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ABSTRACT: Spotted wolffish Anarhichas minor (approx. 0.7 g) were found to be susceptible to infec-
tion with a nodavirus isolated from Atlantic halibut (AHNV) by bath-challenge. During the acute
stage of infection, 4 to 8 wk post-challenge, viral encephalopathy and retinopathy (VER) were diag-
nosed by histopathology, immunohistochemistry (IHC) and reverse transcriptase-polymerase chain
reaction (RT-PCR). Accumulated mortality was 52 % in the challenged group. The surviving fish were
sampled 16 wk post-challenge, by which time they had grown to approximately 17 g. No clinical
signs of VER were observed in these fish. RT-PCR examination revealed the presence of nodavirus in
several organs of the survivors, but no immunopositive cells were detected by IHC. Nodavirus was
reisolated from fish at the last sampling in SSN-1 cells, showing that nodavirus retains virulence in
persistently infected wolffish for at least 16 wk post-bath-challenge.
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INTRODUCTION

Farming of spotted wolffish Anarhichas minor, along
with other marine fish species such as Atlantic cod
Gadus morhua, Atlantic halibut Hippoglossus hip-
poglossus and turbot Scophthalmus maximus are
oncoming industries in Norway. Wolffish are in the
Anarhichadidae family of the order Perciformes, which
includes several other species known to be highly
susceptible to nodavirus infection, e.g. striped jack
Pseudocaranx dentex and sea bass Dicentrarchus labrax
(Breuil et al. 1991, Mori et al. 1992). Nodaviruses cause
viral encephalopathy and retinopathy (VER) and have
been reported from more than 20 marine fish species in
most parts of the world (Johnson et al. 2002, Munday et
al. 2002). In the North Sea area, VER causes severe
problems in farming of halibut, turbot and cod (Bloch
et al. 1991, Grotmol et al. 1997, Starkey et al. 2001).
Natural outbreaks of VER in wolffish have so far not
been reported. Experimental studies have shown that
spotted wolffish larvae (0.3 to 1 g) are susceptible to
nodavirus isolated from Atlantic halibut (AHNV) by

*Email: renate.johansen@vetinst.no

Resale or republication not permitted without written consent of the publisher

Viral encephalopathy and retinopathy - VER - Viral nervous necrosis -

bath-challenge, and nodavirus infections are a poten-
tial problem in the wolffish farming industry (Sommer
et al. 2003). Transmission of nodavirus between differ-
ent fish species is possible, and knowledge of potential
cross infections is important in marine fish-farming
management (Munday et al. 2002). Subclinically in-
fected fish might serve as hidden nodavirus replication
sites, and recently several reports have focused on the
possibility of transmission of nodavirus from such fish
(Castric et al. 2001, Barker et al. 2002, Johansen et al.
2002).

Fish nodaviruses belong to the family Nodaviridae
and genus Betanodavirus (Ball et al. 2000). The virus
particles are small (25 to 30 nm), non-enveloped, ico-
sahedral-shaped, contain single-stranded RNA, and
the main target organ is the central nervous system
(CNS) including brain, spinal cord and retina. Clinical
signs of VER include lack of appetite, changes in pig-
mentation, neurological signs such as abnormal swim-
ming, and mortality rates up to 100 %. In general, VER
is diagnosed histologically by identification of necrosis
and vacuolization in brain and retina combined with
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positive immunohistochemistry (IHC) for nodavirus.
Enzyme-linked immunosorbent assays (ELISA) and
reverse transcription-polymerase chain reaction (RT-
PCR) tests for nodaviruses have been developed, and
aggregates of virus particles have been observed by
transmission electron microscopy (TEM) (Office Inter-
national des Epizooties [OIE] 2000). The nodavirus
genome is composed of 2 positive-sense RNA seg-
ments: RNA1, encoding RNA replicase, and RNA2,
encoding the capsid protein precursor. Based on the
coat protein-sequence, fish nodaviruses are catego-
rized into 4 genotypes (Nishizawa et al. 1995, Skliris
et al. 2001). All nodavirus isolates from the North
Sea have so far been placed in the BENNV genotype
(Grotmol et al. 2000, Starkey et al. 2001).

