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1.  INTRODUCTION

Water-transmitted viral pathogens are significant
threats to aquaculture, challenging fish welfare and
the economy of this industry. They have been diffi-
cult to control due to, for example, an increased sus-
ceptibility among hosts and limited understanding of
the transmission dynamics (Kibenge 2016). One of
the most serious pathogens in sea-farmed salmonids,
with regards to fish welfare and economic impact, is
salmonid alphavirus (SAV) (Jansen et al. 2015, Som-

merset et al. 2020). SAV is a small (~12 kb genome),
enveloped, positive-sense single-stranded RNA virus,
and it is the aetiological agent of pancreas disease
(PD) (Weston et al. 2002, Hodneland & Endresen
2006).

The first report of PD was made in farmed Atlantic
salmon Salmo salar L. in Scotland in 1976 (Munro et
al. 1984). In Norway, it was first described in 1989
(Poppe et al. 1989) and became a notifiable disease
(list 3) in 2007. A total of 7 subtypes of SAV (SAV1−
SAV7) are known (Fringuelli et al. 2008, Tighe et al.

© The authors 2021. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are un -
restricted. Authors and original publication must be credited. 

Publisher: Inter-Research · www.int-res.com

*Corresponding author: lisa-victoria.bernhardt@vetinst.no

Early detection of salmonid alphavirus in 
seawater from marine farm sites of Atlantic salmon

Salmo salar

Lisa-Victoria Bernhardt1,*, Atle Lillehaug1, Lars Qviller1, Simon Chioma Weli1, 
Estelle Grønneberg1, Hanne Nilsen2, Mette Myrmel3

1Norwegian Veterinary Institute, PO Box 64, 1431 Ås, Norway
2Norwegian Veterinary Institute, PO Box 1263 Sentrum, 5811 Bergen, Norway

3Norwegian University of Life Sciences, Faculty of Veterinary Medicine, Virology Unit, PO Box 5003, 1432 Ås, Norway

ABSTRACT: The traditional strategy for national surveillance of salmonid alphavirus (SAV) in -
fection in Norwegian fish farms relies on a costly, time-consuming, and resource-demanding
approach based on the monthly sampling of fish from all marine farms with salmonids. In order to
develop an alternative surveillance method, a water filtration method was tested in parallel with
the ongoing surveillance program at 7 Norwegian marine farm sites of Atlantic salmon Salmo
salar L. with no current suspicion of SAV infection. During the period from May 2019 to January
2020, seawater samples were collected from the top layer water inside all net-pens at these 7 sites.
The samples were concentrated for SAV by filtration through an MF-Millipore™ electronegative
membrane filter, followed by rinsing with NucliSENS® Lysis Buffer, before RNA extraction and
analysis by RT-qPCR. SAV was detected from seawater at an earlier stage compared to traditional
sampling methods, at all sites where the fish tested positive for SAV. A significant negative rela-
tionship was observed at all sites between the SAV concentration found in seawater samples and
the number of days until SAV was detected in the fish. This means that the fewer the SAV parti-
cles in the seawater, the more days it took until SAV was detected in the fish samples. Based on
this, sampling of seawater every month for the surveillance of SAV has a great potential as an
alternative method for early detection of SAV in Atlantic salmon farms.

KEY WORDS:  Surveillance · Water filtration · SAV detection · SAV concentration · Salmonid
alphavirus · Pancreas disease · RT-qPCR · Field study

OPENPEN
 ACCESSCCESS

https://crossmark.crossref.org/dialog/?doi=10.3354/dao03618&amp;domain=pdf&amp;date_stamp=2021-09-09


Dis Aquat Org 146: 41–52, 2021

2020). Two of these are known to be present in Nor-
wegian aquaculture facilities, i.e. SAV2 and SAV3,
forming 2 separate PD endemic zones with marine
SAV2 on the northwest and mid-Norwegian coast,
and SAV3 along the southwestern coast (Hjortaas et
al. 2016, Sommerset et al. 2020).

In 2017, the national surveillance program for PD
was intensified, introducing a PD zone for the whole
of Norway and 2 national surveillance zones for
SAV2 and SAV3 (Lovdata 2017). This program
requires monthly sampling of fish from marine farm
sites with Atlantic salmon, rainbow trout Oncorhyn-
chus mykiss and char Salvelinus alpinus, in order to
reduce the consequences of the disease within the
de fined PD zones, as well as to prevent further
spread of SAV. Testing is conducted on all active ma -
rine farm sites until positive detection of SAV in fish
samples. The strategy for surveillance of SAV infec-
tion in fish farms relies on a time-consuming and
resource-demanding approach, involving monthly
sampling of ~20 fish from each of these sites and
 analyzing heart tissue from each fish by reverse-
 transcription quantitative real-time PCR (RT-qPCR).
Histopathological investigations should then follow
to confirm the diagnosis of PD. This screening aims
to be representative of the SAV status for the whole
farm site population. However, when SAV is recently
introduced into a population, the chances of sam-
pling infected fish are small, given that there are
probably few infected individuals. In Norway, detec-
tion of SAV can lead to measures and/or restrictions,
meaning the whole fish population at the site is
allowed continued growth until slaughtering. How-
ever, detection of SAV outside the endemic zone can
lead to slaughtering of the whole fish population at
the site.

