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Abstract

The role of escaped farmed salmon in spreading
infectious agents from aquaculture to wild salmo-
nid populations is largely unknown. This is a case
study of potential disease interaction between
escaped farmed and wild fish populations. In sum-
mer 2012, significant numbers of farmed Atlantic
salmon were captured in the Hardangerfjord and in
a local river. Genetic analyses of 59 of the escaped
salmon and samples collected from six local salmon
farms pointed out the most likely source farm, but
two other farms had an overlapping genetic profile.
The escapees were also analysed for three viruses
that are prevalent in fish farming in Norway.
Almost all the escaped salmon were infected with
salmon alphavirus (SAV) and piscine reovirus
(PRV). To use the infection profile to assist genetic
methods in identifying the likely farm of origin,
samples from the farms were also tested for these
viruses. However, in the current case, all the three
farms had an infection profile that was similar to
that of the escapees. We have shown that double-
virus-infected escaped salmon ascend a river close
to the likely source farms, reinforcing the potential
for spread of viruses to wild salmonids.

Keywords: aquaculture, escapees, piscine reovirus,
salmon alphavirus, virus transmission.

Introduction

The most significant challenges associated with
the commercial farming of Atlantic salmon, Salmo
salar L., in marine net pens are escapees and dis-
ease outbreaks. In Norway, the annual reported
numbers of farmed Atlantic salmon escapees have
been in the hundreds of thousands for most years
in the period 2000–2011 (Anonymous 2012).
However, the true annual number of escapees has
been estimated to be in the millions due to und-
erreporting (Saegrov & Urdal 2006). Escaped
Atlantic salmon can disperse over long distances
(Hansen 2006; Skilbrei & Jorgensen 2010;
Skilbrei et al. 2010), may enter rivers (Fiske, Lund
& Hansen 2006) and can display a range of eco-
logical (Jonsson & Jonsson 2006) and genetic
interactions (Crozier 1993; Clifford, McGinnity
& Ferguson 1998; Skaala, Wennevik & Glover
2006; Glover et al. 2012, 2013a) with wild con-
specifics. Genetic interactions have received con-
siderable scientific attention over the past 2–3
decades, and it is now accepted that escapees rep-
resent a threat to the genetic integrity of native
populations. In contrast to genetic interactions,
potential disease interactions between escaped
farmed and wild fish have so far been poorly doc-
umented. One exception to this is a recent investi-
gation, which demonstrated that piscine reovirus
(PRV)-infected Atlantic salmon that were either
discarded dead or escaped from a fish farm in
Northern Norway were consumed by wild
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Atlantic cod Gadus morua L. (Glover et al.
2013b). Although the subsequent infection status
in the cod population was not investigated, the
study clearly demonstrated the potential for dis-
ease interactions between aquaculture fish and
native fish in the natural environment.
Viral diseases represent a serious problem in fish

farming, causing huge economical losses. Pancreas
disease (PD), caused by salmonid alphavirus
(SAV), is a major health problem for fish farming
in Norway with 137 registered outbreaks in 2012
(Johansen 2013). Most of the disease outbreaks
occur in Western Norway, and especially in the
Hardangerfjord. Heart and skeletal muscle inflam-
mation (HSMI) is another disease that is associated
with a recently discovered virus, piscine reovirus
(PRV). The role of this virus in HSMI is still
unclear. The disease is a problem in fish farming
in Norway with 142 outbreaks registered in 2012.
Most of the disease outbreaks occur in middle and
northern Norway. The virus has been detected in
wild salmon and sea trout, Salmo trutta L., as well
as certain marine fish species by real-time PCR
(Wiik-Nielsen et al. 2012; Garseth et al. 2013).
Genetic methods to identify the farm of origin

for aquaculture escapees have been successfully

developed for Atlantic salmon (Glover, Skilbrei &
Skaala 2008; Glover 2010), rainbow trout
(Oncorhynchus mykiss) (Glover 2008) and Atlantic
cod (Glover et al. 2010). These methods are now
routinely implemented by the management authori-
ties in Norway to identify the farm of origin for
escapees in unreported escape events (Glover
2010). Genetic methods are often able to iden-
tify a single farm of origin for the unreported
escapees. However, in some cases, two or more
farms under suspicion may contain fish that are
genetically very similar. Consequently, there is
also a need for alternative, non-genetic identifi-
cation methods to supplement the analyses.
Given that infection histories for groups of fish
being reared on separate farms may differ,
‘infection profiling’ has the potential to supple-
ment genetic analysis to help identify the farm
of origin.
The present study is based upon a case investi-

gation of unreported escape of Atlantic salmon
from the Hardangerfjord located in Western Nor-
way in 2012. Following reports of large numbers
of small escaped farmed Atlantic salmon in the
middle area of the fjord (Fig. 1), the Norwegian
Directorate of Fisheries (NDF), responsible for

Figure 1 Map showing the sites where escaped salmon where captured. The date of capture and the number of fish (in brackets)

are also shown. The locations of suspected farms were kept anonymous.
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implementation of fisheries and aquaculture regu-
lation in Norway, decided to collect samples of
escapees and from salmon farms in the local area.
These samples were given to the Institute of
Marine Research (IMR) who conducted genetic
analyses in order to identify the farm of origin
according to established protocols. In addition to
the standard genetic analyses, the escapees and fish
from potential source farms were tested for three
of the most prevalent viruses in Norwegian
aquaculture.

