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perimental infection studies demonstrating Atlantic
lmon as a host and reservoir of viral hemorrhagic septicemia
rus type IVa with insights into pathology and host immunity
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1. Introduction

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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A B S T R A C T

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 interferon-

related 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.
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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 net-
pen 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 hemato-
poietic 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

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 main-
tained 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 (Bio-
Olympic 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 supplemen-
ted 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 seawater-
shocked. The seawater-shocked group consisted of 240

Table 1

Origin and date of VHSV isolates used for experimental infection.

Isolate name Date Location

BC 98-250 February 1998 Samsun narrows

BC 99-292 April 1999 Campbell river

BC 02-03 March 2002 Arrow pass

BC 04-040 March 2004 Clayoquot sound

BC 05-011 January 2005 Clayoquot sound

BC 07-15-7 January 2007 Arrow pass

BC 07-286-10 January 2007 Arrow pass

BC 10-21-3 March 2010 Barkley sound
BC 10-42-13 April 2010 Barkley sound

genes.
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hwater held Atlantic salmon (length � 17.8 cm,
ight � 64.1 g; n = 60) that were lightly anesthetized
h 50 mg/l of tricaine methanesulfonate (TMS) buffered
50 mg/l sodium bicarbonate and IP-injected with the
SV cocktail in a 100 ml dose of 4 � 105 plaque forming
ts (pfu) fish�1. The fish were then immediately
sferred into 4 replicate 400 L research tanks supplied

h flow-through, sand-filtered, and UV-irradiated sea-
ter (temp 9 8C) at a flow rate of 7 l/h. The seawater-
limated group consisted of 120 separate Atlantic

on that were transferred to two 400 L tanks and
limated to seawater for one week prior to analogous
SV exposure. A positive virus control consisted of 40 SPF
ific herring (a species known to be highly susceptible)
a separate tank that were IP-injected with the same
culum. Negative controls consisted of two tanks each
taining 60 seawater-shocked Atlantic salmon, and one
k of 40 Pacific herring that were injected with PBS in

 of virus. Mortality was monitored over the following
ee weeks. Mortalities were frozen at �80 8C until
lyzed for VHSV concentration using plaque assay on

thelioma papulosum cyprini (EPC) cells (Batts and
ton, 1989; Winton et al., 2010).

Subsamples of live fish (n = 5/tank) were euthanized in
overdose of TMS at weekly intervals from two of the
r replicates of seawater-shocked salmon and one of the
ative control salmon tanks. A portion of the mid-kidney

s collected for enumeration of virus titer by plaque
ay using EPC cells, a 30–50 mg piece of head kidney was
en in liquid nitrogen for quantitative RT-PCR, and
eral organs were fixed in 10% neutral-buffered
alin for histological and immunohistochemical

lyses.

 Experiment 2: immersion and cohabitation infection with

V

To determine the susceptibility of Atlantic salmon to
SV through waterborne immersion and cohabitation
h diseased herring, one-hundred herring
gth � 13.9 cm, weight � 31.5 g, n = 60) were evenly
ributed in five tanks (400 L each) and acclimated for

 day. About 200 Atlantic salmon smolts were transferred
 a freshwater tank and evenly distributed into the same

ks (40–42 salmon + 20 herring/tank). The water flow was
pped and the level was dropped to 200 L; VHSV was
ed to four replicates to yield a dose of 6.8 � 105 pfu ml�1

 fish were maintained in the bath with supplemental
ation for 2 h. PBS was added to the remaining tank as a
ative control. Water samples were collected from the
ks weekly for the first 4 weeks (W) to determine the
centration of shed virus. Thirteen days post-exposure
) an additional 26 herring were added to each of the
ction tanks to sustain an ongoing infection with VHSV.

rtality of both herring and salmon was recorded and the
d fish were frozen at �80 8C for future viral assay. Live

on were subsampled weekly for 10 W PE; fish with
ical signs were selected and if no signs were present then
 were randomly sampled. Fish were euthanized with an
rdose of buffered TMS and aseptically dissected. A piece

id-kidney was taken for viral titer, head kidney for

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

All tissues (liver, heart, spleen, kidney, pyloric caeca,
intestine, and pectoral fin) for histological and immunohis-
tochemical 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, rehy-
drated, and incubated in Tris-EDTA buffer (pH 9.0) contain-
ing 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. Second-
ary 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 streptavidin-
horseradish 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 quantifica-
tion 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 immu-
nohistochemical staining (Table 3). Atlantic salmon
mortalities in both the seawater-shocked and the sea-
water-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 inflam-
mation 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) Amplicon size (base pairs) Reference

VHS – N VHS-3N-F ATGAGGCAGGTGTCGGAGG 82 Garver et al. (2011)

VHS-3N-R TGTAGTAGGACTCTCCCAGCATCC

VHS-3N-Pr FAM-TACGCCATCATGATGAGT-MGBNFQ

IFNa1/2 SasaIFN F TGCAGTATGCAGAGCGTGTG 101 Kileng et al. (2007)

