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Abstract

A female short-beaked common dolphin calf was found stranded in San Diego, California in October 2010, presenting with
multifocal ulcerative lesions in the trachea and bronchi. Viral particles suggestive of polyomavirus were detected by EM, and
subsequently confirmed by PCR and sequencing. Full genome sequencing (Ion Torrent) revealed a circular dsDNA genome
of 5,159 bp that was shown to form a distinct lineage within the genus Polyomavirus based on phylogenetic analysis of the
early and late transcriptomes. Viral infection and distribution in laryngeal mucosa was characterised using in-situ
hybridisation, and apoptosis observed in the virus-infected region. These results demonstrate that polyomaviruses can be
associated with respiratory disease in cetaceans, and expand our knowledge of their diversity and clinical significance in
marine mammals.
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Introduction

Polyomaviruses (PyVs; family: Polyomaviridae) are small non-

enveloped viruses with icosahedral capsids of 40–45 nm and a

circular dsDNA genome of approximately 5 kbp [1–3]. They

exhibit bidirectional transcription, which begins early in the

infectious cycle with the non-structural large and small tumour (T)

antigens (T-Ag/t-Ag). These proteins are produced following

alternative splicing of a common pre-messenger RNA (mRNA),

and serve multifunctional roles in the regulation of viral and host

gene expression and viral DNA replication. In mammalian

polyomaviruses, these proteins can also induce and maintain

neoplastic transformation in cell culture, or neoplasias in vivo [4].

The structural proteins VP1, VP2 and VP3 form the icosahedral

viral capsid, and facilitate cell entry. Coding mRNAs for these

proteins are transcribed later in the infection, initiated by the early

T antigens, and like the early proteins are also produced from

overlapping coding sequences that are alternatively spliced from a

common mRNA. In several members of the mammalian

polyomaviruses an additional ‘agnoprotein’ is also expressed,

which is thought to be associated with capsid assembly and

enhancing viral release [5].

Polyomaviruses infect a wide range of avian and mammalian

hosts with varying clinical significance. In avian hosts infection is

often associated with acute and severe disease, while mammalian

PyVs generally result in mild or subclinical infections [2] unless the

host is immunosuppressed [6–9]. Significantly, our knowledge of

PyV epidemiology and pathogenesis is mostly limited to terrestrial

species, and the only reported marine PyV infection is in a

California sea lion (Zalophus californianus) with small proliferative

lesions on the dorsal mucosa of the tongue [10,11]. Here we

describe a novel cetacean PyV and implicate the virus in the death

of a free-ranging short-beaked common dolphin (Delphinus delphis).

Results and Discussion

A female common dolphin calf was found stranded in San

Diego, California in October 2010, but died before rescue could

be attempted. Gross and histologic examination revealed a

moderate to severe diffuse hepatic lipidosis associated with an

acute anorexia. In the upper airways, multifocal ulcerative lesions

were observed in the trachea and bronchi with epithelial loss, and

haemorrhage with necrotic and inflammatory debris admixed with

sloughed epithelial cells within the airway lumens. Occasional cells

in the laryngeal mucosa demonstrated karyomegaly with large,

pale basophilic intranuclear inclusions, suggesting a viral aetiology

to the tracheobronchitis (Figure 1). Malaise from the airway

infection likely caused the anorexia and the subsequent hepatic

lipidosis. No changes suggestive of viral inclusions were noted in

other organs.

Electron microscopy (EM) of laryngeal mucosa revealed loosely

dispersed intranuclear virus particles of 45–55 nm with structural

morphology consistent with viruses from the families Polyomaviridae

and Papillomaviridae [3]. PCR analysis of nucleic acids extracted
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from sections of formalin-fixed paraffin-embedded (FFPE) laryn-

geal mucosa revealed polyomavirus VP1 (,250 bp) and VP3

(,400 bp) sequences, and quantitative PCR (qPCR) targeting

VP1 indicated 2.56106 genome copies per 100 ng of DNA.

