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Experimental infection of Atlantic halibut
Hippoglossus hippoglossus with nodavirus:
tissue distribution and immune response
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ABSTRACT: Atlantic halibut Hippoglossus hippoglossus, age 8 mo and weighing 20 g, were challenged by either intraperitoneal injection (i.p.) or by bath exposure using nodavirus isolated from
Atlantic halibut. Fish were sampled at intervals over a 41 d period, starting on Day 5 post-challenge.
Although no clinical disease or mortality was recorded, the data show that nodavirus did successfully
propagate in i.p.-challenged fish. Using conventional end-point reverse transcription (RT)-PCR,
nodavirus was detected in the kidney of all examined i.p.-challenged fish, and further in the head,
heart, liver and posterior intestine of most of these individuals. Quantitative real-time RT-PCR
revealed that the amount of virus in head samples from the i.p.-challenged group increased during
the experiment. The presence of nodavirus in nervous tissue of i.p.-challenged fish was detected by
immunohistochemistry from Day 13 post-challenge. In the retina, virus positive cells were found
adjacent to the circumferential germinal zone at the ciliary margin towards the iris. In the brain, a few
positive cells were detected in the tectum opticum. An ELISA was developed to detect anti-nodavirus
activity in plasma. The method included an optimized coating procedure, which allowed the use of
non-purified nodavirus as the coating antigen in a simple indirect ELISA. An anti-nodavirus antibody
response was detected from Day 19 post-challenge in i.p.-challenged fish, while a response was not
detected in the bath-challenged or control fish. This experiment demonstrates a subclinical nodavirus
infection in Atlantic halibut at a post-juvenile stage induced by i.p. injection of virus.
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Piscine nodaviruses are the causative agents of viral
encephalopathy and retinopathy (VER), also known as
viral nervous necrosis (VNN). The disease affects at
least 20 marine fish species worldwide (Curtis et al.
2001, Starkey et al. 2001, Munday et al. 2002). Nodaviruses are icosahedral, with a diameter of 25 to 30 nm,
and consist of a single coat protein and a bi-segmented
genome, RNA1 and RNA2 (Mori et al. 1992, Iwamoto
et al. 1999). VER is considered to be one of the most
serious viral diseases affecting larvae and juvenile
marine fishes (Munday & Nakai 1997), and the disease
usually results in high mortality rates (Fukuda et al.

1996). Affected fishes exhibit a range of neurological
signs. Necrotic and highly vacuolated areas in central
nervous tissue and retina are typical histopathological
lesions and electron microscopy reveals aggregates of
non-enveloped virus particles in the cytoplasm of
nerve cells (Munday et al. 1997).
Outbreaks of VER were first recognized in farmed
Atlantic halibut Hippoglossus hippoglossus larvae and
juveniles in Norway in 1995 (Grotmol et al. 1995,
1997). Dannevig et al. (2000) isolated the causal virus
from farmed Atlantic halibut suffering from VER using
the SSN-1 cell line, a cell line proven to be susceptible
to nodaviruses from different fish species (Frerichs et
al. 1996, Iwamoto et al. 1999), and demonstrated that
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challenge of Atlantic halibut larvae with cell culturepropagated virus resulted in high mortality and the
development of VER (Dannevig et al. 2000).
Cultured Atlantic halibut are believed to be susceptible to nodavirus infection only in the early juvenile
stages before their immune system is fully developed
(Grotmol et al. 1997). Bath challenge of Atlantic halibut
larvae with nodavirus has produced high mortality and
clinical signs of VER (Grotmol et al. 1999, Dannevig et
al. 2000). In a recent study, Johansen et al. (2002) observed a subclinical, persistent infection in Atlantic
halibut at the juvenile stage (5 g, 4 to 8 mo). Subclinically infected spawners seem to be one of the main
sources of nodavirus infection in several marine species (Mushiake et al. 1994, Breuil & Romestand 1999,
Watanabe et al. 2000), but so far nodavirus has not
been detected in Atlantic halibut spawners (Grotmol et
al. 1997, Grotmol & Totland 2000). Selection of nodavirus-free spawners by RT-PCR and ELISA has been of
great importance for reduction of VER in juvenile sea
bass and striped jack (Watanabe et al. 2000).
Further studies are needed to reveal how and when
the spawners are infected by nodavirus and where the
virus resides in the infected fish. Vaccination of spawners seems to be one possibility for preventing spread of
nodavirus to their offspring. Therefore, more information on the immune response to nodavirus, the pathogenesis of nodavirus infection, and experimental infection-models is needed. In the present study, we
investigated whether immune competent Atlantic
halibut (10 to 40 g) were susceptible to nodavirus
infection when challenged with virus isolated from
naturally infected Atlantic halibut.

