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INTRODUCTION

Atlantic salmon papillomatosis is a benign skin dis-
ease that has been reported since the 1950s in wild
and farmed Atlantic salmon Salmo salar in Scandi-
navia, Scotland and in the northwestern part of Rus-
sia. Since 1971, Atlantic salmon papillomatosis has
been found in fish hatcheries on the Russian Kola
Peninsula (Wirén 1971, Chronwall 1976, Bylund et al.
1980, Wolf 1988, Shchelkunov et al. 1992). The dis-
ease mainly affects juveniles in fresh water and occa-
sionally migrating adults returning to rivers to spawn
(Vladimirskaya 1957, Carlisle & Roberts 1977). The

disease begins slowly with focal hyperplasia and
petechial hemorrhages of the skin, progressing to
large (5 to 15 mm) multifocal pale white papilloma-
like lesions. Affected fish appear lethargic and may
succumb to opportunistic microorganisms.

A viral agent, resembling a herpesvirus, has been
observed within the proliferating epidermal cells of
papillomatous tissues by electron microscopy (Wolf
1988, Shchelkunov et al. 1992). Large (110 nm) icosa-
hedral nucleocapsids were seen in the nuclei of
degenerating epithelial cells, while the numerous
released enveloped virions were 200 to 250 nm in
diameter. Attempts to isolate the virus from diseased
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fish using several fish cell lines yielded negative
results (Shchelkunov et al. 1992). To date, no attempt
had been made to genetically characterize the puta-
tive herpesvirus. 

The herpesviruses of fish and amphibians have
been classified into the family Alloherpesviridae, un-
der the order Herpesvirales together with the her-
pesviruses of higher vertebrates (Herpesviridae) and
mollusks (Malacoherpesviridae) (Davison et al. 2009).
Presently, the family Alloherpesviridae contains 4
genera with 12 accepted virus species. The genus Ba-
trachovirus contains the herpesviruses of amphi bians,
while the genera Cyprinivirus and Ictalu ri virus com-
prise the herpesviruses of cypri nids, eel, catfish and
sturgeons. The herpesviruses of salmonid fish are
clustered into the 4th genus, Salmoni virus. The genus
contains 3 species ac cep ted by the International Com-
mittee on Taxonomy of Viruses (ICTV) (Pellett et al.
2011): Salmonid herpesvirus 1 (SalHV-1), Sal mo nid
herpesvirus 2 (SalHV-2) and Salmonid her pesvirus 3
(SalHV-3). SalHV-1 was first isolated from overtly
healthy rainbow trout Oncorhynchus mykiss brood-
stock during spawning at a fish hatchery in Washing-
ton, USA (Wolf & Taylor 1975). SalHV-2 was isolated
in RTG-2 and CHSE-214 cell lines from masou salmon
O. masou, coho salmon O. kisutch, sockeye salmon O.
nerka, and rainbow trout (Sano 1976, Kimura et al.
1981, Horiuchi et al. 1989, Su zuki 1993). SalHV-3
originally described as ‘epizootic epitheliotropic dis-
ease virus, EEDV’ was described from lake trout
Salvelinus namaycush (Bradley et al. 1989, McAllister
& Herman 1989), but it has never been isolated in cell
culture. SalHV-2 and -3 induce pro liferative skin dis-
eases causing either papillomas (SalHV-2) or epider-
mal hyperplasia (SalHV-3) in affected fish.

The present study was aimed at genetically charac-
terizing a novel alloherpesvirus, namely the Atlantic
salmon papillomatosis virus (ASPV), detected in
Russian Atlantic salmon populations suffering from
papillomatosis.