Materials and methods

In the period between 16.08.2012 and
03.09.2012, a total of 59 escaped salmon were
captured by local fishermen in the area around
�Alvik–Norheimsund in West of Norway (Fig. 1).
Twenty-one of these salmon were captured in a
nearby river, Steinsdalselva. All river-captured sal-
mon were caught by angling, while seven of the
38 sea-caught fish were angled (all in estuaries,
Norheimsund, Fyksesund). The rest of the salmon
were caught with passive equipment, that is, 3 in
45-mm gill-nets and 28 in a custom-made trap
net (Barlaup et al. 2013).
After having contacted all farms in the region

that reared salmon overlapping in size with the
escapees, the source of the escaped fish was not
revealed. Therefore, the NDF collected samples
of the escapees captured by the local fishermen
and samples from farms in the region to identify
the source of the escapees using DNA-based
method (Glover et al. 2008; Glover 2010). In
total, samples were collected from 13 cages
located on six commercial farms. Each cage
sample consisted of adipose fin clips from
approximately 47 fish. For farms with more than
one genetic group or type of fish, a cage sample
representing each group was taken. Samples were
given the numbers 1A for the first sampled cage
on farm 1, and 1B for the second cage sampled
on farm one, etc. The preliminary results showed
that fish from cages 4A and 4B were genetically
identical, and therefore, the results from these
two cages were combined (assigned as 4A/B).
The samples are collectively referred to as the
baseline samples and represent the potential
sources of the escapees. For legal reasons, the
exact location of the local fish farms from which
the different samples were taken is kept
anonymous.

Molecular genetic analyses of fish

DNA extraction was conducted in 96-well format
using a commercially available kit (Qiagen
DNeasy� 96 Blood & Tissue Kit). Each 96-well
plate included two blank wells as negative con-
trols. Routine genotyping control plays a standard
role in genotyping in the laboratory at IMR (Glo-
ver 2010; Haaland et al. 2011). Thus, each of the
individual escapees was isolated twice to control
genotyping consistency.
All fish samples were subject to genotyping with

a set of 18 microsatellites that are routinely used
in the laboratory at IMR for Atlantic salmon
genetics projects (Glover 2010; Zhang et al.
2013). These loci were amplified in three multi-
plexes, using standard protocols (full genotyping
conditions available from authors upon request):
SSsp3016 (GenBank no. AY372820), SSsp2210,
SSspG7, SSsp2201, SSsp1605, SSsp2216 (Paterson
et al. 2004), Ssa197, Ssa171, Ssa202 (O‘Reilly
et al. 1996), SsaD157, SsaD486, SsaD144 (King,
Eackles & Letcher 2005), Ssa289, Ssa14 (McCon-
nell et al. 1995), SsaF43 (Sanchez et al. 1996),
SsaOsl85 (Slettan, Olsaker & Lie 1995), MHC I
(Grimholt et al. 2002) and MHC II (Stet et al.
2002). PCR products were analysed on an ABI
3730 Genetic Analyser and sized by a 500LIZTM

size-standard. The raw data were controlled manu-
ally twice before export for statistical analysis. No
genotyping inconsistencies were observed among
these re-analysed samples.

Analyses for viral infections

The captured escaped fish were frozen (�20 °C) as
soon as possible and kept frozen until sampling
day. A tissue sample from the heart ventricle was
aseptically taken out from 58 fish while still frozen
and transferred to tubes on dry ice (one river-caught
fish was excluded because it was received gutted and
the heart had been removed). After thawing, the
fish was visually inspected for external or internal
pathologies or signs of disease. Additionally, length,
weight, sex of the fish was recorded, and stomach
and intestine contents were examined.
After obtaining the results of genetic analyses

from the escaped fish and the suspected farms, we
received permission to access the management
data of three of the fish farms. These fish farms
were selected based on the genetic analysis (see
above and results). The management data have
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shown that the three farms had signs of pancreas
disease (lethargy, appetite drop and altered swim-
ming behaviour) and increased fish mortality and
that samples from fish were send to the Norwe-
gian Veterinary Institute for routine disease diag-
nosis. The samples were taken at site by
authorized fish health personnel. Tissues taken
from recently dead fish or fish that had clinical
signs of disease were collected in RNAlater� (Am-
bion� Inc.) or in formalin. The source of farm
samples, the organs collected and the date of sam-
pling are shown in Table 1. The cage numbers
where samples were taken were not specified in
the management reports. The RNAlater� samples
were used in real-time PCR, and formalin-fixed
tissues were used for histopathological examina-
tion. After a request from the Norwegian Direc-
torate of Fisheries, these RNAlater� samples were
further tested for piscine reovirus (PRV) and pis-
cine myocarditis virus (PMCV) at the Norwegian
Veterinary Institute using real-time PCR.
The frozen heart samples from the escapees

were tested for SAV, PRV and PMCV at PatoGen
Analyse AS using real-time PCR.

Real-Time PCR

PatoGen Analyse AS is a real-time PCR analysis
company accredited according to international
standard ISO 17025. The Norwegian Veterinary
Institute is a national reference and accredited
laboratory.
The SAV assay, targeting the nsP1 gene, was

conducted as previously described (Hodneland &
Endresen 2006). The current SAV assay does not
differentiate between the different salmon alphavi-
rus subtypes (2 and 3) found in Norway (Hjortaas
et al. 2013). The PRV assay used was as previ-
ously described (Palacios et al. 2010; Glover et al.
2013b). The PMCV PCR analyses of samples
were carried out as previously published Løvoll
et al. (2010), (Haugland et al. 2011). A cut-off
Ct-value of 37.0 was used for all the assays con-
ducted at PatoGen Analyse AS.

