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INTRODUCTION

Viral haemorrhagic septicaemia virus (VHSV) is an
aquatic Rhabdovirus that is 1 of 5 viruses belonging
to the genus Novirhabdovirus. Among these viruses,
VHSV is unique in its capacity to infect an extremely
broad range of fish species. To date, VHSV has been
found, either through natural or experimental infec-
tions, in over 70 fish species of marine and freshwater
fish. Due to the virus’ wide host range and transmis-
sibility, VHSV is endemic throughout the Northern

Hemisphere, where certain variants cause substan-
tial economic losses in farmed and wild species.

Historically, VHS disease was thought to be limited
to continental Europe in freshwater farmed rainbow
trout (Wolf 1988, Smail 1999, Skall et al. 2005). How-
ever in 1988, VHSV was isolated for the first time in
North America. The detection was made during
 routine fish health checks on returning adult coho
Oncorhynchus kisutch and Chinook O. tshawytscha
sal mon at 2 different Washington State, USA, hatch-
eries (Brunson et al. 1989, Hopper 1989). Increased
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viral testing of salmonids over the next several years
resulted in 5 more isolations from adult coho again
returning to hatcheries in Washington State (Meyers
& Winton 1995). By the early 90s, the host and geo-
graphic range of the virus in North America was
found to extend from Alaska to California, with isola-
tions occurring in several marine fish species. Mass
mortality events of Pacific herring Clupea pallasii
(Valenciennes), hake Merluccius productus, and
walleye pollock Theragra chalcogramma in Alaska
were attributed to VHSV (Marty et al. 1998, Meyers
et al. 1999). In British Columbia (BC), Canada, nu -
merous isolations were made from wild Pacific her-
ring and sardines Sardinops sagax, often undergoing
epizootic losses. Many of the fish collected from the
mass die-offs had external haemorrhagic lesions
(Traxler et al. 1999, Hedrick et al. 2003). In addition
to isolations made from wild marine fish, VHSV was
also detected in farmed Atlantic salmon held in the
marine waters of BC (Margolis 1995), representing
the first detection in farmed fish in North America.
Subsequently, marine net-pen reared Atlantic sal -
mon in Puget Sound, Washington were also found
positive for VHSV (Amos et al. 1998).

In 2000, the host and geographic range of VHSV in
North America was further extended with VHSV-
associated mortality events in wild fish on the east
coast of Canada. VHSV was isolated from popula-
tions of mummichog Fundulus heterclitus, stickle-
back Gastersteus aculeatus aculeatus, brown trout
Salmo trutta, and striped bass Morone saxatilis
(Gagné et al. 2007). Despite this geographic exten-
sion of the virus in North America, all virus isolations
were restricted to marine or estuarine species. How-
ever, in 2005, VHSV in North America was detected
in yet another geographic location and in a freshwa-
ter species. The isolation was associated with a large
mortality event involving freshwater drum Aplo -
dinotu grunniens with a lesser number of round goby
Neogobius melanostomus and muskellunge from
Lake Ontario (Lumsden et al. 2007). Although this
was the first isolation of VHSV in the Great Lakes,
analysis of archived samples indicates the presence
of virus as early as 2003 (Elsayed et al. 2006). Since
the initial detection of VHSV in the Great Lakes, the
virus has been associated with mortalities of round
gobies in the St. Lawrence River (Groocock et al.
2007) and to date has been isolated in 6 of the 8 US
Great Lake states and 2 Canadian provinces, collec-
tively involving over 25 species of fish as well as 1 in -
vertebrate species (Faisal & Winters 2011).

Molecular epidemiological studies have demon-
strated that VHSV can be distinguished into 4 main

genetic types (I to IV). These viral types generally
correlate with geographic origin of isolation rather
than with host species or date of isolation (Einer-
Jensen et al. 2004, Snow et al. 2004). Isolations of
VHSV genotypes I, II and III have been localized to
European countries, while genotype IV has only
been found in Asian and North American waters.
Subsequent genetic analyses focusing on VHSV iso-
lations of European and Asian origin further refined
phylogenies and demonstrated the existence of sev-
eral distinct sublineages that predominately reflect
VHSV isolations from different populations (i.e.
farmed vs. wild fish populations) and/or geographic
locations. Strong spatial structuring of VHSV, as
demonstrated in these localized studies, has high-
lighted the need to have a high resolution picture of
VHSV genetic diversity throughout the different
geographic regions of its infectious range.

The marine waters of BC represent a VHSV en -
zootic region with earliest reported detections dating
to 1993. However, despite the long-standing histori-
cal presence of VHSV in this region, very little is
known regarding the genetic diversity of these iso-
lates. To this end, this study was conducted to docu-
ment both the occurrence and genetic di versity of
VHSV isolations made throughout this region. In this
study, 63 virus isolates sampled from a total of 29 dif-
ferent locations over a 19 yr period were analysed
over the glycoprotein gene sequence region. Fur-
thermore, as this data set includes the first and sub-
sequent occurrences of VHSV in far med Atlantic
salmon, it was of particular interest to determine the
origin of the Atlantic salmon pathogenic isolates.

