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ABSTRACT: Infectious salmon anaemia (ISA) is a severe disease in farmed Atlantic salmon Salmo
salarthat has caused epidemic outbreaks in most salmon-producing countries worldwide. The dis-
ease is caused by virulent ISA virus (ISAV). Low virulent variants of the virus, characterised by a
full-length sequence in the highly polymorphic region of segment 6 in the virus genome, have
been reported with increasing frequencies. These variants of the virus, termed HPRO, have been
proposed to be ancestors of virulent ISAV. We examined this idea through studies of the phylogeo-
graphic and environmental distribution of ISAV-HPRO, as well as phylogeographic associations
between virulent ISAV and ISAV-HPRO. Samples from 232 fish groups were screened for ISAV.
Real-time RT-PCR was used for detection of ISAV, and the ISAV haemagglutinin esterase (HE)
gene was characterised for positive samples. A Mantel test was used to test phylogeographic asso-
ciations between pairs of ISAV-HPRO HE gene sequences. A rank test was used to test associations
between HE gene sequences from virulent ISAV and ISAV-HPRO. ISAV-HPRO was detected in fish
groups both in freshwater and marine environments, and in juveniles, on-grown marine salmon
and broodstock salmon. Genetic and geographic distances between pairs of ISAV-HPRO HE gene
sequences were positively correlated, suggesting that the population of ISAV-HPRO is geograph-
ically structured. Finally, we found a spatial association between fish groups with virulent ISAV
(n = 21) and fish groups with ISAV-HPRO (n = 27), supporting the hypothesis that ISAV-HPRO may
undergo a transition to virulent ISAV.
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INTRODUCTION

Infectious salmon anaemia (ISA) is a severe disease
in farmed Atlantic salmon Salmo salar that has
caused epidemic outbreaks in most salmon-produc-
ing countries worldwide (Office International des
Epizooties 2009). The disease is caused by the ISA
virus (ISAV) within the family Orthomyxoviridae
(Kawaoka et al. 2005).

*Email: trude.lyngstad@vetinst.no

ISAV has a genome consisting of 8 segments
(Mjaaland et al. 1997), of which segment 6 encodes
the haemagglutinin esterase (HE) gene (Krossoy et
al. 2001, Rimstad et al. 2001, Falk et al. 2004). The HE
gene consists of an N-terminal part, a transmem-
brane domain and a C-terminal part. A small highly
polymorphic region (HPR) is located upstream of the
transmembrane region (Devold et al. 2001, Mjaaland
et al. 2002). It has been proposed that the polymor-
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phism in the HPR of virulent ISAV HE genes could be
explained by a differential deletion model (Mjaaland
et al. 2002). These authors suggested that a longer
ancestral sequence, stretching over a 130 nucleotide
long region (HPRO), represents a variant from which
virulent ISAV with deletions in the HPR may arise.
Shortly after, a variant with a corresponding long
gene sequence was reported from an apparently
healthy specimen of wild Atlantic salmon in Scotland
(Cunningham et al. 2002). Detection of ISAV by RT-
PCR from wild and farmed salmon without clinical
signs of ISA (Raynard et al. 2001, Cook-Versloot et al.
2004, Plarre et al. 2005) further supported the notion
that some ISAV strains may be of low virulence. The
first reports on the putative ancestral low virulent
ISAV (ISAV-HPRO) sequences were followed by
numerous findings of ISAV-HPRO variants from the
Faroe Islands, Norway and Scotland, all from appar-
ently healthy fish, supporting low virulence of ISAV-
HPRO (Nylund et al. 2007, McBeath et al. 2009, Chris-
tiansen et al. 2011, Lyngstad et al. 2011).

The driving forces behind transitions between vir-
ulent and low virulent variants of ISAV are not
known. ISAV-HPRO has not been isolated in cell cul-
ture, and a direct link between ISAV-HPRO and viru-
lent ISAV remains to be demonstrated. Nevertheless,
deletion events are more likely to occur than inserts.
The presence of different HPR deletion patterns in
otherwise highly similar ISAV sequences strongly
supports a model of several independent deletions,
rather than insertion events (Mjaaland et al. 2002,
Nylund et al. 2003).