MATERIALS AND METHODS
Cell cultures. The SSN-1 cell line (Frerichs et al.
1996) obtained from The European Collection of Animal Cell Cultures (ECACC; Salisbury, UK), was grown
in Leibovitz`s L15-medium supplemented with 5%
fetal bovine serum (FBS), L-glutamine (4 mmol l–1), and
gentamicin (50 µg ml–1) (Bio Whittaker) using Falcon
Primaria cell culture flasks (Becton Dickinson
Labware). The cells were grown at 25°C.
Virus. Nodavirus (AHNNV 692/9/98) was isolated
from Atlantic halibut Hippoglossus hippoglossus juveniles during an outbreak of VER in a Norwegian fish
farm (Dannevig et al. 2000) using the SSN-1 cell line.
For production of virus to be used in the challenge
experiments and as antigen in the ELISA (see below),
SSN-1 cells were inoculated with a third passage of
virus.
Virus suspension: When pronounced cytopathic
effects (CPE) on inoculated cultures were observed (on

Day 6 post-infection), the cell cultures were frozen and
thawed once. Cell culture fluids were harvested and
clarified by centrifugation at 1500 × g for 15 min.
Supernatants were collected and stored at –80°C.
Virus titration was conducted on monolayers of SSN-1
cells grown in 96-well microtitre plates using 6 wells
per dilution (10-fold serial dilution). After 10 d incubation, the cultures were examined for infection by
nodavirus by an indirect immunofluorescence technique (IFAT), essentially as described by Dannevig et
al. (2000). An antiserum against AHNNV was used as
the primary antibody. This antiserum (K 672) was
obtained by immunizing a rabbit with CsCl gradient
purified AHNNV (T. Ranheim unpubl. data). Fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit
IgG (Southern Biotechnology Associates) was used as
secondary antibody. To facilitate observation in the fluorescence microscope, nuclei were stained by addition
of 10 µg ml–1 propidium iodide (Sigma). TCID50 ml–1
(tissue-culture infectious dose infecting 50% of inoculated cultures) was calculated according to the method
of Kärber (1931)
Cell lysate: When moderate CPE were observed (i.e.
the cells were still attached to the surface of the culture
flask), the culture medium was removed and the
remaining cells were rinsed once with phosphatebuffered saline (PBS) (pH 7.2), scraped off the culture
flasks and suspended in a small volume of PBS. The
cells were frozen and thawed 3 times to ensure a complete release of viral antigens. The lysate was centrifuged, and the supernatant was stored in small
aliquots at –80°C.
The protein concentration was quantified by the
method of Lowry (Lowry et al. 1951), using bovine
serum albumin (BSA) as the protein standard.
Challenge. We obtained 200 Atlantic halibut of
17.2 g average weight (range 10 to 40 g), from a commercial fish farm, and kept them at VESO Vikan
AkvaVet (Namsos, Norway) during the experiment.
The fish were 8 mo of age. The fish were placed in
tanks containing seawater (26.3 to 33.8 ‰ S) at 12°C,
and were acclimated for 17 d. They were fed ad libitum
twice daily with pelleted feed (Dana Feeds, Dana-Ex
3 mm). Before the onset of the experiment, 5 fish were
examined for nodavirus by RT-PCR (as described
below), and all were found to be negative for the virus.
Blood samples from these fish were included in the
examination of the humoral immune response by
ELISA, as described below. Three days prior to the
challenge, the fish were divided into 5 tanks (numbered 1 to 5). On Day 0 of the experiment, 30 fish
(Tank 1) were left unchallenged, and served as controls. The fish of Tanks 2 and 3, with 30 and 50 fish
respectively, were bath-challenged for 2 h by adding
the virus directly into 50 l seawater (final dose 105
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TCID50 ml–1). Tank 2 was used for mortality surveilreaction (PCR) (94°C for 45 s, 55°C for 45 s), and ended
lance, while Tank 3 was used for sampling. The fish of
with 60°C for 7 min. A distinct band of 264 bp was
Tanks 4 and 5, with 40 and 50 fish respectively, were
detected on a 2% agarose gel.
challenged by intraperitoneal (i.p.) injection. The fish
Quantitative real-time RT-PCR. A LightCycler-RNA
were anaesthetized in 0.05 ‰ benzocain and each fish
master hybridazation probe kit (Roche Diagnostics) was
received 0.1 ml of a suspension of virus with 107
used in combination with a LightCycler instrument
TCID50 ml–1. Tank 4 was used for mortality surveil(Roche Diagnostics) for the amplification and detection of
lance, while Tank 5 was used for sampling. Abnormal
the RNA target. The specific fragment was transcribed
behavior and mortality were recorded daily during the
and amplified with the primers described in the precedexperiment.
ing subsection in combination with a TaqMan sequenceSampling. On Days 5, 7, 13, 19 and 41, post chalspecific probe labeled 5’-FAM TTC-AAA-TCA-ATAlenge, 8 i.p.-challenged fish were sacrificed; on Days 7,
CTT-CTT-GGC-TCT-A 3’-TAMRA (DNA Technology
13, 19, 32 and 41, 8 bath-challenged fish were sacriA/S). The RT-PCR reactions were performed in narrow
ficed; on Days 5, 7, 13, 19, 32 and 41, 3 control fish
glass capillaries in a reaction volume of 25 µl. The reacwere sacrificed. Since we expected an earlier mortality
tion mix contained final concentrations of 1× LightCycler
in the i.p.-challenged group than the bath-challenged
RNA master hybridization mix, 0.2 µg total RNA, 0.5 µM
group (Peducasse et al. 1999), the fish in the i.p.-chalof each primer, 0.2 µM probe, and 2.5 mM Mn(OAc)2.
The RT step at 61°C for 20 min was followed by a denatlenged group were collected more frequently at the
uration step at 95°C for 2 min, followed by 45 cycles of a
beginning of the experiment.
The fish were anaesthetized in 0.05 ‰ benzocain,
3-temperature PCR (95°C for 10 s, 57°C for 20 s, and 72°C
and blood was drawn from the caudal vein using
for 13 s) ending at 40°C for 30 s.
heparin-containing Venoject sampling tubes (Teromo
Histology and immunohistochemistry (IHC). Tissue