Transmission of SAV occurs horizontally, through
the water (McLoughlin et al. 1996, Graham et al.
2007, 2012, Kristoffersen et al. 2009, Aldrin et al.
2010, 2015, Xu et al. 2012). Therefore, we suggest
that SAV shed from the fish into their aquatic envi-
ronment could be detected in seawater sampled from
the net-pens, and that seawater samples might be
more representative of the infection status for the
farm site population, compared to detection from
sampling of limited fish numbers. Moreover, moni-
toring of waterborne pathogens through filtration of
water is an animal-friendly method, making the sac-
rifice of fish redundant, and with a potential for ear-
lier implementation of disease control measures
(Strand et al. 2014, 2019, Rusch et al. 2018, 2020).

Experimental studies have successfully used filtra-
tion as a way of detecting SAV in seawater (Ander-

sen et al. 2010, Jarungsriapisit et al. 2016a,b, 2020).
Recently, we carried out an in vitro study, involving
filtration of artificial and natural seawater that was
spiked with SAV3 (Weli et al. 2021), and next a SAV3
cohabitant challenge trial with Atlantic salmon post-
smolts (Bernhardt et al. 2021). In both of these stud-
ies, the best method for concentration and detection
of SAV was filtration through an electronegative
membrane filter with subsequent rinsing of the filter
with a lysis buffer.

In the present study, the aim was to test this me -
thod in the field to monitor the presence of SAV at
Norwegian marine farm sites of Atlantic salmon,
which had no detection of SAV in fish prior to the
trial. Water monitoring was performed in parallel
with the mandatory surveillance program.

2.  MATERIALS AND METHODS

2.1.  Pilot study design

In August 2018, a pilot study was conducted to
evaluate the applicability of the filtration method to
detect SAV in seawater. Samples were collected from
a farm site that was found positive for SAV approxi-
mately 3 mo earlier under the surveillance program.
This site had 5 floating open marine net-pens with
Atlantic salmon, which had been sea transferred in
August and September 2017, in Hordaland county
(note that Hordaland, Sogn and Fjordane counties
were merged into the new Vestland county on 1 Jan-
uary 2020) in Western Norway (inside the SAV3
endemic zone).

In this study, seawater sampling was carried out
from one net-pen (∅ 50 m) enclosing ~180 000 At -
lantic salmon with an average weight of ~2.5 kg. One
litre seawater samples were collected in duplicate
from 3 sampling depths (0.15, 5, and 10 m) and at
3 sampling points (A, B, and C; Fig. 1). A rubber
dinghy was inserted inside the net-pen to collect
water from sampling points A and B, which were
located on diametrically opposite sides inside the
net-pen, ~8 m from the inner edge, while sampling
from point C was done from a service boat, ~8 m from
the outer edge of the net-pen. The major ocean cur-
rent direction was from sampling point A to B to C.

Top-layer samples were obtained by immersing
the open 1 l sterilized plastic bottle (VWR) by hand
down to a depth of 0.15 m, allowing the water to fill
the plastic bottle. For the other 2 sampling depths
(5 and 10 m), a Ruttner 2 l Standard Water Sampler
(Hydro-Bios) was used. The filtration of the seawater
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samples took place on site. Seawater temperature
(°C) was measured at the 3 sampling depths on the
day of sampling using an automated monitoring sys-
tem at the site.

2.2.  Large-scale field study design

In May 2019, a large-scale field study was initiated
involving monthly seawater sampling over 9 mo, end-
ing in January 2020. Seven sites (SA−SG) of Atlantic
salmon inside the SAV3 endemic zone on the Western
Norwegian coastline, in the counties of Vestland (for-
merly Hordaland) and Rogaland (N−S: 55 km; E−W:
42 km) (Fig. 2), were selected, based on their re cor -
ded positive PD history in earlier fish generations
 during the years 2013−2018 (records from https://

www.barentswatch.no/fiskehelse). Fish
at 5 of these sites (i.e. SA, SD, SE, SF,
and SG) had been transferred to the
sea in autumn 2018, while the fish
in the remaining 2 sites (i.e. SB and
SC) were sea transferred in spring
2019. SB and SC, and SD and SE are
neighbouring sites with a sea-way dis-
tance (i.e. the shortest route by water
between the sites, around islands, pe -
ninsulas or other hindrances) of ~3 and
~2.7 km, respectively. SF and SG are
situated with a sea-way distance of
~10.7 km. SA was always sampled in-
dependently due to its distant location
in relation to the other sites, whereas
SB and SC, SD and SE, and SF and SG

were sampled on the same day at
every occasion.