Identical sequences were also obtained from the lung, though no

pathologic changes were noted here on histologic review. Viral

load in the lung was 8.06102 genome copies per 100 ng, which is

approximately three orders of magnitude less than the trachea,

suggesting that virus is probably shedding into the lung from

ulcerative foci on the adjacent bronchi. Frozen liver, spleen, brain

and serum were also screened for viral load but no PyV was

detected. Consensus PCR assays for other viruses known to infect

marine mammals including: papillomaviruses, herpesviruses,

paramyxoviruses, poxviruses, adenoviruses and caliciviruses, were

also negative for all samples.

In-situ hybridization (ISH; [12]), with oligonucleotide probes

targeted to the partial VP1 and VP3 sequences confirmed PyV

infection in the laryngeal mucosa (Figure 2). Cellular morphology

of infected cells and terminal deoxynucleotidyl transferase dUTP

nick end labeling (TUNEL) consistent with apoptosis was also

observed in the virus-infected region (Figure 2), but not in

laryngeal mucosa of uninfected control tissue. Because TUNEL

staining cannot distinguish whether the apoptosis in infected tissue

was virally or host-mediated, either should be considered in the

interpretation of these results, as shown previously [13,14]. While

our data do not prove causation, the localisation of this virus with

pathology supports a clinical association between the PyV and the

observed tracheobronchitis.

Ion Torrent deep sequencing of total nucleic acid extracted

from the FFPE laryngeal tissue yielded a total of 924,665 reads

after ambiguous nucleotides, primers or adaptor sequences were

removed. These were pooled to enable assembly of a full genome

comprising 5,159 bp at ,206 coverage. The full sequence was

confirmed by PCR amplification and classical dideoxy sequencing

of 500 bp overlapping fragments across the genome (GenBank

accession no. KC594077). Identical full-length sequence was also

obtained from the lung material. Given the host in which this virus

was discovered, we propose that it be named Dolphin polyomavirus 1

(DPyV-1).

Coding sequences of the early (large and small T-antigens) and

late (VP1, VP2 and VP3) genes were identified based on genomic

location and on homology to known polyomavirus proteins. The

genome arrangement is presented in Figure 3. Analysis of the late

genes revealed two regions with no apparent homology to any

known PyV. First, the VP2 ORF includes a region (nucleotides

814–892) without homology to other VP2 sequences that contains

three in-frame stop codons at positions 837–839, 855–857 and

870–872, which would lead to a truncated VP2 protein since

translational read-through at three consecutive stop sites appears

very unlikely. However, regained sequence homology with other

VP2 sequences just downstream of the last stop codon, even in the

sequence portion not overlapping with VP3 (nucleotides 893–

1043), could be compatible with that sequence representing a

potential intron. In support of this hypothesis, sequences

resembling classical eukaryotic splice consensus signals are

discernable flanking the divergent region (CAG813/GUaGg –

CUu[A]g – TTTTTaCAG/G892). The second region is an

apparent insertion further downstream in the VP2/VP3 open

reading frame (nucleotides 1305–1382), which does not show

obvious homology to sequenced polyomavirus VP2/3s. The

significance of these genetic features remains to be determined.

Phylogenetic analysis of the late region (VP1, VP2 and VP3)

produced trees in agreement with the proposed taxonomic

revisions for the family Polyomaviridae [1]; however deep nodes

were generally poorly supported with low bootstrap values

(Figure 4). DPyV-1 did not cluster with bovine or sea lion PyVs,

despite previous suggestions that viruses from laurasiatherian hosts

(bats, carnivores, ungulates and cetaceans) form a monophyletic

clade [11]. This observation suggests either that host selection is

not reflected in the late transcriptome, or that DPyV-1 has a

Figure 1. There is multifocal attenuation and necrosis of the epithelium and filling of the lumen with debris and sloughed epithelial
cells. Multifocal sloughed cells demonstrate karyomegaly with basophilic intranuclear inclusions (arrows). HE stain at 206magnification.
doi:10.1371/journal.pone.0068239.g001
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distinct evolutionary history (such as spillover from another host).

