processing for viral DNA

Antarctic fish samples—As part of a study to identify papillomaviruses circulating in
Antarctic fishes, we sub-sampled four species of fish that were collected for various ongoing
studies on the biology of these animals. All samples were stored at —20°C till processed.

Two of these species were collected in the East Antarctic and two in the West Antarctic.

An emerald notothen ( 7rematomus bernacchii) and a sharp-spined notothen ( 7rematomus
pennellii) were captured from the Ross Sea (East Antarctica) during the austral summer of
2012-2013, and under the 2011/08R animal ethics permit (University of Canterbury, New
Zealand). From these two notothens we subsampled the stomach, including its contents, liver
and gills. The fish did not show any obvious external pathology. Approximately 0.5 cm?3

of each subsampled tissue was homogenized in 20 ml of SM buffer (0.1M NaCl, 50mM
Tris/HCI — pH 7.4, 10mM MgS04) using a mortar and pestle. The resulting homogenate
for each tissue sample was then centrifuged at 6000 g for 10 min to pellet cell debris, and
the supernatant was sequentially filtered through 0.45 and then 0.22 pm syringe filters. Viral
particles in the filtrate were precipitated with 15% w/v PEG 8000 overnight at 4°C. The
resulting solution was centrifuged at 6000 x g for 20 min, the supernatant was discarded
and the pellet was resuspended in 1 ml of SM buffer. 200 pl of this was used for viral DNA
extraction with a High Pure Viral Nucleic Acid Kit (Roche Diagnostics, USA).

Skin samples of 3 mm x 3 mm were necropsied from eight crowned notothen ( 7rematomus
scotti) and two painted notothen (Nototheniops larseni) collected in the West Antarctic
Peninsula during the austral fall of 2018 according to protocols approved by the Institutional
Animal Care and Use Committees (IACUC) of the University of Oregon, USA (#13—
27RRAA). Due to the small sample size of these samples, each was individually
homogenized in 200 pl of SM buffer, which was then directly used to extract viral DNA
using the High Pure Viral Nucleic Acid Kit (Roche Diagnostics, USA).

Commercial market fishes—Whole uncleaned black sea bass (Centropristis striata)
(n=3) and haddock (Melanogrammus aeglefinus) (n=4) specimens were purchased from
Maryland (USA) fish vendors between 2018-2019. The fishing location of these fishes

is unknown. Approximately 0.5 g of scales, muscle, liver, and small samples of other
tissues were combined, macerated and resuspended in 15 ml Dulbecco’s PBS with Triton™
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X-100 (MilliporeSigma, USA) detergent (1% wi/v). To this solution and 0.02% Benzonase®
Nuclease (MilliporeSigma, USA). The mixture was vortexed followed by incubation in a
37°C water bath for 30 min. NaCl was added to a final concentration of 0.85M and the
lysate was clarified by centrifugation for 5 min at 5000 x g. The supernatant was then
transferred to a fresh siliconized tube and the centrifugation step was repeated. The resulting
supernatant was used for iodixanol/OptiPrep™ (MilliporeSigma, USA) ultracentrifugal step
gradients using the protocol outline in Tisza et al. (Tisza et al., 2020). From the gradient
fractions, viral nucleic acids were extracted following a standard DNA extraction protocol
(Tisza et al., 2020). Sequencing reads for these samples were deposited in NCBI under the
BioProject PRINA393166.

Western gull cloacal swab samples—Western gulls (Larus occidentalis) are generalist
predators that have diverse diets including fish, crustaceans and other birds (Pierotti and
Annett, 1995). Cloacal swabs were collected in 2011 from 42 Western gull chicks on the
South Farallon Islands (part of the Farallon Islands National Wildlife Refuge) located 42km
west of San Francisco. The samples were collected as part of an avian gut microbial study.
The swabs were stored in RNAlater and guanidinium isothiocyanate buffer. Viral DNA was
extracted from 200pl of the lysate using the High Pure Viral Nucleic Acid Kit (Roche
Diagnostics, USA).

