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1.  INTRODUCTION

In 2000, in the Province of Åland, Baltic Sea, Fin-

land, several brackish water fish farms producing

rainbow trout Oncorhynchus mykiss for consumption

were infected by viral haemorrhagic septicaemia

virus genotype Id (VHSV Id) (Raja-Halli et al. 2006).

The virus spread rapidly to almost all fish farms,

resulting in the entire province being declared a

restriction area in 2001 (Raja-Halli et al. 2006).

VHSV belongs to the genus Novirhabdovirus of the

family Rhabdoviridae (Walker et al. 2000). It is a

single-stranded enveloped RNA virus that is catego-

rized into 4 genotypes (I−IV), of which I and IV have

several sublineages (Ia−Ie, IVa−IVc) (Snow et al.

1999, Einer-Jensen et al. 2005, Elsayed et al. 2006,

Ammayappan & Vakharia 2009, Pierce & Stepien

2012). VHSV is shed in the water via fish urine and

reproductive fluids, and virus has been shown in sub-

clinical and clinically affected rainbow trout as well

as survivors of the disease (Wolf 1988, Oidtmann et

al. 2011). VHSV-positive fish farms and liquid waste

from processing plants handling VHSV-positive fish

are considered a risk to susceptible fish species if

released into the environment (Hervé-Claude et al.

2008, Bain et al. 2010, VHSV Expert Panel and Work-
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eases. To show the presence of VHSV in the environment, we tested seawater, sediment and wild

blue mussels Mytilus edulis from VHSV-infected fish farms, and liquid waste from a processing

plant that handled infected rainbow trout. Additionally, blue mussels were bath-challenged with

VHSV (exposed to cultivated virus or naturally infected rainbow trout). To detect VHSV, virus iso-

lation in cell culture and real-time reverse transcriptase polymerase chain reaction (qRT-PCR)

were used. The virus or viral RNA was detected in sea water and in liquid waste from processing

plants during wintertime when water temperature is close to 0°C and sunlight is sparse. VHSV did

not appear to replicate in blue mussels in our study. Therefore, blue mussels were not considered

relevant carriers of VHSV. However, traces of viral RNA were detected up to 29 d post challenge

in mussels. Contact with water from processing plants handling VHSV-infected fish populations

increases the risk of the disease spreading to susceptible fish populations, especially during cold

and dark times of the year.
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ing Group 2010, Phelps et al. 2012, Pearce et al. 2014,

Oidtmann et al. 2018).

Blue mussels Mytilus edulis are common inhabi-

tants of brackish water fish farms in the Baltic Sea.

The mussels attach to farm equipment such as

anchor ropes and supporting framework where they

feed by filtering particles from the water. The seabed

beneath the net pens is also covered by mussels that

cannot be removed when a fish farm is fallowed due

to notifiable fish diseases. The role of shellfish used

for consumption as carriers of viral pathogens of

human origin such as noroviruses, enteroviruses and

hepatitis A virus is well described (Richards 1985,

1988, Power & Collins 1989, Kingsley & Richards

2003). The role of mussels as transmitters of fish

pathogens is not well known. There are indications

that infectious pancreatic necrosis virus (IPNV) and

other aquatic birnaviruses may persist in mussel tis-

sue (Mortensen et al. 1992, Rivas et al. 1993). Fur-

thermore, a challenge study showed that blue mus-

sels were able to transfer IPNV to challenged

Atlantic smolts (Molloy et al. 2013). IPNV is a non-

enveloped birnavirus that is resistant to physico-

chemical factors (Bovo et al. 2005). On the other

hand, infectious salmon anaemia virus (ISAV), which

is an enveloped virus like VHSV, did not persist in

mussels after the source of infection was removed

and thus mussels are not considered as potential

transmitters of ISAV (Skår & Mortensen 2007). In

another challenge of blue mussels with ISAV, viral

RNA was detected in all samples from the 144 h chal-

lenge, but all samples were negative by culture

analysis (Molloy et al. 2014). There are no re ports on

whether blue mussels could act as transmitters of

VHSV or shed the virus. Survival of VHSV outside

the host depends on physico-chemical conditions in

the environment (Bovo et al. 2005). In cold water

(4°C), VHSV can survive for a few days in natural

fresh water or seawater and up to a year in filtered

fresh water (Parry & Dixon 1997, Hawley & Garver

2008). In warm temperatures (20°C), VHSV is less

stable (Hawley & Garver 2008). Fresh water seems to

be more favourable for virus survival than seawater

(Hawley & Garver 2008). Rhabdoviruses such as

VHSV and infectious haematopoietic necrosis virus

are sensitive to ultraviolet (UV) irradiation (Øye & Rim -

stad 2001, Yoshimizu et al. 2005, Afonso et al. 2012).

