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ABSTRACT: Atlantic cod Gadus morhua L. juveniles weighing 40 g were challenged with infectious
pancreatic necrosis virus (IPNV) by intraperitoneal (i.p.) or intramuscular (i.m.) injection or by bath.
The amount of infectious virus was determined over 6 wk in head kidney, heart and pylorus tissues.
No mortality or clinical signs were observed in either of the challenged groups. However, 6 wk after
challenge virus was still present in the fish, which shows that IPNV can persist asymptomatically in
cod. L.p. and i.m. injections were the most efficient routes of challenge giving the highest virus recov-
ery. The prevalence of individuals with a viral titre >500 infectious units g~! tissue was lower in the
group of fish challenged by bath; thus bath was a less efficient route of challenge than injection. Our
data also show that pylorus and head kidney are target organs for IPNV in cod, and levels of virus
recovery were not considerably different between these 2 organs. Challenged by injection, the cod
heart is also a target organ for IPNV. Compared to head kidney and pylorus, the heart seems to have
a minor role in virus multiplication. Virus was also recovered from cohabiting fish, demonstrating that
covertly infected cod may represent a reservoir of infectious IPNV for surrounding fish populations.
Expression analysis of selected cod immune genes showed that i.p. injection of IPNV induced gene
expression of ISG15 and LGP2, markers for the innate antiviral defence, while expression of markers
for the inflammatory response (interleukins IL-1f, IL-8, IL-10) was not significantly increased.
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INTRODUCTION

The interest in aquaculture of Atlantic cod Gadus
morhua L. has increased during recent years due to the
reduced supply from wild fisheries, but also partially
owing to an elevated market price for cod (Brown et al.
2003, Bolle et al. 2004). Large commercial efforts are
currently taking place in Norway, Scotland, New-
foundland (Canada) and New Hampshire (USA) to
develop cod aquaculture (Brown et al. 2003, Bolle et al.
2004). Increased susceptibility to infections and hori-
zontal transmission of pathogens are promoted in fish
subjected to intensive rearing conditions (reviewed by
Wedemeyer 1997). Knowledge of the immune system
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and which pathogens represent a threat to cod farming
is thus of major importance.

Infectious pancreatic necrosis virus (IPNV), the
causative agent of infectious pancreatic necrosis (IPN),
is widespread in the aquatic environment (Melby et al.
1991, Saint-Jean et al. 2003) and causes disease out-
breaks in several fish species such as Atlantic salmon
Salmo salar and Atlantic halibut Hippoglossus hippo-
glossus (Mortensen et al. 1990, Biering et al. 1994,
Roberts & Pearson 2005). IPNV can establish a persis-
tent infection, and salmonids surviving a disease out-
break often become life-long carriers of the virus. Per-
sistently infected fish produce and shed low amounts
of virus and may represent a reservoir of infectious
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IPNV for surrounding fish populations (Saint-Jean et
al. 2003).

The present knowledge of IPNV infection and dis-
ease in cod is limited. Only one disease outbreak
caused by IPNV has been reported, which occurred in
Denmark and the Faroe Islands (Lorenzen et al. 1995).
IPNV has been isolated from wild adult cod with no
obvious clinical signs of disease (Skall et al. 2000, Mar-
tin-Armas et al. 2007), indicating that the virus is capa-
ble of establishing an asymptomatic carrier state in
cod. This was confirmed in an experimental challenge
of juvenile cod causing no mortality, while PNV
persisted in cod head kidney leucocytes for several
months (Garcia et al. 2006).

The teleost innate immune system represents the
first line of defence against viral infections, where
interferons (IFNs) and IFN-stimulated genes (ISGs)
play an essential role (Robertsen 2006). ISG15 and
genes involved in the inflammatory response (inter-
leukins IL-1B, IL-8 and IL-10) have previously been
shown to increase their expression in cod in response
to injection with polyinosinic polycytidylic acid (poly
I:C), a dsRNA viral mimic (Seppola et al. 2007, 2008),
suggesting a role in antiviral defence. Another
immune gene called LGP2 has not previously been
described in fish. In mammals, LGP2 possesses strong
binding affinity for dsRNA and functions as a nega-
tive regulator for the induction of IFNs (Akira et al.
2006). In this work, a cod LGP2 cDNA sequence was
obtained (CODGEN at the Institute of Marine Re-
search, Norway) and, along with the other mentioned
immune genes, was used as a marker for activation
of cod innate immunity. Expression analysis of immune
genes during the course of a virus infection can
contribute to understanding their role in antiviral
defence.

