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     Bacteria use quorum sensing, a cell to cell signaling mechanism mediated by 
small molecules that are produced by specific signal molecule synthases, to 
regulate gene expression in response to population density. In Vibrio 
anguillarum, the quorum-sensing phosphorelay channels information from three 
hybrid sensor kinases VanN, VanQ, CqsS that sense signal molecules produced 
by the synthases VanM, VanS and CqsA, onto the phosphotransferase VanU, to 
regulate activity of the response regulator VanO. VanO activates transcription 
of quorum-sensing regulatory RNAs (Qrr), which work together with the RNA 
chaperone Hfq to repress expression of the transcriptional regulator VanT.  

Abstract 

The work presented in this thesis characterizes quorum-sensing independent 
and quorum-sensing dependent mechanisms that regulate VanT expression. 
Moreover, an in vivo imaging system was established, as a means to study V. 
anguillarum infections in the rainbow trout infection model. 
     Two quorum-sensing independent mechanisms regulating VanT expression 
were identified. First, the sigma factor RpoS indirectly activates VanT 
expression during transition into stationary growth phase by inhibiting hfq 
expression. Both, RpoS and VanT are crucial for stress response. Second, a type 
VI secretion system (T6SS) has a novel function as a signal sensing mechanism 
to regulate rpoS and vanT expression. Consequently, RpoS, quorum sensing and 
T6SS form a global network that senses stress and modulates stress response to 
ensure survival of the bacteria.  
     Further analysis of the quorum-sensing dependent regulation of VanT 
expression by the phosphorelay system revealed that four qrr genes are 
expressed continuously during growth. The phosphotransferase VanU is 
suggested to activate two response regulators, VanO and a predicted second 
response regulator. Activated VanO induces expression of the Qrr sRNAs, 
whereas, the predicted response regulator represses expression of the Qrr 
sRNAs. Thus, VanU has a pivotal role in the regulation of VanT expression. 
The signal synthase VanM and VanT form a regulatory loop, in which VanM 
represses VanT by inducing expression of the Qrr sRNAs and VanT directly 
activates vanM expression to repress its own expression. Moreover, Hfq 
destabilizes vanM mRNA, repressing vanM expression. VanT forms another 
regulatory loop with the transcriptional regulator LuxT, in which LuxT activates 
vanT expression and VanT directly represses luxT expression.  
     V. anguillarum is an opportunistic pathogen that causes vibriosis, a terminal 
hemorrhagic septicemia. The spatial and temporal progression of the infection 
was analyzed using the whole animal with an in vivo bioluminescent imaging 
method. Initial studies showed that colonization of the fish skin requires the 
siderophore, the RNA chaperone Hfq and the exopolysaccharide transport 
system, which protects against the innate immunity on the skin. Colonization of 
the fish skin is crucial for disease. 
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Introduction 

1. Vibrionaceae 
     Vibrionaceae are gram-negative bacteria that belong to the order 
Vibrionales. The family consists of 10 genera encompassing a vast number of 
species. One of the genera is the genus Vibrio. Vibrios are facultative 
anaerobes, oxidase positive, curved rods with either one polar or several polar 
flagella. Vibrios require certain salt conditions (1-3% wt/vol NaCl) for growth 
and most of them are able to degrade chitin [Thompson et al., 2006]. All 
sequenced Vibrios, like V. cholerae, V. parahaemolyticus, V. vulnificus or V. 
fischeri contain two circular chromosomes [Heidelberg et al., 2000; Yamaichi 
et al., 1999; Chen et al., 2003; Ruby et al., 2005]. This was first seen when 
undigested genomic DNA of V. parahaemolyticus gave two bands of similar 
size in Pulsed Field Gel Electrophoresis. Subsequent Southern blotting- and 
digestion analysis revealed the presence of two replicons [Yamaichi, et al 
1999]. The initial observations were confirmed by genome sequencing of V. 
cholerae [Heidelberg et al., 2000], V. parahaemolyticus [Makino et al., 2003] 
and V. vulnificus [Chen et al., 2003]. Heidelberg et al., [2000] suggested that 
chromosome 2 might be a megaplasmid acquired from an ancestral Vibrio, 
whereas Waldor et al., [2000] assume the small chromosome arose from an 
excision event from a single ancestral chromosome. Within Vibrios, 
chromosome 1 is of similar size and contains housekeeping genes. Chromosome 
2 varies greatly in size and harbors genes unique to a certain species, genes 
required for adaptation and housekeeping genes [Xu et al., 2003]. The presence 
of two chromosomes might be advantageous for fast replication and give the 
bacteria more genomic plasticity [Yamaichi et al., 1999]. 
 
1.1 Vibrios and their role in the aquatic environment 
     Vibrios are ubiquitously found in coastal waters, estuaries, aquacultures, 
sediments or marine environments [Thompson et al., 2004]. In coastal waters, 
they are a large part of the heterotrophic culturable bacteria. Bacterial density 
can vary from 102 to 105 cells per milliliter seawater depending on geographical 
area and season [Eilers et al., 2000]. Vibrios are easily detected in the summer 
months, but not in the winter months. In warm geographical regions (subtropics 
and tropics) Vibrios are present constantly throughout the year [Simidu et al., 
1977]. In pelagic waters Vibrios are distributed throughout the entire water 
column. According to depth, different species are present [Ruby et al., 1980]. In 
marine sediments, they are not as abundant, which might be due to competition 
with other bacterial species or increased grazing by protozoans [Hood and Ness, 
1982]. 
     In the aquatic milieu, Vibrios are rarely free living planktonic bacteria. They 
rather live on abiotic surfaces or exist in association with marine organisms 
including fish, mollusks, corals, crustaceans, bivalves, sea grass, zooplankton 
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[Thompson et al., 2004]. The association with marine animals is variable (i) 
they are commensals and part of the normal flora on mucosal animal surfaces, 
(ii) they live as symbionts in light organs, (iii) they are pathogens causing 
disease in various animals and humans, or (iv) they form biofilms on inorganic 
surfaces, such as chitineous exoskeletons or sediments. The biofilm life style 
provides protection against physical forces in the water, antimicrobial 
substances and predator grazing. The gut environment in an animal is fairly 
hostile with low pH, presence of bile acids, and microaerobic- to anaerobic 
conditions. Nevertheless, Vibrios are frequently found in the gut, because it is 
richer in organic matter compared to seawater [Yoshimizu and Kimura, 1976].  
     Survival in the marine environment is challenging, due to large variations in 
water parameters. Water properties such as pH, temperature, salinity, nutrient 
levels, oxygen levels, the amount of sunlight and water current change with 
time (hour, day, season), and with space (open water, coastal water, estuaries) 
[Thompson et al., 2004]. Salinity and temperature are especially important for 
Vibrios. Sodium ions are required for Na+-antiporters to transduce energy into 
the cytoplasm, and inorganic ions help to maintain cell wall integrity. 
Therefore, the occurrence of Vibrios in fresh water is limited, but still of interest 
due to its impact on human health [Hickman et al., 1992]. A high level of 
organic nutrients or divalent cations in freshwater can compensate for the lack 
of salinity. The variation in species composition among Vibrios between a 
seasonally cold (Mediterranean Sea) and a permanently cold milieu (Arctic sea) 
is very large [Urakawa et al., 1999a]. Some species, like Vibrio wodanis or 
Vibrio salmonicida are cold adapted and do not grow at temperatures above 
room temperature, whereas clinically relevant strains, like Vibrio cholerae can 
grow at temperatures ≥ 37°C [Baumann and Baumann, 1992]. Temperature 
fluctuations are implicated in Cholera outbreaks and also in coral disease. Open 
waters are generally low in nutrient concentration and microbes develop 
starvation responses to survive. Under long term stress, Vibrios enter a dormant 
state, where they lose flagella, change into a coccoid shape and the periplasmic 
space thickens. Culturability is lost but viability remains and these cells are then 
in the Viable But Non Culturable state [Colwell et al., 1985]. V. vulnificus for 
example is virtually undetectable in estuarine waters during the winter months 
but appears again in the warmer summer months [Oliver, 1995]. Competition 
with other bacterial species for nutrients, constant grazing by predatory 
protozoans and viral infections are biotic factors encountered by Vibrios. Free 
living heterotrophic nanoflagellates are ubiquitous aquatic grazers that can 
occur at densities up to 106 flagellates per liter. These protozoans control the 
number of bacterial species and the genotypic composition in a certain niche 
[Beardsley et al., 2003]. The tight association between Vibrios and marine 
animals can also be seen as a means to escape predator grazing.  
     Vibrios are crucial for nutrient regeneration in the marine environment. They 
decompose dissolved organic matter via respiratory and fermentative pathways 
that lead to the formation of small organic compounds, such as lactate, butyrate, 
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propionate, acetate, formate, dihydrogen and carbon dioxide. Vibrios are 
involved in the ammonification of organic nitrogen. Vibrio diazotrophicus for 
example, is a nitrogen fixing species that can fix molecular nitrogen [Guerinot 
et al., 1981]. Phosphorus is essential for nucleid acid synthesis, energy 
metabolism, membrane phospholipids, signaling pathways and other biological 
processes. Vibrios mainly use three enzymes, alkaline phosphatases, 5´-
nucleosidases and phosphodiesterases to recycle organic phosphorus to 
inorganic phosphate forms. The periplasmic alkaline phosphatase cleaves 
phosphorus away under either neutral or alkaline conditions, which are present 
in the marine environment. The 5´-nucleosidases, present in all Vibrios, 
continously degrade 5´-nucleosides to inorganic phosphorus. 
Phosphodiesterases are involved in the turn over of extracellular cyclic 
nucleosides like cyclic adenosine monophosphate [Hoppe, 2003].  
     Vibrios produce a plethora of extracellular enzymes like chitinases, lipases, 
proteases, hydrolases and agarases to metabolize complex polymers in the 
aquatic environment. The polymers are partially hydrolysed outside the cell, 
and then transported into the periplasm, where enzymes create monomers that 
are subsequently transferred to the cytoplasm and used as energy sources 
[Thompson et al., 2004 and 2006]. The ability to break down chitin is essential 
to Vibrios due to their strong association with chitinaceous zooplankton, 
crustaceans, copepods and invertebrate larvae. Chitin is a large (1→4) -β-linked 
homoploymer of N-acetyl-D-glucosamine that is abundant and important for 
carbon and nitrogen cycling in the aquatic ecosystems. Chitin degradation is a 
complex process involving sensing of chitin (chemotaxis), attachment to the 
surface, transport of the polymer into the cell and catabolic activity. More than 
1011 tons of chitin are produced annually in the sea [Kaneko and Colwell, 1973; 
Meibom et al., 2004].  
     Some Vibrios degrade polycyclic aromatic hydrocarbons in marine 
sediments and thus, aid in the detoxification of polluted sediments [Geiselbrecht 
et al., 1996; Hedlund et al., 2001]. They produce antimicrobial compounds that 
determine species composition in a microenvironment and thus, play a role in 
the maintenance and architecture of a microbial community [Verschuere et al., 
2000].  
 
1.2 Symbiotic interactions between Vibrio fischeri and the squid  
     The symbiosis between the bioluminescent bacterium V. fischeri and 
Euprymna scolopes is unique. Only V. fischeri is capable of forming a stable 
relationship with the squid [McFall-Ngai, 2008]. The bacteria colonize the 
external light organ, located in an abdominal mantle cavity. At high cell density, 
V. fischeri emits light that functions in counter illumination. Light that matches 
moonlight is emitted downward, thereby obscuring the animal from nocturnal 
predators [Harper and Case, 1999]. The squid vents the light organ on a daily 
basis. At dawn, bacteria are expulsed and the animal hides in the sand. During 
the day, the bacteria replicate and by night time the light organ is repopulated 
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and the bacterial cell density is high enough to induce light production [Lee and 
Ruby, 1994]. Establishment of symbiosis starts seconds after hatching of squids 
into seawater. In the light organ, fields of ciliated epithelial cells shed mucus in 
response to bacterial peptidoglycan that is present in the environment [Nyholm 
et al., 2002]. In the mantle cavity, bacteria come in contact with the mucus and 
aggregate. There, V. fischeri outcompete other bacteria, because they are more 
resistant to nitric oxide produced by the squid [Davidson et al., 2004]. Once 
aggregated, the bacteria enter the pores on the light organ surface and migrate 
through the ducts into the crypt. Motility and chemotaxis to N-acetylneuraminic 
acid, a component of the squid mucus, are crucial for colonization of the crypt. 
Colonization changes both, the squid and the bacteria. Twelve hours after initial 
colonization, V. fischeri triggers regression of ciliated fields [Montgomery and 
McFall-Ngai, 1994], mucus shedding ceases [Nyholm et al., 2002], the ducts 
constrict [Kimbell et al., 2004], the epithelial cells in the crypt swell, limiting 
the entry of bacterial cells [Montgomery et al., 1994], and the light organ finally 
matures [Nyholm and McFall-Ngai, 2004]. A persistent state for the bacteria in 
the light organ requires the loss of flagella, cell size- and growth rate reduction 
[Koropatnick et al., 2004].  
 