sections (1.5 to 2 µm) were stained with haematoxylinEurope). Plasma was isolated by standard centrifugaeosin (HE) or immunostained.
tion, and stored at –20°C after addition of NaN3
(15 mM). From each sacrificed fish, brain and eyes or
Immunohistochemical detection of nodavirus was
the whole head were sampled along with kidney, thyperformed with a streptavidin-biotin-alkaline-phosmus, spleen, heart, liver, anterior and posterior intesphatase complex technique essentially according to
tine, pancreas, muscle, skin and gills (Table 1). Tissue
Dannevig et al (2000). Briefly, after deparaffination,
samples for total RNA isolation were instantly frozen in
nonspecific antibody binding sites were blocked with
liquid nitrogen, and stored at –70°C. Tissue samples
5% BSA in Tris-buffered saline (TBS, pH 7.4) for
for histopathology and immunohistochemistry (IHC)
20 min. The sections were incubated for 30 min with
were fixed in neutral phosphate-buffered 10% formapolyclonal rabbit AHNNV-antiserum (K672) diluted
lin and embedded in paraffin wax. The brains and reti1:500 in TBS with 2.5% BSA (TBS/BSA). Sections were
nas intended for microscopy investigations were fixed
then incubated for 30 min with biotinylated goat antiwhole. This was done to enable examination of all
rabbit IgG (Dako), diluted 1:500 in TBS/BSA, and
parts of the organs and to ensure correct orientation.
thereafter incubated for 30 min with a streptavidinTotal RNA isolation and conventional RT-PCR. The frozen specimens
Table 1. Hippoglossus hippoglossus. Allocation of samples from each sampling
were homogenized in PBS with a laboto histology, immunohistochemistry (IHC), RT-PCR and ELISA analyses. When
ratory blender (Stomacher 80) before
sampled, 3 control fish and 8 fish from each of the challenged groups were sacrianalysis. Isolation of total RNA from the
ficed. At each sampling, brain and 1 eye from 1 control and 2 challenged fish
homogenized tissue was performed
were sampled for an intended transmission electron microscopy examination
using the RNeasy kit (Qiagen). The
which was not performed. The other eye of these fish was sampled for IHC examination. Histology: kidney, anterior and posterior intestine, heart, liver, gills,
reverse transcription (RT) and DNA
pancreas, thymus, muscle, skin and spleen were also examined. In fish with
amplification were carried out in 1 tube
positive IHC staining in brain and/or eye, additional IHC analyses of kidney,
using the GeneAmp EZ rTth RNA PCR
anterior and posterior intestine, heart, liver, gills and thymus were performed
kit (Perkin Elmer) in the presence of 0.5
µg total RNA, 0.5 µM of the forward
Group
Histology and IHC
RT-PCR
ELISA
primer 5’-CTG-AAG-ATA-CAT-TCGBrain
Eye
Whole head Tissuesa
Blood
CTC-CAA-3’ and 0.5 µM of the reverse
primer 5’-TAT-CCC-ATA-GCC-CCCControl (n = 3)
1
2
1
3
3
Challenged (n = 8)b
3
5
3
3
8
AGT-G-3’. The RT step at 60°C for 30
min. was followed by an initial step of
a
Kidney, posterior intestine, heart, liver and gills
94°C for 2 min, followed by 30 cycles of
b
Includes bath- and i.p.-challenged groups
a 2-temperature polymerase chain
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alkaline-phosphate complex (Amersham International) diluted 1:500 in TBS/BSA. Finally, the sections
were incubated with Fast Red salt (1 mg ml–1, Sigma )
for 20 min. The preparations were washed twice in
TBS between each incubation step. All incubations
were carried out in a humidity chamber at room
temperature. The sections were counter-stained with
haematoxylin and examined by light microscopy.
Tissue sections from halibut known to be infected with
nodavirus were incubated with the anti-AHNNV antiserum as a positive control and with pre-immune
rabbit serum as a negative control in each test.
Brain and 1 eye from 1 control fish and 2 fish from
each challenge group at each sampling were fixated in
3% glutaraldehyde in a 0.1 M cacodylate buffer,
pH 7.4. These samples were not examined further in
electron microscopy because of the sparse pathological
findings and low number of immunopositive cells
found under light microscopy.
ELISA. Optimization of the assay and quantification
of the plasma antibodies were carried out as follows.
Optimization of ELISA: An ELISA for detection of
anti-nodavirus antibodies in Atlantic halibut plasma
was developed, in which the specific binding of
nodavirus antigen in the coating process was optimized. Coating buffers with varying concentrations of
salt were produced by adding either NaCl or saturated (NH4)2SO4 (at 4°C) to a standard carbonate coating buffer (15 mM Na2CO3, 35 mM NaHCO3, pH 9.6).
The tested coating buffers contained NaCl (0 to
2.5 M) or were saturated with (NH4)2SO4 in the range
of 0 to 40% (i.e. 0 to 1.83 M). The coating solutions
contained coating buffers and cell lysate from
nodavirus infected or non-infected SSN-1 cell cultures
(total protein concentration 7.6 µg ml–1). Microtitre
plates (Maxisorp F96, Nunc) were coated overnight.
The following incubations were carried out at room
temperature for 1 h unless specified otherwise, and
the various steps were separated by 3 washes in PBS
with 0.1% Tween 20 (PBST). After a blocking incubation with 5% skimmed milk powder in PBST, the
plates were incubated with Atlantic halibut plasma in
PBS with 0.5% Tween 20. The plates were further
incubated with polyclonal rabbit anti-Atlantic halibut
IgM antiserum (K628, S. Grove et al. unpubl.) (1:500
in PBST) followed by incubation with horseradish peroxidase-conjugated donkey anti-rabbit Ig antiserum
(NA934, Amersham Life Science) (1:1000 in PBST).
Finally, the plates were incubated for 20 min with
0.067% (w/v) o-phenyldiamine (Sigma, P8287),
0.0126% H2O2 in 0.05 M phosphate-citrate buffer, pH
5.0. This reaction was stopped by addition of 2 M
H2SO4 and the optical density at 492 nm (OD492) was
measured with a Multiskan EX 355 spectrophotometer (Labsystems).