Attempts to eradicate VHS from the fish farms in

the restriction area in the Province of Åland failed

several times (Raja-Halli et al. 2006). VHS-positive

fish farms were emptied of fish, and farming equip-

ment was removed, washed and disinfected accord-

ing to instructions from the authorities. After repopu-

lation of fallowed (>8 wk) farms with fish from a

VHSV-free area, new infections were detected as

early as 2 wk after repopulation (our own observa-

tions). In earlier studies performed in this restriction

area, we described different surveillance procedures

and diagnostic methods to screen for VHSV-infected

fish populations (virus isolation in cell culture and

real-time reverse transcriptase polymerase chain

reaction [qRT-PCR] and serology to detect antibodies

against VHSV). We found active surveillance per-

formed by the fish farmers, whenever there were

signs of a possible fish disease, to be more effective

than passive surveillance. The results of the qRT-PCR

method corresponded well with the results from the

parallel testing of the same samples with virus isola-

tion in cell culture (Vennerström et al. 2017). We

screened wild fish living in the vicinity of VHSV-

infected fish farms in this restriction area for VHSV

during 4 years, but wild fish were not found to be rel-

evant carriers of this virus (Vennerström et al. 2018).

On the other hand, whitefish Coregonus lavaretus
that were cultured in the same farms or close to

VHSV-infected rainbow trout populations were prob-

able disease transmitters, as they were found to be

infected by VHSV without observed mortality in an

infection trial (Vennerström et al. 2018). 

The infrastructure of fish farming in the study area

did not consider spreading of infectious diseases.

Processing plants were important to fish farming

practices, and contacts between fish farms and pro-

cessing plants occurred daily. Contacts between in -

fected fish populations were also common during

daily servicing of fish farms by personnel and boats.

In the present study, we looked for possible reser-

voirs of the virus in the environment surrounding the

fish farms and processing plants, such as wild mus-

sels, sediment, seawater from VHSV-infected farms

and liquid waste from plants processing VHSV-

positive fish populations. No studies have addressed

these issues concerning VHSV genotype Id in brack-

ish water fish farms in a VHSV restriction area, and

no studies of the persistence of VHSV in mussels

have been reported. To address whether blue mus-

sels could be carriers of VHSV by protecting the virus

from environmental factors such as UV light, we

tested wild mussels living in VHSV-infected fish

farms for VHSV and performed 2 infection trials with

mussels in VHSV-contaminated aquarium water.

Information on the source of VHSV in the environ-

ment was needed to plan eradication measures and

point out to farmers possible sources of infection and

the importance in changing the infrastructure to

consider infectious fish diseases.
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2.  MATERIALS AND METHODS

2.1.  Collection of seawater, sediment and liquid

waste samples

In April and May 2008, as well as in January

and March 2009, seawater samples were collected

from the close vicinity (<1 m) of net pens in 2 fish

farms: Farm A owned by Company 1 and Farm B

owned by Company 2. Both companies produced

rainbow trout for human consumption in the Baltic

Sea on the southwest coast of Finland. The pro-

cessing plant of Company 1 was situated next

to Farm A. The processing plant of Company 2

was situated >5 km from Farm B, but whitefish

Coregonus lavaretus were farmed next to the pro-

cessing plant during this study. Both Farms A and

B had rainbow trout populations experiencing a

clinical VHS outbreak at the time of sampling.

