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INTRODUCTION

The Atlantic cod Gadus morhua is an economically
important species on the Norwegian coast, and cod
fisheries have long traditions (Svåsand et al. 2004).
Declining wild cod stocks, reduced catch quotas and
thus rising prices have turned Atlantic cod farming
into one of the most rapidly growing sectors of Norwe-
gian aquaculture. A most important challenge to the
creation of profitable cod farms has been the lack of
large-scale fry production. It is not merely the lack of
fry available, but also the instability of production and
quality of the larvae produced that cause problems.
The industry lacks a standardized production method,
which may be one reason for the wide differences
among larval groups (Svåsand et al. 2004). Infectious
bacterial diseases have always been an important

aspect in aquaculture. The high mortality of the larval
stages is still a major bottleneck, partly because of
infectious diseases (Vadstein 1997, Bricknell & Dalmo
2005). Compared to salmonids, Atlantic cod is poorly
developed at hatching and undergoes a long larval
period before metamorphosis (Kjørsvik et al. 1991,
Pedersen & Falk-Petersen 1992). During these stages,
the fry are vulnerable to bacterial infections (Bricknell
et al. 2006). Several important bacterial diseases affect
Atlantic cod (reviewed by Samuelsen et al. 2006).
Classical vibriosis caused by Vibrio anguillarum may
be a problem for both adult fish and larvae. V. anguil-
larum and closely related bacterial species have been
identified in many different marine habitats (reviewed
by Thompson et al. 2004). This implies that the bac-
terium is native in these environments and eradication
of the disease is not possible. At least 23 O serotypes
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of V. anguillarum have been described (Pedersen et
al. 1999). In salmonids, the main V. anguillarum
serotypes that cause disease are O1 and O2α, while
the serotypes O2α and O2β are most commonly asso-
ciated with cod (Larsen et al. 1994, Pedersen et al.
1999). Both O2α and O2β have been isolated from dis-
eased cod, but O2β seems predominant (Bricknell et
al. 2006). Some V. anguillarum isolates that cause dis-
ease in cod belong to a new sero-subtype, as shown
by serological, biochemical and genotypical differ-
ences from other known serotypes (Mikkelsen et al.
2007). Cod larvae have a fully competent immune sys-
tem around 2 to 3 mo after hatching (Schrøder et al.
1998). Hence, conventional vaccination prior to this
age will probably not have a positive effect. Both exte-
rior and internal surfaces (skin, gills and intestinal
tract) have been proposed as entry portals for patho-
genic bacteria (Baudin Laurencin & Germon 1987,
Kanno et al. 1989, Smith et al. 2004). Studies involving
intestinal mucus are frequently used to test growth,
adherence and attachment of pathogenic bacteria
(Garcia et al. 1997, Vine at al. 2004, Yan et al. 2007).
The entry portal for V. anguillarum has been debated.
The gut may be the initial site of infection in turbot
larvae Scophthalmus maximus (Grisez et al. 1996), a
proposition supported by experiments of O’Toole et al.
(1999) and Olsson et al. (1996). V. anguillarum has
been detected in cod larvae fed rotifers enriched with
commercial products (Korsnes et al. 2006), and it is
possible that live feed such as rotifers and Artemia
spp. may be vectors for opportunistic bacteria that
infect cod larvae. Spanggaard et al. (2000) found that
the external surfaces (skin and fins) of rainbow trout
were important sites for the attachment and prolifera-
tion of V. anguillarum. Bath challenge experiments
with unfed cod yolk sac larvae have caused high mor-
talities (N. Sandlund & Ø. Bergh unpubl. data), sug-
gesting that the skin is an important entry portal . The
gills may also be an entry portal for V. anguillarum. In
an immersion challenge trial with rainbow trout Salmo
gairdneri, Baudin Laurencin & Germon (1987) sug-
gested that the gills were the initial sites of infection.
However, due to early observations of bacteria in the
anterior and posterior intestine, they concluded that
contamination by oral or anal routes was also a possi-
bility. Inconclusive results were also found by Olsson
et al. (1996). When they inoculated V. anguillarum
directly on the gills of turbot, they were unable to
recover the pathogen from the spleen. The aim of our
study was to further understanding of V. anguillarum
serotype O2α infections in cod larvae by (1) using
immunohistochemical methods to identify a possible
portal entry route, (2) observing the pattern of infec-
tion and the tissues types infected, and (3) describing
the histopathology.

