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ABSTRACT: The possibility of transmission of Aeromonas salmonicida subsp. salmonicida from
Atlantic salmon Salmo salar to cod Gadus morhua, halibut Hippoglossus hippoglossus, and wrasse
{Labridae) was studied in both laboratory cohabitation and injection challenge trials, and in a field sit-
uation during an outbreak of furunculosis in Atlantic salmon in 2 sea farms containing both cod and
salmon. A. salmonicida subsp. salmonicida was isolated from cod, halibut and wrasse, but only occa-
sionally. The injection challenge studies with A. salmonicida subsp. salmonicida were carried out on
cod and halibut. Despite challenge with 4.6 x 10%, 4.6 x 10* and 4.6 x 10° CFU (colony-forming units) of
the bacterium, only 1 halibut died, whereas no mortality occurred in the cod groups. In cohabitation
challenge trials in which cod, halibut and wrasse were kept together with infected salmon, 1 cod and
1 halibut died, with subsequent isolation of A. saimonicida subsp. salmonicida from their kidneys. In a
group of salmon challenged in the same way with infected salmon cohabitants, all the salmon died. In
the field study, there were high mortalities of salmon due to furunculosis. However, A. salmonicida
subsp. salmonicida was isolated from only 1 of the wrasse used as 'cleaner fish' for the salmon. A.
salmonicida was not isolated from cod during the field study. The results suggest that A. salmonicida
subsp. salmonicida can be transmitted from salmon and cause disease in cod, halibut and wrasse, but

that this is a relatively rare event.
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INTRODUCTION

Aeromonas salmonicida subsp. salmonicida, the cau-
sative agent of furunculosis, was introduced to one of
the main fish farming districts in Norway in 1985 by im-
portation of infected Atlantic salmon Salmo salar smolts
from Scotland (Egidius 1987). The bacterium soon
spread and it has now been detected in farmed Atlantic
salmon along almost the entire coastal fish farming area
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of Norway. Furthermore, furunculosis has been trans-
mitted to wild Atlantic salmon in several rivers.

During outbreaks of furunculosis, infected fish prob-
ably release high numbers of Aeromonas salmonicida
subsp. salmonicida (Enger et al. 1992). The bacterium
is difficult to isolate from environmental sources but
can be detected by other means. Estimation by
immunofluorescence microscopy using monoclonal
antibodies showed approximately 104 cells ml~' in the
water surface layer, 102 cells ml~ in the water column
within an affected salmon farm and 10° cells ml~" in
the sediment immediately beneath the farm. Further-
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more, A. salmonicida subsp. salmonicida was detected
in small numbers in the water column 1000 m down-
stream of the farm (Enger & Thorsen 1992), and A.
salmonicida subsp. salmonicida has also been isolated
from marine plankton (Nese & Enger 1993). It is there-
fore likely that marine fish in the vicinity of fish farms
are exposed to the bacterium. However, the possible
effects on marine fish due to such an exposure are
unknown.

Aeromonas salmonicida has been isolated from a
large variety of salmonids and other freshwater and
marine fish. Atypical A. salmonicida has been isolated
from a number of marine fish species, such as sable fish
Anoplopoma fimbria (Evelyn 1971), Atlantic cod (Cor-
nick et al. 1984), marine sand eel Ammodytes lancea
(Dalsgaard & Paulsen 1986), Pacific herring Clupea
harengus pallasi (Traxler & Bell 1989), flounder
Platichthys flesus (Wiklund & Bylund 1991). goldsinny
(Frerichs et al. 1992) and turbot Scophthalmus max-
imus (Pedersen et al. 1994). Typical A. salmonicida
(subsp. salmonicida) has been isolated from Atlantic
cod, coalfish Pollachius virens (Willumsen 1990), turbot
(Nougayrede et al. 1990, Toranzo & Barja 1992), and
goldsinny, rockcook and cuckoo wrasse Labrus bimac-
ulatus (Treasurer & Cox 1991). In turbot, the isolation
of typical A. salmonicida was associated with daily
mortalities of between 2.5 and 3% and pathological
findings such as congestive hemorrhagic erosion of the
fins and occasionally congested livers, kidneys, ascites
and gastric ulcers (Nougayrede et al. 1990, Toranzo &
Barja 1992). In cod and coalfish there is no such docu-
mentation of disease as typical A. salmonicida was iso-
lated from the gills and intestine of apparently healthy
fish caught in the vicinity of net pens containing
Atlantic salmon suffering from furunculosis (Willum-
sen 1990). In all cases of infection of the marine fish
species with typical A. salmonicida, the source of infec-
tion was very likely farmed salmonids.

