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General introduction

Introduction
Yersinia ruckeriwas initially isolated from rainbow troubficorhynchus mykisg§valbaum),
in the Hagerman valley of Idaho, USA, in the 198Rscker 1966) and is now widely found
in fish populations throughout North America, Aaditr, South Africa and Europe. This
bacterium is the causative agent of yersiniosisnderic redmouth disease (ERM), previously
called ‘Hagerman redmouth’, and causes signifiemohomic losses in the salmonid farming
industry. Although infection with this agent hasheeported in other fish species, salmonids
and especially rainbow trout are most suscept®dERM (Furonegt al. 1993).
In the first part of this review, the relatednedsYo ruckeriwith other yersiniae and its
taxonomic position is discussed, followed by therelteristics ofY. ruckeri including
morphology and antigenic determinants. Then, tleufes of the disease caused by this
pathogen, including pathogenesis, clinical sigmsnune response, diagnostic procedures and
current approaches for prevention and treatmentliaceissed. As much more is known about
the Yersinia species which elicit disease in humans, the maogbortant pathogenic
mechanisms of these species are described, pomuinipe possibility of similar mechanisms

in Y. ruckeri

1. The micro-organism

1.1. Taxonomic position

The taxonomic position of. ruckeriand its relatedness with other yersinisestill an open
debate. DNA sequencing analysis generally shows ramnilarity to otherYersiniaspecies
than to other genera. Indeed, different DNA homyplstudies showed approximately 30%
homology ofY. ruckerito species of th8erratiaandYersiniagenus. Moreover, considering
the guanine plus cytosine (G + C) content of theADNM. ruckeriwith 47.5 — 48% G + C
seems to be closer related to other yersiniae (868% G + C) than t&erratiaspecies (52 —
60% G + C) (Ewinget al. 1978; De Grandiet al. 1988). But multilocus sequence typing
(MLST) and rRNA 16S analysis have demonstrated thatuckeriwas the most distant
species within the genuéersinia(Kotetishvili et al. 2005). The virulence mechanisms used
by this pathogen are different with relation to estlYersiniaspecies as discussed below.
Nevertheless, more research and knowledge abouickeriand the pathogenesis is nheeded

to get more insight in the taxonomic statu¥ ofuckeriwith relation to othely ersiniaspecies.
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1.2. Characteristicsof Y. ruckeri

Yersinia ruckeribelongs to the famil{enterobacteriaceaeThe cells are Gram-negative rods
with rounded ends. Actively growing cells are apgmmately 0.75 pm in diameter and
between 1.0 and 3.0 um in length. This non-sponeifty bacterium does not possess a
capsule, but often has flagella (Re$ssl. 1966). As flagella are not always preséhatruckeri
strains show variable motility (Davies & Frerich88B). As the other members of the
Enterobacteriaceaéamily, Y. ruckeriis glucose-fermentative, oxidase-negative andateitr
reductive (Ros®t al 1966). Biochemical tests can be used to distsig¥i ruckerifrom
other species a¥. ruckeri strains are fairly homogeneous in biochemical treas.
Distinguishing phenotypic characteristics Yof ruckeri are the presence @fgalactosidase,
lysine decarboxylase and ornithine decarboxylasereas KHS and indole are not produced.
Y. ruckeriferments glucose and mannitol in contrast to tehsihamnose, sucrose, melibiose
and arabinose which are not used (Frerichs 1998ed on these biochemical reactiovis,
ruckerican be positively identified from diagnostic tabéesswell as from test kits, such as the
API 20E system (Frerichs 1993).

1.3. Typing of Y. ruckeri strains

Strains ofY. ruckerican be classified on the basis of biotype, seetmd outer-membrane
protein type.

Y. ruckeristrains can be divided into two biotypes, biot{jpand 2, based on their capability
to ferment sorbitol, differences in the hydrolysisTween 20 and Tween 80, and in motility
(Davies & Frerichs 1989). However, the major sulsidns ofY. ruckeriare based on whole-
cell serological reactions, and in this way sixosars have hitherto been distinguished.
Whole-cell serological typing uses the combinedogadtion of a variety of cell surface
associated antigen structures, including O-antigigagellar antigens and envelope antigens.
Serovar | or ‘Hagerman’ strains are the most fretjyasolated. It is also the most virulent
serovar (Roset al 1966). Serovar Il was described by O’Leary (19%Fen he isolated a
new sorbitol-fermenting strain ofY. ruckeri from Chinook salmon,Oncorhynchus
tshawytschgWalbaum). However, the ability to ferment sorbitonot typical for serovar lI,
because the strains belonging to serovar V and sdmserovar Il also ferment this sugar. An
Australian isolate was designated as representédiveserovar Il as it did not react with
antiserum to either serovar | or Il (Bullogkt al. 1978). On the contrary, this Australian

isolate did cross-react with serovar | antiserund avas serologically identical to the
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‘salmonid blood spot bacterium’ that had been isolan Australia before and had been
designated as serovar I' on the basis of partiaésreactions with serovar | strains. Both
strains were combined as representatives of setbva@wo Ontario isolates that did not react
with antisera prepared against any of the knowrovees were designated serovars IV
(Stevenson & Airdrie 1984) and VI (Dalst al. 1986). A new strain was isolated from a
diseased rainbow trout in Colorado (Stevenson &léér 1984). As the antiserum prepared
against this strain reacted only weakly with otisetates, this strain was designated serovar V.
Davies (1990) distinguished five different O-semsvéO1, O2, O5, O6 and O7) based on
heat-stable O-antigens. It is suggested that thstrélian isolate previously described as
serovar Il is a rough-type mutant of serovar Otl #mat the other isolates described in the
literature as serovar lll have been incorrectlyoggred and are, in fact, serovar O1. De
Grandiset al. (1988) showed that the strains of serovar I, lll,(durrently assimilated to
serovar O1), V and VI can clearly be consideredYasuckeri On the other hand, they
proposed that serovar IV strains and strains wlmild not be classified in one of these
serovars and were capable of fermenting arabinodeteamnose could not be considered as
Y. ruckerj but were probablidafnia alvei

In 1993, Romaldeet al. (1993) proposed a new typing scheme and distihgdisfour
different O-serovars, taking the hypothesis of Darfdiset al. (1988) into account. Serovar
O1 can be subdivided into two subgroups Ola (pushoserovar 1) and Olb (previously
serovar lll). Serovar O2 (serovar 1) is dividedarthree subgroups O2a, O2b and O2c. The
remaining serovars are designated as serovar @8/&eV/) and serovar O4 (serovar VI).

The outer-membrane protein (OMP) patterns of dffierisolates ofY. ruckerihave been
studied by several authors. Davies (1991b) idedtifive OMP-types among 135 isolates by
examination of the outer membrane proteins by sodadecylsulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). Similarly, heterogeneit the OMP-profiles was detected in
otherY. ruckeriisolates and other OMP-types have been identesed on variation of the
OMPs (Romaldet al 1993; Sousat al.2001).

A combination of biotyping, serotyping and OMP-typiis useful for discriminating between
strains ofY. ruckeriand was carried out by Davies (1991a) to demadestralatedness
between isolates and to identify clonal groups. Witely spread serovar O1 isolates can be
subdivided into six clonal groups, but only two associated with major disease outbreaks in
Europe (Davies 1991a).
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2. Thedisease

2.1. Pathogenesis

Research into the pathogenic mechanisms.atickeriis very limited. Much more is known
about the bacterium-host interactions of the th¥eesinia species which cause disease in
humans.Y. pestisY. pseudotuberculosandY. enterocoliticaY¥. pestigs the causal agent of
bubonic and pneumonic plague, an often lethal desdsansmitted by fleas or aerosols
infecting regional lymph nodes or lungg. enterocoliticaand Y. pseudotuberculosiare
enteric pathogens mainly transmitted through comated food or water, causing
gastrointestinal disorders (Viboud & Bliska 2008).enterocoliticanfections result in acute
enteritis, enterocolitis and mesenteric lymphaderit pseudotuberculos@auses mesenteric
lymphadenitis and occasionally inflammation of teeminal ileum and caecum (Viboud &
Bliska 2005).

A handful of researchers have tried to reveal similathological mechanisms between the
human Yersinia species andy. ruckeri and have investigated the presence of common
virulence factors. Despite the fact that these @geause different clinical signs and utilize
different modes of transmission, several commomleirce factors have been identified
(Revell & Miller 2001).

2.1.1. Transmission

Y. ruckeriinfections spread between fish by direct contaithh \/mfected animals or carriers.
Rucker (1966) already recognized the carrier $tat®. ruckerias he isolated this agent from
a surviving fish two months after experimental esyoe. Busch & Lingg (1975) recovered
the bacterium from different organs of asymptomediaier trouts, infected by intraperitoneal
(i.p.) injection or immersion. They demonstratedtthp to 25% of the fish in a rainbow trout
population could carryy. ruckeriin their lower intestines. The intestinal sheddwfgthe
pathogen caused recurrent infection and mortalityimv the population on a cyclic basis
(Busch & Lingg 1975).

Infection through carrier fish is especially imgort under stress conditions. Indeed, Hueter
al. (1980) observed that carriers transmitdedruckerito clinically healthy fish when the
temperature was raised to 25°C, whereas unstressedr fish did not. The pathogen has
been isolated from the faeces of carrier fish twanths after an ERM outbreaX. ruckeriis
able to survive and remains infective in the aguativironment and periodic shedding of the
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bacterium in the faeces is of great importanceha dpread of the disease (Busch & Lingg
1975). It is now well recognized that ruckerj as with many bacterial species in aquatic
environments, is associated with surfaces and ssdsnCoquett al. (2002) isolated &.
ruckeri strain that displayed the ability to form biofilma solid supports, including materials
commonly found in fish farm tanks. Adhesion is regd for the formation of biofilms on
surfaces. The overexpression of flagellar proteésngne of the phenotypic characteristics of
bacteria that display high adhesion efficiency. &enscreening analyses of mutants, which
were defective in biofilm formation, have showntthize initial reaction with the surface is
promoted by pili and flagella. The bacterial caltsnsequently use either pili or flagella to
move along the surface to encounter other bactamd form or enlarge microcolonies
(O'Toole & Kolter 1998; Pratt & Kolter 1998; Watkic% Kolter 1999). Moreover, biofilm
bacteria have been shown to be strongly resistamtdlinic acid, a frequently used antibiotic
in the treatment of yersiniosis (Coquet al. 2002). These biofilms may be a source of
recurrent infection in rainbow trout farms. Thengeission mode of. ruckerihas also been
related to other putative vectors such as aquatieriebrates and birds (Willumsen 1989).
Whether vertical transmission occurs from brood fis offspring is not certain. Sautetr al.
(1985) recoveredr. ruckerifrom disinfected nonfertilized eggs of Chinookmsah whose
offspring experienced low mortality from fertilizan to 12 weeks on feed. They suggest that
Y. ruckerican be vertically transmitted, although no furthegof has been provided.

2.1.2. Portal of entry

Knowledge about the portal of entry is importantbiacterial pathogenesis. This provides
information about the early stage of disease degwedémt and may lead to the development of
efficient therapeutic strategies. How ruckerienters its host has not yet been determined,
however, the gut has been proposed as main sitg.is’based on the isolation Wf ruckeri
from the intestine of fish after experimental irtfen and natural outbreaks (Busch & Lingg
1975; Valtoneret al.1992).

The gills, the gut and the skin have been idemtiis important routes of infection for other
fish pathogens. All these tissues are covered avithucus layer and therefore, the mucus is
the first physical barrier that has to be crossethb pathogen to initiate infection.

The mucus may have an important role in the hofnde against pathogens. Antibacterial
activity has been recorded in the mucus of sevishl species, but the extent of activity
seems to vary between species and may be speaifithé microorganism (Svendsen &

Bagwald 1997). Some pathogens, however, have lmerdfto efficiently adhere to mucus
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components such as mucin and glycoconjugates, émdahrough the mucous layer and
reach the underlying epithelium (Chenal.2008).

The gills are in constant contact with the aquaivironment and therefore, directly
accessible to pathogen attack. Different bacteasehbeen shown to penetrate the gill
epithelium and reach the capillary vessels of gmsdary lamellae (Smitt al. 1999; Ling

et al.2001). Indeed for respiration, gills are highly ealarized with a large number of blood
capillaries and therefore, they may provide goottyesites for bacteria to become easily
disseminated through the entire body of the fish.

The gut has been proposed to be a portal of eoiryf ruckeri (Busch & Lingg 1975;
Valtonen et al. 1992). Colonization of this organ may occur throutfle uptake of
contaminated food or water. Therefore, the micranigms must overcome the acidic
secretions and digestive enzymes found in the stbrbafore reaching the intestinal tract.
Both adhesion to mucus and chemotaxis followed hgus penetration have been shown to
promote attachment of pathogenic bacteria to thesime (Olssoret al. 1996). Epithelial
penetration or endocytosis of the pathogen maas® the invasion of the host blood and the
lymphatic system, resulting in a spread of the qg&m through the body of the fish.
Experimental intestinal intubation of pathogens &las shown to give efficient infection and
mortality (Olssoret al. 1996; Smithet al. 1999; Smithet al.2004). Whether bacteria can also
enter the intestine of the fish through the anatnopg under natural conditions remains
unclear, since this condition would require infentiagainst the natural flow of the intestinal
contents.

Structurally, the skin is a thicker and more comipeatural barrier compared to the gills and
the intestine. Some pathogens are able to entactiskin, but injuries may facilitate the
transmission (Svendsat al. 1999; Spanggaaret al. 2000; Smithet al. 2004). Cultured fish
may sometimes suffer mechanical skin damage, whellea ectoparasites may cause wounds.
Following adhesion, a progressive penetration dfigggenic bacteria in deeper tissues and in
the muscles has been shown (Sreitll. 1999).

Bacteria causing systemic disease possess seeatatds which allows them to exert their
pathogenic effects in the host. They have develgmeral mechanisms to adhere to host
surfaces, invade tissues, combat the host deferchanisms and eventually damage internal
organs. It is generally believed that adhesionht @pithelium followed by invasion of the
portal of entry are a prerequisite and consequeaflymajor importance in the early

pathogenesis of diseases.
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Bacterialadhesion may be dependent on both hydrophobic interactsnsell as the specific
binding of a ligand to its receptor. Bacterial pagans and eukaryotic cells are negatively
charged under physiological conditions. Hydropholimteractions may overcome the
repulsion between the negatively charged bactarihtheir host cells and may lead to an
initial, weak association between both cell tyggtsong adhesion is generally mediated by the
specific binding of bacterial adhesins to completagnreceptors on host surfaces (Figure 1).
The largest group of adhesins described among rcpathogens are lectins which have
often been described as parts of fimbriae or ootembrane components in Gram-negative
bacteria. These lectins bind specific carbohydstigctures and are usually classified by their
sugar specificity. This is generally demonstratey imhibiting the adhesion with
carbohydrates that compete with the binding of ddbesins to host cells. Besides lectins,
other bacterial components have been identifiedctoas adhesins such as polysaccharides
including lipopolysaccharide (LPS) and proteinsotBin-protein interactions may involve

bacterial proteins binding to components of theaodllular matrix (ECM) (Ofelet al.2003).

fIageIIum_
fimbrizg
LPS TTSS

IRHEH

SELABLINALARLLIALL LSS LLLLLELLLNELLLL

periplasmic space

R e
SUBALRIABAEALAREREREALALALLLLN)[EALALE

Figure 1 lllustration of the cell surface of a Gram-negatilacterium with its major potential adhesins,
including subunits of flagella, fimbriae and outerembrane proteins. Adhesins are generally integral
components of the outer membrane (OM), but canladssecreted components that are associated vty ah

membrane components. (IM: inner membrane; LPSpbpeaccharide; TTSS: type three secretion system).

Following adhesion, bacteria magvade the host tissue and therefore, they often have to
overcome the epithelial barrier and/or the ECMedattion between an invasive microbial
pathogen and its host cell induce a signal trargmluccascade leading to cytoskeletal
rearrangements which promote internalization. Thmagor invasion mechanisms have been

recorded among facultative intracellular pathogetise receptor-mediated or zipper
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mechanism, the type three secretion-dependeningifif host cell membranes or trigger
mechanism and the invasome mechanism (Figure 2).

Pathogens having the zipper mechanise a single bacterial surface molecule that neslia

both the adhesion and invasion processes. Highitgftbinding of the bacterial adhesin to a
complementary receptor on the host cell resulteénaccumulation of actin flaments and the
formation of modest membrane extensions arounckmibering bacteria. Finally, the bacteria
are endocytosed in a clathrin-coated vesicle (Aaa$ortillo 2004).

The trigger mechanisnmvolves the injection of effector proteins in thest cell which

interact with the actin cytoskeleton using a typee¢ secretion system (TTSS). Dramatic
alterations in the host cell membrane are inducettlae formation of membrane ruffles leads
to bacterial internalization (Alonso & Portillo 200

The invasome mechanisimas not yet been thoroughly defined. A bacter@jragate is

formed and engulfed leading to internalization aianique host cellular structure, termed the
invasome. The formation of a large aggregate oftdoac is required for triggering
internalization and therefore, it is thought todu®rum sensing-dependent (Ofskal. 2003).

Invasion of the ECM is often mediated by secretibproteases with subsequent degradation.

Zipper mechanism Trigger heeasm Invasome mechanism

o bacterial adhesin
Y host receptor
~. actin filament

Figure 2 lllustration of the three major invasion mecharssoh facultative intracellular microbial pathogetise

zipper, the trigger and the invasome mechanism.

Y. ruckeriwas recently shown to adhere to different glycaginst in carp intestinal mucus
(Schroerset al. 2008). The ability ofY. ruckerito adhere to and effectively invade fish cell
lines culturedn vitro has also been proven, but the adherence capaa#ydependent on the
cell line employed (Romalde & Toranzo 1993; Kawat al. 1996). Some cell surface
associated properties such as hydrophobicity aghlitagating capacities could be responsible

for bacterial adhesion, however, these propertiesewot generally found M. ruckeriand
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could not be related to its pathogenicity (Romatal. 1990). HowY. ruckeriinvades host
cells has hitherto not been studied, but an eXttdaeprotease called Yrpl has been found to
be important inY. ruckeriinvasion. Yrpl digests a wide range of ECM protepeticularly
laminin which is a major component of basement nramés. Nevertheless, the molecular

mechanisms involved in adhesion and invasion remakmown.

2.1.3. Virulencefactors

2.1.3.1. Extracellular toxins: Yrpl and YhIA
Romalde & Toranzo (1993) showed that extracellyaoducts (ECPs) ofY. rucker;
including lipases, proteases and haemolysins, depe® some characteristic signs of ERM,
such as haemorrhage in the mouth and the intestime) injected into fish. Therefore, these
ECPs seem to play a role in the pathogenests aickeriinfection.
A molecule, of which the involvement in virulenceash been proven is the 47-kDa
metalloprotease, designated Yrpl, which is produatethe end of the exponential growth
phase (Secades & Guijarro 1999). The protease deeteel by a type | Gram-negative
bacterial ABC exporter protein secretion system posed of three genegtpD, yrpE and
yrpF, and a protease inhibiténh (Fernandezet al. 2002). The presence of Yrpl is not a
general feature fo¥. ruckeriand has no relationship with the serovar. Ind&mstades &
Guijarro (1999) found that some strains of serdydne most virulent and common serovar,
showed protease activity and other strains of #meesserovar did not. Two groups of strains
were defined, i.e. AZoand Azg, according to the presence or absence of the pigteolytic
activity with azocasein as substrate, respectif®@gcades & Guijarro 1999). Analysis of both
groups showed that all strains containedyttpel operon, but further research revealed that the
operon is regulated at the transcriptional levehe TAzo phenotype is due to a
transcriptionally inactivegrrpl operon or a very low transcriptional level of thygeron, which
is not enough for the detection of the proteolgtitivity (Ferndndeet al.2003).
Yrpl protease contributes to the virulence of thetérium and is allegedly involved in the
colonization and invasion of different tissues.dad, Yrpl protease digests a wide variety of
extracellular matrix and muscle proteins, and nead|to membrane alterations and pores in
the capillary vessels. This may result in the Iegkof blood from these vessels and hence
cause the typical haemorrhages especially aroumdnibuth and intestine (Fernandeizal
2003).
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The expression of the protease is under the cootrhvironmental conditions. Production of
Yrpl has been shown to be sensitive to repressforatbon and nitrogen sources. Glucose
and fructose were found to be the greatest prooludtihibitors, whereas glycerol, mannitol
and maltose also had a potent repressive effeatedde production was also decreased when
ammonium was added to the culture medium (Secad@sifarro 1999). Yrpl expression is
also regulated by osmolarity and temperature, withioe influence of pH. Production of the
protease is decreased by increasing the osmotgsyme of the medium (Fernandetzal
2003). Expression ofrpl operon was found to be high at 18°C and was repdeat 28°C,
the optimal growth temperature %f ruckeri(Fernandezt al 2003). Thus, Yrpl protease is
highly expressed at temperatures found in the Godtmay be an adaptation to the optimal
temperature conditions for efficient infection awdlonization. Characterization of the
protease also showed that it requires’Mand C4" cations for maximal activity (Secades &
Guijarro 1999). Sequence alignment revealed that Yshows a high degree of homology
with metalloproteases frofrwinia chrysanthem{Fernandeet al. 2002).

A haemolysin/cytolysin, named YhlA, has been fouondplay an important role in the
pathogenicity ofY. ruckeri(Fernandezt al 2007b). Two genes are thought to be necessary
for the production of YhIA. The upstream gegRIB is involved in the secretion and
activation of the haemolysin, encodedybyA Both genes showed a high homology to genes
encoding haemolysins of ti®erratiatype pore-forming toxins which are secreted byve-t
partner secretion system, also called type V secratystem. Genomic analysis revealed the
presence of similar haemolysins in human pathoggeisiniae, however, their function has
not yet been determined (Fernaneééeal 2007b).