MATERIALS AND METHODS

Virus isolation and fish losses

When wild or cultured fish mortality was noticed,
samples of live, dead or moribund fish were collected
by interested public or fish health personnel for viro-
logical analysis. Fish were either placed on ice or
frozen depending upon the length of time before
samples could be sent to the laboratory for assay. If
samples were assayed within 72 h of collection, the
samples were kept on ice; otherwise, the fish were
immediately frozen and transferred to the laboratory
at a later date. Viral testing of the samples was con-
ducted as described previously (Garver et al. 2007).
Briefly, pooled kidney and spleen tissue homo -
genates from individual fish were inoculated onto
epitheioma papulosum cyprini (EPC) and/or Chinook

94



Garver et al.: VHSV transmission from wild to farmed fish

salmon embryo (CHSE-214) monolayers. The cells
were incubated at 15°C and observed several times
each week for cytopathic effects (CPE). If CPE were
observed, a second passage from the affected cell
culture was performed to confirm CPE. Initial virus
identity for isolates prior to 1998 was determined
using a DNA probe (Batts et al. 1993), while isola-
tions post 1998 were confirmed via VHSV-specific
reverse transcriptase polymerase chain reaction (RT-
PCR) as described below. All BC VHSV isolates listed
herein were cultured with the exception of the Pa ci -
fic Hake isolate which was detected via quantitative
RT-PCR (RT-qPCR) (Garver et al. 2011) and RT-PCR.

RT-PCR amplification and sequencing

Viral RNA from low pass (<4) cell culture amplified
virus was extracted using Trizol LS (Invitrogen)
reagent following the manufacturer’s protocol. Then
5 µl of each RNA extract was used as template in
50 µl RT-PCR reactions targeting the glycoprotein
(G) gene. The full coding region of the G gene was
assembled from 3 separate RT-PCR amplifications
targeting the middle and the 5’ and 3’ termini of the
gene using the primers as designated in Table 1. First
round amplification was performed with Superscript
One-Step RT-PCR with the Platinum Taq kit (Invi -
trogen). Each reaction contained 25 µl 2× Reaction
mix, 1 µl each 10 µM forward and reverse primers
(Table 1), 1 µl Superscript II RT/Taq mix (Invitrogen)
and 17 µl ultrapure water. Cycling conditions were

50°C for 30 min, 95°C for 2 min, followed by 30 cycles
of 95°C for 30 s, 50°C for 30 s, 72°C for 1 min, and a
final extension at 72°C for 7 min. Products were visu-
alized on a 1.5% agarose gel stained with SybrSAFE
gel stain (Invitrogen). If products were not observed
after the first round PCR, then 2 µl of this PCR reac-
tion was used as template in a second round of ampli-
fication containing 5 µl 10× PCR buffer, 1.5 µl 50 mM
MgCl2, 1 µl 10 mM dNTPs, 1 µl each 10 µM forward
and reverse primers (Table 1), 1 µl Platinum Taq (5 U
µl−1) (Invitrogen) and 38.3 µl ultrapure water. Second
round cycling parameters were 94°C for 2 min, 30 cy -
cles of 94°C for 30 s, 50°C for 30 s, 72°C for 1 min, and
a final extension of 72°C for 7 min.

PCR products were purified using either a PCR
purification kit (Qiagen) or a ExoSAP-it kit (GE
Healthcare) according to the manufacturers’ pro -
tocols. Purified PCR product (2 µl) was added to
the BigDye Terminator (BDT) cycle sequencing kit
(Applied Biosystems) containing the reagents: 2 µl 5×
BDT buffer, 1 µl BDT, 0.5 µl primer (3.2 µM) and
4.5 µl ultrapure water. All primer sequences used in
sequencing the G gene are listed in Table 1. Sequen-
cing reaction cycling parameters were 96°C for
1 min, and 24 cycles of 96°C for 10 s, 50°C for 5 s, and
60°C for 4 min. Sequencing products were purified
using the DyeEx spin kit (Qiagen) and run on a
3130xl Genetic Analyzer (Applied Biosystems). Se -
quencing analysis software (version 5.2, Applied Bio-
systems) was used for base calling and sequences
were edited with Sequencher software (version 4.7,
Gene Code).

