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Abstract

Papillomaviridae is a diverse family of circular, double-stranded DNA (dsDNA) viruses that infect a broad range of mammalian,

avian and fish hosts. While papillomaviruses have been characterized most extensively in humans, the study of non-human

papillomaviruses has contributed greatly to our understanding of their pathogenicity and evolution. Using high-throughput

sequencing approaches, we identified 7 novel papillomaviruses from vaginal swabs collected from 81 adult female Weddell

seals (Leptonychotes weddellii) in the Ross Sea of Antarctica between 2014–2017. These seven papillomavirus genomes were

amplified from seven individual seals, and six of the seven genomes represented novel species with distinct evolutionary

lineages. This highlights the diversity of papillomaviruses among the relatively small number of Weddell seal samples tested.

Viruses associated with large vertebrates are poorly studied in Antarctica, and this study adds information about

papillomaviruses associated with Weddell seals and contributes to our understanding of the evolutionary history of

papillomaviruses.

INTRODUCTION

Papillomaviridae is a family of circular, double-stranded
DNA viruses that have ~7–8 kb genomes. There are
>350 distinct papillomavirus types that infect skin, squa-
mous and mucosal epithelial cells [1] in a wide range of
hosts, including mammals, birds, reptiles and fish. Papillo-
maviruses have a genome organization that can be divided
into three major regions: early, late and a long control region
(LCR), which is involved in viral replication [2]. Upon infec-
tion, the early genes (E1, E2 and E4) are expressed and
involved in DNA replication and transcription regulation.
Most papillomaviruses encode at least one additional early
protein (E5, E6 or E7) that is involved in manipulating the
cellular environment. The expression of these proteins com-
promises the regulation processes of the cell cycle and leads
to the proliferation of infected cells. In certain papillomavi-
ruses, these proteins are oncogenic in their hosts [3–6],
likely in part due to their ability to inactivate p53 and pRb
proteins that have an essential role in modulating the cell

cycle. The viral late region includes two structural proteins
that form the viral capsid (L1 and L2) and are expressed
later, once infected cells have proliferated to the squamous
and mucosal epithelial layer. The LCR is involved in viral
replication [2].

Most of the papillomaviruses identified to date have been

associated with humans. The human papillomaviruses

(HPVs) are classified in five genera, Alpha-, Beta-, Mu-,

Nu- and Gammapapillomavirus. Non-human animal papil-

lomaviruses have been characterized in hosts across 18 taxo-

nomic orders [1, 7]. Consistent with the co-evolution

hypothesis, phylogenetic analyses have shown the diver-

gence of mammalian papillomaviruses from avian and

reptile papillomaviruses [8]. Better understanding of the

diversity of papillomaviruses and their evolutionary history

will help to elucidate their impact on the health of wild ani-

mal populations. This has important implications for wild-

life conservation management.
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Just as viral diversity is better understood in humans than in
other species, it is also better understood in regions where
there is a long-established human presence. In more remote
regions, such as polar ecosystems, little is known about
viruses and associated diseases. Yet these areas are just those
that are predicted to change most and to understand the polar
disease ecology it essential to collect baseline data on viruses
and other microbes circulating within these ecosystems. For
example, very little is known about the viruses circulating
amongst Antarctic animals [9], but there is evidence that
endemic Antarctic species are infected with a similar viral
diversity to that in other regions. The handful of viral
genomes from Antarctic animals that have been identified
include those that belong to the viral families Adenoviridae
[10–12], Anelloviridae [13], Orthomyxoviridae [14, 15], Papil-
lomaviridae [8, 16], Paramyxoviridae [17–20], Polyomaviri-
dae [21–23], Poxviridae [24] and Togavirdae [25, 26].

The four Antarctic seals, Weddell, leopard (Hydrurga lepto-
nyx), crabeater (Lobodon carcinophaga) and Ross (Ommato-
phoca rossii), are classified in the taxonomic tribe
Lobodontini within the family Phocidae. Pinnipeds form a
clade within the order Carnivora and diverged most recently
from the family Ursidae. Within the carnivore order, pinni-
peds diverged after the split of Feliformia and Caniformia,
and therefore seals are also closely related to canines and
mustelids [27, 28]. Weddell seals are the most southerly dis-
tributed pinniped, breeding on the fast ice of Antarctica.
They remain at high latitudes year round by maintaining
breathing holes along tidal cracks in the fast ice throughout
the winter months, and consume a diverse diet [29–31].
Building on the first identification of a papillomavirus
in pinnipeds (Zalophus californianus papillomavirus 1;
ZcPV1) from California sea lions (Zalophus californianus)
[32], this study aimed to assess whether the southernmost
mammal, living in the isolated and unique polar habitat of
the Ross Sea, Antarctica, is associated with unique and
diverse papillomaviruses.