The haemolysin YhlA is able to lyse erythrocytesnadl as cultured fish cells and may be
related to invasive properties as has been showatherSerratiatype toxins. Fifty percent
lethal dose (LIy) experiments usinghlB andyhlA insertional mutant strains, demonstrated
the role of the toxin in theirulence ofY. ruckeri(Fernandezt al. 2007b).

Similar to theyrpl operon, the expression ghlA was remarkably higher at 18°C, the
infection temperature, than at 28°C, the optimabwgh temperature ofY. ruckeri
Haemolysin production also increased under ironsateon conditions and was suggested to

be important in the acquisition of iron from theshoells (Fernandezt al 2007b).

2.1.3.2. Adhesinsand invasins
Y. enterocoliticaandY. pseudotuberculosigroduce at least three invasion proteins: invasin

and Ail are encoded on the chromosome and the Yadgin on a 70-kb virulence plasmid.
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Invasin and YadA are two outer membrane adhesiat libith bindBl integrin receptors.
Attachment of the bacteria via these adhesins setembe important for promoting
internalization into macrophages as well as intatrophils and dendritic cells (Hudsen al.
2005). Ail is another outer membrane protein tilays a role in cell invasion, although its
binding receptor is unknown. Kawuéd al. (1996) examined the presence of the genes
andail in Y. ruckeriby using southern blot analysis. They found naewrce forinv or ail
homologues irY. ruckerialthough it should be noted that only one straas vested (Kawula
et al 1996). Using PCR and sequencing analysis, howevernandezet al. (2007a)
suggested that. ruckericarries annv homologous gene that could be involved in badteria
adherence and invasion into host cells.

Y. pestisdoes not express invasin, Ail or YadA as the gesresoding these proteins are
disrupted by frameshift mutation or transposontriinse (Cowanet al.2000). Neverthelesy,.
pestishas been found to be at least as invasive fohemt cells as the enteropathogenic
Yersiniaspecies (Cowaet al 2000). Virulence factors that affect invasivengsdude the
outer membrane serine protease Pla (plasminogemtactprotease). This protease, encoded
by thepla gene located on a 9.6-kb plasmid pPCP1, can éetpasminogen and promote
adherence to and invasion in epithelial cells amtnophages. Cowaet al. (2000) showed
that Pla is an important, but not the sole sigaificadhesin irY. pestis However, little is
known about additional adhesin(s). No researchhitasrto been carried out on the possible
presence of Pla i¥. ruckeri

Although it is clear that the majority of the baaeé replication occurs in an extracellular
phase, there is also evidence that all three hypatrogenic yersiniae survive and multiply in
macrophages (Pujol & Bliska 2005). Intracellularvéeal and replication in macrophages
may occur throughout théersiniainfection, but is very important during the initetages of
colonization. There is also evidence tWafpestisY. pseudotuberculosendY. enterocolitica
can subvert the normal functions of macrophageslewteplicating in phagosome¥..
pseudotuberculosigrevents acidification of their phagosomes to levels that are important
in the destruction of intracellular pathogens a#l a®in phagosome maturation (Tsukaeto
al. 1999). Y. pestisand Y. pseudotuberculosishare a pigmentation segment, a 102-kb
pathogenicity island that is required for replioatin activated macrophages when exposed to
interferony (IFN-y). This segment is absent Yh enterocoliticaand indeed, phagocytos&d
enterocoliticawere efficiently killed in murine macrophages wHeN-y was added, whil¥ .
pestis and Y. pseudotuberculosigsontinued to replicate (Pujol & Bliska 2005). The

pigmentation segment also plays an important rokde reduced production of nitric oxide in
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macrophages infected witN. pestisor Y. pseudotuberculosigPujol & Bliska 2005).
Inducible nitric oxide synthase is a key proteimttiis expressed in murine macrophages
exposed to LPS and IFiNand functions to Kill intracellular pathogens e production of
nitric oxide. IntracellularY. pestisand Y. pseudotuberculosiare able to interfere with
macrophage activation and the production of niteide. No thorough research has been
performed on the ability ol. ruckerito survive in macrophages. Interestingly, a small
number of intracellular bacterivere observed in kidney, spleen and peripheral dbloo
phagocytes of rainbow trout after immersion andajmritoneal infection with a green

fluorescent protein (GFP) expressing strairY ofuckeri(Welch & Wiens 2005).

2.1.3.3. Ruckerbactin
Another molecule ofY. ruckeriwith a proven involvement in virulence is the iraptake
system ruckerbactin (Fernandet al. 2004). Iron acquisition is essential for succdssfu
colonization and invasion by many microbial pathtegand therefore they developed high-
affinity iron transport systems (Faraldo-Gomez &n&an 2003). Siderophores are low-
molecular-mass Fé&chelating compounds which may be regarded as ering factors,
because the availability of iron endows the baaterith the ability to multiply in the host.
Siderophores can be divided into three major ctassatecholates, hydroxamates and
heterocyclic compounds. During infection, sideragsocan bind host iron because of their
high affinity for the metal and transport it backthe bacteria. The complex siderophorétFe
recognizes a specific bacterial outer membraneptecand is translocated into the cytosol
where the iron is discharged from its siderophonel atilized for different metabolic
pathways (Faraldo-Gomez & Sanson 2003). Fernamdeal (2004) showed that genes
involved in the siderophore pathwayYof ruckeriare upregulated during the infection of fish.
This induction was temperature-dependent, beingdnigt 18°C, the infection temperature,
than at 28°C, the optimal growth temperature. Tiendcal structure and biosynthetic route
of this catechol siderophore, called ruckerbactne, not yet determined. Sequencing analysis
revealed that the ruckerbactin receptor had thiedsighomology with the ferrichrysobactin
receptor from the plant pathogdtfrwinia chrysanthemiand shows more similarity with
hydroxamate receptors than with other catecholeteptors(Fernandezet al. 2004). The
human pathogenic yersiniae only produce and utdibeterocyclic compound, yersiniabactin,
which has been related to pathogenicity and theynolb produce either catecholate nor

hydroxamate siderophores (Fernandeal 2004). Based on their findings, Fernaneeal.
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(2004) suggest that. ruckeriis closer related t&. chrysanthemihan to other yersiniae in

terms of pathogenic mechanisms.

2.1.3.4. Plasmids
The presence of plasmids M. ruckeri strains has been described by different authors.
Although one or more of these plasmids may be waalin the virulence of the pathogen,
their function is not clear. Garcet al. (1998) studied the plasmid profile of 183 isoldtesn
a wide variety of sources and detected eight diffeprofiles. The observation of a large
plasmid of approximately 75 MDa in most of tieruckeristrains agrees with reports from
other authors (Guilvoutt al. 1988; Romaldet al 1993). The existence of this large plasmid
was independent of the geographical origin of #wdaites and common to all clinical strains.
Large plasmids have only been found in strainseobsar O1 and not in other serogroups.
Small plasmids have been found in different se®wear well as in serovar O1. However, the
small plasmids have received less attention tha&nldhge one, probably because of the
attempts to correlate the latter with the virulepé@smid of the human pathogenfersinia
species. These latter species harbour a 70-kbewical plasmid which encodes a TTSS,
required for counteracting the immune responsénefhiost and to ensure survival. A TTSS
allows direct communication between bacteria ansk loells by injecting effector proteins
into the cytosol and in this way the bacterium maths the cell functions to its advantage. A
TTSS or ‘injectisome’ consists of two pairs of ringpanning the two bacterial membranes,
linked by a rod and a needle protruding outside liheterial body. Injection of effectors
requires the presence of translocator proteins lwhHarm a pore into the target cell
(Troisfontaines & Cornelis 2005). This model of atnuous conduit between the bacterial
cytosol and the plasma membrane of the host explaow effectors can be efficiently
targeted into the host cytosol without ‘leakingdamow the integrity of the plasma membrane
can be maintained. The Ysc (Yop secretion) injeatis in human pathogeni€ersinia
species, encoded by the 70-kb virulence plasmidresss Yop Yersinia outer protein)
effectors under low calcium conditions. Bacteritiaehment causes a local decrease in
extracellular calcium that in turn activates th&e Y§'SS (Allen 2003). The translocators form
the needle to insert into the host plasma membeaauakefunction to transport six effectors
(YpkA/YopO, YopH, YopM, YopT, YopP/J and YopE) intbe cytosol of the host cell. Yops
have a protein kinase or phosphatase activity amdicterfere in signalling pathways by
phosphorylation or dephosphorylation of involvestpms. Several reviews focus on the

biochemical function of these Yops, the signallpgghways they modulate and their role in
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Yersiniapathogenesis (Cornelis 1998; Fallman & Gustav28flb; Viboud & Bliska 2005).
In general, the major functions assigned to Yopsaduanteracting the immunity of the host
include inhibition of bacterial uptake and Killindgpy phagocytes, suppression of
proinflammatory cytokine production and inductidmeacrophage apoptosis.

Guilvoutet al (1988) compared the plasmid profile in one Amamiand 18 FrencH. ruckeri
strains with the patterns of. pestisY. pseudotuberculossndY. enterocoliticaThe large
plasmid of Y. ruckeri appears to be significantly different from the ience plasmid

associated with human pathogeXiersiniaspecies.

2.1.3.5. Typethree secretion system
A TTSS, different from that shared by human patihag¥ersiniaspecies, has been found in
Y. ruckeri(Gunasenat al. 2003) Sequencing analysis of the gene encoding the mgistyh
conserved proteins of TTSS in fish pathogens, yipe three ATPase, and adjacent genes
revealed a significant homology with the chromosiynmancoded Ysa Yersinia secretion
apparatus) TTSS genes Yf enterocoliticabiovar 1B (Gunaseneat al. 2003). This suggests
the presence of a Ysa-like TTSSYnruckeri The Ysa TTSS of. enterocoliticabiovar 1B
contributes to gastrointestinal stages of infecaod the delivery of effector proteins, called
Ysps (Yersinia secreted proteins), into host cells affecting th#come of an infection
(Venecia & Young 2005). Several of the Ysps seenbdohomologous to other virulence
factors (Matsumoto & Young 2006), but more reseanbh the precise function is required to
understand howy. enterocoliticabiovar 1B interacts with host cells. Additionallgpore

research is needed to reveal the presence andribioin of the Ysa TTSS M. ruckeri

2.1.3.6. Type four secretion system

A chromosomally encoded cluster of eight getred]|lJKCLMN in short thera operon ottra
cluster, has been found WM ruckerito form part of a virulence-related type four séore
system (TFSS) (Méndegt al. 2009). Thisoperon was present M. ruckeristrains with
different backgrounds, indicating that these gesmesimportant in the pathogenesis of this
bacterium. Similar TFSS of intracellular pathogéase been identified to participate in the
transfer of different effector molecules into targells to play a role in their survival within
macrophages or red blood cells. Therefore, tlaeoperon found inY. ruckeri may be
important during the intracellular stage (Méndezl. 2009). Expression of the operon was

temperature-dependent as has been seen for othlemae factors, being upregulated at 18°C
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compared to 28°C and was also higher under nutlimiting conditions (Méndezt al.
2009).

The tra operon appeared to be similar to the virulence npidspADAP from Serratia
entomophilaboth in sequence and genetic organization, whameasimilartra operon has

been found yet in human pathogenic yersiniae (M2etal.2009).

2.1.4. Importance of environmental factors

Environmental factors may have a direct influenoetlte pathogenicity of microorganisms.
This is particularly the case in aquatic environteemhere both the host and the bacterium
are greatly influenced by the fluctuations of ambievater conditions. Factors such as
temperature and salinity can influence the estamlent and the severity of. ruckeri
infections (Altinok & Grizzle 2001; Altinok 2004).

Temperature regulation is especially important ish fpathogenic bacteria because the
production of a specific protein may stop at thegerature corresponding to the upper limit
of pathogenicity of the bacteria, which is belowe tbptimal growth temperature. This
corresponds with the observation of the repressedasion of theyrpl promotor at 28°C, the
optimal growth temperature of. ruckeri (Fernandezet al 2003). Similar results were
obtained for the expression of the haemolysin Yhh%, siderophore ruckerbactin and tre
operon that were higher at infection temperaturel®fC than at 28°C as stated above
(Fernandeet al. 2004).

The effect of salinity has been studied to a lichiggtent. The transcription of tlyepl operon
significantly decreased with increasing osmoladfythe growth medium (Fernandez al.
2003). This finding is consistent with the obseimatthat outbreaks of ERM are especially
found in freshwater fish. MoreoveY,. ruckerihas been found to survive for at least four
months in unsupplemented water, whereas its surtivee notably decreased in aquatic

environments with high salinity (Thorsehal.1992).

2.2. Clinical signs

ERM can affect fish of all ages, but is most agntemall fish up to fingerling size. In larger
fish, the disease appears as a more chronic conditi

Changes in fish behaviour may be observed, inctudiwimming near the surface and
moving slowly. Affected fish are lethargic, are falin areas of low flow and often lose their

appetite. Haemorrhages on the body surface are ocomwith reddening at the base of the
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fins and along the lateral line, as well as inllead region. The characteristic haemorrhages
in and around the oral cavity have led to the naradmouth’ disease, although these
reddened areas are not apparent in some affeste@rid thus absence of classic ‘redmouth’
does not rule out infection with. ruckeri Petechial haemorrhage on the surface of the, liver
pancreas, pyloric caeca, swim bladder and in tterdamusculature may be obvious. The
spleen is often enlarged and may be almost blacgolour (Figure 3a). The intestine is
inflamed and filled with a thick, opaque and puntl8uid. The abdomen is distended as a

result of fluid accumulation. Exopthalmia occursdaa commonly accompanied by orbital

haemorrhages (Figure 3b), sometimes seen as hdegmrrings around the eyes (Rucker
1966; Horne & Barnes 1999; Avci & Biringitu 2005).

Figure 3 Oncorhynchus mykiswith (a) enlargedz) liver and (2) spleen and (b) exopthalmia with orbital

haemorrhages, both typical for yersiniosis.

Histological examination of tissues from infecteminbow trout with acute ERMshows
general septicaemia with an inflammatory responsevirtually all tissues. Bacterial
colonization especially occurs in well-vascularizesgues such as kidney, spleen, heart, liver
and gills and in areas of petechial haemorrhageK&ul966). Pathological changes in the
gills, including hyperemia, oedema and desquamaifahe epithelial cells in the secondary
lamellae, have been described in experimentallcted fish. Focal necrosis was observed in
the liver, kidney and spleen of some fish after inpection withY. ruckeri(Bercet al. 1999;
Avci & Birincio glu 2005).

Fish with chronic yersiniosis may show dark pigna¢ion or depigmentation of the skin

(Avci & Birincioglu 2005). Prominent peritonitis probably caused long-lasting
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inflammation in the peritoneal cavity and enteriisve been described in carp that survived
I.p. injection withY. ruckeri(Bercet al. 1999).

Outbreaks of ERM usually begin with low mortalithieh slowly escalate and may result in

high losses. The problem may become large-scalerdnically infected fish are exposed to

stressful conditions such as high stocking derssdied poor water quality (Horne & Barnes

1999). Severity of yersiniosis is dependent maioy the virulence of the strain and the

degree of environmental stress.

2.3. Immune response

Knowledge about the immune defence mechanismsshf dgainst bacteria is important in
terms of control and prevention. Many non-specditd specific, humoral and cellular
mechanisms of fish to resist bacterial disease baea studied (Ellis 1999; Ellis 2001; Claire
et al.2002).

One of these important antibacterial defence mashemnis phagocytosis and killing of
invading pathogens. The principal phagocytic cellseutrophils and macrophages -
internalize bacteria and kill them by productionrefctive oxygen species (ROS) during the
so-called respiratory burst. I.p. injection of A live or formol-killedY. ruckeriin rainbow
trout resulted in a rapid influx of large numbefsieutrophils, which were attracted from the
blood and haematopoietic organs and phagocytosedb#cteria (Afonscet al. 1998a).
Neutrophils are present in tissues in significamnbers only when inflammation occurs and
as long as the inflammation process persists. ftrast, macrophages are present in all body
compartments and are the first phagocytes to eneothe invading pathogens (Afonsbal
1998a). Resident macrophages also phagocytosetteria and have also been observed to
phagocytose neutrophils containing bacteria. Fambee, by coming into close contact with
macrophages, neutrophils appear to transfer peasg&idontaining granules to the
macrophages which play a role in killing bactefrathe presence of halide ions angC
peroxidase halogenates the bacterial cell walls prodiuces bactericidal hypohalite ions
(Afonso et al. 1998b). A weak ROS response consistently eliditederotype | strains was
observed in striped baddgorone saxatiligWalbaum), macrophages, in contrast to serovar |l
strains which generally elicited increased phagadOS responses (Stae¢ al. 1987).
Although its involvement in pathogenicity is stiti be determined, a correlation was made
with the presence of the large 75 MDa plasmid Irsatotype | strains and in general not in

serovar Il strains. However, one serovar Il straithich did not carry the large plasmid, also
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showed a decreased presence of ROS (Sthwad. 1987). WhethelY. ruckerican survive
inside macrophages and neutrophils has not yet thetenmined.

Leukocyte phagocytosis is an important reactionvargd inY. ruckerivaccinated fish as
well as antibody production (Cossarini-Dunier 1986y lymphocyte proliferation (Siwicki &
Dunier 1993, Siwicket al. 2001). Enzyme-linked immunosorbent assays (ELIS#)e been
developed for the detection of many fish pathogé&uwssarini-Dunier (1985) developed an
ELISA to detect and quantify specific antibodiesr&anbow trout toY. ruckeri Antibodies
against this pathogen have been shown to be prddiatiewing vaccination and probably
play a role in protection.

Recently, some studies have measured the expresksiormune relevant genes in rainbow
trout in response t¥. ruckeriinfection or immunization.

In mammals, Toll-like receptor 3 (TLR3) is involveddouble-stranded RNA recognition and
host immune response activation when viral infectocurs. To investigate whether TLR3 in
trout is involved in antibacterial immunity, Rodugz et al. (2005) examined its
transcriptional regulatiom vivo afterY. ruckeritreatment. In healthy rainbow trout, TLR3 is
highly expressed in the liver, pyloric caeca, itites spleen and anterior and trunk kidney
tissues. There was a slightly although non-sigaiftaup-regulation of TLR3 mRNA levels in
the spleen and a modest down-regulation in therianteidney after bath challenge with
ruckeri. The authors suggest that a larger sample sizédwamirequired to determine if the
small upregulation in the spleen was statisticalig biologically significant.

Wienset al. (2006) described novel CXC chemokines, design@d@d proteins, in rainbow
trout. Chemokines attract lymphocytes to sitesnpdry and then activate ther@XCd was
constitutively expressed in skin, gill, visceral and posterior kidney tissues, while low
MRNA levels were present in the anterior kidney aptéen. Transcript abundance in the
spleen and anterior kidney was increased durindn bot ruckeri bath vaccination and
challenge. The number of viabM. ruckeriwas significantly correlated witXCd gene
transcript abundance and fish with the highest dradt loads had the highesEXCd
expression. In contrast, pro-inflammatory cytoklh€elp transcript levels were increased in
fish infected with low numbers of. ruckerj while diminishing in heavily infected fish.
Infection with a high injection challenge dose bt trhabdovirus infectious haemopoietic
necrosis virus (IHNV), did not lead to changes @XCd expression, suggesting that
upregulation may be pathogen-specific. However,d®a& Buchmann (2008a) did not
observe increase@XCd expression after bath vaccination of rainbow tretth Y. ruckeri

and induction may not clearly be regulated follogviraccination.
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Raida & Buchmann (2008a) studied the gene expmssfopro-inflammatory and anti-
inflammatory cytokines, chemokines, immunoglobuliassd cellular receptors after bath
vaccination of rainbow trout. They found the upragon of the pro-inflammatory cytokines
IFN-y, TNF-, IL-6. These are all produced by T-cells and mpleages and induce local
inflammation and the production of acute phase gimst respectively. An increased
expression of the anti-inflammatory cytokines IL-dfid TGFB was also observed, however,
their specific role in trout is still unclear. Teeemokine IL-8 is considered to have a chemo-
attractive effect on neutrophils in trout, but eegsion was not increased due to vaccination.
The teleost specific antibody IgT from which thegfic function is unknown as well as cell
receptors TcR, CD8 CD4, C5aR were clearly induced in rainbow trodtera bath
vaccination. Passive immunisation conducted bysfearnof plasma from vaccinated to naive
fish did not provide protection. Therefore, thehmus suggest that humoral factors are less
important in the protection induced by bath vactorma Cellular factors such as C8vere
upregulated, suggesting that cellular factors idiclg cytotoxic T-cells could play a role in
immunity against. ruckeri(Raida & Buchmann 2008a).

Raida & Buchmann (2007) also investigated the getpeession of immune-relevant genes in
rainbow trout following i.p. injection of &. ruckeribacterin. The pro-inflammatory cytokines
IL-18 and IFNy and the anti-inflammatory cytokine IL-10 were sfgrantly up-regulated
after immunization. Moreover, this expression weghér in the spleen compared to the head
kidney. Although the head kidney of teleost fistc@asidered to be of major importance in
the clearance of bacteria by macrophages, recroitraed activation of lymphocytes as
response to infection has been thought to occtirarspleen (Raida & Buchmann 2008b). IgT
was very weakly expressed compared to IgM, whef@3aR expression was increased
following i.p. vaccination (Raida & Buchmann 2007).

Different genes encoding cytokines were also sicgnitly upregulated in the spleen after
primary infection with a¥. ruckeriO1 strain (Raida & Buchmann 2008b). At the sametim
the spleen was enlarged, probably due to the influyproliferation of cells recruited by
inflammatory cytokines. Cytokines are known to e lymphocytes to initiate an adaptive
immune response that could lead to long-lastingtepgtive immunity. Indeed, a weak
expression of the cytokine-encoding genes was wbdan surviving rainbow trout after re-
infection withY. ruckerj whereas a rapid elimination of the bacteria tplaikce. Moreover, re-
challenged fish showed a recovered normal spledraamghly increased survival compared
to the naive fish receiving a primary infection.ifresult was attributed to the development

of adaptive immunity in the rainbow trout agailstruckeri(Raida & Buchmann 2008b).
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It is important that the immune defence mechanigihgish againstY. ruckeri and the
possibility that these bacteria can overcome sofniaese mechanisms are investigated in
more detail to be able to develop new approach#dseiprotection of fish.