These results suggest that DPyV-1 belongs to a hitherto un-

described lineage within the family Polyomaviridae, which may

reflect a marine origin. Analysis of the early region (T antigens)

also produced trees in agreement with previous analyses [1,11].

Based on this region, DPyV-1 is most closely related to the

California sea lion virus (Figure 4), however the phylogenetic

relatedness of PyVs was generally more ambiguous in this region

and no separation of the proposed mammalian genera was

discernable; thus the significance of this placement is unknown.

Next steps in this investigation will include efforts to determine

the prevalence of DPyV-1 in different populations of short-beaked

common dolphins to better understand the significance of this

virus to dolphin morbidity and mortality. To our knowledge, there

are currently no other reports of similar respiratory concerns in

delphinids with changes suggestive of viral inclusions or associated

with PyV. A review of the records of one of the authors (JS)

demonstrated just over 500 cetaceans with good tissues for

respiratory tract evaluation. In none of these cases was this viral

infection suspected. However, PCR EM and PCR evaluations are

not routine so the true incidence is unknown at this time. As the

field of marine mammal virology expands, we expect that more

cases will be detected based on a heightened index of suspicion.

Respiratory disease is a common concern in cetaceans, and while

the main etiologic concerns are bacterial and fungal, a primary

viral condition is often not evaluated. Our results do however

suggest that PyVs have the capacity to cause respiratory disease in

cetaceans, and further contribute to comparisons of viral diversity

between terrestrial and marine ecosystems.

Materials and Methods

Sample Collection
Tissue samples were collected post-mortem from a female

juvenile dolphin, and preserved for medical diagnostics in either

formalin, or directly frozen.

Figure 2. Infection of dolphin trachea with DPyV-1 and demonstration of polyomavirus ISH staining and apoptosis in virus infected
tissue. A= ISH and DAPI infected trachea at640 magnification. Panel Ai =DPyV-1 ISH staining (red) showing intranuclear infection of mucosal tissue.
Panel Aii =DAPI staining for cell nuclei. Aiii =Merge of ISH and DAPI. B = TUNEL-TMR staining (red) for apoptosis at 6100 magnification. Panel
Bi = TUNEL staining of apoptotic cell nuclei. Bii =DAPI staining. Biii =Merge of TUNEL and DAPI. Tracheal mucosa of an uninfected common dolphin
was used as a negative control and no staining for virus or apoptosis was observed (data not shown).
doi:10.1371/journal.pone.0068239.g002
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Extractions and PCR
Nucleic acids were extracted from 568 um sections of FFPE

tissues using the RecoverAllTM Total Nucleic Acid kit (AmbionH,
Catalogue #AM1975), according to the manufacturer’s instruc-

tions. Nucleic acids were extracted from fresh frozen tissues using

the MagNA Pure 96 Purification System (Roche), according to the

manufacturer’s instructions. Consensus PCR using broadly

reactive primers were used for the detection of polyomavirus

VP1 and VP3 [15], papillomaviruses, [16], herpesviruses [17],

paramyxoviruses [18], poxviruses [19], adenoviruses [20] and

caliciviruses [21]. Synthetic RNA/DNA constructs (targeting a

representative virus for each family) were used as positive controls

for all PCR assays, and all were successfully amplified. Viral load

of PyV was assessed using quantitative (q) Real-Time PCR, with

primers and probe targeting 158 bp of the VP1 fragment. Primer

sequences were VP1/qPCR/FWD: GATGCCAGTCAT-

CATGCTTTCCTCA, VP1/qPCR/RVS: GCCCCCTGCA-

TACTTTGCCCT and VP1/qPCR/Probe: FAM-

GGCCTACCTAGATTCTTCAGAGTAGG-TAMRA. Stan-

dard curves were generated by cloning the VP1 fragment

generated by the PyV consensus PCR using StrataClone PCR

Cloning kits (Agilent Technologies), according to the manufactur-

er’s instructions. Plasmid DNA was purified using PureLinkTM

Quick Miniprep kit (Life Technologies), linearised, and log

dilutions (106–101) prepared. Real-time PCR was performed using

TaqManH Universal PCR Master Mix, according to the

manufacturer’s instructions.