The occurrence of ISA in Norwegian salmon farm-
ing in recent years has been described as partly spa-
tio-temporal clusters of farms with disease outbreaks
and partly outbreaks in farms isolated from apparent
sources of infection. The local clusters have been
explained by horizontal spread of infection between
proximate farms, whereas the isolated outbreaks
have had an unknown source of infection (Aldrin et
al. 2011). It has been suggested that ISA may arise
from spontaneous transitions of ISAV-HPRO to viru-
lent ISAV (Cunningham et al. 2002, Mjaaland et al.
2002, Nylund et al. 2003) and that this may cause
either solitary outbreaks or local epidemics through
local transmission (Lyngstad et al. 2011). Here we
examined this idea through studies of the phylogeo-
graphic and environmental distribution of ISAV-
HPRO, as well as phylogeographic associations
between virulent ISAV and ISAV-HPRO. Since we
provide data supporting the scenario of spontaneous
transitions of ISAV-HPRO to virulent ISAV causing
disease outbreaks, we also suggest estimates of the

annual risk of isolated ISA outbreaks arising from
transitions of ISAV-HPRO.

MATERIALS AND METHODS
Study material

The study material consisted of 2 separate datasets:
(1) data on ISAV screening of fish groups of farmed
Atlantic salmon (screening data), and (2) data on
genetic characterisation of the ISAV HE gene from
fish groups of farmed salmon with confirmed out-
breaks of ISA (outbreak data). The fish groups
included in the screening data were not under suspi-
cion of being ISAV infected.

A fish group was defined as the fish stock at a site
at the time of sampling. Fish groups at a given site
separated by a fallowing period were counted as dif-
ferent fish groups. The fish groups consisted of either
juvenile salmon sampled in freshwater, on-grown
marine salmon or broodstock salmon sampled either
in marine environments or shortly after relocation
back to freshwater pre-reproduction. Sampling and
data collection were performed in the period from
2006 to 2010.

The case definition of an ISA outbreak in a fish
group was provided in the contingency plan for ISA
in Norway (Norwegian Food Safety Authority 2007)
and was based on clinical signs and post mortem
findings consistent with ISA, as described in the OIE
Manual of diagnostic tests for aquatic animal dis-
eases (Office International des Epizooties 2009). A
fish group (and thus also the site) with ISA retained
the status of infected until all fish were removed from
the site.

In order to investigate whether there was any geo-
graphic structure in the distribution of ISAV-HPRO
genotypes in Norway, we made use of existing organ
samples that were collected through projects with a
broad geographical spread of the samples (Fig. 1).
The screening data comprised samples from 5 collab-
orating projects with varying sampling protocols: a
cohort study of pancreas disease (Jansen et al. 2010),
a case-control study of cardiomyopathy syndrome
(B. Fineid pers. comm.), the ‘Stans spredning av PD til
Midt-Norge (Stop the spread of PD to Mid-Norway)'
project (A. Jstvik pers. comm.), the “Tracing ISA' pro-
ject (Lyngstad et al. 2011) and a pilot study on brood-
stock fish groups performed in 2008 by the Norwegian
Food Safety Authority. All together, the screening
data included results from real-time RT-PCR screen-
ing for ISAV from 232 fish groups covering 210 farm
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Fig. 1. Farm sites (yellow) in Norway hosting groups of At-
lantic salmon that were tested for infectious salmon anaemia
virus (ISAV) in the study period (2006 to 2010). The geo-
graphical locations for salmon groups with low virulent
ISAV (ISAV-HPRO) are shown. Clusters A (green) and B
(red) correspond to Clusters A and B in Fig. 2. AR9/08 and
SC9/10A represent the sequences also shown in Fig. 2

sites in Norway. The samples consisted of gill tissue,
heart tissue, kidney tissue or a mix of organs. A me-
dian number of 30 fish (6th and 95th percentiles = 16
and 66) were sampled per fish group (Table 1).