Normalized expression (NE) of viral RNA in
escaped salmon was calculated based on the Ct-val-
ues for virus and elongation factor (Elf1a), and the
efficacy (E) of the real-time PCR assays using the
formula: NE ¼ ECtðElf1aÞ=ECt (virus). The stan-
dard curves of real-time PCR based on tenfold dilu-
tions in triplicates were produced. The curves had
slopes of �3.26 (R2 0.986), �3.25 (R2 0.998) and
�3.49 (R2 0.996) for SAV, PRV and PMCV,
respectively. The efficiencies (E = 10�1/slope) were
2.028 (SAV), 2.030 (PRV) and 1.934 (PMCV).

Statistical analyses

Analyses to identify farm of origin. The statistical
analyses upon which the farm of origin is identi-
fied for farmed escapees have been extensively
documented (Glover et al. 2008, 2013b; Glover
2010; Zhang et al. 2013), and technical details
surrounding these statistical analyses are therefore
not repeated in detail here. Focal elements of the
method include comparing the genetic profile of
each individual escapee with the genetic profiles
for each of the baseline samples to identify which
of the potential sources each escapee resembles the
most and to identify which of the potential
sources the escapee can be excluded from at a
given statistical probability. To achieve this, a
complementary range of population genetics-based
statistical approaches are implemented using
several programs including MSA (Dieringer &
Schlotterer 2003), Genepop v3.3 (Raymond
& Rousset 1995), ParallelStructure (Besnier &
Glover 2013) STRUCTURE 2.2 (Pritchard,
Stephens & Donnelly 2000; Falush, Stephens &
Pritchard 2003) and GeneClass2 (Piry et al.
2004). However, only analyses arising from the
latter two programs are presented in the results of
this study and are therefore described below.
First, the escapees were identified using a statis-

tical approach known as Bayesian cluster analysis
as implemented in STRUCTURE. This program
assigns individual fish into genetic groups without
taking into consideration the population or

Table 1 Samples collected from the local salmon farms

Source Date Organ tested by PCR Organs used for histopathology

Farm 2 07.09.2012 Heart Heart, pancreas, kidney, gill, muscles

Farm 4 13.07.2012 Kidney Heart, pancreas, lever, kidney, spleen, gill

Farm 6 19.07.2012 Heart Heart, pancreas, lever, kidney, spleen, gill,

muscles
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sample from which each individual originated.
Correlated allele frequencies, an admixture model,
and no data prior were assumed. Each run of the
program consisted of a burn-in of 50 000
MCMC steps, followed by 250 000 steps. The
program was run with all baseline and escapee
samples included, with the number of populations
set between k = 1–7. Escapees were also identified
to source using genetic assignment as conducted
in the program GeneClass2 (Piry et al. 2004).
A specific computation method was used within
the program (Rannala & Mountain 1997) to first
directly assign each escapee to a specific cage sam-
ple. This method places each escapee into the base-
line sample (i.e. cage sample) that it genetically
resembles most. This assignment is conducted irre-
spective of the absolute degree of similarity. In
addition, genetic exclusion was conducted in this
program. Here, each escapee is assigned a probabi-
lity value to belong to each of the potential sources.
Rejection of each source was conducted at a prede-
termined threshold (P < 0.01). A combination of
assignment results from these two programs was
hereunder used to identify the potential source of
the escapees.

Analysis of viral infections. Normalized expression
(NE) of viral RNA was calculated for infected
(positive) escaped salmon. Fold-change was calcu-
lated from the mean NE (MNE) values. As it has
been found that the expression of Elf1aB may be
reduced during SAV infection (Løvoll et al.
2011), the SAV analyses were also performed
using Log (C�1

t ). The relationships between NE
of a virus, host parameters, mode of capture and
river- vs. sea-captured fish were examined using
analysis of covariance (ANCOVA) in the GLM
module of Statistica 64 (Statsoft Inc.). NE values
were log10-transformed to stabilize variance. Cor-
relations were examined using Spearman’s rank
correlation coefficients (Rs).

Results

The escapees

Fifty-nine escaped salmon were captured in the
area between �Alvik and Norheimsund in the
Hardangerfjord using rod, traps and nets. The
average weight and length of the fish were 415 g
and 55.5 cm, respectively. The fish were thin with
a mean condition factor of 0.80 (0.61–1.13).

Most of the fish had an empty stomach and intes-
tines. All fish were immature, except one sea-
caught male fish, which was maturing (stage IV).
Twenty-one of the 59 escapees were captured in
the Steinsdalselva River. Visual inspection of the
fish did not reveal any external or internal pathol-
ogies or signs of disease.

Genetic identification of the farm of origin

A combination of various summary statistics (not
presented), Bayesian cluster analysis (Fig. 2) and
genetic assignment (Fig. 3) demonstrated that
nearly all of the farmed escapees were genetically
highly similar to cage samples 2A, 4A/B and 6B,
and genetically distinct to all other baseline sam-
ples. This is, for example, demonstrated by the
fact that samples 2A, 4A/B and 6B were almost
exclusively depicted by the blue genetic cluster,
which was also shared by escapees, but none of
the other baseline samples (Fig. 2). Furthermore,
almost all of the escapees were directly assigned to
these three samples, but rejected from most of the
other samples (Fig. 2). Thus, the source of the
escapees was quickly narrowed down from the 13
potential cage samples down to three.
A large degree of genetic overlap was observed

between cage samples 2A, 4A/B and 6B. The abil-
ity to conduct genetic assignment and degree of
genetic differentiation between baseline samples is
tightly linked. Thus, while direct assignment
(Fig. 3) indicated that cage sample 4A/B was the
best genetic match for most of the escapees (i.e.
34 of the 58 escapees directly assigned to this
sample), the sources 2A and 6A were so geneti-
cally similar that these could not be statistically
rejected as the potential source of the escapees.
Thus, based upon genetic analyses in isolation, it
was not possible to unequivocally identify which
of the three cage samples identified above repre-
sented the primary source of the escapees, and fur-
thermore, it was not possible to unequivocally
demonstrate whether the escapees originated from
one or more of these sources. To help the investi-
gation, infection profiling was performed as a sec-
ond non-genetic supplementary method to assist
in the identification of the escapees’ source.

