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ABSTRACT: Aeromonas salmonicida is the oldest known infectious agent to be linked to fish
disease and constitutes a major bacterial pathogen of fish, in particular of salmonids. This
bacterium can be found almost worldwide in both marine and freshwater environments and has
been divided into several sub-species. In this review, we present the most recent developments
concerning our understanding of this pathogen, including how the characterization of new
isolates from non-salmonid hosts suggests a more nuanced picture of the importance of the
so-called ‘atypical isolates’. We also describe the clinical presentation regarding the infection
across several fish species and discuss what is known about the virulence of A. salmonicida and,
in particular, the role that the type 3 secretion system might play in suppressing the immune
response of its hosts. Finally, isolates have displayed varied levels of antibiotic resistance. Hence,
we review a number of solutions that have been developed both to prevent outbreaks and to treat
them once they occur, including the application of pre- and probiotic supplements.
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INTRODUCTION

Aeromonas salmonicida is the oldest known fish
pathogen and is currently endemic almost worldwide
in both fresh and marine waters (Hiney & Olivier
1999). While it is best known as a pathogen of
salmonid fish, multiple other species can be infected
(Wiklund & Dalsgaard 1998). In particular, the devel-
opment of aquaculture to new species has led to the
increased isolation of new strains of the bacterium
belonging to so-called 'atypical’ species. Many such
isolates appear to show a pattern of homology that
correlates with their host of origin. This suggests that
the dichotomy between ‘typical’ and ‘atypical’ iso-
lates of the bacterium is likely an over-simplification
and is caused by the dominance of salmonid species
in aquaculture.

*Corresponding author:
mansour.el-matbouli@vetmeduni.ac.at

Varied clinical signs are associated with the infec-
tion in different fish species, although skin ulcera-
tions and haemorrhages are recurrent features.
Among the virulence factors that cause these clinical
signs, the type 3 secretion system (T3SS) has re-
ceived the most recent attention. Multiple effector
proteins have been identified and their putative
effects described, often based on homology. One par-
ticularly interesting function of the T3SS is to inter-
fere with immune signalling inside the host and
repress the inflammatory response (Vanden Bergh &
Frey 2014).

Several approaches have been adopted to control
this disease. A bacterin vaccine has proven effica-
cious in salmonids but is associated with side effects
(Midtlyng 1997a, Koppang et al. 2005, Villumsen et
al. 2015). Furthermore, its efficacy is still unclear
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when applied to non-salmonid species (Bjornsdottir
et al. 2005). This and the development of antibiotic
resistance have fuelled the need for alternative
methods of disease management, including through
the use of feed supplement with probiotics, prebi-
otics and immunostimulants. Furthermore, selective
breeding has been applied to control infections by A.
salmonicida in several countries (Cipriano et al. 2002,
@degard et al. 2007). Strains of salmonids have been
developed that are considered resistant to infections
(Cipriano et al. 2002). Here we review these recent
additions to our understanding of this pathogen and
aim to provide an updated overview of A. salmoni-
cida infections.

PHYLOGENY AND CLASSIFICATION
Within the genus

The phylogeny of aeromonads has long been the
subject of debate. One of the reasons why the subject
is yet to be settled is the high level of genetic similar-
ity between most species within this genus (Hanni-
nen & Hirveld-Koski 1997); however, more sensitive
identification methods will detect differences that
are beyond the notice of less sensitive techniques
(Martinez-Murcia et al. 1992). For example, a study
by Martinez-Murcia et al. (2005) suggested that
DNA-DNA hybridization methods are not sensitive
enough to discriminate between highly similar aero-
monad species. Similarly, analyses of 16S rDNA by
restriction fragment length polymorphism and se-
quencing have been inconclusive: the 16S rRNA
sequences from the type strains from typical Aero-
monas salmonicida and A. bestiarum only diverged
by 2 nucleotides, and the sequences of several iso-
lates belonging to these strains were ambiguous
(Martinez-Murcia et al. 1992), displaying a double
sequencing signal at these positions (Martinez-
Murcia et al. 2005). Conversely, sequencing of the
housekeeping genes rpoD and gyrB, which consti-
tute faster molecular chronometers, led to a clear
clustering of the isolates within 4 distinct groups and
allowed a clear discrimination between A. salmoni-
cida and A. bestiarum (Martinez-Murcia et al. 2005).

The current consensus seems to be that A. salmo-
nicida and A. bestiarum are distinct species. A.
salmonicida is then divided between A. salmonicida
subsp. salmonicida, the typical A. salmonicida and
‘atypical’ isolates that do not match the fairly narrow
and homogenous description of typical isolates
(Austin et al. 1998).

Within the A. salmonicida species

Discriminating between the various isolates re-
mains a vexing problem: ‘typical’ A. salmonicida
subsp. salmonicida was the first sub-species descri-
bed and has received by far the most scrutiny. In
addition, 4 sub-species of ‘atypical’ A. salmonicida
are generally recognized: A. salmonicida subsp.
achromogenes; A. salmonicida subsp. masoucida;
A. salmonicida subsp. smithia; and A. salmonicida
subsp. pectinolytica (Pavan et al. 2000, Gudmunds-
doéttir et al. 2003). However, new atypical isolates
have been reported that do not fit well within any of
the known species or sub-species (Gudmundsdéttir
1998, Wiklund & Dalsgaard 1998), and Cipriano &
Austin (2011) questioned the validity of this classifi-
cation scheme.

A. salmonicida subsp. salmonicida has long been
described as very homogeneous from a biochemical
and physical standpoint. For example, when charac-
terizing the bacterium using 14 different biochemical
tests on 71 isolates of A. salmonicida subsp. salmoni-
cida, Hirvela-Koski et al. (1994) obtained unambi-
guous results (with either all or none of the tested iso-
lates positive) for 12 parameters. This homology
holds true at the genomic level; for example, a 512 bp
sequence belonging to an, at the time, unknown
gene (now, annotated as including a segment from
both a hypothetical protein and a transcriptional reg-
ulator belonging to the XRE family) was more than
99% similar among 54 isolates (Diamanka et al.
2013). Similarly, random amplified polymorphic DNA
analysis (RAPD) was performed by Miyata et al.
(1995) and produced identical profiles for all 13 iso-
lates of A. salmonicida tested. Comparable results
were obtained by O'hlci et al. (2000) when they ap-
plied RAPD to 20 isolates of A. salmonicida subsp.
salmonicida. Moreover, in the same study, the au-
thors applied pulse field gel electrophoresis (PFGE)
following genomic digestion with the endonucleases
Xbal and Spel and, once again, obtained very similar
results for all isolates of A. salmonicida subsp.
salmonicida (O'hlci et al. 2000). Ribotyping was also
unable to discriminate among 124 isolates of A.
salmonicida subsp. salmonicida because of the high
level of homology within this sub-species (Nielsen et
al. 1994). Another approach by the same authors was
to compare the plasmid profiles. While there was
more heterogeneity regarding this mobile genetic
element, once again, no clear patterns were visible
between isolates, leading the authors to conclude
that plasmid profiles were of limited use for epi-
demiological applications (Nielsen et al. 1993). More
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recently, DNA microarray was applied in combina-
tion with comparative genomic hybridization. Nash
et al. (2006) investigated 2024 genes belonging to 11
isolates of A. salmonicida subsp. salmonicida along-
side 11 atypical isolates. Their analysis revealed that
the typical isolates were homologous and confined
within a distinct cluster.