Since we were aiming to test whether ISAV-HPRO
could be the ancestor of virulent ISAV, we were only
interested in ‘isolated ISA outbreaks'. In this paper,
isolated ISA outbreaks were defined as outbreaks
that were geographically and/or genetically isolated
from any known source of infectious fish. We used a
stochastic model to identify 17 isolated ISA outbreaks
from January 2006 to August 2009 (Aldrin et al.
2011). For these 17 outbreaks, the estimated proba-
bility of infection originating from an adjacent ISA
outbreak was less than 10 % in the stochastic model,
implying that the source of infection was unknown
for these outbreaks. Using a similar argument, 4 ISA
outbreaks from the period September 2009 to
December 2010 were additionally identified as iso-
lated ISA outbreaks. Altogether, the outbreak data
included HE gene sequences from all 21 isolated ISA

Table 1. Results from screening of tissue samples for infec-
tious salmon anaemia virus (ISAV). The samples originated
from groups of Atlantic salmon Salmo salar consisting of (1)
juveniles in the freshwater phase (which can be partly ex-
posed to seawater before transferring to a marine site), (2)
on-grown marine salmon and (3) broodstock salmon. The re-
sults are listed by source (Project ID), numbers of fish groups
tested for ISAV (Tested), numbers of ISAV-positive fish
groups (Real-time PCR positive) and numbers of ISAV-
positive fish groups with confirmed low virulent ISAV
sequenced ISAV-HPRO

Category Project No. of fish groups ———
ID Tested Real-time  Sequenced
PCR positive ISAV-HPRO

Juvenile B? 9 4 4

cb 46 3 2

EP 17 2 1
Marine A? 6 4 2

B® 27 12 4 (+2)9

D 56 18 9 (+2)¢

EP 60 5 3
Broodstock ~ AP<¢ 6 4 1

EP 5 1 1
Total 232 53 27 (+4)¢

“Mainly gill tissue

PMainly organ material (kidney, heart, or mix of organs)

‘Pooled organ samples

Numbers in parentheses indicate low virulent ISAV
sequences for which only partial sequences were ob-
tained and which therefore were excluded from statisti-
cal analysis

outbreaks in farmed salmon in Norway in the period
2006 to 2010.

Geographical coordinates for the fish groups were
obtained from the aquaculture register of the Direc-
torate of Fisheries (www.fiskeridir.no/akvakultur/
registre). Data on annual numbers of fish groups
transferred to marine sites (fish cohort data) were
obtained from reports on production statistics
(Kristoffersen et al. 2009).

Laboratory investigations

In total, 9474 salmon were screened for ISAV by
real-time RT-PCR. The samples from Projects A to D
(Table 1) and from the isolated ISA outbreaks were
analysed for ISAV at the Norwegian Veterinary Insti-
tute using real-time RT-PCR as described in a previ-
ous study (Lyngstad et al. 2011). Samples from Pro-
ject E (Table 1) were analysed for ISAV at PatoGen
Analyse AS in accordance with methods described
by Snow et al. (2006). Samples consisting of gill tissue



200 Dis Aquat Org 101: 197-206, 2012

were tested when available; otherwise, heart, kidney
or tissue from a mix of organs were analysed.

The ISAV HE gene was sequenced from 1 to 3 pos-
itive fish from each of the fish groups where the virus
was detected by real-time RT-PCR. Sequencing of
the ISAV HE gene from positive samples with cycle
threshold (Ct) values below 34 was performed as
described by Lyngstad et al. (2011).

Statistical analyses

Sequences obtained from the screening data and
the outbreak data (see above) were imported into
MEGA 5 Software (Tamura et al. 2011), where they
were processed into 2 corresponding sets of multiple
sequence alignment files (Sets I and II). Set I con-
sisted of 36 ISAV-HPRO HE gene sequences from 27
fish groups from the screening data, with varying
numbers of sequences obtained per fish group:
1 sequence was obtained from 19 fish groups;
2 sequences from 7 groups; and 3 sequences from
1 group. Within fish groups, differences between
sequences in Set I were 0 (3 groups); 1 (2 groups);
and 2 (3 groups) nucleotides, respectively. Set II con-
sisted of the same 36 ISAV-HPRO HE gene sequences
included in Set I and in addition 36 virulent ISAV HE
gene sequences from the 21 isolated ISA outbreaks
(fish groups in which ISA had been confirmed). For
the isolated ISA outbreaks, 1 sequence was obtained
from 6 outbreaks and 2 sequences were obtained
from 15 outbreaks. Within outbreaks, differences
between the sequences in Set Il were 0 (8 outbreaks);
1 (3 outbreaks); 2 (2 outbreaks); 3 (1 outbreak); and 8
(1 outbreak) nucleotides, respectively. The final
alignment files covered nucleotides 67 to 1138 (Set I)
and 67 to 1014 (Set II), respectively, with reference to
GenBank accession number EU118820. The align-
ment files in Set II were shorter since the HPR of the
ISAV HE gene was excluded due to differential dele-
tions in this region of the virulent ISAV HE gene
sequences.

