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ABSTRACT: A prospective longitudinal study of salmonid alphavirus infection in farmed Atlantic
salmon Salmo salar L. was initiated in post-transfer smolts on a UK farm in July 2004 and continued
for 320 d. Sampling was concentrated on a single caged population (C4) with serum and tissue samples collected and tested for viraemia, virus neutralising (VN) antibodies and viral nucleic acid by
real time RT-PCR and by histopathology; 380 sera collected between Days 0 (D0) and 139 (D139)
were consistently negative for both viraemia and VN antibodies. The first evidence of infection was
detected on D146, when 4 out of 20 fish were found to be viraemic and 1 of 20 to be antibodypositive. On D153 only 2 of 20 fish was viraemic and 1 antibody positive. At the next sampling (D158)
no viraemic or antibody positive fish were detected. Thereafter, one or two viraemic fish were
detected on 6 occasions, including on D320. The prevalence of antibody-positive fish remained low
(0 to 5%) until D192 after which time it rose irregularly to a peak of 57.9% on D320. Real time RTPCR testing of sera was more sensitive than screening for viraemia, detecting a peak of 35% positive
on D153 before declining. Histological lesions diagnostic for pancreas disease (PD) were observed at
D146 and D153 only. In addition, mild cardiac and to a lesser extent brain lesions were frequently
found after virus was detected, but not in earlier samples. No clinical signs or mortalities attributable
to PD occurred throughout the study. This is the first detailed report of sub-clinical infection and
highlights the usefulness of longitudinal surveys and the detection of virus and antibodies as
diagnostic and epidemiological tools.
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Pancreas disease (PD) of farmed Atlantic salmon
Salmo salar L. was first described in Scotland in 1976
(Munro et al. 1984). Since then it has also been
described in North America (Kent & Elston 1987), Ireland (Murphy et al. 1992) and Norway (Poppe & Breck
1989). The condition is now known to be caused by
infection with an alphavirus that is closely related to

the virus responsible for sleeping disease (SD) in
farmed rainbow trout Oncorhynchus mykiss (Nelson
et al. 1995, McLoughlin et al. 1996, 2002, Castric et
al. 1997, Weston et al. 1999, Villoing et al. 2000).
The name salmonid alphavirus (SAV) has been proposed for this closely related group of viruses (Weston
et al. 2002).
PD has the potential to have a very important economic impact on farmed salmon production. Epidemi-
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ological studies in Ireland between 1989 and 1994
found that mortality levels on sites varied widely from
a low of 0.1% to as high as 63% (Crockford et al. 1999).
However, overall there was a significant downward
trend in PD-related mortalities during this period that
continued in the second half of the 1990s. A similar
observation was reported from Scotland (Bruno 2004).
However, in recent years PD has re-emerged as a significant cause of mortality and economic loss in the
Irish industry (McLoughlin et al. 2003) and there is evidence of a similar trend in both Scotland and Norway
(G Ritchie pers. comm.).
Both field and experimental infections of salmon
with SAV isolates from outbreaks of PD are characterised clinically by sequential histopathological changes that include pancreatic and cardiomyocytic necrosis and skeletal myopathy (McLoughlin et al. 1996,
2002). Because of the difficulties inherent in isolating
the virus from tissues of affected fish (Nelson et al.
1995), traditionally, these histopathological changes
have been the basis on which PD is diagnosed. More
recently, tests capable of screening large numbers of
sera for the presence of both SAV viraemia and virus
neutralising antibodies have been developed and evaluated for routine diagnostic and epidemiological use
(Graham et al. 2003, 2005, Jewhurst et al. 2004).
Many different environmental, host and pathogenspecific factors have the potential to influence the
severity of an outbreak of PD in a given population
and the interrelationship between these is not yet
clearly understood. In order to study the development
of disease outbreaks, we previously published the first
description of the sequential virological, serological
and histopathological changes that occur during the
course of clinical outbreaks (Graham et al. 2005).
However, the sampling intervals in that study were
irregular and weeks to months apart. In order to gain
a better understanding of the epidemiology of a natural outbreak of PD, a prospective longitudinal study
with regular, frequent sampling was conducted over
an 11 mo period. This paper describes the outcome
of this study.