In contrast with the sub-species of A. salmonicida,
‘atypical’ isolates are reported to present a higher
level of heterogeneity (Lund et al. 2002). However,
Beaz-Hidalgo & Figueras (2012) considered it
very difficult to discriminate between sub-species.
Martinez-Murcia et al. (2005) reached a similar con-
clusion, although they suggested that sequencing of
the gyrB and rpoD genes might prove a useful tool for
the comparison of isolates of A. salmonicida. None-
theless, results from PFGE were compared between
A. salmonicida subsp. salmonicida and A. salmoni-
cida subsp. achromogenes and clearly separated the
2 sub-species (Livesley et al. 1999). Similarly, both
repetitive extragenic palindromic PCR and endobac-
terial repetitive intergenic consensus PCR (ERIC-
PCR) have been applied to A. salmonicida (Beaz-
Hidalgo et al. 2008). ERIC-PCR was able to specifi-
cally identify A. salmonicida subsp. salmonicida but
was not able to discriminate between A. salmonicida
subsp. masoucida and 1 A. salmonicida subsp. achro-
mogenes (Beaz-Hidalgo et al. 2008).

Recently, matrix-assisted laser desorption/ioniza-
tion-time-of-flight mass spectrometry (MALDI-TOF
MS) has been applied to the analysis of A. salmoni-
cida. For example, Wang et al. (2007) analysed the
lipopolysaccharide composition of multiple A. salmo-
nicida isolates; they were able to define 3 groups and
found some correlation between this grouping and
host-species from which the isolates originated.
Moreover, Benagli et al. (2012) successfully discrimi-
nated between members of the Aeromonas genus at
the genospecies level, using proteomic fingerprint-
ing. However, the authors reported difficulties with
identifying the isolates at the sub-species level
(Benagli et al. 2012). Akyar & Can (2013) reported
better success, but their study included many varied
strains of aeromonads, only 2 of which were A.
salmonicida. Jansson et al. (2015), on the other hand,
analysed 11 isolates of A. salmonicida and similarly
reported difficulties with identifying isolates at the
sub-species level. However, these authors also
reported that most of the misidentifications were due
to errors in the database (Jansson et al. 2015). Simi-
larly, Lamy et al. (2011) also attributed their difficul-
ties in identifying the bacterium at the sub-species
level to inaccuracies in the database. It therefore

seems plausible that, as the use of MALDI-TOF
develops and our databases expand, this technique
will gain in precision.

Interestingly, when investigating 43 isolates from
goldfish Carassius auratus, Shotts et al. (1980) found
them to form a homogeneous group, distinct from the
typical isolates. Similarly, Lund et al. (2002) reported
that the profiles of 56 atypical isolates correlated with
the host species from which they were originally iso-
lated when subjected to amplified fragment length
polymorphism (AFLP) fingerprinting. Whittington et
al. (1995) obtained more ambiguous results by ap-
plying restriction endonuclease fragment patterns
(REFP) on isolates from goldfish, perch and flounder.
While flounder isolates displayed a similar and dis-
tinct pattern, those from goldfish and perch were
indistinguishable (Whittington et al. 1995). More-
over, since the introduction of these fish species as a
means of biocontrol, new isolates of atypical A.
salmonicida have been sampled from diseased lump-
fish Cyclopterus lumpus and Ballan wrasse Labrus
bergylta. These new isolates appear distinct, once
again suggesting a correlation between the host of
origin and the isolates’ profile (Gulla et al. 20154,
Ronneseth et al. 2015). Similarly, isolates originating
from turbot Scophthalmus maximus appears more
virulent to this species than isolates from salmonids
or from the environment (Lago et al. 2012), and a
report by Diamanka et al. (2014) suggested that the
isolates of atypical A. salmonicida affecting sea lam-
preys Petromyzon marinus in the North American
Great Lakes were highly unusual and might even
constitute a new sub-species.

Many authors have commented in the past on how
homologous typical isolates of A. salmonicida were.
Indeed, the use of the term ‘typical’ A. salmonicida
tends to suggest that this sub-species is the 'normal’
form of the bacterium and that other isolates merely
represent deviations from this norm. However, this
view is likely influenced by the dominance of salmo-
nids in cold-water aquaculture. In recent decades, as
cold-water aquaculture has developed toward the
farming of new species, and new isolates are being
recovered from these species, a pattern seems to be
emerging whereby, rather to be one-off examples,
atypical isolates actually belong to homogeneous
clusters that tend to preferentially target specific host
species or a small group of species. In this regard,
each of these clusters would be ‘typical’ for this par-
ticular niche. Indeed, different sub-species can ex-
press different virulence factors, and these might
contribute to the specialization of some groups of A.
salmonicida (Gudmundsdoéttir 1996). The current
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classification only partially predicts
the host species from which the iso-
lates originated, and its validity has
been questioned (Cipriano & Austin
2011).

CLINICAL SIGNS
Salmonids

In salmonids, 3 forms of the disease
have routinely been described: pera-
cute, acute and chronic; in addition,
cover infections, in which asympto-
matic carriers act as a source of infec-
tion, are known to occur.

The peracute form of the disease is
mostly found in younger fish and is
accompanied with very few clinical
signs. Darkening of the skin can
sometimes be observed, as are exo-
phthalmia and a distended abdomen
(Hiney & Olivier 1999, Cipriano &
Austin 2011). Histological examina-
tion might reveal damage to the heart
tissue (Roberts 2012), focal necrosis
on the gills and destruction of the
spleen ellipsoids (Bernoth 1997).

In the acute form, the same clinical
signs can be observed, in addition to
anorexia. Petechia and haemorrha-
ges can be observed both externally,
especially at the base of the fins and
on the internal organs (Fig. 1) (Hiney
& Olivier 1999, Cipriano & Austin
2011). In addition, the spleen is often
enlarged (Bernoth 1997) (Fig. 2).
Histopathologically, the observations
are similar to those from the peracute
stage, and may also involve necrosis
of the interstitial tissue in the kidney
(Fig. 3), and the ellipsoids in the
spleen are often infiltrated by a large
number of macrophages (Cipriano &
Austin 2011).

In the chronic forms of the disease,
haemorrhages alongside the diges-
tive tract have been reported, and it is
in this form of the disease that the
pathognomonic furuncal lesions are
the most likely to be encountered
(Cipriano & Austin 2011, Roberts

Fig. 1. External appearance of a rainbow trout Oncorhynchus mykiss after

intra-peritoneal injection with Aeromonas salmonicida subsp. salmonicida.

