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In British Columbia, Canada (BC), aquaculture of ﬁnﬁsh in ocean netpens has the potential
for pathogen transmission between wild and farmed species due to the sharing of an
aquatic environment. Viral hemorrhagic septicemia virus (VHSV) is enzootic in BC and
causes serious disease in wild Paciﬁc herring, Clupea pallasii, which often enter and remain
in Atlantic salmon, Salmo salar, netpens. Isolation of VHSV from farmed Atlantic salmon
has been previously documented, but the effects on the health of farmed salmon and the
wild ﬁsh sharing the environment are unknown. To determine their susceptibility, Atlantic
salmon were exposed to a pool of 9 isolates of VHSV obtained from farmed Atlantic salmon
in BC by IP-injection or by waterborne exposure and cohabitation with diseased Paciﬁc
herring. Disease intensity was quantiﬁed by recording mortality, clinical signs,
histopathological changes, cellular sites of viral replication, expression of interferonrelated genes, and viral tissue titers. Disease ensued in Atlantic salmon after both VHSV
exposure methods. Fish demonstrated gross disease signs including darkening of the
dorsal skin, bilateral exophthalmia, light cutaneous hemorrhage, and lethargy. The virus
replicated within endothelial cells causing endothelial cell necrosis and extensive
hemorrhage in anterior kidney. Infected ﬁsh demonstrated a type I interferon response as
seen by up-regulation of genes for IFNa, Mx, and ISG15. In a separate trial infected salmon
transmitted the virus to sympatric Paciﬁc herring. The results demonstrate that farmed
Atlantic salmon can develop clinical VHS and virus can persist in the tissues for at least 10
weeks. Avoiding VHS epizootics in Atlantic salmon farms would limit the potential of VHS
in farmed Atlantic salmon, the possibility for further host adaptation in this species, and
virus spillback to sympatric wild ﬁshes.
Published by Elsevier B.V.
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Viral hemorrhagic septicemia virus (VHSV) is a
rhabdovirus in the genus Novirhabdovirus. The virus occurs
as four genotypes (I–IV) that show some degree of host and
geographic speciﬁcity. In North America VHSV genotype IV
is divided into three subgroups with type IVa occurring in
the marine environment of the Northeastern Paciﬁc Ocean
and Japan (Bernard et al., 1992; Traxler et al., 1999), type
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IVb in the freshwater Laurentian Great Lakes region
(Elsayed et al., 2006), and type IVc in the marine
environment of the Atlantic Ocean (Gagne et al., 2007;
Pierce and Stepien, 2012). VHSV type IVa causes disease in
marine species including Paciﬁc herring Clupea pallasi,
Paciﬁc hake Merluccius productus, walleye pollock Theragra
chalcogramma, and Paciﬁc sardines Sardinops sagax
(Meyers et al., 1999; Traxler et al., 1999) and the virus
has been isolated from a number of other marine species
(Hedrick et al., 2003), including Paciﬁc salmon (Brunson
et al., 1989; Bernard et al., 1992; Amos et al., 1998). The
broad host range for VHSV suggests that it can adapt to a
variety of hosts, although its pathogenicity varies across
host species. Viral hemorrhagic septicemia is considered a
serious disease of wild Paciﬁc herring, causing large scale
ﬁsh kills (Meyers et al., 1999; Traxler et al., 1999) and likely
contributing to population level declines (Marty et al.,
2010). Paciﬁc herring are highly susceptible to the disease
resulting in mortalities approaching 100% when exposed
to low concentrations of the virus (Hershberger et al.,
2011). In 1995, genotype IVa was ﬁrst isolated from farmed
Atlantic salmon Salmo salar, a non-native species farmed in
marine netpens in coastal British Columbia BC (Traxler
et al., 1995). Since its initial isolation, it has been regularly
isolated from farmed Atlantic salmon throughout the
region (Garver et al., 2013). With the open nature of netpen aquaculture throughout British Columbia, farmed
Atlantic salmon can be exposed to pathogens occurring
naturally in the BC marine environment. In particular,
VHSV is one pathogen whereby transmission from wild to
farmed ﬁsh has been identiﬁed (Garver et al., 2013).
Nonetheless despite the near annual occurrence of this
pathogen in net-pen farmed Atlantic salmon, little to no
information is available on the susceptibility of Atlantic
salmon to VHSV type IVa and what the potential risks may
be for this virus to salmon farming.
For a ﬁsh to be susceptible to VHSV the virus must
successfully enter the host, replicate, and exit in order to
spread to new hosts. Susceptibility of the host can be
measured by mortality or the development of clinical
disease signs after exposure to the virus. Gross disease
signs caused by VHSV type IVa include subcutaneous
hemorrhage, lethargy, and darkening of the skin;
histological changes most commonly include focal
hepatic necrosis, necrosis and hemorrhage in hematopoietic tissues, and necrosis in the intestinal submucosa
(Kocan et al., 1997; Marty et al., 1998; Lovy et al., 2012).
In addition to causing host pathological changes,
rhabdoviruses also stimulate a robust type I interferon
(IFN) response (Rogel-Gaillard et al., 1993; Congleton &
Sun, 1996; Tafalla et al., 2008; Hansen et al., 2012). The
intent of the current study was to determine the effects
of VHSV type IVa in Atlantic salmon by experimental
exposure to viral isolates from farmed Atlantic salmon
(Garver et al., 2013). The major objectives were to
determine (1) if Atlantic salmon were experimentally
susceptible to VHSV type IVa, (2) if salmon can be a host
for the virus and transmit it back to herring, and (3) to
investigate the pathogenesis of VHSV in Atlantic salmon
by histopathology and expression of interferon-related
genes.