The aim of the present work was to study whether
IPNV established an infection in juvenile cod by 4 dif-
ferent routes of challenge: intraperitoneal (i.p.) injec-
tion, intramuscular (i.m.) injection, bath challenge and
cohabitant challenge. Over a 6 wk period, the amount
of infectious IPNV was detected in different organs to
assess whether the infection persisted or was cleared
by the fish. Furthermore, expression of the immune
genes IL-1B, IL-8, IL-10, ISG15 and LGP2 was studied
in cod challenged with IPNV by i.p. injection.

MATERIALS AND METHODS

Fish and rearing conditions. Non-vaccinated juve-
nile Atlantic cod Gadus morhua L. were obtained from
a local hatchery. The fish were transferred to the Fish
Health Unit at the Tromsg Aquaculture Research Sta-
tion and kept in seawater in 200 1 flow-through tanks.

They were gradually acclimatised to a water tempera-
ture of 12°C before challenge. The fish were fed
according to appetite (Dana Feed A/S) and kept in
continuous daylight. The reported experiment was
conducted in accordance with the European Con-
vention for the Protection of Vertebrate Animals used
for Experimental and other Scientific Purposes of
18 March 1986.

Virus for challenge. An IPNV strain (H-IPNV/
GW98), originally isolated during an epidemic among
farmed Atlantic halibut in the northern part of Nor-
way, was re-isolated from experimentally infected cod
juveniles in a previous challenge experiment (A.-I.
Sommer et al. unpubl.). A second cell culture passage
of this virus strain, H-IPNV/GW98/C03, was used in
the present experiment.

The chinook salmon embryo cell line CHSE-214
(Lannan et al. 1984) was used for IPNV isolation and
propagation. The cells were cultured in Eagle's mini-
mum essential medium (EMEM) supplemented with
antibiotics, 1% non essential amino acids, 200 mM
L-glutamine and 8 % foetal calf serum (FCS, PAA Lab-
oratories). For virus propagation, the FCS content was
reduced to 2%. CHSE-214 cells were incubated in 5%
CO, at 20°C. The IPNV isolate was added at a multi-
plicity of infection of 0.1 and incubated until complete
cytopathic effect (CPE) was evident, usually after 7 d.
Cell culture medium and the remaining cells were
recovered and centrifuged at 920 x g for 15 min. To
recover virus from the cell pellet, it was frozen/thawed,
sonicated and centrifuged at 920 x g for 10 min. The
resulting supernatant was pooled with the clarified cell
culture medium and stored at —80°C until challenge.
Aliquots were used to determine TCID;, by end-point
dilution (Reed & Muench 1938) with 8 replicates on
CHSE-214 cells.

Challenge. Mean (+SD) weight of the fish on the day
of challenge was 39.4 + 11.6 g (n = 17). No feed was
given 24 h prior to challenge. Prior to injections, the
fish were anaesthetised by immersion in Metacainum
(50 mg I'!, Norsk Medisinaldepot). The fish were
marked on the operculum with visible implant fluores-
cent elastomer (Northwest Marine Technology).

Fish were injected i.p. (n = 100) and i.m. (n = 100)
with 0.1 ml virus inoculum (6.3 x 10° TCIDs, fish™!),
prepared as described above. These 2 groups of fish
were kept in the same tank. In a separate tank, 100 fish
were bath-challenged over a period of 3.5 hin 50 1 oxy-
genated sea water containing 1 x 10° TCIDs, ml~! of the
virus isolate. Three days after challenge, 10 cohabi-
tants were added to each of the 2 tanks with chal-
lenged fish. The control group consisted of 35 fish
injected i.p. and 35 fish injected i.m. with 0.1 ml EMEM
with 2% FCS, and was kept in a separate tank in a sep-
arate room. The fish that were not sampled, as des-
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cribed below, were maintained for observation for clin-
ical signs and mortality. The experiment was termi-
nated 42 d after challenge.

IPNV carrier testing. Before challenge, heart and
head kidney of 10 fish were checked for the presence
of IPNV by carrier tests as described previously with
minor modifications (Johansen & Sommer 2001).
Briefly, organ homogenates were seeded on CHSE-214
cells in 80 cm? cell culture flasks. Samples from 2 indi-
viduals were pooled and seeded in each flask. Two
blind passages were performed. The lower detection
limit per pool of 2 individuals was 5 infectious units
(iu.) g~! tissue.

