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A diverse range of bacteria and viruses is associated with diseases of fish. The skin,
lateral line, gills and gastrointestinal tract or a combination of these organs are sug-
gested to be infection routes. The purpose of this review is to present current knowl-
edge on adhesion, colonization and translocation of pathogenic agents in the
gastrointestinal tract of growing fish.

1. INTRODUCTION

As fish live in an aqueous environment, their external surfaces will be regularly
exposed to potential pathogens, and water taken into the gastrointestinal (GI) tract
during feeding can deliver them to the mucosal surfaces of this tract. Even in the
non-feeding early stages of development of marine fish larvae, drinking of water is
required for osmotic regulation (Tytler and Blaxter, 1988) and this provides an early
entry into the GI tract for bacteria. As in all animals, the GI tract is the route of
nutrient uptake and any perturbation by microbial action can be harmful. This is
particularly so in the early stages of fish larval development. In contrast to mam-
mals, where numerous bacterial and viral pathogens produce severe diarrhoeal
disease there are no directly equivalent pathogens known for fish. However, a
number of bacteria cause pathology in the gut of fish and this can be a route of sys-
temic infection in many instances, comparable to that of invasive enteropathogens
of mammals.
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The bacterial pathogens of major importance in aquaculture are, with few excep-
tions, Gram-negative microorganisms. Aeromonas salmonicida, A. hydrophila,
Vibrio anguillarum, V. salmonicida, V. viscosus (Moritella viscosa or M. marina)
and V. ordalii belong to the Vibrionaceae; Yersinia ruckeri, Edwardsiella ictaluri
and E. trarda are members of the Enterobacteriaceae, and Piscirickettsia salmonis is
a member of Pisciriickettsiaceae. Of the Gram-positive bacterial pathogens,
Renibacterium salmoninarum belongs to the Corynebacteriaceae, Carnobacterium
piscicola to the lactic acid bacteria, and others, e.g. Streptococcus iniae, S. difficile
and Lactococcus garviae, are Gram-positive cocci. Microbial pathogenicity has
been defined as the biochemical mechanisms whereby microorganisms cause
disease (Smith, 1990). Not all pathogens have an equal probability of causing infec-
tion and disease. In this review, the term infection will be used to describe success-
ful persistence or multiplication of a pathogen on or within the host, while disease
will be described as an infection which causes significant overt damage to the host.

Intensive fish production has increased the risk of infectious diseases all over the
world (Press and Lillehaug, 1995; Karunasagar and Karunasagar, 1999), but to pre-
vent microbial entry fish have various protective mechanisms, such as production of
mucus by goblet cells, the apical acidic microenvironment of the intestinal epithe-
lium, cell turnover, peristalsis, gastric acidity, lysozyme and antibacterial activity of
epidermal mucus. At the same time, pathogenic microorganisms have evolved
mechanisms to target the skin, gills or GI tract as points of entry. The three major
routes of infection are through: a) skin (Kawai et al., 1981; Muroga and De La Cruz,
1987; Kanno et al., 1990; Magarinos et al., 1995; Svendsen and Bggvald, 1997,
Spanggard et al., 2001), b) gills (Baudin Laurencin and Germon, 1987; Hjeltnes
etal., 1987; Svendsen et al., 1999), and c) the GI tract (Sakai, 1979; Rose et al., 1989;
Chair et al., 1994; Olsson, 1995; Grisez et al., 1996; Olsson et al., 1996; Romalde
et al., 1996; Joborn et al., 1997; Robertson et al., 2000; Lgdemel et al., 2001).

Pathogenicity can be divided into four different phases: 1) the initial phase where
the pathogen enters the host’s environment, including the GI tract, 2) the exponential
phase where the pathogen adheres to and colonizes mucosal surfaces, replicates to suf-
ficient numbers and/or translocates into host enterocytes, 3) the stationary phase where
the pathogen replicates within the host and circumvents the host defence system; in this
phase the host is moribund and this can quickly be followed by 4) the death phase.

In order to adhere successfully, colonize and produce disease, the pathogen must
overcome the host defence system. It is well known that stress from environmental
factors, such as oxygen tension, water temperature and water salinity, are important
in increasing the susceptibility of fish to microbial pathogens. The water milieu can
also facilitate transmission of these pathogens.

The purpose of this review is to present information on 1) adhesion of bacteria to
mucosal surfaces, 2) protection against bacterial adhesion, 3) bacterial translocation,
4) invasion of host cells, 5) effect of diet in disease resistance and 6) data obtained
from endothermic animals which may have relevance to pathogenesis of fish.
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2. ADHESION OF BACTERIA TO MUCOSAL SURFACES
2.1. General factors

A number of environmental factors determine whether bacteria can adhere to and colo-
nize the digestive tract of endothermic animals and these have been extensively reviewed
by Savage (1983). Among these are: 1) gastric acidity (Gilliland, 1979); 2) bile salts
(Floch et al., 1972); 3) peristalsis; 4) digestive enzymes (Marmur, 1961); 5) immune
response; and 6) indigenous microorganisms and the antibacterial compounds which
they produce. In order to replicate to a sufficient number to allow transmission to a new
susceptible host, a microbial pathogen must enter a host, find a unique niche, circum-
vent competing microbes and host defence barriers, and obtain nutrients from the host.

Adhesion of bacteria to surfaces such as epithelial cells involves four different
types of interaction, depending on the distance separating the bacteria from the
surface. Attraction is initially by van der Waal’s forces operating at distances greater
than 50 nm, but at closer distances electrostatic interactions become more signifi-
cant. As epithelial and bacterial cells are usually negatively charged, electrostatic
repulsion normally prevents closer association. In regions of lower ionic strength
closer interaction may occur allowing hydrophobic interaction and specific receptor—
ligand binding within circa 1 pm separation. This leads to strong binding between
bacteria and host cell surfaces (Fletcher, 1996).

2.2. Adhesins

Several bacterial surface components can be involved in specific binding to epithe-
lial cell ligands. The best characterized bacterial adhesins are the fimbriae (or pili)
which are widely distributed on Gram-negative bacteria (Smyth et al., 1996), but are
also found on some Gram-positive bacteria (Klemm et al., 1998). Although fimbriae
are the most widely used adhesins in Gram-negative bacteria, flagella, capsules, pro-
tein fibrils, outer membrane proteins (Gram-negative bacteria), surface proteins
(Gram-positive bacteria) and crystalline protein surface arrays can all be used as
adhesins (Henderson et al., 1999).

A range of fimbriae can be expressed by any one bacterial species; for example,
14 different types of fimbriae are known in Escherichia coli, more than one of which
can be expressed at the same time (Hacker, 1992; Klemm et al., 1998; Nataro and
Kaper, 1998). Type 1 fimbriae of E. coli are perhaps the best studied example and a
single cell may express over 500 fimbriae. Of approximately 7 nm in diameter and
1 wm in length, type 1 fimbriae are composed of about 1000 copies of the major
structural protein FimA, in a helical cylinder (Brinton, 1965) capped by the FimH
protein which recognizes mannose-containing receptors on the target eukaryotic
cell. Other minor proteins, FimF and FimG are involved in binding FimH to the
FimA helix and other genes in the Fim complex are required for assembly of the
fimbriae and translocation through the bacterial membranes (Krogfeld et al., 1990;
Klemm et al., 1998).
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Despite their widespread occurrence in Gram-negative bacteria and their impor-
tance in the pathogenesis of numerous infections, fimbriae have not yet been proved
to be important in bacterial infections of fish. Saeed (1983) observed that E. ictaluri
was heavily piliated and suggested that this could be important in infection,
although this awaits further examination.

The crystalline protein array (S layer or A layer) of A. salmonicida renders the
surface of this bacterium extremely hydrophobic to the extent that bacteria in broth
cultures autoagglutinate and sediment rapidly when allowed to stand unshaken.
Loss of the S layer can occur spontaneously, or can be induced by culture at elevated
temperature or by Tn5 mutagenesis; in all cases the loss of the S layer is accompa-
nied by loss of virulence (Ishiguro et al., 1981; Belland and Trust, 1985; Trust, 1986)
and loss of adherence to macrophages (Trust et al., 1983).

Flagella are important adhesins for bacteria such as V. cholerae (Guentzel and
Berry, 1975; Richardson, 1991) and Campylobacter jejuni (Wassenaar et al., 1991;
Nachamkin et al., 1993). Although flagella have been shown to be important for the
virulence of V. anguillarum, this was not at the level of adhesion, as motility-
deficient mutants which had much reduced virulence had similar adhesion levels to
chinook salmon embryo (CHSE) cells as the wild-type organism (Ormonde et al.,
2000). However, chemotactic motility and active motility are important for virulence
in waterborne infections of fish (O’Toole et al., 1996, 1999; Ormonde et al., 2000).

Infectivity studies revealed that disruption of the flagellum and subsequent loss
of motility correlated with an approximate 500-fold decrease in virulence when fish
were inoculated by immersion in bacteria-containing water. Once the pathogens
have reached the mucosal surface, several options exist: depending on their intrin-
sic colonizing or invasive capacities, the nature of the toxin(s) they produce and their
ability to resist host defences.

2.3. Electron microscopy studies of adhesion of fish-pathogenic bacteria to
tissues of the GI tract

In a recent study, Knudsen et al. (1999) tested pathogenic and non-pathogenic bacte-
ria isolated from fish for their adhesion to cryosections from different mucosal sur-
faces of Atlantic salmon by immunohistochemistry. The majority of the bacteria
tested — V. anguillarum serotype O1, V. salmonicida, V. viscosus, Flexibacter maritimus,
“gut vibrios” and intestinal isolates of V. salmonicida — all adhered to mucus from the
pyloric caeca, foregut and hindgut. In contrast to these results, V. anguillarum
serotype O2 (0O2a and O2b), did not adhere to mucus.

The past decade has seen an explosion of information on our understanding of
bacterial adhesion at both the molecular and genetic level of endothermic animals,
and electron microscopy has contributed significantly to this knowledge (Knutton,
1995). Although several papers have described pathogenesis in fish, few investiga-
tions have used transmission electron microscopy (TEM) and/or scanning electron
microscopy (SEM) to evaluate the effect of bacterial infection on morphology in the
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GI tract of fish. The advantage of using SEM is that large areas of the mucosal and
cell surfaces can be examined rapidly for adherent bacteria. Adhesion can then be
assessed qualitatively or quantitatively. For quantitative analysis a defined number
of fields is selected at random, photographed, and bacterial adherence assessed to
give an adhesion index consisting of numbers of bacteria per unit area (Yamamoto
et al., 1991) or percentage of area colonized by bacteria (Knutton et al., 1991). The
resolution of SEM is rarely sufficient to obtain detailed information about the
mechanisms of adhesion, although it has proved useful to determine bacterial
adhesion/colonization of gut enterocytes of fish (Magarinos et al., 1996; Ringg
et al., 2001, 2002). Magarinos et al. (1996) demonstrated that Photobacterium
damselae (Pasteurella piscicida) strains adhered strongly to the intestines from sea
bream, sea bass and turbot in numbers ranging from 104 to 103 bacteria per gram of
intestine depending on the bacterial isolate and the fish species employed. These
results are clearly supported by scanning electron microscopy studies. Sometimes,
bacteria colonizing the GI tract had their luminal ends protruding above the levels
of the microvilli (figs. 1 and 2). Micrographs displayed clear differences in levels of
bacterial association over a small area, as some enterocytes were heavily colonized
while others had no associated bacteria. Ringg et al. (2001) showed that some ente-
rocytes were heavily colonized by bacteria when charr were fed dietary soybean oil,
whereas a different situation was observed when fish were fed dietary linseed oil
(Ringg et al., 2002). In the latter situation, most bacteria associated with enterocytes
were located at the apical brush border (fig. 3).

