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ABSTRACT 
 

Many bacteria produce signal molecules that serve in a cell-to-cell 
communication system termed quorum sensing. This signalling system allows a 
bacterial population to co-ordinately regulate functions according to their cell 
number in a defined environment. As bacterial growth progresses towards the 
stationary phase, signalling molecules accumulate in the growth medium and, 
above a certain threshold level, regulate the expression of genes involved in 
diverse functions. Most of the functions monitored by quorum sensing are most 
beneficial when they are performed as a population than by single cells, such as 
virulence factor production, biofilm formation, conjugation and 
bioluminescence.  

Vibrio anguillarum is a bacterial pathogen that causes terminal hemorrhagic 
septicaemia in marine fish. V. anguillarum possesses multiple quorum sensing 
circuits similar to the LuxI/LuxR and the V. harveyi-type systems. In this study, 
a characterisation of the quorum sensing-regulated transcriptional activator 
VanT was made. VanT belongs to the V. harveyi LuxR family of transcriptional 
regulators, which play a central role in quorum sensing signalling in Vibrio 
species. VanT was shown to regulate serine, metalloprotease, pigment, 
exopolysaccharide (EPS) and biofilm production. VanT repressed an EPS locus 
that plays a critical role in bacterial colonization of the fish integument and 
virulence. 

The V. harveyi-like quorum sensing systems were shown to limit rather than 
induce vanT expression throughout growth in V. anguillarum. In contrast to 
homologous proteins in other Vibrio spp., the quorum sensing phosphorelay 
protein VanU and the response regulator VanO had antagonistic roles in the 
regulation of vanT expression. Unlike other members of the luxR family, vanT 
was expressed at low cell density and no significant induction due to quorum 
sensing regulation was seen.  

Interestingly, VanT expression was induced by the alternative sigma factor 
RpoS as the cells entered stationary phase. RpoS was shown to regulate VanT 
expression post-transcriptionally by promoting vanT mRNA stability. VanT and 
RpoS were important for bacterial survival under stress conditions, indicating 
that VanT is likely an essential factor of V. anguillarum stress response. 
 
 
 
 
 
 
 
 

 5



PAPERS IN THIS THESIS 
 
This thesis is based on the following articles referred to in the text by their 
roman numerals (I-IV). 
 

I. Croxatto, A., Chalker, V.J., Lauritz, J., Jass, J., Hardman, A., Williams, 
P., Cámara, M., and Milton, D.L. 2002. VanT, a homologue of Vibrio 
harveyi LuxR, regulates serine, metalloprotease, pigment, and biofilm 
production in Vibrio anguillarum. Journal of Bacteriology. 184: 1617-
1629. 

 
 

II. Croxatto, A., Pride, J., Hardman, A., Williams, P., Cámara, M., and 
Milton, D.L. 2004. A distinctive dual-channel quorum sensing system 
operates in Vibrio anguillarum. Molecular Microbiology. 52: 1677-1689. 

 
 

III. Croxatto, A., Weber, B., Chen, C., and Milton, D.L. Post-transcriptional 
regulation of the Vibrio anguillarum quorum-sensing regulator vanT by 
RpoS. Manuscript. 

 
 

IV. Croxatto, A., Lauritz, J., Chen, C., and Milton, D.L. Vibrio anguillarum 
colonization of rainbow trout integument requires a DNA locus involved 
in exopolysaccharide transport and biosynthesis. Submitted Manuscript. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 6 



ABBREVIATIONS 
 
ACP: acyl carrier protein 
AHL acylated homoserine lactone 
AI-2 autoinducer 2  
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CAI-1 cholerae autoinducer 1 
CPS capsular polysaccharide 
CRP cAMP receptor protein 
CSF competence ans sporulation factor 
C-terminus carboxy-terminus 
DPD 4,5-dihydroxy-2,3-putanedione 
ECP extracellular product 
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FBD furanosyl borate diester 
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ppGpp nucleotide guanosine 3,5-bisdiphosphate 
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INTRODUCTION 

A. Vibrionaceae 
 

Vibrios are common free-living aquatic bacteria that are classified as Gram-
negative facultative anaerobes. They are curved rod-shaped bacteria that possess 
one or more polar flagella. They are found in aquatic environments such as 
estuaries, marine coastal waters, sediments and aquacultures. They are 
particularly found in association with various marine organisms including 
corals, fish, molluscs, sea grass, sponges, shrimps and zooplankton, usually at 
high cell densities [9, 14, 55, 100, 109, 123, 124, 139, 251, 252, 292, 299, 334, 
360, 370-372, 382, 404]. In most environments, Vibrio spp. are located in 
multispecies biofilm structures that are formed on or in different marine 
organisms or are located on abiotic surfaces.  

Several Vibrio species cause diseases in human and other organisms. V. 
cholerae, V. parahaemolyticus and V. vulnificus biotype I are known human 
pathogens [82, 93, 281, 363]. The main route of contamination is the 
consumption of contaminated water and water-borne food. For instance, the 
disease caused by V. cholerae is often associated with the ingestion of plankton 
or algae naturally found in water; whereas, the diseases caused by V. vulnificus 
and V.  parahaemolyticus are often linked to ingestion of contaminated oysters 
[77, 154, 281]. V. cholerae causes an intense watery diarrhea that may lead to 
death. The two major virulence determinants produced by V. cholerae are 
cholera toxin, the causative agent of the intense diarrhea, and the toxin-
coregulated pilus which has a pivotal role during the colonization of the 
intestinal epithelium [77, 78, 287]. V. parahaemolyticus causes gastroenteritis. 
Several virulence factors have been described including two different 
hemolysins (TDH and TRH), a type three secretion sytem and biofilm formation 
[129, 192, 242, 338]. V. vulnificus biotype I causes wound infections and 
septicaemia in primarily immunodeficient people. Capsular polysaccharide, 
cytolysin, siderophores and a toxic metalloprotease have been described as 
important virulence factors in V. vulnificus [223, 375, 394].  

Several Vibrio spp. are known to be coral pathogens that are  involved in coral 
bleaching, an increasing problem notably associated with global warming 
caused by greenhouse gas emissions [299, 352]. Corals are composed of many 
collaborating organisms comprising polyps, algae, tube worms, anthozoan and 
molluscs that are putative hosts for many bacterial species, including Vibrios 
[46]. V. shilonii and V. coralliilyticus are two identified coral pathogens that 
cause tissue necrosis resulting in coral bleaching [13, 19, 163]. The 
pathogenicity of these two Vibrios is temperature dependent and the diseases are 
observed only in relatively high sea temperature [19]. It is therefore expected 
that infectious diseases could reduce the global diversity of corals following the 
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rising of water temperature due to global warming or any other environmental 
conditions that could favour the bacterial infectivity. 

Vibrios are also important pathogens of both wild and reared marine animals 
[11, 133]. V. anguillarum, V. ordalli, V. salmonicida and V. vulnificus biotype 2 
are among the main bacterial pathogens causing disease in several fish species, 
whereas V. harveyi is a major pathogen of shrimps [10]. Fish diseases 
originating from Vibrio spp. infections are generally termed vibriosis and are 
characterized by a haemorrhagic septicaemia. A study of 25 outbreaks of 
diseases in cultured sea bream caused by bacterial agents revealed that 69% of 
the isolated strains in diseased fish belongs to the genus Vibrio [414].  

B. Survival of Vibrios in aquatic environments 
 

Vibrio spp. are, in most cases, not found as free planktonic bacteria in the 
environment but in complex multispecies biofilm structures attached on various 
biotic and abiotic surfaces [62, 312]. Many Vibrio spp. are often found attached 
to chitinaeous exoskeleton of zooplantkton. Biofilms contribute to the survival 
of bacterial communities by promoting interspecies metabolic and genetic 
cooperation as well as protection against diverse environmental stresses, such as 
starvation and predation [47, 365, 376]. In V. cholerae, flagellar motility and the 
mannose-sensitive haemagglutinin type IV pilus are required for attachment to 
abiotic surfaces; whereas, the synthesis of exopolysaccharide is essential for the 
formation of a three-dimensional biofilm structure [377]. V. cholerae forms 
microcolonies on abiotic surfaces in about 15 minutes and a mature biofilm 
forms within 72 hours [227, 365, 376, 377]. The ability of V. cholerae to form 
biofilms greatly improves its survival in the environment and therefore affects 
the epidemiology of the disease in human population.  

Many bacteria have developed strategies that allow them to survive for months 
and even years in water or sediment. Stressed and starved bacterial cells may 
undergo dramatic physiological changes and enter in dormancy such as the 
viable but non-culturable state [43]. Such a state has been demonstrated for a 
variety of Vibrio spp. including V. cholerae and V. vulnificus [241, 249]. A long-
term starvation survival has been described for both V. anguillarum and V. 
salmonicida that are able to survive for more than 60 weeks in seawater at a 
temperature of 6-8 °C [134]. Bacterial survival is further enhanced when 
surfaces are available for their attachment or when they are located in sediment 
[51]. V. salmonicida was isolated in the sediment of a fish farm more than 18 
months after an outbreak of vibriosis [75].  

Many enzymes, which can metabolize aquatic substrates and contribute to 
bacterial survival in the environment, have been identified in several Vibrios 
spp. Agarases are enzymes that degrade agar, a compound found in the cell 
walls of algae, releasing a metabolisable product that is used as an energy source 
[8, 335, 336]. Chitinases degrade chitin, a homopolymer of N-
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acetylglucosamine, which is the major component of the cell walls of many 
organisms such as fungi, crustaceans and insects. Chitin is the largest pool of 
amino sugars in the oceans and the ability to degrade it confers an important 
survival advantage [291]. Chitinase activity has been detected notably in V. 
anguillarum, V. furnissi and V. cholerae and more than 10 enzymes with 
chitinase activity are produced by V. harveyi [15, 45, 132, 342]. In vitro, V. 
cholerae uses chitin as a sole carbon source for growth [95], providing to the 
bacterium the potential to use a readily available nutrient source in aquatic 
environments and to colonise ubiquitous marine environments. 

These long-term starvation strategies in seawater or attached on surfaces in the 
aquatic environment indicate that most of the pathogenic Vibrios are endemic 
species in the marine environment. They can survive during a relative long 
period in various milieus and reinfect their respective marine host when the 
conditions become favourable.  

C. Vibrio anguillarum 
 

V. anguillarum is the main causative agent of vibriosis based on the number of 
affected fish species, geographical localisation and frequency of the outbreaks 
[71]. Therefore, V. anguillarum has been designated as a major obstacle for 
marine aquaculture worldwide and is the source of large economical losses [3, 
314]. Vibriosis caused by V. anguillarum has been reported in at least 17 
countries and 50 fish species, including the most frequently cultured fish species 
in aquaculture [354]. 

V. anguillarum can constitute an important proportion of the total Vibrio 
community in the marine environment. A study in the Otsuchi Bay in Japan 
showed that 58 strains out of 5,337 bacterial isolates were V. anguillarum, with 
36 of them belonging to the pathogenic serogroup O1 [267]. Bacterial counts at 
a Danish marine aquaculture showed that V. anguillarum was present at 604 cfu/ 
ml water and 19,167 cfu/g of sediment.   

V. anguillarum has been found in association with diverse marine organisms 
including plankton and fish. It is a natural member of the flora of several fish 
species including salmon where it has been isolated from mucus, gills and 
intestinal tract [267]. This bacterium is also commonly present in association 
with planktons such as rotifers that are one of the major sources of food used in 
fish aquaculture [109, 382]. Fish larvae fed with rotifers can contain high 
numbers of V. anguillarum in their intestinal flora making plankton an important 
vector of the disease [109, 230, 232].  

Based on the European serotyping system, there are currently 23 identified 
serotypes (O1-O23) of V. anguillarum. Most Vibriosis outbreak are caused by 
strains belonging to serotype O1 and O2 and occasionally to serotype O3, 
whereas strains belonging to the other serotypes have been essentially isolated 
from water, sediment or diverse planktons [108, 265, 330, 354]. Therefore, most 

 10 



of the V. anguillarum strains isolated in the environment are not pathogenic to 
fish and bacteria belonging to serotypes O1 and O2 are usually considered as 
opportunistic pathogens rather than true pathogens. Indeed, the outbreaks of 
disease are often associated with specific environmental conditions or with fish 
health, such as overcrowding, stress and pollution. A relative distribution of 
serogroups among different fish species has been described, which indicates a 
degree of difference in susceptibility of certain fish species to certain serogroups 
instead of a dedicated specific association of V. anguillarum with any given fish 
species [165].  

D. Vibriosis 
 

The disease is generally described as a haemorrhagic septicaemia and is 
having different manifestations in different fishes. The characteristic symptoms 
of vibriosis caused by V.anguillarum are red necrotic lesions on the ventral and 
lateral areas of the fish, swollen dark skin lesions that ulcerate and release blood 
exudates, corneal opaque lesions followed by ulceration of the orbital content, 
distended intestine and the rectum fills with a viscous liquid [3]. In acute 
epizootics, the course of the infection is rapid and no clinical signs are detected 
prior death of the infected fish. The histopathology of infected fish is primarily 
characterised by a haemorrhagic septicaemia. Haemorrhages and necrosis are 
observed in the skin, in muscle tissues and in many internal organs including 
intestine, spleen, kidney, liver and gills [3, 71]. The amount of leucocytes is 
dramatically reduced and there is a severe destruction of the haematopoietic 
tissues [284]. The intestine is filled with a clear or haemorrhagic viscous fluid. 
The pathology is more severe in the descending intestinal tract and rectum than 
in the anterior region [284]. The bacteria is found in large numbers in the blood 
and the haematopoietic tissues [284] and the disease is usually associated with 
an anemia. 

Vibriosis is a disease characterized by a complex interaction between the 
pathogen, the host and environmental factors. Feeding (quality and quantity of 
food), bad handling and overcrowding of fish in aquaculture increase the 
incidence of vibriosis. Several environmental factors, including high 
temperature, osmotic variations and pollution with organic material, also favour 
the emergence of the disease [267]. Only a small number of susceptible fish in a 
fish farm is required for the appearance of an outbreak of vibriosis. Once a fish 
is infected, highly infectious bacteria are excreted in high numbers and the 
disease is easily spread to other healthy fish, initiating a propagation of the 
disease. In addition, once introduced in a farm, specific strains persist for at least 
two consecutive years in a aquaculture, indicating that the total eradication of 
the disease is difficult if not impossible [267]. Outbreaks of vibriosis are 
generally not detected in water with a temperature below 14-16°C, restricting 
disease occurrence to the warm month [12]. Although vibriosis caused by V. 
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anguillarum is essentially a disease occurring in sea water, several outbreaks 
have also been reported in fresh water in Europe and Japan [12]. 

E. Portal of entry 
 

The portal of entry of V. anguillarum into the fish is still debated. V. 
anguillarum is pathogenic regardless of the method of administration including 
intraperitoneal injection, fish immersion in V. anguillarum infected water, anal 
intubation and oral administration [12, 167, 233, 266].  

The oral route as a portal of entry was suggested since V. anguillarum is found 
in the gills, anterior gut and posterior gut after one hour and in the kidney 6-24 
hr following immersion of rainbow trout into a suspension of bacteria [167]. 
However, when the bacteria are given via direct oral administration, a high dose 
of bacterial suspension is required (108/ml) to promote a disease, suggesting that 
the oral route as a sole portal of entry is improbable.  

More convincing data produced in different experiments suggest that the skin 
is likely the major portal of entry for V. anguillarum. Immersion of fish into a 
bacterial suspension shows that V. anguillarum is first localised in the skin, then 
in various internal organs and finally in the intestine [233]. A scanning electron 
microscopy study shows that a large number of V. anguillarum adhere to the 
surface of the fish after immersion [152]. The same authors demonstrate that the 
disease can be transferred directly by rubbing a diseased fish against a healthy 
fish or by simple cohabitation [151]. Moreover, pieces of filter paper soaked in 
bacterial suspension that are placed on different parts of the fish for 1 minute are 
also effective in causing disease. The rate of mortality is further increased if the 
filter paper were placed on injured sites. Another study shows that a non-intact 
mucus layer also causes a dramatic increase in mortality, indicating that the skin 
mucus layer is likely one of the most important protective barrier against V. 
anguillarum. Skin mucus protects the fish by hindering bacteria penetrating the 
fish skin layer and by containing various anti-microbial compounds which are 
thought to be involved in the innate immunity of the fish [340]. Indeed, the 
degree of fish resistance to disease is strongly associated with differences in 
activities of various anti-microbial determinants contained in fish mucus [79]. 
Finally, V. anguillarum is highly chemotactic to fish skin mucus from various 
fish species [145]. Attachment of the bacteria to skin mucus and utilization of 
mucus as a energy source is suggested to favour bacterial colonization and 
dissemination [22].  

Studies have shown that the intestine is a putative site of invasion when V. 
anguillarum is administered orally or anally [250]. V. anguillarum chemotaxes 
to intestinal mucus and adheres to excised intestinal tissue in high numbers, 
especially in anterior and mid-sections [136]. The gastrointestinal tract is the 
first site where the bacteria are detected when transparent zebrafish are 
immersed in water infected with GFP-labelled V. anguillarum [256]. Fish larvae 
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fed with artificially infected rotifers with V. anguillarum shows high mortalities 
compared to uninfected ones [231].  

Taken together, these experiments indicate that there is not a single but several 
possible portals of entry for V. anguillarum. Even though some routes of 
infection might be more favourable that others, bacteria can use several portals 
of entry depending on the occasions and the environmental conditions. Various 
factors could influence the portal of entry including the available attachment 
sites, modes of infection, health of the fish, localisation and mode of survival of 
the bacteria in the environment (rotifers, fish skin mucus, seawater…). The role 
of seawater, abiotic particles, plankton and fish as reservoirs and vectors for the 
infection still remains to be clarified. 

F. Virulence factors 
 

Several virulence factors have been identified in V. anguillarum, but the 
majority of them are only partially characterized and their precise role in 
virulence remains to be answered. The best studied virulence factor is the iron-
sequestering system encoded on a 65-kb virulence plasmid (pJM1) that enables 
bacteria to grow and survive in environments with poor iron avaibility [49]. This 
system is mainly composed of the 348-kDa siderophore anguibactin and a 
membrane receptor complex formed of at least 4 proteins [2, 160]. The enzymes 
required for anguibactin biosynthesis are encoded both on the plasmid and on 
the chromosome, whereas the genes forming the receptor apparatus are all 
encoded on the plasmid [332]. Anguibactin together with the other components 
of the iron uptake system are only produced in low iron concentration. The 
plasmid encoded iron-sequestering system is regulated by the concentration of 
iron inside the cell via at least 4 regulators, three plasmid-encoded (AngR, TAF, 
RNAβ) and one chromosomal (Fur) [332]. In high iron concentration, 
expression of this iron-transport system is transcriptionally repressed by Fur 
when the protein is bound to ferrous iron [353] and post-transcriptionally 
repressed by the antisense RNA RNAβ,  which decreases gene expression by 
controlling termination at an intergenic region within an essential operon of the 
iron-uptake system [31, 332]. The system is further controlled by two positive 
regulators, TAF (transacting factor) and AngR (anguibactin system regulator), 
that likely activate the system as a protein complex [37, 305, 383]. AngR 
expression is repressed by both Fur and RNAβ under high iron conditions. The 
repression is released in iron limiting conditions, allowing AngR together with 
TAF to induce expression of the iron-uptake system [332]. The anguibactin 
protein positively regulates the system by a positive feedback loop [37]. 

Loss of the plasmid or mutation of essential elements of the iron-sequestering 
system on the plasmid results in reduction or loss of virulence, indicating that 
the plasmid pJM1 is essential to cause disease [49]. Almost all virulent strains 
(serotype O1) contain the virulence plasmid or derivatives of it [44], however a 
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couple of V. anguillarum virulent strains lacking a virulent plasmid have been 
isolated [172]. These strains contain a genetically different chromosomally-
encoded iron-uptake system which produce siderophores than are unrelated to 
anguibactin. 