2.4. Diagnosis

Different diagnostic methods have been developed Yfo ruckerj including culturing,
serological tests and molecular biological techagurhe isolation of. ruckeriby using the
classic agar media is useful as the bacterium gfainyg rapidly. Tryptic Soy Agar (Austiet

al. 2003; Sousat al.2001) is commonly used, althouyh ruckerialso grows on Columbia
blood agar plates (Bomet al.2003) and MacConkey agar (Gibe#ibal. 1999).

Y. ruckerihas an optimum growth temperature of 28°C, althoitigcan grow in a wide
temperature range (Stevenseinal. 1993). After incubation for 48 h at 25°C on bloaghr,
off-white, opaque colonies of approximately 2-3 mmdiameter appear. The pathogen may
be identified using biochemical characteristicsl@scribed above.

Based on serological characteristics, other metmoalg be used in detecting this pathogen
such as ELISA, agglutination test and immunofluceese antibody technique (IFAT) (Smith
et al. 1987).

Molecular techniques including restriction fragméatgth polymorphism (RFLP) (Garcet

al. 1998) and polymerase chain reaction (PCR) (Gikellal. 1999; Altinoket al. 2001) are
often used. Gibellet al. (1999) developed a PCR assay, based on theigelaatplification

of the 16S rRNA gene, for demonstrationMf ruckeriin infected trout tissues. This PCR
method has the advantage of being able to detactdeels ofY. ruckeriand provides the
possibility to detect asymptomatic carriers, whishvery important in order to prevent the
transmission and spread of ERM. PCR amplificatibiyraR/yrul genes, responsible for the
qguorum sensing system ¥t ruckerj has also proved to be highly specific (Temprahal.
2001). Altinoket al (2001) described a PCR method for deteciinguckeriin the blood of
rainbow trout. The use of blood samples does nquire necropsy and allows repeated
sampling of individual fish. Other nonlethal metsddr diagnosis oY. ruckeriinfections are
culture of faeces from the posterior intestine ggmoculating loop stabs (Busch & Lingg
1975; Rodgers 1992) and biopsy of head kidney (Mg 1988).

A practical alternative for rapid and sensitiveedtibn of pathogens is the loop-mediated
isothermal amplification (LAMP) assay. This nucleicid amplification method synthesises

large amounts of DNA in a short time period witlghhispecificity and requires only simple
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laboratory equipment since the amplification praged takes place under isothermal
conditions (Notomeet al. 2000). A LAMP assay for the detection ¥6f ruckeribased on the
amplification of the quorum sensing gengsuR/yrul has recently been developed and
suggested to be a promising tool for molecular ad&te of ERM in fish farms (Saleét al.
2008).

2.5. Control and prevention

2.5.1. Antimicrobial compounds

Antimicrobial compounds are often used in the treatt of Y. ruckeriinfections in fish.
Rucker (1966) described treatment with sulphamdtleator five days, followed by three
days of chloramphenicol or oxytetracycline admnaison. Potentiated sulphonamide therapy
has been of great value in the treatment of bogleemental and natural infections (Bullock
et al. 1983). Rodgers & Austin (1983) used oxolinic dadprophylaxis and therapy of ERM
in rainbow trout. AlthougtY. ruckeriis sensitive to many antibiotics, acquired resistaofY.
ruckeri strains to various antimicrobial agents has beponted. Post (1987) highlighted the
complete resistance of some isolates in the UShdmapeutic levels of both sulphamerazine
and oxytetracycline. Resistance to both tetracgslimnd sulphonamides has also been
demonstrated by other authors (De Grandis & Stereth885).

2.5.2. Vaccines

Vaccines for the prevention of the ERM disease whre first fish vaccines to be
commercialised in 1976 and are composed of forralied whole bacterial cells. The water
temperature plays an important role in the elimtabf an efficient immune response. Raida
& Buchmann (2008a) found that bath vaccinationamfilvow trout with a¥. ruckeribacterin
did not offer protection at 5°C or 25°C, in contr&s vaccination at moderate temperature.
However, the highest cytokine and antibody respa@fter i.p. injection of this bacterin in
rainbow trout was found at higher water temperatunath major expression at 25°C (Raida
& Buchmann 2007). Further on, also administeregdgnay or oral routes,. ruckeribacterins
provide good levels of protection against ERM digealn spite of vaccination, disease
outbreaks do occur, however, from time to time urgkvere stress conditions due to the
spreading through the water of bacteria from thecda of carrier and ill fish (Stevenson

1997). Moreover, some non-motile strains that wieotated in the last years seem to be
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unaffected by commercial vaccines (Austinal. 2003; Fouzet al. 2006; Ariaset al. 2007).
Thus, new approaches based on subunit or DNA vesamight be an additional way to
eliminate or minimize these outbreaks. Fernansteal. (2003) tested the protection against
yersiniosis by using a toxoid of the Yrpl proteasemmunogen, because as stated above this
extracellular protease is involved in the virulen€® . ruckeri The efficacy of protection was
found to be high by using active immunization wilie Yrpl toxoid through intramuscular
injections. It would be interesting to study thekgation of Yrpl toxoid in more detail.
Recently, interest in the use of live attenuatectivees against bacterial pathogens in fish has
increased, because they can provide a better fimytetn general, they elicit a stronger cell-
mediated response than bacterins, although theegr@amunity provided by attenuated
bacteria in comparison with that provided by killedjanisms is possibly due to the induced
expression of stress proteins (Temprahal.2005). Dysfunction of tharoA gene, present in
bacteria, is finding widespread applications in tlevelopment of live vaccines for various
fish diseases. This gene encodes the enzyme Syenojfshikimate-3-phosphate synthase
which plays a role in the biosynthesis of aromati@no acids. Dysfunction of treroA gene

by the introduction of certain mutations leads tixarophy of the bacterium for different
metabolites. The bacterium is not able to growish fissues where these metabolites are not
available and in this way becomes less virulene Vaccination of rainbow trout with &
ruckeri aroA live vaccine has been documented as providingtgrgarotection than the
currently used bacterin. Therefore, the highlyrateedY. ruckerimutant, constructed by the
insertion of a DNA fragment containing a kanamymsistance determinant into theoA
gene, has been considered an effective vaccineoteqb fish against ERM (Tempramb al.
2005). However, care is necessary in the use efMaccines. The use afoA mutant strains

in fish vaccinations may facilitate the spread loése bacteria into aquatic environments
(Vivas et al.2004). Therefore, the safe use of live vaccinegenetically modified organisms
requires precise studies of potential hazardseelti release, spread and survival in natural

environments.

2.5.3. Immunostimulants

Resistance to bacterial pathogens can be incrdgsadministration of immunostimulants to
improve the effectiveness of vaccin@shydroxy{f§-methylbutyrate (HMB) is a breakdown
product of the amino acid leucine which is an eakebuilding block of proteins in all tissues
and has been shown to provide a positive immunogtiiory effect afterin vivo

immunization of rainbow trout with an¥- ruckerivaccine (Siwickiet al. 2001). Indeed,
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HMB, applied in the diet, activated cellular andrtaral defence mechanisms and provided
protection against ERM in intensive rainbow troultere. Immunostimulating effects against
Y. ruckerihave also been demonstrated in rainbow trout uswgmisole bathing (Ispir &
Yonar 2007). Levamisole has been extensively usdabth human and veterinary medicine
as an anthelmintic agent and its effect on the imensystem of different fish species has
already been shown (Ispir & Yonar 2007).

More research is needed on the timing, scheduling segimens of administering

immunomodulators to induce effective protectioniagfayersiniosis.

2.5.4. Praobiotics

Control of diseases as ERM has mainly focused erusie of antimicrobial compounds and
on vaccination. Recent work, however, has concethedpplication of probiotics (Raiad

al. 2003; Kim & Austin 2006; Capkin & Altinok 2009). Awinistration of certain probiotics
to cultured trout has been shown to enhance thenal when exposed t¥. ruckeri These
live microbial feed supplements are defined as t@naly affecting the host by the
production of inhibitory compounds, competition fdremicals and adhesion sites, immune
modulation and stimulation, and improving the miab balance. Administration of feed
supplemented with spores Bfcillus subtilisand B. licheniformis(1:1 mixture with total
dose: 4 x 1Hspores g feed) improved resistance in rainbow trout agaimftction withY.
ruckeri (Raida et al. 2003). Similarly, feed supplemented witlCarnobacterium
maltaromaticunor C. divergensiosed at > 10cells g' feed also conferred protection against
challenge withY. ruckeri because these cultures enhanced cellular and hunmomune
responses (Kim & Austin 2006). Feeding rainbow tnaith 10° cells Enterobacter cloacae
and Bacillus mojavensig* feed for 60 days, resulted in a notable increasedival of the
fish following bath challenge with'. ruckeri(Capkin & Altinok 2009). Such organisms may

have an important role in aquaculture for contngllbacterial disease.
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Scientific aims

Yersiniosis or enteric redmouth disease (ERM) isvarldwide problem in salmonid
aquaculture. The etiological ageNrsinia ruckeri causes a chronic or acute septicaemia in
mainly salmonids and especially rainbow trout aestnsusceptible to infection. Despite the
importance of ERM, little information is availabte the pathogenesis. The first steps in
microbial pathogenesis are considered to be admesid invasion of bacterial pathogens to
host surfaces. Neither the portal of entry Yf ruckeri nor its adhesion and invasion
mechanisms have been studied. However, improvedrstahding of the first stages of the
pathogen-host interaction may lead to the developmiinnovative and efficient therapeutic

and immunoprophylactic strategies.

The present work deals with the study of the epathogenesis of. ruckeriinfections. The
specific aims were:
* To reveal the portal of entry of. ruckeriin rainbow troutand to investigate its tissue
distribution in time using an immersion infectiorodel.
* To study the adhesion and invasionYofruckerito rainbow trout gills and gut using a
gill and gut perfusion model.
* To investigate different traitg vitro for Y. ruckerithat have been associated with

bacterial virulence.
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Experimental studies

EXPERIMENTAL STUDIES

1. Routeof entry and tissue distribution of Yersinia ruckeri in experimentally infected

rainbow trout (Oncorhynchus mykiss, Walbaum)

2. Interactionsof virulent and avirulent Yersinia ruckeri strainswith isolated gill arches
and intestinal explants of rainbow trout (Oncorhynchus mykiss, Walbaum)

3. Invitromarkersfor virulencein Yersinia ruckeri
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1. Route of entry and tissue distribution of Yersinia ruckeri in
experimentally infected rainbow trout (Oncorhynchus mykiss, Walbaum)
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ABSTRACT

Yersinia ruckeris the causative agent of enteric redmouth disedsieh leads to significant
losses in salmonid aquaculture worldwide. Despite significance of the disease, little
information is available on the pathogenesis. Ia $tudy, the portal of entry was investigated
using a contact exposure infection method in ranbrout Oncorhynchus mykisgValbaum)
with four differentY. ruckeristrains. Bacteriological and histological examioatrevealed
the presence of high numbers of bacteria in tHe giimediately after infection resulting in a
rapid spread o¥. ruckeriin the internal organs. However, only a virulemtist was able to
survive and multiply in the host, causing septiceeand death several days after infection.
These findings indicate that gills may be an im@atrtsite of entry and that virulence 6f

ruckeriis related with immune evasion.
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INTRODUCTION

Yersinia ruckeriis the causative agent of yersiniosis or entextimmouth disease (ERM) and
causes significant losses in salmonid aquaculturddwide. Although infection with this
agent has been reported in other fish species,osédi®m and especially rainbow trout
(Oncorhynchus mykissWalbaum) are most susceptible to ERM (Furoeesal. 1993).
Infection may result in the development of a checami acute septicaemia with haemorrhages
on the body surface and in the internal organs.

Despite the importance of ERM, little is known abthe precise pathogenic mechanisms by
whichY. ruckeriis able to defeat the host defences and causaséisBifferences in virulence
betweenY. ruckeristrains after experimental infection studies imlaw trout have been
documented by using intraperitoneal and intramasadnjection as well as contact exposure
(Davies 1991; Romalde & Toranzo 1993; Austinal. 2003; Fouzet al. 2006). This last
method, however, seems a more reliable and efGoacinfection model which mimics the
conditions of natural infection as accurately asstllle and ensures that immune mechanisms
located at the body surface play their role. Ndwadess, it has not been determined yet how
and when rainbow trout are infected Wy ruckeriand where the bacterium resides in the
infected fish.

The purpose of this study was to reveal the roditentry of Y. ruckeriin rainbow trout
(experiment I) and to investigate its tissue ditiion at different time intervals (experiment
II) after experimental infections with four differe Y. ruckeri isolates. Additional
experimental infections (experiments llla and llikg¢re carried out to determine whether a
different tissue distribution is related to diffeces in virulence. These virulence studies were
performed at two different temperatures, since emampire is known to have an impact on
rainbow trout immune-related functions as well asroruckerigrowth and the production of
toxins (Nikoskelainert al. 2004; Fernandeet al. 2007).

MATERIALS AND METHODS

Bacterial strains

Four differentY. ruckeristrains were used in the experiments. Strain Sosiggally isolated

in 2001 from rainbow trout farmed in the UK withrgtal signs of ERM and was obtained
from the Institute of Aquaculture (Stirling, Scott. Strains 17.00(2-1) and E842-95 were
provided by the INRA (Paris, France). Strain 17200] was isolated from a rainbow trout
without clinical manifestation. No background infaation was available about strain E842-

95. Type strain CCUG 14190 was obtained from tHeumi collection of the University of

55



Experimenal study 1

Goteborg (Sweden) and was isolated from a rainout with ERM. All the strains belong

to serotype Ola except fof. ruckeriE842-95 which is a serotype O1b strain as has been
characterized by J.L. Romalde (Universidad de 8gatde Compostela, Spain).

Stock suspensions of the strains were stored aC-7&fter thawing, the bacteria were grown
overnight at 20°C on Columbia agar (Oxoid, Drondggelgium) with 5% sheep blood (blood
agar). Colonies were picked up from the agar platesgrown in nutrient broth (NB; VWR,
Haasrode, Belgium) for 24 h at 20°C. The numberabdbny forming units (CFU) per ml was

determined by plating ten-fold serial dilutionstdnod agar plates.

Animals

Four different batches (experiment I, II, llla ahiib) of 30, 81, 85 and 120 rainbow trout,
weighing 6-45g, 22-55g, 3-20g and 8-60g respedtjvelere obtained from a fish farm
(Gérouville, Belgium) with no history of ERM diseasThe fish were acclimatized for ten
days and were maintained in 1000 | tanks in fillerecirculated tap water (pH 8.0-8.2; NH

< 0.1 mg 1 NO2 < 0.1 mg ). They were fed daily with a commercial diet (\&jv
Visvoeder, Merelbeke, Belgium). To ensure that aémwere free fromY. ruckerj ten
percent of the trout of each newly introduced batels sacrificed and samples from gills, gut,
liver, kidney and spleen were taken for bacterimalgexamination. Furthermore, before the
start of each experiment, swabs were taken fromskie, fins and gills of two randomly
chosen fish for microscopic evaluation of exterpatasitesyY. ruckeriwas not isolated on

blood agar from any sample and all fish were frieexternal parasitic infestations.

Experimental infections

All the experimental infections were approved bg #thical committee of the Faculty of
Veterinary Medicine, Ghent University (EC2005/7%&, E007/094, EC 2008/026).

In experiment |, four groups of 6 fish were batlalidnged withY. ruckeristrains 5, 17.00(2-
1), CCUG 14190 and E842-95, respectively at a fiwalcentration of approximately 2 x®10
CFU ml*. After 1 h of contact exposure in aerated aquatria8°C, the fish were transferred
to their tanks again. At time points 0, 1.5 and28ost inoculation (p.i.), two fish from each
infection group were euthanized using an overddsa stock solution of benzocaine (1 g
ethyl aminobenzoate (Federa, Brussels, BelgiuniQiml of acetone). After euthanasia, fish
were rinsed with tank water to remove non-adhebawteria from skin and gills. Six control
fish were not infected and were kept under the saopmitions, from which two were

sampled at every time point in the same way agfieeted fish.

56



Experimental study 1

In experiment 1l, groups of 18 trout were contagpa@sed to a final concentration of
approximately 2 x 10CFU mil* of the fourY. ruckeristrains for 1 h at 18°C in the same way
as in experiment I. Two fish of each infection grauvere sampled at 1, 2, 4, 6, 9, 12, 24, 48
and 72 h p.i. Nine control fish were kept under $hene conditions as the infected fish from
which one was sampled at every time point.

In experiment llla, four groups of 20 fish were tawt exposed for 1 h at 23°C in the same
way as in experiment |. The final concentrationsengpproximately 2 to 3 x {@FU mi* of

the four Y. ruckeristrains. Five control fish were kept under the samoeditions as the
infected fish. After inoculation, fish were obsedvi®r clinical signs several times a day and
mortality was recorded. Dead and moribund fish wezeropsied. The remaining fish were
euthanized between 14 and 18 days p.i.

In experiment lllb, four groups of 25 fish were taet exposed for 1h at 16°C in the same
way as in experiment |. The final concentrationsengpproximately 170CFU mi* of the four

Y. ruckeristrains. Twenty control fish were kept under themsaconditions as the infected
fish. Similar as in experiment llla, dead and mond fish were necropsied and the remaining
fish were euthanized between 20 and 34 days p.i.

In all the experiments, samples of gills, proxiraat distal gut, liver, kidney and spleen were
collected for bacteriological, histological and imnohistochemical examination. In
experiment | and Il, additional samples of middig gyere taken and 1 énskin tissue along

the left lateral line below the dorsal fin was ectied from all fish in experiment |.

Bacteriological examination

The collected tissues were homogenized in phosphaftered saline (PBS) as 10% (w/v)
suspensions. The number of CRUruckerig™ liver, kidney and spleen was determined by
plating tenfold dilutions of the suspensions onobl@agar plates. Dilutions of gills, gut and
skin suspensions were inoculated on MacConkey gimtes (Oxoid).Y. ruckeri was
identified based on the typical colony shape angatige oxidase reaction. Systematically,
identification of one colony of a suspectédruckeriisolate of each plate was also confirmed

using polymerase chain reaction (PCR).

PCR analysis

DNA was extracted from a loopful of cells usingadkaline lysis method (Baekt al. 2000).
PCR was carried out using the primers YER8 (5-G@&NGGAAGGGTTAAGTG-3)
and YER10 (5-GAAGGCACCAAGGCATCTCTG-3") which ampfia 575 bp fragment of
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the 16S rRNA gene of. ruckeri,as previously described by Gibekt al. (1991). For each
PCR reaction, 1 ul of the prepared DNA was added td of the PCR mixture, containing
0.05 U/pl Hotmastér Taq polymerase (Eppendorf, Hamburg, Germany), 10x FBTRer
(Invitrogen Life Technologies, Merelbeke, Belgiu@y mM MgC} (Invitrogen), 200 pl of
each deoxynucleoside triphosphate (Amersham PharBastech, Puurs, Belgium), 0.5 uM
of each primer (Operon, Cologne, Germany) andlstdrstilled water. The used conditions
for the amplifications were the following: an imitidenaturation at 94°C for 5 min, followed
by 35 cycles of denaturation at 94°C for 1 min,ealimg at 61°C for 1 min and extension at
72°C for 1 min. A final extension was performe@atC for 8 min. PCR products were run in
agarose gels containing 1.5% Multi Purpose agdi®sehringer, Mannheim, Germany) in 1x
Tris-borate-EDTA (TBE) buffer, pH 8 and stained lwiethidium bromide. The gels were

visualised using the Image MatafDS (Amersham Pharmacia Biotech).

Histological and immunohistochemical analysis

In experiment |, tissue samples were fixed in Cgmcsolution (60% ethanol, 30%
chloroform, 10% acetic acid) for at least 2 h, abhyed in an alcohol-xylene series and
embedded in paraffin wax. The organs in experimgniila and lllb were fixed in 10%
phosphate buffered formaldehyde for at least 24fork being dehydrated and embedded.
Five-um sections, mounted on glass slides, wereestavith haematoxylin and eosin (H&E)
and Giemsa.

Additionally, immunohistochemistry was performeding polyclonal rabbit ant¥-. ruckeri
antibodies. Hyperimmune serum was obtained by immmugn rabbits (EC 2005/921) with.
ruckeri strain 7 as described by Decostateal. (1999). Five-um sections of paraffin-
embedded tissues were placed on SuperFrost sliigsmd-Aldrich, Bornem, Belgium),
deparaffinized, rehydrated and pretreated by thiegem retrieval microwave technique.
Thereafter, slides were incubated with 3%0Kin methanol to block endogenous peroxidase
and were washed once with PBS. Slides then undémseguential application of 30% goat
serum, primary rabbit an¥- ruckeri7 1/800 antibody, biotinylated goat anti-rabbit botly
1/500 (DakoCytomation, Heverlee, Belgium), Strep@dnplex/horseradish peroxidase
(DakoCytomation), and finally 3,3’-diamino benzidintetrahydrochloride (Sigma-Aldrich)
with each time a wash step. Sections were counieest by use of an aqueous-based

haematoxylin staining and mounted.
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Statistical analysis

In experiment | and 11, a fixed effects model (S¥&rsion 9.1.3) was used to compare CFU
ruckeri g* tissue using first time and strain as fixed effeehd the organ as stratification
factor, then time and organ as fixed effects amdstinain as stratification factor. The analysis
was done at the 5% global significance level and tbported P-values for pairwise
comparisons are adjusted using Tukey’s multiple gansons method.