Fig. 1. Scanning electron micrograph of the
apical aspects of enterocytes in the midgut of
Arctic charr (Salvelinus alpinus L.) fed dietary
soybean oil. The borders between adjacent cells
are clearly visible, as microvilli which cover
the cell apex. The luminal ends of bacteria
located in the intestines between microvilli are
also visible (arrows). x 7500. After Ringg et al.
(2001).
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Fig. 2. Scanning electron micrograph show-
ing cell apices in the hindgut of Arctic charr
(Salvelinus alpinus L.) fed dietary soybean oil.
Cell borders can be seen and all cells have
associated bacteria (arrows), although numbers
vary from cell to cell. Note the small spaces
(arrowheads) between microvilli. These may
represent the transit paths of more deeply
embedded bacteria, or they may be created

by bacterial loss. The latter may be an artefact
of tissue preparation or a consequence of

local bacterial cell division. X 5000. After
Ringg et al. (2001).

Fig. 3. Scanning electron micrograph show-
ing bacteria associated with enterocytes in the
hindgut of Arctic charr (Salvelinus alpinus L.)
fed dietary linseed oil. Associated bacteria
(arrows) are located at the apical brush border.
X 7500. After Ringg et al. (2002).
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Fish pathogenic bacteria, such as V. salmonicida and V. anguillarum, have been
shown in vivo to adhere to the intestinal epithelium of fish larvae and promote severe
destruction of microvilli (Olafsen and Hansen, unpublished data). In contrast,
Lgdemel et al. (2001) did not show any destruction of microvilli in the pyloric
caeca, midgut or hindgut regions of adult Arctic charr (Salvelinus alpinus L.)
infected by A. salmonicida subsp. salmonicida. SEM investigations of human intes-
tinal mucosa infected with enteropathogenic E. coli (EPEC) showed that EPEC
adhere intimately in microcolonies and cause gross alterations of the brush border
surface of infected enterocytes (Knutton et al., 1987, 1989; Knutton, 1995). These
characteristic “attaching-and-effacing” lesions are formed on epithelial cells in a
three-stage process. After initial adhesion, mediated by bundle-forming (type IV)
fimbriae, a type III secretory system is activated in E. coli allowing secretion of a
receptor (translocated intimin receptor) into the epithelial cell membrane which acts
as a receptor for the E. coli outer membrane protein intimin. This leads to reorgan-
ization of the cellular actin cytoskeleton and formation of the characteristic elevated
pedestal to which E. coli is bound.

2.4. Host cell ligands

A wide range of potential receptors is present on the eukaryotic cell membrane
involved in the normal cellular functions of transport, signal transduction and
cell—cell communication, and bacteria can bind to many of these molecules. In addi-
tion, proteins of the extracellular matrix, such as fibronectin, fibrinogen and colla-
gen, are receptor molecules for which specific adhesins have been characterized in
bacteria such as Staphylococcus aureus (Smeltzer et al., 1997). In glycoproteins, the
sugar residues commonly act as receptor ligands for fimbriae; binding of E. coli to
eukaryotic cells via type 1 or type 5 fimbriae is inhibited by mannose leading to the
conclusion that mannose-containing glycoproteins are cellular targets for binding by
this organism (Krogfeld et al., 1990). Other sugars, e.g. fucose and galactose have
been similarly identified as receptor targets for other types of fimbriae (Ofek and
Doyle, 1994). Similar work by Wang and Leung (2000) has shown that strains of
Vibrio anguillarum differ in the types of receptors used. Two invasive strains of the
organism, G/Virus/5(3) and 811218-5W adhered strongly to three different fish
tissue culture cell lines. Adherence of strain G/Virus/5(3), and of nine other vibrios,
was inhibited by galactose-containing sugars, but adherence by strain 811218-5W
was not affected by a range of sugars tested. As no fimbriae could be detected in
either strain it was concluded that non-fimbrial adhesins were involved in both cases
(Wang and Leung, 2000).

The ability of Photo. damselae subsp. piscicida to adhere to fish tissue culture
cell lines was inhibited by galactose and mannose but not fucose, indicating a pos-
sible glycoprotein target for adhesins of this organism (Magarinos et al., 1996).
However, prior treatment of bacteria with proteinase K did not affect their capacity
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to bind to tissue culture cells and the Photo. damselae subsp. piscicida adhesin
remains unidentified.

2.5. Consequences of bacteria/ligand interactions

As noted above, many cell surface molecules are receptors involved in transmem-
brane signalling. For bacteria, interaction with eukaryotic cells can lead to altered
cell growth patterns, induction of adhesins, e.g. for enteropathogenic E. coli
(Donnenberg and Kaper, 1992), or secretion of proteins required for invasion,
e.g. for Yersinia (Cornelis and Wolf-Watz, 1997). For the eukaryotic cell, uptake of
bacteria may result in cytokine release (Wilson et al., 1998), morphology alteration
(enteropathogenic E. coli) (Nataro and Kaper, 1998) or intercellular adhesion
molecule synthesis may be stimulated (enteroinvasive E. coli).

3. PROTECTION AGAINST BACTERIAL ADHESION
3.1. Mucus

The internal surface of the host is the first defence barrier to infection. Intestinal
mucins secreted by specialized epithelial goblet cells located in the intestinal entero-
cytes form a viscous, hydrated blanket on the surface of the intestinal mucosa that
protects the delicate columnar epithelium. This is thought to be a vital component
of the intestinal mucosal barrier in prevention of colonization by pathogens in both
fish and endothermic animals (Florey, 1962; Forstner, 1978; Westerdahl et al., 1991;
Maxson et al., 1994; Henderson et al., 1999; Mims et al., 2000). Gastrointestinal
mucus is thought to have three major functions: 1) protection of the underlying
mucosa from chemical and physical damage, 2) lubrication of the mucosal surface,
and 3) to provide a barrier against entero-adherence of pathogenic organisms to the
underlying mucosal epithelium. Intestinal mucus is composed almost entirely of
water (90-95%) and the electrolyte composition is similar to plasma, accounting for
about 1% of the mucus weight. The remaining 4—10% is composed of high molec-
ular weight glycoproteins (mucins), consisting of a protein core with numerous
carbohydrate (fucose and galactose) side chains. Hydrolysis of intestinal mucus
material of rainbow trout liberated increased amounts of N-acetylgalactosamine and
N-acetylglucosamine (O’Toole et al., 1999), indicating that these carbohydrates
may be present as mucin-bound moieties in fish intestinal mucus as is the case for
mucus from other animal species (Roussel et al., 1988). The majority of intestinal
mucus-associated lipids in rainbow trout partitioned to the organic phase during
extraction with chloroform/methanol and this contained saturated and unsaturated
free fatty acids, phospholipids, bile acid, cholesterol, and monoglycerides and
diglycerides (O’Toole et al., 1999).

The mucous blanket is constantly renewed by the secretion of high molecular
weight glycoproteins from individual goblet cells throughout the epithelium.
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Pre challenge Post challenge

Fig. 4. Light microscopic view of villi in the midgut from Arctic charr (Salvelinus alpinus L.) fed soybean
oil (A) post and (B) prior to challenge with Aeromonas salmonicida subsp. salmonicida. Note the substantial
more conspicuous goblet cells (arrows) along the villi of infected fish. After Lgdemel et al. (2001).

Goblet cells differentiate in the lower portion of the crypts of both small and large
intestine and gradually migrate on to the villi or mucosal surface.

In an early study on histopathological changes caused by V. anguillarum,
Ransom et al. (1984) found large amounts of goblet (mucus producing) cells in the
anterior part of the GI tract of infected chum salmon. The first reaction of Arctic
charr (Salvelinus alpinus L.) infected by pathogenic bacteria (A. salmonicida) is to
slough off the infected mucus by increasing goblet cell production (fig. 4A) com-
pared to uninfected fish (fig. 4B). A similar reaction to that found in infected fish is
also observed in rabbits and rats infected by pathogenic bacteria (Enss et al., 1966;
Mantle et al., 1989, 1991), and this may be considered a normal host response to
particular intestinal infections (Mims et al., 2000).

Gastrointestinal mucus is rich in nutrients that organisms, including pathogens,
may utilize for growth (Blomberg et al., 1995; Wadolkowski et al., 1988). Many
endothermic studies have implicated growth in mucus as a critical factor for intes-
tinal colonization by pathogens and several outer membrane proteins are necessary
for establishment of an infection focus (Freter et al., 1983; Myhal et al., 1982;
Krivan et al., 1992; Burghoff et al., 1993). Olsson et al. (1992) suggested that the GI
tract is a site of colonization of V. anguillarum as the pathogen could utilize diluted
turbot (Scophthalmus maximus L.) intestinal mucus as its sole nutrient source. More
recently, Garcia et al. (1997) examined the ability of V. anguillarum to grow in
salmon intestinal mucus, which they concluded is an excellent growth medium for
this species. This is an important aspect of the pathogenesis of this organism.

3.2. Ultrastructural changes in enterocytes caused by dietary manipulation

Recently, Olsen et al. (1999, 2000) showed that extensive accumulation of lipid
droplets occurred in Arctic charr enterocytes when the fish were fed a diet contain-
ing linseed oil and this caused significant damage to the epithelium with focal loss
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Fig. 5. Linseed-oil-fed Arctic charr

(Salvelinus alpinus L.). These enterocytes

Rights were not granted to include this figure in electronic media. are obviously damaged by the fat vacuoles
P (e D T (s e, (droplets). Note especially cellular membrane

ruptures (arrows). Bar = 7 pm. After Olsen

et al. (1999).

of enterocytes and consequent loss of the epithelial barrier. Such damage (fig. 5) is
likely to be pathological and therefore detrimental to fish health. Rupture in the
membranous system may also represent a major microbial infection route for poten-
tially pathogenic bacteria provided they are present in sufficient numbers in the gut.

The prebiotic potential of dietary fibres is well known in endothermic animals
(Gibson, 1998), and may also have interesting applications in aquaculture. However,
a recent study clearly demonstrated that feeding Arctic charr a diet supplemented with
15% inulin led to the occurrence of a large number of spherical lamellar bodies in the
enterocytes of the pyloric caeca and the hindgut. These structures were not observed
when fish were fed 15% dextrin (Olsen et al., 2001). Feeding inulin had a destructive
effect on microvillus organization which may increase translocation of pathogenic
bacteria if they are present in relatively high concentrations in the GI tract.