MATERIALS AND METHODS

Broodstock, eggs and larvae. Cod Gadhus morhua
eggs were provided by the commercial hatchery
Sagafjord in Hordaland County, western Norway
(59° 45’ N, 5° 29’ E). The broodstock originated from the
area outside Bømlo/Halsnøy in the same county. The
broodfish were kept in 40 m3 tanks, each containing 60
to 80 fish that spawned naturally. The fertilized eggs
were collected and disinfected with glutardialdehyde
(300 ppm) for 10 min before incubation in black conical
150 l tanks. The average temperature was 6.5 to 7°C. A
flow-through system provided 2 to 3 l min–1 of aerated
water.

Bacterium. The bacterium used in this challenge
experiment was Vibrio anguillarum strain HI-610
serotype O2α, originally isolated from cod suffering
from vibriosis at the Parisvatnet research facility in
Øygarden near Bergen, Hordaland County. This bac-
terium was previously serotyped according to Knapp-
skog et al. (1993). Bacteria were stored at –80°C in a
20% glycerol/marine broth (MB) (Difco 2216) stock.
They were incubated at 15°C and grown on petri
dishes with Difco 2216 marine agar (MA) for 48 h.
Colonies were transferred to Erlenmeyer flasks con-
taining 50 ml of MB (Difco 2216) and shaken at 80 rpm
in a shaking incubator (INFORS AG) for 48 h. Thirty ml
of each bacterial culture were harvested by centrifuga-
tion (Heraeus Sepatech Megafuge 1.0 R) at 2772 × g for
10 min at 4°C, washed twice in 30 ml phosphate-
buffered saline (PBS) and resuspended in 30 ml PBS.
The bacterial concentration was determined by count-
ing cells in a Hawksley counting chamber. The bacter-
ial suspension was examined under a microscope in
order to verify that the bacterium were still viable prior
to challenge.

Challenge experiment. Eggs were randomly
selected, and individual eggs were transferred to sep-
arate wells in a 24-well polystyrene multi-dish (Nunc)
containing 2 ml of sterile aerated 80% (28‰ salinity)
seawater. They were challenged with Vibrio anguil-
larum strain HI-610 on the same day by adding
100 µl of bacterial suspension to each well. All eggs
hatched successfully after 48 h. This experiment com-
prised 3 groups of larvae. The control group consisted
of unchallenged larvae; Groups I and II were chal-
lenged with 104 colony-forming units (CFU) ml–1 and
106 CFU ml–1, respectively. Three plates were used
for each group, giving a total number of 72 larvae in
each treatment group. Dead larvae were counted
daily. To provide material for the immunohistological
examinations, 3 extra plates with larvae for all 3
groups were prepared. The first samples were taken
on Day 4 after challenge and every following day
until the experiment was terminated. Day 16 after
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hatching was the last sampling day in Group I and
the control group. Because all the larvae needed to
be sampled alive, no samples were taken from Group
II after Day 14 due to the high mortality. Between 2
and 5 larvae were sampled daily from each group,
and a total of 161 larvae were analyzed in this study.
The experiment ran 21 d.

Antisera. All antisera against Vibrio anguillarum
HI 610 were produced according to the method of
Oeding (1957) and absorbed by the method of Knapp-
skog et al. (1993). Due to availability limitations, 2 dif-
ferent batches of antiserum were used to perform the
immunohistochemical analyses. The antisera were
absorbed against serotype O2β strain HI-618 and
serotype O1 strain HI-644, and tested for cross-
reaction.

Immunohistochemistry. Larval samples were fixed in
4% phosphate-buffered formaldehyde, dehydrated in
ethanol and embedded in paraffin. All the larvae were
sectioned at 3 µm (Leica Jung Biocut 2035), incubated
at 60°C for 30 min, dewaxed in xylene (Chemi-Teknik
AS), rehydrated in a series of ethanol baths and washed
in running water. The absorbed polyclonal rabbit anti-
serum anti-HI-610 was diluted in Tris-hydroxymethyl-
aminomethane (TRIS)-buffered saline (TBS) with 2.5%
bovine serum albumin (BSA). In order to prevent non-
specific antibody binding, sections were blocked using
5% BSA in TRIS-buffered formaldehyde for 20 min. An
avidine-biotin-alkaline phosphatase complex (AB-
Complex/AP) reaction kit (DAKO A/S) and New
Fuchsin Substrate system (Dako) were used to stain
Vibrio anguillarum. A positive staining was evident as
red coloration. Shandon’s hematoxylin was used for
counterstaining, which gave the tissue a blue col-
oration. At each stage of staining, 2 controls were used.
Unchallenged larvae were used as a negative control,
and bacterial smears on microscope slides were used as
a positive control. The same procedure was used to
stain both larvae and bacteria. During the staining pro-
cedures, tissue sections and bacterial samples were
kept apart to prevent cross-contamination. All incuba-
tions were performed at room temperature (20°C) in
a humidity chamber. A Leica DMBE microscope
equipped with a Leica Wild MPS52 phototube was used
to photograph the tissue sections.