Matrices of the genetic distances between all
pairs of ISAV HE gene sequences were computed
for each of the 2 alignment sets using the R pack-
ages phangorn (Schliep 2011) and APE (Paradis et
al. 2004, Paradis 2006, Schliep 2011). Model test
was performed in the R package APE, comparing
the substitution models raw, JC69, K80, F81, K81
and F84. The Akaike information criteria (AIC)
varied from a minimum of 4583.2 to a maximum of
4584.9 for the different models. The simple Kimura
2 (K80) parameter model for nucleotide substitution

was used here (Kimura 1980). When computing
genetic distance between a given pair of fish
groups from which we had more than 2 sequences,
we selected 1 sequence if multiple sequences were
identical. When not identical, the genetic distance
was defined as the least possible distance between
all possible pairs of sequences. There were ambi-
guous identities of nucleotides in 1 position in 2
sequences. Here, both alternatives (cytosine or
thymine, guanine or thymine) were included when
the minimum genetic distance was calculated.

Pairwise matrices of Euclidean geographic dis-
tance between sampled farms, as well as time peri-
ods between sampling dates, were also calculated.

Maximum likelihood phylogenetic analyses based
on ISAV-HPRO HE gene sequences obtained in this
study, together with reference sequences obtained
from GenBank were performed using PhyML (v 3.00)
software (http://phylemon.bioinfo.cipf.es/phylogeny.
html). Clustering support was assessed through
100 bootstrap replicates. Graphic presentation of
the phylogenetic tree was performed in MEGA 5
Software.

To test whether the ISAV-HPRO sequences were
genetically structured in space and time, analyses of
associations between the genetic, geographic and
time difference matrices were performed. The data
points in our matrices containing pairwise distances
are not independent; hence, a partial permutation-
based Mantel test was performed using the R pack-
age Ecodist (Goslee & Urban 2007). The p-value
returned from the Mantel r-statistics (10 000 permu-
tations) was used to assess the significance of the
Mantel correlation coefficient. In order to test
whether the result was consistent, we also analysed
sub-sets of the data where: (1) fish groups with juve-
nile salmon (n = 7) were excluded; and (2) fish groups
located within a large cluster of ISA outbreaks that
emerged in northern Norway (n = 7; the North-clus-
ter, Lyngstad et al. 2011) were excluded. The sub-set
representing juvenile salmon was excluded since
these fish groups were land-based and had no natu-
ral contact with the marine environment. The subset
representing the North-cluster could potentially
skew results due to the intense sampling in the area.