In experiments llla and llib, the analysis of thed to death outcome was based on the
Wilcoxon rank sum test with all surviving fish givéhe same and highest rank. First, the time
to death outcome was compared between the diffe@mict exposed groups within each
experiment. Second, the time to death outcome wasii@ed between the two experiments
for each strain. As the normal distribution assuamptid not hold, the Wilcoxon signed rank
test was used to compare CRU ruckerig™ tissue between the different organs of the fish

using only animals from whicH. ruckeriwas isolated from at least one organ.

RESULTS

Experiment |

Bacteriological examination

For experiment I, the results of the reisolationvofruckerifrom gills, gut and skirat 0, 1.5
and 2.5 h after contact exposure with strains 50Q(2-1), CCUG 14190 and E842-95 are
shown in Figure 1.

The highest bacterial numbers were reisolated fritv@ gills. These numbers were
significantly higher than these reisolated from ¢jo¢ between 0 and 2.5 h p.i. for strains 5 (P
= 0.0005) and 17.00(2-1) (P = 0.0016).

For Y. ruckeristrains 5, 17.00(2-1) and CCUG 14190, the badteumbers reisolated from
the gills, skin and gut declined between 0 andhlbi. and remained the same or increased
slightly between 1.5 and 2.5 h p.i. Higher bactarianbers were detected in the skin than in
the gut at 0, 1.5 and 2.5 h p.i. in fish inoculatgth these strains, however, only for strain 5
the number of bacteria in the skin was significai® = 0.0035) higher than in the gut over
this time period.

ForY. ruckeriE842-95, the bacterial population in the gillsloesd gradually between 0 and
2.5 h p.i. The number of bacteria reisolated frtwe gut also showed a gradual decrease in
this time period, however, the bacterial populatiorthe skin increased slightly between 0
and 1.5 h p.i., after which a sharp decrease wasrebd. Differences in bacterial numbers

between these organs were not statistically sicaniti between 0 and 2.5 h p.i.
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Bacteria were also found in liver, kidney and spl@getween 1band 18 CFU g% of all fish
immediately after infection witly. ruckeristrains 5, 17.00(2-1), CCUG 14190 and E842-95
and fluctuated between 0 h and 2.5 h p.i (datahotvn).
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Figure 1 Oncorhynchus mykis®etection ofY. ruckeriin the gills, gut (posterior, middle and anterjut were
pooled) and skin after contact challenge wWithruckeri(a) 5, (b) 17.00(2-1), (c) CCUG 14190 and (d) 852
at 0, 1.5 and 2.5 h p.i. Each time point represtr@aneans of two fish. The number of bacteriasichesample

is expressed as log (CFU gssue).

Histological and immunohistochemical analysis

Histopathological changes were not observed indrihe tissues of fish at 0, 1.5 and 2.5 h
after contact exposure with ruckeristrains 5, 17.00(2-1), CCUG 14190 and E842-95, whic
were compared with those of negative control fifhemsa and immunohistochemical
staining revealed the presenceYofruckeribacteria in the gills of several fish inoculateitihw
strain 5. At time 0 h p.i.,, numerous bacteria walbserved in the mucus of the primary and
secondary lamellae, whereas later on, a lower numibbacteria was found. At time 0 and
2.5 h p.i., two fish showed the presence of a festdria in the capillaries of the secondary
lamellae (Figure 2a). In the gut of trout inocuthteith Y. ruckeri5, few bacteria were
noticed in the crypts, attached to the villi andhivi the mucosa at different time points
(Figure 2b).
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A notably lower numbeY. ruckeribacteria (as low as none) were detected in theagild gut
of fish inoculated with strains 17.00(2-1), CCUGL28 and E842-95. Bacteria were observed
in the mucus of the gills and in the crypts andrthecosa of the gut sectioné. ruckeriwas

not detectable in the skin, liver, kidney and splesf infected fish by histology or
immunohistochemistry.

Figure 2 Oncorhynchus mykistocalisation ofY. ruckeriin the gills and the gut after contact challengéhwi

strain 5.Y. ruckeribacteria at 0 h p.i. (a) in a capillary of the dilament (Giemsa staining) and (b) in the
intestinal lumen between the villi and in the muwcdsnmunohistochemical staining).
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Experiment [

Bacteriological examination

For experiment Il, the results of the reisolatidrivo ruckerifrom gills, gut, liver, kidney and
spleen at 1, 2, 4, 6, 9, 12, 24, 48 and 72 h aftatact exposure with strains 5, 17.00(2-1),
CCUG 14190 and E842-95 are shown in Figure 3 and 4.

The highest numbers of bacteria were reisolatad tiee gills of trout contact exposed with
ruckeri strains 5, 17.00(2-1), CCUG 14190 and E842-95ndyuite first 2 h p.i. After a period
of fluctuations in the bacterial population, baiztevere no longer detectable in the gill tissue
at 24, 48, 12 and 48 h p.i. for strains 5, 17.00(2cCUG 14190 and E842-95, respectively.
However, in the qills of fish inoculated with. ruckeri5, the number of bacteria sharply
increased between 48 and 72 h p.i., whereas baetere not isolated from the gills of fish
from the other infection groups.

The number of bacteria reisolated from the gutisi finoculated withY. ruckeri strains
17.00(2-1) and E842-95 was low during the firsthilp.i. Bacterial numbers in the gut of
these fish were slightly higher at 24 to 48 h @id exceeded the amounts reisolated from the
gills at this time. By comparison, the number ofteaa in the gut of fish inoculated with
ruckeri 5 was higher within the first 12 h p.i. and sharplgreased between 48 and 72 h p.i.
In the gut of fish inoculated with strain CCUG 1818o0ne or only small amounts of bacteria
were reisolated between 1 and 72 h p.i.
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Figure 3 Oncorhynchus mykis®etection ofY. ruckeriin the gills and the gut (posterior, middle andeaior
gut were pooled) after contact challenge wWithruckeri(a) 5, (b) 17.00(2-1), (c) CCUG 14190 and (d) 852
at1,2,4,6,9, 12, 24, 48 and 72 h p.i. Eacle foint represents the means of two fish. The numbleacteria

in each sample is expressed as log (CRUispue).
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Bacteria were found in the liver, kidney and spleéfish contact exposed with. ruckeri5
between 1 and 72 h p.i. The number of bacteriduhted with a peak on 6 h p.i. for the three
tissues (between 1.2 x“18nd 2.4 x 1OCFU g%) and a sharp increase in bacterial population
between 48 and 72 h p.i. was noticed. By compayiknmer bacterial numbers: (4.0 x 16
CFU g% were reisolated from liver, kidney and spleenfish challenged withy. ruckeri
strains 17.00(2-1) and CCUG 14190 before 9 and @4.hrespectively. Thereafter, bacteria
were no longer detected in these organs. A sinitard was seen in the liver, kidney and
spleen of fish inoculated with strain E842-95, heere slightly higher amounts of bacteria
were reisolated from these tissues between 1 amdp2i4

The number of bacteria in the gills was signifitamigher than in the gut (P = 0.0006), liver
(P < 0.0001), kidney (P = 0.0003) and spleen (R09@L) from fish inoculated with strain
17.00(2-1). Also for strain CCUG 14190, signifidgritigher numbers were observed in the
gills than in the gut (P = 0.0033), liver (P = ®QY kidney (P = 0.0058) and spleen (P =
0.0042). Significantly more bacteria were reisalateom the liver of fish inoculated with
strain 5 than from the liver of fish inoculated kvétrains 17.00(2-1) (P = 0.0003), E842-95 (P
=0.0338) and CCUG 14190 (P = 0.0001). The spledrkalney of fish infected with strain 5
also showed significantly higher numbers of baateompared to the spleen and kidney of
fish infected with strains 17.00(2-1) (P = 0.000@ #.0025, respectively) and CCUG 14190
(P =0.0002 and 0.0002, respectively).
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Figure 4 Oncorhynchus mykis®etection ofYersinia ruckeriin the liver, kidney and spleen after contact
challenge withy. ruckeri(a) 5, (b) 17.00(2-1), (c) CCUG 14190 and (d) E882at 1, 2, 4, 6, 9, 12, 24, 48 and
72 h p.i. Each time point represents the meanwafish. The number of bacteria in each samplejBessed as

log (CFU g' tissue).
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At 72 h p.i., fish contact exposed % ruckeri5 had significantly (P < 0.0083) higher
bacterial numbers in the liver, kidney and spléemtthose infected with the other strains.

Histological and immunohistochemical analysis

Histopathological changes were not observed inddrige tissues of fish between 1 and 72 h
after contact exposure with ruckeristrains 5, 17.00(2-1), CCUG 14190 and E842-95, whic
were compared with these of negative control figdicteria were not detected by histological

and immunohistochemical analysis.

Experiment [Ilaand b

Clinical signs, mortality and necropsy findings

Disease signs or mortality were not noted amondisiebelonging to the control groups of
experiments llla and lllb. In both experiments,nal signs and/or mortality were only
observed in rainbow trout inoculated with ruckeristrain 5 (Table 1).

In experiment llla, six of the 20 fish (weighingl18g) which were contact exposed Yo
ruckeri 5 died within 5 to 11 days p.i., with the highesbriality at day 7 p.i. They did not
show any additional clinical signs. The surviviighfneither showed clinical signs or lesions.
In experiment lllIb, four out of 25 fish (weighin@-B7g) contact exposed ¥ ruckeri5 died
within 9 days p.i. with a mean of 7.8 days p.i. Twbthese fish showed exopthalmia
accompanied by orbital haemorrhages and one hadlarged liver and spleen.

In both immersion experiments, strain 5 showedyaificantly higher mortality (P < 0.0001)
compared to the other strains. For none of thansirahere was a significant difference

between the two experiments with respect to timaetath.

Table 1 Results of clinical and bacteriological examinatiof Oncorhynchus mykissxperimentally infected

with Y. ruckeristrain 5, using the immersion challenge method.

Strain Number of fish Mean time No. off. ruckerilog;, CFU g* tissue (mean * SE) isolated from
of death
With (days p.i.)
Total clinical That died Gills Proximal gut Distal gut  Liver Spleen Kidney
signs

EXPERIMENT llla
5 20 0 6 7.2 55+11 8.6+£2.1 7511 7.0£05 82+12 7.2+05
EXPERIMENT llib

5 25 2 4 7.8 8.0£25 7.4+25 74+24 78+19 78+19 7.8+19
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Bacteriological examination

In experiments llla and IlIbY. ruckeriwas not isolated from the organs of the contrsh.fi
The results of the bacteriological examinationalbthe dead fish within each infection group
are pooled and summarized in Table 1.

In experiment Illa)Y. ruckeriwas reisolated from gills, proximal and distal,diver, spleen
and kidney of all six fish that died after contabtllenge with strain 5 in the range of 16
10° CFU ¢* tissue (Table 1). The bacterium was reisolatechfome or more organs from
four fish which survived after contact exposurehwit ruckeri5 in the range of fGol1C®
CFU g™ tissue with spleen being the most favoured tissue.

In experiment IlIb,Y. ruckeriwas reisolated from gills, proximal and distal,diver, spleen
and kidney of all four fish that died after contabtllenge with strain 5 in the range of 16
10® CFU g* tissue (Table 1). In one surviving fish, euthadi2d days after contact exposure,
1.7 x 1G and 8.3 x 1®CFU ofY. ruckeristrain 5 ¢ tissue was reisolated from kidney and
spleen, respectively.

Trout inoculated withY. ruckeristrains 17.00(2-1), CCUG 14190 or E842-95 nevexs
the presence of the bacterium in their organs thia@asia.

No differences in CFLY. ruckerig? gills, proximal and distal gut, liver, spleen akidney

were observed in animals exposed to strain 5.

Histological and immunohistochemical analysis

Since onlyY. ruckeristrain 5 caused disease and mortalityivo, the tissue samples of fish
infected with this strain were analysed by histglagnd immunohistochemistry. Tissue
samples of some fish that died were susceptibf@mst-mortem decay and therefore difficult
to interpret. Samples that were too deterioratecewm®t included in the results. To analyse
histopathological changes, samples of infected W&he compared with those of negative
control fish.

Similar results for experiment llla and lllb werbéserved. Almost all fish that died after
infection showed a moderate to severe oedema iedb@ndary lamellae whereas the gills of
trout that survived exhibited a lower degree or eedema. Multifocal to coalescing
coagulative necrosis (Figure 5a) was observedensfiieen of almost all died animals with
the presence of numerous intralesional bacteridy @me fish that survived contact exposure
with Y. ruckeri5 showed a very mild focal necrosis in its spldanthe kidneys of several
surviving fish, contact exposed ¥ ruckeristrain 5, degeneration and/or mild necrosis of

proximal tubules (Figure 5b) were observed. Thesdirfgs were rarely present in kidney of
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Figure 5 Oncorhynchus mykissH&E staining of (a) spleen with coagulative neispgb) kidney with
degenerated tubules and (c) kidney with a notatdeebse in melanomacrophages (darkly pigmentes) adlia

rainbow trout which died three days p.i. after eahexposure t¥. ruckeristrain 5.
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fish that died. Increased cellularity of the glooiar tuft was present in a small number of
animals that died or survived contact exposurdrtirs5. In the kidney, there were slight to
moderate increases in the number of macrophagd#seahajority of fish that survived after
infection. A minority of trout that died after irdfeon also showed a slight increase in the
number of macrophages. A notable increase in melanmphages (Figure 5c¢) was also
observed in about half of the fish that died ovswd after infection withy. ruckeristrain 5.
No histopathological changes were seen in the gtlteoliver.

Immunohistochemistry revealed the presence of badte all organs from whiclr. ruckeri
was isolated. In the spleen, bacteria were mamiyd in or surrounding the necrotic areas. In
all other organs, bacteria were randomly distriduéatracellularly. In the liver, however,
bacteria were also found intracytoplasmic.

PCR analysis
The isolates that were identified ésruckeriby colony morphology in all experiments were
confirmed to beY. ruckeriby PCR.

DISCUSSION

Attachment and entry into the host’s body is thst fiequirement for a bacterial pathogen to
establish an infection. To investigate this eankgiaction between bacteria and its host using
histological and immunohistochemical techniquesijsitimportant to maintain the tissue
morphology optimally. Carnoy’s fixative has beemwh to preserve the surface mucous gel
layer covering surface mucous cells in differerteinal organs (Ota & Katsuyama 1992;
Shimizu et al. 1996; Matsucet al. 1997). Since adhesion of. ruckerito mucus may be
important during the early stages of infectionsuis samples in experiment | were fixed in
Carnoy’s solution.

Attachment ofY. ruckerito the gill mucus was obviously seen soon aftegatibn, whereas
fewer bacteria were detected in the mucus in theseoof timeY. ruckeriwas also observed
within the gill capillaries at 0 h as well as 2.%.n This may indicate that bacteria first adhere
to gill mucus and thereafter invade the branchedculature leading to septicaemia and
colonization of the internal organs. Torroba al. (1993) showed that formalin-killed'.
ruckeri were taken up by gill epithelial cells during ianvitro assay where isolated rainbow
trout gills were placed in medium containing thdleki bacteria. Zapatat al. (1987)
demonstrated that killed. ruckeribacteria were taken up by the gill cells of Atlargalmon

after bath immunization. However, results obtaingith dead bacteria may differ from these
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with viable bacteria. The uptake of livé. ruckeri bacteria by the gill epithelium was
demonstrated by the use of an isolated perfusadboai trout head model (Mcintos#t al.
2000). The results of the preseantvivo studies demonstrate that gills may indeed be an
important portal of entry. Gills have also beenoregd as a site of entry for other septicaemic
fish pathogens, such agbrio anguillarum and Edwardsiella tarda(Baudin-Laurencin &
Germon 1987; Linget al. 2001). For respiration, gills are highly vascutad with a large
number of blood capillaries; therefore, they magpvide good entry sites for bacteria to
become easily disseminated to the entire bodyeofisin (Linget al. 2001).

Although the gills are apparently an important pbdf entry forY. ruckerj the bacterium
may also successfully colonize other body surfaresgain entry to the body by a variety of
routes, including the skin and the gut, as has lseggested by Busch & Lingg (1975) and
Valtonenet al. (1992). In our study, moderate numbersyofruckeriwere isolated from the
skin and gut immediately after infection. At higtgical examination, some bacteria were
noticed in the intestinal crypts, indicating thag¢y evaded the first line of the host defences in
the gut mucosa. Further studies are warrantedterrdae the role of the skin and the gut as
portals of entry.

Infection resulted in a rapid spread¥afruckeriinto the internal organs. Other fish pathogens
like E. tardaandV. anguillarumhave also been reisolated from different orgarthiwil h
after contact exposure (Spanggaa&tdal. 2000; Ling et al. 2001). In the present study
(experiment Il), a sharp increase in reisolatd ruckeri from the internal organs was
observed 3 days after infection with strain 5. Ofadlythis strain, mortality appeared from 5
days p.i. onwards with high bacterial numbers prese these organs (experiment Illa and
llIb). In contrast, no or only few bacteria werdetged in the internal organs of fish infected
with the other strains at this time and clinicajnrs and mortality were not observed.
Comparable results were seen in blue gouramichogaster trichopterysafter contact
exposure witle. tarda.Infection with a virulent strain resulted in an exgntial proliferation

of the bacterial population in all examined tissaad organs until day 3 when mortalities in
infected fish were observed. After immersion withan-virulent strain which did not induce
mortality, however, the number of bacteria declioeér a seven days period within all the
tissues (Linget al. 2001). Our findings demonstrate that differencewirulence exist and
suggest that the immune system is able to clearvimalent Y. ruckeribacteria from the
organs of the fish. Possibly, virulent isolates ateacked by immune cells resulting in a
temporary decrease in the number of bacterial ceithin the organs. Survival and

proliferation of virulentY. ruckeriin immune cells or in the bloodhight result in a
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subsequent increase of bacteria causing severieaapta and death. Therefore, it would be
interesting to study the interaction with macropdsmg@s well as the serum resistance of the
differentY. ruckeristrains.

Different factors may influence the outcome of atbgal infection, including the temperature.
Y. ruckeriwas found to cause significant losses in the faldvater temperatures of 15 to
18°C (Roberts 1983). Danleat al. (1999) observed a higher incidence of infectiorl&tC
than at 22°C in channel catfislttalurus punctatugRafinesque), intraperitoneally injected
with Y. ruckeri Increased severity of infection may be due toegplation of differenty.
ruckerivirulence factors at lower temperatures, as has demonstrated by Fernandetzal
(2007). However in the present study, contact exygssof trout toy. ruckeriat 16 and 23°C
did not result in a significantly different outcomas measured by clinical signs,
bacteriological and histological analysis. Possibiper factors such as the infection dose and
fish size may have played a role.

The increase of melanomacrophages in the kidnesoofe infected fish in our studies has
previously not been described. Within melanomacagghcentres, macrophages have been
shown to destroy and kill the fung@andida albicandut also to phagocytose rainbow trout
erythrocytes in the immediate vicinity (Passantired al. 2002). Consequently,
melanomacrophage centers seem to play an importéstin the elimination of foreign
particulate material and of fish erythrocytes thhéve ingested microorganisms.
Melanomacrophages are believed to be a prominesiurie of chronic inflammatory
responses (Ferguson 2006). Therefore, our resuliis indicate a possible role ¥t ruckeri

in chronic nephritis.

In conclusion, gills may be an important site otrgrfor Y. ruckeriduring infection of
rainbow trout. Probably, the bacteria first adheréne gill mucus after which they invade the
branchial vasculature and subsequently spread timointernal organs very soon after
infection. Virulent strains are probably able tdede the host immune mechanisms, leading to
high bacterial load and necrosis in the organsltiegun death of the fish several days after
infection. Exposure to non-virulent strains, howevesults in a complete removal of bacteria
from the internal organs. This could indicate tirmmune evasion is a major virulence

property ofY. ruckeri
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ABSTRACT

Yersinia ruckeriis the causative agent of enteric redmouth disésas#ing to significant
losses in salmonid aquaculture worldwide. Littleormation is available on the pathogenesis
of this disease. Basic steps in the establishmeminoinfection include attachment to the
epithelium followed by invasion at the portal oftrgn In this study, the interactions of.
ruckeri with the gills and the gut of rainbow trou®ricorhynchus mykis§valbaum) were
studied using standardized perfusion models. Mituland avirulentY. ruckeri isolates
appeared to adhere to and invade both tissues writlignificant differences. For the first
time, the gill and gut perfusion models are shownbe suitable to study bacterial

invasiveness.
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INTRODUCTION

Yersinia ruckeriis the causative agent of enteric redmouth dis€&$tM) and causes
significant losses in salmonid aquaculture worldevidespite the importance of ERM, the
precise pathogenic mechanisms Yof ruckeri are not well understood. A comprehensive
understanding of the pathobiology of the infectisnrequired for the rational design of
vaccines and other preventive measures to combst EResebrouclet al. 2004). Basic
steps in the establishment of an infection inclattachment to the epithelium followed by
invasion at the portal of entry. Both the gills aimdestinal tract have been suggested as
possible routes of entry fof. ruckeri(Busch & Lingg 1975; Valtoneet al. 1992; Tobbaclet

al. 2009). Therefore, the interactionsYof ruckeriwith the gills and the gut of rainbow trout
(Oncorhynchus mykissWalbaum) were studied using standardized perfusioodels.
Virulent and avirulent strains were included toedetine whether differences in virulence are

related to differences in adherence and invasipadty.

MATERIALS AND METHODS

Bacterial strains

TheY. ruckeriisolates used in the present study are listedaliell. Stock suspensions of the
strains were stored at -70°C. After thawing, thet&aa were grown overnight at 20°C on
Columbia agar (Oxoid, Drongen, Belgium) with 5% eghdlood (blood agar). Colonies were
picked up from the agar plates and grown in nutrieoth (NB; VWR, Haasrode, Belgium)

for 24 h at 20°C. A non-invasiviéscherichia colistrain (DH%) was included as a negative
control in adhesion and invasion experiments (Raghathy & Mansfield 2009). This strain
was cultured in NB for 24 h at 37°C. The numbecabny forming units (CFU) per ml was

determined by plating tenfold serial dilutions dadal agar plates.