2. Materials and methods
2.1. Fish
Mowi strain Atlantic salmon parr (mean weight  50 g)
were obtained from a freshwater hatchery with no
previous history of VHSV. The ﬁsh were vaccinated against
Yersinia ruckeri, Vibrio spp., and Aeromonas salmonicida.
Parr were kept in ﬂow-through dechlorinated and
charcoal-ﬁltered freshwater at 6–7 8C and fed 2 mm pellets
(EWOS) at 2% body weight every two days. To monitor
smoltiﬁcation, ten ﬁsh were randomly sampled at two
time points to determine gill ATPase; average gill ATPase
one month prior to experimental infection was 6.49 mmol
ADP/h/mg protein. Speciﬁc Pathogen-Free (SPF) herring
were reared at the USGS-Marrowstone Marine Field
Station in Nordland, Washington, USA. Herring were
transported to the Paciﬁc Biological Station and maintained in ﬂow-through, UV-irradiated and sand-ﬁltered
(65 mm) seawater (temperature range 8–9 8C) taken at a
depth of 22 m from Departure Bay, Nanaimo. Herring were
fed to satiation every two days with 2 mm pellets (BioOlympic Fry, Bio-Oregon).
2.2. Virus inoculum
A cocktail of nine VHSV type IVa isolates (Table 1),
originating from net-pen farmed Atlantic salmon in British
Columbia isolated between 1998 and 2010 (Garver et al.,
2013), was used as the experimental inoculum. In order to
amplify the virus to obtain necessary concentrations, all
isolates were passed through Epithelioma papillosum
cyprini (EPC) cells no more than two times and frozen at
80 8C in Minimal Essential Media (MEM)-10 supplemented with 10% fetal bovine serum and 1% GlutaMAX (Gibco).
Isolates were then thawed, using EPC cells and pooled to
form a VHSV cocktail containing equal concentrations of
each virus isolate. Fish were exposed to the VHSV-IVa
cocktail either through intra-peritoneal (IP) injection or
waterborne immersion as described in Sections 2.3 and 2.4,
respectively.
2.3. Experiment 1: intra-peritoneal infection with VHSV
To determine whether transfer of Atlantic salmon from
freshwater into seawater affects their susceptibility to
VHSV, mortality was compared between VHSV-exposed
groups that were either seawater-acclimated or seawatershocked. The seawater-shocked group consisted of 240
Table 1
Origin and date of VHSV isolates used for experimental infection.
Isolate name
BC
BC
BC
BC
BC
BC
BC
BC
BC

98-250
99-292
02-03
04-040
05-011
07-15-7
07-286-10
10-21-3
10-42-13

Date

Location

February 1998
April 1999
March 2002
March 2004
January 2005
January 2007
January 2007
March 2010
April 2010

Samsun narrows
Campbell river
Arrow pass
Clayoquot sound
Clayoquot sound
Arrow pass
Arrow pass
Barkley sound
Barkley sound
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freshwater held Atlantic salmon (length  17.8 cm,
weight  64.1 g; n = 60) that were lightly anesthetized
with 50 mg/l of tricaine methanesulfonate (TMS) buffered
in 50 mg/l sodium bicarbonate and IP-injected with the
VHSV cocktail in a 100 ml dose of 4  105 plaque forming
units (pfu) ﬁsh1. The ﬁsh were then immediately
transferred into 4 replicate 400 L research tanks supplied
with ﬂow-through, sand-ﬁltered, and UV-irradiated seawater (temp 9 8C) at a ﬂow rate of 7 l/h. The seawateracclimated group consisted of 120 separate Atlantic
salmon that were transferred to two 400 L tanks and
acclimated to seawater for one week prior to analogous
VHSV exposure. A positive virus control consisted of 40 SPF
Paciﬁc herring (a species known to be highly susceptible)
in a separate tank that were IP-injected with the same
inoculum. Negative controls consisted of two tanks each
containing 60 seawater-shocked Atlantic salmon, and one
tank of 40 Paciﬁc herring that were injected with PBS in
lieu of virus. Mortality was monitored over the following
three weeks. Mortalities were frozen at 80 8C until
analyzed for VHSV concentration using plaque assay on
Epithelioma papulosum cyprini (EPC) cells (Batts and
Winton, 1989; Winton et al., 2010).
Subsamples of live ﬁsh (n = 5/tank) were euthanized in
an overdose of TMS at weekly intervals from two of the
four replicates of seawater-shocked salmon and one of the
negative control salmon tanks. A portion of the mid-kidney
was collected for enumeration of virus titer by plaque
assay using EPC cells, a 30–50 mg piece of head kidney was
frozen in liquid nitrogen for quantitative RT-PCR, and
visceral organs were ﬁxed in 10% neutral-buffered
formalin for histological and immunohistochemical
analyses.
2.4. Experiment 2: immersion and cohabitation infection with
VHSV
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RT-PCR, and the visceral organs were ﬁxed in 10% NBF for
histology and immunohistochemistry. During 4 W PE only
one ﬁsh that exhibited clinical signs was sampled for
histopathological and immunohistochemical analysis. To
determine the duration that salmon remained infected, 20
total live ﬁsh (5 from each of the 4 replicates) were randomly
sampled from 5 to 10 W PE and euthanized with an overdose
of buffered TMS. Head kidney, spleen, and brain were
aseptically dissected and pooled for viral plaque assay/titer
using EPC cells.
2.5. Experiment 3: transmission of VHSV from Atlantic
salmon to herring
A cohabitation experiment was performed to determine
whether Atlantic salmon that were previously exposed to
VHSV were capable of transmitting the disease to sympatric
Paciﬁc herring. This experiment was initiated as an
extension of the previous immersion experiment, where
all herring were lost to mortality after 4 W PE. Two days after
the last herring mortality the salmon were temporarily
transferred from the 4 replicate tanks and one of the VHSV
IP-injected salmon tanks to separate holding tanks. The
experimental tanks were then drained, ﬂushed, and
disinfected with 250 ppm Ovadine with a contact time of
15 min. The tanks were rinsed, reﬁlled with saltwater at a
ﬂow rate of 7 l/h, and salmon were transferred back into the
disinfected experimental tanks. One-hundred SPF herring
(sentinels) were evenly distributed into each of the 5 tanks
and monitored for mortality for a period of 2 weeks. Dead
herring were frozen at 80 8C and 5 of these herring were
randomly selected from each tank and processed for viral
assay. Fish were aseptically dissected and pools of kidney,
spleen, and brain were processed for viral assay by passage
on EPC cells to determine if ﬁsh were positive for VHSV.
2.6. Histology and immunohistochemistry

To determine the susceptibility of Atlantic salmon to
VHSV through waterborne immersion and cohabitation
with
diseased
herring,
one-hundred
herring
(length  13.9 cm, weight  31.5 g, n = 60) were evenly
distributed in ﬁve tanks (400 L each) and acclimated for
one day. About 200 Atlantic salmon smolts were transferred
from a freshwater tank and evenly distributed into the same
tanks (40–42 salmon + 20 herring/tank). The water ﬂow was
stopped and the level was dropped to 200 L; VHSV was
added to four replicates to yield a dose of 6.8  105 pfu ml1
and ﬁsh were maintained in the bath with supplemental
aeration for 2 h. PBS was added to the remaining tank as a
negative control. Water samples were collected from the
tanks weekly for the ﬁrst 4 weeks (W) to determine the
concentration of shed virus. Thirteen days post-exposure
(PE) an additional 26 herring were added to each of the
infection tanks to sustain an ongoing infection with VHSV.
Mortality of both herring and salmon was recorded and the
dead ﬁsh were frozen at 80 8C for future viral assay. Live
salmon were subsampled weekly for 10 W PE; ﬁsh with
clinical signs were selected and if no signs were present then
ﬁsh were randomly sampled. Fish were euthanized with an
overdose of buffered TMS and aseptically dissected. A piece
of mid-kidney was taken for viral titer, head kidney for