Given a transition from ISAV-HPRO to virulent
ISAV (Mjaaland et al. 2002), one would expect that
the 5" part of the ISAV HE gene (excluding the HPR)
of virulent ISAV and its ancestral ISAV-HPRO would
show a high degree of genetic similarity. Further-
more, based on the premise that sequences from
local ISAV-HPRO are more similar than geographi-
cally distant sequences, the expectation that virulent
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ISAV should be genetically related to local ISAV-
HPRO arises. A rank test was formulated to test
whether ISAV HE gene sequences from isolated ISA
outbreaks were sampled closer in geographic dis-
tance to the genetically most similar ISAV-HPRO
sequence than expected by chance. Genetic dis-
tances were calculated between all pairs of HE gene
sequences consisting of 1 virulent ISAV sequence
and 1 ISAV-HPRO sequence using alignment Set II.
Then, for each of the virulent ISAV sequences, the
most similar ISAV-HPRO sequence (minimum genetic
distance) was identified, and the geographic distance
between the farm sites from where this pair of
sequences originated was ranked among all pairs of
sequences constituting the given virulent ISAV
sequence (n = 27 sequence pairs for each virulent
sequence). If there were more than 1 ISAV-HPRO
sequence with the exact same minimum genetic dis-
tance, we used the median geographic distance rank
in the statistical analyses (Table A1 in Appendix 1).
Finally, the sum of geographical distance ranks for all
virulent ISAV sequences was compared to a simu-
lated sum of ranks drawn randomly from a uniform
distribution with minimum 1 and maximum 27 (num-
ber of ISAV-HPRO sequences). For each iterated sim-
ulation, 37 random draws were conducted (the num-
ber of sequences in Column 3 of Table A1). In the
following step, this was aggregated up to 21 ranks
using the median ranks in accordance with Column 3
in Table Al. The sum of the simulated ranks was
obtained for 10000 iterations and compared to the
observed sum of ranks from the dataset.

The risk of having an isolated ISA outbreak in Nor-
way was calculated as the minimum and maximum
annual number of isolated ISA outbreaks divided by
the mean annual number of fish cohorts transferred
to the marine environment during the study period.

Statistical analyses were performed in R version
2.13.1 (The R Foundation for Statistical Computing)
and by SAS-PC system version 9.1.3 for Windows
(SAS Institute). The nucleotide sequences from this
study have the accession numbers in GenBank as
listed in Tables A2 & A3 in Appendix 1.

RESULTS

ISAV was detected by real-time RT-PCR in 23 %
(563/232) of the fish groups that were screened for
ISAV (screening data). ISAV-HPRO was confirmed in
59% (31/53) of the ISAV-positive groups, and 27 of
the 31 ISAV-HPRO sequences had enough sequence
information to be included in the statistical analyses

(Table 1). Sequencing of samples from the remaining
ISAV-positive fish groups was not possible due to low
amounts of viral RNA (Ct-values >34).

The fish groups with ISAV-HPRO were widely
distributed along the Norwegian coast (Fig. 1).
ISAV-HPRO was detected in juvenile salmon, on-
grown marine salmon and in broodstock salmon
(Table 1). Three of the ISAV-HPRO-positive juvenile
salmon groups had never been exposed to marine
environments.

The phylogeny of the ISAV-HPRO HE gene
sequences from Norway, together with reference
sequences from the Faroes, Scotland and the US, are
illustrated in the phylogenetic tree (Fig. 2). Four clus-
ters supported by high bootstrap values were desig-
nated A to D. Most of the Norwegian ISAV-HPRO
gene sequences grouped in 2 of the clusters. Cluster
A contained sequences originating from fish groups
mainly located in the northern part of Norway, while
the sequences in Cluster B originated from fish
groups located mainly in the southern part of Norway
(Figs. 1 & 2). Cluster A was further divided in 2 sub-
groups. The only ISAV-HPRO sequences that did not
belong to Clusters A and B were AR9 08 and
SC9_10A. These were sampled on the same farm site
in northern Norway but from different fish groups
and 2 yr apart. Clusters C and D were composed
of reference sequences from the Faroes, Scotland
and the US.

The genetic distance between pairs of ISAV-HPRO
HE gene sequences and the geographic distance
between the sites from where the sequences were
obtained were correlated (Mantel correlation coeffi-
cient = 0.49; p < 0.002). This correlation remained
significant both when (1) fish groups with juvenile
salmon (n = 7) were excluded, and when (2) fish
groups located within a large cluster of ISA out-
breaks that emerged in northern Norway (n = 7; the
North-cluster, Lyngstad et al. 2011) were excluded
(Mantel correlation coefficients = 0.52 and 0.41;
p < 0.002, respectively). Adding the time period be-
tween sampling (difference in days) did not con-
tribute significantly to the Mantel correlation coeffi-
cient (r = 0.48).

Virulent ISAV HE gene sequences from the 21 iso-
lated ISA outbreaks were significantly closer in geo-
graphical distance to the genetically closest ISAV-
HPRO HE gene sequences than would be expected
by chance (sum of rank test, p = 0.003), showing that
there was a spatial association between virulent
ISAV and ISAV-HPRO.