Fish

Twenty-two rainbow trout of 600 g average weightreveobtained from a fish farm

(Geérouville, Belgium) with no history of ERM dis@asThe fish were maintained in 1000 |
tanks in filtered, recirculated tap water. They evéxd daily with a commercial diet (Vijver

Visvoeder, Merelbeke, Belgium) until two days befancluded in the experiments. Swabs
were taken from the skin, fins and gills of two ehdom chosen fish for microscopic
evaluation of external parasites upon arrival. Tisk were found to be free of external

parasitic infestations.
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Table1Y. ruckeristrains

Y. ruckeristrain  Origin Serotype Virulencé Mortality *°
5 O. mykisswvith ERM, UK, 2001 Ola virulent 6/20
9 O. mykisswith ERM, UK, 1995 Ola virulent 4/20
E842-95 NA O1b avirulent 0/20
17.00(2-1) O. mykiss Ola avirulent 0/20
CCUG 14190  O. mykisswvith ERM, USA Ola avirulent 0/20

NA: no information available

& Virulence and capacity to induce mortality werdedmined in an immersion infection model using jile
rainbow trout (Tobbaclet al. 2009). If mortality and persistent infection weret robserved, strains were

categorized as avirulent according to Davies (1991)

® Number of fish that died/total number of fish

Adherence and invasion study using a gill perfusion model

Gill perfusion model

The qill perfusion model used in this study hasnbpeeviously described (Decosteskal.
2002). Briefly, the fish were anaesthetized usingcdution of benzocaine (1 g ethyl
aminobenzoate (Federa, Brussels, Belgium) in 1@f®thanol), injected intraperitoneally
with heparin (5000 IU kg) and allowed to recover. Thirty minutes later, figh were
euthanized using an overdose of the benzocaingi@ulurhe heart and ventral aorta were
exposed by ventral dissection. After a haemosta @lamped onto the ventral aorta, the
opercula were removed and the first two or thréleagthes on both sides were excised and
put into Petri dishes filled with Ringer solution20°C. The smaller dorsal part of each gill
arch was cut off to remove the nod to prevent fjeapardizing an efficient perfusion.
Thereafter, the afferent (ventral) and efferentrgedt) arteries of the gill arches were
cannulated. Each gill arch was suspended sepaiataly aerated organ bath filled with 400
ml Ringer solution which was surrounded by a waaeket at 20°C. Perfusion flow was
started at: 2 ml min arch® kg body weight. Cortland solution + dextran 1% (MWO3IDO,
Sigma, Steinheim, Germany) was used as perfusiod #nd was delivered by means of a
drip (Decostereet al. 2002). The isolated gill arches were perfused forndn to allow
recovering from the most acute effects of the pdace before using them in the adherence

and invasion study.
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Adherence and invasion study

Bacterial suspensions were prepared in Ringerisalaind each added to the separate organ
baths at a final concentration of approximately C&U mi*. A non-treated perfused gill arch
served as negative control. After inoculation, gliches were incubated for 1 h and
subsequently processed for examination of adhediba. experiment was conducted three
times.

After the incubation period, each perfused gillnaveas washed in an excess of phosphate
buffered saline (PBS) and cut in half. A random#yested sample was homogenized into a
preweighed vial containing 0.4 ml of PBS. The numifeCFU g gill tissue was determined
by plating tenfold serial dilutions of the suspensi on MacConkey agar (Oxoid, Hampshire,
UK) plates.

The second sample of the perfused gill arch waadfim Carnoy’s solution (60% ethanol,
30% chloroform, 10% acetic acid) for at least 2nld &urther processed for histological and
immunohistochemical (IHC) analysis (Tobbagkal. 2009). The sections were examined by
light microscopy.

To study the invasion capacity, the perfusion flaidhe efferent artery was collected during
infection. The number of. ruckerior E. colipresent in the collected fluid was determined by

plating tenfold serial dilutions on MacConkey aphates.

Adherence and invasion study using a gut perfusion model

Gut perfusion model

The gut perfusion model was performed as previodsiycribed with slight modifications
(Nematollahiet al. 2005). Briefly, the fish were anaesthetized, irgdcintraperitoneally with
heparin, allowed to recover and euthanized 30 resl#ter as described above. The intestine
was exposed by ventral dissection andabea intestinalis ventralisvas cannulated after the
pyloric caeca. The cranial and caudal ends of thewgre severed and the gut was put into a
Petri dish filled with Ringer solution at 20°C. Sglguently, the gut was flushed with 10 ml
PBS and a ligature was tied around both the cramdlcaudal end. The gut was suspended in
an aerated organ bath filled with 100 ml Ringeusoh at 20°C and perfusion was started at
~ 2 ml min® arch! kg body weight. Cortland solution + dextran 1% wasduas perfusion
fluid (Nematollahiet al.2005).

79



Experimental study 2

Adherence and invasion study

For inoculation, 0.4 ml of bacterial suspensiof®BS containing approximately 4CFU was
injected inside the lumen of the ligated gut. A mjected with 0.4 ml PBS served as negative
control. After inoculation, the intestines wereubated for 1 h and subsequently processed
for examination of adhesion. The experiment wasiooted three times.

After the incubation period, each perfused gut washed in an excess of PBS, flushed with
10 ml PBS after removing the ligatures and cut thtee equally sized pieces. The proximal,
middle and distal gut sections were processed &mtebiological, histological and IHC
examination as described above.

To determine the invasion capacity, the organ lfilaid was collected following perfusion.
The fluid was centrifuged at 1300 x g for 10 mhre pellet was resuspended in distilled water
and the number of. ruckerior E. coliwas determined by platingnfold serial dilutions on

MacConkey agar plates.

Statistical analysis

Differences in adherence and invasion capacity éetwthe fiveY. ruckeri strains were
compared for the gill and gut tissue using the wag- ANOVA test. For each strain,
differences in adhesion to and invasion of botbugs were examined using the independent
samples t-test. A significance level of 0.05 wasepted (P < 0.05).

RESULTS

Adherence and invasion study using a gill perfusion model

The five Y. ruckeristrains highly adhered to the gill tissue and digant differences were
not observed (Table 2) whereBs coli DH50 showed lower adherence capacity (4.73dog
CFU g* gill tissue). The number of lagCFU mi* perfusion fluid was significantly (P < 0.05)
lower forY. ruckeriCCUG 14190 compared to the virulent strains 5kl coliDH50 was
not recovered from the perfusion fluid.
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Table 2 Oncorhynchus mykissResults of the bacteriological examination of thkk @rches and intestines
(posterior, middle and anterior gut were pooledgragéxposure t&. ruckeri Adhesion capacity of. ruckeriis
expressed as the numbers of bacteria isolated thergills and the intestine. Invasion capacityhieven as the
bacterial titers isolated from the perfusion flaidllected at the efferent gill artery and of thgam bath fluid
collected 1 h after infection in the gill and g@rfusion model, respectivel¥he results represent the means of

three independent experiments * standard error.

GILL PERFUSION GUT PERFUSION

Y. ruckeri bacterial titer
strain logoCFU g  log;o CFU mI* log;o CFU ¢* log;o CFU ml*
gill tissue perfusion fluid gut tissue organ bath fluid
5 6.37 £ 0.38 437 +0.54 6.52 + 0.55 3.57+0.37
9 6.22 + 0.64 5.05+ 1.03 7.58 +0.32 3.79+0.15
E842-95 6.99 + 0.54 3.49 +0.60 6.39 +0.29 3.1B¥
17.00(2-1) 6.44 + 0.65 2.28+2.02 6.69 + 0.38 9971
CCUG 14190 5.81+0.34 0.77 £ 0.68 6.07 £ 0.53 +8974

Histopathological changes were not observed ingth@rches immediately after immersion
with any of the fiveY. ruckeristrains. Numerous bacteria were found in the mudube
primary and secondary lamellae after Giemsa anddtaihing, independent of thé ruckeri
strain used for infection. Moreover, sections ofeowed bacteria closely associated with the

gill tissue (Figure 1a) and sometimes invaded énldémina propria (Figure 1b).

5
'7 ) -
X 3 < S 4 ! % o

Figure 1 Oncorhynchus mykissGill arch 1 h post challenge withi. ruckeri(a) strain 17.00(2-1). Bacteria
closely associated with the secondary lamellae (imwhistochemical staining), (b) strain E842-95. tBaal

invasion into the lamina propria (IHC staining).
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Adherence and invasion study using a gut perfusion model

The fiveY. ruckeristrains highly adhered to the gut tissue and sogmt differences were not
observed (Table 2) where&s coli DH5a showed lower adhesion (4.06 lgdCFU ¢* gut
tissue). The number of leggCFU mi* organ bath fluid was lower for strains 17.00(2ahy
CCUG 14190 compared to the other strains, howekier,was not significant (P > 0.09.
coli DH5a was not recovered from the organ bath fluid.

Histopathological changes were not observed irgthesegments immediately after infection
with any of the fiveY. ruckeristrains. IHC staining revealed the presenceY ofruckeri
bacteria in the crypts, attached to the villi anithim the epithelial layer of gut segments,
independent of th&'. ruckeristrain used for infection (Figure 2). Few bactesare also
observed in the lamina propria mucosae.

Adhesion to and invasion of gill tissue comparegubwas not significantly different for any
Y. ruckeristrain (P > 0.05).

Figure 2 Oncorhynchus mykis§&ut explant 1 h post challenge withruckeriE842-95. Bacteria attached to the
mucus, present in the crypts and closely associatighdl the epithelium and within the mucosa (arrow)

(immunohistochemical staining).

DISCUSSION
This is the first time that both perfusion modelsrevused to study bacterial invasiveness.
Only Y. ruckeristrains and not the non-invasike coli strain were isolated from the perfusion
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fluid and organ bath fluid in the gill and gut pesfon model, respectively. These findings
demonstrate that both perfusion models are suitaldtudy bacterial invasion.

Using the gill perfusion model, IHC examination ealed the presence of numerods
ruckeri adhered to the gill mucus and epithelium and withenlamina propria. Bacteria were
also isolated from the perfusion fluid, indicatitigat they invaded the gill tissue. This is in
agreement with previous vivo studies, in which rainbow trout were experimentatigcted
(Tobbacket al.2009). These findings indicate that the gills a@eied an important portal of
entry as has also been reported for other septicadéish pathogens such agibrio
anguillarumand Edwardsiella tarda(Baudin-Laurencin & Germon 1987; Lirgj al. 2001).
Gills are highly vascularized allowing disseminatiof the invaded bacteria to other sites of
the body.

Using the gut perfusion model, IHC examination edgd the presence df. ruckeriadhered
to the villi and within the mucosa and the bacteviexre isolated from the organ bath fluid,
indicating that they invaded the gut mucosa. Badtéranslocation from the gastrointestinal
tract has also been shown for various other fighgqggens including/. anguillarumandV.
alginolyticus(Olssonet al. 1996; Cheret al. 2008).

The ability to adhere to or invade gill and gustie was not significantly different between
virulent and avirulentY. ruckeri strains. Likely, other virulence factors such asuse
resistance or survival in phagocytes may be impbttainduce disease.

Although different perfusion models were appliedthothe gill and gut explants were directly
exposed to similar numbers of bacteria. Therefive results of the gill perfusion model were
statistically compared with those of the gut padosmodel. Analysis did not reveal
significant differences in adhesion and invasiopacity of any of theY. ruckeristrains
between gill and gut tissue. This indicates tha¢ast under our experimental conditions both
organs are of equal importance in the initial iat&ion ofY. ruckeriwith its host. This is in
contrast to our previous vivo study where lower numbers of bacteria were isol&t@u the
intestine than from the gills after bath challegeainbow trout withY. ruckeri(Tobbacket

al. 2009). This difference may be due to a differergcesure to bacterial cells. Water taken
into the mouth of fish is directly forced over th#ls, bringing this organ continuously in
close contact with the environment. Freshwater &sh reported to drink less than their
saltwater counterparts (Bucking & Wood 2006) andrefore, the gut may possibly be

exposed to a lower bacterial number during immergéection.
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In conclusion,Y. ruckeriwas shown to colonize and invade gills and guu#éssf rainbow
trout. Significant differences in adherence andasive capacity were not observed between

virulent and avirulent strains.

ACKNOWLEDGEMENTS

The technical assistance of D. Ameye, C. Putte@ild,oomans and M. Foubert is gratefully
appreciated.

This study was supported by The Research Fund e@nGbniversity, Belgium, grant n°
01110505.

84



Experimental study 2

REFERENCES
Baudin-Laurencin F. & Germon E. (1987) Experimentdééction of rainbow troutSalmo
gairdneriR., by dipping in suspensions dibrio anguillarum- ways of bacterial penetration

- influence of temperature and saliniquaculture67, 203-205.

Bucking C. & Wood C.M. (2006) Water dynamics in ttigestive tract of the freshwater
rainbow trout during the processing of a single In€ae Journal of Experimental Biology
209, 1883-1893.

Busch R.A. & Lingg A.J. (1975) Establishment of asymptotic carrier state infection of
enteric redmouth disease in rainbow tro®almo gairdned. Journal of the Fisheries
Research Board of Cana®2, 2429-243.

Chen Q., Yan Q., Wang K., Zhuang Z. & Wang X. (200®rtal of entry for pathogenic
Vibrio alginolyticusinto large yellow croakePseudosciaena croceand characteristics of

bacterial adhesion to mucudiseases of Aquatic Organisi@g, 181-188.

Davies (1991) Virulence and serum resistance iferdiht clonal groups and serotypes of
Yersinia ruckeriVeterinary Microbiology29, 289-297.

Decostere A., Henckaerts K., Ducatelle R. & Haesetk F. (2002) An alternative model to
study the association of rainbow tro@ncorhynchus mykids) pathogens with the gill tissue.
Laboratory Animals36, 396-402.

Haesebrouck F., Pasmans F., Chiers K., Maes D.atBlle R. & Decostere A. (2004)
Efficacy of vaccines against bacterial diseaseswime: what can we expeckfeterinary
Microbiology 100, 255-268.

Ling S.H.M., Wang X.H., Lim T.M. & Leung K.Y. (2001Green fluorescent protein-tagged
Edwardsiella tardareveals portal of entry in fisStkEMS Microbiology Letter§94, 239-243.

Nematollahi A., Decostere A., Ducatelle R., Haesabk F. & Pasmans F (2005)
Development of a gut perfusion model as an alter@db the use of live fishLaboratory
animals39, 194-199.

85



Experimental study 2

Olsson J.C., Joborn A., Westerdahl A., Blomberdjelleberg S. & Conway P.L. (1996) Is
the turbot,Scophthalmus maximgk.), intestine a portal of entry for the fish pagenVibrio
anguillarun? Journal of Fish Diseasel), 225-234.

Parthasarathy G. & Mansfield L.S. (2009) Recombhinanterleukin-4 enhances
Campylobacter jejuniinvasion of intestinal pig epithelial cells (IPEQ.-1Microbial

Pathogenesisn press.

Tobback E., Decostere A., Hermans K., Ryckaeidchateau L., Haesebrouck F. & Chiers
K. (2009) Route of entry and tissue distributior¥efrsinia ruckerin experimentally infected

rainbow trout Oncorhynchus mykisiseases of Aquatic Organisi@4$, 219-228.
Valtonen E.T., Rintamaki P. & Koskivaara M. (199@ccurence and pathogenicity of

Yersinia ruckeriat fish farms in northern and central Finlandwdldl fish serve as a source of
infection?Journal of Fish Diseaseks, 163-171.

86









Experimental study 3

3. Invitro markersfor virulencein Yersinia ruckeri

Tobback E.}, Decostere A}, Hermans K .}, Van den Broeck W.?, Haesebrouck F.> &
ChiersK.!

!Department of Pathology, Bacteriology and Aviandaises, Faculty of Veterinary Medicine,
Ghent University, Salisburylaan 133, 9820 Merelhd&agium
“Department of Morphology, Ghent University, Salistaan 133, 9820 Merelbeke, Belgium

Adapted from: Journal of Fish Disease# press.

89



Experimental study 3

ABSTRACT

In this study, different traits that have been asged with bacterial virulence were studied in
Yersinia ruckeri Two isolates that had been shown to cause disaademortality in
experimentally infected rainbow trou®corhynchus mykissValbaum) were compared with
five avirulent isolates. Both virulent isolates siea high adhesion to gill and intestinal
mucus of rainbow trout, whereas the majority of #womlent strains demonstrated
significantly lower adhesion. A decrease in adheesrapability following bacterial treatment
with sodium metaperiodate and proteolytic enzymesggested the involvement of
carbohydrates and proteins. All strains were abladhere to and invade CHSE-214, FHM
and R1 cells. One non-virulent strain was highlizegive and invasive in the three cell lines,
whereas the virulent strains showed moderate agheand invasive capacity. The
internalization of several isolates was inhibitgddolchicine and cytochalasin-D, suggesting
that microtubules and microfilaments play a rolet &ll strains, intracellular survival assays
showed a decrease of viable bacteria in the celtsdter inoculation, suggesting th¥t
ruckeriis not able to multiply or survive inside cultureells. Analysis of the susceptibility to
the bactericidal effect of rainbow trout serum destmated that virulenY. ruckeristrains

were serum resistant, whereas non-virulent straere generally serum sensitive.
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INTRODUCTION

Yersinia ruckeriis the causative agent of yersiniosis or entexthmmouth disease (ERM) and
causes significant losses in salmonid aquaculturddwide. Although infection with this
agent has been reported in other fish species,osédi®m and especially rainbow trout
(Oncorhynchus mykissWalbaum) are most susceptible to ERM (Furoeesal. 1993).
Infection may result in the development of a checami acute septicaemia with haemorrhages
on the body surface and in the internal organs.

In vivo andin vitro studies indicated that the adherence and invasipacities ofY. ruckeri
are important in the early pathogenesis (Romald&€oganzo 1993; Tobbackt al. 2009).
High numbers of bacteria were attached to thengitus soon after immersion of rainbow
trout. Y. ruckeriwas also observed within the gill capillaries, seging that the pathogen
first adheres to the gill mucus and thereafter d@gathe branchial vasculature leading to
septicaemia and colonization of the internal orgdiodbacket al 2009).

It has already been demonstrated thatuckeriis able to adhere to fish cell lines culturad
vitro (Romalde & Toranzo 1993). However, the componéntslved in the adhesion of.
ruckeri to fish mucus or cells have not been investigatel Yhe adherence capacity of
pathogens to host tissue is mediated by surfacegaoents, known as adhesins. Different
adhesins including the capsule, fimbriae, lipopatgharides and outer membrane proteins
have been identified for several fish pathogensn@\& Leung 2000).

Y. ruckeriis able to effectively invade fish cell linés vitro (Romalde & Toranzo 1993;
Kawula et al. 1996). However, efforts towards the identificatioinpossible mechanisms of
cell invasion have not been made for this bacteri@imemical inhibitors of specific host
cytoskeletal or surface elements are commonly usedinvasion blocking assays.
Cytochalasin-D inhibits the polymerization of acdfilaments and is used to examine the need
of functional microfilaments in host-directed ba@kendocytosis (Schliwa 1982). Besides
microfilaments, microtubules are a major comporéihe cytoskeleton being depolymerised
by colchicine (Weiss 1972). Monodansylcadaverirehits transglutaminase activity needed
for the formation of clathrin-coated pits in reampmediated endocytosis (Levitzkit al.
1980).

Both an intracellular and an extracellular phasg b&important for the survival of bacteria
in the host. Bacteria internalized by non-phagacytlls are well protected from the host’s
immune system and therefore, an intracellular phasgfavour the spread of infection. Many
bacteria are able to survive or even multiply ioétlularly either in the vacuoles or in the

cytosol of host cells (Goebel & Gross 2001). Exatladar bacteria are exposed to humoral as
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well as cellular immune responses. An important lmsnune mechanism is the bactericidal
effect of serum due to the complement system. B3aii®91) found that different viruleit
ruckeri strains all showed serum resistance, whereas amirusolates were, with some
exceptions, serum sensitive.

The aim of this study was to compare differenttérétiat have been associated with bacterial
virulence between virulent and avirulent ruckeristrains, including adhesion to mucus and
cell lines, invasion and intracellular survivalaall lines and serum resistance. The adhesion

and invasion mechanisms were further charactefaesklectedy. ruckeristrains.

MATERIALS AND METHODS

Bacterial strains

TheY. ruckeriisolates used in the present study are listedaliel'l. Stock suspensions of the
isolates were stored at -70°C. After thawing, thetéria were grown overnight at 20°C on
Columbia agar (Gibco Life Technologies, Paisleyotiand) with 5% sheep blood (blood
agar). Colonies were picked up from the agar platesgrown in nutrient broth (NB; VWR,
Haasrode, Belgium) for 24 h at 20°C. The numberabdbny forming units (CFU) per ml was

determined by plating ten-fold serial dilutionstdnod agar plates.

Tablel1Y. ruckeristrains

Y. ruckeristrain  Origin Serotype Virulencg Mortality ®°
1 O. mykisswvith ERM, UK, 1997 Ola avirulent 0/20

5 O. mykisswvith ERM, UK, 2001 Ola virulent 6/20

9 O. mykisswith ERM, UK, 1995 Ola virulent 4/20
2198(6) Psetta maximdL.) with ERM, France Ola avirulent 0/20
E842-95 NA Olb avirulent 0/20
17.00(2-1) O. mykiss Ola avirulent 0/20
CCUG 14190  O. mykisswvith ERM, USA Ola avirulent 0/20

NA: no information available

& Virulence and capacity to induce mortality weregedeined in an immersion infection model using juile
rainbow trout (Tobbaclet al. 2009). If mortality and persistent infection weret robserved, strains were

categorized as avirulent according to Davies (1991)

® Number of fish that died/total number of fish
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I solation of gill and intestinal mucus

Mucus from the gills and intestine of six clinigalhealthy rainbow trout weighing
approximately 300 g was isolated as described ezanvith a slight modification
(Nikoskelainenet al. 2001). The animals were obtained from a fish fg@&eérouville,
Belgium) with no history of ERM and not applyingceanation against this disease. After
euthanasia of the fish using an overdose of beim®d®00 mg mif), the gills and the
intestine were removed. The mucus was carefullgpemt off with a sterile surgical blade.
The scrapings were dissolved in a small amounthosphate buffered saline (PBS; pH 7.6)
and centrifuged in order to remove cell debris b& g for 10 min at 4°C). The mucus

samples were pooled and stored in aliquots at -0 use.