The aim of this study was to investigate the patho-
genesis of nodavirus infection in spotted wolffish dur-
ing the acute stage. We also investigated survivors of
the disease outbreak 16 wk post-bath-challenge (PBC)
for pathological changes and presence of the nodavirus.

MATERIALS AND METHODS

Fish. We obtained 255 juvenile spotted wolffish of
generation 2001 (mean weight 0.7 g) from Troms Stein-
bit A/S, Senja, Norway. The fish were produced using
eggs and milt from wild-caught broodstock held in
captivity. The larvae were offered live feed (Artemia
sp.) mixed with dry feed (Skretting Marin nutra gran-
ules) for approximately 4 wk, prior to weaning onto dry
feed. The fish were held under a 24 h continuous-light
regime in shallow raceways (20 x 20 x 100 cm) con-
taining natural seawater (35 ppt salinity) of approxi-
mately 12°C. Seawater was introduced at one end and
flowed through the raceway at a rate of 2 to 3 1 min!.
The fish were monitored daily for signs of disease and
mortality.

Virus preparation for challenge. The nodavirus
(AHNV692/9/98) was isolated from Atlantic halibut
juveniles during an outbreak of VER in a Norwegian
fish farm (Dannevig et al. 2000). SSN-1 cells were inoc-
ulated at 20°C with a third passage of virus super-
natant. When a pronounced cytopathic effect (CPE)
was observed (Day 6 post-infection), the cell cultures
were frozen and thawed once. Cell-culture fluids were
harvested and clarified by centrifugation (1500 x g for
15 min). Supernatants were collected and stored at
—80°C until challenge.

Infectious titer was determined by end-point dilu-
tion of supernatant in SSN-1 cells and calculated to
1075 TCIDs, ml™! (Karber 1931). Infected cells were
tested by an indirect immunofluorescence technique
(IFAT) using a polyclonal antiserum K672 against
AHNYV according to Grove et al. (2003).

Challenge. The challenge experiment was per-
formed at the Aquaculture Research Station in Tromse
with approval from the Animal Research Council. The
fish were placed in 3 raceways containing seawater at
12°C, and acclimatised for 4 d before challenge. Feed-
ing was suspended 24 h prior to challenge. The fish in
Raceway A (100 fish) and Raceway B (65 fish) were
bath-challenged by adding the virus directly to the
seawater, and the water flow was stopped for 2 h (final
virus dose = 105 TCIDs, ml™!). For practical reasons,
fish were sampled from all raceways. Raceway A was
used for sampling fish for pathological studies, while
Raceway B was used for recording mortality and ran-
domly sampling for RT-PCR. In Raceway C, 55 fish
were left unchallenged and served as controls. Sam-
pled fish were killed by an overdose of benzocaine.

Cohabitants. The cohabitating fish (n = 35) were
added to the same Raceway B as the bath-challenge
fish 3 d post-challenge. The cohabitating fish were sep-
arated from the rest of the fish by an open-mesh barrier.

Histology and immunohistochemistry (IHC). We
sampled 5 fish from the challenged groups and 3 fish
from the control group weekly over the first 5 wk PBC.
A final sampling from all raceways was done at 16 wk
PBC. The fish were fixed whole (heads only at 16 wk
PBC) for at least 24 h in neutral phosphate-buffered
10 % formalin and embedded in paraffin wax. Sections
(1.5 to 2 pm) were stained with haematoxylin-eosin
(HE) or immunostained.

Immunohistochemical detection of nodavirus was per-
formed with a streptavidin-biotin-alkaline-phosphatase
complex technique according to Grove et al. (2003)
using the antiserum K672. The control fish served as
negative controls for the experiment. As additional
controls for each test, tissue sections from halibut
known to be nodavirus-infected were stained either
with nodavirus antiserum (positive control) or with
pre-immune rabbit serum (negative control).