Enrichment of circular nucleic acids and high throughput sequencing

For each sample, 1-5ul of the viral DNA extract were used to preferentially amplify circular
DNA by rolling circle amplification (RCA) using a TempliPhi 100 kit (GE Healthcare,
USA).

The RCA product was then used to generate Illumina sequencing libraries (2x150bp) and
sequenced on either lllumina 4000 or NextSeq500 sequencers.

De novo assemblies from high-throughput sequencing and identification of fish
papillomaviruses

Sequence reads were filtered for quality, trimmed using Trimmomatic v0.39 (Bolger et al.,
2014) or FastP (Chen et al., 2018), and then de novo assembled using metaSPades v3.12
(Bankevich et al., 2012) or Megahit (Li et al., 2015). Contigs >1000 nts were analyzed

and processed through the Cenote-Taker, virus discovery and annotation pipeline (Tisza et
al., 2020). An un-annotated papillomavirus sequence fragment (GenBank accession number
FLSL01000248) was detected in a sea bream metagenomic survey. A complete circular
map for the virus was curated back to parent read sets (BioProject PRIEB7439) using CLC
Genomics Workbench v.21 (http://www.clchio.com/products/clc-genomics-workbench/).

Genome amplification and verification

Antarctic fish samples—A 5,752 nt contig assembled from the viral DNA of the
emerald notothen stomach sample displayed similarities to papillomavirus sequences.
This contig was determined to be circular based on terminal redundancy resulting in a
putative 5675 nt circular molecule sequence. Based on the sequence of this contig, back-
to-back primers in the L1 gene region were designed (BiS_F: 5-’AAC GAC ATG CTA
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CTG GTA TCA GAC ATC TGG-3’; BiS_R: 5’-CAA TGA TCA TGA AGT TGG AGT
CTC CAG CAT C-3’) and used in a polymerase chain reaction (PCR) to recover and
verify the papillomavirus genome sequence. The PCR reaction was performed using Kapa
HiFi polymerase (Kapa Biosystems, USA) as per manufacturer’s recommendations. The
amplicon was run on a 0.7% agarose gel, excised, purified and cloned using pJET1.2
plasmid (Thermo Fisher, USA). The recombinant plasmid was Sanger sequenced at
Macrogen Inc (South Korea) by primer walking.

No papillomavirus-like sequences were identified in sharp-spined notothen, crowned
notothen or painted notothen tissue samples.

Western gull cloacal swab samples—A 6072 nt contig with similarities to fish
papillomaviruses was identified in a Western gull cloacal swab. This contig was determined
to be circular based on terminal redundancy resulting in a putative 5994 nt circular molecule
sequence. Based on the sequence of this contig, back-to-back primers in the L1 gene

region were designed (W11C2_F: 5-’GTC TTC CCG TAA GAC GTG TGG CTG C-3;
W11C2_R:5-"GCA GGC TGA CTG TGG TGA TTC TTA GGT G-3’) and used to

screen the 42 western gull chick swab DNA extracts. Of the 42, only one (sample ID
3_WEGU 2011_C) was found to be positive by PCR using Kapa HiFi polymerase (Kapa
Biosystems, USA) as per manufacturer’s recommendations. The amplicon was run on a
0.7% agarose gel, excised, purified and cloned using pJET1.2 plasmid (Thermo Fisher,
USA). The recombinant plasmid was Sanger sequenced at Macrogen Inc (South Korea) by
primer walking.