Hematoxylin-erythrosine-saffron (HES) staining.
Heated, dewaxed and rehydrated larval sections were
stained with hematoxylin, 1% erythrosine and saffron.
These were added through a series of baths in order to
stain nuclei, muscle and cytoplasm and connective
tissue. This staining was performed to identify histo-
pathology in the larvae.

Statistical analysis of mortality rates. The mortality
data were not normally distributed and a non-paramet-
ric test was performed. A 2 × 2 contingency table

analysis was performed in STATISTICA v 7.0 (StatSoft)
using a Bonferroni corrected p-value (p < 0.00094) for
multiple independent tests. This was used to test for
mortality differences among the treated groups and
the control group. Multiple independent tests were
used to test differences in mortality rates between the
challenged larval groups and the larval control groups,
and a Bonferroni correction was applied (to minimize
the possibility of a Type II error) (Rice 1989). Because
there was only one degree of freedom, Yates correction
was applied.

This experiment formed part of a larger challenge
experiment. The statistical analyses of mortality rates
will therefore be published in a separate article by
Sandlund & Bergh (in press). This article contains only
data regarding the control and larval groups exposed
to Vibrio anguillarum strain HI-610.

RESULTS

Cumulative mortality and statistical analysis

Mortality rates in the control group and Group I
were less than 0.15 during the first 12 d after hatching.
At Day 13, there was a rapid rise in Group II mortality
(Fig. 1). Cumulative mortality in this group increased
between Days 2 and 6 post hatching, stabilized at
approximately 0.6 for several days before increasing
towards the end of the experiment (Fig. 1). The mortal-
ity rates of the control group and Group II were signif-
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Fig. 1. Gadus morhua. Cumulative mortality of 3 larval
groups. Contr: Control group containing larvae not exposed
to bacteria; Gr I: Larval Group I challenged with Vibrio
anguillarum strain HI-610, dose 104 CFU ml–1; Gr II: Larval
Group II challenged with V. anguillarum strain HI-610,

dose 106 CFU ml–1
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icantly different (p < 0.00094, Bonferonni correction,
data not shown), but rates in Group I and the control
group were not. Feed was not provided during this
experiment; the rise in mortality at the end of the
experiment was thus due to starvation.

Immunohistochemistry

The immunohistochemical studies provided no clear
explanations for the portal entry route or for the
pathology causing the high mortality. In most of the
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Figs. 2 to 7. Gadus morhua. Figs. 2 to 6: Immunohistochemical staining of larvae (paraffin sections). Avidine-biotin-alkaline phos-
phatase method, rabbit anti Vibrio anguillarum strain HI-610 serum and Shandon haematoxylin counterstained. Postive immuno-
histochemistry is visualized by red colour. Counterstaining gives tissue different tones of blue. Fig. 2. Gills of Group I larvae 8 d
post hatching. Bacteria are present in the space between the primary lamellae; some are clearly positively stained red while others
show no positive colour. Fig. 3. Gills of Group II larvae 15 d post hatching. Many bacteria are present, but there is little positive
staining. Fig. 4. Intestine of Group II larvae 4 d post hatching. Large numbers of bacteria are present. Necrotic cells are visible
among the bacteria (arrow). Fig. 5. Intestine of Group II larvae 4 d post hatching. Large numbers of bacteria are present. Necrotic
cells are visible among the bacteria (arrows). Fig. 6. Intestine of Group I larvae 4 d post hatching. Bacteria are present in the lumen
and attached to the brush border of the intestine (arrow) but no necrotic cells are visible. Fig. 7. Group I larval intestine 4 d post
hatching stained with hematoxylin erythrosine-saffron. Larvae are the same as in Fig. 4. Bacteria are present (stained violet) in the

brush border (arrow), but there is no necrosis. All scale bars = 10 µm
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larvae studied, there were very few or no bacteria.
Typical findings were clusters of bacteria in the spaces
between the primary gill lamellae, but none seemed to
have adhered to the gills. However, these clusters
were only partially stained or not positively stained at
all (Figs. 2 & 3). Two Group II larvae (Figs. 4 & 5) and 1
Group I larva (Figs. 6 & 7) contained stained bacteria in
their intestines. Some of the bacteria appear attached
to the microvilli, but although interstitial immunostain-
ing was performed, no bacteria were observed inside
the cells (Figs. 4 to 6). One Group II larva had more
bacteria in the intestine than any of the other larvae
(Fig. 4). Except for the 2 Group II larvae (Figs. 4 & 5),
no histopathology was observed in any of the larval
groups. Necrotic cells with some pycnotic nuclei
(Fig. 5, arrow) and dissolved epithelial cell nuclear
membranes occurred in the intestine. Note the round-
ing and dissociation of the epithelial cells in the brush
border (Fig. 5, arrow). Three control group larvae had
some bacteria in the space between the primary gill
lamellae, but these were not specifically stained (data
not shown).

