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1  | INTRODUC TION

Viral encephalopathy and retinopathy (VER), otherwise known as 
viral nervous necrosis (VNN), is a major threat for aquatic animals. 
The causative agent of VNN is the nervous necrosis virus (NNV), a 
small (25–30 nm diameter), icosahedral, non‐enveloped viral parti‐
cle, with a bi‐segmented genome made of two single‐stranded posi‐
tive‐sense RNA molecules, classified as a member of the Nodaviridae 

family, genus Betanodavirus (Doan, Vandeputte, Chatain, Morin, & 
Allal, 2017).

A large number of finfish species have been reported to be af‐
fected, especially at larval and juvenile stages in which high mortalities 
were recorded (Doan et al., 2017; Munday, Kwang, & Moody, 2002; 
OIE, 2017; Shetty, Maiti, Santhosh, Venugopal, & Karunasagar, 2012).

This infectious agent, detected in the early nineties, rapidly 
spread worldwide. The disease has recently been included among 
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Abstract
In recent years, the use of cleaner fish for biological control of sea lice has increased 
considerably. Along with this, a number of infectious diseases have emerged. The 
aim of this study was to investigate the susceptibility of lumpfish (Cyclopterus lum-
pus) to Betanodavirus since it was detected in asymptomatic wild wrasses in Norway 
and Sweden. Three betanodaviruses were used to challenge lumpfish: one RGNNV 
genotype and two BFNNV genotypes. Fish were injected and monitored for 4 weeks. 
Brain samples from clinically affected specimens, from weekly randomly selected 
fish and survivors were subjected to molecular testing, viral isolation, histopathology 
and immunohistochemistry. Reduced survival was observed but was attributed to 
tail‐biting behaviour, since no nervous signs were observed throughout the study. 
Betanodavirus RNA was detected in all samples, additionally suggesting an active rep‐
lication of the virus in the brain. Viral isolation confirmed molecular biology results 
and revealed a high viral titre in BFNNV‐infected groups associated with typical le‐
sions in brains and eyes of survivor fish. We concluded that lumpfish are susceptible 
to Betanodavirus, as proven by the high viral titre and brain lesions detected, but fur‐
ther studies are necessary to understand if Betanodavirus can cause clinical disease 
in this species.
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the most significant viral pathogens of finfish, given the expanding 
host range and the lack of prophylactic measures (Rigos & Katharios, 
2010; Shetty et al., 2012; Walker & Winton, 2010). VNN is char‐
acterized by typical behavioural abnormalities (erratic swimming 
patterns such as spiralling or whirling, lying on the tank bottom, 
rapid swimming, darker coloration) associated with an impairment 
of the nervous system (Breuil, Bonami, Pepin, & Pichot, 1991; Chi 
et al., 1997; Hata et al., 2010; Yoshikoshi & Inoue, 1990). In larvae/
juveniles, the onset of the disease can be hyper‐acute, the only 
apparent clinical sign being a sharp increase in mortality. In older 
animals, the cumulative mortality can be lower, but it impairs the 
performance of the affected batch by reducing fish growth and en‐
hancing the unevenness in weight/size (Vendramin et al., 2014). This 
represents an indirect but significant economic loss, which is often 
underestimated. The most common microscopical findings consist 
of vacuolation and necrosis of nervous cells of the spinal cord, brain 
and/or retina, particularly in larval and juvenile stages (Doan et al., 
2017). Histological analyses of the central nervous system (CNS) re‐
veal the presence of encephalopathy characterized by multiple in‐
tracytoplasmatic vacuolation (Grove, Johansen, Dannevig, Reitan, & 
Ranheim, 2003; Lopez‐Jimena et al., 2011; Maltese & Bovo, 2007; 
Mladineo, 2003; Munday et al., 2002).