MATERIALS AND METHODS
Farm details and collection of samples. Samples
were collected from a UK salmon farm which had lost
approximately 30% of fish in the previous production
cycle to PD. Sampling was concentrated on a single
population of S1 smolts in Cage 4 (C4), chosen by the
farm veterinarian as being representative of the site.
These fish had been transferred to the sea in April
2004, and had experienced an outbreak of infectious
pancreatic necrosis (IPN) prior to the study period.

Sampling of C4 commenced on 20 July 2004 (Day 0,
D0) and continued until June 2005. Sampling was performed at approximately weekly intervals initially,
although in the second half of the study the intersample interval increased. At each sample point, blood
samples were collected from 20 fish and sera separated
by centrifugation. In addition, pancreas, heart, brain
and red (RM) and white (WM) skeletal muscle samples
were taken from the first 5 fish at each sampling and
placed in 10% neutral buffered formalin for subsequent histopathological examination. For part of the
study, heart tissue from these fish was also placed in
RNAlater ® (Ambion) for subsequent processing by real
time RT-PCR (RRT-PCR). Sera were also collected from
fish in other cages (5 to 20 cage–1) on the site on a number of occasions. Data on water temperature, clinical
signs of disease, lice numbers and mortalities were
available from the farm records.
Histopathology. Tissues for histology were processed by standard paraffin wax techniques and
stained with haematoxylin and eosin (H&E) for
examination. The distribution and severity of tissue
lesions, where present, were recorded as mild,
moderate or severe.
Virological and serological testing. Virus neutralization (VN) testing and screening for viraemia were
performed as previously described (Graham et al.
2003, Jewhurst et al. 2004). Briefly, sera were initially
screened in duplicate at dilutions of 1/20 and 1/40 for
virus neutralising (VN) antibodies in a microtitrebased test containing 30 to 300 TCID50 of the reference
salmon SAV strain (F93-125). The test was read after
3 d using a SAV-specific monoclonal antibody and an
immunoperoxidase-based staining method (Welsh et
al. 2000). Sera that neutralised virus in 1 or both wells
at a dilution of 1/20 were considered positive. VN titres
were calculated according to the method of Karber
(1931). In parallel with the VN screen, sera were inoculated onto chinook salmon embryo-214 (CHSE) cells
and stained after 3 d to identify viraemic sera.
RNA extraction and RRT-PCR. RNA extraction from
sera and heart, and subsequent testing by RRT-PCR
was conducted as previously described (Graham et al.
2006). Briefly, RNA was extracted from 200 µl of sera
using the High Pure Viral RNA kit (Roche) and RNA
extraction from heart tissue was performed using the
QIAGEN RNeasy Mini Kit (Qiagen). One-step RRTPCR was then performed using the Quantitect SYBR
Green RT-PCR kit (Qiagen) with a primer pair designed to amplify a 227 bp product of the E1 region
of SAV. All kits were used according to the manufacturers’ instructions. Water samples (typically 1 for each
5 test samples) were extracted as negative controls
to demonstrate the absence of cross-contamination
during processing.

195

Graham et al.: Longitudinal study of SAV infection in salmon

variable thereafter, but a peak value of 57.9% was
reached at the last sample point (D320, Fig. 1). Individual VN titres ranged from 1/20 to >1/40. Details of the
results obtained with sera from other cages on the site
at different time points are shown in Table 1. In the
first cross-sectional sample taken on D153 individual
cages showed different results, with some sero- and
virus-negative, some viraemic but sero-negative, some
viraemic and sero-positive and some virus-negative
but sero-positive. Thereafter, the trend was for increasing seroprevalence and decreasing or absent
viraemia. All of the viraemic samples detected were
VN-negative. A single serum sample was also collected on D302 from a saithe Pollachius virens in the
vicinity of Cage 6. This sample was found to be virusnegative but had a VN titre >1/40. To investigate this
further, 3 additional sets of sera were collected on the
site from saithe after the end of the study period on
D337 (n = 4), D439 (n = 5) and D504 (n = 19). Two of the
samples collected on D337 were toxic in cell culture
and the remainder was seronegative. One sample