All tissues (liver, heart, spleen, kidney, pyloric caeca,
intestine, and pectoral ﬁn) for histological and immunohistochemical analyses were immediately ﬁxed in 10% NBF for
24–48 h. Following standard histological processing, three
micron sections were cut and serial sections were mounted
on silane-coated glass slides; one slide was stained with
Hematoxylin and Eosin (H&E) for routine histology and the
other slides were stained for VHSV immunohistochemistry.
Immunohistochemical staining for VHSV was done on
Atlantic salmon as previously reported (Lovy et al., 2012).
Brieﬂy, sections were deparafﬁnized in xylene, blocked of
endogenous peroxidases in 3% H2O2 in methanol, rehydrated, and incubated in Tris-EDTA buffer (pH 9.0) containing Tween 20 for 30 min at 100 8C for antigen retrieval.
Primary antibody was a commercially available anti-VHSV
monoclonal antibody (Aquatic Diagnostics Ltd., Scotland)
and negative controls including incubation in PBS. Secondary antibody staining was done using a goat anti-mouse IgG
whole molecule antibody with a biotin conjugate (Sigma,
MO, USA), the enzyme conjugate used was streptavidinhorseradish peroxidase (Invitrogen, CA, USA), and color
development was done by incubating sections in 3.30 diaminobenzidine (DAB) (Sigma, MO, USA).
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2.7. Viral load and host immune gene expression
Samples frozen in liquid nitrogen were used for
quantitative PCR to enumerate viral RNA and expression
of Atlantic salmon immune response genes. Total RNA was
extracted from Atlantic salmon head kidney tissue using
TRIzol (Ambion) and suspended in molecular grade DNase
and RNase-free water. The RNA was DNase-treated with
TURBO DNA-free (Ambion) following the manufacturers
recommendation and quantiﬁed using the NanoDrop 1000
(Thermo Scientiﬁc). Viral load was assessed in head kidney
total RNA using an RT-qPCR assay targeting a highly
conserved region of the N-gene of VHSV (Garver et al.,
2011). Viral load was enumerated by absolute quantiﬁcation using a standard curve of plasmid-derived VHS N-gene
RNA as demonstrated by Garver et al. (2011). To quantify
the expression levels of three Atlantic salmon immune
genes, quantitative PCR was performed in a 25 ml reaction
containing 1 ml cDNA template, 1 Brilliant II SYBR Green
qPCR Master Mix (Agilent Technologies), 300 nM forward
and reverse primers (Operon, Euroﬁns MWG) (Table 2),
and 3 nM ROX reference dye (Agilent Technologies). The
PCR program included a 10 min polymerase activation step
held at 95 8C, 40 cycles of 958/15 s and 60 8C/1 min, and a
terminal dissociation curve run on a Mx3000P or Mx3005P
qPCR System (Agilent Technologies). Samples were run in
duplicate concurrently with a triplicate 10 serial dilution
of cDNA derived from a 1:1 mixture of RNA from control
sample tissue and poly I:C-stimulated Atlantic Salmon
Kidney (ASK) cells (Jorgensen et al., 2006) as an interplate
calibrator. Relative fold differences were calculated using
the Pfafﬂ (2001) model, with each PCR plate adjusted for its
individual efﬁciency as determined by the interplate
calibrator.
An initial descriptive statistical analysis was carried out
on the outcome of interest, VHSV copy number. The
outcome had a strong right skew in both the IP injected ﬁsh
and the immersion ﬁsh. The distribution for the outcome,
in the IP injected ﬁsh, had a mean of 1.46  106 and a range
of 0–1.416  107. In the immersion ﬁsh, there was a mean
of 8.088  106 and a range of 0–1.930  108. Using Stata
10.0 (www.stata.com/stata10/) a pairwise comparison was
carried out for the three immune genes (Mx, ISG15, and

IFNa) and VHSV copy number, by week, for IP injected and
immersion ﬁsh.
3. Results
3.1. Experiment 1: intraperitoneal-injection with VHSV
IP-injections with virus demonstrated that Atlantic
salmon were susceptible to VHS, based on mortality, viral
tissue titers, gross signs, histological changes, and immunohistochemical staining (Table 3). Atlantic salmon
mortalities in both the seawater-shocked and the seawater-adapted groups reached 90% after three weeks PI,
although the mortality was delayed by one day in the
seawater-adapted group (Fig. 1). No mortality occurred in
the negative control salmon that were injected with PBS.
Viral plaque assays indicated that infection prevalence and
geometric mean VHSV tissue titer decreased from 1 to 3 W
PI (Table 4). Clinical signs during 1 W PI included dark
dorsal coloration of the ﬁsh, ascites, enlarged spleen, and
hemorrhage around the ﬁn base, muscle, and in the
connective tissue surrounding the swimbladder (Fig. 2).
Starting at 2 W PI bilateral exophthalmia, often associated
with hemorrhage within the eye, became common (Fig. 2).
The most common histological change was severe
hemorrhage in the anterior kidney spreading to the
posterior kidney which was observed in 90% of the ﬁsh
sampled during 1 W PI, 70% of ﬁsh sampled during 2 W PI,
and 30% of ﬁsh sampled during 3 PI. Immunohistochemical
staining for VHSV showed that VHSV-positive staining in
endothelial cells correlated well with kidney hemorrhage
(Fig. 3); all ﬁsh sampled 1 W PI with kidney hemorrhage
had heavy VHSV-positive staining within endothelial cells.
During week 2PI the immunohistochemical staining was
less reliable in which only 1 of the 7 ﬁsh that had kidney
hemorrhaging had VHSV-positive staining within kidney
endothelial cells, and in week 3 no immunohistochemical
staining occurred in the kidney. Other histological changes
included spleen congestion and connective tissue inﬂammation surrounding the swimbladder, including the
adventia and muscular layer of the pneumatic duct.
Immunohistochemical staining for VHSV showed that
cells were positive within the connective tissue around the

Table 2
List of primers and probes used for evaluation of viral load and immune gene expression. Primers targeting immune genes were QuickLC puriﬁed whereas
VHS primers were HPLC-puriﬁed.
Target gene

Name

Sequence (50 –30 )

VHS – N

VHS-3N-F
VHS-3N-R
VHS-3N-Pr

ATGAGGCAGGTGTCGGAGG
TGTAGTAGGACTCTCCCAGCATCC
FAM-TACGCCATCATGATGAGT-MGBNFQ

IFNa1/2

SasaIFN F
SasaIFN R

Mx

Amplicon size (base pairs)

Reference

82

Garver et al. (2011)

TGCAGTATGCAGAGCGTGTG
TCTCCTCCCATCTGGTCCAG

101

Kileng et al. (2007)

TAQ.Mx sense
TAQ.Mx a-sense

TGCAACCACAGAGGCTTTGAA
GGCTTGGTCAGGATGCCTAAT

78

Kileng et al. (2007)