3.3. Autochthonous bacteria and antagonistic activity

Savage (1983) defined bacteria isolated from the digestive tract as being either
indigenous (autochthonous) or transient (allochthonous) depending on whether or
not they are able to colonize epithelial surface of the digestive tract of the host
animal. Recently, Ringg and Birkbeck (1999) presented a list of criteria for testing
autochthony of bacteria from the GI tract of fish. These were that they should i) be
found in healthy animals, ii) colonize early stages and persist throughout life, iii) be
found in both free-living and hatchery-cultured fish, iv) grow anaerobically, and
v) be found associated with epithelial mucosa in the digestive tract. The presence of
an autochthonous microflora fitting the above criteria was demonstrated recently by
Ringg et al. (2002) in that bacteria in the gut were found closely associated with the
intestinal epithelium and between the microvilli. On the basis of this observation,
one might hypothesize that the autochthonous microflora of fish which is associated
closely with the intestinal epithelium forms a barrier serving as the first defence to
limit direct attachment or interaction of pathogenic bacteria with the mucosa as
reported for endothermic animals (van der Waaij et al., 1972; Snoeyenbos, 1979;
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Tancrede, 1992). In fish, situations such as stress, antibiotic administration, or even
small dietary changes affect the GI tract microflora. Stability of this microflora is
important in natural resistance to infections produced by bacterial pathogens in the
intestinal tract. The existence of antibacterial substances produced by bacteria
isolated from the digestive tract of fish has been demonstrated in several studies
(Schrgder et al., 1980; Dopazo et al., 1988; Strgm, 1988; Westerdahl et al., 1991;
Olsson et al., 1992; Bergh, 1995; Sugita et al., 1996, 1997, 1998; Joborn et al., 1997;
Gram et al., 1999; Ringg, 1999; Ringg et al., 2000). However, a recent study by Gram
et al. (2001) demonstrated that in vitro activity in well diffusion assays and broth cul-
tures cannot be used to predict a possible in vivo effect even if a reduction of in vivo
mortality was observed in another system (Gram et al., 1999). These studies under-
line the importance of developing and testing cultures for each specific combination
of different pathogens, different fish species and environment that might occur.

4. BACTERIAL INVASION AND TRANSLOCATION MECHANISMS

The indigenous intestinal flora is prevented from gaining access to other sites in the
body by a single epithelial cell layer on the mucosa. In endothermic animals the
M cells of the intestinal epithelium are specialized structures that may allow natural
entry of bacterial pathogens (Jones et al., 1995; Neutra et al., 1996; Vazques-Torres
and Fang, 2000). Information about the interactions between intracellular pathogenic
bacteria and M cells in fish is not available, however, and is a topic of further studies.

The mechanisms by which bacteria can translocate from the gut to appear in
other organs are an important phenomenon in the pathogenesis of “opportunistic”
infections by indigenous intestinal bacteria (Finlay and Falkow, 1997). Once inside
a host cell, pathogens have a limited number of ways to ensure their survival
whether remaining within a host vacuole or escaping into the cytoplasm.

In endothermic animals the primary defence mechanisms preventing indigenous
bacteria from translocating from the gastrointestinal tract are: a) a stable GI tract
microflora preventing bacterial overgrowth of certain indigenous bacteria or colo-
nization by more pathogenic exogenous bacteria, b) the host immune defences and
¢) an intact mucosal barrier. More than one of these defence mechanisms can be
involved, depending upon the animal model or clinical situation. An example of this
is Lactobacillus casei, which can prevent E. coli infection in a neonatal rabbit model
and inhibits translocation of E. coli in an enterocyte cell culture model (Mattar et al.,
2001). However, in fish these defence mechanisms are not well understood.

The pathogenesis of V. cholerae infections in mammals is primarily a non-
invasive toxin-mediated gut infection but such infections have not been found in
fish. Translocation of intact Vibrio antigens and bacterial cells by endocytosis has
been reported in the gastrointestinal tract of fish larvae (Hansen and Olafsen, 1990,
1999; Hansen et al., 1992; Olafsen and Hansen, 1992; Grisez et al., 1996). However,
when discussing endocytosis, the development of the digestive tract is an important
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Fig. 6. Transmission electron micrograph of
the apical regions of enterocytes in the pyloric
caecum of adult Arctic charr (Salvelinus
alpinus L.). Bacterial profiles are seen scattered
at different levels within the brush border from
the tips to bases of microvilli. In addition, one
bacterial profile (arrowhead) is seen to be
contained in an internalized, membrane-bound
endocytic vacuole. x 15000. After Ringg et al.
(2001).

factor to be considered. At the time of hatching, the digestive tract of fish is an undif-
ferentiated straight tube which is morphologically and physiologically less elaborate
than that of the adult (Govoni et al., 1986). However, endocytosis was demonstrated
in pyloric caeca (fig. 6), midgut (fig. 7) and hindgut (fig. 8) of adult Arctic charr
(Ringg et al., 2002).

Fig. 7. High power transmission electron
micrograph of the midgut of adult Arctic charr
(Salvelinus alpinus L.). The opposed surfaces
of two enterocytes are shown. Both cells have
appreciable numbers of bacterial profiles
between their microvilli. Note the internalized
bacterium in the subapical cytoplasm (arrow-
head). x 15000. After Ringg et al. (2001).
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Fig. 8. Transmission electron micrograph
showing bacteria associated with the microvilli
of enterocytes in the hindgut of adult Arctic
charr (Salvelinus alpinus L.). Enterocytes in
this region show endocytic activity and are
characterized by large numbers of intracyto-
plasmic vacuoles (V) with contents of varying
electron density. An internalized bacterium is
discernible (arrowhead). x 15000. After Ringg
et al. (2002).

5. INVASION OF HOST CELLS

Entry into host cells is a specialized strategy for survival and multiplication utilized
by a number of pathogens which can exploit existing eukaryotic internalization
pathways (Finlay and Falkow, 1989, 1997; Sansonetti, 1993). Three general
mechanisms are recognized by which bacteria can invade epithelial cells. The most
common method, as employed by Yersinia, Shigella and Salmonella, is by inducing
rearrangement of the actin cytoskeleton of the epithelial cell. Enteropathogenic
Yersinia spp. induce uptake into endocytic vacuoles of epithelial cells following
close contact of the bacteria at many points to the cell surface (zippering). This
involves three adhesins — the invasin, Ail and YadA proteins — and interaction
between invasin and its cell-surface receptor, o5, integrin induces actin cytoskele-
ton rearrangement via a protein tyrosine kinase signalling system (Cornelius and
Wolf-Watz, 1997; Lloyd et al., 2001). Invasion by Shigella is dependent upon
possession of a 220 kb plasmid encoding 32 invasion-associated genes (Menard
et al., 1996), including those for a type III secretion system which directly secretes
Shigella proteins into the cytoplasm of the epithelial cell; this induces actin
cytoskeleton rearrangement and pseudopodia formation to internalize the bacterial
cell. Once internalized, lysis of the vesicle is mediated by a Shigella protein releas-
ing the organism into the cytoplasm where it can multiply and spread through the
cytoplasm propelled by an actin “tail” (Menard et al., 1996). Inhibitors of actin
polymerization, such as cytochalasin D, block entry of such pathogens into cells.
However, invasion of epithelial cells by Campylobacter jejuni is unaffected by
cytochalasin D but is sensitive to the microtubule depolymerizing drug colchicine,
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indicating an actin-independent, microtubule-dependent pathway of entry (Russell
and Blake, 1994; Biswas et al., 2000). A direct invasive mode of entry is utilized by
rickettsiae, which bind to the phospholipid cell membrane and gains entry via
expression of phospholipase A (Silverman et al., 1992). For fish pathogens, exam-
ples are known of invasion of epithelial cells. Although none has been characterized
to the extent of human pathogens, current knowledge is summarized below.

5.1. Aeromonas

Aeromonas salmonicida is the causative agent of furunculosis, a disease which
caused very serious losses in European aquaculture in the early 1990s (Munro and
Hastings, 1993) and which had previously caused major epizootics in wild fish
(Mackie et al., 1930). All salmonid species are affected, but Atlantic salmon and
brook trout appear to be more susceptible to infection than rainbow trout or Pacific
salmon (Cipriano, 1983). The intestine has long been considered a route of infection
for A. salmonicida as Plehn (1911) found inflammation of the gut to be a common
characteristic of furunculosis. However, there is still debate about the route of entry
of this pathogen (Bernoth et al., 1997). The presence of A. salmonicida in the intes-
tine of Atlantic salmon has been demonstrated using an enzyme-linked immuno-
sorbent assay by Hiney et al. (1994), who suggested that the intestine could be the
primary location of A. salmonicida in stress-inducible infections. O’Brien et al.
(1994) also detected A. salmonicida in faeces using a species-specific DNA probe,
in conjunction with a polymerase chain reaction (PCR) assay. Although the organ-
ism can be detected in the intestinal tract in the above assays, McCarthy (1977)
failed to infect brown trout (Salmo trutta) either by administering food pellets
soaked in a culture of A. salmonicida, or by direct intubation into the stomach.
In the latter case, 105—10° A. salmonicida were recovered per ml homogenized stom-
ach within 12 h of introduction, no organisms could be recovered by 48 h and no
mortalities occurred, despite recovery of low numbers of organisms from
homogenates of kidney within 5 h. Despite failing to cause disease by the intestinal
route the organism killed five of six fish exposed for 5 days to an aqueous suspen-
sion of the bacteria (10° cells/ml).

In experimental infections of turbot (Scophthalmus maximus L.) and halibut
(Hippoglossus hippoglossus L.) yolk sac larvae with A. salmonicida subsp.
salmonicida, Bergh et al. (1997) failed to re-isolate the pathogen from halibut larvae,
but using immunohistochemical techniques showed the bacteria to be present in the
intestinal lumen of some turbot larvae, but not associated to mucus or gut microvilli.

A recent study by Lgdemel et al. (2001) clearly demonstrated that A. salmonicida
subsp. salmonicida could be detected within enterocytes of the midgut of Arctic charr
(Salvelinus alpinus L.).

In summary, although A. salmonicida can be detected in the intestine of infected
fish there is still doubt that this is the principal route by which systemic infection
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occurs, although translocation of organisms from stomach to kidney has been
demonstrated (McCarthy, 1977).

A range of freshwater fish are susceptible to motile aeromonad septicaemia
caused by A. hydrophila (Thune et al., 1993) and this organism is capable of binding
to collagen and fibronectin (Ascencio et al., 1991), and invading EPC (epitheliosum
papillosum of carp) tissue culture cells (Tan et al., 1998). Studies with inhibitors of
tyrosine kinase, protein kinase C and protein tyrosine phosphatase indicated that the
organism initiated a signalling cascade involving tyrosine kinase, leading to actin
microfilament reorganization involving actin “clouds” (Tan et al., 1998).

5.2. Edwardsiella

Two species of this genus, E. ictaluri and E. tarda are serious pathogens of fish
(Plumb, 1993), causing distinctly different diseases in a range of fish species.