Quantification of anti-nodavirus antibodies in
plasma: ELISA was performed as above using a coating solution containing 0.8 M NaCl. Plasma samples
from all sampled individuals of Atlantic halibut were
analyzed in duplicates against cell lysate from
nodavirus infected (test) and non-infected (control) cell
cultures. The resulting OD values were calculated
from the formula: mean of ODtest – mean of ODcontrol.
Detection of virus neutralizing activity. Selected
plasma samples from Day 41 post-challenge were analyzed for their neutralizing activity. The 6 strongest
sero-positive from the i.p.-challenged group and the
2 most sero-negative from the control group, as determined by ELISA, were selected. Plasma was heat inactivated at 43°C for 45 min and 2-fold serial dilutions of
the plasma in L-15 without FBS were mixed with an
equal volume of virus suspension containing 4 × 102
TCID50 ml–1. Following incubation at 20°C for 1.5 h,
50 µl of each plasma–virus mixture was added to
SSN-1 cells grown in 96-well plates (3 parallel wells
per plasma dilution for each virus dose). After 1 wk
incubation at 20°C, the cells were fixed in 80% acetone
and stained for AHNNV by IFAT as described above.
Neutralizing activity was expressed as the reciprocal
value of the plasma dilution that inhibited virus infection in 50% of the inoculated cultures.
Statistical analyses. The ELISA results are presented
as mean values with 95% confidence intervals; the differences between control and treatment groups were
tested using a Student‘s t-test and p < 0.05 was considered statistically significant.

RESULTS
Clinical signs
No lack of appetite, abnormal behavior or mortality
was recorded in any of the experimental groups of
Hippoglossus hippoglossus during the experiment.
The fish gained weight during the experimental
period, from a mean 17.2 to 40.5 g.

Histopathology
Tissue from brain, eye, heart, gills, kidney, liver, intestine, spleen, thymus, pancreas, muscle and skin was
examined by light microscopy. No typical pathological
manifestation of nodavirus infection was found, except
for some vacuolization of the inner nuclear cell layer of
the retina in a few fish in the i.p.-challenged group.
Epicarditis was seen in the majority of examined fish
regardless of the treatment throughout the experiment. An additional study of untreated fish at the farm
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that provided the fish for this study showed that 90% of
the fish of this size had epicarditis (Johansen & Poppe
2002). No other pathological changes were seen in
control and bath-challenged fish or in the other examined organs of the i.p.-challenged fish.