Infection status of salmon

Escapees. Real-time PCR analyses detected SAV
virus RNA in the heart of 57 of the 58 tested
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escaped fish (Table 2). One fish was considered
SAV negative (Ct-value = 40). Ct-values of SAV-
positive fish ranged from 20.7 to 31.1 (mean

26.2), indicating moderate to high virus load. The
Ct-value ranges were 24.7–29.7 (mean 26.9) and
20.7–31.1 (mean 25.9) in river-caught and

Figure 2 Bayesian cluster analysis

depicting the genetic relationship between

fish from each of the 14 baseline samples

and the 58 escapees. Each vertical line

represents an individual, and each colour a

genetic cluster. An individual can be a

mixture of genetic clusters. The results are

presented for four genetic clusters. Results

from other numbers of genetic clusters

gave similar results (not presented). 1–

47 = farm 1A, 48–94 = 1B, 95–

141 = 1C, 142–188 = 2A, 199–232 = 3A,

233–271 = 3B, 272–318 = 3C, 319–

365 = 3D, 366–390 = 4A, 391–

415 = 4B, 416–462 = 5A, 463–509 = 5B,

510–556 = 6A, 557–602 = 6B, 603–

660 = escapees.
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sea-caught fish, respectively. PRV virus was
detected in all the escaped farmed fish with Ct-val-
ues ranging from 21.5 to 34.9 (mean 28.3). The
fish generally had a moderate virus load with few
fish having a high amount of virus. The Ct-values
ranges were 24.8–34.5 (mean 28.5) and 21.5–
34.9 (mean 28.2) in river-caught and sea-caught
fish, respectively. None of the escaped salmon
were positive for PMCV virus.
The main finding from ANCOVAs was that

the river-captured salmon had significantly
(P < 0.01) lower SAV and PRV NE compared
with sea-captured salmon (Data S1). Mean NE of
SAV and PRV were, respectively, 9.5- and 15-fold

higher in sea-caught fish compared with river-
caught fish. There was no correlation between the
NE of SAV and PRV (Rs = �0.05).

Samples from salmon farms. Samples from 2 of
the 3 suspected farms (identified by genetics) were
collected several weeks before the capture of the
escapees, while samples from the third farm were
collected afterwards (Fig. 1 and Table 1). In this
period, all three farms had an increased mortality
and clinical signs, suggesting pancreas disease out-
break. Therefore, samples were analysed for SAV
and examined for histopathology. Most of the fish
showed cardiomyopathy (infiltration, degeneration
and necrosis in heart) and necrosis of exocrine
pancreatic tissues (typical pancreas disease pathol-
ogy). Most of the fish collected from the farms 2
and 6 were positive for SAV by real-time PCR
with Ct-values, indicating moderate to high virus
load in the heart (Table 2). Only kidney samples
were available from farm 4, these showed mostly
high Ct-values (moderate to low viral loads).
Based on real-time PCR results and histopatholog-
ical examination, all the three farms were diag-
nosed as having PD outbreak.
The same samples were also tested for PRV and

PMCV viruses using real-time PCR. Most of the
salmon sampled from the farms were also positive
for PRV virus with moderate amounts of virus
(Table 2). None of the fish from the three farms
was positive for the PMCV virus.
The real-time PCR results indicate that the

infection profile of the escaped salmon was similar
to the profile in the three suspected farms and
therefore did not point out a likely source farm.

Discussion

This is the first study confirming the presence of
virus-infected escaped farmed Atlantic salmon in a
nearby river shortly after escaping. Nearly all the
recaptured escapees were infected with two of the
most prevalent viruses in Norwegian fish farming,
namely SAV and PRV. SAV belongs to Togaviri-
dae family with six known subtypes (i.e. SAV1–
SAV6). Salmonid alphavirus subtype 3 (SAV3) is
the only subtype present in the Hardangerfjord
area and was a long time the only subtype present
in Norway. A new subtype, SAV2, has recently
been detected in the middle parts of Norway
(Hjortaas et al. 2013). SAV3 causes pancreas
disease, which is one of the major problems in
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Figure 3 Assignment and exclusion of the farmed escapees.