Sequence and phylogenetic
analysis

Consensus sequences for
each of the 63 isolates were
trimmed to 1524 nucleotides
(nt) encompassing the entire G
gene coding region. The full
length G gene was chosen for
molecular epidemiological stu -
dies as it has previously pro-
vided high resolution typing of
VHSV isolates (Einer-Jensen et
al. 2005). To identify isolates
with identical sequences, con-
sensus se quen ces were alig -
ned using Se quencher soft-
ware (v4.7) with the assembly
parameter minimum match
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Glycoprotein Primer Sequence (5’−3’) Location on 
region name VHSV genome

(AB490792)

1st round PCR and sequencing primers
5’ M466+ TTA GAC ATG GGA GTG TGA CTT 2669−2689

G784− TGC CAT TGT GAG CCC CCA 3714−3731
Middle G330+ ACT ACC TAC ACA GAG TGA C 3277−3295

G1243− CAA TTT GTC CCC GAA TAT CAT 4170−4190
3’ G1124+ GTG GTC AGC ATC AAC TAC AA 4071−4090

NV63− GGA GAG AAG CTG GTT GTG CTG 4600−4620

2nd round PCR and sequencing primers
5’ G493− CCA GAT GCA GGA RGG TTC 3426−3443
Middle G422+ TCC CGT CAA GAG GCC AC 3369−3385

G1179− TTC CAG GTG TTG TTT ACC G 4108−4126
Additional G776+ ACA ATG GCA TGC ACG GTG ACA 3723−3743

sequencing

Table 1. Summary of primers used in the reverse transcriptase quantitative PCR (RT-
qPCR) amplification and nucleotide sequencing of the full coding region (1524 nt) of
the glycoprotein (G) gene. Primer-binding site numbering determined from the 

VHSV-IVa isolate JF00Ehi1



Dis Aquat Org 104: 93–104, 2013

percentage set to 100. Identical G sequences were
categorized into sequence types and each type was
numbered in chronological order based upon the
earliest isolate within each sequence type. The G
gene coding sequence of a representative isolate
from each of the 42 sequence types was deposited in
GenBank with the accession numbers indicated in
Table S1 in the Supplement at www.int-res.com/
articles/suppl/d104p093_suppl.pdf. The phyloge-
netic relationship among VHSV isolates was inferred
from single representatives of each sequence type
using maximum likelihood and Bayesian approaches
with MEGA (Tamura et al. 2011) and MrBayes v3.2
(Ronquist & Huelsenbeck 2003), respectively. For
MrBayes, the mcmc options were as shown in Hall
(2011), and convergence was reached at 337 000 gen-
erations using the general time reversible model
(GTR). A 70% majority rule consensus tree was cal-
culated using sumtree (Sukumaran & Holder 2010)
after the first 25% were discarded as burn-in. Tree
drawing was performed using FigTree (tree.bio.ed.
ac.uk/software/figtree/). All taxa used in the analysis
and their corresponding accession numbers are pro-
vided in Table S1.

RESULTS

Virus detections

During the 19 yr collection period spanning from
1993 to 2011, 63 VHSV detections occurred. The
 features and temporal distribution of the 63 de -
tections are shown in Table 2 and Fig. S1 in the
 Supplement at www. int-res. com/ articles/ suppl/ d104
p093_ suppl. pdf, respectively. Of the 63 detections,
70% (44/63) were obtained from the pelagic species,
Pacific herring (n = 23) and Pacific sardine (n = 21),
while 25% (16/63) were obtained from farmed
Atlantic (n = 13) and Chinook (n = 3) salmon. The
remaining 5% represented VHSV detections in
shiner perch Cymatogaster aggregate (n = 2) and

Pacific hake Merluccius productus (n = 1). Spatially,
the VHSV detections originated from 29 different
marine collection sites spread over the entire coastal
area of BC (Fig. 1). Sixteen of the 29 collection sites
(55%) were located in the marine waters surround-
ing Vancouver Island. The majority (75%) of the
VHSV detections were associated with epizootics or
mortality events, with only 25% stemming from
asymptomatic hosts. Among the entire dataset, the
predominant occurrence (68%) of VHSV detections
were observed during the first quarter of the year
(January to March) (Fig. 2). See Table 2 for an
overview of the features of the VHSV isolates that
constitute this study.

Glycoprotein sequence analyses

Nucleotide sequence comparisons of the entire gly-
coprotein coding sequence (1524 nt) for the 63 VHSV
detections revealed that they fell into 42 sequence
types (Table 3). Thirty of the 42 sequences were
found in single isolates while the remaining 12 types
consisted of groups of 2, 3, or 5 isolates each. The
maximum pairwise nucleotide diversity among the
63 detections was 2% (30 nt different out of 1524 nt)
with an overall mean distance of 10.7. A multiple
sequence alignment of the 42 sequences generated a
consensus sequence that was equivalent to sequence
type 13, which is represented by a single isolate BC
00-397. Consequently sequence no. 13 was used as
the reference sequence with which the other se -
quences were compared. The distribution and num-
ber of the genetic differences from the consensus
sequence among the 42 BC VHSV sequences are
shown in Fig. 3. The variable positions were rela-
tively uniformly distributed along the 1524 nt coding
region; however, within the central region of the G
gene, 8 nucleotide positions (543, 551, 777, 834, 846,
924, 1131, and 1137) were highly variable in the con-
sensus sequence. The majority of nucleotide variants
(72%) identified in this study do not lead to changes
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No. of No. of Year No. of Host species Host No. of nt differencesb

virus collection range different content disease different G Max. Mean
isolates sites host species (%) statusa sequence types

63 29 1993−2011 6 70% pelagic sp. 75% epizootics 42 30 10.7
25% salmonid sp.