Three isolated ISA outbreaks were identified in
Norway in 2006, 5 in 2007, 7 in 2008, 3 in 2009, and 3
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Fig. 2. Phylogenetic tree showing the relationships between low virulent
infectious salmon anaemia virus variants (ISAV-HPRO). The phylogenetic
analysis was performed on 1072 nucleotides of the haemagglutinin esterase
(HE) gene from 27 fish groups in Norway where ISAV-HPRO was detected
during the study period (2006 to 2010), and on reference sequences from the
Faroe Islands, Scotland and the US. The phylogenetic tree was constructed
by maximum likelihood (ML) using PHYML and the Kimura 2 parameter
model for nucleotide substitution. Support was assessed through 100 boot-
strap replicates. The ID of the sequences and corresponding GenBank acces-
sion numbers are listed in Table A2 in Appendix 1

in 2010. The mean number of fish groups transferred
to marine farm sites each year in the study period
was 277 (minimum 262 and maximum 290), i.e.
between 1 and 3 % of the fish groups experienced an
isolated ISA outbreak during the marine phase.

DISCUSSION

The main results from this study were that ISAV-
HPRO was frequently present in farmed populations
of Atlantic salmon in Norway and that it occurs both
in marine and freshwater environments, supporting
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previous findings (Nylund et al. 2007). We found that
genetic and geographic distances between pairs of
ISAV-HPRO HE genes were positively correlated,
suggesting that the population of ISAV-HPRO is geo-
graphically structured. Finally, we found a spatial
association between virulent ISAV and ISAV-HPRO,
supporting the hypothesis that ancestral ISAV-HPRO
may undergo a transition to virulent ISAV.
ISAV-HPRO was detected in Atlantic salmon both
in freshwater and marine environments, and in juve-
niles, on-grown marine salmon and broodstock
salmon. In the screening data, all positive samples
that were confirmed by sequencing were identified
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as ISAV-HPRO. Low virus levels in the remaining
screening samples, and no ISA suspicion reported in
these fish groups, suggests that these were also
ISAV-HPRO.

ISAV-HPRO was frequently detected in the fish
groups. Ct-values from previous screenings indi-
cated markedly higher amounts of virus in gill tissues
than in kidney tissues or in tissues from a mix of
organs (Lyngstad et al. 2011), implying that ana-
lysing different tissue material affects the diagnostic
sensitivity. Nevertheless, we did find ISAV-HPRO in a
large proportion of the 232 fish groups, and these
findings were widely distributed along the Norwe-
gian coast. Hence, this material gave an informative
cross-sectional status of the geographical distribution
of different genotypes of ISAV-HPRO in the popula-
tion of farmed salmon in Norway.

Numerous findings of ISAV-HPRO have also been
reported from the Faroes, where ISAV-HPRO was
detected in nearly 100% of the production cycles
(Christiansen et al. 2011). The Faroese results were
based on 5 to 12 samplings from all sites each year
and showed that after the initial detection of ISAV-
HPRO the level of detectable virus peaked after 2 mo
in marine farms. There was no further detection of
ISAV-HPRO after another 2 mo (Christiansen et al.
2011). In Norway, on-grown salmon are kept at mar-
ine sites for approximately 18 mo (Kristoffersen et al.
2009). On account of the frequency with which ISAV-
HPRO was detected in groups of marine salmon sam-
pled only once (Table 1), it would not be surprising if
practically all groups of marine salmon in Norway
are infected with ISAV-HPRO at some point, i.e. com-
parable to the Faroese findings.