RESULTS
Clinical observations and management data

% positive

Serum and tissue samples were collected from
Cage 4 on a total of 32 occasions over a 320 d period.
During this period, serum samples were collected from
other cages on a number of occasions and tested for
viraemia and VN antibodies. Water temperatures on
D0 were 12.5°C and peaked at 14.5°C in late August.
Thereafter, temperatures declined to a low of 6.5°C in
March 2005, before recovering to 9.5°C at the end of
the study. Throughout the study period there were no
clinical signs of PD and no significant mortalities
attributed to PD. Available data indicated that between D13 and D320 weekly mortality rates for C4
were < 0.05% except on 5 occasions between August
2004 and June 2005 when weekly mortalities were 0.1,
0.09, 0.18, 0.32 and 0.34%. The last 2 of these spikes
were associated with grading. Fish on the site, including those in C4 were first graded using a well boat in
November 2004. Subsequently, passive
grading was carried out in C4 on D245,
70
D280 and D320. On each occasion, the
60
smaller fish were retained in C4. An
50
increase in lice Caligus sp. numbers was
40
observed in November 2004, which
peaked with a count of 17 fish–1 in Decem30
ber, before successful treatment.
20
10

Virology and serology
From July to early December 2004
(D139), a total of 19 sets of sera (n = 380)
from C4 were tested and consistently
found to be negative for detectable
viraemia and VN antibodies. Viraemia was
first detected at D146, when 4 (20%) of 20
sera were positive (Fig. 1). A single serum
in this sample was also antibody positive
(5%). At the next sampling (D153) the
prevalence of viraemic fish declined to
10% and subsequently to 0% on D158.
Thereafter, the detected prevalence of
viraemia fluctuated between 11.8 and 0%,
with a single viraemic fish (5%) being
detected at the last sampling point (D320),
174 d after the first positive result. In total,
13 viraemic sera were detected. The prevalence of seropositive fish in C4 remained
low (0 to 5.8%) from D146 to D183. Thereafter, the seroprevalence rose to 15%
(D192) and continued to increase to 50%
by D211. The seroprevalence in C4 was

0
130

150

170

190

210

230

250

270

290

310

330

Sampling day
Fig. 1. Salmo salar. Percent sera positive for virus in cell culture (j) and RRTPCR (m) and for virus neutralising antibody (e) at each sampling point from
Day 139 onwards (all previous results were negative)

Table 1. Salmo salar. Details of virological and serological testing of serum
taken from other cages at same site as Cage 4. Data are no of fish tested/
no. viraemic/no. antibody-positive. –: not sampled
Cage No.

1
2
3
5
6
8
9
10
11
12
13
14

153

163

5/1/0
10/1/1
5/0/0
5/0/1
10/0/1
10/1/0
5/0/1
10/0/0
5/1/1
5/0/0
5/0/4
5/0/0

5/0/2
–
–
–
–
–
–
–
–
–
–
5/0/1

192

Day
198

10/0/7
–
10/0/8
–
–
–
–
–
–
–
–
10/0/6
–
–
–
–
–
–
–
–
–
–
10/0/4
–

244

272

302

–
–
–
–
–
–
–
–
–
–
–
–
–
20/0/13 20/0/9
10/0/7
–
–
–
–
–
–
–
–
–
–
10/0/10
–
–
–
–
–
–
–
–
–
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collected on D439 was toxic, 2 were seronegative and
2 were seropositive, with VN titres of 1/40 and >1/40,
respectively. Two of the 19 sera collected on D504 were
also seropositive, with VN titres of 1/40 and >1/40,
respectively.