This study was undertaken to examine the possibility
of transmission of Aeromonas salmonicida subsp. sal-
monicida from Atlantic salmon to marine fish such as
Atlantic cod Gadus morhua, halibut Hippoglossus hip-
poglossus and wrasse (family Labridae) and to study
the susceptibility of these species to the bacterium.

MATERIALS AND METHODS

Field study. The field study was carried out in
June-October 1991 at the Institute of Marine Re-
search, Austevoll Aquaculture Research Station, situ-
ated on the island Huftarey south of Bergen on the
west coast of Norway. The research station has 2 sea
cage sites, A and B, each with populations of both
Atlantic salmon and Atlantic cod. The 2 sites are

approximately 300 m apart. Site A is well protected,
shallow (depth 15 m), and has low water exchange.
Site B is more exposed, deeper (depth 50 m)}, and has
good water exchange. The salmon and the cod were
kept in separate cages approximately 1 m apart.
Wrasse were used to free salmon of the salmon louse
Lepeophtheirus salmonis and were present in all of the
salmon cages. The species of wrasse used were
goldsinny Ctenolabrus rupestris, rockcook Centro-
labrus exoletus and corkwing Symphodus melops. At
the beginning of the study, there were 9700 salmon
(mean weight 1000 g) and 7800 cod (mean weight
1100 g) at Site A. These fish were brought in during
1990. At Site B, there were 18 000 salmon smolts {60 g)
transferred to this site at the beginning of June. In mid-
August, 12000 cod (100 g) were brought in to this site.
The salmon were vaccinated against cold water vibrio-
sis (Vibrio salmonicida) and the cod were vaccinated
against vibriosis (Vibrio anguillarum). In October 1990,
Aeromonas salmonicida subsp. salmonicida was iso-
lated from salmon at both sites. This was the first time
the bacterium was isolated at these sites and the isola-
tion was associated with low mortalities. During 1990,
salmon lice were frequently observed on the salmon.
Health and treatment data for the fish brought into the
sites in 1991 were lacking. Water temperature peaked
over a period of several weeks in summer (see Fig. 1A).

At both sites, dead fish were removed daily and cul-
tured for bacteria. When high mortality occurred in the
salmon populations, random samples of the dead fish
were collected for bactenal cultivation.

To enhance the exposure of wrasse to Aeromonas
salmonicida subsp. salmonicida, 11 goldsinny, 3 rock-
cook and 4 corkwings were placed In a cage with
salmon suffering from a massive outbreak of furuncu-
losis. After 3 wk, none of the wrasse had died; they
were collected, examined for gross pathological
changes, and cultured for bacteria.

Laboratory cohabitation trial. Atlantic salmon
(mean weight + SD: 218 + 27 g), Atlantic halibut (mean
weight 180 + 45 g), Atlantic cod (mean weight 208 +
42 g) and wrasse (mean weight 133 + 35 g) were used
in a cohabitation challenge trial with a Norwegian iso-
late of Aeromonas salmonicida subsp. salmonicida (As
55 Matre) as the challenge organism. The bacterium
was isolated from Atlantic salmon at the Institute of
Marine Research, Matre Aquaculture Research Sta-
tion, situated at Matredal, north of Bergen. The bac-
terium was grown on Tryptone Soya Agar (TSA-agar)
(Oxoid, Unipath Ltd, Hampshire, UK) and incubated
aerobically at 20°C for 48 h. The bacterium was
washed with 0.9% NaCl and resuspended in 0.9%
NaCl before it was used as inoculum.