Upper panel = direct assignment of the escapees to each of the

baseline samples, middle panel = number of escapees that can

be rejected from each baseline sample P < 0.05, bottom

panel = number of escapees that excluded from each baseline

sample at P < 0.001. Note that the bottom two panels will

not add up to 58 due to the fact that in theory each escapee

can be rejected from all sources while the upper panel adds up

to 58.
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farmed Atlantic salmon in Western Norway, caus-
ing up to 27% mortality (Jansen et al. 2010).
Although SAV3 has a high prevalence in endemic
areas, it is rarely detected in wild salmonids (A.S.
Madhun, unpublished data). PRV is a recently
discovered virus that is associated with heart and
skeletal muscle inflammation (HSMI). The virus
has been previously detected in wild salmon,
escaped salmon and sea trout by real-time PCR
[personal observations and by (Garseth et al.
2013)]. The transmission of SAV and PRV may
occur in both fresh and sea water as both viruses
can be detected in salmonids in fresh and sea
water (Nylund et al. 2003; Bratland & Nylund
2009; Løvoll et al. 2012).
In the present study, no data were available

about the total number of escapees because the
escape event was not reported. However, a signifi-
cant number (21 of the 59) of the escaped fish
were recaptured in a local river (Steinsdalselva)
that has native trout and salmon populations. The
escaped fish in the present case also showed
moderate to high viral loads, as indicated by the
Ct-values from the real-time PCR analyses.
Interestingly, the river-captured fish displayed
lower mean NE values for SAV and PRV than
sea-captured fish. This suggests that the fish
ascending the river had generally lower virus
loads. This agrees well with the generally observa-
tion that SAV-affected salmon has an impaired
swimming ability [reviewed in (McLoughlin &
Graham 2007)]. High viral load may also suggest
active virus replication and virus shedding to the
river water (Andersen et al. 2007; Andersen,
Hodneland & Nylund 2010; Løvoll et al. 2012).
Demonstration of viral spread from the escapees
following the present event would require relevant
baseline data on SAV and PRV infections in wild
salmonids, particularly juveniles. However, base-
line data from the river regarding these viral infec-
tions in salmonids are lacking. Therefore, it is

important to establish baseline data on the occur-
rence of important disease agents of salmon in
parr and smolt in rivers, both in areas with inten-
sive fish farming and in farm-free areas. So far,
only the occurrence of infectious salmon anaemia
virus infections has been examined in a few popu-
lations of juvenile salmonids from western Nor-
way (Plarre et al. 2005).
The recapture of the infected escaped salmon in

nearby marine sites highlights the potential contri-
bution of escapees in virus transmission to other
salmon farms in the area. It has been suggested
previously that virus-infected wild salmonids and
other marine fish may act as vector for viruses and
have a role in spreading of pathogens between fish
farms (Nylund & Jakobsen 1995; Nylund et al.
1997; Snow et al. 2001, 2010; Wiik-Nielsen et al.
2012). A similar role can be ascribed to pathogen-
infected escaped salmon.
Sea lice infections, farmed escapees and viral dis-

eases are the major challenges that salmon farming
is facing today. It is well documented that both sea
lice infestation and escapees have negative impact
on the wild salmon populations where farmed and
wild populations coexist [reviewed in (Costello
2009; Torrissen et al. 2013) and (Glover et al.
2012, 2013a)]. On the other hand, little is known
about the effect of viral disease outbreaks in aqua-
culture on the wild salmonid populations [reviewed
in (Johansen et al. 2011)]. Disease outbreaks in sal-
mon farms may lead to a substantial increase in
infection pressure on wild fish in the surrounding
area. However, escaped salmon may disperse over
long distances, may enter rivers and may interact
with wild conspecifics in their habitats. Therefore,
an infected escapee may spread pathogens from the
sea to wild fish populations in both sea and rivers
distant from a disease outbreak.
In addition to viral testing of the 58 escaped sal-

mon, we were able to examine material from three
likely source salmon farms. The initial idea was to

Table 2 The numbers of tested salmon and the results of virus testing

Virus

Escapees

Heart (�20 °C)
Farm 2

Heart

(RNA later)

N 9

Farm 4

Kidney

(RNA later)

N 8

Farm 6

Heart

(RNA later)

N 7All N 58 River N 20 Sea N 38

SAV +
mean Ct-value (range)

57 19 38 8 7 7

26.2 (20.7–31.1) 26.9 (24.7–29.7) 25.9 (20.7–31.1) 23.3 (19.0–35.0) 33.2 (31.1–37.4) 24.5 (20.6–29.7)

PRV +
mean Ct-value (range)

58 20 38 8 8 6

28.3 (21.5–34.9) 28.5 (24.8–34.5) 28.2 (21.5–34.9) 32.8 (30.8–36.1) 31.0 (28.9–34.2) 33.5 (31.7–36.5)

PMCV + 0 0 0 0
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use infection profiles to supplement the genetic
analyses in order to identify a likely source of the
escapees. However, in all the three farms that had
fish genetically similar to the escapees, the infection
profile was also similar (positive for both SAV and
PRV and negative for PMCV). Thus, in this spe-
cific case, disease profiling was not able to provide
more information regarding the farm source of the
escapees than already provided by fish genetics
(Glover et al. 2008; Glover 2010). Nevertheless,
the use of disease profiling, as supplement to the
DNA identification method, could be useful in
other escape episodes. This will require that the
pathogen repertoire differs qualitatively or quantita-
tively between the potential source farms.
The annual reported number of escapees from

Norwegian fish farms has been in hundreds of
thousands or even millions (Saegrov & Urdal
2006; Anonymous 2012), and in some years
higher than the annual number of wild salmon
returning to the Norwegian coastline to reproduce
in the same period. At the same time, there has
been between 473 and 509 annual viral disease
outbreaks in aquaculture in Norway in the last
5 years (2007–2012) (Johansen 2013). Consider-
ing the number of escapees and disease outbreaks
in commercial fish farming, escapees represent a
significant threat to the native salmonid popula-
tions as pathogen vectors. Therefore, escaped
salmon should be monitored for pathogens as well
as for ecological and genetic interactions.