RESULTS AND DISCUSSION

Papillomaviruses associated with Weddell seals

We identified and recovered seven papillomavirus genomes
that ranged in size from 7392 to 7836 nts from individual
Weddell seals (aged 10–19 years at the time of sampling)
from the three seasons (Fig. 1; Table 1). The seals were
deemed clinically healthy at the time of sampling, and no
lesions or papillomas were noted.

The L1 gene is relatively conserved among papillomaviruses
and is the current basis for classification within this family,
with the International Committee on Taxonomy of Viruses
(ICTV) recommending that L1 gene sequences that share
<90% pairwise identity with those previously classified
should be considered unique papillomavirus types. The L1
sequences of the seven recovered papillomaviruses from
Weddell seals share <89%pairwise identity (Fig. 1). When
compared to all other papillomavirus L1 sequences, the ones
from this study share <67%pairwise identity. Thus, the

seven papillomaviruses are all new types and have been
named Leptonychotes weddellii papillomavirus 1–7 (LwPV1-
7). A summary of the protein sequence similarities as deter-
mined by BLASTP [33] is provided in Fig. 2. LwPV6 and �7
which are most closely related, sharing 89% genome-wide
identity, both lack an E7 open reading frame (ORF) (Fig. 1).
Both the E6 and E7 protein sequences of LwPV1-5 contain
canonical zinc-binding motifs (CX2CX21–23CX2C metal-
binding motif) in both the E6 and E7 protein sequences. In
the E7 sequences of three LwPVs (LwPV1, �3 and �4) we
identified the conserved pRB LxCxE binding motif (Fig. 2).
LwPV2 and LwPV5 have a slightly modified LxSxE motif. In
other papillomaviruses, similarly belonging to the Gamma-
and Taupapillomaviridae, this modified motif is not
involved in binding to and degradation of pRb [34].

Sequences that share <60%L1 nucleotide sequence identity
are classified into different genera, while novel species isolates
have 60–70% sequence identity and types differ by at least
10% sequence identity [35]. Based on pairwise L1 nucleotide
sequence comparisons and L1 phylogenetic tree support (Fig.
S1, available in the online version of this article), LwPV1-5
are likely members of new species within existing genera
(LwPV1, Lambdapapillomavirus; LwPV2, Trisetapapimmo-
mavirus; LwPV3, Dyonupapillomavirus; LwPV4, Dyothetapa-
pillomavirus; LwPV5, Taupapillomavirus). Furthermore, it is
apparent that LwPV6 and �7 share ~68–71%pairwise iden-
tity and cluster with Ailuropoda melanoleuca papillomavirus
(AmPV) 1–2 and Ursus maritimus papillomavirus 1
(UmPV1) in the genus Omegapapillomavirus (Fig. S1). Thus,
LwPV6 and �7 are likely to be assigned to a new species in
the genus Omegapapillomavirus.

To investigate the evolutionary history of the seven novel
Weddell seal papillomaviruses we constructed a phylogenetic
tree based on the conserved E1, E2 and L1 ORFs [36] (Fig. 3).
With regard to the seven novel Weddell seal papillomavi-
ruses, this tree is congruent with the L1 nucleotide tree (Fig.
S1). LwPV1 clusters with lambdapapillomaviruses (Figs 3 and
S1), with the highest L1 amino acid pairwise identity (63.9%)
being with the L1 sequence of AmPV4 (Fig. 2). Phylogeneti-
cally, LwPV3 is most closely related to ZcPV1, despite sharing
the highest L1 amino acid pairwise identity with AmPV3
(63.3%). LwPV2 shares the highest amino acid pairwise iden-
tity (50%) with human papillomavirus (HPV) 4 in the genus
Gammapapillomavirus, but phylogenetically it is most closely
related to VvPV1, the sole member of the genus Treisetapapil-
lomavirus (Figs 3 and S1). The E7 protein of LwPV3 shares
50% pairwise identity with that of LwPV4 but in general is
most closely related to ZcPV1 (Figs 2, 3 and S1). The L1 pro-
tein of LwPV4 shared 63.4% pairwise identity with that of
Felis catus papillomavirus (FcaPV2). LwPV5 clusters with
taupapillomaviruses, sharing 57.9, 57.6 and 56.2% amino acid
pairwise identity with the L1, E1 and E2 sequences of canine
papillomavirus (CPV) 17, CPV2 and CPV7, respectively.
LwPV6-7 are most closely related to AmPV1 in the genus
Omegapapillomavirus, with an L1 amino acid pairwise iden-
tity of 68–69%.
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Papillomaviruses lacking the E7 gene