DISCUSSION

To further understanding of Vibrio anguillarum
infections in cod larvae Gadus morhua we investigated
a possible entry portal, the pattern of infection, tissue
types infected, and we described the histopathology.
The results were inconclusive. In spite of the high mor-
tality in the high challenge-dose group, little histo-
pathology was observed in the course of the immuno-
histochemical examinations. The absence of histo-
pathology also suggests that the disease develops
acutely and that the larvae died before any pathologi-
cal alterations became apparent.

Toxic components associated with and released from
metabolized bacterial cells may cause disease. Super-
natant from Vibrio anguillarum leads to mortality in
turbot Scophthalmus maximus larvae (Planas et al.
2005, 2006). Supernatants of bacterial cultures include
extracellular products (ECP) produced by the bacteria.
An experimental bath challenge (with typical Aero-
monas salmonicida ssp. salmonicida) to turbot and hal-
ibut yolk-sac larvae resulted in significant mortality
(Bergh et al. 1997). Histological and immunohisto-
chemical examinations of the larvae revealed no evi-
dence of bacteria in affected tissues. Bergh et al. (1997)
suggest that the mortality resulted from production of
toxic exudates by the bacteria, which may also explain
our results with cod larvae. Supporting evidence is
provided by Sandlund et al. (2006), who challenged
great scallop Pecten maximus larvae with Vibrio
pectenicida, but in this case there was histopathology

in tissue samples. Furthermore, live and heat-killed V.
anguillarum are equally lethal when injected into
goldfish Carassus auratus (reviewed by Egidius 1987).

Our immunohistochemical examinations revealed
clusters of bacteria around the larval gills (Figs. 2 & 3).
These cells were smaller than bacteria found in the lar-
val intestine. We have repeatedly observed that this
particular Vibrio anguillarum strain changes size and
appearance when grown and transferred from an in
vitro to an in vivo environment. The polyclonal anti-
serum used in this experiment attaches to the bacterial
surface lipopolysaccharide (LPS). When bacterial clus-
ters are extremely compact, the form of the LPS may
change or become unavailable to the antiserum, pre-
venting positive staining. The bacteria may release
LPS when entering the intestine and thus appear
larger. However, in view of the near total absence of
positive immunostaining of gill-associated bacteria in
all the larvae examined, and the fact that fish larvae
are not sterile (Verner-Jeffreys et al. 2003), it is likely
that other bacteria were present in the larvae.

Suffocation caused by the bacteria around the gill
lamellae is another possible explanation of larval death
without apparent presence of bacteria. However, oxy-
gen exchange through body surface skin occurs in lar-
vae and juveniles of Atlantic salmon Salmo salar (Wells
& Pinder 1996a,b) and rainbow trout Oncorhynchus
mykiss (Rombough 1998). It is likely that cod larvae are
similarly capable of exchanging oxygen across the
skin. Thus, bacteria clustered around the gills of cod
larvae likely did not cause a lack of oxygen or influ-
ence mortality. In similar challenges to halibut larvae
with Vibrio fischeri, large numbers of bacteria
occurred between the gill arches, and there was necro-
sis in the gill epithelium (Bergh et al. 1992). None of
the larvae examined in our experiment had damaged
gill tissue, supporting the suggestion that bacteria
observed in the gill area did not have any negative
effects on the larvae. Moreover, clusters of bacteria
also occurred in larval Group I and the control group,
in which no bacteriogenic mortality occurred.

Bacterial epiflora may create lethal or sublethal con-
ditions in the environment through excessive oxygen
consumption (Hansen & Olafsen 1989) that affects fish
eggs and larvae. However, all of the eggs in our exper-
iment hatched successfully within a period of 12 h,
indicating that they were healthy and unaffected by
adverse environmental influences. Furthermore, all
eggs, and thus all larvae, originated from the same egg
bath and were randomly selected. Were potentially
unfavorable bacteria or other factors present in the
environment, all larval groups would have been
affected in the same way.