5% other
aHost disease status describes the proportion of isolates that were obtained from fish mortality events
bMaximum and mean number of nucleotide differences between glycoprotein (G) sequences from the 63 BC VHSV isolates

Table 2. Features of viral haemorrhagic septicaemia virus (VHSV) data set that constitute this study

http://www.int-res.com/articles/suppl/d104p093_supp.pdf
http://www.int-res.com/articles/suppl/d104p093_supp.pdf
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in the deduced amino acid sequence. The nucleotide
changes resulting in a non-synonymous change from
the consensus are highlighted in red in Fig. 3.

The consensus glycoprotein sequence for each iso-
late was distinct; however, genetic heterogeneity
was confirmed in 3 isolates after repeated amplifi -
cation and sequencing. Mixed nucleotide positions
were observed on the chromatograms for isolates 
BC 02-229, BC 05-197, and BC 06-037-2. Virus isolate
BC 02-229 obtained from a sardine sampled from
Hardy Bay, BC, was heterogeneous at position 785,
containing either an adenine (A) or a guanine (G).
When nucleotide 785 is an A, it is identical to
sequence type 21 (see Table 3 for a listing of all
sequence types), and when it is a G it matches
sequence type 14. Isolate BC 05-197 obtained from
Pacific sardine sampled in Kitimat Inlet was hetero-
geneous at position 592, consisting of a cytosine (C)
or a thymine (T). When nucleotide 592 is a C, then it
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Fig. 1. Geographic location of collection sites for viral haemorrhagic septicaemia virus isolates. X: location of Pacific Biological 
Station, where laboratory analyses were conducted
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Sequence Isolate Date Location Host speciesa (weight)
type name collected

1 BC 93-372 Sep 1993 Prince Rupert Harbour Herring juvenile
2 BC 93-390 Oct 1993 Campbell River Herring juvenile
3 BC 95-297 Mar 1995 Campbell River Atlantic salmon (3 kg)
4 BC 95-225 Aug 1995 Prince Rupert Herring juvenile
5 BC 96-265-3 Nov 1996 Campbell River Herring immature adult

BC 96-265-4 Nov 1996 Campbell River Herring immature adult
BC 96-265-11 Nov 1996 Campbell River Herring immature adult

6 BC 96-265-6 Nov 1996 Campbell River Herring immature adult
7 BC 98-012 Feb 1998 Takush Harbour Sardine

BC 98-250 Feb 1998 Saltspring Island Atlantic salmon
8 BC 98-249 Feb 1998 Saltspring Island Herring juvenile
9 BC 99-010-3 Jan 1999 Gilford Island Herring juvenile

10 BC 99-001 Jan 1999 Beaver Cove, Telegraph Creek Sardine juveniles and adults
BC 99-UR22 Jan 1999 Upper Retreat Herring
BC 99-017 Jan 1999 Echo Bay Sardine
BC 99-019 Jan 1999 Telegraph Cove Sardine
BC 99-021 Jan 1999 Cramer Passage Sardine

11 BC 99-292 Apr 1999 Southern Vancouver Island Atlantic salmon post-smolts
12 BC 00-LF Apr 2000 Nanoose Harbour Herring
13 BC 00-397 Jun 2000 Hecate Strait Herring
14 BC 02-28-6 Feb 2002 Fair Harbour, Kyuquot Sound Sardine juveniles and adults

BC 02-033-8 Feb 2002 Fair Harbour, Kyuquot Sound Sardine juveniles and adults
BC 02-39-4 Mar 2002 Discovery Point Nootka Sound Sardine juveniles and adults

15 BC 02-03 Mar 2002 Arrow Pass Atlantic salmon post-smolts
16 BC 02-41-9 Mar 2002 Fair Harbour, Kyuquot Sound Sardine juveniles and adults
17 BC 02-41-14 Mar 2002 Fair Harbour, Kyuquot Sound Shiner perch

BC 02-47-5 Mar 2002 Stopper Island, Barkley Sound Herring
BC 02-057-2 Mar 2002 Spiller Channel Sardine juveniles

18 BC 02-47-21 Mar 2002 Stopper Island, Barkley Sound Herring
19 BC 02-235-2 Nov 2002 Hardy Bay Herring
20 BC 02-232-1 Nov 2002 Quatsino Sound Sardine juveniles
21 BC 02-236-3 Nov 2002 Smith Inlet Sardine juveniles