The oncoprotein E7 is not encoded by all papillomaviruses

and studies based on the high-risk HPVs have shown that

this oncoprotein associates with cellular pRB through the

conserved LxCxE motif [37]. All classified members of

the genera Omega- (including LwPV6-7), Omikron-

and Upsilonpapillomavirus, as well as Myotis ricketti

papillomavirus (MrPV1) and Sus scrofa papillomavirus

(SsPV1), lack the E7 ORF [38–42]. The E7 ORF is also

absent from all characterized cetacean papillomaviruses

[43–46].

The bold branches in the phylogenetic trees presented in
Figs 3 and S1 show lineages lacking an E7 gene. As depicted
in the partition tree, the bold clades have diverged from a

Fig. 1. (a) Neighbour-joining phylogenetic tree of the tree inferred from the aligned genome sequences of LwPV1-7 with the genome

organization for each genotype showing E6, E7, E2, L2 and L1 ORFs coupled with genome size. (b) Pairwise identity plot with percent-

age pairwise identities provided in coloured boxes for the genome and the L1 nucleotide sequences.

Table 1. Sample data for LwPV1-7, including the GenBank accession number (MG571089-MG571095), the season the LwPV was identified,

the specimen number (SPENO) for the individual seal in which the respective virus was identified, the age of the individual at the time of sampling,

the date the sample was taken and the abutting primer pair used to recover the genome

Name Accession no. Season SPENO Age at
sampling

Sampling date Primers

Leptonychotes weddellii
papillomavirus 1

MG571090 2014/
2015

13 241 16 19 November 2014 F: 5¢-GCCTTATACTCATCAGGCTTATATGGA
TTTTGGG-3¢
R: 5¢-CTACCTAAGGCATACAGAGGAATATGA-
CATTGCAT-3¢

Leptonychotes weddellii
papillomavirus 2

MG571089 2014/
2015

11 445 19 18 January 2015 F: 5¢-TAATTTCAGAAACCTGTGATGCTGGAAGTG
TTTG-3¢
R: 5¢-ATACTAAGCATGCTATTATGATGAAG
TTGGTTTT-3¢

Leptonychotes weddellii
papillomavirus 3

MG571093 2015/
2016

17 181 10 30 November 2015 F: 5¢-TATCCCTTTAATGATGAAGGACAGCCCACA
TATCT-3¢
R: 5¢-CTCATTTTTAAAGGTAAAGCACTGCAGTC
TGCTG-3¢

Leptonychotes weddellii
papillomavirus 4

MG571095 2014/
2015

12 091 18 28 January 2015 F: 5¢-AAAGTGTTGCCTTCCACTTTATTTACAACA
TCATC-3¢
R: 5¢-TGCAGATAGATTTTTAAAATGGGCAAGC
TCTTTTC-3¢

Leptonychotes weddellii
papillomavirus 5

MG571094 2016/
2017

12 975 18 24 November 2016 F: 5¢-TAAACAGTGACACACAGCTGTTTAA-
CAGGCCTTTT-3¢
R: 5¢-CTAGAGAACCGCTGGGAGTTCCATAG
TAGATAGAA-3¢

Leptonychotes weddellii
papillomavirus 6

MG571091 2016/
2017

17 495 10 8 December 2016 F: 5¢-CATATCCAATAAAGTCAGATGATTCAG-
GAGGTAGC-3¢
R: 5¢-CTGTGTATAGTGACTTCTATTATGACCC
TAGCCTT-3¢

Leptonychotes weddellii
papillomavirus 7

MG571092 2016/
2017

17 629 10 19 January 2017 F: 5¢-GGCTATACTAACCTGATTTAGTATCCA
TTTTGGCC-3¢
R: 5¢-CACATATCACAGGACAGTACACCA
TTTGAACTATC-3¢
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recent common ancestor shared with alpha- and dyoomik-
ronpapillomaviruses. Multiple gene loss events have been
reported in the evolution of certain papillomavirus clades.
Loss of the E6 gene has occurred on at least two occasions
in the evolution of papillomaviruses. Gamma-6 papilloma-
virus species all lack E6, while it is present in all other gam-
mapapillomaviruses, indicating a loss of E6 in the shared
ancestor of Gammapapillomaviruses 6 [47]. Furthermore,
loss of E6 has been hypothesized to have occurred twice in
the evolution of Xipapillomavirus genera: once in the diver-
gence of bovine papillomavirus 12 (BPV12) and again in the
Xipapillomvirus 1 species [47].