ISG15

SasaISG15F
SasaISG15R

CTGAAAAACGAAAAGGGCCA
GCAGGGACTCCCTCCTTGTT

100

Kileng et al. (2007)

EF1A-a (reference)

EF1Aa F
EF1Aa R

CCCCTCCAGGACGTTTACAAA
CACACGGCCCACAGGTACA

57

Olsvik et al. (2005)
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Table 3
Number of Atlantic salmon positive for virology by plaque assay and qPCR, gross clinical observations, histopathology, and immunohistochemistry for 1–4
weeks following infection with VHSV by either intraperitoneal injection or immersion.
Virus titera

Infection/time (sample size)

IPe/1 W (n = 10)
IP/2 W (n = 10)
IP/3 W (n = 10)
IP/4 W (n = 5)
IMg/1 W (n = 10)
IM/2 W (n = 10)
IM/3 W (n = 10)
IM/4 W (n = 12)

qPCR+

N

L

M

H

0
2
3
2
8
4
7
9

0
1
6
1
0
2
2
0

1
5
1
2
1
4
1
2

9
2
0
0
1
0
0
1

10
8
6
NAf
4
6
5
NA

Gross ﬁndingsb

Histopathc

Immunod

A

B

C

D

E

F

G

H

I

J

8
2
3
0
1
6
2
0

8
0
0
0
2
3
0
0

0
3
2
0
0
6
2
1

3
1
1
0
0
0
0
1

3
2
3
0
0
0
1
2

9
7
3
1
1
4
3
*h

4
4
1
1
0
0
0
*

5
5
2
1
0
1
2
*

9
1
0
0
1
0
0
*

4
4
2
1
0
0
0
*

a

Virus titer by (N) negative, (L) low titer <104 pfu/g, (M) medium titer 104–106 pfu/g, (H) high titer 107 pfu/g.
Gross ﬁndings include number of ﬁsh that had (A) skin or ﬁn hemorrhage, (B) dark dorsal coloration, (C) bilateral exophthalmia, (D) internally had an
enlarged spleen, (E) presence of ascites.
c
Histopathology includes ﬁsh with (F) severe kidney hemorrhage, (G) swim bladder connective tissue inﬂammation, (H) congestion in the spleen.
d
VHSV-positive staining in (I) kidney endothelial cells, (J) connective tissue near swim bladder.
e
IP, infection by intraperitoneal injection.
f
NA, not applicable.
g
IM, infection by immersion.
h
*, samples not taken.
b

Table 4
Number of VHSV-positive Atlantic salmon and viral titer in weekly
samples after exposure by either IP-injection or immersion.
Weeks PE

IP-injected salmon
VHSV+/total

1
2
3
4
5
6
7
8
9
10
a

10/10
8/10
7/10
6/10

Immersion-exposed
salmon

Viral titera
6

9.21  10
1.10  106
2.81  105
3.02  104

*

*

*

*

*

*

*

*

*

*

*

*

VHSV+/total

Viral titer

2/10
6/10
3/10
3/12
5/18
4/20
2/20
2/20
2/20
3/12

2.65  106
1.60  105
2.74  104
3.16  106
4.37  106
9.12  105
9.93  106
1.33  107
9.86  104
3.59  106

Viral titer is expressed as the geometric mean (pfu/g1).
* Samples not taken.

swim bladder and pneumatic duct (Fig. 4). During weeks
1–3 immunohistochemical staining was observed within
the connective tissue near the swimbladder and this
correlated well in all weeks with inﬂammation within the
connective tissue. Mortalities in the IP-injected herring
reached 95% after 10 days PI demonstrating the high
virulence of the virus to herring.
3.2. Experiment 2: immersion and cohabitation infection with
VHSV
Waterborne-exposure to VHSV and cohabitation with
diseased herring led to clinical VHS in Atlantic salmon
(Table 3). In the VHSV-immersion tanks all herring died
within 2 W of their introduction and these ﬁsh had clinical
signs consistent with VHS, including dark coloration, skin

Fig. 1. Cumulative percent mortality of Atlantic salmon infected with either VHSV or PBS by intraperitoneal injection. Combined replicates of the saltwateradapted group (IP-VHS SW-adapted) (n = 120), saltwater-shocked (IP-VHS SW-shocked) (n = 120), compared to a single control replicate of saltwatershocked ﬁsh injected with PBS (IP-control SW-shocked) (n = 60).
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Fig. 2. Gross clinical signs of VHSV in Atlantic salmon, similar signs appear in ﬁsh infected by IP-injection and immersion; shown in (a) through (d) are ﬁsh
infected by immersion and (e) is a ﬁsh infected by IP-injection. Common signs included (a) skin hemorrhage frequently near the pectoral ﬁn, (b) dark dorsal
coloration and bilateral exophthalmia, (c) hemorrhage occurring within exophthalmic eyes, (d) hemorrhage in the brain cavity, and (e) hemorrhage on the
swim bladder.

and ﬁn hemorrhage, and lethargic swimming. All herring
mortalities from these tanks tested positive for VHSV.
Water samples from the 400 L tanks taken 1 W following
the immersion challenge demonstrated that 3 of the 4

replicate tanks had an average of 1  103 pfu/ml, demonstrating that virus was being ampliﬁed and shed, mainly by
herring in the tanks. Atlantic salmon mortality reached
approximately 8% of the population, although weekly

Fig. 3. Histology and immunohistochemistry of Atlantic salmon infected with VHSV by immersion. (a) Anterior kidney with a blood vessel (*) containing
necrotic endothelial cells (arrows) with hemorrhage within the tissue (bar = 20 mm). (b) Serial section from (a) showing the same region with endothelial
cells staining positive for VHSV (arrows) (bar = 20 mm). (c) A ﬁsh sampled during week 4 PE with extensive cellular necrosis and destruction of muscle tissue
in the muscularis (bar = 100 mm). (d) Higher magniﬁcation of boxed in area of (c) showing fragmentation of the muscle and necrotic cells (bar = 20 mm). (e)
Serial section of similar region from (d) with positive VHSV immunohistochemical staining (bar = 20 mm).
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Fig. 4. Histology and immunohistochemistry of Atlantic salmon infected with VHSV by IP-injection. (a) Pneumatic duct with inﬂammation and necrosis
within the muscular layer and the adventia (bar = 100 mm). (b) Serial section of similar region in (a) with positive VHSV staining in the muscular layer and
predominantly in the adventia of the pneumatic duct (bar = 100 mm). (c) Connective tissue around the swim bladder with extensive cellular necrosis
(bar = 40 mm). (d) Serial section of similar region as (c) with positive staining for VHSV (bar = 40 mm).