MATERIALS AND METHODS

Field observations, sample collection, 
and DNA extraction

The observations reported in this study are derived
from sampling hatcheries and natural waterways in
the Kola Peninsula (Murmansk Province), Russia, over
the last decade. Papilloma tissues were sampled from
18 wild or cultured Atlantic salmon from July to Sep-
tember 2011 in the basins of the Kola and Tuloma

rivers, which enter the Kola Bay of the Barents Sea
(Table 1). Papilloma tissues were collected individually
from anesthetized fish and preserved in Bouin’s fixa-
tive (for histology) or in absolute ethanol (for mo lecular
genetic study) until homogenization, which was car-
ried out by mortar and pestle with a small amount of
sterile sand. Subsequently, the samples were digested
with Proteinase K, treated with guanidine-hydrochlo-
ride and the DNA precipitated with ethanol (Dán et al.
2003). The extracted DNA was stored at −20°C until
further examination. SalHV-3 DNA used in the study
originated from infected lake trout Salvelinus namay-
cush skin tissues from the Bayfield hatchery in Wiscon-
sin in 1998 (Kurobe et al. 2009).

Gross and microscopic pathology

Samples were fixed in Bouin’s fixative, embedded
in paraffin, sectioned (4 to 5 µm), stained with hemo-
toxylin and eosin, and viewed by light microscopy
according to standard procedures.

Molecular study

The molecular characterization was begun with
nested PCRs using consensus primers targeting the
partial DNA polymerase and terminase genes (homo -

122

No.  Geographical       Collection            Stage
        location                 date
        (river)                    (2011)

1      Pecha                    August                  Parr, wild
2      Pak                        July                       Parr, hatchery
3      Pak                        July                       Parr, hatchery
4      Tuloma                 July−August        Adult, hatchery
5      Tuloma                 July−August        Adult, hatchery
6      Tuloma                 July−August        Adult, hatchery
7      Tuloma                 July−August        Adult, hatchery
8      Tuloma                 July−August        Adult, hatchery
9      Tuloma                 July–August        Adult, hatchery
10    Tuloma                 July−August        Adult, hatchery
11    Kulanga                September           Parr, wild
12    Kulanga                September           Parr, wild
13    Kulanga                September           Parr, wild
14    Kulanga                September           Parr, wild
15    Kulanga                September           Parr, wild
16    Kulanga                September           Parr, wild
17    Kola                      August                  Parr, hatchery
18    Kola                      August                  Parr, hatchery

Table 1. Salmo salar infected by Atlantic salmon papilloma
virus. Collected Atlantic salmon papilloma tissue samples, 

their origin and stage of the host sampled
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 logous to ORF57 and ORF69 in the Ictalurid her-
pesvirus 1 genome; RefSeq number: NC_001493)
(Table 2). The primers for the polymerase and termi-
nase genes were designed by aligning the nucleotide
sequences of the salmoniviruses (SalHV-1, -2, and -3;
GenBank accession numbers EU349281, EU349273,
FJ641908, FJ641909, EU349284, EU349277) using
the BioEdit software package (Hall 1999). The design
of primers to amplify the partial glycoprotein gene
(homologous to ORF46 in the ictalurid herpesvirus 1
genome) sequences for SalHV-3 and ASPV relied on
a previously published alignment of SalHV-1 and -2
(Davison 1998). The 50 µl PCR cocktails consisted of
34 µl distilled water, 10 µl of 5× buffer (Phusion,
Finnzymes), 0.5 µl thermo-stable DNA polymerase
enzyme (Phusion, Finnzymes), 1 µl (50 µM) of each
forward and reverse primer, 1.5 µl of dNTP solution
of 10 mM concentration, and 2 µl target DNA (in the
second round, 5 µl target DNA was applied from the
first round). The reactions were performed in a T1
Thermocycler (Biometra). For PCRs targeting the
DNA polymerase and terminase, the following pro-
gram was used: initial denaturation at 98°C for 5 min,
followed by 45 cycles of denaturation at 98°C for 30 s,
annealing at 50°C for 30 s, and elongation at 72°C for
60 s. The final extension was performed at 72°C for
3 min. For the amplification of the partial glyco -
protein gene an annealing temperature of 46°C and a
2 min extension step was used. 