Seawater samples were also collected at the load-

ing dock of the fish processing plant of Company 2

at the time VHSV-positive rainbow trout were pro-

cessed; however, during sampling in March 2009,

only whitefish were processed at this plant. Water

temperatures were 4°C in April 2008, 7−10°C in

May 2008 and approximately 0°C in January and

March 2009. Water samples of 5 l were collected

from the surface and from 2 m depth. During April

and May, altogether 40 samples were collected on

3 occasions. Sediment was collected from the sea -

bed beneath net pens of Farm A with an Ekman

grab sampler. Liquid waste was collected in Janu-

ary and March 2009 from different parts of the

processing plant of Company 2: the carbon di -

oxide stunning basin, bleeding basin, kidney re -

mover and liquid waste drain before and after final

decontamination treatment. All water samples were

protected from sunlight, kept cool during trans-

port and storage, processed and tested in the

Department of Food Hygiene and Environmental

Health, Faculty of Veterinary Medicine, Univer-

sity of Helsinki. Sampling sites and the number of

water, sediment and liquid waste samples collected

are shown in Table 1.
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Farm Sampling Water Sample Sample N samples Water Virus isolation qRT-PCR

date temp. type origin (pooled for filtering N CPE pos / N pos / N CPE N water samples 

(°C) qRT-PCR) N samples pos cell culture pos / N tested

Company 1

A April−May 4 Seawater Net pens with 21 Yes nd nd 1/21

2008 VHSV-positive trout

A April 4 Sediment Under net pens 10 nd nd 0/10

2008 VHSV-positive trout

Company 2

B May 10 Seawater Net pens with 19 Yes nd nd 0/19

2008 VHSV-positive trout

PP January 2 Seawater Net pens with 3(1) Yes 0/3 nd 1/1

2009 VHSV-positive trout

Seawater Loading dock of 3(1) Yes 0/3 nd 1/1

slaughterhouse

PP January 2 Liquid waste Stunning basin 3 2/3 2/2 3/3

2009 Liquid waste Bleeding basin 3 1/3 1/1 3/3

Liquid waste Kidney remover 2 2/2 2/2 2/2

Liquid waste Drain before 3 3/3 3/3 3/3

disinfecting

Liquid waste Drain after 3 0/3 nd 0/3

disinfecting

PP March 0 Seawater Loading dock of 2 Yes 0/2 nd 2/2

2009 slaughterhouse

PP March 0 Liquid waste Stunning basin 2(1) 1/2 1/1 1/1

2009 Liquid waste Bleeding basin 2(1) 2/2 2/2 0/1

Liquid waste Kidney remover 2(1) 2/2 2/2 1/1

Liquid waste Drain before 2(1) 0/2 nd 0/1

disinfecting

Table 1. Results of testing for viral haemorrhagic septicaemia virus (VHSV) in seawater, sediment and liquid waste water from

2 VHSV-positive fish farms (A and B) and a plant that processed VHSV-positive fish. CPE: cytopathic effect; N: number; nd:

not done; pos: VHS-positive samples; PP: processing plant of Company 2; qRT-PCR: direct real-time reverse transcriptase 

polymerase chain reaction; water filtering: water samples were filtered before testing with qRT-PCR
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2.2.  Wild blue mussels for virological examination

Blue mussels living on anchor ropes in Farms A

and B and on a third fish farm (control Farm C) were

tested for VHSV. The sampling scheme is presented

in Table 2. Farm C also produces rainbow trout for

consumption in net pens in the Baltic Sea but is situ-

ated outside of the VHS restriction area where VHSV

has been screened for since 1995 but never reported.

Mussels from control Farm C were tested in May 2007

at a water temperature of 9°C. Mussels from all farms

were transported in a cooled transport box on moist

paper to the Finnish Food Safety Authority (Evira,

now named the Finnish Food Authority) in Helsinki

to be tested for VHSV.

2.3.  Collection of mussels for bath challenge

studies

Mussels (length ca. 3 cm) for 2 different bath chal-

lenges were collected from the anchor ropes of con-

trol Farm C and transported to the laboratory at Evira

(first bath challenge) and to a VHSV-positive fish farm

(second bath challenge). From the control farm, mus-

sel samples were also collected for VHSV testing.

2.3.1.  Bath challenge of mussels with VHSV

Three test aquariums (I, II, III), 2 l each, were kept

in a refrigerated dark room at 5°C. Seawater for the

aquariums was transported in plastic

canisters from control Farm C. Sixty

mussels were selected and placed arbi-

trarily in each aquarium. The aquari-

ums were aerated, and the water was

changed daily to imitate the natural

water currents on the farm where water

is changing continuously. The mussels

attached to the surface of the aquar-

ium and started filtering water after

a few hours. The bath challenge was

started the day after transfer. Just be -

fore the challenge started, the water

from all 3 aquariums (I−III) was re -

moved, the mussels were rinsed 3

times with seawater, and the aquari-

ums were each filled with 2 l of seawa-

ter. The rinse was performed to make

the environment as free from faeces

excreted by the mussels as possible

before adding 5 ml of VHSV strain

Fika422, genotype Id (GenBank accession no.

