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Novel papillomavirus isolated from the oral mucosa of a polar bear does not cluster with other papillomaviruses of carnivores
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Papillomatosis has been documented in several carnivores, and papillomavirus (PV) types have been characterized from lesions in a number of carnivore species, such as the canine oral PV (COPV), the Felis domesticus PV type 1 (FdPV-1) isolated from a Persian cat, the Procyon lotor PV type 1 (PlPV-1) isolated from a raccoon, the canine PV type 2 (CPV-2) from a dog's foot pad lesion and the canine PV type 3 (CPV-3) associated with a canine epidermodysplasia verruciformis -like disease.

A tissue sample was taken from a papillomatous lesion on the oral mucosa of a polar bear (Ursus maritimus). Extracted DNA was used as a template for multiply primed rolling-circle amplification (RCA), and restriction enzyme analysis of the RCA product indicated the presence of papillomaviral DNA. The genome of this PV was cloned and the complete genomic sequence was determined.

The Ursus maritimus PV type 1 (UmPV-1) genome counts 7582 basepairs and is smaller than that of other papillomaviruses (PVs) from carnivore species. UmPV-1 contains the typical noncoding region NCR1, but unlike the carnivore PVs of the Lambda genus, UmPV-1 does not possess a second noncoding region NCR2. Phylogenetic analysis based on a nucleotide sequence alignment of the L1 ORF of UmPV-1 and 51 other PV types indicates that UmPV-1 does not cluster with any of the other carnivore PVs, but branches off near the root of the common branch of the genus Alphapapillomavirus.

Introduction

The Papillomaviridae is a large family of small, non-enveloped, double stranded DNA viruses with an epithelial tropism. They can cause benign and malignant proliferations of the stratified squamous epithelium of the skin and of the mucosa in various higher vertebrate species. These papillomaviruses (PVs) are responsible for a broad spectrum of genotypespecific lesions. Nearly 100 different human papillomaviruses (HPVs) have been described based on isolates of complete genomes [START_REF] De Villiers | Classification of papillomaviruses[END_REF][START_REF] Van Ranst | Phylogenetic classification of human papillomaviruses: correlation with clinical manifestations[END_REF].

Although only a limited number of nonhuman PVs have been fully characterized, they cover a broad range of host species [START_REF] De Villiers | Classification of papillomaviruses[END_REF][START_REF] Sundberg | Papillomavirus infections[END_REF][START_REF] Sundberg | Papillomavirus infections in animals[END_REF]Tachezy et al., 2002b). Taken together with the numerous partial sequences of putative novel non-human PVs that have been reported [START_REF] Antonsson | Healthy skin of many animal species harbors papillomaviruses which are closely related to their human counterparts[END_REF][START_REF] Chan | Genomic diversity and evolution of papillomaviruses in rhesus monkeys[END_REF][START_REF] Ogawa | Broad-spectrum detection of papillomaviruses in bovine teat papillomas and healthy teat skin[END_REF], and a large number of suspected papillomavirus (PV) infections in animals, based on clinical, histopathological, electron microscopic, and immunohistochemical findings [START_REF] Sundberg | Papillomavirus infections in animals[END_REF], the PV genotype variety in nonhuman vertebrates might exceed that of the HPVs. Every vertebrate species could have its own set of PVs.