There was no recorded presence of
SAV in fish from any of the 7 sites at
the start of this study. Fish health
inspectors from a single fish health
service performed the fish sampling
from all sites (SA−SG) every month,
accordingly with the national surveil-
lance program for SAV. In connection
with this, a 1 l seawater sample was
collected from every net-pen at each
of the 7 sites (i.e. 6, 5, 4, 6, 10, 6, and 7
net-pens initially at SA, SB, SC, SD, SE,
SF, and SG, respectively); typically
once a month and occasionally twice
(i.e. at the beginning and the end of
the month).

2.2.1.  Seawater sampling

The sampling strategy for the large-scale field
study was based on the results from the pilot study
and was similar at all 7 sites. One litre of seawater
was collected monthly inside each net-pen at a site,
using a 1 l sterilized plastic bottle (VWR), which was
vertically positioned in a bottle holder, attached to a
65−120 cm telescopic swing sampler (Bürkle). The
bottle was swung horizontally while submerged ap -
proximately 0.15 m below the water surface, close to
the net-pen’s inner side. In addition, a 1 l seawater
sample was collected from each site from 0.15 m
below the water surface, at a randomly decided sam-
pling point loca ted ~200−300 m away from the site
(September− October 2019).
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Fig. 1. Schematic illustration of the sampling design for the pilot study on
detection of salmonid alphavirus (SAV) in seawater from a farm holding pan-
creas disease diagnosed fish. Duplicate 1 l samples were collected from 3 dif-
ferent depths (0.15, 5, and 10 m) at 3 different sampling points (A, B, and C) in
relation to the net-pen. The major ocean current direction was from sampling
point A to C and is represented by the blue horizontal arrow on the top image. 

Note: The measurements are not to scale
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Following sampling, all bottles from each site were
wrapped with bubble wrap insulation and stored
surrounded by an abundance of cooling elements in
a 45 l Proxon cooler box (Pinnacle, Tokyo Plast
Inter national). The samples were sent to the labora-
tory of the Norwegian Veterinary Institute (NVI,
Oslo, Norway) by express delivery (within 24 h),
measured for temperature at arrival and thereafter
stored at 4°C prior to filtration, which was started
immediately.

For each sampled site, a registration form was
filled in by the fish health inspector and added to
each shipment, including information about any
abnormal observations (e.g. unstable weather condi-
tions, algal bloom, increase in fish mortality, behav-
ioural changes such as abnormal swimming patterns
and reduced appetite, and handling procedures car-
ried out, such as transfer of the fish populations
between net-pens on the location due to, for exam-
ple, treatment). The seawater temperature (°C) for
each site was measured at 3 m depth in the same
week as the seawater sampling took place (data
retrieved from www.barentswatch.no/fiskehelse/).

2.3.  Concentration of seawater samples

The concentration of 1 l seawater samples was meas-
ured as previously described (Weli et al. 2021). Filtra-
tion was performed using a 47 mm electronegative
charged membrane filter (MF-Millipore 0.45 μm MCE
membrane, Merck Millipore) into a 47 mm in-line filter
holder (Merck Millipore). The 1 l seawater samples
were filtered using a peristaltic pump (V6-3L Peri-
staltic Pump, Shenchen) at a flow rate of 200 ml min−1.

After filtration, the filter was placed
upside down onto a 50 mm Petri dish
containing 2.4 ml NucliSens Extraction
Buffer 1 (easyMAG, bioMérieux) for
the pilot study, and NucliSENS Lysis
Buffer for the large-scale field study.
The Petri dish was shaken on an orbital
shaker (600 rpm) for 30 min. The sea-
water concentrate was ali quo ted (1 ml),
stored at −80°C until RNA extraction
and analyzed by RT-qPCR.

A process control with a known
quantity (~5.5 × 103 PCR units) of
men govirus strain MC0 (type strain:
ATCC VR-1957) was added into each
1 l seawater sample from the large-
scale field study before  filtration.

2.4.  Extraction of RNA

The RNA extraction was done using the easyMAG
robot (bioMérieux) and the standard lysis protocol
(generic 2.0.1.) with 50 μl magnetic silica beads,
according to the NucliSENS easyMAG user man -
ual (https: // www.manualslib.com/manual/ 1377074/
Biomerieux- Nuclisens-Easymag.html). A mixture of
1 ml seawater concentrate and 1 ml NucliSENS
Lysis Buffer was ex tracted to a volume of 40 μl
buffer. In the pilot study, the total volume of con-
centrate was extracted (2 ml). The RNA was stored
at −80°C until analysis by RT-qPCR.

2.5.  RT-qPCR

Detection of SAV RNA in both the pilot and large-
scale field studies was made by RT-qPCR, as previ-
ously described (Weli et al. 2021). A broad-spectrum
Q_nsP1 assay was used, targeting the nsP1-gene in
SAV, giving amplicons of 107 bp (Hodneland &
Endresen 2006). Each primer had a final concentra-
tion of 500 nM (R-primer: 5’-GTA GCC AAG TGG
GAG AAA GCT-3’; F-primer: 5’-CCG GCC CTG
AAC CAG TT-3’) and a final concentration of 300 nM
of the probe (FAM-5’-CTG GCC ACC ACT TCG A-3’-
MGB). Detection of the mengovirus was performed
using the final concentration of 500 nM of each
primer and a final concentration of 500 nM of the
probe (ISO 2017).