Real time RT-PCR testing
RRT-PCR was performed on serum samples collected
between D139 and D253, while heart samples were
collected and tested from D168 to D253. A total of 32
sera (3.5%) were RRT-PCR-positive. With the exception of a single serum collected on D244, all these were
VN-negative. Excluding 1 viraemic serum detected on
D176, all viraemic sera were also RRT-PCR-positive. At
all sample points, the sensitivity of RRT-PCR on sera
was as good or better than screening for viraemia in
cell culture (Fig. 1). The peak prevalence of positive
sera by RRT-PCR was 35% on D153. Thereafter, values
ranged from 25 to 0%, with 2 positive sera detected on
D253. RRT-PCR results for heart were available for
D199 to D244. Three samples (6%) were positive, comprising 2 samples collected on D199 and 1 on D211.
One of these came from a viraemic, seronegative fish,
the other 2 from non-viraemic, seropositive fish, with
VN titres of >1/40.

Histopathology
Histological examination was initiated when viraemia
was detected on D146. The samples collected the previous week (D139) and all subsequent samples were

examined and the results are summarised in Table 2.
Overall, the histological lesions observed were mild.
The predominant lesion observed was mild chronic
focal to multifocal myocardial inflammation with associated infiltration of mononuclear cells (Fig. 2). This
was present in both layers of the heart, although more
evident in the spongy ventricular muscle. In some
cases it was accompanied by focal to diffuse epicarditis
associated with a thickened, fat-laden epicardium.
These cardiac lesions were observed in between 3 and
5 fish at 13 sample points between D139 and D244,
being seen less frequently in samples from the final 2
sample points.
Lesions diagnostic for PD were observed on only 2 occasions. Mild chronic PD lesions were observed in the
tissues of 1 of 5 fish on D146, the first occasion that viraemia and VN antibodies were detected. These tissues
came from the only seropositive fish sampled on D146.
The pancreas of this fish was at the recovery stage, and
there was mild myofibrillar degeneration in the heart,
RM and WM. At the next sample point (D153), when
the peak prevalence of viraemia was observed, 2 of
5 fish had diffuse pancreatic necrosis, typical of acute
PD. Both these fish were RRT-PCR-positive, with 1 also
being viraemic. Significant pancreatic atrophy was observed in a single fish on D320. Apart from these, the
pancreas of all remaining fish examined appeared
normal. No RM lesions were observed in any other fish
examined. Mild, single cell WM hyaline degeneration
was observed in 2 fish, 1 on D211 and 1 on D237, and
mild WM lesions were also seen at some other sample
points also (Table 2). Mild focal to multifocal gliosis of
the brainstem was observed in 1 to 3 fish at several
sample points between D139 and D229 (Table 2).

Table 2. Salmo salar. Frequency of lesions in pancreas (Pan), heart (Ht), red muscle (RM), white muscle (WM) and brain in each
of 5 fish at each sampling point. PD: pancreas disease
Day No.