BC 02-229 Nov 2002 Hardy Bay Sardine adults
BC 02-231-3 Nov 2002 Hardy Bay Sardine adults

22 BC 04-029-15 Feb 2004 Clayoquot Sound Sardine adults
BC 04-28-1 Feb 2004 Clayoquot Sound Atlantic salmon (150 g)

23 BC 04-040 Mar 2004 Clayoquot Sound Atlantic salmon
24 BC 05-011 Jan 2005 Clayoquot Sound Atlantic salmon (80−90 g)
25 BC 05-014-2 Jan 2005 Clayoquot Sound Herring juveniles (6.4 g)
26 BC 05-014-7 Jan 2005 Clayoquot Sound Herring juveniles (34.1 g)
27 BC 301-1A Feb 2005 West coast of Vancouver Island Chinook salmon
28 BC 283-1B Feb 2005 West coast of Vancouver Island Chinook salmon

BC 06-37-1 Feb 2006 Bedwell Sound Sardine
29 BC 313-1A Feb 2005 West coast of Vancouver Island Chinook salmon

BC 06-034 Dec 2005 Seymour Inlet Sardine
BC 06-035 Feb 2006 Millar Channel Sardine

30 BC 05-197 Nov 2005 Kitimat Sardine
31 BC 06-089-1 Jan 2006 Rennell Sound, Queen Charlotte Island Sardine adults
32 BC 06-089-4 Jan 2006 Rennell Sound, Queen Charlotte Island Sardine adults
33 BC 06-037-2 Feb 2006 Bedwell Sound Atlantic salmon
34 BC 07-286-10 Jan 2007 Arrow Pass, Broughton Atlantic salmon
35 BC 07-21-2 Jan 2007 Clayoquot Sound Sardine
36 BC 07-14-3 Jan 2007 Arrow Pass, Broughton Shiner perch adult

BC 07-15-7 Jan 2007 Arrow Pass, Broughton Atlantic salmon (250 g)
37 BC 07-13-2 Jan 2007 Arrow Pass, Broughton Herring juvenile
38 BC 08-2816-1 July 2008 Port Hardy Atlantic salmon

BC 09-30-1 Jan 2009 Port Hardy Atlantic salmon
39 BC 09-31-8 Jan 2009 Port Hardy Herring
40 BC 09-31-2 Jan 2009 Port Hardy Herring
41 BC 10-42-13 Mar 2010 Barkley Sound Atlantic salmon

BC 10-21-3 Mar 2010 Barkley Sound Herring
BC 11-19-3 Feb 2011 Quadra Island Herring

42 BC 11-191 Jul 2011 Bedwell Sound Pacific hake
aSpecies names are as listed: herring Clupea pallasi, Atlantic salmon Salmo salar, Pacific hake Merluccius productus, sar-
dine Sardinops sagax, shiner perch Cymatogaster aggregate, Chinook salmon Oncorhynchus tshawytscha

Table 3. Summary of viral haemorrhagic septicaemia virus isolates collected from 1993 to 2011 in the marine waters of British 
Columbia, Canada
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matches se quence no. 36; however, when present as
a T, the sequence is unique. Isolate BC 06-037-2 con-
tained 5 heterogeneous sites, with 2 positions (nu -
cleotides 18 and 216) containing a mixture of C and T
and 3 positions (nucleotides 174, 261, and 264) con-
taining mixtures of A and G. If positions 18, 174, 216,
261, and 264 are T, G, T, A, and A, respectively, then
isolate BC 06-037-2 fits into sequence no. 28.

Spatial, temporal, and host relationships of 
VHSV isolates within sequence types

The majority (71%) of the 42 VHSV sequence types
observed throughout BC were represented by a
single isolate consequently occurring at a single loca-
tion and time. Due to the single datapoint, inferences
regarding spatial, temporal, and host associations
cannot be drawn. Among the 12 sequence types that
are represented by multiple VHSV isolates, none per-
sisted longer than 1 yr from its original isolation date.
Among the 12 instances when multiple isolates
shared identical G gene sequences, most isolates
originated from the same geographic area and time
(i.e. multiple isolates per outbreak event; sequence
types 5, 10, 14, 21, 22 and 36). However, in some in-
stances, isolates were obtained at different times (se-
quence types 28, 29, and 38) and/or locations (se-
quence types 7, 17, and 41). In 8 of the 12 se quence

types with multiple isolates, no specific
host association was observed such
that each G gene sequence type was
isolated from multiple host species
while the other 4 sequence types were
represented by isolates made from sin-
gle host species (Table 3).