Immunohistochemistry
Specific immunolabeling against nodavirus was performed. Immunolabeling was not detected in any control or bath-challenged fish. In the i.p.-challenged fish,
heart, gills, kidney, thymus, pancreas, liver, anterior
and posterior intestine was consistently nodavirus negative at all samplings (data not shown). At Day 7 postchallenge, no reactivity was observed either in the
retina or in the brain of i.p.-challenged fish, but at Days
13, 19 and 41 immunolabeling was detected in the
retina (8 of 13 fish) and in the brain (3 of 9 fish)
(Table 2). In the retina, single positive cells or small
foci of positive cells were found in the inner nuclear
cell layer and ganglion layer adjacent to the circumferential germinal zone at the ciliary margin towards the
Table 2. Hippoglossus hippoglossus. Immunohistochemical
detection of nodavirus in retina and brain of i.p.-challenged
fish. Number of fish showing positive reaction/total number of
fish examined is shown
Days post
challenge

Retina

Brain

7
13
19
41

0/5
2/5
2/4
4/4

0/2
1/3
1/3
1/3
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iris (Fig. 1). In the brain, a few immunopositive cells
were found in the tectum opticum (Fig. 2).

Virus detection by RT-PCR
We employed a sensitive assay that allows precise
and specific detection of the fish nodavirus from
Atlantic halibut. Conventional RT-PCR was performed
with total RNA isolated from fish tissue as template.
Primers corresponding to the nucleotide sequence
from the RNA2 sequence of Atlantic halibut nodavirus
characterized by Grotmol et al. (2000), were used and
a 264 bp PCR fragment was amplified. We examined
several different tissues from each fish by conventional
RT-PCR (Table 1). A distinct band of approximately
264 bp was only evident in samples from the i.p.-challenged group (Table 3). Positive signals were detected
in the kidney and posterior intestine from Day 5 post
challenge and in head and liver samples from Day 13
post challenge. In heart samples, positive findings
were irregular. Gills were negative at all samplings.
We also examined the head samples from all 3 groups
by real-time quantitative RT-PCR. This method confirmed to a high degree the data from the conventional
RT-PCR, showing the same head samples of i.p.-challenged fish to be nodavirus-positive (Fig. 3). Only, a
single bath-challenged fish sampled on Day 32 was
also shown to be very weakly positive (data not shown)
as was a single i.p.-challenged fish sampled on Day 5
(Fig. 3). The quantification further showed increasing
amounts of viral nucleic acids in heads sampled late in
the experiment (Fig. 3). Control fish and the remainder
of the bath-challenged fish consistently yielded negative results using this technique.

Fig. 1. Hippoglossus hippoglossus. Immunohistochemical staining of retina from fish sampled on Day 13 after i.p. challenge with
nodavirus. (a) Transverse section of entire retina (R) showing circumferential germinal zone (arrows), remains of lens (L, disrupted during sectioning) and cornea (C). Scale bar = 1 mm. (b) Higher magnification of inset in (a). Immunopositive cells (red)
are located in inner nuclear cell layer (INL) and ganglion layer (GL) close to germinal zoone (G). IPL = inner plexiform layer.
Scale bar = 50 µm
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Fig. 2. Hippoglossus hippoglossus. Immunohistochemical staining of brain from fish sampled on Day 13 after i.p. challenge with
nodavirus. (a) Section through tectum opticum (T) of brain. In left tectum opticum, ventricle (V) and torus semicircularis (S) are
shown; section of right tectum opticum is located more dorsally, outside the ventricle. Scale bar = 1 mm. (b) Higher magnification of inset in (a). Few immunopositive cells (red) were found in tectum opticum. V = ventricle lumen. Scale bar = 50 µm

difference between the i.p.-challenged and control fish
was significant (p < 0.05) from Day 19 post challenge.
Neither bath-challenged nor control fish showed an
increase in antibody activity.
Preliminary analyses using pooled plasma samples
(Day 41 post challenge) from control fish, from bathchallenged fish and from i.p.-challenged fish respectively, revealed that the control and the bath-challenged groups only had very low neutralizing activity
and that the activity of the i.p.-challenged group was
limited (data not shown).
Individual plasmas were then selected as described
above. Neutralizing activity against nodavirus was
observed in plasma of i.p.-challenged fish at a final
plasma dilution of approximately 1:160 for the lowest
virus dose (Table 4). The samples from the challenged
fish showed OD values in the ELISA in the range of 0.6
to 1.15, while values of control fish were lower than
0.17. The Atlantic halibut plasma showed toxic effects
at a dilution of 1:20 or lower, making it difficult to estimate the exact neutralizing activity of plasma from
control fish.