Particularly noticeable are the haemorrhagic lesions at the site of injection

(arrow), as well as the haemorrhagic lesion at the base of the fin (arrowhead)
and the protruding, bloody anal vent. Scale bar = 2.5 cm

Fig. 2. Appearance of the internal organs from a rainbow trout Oncorhynchus
mykiss following infection with Aeromonas salmonicida subsp. salmonicida.
In addition to the widespread systemic haemorrhages visible through the or-
gans, striking features include the enlarged spleen (arrow) and the liver punc-
tuated with foci of petechial haemorrhages (arrowhead). Scale bar = 2.5 cm

Fig. 3. Histopathological appearances of the gills and kidney from turbot
Scophthalmus maximus after intra-muscular injection with Aeromonas
salmonicida subsp. achromogenes. (A) Gills showing a bacterial colony lo-
cated in the blood vessel in fused secondary lamellae (arrow). (B) Kidney dis-
playing areas of haemorrhages surrounding the tubules. Scale bars = 100 pm.
Reproduced from Bjornsdottir et al. (2005) (their Fig. 1c,d), with permission
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2012). In some cases, the bacteria appear restricted to
the digestive system. In this case, infections can
induce low mortalities and is marked by a prolapsed
anus (Bernoth 1997).

Cyprinids

In cyprinids, Aeromonas salmonicida infection
mostly appears as an external disease with whitish
nodules. These can develop under the scales and
become inflamed, degenerating into an area of
haemorrhage on the epithelium. If the infection pro-
gresses, the scales can be lost and the site becomes
an ulcerative lesion (Jeney & Jeney 1995, Cipriano &
Bullock 2001). At the histopathological level, the
lesions appear granulomatous with infiltration of a
large number of inflammatory cells (Jeney & Jeney
1995).

In goldfish, the infection starts with white pro-
liferations on the epithelium. Haemorrhages can ap-
pear under the scales and develop into an ulcerative
lesion. Afterwards, the scales are sloughed off and
the dermis and subjacent musculature can become
necrotic (Cipriano & Bullock 2001).

A. salmonicida infections in cyprinid fish have
sometime been termed ‘carp erythrodermatitis’' and
‘ulcer disease’, emphasizing the importance of this
cutaneous presentation (Shotts et al. 1980, Cipriano
& Bullock 2001, Kodama et al. 2011). In the most seri-
ous cases, the fish can show signs of systemic dis-
ease, displaying exophthalmia and a distended
abdomen (Cipriano & Bullock 2001).

Walking catfish

Thomas et al. (2013) reported on the clinical
signs following infection of the walking catfish
Clarias batrachus with A. salmonicida delivered
through different routes (feeding with infected
meat, immersion in a bacterial solution and intra-
peritoneal injection). These authors reported a
loss of mucus cells and mucus gland in the skin
as well as severe damage and destruction of the
secondary lamellae in the gills alongside irregu-
lar vacuolation in the liver.

Eels

In both American eel Anguilla rostrata and
Japanese eel A. japonica, the disease is charac-

terized by small discoloured patches on the skin.
These can progress into deep ulcers of 5 to 30 mm in
diameter. These ulcerations often involve the under-
lying muscle tissue, and gill lesions have been
reported (Noga & Berkhoff 1990). Histopathologi-
cally, these lesions were marked with oedema and
the appearance of necrosis and a developing inflam-
matory response alongside isolated bacteria or bacte-
rial microcolonies (Noga & Berkhoff 1990).

Cod

In cod Gadus morhua, petechia and haemorrhages
can be observed on the skin, in particular in the oral
area and on the ventral side, along the flanks and
near the anus (Magnadoéttir et al. 2002). In some
cases, these lesions can develop into ulcers (Cornick
et al. 1984). Haemorrhages can also be observed in
the gills that often appear pale and anaemic. Inter-
nally, the liver can appear moulted, and disse-
minated haemorrhages are present alongside the
digestive track, particularly in the lower intestine
(Magnadoéttir et al. 2002). At the histopathological
level, the most marking feature of the disease is the
granulomatous formation with infiltration of mono-
cytes and lymphocytes, reminiscent of what has been
described in cyprinids (Samuelsen et al. 2006). How-
ever, these lesions are not only visible around the
ulcers but also disseminated throughout most inter-
nal organs with the exclusion of the brain and gonads
(Magnadottir et al. 2002) (Fig. 4).

Fig. 4. Histopathological appearance of an ulcerative lesion on
the skin of a naturally infected cod, Gadus morhua. Important
features of the lesion include (a) the edges of the lesion; (b) areas
where the bacteria are mixed with necrotic cells and (c) areas of
granulomatous inflammation. Scale bar = 100 pm. Reproduced
from Magnadoéttir et al. (2002) (their Fig. 1), with permission
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Turbot

Skin lesions have also been associated with A.
salmonicida infections in turbot. Ulcers developed
at the site of infection within 7 d of infection with A.
salmonicida subsp. achromogenes (Bjornsdottir et
al. 2005). Inflammation and haemorrhages were ob-
served surrounding the sites of injection and at the
fin base and in the mouth area. The gills were pale,
suggesting a lack of blood in this organ. Internally,
the fish developed ascites alongside darkening of
the peritoneal wall (Bjornsdottir et al. 2005). At the
histopathological level, haemorrhages and liquefac-
tive necrosis were observed in the muscle tissues.
The gills displayed hyperplasia and hypertrophy
with fusion of the secondary lamellae. Haemor-
rhages and limited necrosis were observed in the
kidney, and tissue degeneration was visible in the
heart (Bjornsdottir et al. 2005). The gut was left
undamaged. As in other species, a strong immune
response was observed with infiltration of macro-
phages and monocytes. More recently, similar signs
were observed in naturally infected turbot
(Coscelli et al. 2014b). In addition, skin nodules of 2
to 6 mm were observed on the head and operculum.
These nodules could progress into ulcers, and histo-
logical examination revealed the presence of dermal
chronic granulomatous inflammation. In a different
study, abnormal swimming and anorexia were re-
ported as well as haemorrhagic lesions on the liver
(Farto et al. 2011). In that case, the bacteria could be
reisolated from the mucus of the skin, gills and
intestine, suggesting a possible route for the disper-
sion of the bacterium in the environment (Farto et
al. 2011). Interestingly, a different outcome was ob-
tained during another artificial infection where the
bacteria were injected intra-peritoneally (Coscelli
et al. 2014a). The authors reported that gross lesions
were not significantly observed in the fish. More-
over, perhaps unsurprisingly, the coelomic cavity
appeared as the first and most severely infected
site. Perivascular oedema was observed in kidneys,
and mild haemorrhage was observed in the
parenchyma of the liver and spleen. Foci of necrosis
surrounded bacterial colonies in the infected organs,
including the kidney, liver, spleen and pancreas,
and mild necrosis was detected in gills, thymus and
gonads. Also in contrast to Bjornsdoéttir et al. (2005)
and their own previous study, the authors reported
that no leukocyte infiltrates were observed in asso-
ciation with the bacterial colonies (Coscelli et al.
2014b). The reason for the discrepancies between
the 2 studies is unknown. The infectious dose used

by Coscelli et al. (2014a), viz. 100 pl of bacterial
solution totalling 10® CFU fish™!, was identical to the
highest dose tested by Bjornsdéttir et al. (2005),
suggesting that the differences might have to do
with the route of infection used or differences in the
bacterial isolate or the fish tested.