The RT-qPCR kit used was TaqMan Fast Virus
1-Step Master Mix (Applied Biosystems), with a total
reaction volume of 20 μl and a template volume of
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Fig. 2. Location of the 7 Norwegian marine farm sites (SA−SG) of Atlantic sal -
mon Salmo salar that were sampled for seawater during May 2019−January 

2020. (Edit of the original map, retrieved from https://www.vemaps.com)
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2 μl. The cycle conditions of the RT-qPCR comprised
reverse transcription for 5 min at 50°C, denaturation
for 2 min at 95°C, followed by 40 cycles of 15 s at
94°C and 40 s at 60°C.

For each plate, a negative control sample and
an inter-plate calibrator (IPC) of stock SAV RNA
and mengo virus RNA, corresponding to the amount
spiked in the seawater samples, were included.
Samples from the field study were run in triplicate,
while samples from the pilot study were run in
duplicate, by RT-qPCR. In cases of some parallels
giving a negative result, samples were rerun in
triplicate before being assigned negative or positive
(a total number of 3−5 positive replicates defined a
positive sample).

2.6.  Quantification of SAV copies

Quantification of SAV was done using the follow-
ing formula: N1 = N2 · (1+E)(Cq2−Cq1) (Christensen et al.
2017), where N1 and N2 are the SAV copy numbers in
the sample and the IPC, respectively, E is the amplifi-
cation efficiency, and Cq1 and Cq2 are the quantifica-
tion cycle (Cq) values for the sample and IPC, re -
spectively. The IPC was quantified using RT-ddPCR,
performed as previously described (Weli et al. 2021).

A SAV standard curve was prepared with a series
of 2-fold dilutions run by RT-qPCR, which gave an E
of 0.94, a correlation coefficient (r2) of 0.995, and a
slope (s) of −3.475, which fulfill the requirements of
the MIQE guidelines (Taylor et al. 2010).

The number of viral particles in 1 l of seawater was
estimated by multiplying the copy number in 2 μl
RNA with 

where R is the recovery approximated to be 0.25
(25%), as calculated according to Weli et al. (2021).
The SAV data were log10 transformed before being
plotted using Excel (Microsoft Office Professional
Plus 2016).

The mengovirus RNA was not quantified, but run
as an internal process control to monitor the method-
ology’s performance. The samples were analyzed
undiluted (1:1) and diluted (1:4) to check for the pres-
ence of inhibitors (e.g. salt and organic matter) that
could influence the RT-qPCR and target quantifica-
tion. Undiluted samples were considered as being
inhibited if a Cq difference of less than 2 cycles was
found between the 1:1 and 1:4 dilutions. For these
samples, the 1:4 dilution was used to estimate the
virus  quantities.

2.7.  Fish analysis

Farmed Atlantic salmon investigated for SAV were
collected monthly in connection with the national
surveillance program for PD (i.e. ≥20 fish per site)
at all 7 sites. Samples of the spongious tissue from
the cardiac ventricle were stored in RNAlater, pro-
cessed and analyzed for SAV by RT-qPCR at 3
 different external laboratories. Positive results were
reported to the Food Safety Authorities and pub-
lished on Barentswatch (https://www.barentswatch.
no/fiskehelse).

2.8.  Sequencing of SAV in seawater samples

A selection of the SAV-positive seawater concen-
trates was subjected to Sanger sequencing of the
SAV E2 gene (which allows separation between all
known SAV subtypes), on an Applied Biosystems
3500xl Genetic Analyzer with BigDye Terminator
v3.1 Cycle Sequencing Kit, according to standard
protocols at NVI. An additional PCR for the SAV E2
region was performed, and primers identical to those
previously used in the PCR amplification step were
used for sequencing (F-primer: 5’-GCC ACC ACC
TGT CCG ATC TG-3’; R-primer: 5’-ACC AAG GTT
CCG TGT AGT TAG C-3’), giving amplicons of 488
bp (Hjortaas et al. 2013).

2.9.  Statistical analysis

An investigation was carried out to examine
whether there was a relationship between the num-
ber of SAV copies detected in seawater samples and
the number of days between collecting these sam-
ples and detection of SAV in heart tissue from fish.
The number of days is bound by the generations at
the sites that were monitored. Therefore, if SAV was
not detected in fish tissue samples at a site during
one generation, this may be because the fish popula-
tion had not been infected, or because it was slaugh-
tered before the viral load was detectable. In the lat-
ter case, the number of days is unknown. These
so-called ‘right-censored’ data are common in sur-
vival analyses. A survival regression was employed
under the assumption that the errors followed a
Weibull distribution using the ‘survreg’ function in
the ‘survival’ extension package in R (Therneau &
Grambsch 2000, Therneau 2015). In this case, the
‘survival’ is synonymous with keeping the status as
‘not infected’ from fish samples. More information

20 2 4
1× ×.
R
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about Weibull regression models in R can be found
in Zhang (2016).