Pan

Ht

WM

RM

Brain

139
146
153
158
168
176
192
199

0
1
2
0
0
0
0
0

3
5
4a
4
4
5
4
5

0
1
0
0
0
0
1
1

0
1
0
0
0
0
0
0

1
1
0a
1
2
3
2
0

206
211

0
0

5
4

0
1

0
0

2
1

229
237
244
253
320

0
0
0
0
1

5
5
4
0
1

0
1
2
2
0

0
0
0
0
0

2
0
0
0
0

a

Only 4 sections examined

Comments/stage
Non-specific mild cardiac inflammation
Mild cardiac inflammation plus epicarditis; mild chronic PD
Mild cardiac inflammation plus epicarditis; acute PD
Mild cardiac inflammation
–
–
Chronic low grade focal inflammation mainly in spongy heart muscle
Mild multifocal cardiac inflammation in both heart layers with fatty
inflamed epicardium
Similar to Day 199
Similar to previous weeks with low grade chronic heart lesions and
occasional muscle and/or brain lesion
Similar to Day 211
Similar to Day 211
Similar to Day 211
Mild WM degeneration
Significant pancreatic atrophy and mild focal myocardial inflammation
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cated by serology, virology or RRT-PCR,
suggesting that they were not wholly
attributable to SAV infection. It cannot
be ruled out that the cardiac changes
represent normal background pathology, similar to those described by
Rodger & Richards (1998).
The absence of changes sufficient to
make a histological diagnosis of PD at
most sample time points during this
study highlights the benefits of screening for VN antibodies and virus by isolation or RRT-PCR as an aid to diagnosis of
infection.
The pattern of development of VN antibodies reflected the prolonged period of
viraemia and was consistent with slow
spread of infection, with seroprevalence
Fig. 2. Salmo salar. Chronic mild focal inflammation of ventricular myocardial
only increasing to 15% and beyond from
muscle typical of heart lesions recorded in this study (scale bar = 100 µm)
D192, more than 6 wk after infection was
first detected. The fact that a maximum of
57.9% of fish in C4 were seropositive, 194 d after infecTo help assess the viral aetiology of the brain and
tion was first detected, is also consistent with slow spread
heart lesions, tissues collected at 4 sample points prior
within this population, although higher seroprevalence
to the detection of viraemia (D0, D31, D66 and D104)
figures were noted in some other cages (Table 1). In
were examined retrospectively. With the exception of
previous clinical outbreaks in Atlantic salmon, seroepicarditis in 1 of 5 fish on both D31 and D66, no signifprevalence levels of 90 to 100% have been noted within
icant findings were observed.
1 to 3 mo of diagnosis (Graham et al. 2005).
VN antibodies take 2 to 3 wk to develop following infection (McLoughlin et al. 1996). Therefore the finding of
DISCUSSION
a single seropositive fish on D146, when viraemia was
first detected indicated that infection had been actually
This is the first published prospective longitudinal
present in this cage for several weeks prior to this. A
study of SAV infections in farmed Atlantic salmon,
sample size of 20 gives 95% confidence of detecting
using a combination of virological, serological, RT-PCR
15% prevalence. The failure to detect infection before
and histopathological techniques. This approach allows
this (by viraemia, RRT-PCR or serology) suggests that it
the progression of infection to be followed at the level
was present at very low levels and negative results can
of the population rather than of the individual fish.
Despite the high losses attributed to PD in the previbe attributed to sampling error.
ous production cycle on this site, infection during this
In a previous study (Graham et al. 2006), RRT-PCR
was found to be more sensitive than screening for
study was subclinical, with no PD-related clinical signs
viraemia, and the same observation was made here
or mortalities noted. Although the occurrence of sub(Fig. 1). The lower sensitivity of the viraemia screening
clinical infections has been reported before (Mcmethod is considered to be largely due to the short 3 d
Loughlin et al 1998), this is the first time that an outbreak has been described in detail.
virus growth period combined with the small volume of
In contrast to the findings during clinical outbreaks
inoculum used. Nevertheless, when used as a screening tool at the population level, screening for viraemia
of PD (McLoughlin et al. 2002, Graham et al. 2005), the
has proved to be a very useful tool for detecting infechistological lesions observed in the current study were
mild. As a consequence, pathology sufficient to allow a
tion. Previous work based on samples from experimenhistological diagnosis of PD was only observed on 2
tal infection has shown that RRT-PCR can detect viral
RNA in heart for much longer periods than in serum
occasions on D146 (mild chronic PD lesions in 1 of 5
fish) and D153 (acute pancreatic necrosis in 2 of 5 fish).
(D. Graham, unpubl. data). Although the number of
The absence of cardiac and brain lesions in samples
heart samples tested was limited (n = 50), these findings were supported to some extent in this study, with
collected prior to viraemia (excluding D139) is consistent with their having a viral aetiology. However, they
6% of heart samples positive compared to 3.5% of sera
were repeatedly present at higher levels than indiand 2 of the 3 positive hearts from seropositive fish.
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The concept of the basic reproductive rate (R0) is well
established in the epidemiology of terrestrial pathogens
(Nokes & Anderson 1988, Anderson & Nokes 1997),
defining the average number of secondary cases of infection generated by a primary case in a susceptible population. R0 is defined as the product of 3 factors: the number of contacts per day made by an infectious individual
(κ), the transmission probability per contact (β) and the
duration of the infectious period (D). The slow spread of
infection in this study, with virus detectable in Cage 4
over an extended period and gradual increase in seroprevalence, suggests that R0 approximates 1.0, with each
fish on average being responsible for the infection of 1
other. This pattern is distinct from that observed in other
studies with SAV in both Atlantic salmon and rainbow
trout Oncorhynchus mykiss (Graham et al. 2006, in
press). In particular, in an outbreak of SD in rainbow
trout, the period of detectable viraemia lasted only 4 wk,
with a peak prevalence of 57.9% during weekly sampling (Graham et al. in press).
The cause of the sub-clinical nature of this outbreak
remains unknown. Sequencing studies of a wide range
of isolates from salmon and trout have shown that they
can be assigned to 1 of 3 subtypes (Weston et al. 2005).
To date all UK and Irish salmon isolates have belonged
to Subtype 1. Sequencing of isolates from this study is
currently being planned to determine if they represent
additional, less pathogenic strains. The source of fish
was unchanged from the previous production cycle,
which tends to exclude host-related factors as the
cause of the reduced pathogenicity. Likewise, stocking
density is not significantly related to PD-mortality
rates (Crockford et al. 1999). Working with another
alphavirus, Walton et al. (1973) have shown that epidemic and endemic disease patterns can be related to
levels of viraemia. While serum levels of SAV were not
determined in this study, it could be hypothesised that
in the present study the titre of virus in serum was low,
resulting in a consequent low level of viral shedding
into the water, ultimately resulting in reduced rates
of transmission. Although unusual for alphaviruses,
direct transmission of SAV has been shown previously
in cohabitatant studies (Nelson et al. 1995). Further
work is necessary to investigate this.
Examination of data from the other cages (Table 1)
indicates that infection was widespread across the site,
with infection present in multiple cages soon after
initial detection in Cage 4. The notably higher seroprevalence in Cage 13 on D153 suggests that this may
have been the index cage on the site, with subsequent
onward spread from here. The source of the infection
remains unknown. It is possible that a carrier population maintained the infection with spread triggered by
a stressor such as grading in November. However, the
consistent finding of VN and virus-negative fish over