Edwardsiella septicaemia, which affects warm water fish is widely distributed in
the environment and can cause severe losses in farmed catfish, Ictalurus punctatus
(Plumb, 1993). Although Darwish et al. (2000) found no histological lesions in the
intestine of catfish during experimentally induced infections, a different type of
study by Ling et al. (2000) employing green fluorescent protein (GFP)-labelled bac-
teria showed that 3 days after intramuscular injection of 1.2 X 105 E. tarda into blue
gorami approximately 106 bacteria were recovered from the intestine, although the
highest concentrations of bacteria were found in the muscle and liver. However,
E. tarda is not considered a pathogen with significant involvement of the gut in
infection. Nevertheless, it has a pronounced capacity to invade both human and fish
tissue culture cells (Janda et al., 1991; Ling et al., 2000). The invasion of both tissue
culture cell types by E. tarda was sensitive to cytochalasin D (Janda et al., 1991;
Ling et al., 2000), and in fish cells was also dependent on protein tyrosine kinase
activity (Ling et al., 2000).

The second species, E. ictaluri, causes enteric septicaemia of catfish which can
result in high mortalities. Two disease conditions are known with infection of brain
via the olfactory organ or the intestine (Shotts et al., 1986; Francis-Floyd et al.,
1987). Doses of 5 x 10° bacteria were intubated into the stomach of fingerling
catfish and within 2 weeks fish developed enteritis and other chronic lesions.
Horizontal transmission occurred to cohabiting fish, which also developed lesions
beginning in the intestine (Shotts et al., 1986). As yet, the invasion pathway from the
gut to other tissues and organs has not been established.

5.3. Photobacterium damselae subsp. piscicida

This organism was found to adhere to tissue sections of intestine from sea bream
Sparus aurata, sea bass Dicentrarchus labrax, and turbot Scophthalmus maximus at
concentrations of 104-103 per gram by Magarinos et al. (1996).
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Evaluation of the invasive capacities of the Photo. damselae subsp. piscicida on
different poikilothermic cell lines indicated that according to the Janda index (Janda
et al., 1991), the strains studied were weakly or moderate invasive, with the number
of intracellular bacteria ranging from 10! to 103. Photo. damselae subsp. piscicida
was able to invade CHSE-214 tissue culture cells and to remain viable for at least
2 days inside the infected cells.

5.4. Piscirickettsia salmonis

Piscirickettsia salmonis is an obligate, intracellular, Gram-negative organism and
such fastidious bacteria have been increasingly detected as emerging pathogens in a
range of fish species in different geographic locations (Fryer and Mauel, 1997).
In 1990 it was recognized that the causative agent responsible for the loss of 1.5
million coho salmon in the previous year (Cvitanich et al., 1990, 1991; Fryer et al.,
1990; Branson and Diaz-Munoz, 1991; Garces et al., 1991) was a rickettsial agent
of a new genus and species (Fryer et al., 1992). Whereas the Rickettsiaceae are
members of the o-Proteobacteria, P. salmonis is assigned to the y-Proteobacteria.
The disease was termed salmonid rickettsial septicaemia because of the systemic
nature of the disease (Cvitanich et al., 1991). Several organs were affected in dis-
eased fish, including the intestine, which was severely damaged with necrosis and
inflammation of the lamina propria and sloughing off of epithelial cells (Branson
and Diaz-Muoz, 1991). The route of infection was studied by Smith et al. (1999)
who investigated various routes as possible portals of entry for the pathogen.
Subcutaneous injection of P. salmonis (10* TCIDs) resulted in 100% cumulative
mortality of fish by day 33 post injection. Application to the skin or gills of patches
soaked in P. salmonis (1042 TCIDs, per patch) resulted in 52 and 24% mortalities,
respectively, whereas 24 and 2% cumulative mortalities occurred following intestinal
or gastric intubation (10* TCIDs, administered in both cases). The authors concluded
that rickettsia could infect the fish directly through the skin or gills and that the
intestinal route was not the normal route of infection.

5.5. Vibrio anguillarum

Vibrio anguillarum is an important pathogen of marine and estuarine fish species
and is the causative agent of vibriosis. This disease is one of the major bacterial dis-
eases affecting fish, as well as bivalves and crustaceans (Austin and Austin, 1999),
and vibriosis can cause substantial losses to the aquaculture industry. Vibriosis is
characterized by deep focal necrotizing myositis and subdermal haemorrhages, with
the intestine and rectum becoming swollen and filled with fluid (Horne et al., 1977,
Munn, 1977). The GI tract of fish appears to be a site of colonization and amplifi-
cation for pathogenic Vibrio species (Horne and Baxendale, 1983; Ransom et al.,
1984; Olsson et al., 1996), and Olsson et al. (1998) recently demonstrated that orally
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ingested V. anguillarum can survive passage through the stomach of feeding juve-
nile turbot (Scophthalmus maximus L.). Vibrio anguillarum and V. ordalii have been
found primarily in the pyloric caeca and the intestinal tracts of three species of
Pacific salmon (chum salmon, Oncorhynchus keta; coho salmon, Oncorhynchus
kisutch; and chinook salmon, Oncorhynchus tshawytscha) (Ransom et al., 1984).
In addition, Olsson (1995) and Olsson et al. (1996) demonstrated that the GI tract
can serve as a portal of entry for V. anguillarum and it can utilize intestinal mucus
as its sole nutrient source (Olsson et al., 1992; Garcia et al., 1997). Although some
evidence indicates that V. anguillarum can invade fish either via the skin or the GI
tract, Grisez et al. (1996) showed that the organism is transported across the intes-
tinal epithelium by endocytosis. Chemotactic motility mediated by a single polar
sheathed flagellum is essential for virulence as bacteria deficient in this activity
were unable to infect fish when administered by immersion in bacteria-containing
water but were virulent when given by intraperitoneal injection (O’Toole et al.,
1996). These findings imply that V. anguillarum responds chemotactically to certain
fish-derived products in a manner that promotes the infection process prior to
penetration of the fish epithelium.

Recently, it was shown that V. anguillarum exhibited a stronger chemotactic
response towards intestinal mucus than towards skin (O’ Toole et al., 1999). Of the
free amino acids identified in the intestinal mucus, glutamic acid, glutamine,
glycine, histidine, isoleucine, leucine, serine and threonine, and carbohydrates such
as fucose, glucose, mannose and xylose behaved as chemoattractants, while the lipid
components identified, bile acid, taurocholic acid and taurochenodeoxycholic acid
induced only a weak chemotactic response. A combination of all individual
chemoattractants identified from mucus reconstituted a high level of chemotactic
activity similar to that present in the intestinal mucus homogenate. On the basis of
these results, the authors proposed that multiple chemoattractants in rainbow trout
mucus indicated a strong relationship between chemotaxis and bacterial virulence.

The invasion mechanism of vibrios for fish cells has been investigated recently by
Wang et al. (1998) in a comparison of 24 isolates of seven different species. Thirteen
isolates were invasive for gruntfin (GF) and EPC tissue culture cell lines including all
five V. vulnificus and both V. harveyii isolates. Of the 11 V. anguillarum isolates
tested, three were invasive, two of which adhered strongly to EPC cells. Cytochalasin D
inhibited invasion by both strains although one was also sensitive to inhibition by vin-
cristin, a microtubule depolymerizing agent, indicating different routes of invasion for
the two strains. This difference was confirmed by the difference in response of the
strains to inhibitors of the signalling molecules protein kinase C and tyrosine kinase.

5.6. Streptococcosis

Streptococcosis is a septicaemic disease that affects freshwater and marine fish in
both farmed and wild populations. Among commercially important fish species, this
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disease has been reported worldwide in yellowtail (Seriola spp.), eels (Anguilla
Jjaponica), menhaden (Brevoortia patronus), striped mullet (Mugil cephalus),
striped bass (Morone saxatilis) and turbot. Romalde et al. (1996) demonstrated the
capacity of Enterococcus sp. to overcome adverse conditions in the stomach when
associated with food or faecal materials, since the pathogen was able to establish an
infective state and to produce mortalities after 16 to 20 days post ingestion.

6. VIRUSES

With the availability of effective vaccines against many major bacterial fish pathogens
(Gudding et al., 1997) agents such as infectious pancreatic necrosis (IPN) virus, infec-
tious salmon anaemia (ISA) virus, viral haemorrhagic septicaemia (VHS) virus,
infectious haematopoietic necrosis (IHN) virus and nodavirus have emerged as more
prominent threats to aquaculture. In mammals, the enteroviruses, rotaviruses, corona-
viruses and Norwalk virus group are important causes of diarrhoeal disease trans-
mitted by the faecal-oral route (Mims et al., 2000). For poliovirus the initial
replication in the GI tract can be followed by invasion of the bloodstream and pene-
tration of the blood—brain barrier to cause paralytic poliomyelitis (Mims et al., 2000).

In salmonids, IPN virus is a serious pathogen causing major losses in Atlantic
salmon aquaculture in Norway, Scotland and Chile (Smail and Munro, 2001). As its
name implies this virus causes significant necrosis of the pancreas in salmonids but
other organs, including the intestinal tract, may also be affected (Wolf, 1988).
Pathological changes in the intestinal tract have also been shown in larval sea bass
(Bonami et al., 1983) and larval halibut (Biering et al., 1994). In the latter study,
focal necrosis was observed in the intestinal tract with sloughing off of epithelial
cells, and the GI tract was considered the most likely route of entry and replication
for the virus (Bergh et al., 2002). However, there was no evidence of damage to the
pancreas in larval halibut.

Viral encephalopathy and retinopathy (VER), caused by nodaviruses, is a
recently recognized serious disease of Atlantic halibut which poses a serious threat
to larval culture of this fish (Grotmol et al., 1995, 1997; Munday and Nakai, 1997).
Although pathology is largely restricted to lesions in the brain, spinal chord and
retina (Grotmol et al., 1995), experimental infection models indicate that the intes-
tinal epithelium is the probable route of entry for this virus into the larval fish
(Grotmol et al., 1999). However, as with IPN virus, little is known of the pathogenic
mechanisms involved in invasion from the intestinal tract to the sites where signifi-
cant pathological damage is caused, and this awaits further investigation.