Fish papillomavirus annotation, and sequence analysis

A dataset of all previously reported fish-associated papillomaviruses (n=6) was compiled
from GenBank (downloaded on 28 June 2021). Open reading frames in the ten
papillomaviruses identified in this study were first determined using ORFfinder (https://
www.nchi.nlm.nih.gov/orffinder/) with manual input for putative introns and splice
acceptor / donor sites coupled with similarity searches using HHpred (Gabler et al.,

2020; Zimmermann et al., 2018). MacVector v. 18.1.5 was used to scan candidate
“Oncoid” proteins for the following short linear motifs: Rb interaction: (LI)XCX(ED)

or (DEN)(LIMV)XX(LM)(FY)D; casein kinase 2 phosphorylation: (ST)XX(DE); cell
division sequence motif (CDSM): DXXCX(TES)X1_g(DE)(DETS)(DE); zinc coordination:
CXXC(X4_40C)XXC or CXCXXC; leucine interaction motif: LXXLLX (where X #
proline); PDZ interaction motifs: class 1 (STC)X(ACVILF)*, (VLIFY)X(ACVILF)*, class 3
(DE)X(ACVILF) (Kumar et al., 2020). RNA hairpins were predicted using MXfold2 http://
www.dna.bio.keio.ac.jp/mxfold2/(Sato et al., 2021).

The pairwise identities of the full papillomavirus genomes and the E1, E2, L1 and L2 amino
acid sequences were determined using SDT v1.2 (Muhire et al., 2014). A neighbor-joining
phylogenetic tree of the complete papillomavirus genomes was generated. Genomes were
aligned with MUSCLE (Edgar, 2004) inferred with Jukes-Cantor substitution model in
MEGA 5.2 (Tamura et al., 2013) and midpoint rooted.
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Since the E1 protein is the most conserved protein across all papillomaviruses with high
similarity in the helicase domain, representative papillomavirus E1 amino acid sequences
were downloaded from the Papillomavirus Episteme (PaVE) (Van Doorslaer et al., 2017a)
and aligned together with all available fish papillomavirus E1 sequences using MAFFT
(Katoh and Standley, 2013). The resulting alignment was trimmed using trimAL (Capella-
Gutierrez et al., 2009) with gappyout function and this was then used to infer a maximum-
likelihood phylogenetic tree using best substitution model LG+G4 with 1Q-Tree v2.1.3
(Minh et al., 2020).

To gain better insights into the evolutionary relationships among fish papillomaviruses,
the amino acid sequences of the most conserved proteins, i.e., E1, E2 and L1 of the

fish and avian papillomaviruses were concatenated and “block” aligned using MUSCLE
(Edgar, 2004). This alignment was then used to infer a maximume-likelihood phylogenetic
tree using partition models (Chernomor et al., 2016) Q.yeast+F+I+G4 for the E1 protein,
Q.pfam+F+I+G4 for the E2 protein and tREV+F+G4 for the L1 protein in 1Q-Tree v2.1.3
(Minh et al., 2020).

All phylogenetic trees were visualized in iTOL v6 (Letunic and Bork, 2019).

Results and discussion

Discovery of novel fish papillomaviruses

Here we present the genomes of ten new papillomaviruses from emerald notothen (n=1),
black sea bass (n=3), haddock (n=4), sea bream (n=1), and from a cloacal swab sample of a
western gull (n=1).

The emerald notothen papillomavirus genome (5.6 kb; GenBank accession MZ447865)
(Figure 1A and B), was identified and recovered from the stomach tissue of an individual in
whose liver we had previously identified a novel polyomavirus (Van Doorslaer et al., 2018b).
Simultaneous co-infection with both a papillomavirus and a polyomavirus has been noted
previously in a gilthead sea bream (Lopez-Bueno et al., 2016). No papillomaviruses were
identified in the other Antarctic fish (sharp-spined, crowned and painted notothens).