V. anguillarum can use heme and haemoglobin as a source of iron 
independently of the pJM1 encoded iron-sequestering system [200, 201]. A gene 
cluster coding for nine potential proteins involved in heme uptake and utilisation 
have been identified. Among these genes, the operon huvAZBCD is essential for 
uptake and utilisation. They encode for a heme receptor complex that contains a 
receptor (HuvA) and a translocation machinery (HuvZBCD) [229]. Therefore, 
two alternate iron-sequestering systems operate in V. anguillarum to obtain iron 
from the host tissue during fish infection. However, the significance of the heme 
acquisition system in virulence still remains to be answered. 

In addition to causing a fatal haemorrhagic septicaemia, vibriosis also causes 
massive tissue destruction in the fish, indicating that several secreted 
extracellular products (ECP) may contribute to these pathologic observations. 
The ECP of V. anguillarum play an important role for the bacterial 
pathogenicity, but the exact composition of the ECP and their function remains 
to be elucidated. The ECP is toxic when injected into fish or when it is 
administred to a fish cell line but its composition and virulent proprieties vary 
from strain to strain [141, 142, 356].  

The ECP also possess haemolytic and proteolytic activities and some of them 
have been investigated [158]. A strong anemic response is observed in fish 
infected with V. anguillarum, indicating that the bacteria are likely secreting 
virulence determinants with haemolytic activity. Indeed,  5 different types of 
hemolysins (VAH 1-5) have been identified in V. anguillarum that lyse fish red 
blood cells [131, 295]. Four of them (VAH1; VAH 3-5) are homologous to V. 
cholerae hemolysins, whereas VAH2 is homologous with the V. vulnificus 
hemolysin. The V. cholerae homologue of the VAH1 hemolysin oligomerizes 
and forms pores in the membrane of targeted cells, causing cell lysis [140]. A 
null mutation in each hemolysin decreased virulence during infection studies 
performed on rainbow trout, however the VAH4 thermostable hemolysin was 
the most potent virulence factor. Thus, several hemolysin toxins contribute to 
the haemolytic activity of V. anguillarum and likely participate in producing a 
severe anemia in infected fish. 

One of the major secreted product is the zinc metalloprotease EmpA [142, 
216, 244]. EmpA is synthesized as a 44.6-kDa precursor and is subsequently 
processed, likely by autocatalysation, and secreted as a mature 36-kDa 
polypeptide to the supernatant. A mutation in the empA gene results in only a 
minor decrease in virulence by immersion and with no significant difference 
compared to the wild-type strain by intraperitoneal injection [216]. However, 
two additional proteases can be detected in the supernatant of the empA mutant 
that are not detectable in the parent strain, suggesting that supplementary 
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proteases could compensate for a loss of EmpA during fish infection [216]. 
However, EmpA is strongly induced in presence of gastrointestinal mucus [54], 
suggesting that EmpA could be a mucinase like the HA/protease (Hap) of V. 
cholerae. Indeed, EmpA shows high homology with the well studied V. cholerae 
Hap that has several important functions associated with virulence. Hap 
hydrolyses various important physiological proteins such as mucin, fibronectin 
and lactoferrin and proteolytically activates the V.cholerae El Tor haemolysin, 
the homologue of V. anguillarum VAH1 [83, 234]. Hap has cytotoxic activity 
and perturbs the barrier function of the MDCK-1 epithelial cell line by acting on 
the intercellular tight junctions and the F-actin cytoskeleton. Hap specifically 
degrades the tight junctions associated protein occluding [395, 396]. Hap also 
aids the detachment of V. cholerae from cultured human epithelial cells by 
digesting various receptors of several V. cholerae adhesins [84]. To cause 
disease, V.cholerae must cross the intestinal mucus barrier. Hap is involved in 
mucin penetration and like empA, hap is induced in presence of mucin [322]. In 
conclusion, Hap has both mucinase and cytotoxic activities that are important 
for the virulence of V. cholerae. Possibly, the V. anguillarum metalloprotease 
EmpA may have functions similar to Hap during fish infection. 

The secretion of an unknown toxin with no haemolytic or proteolytic activities 
has been reported [159]. The purified toxin showed that the toxic activity was 
associated with three proteins that were lethal to rainbow trout and mice by 
intraperitoneal or intravenous injections. The toxic activity was more 
specifically affecting the intestinal tract and the vascular system of infected 
animals. 

Lipopolysaccharide (LPS) is absolutely required for virulence since mutations 
in two genes involved in LPS biosynthesis (virA and virB) result in a dramatic 
loss of virulence [245]. Moreover, an increase in virulence is associated with an 
increase in the amount of LPS produced and with a change in the molecular size 
of the molecule after V. anguillarum is passaged through ayu (Plecoglosus 
altivelis) [7]. Fish sera can kill strains of V. anguillarum by a mechanism 
involving the alternate complement pathway [357]. Loss of serum resistance in 
V. anguillarum is associated with a decrease in virulence. Recent investigations 
using virulent and avirulent serogroup O1 strains suggest that the serum 
resistance coincides with an increase in LPS [267]. 

The chemotactic motility of V. anguillarum is associated with the virulence of 
the bacteria. Chemotaxis assays demonstrated that V. anguillarum is attracted by 
both skin and intestinal mucus [255, 256], suggesting that chemotactic motility 
is required at least during the first stage of fish colonization prior penetration of 
the fish epithelium. The virulence by the immersion route of infection but not by 
intraperitoneal injection is significantly reduced with mutations located in the 
structural flagellin genes, in the chemotaxis genes and in genes encoding 
regulators of flagellar motility and chemotaxis [217, 253, 254]. However, some 
mutations result in a loss of virulence via both the intraperitoneal (IP) and the 
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immersion route [206]. Together these results show that chemotactic motility is 
required for the colonisation of the host, but might also play a role after the 
invasion.  

G. Treatment and prophylaxis 
 

The pathogenicity of certains Vibrios is greatly increased in aquaculture 
settings since the fish are reared at high densities under very artificial 
conditions. Overcrowding and stress increases the animal´s susceptibility to  
diseases such as vibriosis [11]. Control of disease outbreaks caused by Vibrios 
spp. includes the massive use of antibiotics, vaccination and co-culture of micro-
organisms (probiotics) that benefit the health of the fish by inhibiting the growth 
of pathogenic vibrio strains. Antibiotics are administered as feed additives or 
directly added to the water. Regardless of the method, high quantities of 
antibiotics are required to prevent and treat vibriosis. This results in the 
appearance of drug resistant strains in aquacultures and the subsequent 
spreading of the antibiotic resistance to the natural environment has been shown 
[113, 139, 355]. Indeed, about 70% of Vibrios spp. that have been isolated from 
an aquaculture in Mexico are multiple-drug resistant [298]. Genes encoding for 
antibiotic resistance are frequently found on plasmids that often have 
conjugative properties and may be found on other transposable elements such as 
transposons. Both are ideal vectors to increase transfer of antibiotic resistance 
genes to other bacterial strains [3, 355].  

The vaccines developed against V.anguillarum are mainly based on killed 
bacteria or on bacterial membrane isolates (inactivated products). The best 
protection is conferred when the vaccines are administered by intraperitoneal 
injection but give less to poor protection by immersion or oral routes, 
respectively  [4, 25, 121, 155]. The selection of serotype for the vaccine is 
crucial, and the antigenic composition of the vaccines is adapted to the fish 
species and the geographical area of use. The protective antigens have not been 
totally elucidated but the immune response is likely directed to the O-antigen of 
LPS [121]. Attempt to develop a live vaccine by generating avirulent mutants 
via transposon mutagenesis was made [243]. The live-attenuated vaccines were 
administered and conferred protection one week after treatment. A single dose 
immunisation was effective for at least 12 weeks, indicating that these avirulent 
V. anguillarum strains represent good candidates for a live attenuated vaccine. 
However, the use of a live attenuated strain remains a matter of discussion since 
the apparition of a revertant cannot be excluded. 

A probiotic approach against vibriosis has also been considered by using 
bacteria of the normal gut flora of fish to inhibit the growth of pathogenic 
strains. A study using 400 intestinal isolates from turbot (Scophtalmus maximus) 
showed that 28% of the isolated strains exhibited various inhibitory effects 
against V. anguillarum [384]. Interestingly, pre-bathing rainbow trout in water 
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containing Pseudomonas fluorescence AH2 reduces mortality caused by V. 
anguillarum from 47% to 32% [103]. Thus, probiotics may be an effective 
protective method against vibriosis. However, this is still speculative and such a 
procedure remains to be tested. 

H. Quorum sensing: An overview 
 

Quorum sensing is a mechanism that allows bacteria to talk with each other. 
By definition, a quorum is the minimal number of members of a committee 
required to validate a decision [1]. Extrapolated to bacterial language, this 
means that a activity controlled by quorum sensing is induced or repressed only 
when a critical cell population is reached. This signalling system allows a 
bacterial population to co-ordinately regulate functions according to their cell 
number in a defined environment. Most of the functions monitored by quorum 
sensing are most beneficial when they are performed as a population than by 
single cells, such as virulence factor production, biofilm formation, conjugation 
and bioluminescence.  

Many bacteria produce signal molecules that serve in a cell-to-cell 
communication system. As bacterial growth progresses towards the stationary 
phase, signalling molecules accumulate in the growth medium and, above a 
certain threshold level, regulate the expression of genes involved in diverse 
functions. This process of intercellular communication in bacteria was first 
described in the bioluminescent bacteria Vibrio fischeri [122, 236], a symbiont 
of several marine animal hosts such as the squid Euprymna scalopes [236]. 
Light production is governed by a luciferase enzyme complex encoded in the lux 
operon [74], which is regulated by quorum sensing. Bioluminecence was only 
observed at high cell density when a high concentration of signalling molecules 
called autoinducers were present. The term of autoinduction was introduced to 
underline the process by which  bacteria were sensing signals that they emitted 
themselves [235]. Until recently, quorum sensing was thought to be an isolated 
mechanism only present in a few bacterial species. It is now recognized that 
probably most bacteria use cell-to-cell communication and that quorum sensing 
is an integral part of the global regulatory network [391].  

Quorum sensing signalling has recently been shown to be also an interspecies 
communication system, allowing multispecies quorum sensing signalling to 
occur [80, 310, 337]. Intra- and interspecies cross-talk would allow a given 
bacterial species to modulate gene expression to collaborate with and/or out-
compete other species present in the same niche. Both prokaryotic and 
eukaryotic mechanisms have evolved to interfere with bacterial quorum sensing 
mechanisms [408]. Autoinducer antagonists and autoinducer degrading enzymes 
have been reported as quorum sensing interfering systems used by microbes or 
host organisms to block bacterial communication [61]. Several bacterial 
signalling molecules have the capacity to modulate the host cellular function, 
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particularly the immune response [135, 344]. The autoinducers are grouped into 
various families based on their chemical structures [390, 408]. The best studied 
signals are acylated homoserine lactones (AHLs) found in Gram-negative 
bacteria, peptide-based signals used by Gram-positive bacteria and furanosyl 
borate diester (FBD), that have been identified in both Gram-negative and 
Gram-positive bacteria [127, 390].  Many variations are found in each of these 
family of compounds, expanding the possibilities of diversification. This 
diversity allows specific recognition of intraspecies signalling molecules and 
ensures to given bacterial species that it responds only to its own signals.   

Cell-cell signalling in bacteria can be divided into three primary classes of 
quorum sensing systems based on the type of signalling molecules and the 
detection mechanisms that are used. (1) Gram-negative LuxI/LuxR-like quorum 
sensing system that uses AHLs as signalling molecules [91], (2) Gram-negative 
V. harveyi-like two-component signalling circuits that recognise three different 
signalling molecules, AHLs, FBD and an uncharacterized CAI-1 molecule [16, 
17, 128], and (3) Gram-positive two-component signalling systems which use 
modified oligopeptides as autoinducers [157, 170].  
 

I. Quorum sensing signalling in Gram-negative bacteria  

I.1 LuxI/LuxR-like quorum sensing system 
 

More than 50 LuxI/LuxR pairs have been identified in Proteobacteria [175]. 
Thus, the LuxI/LuxR model represents a paradigm of the quorum sensing 
control of gene expression in Gram-negative bacteria. Even though the basic 
mechanisms of LuxI/LuxR quorum sensing system are conserved, LuxR/LuxI 
systems have evolved and adapted to different types of regulatory networks 
based on the selective pressure imposed by their respective habitats [212].  

The first LuxI/LuxR quorum sensing system was characterised in V. fischeri 
(figure 1). This bacteria lives in symbiosis with different marine hosts [236] and 
is found in a specialised light organ where it can grow to a very high cell density 
(1011 cells/ml) [247]. In exchange for nutrients, the bacteria produce light for the 
host to attract mate and prey or use light in antipredation strategies [236, 301, 
302]. Light is produced by the luciferase enzyme complex encoded in the 
luxCDABE operon. In V. fischeri, the lux operon is linked to the luxI gene 
encoding for the AHL synthase. LuxR is a transcriptional regulator that responds 
to the AHL signal. The LuxI synthase produces N-(3-oxohexanoyl)-L-
homoserine lactone (3-oxo-C6 HSL) at a low basal level [68, 74]. Thus, the 
concentration of AHLs increases only when the bacterial population increases in 
cell numbers [236]. When a critical threshold concentration is reached, LuxR is 
activated upon binding of the 3-oxo-C6 HSL signalling molecule. The AHL-
activated LuxR dimerises and activates the luxICDABE operon by binding to a 
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lux box in the promoter region, inducing therefore both luminescence and AHL 
production at the same time [74, 331]. This regulatory mechanism creates a 
positive feedback circuit which induces the production of both AHL and light 
emission in an exponential way following activation. The lux box is a 20-bp 
conserved inverted repeat region located in the promoter region of many LuxR 
targeted genes [72]. Thus, the LuxI/LuxR quorum sensing represents an efficient 
system to couple gene expression and cell density. 
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Figure 1. The Vibrio fischeri LuxR/LuxI quorum sensing system.  The LuxI synthesizes 3-oxo-C6 
HSL at a low basal level. The concentration of the autoinducer increases only when the bacterial 
population increases in cell number. When a critical threshold concentration is reached, LuxR is 
activated upon binding of the 3-oxo-C6 HSL signalling molecule. The activated LuxR binds a lux box 
in a dimeric form and induces both luminescence and luxI. This positive feedback circuit 
(autoinduction) induces the full expression of the system in an exponential way. 

I1.1 AHLs structure 
 

The first autoinducer that was identified was the 3-oxo-C6-HSL produced by 
V. fischeri [68]. Since then, AHLs have been isolated and characterized from the 
supernatant of many different bacterial cultures. All the AHLs identified share a 
common homoserine lactone ring moiety, whereas important variations that give 
specificity are found in the acyl side chains (figure 2) [90]. The acyl side chain 
can vary in length, in the substitution at the β position, and in the degree of 
saturation of the acyl chain bonds. The length of the acyl chain ranges from 4 to 
14 carbons [90]. The β position carries either a hydroxyl group, an oxo group, or 
is fully reduced [90]. Thus, AHLs have an amphipathic structure, determined by 
a hydrophobic acyl-side chain and a hydrophilic homoserine lactone moiety. 
The amphipathic propriety likely allows AHLs to be both soluble in aqueous 
environments and to cross phospholipids layers of cell membranes, two 
important traits that signalling molecule should possess. Depending on their 
structural proprieties, length and degree of substitution, AHLs can freely diffuse 
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through the cell membrane or be actively secreted by an efflux mechanisms 
[264]. In general, an equilibrium of the AHL concentration is reached between 
the cytoplasmic and the extracellular compartment. The time required to reach a 
steady state equilibrium depends on the structural characteristic of the AHL, 
which determined whether the autoinducer freely diffuses through the 
membrane or is actively secreted via an efflux pomp system [264].  
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Figure 2. AHLs structure. AHLs share a common lactone ring moiety. The acyl side chain can vary in 
length (Cn; n= 4-14), in the substitution at the β position (r = -OH, -O, no group), and in the degree of 
saturation of the acyl chain bonds. 

I1.2 AHLs synthesis and LuxI-type synthase 
 

Genetic and biochemical analysis of AHL synthesis revealed that LuxI-type 
proteins are the enzymes governing the synthesis of most of the AHLs. LuxI-
type proteins are absolutely required and sufficient for AHL synthesis and no 
additional cofactors and energy source are necessary [74, 263, 309]. Expression 
of LuxI-type synthase in heterologous bacterial strains that do not produce AHL 
is sufficient for production of the cognate AHL production [74, 116, 262]. Thus, 
the substrates for AHL synthesis are common metabolites found in most Gram-
negative bacteria species [90, 366].  The substrates for AHL synthesis are S-
adenosylmethionine (SAM) and acylated acyl carrier protein (ACP) [228, 260, 
309, 366]. SAM is a common and essential metabolite in the cell used in many 
physiological processes, essentially as a methyl donor [107]. Even though 
homoserine and related compounds are found in most bacteria as an 
intermediate of the methionine-lysine-threonine biosynthetic pathway, 
homoserine is not the source of the homoserine moiety of AHLs. Methionine is 
a much better substrate for incorporation of the homoserine moiety into AHL 
than homoserine [68], and genetic studies confirm that SAM is the source of the 
homoserine lactone ring  [116, 260, 366]. The fatty acid substrate for LuxI is 
acquired from the pool of acyl-ACP generated during fatty acid biosynthesis and 
not from acyl-CoA derived from the β-oxidative fatty acid degradation pathway 
[228, 260, 309, 366]. Studies using purified substrates for AHL synthesis or 
mutation affecting the β-oxidative fatty acid degradation pathway showed that 
LuxI-type synthases require acyl-ACP for AHL synthesis [228, 366]. 
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LuxI-type enzymes catalyse the formation of an amide bond between the acyl 
side chains of the acyl-ACP and the amino group of SAM [69, 90, 260, 309]. 
The reaction is accomplished in several steps (figure 3). The two substrates, 
acyl-ACP and SAM, bind to the enzyme. The acyl chain of the acyl-ACP is 
ligated to SAM by the formation of an amide bond. Lactonisation of the acyl-
SAM intermediate generates acyl homoserine lactone and 5’-
methylthioadenosine. The details of the reaction are still not fully elucidated. 
For instance, it is unclear whether the lactonisation reaction is enzymatically 
controlled or spontaneous.  
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Figure 3. AHL synthesis by LuxI. (a) SAM and Acyl-ACP binding on LuxI. (b) Amide bond 
formation between the acyl side chain and SAM by acylation. (c) Generation of AHL and 5’-
methylthioadenosine (5’-MTA) by lactonisation of the acyl-SAM intermediate (d) release of 5’-MTA 
 

Amino acid sequence alignment between several LuxI-type homologues 
revealed a relative conserved amino terminus and a divergent C-terminus of the 
protein [90, 258]. Four major blocks of conserved sequence (37% identity) 
contain eight residues that are absolutely conserved. Mutation of these 
conserved residues in LuxI of V. fischeri and RhlI of Pseudomonas aeruginosa 
dramatically affects the enzymatic activity of these proteins [117, 258]. It is thus 
postulated that these residues are important for the enzymatic function of the 
amide bond formation [117]. Every LuxI-type synthase must recognize different 
acyl-ACP conjugates with various lengths and oxidative states of the β position. 
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The variability of the C-terminus suggests that this region is involved in the 
recognition of different acyl-side chains [117]. A comparison of two AHL 
synthases, EsaI from Pantoea stewartii and LasI from P. aeruginosa, shows a 
weak amino acid sequence conservation but similar three dimensional structures 
determined by X-ray crystallography [102, 378]. Interestingly, they adopt a fold 
similar to GCN5 acyltransferase, the enzyme that catalyse the thioester linkage 
between the acyl chain and the ACP [102, 378]. Whereas the catalytic site seems 
to be conserved between LasI and EsaI, the region thought to dictate the 
interactions with the acyl side chains have different structures. The X-ray 
crystallography shows a pocket structure in EsaI and a tunnel in LasI, two 
different structures maybe adapted to the size of their respective substrates [102, 
378]. LasI synthesises N-(3-oxododecanoyl)-L-homoserine lactone (3-oxo-C12-
HSL) while EsaI catalyses N-(3-oxohexanoyl)-L-homoserine lactone (3-oxo-C6-
HSL) synthesis. 
 