7. THE EFFECT OF DIET ON DISEASE RESISTANCE

Intensive fish production has increased the risk of infectious diseases. Therefore,
there is a growing need to find alternatives to antibiotic treatments for disease con-
trol, as indiscriminate use of antibiotics in many parts of the aquaculture industry
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has led to the development of antibiotic resistance in bacteria. Nutritional status is
considered an important factor in determining disease resistance. The complex rela-
tionship between nutritional status, immune function and disease resistance has
been documented for higher vertebrates in several comprehensive reviews and
books (Gershwin et al., 1985; Chandra, 1988; Bendich and Chandra, 1990). The
influence of dietary factors on disease resistance in fish has been extensively
reviewed (Lall, 1988; Landolt, 1989; Blazer, 1992; Lall and Olivier, 1993; Waagbg,
1994; Olivier, 1997), and micronutrients such as vitamins have received particular
attention. Studies on the essential fatty acid, vitamin and trace element requirements
of several warm and cold water fish have demonstrated their integral role in the
maintenance of epithelial barriers of skin and the gastrointestinal tract. Although
there is some information on the relationship between disease resistance and dietary
lipid (Salte et al., 1988; Erdal et al., 1991; Obach et al., 1993; Waagbg et al., 1993;
Li et al., 1994; Bell et al., 1996; Thompson et al., 1996), there is a lack of informa-
tion about the functional role of dietary lipid on intestinal microbiota, their antago-
nism and disease resistance. However, a recent study showed clear differences in the
gut microbiota of fish fed different oils (post and prior to challenge) and the ability
of the gut microbiota to inhibit growth of three fish pathogens (A. salmonicida
subsp. salmonicida, V. anguillarum and V. salmonicida) (Ringg et al., 2002). Also,
Lgdemel et al. (2001) clearly demonstrated that survival of Arctic charr after
challenge with A. salmonicida subsp. salmonicida was improved by dietary soybean
oil. These results are in agreement with those reported by Hardy (1997) that
replacement of dietary fish oil with plant- or animal-derived fats increases resistance
of catfish (Ictalurus punctatus) to disease caused by experimental challenge with
E. ictaluri.

8. FUTURE PERSPECTIVES

Bacterial and viral diarrhoeal diseases are major causes of mortality and morbidity
in mammals but no equivalent diseases are recognized in fish, presumably because
dramatic fluid loss does not occur so readily in an aquatic environment. However,
the GI tract still presents a route of infection, especially for opportunistic bacteria
present on ingested food particles, and there is clear evidence for this as a route for
invasion to affect other organs and tissues.

The main reasons why studies on fish pathogenic bacteria have lagged behind
those of mammalian pathogens is because intensive aquaculture has developed quite
recently as a significant industry, several of the pathogens are novel, and there has
been a relatively small research effort in this field, in comparison with human and
veterinary medicine. The past decade has seen major developments in methodology
for studying microbial pathogenicity, and the techniques applied to human
pathogens are only now being applied to fish pathogens (O’ Toole et al., 1996, 1999;
Tan et al., 1998; Ling et al., 2000; Mathew et al., 2001). Undoubtedly, the most
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significant development in microbiology for 50 years has been the genome sequence
determination for many prokaryotes. Since the first complete sequence was pub-
lished in 1995, a total of 56 genome sequences have been completed to date and a
further 210 are in progress (see www.tigr.org and www.integratedgenomics.com).
Those in progress include genomes for the fish pathogens A. salmonicida and
P. salmonis and this will provide unique insights into the potential pathogenic mech-
anisms of these bacteria, including evolutionary distances between P. salmonis and
Rickettsia prowazekii and whether pseudogenes are also prevalent in P. salmonis
(Andersson et al., 1998; Andersson and Andersson, 1999).

Other methods, including the use of expressed markers such as green fluorescent
protein and laser confocal microscopy (e.g. Ling et al., 2000), will provide more
definitive analysis of pathways of invasion by pathogens taken up via the GI tract.
One area in which there is particular deficiency at present is in the nature of fish-
cell-surface colonization by bacteria and any downstream signalling which occurs.
This would be of considerable practical value in designing pathogen prevention
strategies using probiotic bacteria to prevent colonization by pathogens.

REFERENCES

Andersson, J.O., Andersson, S.G., 1999. Insights into the evolutionary process of genome degradation.
Curr. Opin. Genet. Dev. 9, 664-671.

Andersson, S.G., Zomorodipour, A., Andersson, J.O., Sicheritz-Ponten, T., Alsmark, U.C.M., Podowski,
R.M., Naslund, A.K., Eriksson, A.-S., Winkler, H.H., Kurland, C.G., 1998. The genome sequence of
Rickettsia prowazekii and the origin of mitochondria. Nature 396, 133—140.

Ascencio, F.,, Ljungh, A., Wadstrom, T., 1991. Comparative study of extracellular matrix protein binding
to Aeromonas hydrophila. Microbios 65, 135-146.

Austin, B., Austin, D.A., 1999. Bacterial Fish Pathogens: Diseases in Farmed and Wild Fish, 3rd edition.
Ellis Horwood Ltd., Chichester.

Baudin Laurencin, F., Germon, E., 1987. Experimental infections of rainbow trout, Salmo gairdneri R.,
by dipping in suspensions of Vibrio anguillarum: ways of bacterial penetration: influence of temper-
ature and salinity. Aquaculture 67, 203-205.

Bell, J.G., Ashton, I., Secombes, C.J., Weitzel, B.R., Dick, J.R., Sargent, J.R., 1996. Dietary lipid affects
phospholipid fatty acid composition, eicosanoid production and immune function in Atlantic salmon
(Salmo salar). Prostagl. Leuk. Essent. Fatty Acids 54, 173—-182.

Belland, R.J., Trust, T.J., 1985. Synthesis, export, and assembly of Aeromonas salmonicida A-layer ana-
lyzed by transposon mutagenesis. J. Bacteriol. 163, 877—-881.

Bendich, A., Chandra, R.K., 1990. Micronutrients and Immune Functions. New York Academy of
Sciences, New York.

Bergh, @., 1995. Bacteria associated with early life stages of halibut, Hippoglossus hippoglossus L.,
inhibit growth of a pathogenic Vibrio sp. J. Fish Dis. 18, 31-40.

Bergh, @., Hjeltnes, B., Skiftesvik, A.B., 1997. Experimental infections of turbot Scophthalmus maximus
and halibut Hippoglossus hippoglossus yolk sac larvae with Aeromonas salmonicida subsp. salmonicida.
Disease Aquat. Org. 29, 13-20.

Bergh, @., Nilsen, F., Samuelsen, O.B., 2002. Diseases, prophylaxis and treatment of the Atlantic halibut
Hippoglossus hippoglossus: a review. Disease Aquat. Org. 41, 57-74.

Bernoth, E.-M., Ellis, A.E., Midtlyng, P.J., Olivier, G., Smith, P., 1997. Furunculosis. Academic Press,
San Diego.

Biering, E., Nilsen, F.,, Rodseth, O.M., Glette, J., 1994. Susceptibility of Atlantic halibut Hippoglossus
hippoglossus to infectious pancreatic necrosis virus. Dis. Aquat. Org. 20, 183—-190.



228 T.H. Birkbeck and E. Ringo

Biswas, D., Itoh, K., Sasakawa, C., 2000. Uptake pathways of clinical and healthy animal isolates of
Campylobacter jejuni into INT-407 cells. FEMS Immunol. Med. Microbiol. 29, 203-211.

Blazer, V.S., 1992. Nutrition and disease resistance. Ann. Rev. Fish Dis. 2, 309-323.

Blomberg, L., Gustafsson, L., Cohen, P.S., Conway, PL., Blomberg, A., 1995. Growth of Escherichia
coli K88 in piglet ileal mucus: protein expression as an indicator of type of metabolism. J. Bacteriol.
177, 6695-6703.

Bonami, J.R., Cousserans, F., Weppe, M., Hill, B.J., 1983. Mortalities in hatchery-reared sea bass fry
associated with a birnavirus. Bull. Eur. Assoc. Fish Pathol. 3, 41.

Branson, E.J., Diaz-Munoz, D.N., 1991. Description of a new disease condition occurring in farmed coho
salmon, Oncorhynchus kisutch (Walbaum), in South America. J. Fish Dis. 14, 147-156.

Brinton, C.C., 1965. The structure, function, synthesis and genetic control of bacterial pili and a molecular
model for DNA and RNA transport in Gram negative bacteria. Trans. N.Y. Acad. Sci. 27, 1003—-1054.

Burghoff, R.L., Pallesen, L., Krogfelt, K.A., Newman, J.V., Richardson, M., Bliss, J.L., Laux, D.C.,
Cohen, P.S., 1993. Utilization of the mouse large intestine to select a Escherichia coli F-18 DNA
sequence that enhances colonizing ability and stimulates synthesis of type I fimbriae. Infect. Immun.
61, 1293-1300.

Chair, M., Dehasque, M., van Poucke, S., Nelis, H., Sorgeloos, P., de Leener, A.P., 1994. An oral chal-
lenge for turbot larvae with Vibrio anguillarum. Aquacult. Int. 2, 270-272.

Chandra, R.K., 1988. Nutrition and Immunology. Alan R. Liss, New York.

Cipriano, R.C., 1983. Resistance of salmonids to Aeromonas salmonicida: relation between agglutinins
and neutralizing activities. Trans. Amer. Fish. Soc. 112, 95-99.

Cornelis, G.R., Wolf-Watz, H., 1997. The Yersinia Yop virulon: a bacterial system for subverting eukary-
otic cells. Molec. Microbiol. 23, 861-867.

Cvitanich, J.D., Garate, O., Smith, C.E., 1990. Etiological agent in a Chilean coho disease isolated and
confirmed by Koch’s postulates. FHS/AFS Newsletter 18, 1-2.

Cvitanich, J.D., Garate, O., Smith, C.E., 1991. The isolation of a rickettsia-like organism causing disease
and mortality in Chilean salmonids and its confirmation by Koch’s postulate. J. Fish Dis. 14, 121-145.

Darwish, A., Plumb, J.A., Newton, J.C., 2000. Histopathology and pathogenesis of experimental infec-
tion with Edwardsiella tarda in channel catfish. J. Aquat. Anim. Health 12, 255-266.

Donnenberg, M.S., Kaper, J.B., 1992. Enteropathogenic Escherichia coli. Infect. Immun. 60, 3953-3961.
Dopazo, C.P., Lemos, M.L., Lodeiros, C., Bolinches, J., Barja, J.L., Toranzo, A.E., 1988. Inhibitory activ-
ity of antibiotic producing marine bacteria against fish pathogens. J. Appl. Bacteriol. 65, 97-101.
Enss, M.L., Miiller, H., Schmidt-Witting, U., Kownatzki, R., Coenen, M., Hedrich, H.J., 1966. Effects of

perorally applied endotoxin on colonic mucins of germfree rats. Scand. J. Gastroenterol. 31, 868—874.

Erdal, J.1., Evensen, @., Kaurstad, O.K., Lillehaug, A., Solbakken, R., Thorud, K., 1991. Relationship
between diet and immune response in Atlantic salmon (Salmo salar L.) after feeding various levels
of ascorbic acid and omega-3 fatty acids. Aquaculture 98, 363-379.

Finlay, B.B., Falkow, S., 1989. Common themes in microbial pathogenicity. Microbiol. Rev. 53, 210-230.

Finlay, B.B., Falkow, S., 1997. Common themes in microbial pathogenicity revisited. Microbiol. Molec.
Biol. Rev. 61, 136—169.

Fletcher, M., 1996. Bacterial attachment in aquatic environments: a diversity of surfaces and adhesion
strategies. In: Fletcher, M. (Ed.), Bacterial Adhesion: Molecular and Ecological Diversity. Wiley-Liss,
New York, pp. 1-24.

Floch, M.H., Binder, H.J., Filburn, B., Gesshengoren, W., 1972. The effect of bile acids on intestinal
microflora. Amer. J. Clin. Nutr. 25, 1418—-1426.