The statistical analysis showed that sequences of
ISAV-HPRO from fish groups located in relative prox-
imity were more similar than those located farther
apart. Also, the phylogenetic analysis grouped the
ISAV-HPRO gene sequences in 2 main clusters: one
mainly located in the southern part of Norway and
one mainly in the north. The geographically struc-
tured phylogenetic pattern for ISAV-HPRO suggests
that local transmission of the virus contributes to
shape local virus populations. There was no indica-
tion that the geographic structure of ISAV-HPRO se-
quences was influenced by the tissue material in the
samples. For example, when the analysis was limited
to gill-tissue samples only, the geographic structure
was retained (Mantel correlation coefficients = 0.59;
p < 0.002). The geographic structure of ISAV-HPRO
may alternatively agree with vertical pathways of
transmission (Nylund et al. 2007), horizontal trans-
mission within farmed populations of salmon (Chris-

tiansen et al. 2011) and/or involve a wild reservoir. It
is not possible with the present data to distinguish
among these alternatives. Nevertheless, salmon farms
in Norway are usually stocked with fish from several
smolt-producing sites (Lyngstad et al. 2008), and the
ISAV-HPRO detected in juvenile salmon may thus
cause unintended spread of the virus when fish are
transferred to marine sites (Murray et al. 2002).

If spontaneous transition of ISAV-HPRO to virulent
ISAV does occur, then the fact that the population of
ISAV-HPRO was found to be geographically struc-
tured raises the expectation that virulent ISAV should
be genetically related to local ISAV-HPRO. The pres-
ent rank test showed that isolated virulent ISAV-posi-
tive fish groups were located significantly closer in
distance to the genetically closest ISAV-HPRO than
would be expected by chance. This result supports
the hypothesis that ISA may arise from spontaneous
transitions of ISAV-HPRO to virulent ISAV (Cunning-
ham et al. 2002, Mjaaland et al. 2002, Nylund et al.
2003). Assuming that ISAV-HPRO occurs in 100 % of
the fish groups, we speculate that the probability of
an isolated ISA outbreak occurring reflects the prob-
ability of transition from ISAV-HPRO to virulent ISAV
in the given fish group. The risk of such an eventin a
given group of fish appeared to be low. However, due
to the large number of groups of farmed salmon
stocked to marine farms annually, this pathway to ISA
outbreaks could be an annually occurring phenome-
non in Norwegian salmon farming.

With regard to associations between low virulent
and virulent ISAV, some studies have suggested that
possible transitions may be explained by insertion
events, i.e. from virulent ISAV to ISAV-HPRO
(Kibenge et al. 2009, Castro-Nallar et al. 2011), rather
than by deletion events (Mjaaland et al. 2002,
Nylund et al. 2003). In the present analyses, the time
period between sampling did not contribute to
explain the association between ISAV-HPRO and
virulent ISAYV, lending no support to either direction
of hypothetical transition events. Nevertheless, dele-
tion events are argued to be more likely to occur than
inserts (Mjaaland et al. 2002, Nylund et al. 2003). It is
also worth noting that all detections of ISAV in juve-
nile fish referred to in the present study were of the
low virulent HPRO type and, furthermore, that out-
breaks of ISA have rarely been reported from juve-
nile salmon in the freshwater phase (Rimstad et al.
2011). Both of these lines of evidence support the
hypothesis that ISAV-HPRO may be a precursor vari-
ant from which virulent ISAV may evolve.

In conclusion, ISAV-HPRO was detected in fish
groups both in freshwater and marine environments,
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and in juvenile, on-grown marine salmon and brood-
stock salmon. Genetic and geographic distances
between pairs of ISAV-HPRO HE gene sequences
were positively correlated, suggesting that the pop-
ulation of ISAV-HPRO is geographically structured.
The spatial association between fish groups with vir-
ulent and low virulent ISAV supports the hypothesis
that ISAV-HPRO may evolve to virulent ISAV, indica-
ting that there is a risk associated with ISAV-HPRO
infection. If virulent ISAV evolves from ISAV-HPRO
in a given fish group, then neighbouring fish groups
are at elevated risk (Aldrin et al. 2011, Lyngstad et al.
2011). Early detection of ISA outbreaks and imple-
mentation of measures to reduce the spread of viru-
lent ISAV thus remain important strategies for con-
trolling ISA.
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Appendix 1. Tables on associations between virulent and low virulent infectious salmon anaemia virus (ISAV) sequences
(Table A1), and GenBank accession numbers for the ISAV sequences in the study (Tables A2 and A3)

Table A1l. Each of 21 isolated infectious salmon anaemia (ISA) outbreaks tabulated with

the genetic distance to the most similar ISAV-HPRO sequence; the number of ISAV-HPRO

sequences with this exact minimum genetic distance; geographic distance between the

given ISA outbreak farm site and the farm site where the most similar ISAV-HPRO se-

quence originated; and the rank of geographic distance to the most similar ISAV-HPRO

sequence. When the number of ISAV-HPRO sequences is >1, geographic distance
and distance ranks are given as medians (minimum and maximum values)

Isolated ISA Genetic No. of Geographic Rank geographic

outbreak no. distance ISAV-HPRO distance, km distance
sequences (min.—max.) (min.—max.)