Sampling and virus titration. Seven, 14, 21 and 42 d
after challenge, 10 fish from each challenged group
(i.p., i.m., bath) were killed by an overdose of the
anaesthetic benzocain, and heart, head kidney and
pylorus were aseptically removed. Each organ was
divided in 2 parts; 1 part was frozen at —80°C and
stored for IPNV detection and titration, while the other
part was rapidly submerged in RNAlater and stored at
—-20°C for gene expression analysis. From the control
group, the same organs were sampled from 10 fish 7 d
after challenge and from 20 fish 42 d after challenge.

Each organ was thawed and homogenised individu-
ally in EMEM with 2% FCS by passing it through a
100 pm cell strainer (BD Biosciences) and further cen-
trifuged at 12500 x g for 10 min. Homogenates for
1 type of organ from 5 individuals were pooled and
inoculated onto CHSE-214 cells in 80 cm? cell culture
flasks at a concentration of 0.5% (w/v). Whether CPE
due to IPNV was evident was registered after 7 d. One
blind passage was done with all pools. The lower
detection limit per pool of 5 individuals was 10 i.u. g!
tissue.

Individual viral titres for
each organ were obtained

tion using IPNV-specific polyclonal antibodies pro-
duced in rabbit.

RNA isolation, RT-PCR and sequencing of IPNV
viral capsid protein VP2. Cell culture medium from
CPE-positive CHSE-214 cells inoculated with pooled
organ homogenates, prepared as described above,
were used as a basis for RNA isolation and further VP2
sequencing. In order to initially fracture viruses before
RNA isolation, 250 pl cell culture medium, 275 pl lysis
buffer (1% SDS, 0.15 M NaCl, 1.25 mM EDTA, 0.1 M
Tris-HCI, pH 7.6) and 0.5 mg Proteinase K (Applied
Biosystems) were mixed and incubated at 37°C for
90 min. From this solution, RNA was isolated using Tri-
zol LS reagent (Invitrogen Life Technologies), and dis-
solved in Nuclease-free water (Promega). Quality and
quantity of the RNA were measured using the Nano-
Drop ND-100 spectrophotometer (NanoDrop Techno-
logies). Synthesis of cDNA was performed using the
recommended protocol supplied with Superscript III
RNase H-Reverse transcriptase (Invitrogen Life Tech-
nologies).

A selected region (614 bp) of the gene encoding VP2
of IPNV was amplified by PCR using the primers
LVP2F and LVP2R (Eurogentec; Table 1). The PCR
conditions were 2 pl ¢cDNA, 0.6 pM of each primer,
0.2 mM dNTP, 1x enzyme buffer (Promega) and 1 U
Pfu polymerase (Promega) in a 50 jl reaction volume.
Thermocycling conditions were as follows: initial
denaturation at 95°C for 2 min, followed by 35 cycles at
95°C for 5, 62°C for 15s, 72°C for 30 s and final exten-
sion at 72°C for 7 min. PCR products were treated with
ExoSAP IT (USB) for digestion of primers and nu-
cleotides. The PCR products were sequenced using the
ABI Big Dye Terminator Cycle Sequencing Kit version

Table 1. Primer sequences and their designated application. eF: elongation factor

Sequence (5'-3)

Application

by inoculation of 10-fold di-
lutions of the homogenised Primer name
organs in 2 replicates on LVP2F
CHSE-214 cells. End-point LVP2R
titres were calculated. The IPNV-NS-1828F
lower detection limit for indi- ﬁ;‘g—?;;wor{
V}dual titres was 500 .1.u. g! LGP2-508R
tissue. For calculation of ISG15-32F
means of viral titres, individ- ISG15-108R
uals negative in individual IL1b-658F
titration were given an arbi- IL1b-708R
trary value of 1, thus taking IL8-446F

! IL8-516R
into consideration the total IL10-618F
number of individuals ana- IL10-693R
lysed. For some of the sam- 18SF
ples where CPE was regis- ;?R_ 148F
tered, the presence of IPNV eFlZi-ZZOR
was verified by neutralisa-