AY546615; Einer-Jensen et al. 2004), virus titre 107

TCID50 in each aquarium. The virus had been culti-

vated in bluegill fry fibroblast (BF-2) cells (Wolf et al.

1966) growing in Eagle’s minimal essential medium

(MEM) at 16°C until complete destruction of the cell

monolayer. The virus-containing medium was added

to 2 test aquariums (I and II). Aquarium III was used

as a negative control, and 5 ml of sterile MEM were

added to this aquarium. The control aquarium was

treated and sampled in the same way as the 2 test

aquariums. Two different challenge times were used:

6 h for Aquarium I and 24 h for Aquarium II. Before

the challenge was terminated, 10 live mussels from

each treated aquarium were collected to be tested for

VHSV. The vitality of the collected mussels was de -

termined by evaluating their ability to filter water

and to close their shell when experiencing physical

contact. Pieces of hepa topancreas of 5 mussels were

sampled and pooled in 9 volumes of MEM (proportion

of tissue to MEM 1:10); the pooled samples were used

in virological examinations. The aquarium water was

replaced at the end of each sampling. The remain-

ing mussels in the aquarium were rinsed 3 times

with fresh seawater before the aquarium was refilled

with new seawater. Samples were collected arbitrar-

ily at intervals de scribed in Table 3. All waste water

was poured into plastic canisters and treated with

VirkonTM S ac cording to the manufacturer’s instruc-

tions before being poured into the disinfection tank

that heated waste water to 127°C for 60 min. The

outer surfaces of the aquariums and other equip-
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Farm Sampling date N N N pools positive / N pools tested

mussels pools Cell culture qRT-PCR

Company 1

A April 2006 13 7 0/7 nd

A May 2006 10 10 0/10 1a/10

A November 2006 100 20 0/20 0/20

Company 2

B May 2006 10 5 0/5 nd

B June 2006 50 10 0/10 0/10

Control farm

C May 2007 10 10 0/10 0/10

Total 193 62 0/62 1a/50

aWeak signal with threshold cycle cut-off >36

Table 2. Results of testing for viral haemorrhagic septicaemia virus (VHSV) in

the hepatopancreas of wild blue mussels from 2 VHS-positive fish farms (A

and B) farming rainbow trout for consumption in the Province of Åland, Fin-

land, and from a similar farm situated in a VHS-free zone on the west coast of

continental Finland used as a control farm (C). N: number; nd: not done; 

qRT-PCR: real time reverse transcriptase polymerase chain reaction
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ment used were disinfected with 70% ethanol, and

the surface of the aquarium table and the cool-room

floor were treated with VirkonTM S every time the

water was changed. The aquariums were covered

daily with new plastic sheets to avoid cross contam-

ination of the virus between study groups and con-

tamination by disinfectants.

2.3.2.  Bath challenge using

VHSV-infected rainbow trout

The second bath challenge was per-

formed at Farm A during a clinical out-

break of VHS. Mussels (n = 200) col-

lected from Farm C were divided into

2 groups of 100 mussels each (Group I

and Group II) and placed arbitrarily

into 2 different aerated tubs each filled

with 10 l of seawater from Farm A. The

tubs were kept in a refrigerated dark

room at 8°C. Four rainbow trout of ap -

proximately 1 kg each, with symptoms

typical of acute septic infection, i.e.

dark skin colour and exophthalmia,

were collected from the farm and trans-

ferred into the tubs, 2 fish in each. The

first 2 fish were held together with

Group I for 10 min and the other 2 fish

were kept with Group II for 20 min.

Due to ethical issues, the diseased

rainbow trout were kept in the tubs for

as little time as possible. To determine

whether the fish used for the infection

trial were infected by VHSV, the fish

were euthanized and necropsied im -

mediately after the end of exposure.