Adherence assay to gill and intestinal mucus

The protein concentration in the mucus samples nvaasured using a commercial assay
based on the method of Bradford (1976; Biorad Mrofessay, Biorad Laboratories Inc.,
Hercules, CA, USA). A concentration of 0.5 mg'mh PBS was used in the adherence
assays which were performed with a slight modifozabf the method described by Nandta
al. (2007). Gill and intestinal mucus were immobilizacernight at 4°C on 96-well microtitre
plates (100 pl per well; untreated F96 MaxiSorptgda product number 442404, Nunc,
Roskilde, Denmark). Wells were rinsed twice with3B remove unbound mucus. One
hundred pl of eacl. ruckerisuspension (FOCFU mi* NB) or fresh NB only as a negative
control was added per well. To examine for non-gjgeadhesion, all strains were also added
to non-treated wells without mucus. The inoculatdes were centrifuged at 30ayXor 10
min at 20°C and incubated for 1 h at 20°C. Afteipation, unbound bacteria were removed
by washing the wells three times with PBS. One hedidul NB and 10 ul water-soluble
tetrazolium salt WST-1 (4-[3-(4-iodophenyl)-2-(4mphenyl)-2H-5-tetrazolio]-1,3-benzene
disulfonate) were added per well. After 2 h of ibation at 30°C, the optical density at 450
nm (ODysg) for the formazan formed was recorded with a Maldin MCC ELISA reader
(Labsystems, Helsinki, Finland). All the tests wegrerformed in triplicate and repeated
independently at least three times. According tanbiaet al. (2007), the number of adhering

bacteria per well was calculated from a standardecu

Adherence inhibition assay to gill and intestinal mucus
Y. ruckeristrains 5, E842-95, 17.00(2-1) and CCUG 14190 weosvn in NB for 24 h at
20°C, centrifuged at 1300 g for 10 min and resuspended in fresh NB at a cdnaton of
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16 CFU mi*. The suspensions were subjected to the followiegtments: (1) bacteria were
incubated for 30 min at 30°C with pepsin solutiam{g mI* pepsin in 50 mM citrate-10 mM
phosphate buffer, pH3); (2) bacteria were incub&ed. h at 30°C with pronase solution (1
mg ml* pronase in 0.01 M sodium acetate and 0.005 M walcicetate buffer, pH 7.5); (3)
bacteria were incubated for 1 h at 30°C with trgpsdlution (1 mg mt trypsin in PBS, pH
7.5); (4) bacteria were incubated for 1 h at 303& isodium metaperiodate solution (10 mg
ml™* sodium metaperiodate in PBS, pH 7.3); (5) bactegee incubated for 1 h at 30°C with
the following carbohydrates: D-glucose, D-galactoBegalactosamine, L-arabinose, D-
xylose, D-mannose, D-fructose, D-fucose, L-fucd®enaltose, D-sucrose (all saccharides at
a final concentration of 200 mM in PBS). Non-trehteacteria maintained under the same
conditions were used as controls.

All bacterial preparations were washed three timesuspended in NB and the adherence
assay was carried out as described above. Addiyonle viability of the treated bacterial

cells was determined by plating ten-fold serialiidns on blood agar plates.

Cdl lines

Three different fish cell lines were used in thtady: chinook salmon embryo cell line
(CHSE-214), fathead minnow epithelial cell line (AHand rainbow trout liver cell line (R1).
CHSE-214 and FHM cells were grown and maintaineghimmum essential medium (MEM,;
Gibco Life Technologies, Paisley, Scotland) coritagr2 mM L-glutamine, 1% non essential
amino acids (NEAA), 100 pg mlkanamycin, 50 U mi penicillin, 50 pg mf streptomycin
and 10% fetal calf serum (FCS) at 20°C. CHSE-214 kept at 5% C® The cells were
subcultured every 2-3 days after detachment wifhh 1@psin at room temperature. R1 cells
were maintained in medium 199 with Earle’s saltsthwi-glutamine (Gibco Life
Technologies, Paisley, Scotland) supplemented W@ pg mf kanamycin, 50 U
penicillin, 50 pg mif streptomycin and 10% fetal calf serum (FCS) atC20Phe cells were
subcultured every 2 weeks after detachment with TBIE MM Tris, 0.1 M NaCl, 5 mM
EDTA, pH 7.5) at 4°C for 10 min.

Adherence assay to cell lines

CHSE-214, FHM and R1 cells were plated on Thermanastic coverslips (Nunc, Rochester,
N.Y., USA) in 24-well plates at a density of appgroately 13 cells per well and were
allowed to attach for at least 2 h. After washihgee times with PBS, all differeit. ruckeri

strains were added to the cells at a multiplicitynéection (MOI) of 10. To examine for non-
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specific adhesion, all strains were also addecdtotreated coverslips without cultured cells.
The inoculated plates were centrifuged at 3@Xor 10 min at 20°C to allow contact between
bacteria and cells. After 1 h incubation at 2016 wvells were rinsed three times with PBS
and further processed for scanning electron mio@g¢SEM). Additionally, cell line CHSE-
214 was used in adherence inhibition assays usamgddolor staining.

Scanning electron microscopy (SEM)

The cells were fixed overnight in 5% paraformaldidy437 mM NaCl, 187 mM HEPES,
12.58 mM CaCGlH,0, 5.76% glutaraldehyde, pH 7.2. Samples were ipesitin 1% (wt/vol)
osmiumtetroxide in distilled water for 2 h at roasemperature. After dehydration through a
graded series of alcohol and acetone, samplesasiéical point dried (Balzers, Liechtenstein)
and platina sputter-coated with a JFC-1300 Aute finater (Japanese Electronic Optical
Laboratories, Tokyo, Japan). Analysis was perforoead JSM-5600LV (Japanese Electronic
Optical Laboratories, Japan). The number of addracteria was counted for 100 cells.
Hemacolor staining

The plates were stained with Hemacolor stainingeats (Merck, Darmstadt, Germany) and

microscopically examined. The number of adheringidr@da was counted for 100 cells.

Adherence inhibition assay to cell line CHSE-214

Similar to the adherence inhibition assay performmadmucus,Y. ruckeristrain 17.00(2-1)
was pre-treated with pepsin, pronase, trypsin,usndnetaperiodate, D-glucose, D-galactose,
D-galactosamine, L-arabinose, D-xylose, D-mannddructose, D-fucose, L-fucose, D-
maltose and D-sucrose before included in the adherenhibition assay performed on cell
line CHSE-214 as described above. Non-treated bactere used as controls.

Invasion and intracellular survival assay in cell lines

CHSE-214, FHM and R1 cells were seeded in 24-wlaliep at a density of approximately
10° cells per well. Similar to the adhesion assay,cedlis were inoculated with all differeit
ruckeri strains at a MOI of 10, centrifuged at 30@ and incubated at 20°C. After 1 h, the
wells were rinsed three times with PBS and freshliome supplemented with 100 pg 'l
gentamicin (Gibco Life Technologies, Paisley, Saad) was added.

After an additional 1 h incubation at 20°C, the lw@lere rinsed again three times with PBS.
To assess invasion, the cells were lysed with 100f1% Triton-X100 (Sigma-Aldrich,
Bornem, Belgium) in distilled water by shaking thiates for 10 min. An additional 100 pl

PBS per well was added, mixed and serial dilutimirthe lysates were plated on blood agar to
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determine the number of CFU. The invasiveness wpsessed as the percentage of bacteria
that were recovered in comparison to the numbégaoferia that were inoculated.

To assess intracellular survival, the medium coirtgi 100 pg nit gentamicin was replaced
after the 1 h incubation time with fresh mediumpemented with 15 g migentamicin and
the number of viable bacteria was assessed 6 hirdieulation as described above.

All experiments were performed in triplicate angeated independently at least three times.
In each experiment, wells containing only cells amily bacteria were used as controls. To
confirm that the conditions used in the invasiord antracellular survival assay were
sufficient to kill the extracellular bacteria, tBasceptibility ofY. ruckerito gentamicin was
examined. Therefore, a suspension df@BU mi* of each bacterial strain was prepared. The
suspensions and 100 pghgentamicin were incubated for 1 h at 20°C. Ineosd test, the
gentamicin concentration was lowered to 15 pg @ud incubated for an additional 5 h.
Following incubation, the viability of the bacteneas determined by plating serial dilutions

on blood agar.

Invasion inhibition assay in cell lines

Cytochalasin-D (Sigma-Aldrich), colchicine (Sigm#dAch) and monodansylcadaverine
(Sigma-Aldrich) were dissolved in dimethyl sulfogidDMSO) at stock concentrations of 1
mM, 20 mM and 20 mM, respectively, divided intoqailots and stored at -20°C. Prior to use,
the inhibitors were thawed and diluted in culturedmm without antibiotic to 2 uM
cytochalasin-D, 20 uM colchicine and 100 UM monayésadaverine. In a preliminary
experiment, the concentrations mentioned above ¥eened to have no cytotoxic effect on
the cultured cells or the bacteria, as measureggusipan blue exclusion and CFU 'l
counts, respectively.

In the inhibition assay, cell cultures f16ells per well) were pre-treated for 1 h with the
inhibitors at 20°C and washed three times with PBfore invasion withy. ruckeristrains 5,
E842-95, 17.00(2-1) and CCUG 14190 at a MOI of B3 wtudied as described above.

Serum resistance assay

Blood was collected by caudal venipuncture from esevrainbow trout weighing
approximately 300 g and obtained from the same fasim as mentioned above. After
overnight separation at room temperature, sera weoéed and stored at -70°C. For 4l
ruckeri strains, a bacterial suspension in PBS was prearddised in the serum resistance

assay at a final concentration of approximately @6U mi*. The assay was carried out in
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triplicate at 20°C with native serum and serum fmesly heated for 20 min at 46°C to

destroy complement activity as described by Da{l€91). The percentage of survival was
calculated after 3 h of incubation by dividing thember of viable bacteria after the serum
treatment by the initial population before treatmé&erum resistant isolates were defined as

those which increased in number after 3 h (Dav8£slL

Statistics

The adherence, invasion and survival data weregysedlby one-way analysis of variance. All
analyses were done at the 5% significance level Bowferroni’s technique was used to
adjust for multiple comparisons. The results of dldéerence inhibition assays were analysed
by the Kruskal-Wallis one-way non-parametric anialyd variance test using a significance

level of 5%.

RESULTS

Adherence assay to gill and intestinal mucus

TheY. ruckeristrains did not adhere to non-treated wells withnoutus. Results of. ruckeri
adhesion to gill and intestinal mucase presented in Figure 1. The number of adhering
bacteria per well was calculated from the standarste: CFU mif = 3.0 x 10x ODgso+ 1.0

x 10° (R? = 0.98).

To gill mucus,Y. ruckeristrains 5, 2198(6) and 9 showed the highest admegiauckeril
exhibited moderate adhesive capability. The otlrirs showed low adhesion, close to the
detection limit (1CFU mIY). The adhesion of strains E842-95, 17.00(2-1)@6t)G 14190
was significantly (P < 0.05) lower than the adhesod strains 5, 2198(6) and 9. Strain 1
showed significantly (P < 0.05) lower adhesive tdéfig than strains 5 and 2198(6).

To intestinal mucusyY. ruckeristrains 5, 9 and 2198(6) exhibited significantly <F0.05)
higher adhesion than the other strains. Strain dwsl moderate adhesion and the other
strains were low adhesive with values close tad#tection limit.

In general, adhesion to gill mucus was higher tttamtestinal mucus for all strains. This
difference was significant (P < 0.05) for strain$19, 2198(6) and CCUG 14190.
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Figure 1 The adhesion of different. ruckeristrains to gill and intestinal mucus. @pvalues are shown as a
measure for the number of adhered bacteria. Thétsegpresent the means + standard error of thrdeur
independent experiments conducted in triplicate.asterisk refers to a significantly higher adhegmithe gill

mucus compared to the intestinal mucus (P < 0.05).

Adherence inhibition assay to gill and intestinal mucus

Results of the adherence inhibition assay to gitl antestinal mucus of. ruckeristrains 5,
E842-95 and 17.00(2-1) are presented in Figuren2.adherence of strain CCUG 14190 was
too low to get reliable results in the adherentgbition assay using WST-1.

Similar results were obtained for the thiéeruckeristrains. Pepsin treatment did not affect
the adherence ability, whereas pronase signifiggftl< 0.05) reduced the level of adhesion.
Treatment with trypsin resulted in a lower adheslmwever, this was not always significant.
Sodium metaperiodate treatment strongly decredsedadhesion of all strains to gill and
intestinal mucus (P < 0.05). D-galactose and Dtbse caused a lower adhesion to both gill
and intestinal mucus; however, D-fructose inhibieel adherence to gill mucus more than to
intestinal mucus. Treatment with the other sacdeardid not inhibit the adherence of the
ruckeri strains.

Pronase and trypsin treatment of the bacteria @l not have any significant effect on the
viability. Pepsin significantly (P < 0.05) reducéte viability. Treatment with 10 mg hl
sodium metaperiodate slightly reduced the viabibfyY. ruckerj however, this was not

significant.
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Figure 2 Effect of pre-treatment of the bacterial cellsYof ruckeristrains 5, E842-95 and 17.00(2-1) with
enzymes, sodium metaperiodate and carbohydrateéheoadhesion to gill and intestinal mucus. The ltesu
represent the means * standard error of three @kt experiments conducted in triplicate. Anréteefers

to a significantly lower adhesion relative to baict¢hat were not pre-treated (P < 0.05).
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Adherence assay to cell lines

TheY. ruckeristrains did not adhere to non-treated coverslighout cultured cells. Results
of Y. ruckeriadherence to CHSE-214, FHM and R1 caefls presented in Figure 3.

In all the cell lines)Y. ruckeri17.00(2-1) showed a significantly higher adherecagacity,
than all the other strains. Figure 4 illustratemdaitedY. ruckeril7.00(2-1) bacteria to the
three cell lines. The other strains did not sigaifitly differ from each other in adhesion
capacity.

In cell line CHSE-214, strain E842-95 showed ahdlighigher adhesion than strains 1, 5,
2198(6), 9 and CCUG 14190. In cell line FHM, stgaihy 5, 2198(6), E842-95 and CCUG
14190 showed similar adhesion capacity, being #jighigher than strain 9. In cell line R1,
strains E842-95 and 9 showed slightly higher adimeian strains 1, CCUG 14190 and 5.
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Figure 3 The adhesion of different. ruckeristrains to CHSE-214, FHM and R1 cells. The pergenta cells

are shown to which no bacteria (score 0), 1 tost0rg 1) and 11 to 20 (score 2) bacteria adhered.
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Figure 4 Adhesion ofY. ruckeri17.00(2-1) to (a) CHSE-214, (b) FHM and (c) R1 sdbcanning electron

microscopy).

Adherence inhibition assay to CHSE-214

Results are represented in Figure 5. Treatmenty.ofruckeri 17.00(2-1) with sodium
metaperiodate, pronase and trypsin significantlyx (205) decreased the adhesion to CHSE-
214 cells. In descending order, inhibition was obsé with D-galactose, D-glucose, D-
maltose and D-sucrose (P < 0.05). The other sadesaand pepsin did not significantly
inhibit adherence of. ruckeril7.00(2-1) to CHSE-214 cells.
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Figure 5 Effect of pre-treatment of. ruckeri17.00(2-1) with enzymes, sodium metaperiodate diffdrent
sugars on the adhesion to CHSE-214. The percenfaggls are shown to which no bacteria (scorel®) 10
(score 1) and 11 to 20 (score 2) bacteria adh@wedsterisk refers to a significantly lower adhesielative to

bacteria that were not pre-treated (P < 0.05).

Invasion assay in cell lines

Similar results were observed in the repetitionghef assays. The positive controls (wells
containing only bacteria) and the bactericidal gesonfirmed that the gentamicin
concentration and incubation time used for the srwa assay were sufficient to kill the
extracellular bacteria. All the isolates were invasn the three cell lines (Figure 6).

In cell line CHSE-214Y. ruckeristrain 17.00(2-1) showed a significantly (P < 0.@)her
invasiveness than all the other strains of 0.55%chvitorresponded with a recovery of
bacteria of 5.3 x TOCFU mI*. Strain 9 invaded the cells significantly (P <).@igher than
strains E842-95 and CCUG 14190. Strains 1 and Sbied a similar invasiveness,
significantly (P < 0.05) higher than strain CCUGL28. Strains 2198(6), E842-95 and CCUG
14190 showed the lowest invasions in descendingrord

In the FHM cells, the invasion of strain 17.00(2wlgs significantly (P < 0.05) higher than
the invasion of all the other strains correspondiitty a recovery of 2.3 x ZaCFU bacteria
ml™. Strain 1 showed a significantly (P < 0.05) higirerasion than strains E842-95 and
CCUG 14190, followed by strains 5 and 2198(6) whsgipnificantly (P < 0.05) higher
invaded the cells than strain CCUG 14190. StrainE&12-95 and CCUG 14190 exhibited

the lowest invasions in descending order.
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In cell line R1, strain 17.00(2-1) also showed gn#icantly (P < 0.05) higher invasiveness
than all the other strains, corresponding with @very of bacteria of 1.5 x 1@CFU mi™.
Strains 2198(6), 1, CCUG 14190, 5 and 9 showedainmvasiveness values. Strain E842-95
exhibited the lowest invasion.

Generally, the lowest invasiveness values were rebdein FHM when invasion was
compared between the three different cell linesyewer, these were not significantly
different from the invasiverness values in CHSE-204erall, a significantly (P < 0.05)

higher invasion was observed in cell line R1 foisakins compared to the other cell lines.
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Figure 6 The invasion (1 h) and intracellular survival (6df differentY. ruckeristrains in fish cell lines CHSE-
214, FHM and R1. The percentages of gentamicireptet! bacteria are shown. The results represem¢aas

+ standard error of three or four independent erpents conducted in triplicate.

Intracellular survival in cell lines

Similar results were observed in the repetitionthefassays. The number of vialleruckeri

in the three cell lines was lower 6 h after infeotin comparison with 1 h after infection
(Figure 6).

In cell line CHSE-214Y. ruckeri17.00(2-1) showed the highest intracellular swahi& h
after infection, which is significantly (P < 0.0Bigher than the survival of strains 1, CCUG
14190 and E842-95. Strains 9, 5 and 2198(6) shaiggificantly (P < 0.05) higher survival
values than strains CCUG 14190 and E842-95.

In cell line FHM, Y. ruckeriE842-95 showed the highest intracellular survivah @fter
infection, which is significantly (P < 0.05) high#ran the survival of strain 2198(6) which

has the lowest value.
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In cell line R1,Y. ruckeri 17.00(2-1) had a significantly (P < 0.05) highatracellular
survival than all the other strains. Strains 1 @@lJG 14190 showed a significantly (P < 0.05)
lower survival than strains 17.00(2-1) and 2198(6).

Overall, a significantly (P < 0.05) lower survivahs observed in cell line R1 for all strains
compared to FHM and for most strains compared t&EH14. In FHM compared to CHSE-
214, only strains E842-95, CCUG 14190 and 1 showegignificantly (P < 0.05) higher

survival.

Invasion inhibition assay in cell lines

The results of the invasion inhibition assays arepresented in Figure 7.
Monodansylcadaverine never inhibited invasion.

In cell line CHSE-214, the invasion of the fodrruckeristrains was significantly (P < 0.05)
inhibited by cytochalasin-D and colchicine.

In cell line FHM, only strains 5 and 17.00(2-1) eesignificantly inhibited by colchicine.
Treatment with cytochalasin-D significantly (P <09) inhibited invasion of strain 5.
Cytochalasin-D and monodansylcadaverine signiflga® < 0.05) increased invasion of
strain 17.00(2-1). The invasion of the other twiaiss was not influenced by any of the
inhibitors.

In the R1 cells, all the strains were inhibited bglchicine, whereas treatment with
cytochalasin-D significantly (P < 0.05) inhibiteavasion of strains 17.00(2-1), E842-95 and
CCUG 14190.

Serum resistance assay
Y. ruckeristrains 1, 5 and 9 were serum resistant and sh8d®ed 35%, 528 + 51% and 143
+ 19% viable bacteria after 3 h incubation, respebt. Strains 2198(6), E842-95, 17.00(2-1)
and CCUG 14190 were serum sensitive with 22 + 78 %, 0 + 0% and 63 + 4% viable
bacteria, respectively.
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DISCUSSION

In the present studyn vitro adhesion was found to be higher to gill mucus tiwaimtestinal
mucus for all strains. Previously, attachment ahewusY. ruckeribacteria to the gill mucus
was clearly seen immediately after infection onbaw trout using the immersion model
(Tobbacket al.2009). This indicates that. ruckeripreferentially adheres to the gill mucosal
surface and possibly constitutes an importantaingiep in the pathogenesis.

Y. ruckeristrains 5, 9 and 2198(6) showed a significantlyhbargn vitro adhesion than the
other strains to both types of mucus. Strains 5%mere previously found to cause disease
and mortality in rainbow trout after experimentafeiction, whereas the other strains were
found to be avirulent (Tobbaakt al. 2009). These results suggest that adhesion to snacu
associated with virulence M. ruckeri Most probably, other factors are important in the
pathogenesis of &. ruckeriinfection as well since strain 2198(6) was highthesive to
mucus but did not induce disease.