CGAACCCCCAGGACAAAGT
GTGATTGGTCTGAGCACGC
AGGTCCTATCCCACTTCGCAAA
TCTCCCTCGAAGGGTATGTCCT
GCTTCTCGGACATCACTCTGCT
TCTGGTTGTAAACTCCCTCTTTGTG
TAACCAGACAGCAGTTGGTCATG
TGGAGCCACGGTAAGAGGG
GGAGAACACGGACGACCTGA
CGCACCATGTCACTGTCCTT
GGTTTGTTCAATGATGGGCTGTT
GACCTTGCCTCCTCATGGTAATACT
CCTATAAAGCCATCGGCGAGTTA
TGAAGTCGTCGTTTTGAACCAAG
GAGCCTAGAAATGGCTACCACATC
CACGTGTCGTGAATGGGTAATT
ATGTGAGCGGTGTGGCAATC
TCATCATCCTGAACCACCCTG

Sequencing IPNV VP2
Sequencing IPNV VP2

Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
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3.1 (Applied Biosystems). Sequences were analysed by
Lasergene SeqMan II software (DNASTAR).

RNA isolation from organs and real-time PCR. RNA
was isolated from head kidneys from 10 non-injected,
unchallenged fish sampled before the start of the
experiment, from injected control fish (10 fish sampled
7 and 42 d after challenge, respectively) and from i.p.
IPNV-challenged fish (10 fish sampled 7, 14, 21 and
42 d after challenge, respectively). The E.Z.N.A. Total
RNA kit (OMEGA BIO-TEK) was used for RNA isola-
tion using the recommended on-column DNase treat-
ment. RNA was subsequently subjected to a second in-
solution DNase treatment (Promega) according to the
manufacturer's instructions. The synthesis of cDNA
was performed using Tagman RT Reagents (Applied
Biosystems) mainly according to the recommended
protocol (Seppola et al. 2007). Quantitative real-time
PCR was performed for the target genes IL-1f, IL-8, IL-
10, ISG15 and LGP2 (GenBank accession number
EU371924) using the ICycler iQ real-time PCR detec-
tion system (Bio-Rad) and Core kit for SYBR (Eurogen-
tec), as described previously (Seppola et al. 2007,
2008). Real-time primers for target genes and endoge-
nous controls (18S and eF1la) are listed in Table 1.

A real-time PCR assay was designed to amplify a
section of IPNV segment A for detection of the relative
amount of IPNV RNA (primers are listed in Table 1). A
positive virus control was included in all runs to
equalise the detected amount of virus, and the lowest
detection limit of virus was set to threshold cycle (Cy)
value 35. The PCR efficiencies were determined by
analysis of 2-fold or 5-fold serial dilutions of cDNA,
and efficiencies were close to 100% allowing use of
the 22% method for calculation of relative gene
expression (Livak & Schmittgen 2001). The mean
quantity + SEM of the relative gene expression was
calculated from values obtained from 10 fish. Statis-
tical analyses between groups were made with an
unpaired 2-tailed Student's t-test, and p < 0.05 was
considered significant.

RESULTS
Screening for IPNV carriers in control fish

Before initiation of the experiment, heart and head
kidney of 10 fish were checked for the presence of
IPNV by carrier tests in pools of 2 individuals. The
lower detection limit per pool of 2 individuals was
5 iu. g! tissue. No IPNV-positive pools were found.
During the experiment, fish were sampled from the
control group 7 and 42 d after challenge. Head kidney,
heart and pylorus were checked for IPNV in 16 pools of
5 individuals. Two pools from head kidney and 1 pool

from heart at the sampling 42 d after challenge were
positive for IPNV, although all were negative by indi-
vidual titrations on CHSE-214 cells. The lower detec-
tion limit per pool of 5 individuals was 10 i.u. g~! tissue,
and for individual titrations the detection limit was
500 i.u. g7! tissue. Detection of IPNV by real-time PCR
analysis confirmed that no virus was present in the
individuals sampled before challenge. In the control
fish sampled 42 d after challenge, viral RNA was pre-
sent in head kidney samples from 8 of 10 individuals,
most likely representing IPNV carriers.

Detection of infectious IPNV in challenged fish

We studied the susceptibility of Atlantic cod juve-
niles (40 g) to infection with IPNV and how 3 routes of
challenge (i.p. or i.m. injection or bath) affected the
outcome of infection. Head kidney, heart and pylorus
sampled 7, 14, 21 and 42 d after challenge were
analysed for the presence of infectious virus in organ-
homogenates pooled from 5 individuals (lower detec-
tion limit per pool of 5 individuals of 10 i.u. g~! tissue)
and by individual virus titrations (lower detection limit
of 500 i.u. g~! tissue). During the experimental period
no mortality or clinical signs of disease were observed
in the control group, challenged groups or cohabitants.