The biological control of sea lice (Lepeophtheirus salmonis) on 
Atlantic salmon (Salmo salar) through the use of cleaner fish has 
recently become a promising alternative due to the increased oc‐
currence of resistant sea lice, the reduced public acceptance of che‐
motherapeutic use in food production, and the urgent need for an 
effective and sustainable method of sea louse control in Atlantic 
salmon aquaculture (Treasurer, 2002). In recent years, the use of 
lumpfish (Cyclopterus lumpus, L.) as cleaner fish has increased con‐
siderably in Norway, Scotland and Ireland (Alarcón, Thoen, et al., 
2016;	Bolton‐Warberg,	2018).	Lumpfish,	also	known	as	lumpsuck‐
ers, grow faster and are easier to breed in captivity than wrasse 
species, as well as being more suitable for louse control under 
cold‐water conditions, as in Norway, as they remain active at low 
water temperatures (Imsland et al., 2014). Demand for lumpfish has 
therefore increased exponentially since 2012 (Powell et al., 2018); 
however, nearly all lumpfish used in salmon farming are still derived 
from wild broodstock (Jonassen, Remen, Levka, Steinarsson, & 
Arnason, 2018).

New diseases and infectious agents inevitably emerge when new 
species are introduced to aquaculture, and the lumpfish appears to 
pose no exception to this rule. A range of different pathogens has 
been detected in wild and farmed lumpfish, including viruses, bacte‐
ria,	parasites	and	fungi	(Alarcón,	Gulla,	et	al.,	2016;	Alarcón,	Thoen,	
et	al.,	2016;	Guðmundsdóttir	et	al.,	2019;	Hjeltnes,	2014;	Johansen,	
2013; Marcos‐López, Donald, Stagg, & McCarthy, 2013; Poppe et al., 
2012; Scholz et al., 2017; Scholz, Ruane, Marcos‐Lopez, et al., 2018; 
Skoge, Brattespe, Økland, Plarre, & Nylund, 2018; Stagg et al., 2017; 
Treasurer & Birkbeck, 2018). Finally, the possible role of cleaner fish 
as subclinical carrier for viral disease has emerged (Rimstad Basic, 
Gulla, & Hjeltnes & Mortensen, 2017). They therefore have to be 
considered potential reservoirs, posing a possible biosecurity risk to 

salmon and other farmed fish, especially if reused or moved between 
sites or pens (Scholz, Ruane, Morrissey, et al., 2018).

Based on the recent scientific demonstration of natural and ex‐
perimental cases of viral haemorrhagic septicaemia virus (VHSV) in 
lumpfish and wrasses, these species were included among suscepti‐
ble species in the Commission Implementing Regulation 1882/2018 
of	the	European	Directive	2016/429/EC	and	should	be	accompanied	
by an animal health certificate when moved.

Korsnes et al. (2017) have recently reported the detection of 
NNV	RNA	with	6.7%	overall	prevalence	 in	wild	wrasse	caught	 in	
southern Norway and Sweden. That study showed that NNV was 
present in different species of wild wrasses along the coastline 
of Sweden and Norway. Sequence analysis of the RNA2 segment 
of NNVs detected revealed high genetic variability; the viruses 
were grouped into two clusters within the cold‐water BFNNV and 
warm‐water RGNNV genogroups. Despite no clinical signs being 
detected in infected wrasse, the authors suggested a carrier state 
of NNV for these fish and concluded that the use of wild‐caught 
wrasse might represent a risk of introducing NNV into aquaculture.

Lumpfish and wrasses share the same environment for part of the 
year in some geographic areas and are frequently cohabited when 
stoked as cleaner fish in salmon pens, but at present, there are no 
data about lumpfish susceptibility to NNV. Notably, the number of 
lumpfish deployed in Norway has reached 40 million in 2018 and has 
exceeded the use of wrasse (B. Hjeltnes, Personal Communication). 
The aim of the present study was to determine the susceptibility of 
lumpfish to three genetically different betanodaviruses as part of 
the risk assessment for using lumpfish in aquaculture.

2  | MATERIAL S AND METHODS

2.1 | Fish

The experiments were carried out at DTU‐Aqua (Kgs. Lyngby, 
Denmark) in accordance with the recommendation in the cur‐
rent European animal welfare regulations under licence 
2013‐15‐2934‐00976.	 Juvenile	 lumpfish	 (Cyclopterus lumpus, L.), 
mean weight 0.17 g, were imported from a commercial hatchery in 
Iceland; the parental stocks were tested by cell culture, bacteriol‐
ogy and real‐time RT‐PCR (rRT‐PCR) for the absence of VHSV and 
NNV. All fish were acclimatized in a quarantine system for 2 weeks 
before use. Experimental fish were further screened with bacterio‐
logical examinations (kidney material streaked onto marine agar and 
blood agar, incubated for 2 weeks at 15°C), with virus isolation on 
cell culture Epithelioma papulosum cyprini (EPC) (Fijan et al., 1983) 
and	bluegill	fry‐2	(BF‐2)	cell	 lines	(Wolf	&	Quimby,	1962),	and	with	
parasitological examination (skin and gill scrapes observed by light 
microscopy). All results were negative.