SasaIFN R TCTCCTCCCATCTGGTCCAG

Mx TAQ.Mx sense TGCAACCACAGAGGCTTTGAA 78 Kileng et al. (2007)

TAQ.Mx a-sense GGCTTGGTCAGGATGCCTAAT

ISG15 SasaISG15F CTGAAAAACGAAAAGGGCCA 100 Kileng et al. (2007)

SasaISG15R GCAGGGACTCCCTCCTTGTT

EF1A-a (reference) EF1Aa F CCCCTCCAGGACGTTTACAAA 57 Olsvik et al. (2005)
EF1Aa R CACACGGCCCACAGGTACA

http://www.stata.com/stata10/
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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

le 3

ber of Atlantic salmon positive for virology by plaque assay and qPCR, gross clinical observations, histopathology, and immunohistochemistry for 1–4

ks following infection with VHSV by either intraperitoneal injection or immersion.

fection/time (sample size) Virus titera qPCR+ Gross findingsb Histopathc Immu-

nod

N L M H A B C D E F G H I J

e/1 W (n = 10) 0 0 1 9 10 8 8 0 3 3 9 4 5 9 4

/2 W (n = 10) 2 1 5 2 8 2 0 3 1 2 7 4 5 1 4

/3 W (n = 10) 3 6 1 0 6 3 0 2 1 3 3 1 2 0 2

/4 W (n = 5) 2 1 2 0 NAf 0 0 0 0 0 1 1 1 0 1
g/1 W (n = 10) 8 0 1 1 4 1 2 0 0 0 1 0 0 1 0

/2 W (n = 10) 4 2 4 0 6 6 3 6 0 0 4 0 1 0 0

/3 W (n = 10) 7 2 1 0 5 2 0 2 0 1 3 0 2 0 0

/4 W (n = 12) 9 0 2 1 NA 0 0 1 1 2 *h * * * *

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

rged spleen, (E) presence of ascites.

Histopathology includes fish with (F) severe kidney hemorrhage, (G) swim bladder connective tissue inflammation, (H) congestion in the spleen.

VHSV-positive staining in (I) kidney endothelial cells, (J) connective tissue near swim bladder.

IP, infection by intraperitoneal injection.

NA, not applicable.

IM, infection by immersion.

*, samples not taken.

1. Cumulative percent mortality of Atlantic salmon infected with either VHSV or PBS by intraperitoneal injection. Combined replicates of the saltwater-

ted group (IP-VHS SW-adapted) (n = 120), saltwater-shocked (IP-VHS SW-shocked) (n = 120), compared to a single control replicate of saltwater-

le 4

ber of VHSV-positive Atlantic salmon and viral titer in weekly

ples after exposure by either IP-injection or immersion.

eeks PE IP-injected salmon Immersion-exposed

salmon

VHSV+/total Viral titera VHSV+/total Viral titer

 10/10 9.21 � 106 2/10 2.65 � 106

 8/10 1.10 � 106 6/10 1.60 � 105

 7/10 2.81 � 105 3/10 2.74 � 104

 6/10 3.02 � 104 3/12 3.16 � 106

* * 5/18 4.37 � 106

* * 4/20 9.12 � 105

* * 2/20 9.93 � 106

* * 2/20 1.33 � 107

* * 2/20 9.86 � 104

* * 3/12 3.59 � 106

Viral titer is expressed as the geometric mean (pfu/g�1).

Samples not taken.
ked fish injected with PBS (IP-control SW-shocked) (n = 60).
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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, demon-
strating 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. 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.

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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pling bias toward clinically ill fish likely resulted in
er overall reported mortality. From the 4 replicate
tment tanks 13 total Atlantic salmon died during the

week duration of the trial. Viral plaque assay demon-
ted that 12/13 dead salmon tested positive for VHSV

 titers were all higher than 4 � 105 pfu/g and 7/12 were
ater than 1 � 107 pfu/g. The one dead salmon that
ed negative for VHSV died 2 days into the experiment
he death was likely related to transport and handling
ma. A total of 165 salmon, including 13 mortalities and

 sampled fish, were tested for VHSV by viral plaque
ay throughout the 10 W duration of the experiment and
7% of the fish tested positive (Table 4). The virus
sisted in salmon until the final sampling period at 10 W

 where 3 out of 12 fish had titers higher than
 106 pfu/g (Table 4). Gross clinical signs were absent
sh sampled from week 5 to 10 PE. Clinically affected

SV-immersion salmon had similar symptoms as
cribed for the IP-injected fish, including darkened
sal color and hemorrhage on the skin evident 1 W PE,

 bilateral exophthalmia that became first evident in the
 PE sample (Fig. 2). The most common histological
ing was hemorrhage in the anterior kidney (Fig. 3)

owed by spleen congestion. One fish that was sampled
4 W PE had necrosis and inflammation within the
scularis layer of the intestine. Immunohistochemistry
wed VHSV positive cells within the muscularis lesions

(Fig. 3). No Atlantic salmon were lost in the control mock-
immersion 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 IP-
injected fish IFNa was expressed the highest during 1 W PI

4. Histology and immunohistochemistry of Atlantic salmon infected with VHSV by IP-injection. (a) Pneumatic duct with inflammation and necrosis

in 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

ominantly in the adventia of the pneumatic duct (bar = 100 mm). (c) Connective tissue around the swim bladder with extensive cellular necrosis

 = 40 mm). (d) Serial section of similar region as (c) with positive staining for VHSV (bar = 40 mm).