Seven other papillomavirus genomes were identified in sequence data generated from
commercial market fish. Three genomes were identified in black sea bass (5.7-6 kb;
GenBank accession MZ570863-MZ570865) and four genomes from haddock(5.7-6.1 kb;
GenBank accession MZ570859 and MZ570862) (Figure 1A and B). An additional genome
was detected in a dataset for a red snapper, but it was nearly identical to a sequence

we previously reported from a haddock (MH616908). The red snapper and haddock
specimens were purchased from different fish markets and were subjected to sequencing
in different runs six months apart. The observation illustrates the problem that surface
cross-contamination between different fish species is highly likely in the context of a fish
market. It thus not possible to confidently assign host tropism for the market-derived fish
papillomaviruses.
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One papillomavirus more similar to those from fish compared to those from birds and other
terrestrial vertebrates was identified in a cloacal swab from a chick of a seabird, the western
gull (6 kb; GenBank accession MZ602149) sampled on the Farallon Islands, USA in 2011.

This virus likely originated from a fish that was ingested as part of the bird’s diet (Figure 1).

A TBLASTN survey of the GenBank nr database revealed an un-annotated papillomavirus-
like sequence sea bream (Sparus aurata) dataset (5.6 kb; GenBank accession
FLSL01000248; BioProject PRIEB7439; BioSample: SAMEA2826833) (Figure 1).

To gain a better understanding of the genome organization of all the fish papillomaviruses
we re-analyzed previously published fish papillomavirus sequences together with the

ones we report in this study. Several papillomaviruses identified in commercial market
rainbow trout, red snapper, and haddock had previously been annotated using an automated
computational method, Cenote-Taker v1 (Tisza et al., 2020). Manual re-annotation
confirmed the presence of the major ORFs encoding the canonical E1, E2, L2, and L1
proteins in these samples (Figure 1).

In well-studied mammalian papillomaviruses, L1 mRNAs typically initiate within the E7
ORF and a large intron encompassing the entire early region and L2 is spliced out. This
positions a highly conserved ATG codon found near the 5’ end of the L1 ORF near the 5’
end of the L1 mRNA.

The L1 ORFs of many fish papillomaviruses lack a suitable ATG initiator codon at the 5’
end of the L1 ORF. It has been proposed that some bird papillomaviruses, such as puffin
papillomavirus 1, initiate translation of their L1 protein from a non-canonical GTG initiation
codon (Canuti et al., 2019). This is a surprising proposition, in the sense that the major
capsid protein must be expressed at high levels in the late phase of the papillomavirus

life cycle and GTG initiation codons are not used efficiently (Kearse and Wilusz, 2017).
Inspection of the puffin papillomavirus 1 map suggests the alternative explanation that a
traditional ATG initiation codon might be encoded on the first exon of a hypothetical L1
MRNA, creating a novel L1 leader peptide at map positions 7600-7662. We invoke a similar
solution to the L1 initiation codon puzzle for several fish papillomaviruses (Figure 1). In
some cases, the hypothetical L1 initiator ATG codon is generated by splicing.

The L2 minor capsid proteins of mammalian papillomaviruses have an N-terminal polybasic
motif, which is cleaved by host furin proteases during the infectious entry process, and a
conserved Cys-Xs-Cys motif (Richards et al., 2006). In all available fish papillomavirus L2
protein sequences, the familiar di-cysteine motif is found near the C-terminus and a potential
polybasic furin cleavage site is located between the two cysteines (Duckert et al., 2004;
Gabler et al., 2020; Zimmermann et al., 2018).

Cancer-causing HPVs encode two oncogenes, E6 and E7. A hallmark feature of E6 is a C-
terminal PDZ-interaction motif and a hallmark feature of E7 oncogenes is an LXCXE motif
followed by a potential casein kinase 2 (CK2) phosphorylation site that drives interactions
with Rb and related tumor suppressor proteins (Suarez and Trave, 2018). The Rb-interaction
motif often overlaps a cell-division sequence motif (Figge and Smith, 1988). The core fold
of both E6 and E7 is anchored by sets of paired CXXC motifs that coordinate a zinc
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ion, supporting speculation that the two genes might have arisen through duplication of

a single ancestral zinc-binding protein (Van Doorslaer, 2013). This hypothesis has been
difficult to explore because E6 and E7 share no discernible primary sequence similarity with
one another beyond their shared CXXC motifs. There is also staggering sequence diversity
within each gene class. In an arbitrary example, the E6 proteins of Alphapapillomavirus
HPV16 (EU118173) and Gammapapillomavirus HPV201 (KP692115) share only 26%
amino acid identity. Moreover, the HPV201 EG6 protein lacks the hallmark PDZ-interaction
motif and instead encodes a hallmark pRb interaction motif that is missing from HPV201 E7
(Figure 2).