2.2 | Viruses

A summary of the characteristics of the viral strains used in this 
study is reported in Table 1. In detail, strain 459.18/I12 was isolated 
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during a surveillance activity for monitoring the NNV presence in 
the Ionian Sea performed by IZSVe from 2011 to 2014. Surveillance 
was performed by rRT‐PCR and virus isolation on SSN‐1 cells on 
more	than	600	wild	fish	caught	during	scuba‐diving	excursions	and	
with experimental fishnets close to sea cages of a local sea bass/
sea bream farm. Among several fish species found VNN positive, 
one isolate coming from brain samples of an asymptomatic pea‐
cock wrasse (Symphodus tinca), called 459.18/I12, was selected for 
this study. The virus isolate was characterized as belonging to the 
RGNNV species (Toffan & Patarnello, 2013).

Strains Ah95NorA and SK‐07 1324 were isolated from dis‐
eased Atlantic halibut (Hippoglossus hippoglossus) and Atlantic cod 
(Gadus morhua), respectively (Grotmol, Nerland, Biering, Totland, & 
Nishizawa, 2000; Grotmol, Totland, Thorud, & Hjeltnes, 1997; Patel 
et al., 2007; Totland, Grotmol, Morita, Nishioka, & Nakai, 1999). 
These viruses were characterized as belonging to the BFNNV geno‐
type. Both viruses were kindly provided by Dr. Hilde Sindre from the 
Norwegian Veterinary Institute.

2.3 | Virus preparation

For challenge trials, the isolates were grown on SSN‐1 cells (Frerichs, 
Tweedie, Starkey, & Richards, 2000) at 20°C for BFNNV strains and 
25°C for RGNNV strain and the cell culture supernatant was ster‐
ile‐filtered (0.22 µm). The collected virus was subjected to titration 
by endpoint dilutions assays. Titres were calculated according to the 
Spearman–Karber formula (Finney, 1978) and expressed as TCID50/
ml.

Infected cell culture supernatants were diluted with sterile E‐
MEM (Eagle's minimum essential medium; Sigma) to obtain a final 
concentration of 105 TCID50/ml for each viral strain.

2.4 | Challenge protocol and sampling

Lumpfish were challenged after being anaesthetized with benzo‐
caine (80 mg/L; Sigma). The infection was performed with an in‐
tramuscular injection (0.1 ml/fish) of infected culture supernatant 
titrating 105 TCID50/ml. Fish used for negative control were anaes‐
thetized like the other fish and were injected with 0.1 ml of sterile 
E‐MEM (Eagle's minimum essential medium).

Fish were divided into three different challenge groups, each one 
infected with a different virus, and a negative control group.

Each challenge group was divided in triplicate tanks, each tank 
containing 30 lumpfish. Negative control groups were tested in du‐
plicate, each tank containing 30 fish. A total of 270 juvenile lump‐
fish were employed for this study. Fish were held in 8‐L tanks on 
a flow‐through system. Municipal dechlorinated water mixed with 
artificial marine salt (Koral Salt; Aquaconstruct, Copenhagen) to a 
final concentration of 20 ppt for lumpfish was used. Temperature 
was maintained at 12°C. Fish were fed commercial pellets and 
tanks were cleaned twice daily for the first weeks. Every tank was 
equipped with independent aeration and biological filtration sys‐
tems. Fish were provided with artificial algae as environmental TA
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enrichments. Fish were monitored for abnormal behaviour and signs 
of clinical disease. Inspections were performed at least twice daily 
for 28 days post‐challenge concurrently with the food administra‐
tion and other routine controls. The number of clinically affected 
fish was recorded daily, and moribund/diseased fish were collected, 
killed and processed as described in the virological examination 
paragraph. Surviving fish were killed with an overdose of benzo‐
caine (800 mg/L) and counted. All survivors were collected from 
every tank.