Phylogenetic analysis

The genetic relationships among the
BC VHSV sequences are illustrated in
the phylogeny shown in Fig. 4 and
Fig. S2 in the Supplement at www.
int-res. com/ articles/ suppl/ d104 p093_
suppl. pdf. All 42 BC VHSV sequence
types grouped into a single clade
together with previously published
types originating from the North
Pacific Ocean and denoted as sub-
genotype IVa. Due to the BC VHSV
isolates’ phylogenetic relationship with
representative genotype IVa isolates

from Washington and Japan, the entire lineage was
denoted as IVa. Congruent with previously pub-
lished phylogenies (Pierce & Stepien 2012), the North
American VHSV sequence types can be further dif-
ferentiated into 2 sub-genotypes (IVb, IVc) with high
posterior probabilities and bootstrap values in the
Bayesian and maximum likelihood analysis, respec-
tively. Sub-genotype IVb represents Great Lakes
VHSV sequence types and sub-genotype IVc repre-
sents VHSV sequence types from the Atlantic coastal
waters of New Brunswick and Nova Scotia, Canada.
Additionally, each of the 3 genotype IV sub-geno-
types are genetically distinct and separate from the
European genotypes I to III (Fig. 4) Internal structure
was evident within sub-genotype IVa, further resolv-
ing genetic relatedness among the sequence types
isolated from fish in BC. In some instances, these
groupings correlated with the geographic and tem-
poral features of the virus isolates, such that isolates
collected from hosts residing in close proximity to
one another tended to be similar in sequence and
therefore grouped together in the phylogeny.

Association of sequence types in wild 
and farmed fish

Among the BC VHSV sample set, 16 virus isola-
tions were made from farmed salmonids that grou -
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ped into 15 different sequence types. Of these 15
sequence types, 6 (sequence nos. 7, 22, 28, 29, 36,
41) contained virus isolate(s) originating from wild
fish species that shared identical G gene sequences
to those isolates obtained from farmed Atlantic or
Chinook sal mon (Table 3). Of the 9 sequence types
(nos. 3, 11, 15, 23, 24, 27, 33, 34, 38) unique to
farmed salmonids, 5 (nos. 15, 24, 33, 34, 38) grouped
into well supported subclades each of which
included virus isolates obtained from wild fish.
Often virus isolates from wild and farmed fish that
are either identical or nearly identical were isolated
from fish in close geographic proximity that were
sampled within a similar time period. However, in
some instances the related or identical sequence
types occurring in wild and farmed fish were iso-
lated from geographically distant locations and/ or
at different time periods.

Genetic diversity in an outbreak

Within the dataset, there are 14 separate oc -
casions when 2 or more isolates were collected
 during a disease investigation (Table S2 in the
 Supplement at www. int-res. com/ articles/ suppl/ d104
p093_ suppl. pdf). In 2 of the 14 cases, only 1 se -
quence type was observed during an outbreak,
while in the remaining 12 cases, multiple sequence
types were identified and contained up to 3 differ-
ent sequence types per sampling event. The great-
est pair-wise nucleotide difference between
sequence types in an individual disease event was
1.6% (24/1524 nt). In 6 out of these 12 cases, the
sequence types isolated from a single event were
divergent enough to  prohibit the confident place-
ment of these isolates  collectively into a sub-group
within the IVa sub-genotype.
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DISCUSSION

This study is the first comprehensive analysis of
the genetic diversity and epidemiology of VHSV
isolates from the marine waters of BC since the first
detection of the virus in Pacific herring in 1993.
Inclusion of 3 VHSV isolates from BC in a previous
investigation, aimed at determining the relatedness
of VHSV from other areas of the North Pacific
Ocean, suggested that isolates from marine waters
spanning from Alaska to California were genetically
similar (He drick et al. 2003). The phylogenies gen-
erated herein clearly reveal that all BC VHSV iso-
lates group into one lineage, previously denoted as
IVa, that includes marine isolates from the North
Pacific Ocean.

In BC, the majority of the VHSV isolations are from
the pelagic species Pacific herring and Pacific sar-
dine. The first detection of VHSV in BC occurred in
September 1993 from Pacific herring seine netted at
Prince Rupert Harbour following a diesel fuel spill.
There were numerous dead and moribund fish
reported in the area with visible lesions. It is not pos-
sible to determine if the fuel spill was a cause of
losses; however, it alerted people to be more obser-
vant, resulting in the collection of samples for disease
analysis. Since 1998, mass mortality of sardines and
herring have been frequently reported at various
locations along coastal BC. During these epizootics,
VHSV was repeatedly isolated from moribund and
fresh dead fish (Table 3). The geographic extent of
the losses varied from being quite localized to huge
areas covering many square kilometres. Field obser-
vations made by experienced herring biologists esti-
mated several of the die-offs involving sardines to be
in excess of 5000 metric t, with the surface of some
inlets being covered with dead and dying fish for dis-
tances of over 15 km. The massive extent of these
die-off events, corroborated with high mortality in
experimental exposures of Pacific herring to VHSV-
IVa, reflects the extreme virulence of genotype IVa in
pelagic finfish species (Kocan et al. 1997, Hersh-
berger et al. 2007)