1.3 Vibrios as human and animal pathogens 
     Vibrios are the causative agent of vibriosis. According to the Merriam-
Webster dictionary, Vibriosis is a general term that refers to infections caused 
by Vibrio species. Vibriosis in humans is mainly a diarrheal disease, but is also 
used to describe skin- or blood infections caused by Vibrios. However, the 
majority of Vibrios are non-pathogenic and many of the pathogenic species are 
opportunistic pathogens. Among the pathogenic species, twelve cause diseases 
in humans and the others evoke disease in vertebrates and invertebrates.  
 
1.3.1 Human pathogens 
     V. cholerae is the causative agent of cholera, a severe diarrheal disease 
occuring mainly in developing countries. Cholera is acquired through 
consumption of contaminated food and water containing high bacterial numbers 
of 106 – 1011 colony forming units per milliliter [Hornick et al., 1971]. V. 
cholerae enters the host, passes the stomach (acid barrier), adheres to epithelial 
cells and colonizes the small intestine, where it produces the cholera toxin 
[Reidl and Klose, 2002].The main symptom of the disease is a watery diarrhea, 
rice-water stool that is a result of cholera toxin activity. Cholera toxin ADP 
ribosylates G-proteins leading to increased cAMP (cyclic adenosine 
monophosphate) levels and subsequent chloride ion secretion. Due to osmotic 
imbalance, water goes into the lumen and the result is a massive diarrhea. Other 
virulence factors are the toxin coregulated pilus that is required for colonization, 
the RTX toxin, lipopolysaccharide, outer membrane porins for bile resistance, 
hemagglutinin/protease (HapA), hemolysin, motility and chemotaxis [Reidl and 
Klose, 2002]. Expression of the virulence factors is regulated by a 
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transcriptional cascade. Two complexes ToxR/S and TcpP/H activate 
expression of the transcriptional regulator toxT. ToxT activates expression of 
cholera toxin and the toxin coregulated pilus [Häse and Mekalanos, 1998]. 
tcpPH transcription is positively controlled by synergistic binding of the 
transcriptional regulators AphA and AphB to the tcpPH promoter [Skorupski 
andTaylor, 1999; Kovacikova and Skorupski, 1999 and 2004], but negatively 
controlled by the second messenger cAMP [Kovacikova and Skorupski, 2001]. 
The quorum-sensing regulator HapR that represses aphA expression at high cell 
density indirectly represses tcpPH expression [Kovacikova and Skorupski, 
2002]. 
     V. cholerae persists in the environment in association with planktonic 
copepods as permanent reservoirs and with non-biting midges as an 
intermediate reservoir. Both are consumed by migratory water birds, which 
subsequently disperse the bacteria from one water environment to the next. 
Recently, fish from freshwater and seawater habitats were shown to contain V. 
cholerae in their digestive tract and are believed to serve as vectors and 
reservoirs for V. cholerae [Huq et al., 1983; Broza and Halpern, 2001; 
Senderovich et al., 2010].  
     Seafood-borne gastroenteritis is commonly caused by V. parahaemolyticus 
[Blake et al., 1980]. Two types of strains were isolated, a hemolytic strain from 
patients and a non-hemolytic strain from food samples [Honda and Iida, 1993]. 
Two different hemolysins, thermostable direct hemolysin, TDH and TDH-
related hemolysin, TRH and two type three secretion systems (T3SS) play a role 
in virulence. T3SS-1 causes cytotoxicity in HeLa cells and is present in all V. 
parahaemolyticus strains, T3SS-2 is involved in enterotoxicity (fluid 
accumulation in the intestine) and only present in strains pathogenic to humans. 
[Honda and Iida,1993; Makino et al., 2003; Park et al., 2004b].  
     V. vulnificus is an obligate halophile, part of the normal flora in estuarines 
and coastal waters and considered an opportunistic pathogen. Bivalves contain 
V. vulnificus at very high numbers, especially in the warm summer months. 
Three main biotypes are distinguished. Biotype 1 causes primary septicemia and 
a self-limiting gastroenteritis. Disease is due to ingestion of contaminated 
oysters, severe wound infections through handling of shell fish or immersion of 
a wound in sea water [Oliver et al., 2001]. Septicemia occurs in persons with 
underlying disease (high level of serum iron due to liver disease and alcohol 
abuse, immunosuppression). Wound infections cause massive tissue damage 
and can result in a life threatening secondary septicemia [Simpson et al., 1987; 
Chiang and Chuang, 2003]. Biotype 2 is associated with Vibriosis in eels and 
biotype 3 causes human Vibriosis. The main virulence factors are capsular 
polysaccharide, lipopolysaccharide, the cytolysin/hemolysin VvhA, the 
metalloprotease VvpE, the toxin VvRTX and flagella that are required for 
adherence and biofilm formation. Quorum sensing, the stationary phase sigma 
factor RpoS, cAMP and the transcriptional activator HlyA regulate 
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pathogenicity [McDougald et al., 2001 and 2003; Huelsmann et al., 2003; Kim 
et al., 2005]. 
 
1.3.2 Vibrios associated with coral disease and health 
     Corals are made up of two components, the coral animal and the 
endosymbiotic algae Zooxanthellae. The coral host provides nutrients, whereas, 
the zooxanthellae perform photosynthesis to fix carbon and oxygen for 
respiration. Coral bleaching occurs when the symbiosis between the host and 
the algae is disrupted leading to loss of color due to the dissociaton of the algal 
symbionts or loss of the algal pigment. Vibrio shiloii and Vibrio coralliilyticus 
are biotic factors involved the disease. Interestingly, abiotic factors like shifts in 
sea water temperature contribute to the occurrence of coral bleaching. 
Bleaching increases significantly in the warm summer months; whereas, in the 
winter months, some corals can recover [Banin et al., 2001; Ben-Haim et al., 
2003b; Rosenberg et al., 2009].  
 
1.3.3 Fish and shellfish pathogens 
     Fish and shell fish farming worldwide is growing rapidly. The outbreak of 
vibriosis, generally described as a hemorrhagic septicemia, in aquaculture 
settings leads to substantial economical losses due to high mortality rates and 
poor quality of the produced flesh. Aquaculture settings with high numbers of 
animals in a defined space, where animals are in close contact with each other, 
promote fast spreading of infections [Couch and Fournier, 2000; Austin and 
Austin, 1999]. Numerous Vibrios are associated with disease in aquaculture: 
Vibrio alginolyticus causes septicemia, exopthalmia and ulcers in finfish [Lee, 
1995; Austin and Austin, 1999] and white spots and an overall reddish 
discoloration in shrimp [Selvin and Lipton, 2003]. In 1979, Vibrio salmonicida 
was shown to cause a hemorrhagic septicemia in salmon farms in Norway 
[Egidius et al., 1981]. Vibrio tapetis causes brown ring disease in Manila clams 
and carpet shell clams [Borrego et al., 1996]. The free living luminescent 
bacterium V. harveyi is an opportunistic pathogen, mainly associated with 
disease in cultured shrimp, but it can also affect fish causing skin ulcers and 
hemorrhagic spots near fins. A cysteine protease that interferes with hemostasis 
and extracellular proteases, phospholipases, hemolysins and a tetrodotoxin are 
major virulence factors [Liu et al., 1996 and 1999]. Quorum sensing regulates 
protease and toxin production [Manefield et al., 2000]. V. splendidus resides in 
coastal, marine sediments, seawater and is frequently associated with bivalves 
causing temperature dependent mortality in mollusks, fish, shrimp and 
gorgonians. When oysters are stressed, the bacterial load increases, indicating 
that environmental and physiological factors are important to trigger disease 
[Lacoste et al., 2001]. V. vulnificus serotype 2 is primarily an eel pathogen, but 
has been reported to occasionally infect people involved in fish farming [Oliver 
et al., 2001]. Vibrio ordalii causes vibriosis in wild and cultured salmonids and 
is localized to muscles and skin, but is also found in loose connective tissue, 
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gills, blood and the digestive tract. Necrosis and hemorrhaging occur frequently 
in the tissue surrounding the infected area [Schiewe et al., 1981]. 
 
2. Vibrio anguillarum  
     V. anguillarum constitutes part of the normal flora on the fish and is 
associated with rotifers and plankton in the aquatic environment. Plankton is 
often part of the food source for fish larvae in aquaculture and therefore, 
plankton can be a vector for disease. Due to its abundance and worldwide 
occurrence (Europe, North America, Japan, and China), V. anguillarum is a 
major factor in the rearing of salmonids [Austin and Austin, 1999]. Although it 
is a halophile, it has been recovered sporadically from freshwater [West and 
Lee, 1982] and there are reports of infections occurring in freshwater [Rucker, 
1959], and at low temperature from 1°C to 4°C [Olafson et al., 1981]. Currently 
23 serotypes (O1 – O23) are distinguished based on the European serotyping 
system. Only serotypes O1, O2 and O3 encompass pathogenic strains. Strains 
belonging to serotype O1 are mainly responsible for Vibriosis outbreaks. 
Serotype O2 has less impact and occasionally Vibriosis occurs due to serotype 
O3. Although these serotypes cause disease, they are opportunistic pathogens 
and disease occurs only when the animal is immunocomprimised, stressed or 
other environmental factors are shifted. All other serotypes are non-pathogenic, 
environmental strains isolated from sediment, plankton or seawater [Pedersen et 
al., 1999]. 
     V. anguillarum cell numbers fluctuate, with maximal numbers occuring in 
the summer months, whereas in the winter months the number decreases 
substantially [Austin and Austin, 1999]. This pathogen can survive longer than 
50 months in seawater [Hoff, 1989]. Upon nutrient starvation the number of 
culturable bacteria drops quickly during the first week and then declines in a 
more gradual fashion during the next four weeks. The cells become coccoid and 
downregulate metabolism in the first five days of starvation [Garcia et al., 
1997].  
     Survival of V. anguillarum in fresh water is associated with biofilms. 
Exopolysaccharide, the main component of a biofilm matrix is produced at low 
temperature and in the dark. This polymer is negatively charged and traps 
positively charged ions and nutrients from the surrounding environment that aid 
the survival of the bacteria. High cell density also positively affects the viability 
of V. anguillarum in freshwater. Light and higher temperatures (20°C) reduce 
the polymer production and shorten viability in freshwater [Fujiwara-Nagata et 
al., 2003].  
 
2.1 Vibriosis due to V. anguillarum 
     Vibriosis is characterized as a hemorrhagic septicemia in fish, but can also 
affect bivalves and crustaceans [Bolinches et al., 1986; Bowser et al., 1981]. 
The clinical signs of Vibriosis include red necrotic lesions on the ventral and 
lateral sides of the fish, swollen and dark skin lesions that ulcerate and release 
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blood, skin discoloration, erythema around the base of the fins, vent and mouth, 
anemia and occasionally exopthalmia. The distended gut and the rectum are 
extended and filled with a clear viscous liquid [Cisar and Fryer, 1969; Austin 
and Austin, 1999]. Infected animals become lethargic and display changes in 
swimming behavior. The disease can spread rapidly and cause high mortality 
rates from 30% to 100% without apparant clinical signs in an acute epizootic 
[Austin and Austin, 1999]. Histopathology shows that V. anguillarum is present 
in large numbers in the blood and the hematopoietic tissue. Necrotic tissue is 
observed in muscle tissue and internal organs like, liver, kidney, spleen and gills 
[Egidius, 1987]. In the descending gastrointestinal tract, the pathology appears 
to be more severe because the pH gradient gets more alkaline towards the 
rectum and V. anguillarum prefers alkaline over acidic conditions [Ransom et 
al., 1984].  
     The disease occurs in farmed and in wild fish, in salt or brackish water, 
especially in the warmer summer months. Water quality, water temperature, 
presence of a pathogenic serotype and the health- and stress status of the animal 
are crucial for disease onset. Aquacultures are prone to infectious disease 
outbreaks, because the intimate contact between the animals causes stress and 
supports the quick spread of vibriosis. Consequently, an entire population is 
quickly wiped out or at least substantially damaged. Once introduced into a fish 
farm, V. anguillarum persists for at least two years and total eradication is 
impossible [Pedersen and Larsen, 1998; Austin and Austin, 1999; Thompson et 
al., 2006]. 
 