Total RNA isolation and RT-PCR for nodavirus. We
sampled 5 fish randomly at 3 and 4 wk PBC, while
10 fish were sampled at 16 wk PBC from both chal-
lenged and cohabitating fish. In addition, 5 dead fish
from the challenged group were sampled at 8 wk PBC.
From the control group, we sampled 3 fish 1 and 16 wk
post-challenge. Sampled fish were frozen whole at
—70°C. From small fish (1 to 8 wk post-challenge) the
head (with brain and eyes) and abdominal organs (in-
cluding intestine, liver and spleen) were examined sep-
arately. From larger fish (16 wk post-challenge) eyes,
brain, kidney and abdominal organs were examined
separately. The samples were homogenized in phos-
phate-buffered saline (PBS) (1:5) with a laboratory
blender (Stomacher 80, England) before analysis.

Isolation of total RNA from the homogenized tissue
was performed in accordance with the Qiagen RNeasy
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handbook. Concentrations of RNA were measured
spectrophotometrically. Reverse transcription (RT) and
DNA amplification were carried out in 1 tube using the
Qiagen 1-step RT-PCR kit in the presence of 0.5 png
total RNA, 0.5 uM of the forward primer 5'-CTG-AAG-
ATA-CAT-TCG-CTC-CAA-3' and 0.5 utM of the re-
verse primer 5'-TAT-CCC-ATA-GCC-CCC-AGT-G-3'.
The primers used correspond to a nucleotide sequence
from RNA2 of AHNV (Grotmol et al. 2000). The RT
step at 60°C for 30 min was followed by an initial
step of 95°C for 15 min, followed by 34 cycles of a
3-temperature polymerase chain reaction (94°C for
45 s, 57°C for 45 s, 72°C for 60 s), and ended with 72°C
for 10 min. RNA isolated from fish tissue known to be
nodavirus-infected and nodavirus-free were used as
positive and negative controls. A positive result was
visualized as a distinct band of approximately 264 bp
on a 2% agarose gel by UV light following ethidium
bromide staining.

Reisolation of nodavirus in SSN-1 cells. Tissue from
a bath-challenged fish from the final sampling point
was chosen for inoculation into SSN-1 cell culture
according to Dannevig et al. (2000). Cultures exhibit-
ing CPE were collected by low-speed centrifugation
and examined for the presence of nodavirus using
IFAT according to Grove et al. (2003).

RESULTS
Clinical signs and mortality
Signs of VER started 4 wk PBC with abnormal

behavior and lack of appetite. The highest mortality
rate was at 6 to 8 wk PBC (Fig. 1). The total accumu-
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Fig. 1. Anarhichas minor. Cumulative mortality curves for the 3
groups of spotted wolffish. Control group was untreated. Bath-
challenge fish were held in seawater containing nodavirus
dose of 10> TCIDs, ml! for 2 h. Cohabitating fish were added
to the same tank as the bath-challenge fish 3 d post-challenge

lated mortality in the bath-challenge group reached
52% whereas 9% died in the control group. The
number of fish for calculation of the mortality rate was
low, and the results should be regarded as estimates
only. No disease or mortality was observed in the
cohabitating group.

Histopathology and immunohistochemistry

CNS tissue was examined in all fish, while liver, kid-
ney, spleen, pancreas, gills, heart, intestines, muscle
and skin were examined in most fish (=80 %). Abdom-
inal organs showed moderate autolysis due to in-
sufficient fixation. Small tissues such as ganglions, the
pituitary gland, the thyroid gland, thymus and the
sense cells in nose and ear were observed in a few
sections. None of the examined fish from the control
group showed any histopathology or positive immuno-
labeling.

Necrosis, vacuolation and positive immunolabeling
for nodavirus in the CNS were detected in 5 fish 4 to
5 wk PBC (Table 1). All main parts of the brain and
spinal cord were immunopositive for nodavirus (Figs. 2
& 5), and vacuoles and immunopositive cells were seen
even in the pituitary gland (Fig. 2b). In the retina, the
inner nuclear cell layers and ganglion layers were
heavily stained, while only a few positive cells were
observed in the outer nuclear layers and pigment cell
layers (Fig. 3). Only the growth zones of both retina
and brain showed no immunopositive cells (Figs. 3
& 4). No pathological changes or immunopositive cells
were observed in organs outside the CNS. Even the
ganglions along the brain and spinal cord tested nega-
tive (Figs. 2c¢ & 5). The remainder of the examined
bath-challenged fish showed no histopathology or
positive immunolabeling.