Acknowledgements

This study was financed by the Norwegian Minis-
try of Fisheries and Coastal Affairs. Tor Arne
Helle and other workers at the Norwegian Direc-
torate of Fisheries are gratefully acknowledged for
assistance in coordinating samples taken from fish
farms and gathering in background information.
We would like to thank Dr. Øyvind V�agnes and
Dr. Anna Germundsson from the Norwegian Vet-
erinary Institute for providing the results from
virus testing of the fish from the farms.

Publication History

Received: 30 August 2013
Revision received: 3 December 2013
Accepted: 5 December 2013

This paper was edited and accepted under the

Editorship of Professor Ron Roberts.

References

Andersen L., Bratland A., Hodneland K. & Nylund A. (2007)

Tissue tropism of salmonid alphaviruses (subtypes SAV1 and

SAV3) in experimentally challenged Atlantic salmon (Salmo
salar L.). Archives of Virology 152, 1871–1883.

Andersen L., Hodneland K. & Nylund A. (2010) No influence

of oxygen levels on pathogenesis and virus shedding in

Salmonid alphavirus (SAV)-challenged Atlantic salmon

(Salmo salar L.). Virology Journal 7, 198.

Anonymous (2012) Oppdatert rømminstall. http://www.

fiskeridir.no/statistikk/akvakultur/oppdaterte-roemmingstall.

Barlaup B.T., Gabrielsen S.E., Loyland J., Schlappy M.L.,

Wiers T., Vollset K.W. & Pulg U. (2013) Trap design for

catching fish unharmed and the implications for estimates of

sea lice (Lepeophtheirus salmonis) on anadromous brown

trout (Salmo trutta). Fisheries Research 139, 43–46.

Besnier F. & Glover K.A. (2013) ParallelStructure: a R

package to distribute parallel runs of the population genetics

program STRUCTURE on multi-core computers. PLoS
ONE 8, e70651.

Bratland A. & Nylund A. (2009) Studies on the possibility of

vertical transmission of Norwegian salmonid alphavirus in

production of Atlantic salmon in Norway. Journal of Aquatic
Animal Health 21, 173–178.

Clifford S.L., McGinnity P. & Ferguson A. (1998) Genetic

changes in Atlantic salmon (Salmo salar) populations of
northwest Irish rivers resulting from escapes of adult farm

salmon. Canadian Journal of Fisheries and Aquatic Sciences
55, 358–363.

Costello M.J. (2009) How sea lice from salmon farms may

cause wild salmonid declines in Europe and North America

and be a threat to fishes elsewhere. Proceedings. Biological
sciences/The Royal Society 276, 3385–3394.

Crozier W.W. (1993) Evidence of genetic Interaction

between escaped farmed salmon and wild Atlantic salmon

(Salmo-Salar L) in a Northern Irish river. Aquaculture
113, 19–29.

Dieringer D. & Schlotterer C. (2003) Microsatellite analyser

(Msa): a platform independent analysis tool for large

microsatellite data sets. Molecular Ecology Notes 3, 167–169.

Falush D., Stephens M. & Pritchard J.K. (2003) Inference of

population structure using multilocus genotype data: linked

loci and correlated allele frequencies. Genetics 164, 1567–
1587.

Fiske P., Lund R.A. & Hansen L.P. (2006) Relationships

between the frequency of farmed Atlantic salmon, Salmo
salar L., in wild salmon populations and fish farming

activity in Norway, 1989–2004. Ices Journal of Marine
Science 63, 1182–1189.

Garseth A.H., Fritsvold C., Opheim M., Skjerve E. & Biering

E. (2013) Piscine reovirus (PRV) in wild Atlantic salmon,

Salmo salar L., and sea-trout, Salmo trutta L., in Norway.

Journal of Fish Diseases 36, 483–493.

Glover K.A. (2008) Genetic characterisation of farmed rainbow

trout in Norway: intra- and inter-strain variation reveals

potential for identification of escapees. Bmc Genetics 9,
1–10.

217

Journal of Fish Diseases 2015, 38, 209–219 A S Madhun et al. Virus-infected escaped salmon

� 2014

The Authors. Journal of
Fish Diseases published
by John Wiley & Sons

Ltd.



Glover K.A. (2010) Forensic identification of fish farm

escapees: the Norwegian experience. Aquaculture
Environment Interactions 1, 1–10.

Glover K.A., Skilbrei O.T. & Skaala Ø. (2008) Genetic

assignment identifies farm of origin for Atlantic salmon

Salmo salar escapees in a Norwegian fjord. Ices Journal of
Marine Science 65, 912–920.

Glover K.A., Dahle G., Westgaard J.I., Johansen T., Knutsen

H. & Jorstad K.E. (2010) Genetic diversity within and

among Atlantic cod (Gadus morhua) farmed in marine cages:

a proof-of-concept study for the identification of escapees.

Animal Genetics 41, 515–522.

Glover K.A., Quintela M., Wennevik V., Besnier F., Sørvik

A.G.E. & Skaala Ø. (2012) Three decades of farmed

escapees in the wild: a spatio-temporal analysis of atlantic

salmon population genetic structure throughout Norway.

PLoS ONE 7, e43129.

Glover K.A., Pertoldi C., Besnier F., Wennevik V., Kent M.

& Skaala O. (2013a) Atlantic salmon populations invaded

by farmed escapees: quantifying genetic introgression with a

Bayesian approach and SNPs. Bmc Genetics 14, 74.

Glover K.A., Sørvik A.G., Karlsbakk E., Zhang Z. & Skaala

Ø. (2013b) Molecular genetic analysis of stomach contents

reveals wild Atlantic cod feeding on piscine reovirus (PRV)

infected Atlantic salmon originating from a commercial fish

farm. PLoS ONE 8, e60924.