All observed fish papillomaviruses encode at least one short ATG-initiated ORF near the 5’
end of the E1 ORF (Figure 1). In light of the poor conservation of HPV E6/E7 proteins,

it was unsurprising that attempts to align protein sequences encoded by the E6/E7-syntenic
fish papillomavirus ORFs against known terrestrial papillomavirus oncogenes did not reveal
discernible similarities. We therefore resorted to scanning the genes for short linear peptide
motifs. About half of the candidate fish papillomavirus “Oncoid” genes encode either
paired CXXC motifs or a Rb-interaction motif or both (Figure 2). In several instances

(e.9., MH617143 MH617579, and MZ447865) the LXCXE-CK2-CXXC segment gives
high-probability hits for the solved structure of HPV16 E7 in HHPred searches (Gabler et
al., 2020; Zimmermann et al., 2018).

A haddock-associated papillomavirus, MH617143, encodes a downstream Oncoid ORF with
a potential zinc-coordinating motif and a C-terminal PDZ interaction motif. There are no
suitable splice acceptor signals that would potentiate expression of the downstream ORF as
a second exon. In the specific cases of sea bass and sea bream papillomaviruses (MZ570863
and KX643372, respectively) the overlap between the upstream ATG-initiated Oncoid ORF
and an overlapping downstream ORF have a —1 frame relationship with a TTTAAAC
“slippery” motif in the overlap as well as a predicted RNA pseudoknot just downstream

of the first ORF stop codon (Figure 2). These features closely resemble the organization

of the programmed -1 ribosomal frameshifting machinery that promotes expression of

the fused ORF1ab polyprotein in coronaviruses (Bhatt et al., 2021; Brierley et al., 1992).
We hypothesize that fish papillomavirus species with apparently split Oncoid ORFs might
express a single fused Oncoid protein via translational frameshifting. Interestingly, nearly
all HPVs exhibit a —1 overlap between the E6 and E7 ORFs and, in some cases, the

overlap includes a canonical TTTAAAC slippery motif and a predicted RNA pseudoknot
just downstream of the E6 stop codon. It would be interesting to experimentally test the
hypothesis that some HPVs express a fused E6:E7 protein via programmed -1 ribosomal
frameshift mechanism (Harger et al., 2002).

Phylogenetic and genetic similarity analyses

The genome-wide phylogeny showed two major fish papillomavirus clades, one
containing emerald notothenpapillomavirus and another comprised of two haddock-
associated papillomaviruses (MZ570861 and MZ570859) and one sea bass papillomavirus
(MZ570865) (Figure 1A). A distinctive feature of the second clade is that the candidate
Oncoid ORF is overprinted in the +1 frame of the E1 ORF (Figure 1). The smaller clade
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comprising three viruses, with overprinted Oncoid genes, share 59—75% genome-wide
similarity (Supplementary data 1). Members of the larger clade, which houses all other
known fish papillomavirus genomes, share 58—-66% genome-wide similarity within the
group and 57-60% between members of the two groups. The E1 and L1 genes are the
most conserved genes among all the terrestrial vertebrate papillomaviruses and this is also
the case for the fish group (Figure 1). The four core proteins share the following pairwise
identities among the fish papillomavirus group: E1: 23-73%, E2:21-65%, L2: 17-83% and
L1: 21-69% (Figure 1B).