Samples from the spleen, anterior kid-

ney and heart were examined individ-

ually by cell culture and ELISA for fish

viruses according to Com mission Deci-

sion 2001/183/EC (EC 2001). After the

fish were re moved, the exposure of the

mussels to the water, now presumably

contaminated with VHSV, continued

for an additional 4 h. The water tem-

perature in the tub was 5°C at the

beginning and 8°C at the end of the

exposure. The mussels started to filter

water a few minutes post transfer. At

the end of the exposure, the mussels

were still alive, as they re acted to phys-

ical contact by closing their shells.

Immediately after the end of exposure, 10 mussels

from different parts of each tub were non-randomly

collected and sampled. These samples were trans-

ported on ice to the laboratory and further processed

the next day. The remaining live mussels were trans-

ported in a cool box on wet paper to the laboratory

where they were placed into 2 aquariums (2 l each;
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Time of sampling Aquarium N samples positive / N samples tested

Mussel hepatopancreas Aquarium

Virus isolation qRT-PCR water

in cell culture qRT-PCR

Bath challenge with VHSV

0 (before challenge) I, II, III 0/5 nd nd

6 h (at end of challenge) I 5/5 5/5 nd

1 d I 0/5 3/5 nd

1 d (at end of challenge) II 0/5 4/5 nd

2 d I 0/5 1/5 nd

2 d II 0/5 2/5 nd

3 d I 0/5 0/5 nd

3 d II 0/5 4/5 nd

6 d I 0/5 3/5 nd

6 d II 0/5 2/5 nd

Total (N, %, 95% CI) 5/50 24/45

(10, 4−21) (53, 39−67)

Bath challenge with VHSV-infected rainbow trout

0 (before challenge) I, II, III 0/3 0/3 0/1

At end of 10 min challenge I 0/2 2/2 2/2

At end of 20 min challenge II 0/2 1/2 2/2

1 d I 0/2 1/2 1a/1

II 0/2 1a/2 1a/1

2 d I 0/2 2/2 1a/1

II 0/2 0/2 1a/1

3 d I 0/2 1/2 0/1

II 0/2 0/2 0/1

4 d I 0/2 0/2 0/1

II 0/2 0/2 0/1

6 d I 0/2 1a/2 0/1

II 0/2 1a/2 0/1

8 d I 0/2 0/2 0/1

II 0/2 0/2 0/1

11 d I 0/2 0/2 0/1

II 0/2 0/2 0/1

14 d I 0/2 0/2 0/1

II 0/2 0/2 0/1 

22 d I 0/2 1a/2 0/1

II 0/2 0/2 0/1

27 d I 0/2 0/2 0/1

II 0/2 0/2 0/1

29 d I 0/2 1a/2 0/1

II 0/2 0/2 0/1

Total (N, %, 95% CI) 0/51 7/51 4/27

(0, 0−7) (14, 7−26) (15, 6−32)

aWeak signal with threshold cycle cut-off >36

Table 3. Viral haemorrhagic septicaemia virus (VHSV) isolations and real-

time reverse transcriptase polymerase chain reaction (qRT-PCR) results from

2 bath challenges of blue mussels with VHSV grown in cell culture and VHSV

from infected rainbow trout. In both trials, Aquarium I and II are test aquar-

iums and Aquarium III is a negative control aquarium in which all results

were negative and are not shown in the table. N: number; nd: not done; CI: 

confidence interval 
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Aquarium I and Aquarium II) the day after exposure.

The aquarium water that was used for the infection

trial was transported from control Farm C. One aquar-

ium with 100 mussels from Farm C was prepared as

the control (Aquarium III). Five filtering mussels from

each aquarium and 1 l of aquarium water were col-

lected before the water was changed and examined

for the presence of VHSV on Days 1−4, 6, 8, 11, 14, 22,

27 and 29 (Table 3). The treatment of the aquariums

and the facilities to avoid viral contamination was the

same as that described for the first bath challenge.