It is unclear what the drivers for these massive epi-
zootic events are, but undoubtedly they are multifac-
torial and involve the complex interaction of the host,
pathogen and their shared environment. The losses
involving the sardines and herring most frequently
occurred during the winter and early spring months
(Fig. 2) in periods of colder ocean temperatures, with
the die-offs being observed in inlets and fjords along
Northern Vancouver Island, Haida Gwaii, and the
BC mainland. The seasonal occurrence of these die-

off events suggests a strong environmental influence.
Colder water temperatures and reduced availability
of food, as observed during the winter and spring
months, may compromise the hosts’ ability to mount
a protective immune response to VHSV infection,
consequently leaving them more prone to disease.
Controlled laboratory studies have demonstrated
that VHSV susceptibility of Pacific herring is highly
influenced by diet and temperature (Beaulaurier et
al. 2012, Hershberger et al. 2013). It is noteworthy
that such large scale marine die-off events are not
universally seen throughout the infectious range of
VHSV-IVa. North of BC, in the marine waters of
Alaska, VHSV-IVa-associated mass mortality events
in Pacific herring and sardines have been described
(Meyers et al. 1994, Marty et al. 1998). However, in
the marine waters south of BC, natural VHSV mortal-
ity events have not been observed despite the pres-
ence of VHSV in these waters (P. K. Hershberger
pers. comm.). Furthermore, mass mortality events
have not been reported in European wild marine fish
stocks from which VHSV has been isolated (Skall et
al. 2005).

Although Pacific herring and sardine were the pre-
dominant host species infected with VHSV in BC, the
virus was also isolated from marine net-pen farmed
salmonids. Since its first detection in farmed Atlantic
salmon in 1995, VHSV has been detected nearly
annually in the BC salmonid aquaculture industry.
Genetic typing of these isolates revealed that in 12 of
the 16 cases, the virus type identified was either
identical or nearly identical to virus isolated from
wild marine fish species, suggesting a close relation-
ship between virus of wild and farmed fish. At sal -
mon farm sites, herring and sardines are often
observed swimming around and within the net-pen
enclosures. Whether drawn to the net-pen facilities
as a refuge from predators (e.g. sea lions and seals) or
for food, the pelagics have been observed to reside
in or around the net-pen area for several months
(authors’ pers. obs.). VHSV epizootics occurring
among these pelagic fish would result in exposure of
the farmed salmon to the virus by shedding from the
co-habiting pelagics. Shedding rates of VHS dis-
eased herring have been estimated to be in the order
of 1.8 to 5.0 × 108 plaque-forming units fish−1 d−1

(Hersh berger et al. 2010). Thus, it is conceivable that
if large numbers of herring residing in or around a
net-pen undergo a VHSV epizootic then the farmed
salmon may be subjected to high concentrations of
waterborne virus.

Evidence for virus transmission from wild to
farmed fish is further provided through field observa-
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tions in conjunction with the temporal occurrence of
the genetic types within the various fish populations.
Particularly within our dataset, there are 3 examples
in which the molecular epidemiology along with field
observation reveal virus transmission from a wild
marine fish reservoir to nearby farmed salmon. The
first representation of a virus transmission event
occurred in Clayoquot Sound. Farmed Atlantic
salmon smolts (VHSV negative as determined
through health checks) were introduced into the
marine net-pen site in December of 2003. Post entry,
the farmed salmon remained healthy and only back-
ground mortality (<1%) was observed. One month
following the introduction of salmon, Pacific sardines
succumbing to mortality and exhibiting signs of VHS
disease (i.e. petechial haemorrhaging and exo pthal -
mia) were observed near the net-pens. As the num-
ber of dead sardines increased around the net-pen
area, slightly increased mortality became evident
within the farmed salmon. In February 2004, mori-
bund or dead sardines and Atlantic salmon were col-
lected for viral analysis. Virus isolates (BC 04-029-15
and BC 04-28-1) were cultured from each of the
salmon and sardine and found to be identical in
sequence over the entire coding region of the VHSV
G gene (sequence type 22). Similar scenarios involv-
ing VHS diseased Pacific herring were evident a year
later at another farm site within Clayoquot Sound
(isolates BC 05-011, BC 05-014-2) as well as in 2010
within a farm site in Barkley Sound (isolates BC 10-
21-3, BC 10-42-13). In each of the 3 cases, VHSV-free
Atlantic salmon were found positive after exposure to
either VHSV-positive sardine or herring residing in
or around the net-pens.