Samples were collected as follows: two apparently healthy fish 
were taken from each tank every week for four weeks and were killed 
with an overdose of benzocaine (800 mg/L). One entire fish was fro‐
zen	at	−80°C	and	stored	 in	Eagle's	MEM,	while	the	other	one	was	
fixed in buffered formalin for histological examination. Fish showing 
signs of disease (melanosis, fin rot, apathy) were killed with an over‐
dose of benzocaine (800 mg/L), and entire fish were singularly fro‐
zen	at	−80°C	and	stored	in	E‐MEM	or	fixed	in	buffered	formalin	for	
histological examination. At the end of the study, all surviving fish 
were killed with an overdose of benzocaine (800 mg/L) and counted. 
All the samples collected were sent to Istituto Zooprofilattico 
Sperimentale delle Venezie (Legnaro, PD, Italy) for analysis.

2.5 | rRT‐PCR

All frozen samples were first prepared for rRT‐PCR analysis, start‐
ing with negative control groups and then proceeding with the chal‐
lenged groups. All fish were singularly processed.

From each individual specimen, the head (including brain and 
eyes) was dissected and homogenized with sterile quartz sand in 
sterile 2‐ml Eppendorfs. Each sample was weighed, and sterile E‐
MEM was added at a ratio of 1:3. Samples were then centrifuged at 
20,000g for 2 min.

After centrifugation, 250 microlitres of supernatant was added 
to 300 microlitres of ATL lysis buffer (Qiagen) for RNA/DNA ex‐
traction with QIAsymphony® DSP Virus/Pathogen Midi Kit, used in 
combination with QIAsymphony SP, according to the manufactur‐
er's instructions (Qiagen). The remaining samples were immediately 
stored	at	−80°C	for	cell	culture	isolation.	After	extraction,	pure	nu‐
cleic acids were stored overnight at 2–8°C.

The rRT‐PCR protocol used for testing samples was developed 
by Baud et al. (2015) (Baud et al., 2015) and targets the RNA1 of 
all known Betanodavirus species. According to internal validation, 
samples with cycle threshold (Ct) <34.00 were considered positive, 
samples	 with	 Ct	 ranging	 from	 34.00	 and	 36.00	 were	 considered	
doubtful,	and	samples	with	Ct	>	36.00	or	showing	no	amplification	
were considered negative.

2.6 | Viral isolation and titration

As previously written, two samples per virus per tank per week 
were randomly chosen and submitted to viral isolation in cell cul‐
ture. Viral isolation was then performed on 8 samples per viral 
strain, for a total of 24 samples. The same homogenized head 

samples used for rRT‐PCR (prepared as described before) were 
frozen for possible cell culture pending PCR results. Then, from 
rRT‐PCR‐positive samples, the chosen samples of brain and eye 
homogenates	 were	 retrieved	 from	 −80°C	 and	 centrifuged	 at	
20,000g for 2 min. Then, 180 microlitres of supernatant added 
with	 20	 microlitres	 (10%)	 of	 mixed	 antibiotic/antimycotic	 solu‐
tion containing 10,000 IU/ml penicillin G, 10 mg/ml streptomycin 
sulphate, 25 μg/ml	 amphotericin	 B	 (Sigma)	 and	 0.4%	 of	 50	mg/
ml kanamycin solution (Sigma) were left in incubation with anti‐
biotics overnight at + 4°C and finally inoculated at two different 
concentrations (1:10–1:100) on 24‐well plates seeded with SSN‐1 
cells. Plates were incubated for 10 days at 20°C for Ah95NorA 
and SK‐071324 or at 25°C for 459.18/I12. Daily observation for 
appearance of cytopathic effect (CPE) was performed. Negative 
samples were subjected to a second passage of 10 days on fresh 
cell monolayer at the same temperature conditions as before.

In order to quantify the amount of virus in surviving fish infected 
with different NNV strains, groups of positive samples with similar 
rRT‐PCR cycle threshold value (Ct) were selected and titrated in cell 
culture by endpoint dilutions.

Samples were selected according to the following criteria: 4 sam‐
ples with Ct < 15.00, 4 samples with Ct ranging from 15.00 to 25.00 
and 4 samples with Ct > 25.00. Final titres were calculated according 
to the Spearman–Karber formula (Finney, 1978) and expressed as 
TCID50/ml.