RT-PCR

None of the fish in the cohabitating or control-group
fish tested positive. In the bath-challenged group, all 5
fish collected at 3 wk PBC tested negative, while 3 of

Table 1. Anarhichas minor. Number of samples from tissue
of central nervous system testing positive for nodavirus by
immunohistochemistry. Number of samples examined = 5
except in final week, when 10 samples were tested. PBC:
post-bath-challenge

No. of weeks PBC:
16
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Figs. 2 to 5. Anarhichas minor. Spotted wolffish 4 wk post nodavirus bath-challenge. Light microscopic images of sections
immunolabelled for nodavirus (red). Fig. 2a. Transverse section of brain through tectum opticums (TO) and torus semicircularis
(TS); brain ventricle (V) appears both dorsally towards tectum opticum and ventrally toward pituitary gland (ventral inset); all
parts of the brain were immunopositive; only a few immunopositive cells were seen in some round tissue structures in thalamus
area (arrows); no immunopositive cells were seen in ganglions along brain (dorsal inset); scale bar = 200 pm. Fig. 2b. Higher
magnification of ventral inset in 2a; immunopositive cells visible in neural part of pituitary gland (arrows); scale bar = 100 pm.
Fig 2c. Higher magpnification of dorsal inset in 2a showing immunonegative ganglion (G) next to immunopositive brain tissue (B);
scale bar = 100 um. Fig. 3. Part of retina toward iris; ganglion cell layer (GL) and inner nuclear layers (INL) are strongly
immunopositive; some immunolabeled cells also visible in outer nuclear cell layer (arrowheads); cells of circumferential growth
zone (arrow) were immunonegative; scale bar = 20 pm. Fig. 4. Tectum opticum (TO) of brain with immunonegative growth zones
(arrows). Fig. 5. Immunonegative ganglion (G) next to immunopositive spinal cord (S); arrow shows central canal; scale bar = 100 pm
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Table 2. Anarhichas minor. Number of samples from different organs testing
positive for nodavirus with RT-PCR. Number of samples examined = 5 ex-
cept in final week when, 10 samples were tested. PBC: post-bath-challenge.
Abd: abdominal organs including liver, spleen, pancreas and intestines

the preferred experimental model for sim-
ulation of a natural infection. Susceptibil-
ity to experimental bath-challenge shows

that the fish species is at risk of infection

No. of weeks PBC:

—3— —4— 8

in farming conditions. Earlier studies on
wolffish (10 g) gave 100 % mortality (7 wk

16

Head Abd Head Abd Head Abd

Eyes Brain Kidney Abd

at 7°C and 5 wk at 12°C) by intraperi-

0 0 3 2 4 1 10 9

2Only dead fish sampled

toneal (i.p.) and intramuscular (i.m.) in-
jection of homogenized tissue from noda-
virus-infected halibut (Sommer et al. 2003).

7 5

5 heads sampled 4 wk PBC were positive (Table 2).
The 10 fish sampled at 16 wk PBC were larger, and it
was possible to divide sampled tissues into separate
samples of eyes, brain, kidney and abdominal organs
(including intestine, liver and spleen). All 10 eye
samples tested positive and only 1 brain sample was
negative. Half of the samples from abdominal organs
at 16 wk PBC tested positive. The PCR product was
sequenced to show that it corresponded to the virus
used for challenge (results not shown).

Reisolation of nodavirus in SSN-1 cells

The fish chosen for reisolation of nodavirus tested
positive by RT-PCR in all tested organs. Development
of CPE was evident in the SSN-1 cells 7 to 12 d after
inoculation with material from eyes, brain and abdom-
inal organs. The kidney material displayed no CPE
after 2 passages onto SSN-1 cells. All cell cultures with
CPE tested positive for nodavirus by [FAT.