Wrasse and lumpfish

Ballan wrasse and lumpfish are increasingly being
used as ‘cleaner fish' in the biocontrol of ectopara-
sites (salmon lice Lepeophtheirus salmonis) in the
salmon industry (Treasurer 2012). However, A. sal-
monicida, in particular atypical isolates, are com-
monly diagnosed from these species (Collins et al.
1991, Gulla et al. 2015a,b). In wrasse, bacteria have
been isolated from the gills and internal organs
(Collins et al. 1991). Presence of bacterial micro-
colonies and the development of granulomas sur-
rounding a necrotic anterior have been reported
(Vagnes et al. 2014). Conversely, Treasurer (2012)
reported the occurrence of mortalities as high as 19 %
even in the absence of clinical signs.

The situation in these species is unique because
they are by design cultivated in close proximity with
salmonids. Furthermore, the sea lice on which
cleaner fish are feeding have been shown to harbour
the bacterium (Nese & Enger 1993, Novak 2013).
Therefore, it is likely that during some of the out-
breaks, the contamination was transmitted from the
salmon to the cleaner fish (Treasurer 2012).

Common and spotted wolffish

Common wolffish Anarhichas Iupus and spotted
wolffish A. minor are emerging species for aqua-
culture in the northern Atlantic (Hellberg et al. 1996,
Falk-Petersen et al. 1999, Foss et al. 2004). Outbreaks
of disease due to atypical A. salmonicida have been
reported in both species (Hellberg et al. 1996, Foss et
al. 2004). In the common wolffish, the mortalities
occurred in the warmest months and were associated
with ulcers of 1 to 2 cm in diameter on the sides and
the edges of the tail (Hellberg et al. 1996, Rodger et
al. 1997), alongside fin erosion (Rodger et al. 1997).
Petechial haemorrhages were reported on the intes-
tine, and hyperaemia in the surrounding tissue (Hell-
berg et al. 1996). Foci of necrosis and bacterial accu-
mulation were also visible in the liver (Rodger et al.
1997) and haematopoietic tissues (Hellberg et al.
1996).
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Atlantic halibut

Atlantic halibut Hippoglossus hippoglossus sub-
jected to infection trials using both typical and atypi-
cal isolates of A. salmonicida were not very suscepti-
ble to the disease (Hjeltnes et al. 1995, Bricknell et al.
1999). Immersion baths failed to establish infections
using both typical and atypical isolates, and, when
injecting the bacteria intraperitoneally, only the
highest doses of the bacterium (10° to 10 CFU ind.™)
resulted in mortalities (Bricknell et al. 1999). The
likelihood of these fish acting as vectors of infection
appears similarly limited, as Hjeltnes et al. (1999)
could not re-isolate the bacteria from infected fish.
Similarly, Bricknell et al. (1999) were only able to re-
isolate the bacteria from 2 out of 87 of the halibut
injected with the bacterium, and only from the diges-
tive tract. Because the halibut were co-habitating
with infected salmon, the authors suggested that this
might only reflect a transient presence of the bacteria
through the intestine rather than an active coloniza-
tion (Bricknell et al. 1999).

In the halibut that displayed clinical signs, lethargy
and darkening in colour as well as congestion of the
blood vessels at the base of the fins were reported
(Bricknell et al. 1999). Internally, the viscera were
haemorrhagic and the liver was pale, and at the
histopathological level, liquefactive necrosis was
reported from multiple tissues (Bricknell et al. 1999);
the spleen in particular was congested and presented
foci of necrosis, while bacterial microcolonies were
observed in the myocardium (Bricknell et al. 1999).

Other marine species

Ulcerative lesions and haemorrhages have been
described on the body surface, especially in the
mouth area and the operculum, of infected black
rockfish Sebastes schlegeli following a natural out-
break. The eyes and intestines also showed signs of
haemorrhages, and the spleen and kidney were
sometimes swollen in appearance (Han et al. 2011).

In sea lamprey Petromyzon marinus, Faisal et al.
(2007) similarly reported localized swellings on the
dorsal fin and muscle as well as shallow ulcerations
and furuncle-like lesions.

The first report of an outbreak of A. salmonicida in
haddock Melanogrammus aeglefinus was due to A.
salmonicida subsp. achromogenes (Treasurer et al.
2007). The clinical signs of the disease included
haemorrhages on the fins and gills as well as a
bloody exudate from the vent. Bacterial micro-

colonies surrounded the gill lesions, and a significant
immune response was reported (Treasurer et al.
2007). Diffuse haemorrhages were also observed on
the liver alongside multifocal hyperplasia of the
histiocytes in the endocardium alongside hydroptic
degeneration of the tubular cells in the kidney.
Finally, multifocal liquefactive necrosis and bacterial
microcolonies were reported from the haemato-
poietic tissues in the spleen and kidneys (Treasurer
et al. 2007).

It is also worth mentioning that, based on these
descriptions, the term ‘furunculosis’ often used to
describe the disease seems somewhat misleading, as
the pathognomonic furuncles only develop in a small
number of the fish infected by the disease.

DIAGNOSIS

Isolation of Aeromonas salmonicida is traditionally
accomplished by cultivation, frequently on tryptic soy
agar or blood agar, where ‘typical’ isolates produce a
characteristic brown, diffusible pigment in culture, as
shown in Fig. 5 (Cipriano & Austin 2011). A. salmoni-
cida is then distinguished from other fish pathogens
on the basis of a variety of phenotypic tests, particu-
larly the Gram-staining reaction (short Gram-nega-
tive rods) and, for most isolates, lack of motility
(Austin & Austin 2012). However, the reliability of
these tests alone as a diagnostic tool has been called
into question (Beaz-Hidalgo & Figueras 2012).

Several methods have also been designed for the
diagnosis of this bacterium (Hiney & Olivier 1999).

Fig. 5. Appearance of Aeromonas salmonicida subsp.
salmonicida cultivated on blood agar plate and secreting the
characteristic brown diffusible pigment
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Most recently, polyclonal antibody-coated gold nano-
particles were applied in an immunoassay (Saleh et
al. 2011) and enabled the detection of A. salmonicida
(1 x 10* CFU ml™!) within 45 min (Fig. 6).