To all tested cultured cells, the avirulent strainruckeri17.00(2-1) adhered to a higher
extent compared to the other isolates. Accordintdigjn vitro adherence does not appear to
correlate with the previously tested virulence. Hagne discrepancy was also observed in
adhesion to erythrocytes of virulent and avirulét@vobacterium psychrophilunstrains
(Mgller et al. 2003). In their study, two out of five avirulerttains showed high adhesion,
whereas two out of three virulent strains were tyeseduced in adhesive capacity. It is
believed that strains with a lower adhessthowed a decreased expression of adhesive factors
and therefore, were more resistant to complemewliaterl bacteriolysis (Mgllest al. 2003).
Further research is needed to reveal if the pathio of Y. ruckeriis influenced in a similar
way.

Bacterial attachment to external surfaces invoimégobial adhesins. In this study, treatment
of Y. ruckeriwith sodium metaperiodate, pronase and trypsinaed the adherence to mucus
and cultured cells without significantly affectibgcterial viability. These results suggest that
carbohydrates as well as proteins play a role am$exquently, glycoproteins or lectins may
be involved in the adhesion (Wang & Leung 2000; Daerbekeet al.2002).

Our results suggest that different adhesins arelwed inY. ruckeriadhesion to mucus and
cultured cells, since adherence to both surfacesim@bited by different sugars. D-fructose
and D-galactose reduced the adherenc®.ofuckerito both types of mucus, whereas D-
galactose, D-glucose, D-maltose and D-sucrose iteldilthe adherence to CHSE-214 cells in
descending order. The fact that both disaccharideiited adhesion is not completely

surprising, since both contain D-glucose.
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The ability of Y. ruckerito invade fish cell lines was demonstrated usingtajeicin
protection assays. The invasive propertie¥ ofuckeridepended on the bacterial strain and
the cell line used, as has also been demonstrateather pathogens (Mills & Finlay 1994,
Lépez-Darigaet al. 2000). InterestinglyY. ruckeri17.00(2-1), which adhered to all tested
cells to a higher extent compared to the otheatss| also showed the highest invasiveness,
although this strain did not cause disease®ivo as previously determined (Tobbaek al.
2009). On the other hand, strains 5 and 9 whiclsezhuisease signs and mortalityvivo
appeared to be moderately invasiwevitro. Consequently, the virulence &t ruckerifor
rainbow trout does not seem to correlate withitro invasiveness in cell lines. Similar results
were seen in an invasion study wAkromonas hydrophil&A. hydrophilastrain TF7 did not
invade four different cell types, although thisagirappeared to be highly virulent for fish
vivo (Kawulaet al. 1996).

Our study toward the identification of possibleasion mechanisms showed that the uptake
of Y. ruckeriinvolved the remodelling of cytoskeletal componenftke ability to invade
cultured cell lines was reduced for almost allisgafter colchicine and for many strains after
cytochalasin-D treatment. Thus, microtubules ancrofilaments seemed to play a roleiin
vitro invasion, but the internalization mechanisms &iggl byY. ruckerimay be cell type
and strain dependent, since no clear relation with virulence was found. Surprisingly,
cytochalasin-D and monodansylcadaverine stimulttediptake of. ruckeril7.00(2-1) into
FHM cells. Enhanced invasion caused by cytochalBsitas been reported a few times for
other bacteria in different cell types (Wedlsal. 1998; Kawamurat al. 1998; Van Deuret al.
2008). It has been suggested that microfilamemtigi®on resulted in increased exposure of a
submembrane fraction, being the preferred sitentfydor some bacterial strains.

The intracellular survival assays in the three tiets showed a decrease in the number of
viable bacteria at 6 h in comparison with 1 h aiftéection. Garciat al.(2007) demonstrated

a drop in viableY. ruckeribacteria 4 and 24 h after inoculation of epithepapulosum
cyprini carp (EPC) cells. These findings suggeat Yh ruckeriis not able to multiply or even
survive inside cultured cell¥.. ruckeriwas previously found to survive in the internalang

of rainbow trout up to 4 weeks after immersion (hatk et al. 2009). At histology, most
bacteria were found extracellularly, indicating tthatracellular survival is of minor
importance in the pathogenesis Yf ruckeri.In liver, however, bacteria were also found
intracytoplasmic (Tobbacgt al.2009). It would be interesting to investigate istivas due to

phagocytosis or to specific invasion and survinaiionocytes.
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Analysis of susceptibility to the bactericidal effeof non-immune rainbow trout serum
demonstrated that threé. ruckeriisolates were serum resistant including straingé @
which were previously determined to be virulent fambow trout (Tobbaclet al. 2009).
Remarkably, all the serum sensitive strains wervipusly found to be avirulent. These
findings are in agreement with Davies (1991), wiso suggested that serum resistance plays
a role in the pathogenesis ¥f ruckeriinfections and probably, this trait is importantthe
extracellular survival of the pathogen in the host.

In conclusion, both virulenY. ruckeristrains highly adhered to gill and intestinal mueansl
were serum resistant, whereas the avirulent straingwed, with some exceptions,
significantly lower adhesion to mucus and were sesensitive. Therefore, adherence to
rainbow trout mucus and resistance to the bactili@ffect of serum seems to be correlated

with in vivovirulence.
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I dentification of the portal of entry of Y. ruckeri in rainbow trout

Information on the portal of entry is importantbacterial pathogenesis in order to develop
new therapeutic and prophylactic strategies. Degpg importance of ERM and the need to
innovative approaches, the initial site of infentibas previously not been studied f6r
ruckeri. In this research, both an vivo immersion infection model as well as vitro
perfusion models were used to reveal the earlyant®ns betweelY. ruckeriand rainbow
trout.

The immersion infection model, also called contexposure or bath challenge, strongly
mimics the natural way of infection compared to te&atively artificial intraperitoneal or
intramuscular injection of bacterial cells into thest. These last methods are not sufficient to
examine the route of infection since they bypadsrahdefence mechanisms of the mucus,
skin, gills and gut of the fish. Therefore, bathmersion as experimental infection model was
preferred in this research. In both virulence stsdonlyY. ruckeri5 and 9 caused mortality
and clinical signs in rainbow trout and interestyndpoth strains were originally isolated from
diseased rainbow trout. This indeed indicates thmtmodel is suitable to study infections
mimicking the natural route of infection. Two strgjY. ruckeril and CCUG 14190 which
were also isolated from diseased rainbow trout, rbtl cause disease in our experiments.
Different factors may influence the outcomeof ruckeriinfections in the field including
concurrent infections with other pathogens, theswquality and the temperature.

In vitro studies were performed using a gill and gut pesfusnodel. These models were
previously shown to be reliable to study the eartgractions between a pathogen and its host
since they closely resembtevivo conditions (Decosteret al. 2002; Nematollahet al. 2005).
The various components and the global structutbentissue are maintained in contrasinto
vitro primary cultures and cell lines. For example, athbperfusion models, the mucus layer
overlying the epithelium remains intact, whereas th absent in cell cultures. Adhesion to
and invasion in this mucus layer has been foundet@ crucial initial step of infection for
different fish pathogens (Larsen al. 2001; Cheret al. 2008). The preservation of the tissue
structure is indeed a main advantage of the perusiodel in order to extrapolate the results

to thein vivosituation.
A primary step in the pathogenesis ¥f ruckeri disease was demonstrated to be the

colonization of the gills. Using the immersion ictien model, bacteriological and

histological examination revealed the presence whearous bacteria in the gill mucus
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immediately after infection. Adhesion to the giluous seemed to give subsequent invasion
of the underlying tissue, sindé ruckeriwas detected in the branchial capillaries soorr afte
bath infection. Similar results were obtained udiing gill perfusion model. Adhesion &f.
ruckeri to the gill mucus and epithelium was observed @wdsion in the gill tissue was
demonstrated after isolation of bacteria from tadysion fluid at the efferent gill artery. Itis
not surprising that the gills are an important sitenfection for septicaemic pathogens such
asY. ruckerisince the gill tissue has a large surface areaaaméhimal diffusion distance to
the capillaries. Indeed, other septicaemic fisthpgens includingvibrio anguillarum and
Edwardsiella tardahave been shown to infect their host via the laudin-Laurencin &
Germon 1987; Lingt al. 2001).

The gut is also in constant contact with the exemmedium and therefore, should be
considered as a portal of entry in microbial patrespis. Indeed, several investigators,
performing immersion infection studies with otheshf pathogens, clearly isolated high
numbers of bacteria from the intestine immediaédtgr inoculation (Spanggaaed al. 2000;
Ling et al.2001). Using the immersion infection model, moderaimbers o¥. ruckeriwere
recovered immediately after bath challenge comptoréie gills. Nevertheless, bacterial cells
were identified within the mucosa and the cryptsnidiately after infection, indicating
invasion in the gut tissue. This hypothesis wasfiooed using the gut perfusion model
which revealedY. ruckeriattached to the villi and invaded into the deepssue layers.
Invasion was also demonstrated after isolationactdria in the surrounding organ bath fluid,
revealing the potential importance of the gut ie thitial contact withY. ruckeri In general,
bacteria may be ingested during drinking, makireitttestine more vulnerable and accessible
to pathogen attack. Indeed, although the gills vetr@wvn to serve as an important route of
infection for V. anguillarum the pathogen was also detected in the anteridrpasterior
intestine shortly after bath challenge (Baudin-legngin & Germon 1987). Oral and rectal
administration ol/. anguillarumconfirmed the spread of this pathogen to the matieorgans,

indicating the importance of the gut as portal iy (Olssoret al. 1996).

Showing that both the gills and the gut may be irtgrd routes for entry, the question raises
if Y. ruckerishows a preference in initial tissue colonizatiosing the immersion model, a
lower number ofY. ruckeriwas isolated from the gut compared to the gillmediately after
infection. This may be due to a different expostarébacterial cells. Whereas water flows

continuously over the gill tissue, the gut may hé&as contact with the surrounding water
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since freshwater fish are reported to drink less thaltwater fish (Bucking & Wood 2006).
Freshwater fish are hyperosmotic to their enviromimaad constantly take up water through
the gills and to a minor extent through the skindsynosis. These fish developed different
strategies to maintain the internal ion concerdraincluding drinking less water. Comparing
the results of the gill and gut perfusion modeks statistical analysis, significant differences
were however not observed in adhesion and invaspacity of any of th&. ruckeristrains
between both tissues. This indicates that the gill$ the gut may be of equal importance in

the initial contact o¥Y. ruckeriwith its host.

Moderate numbers of. ruckeriwere also isolated from the rainbow trout skin indmagely
after bath challenge, however, bacterial cells werd observed by histological or
immunohistochemical examination. Different factoray influence the capacity of bacteria to
adhere to host tissues including the temperathie,idn composition of the water and the
presence of nitrite or organic matter (Decostdral. 1999a). Therefore, these factors should
be taken into account when interpreting resultsdrating conclusions.

Using the immersion infection model, the skin coulot be excluded as possible site of
infection and further studies are needed to reieél ruckeriis able to colonize and invade
this tissue. Other models have been described enlitbrature for these purposes. Patch
contact revealed the importance of the skin indhdy interaction betweeRiscirickettsia
salmonis and juvenile rainbow trout. Mortalities occurred damskin lesions including
haemorrhages in the underlying tissues were obdextvihe site of contact with paper patches,
soaked in a bacterial suspension (Sreittal. 1999). Similar results were observed in coho
salmon, Oncorhynchus kisutctjWwalbaum), after exposing a skin region to a calibrated
bacterial drop (Smitlet al. 2004).In vitro models to further investigate the role of the skin
Y. ruckeriinfectionsmay be the use of rainbow trout skin mucus, primarjures or cell
lines. Skin explants more closely resembleitheivo condition and have been developed for
rainbow trout (Nolaret al. 2002). The trout skin explant system was foundctovaly grow
during 8 days evaluation and the levels of prddifien and apoptosis were similar to those
reported for fish epithelian vivo (Nolan et al. 2002). Therefore, this system may be a
promising model to further investigate the intei@civith Y. ruckeri

Reddening at the base of the fins is often sedBRM affected fish and therefore, the fins
may also be a possible port of entry. Wounds haen beported to facilitate the entrance of a

pathogen to host tissues (Svendseal. 1999) but these were macroscopically not observed
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in our fish. Nevertheless, it would be interestingexamine skin damage as an additional site

of infection.

Adherence mechanisms of Y. ruckeri

Adhesion of bacterial pathogens to host surfacesdsly recognized as an important step in
the initiation of infectious diseases. The procesgharacterized by the attraction of the
pathogen to the mucosal surface and subsequentiagso within the mucus gel or

attachment to the underlying epithelial cells.

Using immersion infection and perfusion modé&fs ruckeriwas histologically demonstrated
in the gill and intestinal mucus of rainbow trot. vitro adherence assays confirmed the
efficient adhesion of this pathogen to both typesnacus. However, bacterial adherence to
the mucus layer should be interpreted carefullgesimucus is continuously sloughed off and
replaced to remove trapped bacteria. Mucus alsdéacm many compounds of the innate
immune system such as lysozyme, immunoglobulins)ptement and proteolytic enzymes
(Ellis 2001). The mucus layer is the first line défence against micro-organisms but
conversely, the tendency of bacteria to associdatetihe mucus and facilitate the colonization
of the underlying tissues has been widely repoftedsenet al. 2001; Cheret al. 2008; van
der Marelet al.2008).

The adherence of bacteria to external surfacesrgineccurs by the binding of microbial
adhesins to complementary host structures. Penfigrradherence assays to rainbow trout
mucus, this binding was shown to involve carbohtgdanding proteins or lectins on the
ruckeri cell. Indeed, all our strains appeared to bind aagose- and fructose-containing
receptors in the gill and gut mucus. Mucus maimgsists of water and mucins composed of
a core peptide backbone substituted with a randge-lirfiked oligosaccharides (Bavington &
Page 2005). Carbohydrates are the abundant maodepudsent in mucus, however, limited
information is available on the precise compositi@alactose has been identified as a major
monosaccharide present in rainbow trout gill artdstinal mucus and therefore, is probably
part of theY. ruckeriadhesin-receptor complex (Lumsden & Ferguson 1@8%pole et al.
1999). Although fructose has hitherto not beentified as a main component of fish mucus,
it has also been found to inhibit adherencé&/ibirio alginolyticusto skin, gill and intestinal
mucus of large yellow croak@seudosciaena crocé@henet al.2008).
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Y. ruckeri was recently shown to moderately adhere to diffferglycoproteins in carp
intestinal mucus (Schroees al.2008). This was examined by allowing fluorescetdhelled
bacteria to attach to mucus fractions containindemdes with different molecular weight.
Although a direct comparison with our findings ab&al from rainbow trout intestinal mucus
can not be made, the adhesioryYofuckerito both types of mucus may differ since the mucus
composition has been observed to vary betweenspsitiesRoberts & Powell 2005). The
saccharide profile of carp mucus as well as itbaaydrate components to whidh ruckeri
adheres has not been studied well, but bacteria¢sadn may be higher to mucus derived
from its preferable host.

Other variables including the environmental salinihe age and the health status of fish have
been reported to influence the mucus compositioob@rRs & Powell 2005). Therefore,
differences in sugar ratios caused by these vasaivlay also influence the susceptibility of
differently aged fish to ERM.

For successful colonization, a pathogen has twkstatself and move through the mucus gel
to the epithelium. To cope with the continuous weale it should be advantageous for
pathogenic bacteria to replicate and multiply ire thost mucus. Indeed, different fish
pathogens have been demonstrated to use mucusuaiseat source for their growth (Larsen
et al.2001; van der Maredt al. 2008). This has hitherto not been studiedYforruckeriand it
would be interesting to monitor bacterial growthmedium without or supplemented with
rainbow trout mucus.

Flagel-mediated motility and chemotaxis can endislke pathogens to penetrate the mucus
layer (Larseret al.2001; Cheret al. 2008). Some bacteria also produce proteolytic eesym
or toxins to facilitate their movement through thneucus by degrading mucins and
subsequently reach the epithelial cells (Valiegttal. 2008). Mucus may also play an active
role in altering the expression of bacterial geinegslved in the penetration of the mucus gel
layer. For example, biofilm formation and extragkdl protease production in virulent
Flavobacterium columnarevas promoted by Atlantic salmon skin muc($taroscik &
Nelson 2008). Howr. ruckerimoves through this protective layer is not knowd #ns clear
that much more research is needed. Taking theaiif mechanisms into account, it would
be interesting to investigate if the presence afydlla, biofilm-forming capacities and
protease production enables this pathogen to nioeedh the mucus to reach the underlying

epithelium and if this is associated with virulence
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Using immersion infection and perfusion models tdiagical analysis showed. ruckeri
bacteria closely associated with the gill and goithelium. In vitro adherence assays to
cultured fish cell lines also demonstrated the capaf Y. ruckerito adhere to epithelial cells.
Adherence ofY. ruckeri1l7.00(2-1) to CHSE-214 was inhibited after pretmreant of the
bacteria with the monosaccharides D-galactose arglu€se and the disaccharides D-
maltose and D-sucrose, both containing D-glucosofgh the receptors on epithelial cells
have been scarcely studied, D-galactose and D-ggubave been shown to inhibit adhesion
of other fish pathogens to cells (Wang & Leung 2000his suggests that both
monosaccharides may be part of fish cell receptoes g important in the adherence of
pathogenic bacteria. Cell receptor specificityfiruckeriadherence should be further studied
including a virulent strain.

Ourin vitro adherence assay to cultured cell lines showedythatckeriadhesion seemed not
to be correlated witim vivo virulence. The same discrepancy was also observadhesion

to erythrocytes of virulent and aviruletavobacterium psychrophilumstrains (Mglleret al.
2003). The authors believed that strains with aeloadhesion capacishowed a decreased
expression of adhesive factors and were more agsgigi complement-mediated bacteriolysis.
Lectins involved in adherence to host surfaces Itdien been shown to be associated with
surface appendages such as fimbriae and flageltdt (@ Baker 2009). Flagella seemed not
to be an absolute requirement and may play a mtedsske in the initial contact of. ruckeri
with his host. The ability of a construct®d ruckerimutant in theflaA flagellin gene and its
parental strain to establish infection in rainboaut was investigated by bath challenge (Kim
2000). Flagella provided a slight advantageYtoruckeri at early stages of infection as
measured by bacterial loads in the gills, livednay and spleen. However, the numbers of the
parental strain isolated from these organs weremger significantly higher than these of the
non-flagellar mutant strain, six days after infenti The authors hypothesized tiatruckeri
flagella may be opsonized by host antibodies intigefish and therefore, flagellated strains
may be more sensitive to complement-mediated babteis (Kim 2000). This may explain
why adhesion to cell lines was not correlated with leinge in our studyY. ruckeril7.00(2-1)
adhered to all tested cells to a higher extent @etpto the other isolates, but did not cause
diseasein vivo. This strain possibly expresses more adhesinsngyiva higher initial
colonization of the host, but leading to a hightaek of the host immune system.
Nevertheless, the loss of fimbriae or flagellaeerafinvasion in tissues where specific

attachment is no longer important has been destrifi@s is probably a bacterial adaptation
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to the described detrimental effect to survivalsealiby the presence of fimbriae or flagellae
(Guzman & Pruzzo 1992).

Adhesion to gill and intestinal mucus as well agutiured fish cells was inhibited by more
than one monosaccharide, suggesting Ynatickeripossesses more than one lectin involved
in the adhesion to host tissues. The co-expresdi@everal adhesins has been described for
other pathogens and is thought to be an adapt&vioefficient colonization of different
surfaces and tissues (Ofelt al. 2003). Bacteria must be able to interact with eddht
receptors present on distinct surfaces in ordermntaintain themselves in different
environments (Ofelet al. 2003). A combination of sugars could possibly mefiectively
inhibit Y. ruckeriadhesion compared to individual saccharides. Waisld be interesting to
study in the future with regard to the developmahinnovative therapeutic treatments. The
applied gill and gut perfusions could be usefup&form these studies since these models

come close to thm vivosituation.

I nvasion mechanisms of Y. ruckeri

Ourin vivoandin vitro studies clearly indicate that virulent as well ag4virulentY. ruckeri
strains show invasive capacities. Immediate acdtimaiof cytoskeletal responses seems
generally to occur during the entry of invasive hogfens. Using chemical blockers, the
importance of actin filaments and microtubules wlgitY. ruckeriinvasion was demonstrated
in cultured fish cells. However, it seems that thechanism by whichy. ruckeri gains
entrance inside the host cell could be cell typé stnain dependent, rather than universal.
Moreover, different factors may influence the ineasof Y. ruckeri

An invasin-homologue has previously been suggestigulay a role inY. ruckeriinvasion
(Fernandeet al.2007a). Invasin is an important protein for e#fiti entry ofY. enterocolitica
andY. pseudotuberculosisto the host. Fernandet al. (2007a) revealed evidence for iam
homologue inY. ruckerj however, Kawulat al. (1996) did not find a similar gene. Looking
towards the mechanism by which invasin mediatesasion of otherYersinia species,
cytoskeletal rearrangements as well as receptorateedendocytosis play a role. These steps
are inhibited by cytochalasin D and monodansylcadae (Younget al. 1992). High affinity
binding of invasin t@1 integrin receptors leads to the clustering aégnins in the host cell.

Focal adhesion kinase (FAK) binds to the clusteygdplasmic domains of integrin, inducing
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signal transduction and protein phosphorylationisTleads to cytoskelet rearrangement
including the dissociation of actin filaments frotine integrin receptors and subsequent
accumulation around entering bacteria. Then, theptgsmic domain of the integrin receptors
interacts with binding factors associated with peoemediated endocytosis including
clathrin and the bacterium becomes internalizethiwian endocytic vacuole (Isberg & Tran
Van Nhieu 1995).

In our study, monodansylcadaverine never inhibteduckeriinvasion in different fish cells
and therefore, evidence for receptor-mediated eridsis via clathrin-coated pits was not

provided.

Besides receptor-mediated endocytosis, the typselitetion-dependent ruffling of host cell
membranes is another major invasion mechanismvinglcytoskeletal rearrangements that
has been described for pathogenic bacteria (Meyeal. 1997; Ofeket al. 2003). These
bacteria use a TTSS to inject effector proteins iiie host cell that interact with the actin
cytoskeleton. Massive polymerized actin accumulategshe area where the bacterium
interacts with the host and projects membrane asiffoutward, enabling bacterial
internalization. This invasion mechanism has beesmplified by members of the genera
Salmonellaand Shigella and is inhibited by cytochalasin D but not by dacedaverine
(Meyeret al.1997).