Infectious virus was recovered from internal organs
of fish in all 3 challenged groups; however, the preva-
lence of individuals with viral titres >500 i.u. g* tissue
and levels of the viral titres differed between groups
(Fig. 1). In the i.p. injected group (Fig. 1a), highest viral
titres were recorded in pylorus with mean titres rang-
ing from 3.0 x 10* to 6.4 x 10° i.u. g~! tissue 42 and 7 d
post challenge, respectively. Intermediate viral titres
were found in head kidney with mean titres ranging
from 2.1 x 10% to 2.5 x 10* i.u. g~! tissue 42 and 7 d post
challenge, respectively. Lowest viral titres were found
in heart, where the prevalence of individuals with viral
titres =500 i.u. g~! tissue was only 27 % (8/30). Seven of
these were individuals sampled 21 d after challenge
showing a mean viral titre of 9.0 x 102 i.u. g~! heart tis-
sue. However, virus was also present in heart samples
at the other sampling points, but at lower levels only
detectable in pools.

In the i.m. injected fish (Fig. 1b), similar results as for
the i.p. group were obtained. However, the prevalence
of individuals with viral titres 2500 i.u. g~' tissue and vi-
ral titres were slightly lower in this group compared to
the i.p. group. This was most pronounced in samples
from pylorus, where mean viral titres ranged from 2.6 x
10°to 1.0 x 10* i.u. g~' tissue 7 and 14 d after challenge,
respectively. The prevalence of individuals with viral
titres >500 i.u. g~! tissue was 67 % for the 39 pylorus
samples tested in this group, compared to 98 % of the 40
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Fig. 1. Detection of infectious virus in organs from Atlantic
cod Gadus morhua challenged with an IPNV isolate from At-
lantic halibut by (a) i.p. injection, (b) i.m. injection or (c) bath.
Organs were sampled from 10 fish per group, and homo-
genates were tested for infectious virus in 2 pools of 5 individ-
uals and by individual titration on CHSE-214 cells. Horizontal
line shows log; of the detection limit of the titration method at
500 infectious units (i.u.) g~! tissue. Individuals negative in
individual titration were given an arbitrary value of 1, which
is below the detection level of the method. Solid symbols:
individual titres; €>: mean viral titres. Superscript a (b) indi-
cates samples that were positive (negative) in pools, but
negative (positive) in individual titration. NT: not tested in
individual titration

pylorus samples tested in the i.p. group. In head kidney,
mean titres ranged from 1.6 x 103to 1.1 x 10%i.u. g~! tis-
sue 21 and 14 d after challenge, respectively. The
prevalence of individuals with viral titres >500 i.u. g~
tissue was 78 % for the 40 head kidney samples tested
in the i.m. group, and 87 % for the 39 head kidneys
tested in the i.p. group. Also in the i.m. group, lowest vi-
ral titres were obtained from heart samples, and the
prevalence of individuals with viral titres =500 i.u. g*
tissue was only 23 % for the 30 samples analysed.

A lower viral load was present in the fish challenged
by bath (Fig. 1c) than in the injected fish. In contrast to
the results from the other challenged groups, 7 of the
8 pooled organ homogenates from heart and 1 of 8
pooled organ homogenates from head kidney were
IPNV negative. This was also reflected in low viral
titres, and the prevalence of individuals with viral
titres =500 i.u. g~! tissue was 20 % for the 40 head kid-
ney samples (mean range: 1 to 1.3 x 10% i.u. g~! tissue
7 and 21 d after challenge), and 23 % for the 40 pylorus
samples (mean range: 1.1 x 10% to 1.2 x 10*i.u. g~! tis-
sue 42 and 14 d after challenge). No heart samples had
viral titres >500 i.u. g~! tissue after bath challenge.

During the experiment, viral titres within each of the
studied organs were relatively stable after all 3 routes
of challenge. The prevalence of individuals with viral
titres 2500 i.u. g~! tissue was at least 50 % 42 d after i.p.
or im. challenge. In the bath-challenged group, the
prevalence of individuals with viral titres =500 i.u. g*
tissue was only 20 % after 42 d.