The fish were kept in 400 | tanks supplied with UV-
treated seawater with a salinity of 34 %. at 10 to 12°C.
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During the experiment, cod, salmon
and halibut were fed commercially
available dry pellets. The wrasse were
fed frozen krill (Thysanoessa sp.) from
the Barent Sea. Twenty-five fish of each
species (for wrasse it was actually 21
goldsinny and 4 rockcook) were placed
in separate tanks and exposed to
Aeromonas salmonicida subsp. salmon-
icida by cohabitation challenge. Atlan-
tic salmon injected (i.p.) with 0.2 ml of
0.9% NaCl containing 2 x 10° CFU
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(colony-forming units) were used as co-
habitants and 5 injected individuals |
were added to each group of 25 fish. At
10 wk post-challenge, 20 unchallenged
salmon, marked by fin clipping (adipose
fin), were placed in each fish tank. A la-
tent carrier test (Rottereng et al. 1989)
adopted from Bullock & Stuckey (1975)
was performed on all surviving fish at

15 wk post-challenge. Briefly, the fish 10 - i‘-,-’i

were injected i.p. with 20 mg pred- .
nisolone acetate (10 mg ml~!, Hoechst,
Frankfurt, Germany) kg~! fish. During 1
the experiment, dead fish were re-
moved daily and inspected for gross
pathological changes. Kidney samples
were taken for bacteriological cultiva-
tion. The experiment was terminated at
20 wk post-challenge. Survivors were
euthanized, examined for gross patho-
logical changes and kidney samples were cultured for
bacteria. Gill samples from all surviving salmon and
samples of gills, heart, liver and gut were taken from
5 fish In each group of halibut, cod and wrasse and
processed for histological examination.

Laboratory injection trial. Separate injection trials
with Atlantic halibut and Atlantic cod were carried out.
The fish were kept in 400 | tanks supplied with UV-
treated seawater with a salinity of 34 %o, at 10 to 12°C. In
the first injection trial 3 groups of 4 halibut (mean weight
+ SD: 392 + 122 g) were kept in separate tanks and in-
jected i.p. with 3.0 x 102, 3.0 x 10% or 3.0 x 10? CFU (As 55
Matre) in 0.2 ml of 0.9 % NaCl. The fish were observed
for 11 wk. In the second injection trial 3 groups of 5 cod
(950 g), tagged with Floy Anchor Tags™ (Floy Tag and
Manufacturing, Inc., Seattle, WA, USA), were injected
i.pwith4.6x10% 4.6x10%or4.6 x 10°CFUin0.2ml 0.9 %
NaCl. These fish were kept together in 1 tank. The fish
were observed for 10 wk. On termination of the experi-
ments, all fish were examined for pathological
changes. Kidney samples were cultured for bacteria, and
samples from gill, heart, liver, spleen and gut were col-
lected for histological processing.
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Fig. 1. (A) Water temperature during the field investigation at 3 different depths
at sea cage Site B. (B) Mortalities per week of the salmon and cod populations
during the field study period (Weeks 25 to 44 in 1991)

Bacteriology. Kidney samples were inoculated on
TSA-agar and TSA-agar supplemented with 2% NaCl.
The agar plates were incubated aerobically at 20°C for
4 d. Colonies producing a brown diffusable pigment
were tested by agglutination with a specific antiserum,
Mono-As (BioNor Aqua, Skien, Norway) against Aero-
monas salmonicida and checked for autoagglutination
and motility. API 20E and API 50CH (Bio Mérieux,
Marcy I'Etoile, France) were used for biochemical
characterisation of isolates that were pigment produc-
ing, Gram-negative, non-motile, autoagglutinating
coccold rods and that were positive in the Mono-As
serological test. The type strain NCMB 1102 and 2
Norwegian isolates, As 55 Matre (used in the labora-
tory challenge test) and FT 449 of Aeromonas salmoni-
cida subsp. salmonicida, were included as standards.

Colonies growing on agar, supplemented with 2%
NaCl, which did not produce brown pigment were
tested for sensitivity to the Vibriostat agent 0/129
(BDH, London, UK). Sensitive colonies were consid-
ered to be Vibrio sp. This conclusion was confirmed
by growth on Tryptone Citrate Bile Salt (TCBS) agar
or by a positive agglutination test (Mono-Va, BioNor
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Aqua). No further characterization was carried out on
the non Aeromonas salmonicida and non Vibrio sp.
isolates.