Similarly, a host of molecular tools have been ap-
plied and optimized for the detection of Aero-
monaceae. These were reviewed by Beaz-Hidalgo &
Figueras (2012); however, since the publication of
that review, a reverse transcription-multiplex PCR
(RT-MPCR) method was developed that allowed the
detection of as few as 30 CFU of the bacterium and
had the added advantage of discriminating between
live and non-viable bacterial cells (Rattanachaikun-
sopon & Phumkhachorn 2012). Furthermore, a new
protocol was described by Keeling et al. (2013) that
targeted the surface array protein (vapA) gene of A.
salmonicida. This method was further optimized by
Gulla et al. (2015a) for isolates originating from
wrasses, a group of fish that are increasingly being
employed as cleaner fish for the control of salmon
lice.

Finally, MALDI-TOF has also been used to identify
isolates of A. salmonicida (Lamy et al. 2011, Benagli
et al. 2012, Jansson et al. 2015) and, as the databases
used for the identification improve, might also allow
discriminating between the various sub-species of A.
salmonicida.

VIRULENCE MECHANISMS

As is the case for many bacterial pathogens, the
expression of virulence factors in Aeromonas salmo-
nicida is tightly regulated. For example, A. salmoni-
cida subsp. salmonicida can secrete no less than 4
distinct types of acylated homoserine lactones, of
which N-butanoyl-L-homoserine lactone (C4-HSL) is
the most important (Schwenteit et al. 2011). Quorum
sensing has been linked to the secretion of protease
in the bacterial supernatant (Swift et al. 1997, Rasch
et al. 2007). Similarly, iron availability influenced the
expression of superoxide dismutase, and A. salmo-
nicida grown under iron-limited conditions started
producing a second, larger, superoxide molecule
(Barnes et al. 1996). Iron deprivation also increased
the transcription levels of the enzyme enolase, found
to be both secreted and present in the outer-mem-
brane fraction of the bacterium (Vanden Bergh et al.
2013, Menanteau-Ledouble et al. 2014a). Enolase is
over-expressed during the infectious process in A.
hydrophila (Sha et al. 2003) and participates in the
binding to plasminogen. Application of in vivo in-
duced antigen technology (IVIAT) to A. salmonicida

Fig. 6. Antibody-coated gold nanoparticle immunoassay al-

lowing for the quick detection of Aeromonas salmonicida.

Tube 1: Negative control; Tube 2: Atypical Aeromonas sal-

monicida; Tube 3: Aeromonas salmonicida subsp. salmoni-

cida. Notice the reddish purple agglutination in the last 2

tubes, characteristic of a positive result. Reproduced from
Saleh et al. (2011) (their Fig. 2), with permission

also revealed that tonB was significantly expressed
in vivo (Menanteau-Ledouble et al. 2014b), illustrat-
ing the central role of iron acquisition in the disease
process.

A number of virulence factors have been character-
ized, and several excellent reviews have been re-
cently published on this subject. For example, Beaz-
Hidalgo & Figueras (2013) reviewed several viru-
lence factors encoded on the genome of members of
the genus Aeromonas with a special emphasis on the
evolution of these pathogens. Dallaire-Dufresne et al.
(2014) provided an overview of the various mobile
genetic elements identified in A. salmonicida, while
Vanden Bergh & Frey (2014) focussed on the T3SS of
the bacterium and its various associated effector pro-
teins, offering an in-depth overview of this subject.

Since the publication of these reviews, however,
the enzyme lactoylglutathione lyase has been shown
to be strongly over-expressed by A. salmonicida dur-
ing the infectious process (Menanteau-Ledouble &
El-Matbouli 2015). In other bacterial species, this
enzyme is involved in the resistance of oxidative and
pH stress and cellular detoxification (Li et al. 2003,
Korithoski et al. 2007) and is required for intracellular
invasiveness and especially the translocation of ef-
fector proteins encoded within the second Salmo-
nella pathogenicity island (Chakraborty et al. 2014).

Another virulence mechanism involves the lipo-
polysaccharides (LPS). These molecules also strongly
stimulate the immune response and are considered
the most important contributors to endotoxicity in
Gram-negative bacteria (Schromm et al. 2000, An-
war & Choi 2014). LPS can display haemolytic activ-
ity against fish erythrocytes (Lee & Ellis 1991). In A.
salmonicida, both smooth LPS and rough LPS (char-
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Fig. 7. Aeromonas salmonicida invasion of non-phagocytic cells as observed
by transmission electron microscopy. Scale bars = 1.0 pm. (A) Wild-type A.
salmonicida in the process of invading an epithelioma papulosum cyprini
(EPC) cell; (B) intracellular S-layer-deficient avirulent mutant inside a cell
from the Chinook salmon embryo (CHSE) cell line; (C) an avirulent O-poly-
saccharide-negative, S-layer-secreting A. salmonicida in the process of being
internalized by an EPC cell. All micrographs were obtained from samples
fixed after 1 h of exposure to the bacteria. Reproduced from Garduno et al.

(2000) (their Fig. 3a,b,c), with permission

acterized by missing oligosaccharide and outer core)
have been described. In this species, the O-antigen is
composed of 3 repeating monosaccharides instead of
1 or 2, as previously known in other bacteria (Merino
et al. 2015). The basic structure of lipid A appears rel-
atively well conserved among Aeromonaceae, al-
though differences in acetylation patterns introduce
diversity, with the hexaacyl lipid A associated with

smooth LPS (Wang et al. 2006, Anwar
& Choi 2014). Studies have suggested
that the UDP-3-O-acyl-N-acetylglu-
cosamine deacetylase, a membrane
peptidase involved in the second step
of the synthesis of lipid A, was present
at a higher rate during the infection
process than in vitro (Menanteau-
Ledouble et al. 2014b).

The T3SS of A. salmonicida might
represent the most important viru-
lence factor in this species (Burret al.
2003, Burr et al. 2005) and has re-
ceived sustained scrutiny in recent
years. Several effector proteins have
been described (Vanden Bergh & Frey
2014) and linked to intracellular sur-
vival (Fast et al. 2009) (Fig. 7).

Among these effector proteins is
AopO, which is overexpressed by the
bacterium during the infectious pro-
cess (Menanteau-Ledouble & El-Mat-
bouli 2015) and plays a role in the vir-
ulence of the bacterium during im-
mersion challenge (Dacanay et al.
2006). Inactivation of this gene alone
did not affect the bacterial virulence
when administered intra-peritoneally
(Dacanay et al. 2006), which suggests
that the protein’s main role may be in
the initial steps of the infection or that
other proteins play a similar role and
could compensate for the inactivation
of AopO. AopO is homologous to the
YopO/YpkA effector proteins of Yer-
sinia (Vanden Bergh & Frey 2014) that
can induce apoptosis through dis-
ruption of the actin filaments (Neje-
dlik et al. 2004) and can inhibit phago-
cytosis by inhibiting the activation of
the Rac proteins (Groves et al. 2010).