The PCR products were visualized by electropho-
resis in 1% agarose gel. For DNA sequencing, bands
were gel purified with the QIAquick Gel Extraction
Kit (Qiagen) and sequenced directly with the inner
primers (polymerase and terminase). The larger am -
pli fication products (glycoprotein) were cloned into

plasmids using the CloneJET PCR Cloning Kit
 (Fermentas), according to the protocol of the manu-
facturer. The plasmid containing the amplified target
was sequenced with pJETfo and pJETre primers
(Fermentas). Sequencing reactions were prepared
with the BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems) and electrophoresis was
carried out in an ABI 3100 Automated Capillary DNA
Sequencer.

Phylogenetic analysis

The quality of the sequence reads was analyzed
using BioEdit (Hall 1999) and Staden (Staden 1996)
program packages. The deduced amino acid se quen -
ces of the polymerase and terminase genes were
aligned using Mafft v6.935b (Katoh et al. 2005). The
aligned polymerase and terminase genes were con -
catenated, and the best fit amino acid model was de -
 termined using the TOPALI v2.5 program. A Baye sian
phylogenetic analysis was performed using MrBayes
(Huelsenbeck & Ronquist 2001) within the TOPALi
v2.5 program package and interface (Milne et al.
2004) with the following pa rameters: Markov chain
was run for 10 million generations, 4 independent
analyses were conducted, each with 1 cold and 3
heated chains. Sampling occurred every 10 genera-
tions with the first 25% of Markov chain Monte Carlo
samples discarded as burn-in.

RESULTS

Field observations

On the Kola Peninsula, Atlantic salmon papillo-
matosis has been observed every year over the last
4 decades, causing significant losses in hatchery
reared or wild juvenile Atlantic salmon. Young fish
originating from hatcheries located on the rivers of
the Barents Sea basin were affected more often and
more severely than those belonging to populations
inhabiting the rivers of the White Sea basin.

For instance, at hatcheries where fertilized salmon
eggs from the Umba River and other rivers entering
the White Sea were incubated, papillomatosis was
not observed every year. The tumors first appeared
in the largest 2-summer-old fish weighing 20 g or
more. The proliferative lesions began to degenerate
in autumn and sloughed off before the next spring.
However, the lesions reappeared in 3-summer-old
fish by the time of their release into rivers in June to
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Primer               Sequence (5‘–3‘)

DNA polymerase
Outer forward  GCA ACA TGT GYG AYC TCA AYA T
Outer reverse   AAK AGA CCR TGK KYM CCR AAT TG
Inner forward   GAY TGG TCY GGW CTS GAG GG
Inner reverse    CAT CAG KGA RCA DGT GTT GGG
Terminase        
Outer forward  TTT CAT MCT CGT CGA RAG GCY GCC
Outer reverse   GGR TCR ATG GCR ATG TAR AAT CC
Inner forward   ATG CTS GTC GCY GGB CGR AAG C
Inner reverse    CAG RGC CTG HGT WGC VGG GTT C
Glycoprotein    
Forward            GGN CAN RCN TAY WSN TGY ATH ATG
Reverse             TCN GTN GTN GGN ARR TAN GTR TT

Table 2. Consensus primers used in the salmonivirus PCRs to
amplify well-conserved regions of the DNA polymerase, termi-

nase, and glycoprotein genes
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July. The prevalence of papillomatosis in these
hatcheries typically did not exceed 2.0%.

However, in hatcheries where eggs were taken
from the salmon caught in the Kola River of the Bar-
ents Sea basin, severe Atlantic salmon papillomatosis
epizootics occurred every year. The disease affected
3-summer-old fish in July just before their release
into the rivers. From August to September 2006, a
survey was performed for papillomatosis in fish
inhabiting the rivers that enter the Kola Bay. The dis-
ease was found in all the investigated rivers starting
from the Kola River and tributaries down to small
rivers where hatchery-reared juveniles are not
 re leased. That year, the prevalence of papillomatosis
in the Kola River was 4.0% in August and increased
to 17.0% in September in 2- to 4-summer-old fish.
The 1-summer-old juveniles displayed no signs of
disease.