2.4.  Examination of samples from mussels, seawater

and liquid waste for VHSV by virus isolation

The samples from seawater, liquid waste and he -

patopancreas were processed according to standard

virological procedures. The hepatopancreas of a

maximum of 5 mussels was pooled in 9 volumes of

MEM, homogenized and centrifuged at 4000 × g
(20 min at 4°C). The seawater and liquid waste

samples were diluted similarly but not homoge-

nized. All samples were kept on ice during the pro-

cess. Supernatants from the organ homogenate,

diluted water samples and liquid waste were col-

lected, and 150 µl were inoculated into 24-well tis-

sue culture plates with monolayers of 2 different

cell lines: bluegill fry fibro blast BF-2 cells (Wolf et

al. 1966) and epithelioma papulosum cyprinid cells

(Fijan et al. 1983, Olesen & Vestergård Jørgensen

1992). The remaining supernatant was frozen to

−80°C for later examination using qRT-PCR. The

inoculated cells were cultivated for 2 consecutive

passages for a total of 14 d. Cell cultures with cyto-

pathic effects were collected and frozen for later

confirmation of the presence of VHSV using qRT-

PCR (Vennerström et al. 2017). Due to technical

problems, virus isolation was not performed from

seawater and liquid waste samples taken in April

and May 2008.

2.5.  Treatment of samples from seawater, 

aquarium water, liquid waste and sediment

Water samples were treated with methods de -

scribed by Maunula et al. (2012) with some modifi-

cations. In general, 5 l of the seawater samples

were prefiltered through a Waterra® filter (FHT-

700) (Powell et al. 2000), but in some cases, only

1 or 3 l could pass through the filter. Filtering was

continued through a GF/F membrane (Whatman

International). Virus particles were eluted from the

Waterra filter using 50 ml of 50 mM glycine-3%

beef extract (pH 9.5) and from the GF/F membrane

with 1 ml AVL lysis buffer (Qiagen) after shaking

for 10 min at room temperature. Both eluates were

subjected to RNA extraction with a Viral RNA Mini

Kit (Qiagen). Aquarium water from the infection tri-

als and the liquid waste samples were not filtered.

For determining the presence of VHSV, 140 µl of

each sample were collected for RNA extraction with

a Qiagen Viral RNA Mini Kit. Sediment samples

were diluted by taking 5 g of each sample and

adding 1 ml of phosphate-buffered saline. Suspen-

sions were briefly stirred, and 200 µl of the liquid

were taken for RNA extraction, which was performed

using a Nu clisens magnetic extraction kit (Bio-

mérieux). RNA was analysed using qRT-PCR both

undiluted and in 1:10 dilution (RNase-free water).

2.6.  qRT-PCR

The supernatants from the hepatopancreas−MEM

suspension that was prepared for virus isolation,

supernatants from the cell culture showing a cyto-

pathic effect and the sediment and water samples

were examined for the presence of VHSV using a

qRT-PCR method published earlier by Vennerström

et al. (2017). The qRT-PCR method was compared to

virus isolation in cell culture and correlated well with

the virus isolation results (kappa value = 0.877, sensi-

tivity = 1, specificity = 0.959; Vennerström et al. 2017).

Briefly, qRT-PCR was performed with a QuantiTect

Probe RT-PCR Kit (Qiagen) according to the manu-

facturer’s instructions. The primers and the probe

(MedProbe) for the qRT-PCR were designed accord-

ing to the VHSV nucleocapsid gene sequence from

GenBank, accession no. D00687, after Chico et al.

(2006) (Table 3). A threshold cycle (Ct) cut-off of 36

(<30 copies) was used in the analysis as estimated in

our earlier study (Vennerström et al. 2017). However,

results with Ct > 36 (showing a sigmoidal amplifica-

tion curve) are considered as possible traces of VHSV

RNA. The amplification efficiency of the qPCR re -

action of a standard curve based on the slope

(−3.44) was 96.8%.

2.7.  Statistical analyses

Due to small numbers of samples, data were only

described. We used 95% confidence intervals (CI) for

comparison of percentages. They were calculated

150
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using Epitools (Sergeant 2019) with the Wilson

method (Brown et al. 2001).

3.  RESULTS

3.1.  Occurrence of VHSV in environmental samples

from fish farms and a processing plant

The sampling scheme, methods and results from the

testing of samples for VHSV are presented in Table 1.

3.1.1.  Seawater

Only 1 sample taken from seawater at Farm A in

April 2008 (4°C) gave a weak positive reaction (95%

CI: 0.8−23) when tested for VHSV RNA using qRT-

PCR (Table 1). All seawater samples collected in May

2008 (4−10°C) from Farm B were negative (95% CI:

0−17) for VHSV RNA. Virus isolation was not per-

formed from any samples taken in April and May

2008. All samples that were collected in January and

March 2009 (0−2°C) were positive (95% CI: 30−95)

for VHSV RNA using qRT-PCR after filtering, but no

virus could be isolated from the same samples. No

difference was noticed between the samples taken

from the surface or from 2 m depth.