sampling bias toward clinically ill ﬁsh likely resulted in
lower overall reported mortality. From the 4 replicate
treatment tanks 13 total Atlantic salmon died during the
10 week duration of the trial. Viral plaque assay demonstrated that 12/13 dead salmon tested positive for VHSV
and titers were all higher than 4  105 pfu/g and 7/12 were
greater than 1  107 pfu/g. The one dead salmon that
tested negative for VHSV died 2 days into the experiment
so the death was likely related to transport and handling
trauma. A total of 165 salmon, including 13 mortalities and
152 sampled ﬁsh, were tested for VHSV by viral plaque
assay throughout the 10 W duration of the experiment and
26.7% of the ﬁsh tested positive (Table 4). The virus
persisted in salmon until the ﬁnal sampling period at 10 W
PE, where 3 out of 12 ﬁsh had titers higher than
1  106 pfu/g (Table 4). Gross clinical signs were absent
in ﬁsh sampled from week 5 to 10 PE. Clinically affected
VHSV-immersion salmon had similar symptoms as
described for the IP-injected ﬁsh, including darkened
dorsal color and hemorrhage on the skin evident 1 W PE,
and bilateral exophthalmia that became ﬁrst evident in the
2 W PE sample (Fig. 2). The most common histological
ﬁnding was hemorrhage in the anterior kidney (Fig. 3)
followed by spleen congestion. One ﬁsh that was sampled
at 4 W PE had necrosis and inﬂammation within the
muscularis layer of the intestine. Immunohistochemistry
showed VHSV positive cells within the muscularis lesions

(Fig. 3). No Atlantic salmon were lost in the control mockimmersion tank, although all herring died within 1 W of
their introduction into this tank. All control herring tested
negative for VHSV and their death was likely caused by
their incompatibility with salmon in the research tanks,
although no aggressive behavior was observed by the
researchers.
3.3. Experiment 3: transmission of VHSV from Atlantic
salmon to herring
Transmission of VHSV from Atlantic salmon to sympatric
Paciﬁc herring was indicated by 100% mortality and
recovery of VHSV with titers exceeding 1  106 from herring
sentinels in 3 out of 4 immersion replicates. Prior to the
addition of herring into the tanks, no virus could be isolated
from the tank water sample. In the fourth replicate none of
the sampled sentinel herring cultured positive for VHSV.
Sentinel herring from the one IP-injected salmon tank also
all tested positive for VHSV with titers exceeding 1  106.
3.4. Viral load and Atlantic salmon immune gene expression
Exposure of Atlantic salmon to VHSV by both immersion
and injection exposure resulted in up-regulation of genes
involved in the innate immune system (Figs. 5 and 6). In IPinjected ﬁsh IFNa was expressed the highest during 1 W PI

Fig. 5. Expression of immune genes and VHSV following IP-injection of Atlantic salmon with VHSV; samples in each week were ordered from lowest to
highest based on viral load; individual ﬁsh represented by number on x axis are grouped by week of sampling (1–3 weeks). Point connections with dashed
lines were done to better show trends in gene expression, these lines do not denote continuous data.
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Fig. 6. Expression of immune genes and VHSV following immersion of Atlantic salmon with VHSV; samples in each week were ordered from lowest to
highest based on viral load; individual ﬁsh represented by number on x axis are grouped by week of sampling (1–3 weeks). Point connections with dashed
lines were done to better show trends in gene expression, these lines do not denote continuous data.

Table 5
Correlation coefﬁcients and p values for the expression of VHSV and immune genes.
W–Ga

IP-Injected salmon
VHSV

1-Mx
1-IFNa
1-ISG
2-Mx
2-IFNa
2-ISG
3-Mx
3-IFNa
3-ISG

0.06,
0.05,
0.31,
0.12,
0.96,
0.62,
0.06,
0.63,
0.26,

p = 0.86
p = 0.90
p = 0.39
p = 0.74
p = 0.00b
p = 0.06
p = 0.87
p = 0.05
p = 0.48

Immersion salmon
Mx

IFNa

0.74, p = 0.01
0.75, p = 0.01

0.81, p = 0.01

0.21, p = 0.57
0.69, p = 0.03

0.62, p = 0.05

0.42, p = 0.23
0.67, p = 0.03

0.88, p = 0.00

VHSV
0.056, p = 0.93
0.95, p = 0.014
0.54, p = 0.34
0.27, p = 0.44
0.98, p = 0.00
0.72, p = 0.02
0.49, p = 0.18
0.99, p = 0.00
0.77, p = 0.02

Mx

IFNa

0.09, p = 0.88
0.68, p = 0.21

0.74, p = 0.15

0.39, p = 0.26
0.81, p = 0.00

0.80, p = 0.01

0.57, p = 0.11
0.88, p = 0.00

0.82, p = 0.01

a

Weeks post-infection (W) – immune gene (G).
b
Shading represents a statistically signiﬁcant correlation between the groups; dark shading is a strong correlation and light shading is a mild to moderate
correlation.

with up to 300 fold higher expression compared to control
ﬁsh. ISG15 was expressed the highest during 1 and 2 W PI
with variable expression from 0 to 840-fold higher
expression than controls (Fig. 6). During 2–3 W PI IFNa
expression was strongly correlated (p = 0.00) with viral load
(Table 5). In the immersion ﬁsh, VHSV load was strongly
correlated with expression of IFNa in all 3 weeks following
exposure to VHSV (Table 5). In all 3 weeks for both IPinjected and immersion ﬁsh there was a moderate to strong
correlation between the expression of ISG15 and IFNa
(Table 5).
4. Discussion
The virulence of VHSV to Atlantic salmon is variable
depending on infection route with IP-injection resulting in
heavier mortality. This study is the ﬁrst to demonstrate
that Atlantic salmon are experimentally susceptible to
VHSV genotype IVa through waterborne immersion. The
viral-exposure method utilizing an immersion and cohabitation model in ﬁsh freshly transferred to seawater was
intended to duplicate more closely what could occur in
ﬁeld situations with farmed Atlantic salmon. In industry,
farmed Atlantic salmon smolts are transferred from
freshwater hatcheries into seawater netpens located along
coastal BC, where VHSV genotype IVa is present. In this