1 0.002 4 23.5(11.9-523.1) 2.5 (1-18)

2 0 1 883.6 16

3 0 4 262.8 (253.0-282.6) 6.5 (5-9)

4 0.001 1 893.7 24

5 0.013 1 834.3 24.5

6 0.001 1 241.4 10

7 0.001 4 51.9 (41.1-585.3) 3.5 (1-20)

8 0 4 45.5 (34.2-501.7) 3.5 (1-18)

9 0.007 4 19.8 (8.5-527.4) 2.5 (1-18)

10 0 1 4.7 1

11 0.001 1 29.5 1

12 0.001 1 140.9 3

13 0.010 1 229.2 4.5

14 0 1 25.3 7

15 0 1 801.2 22

16 0.002 1 82.7 1.5

17 0.001 1 832.8 16

18 0.007 1 963.9 22

19 0.010 1 30.8 1.5

20 0.012 1 681.5 24.5

21 0.005 2 291.8 (207.2-376.4) 8.5 (8-10)
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Table A2. Site identities (ID) of the nucleotide sequences Table A3. Site identities (ID) of the nucleotide sequences
from the screening dataset, GenBank accession numbers, from the infectious salmon anaemia (ISA) outbreak dataset
and reference to the corresponding clusters in Figs. 1 & 2 and GenBank accession numbers
ID GenBank accession no. Cluster ID GenBank accession no.
AR2 08 FN687348 A ISA1 06A FR751546
AR4 08 HE800144 A ISA1 06B FR751547
AR7 08 FN687351 A ISA2 06A FR751548
ARS8 08 FN687352 A ISA2 06B FR751549
AR26 08A FN687356 ISA3 06A FR751550
AR26 08B FN687357 A ISA3 06B FR751551
AR9 08 FN687353 ISA1 07 FN687284
SC1 06 HE800145 B ISA2 07A FN687286
SC2 06 HE800146 B ISA2 07B FN687287
SC1 08A HE800147 ISA3 07A FN687288
SC1 08B HE800148 B ISA3 07B FN687289
SC1 09 HE800149 B ISA4 07A FN687290
SC2 09B HE800150 A ISA4 07B FN687291
SC2 09C HE800151 ISA7 07A FN687303
SC3 09A HE800152 B ISA7 07B FN687304
SC3 09B HE800153 ISA1 08 FN687305
SC1 10 HE800154 A ISA3 08A FN687308
SC2 10A HE800155 A ISA3 08B FN687309
SC2 10B HE800156 ISA4 08A FN687310
SC4 10 HE800157 B ISA4 08B FN687311
SC5 10 HE800158 B ISA5 08A FN687312
SC6 10 HE800159 B ISA5 08B FN687313
SC7 10 HE800160 B ISA8 08 FN687318
SC9 10A HE800161 ISA9 08A FN687319
SC10 10A HE800162 A ISA9 08B FN687320
SC11 10 HE800163 B ISA16 08 FN687333
SC12 10A HE800164 ISA4 09A FN687340
SC12 10B HE800165 B ISA4 09B FN687341
SC13 10 HE800166 A ISA8 09A FR796471
SC14 10A HE800167 B ISA9 09A HE800174
SC14 10B HE800168 ISA9 09B HEB800175
SC15 10 HE800169 A ISA4 10A HEB800176
SC16 10A HE800170 ISA4 10B HE800177
SC16 10B HE800171 A ISA5 10A HE800178
SC16 10C HE800172 ISA5 10B HE800179
SC17 10 HE800173 A ISAG 10A HE800180
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