Papillomatosis has been documented in several carnivores, and currently seven distinct PV types from three different families of carnivore host species have been completely genomically characterized and are available in GenBank. In the family Canidae, the canine oral PV (COPV) is associated with oropharyngeal and cutaneous lesions in dogs and coyotes [START_REF] Delius | Canine oral papillomavirus genomic sequence: a unique 1.5-kb intervening sequence between the E2 and L2 open reading frames[END_REF], the canine PV type 2 (CPV-2) was isolated from a dog's foot pad lesion, and the canine PV type 3 (CPV-3) is associated with canine Epidermodysplasia verruciformis [START_REF] Tobler | Detection of the prototype of a potential novel genus in the family Papillomaviridae in association with canine epidermodysplasia verruciformis[END_REF]. The Felis domesticus PV type 1 (FdPV-1) was isolated from skin lesions of a Persian cat (Tachezy et al., 2002a), and the Panthera leo persica PV type 1 (PlPV-1), the Lynx rufus PV type 1 (LrPV-1), the Puma concolor PV type 1 (PcPV-1) and the Uncia uncia PV type 1 (UuPV-1) were isolated from oral lesions of respectively a Asian lion, a bobcat, a M a n u s c r i p t Stevens et al., UmPV revised manuscript 4 Florida panther and a snow leopard, all belonging to the Felidae family [START_REF] Rector | Ancient papillomavirus-host co-speciation in Felidae[END_REF][START_REF] Sundberg | Feline papillomas and papillomaviruses[END_REF]. The Procyon lotor PV type 1 (PlPV-1) was found in cutaneous lesions of a raccoon family Procyonidae (Rector et al., 2005b). We now report on a novel papillomavirus from a fourth carnivore family: the Ursus maritimus PV type 1 (UmPV-1), isolated from oral mucosal lesions of a polar bear.

A c c e p t e d M a n u s c r i p t

Material and methods

Origin of the sample

In October 2004, an approximately 32-year-old male polar bear (Ursus maritimus) was euthanized at the Copenhagen Zoo in Denmark due to age related problems. Post-mortem examination revealed the presence of papillomas on the ventral aspect of the tongue (Figure 1). Histopathological examination of the papillomas showed marked epithelial hyperplasia with rete-ridge formation and orthokeratotic hyperkeratosis. A few cells of the stratum basale were apoptotic but ballooning degeneration was not a prominent feature. No viral inclusion bodies were found (Figure 2). There was no inflammation associated with the lesions. Total genomic DNA was extracted from this lesions by using phenol/chloroform extraction and ethanol precipitation as described previously (Tachezy et al., 2002a).

Multiply primed rolling-circle amplification

Multiply primed rolling-circle amplification (RCA) was performed with a TempliPhi 100 amplification kit (Amersham Biosciences, Roosendaal, The Netherlands), following a protocol that was optimized for the amplification of papillomaviral complete genomic DNA (Rector et al., 2004b). One microliter of extracted DNA or water (negative control) was transferred into a 0.5 ml tube with 5 µl of TempliPhi sample buffer, containing exonuclease protected random hexamers. The sample was denatured at 95°C for 3 minutes and afterwards placed on ice. A premix was prepared on ice by mixing for each sample 5 µl of TempliPhi reaction buffer, 0.2 µl of TempliPhi enzyme mix, containing the φ29 DNA polymerase, and an extra 450 µM of each dNTP. After mixing by vortexing, 5 µl of premix was added to the cooled samples. The reaction was incubated overnight (approximately 16 hours) at 30°C. Afterwards, the reactions were put on ice and subsequently heated to 65°C for 10 min to inactivate the φ29 DNA polymerase, and stored at -20°C awaiting further analysis. 

Restriction enzyme analysis

Two microlitres the RCA product was digested with a restriction enzyme panel. to investigate whether papillomaviral DNA was amplified. The digestion products were run on a 0.8% agarose gel to check for the presence of a DNA band consistent with full-length papillomavirus DNA (approximately 8 kb), or multiple bands with sizes adding up to this length.

DNA transformation and cloning

Digestion of the RCA product with PstI resulted in 5 DNA fragments (restriction sites indicated in figure 4) of approximately 2.6 kb, 2.3 kb, 1.5 kb, 0.7 kb and 0.5 kb respectively (Figure 3). In order to clone these fragments, 10 µl of RCA product was digested with 100 units of PstI and run on a 0.8% agarose gel, after which the fragments were cut out from the gel. DNA was purified from the gel slices using the GeneClean ® Kit (Qbiogene, Illkrich Cedex, France). The five fragments were ligated into dephosphorylated PstI-cut pUC18 plasmids. After transformation of One Shot MAX Efficiency DH5α-T1R competent cells (Invitrogen, Merelbeke, Belgium), the bacteria were incubated for blue-white colony screening on agar plates containing X-gal, and white colonies were checked by PstI digestion of miniprep DNA. One clone containing each fragment was selected.