In addition, the number of SAV copies recovered
using RT-qPCR has a limit of detection (LOD). If viral
RNA was not detected in the sample, this may be
because the virus was not present, or was present in
concentrations below the LOD. In the latter case, the
data were ‘left-censored’, which can be an issue with
a large amount of non-detects. To overcome this issue,
data below LOD were imputed as random draws
from a log-normal distribution, where the mean and
standard deviation were derived from censored data
using the Kaplan-Meier method (Canales et al. 2018,
Lee 2020). The LOD used in our calculations is from
the study of Bernhardt et al. (2021).

Aldrin et al. (2015) have shown that stocking sea-
son, salmon abundance, salmon weight, and water
temperature affect the SAV infection dynamics, and
these factors may therefore also affect the number
of days between a positive detection in water sam-
ples and a positive detection in heart tissue. The
NVI has access to monthly salmon abundances, sal -
mon weights, and production histories in Norwegian
Atlantic salmon farms, through the extensive moni-
toring of the aquaculture industry, administered
by the Directorate of Fisheries. These factors were
therefore regarded as potential explanatory vari-
ables that could be tested statistically.

A possible relationship between SAV copies l−1 and
days between detection in water and detection in fish
may differ between the sites, due to differing oceano-
graphic properties or other unmeasured effects. We
therefore regarded site as a potential explanatory
variable. In addition, given that positive water sam-
ples reflect the presence of virus shedding in the
farm, we assume that the virus was present for the re-
mainder of the production cycle. In some cases, SAV
was detected on more than one sampling occasion at
a site prior to the detection of SAV in fish tissue. To ac-
count for both of these issues, we calculated the cu-
mulative average number of SAV copies l−1 in consec-
utive water samples at each site, and regarded this
measure as a potential explanatory variable. In addi-
tion, the probability that a cohort becomes infected
with SAV is expected to increase with time per se,
as a monthly background infection rate. Hence, the
following variables were regarded as possible ex-
planatory variables prior to the model selection:
stocking season, salmon abundance (log transformed),
salmon weight (log transformed), age (number of
months since stocking), water temperature, site
(SA−SG), SAV copies l−1 in water samples, and the cu-
mulative average of the latter. The number of SAV

copies l−1 in water samples was tested with and with-
out log transformation. All log transformations were
employed using the natural logarithm, and 1 was
added to the original value to avoid taking the loga-
rithm of zero.

Samples were collected from all net-pens at each
site and considered as pseudo-replicates. Therefore,
the mean SAV copies l−1 from each site sampled at the
same time point was included in the analyses. We em -
ployed a forward model selection using the Akaike’s
in formation criterion (AIC) as an optimization criterion,
and competing models were tested using ANOVA ta-
bles (Anova function in R). Level of significance (α) for
all analyses was set to 0.05.

All statistical analyses were performed using the
R statistical software (version 3.6.2) (R Core Team
2019). Models were plotted using the ggplot2 pack-
age in R (Wickham 2016).

3.  RESULTS

3.1.  Pilot study

A total of 18 seawater samples collected in the pilot
study were all found to contain SAV, with 75% show-
ing an inhibitory effect on the RT-qPCR. The parallel
SAV measurements at 3 water depths and sampling
points differed, but showed the same trend at sam-
pling points A and B (Fig. 3).

Inside the net-pen (i.e. sampling points A and B),
the SAV concentrations decreased with water depth.
Overall, the highest SAV concentrations were de tec -
ted in the seawater samples collected inside the net-
pen at 0.15 m below the water surface, with 5.91 log10

(SAV copies l−1) and 5.97 log10 (SAV copies l−1) from
sampling points A and B, respectively. The SAV con-
centrations at sampling points A and B at 0.15 m
depth were approximately at the same level.

Outside the net-pen (i.e. sampling point C), SAV de-
tection revealed the opposite trend to sampling points
A and B, with the highest SAV concentration at 10 m
(5.08 log10 [SAV copies l−1]) and the lowest SAV con-
centration (3.29 log10 [SAV copies l−1]) at 0.15 m.

From the sampling depths of 0.15, 5, and 10 m, the
seawater temperatures were 17.3, 17.2, and 16.9°C,
respectively.

3.2.  Field study

A total of 286 seawater samples were collected from
all net-pens at 7 different Norwegian marine farm
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sites of Atlantic salmon (SA−SG) during
May 2019−January 2020 (Table 1). Ad -
ditionally, 7 sea water samples were
collected at a distance of ~200− 300 m
from each site (September− October
2019). The sample temperature was
measured to be between 0.3 and 18.8°C
(7.0 ± 3.4°C) upon arrival at NVI.
Forty-two samples (15%) were SAV-
positive, of which 25 (60%) showed an
inhibitory effect. The results for each
site are shown in Table 1.