5. Expression of immune genes and VHSV following IP-injection of Atlantic salmon with VHSV; samples in each week were ordered from lowest to

est 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

s were done to better show trends in gene expression, these lines do not denote continuous data.
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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 IP-
injected 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 coha-
bitation 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

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 Immersion salmon

VHSV Mx IFNa VHSV Mx IFNa

1-Mx 0.06, p = 0.86 0.056, p = 0.93

1-IFNa 0.05, p = 0.90 0.74, p = 0.01 0.95, p = 0.014 0.09, p = 0.88

1-ISG 0.31, p = 0.39 0.75, p = 0.01 0.81, p = 0.01 0.54, p = 0.34 0.68, p = 0.21 0.74, p = 0.15

2-Mx 0.12, p = 0.74 0.27, p = 0.44

2-IFNa 0.96, p = 0.00b 0.21, p = 0.57 0.98, p = 0.00 0.39, p = 0.26

2-ISG 0.62, p = 0.06 0.69, p = 0.03 0.62, p = 0.05 0.72, p = 0.02 0.81, p = 0.00 0.80, p = 0.01

3-Mx 0.06, p = 0.87 0.49, p = 0.18

3-IFNa 0.63, p = 0.05 0.42, p = 0.23 0.99, p = 0.00 0.57, p = 0.11

3-ISG 0.26, p = 0.48 0.67, p = 0.03 0.88, p = 0.00 0.77, p = 0.02 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.
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vent efficient viral entry to the host through the skin
 gills. Predisposing factors, such as the presence of
er diseases and host condition/immunological varia-
ty, may explain these differences in susceptibility. The
ings of this study suggest that these isolates are mildly
lent to Atlantic salmon, yet field observations indicate

t VHS epizootics in penned Atlantic salmon occur
iodically. Future research is needed to identify viral
ors and host stressors that may predispose salmon to
eloping clinical VHS.
VHS in Atlantic salmon is similar to other species with

 most common gross signs being lethargy, darkening of
 skin, and bilateral exophthalmia. Skin hemorrhage was
sent, although lesions were not nearly as severe as
se observed in Pacific herring suffering from VHS.

unohistochemistry showed that viral replication in
h infection routes occurred within endothelial cells and
nective tissue cells in Atlantic salmon, which is similar
he cellular tropism of other susceptible fish to VHSV
Hussinee et al., 2011; Brudeseth et al., 2005; Lovy et al.,
2). Immunohistochemistry was a useful method in
ermining VHSV cellular tropism, although it was not a
sitive detection method as it was only reliable during

 PI in the IP-injected fish. The findings of heavily up-
ulated type I-interferon system genes in the anterior
ney of both IP-injected and immersion fish demon-
ted that Atlantic salmon were immunologically

ponding to VHSV through the interferon-inducible
hway, similar to the response occurring in Pacific
ring (Hansen et al., 2012). The genes for Mx and ISG15
ression were the most heavily up-regulated in VHSV-
cted salmon and generally the expression of these
es correlated with each other. Both of these interferon-
ulated proteins are known for their anti-viral response
inst single stranded RNA viruses (Nygaard et al., 2000;
enes et al., 2007). Mx has also been found to inhibit the
lication of infectious pancreatic necrosis virus (IPNV), a
ble-stranded RNA virus, in Atlantic salmon (Larsen
l., 2004). There was a high degree of variation in the
ression in these genes and Mx never correlated with
s expression, while ISG15 seemed to positively

relate with virus expression in fish infected by
ersion in 2–3 W PE. Viruses in susceptible species

e found ways to avoid the interferon response, for
mple Atlantic salmon infected with ISAV have a strong
rferon response, although the response is unable to

uce replication of the virus (Kileng et al., 2007). Further
earch into comparing immune responses between
ntic salmon and more susceptible species, such as

ring, may aid in determining if immunity is a major
or in susceptibility.

An important conclusion from this study was that VHSV
sisted in asymptomatic Atlantic salmon at high titers
the duration of the experiment. Persistent VHSV
ctions have been reported in symptom-free Pacific
ring for up to 224 days following infection (Hershberger
l., 2010). In muskellunge it was found that VHSV type

 is shed from infected fish for 15 weeks following initial
ction (Kim and Faisal, 2012). The extent to which
ntic salmon may remain infective reservoirs of the
s will need to be addressed with future research,

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 demon-
strated 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 net-
pen aquaculture have been associated with low mortal-
ities. Additionally molecular epidemiology studies demon-
strate 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 Cunning-
ham (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.
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