Grimholt U., Drabløs F., Jørgensen S.M., Høyheim B. & Stet

R.J.M. (2002) The major histocompatibility class I locus in

Atlantic salmon (Salmo salar L.): polymorphism, linkage

analysis and protein modelling. Immunogenetics 54, 570–
581.

Haaland O.A., Glover K.A., Seliussen B.B. & Skaug H.J.

(2011) Genotyping errors in a calibrated DNA register:

implications for identification of individuals. Bmc Genetics
12, 36.

Hansen L.P. (2006) Migration and survival of farmed Atlantic

salmon (Salmo salar L.) released from two Norwegian fish

farms. Ices Journal of Marine Science 63, 1211–1217.

Haugland O., Mikalsen A.B., Nilsen P., Lindmo K., Thu

B.J., Eliassen T.M., Roos N., Rode M. & Evensen O.

(2011) Cardiomyopathy syndrome of Atlantic salmon

(Salmo salar L.) is caused by a double-stranded RNA virus

of the Totiviridae family. Journal of Virology 85, 5275–
5286.

Hjortaas M.J., Skjelstad H.R., Taksdal T., Olsen A.B.,

Johansen R., Bang-Jensen B., Ørpetveit I. & Sindre H.

(2013) The first detections of subtype 2-related salmonid

alphavirus (SAV2) in Atlantic salmon, Salmo salar L., in
Norway. Journal of Fish Diseases 36, 71–74.

Hodneland K. & Endresen C. (2006) Sensitive and specific

detection of salmonid alphavirus using real-time PCR

(TaqMan (R)). Journal of Virological Methods 131, 184–192.

Jansen M.D., Taksdal T., Wasmuth M.A., Gjerset B., Brun E.,

Olsen A.B., Breck O. & Sandberg M. (2010) Salmonid

alphavirus (SAV) and pancreas disease (PD) in Atlantic

salmon, Salmo salar L., in freshwater and seawater sites in

Norway from 2006 to 2008. Journal of Fish Diseases 33,
391–402.

Johansen R.R. (2013) Fiskehelserapporten 2012 (The Health
Situation in Norwegian Aquaculture 2012). The Norwegian

Veterinary Institute, Oslo, Noway.

Johansen L.H., Jensen I., Mikkelsen H., Bjørn P.A., Jansen

P.A. & Bergh Ø. (2011) Disease interaction and pathogens

exchange between wild and farmed fish populations with

special reference to Norway. Aquaculture 315, 167–186.

Jonsson B. & Jonsson N. (2006) Cultured Atlantic salmon in

nature: a review of their ecology and interaction with wild

fish. Ices Journal of Marine Science 63, 1162–1181.

King T.L., Eackles M.S. & Letcher B.H. (2005) Microsatellite

DNA markers for the study of Atlantic salmon (Salmo salar)
kinship, population structure, and mixed-fishery analyses.

Molecular Ecology Notes 5, 130–132.

Løvoll M., Wiik-Nielsen J., Grove S., Wiik-Nielsen C.R.,

Kristoffersen A.B., Faller R., Poppe T., Jung J., Pedamallu

C.S., Nederbragt A.J., Meyerson M., Rimstad E. & Tengs

T. (2010) A novel totivirus and piscine reovirus (PRV) in

Atlantic salmon (Salmo salar) with cardiomyopathy

syndrome (CMS). Virology Journal 7, 309.

Løvoll M., Austbo L., Jorgensen J.B., Rimstad E. & Frost P.

(2011) Transcription of reference genes used for quantitative

RT-PCR in Atlantic salmon is affected by viral infection.

Veterinary Research 42, 8.

Løvoll M., Alarcon M., Jensen B.B., Taksdal T., Kristoffersen

A.B. & Tengs T. (2012) Quantification of piscine reovirus

(PRV) at different stages of Atlantic salmon Salmo salar
production. Diseases of Aquatic Organisms 99, 7–12.

McConnell S.K., O‘Reilly P., Hamilton L., Wright J.N. &

Bentzen P. (1995) Polymorphic microsatellite loci from

Atlantic salmon (Salmo-Salar) – genetic differentiation of

North-American and European populations. Canadian
Journal of Fisheries and Aquatic Sciences 52, 1863–1872.

McLoughlin M.F. & Graham D.A. (2007) Alphavirus

infections in salmonids – a review. Journal of Fish Diseases
30, 511–531.

Nylund A. & Jakobsen P. (1995) Sea-trout as a carrier of

infectious salmon anemia virus. Journal of Fish Biology 47,
174–176.

Nylund A., Kvenseth A.M., Krossoy B. & Hodneland K.

(1997) Replication of the infectious salmon anaemia virus

(ISAV) in rainbow trout, Oncorhynchus mykiss (Walbaum).

Journal of Fish Diseases 20, 275–279.

Nylund A., Plarre H., Hodneland K., Devold M., Aspehaug

V., Aarseth M., Koren C. & Watanabe K. (2003)

Haemorrhagic smolt syndrome (HSS) in Norway: pathology

and associated virus-like particles. Diseases of Aquatic
Organisms 54, 15–27.

O‘Reilly P.T., Hamilton L.C., McConnell S.K. & Wright

J.M. (1996) Rapid analysis of genetic variation in Atlantic

salmon (Salmo salar) by PCR multiplexing of dinucleotide

and tetranucleotide microsatellites. Canadian Journal of
Fisheries and Aquatic Sciences 53, 2292–2298.