Florey, H.W., 1962. The secretion and function of intestinal mucus. Gastroenterology 43, 326—329.

Forstner, J.F., 1978. Intestinal mucins in health and disease. Digestion 17, 234-263.

Francis-Floyd, R., Beleau, M.H., Waterstrat, P.R., Bowser, P.R., 1987. Effect of water temperature on the
clinical outcome of infection with Edwardsiella ictaluri in channel catfish. J. Amer. Vet. Med. Assoc.
191, 1413-1416.

Freter, R., Brickner, H., Botney, M., Cleven, D., Aranki, A., 1983. Mechanisms that control bacterial popu-
lations in continuous-flow culture models of mouse large intestinal flora. Infect. Immun. 39, 676-685.

Fryer, J.L., Mauel, M., 1997. The Rickettsia: an emerging group of pathogens in fish. Emerg. Infect. Dis.
3, 137-144.



Pathogenesis and GIT of growing fish 229

Fryer, J.L., Lannan, C.N., Garces, L.H., Larenas, J.J., Smith, P.A., 1990. Isolation of a rickettsiales-like
organism from diseased coho salmon Oncorhynchus kisutch in Chile. Fish Pathol. 25, 107-114.

Fryer, J.L., Lannan, C.N., Giovannoni, S.J., Wood, N.D., 1992. Piscirickettsia salmonis gen. nov., the
causative agent of an epizootic disease in salmonid fishes. Int. J. System. Bacteriol. 42, 120—126.

Garces, L.H., Larenas, J.J., Smith, P.A., Sandino, S., Lannan, C.N., Fryer, J.L., 1991. Infectivity of a
rickettsia isolated from coho salmon (Oncorhynchus kisutch). Disease Aquat. Org. 11, 93-97.

Garcia, T., Otto, K., Kjelleberg, S., Nelson, D.R., 1997. Growth of Vibrio anguillarum in salmon intes-
tinal mucus. Appl. Environ. Microbiol. 63, 1034-1039.

Gershwin, M.E., Leach, R., Hurley, L.S. (Eds.), 1985. Nutrition and Immunity. Academic Press, New York.

Gibson, G.R., 1998. Dietary modulation of the human gut microflora using prebiotics. Brit. J. Nutr. 80,
S209-S212.

Gilliland, S.E., 1979. Beneficial interrelationships between certain microorganisms and humans: candi-
date organisms for use as dietary adjuncts. J. Food Protect. 42, 164—167.

Govoni, J.J., Boehlert, G.W., Watanabe, Y., 1986. The physiology of digestion in fish larvae. Environ.
Biol. Fish 16, 59-77.

Gram, L., Melchiorsen, J., Spanggard, B., Huber, L., Nielsen, T.F., 1999. Inhibition of Vibrio anguillarum
by Pseudomonas fluorescens strain AH2, a possible probiotic treatment of fish. Appl. Environ.
Microbiol. 65, 969-973.

Gram, L., Lgvold, T., Nielsen, J., Melchiorsen, J., Spanggaard, B., 2001. In vitro antagonism of the
probiont Pseudomonas fluorescens strain AH2 against Aeromonas salmonicida does not confer
protection of salmon against furunculosis. Aquaculture 199, 1-11.

Grisez, L., Chair, M., Sorgeloos, P., Ollevier, F., 1996. Mode of infection and spread of Vibrio anguil-
larum in turbot Scophthalmus maximus larvae after oral challenge through live feed. Disease Aquat.
Org. 26, 181-187.

Grotmol, S., Totland, G.K., Kvellestad, A., Fjell, K., Olsen, A.B., 1995. Mass mortality of larval and
juvenile hatchery reared halibut Hippoglossus hippoglossus L. associated with the presence of virus-
like particles in vacuolating lesions in the central nervous system and retina. Bull. Eur. Assoc.
Fish Pathol. 15, 176—180.

Grotmol, S., Totland, G.K., Thorud, K., Hjeltnes, B.K., 1997. Vacuolating encephalopathy and retino-
pathy associated with a nodavirus-like agent: a probable cause of mass mortality of cultured larval
and juvenile Atlantic halibut Hippoglossus hippoglossus. Disease Aquat. Org. 29, 85-97.

Grotmol, S., Bergh @., Totland, G.K., 1999. Transmission of viral encephalopathy and retinopathy (VER)
to yolk sac larvae of the Atlantic halibut Hippoglossus hippoglossus: occurrence of nodavirus in
various organs and a possible route of infection. Disease Aquat. Org. 36, 95-106.

Gudding, R., Lillehaug, A., Midtylyng, P., Brown, F., 1997. Fish Vaccinology. Dev. Biol. Standard.
Vol. 90. Karger, Basel.

Guentzel, M.N., Berry, L.J., 1975. Motility as a virulence factor for Vibrio cholerae. Infect. Immun. 11,
890—897.

Hacker, J., 1992. Role of fimbrial adhesins in the pathogenesis of Escherichia coli infections. Can. J.
Microbiol. 38, 720-727.

Hansen, G.H., Olafsen, J.A., 1990. Endocytosis of bacteria in yolksac larvae of cod (Gadus morhua L.).
In: Lesel, R. (Ed.), Microbiology in Poecilotherms. Elsevier, Amsterdam, pp. 187-191.

Hansen, G.H., Olafsen, J.A., 1999. Bacterial interactions in early life stages of marine cold water fish.
Microbial Ecol. 38, 1-26.

Hansen, G.H., Strgm, E., Olafsen, J.A., 1992. Effect of different holding regimes on the intestinal
microflora of herring (Clupea harengus) larvae. Appl. Environ. Microbiol. 58, 461-470.

Hardy, R.W., 1997. 25th Fish feed and nutrition workshop. Aquaculture Magazine 23, 69-72.

Henderson, B., Wilson, M., McNab, R., Lax, A.J., 1999. Cellular Microbiology. John Wiley and Sons,
Chichester.

Hiney, M.P., Kilmartin, J.J., Smith, PR., 1994. Detection of Aeromonas salmonicida in Atlantic salmon
with asymptomatic furunculosis infections. Disease Aquat. Org. 19, 161-167.

Hjeltnes, B., Andersen, K., Ellingsen, H.M., Egedius, E., 1987. Experimental studies on pathogenicity of
a Vibrio sp. isolated from Atlantic salmon, Salmo salar L., suffering from Hitra disease. J. Fish Dis.
10, 21-27.



230 T.H. Birkbeck and E. Ringo

Horne, M.T., Baxendale, A., 1983. The adhesion of Vibrio anguillarum to host tissues and its role in
pathogenesis. J. Fish Dis. 6, 461-471.

Horne, M.T., Richards, R.H., Roberts, R.J., Smith, P.C., 1977. Peracute vibriosis in juvenile turbot
Scophthalmus maximus. J. Fish Pathol. 11, 355-361.

Ishiguro, E.E., Kay, W.W., Ainsworth, T., Chamberlain, J.B., Austen, R.A., Buckley, J., Trust, T.J., 1981.
Loss of virulence during culture of Aeromonas salmonicida at high temperature. J. Bacteriol. 148,
333-340.

Janda, J.M., Abbot, S.L., Oshiro, L.S., 1991. Penetration and replication of Edwardsiella spp. in Hep-2
cells. Infect. Immun. 59, 154—161.

Joborn, A., Olsson, J.C., Westerdahl, A., Conway, P.L., Kjelleberg, S., 1997. Colonization in the fish
intestinal tract and production of inhibitory substances in intestinal mucus and faecal extracts by
Carnobacterium sp. strain K1. J. Fish Dis. 20, 83-92.

Jones, B., Pascopella, L., Falkow, S., 1995. Entry of microbes into the host: using M cells to break the
mucosal barrier. Curr. Op. Immunol. 7, 474-478.

Kanno, T., Nakai, T., Muroga, K., 1990. Mode of transmission of vibriosis among ayu Plecoglossus
altivelis. J. Aquat. Anim. Health 1, 2—-6.

Karunasagar, 1., Karunasagar, 1., 1999. Diagnosis, treatment and prevention of microbial diseases of fish
and shellfish. Curr. Sci. 76, 387-399.

Kawai, K., Kusuda, R., Itami, T., 1981. Mechanisms of protection in ayu orally vaccinated for vibrios.
Fish Pathol. 15, 257-262.

Klemm, P., Schembri, M., Stentebjerg-Olesen, B., Hasman, H., Hasty, D.L., 1998. Fimbriae: detection,
purification, and characterization. In: Williams, P., Ketley, J., Salmond, G. (Eds.), Bacterial
Pathogenesis, Methods in Microbiology, 27. Academic Press, London, pp. 239-248.

Knudsen, G., Sgrum, H., Press, C.M., Olafsen, J.A., 1999. In situ adherence of Vibrio sp. to cryosections
of Atlantic salmon, Salmo salar L., tissue. J. Fish Dis. 22, 409-418.

Knutton, S., 1995. Electron microscopical methods in adhesion. Methods Microbiol. 253, 145—-158.

Knutton, S., Lloyd, D.R., McNeish, A.S., 1987. Adhesion of enteropathogenic Escherichia coli to human
intestinal enterocytes and cultured human intestinal mucosa. Infect. Immun. 56, 69-77.

Knutton, S., Baldwin, T., Williams, P.H., McNeish, A.S., 1989. Actin accumulation at sites of adhesion
to tissue culture cells: basis of a new diagnostic test for enteropathogenic and enterohemorrhagic
Escherichia coli. Infect. Immun. 57, 1290-1298.

Knutton, S., Phillips, A.D., Smith, H.R., Gross, R.J., Shaw, R., Watson, P., Price, E., 1991. Screening for
enteropathogenic Escherichia coli in infants with diarrhea by the fluorescent actin staining test.
Infect. Immun. 41, 365-371.

Krivan, H.C., Franklin, D.P., Wang, W., Laux, D.C., Cohen, P.S., 1992. Phosphatidylserine found in intes-
tinal mucus serves as a sole source of carbon and nitrogen for salmonellae and Escherichia coli.
Infect. Immun. 60, 3943-3946.

Krogfeld, K.A., Bergmans, H., Klemm, P., 1990. Direct evidence that the FimH protein is the mannose
specific adhesin of Escherichia coli type 1 fimbriae. Infect. Immun. 58, 1995-1998.

Lall, S.P., 1988. Disease control through nutrition. In: Proceedings of the Aquaculture International
Congress and Exposition, B.C. Pavilion Corporation, Vancouver, B.C., pp. 607-612.

Lall, S.P., Olivier, G., 1993. Role of micronutrients in immune response and disease resistance in fish.
In: Kaushik, S.J., Luquet, P. (Eds.), Fish Nutrition in Practice. INRA Editions, Paris, pp. 101-118.

Landolt, M.L., 1989. The relationship between diet and the immune response of fish. Aquaculture 79,
193-206.

Li, M.H., Wise, D.J., Johnson, M.R., Robinson, E.H., 1994. Dietary menhaden oil reduced resistance of
channel catfish (Ictalurus punctatus) to Edwardsiella ictaluri. Aquaculture 128, 335-344.