2.2 Control and treatment of vibriosis 
     In aquaculture settings, V. anguillarum is controlled by the use of antibiotics 
and vaccination. Antibiotics are indirectly administered to the fish through the 
water or the feed. Drugs like ampillicin, chloramphenicol, sulfonamides and 
trimethoprim have been used extensively. Consequently, the number of drug 
resistant strains increases inside the fish farms and in the surrounding 
environment. Vibrios have a high level of genome plasticity and the aquatic 
environment provides a large pool of conjugatable, mobile genetic elements, 
and both properties aid in the evolution of multidrug resistant strains [Pedersen 
et al., 1995].  
     Vaccines are administered by bathing the animals in a vaccine solution or 
intraperitoneal injection. Intraperitoneal injection gives better protection 
compared to bathing, but it is a labor intensive technique, which requires 
individual handling of the fish and is only feasible for large and commercially 
valuable fish, such as salmonids [Ketcheson et al., 1980; Toranzo et al., 1997]. 
Most vaccines are based on inactivated bacteria or bacterial membrane 
components. Immunogenicity is conferred by two antigens: lipopolyssaccharide 
(LPS) and outer membrane porins [Kawai and Kusunda, 1995; Boesen et al., 
1999]. 
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     An alternative to antibiotics and vaccines is the use of beneficial bacteria or 
probiotics. Lactic acid bacteria, Bacilliales, Flavobacteria and others are 
commonly used as probiotics. Probiotic bacteria produce metabolites that 
inhibit colonization or growth of harmful bacteria and they compete with 
potential pathogens for space and nutrients. Presence of probiotics improves 
water quality and, thereby, the living conditions for the animals [Verschuere et 
al., 2000]. Probiotics have been successfully used in larviculture and shrimp 
aquaculture [Vine et al., 2006; Farzanfar, 2006]. In a recent study, 
Sharifuzzaman and Austin [2009] showed that Kocuria SM1, isolated from the 
digestive tract of the rainbow trout Oncorhynchus mykiss, led to a decrease in 
mortality. When animals were challenged with V. anguillarum after treatment 
with SM1, mortality was reduced to 15% - 20% compared to 80% in the 
controls [Sharifuzzaman and Austin, 2009]. A study by D´Alvise et al., [2010], 
demonstrates that surface attached roseobacters significantly reduce V. 
anguillarum. Probiotics are important in the control of fish disease and their 
usage may not only replace antibiotic prophylaxis, but also improve the well 
being of the farmed aquatic animals. 
 
2.3 V. anguillarum virulence factors 
2.3.1 Iron sequestering systems  
     In the host, iron is bound to high affinity iron-binding proteins (transferrin, 
lactoferrin, ferritin) in the serum and to hemoglobin in red blood cells, and thus, 
not freely available. Bacteria use siderophores, high affinity iron-binding 
compounds to bind up complexed iron in the host. V. anguillarum serotype O1 
produce anguibactin, which is encoded on the virulence plasmid pJM1 and 
serotype O2 strains produce vanchrobactin, which is encoded on the 
chromosome.  
     The virulence plasmid pJM1, encodes for an iron sequestering system 
containing the siderophore anguibactin [Crosa, 1980], which is synthesized 
from 2,3-dihydroxybenzoic acid, L-cysteine and N-hydroxyhistamine 
[DiLorenzo et al., 2003; López and Crosa, 2007]. This iron sequestering system 
consists of the siderophore anguibactin, its biosynthesis genes, and genes for the 
receptor complex. The biosynthesis genes (angB/G, angM, angN, angR, and 
angT) are located on both, the chromosome and the virulence plasmid, but the 
genes encoding for the receptor complex (fatA, fatB, fatC, and fatD) are located 
on the virulence plasmid [Actis et al., 1986; Stork et al., 2002]. When free 
available iron is low, anguibactin is produced, diffuses into the environment and 
forms an iron complex. The ferric-anguibactin complex attaches to the outer 
membrane receptor FatA and then, FatB, a lipoprotein anchored to the inner 
membrane and protruding into the periplasm, binds the complex and delivers it 
to FatC and FatD, which are inner membrane permeases that transport the 
ferric-anguibactin complex to the cytoplasm using energy derived from ATP 
hydrolysis. FatA requires energy derived from the proton-motive force across 
the cytoplasmic membrane to internalize the ferric-anguibactin. 
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     In V. anguillarum, two TonB systems, TonB1 and TonB2 are present, but 
only TonB2 is required for ferric-anguibactin transport, whereas TonB1 has a 
role in heme uptake [Stork et al., 2004]. The TonB2 protein, anchored to the 
cytoplasmic membrane enables FatA to utilize the energy from the Proton Motif 
Force. Another protein, TtpC that is highly conserved in pathogenic Vibrios, is 
encoded in the tonB2 gene cluster. TtpC is crucial for the iron transport 
mediated by the TonB2 system [Stork et al., 2007]. 
    Expression of the iron sequestering system is controlled by the regulators 
Fur, AngR and an antisense RNA. Fur, a transcriptional regulator encoded on 
the chromosome, is bound to ferrous iron under iron rich conditions and 
represses expression of the iron sequestering system. Once bound to the 
promoter, the Fur-iron complex bends the DNA inhibiting RNA polymerase 
binding. Repression is post-transcriptionally mediated by the antisense RNA, 
RNAβ, which contains a stem loop complementary to the stem loop located at 
the 5´end of angR mRNA. The AngR protein and the proteins encoded in the 
trans-acting factor region are positively regulating anguibactin biosynthesis and 
expression of fatA and fatB. Under iron limiting conditions, the repression due 
to Fur and RNAβ is relieved and anguibactin itself can elevate the expression of 
fatA and fatB [Salinas and Crosa, 1995; Chen et al., 1996; Stork et al., 2002].  
     All seroptype O2 strains and several plasmidless O1 strains produce the 
siderophore, vanchrobactin. The genes encoding for components in the 
vanchrobactin mediated iron uptake are located on the chromosome. VabA, 
VabB and VabC are involved in dihyroxy benzoic acid synthesis, whereas 
VabE and VabF are required for siderophore assembly. VabS exports and VabH 
presumably degrades the siderophore [Balado et al., 2006]. VabD is most likely 
a PPIase (peptidylprolylisomerase), VabG is a putative 3-deoxy-D-arabino-
heptulosonate 7-phosphate synthase and VabR is a LysR transcriptional 
regulator required for vabG expression regulation [Balado et al., 2008]. FvtA is 
the receptor for vanchrobactin [Balado et al., 2009]. Vanchrobactin is also 
transported via the TonB2 system [Stork et al., 2004]. 
 
2.3.2 Heme and hemoglobin utilization  
     V. anguillarum can utilize iron that is bound by heme and hemoglobin in the 
blood of the vertebrate host. Uptake is independent of the virulence plasmid 
pJM1, but both, TonB1 and TonB2 can mediate transport [Stork et al., 2004]. A 
heme uptake and utilization system is encoded by the huvA-huvY-huvX-tonB1-
exbB1-exbD1-huvB-huvC-huvD cluster, which is divided into three 
transcriptional units: (i) huvA, (ii) huvXZ and (iii) tonB1exbB1D1-huvBCD. 
HuvA is the outer membrane heme receptor, HuvB is a periplasmic binding 
protein, HuvC an inner membrane permease and HuvD is the ABC-transporter 
ATPase. HuvZBDC constitute the translocation machinery. The TonB1 system 
is required to energize the uptake. The gene cluster is regulated by iron 
concentrations and the transcriptional regulator Fur [Mouriño et al., 2004 and 
2006; Lemos and Osorio, 2007]. 
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2.3.3 Motility and chemotaxis  
     The exact mode of infection is not clear, but involves attachment to the host 
and penetration of host tissues. Attachment requires motility and chemotaxis. 
Ransom [1978] suggested that infection starts with colonization of the posterior 
gastro-intestinal tract and rectum, because the bacterium was seen at these sites 
initially in the infection process. The skin is colonized during the first twelve 
hours of immersion [Kanno et al., 1990]. 
     V. anguillarum posses a single polar flagellum composed of five flagellin 
proteins FlaA-E, of which FlaA is essential for virulence [Milton et al., 1996]. 
Chemotaxis and motility are required for virulence via the immersion route of 
infection, but not when injected introperitoneally. RpoN, the alternative sigma 
factor σ54, regulates the expression of flagellar genes and deletion of the rpoN 
gene attenuates virulence. V. anguillarum displays a strong chemotactic 
response towards intestinal and skin mucus, which can be used as a carbon 
source [Garcia et al., 1997]. Chemoattractants, like free amino acids or 
carbohydrates, induce smooth swimming leading the bacteria to the fish 
epithelia. For successful infection V. anguillarum has to sense and swim to the 
animal and to pass the fish integument. [O´Toole et al., 1996, 1997 and 1999; 
Milton et al., 1996; Ormonde et al., 2000].  
 
2.3.4 Extracellular components: LPS, proteases, hemolysin and other factors 
     Lipopolysaccharide (LPS) is the major component of the outer cell 
membrane that is made up of three parts: the O-antigen, the core and lipid A. In 
V. anguillarum LPS is a major surface antigen required for virulence, which 
confers serum resistance [Pederson et al., 1998]. 
     The tissue distruction observed during infection suggests the presence of 
proteases, hemolysins or other toxins Five hemolysins VAH1–5 are present in 
V. anguillarum. VAH1 is related to a hemolysin in V. cholerae ElTor and 
VAH2 has 89% identity to a hemolysin present in V. vulnificus. VAH3, VAH4 
and VAH5 are similar to V. cholerae O1 proteins: a hemolysin-related protein, a 
thermostable hemolysin, and a putative hemolysin, respectively [Hirono et al., 
1996; Rodkhum et al., 2005]. The zinc dependent metalloprotease EmpA, a 
homologue to the hemagglutinin protease HapA of V. cholerae, is one of the 
dominant products found in culture supernatants. The protease requires Zn2+ for 
activity and Ca2+ for stability [Norqvist et al., 1990]. EmpA is a mucinase and 
might function similar to HapA [Croxatto et al., 2007]. HapA activates 
hemolysin, degrades tight junctions, and is involved in mucin penetration and 
the detachment of the bacteria from epithelial cells [Silva et al., 2003]. 
Expresion of empA is induced by gastro-intestinal mucus and also regulated by 
RpoS during stationary phase and by quorum sensing [Milton et al., 1992; 
Denkin and Nelson, 1999 and 2004; Staroscik et al., 2005]. 
     Rodkhum et al., [2006] recently determined forty putative virulence related 
genes by a random sequencing procedure. Among these potentially novel genes, 
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a RTX (repeat in toxin) gene cluster, rtxACHBD was identified. The RTX toxin 
is encoded by rtxA, rtxBDE encode the RTX toxin transporter (ABC 
transporters, rtxC codes for the RTX toxing activating protein and rtxH encodes 
for a conserved hypothetical protein. The rtxC and rtxA genes, as well as the 
rtxBDE genes are cotranscribed. When the rtxA gene is deleted, virulence is list 
in the juvenile Atlantic salmon infection model. RTX toxins are pore-forming 
exotoxins secreted by a type I secretion system. RtxA contains an RID domain 
(Rho inactivation domain) that potentially inactivates small Rho GTPases 
resulting in cytotoxicity [Li et al., 2008].  
 
2.3.5 Bile resistance and outer membrane porins 
     V. anguillarum produces a 38-kDa major outer membrane porin OmpU, with 
weak cation selectivity and moderate surface charge. Loss of OmpU results in 
increased bile sensitivity, but surprisingly not in decreased virulence. Resistance 
to bile is required to survive and colonize the intestines. OmpU deficient strains 
exhibit changes in the lipopolysaccharide profile and have higher levels of 
phospholipids. These alterations in the outer membrane explain why an ompU 
mutant displays thicker biofilms compared to wild type. Expression of ompU is 
regulated by the transcriptional activator ToxR, a homologue to V. cholerae 
ToxR. The presence of bile salts can also induce ompU expression [Wang et al., 
2002 and 2003]. 
 
2.3.6 Exopolysaccharide and virulence 
     Exopolysaccharide is part of the matrix encompassing cells in a biofilm. In 
V. anguillarum a DNA locus containing the operon wza-wzb-wzc was identified 
and shown to be important for exopolysaccharide transport [Croxatto et al., 
2007]. Wza is a multimeric outer membrane secretin connected to Wzc, an 
inner membrane tyrosine phosphatase that is activated upon 
autophosphorylation. Wzb, a cytoplasmic tyrosine phosphatase controls Wzc 
activity. The complex formed by Wza and Wzc transports polysaccharides to 
the cell surface [Whitfield, 2006]. When exopolysaccharide transport is 
inhibited, attachment to fish scales does not occur and the fish skin is not 
colonized, thus, mutants in this DNA locus are attenuated in virulence [Croxatto 
et al., 2007]. 
 
3. Stress response and adaptation mechanisms in gram-negative bacteria 
     Bacteria have developed a plethora of stress response and adaptation 
mechanisms. Upon the encounter of unfavorable conditions gene expression 
patterns are changed and ensure that at least a part of the population survives. 
Many of the stress responses overlap in terms of inducing signals or the genes 
controlled in a certain regulon.  
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3.1 Stress response mechanisms - an overview 
3.1.1 Heat- and Cold shock response  
     Temperature is important to microbial physiology. Down- or upshifts in 
temperature induces cold shock or heat shock response to protect the cells.  
     Heat shock is a response to heat-induced misfolding and denaturation of 
proteins. Temperature up-shifts induce expression of cytoplasmic heat shock 
proteins (Hsp), such as chaperones or ATP-dependent proteases that are 
important for protein folding, degradation and repair [Hendrick et al., 1993]. 
Two major heat shock regulons exist in E. coli (i) the RpoH (σH) regulon that 
copes with cytoplasmic damage and (ii) the RpoE (σE) regulon responding to 
extracytoplasmic stress [Yura et al., 1993]. The sigma factor RpoH is the master 
regulator for heat shock induced genes. In absence of heat shock, the 
chaperones DnaK and DnaJ interact with RpoH to decrease its activity and 
stability. At elevated temperatures, DnaK and DnaJ preferably bind to 
denatured proteins instead of RpoH, which increases RpoH activity and 
stability. Furthmore, secondary structures in the 5´untranslated region of rpoH 
mRNA melt and translation occurs [Grossman et al., 1987]. The sigma factor 
RpoE is induced by heat, misfolded outer membrane and periplasmic proteins, 
and ethanol. RpoE controls the RpoH regulon and among others, the 
cytoplasmic protease/chaperone DegP [Rouvière et al., 1995]. RpoE activity is 
negatively regulated by RseA, an anti-sigma factor bound to the membrane and 
RseB, a periplasmic protein [De Las Peñas et al., 1997].  
     Cold shock decreases membrane fluidity, stabilizes secondary structures in 
DNA and RNA and thus, hinders efficient replication, transcription and 
translation. To counteract the change in membrane fluidity, the proportion of 
unsaturated fatty acids in the membrane phospholipids increases. Temperature 
down-shifts induce expression of cold shock proteins (Csp) [Klinkert et al., 
2009]. CspA is a major cold shock protein in E. coli and enables translation at 
low temperatures by preventing the formation of inhibitory secondary RNA 
structures [Yamanaka et al., 1998]. Cold shock protein mRNAs require 
ribosome factors, such as RbfA to form a translation initiation complex with the 
ribosome [Jones and Inouye, 1996]. CspA nonspecifically binds RNA with low 
affinity resulting in increased translation or more susceptibility to degradation. 
Thus, CspA is considered an RNA chaperone [Yiang et al., 1997].  
 