study the immersion route caused clinical signs consistent
with VHS disease, although the severity of the disease was
much lower than in IP-injected ﬁsh. The doses used for
immersion in the present study resulted in about 27% of
ﬁsh becoming infected with the virus. This is in contrast to
SPF herring, in which VHSV levels that are much lower
than used here (e.g. below the normal detection threshold
of the viral plaque assay) can initiate VHS outbreaks and
affect most of the population (Hershberger et al., 2011).
Previous studies looked at the susceptibility of Atlantic
salmon to European isolates of VHSV and found that
following exposure by immersion, no clinical disease signs
occurred and virus was rarely isolated from ﬁsh (De
Kinkelin and Castric, 1982; King et al., 2001). The
differences in susceptibility between the European studies
and the study herein may be explained by the genotypes
and isolates used; previous studies used European isolates
from other host species, whereas the current study used
isolates of genotype IVa from farmed Atlantic salmon.
Additionally in the current study the salmon were infected
with VHSV during seawater transfer, which could be an
added stressor making ﬁsh more vulnerable to infection.
Considering the differences in the severity of disease in
groups of salmon exposed to VHSV by IP-injection
compared to immersion, it is possible that, in addition
to differences in dose, that host and virus characteristics
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prevent efﬁcient viral entry to the host through the skin
and gills. Predisposing factors, such as the presence of
other diseases and host condition/immunological variability, may explain these differences in susceptibility. The
ﬁndings of this study suggest that these isolates are mildly
virulent to Atlantic salmon, yet ﬁeld observations indicate
that VHS epizootics in penned Atlantic salmon occur
periodically. Future research is needed to identify viral
factors and host stressors that may predispose salmon to
developing clinical VHS.
VHS in Atlantic salmon is similar to other species with
the most common gross signs being lethargy, darkening of
the skin, and bilateral exophthalmia. Skin hemorrhage was
present, although lesions were not nearly as severe as
those observed in Paciﬁc herring suffering from VHS.
Immunohistochemistry showed that viral replication in
both infection routes occurred within endothelial cells and
connective tissue cells in Atlantic salmon, which is similar
to the cellular tropism of other susceptible ﬁsh to VHSV
(Al-Hussinee et al., 2011; Brudeseth et al., 2005; Lovy et al.,
2012). Immunohistochemistry was a useful method in
determining VHSV cellular tropism, although it was not a
sensitive detection method as it was only reliable during
1 W PI in the IP-injected ﬁsh. The ﬁndings of heavily upregulated type I-interferon system genes in the anterior
kidney of both IP-injected and immersion ﬁsh demonstrated that Atlantic salmon were immunologically
responding to VHSV through the interferon-inducible
pathway, similar to the response occurring in Paciﬁc
herring (Hansen et al., 2012). The genes for Mx and ISG15
expression were the most heavily up-regulated in VHSVinfected salmon and generally the expression of these
genes correlated with each other. Both of these interferonregulated proteins are known for their anti-viral response
against single stranded RNA viruses (Nygaard et al., 2000;
Rokenes et al., 2007). Mx has also been found to inhibit the
replication of infectious pancreatic necrosis virus (IPNV), a
double-stranded RNA virus, in Atlantic salmon (Larsen
et al., 2004). There was a high degree of variation in the
expression in these genes and Mx never correlated with
virus expression, while ISG15 seemed to positively
correlate with virus expression in ﬁsh infected by
immersion in 2–3 W PE. Viruses in susceptible species
have found ways to avoid the interferon response, for
example Atlantic salmon infected with ISAV have a strong
interferon response, although the response is unable to
reduce replication of the virus (Kileng et al., 2007). Further
research into comparing immune responses between
Atlantic salmon and more susceptible species, such as
herring, may aid in determining if immunity is a major
factor in susceptibility.
An important conclusion from this study was that VHSV
persisted in asymptomatic Atlantic salmon at high titers
for the duration of the experiment. Persistent VHSV
infections have been reported in symptom-free Paciﬁc
herring for up to 224 days following infection (Hershberger
et al., 2010). In muskellunge it was found that VHSV type
IVb is shed from infected ﬁsh for 15 weeks following initial
infection (Kim and Faisal, 2012). The extent to which
Atlantic salmon may remain infective reservoirs of the
virus will need to be addressed with future research,

99

although it is clearly more than 10 weeks. Disease caused
by VHSV type IVa is also known to cause chronic
neurological disease in other susceptible hosts (Lovy
et al., 2012) and it is possible that the virus may follow
this pattern in long-term infected salmon, although this
was not the focus of the current study. The transmission of
VHSV from Atlantic salmon to Paciﬁc herring demonstrated that Atlantic salmon shed virus following infection
and that this shed virus is in high enough quantities to
infect a highly susceptible species like Paciﬁc herring. In
the current study Atlantic salmon infected Paciﬁc herring
sentinels with VHS in three out of four replicate tanks.
Variability of VHS infection in Atlantic salmon and the
lower shedding rates of Atlantic salmon compared to
herring, supported by the fact that virus could not be
detected in water samples from tanks that contained
salmon only, were likely factors for herring to remain
uninfected in the fourth replicate.
Unlike many viruses, VHSV has a broad host range
which has undoubtedly led to its global spread and
signiﬁcant impact to wild and farmed ﬁsh. During a herring
VHS outbreak a single ﬁsh can release 5  108 pfu/ﬁsh/day
(Hershberger et al., 2011) and herring biomass in salmon
netpens can measure in the tons in some salmon farms
(unpublished observation, K. Garver). With high densities
of farmed salmon and susceptible wild ﬁsh being exposed
to VHSV at these levels, an environment conducive for
virus adaptation may be created in this situation. Instances
in which VHSV has developed higher virulence toward
certain hosts have been documented; Schonherz et al.
(2012) found that cross-species transmission from turbot,
Scophthalmus maximus, to rainbow trout, Oncorhynchus
mykiss, occurred with only a trout-adapted isolate that is
infective to both turbot and trout, whereas a marine turbot
isolate did not infect rainbow trout. Nonetheless, ﬁeld
observation since the initial detection of VHSV-IVa in
farmed Atlantic salmon have not revealed an evolution
toward increased virulence rather VHSV isolations in netpen aquaculture have been associated with low mortalities. Additionally molecular epidemiology studies demonstrate that virus isolations from salmon do not form an
Atlantic salmon adapted lineage (Garver et al., 2013)
suggesting that ecological factors in addition to those
associated with aquaculture are involved in the evolution
of VHSV-IVa.
Understanding of the mechanisms which drive the
evolution of VHSV-IVa is crucial to evaluating the risk
posed to aquaculture through transmission from wild
marine species. A study conducted by Snow and Cunningham (2000) found that serial passage of VHSV through a
novel host species leads to increased virulence, although
the genomic changes associated with the virulence
increased remain unknown. Evidence suggests that VHSV
isolates can quickly evolve to become more virulent with
only a few nucleotide substitutions (Cho et al., 2012). A
difference between 20% and 80% cumulative mortality was
observed among groups of olive ﬂounder, Paralichthys
olivaceus, exposed to two isolates of VHSV genotype IVa
that were found to be identical for all genes except for the
nucleoprotein and glycoprotein genes that had 99.7% and
99.8% amino acid sequence identity (Cho et al., 2012).
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Genetic analysis of VHSV type IVb isolates from ﬁsh in the
Great Lakes basin of the USA and Canada suggests that
identical isolates can occur in a number of species; a study
by Thompson et al. (2011) showed that 90% of VHSV type
IVb isolates from 31 different species belonged to two
major genetic types, based on a partial sequence of the
glycoprotein gene. Future research examining genetic
differences among the isolates comprising the cocktail
used in the study herein may provide insights to the
molecular basis of VHS virulence in Atlantic salmon and
Paciﬁc herring. Overall, the broad species range of VHSV
and experimental evidence of evolution toward higher
virulence in novel species warrants further research to
quantify the adaptation potential of VHSV IVa to higher
virulence in Atlantic salmon.
5. Conclusions
The study herein shows that Atlantic salmon, although
not a natural host for VHSV type IVa, were susceptible to
the virus and developed clinical signs consistent with VHS.
The virus was able to complete its cycle including entry to
the host, replication, and exiting for transmission. VHSV
can cause mild mortality in Atlantic salmon and salmon
can be a reservoir of virus subsequently transmitting VHS
disease to cohabitating naı̈ve Paciﬁc herring. Although
results herein suggest that salmon do not shed high
concentrations of virus that a highly susceptible species,
such as Paciﬁc herring, would.
Conﬂict of interest statement
The authors do not have any ﬁnancial or personal
relationships that would pose a conﬂict of interest in this
study.
Acknowledgements
The authors are grateful for the assistance of Nicole
Lewis in statistical analysis of the data, William Bennett for
histological support, John Richard and Laura Hawley for
assistance in the laboratory, and Holly Hicklin and Robert
Kennedy for helping to maintain ﬁsh in the aquatics
facility. Funding was supported by the Fisheries and
Oceans Canada Aquaculture Collaborative Research and
Development Program (Project no. P11-02-006) and the
Herring Conservation and Research Society. Paciﬁc herring
from this study were provided by Project # 10100132-I,
funded by the Exxon Valdez Oil Spill Trustee Council. The
use of trade, ﬁrm, or corporation names in this publication
is for the information and convenience of the reader. Such
use does not constitute an ofﬁcial endorsement or approval
by the Canadian government, U.S. Department of Interior
or the U.S. Geological Survey of any product or service to
the exclusion of others that may be suitable.
References
Al-Hussinee, L., Lord, S., Stevenson, R.M.W., Casey, R.N., Groocock, G.H., Britt,
K.L., Kohler, K.H., Wooster, G.A., Getchell, R.G., Bowser, P.R., Lumsden,
J.S., 2011. Immunohistochemistry and pathology of multiple Great
Lakes ﬁsh from mortality events associated with viral hemorrhagic
septicemia virus type IVb. Dis. Aquat. Organ. 93, 117–127.