Overall, the onset of the disease was usually first
detected in young captive stock at water tempera-
tures between 10 and 16°C. Degeneration and slough-
ing of the growths and the subsequent death of
weakened fish usually took place at water tempera-
tures below 10°C. Mortality among the affected fish
in this period can reach 1.5% d−1.

Within the last few years, to prevent papillomato-
sis, Kola Peninsula Atlantic salmon hatcheries have
shortened the rearing period to 1 yr before fish are
released into the rivers. Based on this, one may spec-
ulate that the young salmon become infected and
develop clinical disease due to the stress of captivity
(e.g. high stocking densities) and continued retention
of the smoltifying fish in freshwater captivity.

Gross and microscopic pathology

Affected individuals had single or multiple papillo-
mas ranging in size from 5 to 15 mm in diameter on
the dorsal aspect of the body or along the lateral line,
caudal peduncle, and fins (Fig. 1a). The largest num-
ber of papillomas was observed on the caudal pedun-
cle and caudal fin. Individual papillomas often coa-
lesced and became hemorrhagic. Some fish suffering
from papillomas also displayed gross internal abnor-
malities including splenomegaly, mottling of the
liver, and hyperemia of the liver and posterior gut
(data not shown).

Papillomatous outgrowths were characterized by
an exceptional amount of epithelial hyperplasia and
a loss of mucous cells (Fig. 1b). Affected epithelial
cells often displayed karyomegaly. The hyperplastic
epidermis was nourished by interdigitating dermal

pegs composed of proliferating connective tissue and
associated vasculature. Other cutaneous abnorma li -
ties included loss of an identifiable basement mem-
brane, loss or deformation of scales within the der-
mis, and zones of epithelial necrosis.
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Fig. 1. Salmo salar infected by Atlantic salmon papilloma
virus. (a) Papillomatosis in wild young Atlantic salmon cap-
tured at 10°C. Total length is 9.5−11.1 cm. (b) Histopathol-
ogy of a mature papilloma from a wild Atlantic salmon parr
reveals epithelial hyperplasia, disorganization, and loss of 

mucous cells
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Molecular study

Of the 18 samples tested, the first round PCR
results produced a 397 bp DNA fragment in 11 sam-
ples using the DNA polymerase primers, and a
425 bp fragment was produced in 5 samples using
the terminase primers. The second round DNA poly-
merase and terminase gene targets generated 240 bp
and 185 bp amplicons for each of the 18 samples,
respectively. All polymerase and terminase gene
sequences from all samples were identical. From the
glycoprotein gene, a 1521 bp fragment was amplified
from all 18 samples; Of these, 3 were cloned and
sequenced yielding identical sequences. For the
SalHV-3 sample, the same glycoprotein primer pair
generated a 1518 bp amplicon that was cloned and
sequenced. The nucleotide sequence identities of the
glycoprotein genes of SalHV-3 and ASPV proved to

be 77% (Fig. 2). The sequences of the polymerase,
terminase and glycoprotein genes of the ASPV, as
well as that of the  glycoprotein gene of SalHV-3,
were deposited to GenBank (Acc. nos. JX 88 6026–
JX886029). The G+C content of the concatenated
nucleotide sequences (partial polymerase, terminase
and glycoprotein genes) of the ASPV proved to be
50.38%, while that of SalHV-3 was 53.49%.