2.7 | Histology

Samples	 fixed	 in	 4%	 buffered	 formalin	 were	 processed	 for	 histo‐
pathological and immunohistochemical examination (Mutinelli, 
Bozza, Basilicata, & Bovo, 1998). Briefly, samples were dehydrated 
through a graded ethanol–xylene series and embedded in paraffin. 
Sections of 3 µm were first deparaffinized, rehydrated and then ei‐
ther stained with haematoxylin–eosin (H&E) for histopathological 
examination or subjected to IHC as described below.

The immunohistochemical analysis was performed automatically 
from dewaxing to counterstaining using the BenchMark Ultra instru‐
ment (Roche) on tissue sections collected on poly‐L‐lysine‐coated 
slide (HistoBond®+; Marienfeld Superior). Between each reagent 
application, the slides were washed with Tris‐buffered saline with 
Tween‐20 (TBST).

Antigen	retrieval	was	obtained	through	incubation	(at	36°C	for	
32 min) in Protease 2 enzyme (Roche), while non‐specific antibody 
sites were blocked with DISCOVERY Goat Ig Block solution (Roche), 
consisting	of	casein	and	goat	globulins	in	PBS,	incubated	at	36°C	for	
28 min.

The IHC reaction was performed with a rabbit polyclonal 
serum against Betanodavirus RGNNV genotype produced in‐house 
(PAb	283)	(Panzarin	et	al.,	2016),	at	the	dilution	of	1:5,000	for	one	
hour at room temperature. Samples were incubated with the ul‐
traView Red staining kit (Roche) based on a secondary antibody 
conjugated with alkaline phosphatase reacting with Fast Red chro‐
mogenic substrate. Slides were then counterstained with Mayer's 
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haematoxylin for 8 min and mounted in glycerol–gelatin. The pres‐
ence of Betanodavirus antigens was characterized by bright red 
immunoprecipitates.

2.8 | Statistical analysis

All statistical analyses were performed using the STATA 12.1 
(StataCorp LLC) software. Each fish in the study was followed over 
time, and the event "death" was recorded. It included all diseased 
fish suppressed and excluded fish collected weekly for routine moni‐
toring (censored). The Kaplan–Meier method was used to estimate 
the survival function from lifetime data (Van Belle, Fisher, Heagerty, 
& Lumley, 2004). To compare the different survival curves, the non‐
parametric Wilcoxon–Breslow–Gehan test was used for equality of 
survivor functions. Chi‐square test was used to compare cumulative 
mortality between independent groups. For two‐paired comparison 
between the mortality in the control group and the mortality of each 
virus, two‐sample test of proportions was used with an adjusted 
alpha	 (.017).	The	95%	confidence	 interval	 (95%	CI)	was	 calculated	
for each proportion through normal approximation. To compare the 
distributions of the quantitative variable Ct in rRT‐PCR among sur‐
vivors of the three independent groups (corresponding to the differ‐
ent viruses), the Kruskal–Wallis rank‐sum test was used, after having 
evaluated the homogeneity of variances through non‐parametric 
robust Levene test (W50: p‐value = .11).

For two‐paired comparison between viruses, two‐sample 
Wilcoxon (Mann–Whitney) rank‐sum test was used with an adjusted 
alpha (.017).

3  | RESULTS

3.1 | Experimental infection

A	reduced	survival	of	36	 infected	 lumpfish	and	10	fish	 in	the	con‐
trol group in the first two weeks was observed and was attributed 
to tail biting, a well‐known behavioural problem in lumpfish. Among 
infected lumpfish, this anomalous behaviour occurred mostly in the 
Ah95NorA‐infected group (15 fish) and the 459.18/I12‐infected 
group (15 fish) followed by the SK‐07 1324‐infected group (11 fish). 
All these fish were collected and tested for NNV by rRT‐PCR too 
(Table 2).

Statistical analysis applied to cumulative mortality (chi‐square 
test) showed that there was no significant difference among viruses 
(p‐value = 0.218).

3.2 | rRT‐PCR results

All brain samples from the control group tested negative by rRT‐
PCR. Conversely, all samples from infected fish tested positive, 
regardless of the infection virus. Ct values were consistent over 
time in samples from the group infected with 459.18/I12 with a 
mean	value	of	26.48	Ct.	In	groups	infected	with	SK‐07	1324	and	
Ah95NorA, an increase in viral RNA copies was observed after 
days 14 and 21 post‐challenge with mean Ct values of 17.29 and 
15.35, respectively.