SDS-PAGE. SDS-PAGE resolution of proteins from
bacterial isolates was performed according to the
method of Laemmli (1970) with minor modifications
as described by Tsang et al. (1983). All gels contained
12.5% acrylamide. Samples of the freeze-dried bacte-
rial isolates (4 png) were separated on a Mini Protean
II xi slab cell (Bio-Rad). Electrophoresis was carried
out for 1 h at 200 V. Separated proteins were silver
stained as described by Switzer et al. (1979) and the
lipopolysacharide (LPS) was stained according to Tsai
& Frasch (1982).

Western blot. The bacterial isolates were fraction-
ated by SDS-PAGE on a Mini Protean cell as previ-
ously described. Antigen (4 pg) was loaded into each
well. The electrophoresed antigen was transferred to a
nitrocellulose membrane (Towbin et al. 1979) using
100 V for 2 h. After the transfer, the membrane was
blocked with a 3% solution of skimmed milk powder
for 16 h at 4°C. Immunodetection of proteins and LPS
was performed using a Mini Trans-Blot cell (Bio-Rad).
Rabbit antiserum against Aeromonas salmonicida
subsp. salmonicida, strain FT 499, was diluted at 1:100
before incubation for 2 h at 20°C. Bound antibodies
were detected by peroxidase goat anti-rabbit immuno-
globulin (Bio-Rad) diluted 1:3000 and incubated for 2 h
at 20°C. The immunoreactive bands were visualised
after incubation with Hrp colour development reagent
(Bio-Rad) solution for 30 min.

Antiserum. Rabbit antiserum to Aeromonas salmoni-
cida FT 499 was produced by using a vaccine of forma-
lin-treated (0.5) bacteria with optical density (OD) of
0.2 at 620 nm. The bacterial suspension was emulsified
in an equal volume of Freund's complete adjuvant and
0.2 ml of the emulsion was injected intramuscularly.
The vaccination was repeated 1 wk later using 0.4 ml
and this was followed by 2 subcutaneous injections, 14
and 30 d later, of 0.8 and 0.3 ml, respectively. Serum
was sampled 10 d after the last infection and stored in
aliquots at —80°C.

RESULTS
Field study

During the experimental period, mortalities were
high in the salmon populations at both sea cage sites
(Fig. 1B). Aeromonas salmonicida subsp. salmonicida
was isolated from 79 and 49 % of the fish mortalities sam-
pled at Sites A and B, respectively (Fig. 2). Salmon lice
were observed on several fish. In the cod populations the
mortalities were relatively low except for a mortality

peak in the beginning of Week 34 (Fig. 1B). Bacterial
cultivation from kidney tissue was performed on a total
of 30 cod and heavy growth of Vibrio sp. was isolated
from 5 fish. In 14 fish, a slight to moderate growth of a
mixed bacterial flora was seen, whereas in 11 fish, there
was no bacterial growth. A. salmonicida subsp.
salmonicida was not isolated from any of the dead cod
(Fig. 2). In the wrasse populations, used to free salmon of
sea lice in the salmon cages, 2 corkwings died during the
observation period. From one of these fish, heavy growth
of A. salmonicida subsp. salmonicida was isolated in
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Fig. 2. Bacterial cultivation results for dissected salmon mor-
talities from Site A and from Site B, and dissected cod mortal-
ities from Sites A and B
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pure culture. No bacteria were isolated
from the other fish. Furthermore, no
wrasse died as a result of the enhanced ex-
posure to salmon suffering from a massive
outbreak of furunculosis, and A. salmoni- |
cida subsp. salmonicida was not isolated [
from any of the euthanized wrasse from '
the enhanced exposure trial.

100 |-

Laboratory cohabitation challenge trial |

The i.p.-infected salmon used in the 0
cohabitation experiments stopped feed-
ing shortly after challenge by injection.
They became lethargic and started to
die. By 10 d post-injection, 19 of 20 of
these infected salmon were dead and
the remaining infected specimen (in the
tank with the non-injected salmon) died
after 8 wk. In the non-injected salmon
group, furunculosis was diagnosed 19 d
post-challenge, and mortality reached 50% after 8
wk and 100% after 16 wk (Fig. 3). Aeromonas
salmonicida subsp. salmonicida was isolated from all
of the injected and non-injected salmon cohabitants.
In the other cohabitant challenge groups, 1 halibut
and 1 cod died after 6 and 8 wk, respectively. Pure
cultures of A. salmonicida subsp. salmonicida were
isolated from both fish. Of the wrasse, 1 died after
12 wk; however, bacterial cultivation from the kidney
gave negative results.