3.1.2.  Sediment from the sea bed

All collected samples from the sediment beneath the

fish farms were negative (95% CI: 0−28) for VHSV

RNA using qRT-PCR.

3.1.3.  Liquid waste

All liquid waste samples taken in January 2009

(2°C) from the processing plant before liquid waste

disinfection were positive for VHSV RNA using qRT-

PCR (95% CI: 74−100), and 73% of the samples

tested by cell culture (95% CI: 43−90) were positive

for VHSV (Table 1). No virus could be detected by

either method in samples taken after final disinfec-

tion of the liquid waste. In March 2009 (0°C) at the

second sampling time, when only whitefish were

processed, 50% of the samples tested positive using

qRT-PCR (95% CI: 15−85), and VHSV was isolated

from 63% of the samples (95% CI: 31−86). The liquid

waste disinfection system was not running at the

time of the second sampling, and therefore disinfec-

ted effluent could not be collected for testing.

3.2.  Occurrence of VHSV in wild mussels

VHSV was not isolated from the 62 pools of 193

blue mussels collected from fish farms (Table 2) that

were tested (95% CI: 0−6). Altogether, 50 pools of

organ samples from blue mussels were tested using

qRT-PCR and were found to be negative (95% CI:

0−7) for VHSV RNA, except in May 2006, when 1

sample from Farm A gave a weak signal (Ct > 36).

3.3.  Infection trials with blue mussels

3.3.1.  Bath challenge of blue mussels with VHSV

All tests from mussel samples taken before the

challenge started and from control Aquarium III

were negative (Table 3). VHSV was isolated only

once in this bath challenge performed with VHSV.

The isolation was made from the hepatopancreas at

the end of a 6 h challenge in Aquarium I (Table 3). No

virus was isolated from Aquarium II mussels (1 d

challenge) on any occasion. However, qRT-PCR gave

positive signals for VHSV RNA in both Aquariums

I and II throughout the follow-up period of 6 d.

3.3.2.  Bath challenge of blue mussels with

VHSV-infected rainbow trout

The 4 rainbow trout used to challenge mussels in

the infection trial showed typical signs of a septic

infection at necropsy: dark skin colour, exophthalmia,

reddish fluid in the abdominal cavity and petechiae

in the skin, visceral adipose tissue, liver and muscle

tissue. VHSV was isolated from all 4 individually

tested rainbow trout when analysed after the chal-

lenge. Genotype was not determined, but VHSV

geno type Id had been isolated from the same fish

population 3 d earlier (Vennerström et al. 2017). Hepa -

topancreas samples of the blue mussels in both

Aquarium I and II were VHSV negative in the cell

culture throughout the follow-up period of 29 d

(Table 3). qRT-PCR gave clearly positive results in

Aquarium I up to 3 d post infection and in Aquarium

II at the end of the 20 min challenge. In addition,

traces of viral RNA (Ct > 36) were detected several

times in the mussels throughout the follow-up period

until Day 29 in Aquarium I and Day 6 in Aquarium II.

In contrast, water samples that were analysed for

VHSV RNA showed a weak signal for only 2 d in

both groups. All samples from the control (Aquarium

III) were negative by cell culture and qRT-PCR.
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4.  DISCUSSION

We found that in seawater close to the net pens

with VHS diseased rainbow trout populations and

next to loading docks of processing plants handling

VHSV-positive fish, VHSV was more frequently de -

tected at cold water temperatures during wintertime

than in spring. Water temperature in the study area

was close to 0°C in January−March and 4−10°C in

April−May. Daylight is only 6 h in January but in -

creases to 14−16 h in April−May (Nordlund 2008,

Cornwall et al. 2020). The low amount of UV radia-

tion in wintertime (Finnish Meteorological Institute

2019) in the study area together with short daylight

hours and cold water temperature seems to be

favourable for virus survival. The result is consistent

with previous studies where VHSV was reported to

be sensitive to UV light and survive longer in cold

water temperatures than in warm (Ahne 1982, Parry

& Dixon 1997, Øye & Rimstad 2001, Yoshimizu et al.

2005, Hawley & Garver 2008, Afonso et al. 2012).