At SA, SAV was first detected in the
seawater in June 2019 from 1 of the 6
net-pens, i.e. 4 mo before the first SAV
detection was made in heart tissue
from fish (Table 1). The following
month, no detection of SAV was made
in the seawater samples collected from
any of the net-pens; however, the pres-
ence of the virus was again revealed
from August until December 2019. A
monthly increase of the SAV concen-
tration in the seawater collected at the
site between August and November was followed by
a de crease in all 4 net-pens in December. In January
2020, no SAV detection was made in any of the sea-
water samples collected from the site. The highest
SAV concentration (5.34 log10 [SAV copies l−1]) was
found in the seawater sample collected from 1 of
the 4 net-pens in November. PD was first confirmed
by analysis of fish samples collected at SA in October
2019. The initial number of net-pens at SA was 6. Of
these, the fish populations in 2 net-pens were slaugh-
tered in Au gust and January, respectively, before
water sampling, leaving only 2 net-pens for collec-
tion of seawater samples in the last month of the field
study.

Low concentrations of SAV were found in seawater
from only 2 out of 5 net-pens at SB in late August (i.e.
second sampling that month), and in October from 1
out of the 4 net-pens at SC. SAV was never detected
in fish from SB during the study period, or any time
before slaughter. At SC, SAV was detected in fish in
June 2020, i.e. after the study period had ended.

Seawater collected at SD revealed the presence of
SAV only once during the study period, which was in
1 out of 5 net-pens in October. At SE, SAV was de -
tected in the seawater in 1 out of 10 net-pens as early
as in June (with a comparable SAV concentration to
what was found at SD in October), and then every
second month with an increasing virus concentra-
tion. Detection of the highest SAV concentration in

seawater collected from SE was made in October.
SAV was never de tected in fish samples at SD during
the study period, or any time after until fallowing,
while at SE, PD was confirmed in February 2020.

At SF, SAV was detected in the seawater for the
first time in July from 1 out of 6 net-pens, then in all
5 net-pens in November, and then in 1 out of 2 and in
2 out of 2 net-pens in December and January, respec-
tively. The highest concentration of SAV at SF was
found in seawater collected in November, and SAV
was first found in fish samples in January. At SG, SAV
was detected in the seawater samples for the first
time in August in 1 out of 7 net-pens, and next in Jan-
uary in 2 out of the 5 remaining net-pens, which
tested positive with the highest SAV concentrations
at this site during the study period. SAV was never
detected in fish at SG during the study period, or any
time after until fallowing.

A single 1 l seawater sample was collected ~200−
300 m from each site in September (i.e. SA, SB, SF, and
SG) and in October (i.e. SC, SD, and SE), and only one of
these (SA) revealed the presence of SAV by RT-qPCR.
At SA, SD, SF, and SG, the number of net-pens de-
creased due to slaughtering of fish populations, leaving
fewer net-pens for sampling for the study period.

The seawater temperatures measured at 3 m depth
on the same weeks as the sampling varied between
8.1 and 17.2°C (11.6 ± 2.9°C) at SA, between 8.0 and
17.7°C (13.0 ± 3.4°C) at SB, between 8.0 and 16.7°C
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Fig. 3. SAV copies l−1 seawater from a net-pen holding pancreas disease diag-
nosed fish (pilot study). Quantification was performed using RT-qPCR. Nine
seawater samples were collected in duplicate (2 × 1 l) from 3 sampling points
(A, B, and C) at 3 depths (0.15, 5, and 10 m) (see Fig. 1). The SAV concentra-
tion in replicates 1 (circles) and 2 (triangles) is shown together with the mean
(central bar) and SD (error bars). The limit of detection (LOD: 2.94 log10 [SAV
copies l−1]) and the limit of quantification (LOQ: 3.44 log10 [SAV copies l−1]), as
calculated by Bernhardt et al. (2021), are represented by the solid red and 

green horizontal lines, respectively
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(11.5 ± 2.9°C) at SC, between 11.9 and
18.4°C (14.7 ± 2.9°C) at SD, between
11.6 and 18.2°C (14.4 ± 2.9°C) at SE,
between 6.5 and 19.0°C (12.7 ± 4.1°C)
at SF, and between 6.7 and 18.0°C
(12.8 ± 3.8°C) at SG.

3.4.  Sequencing of SAV from the
seawater samples

Three seawater samples with the
highest SAV concentrations from dif-
ferent sites (i.e. SA, SF, and SG), were
selected for sequencing of the E2
gene. The sequence from SA (Cq < 30)
represented SAV3, while seawater
samples from the other 2 sites (i.e. SF:
Cq > 30 and SG: Cq > 35) did not pro-
vide any useful sequences.