I1.3 V. fischeri LuxR-type transcriptional regulator 
 

LuxR-like proteins bind with high specificity and affinity to the AHLs 
produced by the cognate LuxI synthases. Even though AHLs represent a highly 
related family of molecules, alterations in the acyl-side chains or in the 
substitution at the β-position greatly affect the activity of the cognate LuxR 
protein. Small structural variations of the original autoinducer usually cause a 
decreased LuxR activity; whereas, compounds with less similarity do not active 
LuxR at all. In several cases, autoinducer analogs inhibit the true AHL binding 
to LuxR and therefore inhibit LuxR dependent transcriptional activation [105, 
308, 409].  

Molecular genetic analysis of  LuxR showed that it is composed of two major 
modules, a DNA binding carboxy-terminus and a regulatory amino-terminus 
module [39, 92, 115]. The C-terminus module contains two major domains. The 
first domain contains a helix-turn-helix (H-T-H) motif involved in DNA binding 
[73, 92]. This region is required for binding to the target promoter but is not 
enough to promote activation of transcription. A second activator domain of the 
C-terminus is required for transcription to occur [39, 92]. The N-terminus 
module prevents DNA binding in absence of AHL by folding back onto the H-
T-H domain, hindering the H-T-H from interacting with the target promoter. 
The inhibition is relieved when the N-terminus domain is bound to the cognate 
AHL [362], allowing the H-T-H motif to bind DNA [115, 362]. Deletion of the 
regulatory module promote therefore constitutive LuxR activation [39].  

The mechanism of activation of LuxR homologues by AHLs is well 
characterized for the LuxR homologue TraR of Agrobacterium tumefaciens, a 
pathogen that causes crown gall tumors in plants. A. tumefaciens uses a 
LuxI/LuxR-type quorum sensing system called TraI/TraR which regulates the 
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conjugation of the tumor-inducing virulence plasmid Ti [278, 318]. In the 
absence of signal, TraR is present as a monomer in the inner membrane. Upon 
addition of the signal, TraR dimerizes and is released from the membrane to the 
cytoplasm [282]. X-ray crystallisation studies showed that TraR binds the DNA 
in a dimeric form. The bound signal molecule is located in an enclosed cavity in 
the N-terminus part of the protein relatively distant from the C-terminus part that 
binds DNA via the H-T-H motif [374]. In addition to TraR activation, the AHL 
stabilizes TraR since unbound TraR undergoes rapid proteolysis compared to the 
AHL-bound form [32, 410]. TraR likely binds AHL during protein synthesis on 
polysomes and the cognate AHL seems to be critical for proper folding of TraR 
[411].    

I1.4 Biodiversity of  LuxI/LuxR quorum sensing systems 
 

The conserved family of LuxI/LuxR homologs are found in diverse bacterial 
species belonging to Gram-negative Proteobacteria. This quorum sensing 
system is widespread among bacteria isolated from different niches, such as 
marine Vibrios, rhizosphere bacteria, symbionts and pathogens of both animal 
and plants. Even though the LuxI/LuxR quorum sensing system is conserved, 
the functions it regulates in various bacteria are disparate, including exoenzymes 
synthesis, conjugation, biofilm formation, luminescence and antibiotic 
production [89, 212, 341]. Similarly, the genetic organisation is variable and 
luxI/luxR-type loci are localised both on the chromosome and on plasmids. 
Many bacteria contain more than one set of LuxI/LuxR quorum sensing systems,   
which are often connected and form hierarchical signalling cascades . In general, 
each of them produces very diverse AHL signalling molecule giving specificity 
to every system [326, 341]. Phylogenetic studies suggest that the LuxI/LuxR 
regulatory system originate both from vertical and horizontal transfer [106]. 
Interestingly, bacteria that possess several LuxI and LuxR members seem to 
have acquired each of them separetely from two different origins or in pairs 
[106].  

The opportunistic human pathogen Pseudomonas aeruginosa possesses two 
different LuxI/LuxR quorum sensing systems, the LasI/LasR and the RhlI/RhlR, 
that are organised in a hierarchical regulatory circuit [106]. The two 
autodinducer synthases LasI and RhlI catalyse the formation of N-(3-
oxododecanoyl)-L-homoserine lactone (3-oxo-C12-HSL) and N-butanoyl-L-
homoserine lactone (C4-HSL) respectively [262, 263]. The LasI/LasR and the 
RhlI/RhlR quorum sensing systems are sequentially activated during cell 
growth. The LasI/LasR system initiates the signalling cascade during cell 
growth by inducing the transcription of several virulence factors. In addition, the 
(3-oxo-C12-HSL)-LasR complex also activates the expression of the rhlI/rhlR 
quorum sensing system by inducing the expression of rhlR. The activated 
RhlI/RhlR quorum sensing system regulates additional set of genes and the (C4-
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HSL)-RhlR complex activates also two genes that are under the control of the 
LasI/LasR system [120, 166, 273, 274, 386].  The 3-oxo-C12-HSL interferes 
with the binding of C4-HSL to its cognate RhlR [274]  to ensure that the 
LasI/LasR system is set up before the establishment of the RhlI/RhlR system. 
This interference guaranties that the two systems are activated sequentially and 
in the right order. 

Several bacteria contain multiple LuxR homologs regulating different set of 
genes but responding to a single autoinducer [106, 194, 207, 279]. For instance, 
Erwinia carotovora LuxR family members CarR and ExpR regulate different 
functions in response to a single AHL signal, suggesting that these LuxR 
homologues were acquired independently [207, 279]. Rhizobium leguminosarum 
contains the linked cinI/cinR genes on its chromosome as well as an AHL 
synthase rhiI and three unlinked luxR homologs bisR, rhiR and triR, all located 
on a plasmid. Two additional loci involved in AHL synthesis, one on the 
chromosome and one on the plasmid, are also identified. The CinI/CinR system 
seems to be located at the top of the regulatory cascade of this complex quorum 
sensing signalling, since a deletion of this quorum sensing system greatly 
reduces the global AHL production in R. leguminosarum [20, 183, 294].  

Therefore, the plasticity and variety of these systems suggest that acquisition 
of additional members of the LuxI/LuxR family of regulatory signalling systems 
by horizontal transfer allow the bacteria to gain new regulatory circuits and 
functional capabilities, increasing their arsenal of regulatory circuits involved in 
environmental adaptation. 

I.2 V. harveyi-type quorum sensing systems 
 

The V. harveyi-type quorum sensing systems are based on unorthodox two-
component  signal transduction systems [272]. Opposed to the one-step 
phosphotransfer between the sensor and the response regulator of conventional 
two-components systems, unorthodox systems are based on a multistep 
phosphorelay cascade that transmit phosphate groups between several histidine 
and aspartate residues. Sensor histidine kinases located in bacterial membrane 
detect the extracellular signals, autophosphorylate, and transmit the sensory 
information via a phosphorylation cascade to a response regulator that is actived.  
 

I2.1 The V. harveyi quorum sensing signalling cascade 
 

At least three different types of autoinducers are functional in V. harveyi, 
AHL, [16, 29], AI-2 (furanosyl borate diester) [38] and the uncharacterized 
autoinducer CAI-1 (cholerae autoinducer 1) [128]. AHL is suggested to be used 
strictly for intraspecies communication [18], whereas, AI-2 is a conserved signal 
used in interspecies communication found in both Gram-negative and Gram-
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positive bacteria. CAI-1, a new class of signal molecule, may serve as 
interspecies communication signals in Vibrio spp. [18, 128, 311, 337]. 

V. harveyi possesses three quorum sensing systems that work in parallel and 
converge to a common transcriptional activator via a phosphotransfer 
mechanism (figure 4). The first quorum sensing system is composed of the AHL 
synthase LuxM and the cognate sensor LuxN [16]. LuxM synthase produces N-
(3-hydroxybutanoyl)-L-homoserine lactone (3-hydroxy-C4-HSL) [29]. LuxN is 
a hybrid sensor kinase, containing both a sensor histidine phosphotransfer 
domain (HPt) and a response regulator phosphoaspartate domain [16, 101]. The 
second quorum sensing circuit is composed of the autoinducer synthase LuxS, 
which synthesises a Furanosyl Borate Diester (FBD) [38], also termed AI-2, and 
the cognate sensor complex composed of the two proteins LuxP and LuxQ [17]. 
LuxQ is an hybrid sensor kinase similar to LuxN [17, 238]. LuxP is a 
periplasmic protein that binds AI-2 and forms a complex with the perisplasmic 
domain of LuxQ at the surface of the inner membrane [17, 238]. Significant 
conformational changes occur at the LuxP/LuxQ interface upon AI-2 binding by 
LuxP that switch LuxQ from a kinase to a phosphatase [17, 238].  The third 
quorum sensing circuits is composed of the autoinducer synthase CqsA 
(cholerae quorum sensing autoinducer) and the cognate sensor CqsS (cholera 
quorum sensing sensor) [128, 213]. CqsA is required for the production of an 
undetermined CAI-1 autoinducer, which binds the sensor CqsS.  CAI-1 is likely 
not an AHL and represents a novel class of autoinducer molecules [213]. CqsS 
is homologous to LuxN but has a different sensory domain, indicating that they 
sense different signal molecules [213]. 

At low cell density, when low concentration of autoinducers is present, LuxN, 
LuxQ and CqsS act as protein kinases and autophosphorylate their respective 
response regulator domains. Phosphate groups are then transferred to the 
histidine phosphotransferase LuxU [87, 359], which transmits the signal to the 
σ54-dependent transcriptional activator LuxO [86, 179]. When phosphorylated, 
LuxO is active and together with σ54 repress the transcriptional activator LuxR 
by activating the expression of at least 5 small regulatory RNAs (sRNAs) [173, 
222]. Repression occurs via Hfq-sRNA-mediated destabilization of the LuxR 
mRNA transcript [173]. At high cell density, LuxN, LuxQ and CqsS act as 
protein phosphatases upon binding of their cognate signal molecules. The 
phosphatase activity of the three sensors dephosphorylates LuxO, relieving the 
repression of LuxR expression. LuxR can then regulate the expression of various 
targeted genes involved in diverse functions including bioluminescence [179, 
224].  

The V. harveyi quorum sensing regulates physiological processes such as light 
production, siderophores, colony morphology, metalloprotease production, type 
III secretion system and several genes of unknown function [16, 17, 129, 179, 
224]. 
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Figure 4. The V. harveyi quorum sensing systems. V.harveyi possesses three quorum sensing systems 
that work in parallel and converge to a common transcriptional activator via a phosphotransfer 
mechanism. The first quorum sensing system is composed of LuxM and LuxN. LuxM is an 3-
hydroxy-C4-HSL synthase. LuxN is a hybrid sensor kinase that binds the 3-hydroxy-C4-HSL 
produced by LuxM. The second quorum sensing circuit is composed of LuxS, LuxP and LuxQ. LuxS 
is a Furanosyl Borate Diester (FBD, also termed AI-2) synthase, a novel signaling molecule recently 
characterized in V. harveyi. LuxP is a periplasmic protein that binds AI-2 and then LuxQ, a hybrid 
sensor kinase, causing a modification of LuxQ conformational state. The third quorum sensing circuits 
is composed of  CqsA and CqsS . CqsA synthesises the CAI-1 autoinducer, of which the structure is 
unknown. CqsS is a hybrid sensor kinase predicted to bind CAI-1. At low cell density, when no 
autoinducers are present, LuxN, LuxQ and CqsS act as protein kinases and autophosphorylate their 
respective response regulator domains (H1→ D1). Phosphate groups from LuxN, LuxQ and CqsS are 
transferred to a phosphotransferase named LuxU (D1 → H2). Finally, LuxU transmits a phophoryl 
group to the transcriptional activator LuxO (H2 → D2) which is activated upon phosphorylation. 
LuxO is a σ54-dependent activator that activates the expression of small regulatory RNA (qrr1-qrr5). 
The sRNA together with the RNA chaperone Hfq inhibit LuxR expression by binding and 
destabilising its transcripts. At high cell density, LuxN, LuxQ and CqsS act as protein phosphatases 
upon binding of the signaling molecules, 3-hydroxy-C4-HSL, AI-2 and CAI-1, respectively. The 
phosphatase activity of LuxN, LuxQ and CqsS dephosphorylates LuxO, inactivating it and 
derepressing LuxR expression. Dotted arrows represent phosphorylation relay. Solid arrows indicate 
gene regulation. P: phosphoryl group. 
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Interestingly, both quorum sensing activation and repression have been 
reported in Vibrio spp. that contain a V. harveyi-like quorum sensing signalling 
system. For instance, in V. harveyi, at high cell density, quorum sensing 
activates the expression of metalloprotease vhpA [224] but represses the type III 
secretion protein VcrD [129]. Similarly in V. cholerea, quorum sensing 
positively regulates the Hap metalloprotease but negatively regulates the 
expression of the virulence factors Toxin co-regulated pili and Cholerae Toxin 
[153, 161, 162, 215, 347, 412]. In V. cholerae, quorum sensing regulates these 
functions by regulating the expression of  the V.harveyi LuxR homolog HapR 
[173]. HapR is a negative regulator of virulence determinants [161, 162] and an 
activator of the metalloprotease Hap [148]. 
 

I2.2 V. fischeri possesses both a V. harveyi-type and a LuxI/LuxR quorum 
sensing system 

 
V. fischeri possesses three quorum sensing signalling systems organised in a 

hierarchical regulatory circuit, two V. harveyi-like systems, LuxS and AinS, 
situated at the top of the regulatory cascade, and the LuxI/LuxR system located 
at the bottom of the hierarchy (figure 5) [185-187]. LuxS synthesises an AI-2 
signal similar to that in V. harveyi and is predicted to be sensed by LuxP which 
binds LuxQ, a hybrid sensor kinase, activating a phosphorelay cascade. AinS 
synthase produces an N-(octanoyl)-L-homoserine lactone (C8-HSL) that is 
sensed by AinR, a hybrid sensor kinase [99, 118]. These three quorum sensing 
systems are sequentially activated during colonization of the squid host and cell 
growth, allowing the bacteria to control in a stepwise pattern the expression of 
different colonization factors, which are important at different stages of the 
invasion process, and bioluminescence [185, 187]. The AinS and LuxS systems 
are activated first at a moderate cell density during cell growth (108 to 109 
cells/ml). In contrary to the AI-2 produced by LuxS, the C8-HSL produced by 
the AinS system is essential for both the normal initiation and the persistence of 
colonization [187]. The C8-HSL and AI-2 are thought to induce the inactivation 
of LuxO by a phosphorelay signalling cascade that dephosphorylates it. 
Inactivation of LuxO relieves repression on litR [81]. LitR, and maybe other 
LuxO-regulated proteins, can then activate early colonization factors such as 
motility. In addition, a positive feedback loop occurs as LitR activates ainS 
[186]. The C8-HSL produced by AinS is also required for the initial activation 
of bioluminescence which is directly regulated by LuxR [389]. The C8-HSL 
modulates bioluminescence indirectly by relieving the repression on LitR, which 
can then induce LuxR expression, and directly by binding LuxR. The C8-HSL-
LuxR complex moderately induces the expression of luxI and bioluminescence 
(luxICDABEG) [81]. When the cell population reaches a high cell density in the 
light organ (> 1010 cells/ml), 3-oxo-C6-HSL produced by LuxI is in high amount 
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and fully activates LuxR. Therefore, the LuxR/LuxI quorum sensing system can 
induce maximal bioluminescence, an important colonization factor that 
promotes maturation of the light organ and colonization persistence [389].  
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Figure 5. The V. fischeri  hierarchal regulatory cascade sequentially induces luminescence genes 
during cell growth. (A) At low cell density, the active LuxO-P represses LitR expression via 
destabilisation of litR mRNA. (B) At moderate cell density (108 cells/ml), the C8-HSL and AI-2 
autoinducers induce the dephosphorylation of LuxO and inactivate it, releasing the repression on litR. 
LitR activates the expression of luxR and regulates the expression of colonisation factors such as 
motility. LuxR binds C8-HSL produced by AinS and moderately induces luxI and luminescence 
(luxICDABEG). (C) At high cell densities, in the squid light organ (>1010 cells/ml), 3-oxo-C6-HSL 
accumulates in high amounts, binds LuxR, and fully induces luminescence and other colonization 
factors. Dotted lines represent phosphorylation relay. Solid lines indicate gene regulation. 
 
 

I2.3 Biodiversity of V. harveyi-type quorum sensing systems 
 

The quorum sensing components are quite similar in many Vibrios, but the 
regulatory mechanisms vary in complexity and regulate different set of 
functions. All V. harveyi-like quorum sensing systems analysed converge to 
LuxO and indirectly to LuxR homologues. However, an important variation in 
the type and the number of converging signalling systems is observed. V. 
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harveyi and V. cholerae possess respectively three (AHL, AI-2, CAI-1) and two 
(AI-2. CAI-1) parallel circuits converging to LuxO, whereas only one circuit 
operates in V. vulnificus (AI-2). V. fischeri contains an additional LuxI/LuxR 
quorum sensing system linked via LuxO and LitR to the two V. harveyi-like 
quorum sensing circuits (AHL, AI-2). This diversity implies that the signalling 
phosphorelay circuits may respond differently to the presence of the various 
signals in Vibrios spp.  

In V. harveyi, the simultaneous presence of the three autoinducers is required 
to achieve a maximal regulation of gene expression [128]. This observation led 
to the suggestion that the V. harveyi quorum sensing circuits function as a 
“coincidence detector” that can essentially distinguish when all three 
autoinducers are present to all other possible variations in the signal 
concentrations [224]. This model would ensure the bacteria to have a signalling 
system that would be less sensitive to noises or interfering molecules. However, 
this model is essentially based on the specific regulation of bioluminescence in 
V. harveyi. Studies of other V. harveyi-like quorum sensing systems in Vibrio 
spp. demonstrated that the simultaneous presence of all the autoinducer for 
significant expression modulation is not absolutely required [186, 213]. In V. 
cholerae, inactivation of LuxS or LuxPQ does not significantly influence the 
expression of bioluminescence during cell growth [213]. Even more, LuxS 
signalling does not affect biofilm formation contrary to CqsS signaling [413] . In 
V. fischeri, the AinS and LuxS signalling pathways synergistically converge to 
LuxO [186, 222]. Similar to V. cholerae, the contribution of the LuxS signalling 
is negligible on colonization and bioluminescence gene expression compared to 
the AinS signalling of V. fischeri [186]. However, the introduction of a luxS 
mutation into a ainS null mutant showed an increased impact on regulated-gene 
expression compared to the single ainS mutant [186]. This could imply that 
LuxS signalling is important in the absence of C8-HSL. Other quorum sensing 
targeted genes in V. harveyi and V. cholerae seem to be more or less reliant on 
the synchronized presence of all autoinducers for significant regulation 
compared to the bioluminescence genes [128, 224, 413]. For instance, in V. 
cholerae, the AI-2 signalling is not involved in biofilm formation; whereas, it is 
slightly involved in quorum sensing regulation when heterologous V. harveyi 
luciferase genes are introduced and used to measure quorum sensing dependent 
gene regulation [213, 412]. Quorum sensing targeted genes may share different 
degrees of sensitivity for quorum sensing regulation, suggesting that they are 
turned on or off at different output amplitudes during cell growth. It is also 
possible that the different quorum sensing systems regulate both common and 
different functions at the same time or at different stages during cell growth.  