3.1.2 Envelope stress response - the σE and the Cpx pathway 
     The σE pathway responds primarily to misfolded outer membrane proteins 
in the bacterial envelope that occur upon heat shock, oxidative stress, etc 
[MacRitchie et al., 2008]. The regulation of this pathway involves several 
components. RseA, an inner membrane protein, inactivates σE by sequestration. 
The periplasmic protein RseB stabilizes sequestration by binding to RseA and 
inhibiting cleavage by the metalloprotease RseP [Missiakas et al., 1997]. Under 
inducing conditions, the inner membrane serine protease DegS is activated by 
binding to misfolded outer membrane proteins. Active DegS removes the 
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periplasmic domain of RseA and RseB, which makes the membrane bound part 
of RseA accessible for RseP. RseP releases the cytoplasmic domain of RseA 
that is bound to σE from the inner membrane. Then this cytoplasmic domain is 
tagged by ClpXP protease and degraded, which results in free σE and activation 
of the σE regulon [Grigorova et al., 2004]. σE is a virulence factor in V. 
cholerae, promoting colonization and survival in the intestines [Kovacikova and 
Skorupski, 2002].  
     The Cpx pathway is a two component regulatory system composed of the 
sensor histidine kinase CpxA and the cognate response regulator CpxR. This 
system responds to envelope stress including alterations in the membrane 
structure, alkaline pH and misfolded envelope proteins. The periplasmic protein 
CpxP interacts with CpxA, to repress the pathway. When envelope stress 
occurs, CpxP associates with misfolded proteins and delivers them to the 
protease DegP for degradation. During this process, CpxP is cleaved, CpxA 
autophosphorylates and transfers the phosphoryl group to CpxR. 
Phosphorylated CpxR is active and transcribes target genes. CpxA acts as a 
phosphatase when the stress is over and active CpxR needs to be inactivated 
[Raivio, 1997 and 1999]. The Cpx regulon consists of 25 operons encoding 
proteins involved in envelope maintenance, signal transduction or in the 
production, function of pili or flagella [MacRitchie et al., 2008]. 
 
3.1.3 DNA damage and the SOS response 
     The SOS response is active upon extensive DNA damage due to UV light or 
other DNA damaging agents. The proteins LexA and RecA are main 
components in this response. LexA is a repressor that inhibits transcription. 
DNA damage is signaled by RecA/ssDNA-nucleoprotein filaments. These 
filaments emerge when RecA polymerizes on single stranded DNA (ssDNA) 
that occurs upon DNA strand breaks. RecA/ssDNA filaments associate with 
LexA and trigger activation of LexA autoproteolysis. LexA degradation leads to 
transcriptional derepression of SOS genes, like sulA, umuDC, uvrA, and uvrB 
[Frank et al., 1996]. The sulA gene product transiently inhibits cell division, 
allowing the cell to repair DNA damage before continuing cell growth [Trusca 
et al., 1998]. UvrA and UvrB are part of the nucleotide excision repair and 
recombination [Sancar, 1996]. UmuD and UmuC are involved in translesion 
synthesis allowing replication to pass over thymidine dimers, apurinic or 
apyrimidinic sites. UmuD is cleaved into UmuD´ when it interacts with 
RecA/ssDNA nucleoprotein filament and UmuD´ works with UmuC to form the 
error-prone DNA polymerase V [Tang et al., 1999]. Once the DNA damage is 
fixed or bypassed normal gene expression is restored.  
 
3.1.4 Oxidative stress and response to nitric oxide 
     Oxidative stress is induced by an increase in reactive oxygen species (ROS), 
such as superoxide anion (O2•), hydrogen peroxide (H2O2), and hydroxyl radical 
(HO•), above the levels normally present during aerobic respiration, when 
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bacterial cells are exposed to radiation, metals and redox active drugs that cause 
membrane, protein and DNA damage [Cabiscol et al., 2000]. The OxyR regulon 
confers resistance to hydrogen peroxide. In the presence of H2O2, the response 
regulator OxyR in its oxidized form induces transcription of (i) fur, a global 
repressor for ferric uptake to prevent harm caused by oxygen radicals reacting 
with iron, (ii) of the small RNA OxyS to repress RpoS and (iii) of genes with 
antioxidant roles like, hydrogen peroxidases or glutathione reductases 
[Schellhorn 1995]. The soxRS operon, encoding for transcriptional regulators is 
constitutively expressed and induced by reagents that generate superoxide 
anion. Active SoxR enhances SoxS expression and increased SoxS levels lead 
to activation of the SoxRS regulon [Tsaneva and Weiss, 1990]. The regulon 
encompasses genes for the DNA repair enzyme endonuclease IV, manganese 
superoxide dismutase, superoxide anion resistant isomers of fumarase and 
aconitase, glucose-6-phosphate dehydrogenase (to elevate the reducing power 
of the cell) and others [Wu and Weiss, 1991].  
     Oxidative stress mechanisms play a role in virulence, because macrophages 
kill bacterial pathogens using oxidative burst. Nitric oxide (NO) is an 
intermediate in the denitrification process and a key component in the host 
immune response. Phagocytic immune cells produce radical NO as an 
antimicrobial compound. Consequently, bacteria detoxify NO by several 
mechanisms [Pullan et al., 2008]. First, the flavohemoglobin Hmp converts NO 
to nitrate ion. hmp is expressed under anaerobic conditions and repressed by the 
transcriptional regulator Fnr under aerobic conditions. In the presence of NO, 
Fnr cannot bind DNA and hmp expression is derepressed. Second, the regulator 
MetR activates hmp transcription [Cruz-Ramos et al., 2002]. Third, under 
microaerobic or anaerobic conditions the sigma-54 dependent activator NorR 
senses NO and stimulates norV and norW synthesis. The flavorubredoxin NorV 
and its cognate reductase NorW catalyze the reduction of NO. [D'Autréaux et 
al., 2005].  
 
3.1.5 Acid stress, alkaline and sodium stress 
     Most bacteria maintain a cytoplasmic pH of 7.4 to 7.6, while the external pH 
can vary from 5.5 to 9.0 [Kroll and Booth, 1983]. Marine bacteria live in an 
alkaline environment with a pH around 8.2 [Padan et al., 2005]. Different 
external pH requires the bacteria to either acidify or alkalize their cytoplasm 
using Na+/proton antiporters or K+/proton antiporters, respectively. Response 
to acidic pH is governed by RpoS, Fur and the PhoPQ two component system 
that control the expression of acid response proteins; whereas, response to 
alkaline pH involves regulators from the heat shock response and the SOS 
response [Foster, 2000].  
     The extracellular sodium (Na+) concentration is usually higher than the 
intracellular concentration. Sodium stress occurs at an elevated pH, when the 
intracellular Na+ concentration rises because the low proton gradient inhibits 
extrusion of sodium ions. Bacteria use primary or secondary Na+ transport 
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systems. Primary systems, like ABC (ATP-binding cassette) transporters need 
energy to transport the ion. Secondary systems are Na+/H+ antiporters, like 
NhaA [Padan and Krulwich, 2000]. At low intracellular sodium ion 
concentrations, the global regulator H-NS represses expression of NhaA and the 
transcriptional regulator NhaR is produced at very low levels. At high 
intracellular Na+ concentrations, NhaR is activated by binding Na+ and induces 
the expression of the NhaA antiporter, which exports excess Na+ [Carmel et al., 
1997]. 
 
3.1.6 (p)ppGpp and the stringent response 
     The alarmone (p)ppGpp, guanosine pentaphosphate or tetraphosphate, is the 
signal for stringent response. Stringent response is triggered by amino-acid and 
carbon-starvation. ppGpp production depends on RelA and SpoT. RelA 
converts pppGpp into ppGpp when an uncharged tRNA is found in the 
ribosomal A-site during amino acid starvation. SpoT produces ppGpp in 
response to stress and nutrient limitations and but can also hydrolyze ppGpp. 
The alarmone affects transcription by binding directly to the RNA polymerase 
core enzyme. Ribosomal RNA transcription, DNA replication, cell wall 
synthesis and other growth related mechanisms are down regulated by ppGpp. 
The stationary phase sigma factor RpoS, amino acid biosynthesis and 
proteolysis are positively regulated by ppGpp. Consequently, this molecule is a 
global regulator affecting many stress response mechanisms [Manusson et al., 
2005; Traxler et al., 2008; Srivatsan and Wang, 2008].  
 
3.2 The RNA chaperone Hfq and small regulatory RNAs  
     The RNA chaperone Hfq is a global regulator conserved in gram-negative 
and gram-positive bacteria that regulates growth, cell division, sensitivity to UV 
and osmosensitivity [Tsui et al., 1994]. Hfq promotes interaction between trans-
encoded small regulatory RNAs and their target mRNAs. It binds RNA, 
preferably at AU rich stretches adjacent to stem-loop structures, which are 
cleavage sites for ribonuclease E (RNAseE) preventing RNAseE cleavage, or it 
binds to the poly(A) tails of mRNAs to prevent mRNA degradation [Brennan 
and Link, 2007]. Hfq forms hexameric, doughnut shaped molecules with two 
independent RNA-binding sites on the surface, one on the proximal site for AU-
rich sequences and one on the distal side for poly(A) tails. The central cavity is 
also involved in RNA binding. Thus, Hfq is a docking platform for RNAs 
[Mikulecky et al., 2004]. Regulation of hfq expression is growth phase 
dependent, the protein accumulates in exponential growth phase and declines in 
stationary phase. Hfq is autoregulatory and part of a superoperon harboring 
three heat shock promoters and four σ70 promoters [Valentin-Hansen et al., 
2004]. 
     Small noncoding regulatory RNAs (sRNAs) that are between 60 and 300 
base pairs long, allow bacteria to quickly regulate gene expression in response 
to environmental stimuli. sRNAs are rapidly synthesized, have versatile 
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functions and provide an economical solution for gene regulation under stress 
conditions. sRNAs regulate gene expression by two general mechanisms: (i) 
they base pair to target mRNA and activate/inhibit translation or mRNA 
degradation, or (ii) sRNAs sequester a repressor to relieve repression. CsrB and 
CsrC are sRNAs that titrate the global regulatory protein CsrA from its mRNA 
target [Weilbacher et al., 2003]. The former base-pairing sRNAs can be divided 
into cis-acting and trans-acting sRNAs. Cis-acting sRNAs are located on the 
antisense strand of their mRNA target and are fully complementary to their 
target. They are primarily encoded on plasmids, phages and transposons. Trans-
acting sRNAs are located on the chromosome and are not linked to their target. 
They are only partially complementary to their target mRNA and their function 
depends on the RNA chaperone Hfq (Fig. 1). Partial complementarity explains 
the requirement for Hfq, but it also enables one sRNA to interact with multiple, 
unlinked mRNA targets. Several trans-acting RNAs have been characterized 
(Table 1), among them OxyS, DsrA and RprA that regulate RpoS expression in 
response to distinct stimuli [Gottesman et al., 2004; Brantl, 2007].  
 