Papillomaviruses associated with the order
Carnivora

Papillomaviruses in general appear to have co-evolved with
their hosts, but recombination, adaptive radiation, host

switching and positive selection have been shown to con-
tribute to the evolution of papillomaviruses [36, 48–50].

Pinnipeds belong to the order Carnivora, and their most
recent common ancestor with caniforms is approximately
45 mya [28, 51]. Among the Pinnipedia, the Antarctic lobo-
dontines originated and speciated in the late Miocene to
early Pliocene, when the relative isolation around Antarctica
allowed for rapid diversification of those individuals that
could tolerate the relatively cold climate conditions that
existed south of the Antarctic Circumpolar Current [28]. To
date, 40 papillomaviruses have been identified across 14 dis-
tinct carnivore hosts (Figs 4 and S2). [1, 41, 52–54]. With
the exception of UmPV1 (polar bear; Omega), VvPV1 (red
fox; Treiseta), FcaPV2 (domestic cat; Dyotheta), and ZcPV1
(California sea lion; Dyonu), all Carnivora-associated papil-
lomaviruses belong to the genera Chi-, Lambda- or Tau-
papillomavirus. ZcPV1, the only pinniped-associated
papillomavirus that was known until this study, is most
closely related to chipapillomaviruses and belongs to the
genus Dyonupapillomavirus [32]. All LwPVs cluster phylo-
genetically in clades containing papillomaviruses of closely

Fig. 2. (a) BLASTP results for each of the proteins encoded by LwPV1-7 with Weddell seal papillomaviruses highlighted in red and Cali-

fornia sea lion papillomavirus 1 (ZcPV1) given in pink. Protein sequence of first (b) and second (c) zinc-binding motifs (CX2CX21–23CX2C)

present in the L6 ORF of LwPV1-7. (d) Protein sequence of pRB-binding motif (Lx[C/S]xE) and zinc-binding motif in E7 ORF of LwPV1-5.
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related carnivore hosts (Figs 4 and S2). This is reminiscent

of primate and artiodactyl papillomaviruses. Primate papil-

lomaviruses form five defined clades, and within each genus

the viruses recapitulate the host evolutionary history [42]. It

has previously been proposed that, similar to polyomavi-

ruses [21], papillomavirus diversity can be explained by

Fig. 3. Maximum-likelihood phylogenetic tree inferred using concatenated protein sequences of E1, E2 and L1. LwPV1-7 are

highlighted in red and California sea lion papillomavirus 1 (ZcPV1) is highlighted in pink. Branches in black indicate lineages that have

no recognizable E7 ORF. Branches with <0.75 aLRT branch support have been collapsed. Branch support values are given in purple

circle size gradients. Papillomaviruses marked with asterisks are unclassified.
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Fig. 4. Co-evolution of carnivore papillomaviruses from Omega-, Lambda-, Triesta-, Tau-, Dyonu-, Chi- and Dyothetapapillomaviruses.

Clades of concatenated E1–E2–L1 maximum-likelihood phylogenetic tree (see Fig. 3). All Carnivora papillomaviruses known to date are

present in the six clades and these are linked to their host phylogenies.
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intra-host duplication followed by episodes of co-evolution

[42, 55].

CONCLUSIONS

The diversity of papillomaviruses in Weddell seals supports
the presence of four or five distinct clades, corresponding to
four or five ancestral viruses. We hypothesize that the first
terrestrial animals were infected with at least four distinct
papillomaviruses. As papillomaviruses co-evolved with
these hosts, viral niche adaptation allowed for intra-host
duplication [56, 57], in turn resulting in radiation and fur-
ther host–parasite coevolution.

It has become evident that papillomaviruses identified in a
single host may originate from multiple evolutionary line-
ages. This is shown for human papillomaviruses, which are
classified into five highly divergent genera, with the majority
classified as Alpha-, Beta- and Gammapapillomavirus. Simi-
larly, canine papillomaviruses reveal at least three evolution-
ary lineages that are classified into distinct genera. This
work has revealed that, even in a fairly small sample set,
Weddell seals are similarly infected with a diverse set of
papillomaviruses that are distinct from those found in other
mammals. It is highly likely that these seven papillomavi-
ruses are benign, as no anogenital or oral cancers associated
with Weddell seals were identified in this study and nor
have they been previously reported.