As mentioned above, bacteria have 3 potential points
of entry into the larvae: skin, gills and intestine. The
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mucosa serves as a substrate for bacterial adhesion to
fish (Hansen & Olafsen 1989, Vine et al. 2004). Vibrio
anguillarum may have a stronger tendency to adhere
to intestinal mucosa than to skin mucosa (Olsson et al.
1996, O’Toole et al. 1999). Conversely, there are sug-
gestions that the skin is a major site of attachment and
proliferation for V. anguillarum in ayu Plecoglossus
altivelis and rainbow trout (Kanno et al. 1989, Spang-
gaard et al. 2000, respectively). Baudin Laurencin &
Germon (1987) propose that the gills are the initial
infection site in rainbow trout Salmo gairdneri. In their
experiment, they inspected gills, anterior and posterior
intestine and anterior kidney, but did not take skin
samples. No cod larvae in our challenge experiment
had bacteria associated with the skin.

In our laboratories, Vibrio anguillarum strain HI-610
is commonly used in challenge experiments, and a
bath challenge dose of 104 CFU ml–1 usually causes
high mortality (Sandlund & Bergh in press). However,
in the present work, only the high challenge-dose
group (106 CFU ml–1) suffered significantly higher
mortality than the control group. There are no obvious
explanations for this result. The washing procedure
prior to challenge may have stressed the bacteria,
resulting in a temporary loss of virulence (Planas et al.
2005). Chemotactic motility mediated by the polar fla-
gellum is essential for virulence of V. anguillarum (Mil-
ton et al. 1996, O’Toole et al. 1996, Ormonde et al.
2000). However, examination of the bacterial suspen-
sion prior to the challenge revealed no lack of motility.
The washing procedure used is standardized in our
laboratory. In a similar challenge experiment with V.
anguillarum and Atlantic halibut Hippoglossus hip-
poglossus yolk-sac larvae, temperature was a control-
ling factor (Verner-Jeffreys et al. 2003). Low tempera-
ture (6°C) may cause bacteria to multiply slowly inside
the larvae, thus lowering fish mortality rates. This was
also implied by Larsen (1984). However, cod larvae in
our experiment were reared at 7°C, the temperature
used to grow the bacteria prior to challenge. We
observed little difference in growth rates at 7 and 15°C
for this V. anguillarum strain. Given our observations
of motile bacteria prior to challenge and the fact that
high mortality occurred in Group II, we find it unlikely
that the washing procedure or temperature con-
tributed significantly to the lack of mortality in the low
challenge-dose group.

The decision to keep the larvae alive until the point
of starvation was due to the possibility of losing signif-
icant data. Thanks to the knowledge obtained in this
experiment, future experiments done under similar
conditions can be brought to an end at an earlier stage,
i.e. until Days 12 to 13 post hatching.

To obtain a valid impression of the histopathology
and to avoid post mortem changes, all larvae were

sampled live. Sampling when larvae are moribund
would be optimal, but practical considerations made it
impossible to monitor them so closely. It is probable
that most of the larvae in this experiment were sam-
pled before any clear histopathology was present. This
might explain the low correspondence between the
histological findings and the mortality observed.

Marine fish larvae drink water from Day 1 post hatch
(Mangor-Jensen & Adoff 1987) and thereby ingest bac-
teria. Fish larvae have an undeveloped stomach at
hatching (Kjørsvik et al. 1991). The onset of the acid
digestion is a gradual process and the lowering of
stomach pH takes 2 to 3 mo in sea bream Sparus aurata
larvae (Yúfera et al. 2004). It is likely that larval intesti-
nal pH in our experiment was similar to that of sea-
water, which is not low enough to inhibit bacterial
growth.

Apart from drinking water, infection of feed is
another way of ensuring the presence of bacteria in the
intestine. To describe the infection route of Vibrio
anguillarum, Grisez et al. (1996) orally fed infected
Artemia sp. nauplii to turbot larvae. The bacteria were
taken up endosomally from the brush border of the
epithelium. They were transported to the lamina pro-
pria and onwards to the bloodstream and other organs.
These findings contrast with our observations. The fact
that we saw bacteria seemingly attached to the larval
microvilli does not necessarily imply that they enter
the fish by this route. Olafsen & Hansen (1992) showed
endocytosis of bacteria by epithelial cells in the
hindguts of 4 to 6 d old cod larvae and 10 to 12 d old
herring Clupea harengus larvae. They also found
intact bacterial antigens in columnar epithelial cells in
the foregut of 4 d old cod yolk-sac larvae. It is possible
that Grisez et al. (1996) detected merely the endocyto-
sis of dissolved LPS rather than whole bacteria, since
most antisera are designed to react on the LPS of bac-
teria. In our opinion, this does not provide conclusive
evidence of the infection route in turbot.
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