Table 1. Examples for trans-acting sRNA and their mRNA targets 
 

sRNA mRNA target Mechanism Function Induced by References 

MicF ompF mRNA repression Porin 
expression 

high 
temperature 
oxidative stress 
low osmolarity 
toxic 
compounds 

Gottesman 
2004 

Brantl 2007 

MicC ompC mRNA repression Porin 
expression 

Low 
temperatures 
nutrient 
limitation 

Chen 2004 

MicA ompA mRNA destabilization Porin 
expression 

Activated by 
RpoE 

Udekwu 2005 

RybB  Several omp 
mRNAs 

destabilization Porin 
expression 
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RyhB Multiple targets  degradation Repression of 
nonessential 
iron requiring 
proteins 

Iron limitation Massé 2005 

Spot42 galK mRNA repression Sugar 
metabolism 

glucose Møller 2002 

SgrS ptsG mRNA destabilization Sugar 
metabolism 

G-6-P Vanderpool 
2004 

GlmY sRNA GlmZ Stabilizes the 
GlmZ sRNA 

Sugar 
metabolism 

G-6-P depletion Görke 2008 

GlmZ glmS mRNA activation Sugar 
metabolism 

G-6-P depletion Görke 2008 

MgrR eptB mRNA repression LPS 
modification 
sensitivity to 
antimicrobial 
peptides 

Low Mg2+ Moon 2009 

FnrS Multiple 
mRNAs 

repression Adaptation to 
anaerobic 
growth 

Anaerobic 
conditions 

Boysen 2010 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Simplified regulatory mechanisms of trans-acting sRNAs. Binding of a sRNA to the 
5´UTR can either block the ribosomal binding site (RBS) or resolve an inhibitory structure, which 
results in translational repression or activation, respectively (left). sRNA binding can also target 
the mRNA for degradation, as well as prevent degradation by ribonucleases (right). The RNA 
chaperone Hfq is required for proper function of such sRNAs. 
 
3.3 The stationary sigma factor RpoS – a general stress response regulator 
     The sigma factor RpoS (σS) is crucial for survival during stationary phase of 
growth and is the master regulator of stress response in many bacteria. It is 
expressed at a basal level during exponential growth phase. When cells enter 
stationary phase, RpoS levels increase and it successfully outcompetes σ70 for 
RNA polymerase core enzyme. In E. coli, RpoS is induced upon amino acid, 
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carbon, nitrogen and phosphate starvation, temperature shifts and osmotic shifts 
(Fig. 2) [Hengge, 2008]. In Pseudomonas, RpoS is less important for general 
stress response and more involved in the regulation of toxins, production of 
antibiotics and other extracellular factors [Suh et al., 1999].  
 
3.3.1 Transcriptional control of rpoS expression 
     Transcription from the σ70-dependent rpoS promoter is induced upon entry 
into stationary phase [Venturi, 2003]. Two component systems, composed of a 
membrane bound histidine sensor kinase and the cognate response regulator, 
play a role in the regulation of rpoS expression. The histidine kinase 
autophosphorylates upon sensing a specific environmental signal, and catalyzes 
the phosphorylation of the corresponding response regulator that is activated 
and mediates differential expression of target genes. 
     In E. coli, the phosphorylated response regulator ArcA represses rpoS 
transcription [Mika and Hengge, 2005]. The BarA/UvrY two component system 
activates rpoS transcription, although it is not essential for activation [Hengge, 
2008]. BarA/UvrY regulates carbon metabolism by activating the sRNA CsrB, 
which inactivates the carbon-storage repressor CsrA. [Suzuki et al., 2002]. In 
Pseudmonas, the GacA/GacS two component system induces rpoS 
transcription, probably via its positive effect on the quorum-sensing systems, 
which positively regulate rpoS expression [Whistler et al., 1998; Latifi et al., 
1996]. Additionally, the transcriptional regulator PsrA activates rpoS expression 
upon entry into stationary phase [Kojic and Venturi, 2001]. In both organisms, 
E. coli and Pseudomonas, the alarmone ppGpp stimulates transcription 
[Venturi, 2003]. In Salmonella, the DNA binding protein Fis, a global regulator 
highly abundant in exponential phase, but not during stationary phase, represses 
rpoS transcription in exponential growth phase [Hirsch and Elliott, 2005]. 
 
3.3.2 Post-transcriptional and translational control of RpoS expression 
     Post-transcriptional and translational control of RpoS expression is mediated 
by sRNAs and other RNA binding factors. The long 5´-untranslated region in 
the rpoS mRNA forms a hairpin loop that occludes the ribosomal binding site 
and prevents efficient RpoS translation [Brown and Elliott, 1997]. Both, stress 
and entry into stationary phase induce expression of sRNAs that together with 
Hfq can resolve inhibitory structures and promote translation. Three Hfq 
dependent sRNAs, DsrA, RprA and OxyS, which are expressed in response to 
certain stress conditions, regulate rpoS. DsrA is only expressed at low 
temperatures (<30°C). Hfq stabilizes DsrA, changes its conformation and 
promotes base pairing to rpoS mRNA which disrupts the inhibitory hairpin loop 
and allows ribosome binding and subsequent translation. [Majdalani et al., 
2005; Vecerek et al., 2009]. Additionally, DsrA negatively regulates H-NS, the 
histone-like protein that represses rpoS expression [Zhou and Gottesman, 2006]. 
RprA sRNA is induced upon cell surface stress by the hybrid two component 
system RcsC/RcsB and stimulates translation of rpoS mRNA by binding to the 
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same regions as DsrA [Majdalani et al., 2002]. RcsC is a sensor kinase that 
phosphorylates RcsD, a phosphotransferase protein, which transfers the 
phosphate further on to the response regulator RcsB that activates transcription 
of RprA and other target genes [Majdalani et al., 2005]. The third sRNA, OxyS 
is produced upon exposure to H2O2 and represses RpoS expression. OxyS might 
sequester Hfq forming a nucleoprotein complex that represses translational 
induction. OxyS is actively induced by the response regulator OxyR, which 
regulates oxidative stress. Presumably, decrease of RpoS prevents excessive 
expression of oxidative stress responsive genes [Zhang et al., 1998]. A novel 
sRNA, GcvB that is induced by acid stress stimulates rpoS expression by an 
unknown mechanism [Jin et al., 2009]. 
 
3.3.3 RpoS proteolysis 
     Degradation of RpoS depends on the ClpXP protease and the response 
regulator RssB that acts as a proteolytic targeting factor [Hengge, 2009]. RssB 
is an anti-sigma factor that binds RpoS and delivers it to ClpXP, which 
degrades RpoS in an ATP-dependent manner during exponential growth phase. 
RssB contains a conserved aspartate residue at position 58 (D58) and 
phosphorylation on D58 increases the affinity for RpoS. Binding of RpoS to the 
RNA polymerase core enzyme prevents degradation [Zhou et al., 2001]. The 
histidine sensor kinase ArcB phosphorylates RssB. When RssB is 
phosphorylated, binding to RpoS is extremely stable. RpoS has a cryptic 
binding site for ClpXP that is only exposed when RpoS is bound to RssB, 
suggesting that RssB binding induces a conformational change in RpoS 
[Stüdemann et al., 2003].  
     Phosphorylation of RssB by ArcB occurs at a 10-fold lower rate then the 
phosphorylation of the cognate regulator ArcA. Consequently ArcA levels 
influence the rate of RssB phosphorylation [Mika et al., 2005]. ArcB 
autophosphorylation is regulated by the redox state of the respiratory chain. In 
log phase, the quinolones in the respiratory chain are reduced and the ArcB 
dimer is activated by autophosphorylation. In stationary phase, the quinolones 
are oxidized and inactivate the ArcB dimer by inducing disulfide bonds within 
the ArcB dimer [Georgellis et al., 2001]. Inactive ArcB cannot phosphorylate 
ArcA or RssB, gradually increasing RpoS stability. Additionally, RpoS 
activates arcA expression, which increases competition between ArcA and 
RssB for the remaining active ArcB [Mika et al., 2005]. Several conditions, like 
low pH stimulate RpoS expression very quickly. In this case, the fast 
accumulation of RpoS sequesters RssB and RpoS stability is an indirect and 
transient consequence [Muffler et al., 1996]. RssB can also be sequesterd by the 
anti-adaptors IraP, IraM and IraD, which respond to phosphate starvation, 
magnesium starvation and DNA damage induced by hydrogen peroxide, 
respectively [Bougdour et al., 2008].  
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Figure 2. Summary: rpoS regulation. rpoS expression is regulated on the transcriptional and 
translational level and via proteolysis in response to certain environmental stress conditions. 
Arrows indicate positive regulation, blunt-end lines indicate inhibition. Details for the regulation 
mechanisms are described in the text.  
 
3.4 Adaptation responses in Vibrios 
3.4.1 Nutrient limitations and ultramicrobacteria 
     In seawater, temperature and nutrient availability are the major non-biotic 
factors limiting bacterial growth. Carbon concentrations vary from 80µm on the 
surface and in coastal waters to 40µm in deep water. Carbon is present in 
particulate form and needs to be broken down before utilization [Thompson et 
al., 2006]. Seawater contains high levels of starved cells, so called 
ultramicrobacteria. Upon starvation, cell shape changes from rod to coccoid, 
but the cellular structure is preserved. Decreased size leads to increased surface 
to volume ratio, which gives better substrate scavenging ability. The 
transformation into ultramicrobacteria is a regulated process that involves the 
stringent response. First, ppGpp temporarily accumulates, DNA and protein 
synthesis are shut down and protein degradation rate is elevated, but ribosome 
and ribosomal RNA levels are not altered and proteins specific for starvation 
response are produced [Cashel et al., 1996]. In the next steps, ppGpp levels 
decrease, the fatty acid composition is altered and reserve material is degraded. 
Finally, metabolic activities recede, although mRNA half-life is elevated to 
allow protein synthesis on a basal level [Oliver et al., 1984; Nyström et al., 
1992]. Turnover of proteins during starvation is suggested to be specific due to 
the oxidation of certain proteins that are more susceptible to degradation 
[Nyström, 2004]. Ultramicrobacteria were shown to be viable for at least 2.5 
years [Amy and Morita, 1983]. 
     In general, cells starved for carbon have a survival advantage compared to 
nitrogen or phosphate starved cells. Carbon starvation leads to a stationary 
phase response; whereas, nitrogen starved and phosphate starved cells do not 
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provoke stationary phase immediately. Instead, internal nitrogen and phosphate 
pools are utilized first [Nyström et al., 1992; Mason and Egli, 1993].  
 
3.4.2 Biofilm formation 
     Biofilms are defined as bacterial communities on a surface encased by an 
extracellular matrix [Costerton et al., 1978]. Biofilm formation is widely used 
as a survival strategy in the bacterial world, promoting increased resistance 
towards UV light, acidity, oxidative stress, dehydration, antimicrobials and 
predator grazing [Stoodley et al., 2002; Webb et al., 2003]. Biofilm formation is 
a controlled process leading to the formation of a complex structure. First, 
bacteria adhere to a suitable surface, which requires chemotaxis, motility and 
surface sensing. After the initial reversible attachment, the cells differentiate, 
produce exopolysaccharide, the major component of the biofilm matrix and 
irreversibly attach to the surface. The attached cells form microcolonies and 
start to replicate on the surface. The mature biofilm has a complex 3D structure 
with channels for nutrient import and waste product export. The last step, is 
release of single cells or clumps back into the surrounding environment to 
colonize new surfaces. Detachment occurs as a response to nutrient depletion 
and accumulation of waste products in an aged biofilm. Many factors, like the 
Cpx signaling system, Type IV pili, RpoS, two component signaling systems 
like EnvZ/OmpR and quorum sensing regulate biofilm formation [Stoodley et 
al., 2002; Stanley et al., 2004].  
     Early stages of biofilm formation in V. cholerae require the flagellum, 
mannose-sensitive haemagglutinin type IV pili, toxin-coregulated pilus and 
chitin-regulated pili [Lauriano et al., 2004; Watnick et al., 1999; Reguera and 
Kolter, 2005]. Both, V. vulnificus and V. fischeri need flagella for the initial 
attachment; whereas, in V. parahaemolyticus, mannose-sensitive 
haemagglutinin type IV pili and chitin-regulated pili promote attachment.  
     After attachment, exopolysaccharide is produced by the gene products of the 
vps locus in V. cholerae and the syp-loci in V. fischeri and V. parahaemolyticus 
[Yildiz and Visick, 2009]. In V. cholerae, the orphan response regulator VpsR 
and the transcriptional regulator VpsT induce transcription of the vps genes 
[Yildiz et al., 2001; Casper-Lindley, et al., 2004]. The quorum-sensing 
regulator HapR represses vpsT expression to negatively regulate biofilm 
formation [Hammer and Bassler, 2003]. In contrast to HapR in V. cholerae, the 
quorum-sensing regulators OpaR, SmcR, and LitR positively regulate 
exopolysaccharide production in V. parahaemolyticus, V. vulnificus and V. 
fischeri, respectively [McCarter, 1998; Lee et al., 2007; Fidiopiastis et al., 
2002].  
 
3.4.3 The Viable But Non Culturable State 
     Vibrios exposed to long term stress lose their culturability but remain viable. 
This survival strategy has been called the Viable But Non Culturable (VBNC) 
state [Colwell et al., 1985]. VBNC cells are metabolically active, but cannot 
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grow on medium that usually supports growth. The VBNC state is induced by 
starvation, salinity and temperature changes and visible light. In this state, the 
DNA is condensed and mRNA can still be detected indicating that cells are 
viable [Coutard et al., 2005]. VBNC cells can be resuscitated by temperature 
upshifts, heat shock or when they are in their animal host. Bacterial cells that 
are only shortly in the VBNC state remain infectiv, but a long term VBNC state 
results in loss of infectivity [Nilsson et al., 1991, Ravel et al., 1995, Colwell et 
al., 1985]. Cuny et al., [2005] suggested that reactive oxygen species play a role 
in the formation of VBNC cell. When E. coli was subjected to increased 
hydrogen peroxide, which is a photo product formed in aquatic systems, it gave 
rise to VBNC cells. [Arana et al., 1992]. An E. coli VBNC population shows 
decreased superoxide dismutase activity resulting in increased oxidative 
damage and induction of stress response regulons governed by RpoS and RpoE 
[Desnues et al., 2003 ]. In V. vulnificus, mutation of oxyR encoding for the 
oxidative stress regulator, results in loss of culturability. These cells can be 
recovered under anaerobic conditions or when catalase is exogenously supplied 
[Kong et al., 2004]. The VBNC state explains why Vibrios are almost 
undetectable during the winter months but reemerge during the summer months, 
when temperatures and nutrient levels rise. 
 