Statistical analysis (Kruskal–Wallis test) applied on Ct values of 
survivors revealed that Ct values were significantly different (p‐
value = .0001) between viruses. The 459.18/I12 virus showed the 
highest Ct values corresponding to the lowest amount of viral RNA. 
Two‐paired comparisons confirmed that there is a significant differ‐
ence between all three viruses (Wilcoxon test: p‐value = .0000), with 
median	value	higher	 for	459.18/I12	 (median	=	26.2)	 and	 lower	 for	
SK‐07 1,324 (median = 12.1) (Figure 1).

3.3 | Viral isolation results

Due to the extensive positivity of brain samples on molecular diag‐
nostic methods, selected samples were confirmed by virus isolation. 
All samples tested were positive by viral isolation, but with differ‐
ing times of appearance of cytopathic effect (CPE). Notably, samples 
from fish suppressed due to tail biting at the early phase of infection 
had longer time for appearance of CPE, while samples obtained from 
survivors during the fourth week of infection generally showed CPE 
within a few days.

In order to quantify the viral amount at the end of the trial in sur‐
vivors and to compare viral titration data with Ct values obtained in 
rRT‐PCR, an additional 4 samples selected according to the Ct range 
were titrated in cell culture. Results of viral titration and Ct values 
showed full concordance, with the samples with highest Ct contain‐
ing an average viral amount of 103.36 TCID50/ml and the samples 
with lowest Ct containing an average viral amount of 109.17 TCID50/
ml (Table 3).

TA B L E  2   Description of cumulative mortality data occurred during the challenge of lumpfish with the selected betanodaviruses

Virus
Number of 
alive fish No. of dead fish Total

% Dead fish (reduced 
survival) LimInf 95% CI LimSup 95% CI

459.18/I12 64 15 79 18.99 10.34 27.64

AH95NorA 62 15 77 19.48 10.63 28.33

SK−07	1324 68 11 79 13.92 6.29 21.56

Neg K 22 10 32 31.25 15.19 47.31

Note: Ninety fish per group (sixty in the control group) were infected, but fish sampled weekly for monitoring the infection were excluded from the 
calculation.
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3.4 | Histological results

A few specimens of lumpfish processed at the beginning of the study 
were collected (two fish from the 459.18/I12 virus group and four 
fish from the SK‐07 1324 virus group). These samples did not show 
any lesion referable to Betanodavirus infection and appeared nega‐
tive in IHC analysis, but ulcerative lesions consistent with tail biting 
were present.

Samples collected at the end of the study from the survivors 
infected with 459.18/I12 virus showed no histological lesions 
(Figure 2a) and only mild immunoprecipitates in medulla oblongata 
(Figure 2b).

In the samples collected from survivors infected with Ah95NorA 
and SK‐07 1324 viruses, histopathological analysis revealed the 
presence of multiple and extensive lesions on the CNS, character‐
ized by diffuse intracytoplasmatic vacuolation and necrosis of ner‐
vous cells. The lesions were found in telencephalon, mesencephalon 
(stratum periventriculare of the optic tectum, tegmentum), diencepha‐
lon (hypothalamus), metencephalon (cerebellum and valvula cerebelli) 
and medulla oblongata; the retina was also affected and vacuola‐
tions were recorded in the inner nuclear layer and in the ganglion 
cell layer. The presence of Betanodavirus antigens was characterized 
by bright red immunoprecipitates in the aforementioned tissues 
(Figure 2c–f), frequently associated with vacuolation. Moreover, im‐
munoprecipitates highlighted the viral replication also in the inner 

and outer plexiform layers and in the visual cell layer (mostly cones) 
of the retina (Figure 2e).

All samples from the control group were negative by IHC analysis.

4  | CONCLUSIONS AND DISCUSSION

There is currently a considerable interest in learning more about 
the biology, health challenges and welfare of cleaner fish, includ‐
ing lumpfish (Speare, 2018). In view of the extensive use of cleaner 
fish in salmon parasite control, many scientists have started looking 
at the diseases affecting these species and in particular at the risk 
of transmission of diseases between cleaner fish and salmon. In re‐
cent years, some authors have undertaken studies to verify whether 
salmon diseases could be transferred to cleaner fish and whether, on 
the other hand, cleaner fish could be considered a risk for salmon. 
At the same time, the possible interspecies disease transmission be‐
tween different cleaner fish species, that is lumpfish and wrasse spe‐
cies (Labridae spp.), remains poorly understood.