Detection of infectious virus in cohabiting fish

To determine whether IPNV was transmitted to
healthy fish, cohabiting fish were analysed for the
presence of IPNV 42 d after challenge (Table 2). For
both groups of cohabitants (i.p./i.m. and bath), virus
was detected in all organs analysed (head kidney,
heart and pylorus) in pooled organ homogenates. Indi-

Table 2. Gadus morhua. Detection of IPNV in organ samples
from cohabitants 42 d after challenge. + and - indicate
whether CHSE-214 cells infected with pooled organ homo-
genates from 5 individual fish were CPE positive or negative.
Two pools (total of 10 individuals) were analysed for each
organ and experimental group. Numbers in parentheses
indicate the prevalence of individuals with viral titres
>500 infectious units g~! tissue

Organ Lp. and i.m. challenge Bath challenge
Head kidney +/+ (10%) +/— (10 %)
Heart +/+ +/—-
Pylorus +/+ (30%) +/- (11%)
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vidual titres were obtained from a few cohabitants and
ranged from 5 x 102 to 5 x 10*i.u. g~! tissue (not shown).

Sequence analysis of IPNV VP2

Sequencing of a variable region of the gene encod-
ing the viral capsid protein VP2 showed that the VP2
sequence recovered from injected fish and cohabiting
fish was identical to the VP2 sequence of the challenge
strain (Pro?'7, Thr??!, Tyr?%, Ala*’, Ala®!, Ala?"%).
However, the VP2 sequence recovered from fish in the
control group had 5 nucleotide substitutions compared
to the challenge strain, which resulted in a different
amino acid composition in 3 of these 5 positions (Thr?"7,
Thr?2!, Tyr??®, Thr?¥?, Ala®®!, Val?’®). These results show
that the virus detected in the cohabitants was most
likely transmitted through the water from the chal-
lenged fish, whereas the virus recovered from the con-
trol group was different from the challenge strain.

Immune gene expression and detection of IPNV
by real-time PCR

An evaluation of gene expression of the 2 endoge-
nous controls, 18S and eFlo, was performed with fish
challenged by i.p. injection of IPNV and control fish.
No significant differences in gene expression (p > 0.05)
were observed between 18S and eFla in challenged
and control fish, and 18S was thus used as endogenous
control for all real-time PCR analysis. Expression of
immune genes was assayed by real-time PCR in head
kidneys from cod injected i.p. with IPNV at 7, 14, 21

Fold increase

and 42 d post challenge (Fig. 2). ISG15 showed the
most marked induction of gene expression on Day 7
(136-fold; p = 0.05), while the expression was slightly
reduced on Day 14 (44-fold; p < 0.01) and Day 21 (81-
fold; p = 0.05). This elevation in expression had
declined to the level observed in control fish at 42 d
post challenge. Similar to ISG15, the expression of
LGP2 was elevated on Day 7 (20-fold, p < 0.01); how-
ever, at later sampling points this elevation was dimin-
ished. The pro-inflammatory cytokines (IL-1f and IL-8)
and the anti-inflammatory cytokine IL-10 showed no
significant increase in gene expression. The relative
amount of IPNV RNA was also assayed by real-time
PCR in the same organ samples as those used for
immune gene expression analysis. Real-time PCR con-
firmed that no virus was present in the individuals
tested before challenge, while a high amount of viral
RNA was present in head kidney from the IPNV-
injected fish. The highest amount of viral RNA was
detected by real-time PCR on Day 7 and remained rel-
atively stable throughout the experimental period.
This is concurrent with detection of infectious virus by
viral titrations.

DISCUSSION

This study demonstrates the establishment of an
IPNV infection in juvenile Atlantic cod after challenge
by injection (i.p. and i.m.) or bath. To our knowledge,
this is the first time these 3 routes of challenge have
been directly compared with IPNV in general. I.p. and
im. injections were the most efficient routes of
challenge, giving the highest virus recovery
from internal organs. With the experimental
conditions used in the present experiment, it
seems that IPNV gains access equally well to
the target organs analysed by either of these 2
routes of injection. For the fish challenged by
bath, infectious virus was also present in inter-
nal organs, but the prevalence of individuals
with a viral titre >500 i.u. g~! tissue was consid-
erably lower in this group. Thus bath was a less
efficient route of challenge than injection, but it
better reflects the risk of natural horizontal

250
o IPNV
m ISG15
2004 m LGP2
150
1004
504
0 e m_
Day 7 Day 42 Day 7 Day 14 Day 21 Day 42
Control IPNV—|nJected

Fig. 2. Gadus morhua. Relative quantification of IPNV NS protein gene
and cod immune gene (ISG-15, LGP2) expression by real-time PCR
analysis of IPNV-injected fish and control fish. Fish were injected in-
traperitoneally with IPNV or cell culture medium (control) and gene
expression was determined in head kidney. Levels of gene expression
were normalised to head kidney sampled from non-injected fish
(calibrator). 18S served as endogenous control for real-time PCR quan-
tification. Error bars: SEM (n = 10). *Significant differences to the

calibrator (p < 0.05)

infection in fish of this size.