4. Quorum sensing 
     Quorum sensing (QS) is a cell to cell signaling mechanism mediated by 
small diffusible molecules that allow bacteria to modulate gene expression in 
response to population density [Fuqua et al., 1994]. Signal molecules, also 
called autoinducers, are produced and accumulate as the cells grow towards 
stationary phase. When a certain threshold level of these molecules is reached, 
bacteria change expression of genes involved in biofilm formation, conjugation, 
bioluminescence, antibiotic production and virulence. Quorum sensing also 
provides information other than cell density: It reflects the metabolic state of a 
community, describes the species composition and identifies competitors for 
nutrients that are present in a certain niche. Quorum sensing is therefore, a part 
of bacterial global regulatory networks [Withers et al., 2001]. Gram-negative 
bacteria commonly use acylated homoserine lactones (AHLs) as signal 
molecules and gram-positive bacteria use small, modified autoinducing peptides 
(AIP). Most AHLs are freely diffusible over the membrane; whereas, secretion 
of AIPs requires transport by ABC-transporter type systems [Miller and Bassler, 
2001; Pearson et al., 1999]. AHLs have the same basic structure, but vary from 
species to species, which allows a high level of diversification and specificity. 
     Intraspecies communication, where bacteria respond to their cognate AHL 
was first described in the squid symbiont V. fischeri, which induces light 
production in response to high cell density. The system consists of the AHL 
synthase LuxI and the cognate reponse regulator protein LuxR, a transcriptional 
regulator that is activated upon binding of the signal molecule. Active LuxR 
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transcribes target genes and among those the luxIR genes, resulting in an 
autoinduction [Stevens and Greenberg, 1997].  
     Interspecies communication allows multispecies communication and the 
transfer of information in a bacterial community. Depending on who is out 
there, bacteria can modulate their gene expression to collaborate with other 
species or to defend their territory. Interspecies communication is governed by 
the molecule AI-2, a furanosyl borate diester. AI-2 is produced by the metabolic 
enzyme LuxS that is involved in S-adenosyl methionine metabolism [Federle 
and Bassler, 2003].  
    Communication also occurs between prokaryotes and eukaryotes. It is not 
surprising that many prokaryotes and also eukaryotes have developed a variety 
of systems to interfere with bacterial cell to cell communication [Zhang and 
Dong, 2004].  
 
4.1 Signal molecules and signal molecule synthases in gram-negative 
bacteria 
4.1.1 AHL signal molecules and V. fischeri LuxI-type synthases/LuxR-type 
regulators 
     Acylated homoserine lactones have a common hydrophilic homoserine 
lactone moiety and a variable hydrophobic acyl side chain (Fig. 3). Therefore, 
the AHLs are soluble in water and can cross the lipid bilayer of cell membranes, 
both activities are important for a signal molecule. Specificity and variation of 
the AHLs are conferred by the acyl side chain, which varies in length from four 
to fourteen carbons. Substitutions, like a hydroxyl group or an oxo group are 
found in the β-position of the acyl chain. The degree of saturation of the acyl 
chain bonds also differs. All these properties determine the ability of the AHL 
molecule to diffuse across the membrane. AHLs with short side chains (C4) and 
less saturation diffuse easier than AHLs with long side chains (C14) [Fuqua and 
Eberhard, 1999]. AHLs are susceptible to alkaline pH, especially short chain 
molecules are unstable at relatively high pH (pH 8). When cells grow towards 
stationary phase, the medium gets alkalized and AHLs are hydrolyzed. [Byers et 
al., 2002].  
 
 
 
 
 
 
Figure 3. General structure of N-acylated homoserine lactones. The lactone moiety is the 
same for all types of AHLs. The length of the side chain (n = 4 – 14 carbons) varies and the 
substitutions in the β position (R = -OH or –O or no group).  
 
     LuxI type synthases synthesize AHLs from the substrates S-
adenosylmethionine (SAM) and acylated acyl carrier proteins (ACP), 
commonly found in bacteria [Engebrecht and Silverman, 1984]. The metabolite 
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SAM is an essential methyl donor in the cell and provides the homoserine 
lactone ring. Acyl-ACP generated during fatty acid biosynthesis provides the 
fatty acid substrate for LuxI types enzymes. During AHL synthesis, the 
substrates acyl-ACP and SAM bind to LuxI. Then, LuxI catalyzes the formation 
of an amide between the acyl side chain and the amino group of SAM resulting 
in acyl-SAM. This intermediate is lactonized and forms AHL and 5´-
methylthioadenosine, which is in a final step released from LuxI [Parsek et al., 
1999]. 
     Every LuxI-type synthase has its cognate LuxR-type transcriptional 
regulator that is activated by specific high affinity binding to the AHL. The 
active LuxR-AHL complex induces transcription of target genes. The variations 
in the acyl side chain of the AHL confer the specificity of AHL binding to 
LuxR. AHLs with minor structural differences to the cognate AHL will bind as 
well, though with lower affinity and lead to a less active LuxR [Gray et al., 
1994]. Molecules that display greater differences will not bind at all. LuxR 
proteins consist of two domains: the carboxy terminal domain and the amino 
terminal domain. The carboxy terminus is divided into a DNA binding domain 
containing the helix turn helix motif (HTH) and a domain that activates 
transcription. The amino-terminus has regulatory function and is required to 
bind the autoinducer molecule [Choi and Greenberg, 1991; Hanzelka and 
Greenberg, 1995]. In the absence of AHLs, the amino-terminus hinders DNA 
binding by folding back onto the HTH domain, masking the interaction site. 
Once the AHL binds to the amino-terminus, the HTH domain is free, binds to 
DNA and transcription occurs [Urbanowski et al., 2004]. The LuxR homologue 
TraR in Agrobacterium tumefaciens, is located at the inner membrane in its 
monomeric form, when AHLs are absent, but when an AHL binds, TraR 
monomers dimerize and the dimer is released from the membrane to activate 
transcription. [Qin et al., 2000].  
     Homologs to the LuxI/R system were identified in a vast number of gram-
negative bacteria. The basic mechanism is conserved (Fig. 4), but additional 
regulatory factors and other adaptations have evolved depending on the niche in 
which a bacterial species resides [Miller et al., 2001]. Many bacteria contain 
LuxR homologs, but not a cognate synthase. Orphan LuxR proteins allow 
bacteria to eavesdrop on other bacteria present in the surrounding and to adjust 
their behavior accordingly [Atkinson and Williams 2009]. 
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Figure 4. LuxI/R quorum-sensing mechanism. At low cell density, AHLs (for example a 3-
oxo-C6-HSL) and LuxR are synthesized at a basal level. LuxR is inactive and degraded. (left). As 
the cells grow to higher cell densities, AHLs accumulate, reach a threshold and bind to the N-
terminal domain of LuxR, resulting in dimerization and activation of the regulator. Active LuxR 
promotes expression from target gene promoters. 
 
4.1.2 V. harveyi-like QS systems: LuxM synthases and LuxR regulators 
     V. harveyi possesses a quorum-sensing system, different from the LuxI/R 
systems. This system is an unusual two-component system involving a 
multistep phosphorelay [Perraud et al., 1999]. On the top of the cascade is the 
inner membrane hybrid sensor kinase/response regulator LuxN. It responds to 
the presence of a cognate AHL that is synthesized by LuxM, an autoinducer 
synthase different to LuxI. At low cell density, the hybrid sensor kinase 
autophosphorylates on a conserved histidine (H1) residue and transmits the 
phosphoryl group to a conserved aspartate (D1) located in the receiver domain 
of the kinase. The phosphoryl group is transferred to a conserved histidine (H2) 
in a small phosphotransferase protein (LuxU), which then transmits the 
phosphate to a conserved aspartate (D2) residue in a response regulator (LuxO) 
that is dependent on the alternative sigma factor RpoN. Phosphorylation 
activates the response regulator to repress expression of a master transcriptional 
regulator (LuxRVha). The repressive effect is mediated by quorum-sensing 
regulatory RNAs (Qrr) that are transcribed by LuxO and that are 
complementary to the sequence encompassing the ribosomal binding site of the 
luxRVha mRNA. Binding of the sRNAs to the mRNA target is mediated by the 
RNA chaperone Hfq and leads to mRNA degradation [Bejerano-Sagie et al., 
2007]. The LuxRVha transcriptional regulator is a LuxR-type protein different 
from the V. fischeri LuxR. At high cell density, signal molecules inhibit the 
kinase activity of the hybrid sensor kinase allowing phosphatase activity to 
predominate. Subsequently, the phosphate is drained from the second response 
regulator LuxO via the phosphotransferase protein LuxU and LuxRVha is 
expressed to induce or inhibit target gene expression (Fig. 5) [Bassler et al., 
1993 and 1994; Ng WL and Bassler, 2009]. V. harveyi-like quorum sensing 
systems are found only in Vibrio species, suggesting that this is a “vibrio-
specific-quorum sensing system” [Milton 2006].  
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     LuxM/AinS AHL synthases are a second class of autoinducer molecule 
synthases [Gilson et al., 1995]. LuxM in V. harveyi produces 3-hydroxy-C4-
HSL and AinS the homolog in V. fischeri, directs synthesis of a C8-HSL. This 
family of synthases uses the same precursor molecules, SAM and acyl-ACP as 
LuxI type synthases. In contrast to LuxI, acyl-CoenzymeA can also serve as an 
acyl donor [Hanzelka et al., 1999].  
     V. harveyi-type LuxR regulators (LuxRVha) belong to the TetR family of 
transcriptional regulators, which regulate adaptation of the cell to changes in the 
environment. They form homodimers and bind to palindromic sequences in the 
promoter region of their target genes, where they can act as both, repressors and 
activators. The most conserved feature in this family is the HTH DNA-binding 
domain in the carboxy terminus. The regulatory domain is not well conserved. 
Binding of a cofactor, or modifications like phosphorylation of the regulatory 
domain trigger conformational changes in the DNA binding domain [Ramos et 
al., 2005]. The most common phenotypes regulated by LuxRVha proteins are 
protease activity and exopolysaccharide synthesis. LuxRVha proteins are 
abundantly present in Vibrios. The genetic organization in different Vibrios and 
phylogenetic analyses of the locus suggest that these regulators were vertically 
acquired from a common ancestor [McDougald et al., 2000]. In V. cholerae, 
HapR negatively regulates cholera toxin, toxin coregulated pilus and biofilm 
formation, all of these traits are required for virulence. HapR induces expression 
of the metalloprotease HapA [Zhu et al., 2002]. LitR in V. fischeri regulates 
motility, exopolysaccharide production and light production via the regulator 
LuxRVfi [Fidopiastis et al., 2002]. OpaR in V. parahaemolyticus controls 
swarming and colony morphology, phase variation between translucent and 
opaque phenotypes [McCarter et al., 1998]. In V. vulnificus, SmcR activates 
expression of the metalloprotease Vvp and the elastase VvpE, but represses 
motility, production of fimbriae, biofilm formation and production of the 
cytolysin VvhA. SmcR is crucial for starvation adaptation [McDougald et al., 
2001]. 
 
4.1.3 The AI-2 molecule and its synthase LuxS 
     Signaling between different species is achieved via the furanosyl borate 
diester AI-2. AI-2 is made during the recycling of S-adenosyl methionine 
(SAM) in the activated methyl pathway. AI-2 is produced by a lot of bacteria 
due to the ubiquitous presence of activated methyl pathway in many bacterial 
species and eukaryotes. It is notable that not every AI-2 molecule is a borate 
diester. Borate is abundant in seawater, thus, bacteria other than marine bacteria 
produce a non-borated AI-2 molecule. Vibrios detect the borated form of AI-2 
via a V. harveyi-type phosphorelay [Chen et al., 2002; Xavier and Bassler, 
2003], while other bacteria like E. coli and Salmonella actively take up AI-2 
with an ABC transporter called Lsr (LuxS regulated). Lsr has homology to 
sugar transporters. Once AI-2 is taken up by Lsr, it is phosphorylated and 
presumably interacts with the transcriptional regulator LsrR leading to 



36 
 

repression of the lsr operon encoding the ABC transporter [Walters and 
Sperandio, 2006]. 
     S-adenosylmethionine (SAM) is converted into S-adenosyl-L-homocysteine 
(SAH), when the activated methyl group methylates substrates like DNA or 
proteins. SAH is toxic for the cell thus, SAH is converted into S-ribosyl-
homocysteine (SRH) by the enzyme Pfs, a 5´-methylthioadenosine/S-
adenosylhomocysteine nucleosidase. SRH is then converted into homocysteine 
and 4,5-dihydroxy-2,3-pentanedione (DPD), a reaction which is catalyzed by 
the enzyme LuxS. Finally, methionine is regenerated from homocysteine. DPD 
is intrinsically unstable and undergoes cyclization and reacts with borate to 
form the stable furanosyl borate diester AI-2. The metabolic role of LuxS raises 
the question whether the AI-2 signal is a true quorum-sensing molecule or just a 
metabolic byproduct. Due to the role of LuxS in the activated methyl cycle, 
production of AI-2 is linked to the physiological and metabolic state of the cell. 
E. coli and S. typhimurium produce AI-2, take it up and degrade it. 
Consequently, AI-2 can be considered a metabolite rather than a quorum-
sensing molecule [Winzer et al., 2002; De Keersmaecker et al., 2006]. 
 