Y. ruckerialso possesses a TTSS, however, its role has toithet been revealed (Gunasena
et al. 2003). In our invasion inhibition study in culturédh cells, cytochalasin D inhibited
the invasion of most strains whereas monodansweaitee did not. Therefore, the TTSS
identified inY. ruckerimay also be involved in an actin-dependent invasn@thanism in

non-phagocytic cells.

The toxins Yrpl and YhIA have been thought to beoived in Y. ruckeriinvasion of
different tissues, however, their precise role he tnternalization process is not known
(Fernandezt al. 2003; Fernandeet al. 2007b). Possibly, the cytolytic activity of YhIA ma
enableY. ruckerito penetrate tissue layers and invade the hostsimdar way as has been
indicated for the homologu8erratia marcescenisemolysin ShlA (Fernandezt al. 2007b).
However, the precise mechanisms by wHichmarcescensvades host cells are not known
and only limited information is available about Ahdctivity. Comparing a ShlA-negative
isogenic mutant with a wild type strain revealedtt8hlA was not involved in adhesion $f

marcescendo cultured cells, but played a crucial role irl gavasion and cytotoxicity.
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Monodansylcadaverine did not inhil#t marcescenmvasion, whereas cytochalasin D and
colchicine clearly showed inhibitory capacities.caAadingly, ShIA triggers microfilament-
and microtubule-dependent invasion of epithelidlscand subsequent lysis seems to be
important to release the bacteria (Hertle & Schvz@4).

Because our results suggest thiatruckeriinvasion is dependent on actin filaments and
microtubules, it would be interesting to investegat YhIA plays a similar role in the

internalization process using site-directed mutagen

Theimportance of intracellular and extracellular Y. ruckeri

Both an intracellular and an extracellular phasey ha important for the survival of a
pathogen in the host. Bacteria internalized by pbagocytic cells are well protected from the
host’s immune system and therefore, an intracelipitease may contribute to the progression

of a disease.

Our results of the intracellular survival assayshiree fish cell lines showed a decrease in the
number of viable bacteria at 6 h in comparison With after infection. These findings may
suggest thaY. ruckeriis not able to multiply or even survive inside oo#d epithelial cells.
Another hypothesis is that ruckeriremains intracellularly for only a short period.€Feafter,
bacteria may leave the host cells by exocytosicyolysis as has been shown Bt
marcescenslts hemolysin ShlA, counterpart of YhIA M. ruckerj mediates invasion in cell
lines and causes the release of bacteria aftedysedl (Hertle & Schwarz 2004). Taking a
similar mechanism of YhIA into account, a decrease¢he number of viableY. ruckeri
protected against gentamicin in intracellular sua/assays would be attributed to the lysis of
host cells and the subsequent exposure of battegantamicin. Indeed, gentamicin is lethal
to bacteria in damaged and disintegrating cellss Typothesis should be investigated by
replacing the cell medium containing 100 pg'ngentamicin with fresh medium without
antibiotics in our assay after 1 h incubation tirBg. titrating the collected supernatant for
bacterial quantification, the release of bacteaa te studied as has been done for other
pathogens (Hertle & Schwarz 2004; Van Detiial. 2008).

The bactericidal effect of non-immune serum playsnaportant role in host defence against

extracellular bacteria. We found a correlation lestw virulence and serum resistance using

non-immune rainbow trout serum. Both virulevit ruckeri strains were serum resistant,
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whereas the avirulent strains were, with one exaepserum sensitive. The same correlation
has been found for other fish pathogens sucAeasmonas hydrophiléLeunget al. 1995)
andE. tarda (Han et al 2006). Indeed, several bacteria are capableteffaring with the
complement system that consists of a number oepr®found in the serum. Some pathogens
have developed mechanisms to accelerate the dédhg €3 convertase enzyme, whereas
others bind host complement regulators onto their oell surfaces (Haat al. 2006). Serum
resistance can allow bacteria to survive within cuéer channels leading to organ
dissemination. Nevertheless, hdtwruckeriresists the bactericidal properties of rainbowtro
serum is not known. Interestingly, Furonesal. (1990) revealed the presence of a heat
sensitive factor (HSF) in virulent serotype Olaisis that could be involved in the resistance
of Y. ruckerito the bactericidal activity of serum or to phagarkilling. Still, more research

is needed to reveal the nature and activity of fémsor.

New insightsin the prevention and control of Y. ruckeri infections

Attachment of a pathogen to host tissues is coreidéo be the first step in microbial
colonization and pathogenesis. This is often medidty bacterial lectins which target
specific carbohydrate structures on host surfa®es. studies revealed the interactionYof
ruckeri adhesins with sugars and therefore, the developofec&rbohydrate anti-adhesives
and the design of adhesin vaccines may contriloutis tontrol and prevention.

Carbohydrate anti-adhesives

The gills and the gut of rainbow trout appearethéomportant sites of entry fof. ruckeri
Because its adhesion to gill and intestinal mucas mwhibited by D-galactose and D-fructose,
it may be possible to prevent or control ERM byiagdhese sugars to the water of the fish.
Indeed, carbohydrates have been shown to inhibiésidn of fish pathogens to host surfaces
in vitro (Decostereet al. 1999b; Cheret al. 2008) and to protect different mammals against
experimental infection by lectin-carrying bactef@haron 2006). Although the development
of carbohydrate anti-adhesives may be a promising it the therapeutic and prophylactic
control of bacterial diseases, much more researokeded to support this idea.

A big problem in the use of carbohydrates in figggers that the addition of large amounts of
sugars to the water may induce massive growth fbérdnt aquatic organisms, causing a
decrease in the water quality. Another issue isithéhe case oY . ruckerithe anti-adhesives

should continuously and excessive be present orgilhend the gut surface in order to
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compete with the host receptors. This may be diltfito achieve because the mucus layer is
continuously renewed. Considering the use of tregeadhesives in practice, it would be
interesting to focus on the development of multttional receptor analogues which block

more than one bacterial binding ligand with higfirétfy.

Adhesin vaccines

Commercial vaccines against ERM are based on killedle cells ofY. ruckerj however,
outbreaks occur from time to time. Therefore, theran interest for new approaches such as
the development of subunit vaccines. This requinesdentification of bacterial components
involved in different aspects of virulence incluglithe adhesion. Anti-adhesive vaccines
prepared from bacterial adhesins have already lsewn to give protection against
experimental infection in mammals (Cachia & Hodge83). Lectins located on the surface
of Y. ruckerimay be considered candidate antigens for the dpwednt of a subunit vaccine.
Taking the portal of entry in rainbow trout intocacnt, the gills and the gut may be the target
sites for newy. ruckerivaccine approaches. Bath immunization or oral adtnation may be
the route of choice in order to stimulate the immuesponses at the level of the gill and gut
surfaces. Although potential advantages of subwattines include increased safety and low
antigenic competition, it is often laborious to ippadhesins causing an increase in the price
of such vaccines (Babiuk 1999).

Conclusions

In conclusion, this thesis offers new insightsha early pathogenesis ¥f ruckeriinfections

in rainbow trout (Figure 1). The gill and the guéne identified as possible important portals
of entry. Adherence of this pathogen seems to obguhe binding of microbial adhesins to
complementary structures on these tissues. Subsequeasion of the gills and/or the gut
lead to a rapid spread 9t ruckeriin the internal organs. Virulence %f ruckeriappears to be
a complex combination of colonization capacity aesistance to killing by the host. Further

research is needed to identify the bacterial vircdefactors involved in these processes.
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Adhesion to mucus
Lectins—  D-galactose

! D-fructose
Fimbriae? Flagella?
I
Movement through mucus
I
Adhesion to epithelium
Lectins—  D-galactose
! D-glucose
Fimbriae? D-maltose
Flagella? D-sucrose
I

Invasion of epithelial cells

= actin filament + microtubule depende
Via invasin homologue? TTSS? Yrpl? YhIA?

Intracellular survival

No survival or for short period
Host cell lysis by YhIA?

l

Invasion of capillary
Serum resistance

Dissemination to the internal organs

Figure 1 Proposed early pathogenesisyofruckeriinfections in rainbow trout based on our resuti$eriactions
of Y. ruckeri(Yr) with the mucus (m), the epithelial cells @)d the capillaries (c) of the gills and the gutieT
pathogenic steps represented in black were idedtifi the present thesis. The steps in grey stéidnto be

further investigated.
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Summary

Yersinia ruckeriis the causative agent of yersiniosis or entexthnouth disease (ERM) and
causes significant losses in salmonid aquaculturddwide. Although infection with this
agent has been reported in other fish speciesps#dis1and especially rainbow trout are most
susceptible to ERM. Vaccination of fish with a coemmal Y. ruckeribacterin provides good
levels of protection, however, disease outbreaks odour from time to time. The
understanding of how this pathogen causes diseasgucial in order to develop new
preventive and therapeutic approaches. The aimhisf thesis was to study the early
pathogenesis of. ruckeriinfections, with emphasis on the identificatiortloé portal of entry
and the investigation of different traita vitro that have been associated with bacterial

virulence.

The General Introduction gives an overview of th&roiorganism,Y. ruckerj and the
disease it causes. From this review it is clear dhdy little information is available about the
pathogenesis of. ruckeri Only recently, the mechanisms by which the pathogauses
disease have started to be unravelled.

In the first experimental study, the portal of gndf Y. ruckeriand its tissue distribution at
different time intervals were investigated using iammersion infection model in rainbow
trout. This model strongly mimics the natural wdyirdection and therefore, is suitable to
study infectious diseases in fish. Additional expental infections were carried out to
determine whether a different tissue distributien related to differences in virulence.
Bacteriological and histological examination reeehlthe presence of high numbers of
bacteria in the gills immediately after infectidany Y. ruckeriwere found to be attaché¢al
the gill mucus and some were detected within thlecgpillaries between 0 and 2.5 h post
infection (p.i.). This indicates that bacteria ffiesglhere to gill mucus and thereafter invade the
branchial vasculature leading to colonization & ihternal organs. These findings show that
the gills are an important portal of entry. Nevellss, only a virulent strain was able to
survive and multiply in the host, causing septiceeand death several days after infection
whereas exposure to avirulent strains resulted aoraplete removal of bacteria from the
internal organs. This could indicate that immunasén is a major virulence property 6f

ruckeri.

In the second experimental study, the early inteyas of virulent and avirulenY. ruckeri

strains with the gill and gut tissue of rainbowutravere determined using a standardized gill
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and gut perfusion model. For this purpose, perfugikénd gut explants were inoculated for
1 h with Y. ruckeri and thereafter, processed for bacteriologicaltolugical and
immunohistochemical examination for demonstratibhacterial adherence. For the first time,
both perfusion models were also used to study batcievasion. Therefore, the perfusion
fluid at the efferent gill arch during gill perfusi and the organ bath fluid following gut
perfusion were examined bacteriologically. A nowasive Escherichia colistrain was
included as negative control for invasion. In btta gill and gut perfusion models, virulent
and avirulenty. ruckeristrains highly adhered to gill and gut tissue agdicant differences
were not observed. Bacteria were seen in the mussgciated with the epithelium and
invaded in the lamina propria of the gil¥. ruckeriwas also observed in the crypts, attached
to the villi and within the epithelial layer of tlgut. Few bacteria were also detected in the
intestinal lamina propria mucosae. Our results gtbthat virulent and avirulent. ruckeri
invaded the gill and gut whereas a non-invadtvecoli strain was not isolated from the
perfusion fluid and organ bath fluid in the gilldagut perfusion model, respectively. These
findings indicate thaty. ruckeriis able to colonize and invade the gills and imes of
rainbow trout. Significant differences in adhereae invasive capacity were not observed

between virulent and avirulent strains.

In the third experimental study, different traitsat have been associated with bacterial
virulence were compared between virulent and aem¥. ruckeristrains, including adhesion
to mucus and cell lines, invasion and intracellslarvival in cell lines and serum resistance.
The adhesion and invasion mechanisms were furtharacterized for selected. ruckeri
strains. The virulent isolates highly adhered twated gill and gut mucus of rainbow trout,
whereas the majority of the avirulent strains destr@ated significantly lower adhesion. A
decrease in adherence capability following badtéeatment with sodium metaperiodate and
proteolytic enzymes suggested that carbohydratesvels as proteins play a role and
consequently, lectins may be involved in the adivesAll Y. ruckeristrains were able to
adhere to and invade CHSE-214, FHM and R1 celle @wirulent strain showed high
adherence and invasive capacity in the three oeds] whereas the virulent strains were
moderately adhesive and invasive. The internabmatf several isolates was inhibited by
colchicine and cytochalasin-D, suggesting the mwewlent of microtubules and
microfilaments. Monodansylcadaverine never inhibit¥. ruckeri internalization and
therefore, the formation of clathrin-coated pitseseptor-mediated endocytosis may not play

a role. For all strains, intracellular survival ags showed a decrease of viable bacteria in the
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cells 6 h after inoculation. This suggests tWatruckeriis not able to multiply or survive
inside cultured cells or remains intracellularlyr fonly a short period. Analysis of the
susceptibility to the bactericidal effect of raimbdrout serum demonstrated that virulent
strains were serum resistant, whereas aviruleainstwere generally serum sensitive. Taken
together, adherence to mucus and resistance tbatttericidal effect of serum seems to be

correlated withn vivovirulence.

In the General Discussion, the results of the tleegerimental studies are discussed and
hypothetical virulence mechanisms are proposeélation to the known virulence factors of
Y. ruckeri Finally, perspectives are given on how theseitigsl may contribute to the

prevention of ERM.

In conclusion, the gills and gut were identified passible important portals of entry fwr
ruckeri in rainbow trout. This pathogen is shown to besabl adhere to and invade in non-
phagocytic cells. The adherence of the pathogemsée involve bacterial lectins that bind
specific carbohydrate structures on host surfacession appears to be a microtubule and
microfilament dependent process. VirulenceYofruckeriisolates is probably a complex
combination of adhesion and colonization capaaigistance to the bactericidal effect of
serum and other factors which still needs to berdahed.
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Yersinia ruckeriverzoorzaakt yersiniosis of ‘enteric redmouth ds (ERM) wat leidt tot
enorme verliezen binnen de aquacultuur van de Sattae op wereldschaal. Hoewel infectie
door dit agens beschreven is bij andere vissoodign zalmachtigen en in het bijzonder de
regenboogforel meest gevoelig aan ERM. Hoewel decimatie van vissen met een
commercieelY. ruckeribacterin een goede bescherming geeft, komen migktaken soms
nog voor. Het is van cruciaal belang te weten heeedpathogeen ziekte veroorzaakt om
nieuwe preventieve en therapeutische maatregelentiakkelen. De algemene doelstelling
van deze thesis was de vroege pathogenes¥ varckeriinfecties te bestuderen met nadruk
op de identificatie van de toegangspoorireritro onderzoek naar mogelijke eigenschappen

die geassocieerd worden met bacteriéle virulentie.

In de algemene inleiding wordt een literatuurowehzigegeven van het agens en de ziekte.
Hierin wordt duidelijk dat slechts beperkte infotieebeschikbaar is over de pathogenese van
Y. ruckeri Het is pas recent dat pathogenese-mechanismesezanbelangrijke kiem worden

ontrafeld.

In de eerste experimentele studie werd de toegaongsypanY . ruckerien zijn verspreiding in
de weefsels op verschillende tijdsintervallen omdeht door middel van een immersie
infectie model in regenboogforellen. Dit model ®tade natuurlijke manier van infectie na
waardoor het zich verleent voor de studie van iidaze ziekten bij vissen. Bijkomende
experimentele infecties werden uitgevoerd om ngagn of verschillen in weefseldistributie
gerelateerd zijn met verschillen in virulentie. Bicteriologisch en histologisch onderzoek
werd meteen na infectie een hoog aantal bacteei@ggevonden in de kieuweX. ruckeri
was vastgehecht aan de kieuwmucus en enkele kieraen aanwezig in de capillairen van
de kieuwen tussen 0 en 2.5 uur na infectie. Distwgjrop dat deze bacterién vermoedelijk
eerst adhereren aan kieuwmucus, vervolgens hetlaassysteem invaderen en uiteindelijk
de interne organen koloniseren en dat de kieuwerbekangrijke toegangspoort kunnen zijn.
Toch was enkel een virulen¥e ruckeristam in staat om te overleven en te vermenigvuidige
in de gastheer, met septicaemie en de dood totigyeMa infectie met avirulente stammen
werden de bacterién na enkele dagen niet meergevagden in de interne organen wat erop
wijst dat omzeiling van het immuunsysteem een lgglgnvirulentiekenmerk blijkt te vary.

ruckeri.
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In de tweede experimentele studie werden de videggi interacties van virulente en
avirulenteY. ruckeristammen met kieuw- en darmweefsel van de regenbmsdiestudeerd
door middel van een gestandaardiseerd kieuw- empafusiemodel. In deze modellen
werden geperfuseerde kieuw- en darmexplants gederédn uur geinoculeerd métruckeri

en vervolgens werd de adhesie bacteriologisch,olbgisch en immunohistochemisch
bestudeerd. Voor de eerste keer werden deze parfadellen gebruikt om bacteriéle invasie
te bestuderen. In het kieuwperfusiemodel werd ddugpevioeistof aan de efferente
kieuwboog opgevangen tijdens perfusie en bactgjiedh getest op aanwezigheid vEn
ruckeri. In het darmperfusiemodel werd de vloeistof vaindngaanbad na perfusie getest. Een
niet-invasieveEscherichia colistam werd ingesloten als negatieve controle voeasie. In
beide modellen vertoonden zowel virulente als deme Y. ruckeri stammen een sterke
adhesie aan kieuw- en darmweefsel zonder onderkang@ficante verschillen. Bacterién
werden waargenomen in de mucus, gehecht aan tbelapn en geinvadeerd in de lamina
propria van het kieuwweefsel. In de darm weéfd ruckeri geobserveerd in de crypten,
geadhereerd aan de villi en in de epitheellaag.eenkiemen waren ook zichtbaar in de
intestinale lamina propria mucosae. Virulente emudente Y. ruckeristammen invadeerden
de kieuwen en de darm terwijl de niet-invasidvecoli stam niet geisoleerd werd uit de
perfusievloeistof van de kieuw en het orgaanbatetirdarmperfusiemodel. Deze bevindingen
tonen aan dat. ruckeriin staat is om kieuwen en darm van de regenbodg®ialoniseren
en invaderen. Significante verschillen in adhesen invasiecapaciteit werden niet

waargenomen tussen virulente en avirulente stammen.

In de derde experimentele studie werden verschideaigenschappen, geassocieerd met
bacteriéle virulentie, vergeleken tussen viruleseavirulenteY. ruckeristammen: adhesie
aan mucus en cellijnen, invasie en intracellulaiverleving in cellijnen en serumresistentie.
De adhesie- en invasiemechanismen werden verdarajekrisereerd voor geselecteeltie
ruckeri stammen. De virulente isolaten vertoonden een laolpesie aan geisoleerde mucus
van kieuwen en darm van regenboogforellen, terdgl meerderheid van de avirulente
stammen een significant lagere adhesiecapacitdddma Adhesie werd geinhibeerd nadat de
kiemen voorbehandeld werden met natrium metapeatoda proteolytische enzymen. Dit
wijst erop dat vermoedelijk carbohydraten en pragieen rol spelen en bijgevolg lectinen
betrokken zijn in het adhesieproces. Afleruckeristammen waren in staat te adheren aan en
te invaderen in CHSE-214, FHM en R1 cellen. Eémrudemte stam vertoonde een hoge

adhesie- en invasiecapaciteit in de drie cellijierwijl de virulente stammen matig adhesief
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en invasief waren. De invasie van verschillendéatso werd geinhibeerd door colchicine en
cytochalasine-D wat suggereert dat microtubuli aoraefilamenten hierbij betrokken zijn.
Monodansylcadaverine kon de invasie van geen enkekeickeristam inhiberen wat doet
vermoeden dat instulpingen gecoat met clathrindneh proces van receptor bemiddelde
endocytose niet gevormd worden. A¥eruckeristammen vertoonden een afname in leefbare
bacterién na 6 uur inoculatie in de intracellulaineerlevingstesten. Dit suggereert dat
ruckeri niet vermenigvuldigt of overleeft in cellen of chés gedurende een korte periode
intracellulair blijft. De resultaten van de serusistentietesten toonden aan dat de virulente
stammen resistent waren, terwijl de aviruleviteuckeristammen over het algemeen gevoelig
waren aan het afdodend effect van het serum. Savahlian gesteld worden dat adhesie aan

mucus en serum resistentie gecorreleerd blijkerjrieaanin vivo virulentie.

In de algemene discussie worden de resultaten vandre experimentele studies
bediscussieerd. Hypothetische virulentie mechamswaden voorgesteld, rekening houdend
met de reeds gekende virulentiefactoren Yaruckeri

Als algemeen besluit van dit werk kunnen we stetlah de kieuwen en de darm kunnen
fungeren als belangrijke toegangspoorten vdor ruckeri bij regenboogforellen. Deze
pathogeen is in staat te adhereren aan niet-fagi@ryde cellen en deze vervolgens te
invaderen. Bacteriéle lectinen zijn vermoedelijkabgrijk in de adhesie aan specifieke
suikerstructuren op gastheeropperviakken. Het iepasces blijkt afhankelijk te zijn van
microtubuli en microfilamenten. De virulentie vah ruckeriisolaten is waarschijnlijk een
complexe combinatie van mogelijkheid tot adhesie kefonisatie, weerstand tegen het

afdodend effect van serum en andere factoren timptbeden nog niet geidentificeerd zijn.
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153



Dankwoord

gespendeerd aan tetteren, badmintonnen, lopene..g&én zeker nog elkaars pluimpjes
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