The effector proteins might also play
a role in reducing the immune res-
ponse. AopP presents a high analogy
with YopJ/P expressed by Yersini-
aceae, and this molecule reduces the expression of
NF-xB (Fehr et al. 2006, Vanden Bergh & Frey 2014).
Because of the role of NF-kB as a cytokine regulator
(Lawrence 2009), AopP likely allows the bacterium to
reduce the immune response, making the host more
susceptible to infection. Indeed, constitutive expres-
sion of AopP by Drosophila mutants reduced survival
following bacterial infection (Jones et al. 2012).
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Similarly, AopN is homologous to effector proteins
from other species, for example BopN from Borde-
tella that is known to induce the immunosuppressive
interleukin 10 (Nagamatsu et al. 2009). Another
homolog of AopN is CopN of Chlamydia, a molecule
that binds to op-tubulin and hinders the formation of
microtubules, ultimately leading to the cessation of
mitosis (Archuleta et al. 2011). Moreover, AopS is an
analog of the effector protein VopS characterized in
Vibrio parahaemolyticus. VopS causes AMPylation of
Rho GTPases and in turn inhibits several immune
signalling pathways such as NF-kB, Erk and JNK
kinase (Woolery et al. 2014).

A. salmonicida subsp. salmonicida in salmonids is
only associated with limited levels of inflammation
and leukocytic infiltrations (Midtlyng 2014), which
might be explained by the action of effectors of the
T3SS (Vanden Bergh & Frey 2014). Indeed, Mag-
nadoéttir & Gudmundsdoéttir (1992) commented on the
limited antibody levels raised by A. salmonicida and
suggested that the bacterium might have immuno-
suppressive effects. Mulder et al. (2007) reported
increased transcription levels of several pro-inflam-
matory genes, but their approach relies on the use of
RT-gPCR and, therefore, does not rule out an
immunosuppressive effect at the post-transcriptional
level, as would most likely occur if an effector of the
T3SS were involved. Furthermore, while Rojas et al.
(2015) recently reported that Caspase-1, an enzyme
involved in processing many such pro-inflammatory
cytokines, was activated in the presence of A.
salmonicida, they relied on UV-inactivated bacteria.
Therefore, that study did not rule out an active
immunosuppressive action of the bacterium, consis-
tent with the findings of Long et al. (2015), who
reported that while several immune factors, most
notably interleukine-8 and interleukine-1p, were
strongly over-transcribed, these did not translate into
an increased production of the corresponding pro-
teins, suggesting that an unknown factor appeared to
reduce the expression of these inflammatory proteins
at the post-translational level.

CONTROL AND PREVENTION
Vaccination

Currently, the fish farming industry has widely
adopted a bacterin vaccine, generally administered
by intra-peritoneal injections alongside an oil emul-
sion-based adjuvant (Midtlyng 1997b, 2014). Inter-
estingly, the combination of the vaccine and oil adju-

vant has been linked to the non-specific activation of
macrophages in the head kidney that have the abil-
ity to eliminate Aeromonas salmonicida (Midtlyng
2014). However, delivery of the vaccine by injection
is cumbersome when dealing with large numbers of
fish and is limited by the minimum size of the fish
that can be vaccinated (Midtlyng 1997a). In addition,
the vaccine has also been linked to a variety of side
effects, including impaired growth (Durbin et al.
1999, Melingen & Wergeland 2002), inflammation
and formation of granulomatous lesions (Midtlyng
1997b, 2014, Durbin et al. 1999, Koppang et al. 2005)
and fibrous adhesions in the internal organs (Kop-
pang et al. 2005, Berg et al. 2007, Coscelli et al. 2015).
Scarification and pigment deposition also occasion-
ally occur (Midtlyng 2014). These side effects have
been attributed to the interactions of both the anti-
gens and the oil-emulsion adjuvant, as injection with
the adjuvant alone failed to replicate them (Melingen
& Wergeland 2002). Similarly, Romstad et al. (2013)
demonstrated a dose-dependent relationship be-
tween the concentration of the antigen in the vaccine
solution and the development of adhesion. Interest-
ingly, Berg et al. (2007) reported that these side
effects were more marked if the fish were vaccinated
younger or kept in water at a higher temperature,
although Aunsmo et al. (2008) reported that neither
weight at vaccination nor sex correlated with the
adhesion score in vaccinated fish. Vaccination of the
fish through immersion in a vaccinal solution or by
oral delivery have both been attempted, but conflict-
ing information exists regarding the degree of pro-
tection these methods offer, and the protection has
been found to be comparatively short lived (Midtlyng
19974, 2014). There is therefore a need for the devel-
opment of new vaccines (Cipriano & Austin 2011).
Recombinant vaccines have also been investiga-
ted. Vaccination using iron-regulated outer mem-
brane proteins and inactivated L-forms has been suc-
cessfully introduced against A. salmonicida (Mcln-
tosh & Austin 1993, Durbin et al. 1999, Robertson et
al. 2005). Outer membrane pore-forming proteins
from A. salmonicida were similarly found to provide
protective immunity in rainbow trout Oncorhynchus
mykiss (Lutwyche et al. 1995). The benefit of poly-
valent vaccines has resulted in several products for
the control of furunculosis (Austin & Austin 2012).
Recently, low-frequency ultrasound was found to
be efficacious as an adjuvant and to facilitate the
uptake of A. salmonicida antigens by immersion vac-
cination (Cobo et al. 2014, Cobo Labarca et al. 2015).
While the protection levels conferred by this method
still remain to be demonstrated, it constitutes a prom-
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ising new approach for the management of this dis-
ease.

The effectiveness of the classical bacterin vaccine
in non-salmonid species is still unclear, especially as
these other species often harbour different sub-spe-
cies of the bacterium (Ingilee et al. 2000, Bjornsdottir
et al. 2005). However, Santos et al. (2005) reported
being more successful after application of an oral
booster. It is worth mentioning that acquired immu-
nity is less efficient at lower temperature, and vac-
cines might be less protective when applied to spe-
cies with a lower thermal optimum (Le Morvan et al.
1998). One reason for this variability might be the A-
layer; A-layer-deficient isolates are not as efficient
when used as vaccines (Arnesen et al. 2010). Con-
versely, re-attaching the A-layer proteins to a com-
patible isolate restored protectiveness (Arnesen et al.
2010). Furthermore, when comparing the A-layer
protein of various isolates, Lund et al. (2003) found a
correlation between the sequence of the A-layer pro-
tein and the serological profile. Furthermore, the
protective effect of these isolates, when used as a
vaccine in spotted wolffish, were higher for other iso-
lates with similar A-layer proteins (Lund et al. 2003).
However, those authors showed that vaccines with
the A-layer alone only elicited limited protection,
demonstrating that this antigen was not the only fac-
tor determining the degree of protection of a vaccine
solution (Lund et al. 2008). Midtlyng (2014) sug-
gested that truly efficacious vaccines might need to
be developed specifically for each fish species.

Selection for disease resistance

The possibility of breeding fish strains resistant to
A. salmonicida infections has also received consider-
ation. For example, an increased bactericidal activity
has been described in the sera of rainbow trout selec-
tively bred for their resistance to A. salmonicida
(Hollebecq et al. 1995). Similarly, Zhang et al. (2011)
reported that the sera of resistant salmon families
displayed a higher bactericidal activity, linked to the
complement activity, against A. salmonicida.