Even though the three quorum sensing systems converge to a shared response 
regulator in V. harveyi, the sensitivity of the response to autoinducer 
concentration varies between the three systems [128, 224]. Therefore, the three 
systems switch from kinases to phosphatases at different cell densities. The first 
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activated system during cell growth is the CAI-1/CqsS. The second is the 
AHL/LuxN and the third is the AI-2/LuxPQ [128]. This temporal differential 
pattern of expression suggests that the different quorum sensing system could be 
activated during different phases of cell growth allowing the bacterial population 
to adapt and respond to different physiological conditions. This has been shown 
in V. fischeri where the AinS quorum sensing system is turned on prior to the 
LuxI/LuxR system. This leads to a sequential activation of the two different 
types of quorum sensing systems that allow the bacteria to control different 
functions in a stepwise manner during colonization of the squid host  [185, 187]. 
Similarly, the 6 different HSLs produced by the symbiotic nitrogen-fixing 
bacterium R. leguminosarum have been shown to be synthesized in a distinct 
temporal pattern during cell growth [20]. Moreover, only three of them are 
produced in abundance in the conditions tested, suggesting that both the 
amplitude and the temporal pattern of expression have to be considered during 
quorum sensing regulation analysis.  

In addition, these differences in temporal expression between three sensing 
systems converging to a common integrator can provide various degrees of 
output states at any given time during cell growth, allowing differential gene 
regulation based on the affinity and sensitivity of the various promoters of 
targeted genes. Moreover, under natural conditions, it is not guaranteed that the 
systems are turned on at the same time as it is shown in vitro. In conclusion, 
quorum sensing systems are likely differentially regulating targeted genes by 
combining the temporal expression with the various strengths of the different 
systems. In addition, maximal expression of a set of gene may not always be 
advantageous in the natural environment. 
 

I2.4 AinS/LuxM family of AHLs synthase 
 

AinS from V. fischeri and LuxM of V. harveyi represent a new family of AHL 
synthases [16, 99]. AinS catalyses the formation of C8-HSL and LuxM directs 
the synthesis of 3-hydroxy-C4-HSL. They share 34% identity and a strong 
conserved region but have no homology with the LuxI family. Although AinS 
and LuxI are not homologues, they use similar  precursors, SAM and acyl-ACP, 
for AHL synthesis [118]. However, AinS can accept either Acyl-ACP or Acyl-
CoA in a relatively efficient manner as an acyl group donor [118], whereas 
members of the LuxI family can only accept Acyl-ACP. This flexibility might 
be advantageous under certain physiological conditions that causes an imbalance 
in the pool of precursors. Interestingly, RhlI inhibitors such as S-
adenosylhomocysteine and holo-ACP also inhibit AHL synthesis by AinS [118], 
suggesting that the two families of AHLs synthases likely share a common 
enzymatic mechanisms. 
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I2.5 Furanosyl borate diester (AI-2) and LuxS family 
 

LuxS belongs to a new family of proteins responsible for autoinducer 
production. This family is widespread both in Gram-negative and Gram-positive 
bacteria [18, 337]. Since the AI-2 signaling molecules are produced and detected 
by many bacteria, it is suggested that this signal is involved in interspecies 
communication [18, 337, 397]. Crystallographic studies of the AI-2 receptor 
LuxP of V. harveyi showed that the protein is complexed with a furanosyl-
borate-diester (3A-methyl-5,6-dihydro-furo (2,3-D) (1,3,2) dioxaborole-
2,2,6,6A-tetraol; S-THMF-borate) [38]. FBD is a by-product of the activated 
methyl cycle, involved in the recycling of SAM (figure 6) [38, 380].  
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Figure 6. Simplified FBD biosynthesis. The activated methyl group (CH3) of SAM is used to 
methylate various substrates (R = DNA, RNA, Proteins, Metabolites). This leads to the formation of 
the toxic metabolite SAH which is converted to SRH. LuxS catalyse the conversion of SRH to HC and 
DPD. DPD is thought to be converted spontaneously to FBD. Interestingly, SAM is also one of the 
precursors for the synthesis of the AHL molecule by the LuxI auoinducer synthetase. SAM: S-
adenosylmethionine. SAH: S-adenosylhomocysteine. SRH: S-ribosylhomocysteine. HC: 
Homocysteine. DPD: 4,5-dihydroxy-2,3-pentanedione. MET: Methionine. ACP: Acyl carrier protein. 
 

SAM is the major methyl donor in both prokaryotes and eukaryotes. When 
used as a methyl donor, SAM is converted to S-adenosyl-L-homocysteine 
(SAH), a toxic compound. SAH is detoxified by the Pfs enzyme (also called 5´-
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methylthioadenosine/S-adenosylhomocysteine nucleosidase) to S-ribosyl-
homocysteine (SRH), the substrate of LuxS. LuxS acts on SRH to make 
homocysteine and DPD (4,5-dihydroxy-2,3-pentanedione). DPD is the precursor 
of FBD. DPD spontaneously undergoes cyclisation followed by reaction with 
borate to form a relative stable molecule of furanosyl borate diester (S-THMF-
borate) [38], the V. harveyi AI-2 autoinducer. The boric acid molecule required 
for this reaction is widely available, for instance in sea water [24]. However, 
boron is not always associated with AI-2. In Salmonella typhimurium, the AI-2  
binding protein LsrB interacts with a AI-2 signal lacking boron (R-THMF) 
[214]. Moreover, S-THMF-borate and R-THMF have a capacity of 
interconversion, with an equilibrium influenced by the level of boric acid [214]. 
Thus two different AI-2 molecules formed from the same precursor have been 
characterized. The different active forms may depend on the availability of 
boron found in the different bacterial niches.  

As previously mentioned, LuxS has an alternative role in addition to AI-2 
synthesis in the cell. LuxS is an integral component of the activated methyl 
cycle [388]. In fact, AI-2 has been shown to be more tightly linked to the 
physiological and metabolic state of the bacteria than to cell density [52, 53, 
156, 387]. The fact that LuxS has an important role in central metabolism could 
explain the widespread conservation of the luxS gene among bacteria. An 
alternative hypothesis suggests that AI-2 could be used as an indicator of the 
metabolic state of the cell to monitor the growth potential of the population 
instead of being a true quorum sensing signalling molecule [119, 380, 397]. In 
addition, the AI-2 molecule could be a by-product of the SAH detoxification 
pathway rather than a signalling autoinducer [387]. 

I2.6 CAI-1  
 

CAI-1 is an autoinducer produced by CqsA and recognized by the sensor 
CqsS. This quorum sensing system was identified in V. cholerae and is 
relatively similar to the LuxM/LuxN and LuxS/LuxPQ systems of of V. harveyi. 
However, several significant differences have been identified suggesting that 
CAI-1 is not an AHL or a FBD  [213]. No AHL activity  has been detected from 
V. cholerae strains by using different AHL biosensors designed to detect a 
variety of AHLs [203, 285].  Moreover, mixing culture supernatants containing 
CAI-1 with a Bacillus strain that produces the homoserine lactonase AiiA [58, 
59], an enzyme that inactivates AHL by hydrolysing  the lactone bond of 
homoserine lactones, has no effect on CAI-1 activity [128]. AI-2 biosynthesis 
can be achieved in vitro by adding SAM to a bacterial cell lysate from an E. coli 
strain that expresses  an ectopic LuxS [311].  A similar experiment performed 
with an ectopic expression of CqsA  in E. coli did not produce CAI-1 activity, 
suggesting that CAI-1 biosynthsesis requires different or additional precursors 
than SAM [213]. Together, these data strongly suggest that the biosynthesis and 
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the structure of CAI-1 are different to previously described autoinducers. In 
addition, the sensory N-terminus of CqsS presents no homology to the sensory 
domain of LuxN, implying that CqsS recognizes a different type of signal 
molecule [213]. Since V. cholerae CAI-1 containing supernatant can modulate 
V. harveyi gene expression and vice versa, CAI-1 activity is not restricted to one 
bacterial species and is likely involved in interspecies communication [128]. In 
contrast to the LuxS/AI-2 system, the synthase CqsS and its product CAI-1 are 
not widespread among many bacterial species and have only been identified in 
closely related marine Vibrio species [128].  Hypothetically, CAI-1 interspecies 
signals may only be used by Vibrio species that cohabit in the same 
environmental niche [128]. The bacterial species that have been identified to 
produce CAI-1 activity are V. cholerae, V. harveyi, V. anguillarum, V. 
alginolyticus, V. parahaemolyticus and V. furnissii [128]. 

I2.7 The phosphotransferase LuxU 
 

LuxU has a unique central role in the V. harveyi quorum sensing cascade as a 
phosphotransferase. The three signalling systems converge on this protein 
funnelling the signal to the downstream response regulator LuxO [128]. LuxU 
belongs to a phosphotransferase protein family that possesses little sequence 
homology, except in the region localized to the conserved histidine 
phosphotransferase (HPt) domain. Examples of phosphotransferases within this 
family are Ypd1 from Saccharomyces cerevisiae [280], HPt domain of ArcB 
from E. coli [198, 358], and Spo0B from Bacillus subtilis [26]. One advantage 
of introducing phosphorelay signalling intermediates in an unorthodox  two-
component system is to allow other regulatory circuits to feed into the 
phosphorelay to modulate the output of the signalling cascade [272]. One 
example is the sporulation control system of B. subtilis which contains two 
phosphorelay signalling intermediates (Spo0F and Spo0B) intercalated between 
the sensor histidine kinases (KinA and KinB) and the response regulator 
(Spo0A). The two sensor histidine kinases, KinA and KinB, function as 
phosphodonor for the intermediate receiver domain of Spo0F. Spo0F transmit 
the phosphoryl group to the Hpt domain of Spo0B. Finally Spo0B is the 
phosphodonor for the receiver domain of the transcriptional activator Spo0A 
[26]. The RapA and RapB phosphatases have been shown to dephosphorylate 
the intermediate receiver domain of Spo0F, counteracting the activity of the two 
sensor kinases KinB and KinA and thereby interfering with the phosphorylation 
cascade [271]. This kinase-phosphatase competition is an example of the 
possibility of integration of multiple signals via phosphotransfer proteins of a 
signalling pathway, adding supplementary control along the signalling pathway 
that ensures the bacteria to respond optimally to different environmental signals. 
Similarly, in E.coli, the SixA phosphatase dephosphorylates the HPt domain of 
ArcB [248].  Interestingly, the ArcB HPt domain can phosphorylate non-cognate 
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effector proteins, such as CheY and OmpR, in addition to the cognate ArcA 
protein. ArcB is thus classified as a promiscuous phosphodonor that can be used 
as a multi-signal transducer in cross-communication [143, 358, 400], allowing 
one signal to be transmitted to several response regulators involved in various 
functions. 

Therefore, it is possible that LuxU might be the target for additional regulatory 
signalling than just quorum sensing. LuxU may also transfer the phosphate to 
additional response regulators other than LuxO, thereby transmitting the signals 
to regulons that are independent of LuxO regulation.   

I2.8 The sigm54-dependent regulator LuxO and small regulatory RNAs 
 

LuxO is a member of the NtrC family of response regulators that activates 
gene expression together with the alternative sigma factor σ54 [179]. This 
family is mainly characterized by a highly conserved central region that contains 
the site involved in σ54 interaction, a NTP binding motif, and a region with 
NTPase activity [296]. These proteins are usually composed of a C-terminal  H-
T-H DNA binding domain and a N-terminal sensor domain that regulates 
activation upon binding of various environmental signals [320]. Many of these 
σ54-dependent regulators belong to the family of response regulators which are 
activated upon phosphorylation of an aspartate motif located in their N-terminal 
sensor domain [272]. Interaction of the σ54-dependent transcriptional activator 
with σ54-RNA polymerase followed by NTP hydrolyses activate the conversion 
of the σ54-holoenzyme closed complex to the open transcriptional complex, 
initiating thereby transcription [296].  

The active phosphorylated LuxO induces the expression of four homologous 
small regulatory RNA (qrr1-qrr4; for quorum regulatory RNA) in V. cholerae 
and probably five in V. harveyi, V. parahaemolyticus and V. vulnificus (qrr1-
qrr5). As described previously, these sRNAs in conjunction with the RNA 
chaperone Hfq inhibit LuxR protein expression by binding and destabilising the 
luxR mRNA [173]. sRNAs have been classed in two major groups based on their 
mechanism of regulation. The first group is composed of sRNAs that act by base 
pairing with targeted mRNA. This interaction requires an RNA chaperone to 
promote sRNA-mRNA base pairing and/or to protect sRNAs from RNases 
cleavage [85, 191, 225, 226, 333]. sRNAs can repress or activate translation by 
blocking or promoting ribosome binding to the targeted mRNA [6, 190, 405] or 
sRNAs can modulate the stabilisation of  mRNA by regulating the mRNA 
accessibility to ribonucleases [195, 333]. The identified qrr1-qrr5 all belongs to 
that class of sRNAs [173].  

The second group of sRNA act by binding and modulating targeted protein 
activities. The best studied example of that class are CsrB/CsrC that bind and 
inhibit the activity of the global translational regulator CsrA [191, 297, 333].  
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More than 200 putative sRNAs have been identified in E.coli and at least 60 
are known to be expressed and likely functional [191]. Many of the known 
sRNAs are an integral part of the global regulatory network of bacteria. For 
instance, OxyS, an sRNA induced in response to oxidative stress, has been 
shown to regulate the expression of at least 40 genes, among them the global 
regulators rpoS and fhlA [6]. The characterized sRNAs are regulated by various 
signalling pathways. However, most of identified and studied sRNAs appear to 
be induced under stress conditions such as oxidative stress, temperature and 
starvation [333]. The different sRNAs involved in V. harveyi-like quorum 
sensing regulation may be differentially regulated by various environmental 
conditions. This would allow additional regulatory mechanisms to control the 
targeted genes in addition to quorum sensing. Indeed, in addition to the LuxO 
binding site, putative binding consensus sequences of some known regulatory 
factors have been identified in the promoter region of the sRNAs qrr2 and qrr3 
[173]. 

I2.9 The family of V. harveyi LuxR homologues are members of the TetR 
family 

 
The V. harveyi LuxR-type subfamily belongs to the TetR family of 

transcriptional regulators [283]. The members of the family are either repressors 
or activators, or both. The TetR family of proteins have a very conserved DNA 
binding domain composed of a H-T-H motif. Most of the well characterized 
members of the family form homodimers that bind palindromic sequences in the 
promoter region of targeted genes [283], which are most often involved in the 
physiological adaptation of bacterial cell to environmental changes [283]. In 
general, proteins belonging to the TetR family have unconserved regulatory 
domains that interact with diverse inducers. Phosphorylation of the regulatory 
domain or binding of a signal molecule induces a conformational change in the 
conserved DNA binding domain, promoting activation or derepression of  
transcription [283].   

V.harveyi LuxR-type proteins have been identified in many marine Vibrios. In 
addition to the conserved DNA binding H-T-H domain, the LuxR homologs are 
highly homologous throughout the protein sequence [204]. The V. vulnificus 
smcR shares 90%, 80.3%, and 70% identity with the V. harveyi luxR, the V. 
parahaemolyticus opaR and the V. cholerae hapR, respectively [204]. The 
genetic organisation of the loci of the different luxR homologs and phylogenetic 
analysis showed that they form a new subfamily of transcriptional regulators 
that are ubiquitously present among most of the Vibrios and that the genes have 
been acquired by vertical transmission from a common ancestor [204]. Even 
though the proteins share a highly conserved amino acid sequence, they have 
been shown to regulate both common and different phenotypes [81, 148, 202, 
204, 205, 220, 221, 317, 339]. Examples of commonly regulated functions 
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involve protease activity, motility and exopolysaccharide production (opacity). 
The genes involved in these phenotypes may belong to the ancient LuxR regulon 
inherited from a common ancestor. However, LuxR homologs are also 
integrated in diverse regulatory circuits and functions that may have evolved 
during adaptation of the various Vibrio spp. to their respective niches in 
combination with the possible acquisition of transposable elements into their 
genome. All members of the LuxR family control phenotypes that could be 
involved in colonization and survival, two events associated with bacterial 
environmental adaptation, a hallmark of the TetR family of transcriptional 
regulators [283]. 

I2.10 Functions of V. harveyi LuxR homologues 
 

The V. harveyi LuxR positively regulates bioluminescence, synthesis of 
polyhydroxybutyrate, metalloprotease and negatively regulates type III secretion 
and rugose colony morphology [128, 179, 221, 224, 321]. The V. fisheri LitR 
has been shown to regulate motility, opacity, a putative exopolysaccharide locus 
and bioluminescence by activation of LuxR, the transcriptional activator of the 
V. fisheri LuxI/LuxR-type quorum sensing system  [81, 185-187]. The V. 
vulnificus SmcR plays an important role in starvation adaptation. Inhibition of 
quorum sensing signalling in V. vulnificus by using signal antagonists affects 
starvation survival, demonstrating that SmcR dependent starvation regulation is 
controlled by quorum sensing signalling [205]. In addition, SmcR regulates both 
positively and negatively several virulence factors. It activates the 
metalloprotease vvp and the elastase vvpE but represses indirectly the cytolysin 
vvhA, motility, fimbriae production and biofilm formation [146, 205, 317]. 
Finally, SmcR positively regulates opacity, a phenotype usually associated with 
capsular or exopolysaccharide production. Capsular polysaccharide has been 
shown to be a major determinant of virulence in V. vulnificus and many other 
bacteria species  [317]. 

Similarly, the V. parahaemolyticus OpaR controls swarming motility and 
colony opacity, a phenotype associated to capsular polysaccharide production 
and to other OpaR regulated unidentified determinants [112]. Disparity in V. 
parahaemolyticus colony morphology is regulated by phase variation within the 
opaR promoter region [76, 202]. Interestingly, both the opaque and translucent 
cell types form stable biofilm structures, however, the biofilm architectures and 
attachment characteristics to diverse surfaces differs, indicating that OpaR may 
play a central role in the adaptation of biofilm formation under different 
conditions. 

The V. cholerae HapR activates the metalloprotease HapA but represses both 
virulence and biofilm formation [148, 161, 162, 413]. HapR indirectly represses 
the synthesis of the toxin-co-regulated pilus and cholera toxin by inhibiting the 
expression of the AphA regulator located at the top of the regulatory cascade 
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[161, 162]. HapR represses biofilm formation by inhibiting the expression of the 
vps operon, a locus required for exopolysaccharide biosynthesis and biofilm 
formation [377, 403, 413]. A model of quorum sensing regulation via HapR 
during the V. cholerae infectious cycle has been proposed (figure 7) [413].  
 
 

Biofilm formation 
(survival in free environment)  

Ingestion and 
passage through 
the gastric barrier 

QS → HapR vps (biofilm)

Cell detachment → Low cell density 
QS HapR 

Expression of virulence genes 
→ colonisation and multiplication 

Detachment → diarrhea 

HapR  
virulence   

Hap   

Free environment → Low cell density 
QS HapR 

High cell density 
QS → HapR 

 
 
Figure 7. Model of quorum sensing regulation via HapR during the V. cholerae infectious cycle. V. 
cholerae is mainly found in highly populated biofilm structures in aquatic reservoir. It is therefore 
believed that V. cholerae is orally ingested not as planktonic cells, but embedded in a biofilm structure 
that would protect the bacterial population during the passage through the gastric barrier. After 
ingestion, quorum sensing signalling derepresses HapR expression and HapR represses 
exopolysaccharide production and therefore biofilm formation. Bacterial cells detach from the biofilm 
and become planktonic cells. HapR expression is repressed at low cell density in planktonic bacteria, 
allowing the expression of virulence factors and colonization of the intestinal epithelium. Bacteria can 
multiply and reach high cell densities in the intestinal epithelium, causing derepression of HapR. 
HapR inhibits virulence genes expression and activates the metalloprotease HapA. Induction of HapA 
production promotes bacterial detachment from the epithelium and releases of the bacteria into the 
environment via the intense diarrhea. V. cholerae can then reinitiate the cycle by reinducing biofilm 
formation at low cell density in the free environment. 
 