Optimization of ELISA
The binding efficiency of nodavirus antigen was
shown to depend on the salt content of the coating
buffer (Fig. 4). For both NaCl and (NH4)2SO4, optimal
binding was seen within a limited range of salinities.
For NaCl, the optimal range was somewhat broader
than for (NH4)2SO4. Addition of (NH4)2SO4 affected the
pH of the coating buffer (e.g. from pH 9.6 to pH 7.8 at
15% saturation, i.e. 0.62 M). However, a 15%
(NH4)2SO4 coating buffer re-equilibrated to pH 9.6
showed a similar performance as the buffer at pH 7.8
(data not shown). Further, without additional salt
added, 0.1 M phosphate buffer at pH 7.8 showed binding that was similar to the standard 0.05 M carbonate
buffer (pH 9.6) (data not shown).

Humoral immune response
An increase in the anti-nodavirus antibody activity
was observed in the i.p.-challenged fish (Fig. 5). The

Table 3. Hippoglossus hippoglossus. Detection of nodavirus by conventional RTPCR in i.p.-challenged fish (n = 3). Number of PCR-positive fish at each
sampling is shown
Days postchallenge

Head
(brain/eyes)

Gills

Heart

Kidney

Liver

Posterior
intestine

5
7
13
19
41

0
0
3
2
3

0
0
0
0
0

1
0
1
3
0

3
3
3
3
3

0
0
2
3
3

2
2
3
3
3

DISCUSSION
In the present study Atlantic halibut,
Hippoglossus hippoglossus, 10 to 40 g,
were successfully infected with nodavirus by i.p.-challenge, and IHC and
RT-PCR were used to detect the presence
of nodavirus in several organs from these
fish. Furthermore, a specific antibody response to nodavirus was also detected.
However, clinical signs of disease typical
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Fig. 3. Hippoglossus hippoglossus. Detection of nodavirus in
head samples by quantitative real-time RT-PCR. Only results
from i.p.-challenged group are shown. Each data point represents result for 1 fish. Values were obtained from the amplification curves and are given as arbitrary numbers during the
log-linear phase of PCR. Data points on the baseline (i.e. at y =
0.01) were determined as zero, but were assigned a value of
0.01 to fit the logarithmic presentation. Arbitrary values
above 1 were considered positive
Fig. 5. Hippoglossus hippoglossus. Average anti-nodavirus
antibody activity in plasma from challenged and non-challenged Atlantic halibut analyzed by ELISA. Individual plasma
samples, diluted 1:100, were tested in duplicates against cell
lysate from SSN-1 cells infected (test) or not infected (control)
with nodavirus. Results for individual plasma samples are calculated as (mean of ODtest – mean of ODcontrol). () i.p.-challenged group (n = 8); () bath-challenged group (n = 8) ()
untreated control group (n = 3 except Day 0, when n = 5). Bars
represent 95% confidence intervals

Fig. 4. Hippoglossus hippoglossus. Effect of coating solution
salinity on nodavirus antigen-binding efficiency in ELISA.
Coating solutions with different concentrations of (NH4)2SO4
or NaCl were analyzed by ELISA using anti-nodavirus
positive and negative Hippoglossus hippoglossus plasma
samples as primary antibodies. Coating solutions with (, )
(NH4)2SO4 and with (, ) NaCl. Black symbols: antinodavirus positive Atlantic halibut plasma (n = 4). White symbols: anti-nodavirus negative Atlantic halibut plasma (n = 4)

for VER were not observed in the i.p-challenged group,
suggesting that a subclinical infection had occurred
Bath-challenge should be the preferred experimental model for nodavirus infection, as horizontal transmission has been demonstrated for several species

(Breuil et al. 2000). Infection by bath-challenge of larvae and juveniles has resulted in mortalities varying
from low levels up to 100 % (Arimoto et al. 1993, Peducasse et al. 1999, Huang et al. 2001, Húsgar7 et al.
2001). In all these studies, the existence of infection
was demonstrated by characteristic histopathology
and/or detection of nodavirus in retina and brain by
IHC and/or RT-PCR. Bath-challenge of Atlantic halibut
larvae with nodavirus has resulted in clinical signs of
VER and 100% mortality (Dannevig et al. 2000, Grotmol et al. 1999). In the present study, only a single fish
of the bath-challenged group was revealed as weakly
positive by quantitative real-time RT-PCR on Day 32
post challenge. Several factors such as virus strain,
virus dose, water temperature, fish age and duration of
experiment might explain the sparse evidence for an
infection in the bath-challenged group. To our knowledge, successful infection by bath challenge of larger
fish has not been reported; this is in accordance with
the suggestion that age is one of the most important
factors for the development of overt nodavirus infection. A specific antibody response was not detected in
the bath-challenged group indicating that specific
humoral immune mechanisms were not triggered.
In the i.p.-challenged fish, nodavirus was detected in
the kidney and other internal organs at an earlier time
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Table 4. Hippoglossus hippoglossus. Nodavirus neutralizing
activity and the corresponding anti-nodavirus antibody activity (ELISA optical density[OD]-values) of individual Atlantic
halibut plasma. Plasma from individual fish sampled on
Day 41 post-challenge was examined against a nodavirus suspension containing 4 × 102 TCID50 (tissue-culture infectious
dose infecting 50% inoculated cultures) ml–1
Treatment