Similarly, it has been reported that in Atlantic sal-
mon Salmo salar, low mortality rates (<35 %) follow-
ing a challenge with A. salmonicida were associated
with the presence of specific major histocompatibility
complex (MHC) II B alleles (Langefors et al. 2001),
suggesting the existence of defined inheritable gen-
etic aspects to disease resistance. The work by
Kjoglum et al. (2008b) and Olesen et al. (2007) also
showed a high heritability for resistance to the dis-

ease. The same was demonstrated in brook charr
(Perry et al. 2004)

Several programs have been introduced aimed at
taking advantage of this inheritability and producing
A. salmonicida-resistant fish. For example, in Nor-
way, breeding programs have aimed at increasing
the resistance of the fish to both A. salmonicida and
infectious salmon anaemia (Jdegard et al. 2007,
Kjoglum et al. 2008b). Similarly, in the USA, the
Owhi and Rome strains Salvelinus fontinalis have
been bred and selected using a cocktail of bacterial
isolates and now display a significantly reduced sen-
sitivity to the bacterium (Cipriano et al. 2002).

A concern with the breeding of resistance is the
possibility to unwillingly select for detrimental as-
pects. In particular, it has been suggested that the
MHC pattern associated with increased resistance
against A. salmonicida might be correlated with an
increased susceptibility to infectious salmon anaemia
(Kjoglum et al. 2008b), although other studies have
suggested that the genetic correlation between the
resistance against infectious salmon anemia and A.
salmonicida infections were in fact beneficial, if lim-
ited (Kjoglum et al. 2008b).

In carp, differences were observed in the suscepti-
bility of 2 strains to infections by A. salmonicida
(Houghton et al. 1991). In turbot, testing of several
families revealed the presence of quantitative trait
loci that appeared correlated to survival following
infection by A. salmonicida (Rodriguez-Ramilo et al.
2011).

Antibiotherapy and antibiotic resistance

When outbreaks do occur, therapy is still mostly re-
liant on the distribution of antibiotics, giving rise to
concerns about the development of resistance. For ex-
ample, after surveying multiple Danish farms, Schmidt
et al. (2001) reported that 69 % of the isolates sampled
were resistant to oxytetracycline; 43 % were resistant
to sulphadiazine/trimethoprim, and 20 % were resist-
ant to oxolinic acid, with almost half of these isolates
being resistant to a combination of these antibiotics.
Widespread resistance to oxytetracycline was also re-
ported from Turkish isolates (Kirkan et al. 2003). Simi-
larly, Ortega et al. (2006) reported that 41.9% of the
31 A. salmonicida isolates tested were resistant to at
least 1 antibiotic. Akinbowale et al. (2006) surveyed
multiple isolates originating from aquaculture settings
by the agar diffusion (Kirby-Bauer) method. While the
authors only identified the various isolates to the
genus level, they reported that all 22 tested members
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Table 1. Description of plasmids commonly isolated from Aeromonas salmonicida with special consideration of the antibiotic
resistance they carry; from Dallaire-Dufresne et al. (2014; their Table 1). T3SS: type 3 secretion system

Plasmid Length Antibiotic Special Reference NCBI accession
(alternative name) (kb) resistance features number
pAsal (pASal2) 54 Cryptic plasmid Boyd et al. (2003) NC_004923
pAsa2 (pASal3) 5.2 Cryptic plasmid Boyd et al. (2003) NC_004925
pAsa3 5.6 Cryptic plasmid Boyd et al. (2003) NC_004924
pASall 6.5 AopP Boyd et al. (2003) NC_004338
pASallB 9.0 AopP Trudel et al. (2013) KC686700
pRAS3.1 11.8 Tetracycline L'Abée-Lund & Serum (2002) NC_003123
pRAS3.2 11.8 Tetracycline L'Abée-Lund & Serum (2002) NC_003124
pAsab 18.5 AopH Najimi et al. (2009) NC_009352
pPASOT3 39 Oxytetracycline Adams et al. (1998)
pAr-32 44 Chloramphenicol, Serum et al. (2003) AJ517791

streptomycin and

sulphonamide

PARS1 45 Sulphonamide, Sandaa & Enger (1994) AJ517790

tetracycline and

trimethroprim
pASOT 47 Oxytetracycline Adams et al. (1998)
pPASOT2 47 Oxytetracycline Adams et al. (1998)
pAsad 155 Majority of the T3SS  Stuber et al. (2003) NC_009350
apparatus
pAsa4d 167 Chloramphenicol, Resistance to Reith et al. (2008) NC_009349
spectinomycin, strepto- mercury and
mycin, sulphonamide quaternary ammonium
and tetracycline compound

of the Aeromonas genus were resistant to at least 1
antibiotic, with resistance to ampicillin and amoxicillin
being particular common, as 86 % of the isolates were
resistant (Akinbowale et al. 2006). Resistance to flor-
fenicol has also been reported (McIntosh et al. 2008),
as has resistance to quinolone (Alcaide et al. 2010).
Naviner et al. (2011) showed that flumequine treat-
ment increased the prevalence of quinolone-resistant
isolates in the intestines of rainbow trout.

Antibiotic resistance genes are mostly carried on
mobile genetic elements, and several plasmids have
been shown to carry antibiotic resistance genes in
isolates of A. salmonicida (Table 1). These genes
and plasmids often exist in several related variants
(Vincent et al. 2014). For example, pRAS 3.2 and
PRA1 both carry tetracycline-resistance determinants,
homologous to ones identified in human pathogens
(Furushita et al. 2003). Particularly noteworthy is
paS4, which carries multiple genes involved in the
resistance against several antibiotics, including sul-
phonamides and anti-microbial compounds (Reith et
al. 2008). This has led to concerns regarding the risk
of transfer of these resistance phenotypes. For exam-
ple, L'Abée-Lund & Serum (2000) found that the

PRAS2 plasmid, carrying gene for the resistance
against sulphonamides, tetracycline and streptomycin
could be transferred to Escherichia coli. The same au-
thors also showed that the antibiotic resistance plas-
mid pRAS 3.1 could be passed onto E. coli, albeit only
in the presence of the other plasmids pRAS2 or pRAS1
(L'Abée-Lund & Sgrum 2002). McIntosh et al. (2008)
reported resistance plasmids from A. salmonicida
subsp. salmonicida to the human pathogens E. colj,
Edwardsiella tarda and A. hydrophila by conjugation,
and Rhodes et al. (2000), comparing aeromonads iso-
lated from both hospitals and fish farms, argued that
the 2 environments should be considered linked.