an extended period from July to early December does
not support this. Instead, it points toward an external,
unidentified source. One possibility is that infection
could have been brought onto the site by the well boat
used for the November grading.
The finding of VN activity in saithe comprises the
first time that evidence of SAV infection has been
found in a non-salmonid species and raises the possibility of saithe being a natural reservoir of infection.
This is in contrast to infectious salmon anaemia virus
(ISAV), where saithe have been shown to be resistant
to infection and not to play a significant role in the epizootiology of the infection (Snow et al. 2002, McClure
et al. 2004). Additional work is required to confirm this
preliminary finding, particularly in light of the poor
specific antibody response typically observed in
gadoids to infectious agents (Samuelsen et al. 2006)
Although insect vectors have not been identified for
SAV, they form an important part of the epidemiology of
other alphavirus infections (Walton et al. 1973, Bowers et
al. 1995). Recently, the elephant seal louse Lepidophthirus macrorhini has been proposed as the vector for the
newly identified alphavirus named southern elephant
seal virus (SESV) (La Linn et al. 2001). It can be speculated that the high levels of Caligus sp. that appeared on
the fish in November represent another, alternative
source of infection. High levels of Caligus sp. were also
reported on fish immediately prior to the outbreak of PD
in the previous production cycle on this site. However
more work is needed to investigate this.
In conclusion, these results represent the first comprehensive description of a sub-clinical outbreak of PD
and highlight the usefulness of RRT-PCR and screening for viraemia and VN antibodies as diagnostic and
epidemiological tools. The occurrence of this type of
sub-clinical infection emphasises the need to clearly
define the status of farms in case-control studies for
risk factors for SAV infection. Further studies are
required to determine the mechanism(s) responsible
for sub-clinical infections and to investigate epidemiology of infections with particular emphasis on the
possible role of wild fish.
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