Control
Control
i.p.-challenged
i.p.-challenged
i.p.-challenged
i.p.-challenged
i.p.-challenged
i.p.-challenged

Neutralization activity
(reciprocal
plasma dilution)

Antibody activity
(OD492 value)

40
40
160
80
160
160
160
80–160

0.17
0.15
0.60
0.60
0.66
0.82
0.95
1.15

point (Days 5 to 7) than in the head samples (Day 13)
by conventional RT-PCR. Even the quantitative realtime RT-PCR, which is considered more sensitive than
the conventional method, only detected a single
weakly positive head sample (Day 5) prior to Day 13
post challenge. From Day 13, viral antigen was also
detected by IHC in the retina and brain. However, the
time for appearance of the virus in different organs
may be dependent on the route of infection. The presence of virus in internal organs has also been shown in
Atlantic halibut larvae challenged with virus by bath
exposure (Grotmol et al. 1999). In their study,
nodavirus was detected by IHC in the anterior intestine, spinal cord and brain on Day 18 and in the retina,
liver and gills on Day 20 post challenge (water temperature of 6°C). Thus, the piscine nodavirus may replicate in cells located in tissues other than in the central
nervous system (CNS), though the nervous tissue is
considered to be the main target tissue. There are 3
main ways for pathogens to enter CNS: local spread
through adjoining tissue, neural spread, and viremia
(Nathanson & Tyler 1997). Immunohistochemical studies have revealed that nodavirus favors special areas of
retina and brain in fish, and this could indicate that the
virus enters CNS through paths along nerves or blood
vessels (Nguyen et al. 1996, Grotmol et al. 1999, Húsgar7 et al. 2001). In our study we only observed a limited number of nodavirus immunopositive cells in the
tectum opticum of the brain and in the inner nuclear
cell layer and ganglion cell layer of the retina. Also in
sea bass Dicentrarchus labrax and turbot Scophthalmus maximus, survivors after experimental nodavirus
infections showed immunopositive cells only in the
inner cell layers of retina (Peducasse et al. 1999, Húsgar7 et al. 2001). Nerve impulses from the retina
progress from the rods and cones of the outer nuclear