Analysis of E1 proteins from papillomaviruses across all vertebrate host groups revealed
that papillomaviruses from fish form a distantly related group of viruses sister to avian

and reptile papillomaviruses (Figure 3A). A maximum likelihood phylogeny of the E1,

E2 and L1 proteins from all fish papillomaviruses (Figure 3B), rooted with the avian
papillomaviruses, confirmed the two major fish papillomavirus clades observed in the
genome-wide phylogeny (Figure 1A). It should be noted that the Western gull cloacal swab-
derived papillomavirus is most closely related to papillomaviruses from haddock, gilthead
sea bream and black seabass (Figure 1A and 3B), neither of which are found in the Farallon
Island foraging area. Fish that are part of the primary diet of Western gulls are northern
anchovy (Engraulis mordax), juvenile rockfish (Sebastes spp.), and other observed fish prey
include Pacific whiting (Merluccius productus), Jack mackerel ( 7rachurus symmetricus),
Pacific saury (Cololabis saira), midshipman (Poricthys spp.), white croaker (Genyonemus
lineatus), spotted cusk eel (Chilara taylori), and jacksmelt (Atherinopsis californiensis)
(Ainley, 1990). Papillomaviruses from the same host species do not always cluster together,
for example the three isolates recovered from sea bass resolved in separate clades. A similar
situation was also observed for the haddock papillomaviruses. However, an important caveat
is that the sea bass and haddock samples were collected from a commercial market and the
fish samples might have been cross contaminated by serial handling of different fish species.
This caveat is less likely to apply to the two highly divergent papillomaviruses identified

in single-species surveys of sea bream (KX643372 and FLSL01000248). Based on current
data the fish papillomavirus phylogeny appears to not follow the host phylogeny given the
multiple placements of viruses from a single host across the papillomavirus phylogeny, and
therefore infers that host switching, recombination and/or multiple within host divergence
events have occurred. A phenomenon that has been observed in other papillomavirus groups
such as those from Weddell seals (Smeele et al., 2018).

Concluding remarks

Here we report nine novel fish papillomaviruses derived directly from fish tissues,

one of which is the first identification of a fish papillomavirus in an Antarctic fish,

and an additional papillomavirus from a western gull cloacal sample that groups with

the fish papillomaviruses and was likely diet derived. These papillomaviruses belong

to the Seconadpapillomavirinae subfamily. Within an Antarctic context, this is the third
animal species in which papillomaviruses have so far been identified; the others were
firstpapillomaviruses found in Adélie penguin (Pygoscelis adeliag) (Van Doorslaer et al.,
2017b; Varsani et al., 2014) and Weddell seal (Leptonychotes weddellii) (Smeele et al.,
2018). It is apparent from the sample set described here that fishpapillomaviruses are highly
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diverse and likely present in diverse forms in many more, yet unsampled, fish species.
Current genome sequence data suggest that all fish papillomaviruses derive from a common
ancestor and are highly divergent from other papillomaviruses, however, more investigation
on fish, and early diverging vertebrates such as sharks and rays as well as early branching
terrestrial vertebrates such as amphibians, reptiles, and birds, is needed to gain insight into
the origins, evolutionary relationships, and disease outcomes of the fish papillomaviruses in
the context of the entire papillomavirus family.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Identification and genomic characterization of ten novel fish papillomaviruses

Identification of open reading frames with features reminiscent of E6/E7
oncoproteins

Fish papillomaviruses are highly diverse
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Figure 3:

Pf?ylogenetic analyses of core fish papillomavirus proteins. A. Unrooted Maximum
likelihood phylogeny of E1 proteins from all known papillomaviruses highlighting the
highly divergent fish papillomavirus sub-family (Secondpapillomavirinae) compared to
the terrestrial vertebrate papillomavirus sub-family (Firstpapillomavirinae). B. Maximum-
likelihood phylogeny of concatenated E1, E2 and L1 amino acid sequences of the fish
papillomaviruses and rooted with the avian papillomavirus sequences.
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