The latent carrier test (LCT) resulted in an 80 % mor-
tality within 20 d among the healthy salmon introduced
to the cohabitant challenge salmon group at 10 wk
post-challenge and tested at 15 wk post-challenge.
Aeromonas salmonicida subsp. salmonicida was iso-
lated from all but 1 fish.

In a similar test (LCT) performed on the cod group,
the fish became extremely stressed by the added han-
dling necessitated by the test. This resulted in oxygen
depletion in the water supply. Because the water flow
was not increased to compensate for this negative
effect, 9 cod and 5 of the freshly introduced salmon
died within 18 h after injection of the prednisolone
acetate used in the LCT. The remaining cod never
recovered completely. They fed poorly, appeared
lethargic, and many were dark and exophthalmic. Two
cod had to be killed before terminating the experiment
at 16 wk post-challenge. Vibrio sp. and unclassified
streptococci were isolated from the dead and mori-
bund cod and from some of the surviving fish.
Aeromonas salmonicida subsp. salmonicida was not
isolated from either the cod or the freshly introduced
salmon in this group.

% Cumulative mortality

100 150

Days after initiation of the cohabitation

Fig. 3. Salmo salar. Mortality (cumulative, %) in the Atlantic salmon cohab-
itation challenge experiment. (¢) Salmon injected i.p. with Aeromonas
salmonicida subsp. salmonicida; (m)healthy salmon held in same tank with
the injected salmon; (x) healthy (uninfected) salmon placed in tank 10 wk
after initiation of trial and subjected to the latent carrier test (LCT)

In the wrasse and halibut groups, no mortalities
occurred following the LCT. This also held true for the
salmon freshly introduced to the wrasse and halibut
tanks and given the LCT. Bacterial cultivation from the
survivors gave negative results.

No bacterial microcolonies or other pathological
findings were recorded by histological examinations of
surviving salmon, halibut or wrasse. In one of the sur-
viving cod, a cyst-like structure of unknown etiology
was observed on the gills. The other cod appeared
normal.

Laboratory injection challenge trial

In the halibut injection trial, only 1 halibut died. The
dead fish had been injected with 3 x 102 CFU; it died
5 d post-injection and Aeromonas salmonicida subsp.
salmonicida was isolated in pure culture from the kid-
ney. None of the challenged fish in the cod group died
and no bacteria were isolated from the kidneys taken
from the euthanized halibut and cod at the end of the
experiments.

Bacteriology

The biochemical characteristics of the Aeromonas
salmonicida subsp. salmonicida isolates from the
wrasse and the salmon in the field study, the cod and
the salmon in the laboratory cohabitation trial, and the
isolate from halibut in the injection trial were similar to
the challenge strains {As 55 Matre) and the reference
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strains NCMB 1102 and FT 449. The halibut isolate
from the cohabitant trial was weakly positive in the
lysine test. The protein and LPS profiles of all of the
strains tested on SDS-PAGE revealed the same bands
except for strain 1102 NCMB which lacked a protein
band corresponding to the A-layer (data not shown).
With exception of 1102 NCMB, all isolates showed the
same immunoreactive bands (data not shown).

DISCUSSION

In the cohabitation challenge trial, we demonstrated
only very limited transmission of Aeromonas salmoni-
cida subsp. salmonicida from infected Atlantic salmon
to cod and halibut, but the isolation of heavy growth of
this bacterium in pure culture from the kidneys of the 1
cod and 1 halibut that died indicated that they died
from furunculosis. As demonstrated by the injection
challenge trial, neither cod nor halibut are normally
very susceptible to infections by A. salmonicida subsp.
salmonicida. Both cod and halibut survived injections
with high amounts of bacteria that readily killed
Atlantic salmon of the same size. In the cod and halibut
injection trial, the only fish to die was the smallest hal-
ibut which also happened to be the one that had been
exposed to some extra handling stress during the injec-
tion (it was temporarily lost on the floor after injection).