Our study is the first experimental infection with NNV in lump‐
fish, and due to the paucity of data available, a standard marine fish 
challenge method was implemented: IM infection with 0.1 ml of 105 
TCID50/ml per fish, followed by 4 weeks of observation.

During the experiment, aggressive behaviour was observed in‐
side the tanks causing a reduced survival in all groups which was 
attributed to tail biting. Aggression is a well‐known behavioural 
problem	in	lumpfish	(Imsland	et	al.,	2016;	Lein,	Kolarevic,	&	Espmark,	
2017). This problem affected all groups, including the negative con‐
trol group during the first two weeks of the challenge, and then grad‐
ually disappeared following modifications to husbandry. Affected 
fish did not present nervous signs, nor NNV‐related lesions in the 
brain nor immunoprecipitates, and the RNA amount detected by 
rRT‐PCR was attributable to the infection dose, supporting tail bit‐
ing and not NNV‐related pathology as being responsible for reduced 
survival. Therefore, it was concluded that the reduced survival was 
“misleading” data, not directly related to virus infection.

Randomly chosen, apparently healthy fish as well as survivors 
at the end of the study all tested positive for virus, and histopatho‐
logical lesions typically associated with VNN in other species were 
observed. Among survivors, the amount of viral RNA was partic‐
ularly high in the BFNNV‐infected groups. In fact, while Ct values 
were homogeneous over time in samples from the group infected 
with 459.18/I12, values from groups infected with SK‐07 1324 and 
Ah95NorA appeared to increase over time, supporting active viral 
replication in this host. This difference was further confirmed by 
statistical analysis.

Notably, the rRT‐PCR performed in this study, despite being 
applied in a qualitative rather than quantitative approach, showed 
a perfect correlation with viral isolation and titration results. In 
fact, all samples tested turned out to be positive by virus isola‐
tion too, but with different viral titres. All samples collected from 
the RGNNV 459.18/I12 group required a second blind passage 
in cell culture in order to be properly cultivated. On the other 

F I G U R E  1   Box plot and whisker graph showing characteristic 
of the Ct values detected in survivors from different experimental 
groups. Median value is plotted inside the boxes, while dots 
correspond to outliers

TA B L E  3   Mean (n = 4) viral titres in brain samples from lumpfish 
collected at the end of the experiment (28 dpi)

Categories of Ct Mean Ct values
Mean viral titre 
(TCID50/ml)

<30.00 > 25.00 27.88 103.36

<25.00 > 15.00 17.72 107.73

<15.00 11.25 109.17
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hand, samples collected from groups infected with BFNNV were 
steadily isolated after a single passage in cell culture. Therefore, 
the earlier the week of infection, the longer the time for isola‐
tion was. Samples obtained from survivors of BFNNV‐infected 
groups (week 4 post‐infection) were generally isolated in a few 
days. These results demonstrated that the lumpfish is susceptible 
to Betanodavirus.

The different kinetics observed in terms of viral titre of the three 
viruses used in this study can be explained considering their differ‐
ent optimal replication temperatures: “warm‐water” RGNNV has 
high‐temperature tropism (Chi, Lin, Su, & Hu, 1999; Hata et al., 2010) 
and should be isolated at 25 degrees and the water temperature 

(12°C) maintained during the trial has hampered its capacity of rep‐
licating (OIE, 2017).

The results obtained by virological investigations both on cell 
culture and by rRT‐PCR are further supported by histopathological 
assessment and immunohistochemistry assay. Remarkably, no histo‐
pathological lesions nor immunoprecipitates were observed in fish 
with pathology attributed to tail biting collected during the first two 
weeks of the trial. On the other hand, all samples collected from sur‐
vivors at the end of the study (28dpc) were positive for the presence 
of specific NNV immunoprecipitates, associated with severe vacu‐
olization of CNS and retina in both BFNNV‐infected groups. Again 
in the RGNNV‐infected group survivors, the lower viral replication 