Phylogenetic analysis

The phylogenetic calculations were based on the
concatenated deduced amino acid sequences of the
DNA polymerase and terminase genes (142 total
amino acid characters) from 15 alloherpesviruses. The
WAG amino acid substitution model was found to be
the best fit for the data using the TOPALI v2.5 pro-

            1                                                                                                                                          130
      ASPV  ACACATCTCG GGATCGGGAT CACTCAATAC GACACCCCGT GTTGGCGCCA ATTTGGGGCC ACCTGCTACA TGAGCAGGAA CACGACCAAA TTCTGCATCA ATGCCGAGGT GAAGGATGAG GGGCTGACAG
   SalHV-3  ACACATCTCG GGATCGGGAT CACTCAATAT GACACTCCGT GTTGGCGCCA ATTTGGCGCC ACGTGCTACC TAAGCAGGAA CACGACAAAG TTCTGTATCA ACGCCGATGT GAAGAACGAG GGGCTGACGG
 Consensus  ACACATCTCG GGATCGGGAT CACTCAATAc GACACcCCGT GTTGGCGCCA ATTTGGcGCC ACcTGCTACa TaAGCAGGAA CACGACaAAa TTCTGcATCA AcGCCGAgGT GAAGaAcGAG GGGCTGACaG

            131                                                                                                                                        260
      ASPV  ACTACGGTCG CCAGAGCATT TCTCCAGAAT TCTGGTGCGG ATTTGATCAC ACCGCACGGC ATAGGGACGG TAATTGGAAG TGGTATGGTC GTATAATACC CAATGAATAT AGTAGGTGCA CGGGGATCAT
   SalHV-3  ACTATGGGCG ACAGAGCATA TCGCCGGAAT TCTGGTGCGG ATTTGATCAC ACAGCGCAGC ACAGGGACGG TGCCTGGAAG TGG---GGGC GATATATGCC CGAGCAGTAT CGTAAGTGCA GCGGGGTTAT
 Consensus  ACTAcGGgCG aCAGAGCATa TCgCCaGAAT TCTGGTGCGG ATTTGATCAC ACaGCaCaGC AcAGGGACGG TaacTGGAAG TGG...GGgC GaaaaATaCC CaAgcAaTAT aGTAaGTGCA ccGGGaTcAT

            261                                                                                                                                        390
      ASPV  CTATGACACC GCTAGTATGA TTGTCAACGC CAAAAAACAC AAGAACACCC GCTACGCTAA GAACACTATG ATTTGCTCTT TTTCCGAGTG GCACGACCCG GAAGACATCA ATGCCTTGCA GGCTAAAAAT
   SalHV-3  TTACAACAAC ATTGCCATGA CAGTCAACGC GAAAAAACGC AGAGATACCC GCTATCCTAA AGACACTACG ATCTGTTCTT TCTCTGAGTG GCACGACCCG GAGGATATCA AGGCCATTCA GGAGAAAAAC
 Consensus  cTAcaACAaC acTaccATGA caGTCAACGC cAAAAAACaC AaaaAcACCC GCTAccCTAA aaACACTAcG ATcTGcTCTT TcTCcGAGTG GCACGACCCG GAaGAcATCA AgGCCaTgCA GGagAAAAAc

            391                                                                                                                                        520
      ASPV  GGAAACACTC TCATGTTGGT GAGCGGTGCC AACGATACGG ATTGGAGCGC AGTGACCGAA AGCACCAAGA AGACCGAGGC CTTCGTCGAC TCCTGTGTGG AGCTGATGAA AAAACACAAT TTCAAGGGTA
   SalHV-3  GCAAACACTC TCATGTTGGT GAGTGGCGTC GTCGGAAAGG ATTGGGAGTC CGTCGTCGAA AGTCCACGGA AGACCGAGGT GTTCGTGAGC TCCTGTGTGG ATCTGATGAA AAAACATAAA TTCAAGGGCA
 Consensus  GcAAACACTC TCATGTTGGT GAGcGGcGcC aaCGaaAaGG ATTGGaacgC aGTcacCGAA AGcaCaaaGA AGACCGAGGc cTTCGTcaaC TCCTGTGTGG AgCTGATGAA AAAACAcAAa TTCAAGGGcA