3.5.  Statistical analysis

During the large-scale field study,
SAV was de tec ted in both the 1 l sea-
water and fish samples at 4 out of the
7 sites (i.e. SA, SC, SE, and SF), and
SAV was detected earlier in the sea-
water than in fish at all sites. The final
model included site (SA−SG), fish age,
log-transformed cumulative average of
SAV copies l−1, and salmon abundance
(log transformed). The linear predic-
tors from this model are presented in
Table 2 and Fig. 4 to illustrate the
functional relationship between num-
ber of days between seawater sam-
pling and SAV detection in fish. All
combinations of explanatory variables
that were tested during model selec-
tion gave the same qualitative result:
SAV copies l−1 was a highly significant
predictor of the number of days be -
tween SAV detection in seawater and
in fish samples at the same site, with
a negative estimate. Thus, there was
a significant negative relationship be -
tween the cumulative average SAV
copies l−1 and number of days between
SAV detection in seawater and in
fish samples at the same site (Fig. 4,
Table 2). This means that with a higher
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SAV copies l−1, the SAV detection in fish occurred
closer in time.

SAV copies were quantifiable only at SA and SF,
and much of the trend in the model was driven by the
data from SA. Two new reduced models were there-
fore fitted as a sensitivity analysis, using only SA data
and using all data omitting SA data. The reduced
models both produced a significant reduction in the
expected number of days to SAV detection in fish tis-
sue with increasing virus concentrations in water
samples (data not shown).

4.  DISCUSSION

This study demonstrated that SAV
can be detected earlier in seawater
samples than in fish samples collected
monthly from different Norwegian
marine farm sites of Atlantic salmon.
We have shown that the filtration
method has great potential as an alter-
native method for surveillance of SAV
in fish farms. The result is consistent
with our previous in vitro and chal-
lenge trial studies (Weli et al. 2021,
Bernhardt et al. 2021).

First, a pilot study was carried out in
a net-pen holding a fish population
with a recent PD diagnosis, with the
aim to find out at which water depth
and location the highest concentra-
tions of SAV in sea water could be
found, as a way of optimizing the sub-
sequent large-scale field study. Sea-
water samples collected from the top
layer (0.15 m) and greater depths (5
and 10 m) showed up to a 10-fold dif-
ference in SAV concentrations, with
the highest concentrations from the
top layer. Additionally, sampling from
the top layer constituted by far the
most practical method for application
under field conditions, and gave sup-
port to the choice of the sampling pro-
cedure for the large-scale field study.

In the large-scale field study, we
compared surveillance of SAV at mar-
ine farm sites of Atlantic salmon using
sampling of seawater versus screening
of fish. Results showed that detection
of SAV was made earlier in seawater
than in fish samples at all sites where
the fish tested positive for SAV (i.e.
SA, SC, SE, and SF). Thus, water sam-

pling from a fish population’s aquatic environment
seemed to give a more representative image of SAV
status and allowed an earlier detection of the virus,
versus sampling of relatively few fish individuals.

At sites with positive SAV detection in the water
samples, but not in the fish samples (i.e. SB, SD and
SG), this might be explained by having too few in -
fected fish to be detected in a limited fish sample (i.e.
small prevalence of infected fish). However, if the
fish had been monitored for a longer period of time at
these sites, a higher prevalence could have been
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Estimate SE p

Intercept — Site A (SA) 5.38 0.58 <0.001
Site B (SB) 6.87 0.00 <0.001
Site C (SC) 0.80 0.28 0.044
Site D (SD) 269.32 0.00 <0.001
Site E (SE) 1.76 0.16 <0.001
Site F (SF) 1.83 0.13 <0.001
Site G (SG) 1281.06 0.00 <0.001
Cumulative average of copies l−1 (log) −0.65 0.047 <0.001
Salmon abundance (log) 0.20 0.024 <0.001
Age −0.084 0.037 0.022
log(scale) −1.47 0.16 <0.001

Table 2. The model selection revealed that the number of days between SAV
detection in seawater and in fish was an effect of the farm site and the cumu-
lative average SAV copies in 1 l seawater. Therefore, the final model included
days between detections as a response variable, while the cumulative average
SAV copies l−1, salmon abundance, age (months since stocking), and site are
the predictors. The estimate for Site A (SA) is the intercept, while the other
sites are presented as differences from the intercept (contrasts). Shaded rows
illustrate arbitrary contrasts estimated for the sites that had samples that were 

all negative

Fig. 4. Relationship between the cumulative average number of SAV copies
(predictor) in 1 l seawater and the number of days (response) until detection of
the virus in the fish samples at the same farm site. SAV copies were quantified
by RT-qPCR. Four sites (SA, SC, SE, and SF) were positive for SAV in both the
seawater and fish samples. Both the response and the predictors are back-
transformed from the log scale. The relationship between SAV copies l−1 and
the number of days until detection in fish samples at each of these sites was
negative, meaning that the more SAV copies found in the seawater, the closer 

in time was SAV detection in fish
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found, allowing SAV detection in the fish during the
fish screening. In contrast, if the environmental con-
ditions did not facilitate an escalation of the preva-
lence at these sites, fish screening might have stayed
negative, which highlights the role of the ‘epidemio-
logical triad’ (Snieszko 1974).