Amos, K., Thomas, J., Hopper, K., 1998. A case history of adaptive management strategies for viral hemorrhagic septicemia virus (VHSV) in
Washington State. J. Aquat. Anim. Health 10, 152–159.
Batts, W., Winton, J., 1989. Enhanced detection of infectious hematopoietic necrosis virus and other ﬁsh viruses by pretreatment of cell
monolayers with polyethylene glycol. J. Aquat. Anim. Health 1,
284–290.
Bernard, J., Bremont, M., Winton, J., 1992. Nucleocapsid gene sequence of
a North American isolate of viral haemorrhagic septicaemia virus, a
ﬁsh rhabdovirus. J. Gen. Virol. 73, 1011–1014.
Brudeseth, B.E., Raynard, R.S., King, J.A., Evenson, O., 2005. Sequential
pathology after experimental infection with marine viral hemorrhagic septicemia virus isolates of low and high virulence in turbot
(Scophthalmus maximus L.). Vet. Pathol. 42, 9–18.
Brunson, R., True, K., Yancey, J., 1989. VHS virus isolated at Makah
National Fish Hatcher. Am. Fish. Soc. Fish Health Sect. Newsl. 17,
3–4.
Cho, M.Y., Lee, U.H., Moon, C.H., Bang, J.D., Jee, B.Y., Cha, S.J., Kim, J.W.,
Park, M.A., Do, J.W., Park, J.W., 2012. Genetically similar VHSV isolates
are differentially virulent in olive ﬂounder Paralichthys olivaceus. Dis.
Aquat. Organ 101, 105–114.
Congleton, J., Sun, B., 1996. Interferon-like activity produced by anterior
kidney leucocytes of rainbow trout stimulated in vitro by infectious
hematopoietic necrosis virus or Poly I:C. Dis. Aquat. Organ. 25, 185–
195.
De Kinkelin, P., Castric, J., 1982. An experimental study of the susceptibility of Atlantic salmon fry, Salmo salar L., to viral haemorrhagic
septicaemia. J. Fish Dis. 5, 57–65.
Elsayed, E., Faisal, M., Thomas, M., Whelan, G., Batts, W., Winton, J., 2006.
Isolation of viral hemorrhagic septicemia virus from muskellunge,
Esox masquinongy (Mitchell), in Lake St. Clair, Michigan, USA reveals a
new sub-lineage of the North American genotype. J. Fish Dis. 29, 611–
619.
Gagne, N., Mackinnon, A.M., Boston, L., Souter, B., Cook-Versloot, M.,
Grifﬁths, S., Olivier, G., 2007. Isolation of viral haemorrhagic septicaemia virus from mummichog, stickleback, striped bass and brown
trout in eastern Canada. J. Fish Dis. 30, 213–223.
Garver, K.A., Hawley, L.M., McClure, C.A., Schroeder, T., Aldous, S., Doig, F.,
Snow, M., Edes, S., Baynes, C., Richard, J., 2011. Development and
validation of a reverse transcription quantitative PCR for universal
detection of viral hemorrhagic septicemia virus. Dis. Aquat. Organ. 95,
97–112.
Garver, K.A., Traxler, G.S., Hawley, L.M., Richard, J., Ross, J., Lovy, J., 2013.
Molecular epidemiology of viral hemorrhagic septicemia (VHSV) in
British Columbia, Canada reveals transmission from wild to farmed
ﬁsh. Dis. Aquat. Organ. 104, 93–104.
Hansen, J.D., Woodson, J.C., Hershberger, P.K., Grady, C., Gregg, J.L., Purcell,
M.K., 2012. Induction of anti-viral genes during acute infection with
viral hemorrhagic septicemia virus (VHSV) genogroup IVa in Paciﬁc
herring (Clupea pallasii). Fish Shellﬁsh Immunol. 32, 259–267.
Hedrick, R.P., Batts, W.N., Yun, S., Traxler, G.S., Kaufman, J., Winton, J.R.,
2003. Host and geographic range extensions of the North American
strain of viral hemorrhagic septicemia virus. Dis. Aquat. Organ. 55,
211–220.
Hershberger, P.K., Gregg, J.L., Grady, C.A., Hart, L.M., Roon, S.R., Winton,
J.R., 2011. Factors controlling the early stages of viral haemorrhagic
septicaemia epizootics: low exposure levels, virus ampliﬁcation and
ﬁsh-to-ﬁsh transmission. J. Fish Dis. 34, 893–899.
Hershberger, P.K., Gregg, J.L., Grady, C.A., Taylor, L., Winton, J.R., 2010.
Chronic and persistent viral hemorrhagic septicemia virus infections
in Paciﬁc herring. Dis. Aquat. Organ. 93, 43–49.
Jorgensen, S.M., Syvertsen, B.L., Lukacs, M., Grimholt, U., Gjoen, T., 2006.
Expression of MHC class I pathway genes in response to infectious
salmon anaemia virus in Atlantic salmon (Salmo salar L.) cells. Fish
Shellﬁsh Immunol. 5, 548–560.
Kileng, O., Brundtland, M.I., Robertsen, B., 2007. Infectious salmon anemia
virus is a powerful inducer of key genes of the type I interferon system
of Atlantic salmon, but is not inhibited by interferon. Fish Shellﬁsh
Immunol. 23, 378–389.
Kim, R.K., Faisal, M., 2012. Shedding of viral hemorrhagic septicemia virus
(genotype IVb) by experimentally infected muskellunge (Esox masquinongy). J. Microbiol. 50, 278–284.
King, J.A., Snow, M., Skall, H.F., Raynard, R.S., 2001. Experimental susceptibility of Atlantic salmon Salmo salar and turbot Scophthalmus maximus to European freshwater and marine isolates of viral
haemorrhagic septicaemia virus. Dis. Aquat. Organ 47, 25–31.
Kocan, R., Bradley, M., Elder, N., Meyers, T., Batts, W., Winton, J., 1997.
North American strain of viral hemorrhagic septicemia virus is highly
pathogenic for laboratory-reared Paciﬁc herring. J. Aquat. Anim.
Health 9, 279–290.