No mortality or clinical signs were observed
in either of the challenge groups, which shows
that the virus can persist in asymptomatically
infected cod. Covert infections without clinical
signs are commonly established after IPNV
challenge of juveniles of other fish species
(Bootland et al. 1991, Novoa et al. 1995a,b, Som-
mer et al. 2004) Recently, this was also demon-
strated in cod (Garcia et al. 2006). Small fry are




Jensen et al.: Challenge of cod with IPNV 111

generally the most susceptible to IPNV-induced mortal-
ity (Novoa et al. 1993, Biering et al. 1994, Sommer et al.
2004), but the viral strain and water temperature also
have an influence (Saint-Jean et al. 2003, Santi et al.
2004). The viral strain used in this experiment was orig-
inally isolated from IPN diseased halibut fry and has
caused high mortality in bath-challenged spotted wolf-
fish fry (Sommer et al. 2004). Further experiments are
required, with smaller sizes of fish to establish whether
this viral strain is also able to cause mortality in cod.

Our data show that pylorus and head kidney are tar-
get organs for IPNV in cod, and levels of virus recovery
were not considerably different between these 2 or-
gans. IPNV is frequently isolated from pylorus and
head kidney in other species (Saint-Jean et al. 2003).
Pylorus contains the pancreatic tissue, which is the
main organ affected by acute IPN (Saint-Jean et al.
2003). In head kidney, IPNV has been specifically asso-
ciated with leucocytes/macrophages in salmonids
(Johansen & Sommer 1995, Munro et al. 2006) and
recently also in experimentally infected cod (Garcia et
al. 2006). IPNV also established an infection in cod
heart, although low viral titres were obtained. The cod
heart endocardium is lined with scavenger endothelial
cells (SECs) that are very active in uptake and degra-
dation of macromolecular waste (Seternes et al. 2001,
2002). Recently, these cells were shown to be suscepti-
ble to IPNV infection in vitro, and it was also demon-
strated that in wild adult cod, SECs from heart were
covertly infected with IPNV (Martin-Armas et al.
2007). Our study supports these recent data and sug-
gests a role for the cod heart as a target organ after in
vivo injection of IPNV. However, compared to head
kidney and pylorus, the heart seems to play a minor
role in virus multiplication.

The highest individual titres reaching 1 x 10° to 5 x
10% i.u. g~! tissue were observed in head kidney and
pylorus during the first 3 wk after injection. When this
IPNV strain was used for challenge of smaller juveniles
of spotted wolffish, titres of 10° to 108 TCIDs, g~! tissue
were registered in IPN-diseased fish after 4 wk. The
infection was reported to still persist after 4 mo with
titres of 103> TCIDs, g~! tissue, demonstrating a carrier
state of IPNV (Sommer et al. 2004). Whether the pre-
sent experimental IPNV infection in cod would have
developed into a carrier state is not known. However,
the infection persisted for 6 wk with only minor mean
titre reduction, which supports this assumption.

At the end of the experimental period, some IPNV-
positive individuals were found in the control group.
We do not know the source of this infection, but the fish
could have been IPNV carriers when obtained from the
commercial supplier. This is supported by the results
from the VP2 sequencing, which showed that this virus
was different from the isolate used for challenge. Previ-