            521                                                                                                                                        650
      ASPV  TAATCGTAGA TTGGATCGGT CCTGAAACCA CCAAAGTGGG GGGACCCTCA TTGGACTTTA CCAAGATAGC CGAGGCCTTC AAGCGGGCAA TTGGGGGGGG AGGGAAATAT ATTCTAGGCG CCACGGTGAA
   SalHV-3  TAATCATAGA CTGGATAGGC CCCGAAAGCA GCAGGGTGGG GGGTCCATCA CCGTCGTTCA CCAAGATAGC GGAGGCGTTC AGTAAAGTAA TGGGGGAGAA GAAACAGCGC ATATTCGGGG CCATGGTAGA
 Consensus  TAATCaTAGA cTGGATaGGc CCcGAAAcCA cCAaaGTGGG GGGaCCaTCA ccGgacTTcA CCAAGATAGC cGAGGCcTTC AagaaaGcAA TgGGGGaGaa aaaaaAacac ATacTaGGcG CCAcGGTaaA

            651                                                                                                                                        780
      ASPV  CACACGCTAC CCGGCCAACA CCCTGTATGA TATTGCCAAC ACCCATGTGC ACTTTGATAA AATTTTCATG AAGACCTATG ACCTCTACGG GCCTACGAAT CCACATGGAC GTCGGTGCCA CACGGCATGG
   SalHV-3  CACCCGCTAC CCGGCCAACA CCCACTACGA TATTGCCAAC ACCCATGTGT ATTTTGATAA GATTTTCATG AAGACCTATG ATCTATATGG GCCCACAAAT CCCCACGGTC GCCGGTGTCA CACCGCGTGG
 Consensus  CACaCGCTAC CCGGCCAACA CCCacTAcGA TATTGCCAAC ACCCATGTGc AcTTTGATAA aATTTTCATG AAGACCTATG AcCTaTAcGG GCCcACaAAT CCaCAcGGaC GcCGGTGcCA CACcGCaTGG

            781                                                                                                                                        910
      ASPV  GATTTGGGAT CGAACTGTGG TATCGGTGGA TTTGAGTGTG AGCAAAGAAA CCAGTACCAT TACCTAAAAT ATGCAGTGAA CTATTTCCAG ACCCACGTCC CGGTGGATAA GTTATCTTTC GGGTTGGCGT
   SalHV-3  GATCTGGGCT CCAACTGCGG CATCGGTGAC TTTGAGTGCA AGCAGCGAAA CCAGTATCAT TACCTGAAGT ATGCGGTGAA TTATTTCCAG ACCCACGTCC CGGTGGACAA GTTATCTTTC GGGCTGGCGT
 Consensus  GATcTGGGaT CcAACTGcGG cATCGGTGaa TTTGAGTGca AGCAaaGAAA CCAGTAcCAT TACCTaAAaT ATGCaGTGAA cTATTTCCAG ACCCACGTCC CGGTGGAcAA GTTATCTTTC GGGcTGGCGT

            911                                                                                                                                       1040
      ASPV  TCTTTGGGAC CGTTCTACAG AGGGATGGAA ATAAGTTCAA GGCTCCCCCA AAATCCATGT CTTTACAACT GAAGAAAGTA GGTAAGATAG GGTACGCTCT GGTGATCACC GGGGGTGATG ATAGGTTTAA
   SalHV-3  TCTTTGGGAC TGTCCTGGAG CGGGATGGAA ATAAGTTCAA GGCTCCCAAG AAAGCGTTAT CTCTACAACT GAAGACGGTG GGTAAGATGG GCTACGCCGT GATGGTCGCG GGGAGAGATC CCAGGTTCAA
 Consensus  TCTTTGGGAC cGTcCTacAG aGGGATGGAA ATAAGTTCAA GGCTCCCaaa AAAgCcaTaT CTcTACAACT GAAGAaaGTa GGTAAGATaG GcTACGCccT GaTGaTCaCc GGGaGaGATc acAGGTTcAA