Ling, S.H.M., Wang, X.H., Xie, L., Lim, T.M., Leung, K.Y., 2000. Use of green fluorescent protein
(GFP) to study the invasion pathways of Edwardsiella tarda in in vivo and in vitro fish models.
Microbiology 146, 7-19.

Lloyd, S.A., Forsberg, A., Wolf-Watz, H., Francis, M.S., 2001. Targeting exported substrates to the
Yersinia TTSS: different functions for different signals? Trend. Microbiol. 9, 367-371.

Lgdemel, J.B., Mayhew, T.M., Myklebust, R., Olsen, R.E., Espelid, S., Ringg, E., 2001. Effect of three
dietary oils on disease susceptibility in Arctic charr (Salvelinus alpinus L.) during cohabitant chal-
lenge with Aeromonas salmonicida ssp. salmonicida. Aquacult. Res. 32, 935-945.



Pathogenesis and GIT of growing fish 231

Mackie, T.J., Arkwright, J.A., Pryce-Tannatt, T.E., Mottram, J.C., Johnston, W.D., Menzies, W.J., 1930.
Interim Report of the Furunculosis Committee. HMSO, Edinburgh.

Magarinos, B., Pazos, F., Santos, Y., Romalde, J.L., Toranzo, A.E., 1995. Response of Pasteurella
piscicida and Flexibacter maritimus to skin mucus of marine fish. Disease Aquat. Org. 21, 103—108.

Magarinos, B., Romalde, J.L.., Noya, M., Barja, J.L., Toranzo, A.E., 1996. Adherence and invasive capac-
ities of the fish pathogen Pasteurella piscicida. FEMS Microbiol. Letts. 138, 29-34.

Mantle, M., Thakore, E., Hardin, J., Gall, D.G., 1989. Effect of Yersinia enterocolitica on intestinal
mucin secretion. Amer. J. Physiol. 256, G319-G327.

Mantle, M., Atkins, E., Kelly, J., Thakore, E., Buret, A., Gall, D.G., 1991. Effects of Yersinia entero-
colitica infection on rabbit intestinal and colonic goblet cells and mucin: morphometrics, histochem-
istry and biochemistry. Gut 32, 1131-1138.

Marmur, J., 1961. A procedure for the isolation of deoxyribonucleic acid from microorganisms. J. Mol.
Biol. 3, 208-218.

Mathew, J.A., Tan, Y.P,, Rao, P.S.S., Lim, T.M., Leung, K.Y., 2001. Edwardsiella tarda mutants defec-
tive in siderophore production, motility, serum resistance and catalase activity. Microbiology 147,
449-457.

Mattar, A.F., Drongowski, R.A., Coran, A.G., Harmon, C.M., 2001. Effect of probiotics on enterocyte
bacterial translocation in vitro. Pediat. Surg. Int. 17, 265-268.

Maxson, R.T., Dunlap, J.P., Tryka, F., Jackson, R.J., Smith, S.D., 1994. The role of the mucus gel layer
in intestinal bacterial translocation. J. Surg. Res. 57, 682—686.

McCarthy, D.H., 1977. Some ecological aspects of the bacterial fish pathogen Aeromonas salmonicida.
In: Skinner, FA., Shewan, J.M. (Eds.), Aquatic Microbiology. Society for Applied Bacteriology
Symposium Series No. 6. London, Academic Press, pp. 299-324.

Menard, R., Prevost, M.C., Gounon, P., Sansonetti, P., Dehio, C., 1996. The secreted Ipa complex of
Shigella flexneri promotes entry into mammalian cells. Proc. Natl. Acad. Sci. USA 93, 1254-1258.

Mims, C.A., Dimmock, N.J., Nash, A., Stephen, J., 2000. Mims Pathogenesis of Infectious Disease,
5th edition. Academic Press, London, pp. 474.

Munday, B.L., Nakai, T., 1997. Special topic review: nodaviruses as pathogens in larval and juvenile
marine finfish. World J. Microbiol. Biotechnol. 13, 375-381.

Munn, C.B., 1977. Vibriosis in fish and its control. Fish Manage. 8, 11-15.

Munro, A.L.S., Hastings, T.S., 1993. Furunculosis. In: Inglis, V., Roberts, R.J., Bromage, N.R. (Eds.),
Bacterial Diseases of Fish. Blackwell Scientific Publications, Oxford, pp. 122-142.

Muroga, K., De La Cruz, M.C., 1987. Fate and location of Vibrio anguillarum in tissues of artificially
infected ayu, Plecoglossus altivelis. Fish Pathol. 22, 99-103.

Myhal, M.L., Laux, D.C., Cohen, P.S., 1982. Relative colonizing abilities of human fecal and K12 strains of
Escherichia coli in the large intestines of streptomycin treated mice. Eur. J. Clin. Microbiol. 1, 186—192.

Nachamkin, I., Yang, X.H., Stern, N.J., 1993. Role of Campylobacter jejuni flagella as colonization fac-
tors for 3-day-old chicks: analysis with flagellar mutants. Appl. Environ. Microbiol. 59, 1269-1273.

Nataro, J.P., Kaper, J.B., 1998. Diarrheagenic Escherichia coli. Clin. Microbiol. Rev. 11, 142-201.

Neutra, M.R., Pringault, E., Kraehenbuhl, J.-P., 1996. Antigen sampling across epithelial barriers and
induction of immune responses. Ann. Rev. Immunol. 14, 275-300.

Obach, A., Quentel, C., Baudin Laurencin, F., 1993. Effects of alpha-tocopherol and dietary oxidized fish
oil on immune response of sea bass Dicentrarchus labrax. Disease Aquat. Org. 15, 175-185.

O’Brien, D., Mooney, J., Ryan, D., Powell, E., Hiney, M., Smith, P.R., Powell, R., 1994. Detection of
Aeromonas salmonicida, causal agent of furunculosis in salmonid fish, from the tank effluent of
hatchery-reared Atlantic salmon smolts. Appl. Environ. Microbiol. 60, 3874-3877.

Ofek, 1., Doyle, R.J., 1994. Bacterial Adherence to Cells and Tissues. Chapman and Hall, London.

Olafsen, J.A., Hansen, G.H., 1992. Intact antigen uptake in intestinal epithelial cells of marine fish larvae.
J. Fish Biol. 40, 141-156.

Olivier, G., 1997. Effect of nutrition on furunculosis. In: Bernoth, E.-M., Ellis, A.E., Midtlyng, PJ.,
Olivier, G., Smith, P. (Eds.), Furunculosis: Multidisciplinary Fish Disease Research. Academic Press,
San Diego, pp. 327-344.

Olsen, R.E., Myklebust, R., Kaino, T., Ringg, E., 1999. Lipid digestibility and ultrastructural changes in
the enterocytes of Arctic charr (Salvelinus alpinus L.) fed linseed oil and soybean lecithin. Fish
Physiol. Biochem. 21, 35-44.



232 T.H. Birkbeck and E. Ringo

Olsen, R.E., Myklebust, R., Ringg, E., Mayhew, T.M., 2000. The influence of dietary linseed oil and
saturated fatty acids on caecal enterocytes of Arctic charr (Salvelinus alpinus L.): a quantitative
ultrastructural study. Fish Physiol. Biochem. 22, 207-216.

Olsen, R.E., Myklebust, R., Kryvi, H., Mayhew, T.M., Ringg, E., 2001. Damaging effect of dietary inulin
to intestinal enterocytes in Arctic charr (Salvelinus alpinus L.). Aquacult. Res. 32, 931-932.

Olsson, C., 1995. Bacteria with inhibitory activity and Vibrio anguillarum in fish intestinal tract. Fil. Dr.
Thesis. Gothenburg University, Gothenburg.

Olsson, J.C., Westerdahl, A., Conway, P.L., Kjelleberg, S., 1992. Intestinal colonization potential of
turbot (Scophthalmus maximus)- and dab (Limanda limanda)-associated bacteria with inhibitory
effects against Vibrio anguillarum. Appl. Environ. Microbiol. 58, 551-556.

Olsson, J.C., Joborn, A., Westerdahl, A., Blomberg, L., Kjelleberg, S., Conway, P.L.., 1996. Is the turbot,
Scophthalmus maximus L., intestine a port of entry for the fish pathogen Vibrio anguillarum? J. Fish
Dis. 19, 225-234.

Olsson, J.C., Joborn, A., Westerdahl, A., Blomberg, L., Kjelleberg, S., Conway, P.L., 1998. Survival,
persistence and proliferation of Vibrio anguillarum in juvenile turbot, Scophthalmus maximus (L.),
intestine and faeces. J. Fish Dis. 21, 1-10.

Ormonde, P., Horstedt, P., O’Toole, R., Milton, D.L., 2000. Role of motility in adherence to and invasion
of a fish cell line by Vibrio anguillarum. J. Bacteriol. 182, 2326-2328.

O’Toole, R., Milton, D.M., Wolf-Watz, H., 1996. Chemotactic motility is required for invasion of the host
by the fish pathogen Vibrio anguillarum. Mol. Microbiol. 19, 625-637.

O’Toole, R., Lundberg, S., Fredriksson, S.A., Jansson, A., Nilsson, B., Wolf-Watz, H., 1999. The chemo-
tactic response of Vibrio anguillarum to fish intestinal mucus is mediated by a combination of multi-
ple mucus components. J. Bacteriol. 181, 4308—4317.

Plehn, M., 1911. Die furunkulose der salmoniden. Central. Bakteriol. Parasit. Infect. Hyg. Abt. 1. Orig.
60, 609—624.

Plumb, J.A., 1993. Edwardsiella septicaemia. In: Inglis, V., Roberts, R.J., Bromage, N.R. (Eds.),
Bacterial Diseases of Fish. Blackwell Scientific Publications, Oxford, pp. 61-79.

Press, C.M., Lillehaug, A., 1995. Vaccination in European salmonid aquaculture: a review of practices
and prospects. Brit. Vet. J. 151, 45-69.

Ransom, D.P., Lannan, C.N., Rohovec, J.S., Fryer, J.L., 1984. Comparison of histopathology caused by
Vibrio anguillarum and Vibrio ordalii in three species of pacific salmon. J. Fish Dis. 7, 107-115.
Richardson, K., 1991. Roles of motility and flagellar structure in pathogenicity of Vibrio cholerae: analy-

sis of motility mutants on three animal models. Infect. Immun. 59, 2727-2736.

Ringg, E., 1999. Lactic acid bacteria in fish: antibacterial effect against fish pathogens. In: Krogdahl, A.,
Mathiesen, S.D., Pryme, 1. (Eds.), Effects of Antinutrients on the Nutritional Value of Legume Diets.
Vol. 8. COST 98. EEC Publication, Luxembourg, pp. 70-75.

Ringg, E., Birkbeck, T.H., 1999. Intestinal microflora of fish larvae and fry. Aquacult. Res. 30, 73-93.

Ringg, E., Bendiksen, H.R., Wesmajervi, M.S., Olsen, R.E., Jansen, P.A., Mikkelsen, H., 2000. Lactic
acid bacteria associated with the digestive tract of Atlantic salmon (Salmo salar L.). J. Appl.
Microbiol. 89, 317-322.