The results from the cohabitation challenge trial are
consistent with the observations obtained from the
field study. Due to the massive outbreaks of furunculo-
sis in the salmon populations, the farmed cod received
a severe exposure to Aeromonas salmonicida subsp.
salmonicida. Furthermore, the cod were reared under
stressful conditions with high water temperatures ren-
dering them more susceptible to bacterial infections.
Yet, no A. salmonicida subsp. salmonicida was isolated
from dead and moribund cod during the observation
period. The differences in mortalities between Sites A
and B probably reflected the diffences in the environ-
mental conditions at the 2 sites. In the shallow site (A)
some of the mortalities may have been associated with
a lack of adequate oxygen in the water. It seems rea-
sonable to conclude that although A. salmonicida
subsp. salmonicida can be transmitted to cod and
halibut and occasionally cause disease, the bacterium
does not pose any significant threat to adult fish under
normal 'grow-out’ conditions. Further studies on fry
and larvae need to be carried out before a conclusion
on the susceptibility of the early life stages of cod and
halibut to A. salmonicida subsp. salmonicida can be
reached.

The isolation of Aeromonas salmonicida subsp.
salmonicida from various healthy-appearing marine
fish, including cod (Willumsen 1990), suggests that

such fish may become carriers of the bacterium. In fact,
however, our results do not support this. None of the A.
salmonicida-exposed cod, halibut or wrasse in our tri-
als proved positive for the bacterium following the LCT
15 wk after initial exposure. Furthermore, healthy but
susceptible salmon, made to associate with the A.
salmonicida-exposed cod, halibut and wrasse some
10 wk after the initial exposure of these 3 marine spe-
cies to the pathogen, failed to contract A. salmonicida
infections as judged by the results of the LCT con-
ducted on the salmon. In contrast, when the healthy
salmon were forced to associate with salmon initially
exposed to A. salmonicida some 10 wk earlier, they
contracted the infection as determined by the LTC.
Our failure to culture the pathogen from exposed cod,
halibut and wrasse may, admittedly, have been due to
the fact that only kidney tissues were sampled. There
are, for example, reports that the bacterium, in the car-
rier state, may occur in locations other than the kidney:
the gills (Bruno 1986, McArdle et al. 1986), the intes-
tine (Willumsen 1990, Hiney et al. 1994), or the skin
mucus (Cipriano et al. 1992). If so, it seems even more
likely that the A. salmonicida-exposed cod, halibut and
wrasse should have been infective for the susceptible
healthy salmon forced to associate with them. The fact
that this was not the case reinforces the conclusion that
the cod, halibut and wrasse did not become carriers of
A. salmonicida subsp. salmonicida.

We conclude that Aeromonas salmonicida subsp.
salmonicida is not highly pathogenic for adult-size cod,
halibut and wrasse, and that under normal fish farm con-
ditions they are not likely to contract the bacterium,
develop furunculosis, or become long-term carriers of
the pathogen. Reports of the bacterium causing furun-
culosis in wrasse (Collins et al. 1991, Treasurer & Cox
1991, Treasurer & Laidler 1994) probably reflected the
outcome of an exceptional set of field circumstances
where the wrasse were constantly forced to associate
with, and eat, salmon dead and dying of furunculosis,
apparently because their normal source of food was at
the time in short supply. Treasurer & Laidler (1994), after
all, failed to cause furunculosis in wrasse in the labora-
tory using a waterborne challenge that proved highly
lethal for salmon. Also, the presence of the bacterium in
healthy cod and coalfish near a furunculosis-affected
salmon farm (Willumsen 1990) may have represented re-
cent and non-persistent infections. The positive samples
were apparently obtained during a short-term study.

In summary, although it is clear that Aeromonas
salmonicida subsp. salmonicida can kill marine fish
and perhaps even be carried by such fish, these situa-
tions in mature cod, halibut and wrasse are likely to be
rare events stemming from unusual conditions. We
conclude that such events represent the exception
rather than the rule.
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