            1041                                                                                                                                      1170
      ASPV  GTGTACTATG AATGACCTCT ATCAATGTTG CCAGAATGTG TTCACAACGG ACGGTGTTGA ATATTACGCC AGCTGGGATA ATGAGCAAAC ACATGTGGAG AAAATCAAGC GAGCTTTCGA GGAGTATGGG
   SalHV-3  GTGTACCATG AACGAGCGTC AACAGTGTTG CCAGACCGTC TTTGAGGAGG GCGGTATCAC ATATTACGCC AGTTGGGACA CGGAGAGCAC ACACTTGGAG AAAATCAAGC GCGCTTTCGA GGAATACAGG
 Consensus  GTGTACcATG AAcGAcCgcc AaCAaTGTTG CCAGAacGTc TTcaaaaaGG aCGGTaTcaa ATATTACGCC AGcTGGGAcA agGAGaaaAC ACAcgTGGAG AAAATCAAGC GaGCTTTCGA GGAaTAcaGG

            1171                                                                                                                                      1300
      ASPV  ATCACCTCCT TCTTTTCCAA TTCCCTGGAT ATGGAATATG ATCATGGTCA AATAGAGCAC AGTAGACTGC GTGATTATAT TAGTAATCTG GGTGCCGTAC CTGCTCAGAA AACTACACTG GCTGTGCCCT
   SalHV-3  ATCACCTCAT TCTTTTCCAA TTCGATGGAC ATGGAGCTGG CCAGTGAACC ATTTGAGCAC GATAAATTGA GCACGTATAT CAGCAATCTG GGCACCGTAC CTGCGCAGAA AACAGCTCTA CCGGTGCCAT
 Consensus  ATCACCTCaT TCTTTTCCAA TTCcaTGGAc ATGGAacagG acaaTGaaCa AaTaGAGCAC aaTAaAcTGa GcaagTATAT cAGcAATCTG GGcaCCGTAC CTGCgCAGAA AACaaCaCTa cCgGTGCCaT

            1301                                                                                                                                      1430
      ASPV  CTTATCAGAT CGGCACGGGC GCGTTTGCAG TGTGTCCAAA TATCATTGCC ACAATGGGAC GGTTGATCTT CACACAGACC CCATATAAAC AGTTCACTAA AATGTCTAGT TTCAGCGAAC TGTATGCCGC
   SalHV-3  CCTATCAGAT CGGGACGGGA CCGTTTACAG TATGTCCCGG GATTATAGCC ACGATGGGCA AACTGGTCTT CACGCAGATC CCCTATGCGC AATTCACCAA GCTGACCAGT TTCAGTGAGC TGTACGCCGC
 Consensus  CcTATCAGAT CGGcACGGGa cCGTTTaCAG TaTGTCCaaa gATcATaGCC ACaATGGGaa aacTGaTCTT CACaCAGAcC CCaTATaaaC AaTTCACcAA aaTGaCcAGT TTCAGcGAaC TGTAcGCCGC

            1431                                                                                            1521
      ASPV  AAACGTCGAC ACGATATATG AGTGTACCCC CGGGGAACCA AAGTCCACCA CAACGCATGT AGATAAACCT CCCCCATATG CGGTGGCACT C
   SalHV-3  AAATGTCGAG CTGCTATACG AATGTGTCCC CGGGGACCCA ACGTCCACCA CAAAGAGTGT GGCTAAACCA CCGGAGGGTG CGGTGGCACT C
 Consensus  AAAcGTCGAc acGaTATAcG AaTGTacCCC CGGGGAaCCA AaGTCCACCA CAAaGaaTGT aGaTAAACCa CCccaagaTG CGGTGGCACT C

Fig. 2. Salmonivirus spp. Alignment of the nucleotide sequences of the glycoprotein gene sequences for SalHV-3 and Atlantic 
salmon papillomatosis virus (ASPV)
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gram. The separation of 4 main groups (genera) was
supported by the high posterior probabilities of the
Bayesian analysis. The analysis supported the classifi-
cation of ASPV as the sister species to Sal m onid her-
pesvirus 3 within the genus Salmonivirus (Fig. 3).