DISCUSSION

We have shown that spotted wolffish (0.7 g) are sus-
ceptible to nodavirus (AHNV) and develop classical
signs of VER following experimental bath-challenge.
Nodavirus was detected with IHC and RT-PCR in sam-
ples collected during the acute stage of infection. At
the end of the experiment at 16 wk PBC, all examined
fish were subclinically infected, as revealed by RT-
PCR. The PCR product was sequenced to show that it
corresponded to the virus used for challenge. Further-
more, nodavirus was reisolated from eyes, brain and
abdominal organs at the end of the experiment, dem-
onstrating the presence of infectious virus. These find-
ings are of great importance to the future management
of wolffish farming, since subclinical nodavirus-
infected wolffish might spread the virus to other fishes.

Nodaviruses are believed to spread both horizontally
between fishes and vertically from spawners to larvae
(Breuil et al. 2000). Bath-challenge or cohabitation is

In the present study with 0.7 g fish held
at 12°C, mortality started 6 wk PBC and
only reached 52% at the end of the experiment at
16 wk. Several other studies in other species have also
shown that challenge methods (bath, i.p./i.m. injec-
tion), fish age and water temperature are the major
factors determining mortality rate (Peducasse et al.
1999, Husgard et al. 2001, Aranguren et al. 2002, Mun-
day et al. 2002).

Nodaviruses infect neurons and are believed to
spread along nerves (Nguyen et al. 1996). Cerebro-
spinal ganglia along the CNS could therefore be a pos-
sible target tissue. Several ganglions along the brain
and spinal cord of nodavirus-infected wolffish were
examined, but no immunopositive cells were detected.
The neurons of the cerebrospinal ganglia are mostly
sensorial, belonging to the somatic nerve system. Grot-
mol et al. (1999) reported immunopositive cells for
nodavirus in ganglion cells adjacent to the otic capsule
in Atlantic halibut larvae. This may have been the otic
ganglion, a parasympathetic ganglion belonging to the
cephalic ganglia. The results of Grotmol et al. (1999)
also indicated that the caudal brain stem, containing
nuclei of the parasympathetic vagus nerves, was the
first part of the brain to become nodavirus-infected.
These findings might indicate that the nodavirus
mainly infects parasympathetic neurons. Somatic neu-
rons of the cerebrospinal ganglia might lack receptors
for nodavirus infection.

We were unable to detect nodavirus during the first
3 wk PBC. The routes of nodavirus infection into the
fish and into CNS are not known, but several studies
indicate transport along nerves (Nguyen et al. 1996).
In the infected wolffish, all parts of the retina and brain
tested positive in the same individual fish samples as
identified by IHC. The retinas were entirely positive in
the inner nuclear layer (INL) and ganglion cell layer
(GL), while only a few positive cells were seen in the
outer nuclear layer (ONL) and pigment cell layer (PL).
This could indicate that the virus reaches the inner
nuclear layers of the retina by traveling along the ner-
vous opticum from the brain. It is also possible that
cells of the inner layers of the retina are more suscepti-
ble to nodavirus than cells of the outer layers. Several
other studies also report that only, or primarily, the
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inner layers of the retina become infected by nodavirus
(Peducasse et al. 1999, Husgard et al. 2001, Johansen
et al. 2002, Grove et al. 2003).

Cells in the growth zones of the brain and retina
showed no immunopositive staining for nodavirus in
the present study. Growth zones have also tested neg-
ative with IHC in acute nodavirus-infected Atlantic
halibut (Grotmol et al. 1999). It is possible that neural
cells must reach a certain developmental stage before
they become susceptible or before any numbers of virus
are detectable by immunohistochemistry. Immuno-
positive cells in subclinically infected fish are often
seen close to growth zones of the retina and brain
(Husgard et al. 2001, Johansen et al. 2002, Grove et al.
2003). Further studies are necessary to reveal the rela-
tionship between susceptibility to nodavirus and cells
at an early proliferation stage.