F I G U R E  2   IHC analysis of the central nervous system of fish suppressed at the end of the study, characterized by multiple 
intracytoplasmatic vacuolations and necrosis of nervous cells. The presence of Betanodavirus antigens was revealed by bright red 
immunoprecipitates. (a) Normal retina from a survivor lumpfish infected with 459.18/I12 (25×). This picture shows labelled retinal layers 
following Ahmad, Paradis, Boyce, McDonald, and Gendron (2019): 1—retinal pigment epithelium; 2—visual cell layer; 3—outer nuclear 
layer;	4—outer	plexiform	layer;	5—inner	nuclear	layer;	6—inner	plexiform	layer;	and	7—ganglion	cell	layer.	(b)	Mild	IHC	immunoprecipitates	
(arrows) in the medulla oblongata of 459.18/I12‐infected specimen (10X). (c) Vacuoles and IHC precipitates in the ganglion cell layer 
(arrowheads), inner nuclear layer (arrow) and outer plexiform layer of the retina (25×) and (d) in the mesencephalon (stratum periventriculare 
of the optic tectum, tegmentum) and metencephalon (cerebellum and valvula cerebelli) (10×) of AH95NorA‐infected specimen (arrows). (e) 
Mild vacuolization in the ganglion cell layer of the retina (arrowheads) with immunoprecipitates in the inner and outer plexiform layers, 
inner nuclear layer and visual cell layer (cones) (arrow) (25×) of SK‐07 1324‐infected samples. (f) Vacuolations and immunoprecipitates in the 
diencephalon (hypothalamus) of SK‐07 1324‐infected specimen (25×)

(a) (b)

(c) (d)

(e) (f)
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was indicated by milder IHC precipitates compared to the BFNNV‐
infected groups.

The experiment was terminated 28 days post‐challenge without 
observing clinical disease related to VNN; however, it is possible to 
speculate that BFNNV‐challenged fish would have developed clin‐
ical signs due to extensive presence of severe pathological lesions 
in eyes and brain. Furthermore, the high prevalence of positive fish 
at the end of the trial with viable viral particles supports the estab‐
lishment of carrier state. Future long‐term studies are needed to 
determine whether NNV could cause clinical disease in lumpfish in 
different environmental conditions. Further studies will also be nec‐
essary to verify the susceptibility of the lumpfish to natural infection 
(by bath) and to characterize shedding phase. Considering the high 
infectious titre of virus in BFNNV‐infected groups, the spreading of 
the disease from infected lumpfish is considered highly probable.

A study conducted in 2005 by Korsnes, Devold, Nerland, & 
Nylund, 2005 showed that after administering a betanodavirus de‐
rived from the Atlantic halibut (Hippoglossus hippoglossus) to Atlantic 
salmon by intraperitoneal injection, the virus was able to replicate in 
Atlantic salmon and was transported to the medulla oblongata from 
the intraperitoneal injection site (Korsnes, et al, 2005). However, the 
same virus was not able to cause mortality and establish a persistent 
infection in the surviving challenged salmon. The risk of transmission 
of VNN from infected lumpfish to salmon therefore seems low.

A relevant risk to further assess is the possibility of intraspe‐
cies transmission of NNV or the transmission to other cleaner fish 
species (i.e. wrasse) possibly present in the same sea cage or area. 
Due to the Betanodavirus capacity to actively replicate in challenged 
lumpfish demonstrated by this study, it appears likely that they could 
act as virus amplifiers and possibly spread the disease.

During our study, lumpfish did not show clinical signs attributed 
to NNV infection, nor reduce survival (barring the exception of those 
fish suffering from behavioural problems, i.e. tail biting); however, 
no zootechnical parameters (i.e. feed intake, weight gain) were mon‐
itored during the challenge study. The infection could have reduced 
the feeding rate or impacted lumpfish's susceptibility to other infec‐
tions. These aspects require examination to better understand the 
impact of NNV infection on lumpfish and implications to the use of 
this species.

Lastly, lumpfish, as many other cleaner fish, are currently moved 
between countries with very limited health monitoring requirements 
and only recently they have been listed among susceptible species 
for VHSV, a notifiable disease according to European legislation, 
enhancing surveillance and screening of these species. In future, 
broader surveillance for relevant pathogens prior to deployment into 
cage and sea transfer is recommended to limit the spread of patho‐
gens and enhance the use of highly efficient cleaner fish.
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