A significant increase in SAV copies was found in
the seawater samples, the closer in time SAV detec-
tion was made in fish (Fig. 4). However, the results
showed that most of the SAV-positive seawater sam-
ples were below the LOD, as calculated by Bernhardt
et al. (2021) (Fig. 4). This indicates that the LOD,
which was estimated in a challenge trial with tank
water, is too high for the seawater samples in the
present study. Specifically, the actual recovery of the
virus will vary from sample to sample, and the SAV
recovery in our samples was probably higher than
the 25% as calculated in the in vitro study (Weli et al.
2021) and used in our LOD calculation. This means
that our LOD is a ‘conservative’ estimate, which does
not overestimate the sensitivity of the method. The
LOD and the limit of quantification (LOQ) were not
calculated for the field water samples due to practical
reasons.

In the present study, SAV detection in the seawater
was done at sites with varying temperatures, but the
highest SAV concentrations were found in the colder
months (Table 1). This observation is in contrast to
the monthly incidence rate for PD in salmonids in
Norway, which showed the highest incidence during
the summer and autumn (Sommerset et al. 2020). In
fact, previous observations suggest that the water
temperature at the time of infection may be connec -
ted to the pathogenesis of PD; when the water tem-
peratures are rising, more acute and shorter-lived
outbreaks occur, whereas when water temperatures
are decreasing, there are more chronic courses of the
outbreaks (McLoughlin & Graham 2007). Hence, in
the present study, the higher SAV concentrations
found in the colder months could be due to more
shedders, or coincidences such as the time of with-
drawal, sampling location, etc., but primarily due to
the fact that the virus particles are more stable in
colder water (Graham et al. 2007, Jarungsriapisit et
al. 2020).

Consistent seawater sampling was ensured for the
large-scale study by a team of fish health inspectors,
with each inspector assigned their own specific task.
Before the start of the field study, they had all re -
ceived on-site instructions and educational material,
including a manual, instructional video recording,
and equipment, ensuring consistency in the way the
seawater samples were collected and stored. The

sampling of fish was done in order to comply with the
mandatory surveillance program, and was carried
out according to the regulations; as such, the sam-
pling was not under the control of the present study.
Hence, there is no information about which net-pen
the sampled fish were withdrawn from, in connection
with the monthly sampling.

Natural seawater contains both salts and other RT-
qPCR inhibitors, which might influence the virus
quantification. In this study, most of the SAV-positive
seawater samples showed an inhibitory effect, which
was solved by using the 1:4 dilution for quantification
of SAV in these samples. Diluting the RNA is not
desirable as detection sensitivity and the precision of
quantification are reduced. This problem could have
been avoided by using reverse-transcription droplet
digital PCR (RT-ddPCR), which has a higher toler-
ance to inhibitors (Rački et al. 2014a,b). However,
RT-ddPCR is a more expensive method, and due to
the large number of seawater samples in the present
study, RT-qPCR was used for detection of SAV. The
molecular method for detection of SAV is based on
the selected segment of the virus’s genetic material,
meaning SAV detected in the seawater does not nec-
essarily have to be viable. Nevertheless, the present
study aimed to provide information about the mere
presence of the virus in seawater from the aquatic
environment of the farmed fish.

Seawater samples were transported by express
delivery to the NVI laboratory for filtration and
analysis. However, a more convenient and cheaper
use of the method, especially if increasing the water
volume, can be achieved by processing the sample in
the field and subsequently shipping the concentrate
stored at −20°C. Alternatively, the filter could be
stored in some form of transport me dium (i.e. lysis
buffer). Overall, there is a need for optimization of
the method and screening design by carrying out
more studies, including more extended study peri-
ods, under different environmental conditions and
testing sampling procedures, in order to establish
water filtration as an alternative method for surveil-
lance of SAV at fish farms.

Based on these findings, it was shown that the
 filtration method has great potential to be implemen -
ted for surveillance of farmed salmonid populations
for early detection of SAV infection. It seems to be a
straightforward, cost-efficient, time-saving, re source-
saving, and animal-welfare-friendly ap proach for de-
tecting this virus at fish farms, compared to traditional
methods. If seawater samples are identified as SAV-
positive in connection with surveillance, infection in
the fish population will still have to be confirmed by
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subsequent sampling and testing of fish. Neverthe-
less, this approach for surveillance will reduce, to
a great extent, the overall sacrifice of fish, and also
the costs, as sampling of fish would probably be un-
necessary in periods with SAV-negative water sam-
ples. SAV detection in water, which indicates a signif-
icant likelihood of subsequent SAV detection in fish,
could also initiate implementation of disease control
measures on neighbouring farms, allowing improved
biosecurity measures and more effective health man-
agement of marine-farmed Atlantic salmon. The wa-
ter analysis may also have the potential for surveil-
lance of other pathogens in farmed fish populations.
However, further optimization, validation, and practi-
cal use of this new water filtration method, alongside
screening of fish, are required to evaluate the imple-
mentation of water filtration for surveillance of SAV
in a fish population.
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