J. Lovy et al. / Veterinary Microbiology 166 (2013) 91–101
Larsen, R., Rokenes, T.P., Robertsen, B., 2004. Inhibition of infectious
pancreatic necrosis virus replication by Atlantic salmon Mx1 protein.
J. Virol. 78, 7938–7944.
Lovy, J., Lewis, N.L., Hershberger, P.K., Bennett, W., Meyers, T.R., Garver,
K.A., 2012. Viral tropism and pathology associated with viral hemorrhagic septicemia in larval and juvenile Paciﬁc herring. Vet. Microbiol.
161, 66–76.
Marty, G.D., Freiberg, E.F., Meyers, T.R., Wilcock, J., Farver, T.B., Hinton, D.E.,
1998. Viral hemorrhagic septicemia virus, Ichthyophonus hoferi, and
other causes of morbidity in Paciﬁc herring Clupea pallasi spawning in
Prince William Sound, Alaska, USA. Dis. Aquat. Organ. 32, 15–40.
Marty, G.D., Hulson, P.J.F., Miller, S.E., Quinn, T.J.I.I., Mofﬁtt, S.D., Merizon,
R.A., 2010. Failure of population recovery in relation to disease in
Paciﬁc herring. Dis. Aquat. Organ. 90, 1–14.
Meyers, T.R., Short, S., Lipson, K., 1999. Isolation of the North American
strain of viral hemorrhagic septicemia virus (VHSV) associated with
epizootic mortality in two new host species of Alaskan marine ﬁsh.
Dis. Aquat. Organ. 38, 81–86.
Nygaard, R., Husgard, S., Sommer, A.I., Leong, J.A., Robertsen, B., 2000.
Induction of Mx protein by interferon and double-stranded RNA in
salmonid cells. Fish Shellﬁsh Immunol. 10, 435–450.
Olsvik, P.A., Lie, K.K., Jordal, A.E., Nilsen, T.O., Hordvik, I., 2005. Evaluation
of potential reference genes in real-time RT-PCR studies of Atlantic
salmon. BMC Mol. Biol. 6, 21.
Pfafﬂ, M.W., 2001. A new mathematical model for relative quantiﬁcation
in real-time RT-PCR. Nucleic Acids Res. 29, 2002–2007.
Pierce, L.R., Stepien, C.A., 2012. Evolution and biogeography of an emerging quasispecies: diversity patterns of the ﬁsh viral hemorrhagic
septicemia virus (VHSv). Mol. Phylogenet. Evol. 63, 327–341.
Rogel-Gaillard, C., Chilmonczyk, S., De Kinkelin, P., 1993. In vitro induction
of interferon-like activity from rainbow trout leucocytes stimulated
by Egtved virus. Fish Shellﬁsh Immunol. 3, 383–394.

101

Rokenes, T.P., Larsen, R., Robertsen, B., 2007. Atlantic salmon ISG15:
expression and conjugation to cellular proteins in response to interferon, double stranded RNA and virus infections. Mol. Immunol. 44,
950–959.
Schonherz, A.A., Lorenzen, N., Einer-Jensen, K., 2012. Inter-species transmission of viral haemorrhagic septicaemia virus (VHSV) from turbot
(Scophthalmus maximus) to rainbow trout (Oncorhynchus mykiss). J.
Gen. Virol. (December) (Epub ahead of print).
Snow, M., Cunningham, C.O., 2000. Virulence and nucleotide sequence
analysis of marine viral haemorrhagic septicaemia virus following in
vivo passage in rainbow trout Oncorhynchus mykiss. Dis. Aquat. Organ
42, 17–26.
Tafalla, C., Sanchez, E., Lorenzen, N., DeWitte-Orr, S.J., Bols, N.C., 2008.
Effects of viral hemorrhagic septicemia virus (VHSV) on the rainbow
trout (Oncorhynchus mykiss) monocyte cell line RTS-11. Mol. Immunol. 45, 1439–1448.
Thompson, T.M., Batts, W.N., Faisal, M., Bowser, P., Casey, J.W., Phillips, K.,
Garver, K.A., Winton, J., Kurath, G., 2011. Emergence of viral hemorrhagic septicemia virus in the North American Great Lakes region is
associated with low viral genetic diversity. Dis. Aquat. Organ. 96,
29–43.
Traxler, G.S., Kieser, D., Evelyn, T.P.T., 1995. Isolation of North American
strain of VHS virus from farmed Atlantic salmon. Aquacult. Update 72,
1–2.
Traxler, G.S., Kieser, D., Richard, J., 1999. Mass mortality of pilchard
and herring associated with viral hemorrhagic septicemia virus in
British Columbia, Canada. Am. Fish. Soc. Fish Health Sect. Newsl.
27, 3–4.
Winton, J., Batts, W., de Kinkelin, P., LeBerre, M., Bremont, M., Fijan, N.,
2010. Current lineages of the Epithelioma papulosum cyprinid (EPC)
cell line are contaminated with fathead minnow, Pimephales promelas,
cells. J. Fish Dis. 33, 701–704.