At least two of the LuxR homologs, LuxR and HapR, bind their own promoter 
and repress their transcription [34, 180]. This autorepressor activity allows these 
proteins to tightly control their action by modulating their intracellular levels. 
Precise regulation of several V. harveyi LuxR homologs is important since 
overexpression of these regulators in certain strains is cytotoxic or at least 
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inhibit growth, suggesting that essential unknown cellular functions could be  
controlled by these family of regulators [34, 81]. 

The high homology shared by the members of the V. harveyi LuxR family 
allows in some cases functional interchangeable ability, with respect to the 
regulation of the V. harveyi lux operon [148, 202, 317]. HapR, OpaR and SmcR 
carried in trans could activate the expression of the V. harveyi lux operon in an 
E. coli background, but the expression of LitR in trans failed to restore 
bioluminescence production [81]. Even though the H-T-H DNA binding domain 
is extremely conserved among the V. harveyi LuxR homologs, no LuxR binding 
consensus sequence has been identified among the various targeted genes, 
suggesting that these regulators likely recognizes diverse promoter sequences 
[204].  

J. Quorum sensing signalling in Gram-positive bacteria 
 

In addition to the widespread interspecies V. harveyi–like AI-2 signals, Gram-
positive bacteria use secreted peptides as autoinducers for specific interspecies 
communication. These extracellular peptides, often called pheromones, are 
synthesized first as precursors inside the bacterial cell and are then processed 
and secreted via an ATP-binding cassette transporter [157, 212]. The described 
pheromone peptides vary in length and many of them are modified 
oligopeptides. Examples of modifications comprise hydrophobic modifications 
on particular amino acids or cyclisation by formation of a thio-lactone ring [170, 
189, 199]. Two mechanisms of signal recognition have been described in Gram-
positive bacteria. The first mechanism is based on two-component signalling 
systems [272], and is therefore similar to the V. harveyi quorum sensing 
signalling system in that a phosphorelay transmits the signal to regulate gene 
expression [17, 86-88, 213]. The pheromone acts by binding to a cognate sensor 
histidine kinase in the bacterial membrane. The binding of the autoinducer to the 
sensor domain triggers the transmission of the signal via auto-phosphorylation 
or -dephosphorylation of the sensor histidine kinase domain. The phosphate 
group is then transferred to the aspartate domain of the cognate response 
regulator which becomes activated, allowing it to regulate transcription of 
various targeted genes [182, 276, 328]. The second mechanism of signal 
recognition in Gram-positive bacteria is based on the direct recognition of the 
pheromone by an intracellular receptor. The peptide pheromones are transported 
into the cell by an oligopeptide permease that belongs to the large family of 
ATP-binding cassette transporters [169, 328, 329].  

Two interesting examples of pheromone regulation in B. subtilis and 
Staphylococcus aureus show the similitudes and differences characterizing 
quorum sensing in Gram-negative and Gram-positive bacteria.  
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J.1 Bacillus subtilis: cooperation or antagonism of the signals depends on 
the autoinducers concentration. 

 
B. subtilis possesses at least two different pheromones, ComX, a ten amino 

acid modified oligopeptide that acts by activating a two-component signalling 
cascade, and CSF (competence and sporulation factor), a linear pentapeptide that 
interacts with an intracellular receptor [189, 329]. These two quorum sensing 
systems have been shown to regulate both competence and sporulation in 
B.subtilis (figure 8) [110].  
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Figure 8. The Bacillus subtilis quorum sensing system. The pheromone ComX functions 
extracellularly and triggers a signalling cascade when it binds the sensor kinase ComP. The activated 
ComP transmits the phosphorylation signal to the response regulator ComA. The active 
phosphorylated ComA regulates genes involved in competence. The autoinducer CSF functions 
intracellularly and is imported into the cell by an oligopeptide permease (OP). At low concentrations, 
(a) CSF interacts with the phosphatase RapC and inhibits its activity. RapC is a phosphatase that 
dephosphorylates ComA and inhibits competence. At high concentration, (b) CSF inhibits the 
ComP/ComA phosphorylation cascade, possibly by inhibiting the activity of ComP and the 
phosphatase RapB. RapB inhibits the sporulation signalling cascade by dephosphorylating Spo0F∼P. 
Therefore, CSF promotes competence at low concentration (together with ComX) and sporulation at 
high concentration.  
 

Accumulation and binding of ComX to its cognate sensor kinase ComP 
triggers autophosphorylation of ComP, and subsequent transfer of the phosphate 
group to the response regulator ComA. The activated ComA induces the 
expression of ComS, an essential regulator required for the development of the 
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competent state. CSF, when present at a low internal cellular concentration, 
promotes competence by inhibiting the activity of the RapC phosphatase. RapC 
is an inhibitor of competence that deactivates ComA by dephosphorylating the 
active phospho-ComA. However, when present at a high intracellular 
concentration, CSF inhibits competence by repressing ComS expression, maybe 
by inhibiting the activity of the sensor ComP. At the same time, CSF promotes 
sporulation by inhibiting the activity of the RapB phosphatase, a repressor of the 
sporulation signalling cascade [169, 170, 212, 269, 270, 288, 328]. In summary, 
B. subtilis possesses two quorum sensing systems, which (1) converge on the 
same response regulator acting synergistically at a low to moderate cell density 
and which (2) regulate two divergent functions at high cell density, with one of 
the signals (CSF) becoming an antagonist of the second (ComX). Even though 
two different quorum sensing signalling systems converge to the same integrator 
like in V. harveyi, in B. subtilis the functional output (agonism or antagonism) of 
this converging signalling depends much more on the autoinducers 
concentration than simply on their simultaneous presence as suggested for V. 
harveyi. Thus, the concentration of CSF is the determinant for how a B. subtilis 
population chooses between two mutually exclusive types of physiological 
strategies.  

J.2 Staphylococcus aureus and the ultraspecificity of the signal 
 

S. aureus is a pathogen that causes many human illnesses, such as food 
poisoning, skin infection and toxic shock syndrome. The peptide quorum 
sensing system regulates many of the virulence determinants produced by S. 
aureus strains [246]. The signalling pheromones, called AIP for autoinducing 
peptide, is synthesized by the AgrD and AgrB machinery and act via a two-
component signalling system comprising the AgrC sensor kinase and the AgrA 
response regulator [182, 246, 268]. The particularity of the AIPs peptide 
signalling system in S. aureus resides in the important variation of AIP that 
exists among different strains. All the AIPs have a common thiolactone ring and 
a conserved DEPEVP motif, but have different amino acid sequences and 
peptide lengths (7-9 amino acids) [67]. Therefore, S. aureus strains have been 
divided in four different groups (I-IV) which class strains by production and 
recognition the same AIP. The genes, agrBCD, involved in synthesis and 
recognition of AIP, are also highly variable among S. aureus strains [147, 188, 
199]. Interestingly, each different AIP initiates an agr virulence cascade in 
strains that produce similar AIP but inhibits the agr systems in other S. aureus 
groups that produce a different AIP [147]. This inhibition is a form of bacterial 
interference that presumably gives a selective advantage for the strain that 
produces the most abundant and most potent AIP. For instance, the first 
established strain in a given niche could use its signal pheromone to out-
compete secondary invading strains. This is a good example showing that cell-
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cell signalling in bacteria has evolved to strengthen the degree of specificity 
above the species barrier. Bacteria that grow in communities such as biofilms in 
the natural environment may require multiple forms of intra- and inter-species 
communication to adapt optimally to environmental variation. 

K. Bacterial cross-talk 
 

Cell-cell communication is often required for a bacterial population to develop 
into complex organised communities such as surface adherent biofilms or to 
coordinate synergistic colonization and establishment into a host [40, 41, 50, 81, 
185, 187, 259, 261]. Examples of interactions or colonisations of a eukaryotic 
host by a single bacterial species are more an exception than a general occurring 
event. Most of the symbiotic and pathogenic interactions are characterized by 
the coexistence of multiple microorganisms located in the same environment. It 
is likely that multispecies communities are composed of a majority of bacteria 
that use cell-cell signalling as a mechanism for environmental adaptation. 
Therefore, interspecies bacterial cross-talk may play an important role in the 
dynamics of these microbial communities by allowing bacterial species to act in 
concert or to out compete other species during their establishment in various 
environmental niches. Multispecies synergistic behaviour that allows a 
synchronization of various important functions may enhance the survival of the 
entire community, for instance for the formation of mature multispecies biofilm 
structures.  

P. aeruginosa colonizes the lungs of cystic fibrosis (CF) patients where it uses 
quorum sensing signalling to form mature biofilms [50, 259]. Burkholderia 
cepacia is another opportunistic pathogen found in the lungs of CF patients that 
is often associated with P. aeruginosa [70, 346]. Both bacteria species possess a 
V. fischeri LuxI/LuxR-type quorum sensing system and produce AHLs.  Each of 
these bacteria activates their respective quorum sensing regulon in response to 
the AHLs produce by the other bacterial species [176]. Moreover, the addition 
of the P. aeruginosa 3-oxo-C12-HSL to B. cepacia cultures increases its 
production of quorum sensing-regulated virulence factors [208]. Therefore, a 
mixed population of B. cepacia and P. aeruginosa co-ordinately regulates their 
virulence factors to improve their capacity to colonize the lung of CF patients. 

Streptococcus gordonii and Porphyromonas ginginvalis are two members of 
the biofilms communities of dental plaque [209]. The interspecies AI-2 
autoinducer, produced by both species, is essential for the establishment of a 
mixed species biofilm using both strains but is not required to form a single 
species mature biofilm. The S. gordonii luxS null mutant forms biofilm on 
polystyrene surfaces but is impaired in formation of a mixed species biofilm 
with a P. gingivalis luxS knock out mutant. Complementation of the luxS 
mutation in one of the two species restores their aptitude to form a biofilm 
community [209].  
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Some bacteria have evolved a system that allows them to modulate their 
behaviour by eavesdropping signals produced by other members of the 
community. P. aeruginosa does not possess an interspecies LuxS/AI-2 system. 
However, non-pathogenic bacteria belonging to the indigenous microflora of the 
respiratory tract of the host have been shown to be able to influence the P. 
aeruginosa gene expression partly via AI-2 signalling, contributing to its 
pathogenicity [65]. Salmonella enterica contains no AHL synthase LuxI but has 
a LuxR-type transcriptional regulator (SdiA) that intercepts AHLs produce by 
other organisms to regulate several genes involved in its protection against the 
host defence in the intestine [5].  

L. Bacterial interference 
 

Knowing that bacteria extensively use cell-cell signalling to control 
fundamental functions involved in every important stage of their different life 
cycles, including survival and host colonization, it is not surprising that many 
organisms have evolved a variety of mechanism to interfere or block quorum 
sensing signalling. All quorum sensing signals are classified into different 
families based on a certain degree of structural similitude. Mechanisms of 
interference aiming at the structural similarity of the signalling molecules would 
ensure a broad range of efficiency. Mechanisms of signal degradation, inhibition 
and antagonism have been identified in both prokaryotes and eukaryotes [42, 58, 
60, 137, 147, 171, 181, 398, 406, 408].  

Two families of AHL degrading enzymes have been described, (1) the AHL-
lactonases (aiiA and attM homologs) that hydrolyse the homoserine lactone ring, 
and (2) the AHL-acylases that hydrolysis the amid bond between the fatty acid 
chain and the homoserine lactone  moiety [58, 60, 171, 181]. The signal 
degrading enzymes were originally identified in at least ten diverse bacteria 
(Bacillus species, A. tumefaciens, P. aeruginosa , V. paradoxus, K. pneumoniae, 
Ralstonia species) but are also now found in eukaryotic hosts [42, 398]. 
Lactonase activity, which degrades the P. aeruginosa 3-oxo-C12-HSL, is found 
in human airway epithelia, a common localisation of those bacteria in immuno-
compromised patients. Lactonase activity is associated with many kinds of 
mammalian cell types but the highest level of AHL degradation is found in 
human epithelia that is exposed to the pathogen [42]. Lactonase activity is 
associated with the mammalian paraoxonase family that consists of at least three 
members, PON 1 to PON3. Paraoxonases degrade more than 30 different types 
of lactone-based molecules and are involved in a wide range of important 
physiological activities, including detoxification and anti-oxidation [63, 64, 257, 
348]. The porcine kidney acylase I (EC 3.5.14) also degrades AHLs, with a 
preference for short chains molecules [398]. Interestingly, the acylase I is widely 
conserved in eukaryotes, such as mice, rats and zebrafish [61]. Thus, AHL 
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signalling interference in eukaryotes might represent an additional determinant 
of the innate immunity response. 

Halogenated furanones produced by the macroalga Delisea pulchra inhibit 
quorum sensing regulated functions. Halogenated furanones are structural 
analogs of AHLs that bind V. fischeri LuxR homologues and decrease their 
activity by reducing the protein stability [193]. The quorum sensing inhibitory 
effect of furanone molecules also works in bacteria that do not utilize 
LuxI/LuxR systems, indicating that furanones may target other aspects of 
quorum sensing mechanisms than inactivation of LuxR homologues. For 
instance, furanones inhibit quorum sensing in the Gram-positive Bacillus 
anthracis, AI-2 signalling in both E. coli and V. harveyi, and AI-1 signalling of 
V. harveyi  [150, 289, 290].  

AHLs per se are antagonists in cross-species signal interference. For instance, 
Chromobacterium violaceum produces the pigment violacein when the short 
chain AHL C6-HSL is produced. However, pigment production is inhibited by 
AHLs with acyl side chains containing 10C or larger [203]. Quorum sensing 
interference has also been shown in S. aureus. AIP pheromones activate quorum 
sensing signalling in the strains that produce the specific AIP but inhibit the 
signalling in S. aureus strains that produce a different AIP pheromone [67, 147].  
Several higher plant species secrete molecules that mimic AHLs activity. These 
substances both stimulate and inhibit bacterial quorum sensing systems [94, 197, 
350, 351]. For instance, the alga Chlamydomonas reinhardtii secretes more than 
12 substances structurally related to AHLs that activate LasR and CepR but not 
LuxR, AhyR and CivR reporter strains. Selected substances produced by C. 
reinhardtii that stimulate the LasR reporter strains inhibit the quorum sensing 
system of the soil bacterium Sinorhizobium meliloti, a bacterium that lives in the 
same environmental niche as C. reinhardtii [351].  

Interestingly, signal degradation or signal inhibition is not only used to 
interfere with the signalling system of competitive or pathogenic strains, but also 
to regulate the quorum sensing signalling of the quorum quenching producing 
strain. A. tumefaciens uses a LuxI/LuxR-type quorum sensing system called 
TraI/TraR which regulates the conjugation of the tumor-inducing virulence 
plasmid Ti [278, 318]. A. tumefaciens possess also a AHL-lactonase AttM that is 
tightly involved in the quorum sensing regulation of Ti plasmid conjugal 
transfer [406, 407]. AHL accumulation and Ti plasmid rate of transfer follow the 
same pattern during cell growth. The maximal production of AHLs and Ti 
plasmid rate of transfer are reached at mid-exponential phase and disappears 
rapidly when the cells enter stationary phase [406]. The quick degradation of 
AHL is linked to the induced expression of AttM, which rapidly degrades AHL 
upon entry into stationary phase. attM expression is controlled by the stress 
alarmone (p)ppGpp, a stringent response signal, that accumulates for instance 
upon nutrient shortage [36, 407]. This fine regulation of AHLs expression 
during cell growth allows the bacteria to adapt quickly to new environmental 
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conditions by rapidly switching off functions that are unnecessary in the new 
situation. Since more than 300 genes are regulated by quorum sensing in P. 
aeruginosa, mechanisms involved in switching off the signalling are probably 
vital to save energy and to adapt the cell to the new environmental conditions 
[315, 364]. 

M. Interkingdom signalling 
 

Considering that bacteria extensively use cell-cell signalling molecules to 
regulate many functions required for bacterial-host associations such as 
symbiosis and pathogenicity, it is not surprising that these signalling molecules 
also modulate the host eukaryotic cellular response to bacteria. Interestingly, 
AHLs can also penetrate eukaryotic cell membranes and retain their activity in 
the cytoplasmic compartment, suggesting that their functional structure is 
conserved in the host environment [21, 237, 319]. Therefore, bacteria can use 
their signalling molecules to modulate the host response to bacteria which can 
greatly influence the fate of any host-microbe interaction. 

The P. aeruginosa 3-oxo-C12-HSL stimulates cytokine production in 
mammalian cells and induces apoptosis in macrophages and fibroblasts and is 
therefore a potent immunomodulator of different eukaryotic cells [57, 135, 177, 
345, 349]. 3-oxo-C12-HSL can promote both pro- and anti-inflammatory 
responses in host cells depending on its concentration. At high concentration, 3-
oxo-C12-HSL acts as a pro-inflammatory determinant by stimulating the 
production of interleukin-8, cyclooxygenase 2 and prostaglandine E2 in human 
lung structural cells such as fibroblasts [57, 196, 324, 325]. This response causes 
recruitment of neutrophils to the site of infection, contributing to pulmonary 
inflammation and tissue deterioration, a characteristic symptom of P. 
aeruginosa infected lungs [57, 325]. At low concentration, 3-oxo-C12-HSL 
exhibits anti-inflammatory properties by inhibiting interleukin-12 and TNFα in 
LPS-stimulated murine peritoneal macrophages [349]. It is speculated that 
during early colonization, at low 3-oxo-C12-HSL concentration, inhibition of 
the inflammatory response prevents clearance of invading bacteria, whereas later 
during colonization, at a high AHL and bacterial cell concentration, stimulation 
of the inflammatory response promotes dissemination of the bacteria from the 
site of infection [326]. Interestingly, 3-oxo-C12-HSL also inhibit smooth muscle 
contraction in blood vessels [96, 168]. The vasorelaxant action of the 3-oxo-
C12-HSL is determined by the acyl side chain and not the homoserine moiety. 
Vasodilatation at the site of infection is proportional to the AHL concentration 
and could also be a factor favouring bacterial dissemination when the bacterial 
population has reached a high cell density. Interestingly, C4-HSL, the second 
autoinducer produced by P. aeruginosa, does not elicit any host cell responses, 
suggesting that the 3-oxo-C12-HSL activities on many of the host eukaryotic 
cells described above is specific to that molecule. 
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AHLs have also been shown to influence gene expression in plants. Proteomic 
studies revealed that the legume Medicago truncatula modulates more than 150 
proteins in response to AHLs produced both by the symbiotic bacteria 
Sinorhizobium meliloti and the pathogenic P. aeruginosa [197]. Like the 
mammalian cellular response, the expression profile of M. truncatula proteins 
affected by AHLs varied, depending on the identity and the concentration of the 
AHLs and on the time of exposure to the AHLs. For instance expression of 60 
proteins was significantly increased with a high concentration of the P. 
aeruginosa 3-oxo-C12-HSL but with low 3-oxo-C12-HSL concentrations, the 
expression of 53 of these proteins was considerably decreased. These 
differential responses to varying concentrations of AHLs indicate that the plant 
can adjust its response depending on the adjacent bacterial cell number. Proteins 
involved in plant defence and stress response were identified among the various 
functions that were affected by exposure to bacterial signalling molecules. 
Interestingly, exposure to AHLs was also inducing the secretion of plant 
compounds that imitate AHLs and interfere specifically with some bacterial cell-
cell signalling systems [197]. Many eukaryotic cells in association with bacteria 
have evolved mechanisms that allow them to perceive and respond to the 
bacteria by detecting the presence of autoinducer molecules produced by these 
microorganisms.  

Eukaryotes can also use autoinducers produced by neighbouring bacteria as 
signals to regulate their behaviour. For instance, the attraction of the zoospores 
of  the marine alga Ulva intestinalis to a surface is mediated by AHLs [149, 
343]. Zoospores settle on biofilms formed by Vibrio anguillarum, which 
produces 3 types of AHL signal molecules. However, biofilms of V. 
anguillarum mutant strains that do not produce AHLs are not specifically 
targeted by the zoospores. U. intestinalis sense AHLs gradients to specifically 
target surfaces that are populated by bacterial biofilms. The beneficial reason 
behind such behaviour remains to be determined. 