The difference in temperature between winter and

spring was not so high that temperature could be

considered of high importance alone. According to

the literature, there are indications that virus survival

could be decreased in an environment with bacteria-

and virus-inhibiting compounds (Mori et al. 2002,

Bovo et al. 2005). Extremely low water temperatures

could have a negative impact on the number of bac-

teria-, algae- and virus-inhibiting compounds in the

water and therefore give VHSV more favourable

conditions than in warmer water.

Liquid waste samples from the processing plant

collected in March 2009 were positive for VHSV

RNA, although only clinically healthy whitefish had

been processed at the time. Whitefish were not sam-

pled in this study, but in previous studies, we noticed

that although whitefish are not easily infected with

VHSV genotype Id, some fish in the population may

get infected and virus replication occurs (Venner-

ström et al. 2018). The processed whitefish were

farmed next to the processing plant where VHSV-

positive rainbow trout had been processed earlier the

same year. It is possible that whitefish may have

been infected by VHSV from that processing plant.

Another possibility for this virus-positive finding is

that the processing line was highly contaminated by

VHSV RNA from infected rainbow trout processed

earlier. According to our study, it is possible that pro-

cessing plants handling VHSV-positive fish and the

surrounding environment are contaminated with the

virus, especially in winter. For this reason, any con-

tact between processing plants and farmed suscepti-

ble fish populations should be avoided, especially

during the coldest and darkest time of the year. This

statement is also supported by a study conducted by

Oidtmann et al. (2011), who found high amounts of

VHSV Ia in both sub-clinically affected and survivors

of a VHSV-infected rainbow trout population. They

also suggested that processed fish from an infected

population and effluent from the processing plant

could pose a significant risk for spreading virus.

Based on the results of our studies on blue mussels,

it can be assumed that VHSV is not able to replicate

in blue mussels. This was shown by taking samples

from the hepatopancreas of mussels living in VHSV-

infected fish farms and by 2 different infection trials

with VHSV. The challenges were performed with 2

different methods, but the result was the same regard-

less of the method used. In our challenge studies,

VHSV RNA was detected in aquarium water only

during the bath challenge, but somewhat longer in the

samples taken from mussels. This difference could

have been due to the frequent water changes in the

test aquariums in order to give the mussels as good

conditions in the aquarium as possible. The finding of

viral RNA in mussels could also indicate that they

may serve as a physical attachment surface for VHSV,

protecting the virus from environmental effects by

providing a cleaner environment. VHSV is an en -

veloped virus that is not as resistant to environmental

effects as birnaviruses, e.g. IPNV, that are non-

enveloped and have been found in free-living mol-

luscs (Mortensen et al. 1992, Rivas et al. 1993, Bovo et

al. 2005). Molloy et al. (2013) showed that IPNV could

be transferred by blue mussels to Atlantic salmon

Salmo salar.
Sampling of blue mussels for conducting virology is

demanding, as it is practically impossible to obtain

samples without contaminating them with virus that

could exist in the water in which they are living. It is

also not possible to disinfect the inside of the shell

without contaminating the internal organs with dis-

infectants that would interfere with virus isolation

and give false negative results. We found parallel

sampling of both hepatopancreas of challenged mus-

sels and their aquarium water to be quite reliable in

testing the role of blue mussels in preserving VHSV.

Replication of VHSV in mussels was unlikely, since

if increased secretion of the virus had occurred in the

mussels, one would expect the virus load in the

aquarium water to increase as well. The unlikely role

of blue mussels being carriers of VHSV in our study

could also explain why VHS was successfully eradi-

cated in 2 similar farming sites for rainbow trout on

the west and south coast of Finland (Raja-Halli et al.
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2006). These farms also had high densities of blue

mussels in their environment. If the VHSV could

replicate in mussel tissues, one would expect those

eradications to have failed.

5.  CONCLUSIONS

Processing plants handling VHSV-positive fish and

seawater close to VHSV-positive fish populations are

likely contaminated with VHSV during wintertime

when daylight is sparse and temperatures are close

to 0°C. Contact with contaminated facilities increases

the risk of the disease spreading to susceptible fish

populations. Based on our results, blue mussels may

not be a relevant source of VHSV, as the virus was

not shown to replicate in mussel tissues, but they

could provide VHSV a physical protective environ-

ment that could prolong the survival time of the virus,

although probably not for more than a few days.
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