Palacios G., Løvoll M., Tengs T., Hornig M., Hutchison S.,

Hui J., Kongtorp R.T., Savji N., Bussetti A.V., Solovyov A.,

Kristoffersen A.B., Celone C., Street C., Trifonov V.,

Hirschberg D.L., Rabadan R., Egholm M., Rimstad E. &

218

Journal of Fish Diseases 2015, 38, 209–219 A S Madhun et al. Virus-infected escaped salmon

� 2014

The Authors. Journal of
Fish Diseases published
by John Wiley & Sons

Ltd.



Lipkin W.I. (2010) Heart and skeletal muscle inflammation

of farmed salmon is associated with infection with a novel

reovirus. PLoS ONE 5, e11487.

Paterson S., Piertney S.B., Knox D., Gilbey J. & Verspoor E.

(2004) Characterization and PCR multiplexing of novel

highly variable tetranucleotide Atlantic salmon (Salmo salar
L.) microsatellites. Molecular Ecology Notes 4, 160–162.

Piry S., Alapetite A., Cornuet J.M., Paetkau D., Baudouin L.

& Estoup A. (2004) GENECLASS2: a software for genetic

assignment and first-generation migrant detection. Journal of
Heredity 95, 536–539.

Plarre H., Devold M., Snow M. & Nylund A. (2005)

Prevalence of infectious salmon anaemia virus (ISAV) in

wild salmonids in western Norway. Diseases of Aquatic
Organisms 66, 71–79.

Pritchard J.K., Stephens M. & Donnelly P. (2000) Inference

of population structure using multilocus genotype data.

Genetics 155, 945–959.

Rannala B. & Mountain J.L. (1997) Detecting immigration by

using multilocus genotypes. Proceedings of the National
Academy of Sciences of the United States of America 94, 9197–
9201.

Raymond M. & Rousset F. (1995) Genepop (Version-1.2) –
population-genetics software for exact tests and

ecumenicism. Journal of Heredity 86, 248–249.

Saegrov H. & Urdal K. (2006) Escaped Farmed Salmon in the
Sea and Rivers; Numbers and Origin. R�adgivende Biologer,
Bergen, Norway.

Sanchez J.A., Clabby C., Ramos D., Blanco G., Flavin F.,

Vazquez E. & Powell R. (1996) Protein and microsatellite

single locus variability in Salmo salar L (Atlantic salmon).

Heredity 77, 423–432.

Skaala Ø., Wennevik V. & Glover K.A. (2006) Evidence of

temporal genetic change in wild Atlantic salmon, Salmo salar
L., populations affected by farm escapees. Ices Journal of
Marine Science 63, 1224–1233.

Skilbrei O.T. & Jorgensen T. (2010) Recapture of cultured

salmon following a large-scale escape experiment.

Aquaculture Environment Interactions 1, 107–115.

Skilbrei O.T., Holst J.C., Asplin L. & Mortensen S. (2010)

Horizontal movements of simulated escaped farmed Atlantic

salmon (Salmo salar) in a western Norwegian fjord. Ices
Journal of Marine Science 67, 1206–1215.

Slettan A., Olsaker I. & Lie O. (1995) Atlantic Salmon,

Salmo-Salar, Microsatellites at the Ssosl25, Ssosl85,

Ssosl311, Ssosl417 Loci. Animal Genetics 26, 281–282.

Snow M., Raynard R.S., Inglis J. & Bruno D.W. (2001)

Investigation into the potential for seawater rainbow trout

(Oncorhynchus mykiss) to act as vectors of infectious salmon

anaemia virus (ISAV). Bulletin of the European Association of
Fish Pathologists 21, 252–262.

Snow M., Black J., Matejusova I., McIntosh R., Baretto E.,

Wallace I.S. & Bruno D.W. (2010) Detection of salmonid

alphavirus RNA in wild marine fish: implications for the

origins of salmon pancreas disease in aquaculture. Diseases of
Aquatic Organisms 91, 177–188.

Stet R.J.M., de Vries B., Mudde K., Hermsen T., van

Heerwaarden J., Shum B.P. & Grimholt U. (2002) Unique

haplotypes of co-segregating major histocompatibility class II

A and class II B alleles in Atlantic salmon (Salmo salar) give
rise to diverse class II genotypes. Immunogenetics 54, 320–
331.

Torrissen O., Jones S., Asche F., Guttormsen A., Skilbrei

O.T., Nilsen F., Horsberg T.E. & Jackson D. (2013)

Salmon lice – impact on wild salmonids and salmon

aquaculture. Journal of Fish Diseases 36, 171–194.

Wiik-Nielsen C.R., Lovoll M., Sandlund N., Faller R., Wiik-

Nielsen J. & Jensen B.B. (2012) First detection of piscine

reovirus (PRV) in marine fish species. Diseases of Aquatic
Organisms 97, 255–258.

Zhang Z., Glover K.A., Wennevik V., Sv�asand T., Sørvik

A.G.E., Fiske P., Karlsson S. & Skaala Ø. (2013) Genetic

analysis of Atlantic salmon captured in a netting station

reveals multiple escapement events from commercial fish

farms. Fisheries Management and Ecology 20, 42–51.

Supporting Information

Additional Supporting Information may be found
in the online version of this article:
Data S1. Results of analyses for covariance.

219

Journal of Fish Diseases 2015, 38, 209–219 A S Madhun et al. Virus-infected escaped salmon

� 2014

The Authors. Journal of
Fish Diseases published
by John Wiley & Sons

Ltd.