N. Quorum sensing, an integral component of bacterial global 
regulatory networks. 

  
Quorum sensing is an integral component of bacterial global regulatory 

networks [391]. Quorum sensing belongs therefore to a global set of signalling 
systems that interact in response to a variety of signals to integrate multiple 
inputs into an appropriate cell response. Multiple signalling systems either act in 
parallel or are organised in a hierarchical cascade to create complex “neural” 
regulatory networks in bacteria. Several examples of the interaction between 
quorum sensing and other regulatory systems have been described. 

In P. aeruginosa, the stringent response activates its two quorum sensing 
systems independently of the cell density [369]. The effector of the stringent 
response is the nucleotide guanosine 3’,5’-bisdiphosphate (ppGpp) which is 
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synthesised by the RelA protein [30]. The stringent response induced by an 
overexpression of relA prematurely induces the expression of lasR and rhlR as 
well as the synthesis of autoinducers.  

The global translational regulatory protein RsmA (regulator of secondary 
metabolites) represses the synthesis of the two autoinducers synthases lasI and 
rhlI in P. aeruginosa [275].  The activity of RsmA is indirectly regulated by the 
two component system GacS/GacA in Pseudomonas species. When activated, 
the GacS/GacA system induces the transcription of small regulatory RNAs 
(RsmB, RsmY and RsmZ) which sequester RsmA, thus inhibiting RsmA-
mediated translational regulation [27, 367]. The signals for GacS/GacA system 
are unknown but the GacS/GacA system is associated with virulence in 
Pseudomonas species [393]. 

In V. cholerae, CsrA (carbon storage regulator), an RsmA homolog, also 
regulates quorum sensing [174]. Similar to RsmA, the activity of CsrA is 
regulated by three sRNAs (CsrB,C,D) that are controlled by the VarS/VarA two 
component system, homologues of the Pseudomonas GacS/GacA. V. cholerae 
possesses two V. harveyi-like quorum sensing systems, LuxS/LuxP/LuxQ and 
CqsS/CqsA, that operate similarly to the V. harveyi quorum sensing regulatory 
cascade [213]. Sensory information of the LuxS/LuxP/LuxQ and CqsS/CqsA 
systems converges to LuxO via the phosphotransferase LuxU. When 
phosphorylated, LuxO together with σ54 induce the expression of small 
regulatory RNAs (Qrr1-Qrr4) that destabilise hapR mRNA transcripts and thus 
repress HapR expression [173].  CsrA inhibits the expression of HapR through 
LuxO by influencing LuxO activity [174]. The exact mechanism of the 
modulation of LuxO activity by CsrA is unclear but requires at least one 
intermediate regulatory factor. Interestingly, VarA has been shown to regulate 
the expression of the cholera toxin and the toxin coregulated pilus. Even though 
it has not been experimentally demonstrated, it is plausible that the VarS/VarA-
CsrA/BCD signalling cascade regulates toxin and pili production by modulating 
the activity of LuxO, which regulates the expression of HapR. The VarS/VarA-
CsrA/BCD system does control the expression of the vps genes (vibrio 
polysaccharide synthesis), another HapR target, through LuxO [174], suggesting 
that a similar regulation occurs with cholera toxin and toxin coregulated pilus.  

In V. harveyi, the level of luminescence is greatly affected by the nutrient in 
the medium and notably by the concentration of amino acids and catabolites 
[210, 236]. Two nutritional regulators MetR and CRP directly regulate 
bioluminescence by binding the luxR promoter [35]. MetR is a repressor of luxR 
expression whereas CRP is an activator.  MetR is a nutritional regulator but its 
function has only been associated so far with the specific biosynthesis of 
methionine and S-adenosylmethionine, two  precursors of AHLs and FBD 
synthesis [361]. CRP (cAMP receptor protein) mediates catabolite repression in 
many bacteria. Catabolite repression is characterized by the inhibition of 
expression of a variety of unrelated sets of genes, primarily encoding for 
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catabolic enzymes, when glucose and other specific carbohydrate substrates are 
present in the growth medium [304]. CRP requires the cofactor cAMP for 
activation and for binding target operator sites. Cyclic AMP is an allosteric 
effector that is produced when the cells are under environmental or nutritional 
stress. CRP regulates more than 100 genes in E.coli and is thus considered as a 
global regulator. Interestingly, cAMP-CRP also regulates the production of the 
FBD AI-2 autoinducer by indirectly inhibiting the expression of luxS [373]. 
Therefore, cAMP-CRP modulates quorum sensing signalling at multiple levels 
in the hierarchical cascade. 

O. The alternative sigma factor RpoS 
 

At least 600 genes are regulated by quorum sensing in P. aeruginosa. 
Environmental factors such as medium composition and oxygen availability 
greatly influence the regulation of many of the quorum sensing regulated genes 
[364]. Interestingly, more than 40% of the genes that are quorum sensing 
regulated in P. aeruginosa are also controlled by the alternative σ factor RpoS 
[316]. Moreover, RpoS controls the expression of quorum sensing regulated 
genes at the onset of stationary phase. A study showed that starvation, an 
environmental condition that induces RpoS expression, restores the production 
of quorum sensing regulated genes in various quorum sensing mutant 
backgrounds [368]. The exact nature of the complex interaction between 
quorum sensing and RpoS in P. aeruginosa is still controversial, but it seems 
that the two systems control each other [316]. Quorum sensing influences rpoS 
transcription to a small degree and RpoS induces the expression of both lasR 
and rhlR in stationary phase [316]. 

RpoS was first identified in E. coli and was described as an alternative 
σ factor that regulates gene expression in stationary phase when the cells are 
under nutrient starvation. It is now evident that RpoS is a master stress response 
regulator which is important for the adaptation of the bacterial cell to various 
conditions including starvation, heat, pH, osmotic and oxidative stress [125]. 
However, the function of RpoS varies in different bacteria species. For instance, 
the importance of RpoS in general stress resistance is less pronounced in P. 
aeruginosa than in E.coli [126, 381]. These data were confirmed by microarray 
showing that in contrast to E. coli, the RpoS regulon in P. aeruginosa only 
contains a minor amount of genes involved in adaptation and protection [316].  
Regulation of RpoS levels in E.coli is controlled by a complex regulatory 
mechanisms involving regulation at the level of transcription, translation and 
protein stability [125]. A variety of environment signals induce the different 
mechanisms that regulate the levels of RpoS in the cell and therefore its activity. 
Interestingly, several regulatory mechanisms (ppGpp, cAMP-CRP, GacS/GacA) 
that interact with quorum sensing signalling have been shown to also regulate 
RpoS. The stringent response, via ppGpp, has been shown to positively regulate 
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both rpoS expression and to modulate the expression of many quorum sensing- 
regulated genes. The mechanism of rpoS regulation by ppGpp remains unclear, 
but ppGpp could affect transcriptional elongation or transcript stability rather 
than transcriptional initiation [164]. In E. coli, rpoS transcription is regulated by 
cAMP-CRP and seems to depend on the growth rate. cAMP-CRP positively 
controls rpoS transcription during entry into stationary phase but functions as a 
repressor in exponential phase [125]. Indeed, two putative cAMP-CRP binding 
sites have been identified upstream and downstream of the major rpoS promoter, 
suggesting that cAMP-CRP could exert a dual function on rpoS expression, both 
as an activator and an inhibitor. In Pseudomonas fluorescence, the two 
component system GacS/GacA also regulates rpoS transcription, especially 
during transition into stationary phase [385]. 

In Vibrio species, RpoS is required for the expression of genes that are 
homologues of the V. anguillarum metalloprotease empA [138, 402]. Moreover, 
the V. cholerae Hap is transcriptionally regulated by cAMP-CRP and RpoS 
[323]. Like in E. coli, the cAMP-CRP positively regulates the transcription of 
rpoS in V. Cholerae and indirectly induces the expression of the Hap protease by 
enhancing the transcription of rpoS.  

Interestingly, these data indicate that there is likely a strong link between 
GacS/GacA, RpoS, CRP, ppGpp and quorum sensing in several bacteria species 
where these systems are conserved. These regulatory mechanisms interact in a 
complex regulatory network which is likely modulated in function of the 
environmental conditions. The integration of these multiple signals seems to 
converge to the regulation of the V.harveyi LuxR homologues in Vibrio species 
that possess a V.harveyi-like quorum sensing system. It is therefore possible that 
these regulatory systems are tightly interconnected in many Gram-negative 
bacteria. Funnelling multiple environmental information into one integrated 
circuit could furnish to the bacteria a combinatorial mechanism to analyse and 
respond accurately to multiple environmental variations and two avoid energy-
expensive redundancies. 
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AIMS OF THIS THESIS  
 
The general objective of the project is characterise quorum sensing signalling in 
V. anguillarum and to determine if this signalling system is involved in the 
virulence of the bacteria. More specifically, the aim of this study was to gain 
further insights into the roles that the transcriptional regulator VanT plays in 
quorum sensing signalling in V. anguillarum.  
 
Specific aims: 
 

I. Identify genes regulated by VanT to determine what functions are 
controlled by quorum sensing in V. anguillarum. 

II. Characterize the regulatory mechanisms that control vanT expression.  
III. Determine if VanT plays a role in fish colonisation and virulence. 
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RESULTS AND DISCUSSION 
 

Analysis of quorum sensing in V. anguillarum was started to determine 
whether virulence  in this fish pathogen is regulated by AHL production. V. 
anguillarum culture supernatants activated biosensors designed to recognize a 
wide variety of AHLs, suggesting the presence of one or more AHL synthase 
[218]. Indeed, homologues of a LuxI/LuxR quorum sensing system and of a V. 
harveyi LuxM/LuxN quorum sensing systems were identified in V. anguillarum 
[218, 219]. VanI synthase produces a N-(3-oxodecanoyl)-L-homoserine lactone 
(3-oxo-C10-HSL) and VanM directs the synthesis of two AHLs, a N-(3-
hydroxyhexanoyl)-L-homoserine lactone (3-hydroxy-C6-HSL) and a N-
hexanoyl-L-homoserine lactone (C6-HSL) [218, 219]. Therefore, V. 
anguillarum possesses two distinct quorum sensing systems that respond to 
three different AHLs. A mutation in vanM eradicates the production of all 
AHLs, suggesting that 3-hydroxy-C6-HSL and C6-HSL regulate the synthesis of 
3-oxo-C10-HSL. These data strongly suggest that the two different quorum 
sensing systems are organised hierarchically with VanM/VanN at the top of the 
signalling cascade. Virulence studies performed with mutants of the identified 
quorum sensing systems revealed no differences in virulence compared to the 
wild type strain, indicating (1) that quorum sensing is not involved in virulence 
or (2) that additional quorum sensing circuits in addition to VanI/VanR and 
VanM/VanN work in parallel to these two systems to regulate virulence. The 
identification of VanM/VanN strongly suggests that other component of the 
V.harveyi-like quorum sensing signalling cascade may function in V. 
anguillarum. Therefore a further characterisation of quorum sensing systems in 
V. anguillarum is required to determine the role of quorum sensing regulation in 
fish colonization and virulence. 

P. VanT, a homologue of Vibrio harveyi LuxR, regulates serine, 
metalloprotease, pigment, and biofilm production in Vibrio 
anguillarum (paper I) 

 
Since V. anguillarum contained V. harveyi LuxM/LuxN homologues, we 

wanted to determine if a homologue of the V. harveyi transcriptional regulatory 
protein LuxR was also present. Identification and characterisation of a LuxR 
homologue is essential for functional analyses of V. anguillarum quorum 
sensing. LuxR homologues in Vibrio species are key transcriptional regulators 
that regulate the cellular response due to V.harveyi-like quorum sensing circuits 
[173, 222].  

A V. harveyi luxR homologue was identified in V. anguillarum and named 
vanT. Sequence analysis predicts an open reading frame which encodes a 
polypeptide with 81% identity to LuxR of V. harveyi, 74% identity to HapR of 
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V. cholerae , and 81% identity to OpaR of V. parahaemolyticus. As previously 
mentioned, these proteins form a new TetR subfamily of transcriptional 
activators and show significant similarities in their helix-turn-helix DNA 
binding domains. In addition, luxR homologues loci have a similar genetic 
organization, suggesting a common ancestor for these regulatory genes [204]. In 
VanT, a putative transmembrane domain was predicted near the C-terminus 
using different programs designed to predict membrane protein structures,  
including the TopPred-2 software [392]. However, experimental localisation of 
VanT remains to be done.   

P.1 AHL analysis in the vanT mutant.  
 

In V. anguillarum, three different lactones are produced by two different 
genes, vanI (3-oxo-C10-HSL) and vanM (3-hydroxy-C6-HSL and C6-HSL) 
[218, 219]. Interestingly, no AHLs are produced in a vanM mutant, indicating 
that VanM controls 3-oxo-C10-HSL production likely by monitoring VanI 
expression and/or activity. As discussed previously (figure 5), the V. fischeri C8-
HSL produced by AinS directly regulates synthesis of 3-oxo-C6-HSL 
production by LuxI by binding and activating LuxR and indirectly regulate 
synthesis by dephosphorylating and inactivating LuxO. Inactivation of LuxO 
promotes the expression of LitR, the homologue of VanT, which activates the 
expression of LuxR  [81, 185]. A similar mechanism may exist in V. 
anguillarum. 

However, no change in AHL production was detected in a vanT mutant 
compared to the wild type when AHL profiles were assayed using thin-layer 
chromatography of cell free supernatant. These results indicate that AHLs 
produced by VanM may regulate the 3-oxo-C10-HSL independently from VanT. 
However, these assays were only performed at one time point at high cell 
density and we cannot rule out regulatory effects of VanT on VanR and VanI 
expression during early growth. Interestingly, AinS signal production and 
therefore LitR expression are induced at a moderate cell density in V. fischeri;  
whereas,  the LuxR/LuxI system is induced at a higher cell density.  

Interestingly, the spent culture media from a vanT mutant was much lower in 
pH (pH 6 to 7) compared to that of the wild type (pH 8 to 9). The lower pH 
could increase the stability of the AHLs in the vanT mutant. In cultures of 
Yersinia pseudotuberculosis, P. aeruginosa, and Erwinia carotovora,  AHLs 
accumulate during exponential phase but disappear in stationary phase [28, 401]. 
This rapid degradation is likely due to alkalinisation of the growth medium due 
to the release of ammonia from aerobic degradation of peptides during 
stationary phase. The inactivation of the AHLs is caused by a pH-dependent 
hydrolysation of the lactone ring in alkaline conditions. A lower AHL 
production combined with an increased AHL stability in a vanT mutant could be 
equivalent to higher AHL production combined with a lower AHL stability in 
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the wild type. Therefore, a decrease in AHL production could not be detected 
due to a difference in pH of the culture during stationary phase.  

To determine whether VanT is regulating the production of 3-oxo-C10-HSL in 
V. anguillarum, future experiments will focus directly on the expression of vanR 
and vanI in a vanT mutant using reporter gene fusions fusion, mRNA analysis 
and protein expression throughout growth.   

P.2 Regulation of the metalloprotease empA by VanT 
 

The metalloprotease EmpA was previously identified in V. anguillarum and is 
homologous to the hemagglutinin protease Hap in V. cholerae and the 
metalloprotease VvP of V. vulnificus. Since HapR and SmcR are positive 
regulators of the V. cholerae hap and the V. vulnificus vvp genes respectively, 
we speculated that VanT would regulate the expression of empA in 
V.anguillarum. The empA transcriptional expression was dramatically decreased 
in a vanT mutant, indicating that VanT is a positive activator required for the 
production of the metalloprotease EmpA (PAPER I, figure 2A). In addition, 
quantification of extracellular protease activity showed a dramatic decrease in 
the vanT mutant compared to the wild type (PAPER I, figure 2B) . Interestingly, 
the extracellular protease activity of the vanT mutant was lower than the activity 
detected from an empA mutant (data not shown), suggesting that VanT likely 
regulates the expression of additional proteases in V.anguillarum. 

P.3 Identification of additional genes regulated by VanT 
 

A two-plasmid screening system was used in E. coli to identify genes 
regulated by VanT. The first plasmid contains random chromosomal fragments 
of V. anguillarum fused to a promoterless E. coli lacZ gene. On a second 
plasmid, the vanT gene is fused to an arabinose-IPTG inducible promoter. Thus, 
VanT production is tightly controlled by the presence or the absence of L-
arabinose and IPTG. Using this two-plasmid system, random fusions to the lacZ 
gene were screened in the presence or the absence of inducer to detect 
expression of lacZ regulated positively or negatively by VanT. Three colonies 
with the highest LacZ expression were chosen and the plasmids containing the 
chromosomal fragments of interest were mobilized into the V. anguillarum wild 
type and the vanT mutant to confirm the results obtained from the E. coli 
screening. For each, a significant decrease in expression was observed in the 
vanT mutant compared to the wild type and the DNA inserts were sequenced. 
Finally, the three identified putative promoters were fused to lacZ and the levels 
of expression measured did confirm a decrease in transcriptional activity in the 
vanT mutant strain compared to the wild type. Thus, three possible functions 
regulated by VanT were identified: 
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P3.1 VanT regulates pigment production.  
(PAPER I, figure 4). The first DNA sequence analysis revealed that lacZ was 

fused to a set of two genes (hpdA and hgdA) likely belonging to the same 
operon. HgdA is homologous with homogentisate dioxygenase (HGD) from 
many bacteria whereas HpdA is highly identical to the 4- 
hydroxyphenylpyruvate dioxygenase (HPPD) protein family. These two genes 
are respectively 82.5% and 84.9% identical to their homologues in V. cholerae. 
HgdA and HpdA in other microorganisms are involved in the L-tyrosine 
catabolism pathway that leads to the formation of fumarate and acetoacetate. 
HpdA catalyses the oxidation of 4-hydroxypyruvate to homogentisate, an 
intermediate product in degradation pathway that is spontaneously oxidized and 
polymerized into a brown pigment, pyomelanin. The utilisation of 
homogentisate as a precursor of a melanin-like pigment is a common process for 
several bacteria [56, 211, 303].  

In V. anguillarum, pigment production was only detected in late stationary 
phase suggesting that pigment accumulates under stressful conditions such as 
nutrient limitation. To further confirm that pigment production derives from L-
tyrosine catabolism in V. anguillarum, pigment production was measured in 
cultures grown in presence or absence of L-tyrosine and shown to increase 2-3 
fold in the presence of L-tyrosine in both the wild type and the vanT mutant. 

Melanin production is proposed to be important for survival of V. cholerae 
under stressful conditions and also for Sinorhizobium meliloti during starvation 
[48, 211]. A correlation between melanin formation and virulence is suggested. 
In the human pathogen Burkholderia cepacia, melanin pigment is thought to 
confer protection against the respiratory burst of the innate response by 
scavenging free-radicals such as superoxide anion [415]. Melanin also confers 
protection against UV light in Bacillus thuringiensis [300]. For free-living 
aquatic bacteria, protection from UV irradiation is important due to exposure to 
relatively high doses of UV light. HpdA is also highly identical to VllY from 
V.vulnificus and Legiolysin from Legionella pneumophila, two proteins that has 
been shown to confer haemolytic activity [33]. 

In V. anguillarum, pigment production via the L-tyrosine degradation may 
also be important for survival during stress. The L-tyrosine catabolic pathway 
could provide the bacteria with an important carbon and energy source under 
starvation [306] and melanin formation may confer protection against various 
damaging factors such as UV exposure, the respiratory burst response during 
fish invasion or the accumulation of oxygen radicals due to bacterial cell 
growth. 