Ion Torrent Sequencing
Libraries for ion torrent deep sequencing were prepared

following the Ion XpressTM Plus gDNA Fragment Library

Preparation protocol with minor modifications. Briefly, DNase

treated RNA (FFPE-extracted laryngeal tissue), was subjected to

random first strand synthesis using SuperScript III in the presence

of RNase out, according to the manufacturer’s instructions. cDNA

and RNase treated DNA were incubated with 20 U of Klenow

DNA polymerase at 37uC for 45 minutes. Enzymatic fragmenta-

tion was performed by incubating AgencourtH AMPureH XP

purified double stranded cDNA with 10 mL of Ion ShearTM Plus

Enzyme Mix II and 5 mL of Ion ShearTM Plus 10X Reaction

Figure 3. Genome arrangement of DPyV-1 (accession number: KC594077). Possible intron in VP2 indicated, containing three in-frame stop
codons. Truncation of the VP2 by any of these stop codons considered unlikely as the region downstream of the intron (a) shows strong homology to
VP2.
doi:10.1371/journal.pone.0068239.g003
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Buffer at 37uC for 15 min. Purified fragmented DNA was barcode

and adapter ligated by mixing it with 10 mL of 10X ligase buffer,

2 mL of Ion P1 adapter, 2 mL of Ion Xpress Barcode, 2 mL of

dNTP mix, 49 mL of nuclease-free water, 2 mL of DNA ligase and

8 mL of nick repair polymerase. The mixture was incubated at

25uC for 15 min and 72uC for 5 min. PCR of ligated and purified

DNA product was performed by using 25 mL of ligated product,

100 mL of Platinum PCR Super Mix High Fidelity and 5 mL of

library amplicon primer. Temperature cycling conditions were: 1

cycle of 95uC-5 min and 8 cycles of 95uC-15 sec, 58uC-15 sec,

70uC-1 min. Amplified DNA was subjected to AgencourtH
AMPureH XP purification. Quantification and qualification of

the barcoded libraries was performed on the Bioanalyzer with

Agilent High Sensitivity DNA kit and 150 bp average size libraries

were used for sequencing template preparation.

Template preparation for sequencing was performed by

following the standard Ion One TouchTM 200 Template protocol.

Briefly 20 mL of diluted library pool was mixed with 280 mL of

nuclease-free water, 500 mL of Ion One Touch 26Reagent Mix,

100 mL of Ion OneTouch Enzyme mix and 100 mL of Ion

OneTouch 200 Ion Sphere Particles for performing clonal

amplification. Recovered template-positive Ion sphere particles

(ISPs) were subjected to enrichment according to template

corresponding protocol. Ion Sphere quality control protocol was

performed on enriched and unenriched template ISPs. Samples

containing sufficient number of template ISPs and satisfactory

enrichment were subjected to the standard Ion PGMTM 200

Sequencing protocol.

Sequence Analysis
Ion Torrent raw reads were imported into Geneious (V.6.0.4)

and 18 nucleotides trimmed from the 59 and 39 ends. The VP1

and VP3 sequences obtained through consensus PCR were then

used a seed for the assembly of full length PyV sequence, also

executed in Geneious. Nucleotide sequences alignments were

made using using ClustalW, executed in Geneious (V6.0.4).

Phylogenetic trees were constructed using Neighbour-Joining and

Maximum Likelihood algorithms in Mega (V.5) and bootstrapped

using 1000 replicates.

Molecular Pathology
Fluorescent in-situ hybridization (FISH) was performed using

the Quantigene View RNA ISH Tissue Assay (Affymetrix),

according to the manufacturer’s instructions, and as described

previously [12]. FISH conditions were optimised to include a

10 min boiling and 20 min protease treatment. Oligonucleotide

probes were designed commercially by Affymetrix using sequences

of the polyomavirus VP1 and VP3. TUNEL staining was

performed using the TMR-In Situ Cell Death Detection Kit

(Roche) with deparaffinisation and protease treatment as described

for the FISH protocol.
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