DNA sequencing

The complete genome of the polar bear (Ursus maritimus) papillomavirus type 1 (UmPV-1) was determined by primer-walking sequencing of the five cloned DNA fragments, starting from the universal primers in the multiple cloning site of pUC18. Sequencing was performed on an ABI Prism 3100 Genetic Analyzer (Applied Biosystems, Foster City, USA). 

DNA and protein sequence analysis

The nucleotide sequence of the UmPV-1 genome reported in this article was deposited in GenBank under accession number EF536349. Open reading frame analysis was performed with the ORF Finder tool on the NCBI server of the National Institutes of Health (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). The molecular weight of the putative proteins was calculated using the ExPASy (Expert Protein Analysis System) Compute pI/Mw tool (http://www.expasy.org/tools/pi_tool.html). Sequence similarities were investigated by pairwise sequence alignments of the different ORFs, performed at the amino acid level with the ClustalW program in DAMBE version 4.2.13, after which the nucleotide sequences were aligned accordingly. Multiple nucleotide sequence alignments were constructed in DAMBE version 4.2.13 [START_REF] Xia | DAMBE: software package for data analysis in molecular biology and evolution[END_REF]. Nucleotide sequences of the L1 and E1 ORFs of UmPV-1 and 51 other animal and human PV-types were imported and aligned at the amino acid level using ClustalW [START_REF] Thompson | CLUSTAL W: improving the sensitivity of progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice[END_REF], after which the nucleotide sequences were aligned according to the aligned amino acid sequences. Only the unambiguously alignable parts of the E1 and L1 ORFs were used in the phylogenetic analysis. Nucleotide positions that were included are nt 1087-1208, 1351-1467, 1564-1779, 1816-2202 and 2233-2361 in E1 (972 nt in total) and nt 5497-5613, 5647-5856, 5887-5970, 6016-6258, 6349-6501, 6544-6750 and 6802-6873 in L1 (1086 nt in total), relative to the UmPV-1 sequence. Based on these alignments phylogenetic reconstruction was performed, using the neighbor-joining method in the MEGA software package version 3.1 [START_REF] Kumar | MEGA3: Integrated software for Molecular Evolutionary Genetics Analysis and sequence alignment[END_REF]. Bootstrap support values were obtained for 10000 replicates. 

Results

The complete UmPV-1 genomic sequence

The complete UmPV-1 genome counts 7582 basepairs, with a GC content of 48.4%.

The UmPV-1 contains seven putative open reading frames (ORFs) homologous to earlier described PV ORFs, which are located on the same strand of the circular double stranded DNA, as is the case for all PVs characterized to date. The exact location of the ORFs, position of the startcodon and the calculated molecular weight of the corresponding proteins are indicated in figure 4.

The UmPV-1 early genes

The UmPV-1 E6 ORF codes for a protein, which contains two characteristic zinc binding domains (C-X-X-C-X 29 -C-X-X-C) separated by 36 amino acids (aa). An E7 protein, which contains a zinc binding domain and in some cases a pRb binding domain (containing the L-X-C-X-E motif, critical for binding of pRb), is present in most PVs characterized to date. In UmPV-1 no E7 could be identified, furthermore no zinc binding domain and no pRb binding domain could be found in the region encompassing the 3' end of E6 and the 5' end of E1 in all 3 reading frames. The E1 ORF codes for the largest UmPV-1 protein (618 aa) and the carboxyterminal part of this ORF contains the conserved ATP-binding site of the ATPdependent helicase (consensus sequence: GPPNTGKS). In the E2 protein a leucine zipper domain is present, consisting of a periodic repetition of leucine residues at every seventh position over a distance covering eight helical turns (consensus sequence L-X 6 -L-X 6 -L-X 6 -L). This domain is involved in the DNA-binding and dimerization of the E2 protein. The E4 ORF, which is completely contained within the E2 gene, normally has a high percentage of cytosine di-, tri-and tetranucleotides, resulting in a high proline content. The UmPV-1 E4 protein has 19 proline residues out of 147 aa (13%). Also a putative UmPV-1 E5 ORF was found. The E5 protein is often a short protein (less than 100 aa) and has a high percentage of hydrophobic, aliphatic aa (Isoleucine (I), leucine (L) and valine (V)). Assuming a leucine, rather than a methioineThey often use a leucine, rather than a methionine, as an alternative startcodon. The putative E5 protein of UmPV-1 is 84 aa long, with a I+L+V percentage of 38.