P3.2 VanT regulates exopolyssacharide (EPS) production 
(PAPER I, figure 5A and B). The second set of genes identified are homologs 

of the sat (serine acetyl transferase) and the vps73 genes of V. cholerae. These 
two genes are located in the vps locus involved in exopolysaccharide (EPS) 
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production and biofilm formation in V. cholerae. Interestingly, the vanT mutant 
and a polar sat-vps73 mutant showed a significant decrease in biofilm formation 
on a glass surface (PAPER I, figure 6 and 7). The VanT mutant produced a more 
defective biofilm than the sat-vps73 mutant, suggesting that VanT and thus 
quorum sensing regulate additional genes, other than sat and vps73, that are 
required for biofilm formation. Interestingly, almost all the characterized V. 
harveyi-like LuxR transcriptional regulators regulate capsular polysaccharide 
(CPS) or EPS production [76, 179, 202, 205, 413]. However, these regulators 
differ in how they regulate EPS or CPS. VanT and OpaR are activators of EPS 
or CPS production; whereas, HapR, SmcR and maybe LuxR repress EPS or CPS 
production. In V. cholerae, HapR represses the vps operon at high cell density 
[114] and quorum sensing mutants that lock the regulatory circuit into a high 
cell density response do not form biofilms. Interestingly, a high frequency of 
spontaneous mutations that restore EPS production and biofilm formation occurs 
in these mutants. Most of these spontaneous mutations occur in the hapR gene 
underlying its important role in controlling EPS production and biofilm 
development [114]. Several pathogenic strains of V. cholerae contain a frame-
shift mutation in hapR [412]. A loss of quorum sensing regulation on EPS 
production and biofilm formation may provide a selective advantage in some 
environments. For instance, V. cholerae quorum sensing mutants form thicker 
biofilms than the wild type, probably caused by a reduced capability for cell 
detachment from the biofilm. Thus, these quorum sensing mutants have lower 
colonization capacities than the wild type, likely due to a decrease ability for 
dissemination [413]. hapR mutants could gain an advantage for survival during 
long periods of starvation and could benefit in increased protection and 
resistance under harsh environmental conditions including acid stress during 
passage through the gastric barrier, antibiotic treatment and predators. V. 
cholerae biofilms may also be composed of a mixed V. cholerae population 
containing the wild type and hapR mutant. In such a community, both regulatory 
situations would prevail ensuring survival of at least part of the population.  

P3.3 VanT regulates serine biosynthesis: 
(PAPER I, figure 5C and D). The third gene fusion showed was identified as 

serA gene, which encodes a 3-phosphoglycerate dehydrogenase involved in the 
first step of serine biosynthesis. In E .coli and Salmonella typhimurium, among 
other bacteria, the biosynthesis of serine is a major metabolic pathway that plays 
a central role in the bacterial physiology [286]. Growth conditions affect the 
level of SerA in the cell and a mutation of serA leads to serine auxotrophy [286]. 
Thus, serA expression is controlled by regulatory mechanisms responding to 
environmental fluctuations. Interestingly, serine can be used as a substrate in the 
synthesis of SAM, which is an essential substrate used to synthesise both AHLs 
and FBD. 
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P.4 VanT is not essential for virulence 
 

Quorum sensing is an important regulatory system implicated in the 
production of virulence determinants.  This study shows that VanT regulates 
functions that can be involved in bacterial survival and/or virulence through 
metabolic regulation (L-tyrosine degradation, serine biosynthesis) and secretion 
of putative virulence determinants (metalloprotease, exopolysaccharide, 
pigment). Virulence of V. anguillarum in rainbow trout (Oncorhynchus mykiss) 
was determined by measuring the 50% lethal dose (LD50) both by immersion in 
infected seawater and intraperitoneal injection. There was no significant 
difference between the virulence of the vanT mutant and the wild type indicating 
that VanT is not essential for virulence.  However, the VanT-regulon might be 
involved in the survival of V.anguillarum in the environment in between 
outbreaks of diseases. Similarly to HapR in V. cholerae, VanT could be 
associated with both survival outside the host and dissemination of the disease 
rather than with virulence. As V. cholerae reaches a high cell density in the 
intestinal epithelium, quorum sensing activates HapR which represses EPS and 
virulence factors production but activates the metalloprotease Hap. Hap is 
suggested to function as a “detachase”, to promote detachment of V. cholerae 
from intestinal epithelium and dispersion into the environment via the intense 
diarrhea. 

In conclusion, the function of genes regulated by VanT in V. anguillarum 
should be tested for a role in bacterial survival outside of the fish host. 
Moreover, quorum sensing could be involved in virulence in V. anguillarum 
independently of VanT. 

Q. A distinctive dual-channel quorum sensing system operates in 
Vibrio anguillarum (paper II) 

 
The V. anguillarum homologues of V. harveyi for quorum sensing system 1 

VanM/VanN and the transcriptional regulator VanT were identified previously. 
In this study, we identified V. anguillarum homologues of V. harveyi for the 
quorum sensing system 2 VanS/VanP/VanQ as well as the shared phosphorelay 
protein, VanU, and the response regulator VanO. Since VanT is a main regulator 
of the quorum sensing regulated genes in V. anguillarum, understanding how 
these quorum sensing circuits regulate vanT expression is essential to understand 
the function of quorum sensing.   

The V. harveyi-like quorum sensing signalling systems completely repress 
luxR expression at low cell density. At high cell density, this repression is 
relieved and the transcriptional activator LuxR is expressed. Such a regulation is 
characterized by a clear and dramatic induction of the luxR expression when the 
cells reach a critical cell density and is proposed to be a common regulatory 
mechanism among Vibrio species [222]. 
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To assess whether VanT expression follows the same type of regulatory 
control, we looked at vanT expression throughout growth in the wild type 
(PAPER II, figure 1). Surprisingly, vanT is relatively highly expressed 
throughout growth and shows a peak of expression upon entry into stationary 
phase. Importantly, unlike luxR in V. harveyi, hapR in V. cholerae and litR in V. 
fischeri, vanT is expressed at low cell density and no dramatic induction is 
occurring when the cells reach high cell density.  

Q.1 Quorum sensing regulates vanT expression 
 

To characterize the effect of quorum sensing on vanT expression, an 
expression profile of vanT was analysed in various single and double quorum 
sensing mutants. The vanT expression was measured throughout growth in the 
wild type, ΔvanO, ΔvanU, ΔvanN, ΔvanQ, ΔvanNQ. The results showed that 
vanT expression was slightly increased (1.5-2 fold) throughout growth in all 
mutants except ΔvanU when compared to the wild type (PAPER II, figure 2). A 
maximal derepression occurred in stationary phase. Thus, the two QS systems 
exert a slight repression on vanT expression throughout growth rather than only 
at low cell density. 

Surprisingly, the expression of vanT was decreased in the ΔvanU mutant, 
showing an antagonistic effect on vanT expression when compared to the other 
quorum sensing mutants. Thus, VanU appears to play a role in the activation of 
vanT expression rather than in vanT repression. The decrease in vanT expression 
observed in the vanU mutant might be explained in two ways. First, VanU may 
phosphorylate an alternative response regulator which positively regulates the 
expression of vanT. As mentioned in the introduction, several detached HPt 
proteins or domains (YPD1 from S. cerevisiae and ArcB from E.coli, 
respectively) transmit a phosphoryl group signal to more than one effector 
protein. The HPt domain of ArcB transmits the signal to its cognate effector 
protein ArcA but also to the chemotaxis regulator CheY and the osmoregulator 
OmpR [143, 358, 400]. Similarly, the HPt domain of YPD1 phosphorylates the 
receiver domain of two downstream effectors, the osmoregulator SSK1 and the 
oxidative stress regulator SKN7 [178, 280]. As a connecting protein, VanU 
might phosphorylate more than one response regulator but could also receive 
signals from other 2-component systems responding to other environmental 
signals. The aspartate phosphotransferase protein Spo0F involved in sporulation 
in B. subtilis is phosphorylated by the kinases KinA and KinB but is also 
dephosphorylated by two phosphatases RapA and RapB [271]. 

Secondly, VanU could be involved in the dephosphorylation of VanO, which 
is necessary to inactivate VanO and release the repression on vanT. In that case, 
a ΔvanU mutation would lead to an over-repression of vanT when compared to 
the wild type, resulting in a decreased vanT expression in the absence of VanU. 
Such a function has been described for the HPt domain of ArcB [97]. The 
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dephosphorylation of ArcA does not occur by direct hydrolysis but by transfer 
of the phosphoryl group to the HPt domain and subsequently to the receiver 
domain of ArcB.  

Quorum sensing regulation on vanT expression in V. anguillarum has at least  
two major differences with the V. harveyi, V. cholerae and V. fischeri systems. 
In these three Vibrio species, quorum sensing systems strongly repress the 
expression of luxR, hapR, litR, respectively at low cell density and the LuxU 
homologues do not antagonise the role of LuxO homologues [222, 412]. In 
contrast to other Vibrio species, quorum sensing in V. anguillarum limits rather 
than induces vanT expression. Secondly, VanU may activate vanT expression 
either through an alternative response regulator or by dephosphorylating VanO.  

Q.2 The two V. harveyi-like quorum sensing systems VanM/VanN and 
VanS/VanPQ are functionally redundant in V. anguillarum. 

 
A mutation in one of the two quorum sensing systems (ΔvanN or ΔvanQ) is 

enough to derepress the expression of vanT and the VanT-regulated 
metalloprotease empA, indicating that the two systems are redundant (PAPER II, 
figure 2 and 5). Indeed, the pattern of expression of vanT and empA throughout 
growth are similar in the single and double mutants (ΔvanN, ΔvanQ and 
ΔvanNQ). The two systems likely function independently to regulate the 
downstream genes via phosphorylation of VanO and that one signal is enough to 
trigger the signalling cascade. This is a major difference compared to the V. 
harveyi for which the three parallel circuits are described as a coincidence 
detector. In other words, the maximal level of gene expression is observed only 
in the simultaneous presence of all the autoinducers [224]. The environmental 
condition and therefore the culture media could be important factors influencing 
the levels of signals and therefore the output of quorum sensing regulation of 
vanT. The experiments conducted in this study were performed in nutrient-rich 
media, representing environmental conditions that may favour a redundancy of 
the two QS systems. Therefore, similar experiments should be done in different 
media (minimal and rich) or under in vivo conditions to better characterize the 
function of the two systems for regulating vanT expression. The AI-2 
autoinducer may also be linked to the cellular metabolic fitness as well as a true 
quorum sensing signal. Experiments performed in conditions affecting the 
cellular metabolism could modify the output of the vanT regulation and 
demonstrate an alternative role for AI-2 than that seen in this study. 

Q.3 VanU is not required by VanN and VanQ to repress vanT. 
 

Since VanU has an antagonistic role compared to the other quorum sensing 
players, we were interested to investigate whether VanU is required by the two 
systems to exert a repression on vanT. To answer that question, single mutations 
of vanN and vanQ and a double vanNQ mutant were generated in a vanU mutant 
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background (ΔvanUN, ΔvanUQ and ΔvanUNQ). Northern blot analysis indicate 
that the amount of vanT transcripts in the ΔvanUN, ΔvanUQ and ΔvanUNQ 
mutants were increased when compared to the wild type, similar to the ΔvanN, 
ΔvanQ and ΔvanNQ mutants (PAPER II, figure 6B). In addition, the amount of 
empA mRNA was increased 3-fold in the ΔvanUN, ΔvanUQ and ΔvanUNQ 
mutants, supporting the vanT mRNA results (PAPER II, figure 6A). Thus, a 
deletion of vanN and vanQ in the ΔvanU mutant relieved repression of vanT and 
empA, suggesting that VanO is phosphorylated in a vanU mutant. Thus, VanU is 
not absolutely required to activate VanO.  

A similar mechanism is known for the ArcB/ArcA phosphorelay system in E. 
coli. The Arc two-component signal transduction system is activated in response 
to anaerobic growth conditions and senses presumably a change of redox signals 
in the membrane [98, 144]. ArcB is a hybrid sensor kinase that contains a 
histidine transmitter domain (H1), an aspartate receiver domain (D1) and a 
histidine phosphotransfer domain (H2). Phosphorylation of the ArcA response 
regulator receiver domain (D2) occurs via either the ArcB transmitter domain 
(H1 → D2) or by the phosphotransfer domain (H1 → D1 → H2 → D2) [358]. 
This system is described as an optional phosphorelay system. These two 
phosphorelay pathways are functionally relevant in vivo since the HPt 
phosphotransfer domain is essential for adaptation to anaerobic conditions 
whereas the classical pathway is operative under aerobic conditions [198]. ArcB 
is thus a “dual-signalling” sensor protein since it transmits two types of stimuli 
via different phosphorylation pathways [198].  

Considering the data in V. anguillarum, both VanN and VanQ may belong to 
an optional phosphorelay system that can bypass the phosphorelay pathway 
(VanU) and directly transmit the signal from the transmitter domain (H1 of 
VanN and VanQ) to the receiver domain of the response regulator (D2 of 
VanO). However, more work is required to define more accurately the role of 
the different domains of the VanN and VanQ hybrid sensor kinases in the 
transmission of the signals under various environmental conditions. Since VanU 
is not required for VanO phosphorylation, the major role of VanU in the quorum 
sensing signalling might be to dephosphorylate VanO by a reverse phosphorelay 
mechanism. 

Q.4 VanT negatively autoregulates its own expression 
 

Similar to V. harveyi LuxR and the V. cholerae HapR [34, 180], VanT 
negatively autoregulates its own expression by directly binding to its own 
promoter (PAPER II, figure 1A). Since VanO also negatively regulates vanT 
expression, we wonder if VanT could further control its own expression by 
inducing the expression of VanO. Indeed, VanT positively regulates vanOU 
expression by binding the promoter (PAPER II, figure 3). Thus, VanT monitors 
its own expression in two ways, directly by autorepression and indirectly by 
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activating a repressor (VanO). This regulation by VanT occurs as the cells are 
entering stationary phase, when the expression of VanT is at a maximum. VanT 
likely regulates its expression in a temporal manner as its intracellular level 
increase. Since overexpression of some V. harveyi LuxR homologues is toxic to 
the bacterial cell, control of the intracellular level of VanT in V. anguillarum 
may be essential. Moreover, VanT regulates many cellular functions that likely 
need to be carefully monitored to maintain the integrity of the metabolic and 
energy states of the bacterial cell. However, the experiments testing what 
happens to the bacterial cell during overexpression of VanT have not been done. 
Thus, why VanT expression needs to be limited is not known. 
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Figure 9. V. anguillarum quorum sensing model. Dotted arrows indicate phosphorylation relay. Solid 
arrows indicate gene activation (1) The sensor kinases VanN and VanQ transmit the signal via two 
phophorylation pathways: the phosphorelay pathway that uses the HPt phosphotransfer domain of 
VanU (His1→ Asp1 → His2 → Asp2) or the classical pathway by direct phosphotransfer from their 
transmitter domain to the response regulator VanO (His1 → Asp2). (2) the phosphotransferase VanU 
is likely multifunctional and plays a role either in the decay of VanO∼P and/or the activation of an 
additional response regulator than positively regulates VanT.(3) VanO represses VanT probably by the 
activation of small regulatory RNA. (4) VanT monitors its own expression at two levels, directly by 
autorepression and indirectly by activating vanOU. 
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Q.5 Model of quorum sensing signalling in V. anguillarum 
 
Based on the data of PAPER II, a model for the V. anguillarum quorum sensing 
system is presented in figure 9. 
 

R. The alternative sigma factor RpoS regulates VanT expression 
post-transcriptionally (paper III). 

 
Both transcriptional reporter fusions to the vanT promoter and northern 

analysis of vanT mRNA showed that the level of expression of vanT is relatively 
high and stable throughout growth (PAPER II, figure 1). However, in this study 
we used a reporter gene fusion based on a short-lived (80 min) variant of GFP 
and showed that in the wild type vanT expression is not completely repressed at 
low cell density, is induced at late exponential phase, peaks upon entry into 
stationary phase and then decreases after several hours into stationary phase 
(PAPER III, figure 3B). Quorum sensing is likely not the main regulatory 
mechanism for induction of VanT expression upon entry into stationary phase, 
since the pattern of expression of vanT is almost identical in a ΔvanO mutant 
compared to the wild type. Interestingly, the pattern of expression of the VanT-
regulated genes also show a dramatic increase in expression when the cells enter 
stationary phase, that is when VanT reaches its peak of expression. These data 
suggest that an additional regulatory mechanism other than quorum sensing 
likely regulates VanT during entry into stationary phase.  

RpoS was first identified in E. coli and was described as an alternative 
σ factor that regulates gene expression in stationary phase when the cells are 
under nutrient starvation. Interestingly, more than 40% of the genes that are 
quorum sensing regulated in P. aeruginosa are also controlled by the alternative 
σ factor RpoS [316]. Moreover, RpoS controls the expression of quorum 
sensing regulated genes at the onset of stationary phase. Therefore, we asked 
whether RpoS regulates the expression of VanT. 

R.1 RpoS regulates VanT post-transcriptionally. 
 

The rpoS gene was cloned and a ΔrpoS mutation was generated. The 
expression of vanT was then monitored both in the wild type and the ΔrpoS 
mutant using transcriptional and translational gfp reporter fusions, real time RT-
PCR and western blot. Surprisingly, these assays showed that RpoS regulates 
VanT expression post-transcriptionally. The translational reporter fusion as well 
as the mRNA levels and the proteins levels were decreased in ΔrpoS compared 
to the wild type; whereas, no differences were seen with the transcriptional 
reporter fusion (PAPERIII, figure 3). The main decrease in expression occured 
when VanT reached its peak of expression during entry into stationary phase, 
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which coincided with the induction of RpoS expression (PAPERIII, figure 4). 
RpoS is a sigma factor and directly regulates gene expression by recruiting the 
core polymerase to RpoS-dependent promoters [125]. By definition, an RpoS-
dependent post-transcritpional regulation must be indirect via the transcriptional 
regulation of an intermediate regulator(s).  

Quorum sensing regulates LuxR and HapR in V. harveyi and V. cholerae, 
respectively, post-transcriptionally. LuxO together with σ54 induce the 
expression of 4-5 small regulatory RNAs that in conjunction with the RNA 
chaperone Hfq destabilize the luxR and hapR mRNA transcripts at low cell 
density [173]. The vanT mRNA stability is increased in a ΔvanO mutant, 
indicating that similarly to V. harveyi and V. cholerae, quorum sensing regulate 
VanT expression at the mRNA level by controlling vanT mRNA stability 
(PAPER III, figure 5). RpoS may indirectly regulate VanT expression by 
promoting vanT mRNA stability. Thus, the stability of the vanT mRNA was 
analysed. The half-life of the vanT mRNA is significantly reduced in a ΔrpoS 
mutant compared to the wild type, indicating that RpoS stabilises vanT mRNA 
(PAPER III, figure 5).  

RpoS could regulate vanT mRNA stability by modulating the quorum sensing 
signalling cascade or independently via other mechanisms. To determine which, 
the activity of VanO was measured in the Δrpos mutant. A transcriptional 
reporter fusion to a small regulatory RNA, Qrr1, from V. anguillarum was made. 
Qrr1 is the homologue of one of the LuxO-regulated small regulatory RNAs that 
control luxR mRNA stability in V.harveyi [173]. As in V. harveyi, qrr1 is 
located upstream of the vanO gene and is transcribed divergently to vanO. The 
qrr1 expression was dramatically reduced in both the ΔvanO and ΔrpoN 
mutants, confirming that VanO activity can be measured by assaying qrr1 
transcriptional expression (PAPER III, figure 6B and C). Interestingly, qrr1 
expression was unaffected in a ΔrpoS mutant compared to the wild type 
(PAPER III, figure 6B and C). To confirm this further, western analysis showed 
that the VanO protein levels were also unaffected in the ΔrpoS mutant (PAPER 
III, figure 6A). 

These results indicate that RpoS likely regulates VanT expression 
independently of VanO and Qrr1.  Based on previous publications, several 
putative candidate proteins regulated by RpoS that may affect the stability of 
vanT mRNA can be suggested. Hfq is one possible candidate. In V. harveyi and 
V. cholerae, the small RNAs Qrr1-Qrr5 require the RNA chaperone Hfq to 
destabilise luxR and hapR mRNA, respectively [173]. In addition, Hfq may 
protect vanT mRNA against RNase E digestion [85, 225]. Therefore, RpoS 
could regulate the expression of Hfq to influence the vanT mRNA stability. To 
determine if RpoS regulates the expression of hfq, the levels of hfq mRNA were 
measured. hfq expression was unaffected in a ΔrpoS mutant compared to the 
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wild type, indicating that RpoS regulates vanT mRNA stability via an alternative 
pathway (PAPER III, figure 6D). 