DISCUSSION

In this paper we have provided the first molecular
data from the genome of ASPV. The classification of
the virus as a novel salmon alloherpesvirus was sup-
ported by 3 partial gene fragments (DNA poly-
merase, terminase and glycoprotein). These data are
consistent with previous ultrastructural evidence
(Shchelkunov et al. 1992). Short sequences from the
genomes of SalHV-1, -2 and -3 (Bernard & Mercier
1993, Davison 1998, Waltzek et al. 2009) revealed
these viruses cluster together as the genus Sal mo ni -
virus within the family Alloherpesviridae (Waltzek et
al. 2009). The phylogenetic analysis demonstrated
that ASPV represents the newest member of the
genus Salmonivirus as the sister species to SalHV-3.

The close genetic relationship of SalHV-3 and
ASPV is evident from the high nucleotide sequence
identities of the conserved polymerase (92%) and

ter minase (94%) genes. These percentages are higher
than that of SalHV-1 and -2, which are sister species
to each other (76% and 85% respectively). However,
comparison of the SalHV-3 and ASPV partial glyco-
protein gene nucleotide sequences re vea led a greater
genetic distance (77% identity), suggesting these
viruses are distinct species (Fig. 2).

According to a hypothesis for adenoviruses (Welle-
han et al. 2004), feline immunodeficiency virus, (Poss
et al. 2006) and canine parvovirus (Shackelton et al.
2006), decreasing G+C content in a viral genome
might reflect adaptation to a new host following a
host jump. The partial sequences of both SalHV-3
and ASPV display balanced G+C content, suggesting
they have co-evolved with their hosts over time as
distinct viral species. Furthermore, Atlantic salmon
have been shown to be refractory to SalHV-3 upon
experimental challenge (Bradley et al. 1989, McAllis-
ter & Herman 1989). Finally, the diseases caused by
the 2 agents are notably different, as ASPV causes
papillomas and SalHV-3 results in hyperplastic
lesions that appear as gray patches on the body and
fins (McAllister & Herman 1989).

In this investigation we genetically characterized
ASPV, a novel alloherpesvirus from Russian Atlantic
salmon suffering from papillomatosis. Given that the
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Fig. 3. Phylogenetic tree for the family Alloherpesviridae. The analysis was based on the Bayesian analysis (WAG amino acid
model) of the concatenated amino acid sequences of DNA polymerase and terminase genes (142 amino acid characters). High
statistical values confirm the topology of the tree. Different colored lines on the tree: 4 main lineages within the family (gen-
era). Atlantic salmon papillomatosis virus (ASPV) was sequenced in the present study. AciHV: acipenserid herpesvirus;
AngHV: anguillid herpesvirus; CyHV: cyprinid herpesvirus; IcHV: ictalurid herpesvirus; RaHV: ranid herpesvirus; SalHV:
salmonid herpesvirus; SbsHV: Siberian sturgeon herpesvirus. GenBank and RefSeq accession numbers: AciHV-1: EF685903,
EF535573; AciHV-2: FJ815289; AngHV-1: NC_013668; CyHV-1: NC_019491; CyHV-2: NC_019495; CyHV-3: NC_009127;
IcHV-1: NC_001493; IcHV-2: FJ827489, FJ815290; RaHV-1: NC_008211; RaHV-2: NC_008210; SalHV-1: EU349281, 

EU349273; SalHV-2: FJ641908, FJ641909; SalHV-3: EU349284, EU349277; SbSHV: GU253908, GU253910
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ASPV sequences differ markedly from those of the 3
known salmoniviruses, we propose the Sal mo nid
herpesvirus 4 (SalHV-4) species designation to be
considered for approval by the International Com-
mittee on Taxonomy of Viruses. Future studies are
needed to verify whether this novel alloherpesvirus is
the same as those previously detected by electron
microscopy in Atlantic salmon suffering from papil -
lomatosis (Shchelkunov et al. 1992). Furthermore,
isolation of the alloherpesvirus and subsequent con-
trolled challenged studies will be required to eluci-
date the role the virus plays in oncogenesis.
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