The UmPV-1 late genes

The late region of the UmPV-1 genome contains the major (L1) and minor (L2) capside protein genes. The L1 and the L2 protein contain a series of arginine and lysine residues at their c-terminus, likely to function as a nuclear localization signal.

The noncoding region (NCR)

The NCR, between the stopcodon of L1 and the startcodon of E6, counts 628 bp in UmPV-1 (nt 6985 to 30). In this region 5 typical palindromic E2 binding sites (E2BS), with the consensus sequence ACC-N 6 -GGT, were found at nt position 7209, 7277, 7342, 7485 and 7561. Equidistant to these last two E2BS, at position 7515, a putative E1-recognition site (TAATAATTGTAGTTAAC) is present. The NCR contains at its 5'-end a polyadenylation site (AATAAA; nt 7111), located 15 nucleotides 5' of a CA dinucleotide and G/T cluster, for processing of the L1 and L2 capsid mRNA transcripts. The TATAA box of the E6 promotor is present in the 3'-end of the UmPV-1 NCR (nt 7392). Furthermore, a putative SP-1 transcription factor binding site (GGCGGG) is located at position 7292, and 4 putative nuclear factor 1 binding sites were found at positions 7299, 7375, 7496 and 7572. Sigmapapillomavirus, that have been defined to date [START_REF] De Villiers | Classification of papillomaviruses[END_REF]Rector et al., 2005a;Rector et al., 2004a). In the L1 tree UmPV-1 does not cluster with the other carnivore PVs, but is found in a monophyletic branch with the Alphapapillomaviruses (77% bootstrap support). However, UmPV-1 branches off very close to the root of the Alphapapillomavirus branch. In an E1 evolutionary tree, the clustering according to PV genus is well conserved, with high bootstrap support for all branches that join the different members of a genus. In this E1 tree UmPV-1 is not included in a monophyletic branch with the Alphapapillomaviruses, but instead it appears as a close-to root PV, most closely related to PsPV-1 and TtPV-2 although their common branch is only supported by a low bootstrap value (24%) (Figure 5).

Phylogenetic analysis

Phylogenetic

Sequence similarity to other PVs

Table 1 shows the sequence similarity of UmPV-1 and the other PVs of carnivores, the benign cutaneous HPV-1, the high-risk mucosal HPV-16, the oral epithelial hyperplasiaassociated HPV-32, the bovine fibropapillomavirus BPV-1, PsPV-1 and TtPV-2. UmPV-1 showed the highest similarity for the L1 ORF, with a maximum of 60% nucleotide sequence identity to HPV-32. According to the current classification criteria for PVs, this places UmPV-1 with HPV-32 in the genus Alphapapillomavirus. Similarities to the L1 ORFs of the other type species of the genus Alphapapillomavirus were between 51% (for HPV-71 which is the type species of Alphapapillomavirus species 15) and 60% (for HPV-32, HPV-10, HPV-53, HPV-6 and RhPV-1, type species of Alphapapillomavirus species 1, 2, 6, 10 and 12 respectively). 