The stability of mRNA depends on growth conditions, environmental signals, 
and the efficiency of translation. RNA degradation is controlled by a complex 
mechanism involving several endo- (RNase E and RNase III) and exonucleases 
(Polynucleotide phosphorylase and RNaseII) that cooperate to degrade mRNA 
[111]. The rate of mRNA decay is governed by several parameters. mRNA 
sequence and secondary structures play an important role in the transcript half-
life. Particular secondary structures such as stem loops located in the 5´- and 3´- 
region of RNA significantly protect from RNA degradation enzymes. In 
addition, most of the prokaryotic mRNA have stretches of poly(A) at their 3´ 
extremity that promote mRNA decay, in contrast to what occurs in eukaryotes 
[307]. Translation is also an important factor of mRNA decay. Ribosomes 
appear to protect mRNA against degradation, probably by protecting the 
5´terminal end from degradation [111, 277].  There is evidence that the 5´ 
protective barriers conferred by the mRNA secondary structures are inefficient 
in protecting transcript degradation in complete absence of translation, 
suggesting that mRNA stability and translation are two coupled processes. 
Finally mRNA stability is dependent on environmental conditions that induce 
various factors that affect mRNA decay including translational regulators, RNA 
chaperones and small regulatory RNAs [111, 333].  

The possibilities of an RpoS-dependent mechanism affecting vanT mRNA 
stability are numerous. More than 50 small regulatory RNAs controlling mRNA 
stability and/or translation have been identified in E.coli [333]. In P. aeruginosa, 
RpoS regulates non-coding RNAs as well as genes involved in translation and 
RNA processing [316]. RpoS represses the expression of the rnc gene, encoding 
for the endoribonuclease RNase III. RNase III initiates mRNA degradation by 
endonucleolytic cleavage of 5´extremities, a rate-limiting step in mRNA decay 
[111]. RpoS positively regulates the global regulator CsrA (carbon storage 
regulator), a translational regulator [297, 316] that binds the leader sequence of 
targeted mRNA either to block ribosome binding and translation or to promote 
mRNA stability [66, 184, 379].  Several heat shock proteins and probable non-
ribosomal peptide synthetases are regulated by RpoS and can be associated with 
mRNA decay and/or translation [316]. RpoS inhibits the expression of the 
groEL and groES genes, which encode heat-shock proteins. GroEL interacts 
with the endoribonuclease RNase E and is essential for RNase E -dependent 
RNA cleavage [327]. Hence several examples demonstrate that RpoS can 
indirectly modulate protein expression post-transcriptionally via multiple 
mechanisms involved in mRNA stabilisation and translation.  

As a global regulator, RpoS likely operates through multiple regulatory 
signalling pathways to modulate VanT expression, VanT-regulated genes and 
more generally quorum sensing-regulated functions in V. anguillarum. An rpoS 
mutation results in various pleiotropic effects that ultimately affects many 
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regulatory mechanisms such as quorum sensing. The results of this study 
demonstrate that RpoS regulate the amount of vanT mRNA level independently 
of VanO, Hfq and qrr1. Extra studies are required to characterize more 
accurately the RpoS-dependent regulatory mechanism that govern VanT 
expression post-transcriptionally. In any case, control of mRNA degradation is 
one of the principal mechanisms of gene expression regulation in prokaryotic 
cells. The stability of each mRNA is not fixed but is regulated by environmental 
factors allowing rapid adaptation of protein synthesis in response to regulatory 
signals [111, 240]. The bacterial stress response has to be rapid to be efficient 
and its main regulator RpoS is mainly regulated post-transcriptionally at the 
level of mRNA stability, translation efficiency and proteolysis [125]. It is 
therefore evident that many factors belonging to the RpoS regulon have to be 
also rapidly modulated to have an efficient adaptation of the cell response to 
environmental fluctuations. Post-transcriptional regulation of VanT expression 
by RpoS represents therefore a consistent mechanism involved in a process of 
rapid response to environmental fluctuation.  

R.2 VanT and RpoS are involved in the bacterial stress response. 
 

RpoS regulates various stress responses in several bacteria species [125]. To 
confirm that RpoS regulates VanT, the wild type, ΔrpoS and ΔvanT strains were 
exposed to various stress conditions. Both the ΔrpoS and ΔvanT mutants showed 
a decreased resistance to H2O2 and UV irradiation, indicating that they are both 
involved in the stress response of V. anguillarum (PAPER III, figure 8). Many 
of the VanT-regulated genes have been associated with stress resistance and 
metabolism (see PAPER I). Therefore, VanT is likely an integral component of 
the RpoS regulon induced notably by environmental stress, nutrient limitation 
and growth decay. Similarly, the VanT homologue SmcR from V.vulnificus is 
also associated with starvation and stress survival, suggesting that several 
members of the V.harveyi LuxR family may be involved in stress resistance 
strategies and may be regulated by RpoS.  

S. VanT regulates a DNA locus involved in exopolysaccharide 
transport and biosynthesis required for the colonization of 
rainbow trout integuments (paper IV). 

 
A mini-Tn5-phoA mutagenesis was conducted to identify new virulence genes 

in V.anguillarum. One mutant showed a 100-fold decrease. The sequence of the 
DNA flanking the transposon insertion identified two putative divergently 
transcribed operons, wza-wzb-wzc and orf1-wbfD-wbfC-wbfB (PAPER IV, 
figure 1). Database searches and data accumulated in this study (PAPER IV, 
figure 3) indicate that these two operons are likely involved in EPS biosynthesis 
(orf1-wbfD-wbfC-wbfB) and transport (wza-wzb-wzc). The homologues of wza-
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wzb-wzc in E. coli have been well characterized [239]. Wza is an outer 
membrane protein that functions as an EPS transporter. Wzb and Wzc are 
respectively a tyrosine phosphatase and a tyrosine kinase. These proteins form a 
hypothetical complex in the bacterial membrane and regulate EPS production by 
modulating the activity of biosynthetic enzymes and EPS translocation [104].  

S.1 Virulence analysis 
 

Virulence analysis showed that polar mutations in orf1, wbfD and wza 
attenuated the virulence of V. anguillarum (PAPER IV, table 1). However, each 
polar mutation decreases virulence differently. When compared to the wild type, 
the wza and orf1 polar mutants were decreased in virulence by 1000- and 100-
fold respectively, via both intraperitoneal injection and immersion in seawater 
containing V. anguillarum, whereas the wbfD polar mutant was decreased 100-
fold in virulence via only the immersion route.  

S.2 VanT represses the wza-wzb-wzc and orf1-wbfD-wbfC-wbfB operons 
involved in EPS synthesis and transport.  
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Figure 10. VanT represses the wza-wzb-wzc and orf1-wbfD-wbfC-wbfB operons.  
A wza-wzb-wzc::lacZ transcriptional fusion (A) and an orf1wbfDCB::lacZ transcriptional fusion (B) 
were expressed from a plasmid in the wild type (closed square) and the vanT mutant (open circles). 
Samples at various time points were analysed for growth (OD600, dotted line) and β-galactosidase 
expression (solid lines) 
 

VanT positively regulates biofilm formation and at least one DNA locus 
possibly involved in EPS biosynthesis (vps locus, PAPER I). In addition, the 
colony morphology of a vanT mutant is more translucent compared to the wild 
type. Increased opacity of a colony is often due to increased levels of EPS 
produced by the bacterium. EPS biosynthesis, biofilm formation and colony 
opacity are common functions regulated by the V. harveyi LuxR regulator 
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family [76, 187, 202, 317, 403, 413]. Therefore, we wonder if the wza-wzb-wzc 
and orf1-wbfD-wbfC-wbfB operons are regulated by VanT. Transcriptional 
reporter gene fusion were made to the  wza-wzb-wzc and orf1-wbfD-wbfC-wbfB 
promoters. Each was measured in the vanT mutant and shown to be significantly 
increased in a vanT mutant compared to the wild type (figure 10). Thus, VanT 
represses the expression of these two operons.  

Interestingly VanT has an antagonistic effect on the regulation of two different 
loci involved in EPS production. VanT positively regulates the vps operon but 
negatively regulates the wza-wzb-wzc and orf1-wbfD-wbfC-wbfB operons. This 
complex regulation of two different EPS operons is not yet clear. The 
production of two different types of EPS could be advantageous. The EPS of 
biofilm is generally not uniform and can vary spatially and temporally. Different 
type of EPS in a biofilm could provide interesting features for the biofilm 
architecture since the physical composition of EPS determine notably the 
rigidity and solubility of the biofilm matrix [62]. Alternatively, one type of EPS 
could be more important for bacterial survival in biofilm; whereas, the other 
could be involved in fish invasion and colonisation. The chemical composition 
of the polysaccharides produced by the possible vps, the orf1-wbfD-wbfC-wbfB 
and the wza-wzb-wz operons in V. anguillarum is not known. It remained to be 
determined for instance whether they are released exopolysaccharides (EPS) or 
capsular polysaccharides (CPS) attached to the cell surface that may lead to 
EPS, since CPS could be themselves released into the growth medium when the 
linkage between the polysaccharide and the membrane anchor is destabilised 
[293]. Regardless of the distinction between EPS and CPS, polysaccharide can 
have many different functions. Both EPS and CPS furnish a protective barrier to 
bacterial cells towards noxious agents. In addition, EPS are often associated 
with biofilm formation by constituting the matrix surrounding the bacterial cells 
[62] and CPS are frequently associated with bacterial adherence to both surfaces 
and to each other [293]. Therefore, the antagonistic regulation of these two 
operons involved in EPS biosynthesis and transport by VanT could be explained 
by the diverse functions they are associated with and the diverse signals they are 
regulated by. 

S.3 V. anguillarum forms biofilm on fish scales. 
 

Little is understood about how V. anguillarum colonises and invades its fish 
host. Crude virulence assays such as measurement using 50% lethal dose do not 
give detailed mechanism of how the bacteria colonise the fish tissues. Therefore, 
a new approach has been developed to better characterize the relevance of 
various mutations during fish colonization and bacterial survival. 

To investigate whether V. anguillarum can attach and colonize the surface of 
the fish, the animal was immersed in seawater containing V. anguillarum wild 
type tagged with GFP and samples of fish mucus and scales were collected 
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during a 48hrs period (PAPER IV, figure 4). As early as 5hr post-infection, 
bacteria were detected in the mucus layer, indicating that bacterial attachment to 
mucus is occurring rapidly. At 24hr post-infection, the bacteria had penetrated 
the mucus and could be found attached to the scales. At 48hr post-infection, the 
bacteria were forming biofilm-like structures firmly attached to the scales. At 
this time, as many as 108-109 CFUs /100mg of mucus and scales were detected 
on the surface of the fish.  

The quick proliferation of bacteria on the surface of the fish suggests that there 
are localized in a nutrient rich environment. Mucus utilization as a carbon 
source was assayed by looking at bacterial growth in artificial seawater 
supplemented with 10% fish mucus (PAPER IV, figure 5). The growth was 
monitored by counting colony forming units and showed that V. anguillarum 
uses surface mucus as a sole carbon source. The growth rate in artificial 
seawater containing 10% mucus is similar to that than in a rich medium such as 
TSB. Thus, V. anguillarum attaches and penetrates the surface mucus layer and 
thereafter proliferates and forms biofilm structures on the scales. Consequently, 
V. anguillarum colonises the skin surface of fish and this may be an important 
survival strategy for the bacteria.   

S.4 EPS production is essential for V. anguillarum colonisation of the 
surface of the fish. 

 
Virulence studies showed that polar mutations of the orf1-wbfD-wbfC-wbfB 

and the wza-wzb-wz operons were attenuated for the virulence of the bacteria. 
EPS synthesis and transport are required for biofilm formation. Therefore, we 
wondered if mutations in these operons are defective for biofilm formation on 
the scales.  A Δwza null mutant has therefore been tested during colonization of 
the fish surface (PAPER IV, figure 4). The Δwza mutant was gfp labelled and 
the ability of the mutant to colonize the fish surface was studied. At 5hr post 
infection, the Δwza mutant was detected at the same ratio as the wild type in the 
surface mucus of the fish. However, only a few bacteria were detected at 24hr 
post-infection. After 24hr, no Δwza mutant bacteria were detected on the surface 
of the fish suggesting that the mutant attaches to the skin mucus but is cleared 
from the surface of the fish within 24hr after infection. Some hypotheses may 
explain these results. (1) The Δwza mutant is unable to utilize mucus as a carbon 
source to proliferate. (2) The Δwza mutant cannot penetrate the mucus layer. (3) 
The Δwza mutant is unable to form biofilm on the scales. Since the polar wza, 
orf1 and wbfD mutants contained a variant of the suicide vector used to GFP 
tagged V. anguillarum strains, these polar mutants could not be tagged and were 
not studied in vivo but were tested using the in vitro assays below. 

The ability of the Δwza and the polar wza, orf1 and wbfD mutants to grow in 
mucus was tested and showed no difference compared to the wild type (PAPER 
IV, figure 5). Mucus penetration was also assayed using fish surface mucus and 
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all mutants were less efficient than the wild type in penetrating skin mucus 
(PAPER IV, table 2). In addition, biofilm formation on fish scales was 
investigated using an in vitro assay (PAPER IV, figure 6). The wild type 
attached to the scales by ten hours and formed biofilm-like structures by 24hr 
post-infection. In contrast, all mutants except the polar wbfD mutant attached as 
single cells to the scales, but did not form a biofilm. Taken together, the in vivo 
and in vitro data suggest that EPS are an important virulence determinant and 
EPS is required for biofilm formation on the skin of the fish. 

However, the different virulence phenotypes of the various mutants as well as 
their ability to penetrate fish skin mucus or to form biofilm on fish scales is not 
solely explained by their ability to synthesis and transport exopolysaccharides. 
Interestingly, mutations in the wza-wzb-wzc operon and orf1 in V .anguillarum 
alter the expression of empA as well as protease activity whereas the polar wbfD 
mutant is similar to the wild type. Thus, the wza-wzb-wzc operon and orf1 gene 
are likely also involved in regulating expression or transport of extracellular 
products essential for virulence. Indeed, the mutations can be separated in two 
phenotypic groups. The first group, Δwza, wza and orf1 polar mutants, is 
impaired in EPS biosynthesis and translocation, biofilm formation, protease 
activity, mucus penetration and virulence both by immersion and intraperitoneal 
injection. The second group comprises the wbfD polar mutant and is defective in 
EPS biosynthesis and transport, mucus penetration and virulence by immersion.  

A mutation in orf1 appears to be linked phenotypically to a mutation in wza. 
Structural analysis suggest that Wza is a member of the outer membrane secretin 
family [239]. Secretins are members of large secretory complexes and are often 
associated with small pilot proteins. Pilot proteins are small outer membrane 
proteins that are essential for the localisation, multimerization and stability of 
the secretin proteins [23]. Orf1 could be a pilot protein that is essential for the 
function of Wza.  

T. The rpoS and vanT  mutants form persistent biofilm 
structures on fish scales. 

 
The investigation of the involvement of the VanT and RpoS in survival and 

colonization of the fish surface is in progress. Preliminary results showed that a 
ΔrpoS mutant is delayed in the colonization of fish scales in vivo compared to 
the wild type. In addition, the ΔrpoS mutant exhibits a slight decreased virulence 
by immersion. 

The in vitro scale assay showed that biofilms formed by the ΔrpoS and the 
ΔvanT mutants are more persistent than the wild type (figure 11). No difference 
in biofilm formation can be seen between the wild type and the mutant strains 
after one day of incubation. However, after two days, most of the wild type 
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bacteria have detached from the scales and almost no biofilm-like structures 
remain. In contrast, thick biofilms are observed with both the ΔrpoS and ΔvanT  
 

 
 
Figure 11. Attachment and proliferation of V. anguillarum wild type, ΔrpoS and ΔvanΤ mutant on the 
integument of rainbow trout. The ΔrpoS and ΔvanΤ mutant form more persistent biofilm-like 
structures than the wild type on fish scales. Each strain has been gfp labelled in an intergenic region on 
the chromosome (PAPER IV, Table 3). Images of isolated scales from the skin of a rainbow trout were 
obtained by fluorescent microscopy at 24hr and 48hr after infection with the different strains. 
Magnification: 200x 
 
mutants. These results indicate that VanT and RpoS may aid detachment from a 
biofilm or are delayed in biofilm development. VanT and RpoS limit EPS 
production which is likely an important feature to promote detachment; and they 
positively regulate the metalloprotease EmpA, whose role in colonization of the 
fish is unknown. The timing of activation of empA coincides with EPS 
repression. It is interesting to speculate that EmpA may be a mucinase or a 
detachase as it has been shown for the Hap protease in V. cholerae. Hap 
functions as a detachase to promote the release of the bacteria from the tissues. 
Interestingly, HapR, the VanT homolog in V. cholerae, also activates Hap and 
represses biofilm formation [148, 413]. HapR has therefore a pivotal role in 
controlling bacterial release from biofilm structure and thus in the dissemination 
of the bacteria in the free environment, contributing to the spreading of the 
disease. The role of RpoS in biofilm formation remains unclear in many 
bacteria. Several studies suggest that the role of RpoS in biofilm could depend 
on cofactors specific to each bacterial strain and on specific growth conditions. 
For instance, an rpoS mutant in E. coli is dramatically reduced in biofilm 
formation whereas an rpoS mutant in P. aeruginosa form thicker biofilms [130, 
313]. The expression of rpoS is induced in P. aeruginosa biofilm in vitro 
indicating that RpoS plays an important role in the life cycle of a biofilm [399]. 
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However, the outcome of biofilm experiments greatly depends on how and in 
which conditions the biofilm formation is assayed.  Biofilm experiments are 
performed in many different ways and many physical and chemical factors are 
known to influence biofilm formation. It is therefore difficult to make 
conclusions about biofilm formation based on reports coming from different 
laboratories and different bacterial species. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 69



CONCLUSIONS 
 

I. VanT functions as a master regulator which controls multiple 
functions involved in metabolism, survival and stress resistance 
(PAPER I). 

 
II. The two quorum sensing signalling systems VanS/VanP/VanQ and 

VanM/VanN inhibit vanT expression throughout growth via the 
response regulator VanO. The phosphotransferase VanU is not 
required for the phosphorylation and the activation of VanO (PAPER 
II). 

 
III. The phosphotransferase VanU activates vanT expression, either by 

activating an alternate response regulator, or by dephosphorylating 
VanO (PAPER II).   

 
IV. RpoS induces vanT expression post-transcriptionally as the cells enter 

stationary phase (PAPER III).  
 

V. VanT represses the expression of two operons (wza-wzb-wzc and orf1-
wbfD-wbfB-wbfC) involved in EPS biosynthesis and transport that are 
essential for the colonization of fish integument and virulence 

12. Conclusions. The roman num

(PAPER IV).  

 
igure erals (I-V) refer to the list of conclusions cited above. 

(V) 

(IV) (II, III) 

(I) 

VanT

RpoS Quorum 
sensing 

empA (metalloprotease) 
hpdA (L-tyrosine degradation 
and pigment production) 
vps (EPS biosynthesis) 
serA (serine biosythesis) 

wza-wzb-wzc and orf1 (EPS 
transport) 
wbfDCB (EPS biosynthesis) 
 
 
Fish Colonization and virulence 

F
Quorum sensing moderately inhibits vanT expression throughout growth whereas RpoS induces VanT 
expression as the cells enter stationary phase. VanT activates the expression of several genes (empA, 
hpdA, vps, serA) involved in metabolism, survival, and stress resistance. VanT represses two operons 
(wza-wzb-wzc and orf1wbfDCB) involved in EPS transport and biosynthesis, respectively. 
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