Metagenomics and high-throughput sequencing have
increased our knowledge of Antarctic animal virology expo-
nentially over the last 5 years [9]. Determining the viral
diversity in this extreme and isolated habitat is important
for monitoring animal health. Furthermore, expanding our
understanding of carnivore papillomaviruses in a novel host
has offered strong support for a gene loss event in the evolu-
tionary history of papillomaviruses, thus extending our
knowledge of the family Papillomaviridae.

METHODS

Sampling and sample processing

Across three Antarctic field seasons, vaginal swabs were

taken from a total of 81 (2014/2015, n=25 ; 2015/2016,

n=29; 2016/2017, n=27) individual adult female Weddell

seals (Leptonychotes weddellii). All applicable international,

national and institutional guidelines for the care and use of

animals were followed during sampling. The vaginal swabs

were stored in UTM Viral Transport Media (Copan, USA)

at 4
�

C for up to 6months prior to analysis. We filtered 1ml

of the transport media through a 0.2 µm syringe filter for

each sample and 200 µl of the filtrate was used for viral

DNA extraction using the High Pure Viral Nucleic Acid kit

(Roche Diagnostics, USA). Viral circular DNA molecules

were subsequently amplified using rolling-circle amplifica-

tion (RCA) with the TempliPhi kit (GE Healthcare, USA).

High-throughput sequencing and sequence analysis

The RCA products (5 µl from each sample) were pooled for
each season. The three pooled RCA products were used to
prepare 2�100 bp libraries and these were sequenced on an
Illumina HiSeq4000 at Macrogen, Inc. (Republic of Korea).
The resulting paired-end reads were de novo assembled
using ABySS v2.02 (kmer=64) [58]. BLASTX [33] analysis of
the assembled contigs >2000 nts revealed seven contigs that
had similarities to papillomavirus sequences. Abutting pri-
mers (Table 1) were designed based on each PV-like de
novo assembled viral contig to recover the full genomes
from individual samples. Amplification of the papillomavi-
rus-like molecules was carried out using KAPA Hifi
Hotstart DNA polymerase (Kapa Biosystems, USA), the
abutting primers and the RCA product as template (0.5 µl)
with the following polymerase chain reaction (PCR) proto-
col on an Eppendorf Mastercycler: initial denaturation at
95

�

C for 3min, then 30 cycles at 95
�

C for 30 s, 60
�

C for
30 s, 72

�

C for 8min and a final extension at 72
�

C for 8min.
The amplicons were resolved on a 0.7% agarose gel, gel-
purified and cloned into pJET1.2 plasmid (ThermoFisher,
USA). The resulting recombinant plasmids were Sanger
sequenced at Macrogen, Inc. (Republic of Korea) by primer
walking. The Sanger-sequenced contigs were assembled
using DNA Baser v4 (Heracle BioSoft SRL, Romania).

Representative annotated papillomavirus genomes (n=352;
Table S1) sequences were downloaded from the PaVE data-
base [59, 60]. From the 352 annotated sequences down-
loaded from PaVE and the 7 papillomaviruses genomes
recovered in this study, the L1 gene, and E1, E2 and L1 pro-
tein sequences were extracted. Two datasets were created,
one of aligned L1 gene sequences and the other of
concatenated aligned E1, E2 and L1 protein sequences. All
alignments were carried out using MAFFT [61].

The aligned L1 gene sequences were used to infer a maxi-
mum-likelihood phylogenetic tree using PhyML 3.0 [62]
with GTR+I+G4 as the best fit model as determined using
jModelTest [63]. A maximum-likelihood phylogenetic tree
for the concatenated aligned E1, E2 and L1 proteins was
inferred using PhyML 3.0 [62] and the LG+F+I+G4model
was determined as best fit model for the E1, E2 and L1
partitions using PartitionFinder 2 [64]. Branches with
<0.75 aLRT branch support [65] were collapsed using Tree-
Graph 2 [66]. The phylogenetic trees were visualized and
edited using iTOL v3 [67]. The pairwise identities of the full
genomes and L1 gene were determined using SDT v1.2 [68].
The Carnivora host phylogeny was inferred with TimeTree
(www.timetree.org/) [69].
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