layer to the inner layers of retina and then through the
nervus opticum to the tectum opticum of the brain.
This close connection between the 3 virus-infected
areas might indicate a retrograde axonal transport of
nodavirus.
In the Atlantic halibut used in this study, immunopositive cells in the retina were detected adjacent to
the circumferential germinal zone at the ciliary margin
towards the iris. This location of immunopositive cells
has also been described in the retina of turbot (Húsgar7 et al. 2001). In Atlantic halibut with a persistent
natural infection, clusters of nodavirus immunopositive
cells were seen close to growth zones in the brain
(Johansen et al. 2002). Their location close to the
growth zones could indicate that nodavirus favors
neural cells in early stages of proliferation. Teleosts
have the ability to produce new neurons throughout
their lifetime, but young fish have a higher proportion
of neurons in early proliferation stage than older fish
(Zupanc & Horschke 1995).
In our study, the first detection of nodavirus by RTPCR was at Day 5 post challenge in fish that received
virus by i.p.-injection. At the end of the experiment
(Day 41), there was no sign of reduction of the amount
of virus in the different organs in these fish. Whether
the fish have the ability to get rid of the virus or
whether the fish will become persistently infected for a
limited period or for the whole of their life, is not
known. In a recent study, a persistent infection of
Atlantic halibut of approximately 5 g in a fish farm over
a 4 mo period was demonstrated (Johansen et al. 2002).
Thus, the infection may persist for a relatively long
period within a fish population without them showing
any signs of disease.
An ELISA method for the detection of anti-nodavirus
antibodies was established. The novelty of the method
relates to the improved binding efficiency of virus antigen, i.e. from lysate of infected SSN-1 cells in the coating process achieved by the use of additional salt
(NaCl or (NH4)2SO4) in the coating buffer. Without the
additional salt, virus antigen was bound inefficiently,
resulting in consistently low OD values. The improved
binding of specific antigen allows the use of a crude
AHNNV preparation in a simple indirect ELISA procedure. The ELISA methods for detection of antinodavirus antibodies in fish reported so far have
included either purified nodavirus antigen (Watanabe
et al. 2000), sandwich techniques (Breuil & Romestand
1999) or recombinant nodavirus protein (Huang et al.
2001, Húsgar7 et al. 2001). Mushiake et al. (1992)
employed a combination of partially purified fish IgM
and purified nodavirus in a sandwich type ELISA. The
optimized ELISA established in the present study will
be useful for screening spawners for the elimination of
nodavirus sero-positive fish in brood stock.
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It was demonstrated that only the i.p.-challenged
fish showed a rise in the levels of plasma antinodavirus antibodies during the course of infection.
The antibody levels were significantly different from
control fish from Day 19 post-challenge. Húsgar7 et al.
(2001) showed that the humoral immune response of
Atlantic halibut (mean weight 695 g) to i.p. immunization with recombinant nodavirus capsid protein in nonmineral oil came at a relatively late time point, with a
marked increase between Weeks 12 and 16 postimmunization. In the turbot Scophthalmus maximus,
these authors found that the immune response developed more gradually. Intraperitoneal immunization of
sea bass (1 to 6 kg) with heat-inactivated nodavirus in
Freund’s incomplete adjuvant resulted in a significant
response after 6 wk (Breuil & Romestand 1999). The
use of live virus may explain the earlier response
observed in the present study. The lack of antibody
response in the bath-challenged group in the present
study was paralleled by an absence of detectable
nodavirus in these fish. The observed antibody
response in the i.p.-challenged group was preceded by
an early detection of nodavirus by RT-PCR in the
kidney.
The teleost kidney has been established as an important secondary lymphoid organ in which immune
responses are induced and conducted (Kaattari & Irwin
1985). Antigen can be taken up and retained in macrophages and melanomacrophages in secondary lymphoid tissue (Lamers & De Haas 1985, Herraez &
Zapata 1986) and these cell types are believed to be
important as antigen processing and presenting cells
(Vallejo et al. 1992). Húsgar7 et al. (2001) observed
that cells in the melanomacrophage centers of the kidney were IHC-positive for nodavirus in turbot surviving intramuscular challenge. These investigators speculated that virus was trapped and taken up in the form
of immune complexes. As the present study did not
obtain positive IHC results from the kidney, it was not
possible to determine in which cell type(s) the nodavirus was found or whether the localization was confined to certain tissue compartments. However, the
early detection of nodavirus by RT-PCR in the kidney,
before an antibody response could be detected, makes
it less likely that induced antibodies were participating
in the localization of the virus. Our data do not elucidate whether the nodavirus infects cells in the kidney
or whether the virus is trapped by or transported to the
kidney by host mechanisms. This important question
should be addressed in future studies of nodavirus
infections.
The neutralizing activity against nodavirus in
plasma from i.p.-challenged fish sampled on Day 41
was relatively low (~1:160), but was higher than in
samples from control fish. The neutralizing activity is
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probably mediated by specific antibodies, as little
effect could be detected in plasma samples showing
low OD values in the ELISA. In a recent report, Húsgar7 et al. (2001) demonstrated substantial neutralizing activity in serum 20 wk after i.p.-immunization of
Atlantic halibut with recombinant nodavirus capsid
protein. In both the sevenband grouper Epinephelus
septemfasciatus Thunberg (Tanaka et al. 2001) and the
sea bass Dicentrarchus labrax (Skliris & Richards
1999), neutralizing activity has been described. Thus,
fish in general seem to generate neutralizing antibodies as a response to nodavirus infection. The extent and
the time of appearance of this event may depend both
on the antigen used and the environmental temperature. For further characterization of the antibody
response of Atlantic halibut to nodavirus infection, the
experimental period should be expanded.
In a separate study, fish from the farm that supplied
the fish used in this study, were thoroughly investigated regarding the epicarditis observed in the present study (Johansen & Poppe 2002). No infectious
agent was found, and it is not known to which degree
the epicarditis affects the general health of the fish.
Other reports have shown that one infection may affect
the outcome of an additional infection, and that this
influence might be either positive or negative (LaPatra
et al. 1995, Johansen & Sommer 2001).
The control fish used in this study were not treated
in the same way as the challenged fish, i.e. anaesthetized and injected or held under static conditions,
and did therefore not constitute an ideal control
group. The treatment of the challenged groups probably caused an amount of stress to the fish, and this in
turn may have led to a degree of immune suppression
not experienced by the control fish. Immune suppression may have facilitated the infection and also
restrained the antibody response. Such restraint could
have obscured the detection of a weak antibody
response in the bath-challenged fish and also have
reduced the detected antibody response of the i.p.challenged fish. The lack of treatment is not likely to
have had any influence on the qualitative results
obtained for the control fish, i.e. the data generated
by IHC and RT-PCR methods.
This study is the first report describing experimentally induced infection with nodavirus in Atlantic
halibut at a post-juvenile stage. Although, neither mortality nor clinical signs was observed following i.p.injection of the virus, this experimental infection model
may be useful for further studies on pathogenesis,
immune response and testing of vaccines in this species. Further experiments should include other methods of infections such as intramuscular injection and
bath challenge using higher virus dose and a longer
experimental period.
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