The transmission of VHSV from a wild marine
reservoir to a farmed fish population is not unprece-
dented. Phylogenetic studies have provided consid-
erable genetic evidence indicating that highly patho-
genic VHSV occurring in European rainbow trout
aquaculture emerged from a genotype I marine
ancestor (Stone et al. 1997, Einer-Jensen et al. 2004,
Snow et al. 2004). The adaptation of the marine
VHSV to become pathogenic within the aquaculture
population was presumably driven by the historical
practices of feeding unpasteurized raw marine fish to
the farmed rainbow trout (Meyers & Winton 1995,
Dixon et al. 1997, Dixon 1999). Consequently, the
observation of VHSV-IVa in farmed Atlantic salmon
raises many questions in regard to the pathogenicity
of this endemic virus to a non-endemic host and its
potential for evolution towards higher virulence. To
date, VHSV-IVa isolations in Atlantic salmon, as
reported herein, have been associated with cases

where there was minimal losses and pathology, sug-
gesting low virulence of type IVa for Atlantic salmon.
Nevertheless, as VHSV-IVa is occurring nearly annu-
ally in BC farmed Atlantic salmon populations, it is
crucial that we understand the pathogenesis of type
IVa virus in Atlantic salmon. Current research by
J. Lovy et al. (unpubl.) is examining the host suscep-
tibility, transmission dynamics, and duration of infec-
tion of VHSV-IVa in Atlantic salmon to help under-
stand the risks associated with the disease.

The 2% genetic diversity observed among the
VHSV isolates presented herein falls within the 1 to
6% levels observed for full-length G gene sequences
within the European genotypes I to III (Einer-Jensen
et al. 2004) and the North American type IVc (Gagné
et al. 2007). However, the VHSV population structure
within BC is in contrast to that observed for VHSV
emerging in the Great Lakes. Within the BC data set,
the ephemeral appearance of 42 sequence types over
the 19 yr collection period reveals the occurrence of
ongoing sequence divergence and lack of a predom-
inant sequence type, while in the Great Lakes, 2
dominant sequence types accounted for 90% of the
isolates collected over a 6 yr period (Thompson et al.
2011). The higher abundance of viral variants ob -
served among the BC data set in comparison to the
Great Lakes isolates is likely reflective of the tem -
poral differences in viral presence between the 2
regions. In BC, historical reports of high mortality
observed in Pacific herring and Pacific sardine stocks
during the winter months of 1941 and 1942 (Foerster
1941, Tester 1942, Hart 1943), suggest that VHSV
may have been present prior to its initial isolation in
1993. In the Great Lakes the earliest detection of
VHSV dates to 2003, suggesting that the virus has
been present in the marine environment in BC for a
longer period than it has in the Great Lakes.

Despite the long-term association of VHSV with
herring and sardines in BC, large-scale mortality
events are observed on a yearly basis. In terms of
virus evolution, the episodic events observed in wild
Pacific herring and sardine provide a unique oppor-
tunity to investigate the genetic diversity within a
single outbreak. From the data presented herein,
multiple sequence types were frequently observed
within an isolated mortality event. Analyses of these
co-circulating types often revealed a close genetic
relationship, with only 1 or 2 bases different over the
full G gene coding sequence (such as with sequence
types 5 and 6, which were isolated from a single die-
off event). The simplest hypothesis for this close asso-
ciation of sequence types within an outbreak is that
mutations arise during viral replication in a fish and
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are subsequently introduced and established into
other fish associated with the mortality event. Obser-
vation of genetic heterogeneity of sequences
obtained from single fish as observed in our study
and others (Einer-Jensen et al. 2004, Thompson et al.
2011) support the notion of VHSV quasispecies
within a single host. In contrast to the presence of
sequence types differing by only 1 or 2 bases, it was
also revealed in the dataset presented herein that
VHSV outbreaks could be defined by sequence types
differing in as much as 24 bases (i.e. sequence type
31 vs. 32). The occurrence of such diverse sequence
types co-circulating among a die-off event may sug-
gest separate VHSV introductions into the fish popu-
lation.

In summary, this study provides a genetic analysis
of the VHSV that occurred in the marine water of BC
since its first detection in 1993. This work revealed
a close genetic linkage between VHSV isolates
obtained from pelagic finfish species and farmed
salmonids, providing evidence for virus transmission
from wild to farmed fish. To date, the occurrence of
VHSV in BC farmed salmonid populations has been
associated with low virulence, with no evidence of
farm to farm spread. Nonetheless, aquaculture prac-
tices as outlined in the BC Viral Management Plan,
such as the frequent removal of moribund or dead
fish from net-pens and the rearing of 1 year class per
farm site, help to reduce potential risk of virus trans-
mission, adaptation, and ultimately the occurrence
of disease in farmed fish populations. Continual
 monitoring of the VHSV types in both wild and cul-
tured fish populations throughout the marine envi-
ronment of BC will be of importance for recognition
of potential changes to the VHSV genetic population
structure.
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