4.2 The hybrid quorum-sensing systems in V. harveyi 
     V. harveyi uses three different signaling molecules to transfer information 
and regulate gene expression in a cell-density dependent manner. LuxM 
produces the V. harveyi specific 3-hydroxy-C4-HSL molecule N-(3-
hydroxybutyryl)-L-homoserine lactone that is sensed by the hybrid sensor 
kinase LuxN. CAI-1, presumably a 3-hydroxytridecan-4-one like in V. cholerae, 
is synthesized by CqsA and sensed by the cognate hybrid sensor kinase CqsS 
and has so far only been found in Vibrios [Higgins et al., 2007] and thus, may 
be considered a vibrio-specific interspecies signal. The third signal molecule 
AI-2, is produced by LuxS and bound by the periplasmic protein LuxP, the 
LuxP-AI-2 complex is sensed by the hybrid sensor kinase LuxQ. Each of these 
signals provides specific information, enabling V. harveyi to determine how big 
its own population is, how many other Vibrios or other bacterial species are in 
the vicinity and whether these neighbors are beneficial or only competitors for 
limited nutrients. The strength of each molecule to induce luminescence varies, 
with the 3-hydroxy-C4-HSL being the strongest [Bassler et al., 1994; Neiditch 
et al., 2006]. As described before, low cell density induces the phosphorelay 
resulting in the transcription of the five sRNAs, Qrr1, Qrr2, Qrr3, Qrr4 and Qrr5 
that together with the RNA chaperone Hfq destabilize luxR mRNA repressing 
LuxR expression. When the signal molecules accumulate, the repression on 
luxR expression is relieved (Fig. 5) [Freeman et al., 1999; Henke and Bassler, 
2004a; Lenz, 2004; Tu and Bassler, 2007].  
     The five Qrr sRNAs work additively and exhibit post-transcriptional control 
of LuxR according to their expression level. Qrr4 has the highest expression 
level, followed by Qrr2, Qrr3, Qrr1 and finally Qrr5. A fine tuning mechanism 
was proposed, in which the switch from luxR mRNA degradation to translation 
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is sensitive to Qrr levels [Tu and Bassler, 2007]. Expression levels of Qrr 
sRNAs and subsequently the amount of each Qrr in the cell depends on the 
phosphorylation state of LuxO, which is determined by the net result of kinase 
and phosphatase activity of the sensor proteins. This in turn, depends on signal 
molecule concentration and strength, 3-hydroxy-C4-HSL is stronger than AI-2 
and AI-2 is stronger than CAI-1 [Henke and Bassler, 2004a]. The activity of 
multiple Qrrs creates a gradient of LuxR, as cells grow, resulting in a gradient 
of target gene expression [Tu et al., 2008]. LuxR target genes are divided into 
three classes: Class I genes have low affinity promoters for LuxR and thus, 
require high LuxR concentrations, as exist at high cell density. Genes of class II 
are regulated by intermediate concentrations and promoter affinity; whereas, 
class III genes respond to low LuxR concentrations due to their high affinity 
promoters. Consequently, the time point when a certain gene is expressed or 
repressed is given by promoter affinity and the degree of similarity of the LuxR 
binding site to the proposed consensus sequence [Pompeani et al., 2008].  
     LuxR activates protease expression, bioluminescence, siderophore 
production, exopolysaccharide production and biofilm formation [Bassler et al., 
1994; Lilley and Bassler, 2000; Mok et al., 2003]. Type three secretion and 
chitinase production are negatively regulated by LuxR [Henke and Bassler 
2004b, Defoirdt et al., 2009]. Downregulation of these virulence factors might 
prepare V. harveyi to change from a host environment back to seawater 
environment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. The V. harveyi QS circuit – a simplified model. The bifunctional hybrid sensor 
kinases LuxN, LuxQ, CqsS act as kinases at low cell density. The resulting phosphorelay 
activates LuxO that together with the alternative sigma factor σ54 (RpoN) induces transcription of 
five Hfq-dependent sRNAs (Qrr1-5) to destabilize luxR mRNA. When autoinducers reach 
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threshold levels, the sensor proteins switch from kinase mode into phosphatase mode and reverse 
the phosphate flow. LuxO is unphosphorylated, Qrrs are not transcribed and thus, LuxR is 
expressed and regulates target gene expression. H1, H2, D1 and D2, are conserved histidine and 
aspartate residues in hybrid two component regulatory systems, respectively. 
 
4.3 V. cholerae quorum sensing systems 
     V. cholerae produces and responds to two different autoinducing molecules 
– CAI-1 and AI-2- to synergistically regulate virulence gene expression. The 
cholera autoinducer-1 (CAI-1) is a 3-hydroxytridecan-4-one produced by CqsA 
[Higgins et al., 2007]. CqsA functions as a pyridoxal phosphate-dependent acyl-
CoA transferase and ligates (S)-2-aminobutyrate with decanoyl-coenzymeA 
resulting in the formation of 3-aminotridecan-4-one, accompanied by the 
release of coenzyme A. This step is followed by the conversion of amino-CAI-1 
to CAI-1 by an unknown enzyme [Kelly et al., 2009]. CAI-1 and AI-2 are 
detected by the hybrid sensor kinases CqsS and LuxQ, respectively. The system 
works similar to the V. harveyi phosphorelay. Phosphorylated LuxO together 
with RpoN and the global regulator Fis, a nucleoid associated protein with DNA 
bending activity, induce transcription of the four sRNAs Qrr1, Qrr2, Qrr3 and 
Qrr4 [Lenz and Bassler, 2007]. Qrr4 is produced at higher levels than Qrr2 and 
Qrr3, and Qrr1 is the least abundant sRNA [Lenz et al., 2004]. Qrr1-4 together 
with Hfq destabilize hapR mRNA. HapR is the master regulator in this system. 
The four Qrrs have redundant function, when one qrr gene is removed, 
expression of the remaining qrr genes increases. Thus, the amount of Qrrs 
present in the cell influences transcription of a particular qrr gene and 
redundancy is achieved via gene dosage compensation [Svenningsen et al., 
2009]. Hammer and Bassler [2007] showed that the Qrrs target not only hapR, 
but also a gene encoding for a GGDEF domain containing protein, which is one 
of the guanylate cyclases in V. cholerae responsible for c-di-GMP synthesis.  
     In parallel to CqsA/S and LuxS/PQ, the two component system VarA/VarS 
channels information into the phopshorelay to regulate hapR expression. VarA 
is a response regulator involved in virulence gene expression and VarS is the 
cognate sensor kinase responding to environmental signals [Venturi, 2003]. 
VarA/VarS are homologous to the global regulatory systems BarA/UvrY in E. 
coli [Lenz et al., 2005]. In E. coli, this system inhibits the transcriptional 
regulator CsrA, by inducing transcription of three sRNAs CsrB, CsrC and CsrD. 
These RNAs bind the CsrA protein and sequester it from its target promoters 
and thereby change gene expression. CsrA is a global regulator involved in 
carbon metabolism and biofilm formation. In V. cholerae, CsrA enhances LuxO 
activity via an unknown mechanism. At elevated autoinducer concentration, 
VarS is activated by a putative signal and subsequently phosphorylates VarA. 
Phosphorylated VarA stimulates expression of the small RNAs CsrB, CsrC and 
CsrD. Binding of the sRNAS inhibits CsrA activity, which aids the derepression 
of hapR expression (Fig. 6) [Lenz et al., 2005].  
     Quorum sensing is tightly linked to virulence in V. cholerae. HapR 
negatively regulates expression of tcpPH and expression of vps genes required 
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for biofilm formation. Thus, at low cell density TcpP/H and ToxR/S activate 
expression of cholera toxin and toxin coregulated pilus, whereas, at high cell 
density HapR represses virulence genes, but activates HapA protease expression 
[Hammer et al., 2003; Zhu et al., 2002]. HapR enhances expression of rpoS, 
thereby connecting quorum sensing to stress response in V. cholerae. RpoS 
activates hapR expression resulting in an autoregulatory loop important for 
survival [Nielsen et al., 2006; Joelsson et al., 2007]. 

 
Figure 6. Model of the quorum-sensing phosphorelay in V. cholerae. In the absence of signal 
molecules, LuxO is activated by the QS phosphorelay and CsrA, resulting in destabilization of 
hapR mRNA mediated via the four Qrrs and Hfq. In this case, virulence genes are actively 
expressed. When LuxPQ and CqsS respond to their cognate signal molecules, LuxO is inactivated 
and hapR mRNA is translated. Additionally, the VarA/VarS system is activated and CsrA activity 
is inhibited by CsrB, CsrC and CsrD enhancing hapR expression. At high cell density, HapR 
activates protease expression. H1, H2, D1 and D2, are conserved histidine and aspartate residues 
in hybrid two component regulatory systems, respectively. 
 
4.4 The three quorum-sensing systems in V. fischeri   
     V. fischeri live in a unique symbiosis with the Hawaiian bobtail squid E. 
scolopes. The bacteria colonize the light organ of the animal, and upon a certain 
cell density the luxICDABGE operon is expressed. Colonization and expression 
of the lux operon are among other factors, regulated by a hierarchal cascade of 
three quorum-sensing systems. V. fischeri contains a LuxI/R system. LuxI is 
responsible for the production of 3-oxohexanoyl homoserine lactone (3-oxo-C6-
HSL). A second AHL based system, AinS/R consists of the AHL synthase, 
AinS that synthesizes octanoyl-L-homoserine lactone (C8-HSL), a cognate 
hybrid sensor kinase, AinR, a homolog to LuxN, the phosphotransferase protein 
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LuxU, the response regulator LuxO, a putative small RNA, Qrr, and LitR, a 
transcriptional regulator homologous to LuxRVha. V. fischeri also contains a 
LuxS/PQ system that feeds into LuxU to regulate LitR. These three systems 
enable V. fischeri to distinguish between low cell density (<104 cells/ml) in 
seawater, moderate cell density (108 – 109cells/ml) and high cell density (>1010 
cells/ml) that occurs inside the light organ [Lupp et al., 2003]. At low cell 
density, when free planktonic bacteria are in the seawater, concentration of 
autoinducers C8-HSL and AI-2 are low. The hybrid sensor kinases AinR and 
LuxQ autophosphorylate and induce the phosphorelay resulting in the 
production of one Qrr to destabilize litR mRNA. Consequently, genes required 
for colonization and luminescence are repressed. At medium cell density, C8-
HSL and AI-2 accumulate and reach a threshold. They bind to their cognate 
hybrid sensor kinases AinR and LuxQ, respectively, which induces phosphatase 
activity. Thereby, LuxO is inactivated and litR mRNA is translated. LitR 
regulates rpoS expression, motility, early colonization factors and induces luxR 
transcription, which links the AinS/R system to the LuxI/R system. LuxR can 
bind the C8-HSL with low affinity and activates transcription of the lux operon 
(including luxI) at a basic level. Thus, 3-oxo-C6-HSL is produced at low levels. 
At high cell density in the light organ, 3-oxo-C6-HSL accumulates, binds to 
LuxR and fully activates luxICDABGE expression and light is produced (Fig. 7) 
[Fidopiastis et al., 2002; Lupp et al., 2003; Lupp and Ruby, 2004 and 2005].  

 
Figure 7. V. fischeri - hierarchal activation of quorum-sensing systems. At low cell density, 
AinR acts a kinase, LuxO is phosphorylated and inhibits litR expression. As the C8-HSL and AI2 
reach a threshold concentration, LuxO is inactivated, LitR is translated and activates luxR 
expression. LuxR bound to C8-HSL weakly activates luxICDABEG. At high cell density, 3-oxo-
C6-HSL accumulates, binds to LuxR and light production is fully activated. H1, H2, D1 and D2, 
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are conserved histidine and aspartate residues in hybrid two component regulatory systems, 
respectively.  
 
     Two positive feedback loops exist in this system, LitR activates AinS 
expression and LuxR activates the lux operon and, thus, itself. LitR and LuxR 
are required for persistence in the light organ. The AinS/R-LitR system is 
involved the acetate switch. The acetate switch is the transition from acetate 
production over to acetate utilization, when cells deplete their environment of 
carbon sources and have to use the acetate that has been excreted. The enzyme 
acetylCoA-synthase is required for this switch and positively regulated by LitR, 
allowing the bacteria to efficiently colonize and persist in the squid [Studer et 
al., 2008].  
 