Discussion

PVs are assumed to be ancient viruses that have co-evolved and cospeciated with their host species, a hypothesis which is supported by the fact that PVs of closely related host species are generally closely related themselves and cluster together in the PV phylogenetic tree, with dating of PV divergence largely coinciding with the host species divergence (Tachezy et al., 2002a;Tachezy et al., 2002b;[START_REF] Van Ranst | Molecular evolution of papillomaviruses[END_REF] UmPV-1, however, does not cluster with any of the other carnivore PVs that have been previously characterized, but branches off near the root of the common branch of the Alphapapillomaviruses. UmPV-1 is most related to the oral and genital HPVs and it is also isolated from a papillomatous oral lesion, this can be an indication that UmPV-1 and the members of the Alphapapillomavirus genus have a common ancestor with a mucosal tropism that was already present in the common ancestor of both carnivores and primates. A similar situation is found for the Erethizon dorsatum PV type 1 (EdPV-1), isolated from a North American porcupine. Phylogenetic analyses have revealed that this PV does not cluster with the earlier characterized rodent PVs, but is most closely related to HPV-41, a cutaneous HPV (Rector et al., 2005a). There is a comparable situation in humans and cattle, with respectively the HPVs and BPVs scattered over different genera, most probably having a most recent common ancestor which largely predates the origin of the human or bovine species. The fact that PVs of carnivores are present in 4 distinct and remotely related phylogenetic clades could be reflected by differences in the tissue tropism and clinical manifestations of these PVs (mucosal tropism for UmPV-1, cutaneous lesions for CPV-2, cutaneous EV-like lesions for CPV-3 and a putative dual tropism for the PVs of the genus Lambdapapillomavirus), and indicates that these viruses belong to distinct ancestral PV lineages that were probably already present in the common ancestor of the present carnivore species. To obtain a more detailed picture of the PV evolution, complete genomic sequences of more animal PVs must become Strictly following the current criteria, UmPV-1 should be classified in the genus Alphapapillomavirus. Nevertheless, there are some arguments for placing UmPV-1 in a separate novel PV genus. Firstly, the L1 similarity to the closest related PV-type (HPV-32 of the genus Alphapapillomavirus) is only 60% which is the threshold for attributing PV types to the same genus. Furthermore, UmPV-1 does not show L1 similarity of more than 60% to all members of the genus Alphapapillomavirus, in fact it is below 60% for most of its members.

Moreover, UmPV-1 differs from the other members of this genus in genomic organization: all known Alphapapillomaviruses have a classic E7 ORF, while this ORF is missing in UmPV-1.

It seems that an E7 protein is not essential for PVs, because the lack of E7 ORFs has been reported previously for the PsPV-1 (Phocoena spinipinnis papillomavirus type 1) isolated from a Burmeisters porpoise and for the TtPV-2 (Tursiops truncatus papillomavirus type 2) from a bottlenose dolphin [START_REF] Rehtanz | Isolation and characterization of the first American bottlenose dolphin papillomavirus: Tursiops truncatus papillomavirus type 2[END_REF]. Furthermore, in a phylogenetic tree based on an E1 alignment, UmPV-1 does not cluster within the genus Alphapapillomavirus (Figure 4).

Generally, the phylogenetic position of the different genera depends on the ORF used in the analysis, while the clustering of PV-types within the same genus is stable, independent of the analyzed ORF. The fact that UmPV-1 has a different clustering pattern in the phylogenetic analysis of the early ORFs can be an indication to question its classification in the genus Alphapapillomavirus. 26) 35 ( 30) 40 ( 34) 35 ( 23) 38 ( 28) 40 ( 34) 43 ( 34) 33 ( 26) 32 ( 26) 33 (26) E1 52 ( 47) 53 ( 48) 52 ( 47) 49 ( 44) 53 ( 45) 53 ( 45) 51 ( 45) 52 ( 46) 50 ( 43) 51 ( 45) 49 (43) E2 39 (33) 39 ( 32) 36 ( 30) 37 ( 28) 40 ( 32) 36 ( 30) 36 ( 28) 39 ( 30) 32 ( 22) 42 ( 31) 39 ( 30) putative E4 27 ( 19) 25 ( 20) 23 ( 16) 20 ( 12) 27 ( 17) 25 ( 16) 19 ( 16) 28 ( 22) 26 ( 15) 27 ( 17 51) 57 ( 55) 56 ( 53) 56 ( 51) 55 ( 52) 57 ( 56) 60 ( 60) 53 ( 50) 53 ( 50) 51 ( 45)
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