ous results have shown that wild cod can be IPNV carri-
ers (Martin-Armas et al. 2007), which further supports
this suggestion. In Atlantic salmon, quiescent IPNV can
be reactivated and cause acute infections, especially
upon stressful conditions (Taksdal et al. 1998). How-
ever, we find it unlikely that the IPNV carrier virus
found in our study contributed to the viral titres ob-
tained from the challenged fish. This is supported by
the very low viral titres present in a few fish in the con-
trol group (below 500 i.u. g~* tissue) only detected 42 d
after the start of the experiment. Also, the VP2 se-
quencing data demonstrated the presence of only 1 vi-
ral sequence in the challenged group, confirming no re-
activation of the carrier virus. Limited information is
available regarding re-challenge of fish carrying IPNV
and whether the carrier condition affects the outcome
of the infection. IPNV is inhibited by the antiviral ef-
fects of the salmonid IFN-system (Jensen & Robertsen
2002), and one could speculate that the carrier virus in-
duced this system and thus protection against the virus
infection in the experimental challenge. If this was the
case, we would have expected to see high levels of
ISG15 expression in the control fish at 42 d where car-
rier virus actually was detected. However, ISG15 ex-
pression was very low in control fish, and it seems that
the antiviral IFN system of the cod is not induced by the
carrier condition. This is supported by studies of At-
lantic salmon IPNV carriers, demonstrating no detec-
table expression of the Mx gene (Lockhart et al. 2004)
and no protective effect on a secondary IPNV infection
(Johansen & Sommer 2001).

VP2 sequencing demonstrated that the virus isolated
from the cohabitants was identical to the strain used for
challenge and that the virus isolated from the control
group was different from these 2 isolates. We can thus
conclude that virus was transmitted from the chal-
lenged fish through the water to the cohabiting fish.
The least efficient route of challenge was by bath;
nevertheless, these fish transmitted the virus to the
surroundings, demonstrating the possible risk of nat-
ural horizontal infection from covert IPNV carriers
among farmed and wild cod.

Analysing immune gene expression can contribute
to understanding which mechanisms determine the
outcome of an IPNV infection. ISG15 has recently been
shown to possess antiviral activity in mammals (Oku-
mura et al. 2006, Lenschow et al. 2007), while cod
ISG15 gene expression is strongly induced by the syn-
thetic double-stranded RNA poly I:C (Seppola et al.
2007). Others have also recently shown ISG15 expres-
sion in liver of cod fry up to 21 d after IPNV injection
(Das et al. 2007). LGP2 has not previously been
described in fish, but in mammals, LGP2 is a negative
regulator of intracellular antiviral signalling (Rothen-
fusser et al. 2005, Yoneyama et al. 2005). We used cod
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ISG15 and LGP2 as markers for the innate antiviral
response. In the present experiment, IPNV injection
induced expression of both ISG15 and LGP2 in head
kidney during the first weeks post challenge, with
ISG15 showing the most marked increase in gene
expression. Six weeks post challenge levels had de-
clined to levels observed in control fish. This decline in
expression could indicate transfer to a carrier state
with a silent IPNV infection that no longer activates
immune defence. However, further experiments are
required to elucidate the possible antiviral function of
these genes in cod and how a covert infection influ-
ences immune gene expression.

The cod inflammatory markers IL-1B and IL-8 and
the anti-inflammatory IL-10 (Seppola et al. 2008)
showed no significant increase in gene expression in
response to IPNV infection. In previous in vitro experi-
ments with adherent head kidney cells from cod, IL-18
expression was enhanced 24 and 48 h after IPNV infec-
tion using the same virus isolate as in this in vivo chal-
lenge, while IL-8 and IL-10 did not respond to IPNV
(Seppola et al. 2008). However, in the present experi-
ment, IL-18 gene expression in vivo might have
occurred ahead of the first sampling point 7 d after
challenge. This is implied by results from other fish
species where an increase in IL-1f and IL-8 expression
have been detected in vivo 1 to 3 d post infection for
several viruses, including IPNV (Purcell et al. 2004,
Tafalla et al. 2005, 2006, Overturf & LaPatra 2006,
Poisa-Beiro et al. 2008). On the other hand, it might be
possible that cod interleukins are not modulated in
response against IPNV, as McBeath et al. (2007)
showed no increase of IL-1B after IPNV challenge in
Atlantic salmon.

In summary, our study describes the establishment of
a persistent IPNV infection in cod juveniles after chal-
lenge by i.p. and i.m. injections and by bath. Major dif-
ferences were seen between challenge by injection or
bath, with bath being the least efficient route of chal-
lenge giving the lowest virus recovery from internal or-
gans. However, in all 3 groups, IPNV persisted for the
experimental period of 42 d. Virus was transmitted both
from the injected fish and bath-challenged fish to cohab-
itants, demonstrating the possibility of covertly infected
cod being a reservoir of infectious IPNV for surrounding
fish populations. However, other important aspects of
this persistent IPNV infection are still not understood in
cod, such as the extent of pathological changes and
whether reactivation of infection can occur.
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