The pituitary gland (hypophysis) has a unique posi-
tion connecting the nervous and endocrine systems,
and it plays a major role in physiological homeostasis
of both fishes and mammals. It consists of a neuro-
logical part (neurohypophysis) and an endocrine part
(adenohypophysis) and has a central role in several
neuroendocrine systems. Necrosis and vacuolation of
cells in the pituitary gland might lead to several
endocrine dysfunctions. ‘The hypothalmo-pituitary—
interrenal axis’, also called the 'hormonal stress-axis’,
interacts with the immune system of fishes, especially
through excretion of andrenocorticotrophic hormone
from the pituitary gland, resulting in increased cortisol
production in the interrenal glands (Weyts et al. 1999).
The interrenal glands are analogs to the adrenal cortex
in mammals. In fishes, the interrenal glands are
located in the head kidney, also one of the major
organs for haematopoiesis, including leukocyte prolif-
eration and antibody production. The proximity of the
interrenal and hematopoietic tissue might indicate that
the 'hormonal stress axis' is of greater importance in
fishes than in mammals.

When a virus has reached the CNS it has passed
most immune defenses, and virus replication within
the CNS normally has severe consequences in mam-
mals. Teleosts have the ability to produce new neurons
as adults, and thus a continuous growth of the CNS
throughout their lifetime (Zupanc & Horschke 1995).
Experimental studies of damaged retina in fishes have
shown almost 100 % regeneration (Hitchcock & Ray-
mond 1992). This ability of CNS regeneration makes it
possible for fishes to show no sign of pathological
change, even if severe changes were present earlier.
The subclinically infected spotted wolffish 16 wk PBC
showed no pathological changes, yet all fish were
proven to be nodavirus-infected by RT-PCR. These
subclinically infected fish might have survived an
acute viremia and regenerated CNS, or perhaps never

showed signs of disease. As long as fishes must be
killed to enable VER diagnosis, it will be impossible to
follow the course of infection in the same fishes at
several samplings and thereby prove how they become
subclinically infected. Individual registration of clinical
signs of disease before sampling is 1 possibility that
should be considered in subsequent experiments.

The horizontal spread of nodavirus from subclini-
cally infected sea bream to cohabitating sea bass has
been shown (Castric et al. 2001), but the routes of dis-
persal are not known. The reisolation of nodavirus
from surviving fish indicates that spotted wolffish sub-
clinically infected with nodavirus might be a source of
infection. The negative cohabitants in our study indi-
cate either that the infected wolffish did not spread
enough nodavirus under the given circumstances, or
that the cohabitating fish were not susceptible in the
given situation. Nodavirus detection and mortality in
the challenge group started 4 to 6 wk post-challenge.
At this time the cohabitating fish might have devel-
oped to a stage that was no longer susceptible to bath-
challenge. Stress factors, such as handling or low water
flow, may be necessary both for spread and suscepti-
bility of nodavirus at a postlarva stage.

Studies have shown that nodavirus strains from one
fish species may have very different virulence towards
other fish species (Totland et al. 1999, Castric et al.
2001). Totland et al. (1999) challenged Atlantic halibut
with a nodavirus strain from striped jack and vice versa
with negative results. Castric et al. (2001) showed that
nodavirus from diseased sea bass could give a sub-
clinical nodavirus infection in sea bream. Studies have
also shown that 2 different nodavirus strains have been
detected in sea bass from different parts of France
(Thiery et al. 1999), and that the strains have varying
pathogenicity to sea bass larvae of different age (Breuil
et al. 2001). Water temperature seems to be a major
factor in the success of cross-infection studies with
different nodavirus isolates on different fish species
(Aranguren et al. 2002, Munday et al. 2002). Munday
et al. (2002) concluded that nodaviruses have low
species-specificity. We challenged the wolffish with
AHNYV since this is the only nodavirus strain that has
been isolated in Norway (Dannevig et al. 2000), and
wolffish is a cold-water species like Atlantic halibut.
Wolffish could be more susceptible to other nodavirus
strains, and further challenge studies with other noda-
virus strains would be of interest.
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