Ringg, E., Lgdemel, J.B., Myklebust, R., Kaino, T., Mayhew, T.M., Olsen, R.E., 2001. Epithelium-
associated bacteria in the gastrointestinal tract of Arctic charr (Salvelinus alpinus L.). An electron
microscopical study. J. Appl. Microbiol. 90, 294-300.

Ringg, E., Lgdemel, J.B., Myklebust, R., Jensen, L., Lund, V., Mayhew, T.M., Olsen, R.E., 2002. Aerobic
gut microbiota of Arctic charr (Salvelinus alpinus L.). Effect of soybean, linseed and marine oils on prior
to and post challenge with Aeromonas salmonicida subsp. salmonicida. Aquacult. Res. 33, 591-606.

Robertson, P.A.W., O’Dowd, C., Burrells, C., Williams, P., Austin, B., 2000. Use of Carnobacterium sp.
as a probiont for Atlantic salmon (Salmo salar L.) and rainbow trout (Oncorhynchus mykiss,
‘Walbaum). Aquaculture 185, 235-243.

Romalde, J.L., Magarinos, B., Nunez, S., Barja, J.L., Toranzo, A.E., 1996. Host range susceptibility of
Enterococcus sp. strains isolated from diseased turbot: Possible routes of infection. Appl. Environ.
Microbiol. 62, 607-611.

Rose, A.S., Ellis, A.E., Munro, A.L.S., 1989. The infectivity by different routes of exposure and shedding
rates of Aeromonas salmonicida subsp. salmonicida in Atlantic salmon, Salmo salar L., held in sea
water. J. Fish Dis. 12, 573-578.



Pathogenesis and GIT of growing fish 233

Roussel, P.,, Lamblin, G., Lhermitte, M., Houdret, N., Lafitte, J.-J., Perini, J.-M., Klein, A., Scharfman, A.,
1988. The complexity of mucins. Biochimie 70, 1471-1482.

Russell, R.G., Blake, D.C., 1994. Cell association and invasion of Caco-2 cells by Campylobacter jejuni.
Infect. Immun. 62, 3773-3779.

Saeed, M., 1983. Chemical characterization of the lipopolysaccharides of Edwardsiella ictaluri and the
immune response of channel catfish to this function and to whole cell antigen with histopathological
comparisons. Ph.D. Thesis. Auburn University, USA.

Sakai, D.K., 1979. Invasive routes of Aeromonas salmonicida subsp. salmonicida. Sci. Rep. Hokkaido
Fish Hatch. 34, 61-89.

Salte, R., Asgérd, T., Liestgl, K., 1988. Vitamin E and selenium prophylaxis against Hitra disease in
farmed Atlantic salmon. A survival study. Aquaculture 75, 45-55.

Sansonetti, PJ., 1993. Bacterial pathogens, from adherence to invasion: comparative strategies. Med.
Microbiol. Immunol. 182, 223-232.

Savage, D.C., 1983. Mechanisms by which indigenous microorganisms colonize gastrointestinal epithe-
lial surface. Progr. Food Nutr. Sci. 7, 65-74.

Schrgder, K., Clausen, E., Sandberg, A.M., Raa, J., 1980. Psychrotropic Lactobacillus plantarum from
fish and its ability to produce antibiotic substances. In: Connell, J. (Ed.), Advances in Fish Science
and Technology. Fishing News Books, Surrey, pp. 480—483.

Shotts, E.B., Blazer, V.S., Waltman, W.D., 1986. Pathogenesis of experimental Edwardsiella ictaluri
infections in channel catfish (Ictalururs punctatus). Can. J. Fish. Aquat. Sci. 43, 36-42.

Silverman, D.J., Santucci, L.A., Meyers, N., Sekeyova, Z., 1992. Penetration of host-cells by
Rickettsia rickettsii appears to be mediated by a phospholipase of rickettsial origin. Infect. Immun. 60,
2733-2740.

Smail, D.A., Munro, A.L.S., 2001. The virology of teleosts. In: Roberts, R.J. (Ed.), Fish Pathology, 3rd
edition. W.B. Saunders, London.

Smeltzer, M.S., Gillaspy, A.F., Pratt, F.L., Thames, M.D., Iandolo, J.J., 1997. Prevalence and chromo-
somal map location of Staphylococcus aureus adhesin genes. Gene 196, 249-259.

Smith, H., 1990. Pathogenicity and the microbe in vivo. J. Gen. Microbiol. 136, 377-383.

Smith, P.A., Pizarro, P, Ojeda, P., Contreras, J., Oyanedel, S., Larenas, J., 1999. Routes of entry of
Piscirickettsia salmonis in rainbow trout Oncorhynchus mykiss. Disease Aquat. Org. 37, 165—-172.
Smyth, C.J., Marron, M.B., Twohig, JM.G.J., Smith, S.G.J., 1996. Fimbrial adhesins: similarities and

variations in structure and biogenesis. FEMS Immunol. Med. Microbiol. 16, 127—-139.

Snoeyenbos, G.H., 1979. Role of native intestinal microflora in protection against pathogens. Proc. Ann.
Meet. U.S. Anim. Health Ass. 83, 388—393.

Spanggard, B., Huber, 1., Nielsen, J., Nielsen, T., Gram, L., 2001. Proliferation and location of Vibrio anguil-
larum during infection of rainbow trout, Oncorhynchus mykiss (Walbaum). J. Fish Dis. 23, 423-427.
Strgm, E., 1988. Melkesyrebakterier i fisketarm. Isolasjon, karakterisering og egenskaper (in Norwegian).
Msci. Thesis. The Norwegian College of Fishery Science, University of Tromsg, Norway, pp. 88.
Sugita, H., Shibuya, K., Shimooka, H., Deguchi, Y., 1996. Antibacterial abilities of intestinal bacteria in

freshwater cultured fish. Aquaculture 145, 195-203.

Sugita, H., Shibuya, K., Hanada, H., Deguchi, Y., 1997. Antibacterial abilities of intestinal microflora of
the river fish. Fish. Sci. 63, 378-383.

Sugita, H., Hirose, Y., Matsuo, N., Deguchi, Y., 1998. Production of the antibacterial substance by Bacillus
sp. strain NM 12, and intestinal bacterium of Japanese coastal fish. Aquaculture 165, 269-280.

Svendsen, Y.S., Bggvald, J., 1997. Influence of artificial wound and non-intact mucus layer on mortality
of Atlantic salmon (Salmo salar L.) following a bath challenge with Vibrio anguillarum and
Aeromonas salmonicida. Fish Shellfish Immunol. 7, 317-325.

Svendsen, Y.S., Dalmo, R.A., Bggvald, J., 1999. Tissue localization of Aeromonas salmonicida in
Atlantic salmon, Salmo salar L., following experimental challenge. J. Fish Dis. 22, 125-131.

Tan, E., Low, K.W., Wong, W.S.F,, Leung, K.Y., 1998. Internalisation of Aeromonas hydrophila by fish
epithelial cells can be inhibited with a tyrosine kinase inhibitor. Microbiology 144, 299-307.

Tancrede, C., 1992. Role of human microflora in health and disease. Eur. J. Clin. Microbiol. Infect. Dis.
11, 1012-1015.

Thompson, K.D., Tatner, M.F., Henderson, R.J., 1996. Effects of dietary (n-3) and (n-6) polyunsaturated
fatty acid ratio on the immune response of Atlantic salmon, Salmo salar L. Aquacult. Nutr. 2, 21-31.



234 T.H. Birkbeck and E. Ring¢

Thune, R.L., Stanley, L.A., Cooper, K., 1993. Pathogenesis of Gram-negative bacterial infections in
warm water fish. Ann. Rev. Fish Dis. 3, 37-68.

Trust, T.J., 1986. Pathogenesis of infectious diseases of fish. Ann. Rev. Microbiol. 40, 479-502.

Trust, T.J., Kay, W.W., Ishiguro, E.E., 1983. Cell surface hydrophobicity and macrophage association of
Aeromonas salmonicida. Curr. Microbiol. 9, 315-318.

Tytler, P., Blaxter, J.H.S., 1988. Drinking in yolk-sac stage larvae of the halibut, Hippoglossus
hippoglossus (L.). J. Fish Biol. 32, 493—-494.

van der Waaij, D., Berghuid-de Vries, J.M., Lekkerkerk-van der Wees, J.E.C., 1972. Colonization resist-
ance of the digestive tracts of mice during systemic antibiotic treatment. J. Hyg. 70, 405—411.

Vazquez-Torres, A., Fang, F.C., 2000. Cellular routes of invasion by enteropathogens. Curr. Opin.
Microbiol. 3, 54-59.

Waagbg, R., 1994. The impact of nutritional factors on the immune system in Atlantic salmon, Salmo
salar L.: a review. Aquacult. Fish. Manage. 25, 175-197.

Waagbg, R., Sandnes, K., Jorgensen, J., Engstad, R., Glette, J., Lie, @., 1993. Health aspects of dietary lipid
sources and vitamin E in Atlantic salmon (Salmo salar L.). I1. Spleen and erythrocyte phospholipid fatty
acid composition, nonspecific immunity and disease resistance. Fisk. Dir. Skr. Ser. Ern. 6, 63—80.

Wadolkowski, E.A., Laux, D.C., Cohen, P.S., 1988. Colonization of the streptomycin treated mouse large
intestine by a human fecal Escherichia coli strain. Role of growth in mucus. Infect. Immun. 56,
1030-1035.

Wang, X.H., Leung, K.Y., 2000. Biochemical characterization of different types of adherence of Vibrio
species to fish epithelial cells. Microbiology 146, 989-998.

Wang, X.H., Oon, H.L., Ho, G.W.P,, Wong, W.S.F.,, Lim, T.M., Leung, K.Y., 1998. Internalization and
cytotoxicity are important virulence mechanisms in vibrio-fish epithelial cell interactions.
Microbiology 144, 2987-3002.

Wassenaar, T.M., Bleuminkpluym, N.M.C., Vanderzeijst, B.A.M., 1991. Inactivation of Campylobacter
Jejuni flagellin genes by homologous recombination demonstrates that flaA but not flaB is required
for invasion. EMBO J. 10, 2055-2061.

Westerdahl, A., Olsson, J.C., Kjelleberg, S., Conway, P.L., 1991. Isolation and characterization of turbot
(Scophthalmus maximus)-associated bacteria with inhibitory effects against Vibrio anguillarum.
Appl. Environ. Microbiol. 57, 2223-2228.

Wilson, M., Seymour, R., Henderson, B., 1998. Bacterial perturbation of cytokine networks. Infect.
Immun. 66, 2401-2409.

Wolf, K., 1988. Fish Viruses and Fish Viral Diseases. Cornell University Press, Ithaca.

Yamamoto, T., Endo, S., Yokota, T., Escheverria, P., 1991. Characteristics of adherence of entero-
aggregative Escherichia coli to human and animal mucosa. Infect. Immun. 59, 3722-3739.