It is important to mention that these studies did not
assess the actual directionality of the gene flow.
Resistant isolates originating in humans and land
animals will more readily contaminate aquatic envi-
ronments than the reverse, in accordance with the
findings of MclIntosh et al. (2008). Nonetheless, such
transfer from fish to humans is still possible, as sug-
gested with the finding of quinolone-resistant A.
salmonicida in filets of rainbow trout destined for
consumption following treatment with quinolone
(Naviner et al. 2011)
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Alternative control methods, including immuno-
stimulants, pro- and prebiotics

Due to the concerns around antibiotic resistance,
interest in using various supplements as a means of
controlling infections has increased in recent years.
The most popular among these might be probiotics:
Carnobacterium sp. was found to be antagonistic to
both A. hydrophila and A. salmonicida (Robertson et
al. 2000). Similarly, Balcézar et al. (2008) showed that
isolates of Lactobacillus plantarum and L. fermentum
inhibited adhesion of several fish pathogens, includ-
ing A. hydrophila and A. salmonicida. Lactococcus
lactis and Leuconostoc mesenteroides similarly im-
proved the survival of rainbow trout to infection with
A. salmonicida (Balcézar et al. 2009).

Sica et al. (2012) also studied the properties of lac-
tic acid bacteria and confirmed their efficacy against
A. salmonicida. Despite these promising results, our
understanding of probiotics is still quite limited:
only a small number of studies have been able to
demonstrate the mechanism of action of the probi-
otic treatment (Atlas 1999, Sahu et al. 2008). For
example, Garcés et al. (2015) recently investigated
the effect of the marine Lactobacillus pentosus H16
against Vibrio alginolyticus and A. salmonicida.
They found that the probiotic strain not only had
antimicrobial activity against both pathogens but
was also able to replace these pathogens, illustrat-
ing the mechanism of competitive inhibition (Irianto
& Austin 2002). This was enhanced by the produc-
tion of a surfactant that reduced the ability of the 2
pathogens to bind to the mucus of their hosts (Gar-
cés et al. 2015). In addition, application of quorum-
sensing inhibitors or of micro-algae known to inter-
fere with quorum sensing were also protective
(Natrah et al. 2012). Despite these isolated exam-
ples, our understanding of the mechanisms of action
of probiotics are still limited. Furthermore, benefits
of probiotics have been variable, and some results
have been difficult to replicate (Atlas 1999). It is also
unknown how well the benefits of probiotics would
translate to a large-scale intensive production. Fur-
thermore, there have been concerns about the pro-
biotics acting as opportunistic pathogens in stressed
fish or that the use of probiotics is incompatible with
the use of external disinfection in the fish ponds
(Sahu et al. 2008). In this context, it appears that
more research is needed before the reliability and
cost-effectiveness of probiotics have been demon-
strated to the point that these treatments get widely
adopted by the industry (Gatesoupe 1999, Sahu et
al. 2008).

Other tested substances included the immuno-
stimulants glucan or chitosan that were injected
into brook trout and found to reduce mortalities dur-
ing subsequent infections (Anderson & Siwicki 1994).
Similarly, the immunoactive peptide heptanoyl-y-
D-glutamyl-(L)-mesodiaminopimelyl-(D)-alanine (FK-
565) was found to improve non-specific immunity
and increase the survival rate when subjected to
intra-peritoneal infection with A. salmonicida (Kitao
& Yoshida 1986). Oral administration of a mixture
of heat-inactivated Lactobacillus paracasei, Pichia
membranifaciens and Saccharomyces cereviciae has
also been shown to increase the expression of several
immune genes and to be protective against infection
with atypical A. salmonicida in cyprinids (Kodama et
al. 2011). However, as for probiotics, confirmatory
findings have been scarce.

Moreover, phytogenic compounds, i.e. beneficial
plant extracts, have also been used to improve the
performance of aquaculture (Direkbusarakom 2011).
A nanoemulsion of neem Azadirachta indica was
found to be inhibitory to A. salmonicida in vitro, and
non-pathogenic to walking catfish (Thomas et al.
2013). On the other hand, a screening of 36 plant
extracts from Turkey suggested that A. salmonicida
was resistant to every tested extract (Turker &
Yildinnm 2015).

We recently applied a mix of essential oils, includ-
ing carvacrol, thymol, anethol, and limonene, and
found that its supplementation in the feed allowed
halving mortalities, from 37 to 18%, following
challenge of rainbow trout with A. salmonicida
(Menanteau-Ledouble et al. 2015). Similarly, several
phytogenic compounds, including extracts from cin-
namon, lemongrass, thyme and oregano are inhi-
bitory in vitro against A. salmonicida subsp. salmoni-
cida by Starliper et al. (2015).

Several bacteriophages are known to infect A.
salmonicida, and their use to control infections in
aquaculture has received some consideration (Nakai
& Park 2002) but produced mixed results. For exam-
ple, Verner-Jeffreys et al. (2007) reported that, while
addition of bacteriophages delayed the onset of mor-
tality, it had no significant effect on the mortality rate
at the end of the challenge, possibly because the bac-
teria acquired resistance to the virus.

On the other hand, Kim et al. (2012) identified
2 bacteriophages that demonstrated lytic activity
against A. salmonicida. The first one, a myovirid
phage termed phiAS5, was active against a relatively
broad range of A. salmonicida, and even among other
more distantly related aeromonads (Kim et al. 2012),
while the second one, PAS-1, was found to reduce
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mortalities during challenge with A. salmonicida (Kim
et al. 2015). Imbeault et al. (2006) addressed the issue
of resistance against bacteriophages with several en-
couraging results: it was possible to co-infect bacteria
with 2 distinct bacteriophages, which signifies that
the bacterium has to acquire resistance against both
viruses rather than a single bacteriophage. Further-
more, bacteriophage-resistant bacteria displayed a
slower growth rate, presumably reducing their viru-
lence. Interestingly, phage resistance was often tran-
sient, and more than 25 % of the bacteria lost their re-
sistance at first plating (Imbeault et al. 2006).

Finally, Jung et al. (2016) recently showed that red
clay, also known as yellow loess, added to water
aggregates with bacterial cells and facilitates their
precipitation; it also damages the cellular membrane
and causes oxidative stress to the bacteria.

All of these approaches are tantalizing hints to-
ward new possible avenues for treatment; however,
they also constitute isolated results that have seldom
been replicated. Much research is still needed to
confirm the reliability and efficacy of these treat-
ments and to elucidate their mechanisms of action
before they can be considered valid alternatives.

CONCLUSION

Aeromonas salmonicida is a globally distributed pa-
thogen that has historically been among the most im-
portant bacteria affecting aquaculture. Currently,
vaccines are available that are mostly efficient at
keeping the disease under control. Nonetheless, as
aquaculture is developed for new species for which
this vaccine might be less efficient, new control strate-
gies will be needed, especially considering that the
only therapeutic solutions in common usage rely on
the use of antibiotics, with all of their associated prob-
lems. Alternative solutions are being investigated, the
most promising of which might be the application of
probiotics and phage therapy. Nonetheless, there is
still a strong need for basic research regarding this
pathogen as well as its virulence factors and how they
interact with the immune system of fish.
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