4.5 V. anguillarum quorum-sensing systems 
     In V. anguillarum two quorum-sensing circuits resembling the V. harveyi-
like systems LuxM/N and LuxS/PQ are found and a third one, homologous to 
V. cholerae CqsA/S is predicted [Henke and Bassler 2004b]. VanM, the LuxM 
homolog, synthesizes an N-hexanoyl-L-homoserine lactone, (C6-HSL) and an 
N-(3-hydroxyhexanoyl)-L-homoserine lactone, (3-hydroxy-C6-HSL) [Milton et 
al., 2001]. The hybrid sensor kinase VanN responds to both of these molecules. 
VanS, a LuxS homolog likely produces the AI-2 molecule that is sensed by 
VanP and the hybrid sensor kinase VanQ. Signals from these systems regulate 
expression of the master transcriptional regulator VanT, a homolog to LuxRVha  
(Fig. 8).  
     At low cell density, the phosphorely transmits the phosphoryl group via 
VanU (LuxU homolog) over to VanO (LuxO homolog), which together with 
RpoN presumably initiates transcription of sRNA(s) to repress VanT 
expression. High cell density induces vanT expression. VanT positively 
regulates serine, metalloprotease, pigment, and biofilm production [Croxatto et 
al., 2002]. Surprisingly, vanT mRNA is stable, as well as detectable at very low 
levels of signal molecules and gets induced as cells grow to higher population 
densities. [Croxatto et al., 2004]. A peculiarity in this system lies in the 
antagonistic effect of VanO and VanU on vanT expression. VanO represses 
VanT; whereas, VanU activates expression of vanT. VanT regulates its own 
expression via a negative feedback loop and is also required for vanOU 
transcription [Croxatto et al., 2004]. 
     In addition, a V. fischeri LuxI/R system, VanI/R is also present [Milton et 
al., 1997]. VanI is responsible for the production of an N-(3-oxodecanoyl)-L-
homoserine lactone, (3-oxo-C10-HSL). The transcriptional regulator VanR 
binds 3-oxo-C10-HSL and regulates vanI and target genes that have not yet 
been identified. Similar to V. fischeri, the VanI/R system is connected to the 
phosphorelay systems. VanM is required for the production of the C10 
molecule, suggesting that VanM is on the top of the hierarchy [Milton et al., 
2001].  
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Figure 8. Quorum-sensing systems in V. anguillarum. Translation of vanT mRNA is repressed 
at low cell density via a set of predicted sRNAs, whose production is dependent on an activated 
phosphorelay system. Transmission of the phosphoryl group does not absolutely require VanU. 
The hybrid sensor kinases VanN and VanQ can presumably directly activate VanO as well. When 
cells grow towards stationary phase, VanO is inactivated and VanT is expressed. There is an 
absolute requirement for VanM to activate 3-oxo-C10-HSL production by VanI. VanR senses and 
binds 3-oxo-C10-HSL to regulate target gene expression.  
 
4.6. Quorum sensing in the environment 
     In the environment, bacteria live in complex communities influenced by 
several biotic and abiotic factors. pH and temperature greatly determine the 
stability of N-acyl homoserine lactones, because alkaline pH and high 
temperatures destabilize AHLs. The threshold of AHLs required to induce 
changes in gene expression depends on the diffusion rate of the AHL [Boyer et 
al., 2009]. Inside a biofilm for example, C12-HSLs are more concentrated than 
outside, because of the hydrophobic biofilm matrix. A C4-HSL that is less 
hydrophobic diffuses easily away from the biofilm [Charlton et al., 2000].  
     Other bacteria compete with AHL-producing bacteria and use various ways 
to interfere with cell to cell signaling or to eavesdrop on their neighbors. Cell to 
cell signaling is destroyed by degrading the signal molecules, which is achieved 
by enzymes like, AHL-lactonases that hydrolyse an ester bond of the lactone 
ring or AHL-acylases that hydrolyse the amine bond. AHL-lactonases have 
been identified in many soil isolates, especially in many gram-positive species 
such as Bacillus; whereas, AHL-acylases are generally found in gram-negative 
bacteria [Dong et al., 2005]. Bacteria eavesdrop on their neighbors, when they 
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respond to an AHL produced by other species, but do not produce AHLs 
themselves [Atkinson et al., 2009].  
     Eukaryotes also affect bacterial cell to cell communication. The red 
macroalgae produces halogenated furanones that structurally mimic AHLs, to 
disrupt cell to cell signaling. The halogenated furanones interact with the LuxR 
protein, but instead of LuxR activation, LuxR turnover is increased [Givskov et 
al., 1996]. AHL mimics are also found in several plants, like peas or garlic 
[Persson et al., 2005]. From a host-pathogen perspective disturbing bacterial 
communication is beneficial, especially when it prevents colonization of the 
host by the bacteria.  
     The zoospores of the eukaryotic green seaweed Ulva use AHLs to select 
sites for permanent attachment. They are attracted by high AHL concentrations 
in bacterial biofilms. Upon AHL detection, Ulva accumulate at that spot and 
settle down [Tait et al., 2005].  
 
5. Secretion systems in gram-negative bacteria 
     Bacterial secretion systems are macromolecular structures that transport or 
secrete proteins from the cytoplasm to the exterior. Secretion is an important 
mechanism for bacteria to adapt and survive in the environment and in the host. 
A wide range of proteins is secreted; some are important for pili and flagella 
biogenesis, nutrient acquisition and drug efflux. Many pathogenic bacteria 
secrete toxins and other virulence factors with dedicated secretion systems. In 
gram-negative bacteria six distinct secretion pathways, besides the Sec (general 
secretory) and Tat (two-arginine pathway) systems, are responsible for the 
export of proteins through the inner and outer membrane.  

 
5.1 An overview of protein secretion mechanisms 
5.1.1 The General Secretory Pathway (Sec pathway) 
     The general secretory pathway mediates protein transport from the 
cytoplasm across the cytoplasmic membrane into the periplasm, but not across 
the outer membrane. The secreted proteins have an N-terminal secretion signal 
that directs them to the export apparatus, where they are transported in an 
unfolded state. The secretion signal is a non-conserved hydrophobic peptide 
containing 18 to 26 amino acids. After translocation of the precursor protein to 
the periplasm, a peptidase cleaves the signal peptide. The Sec pathway is linked 
to protein translation and cytoplasmic chaperones like SecB prevent premature 
folding of the protein and they are required to direct the substrate to the export 
machinery. SecA, the ATPase provides the energy and mediates transport 
together with the integral membrane components SecYEG. The Sec-pathway is 
often the first step in a two-step secretion process (Fig. 9) [Pugsely et al., 2004]. 
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5.1.2 Twin-Arginine Translocation pathway (Tat) 
     The twin-arginine translocation pathway actively mediates export of 
prefolded proteins across the cell membrane to the cell envelope or extracellular 
space. Substrate proteins contain an N-terminal signal peptide with the twin-
arginine motif RRXΦΦ, where the two arginines are not replacable and 
essential for the transport. Φ represents a hydrophobic amino acid. The Tat 
translocase is composed of the three membrane proteins TatA, TatB and TatC 
that are encoded in the tatABCDE operon (Fig. 9) [Tait et al., 2005].  
 
5.1.3 Type I secretion system (T1SS) 
     Type I secretion systems export a variety of molecules including ions, 
polysaccharides and proteins ranging between 10 kDa (colicin of E. coli) to 900 
kDa (an adhesin in Pseudomonas). Many secreted substrates are virulence 
factors, like the pore forming RTX toxins, lipases or proteases. Type I secretion 
systems consist of an ABC transporter, a membrane fusion protein (MFP) and 
an outer membrane protein (OMP). All three components build a channel 
spanning the inner and outer membrane (Fig. 9). Transport of substrates occurs 
in one step. In E. coli, HlyA toxin is transported via this system. HlyA interacts 
with the ABC transporter HlyB and the membrane fusion protein HlyD. 
Interaction results in a conformational change in HlyD and recruitment of the 
outer membrane protein TolC. The unfolded toxin is transported to the cell 
surface, where it is refolded and released [Holland et al., 2005]. 
 
5.1.4 Type II secretion system (T2SS) 
     Secretion via a Type II secretion system occurs in two steps. First the 
substrates are transferred from the cytoplasm into the periplasm using mainly 
the general secretory pathway and sometimes the Tat-pathway. Second, once in 
the periplasm, the substrates fold and get secreted across the outer membrane 
through large channels formed by secretins (Fig. 9) [Bayan et al., 2006].  
 
5.1.5 Type III secretion system (T3SS) 
     Many gram-negative bacteria, especially pathogenic species employ Type III 
secretion systems to deliver proteins across the bacterial cell envelope into the 
host cytosol (Fig. 9). The secreted proteins are called effectors and interfere 
with host cell signal transduction, cytoskeleton rearrangements, membrane 
trafficking and pro-inflammatory responses. The T3S machinery spans the inner 
and outer membrane. A needle like structure is used to deliver effector proteins, 
upon host cell contact. T3SS are complex structures made up of about 25 
different proteins and many are homologous to flagella proteins. The base of the 
T3S apparatus is located in the inner membrane and composed of several 
circular structures. When the base is completed, needle proteins are secreted and 
the needle is assembled. The needle structure crosses both membranes and 
protrudes out of the bacterial cell. An inner rod connects the needle to the base. 
Once the whole system is assembled effector proteins are translocated into the 
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host cell via a translocation pore. Effectors are in general too large to pass 
through the needle. Consequently, unfolded effector proteins are transported 
through the needle. An ATPase located at the base of the structure provides the 
energy for this process. Chaperones that bind specifically to certain secreted 
proteins protect them from aggregation and degradation and direct them to the 
secretion machinery. The gene clusters encoding for T3SSs are commonly 
found on pathogenicity islands. These systems have been studied in detail in 
several organisms like Yersinia spp., S. typhimurium, enteropathogenic E. coli 
or Pseudomonas [Galán and Wolf-Watz, 2006].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9. Bacterial secretion systems in a schematic view. T1SS, T3SS and T4SS are one step 
processes, while T2SS and T5SS require a two step process for protein secretion. A one step 
process needs a channel that spans the entire bacterial envelope to transport proteins. In two step 
processes the general secretory pathway or the Tat pathway, export the proteins first across the 
inner cell membrane to the periplasm. Transport through the outer membrane occurs via a 
secretin, or in the case of T5SS, the protein itself inserts into the outer membrane 
(autotransporter). The Sec system secretes unfolded protein containing a signal peptide to the 
periplasm, where the protein folds and is further exported through a secretin. The Tat pathway 
transports prefolded substrates. 
 
5.1.6 Type IV secretion system (T4SS) 
     Type IV secretion systems are related to bacterial conjugation machines, 
thus they contribute to horizontal gene transfer. Bacterial effector proteins are 
also translocated into the host cytosol by T4SSs. T4SS are multisubunit 
structures composed of a substrate receptor, an ATPase, a channel for 
translocation that spans the bacterial envelope and an extracellular pilus (Fig. 
9). Genes encoding for T4SSs are clustered. T4SSs have been divided into 
several groups based on genetic organization and homology. T4SSs are found in 
intracellular bacterial pathogens, like Legionella pneumophila. A. tumefaciens 
uses a T4SS to deliver the Ti plasmid and proteins into the host, resulting in 
crown gall tumor. L. pneumophila employs the Icm/Dot (intracellular 
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multiplication / defect in organelle trafficking) system for the translocation of 
effectors [Juhan et al., 2008]. 
 
5.1.7 Type V secretion system (T5SS) 
     Type V secretion systems are autotransporter systems. The first step of 
protein secretion via an autotransporter requires the Sec system to cross the 
inner membrane. The proteins form β-barrels with their C-termini, which insert 
into the outer membrane (Fig. 9). After insertion, the rest of the protein crosses 
the outer membrane, reaches the cell surface, and gets cleaved, leaving the β-
barrel in the membrane and releasing active protein. Only few autotransporters 
have been characterized and shown to be involved in pathogenesis. The 
function of most autotransporters remains to be investigated. However, a few 
were shown to interfere with actin rearrangements and to modulate apoptosis, 
thus, having a role in virulence [Henderson et al., 2004]. 
 
5.2 Type VI secretion systems (T6SS) 
     Type VI secretion is a new bacterial secretion system that delivers effector 
proteins into a host cell. A locus encoding a T6SS system was first identified in 
non-O1, non-O139 V. cholerae in a screen for mutants that are unable to avoid 
predator grazing by the amoeba Dictyostelium discoideum. This gene locus was 
named VAS for “virulence associated secretion” and the proteins encoded in 
this locus enable V. cholerae to kill the amoeba and secrete the protein Hcp, a 
mechanism that requires host-cell contact and can also induce cytotoxicity in a 
macrophage cell line [Pukatzki et al., 2006]. 
     The vas locus was also found in a bioinformatic screen based on a global 
transcriptome approach in V. cholerae. In this approach, the icmF gene was 
identified as an in vivo induced gene, whose gene product regulates motility and 
adherence to epithelial cells in the intestine [Das et al., 2002 and 2003]. IcmF is 
part of T4SS in L. pneumophila and required for intracellular growth [Sexton et 
al., 2004]. Homologs of IcmF are found in many gram-negative bacteria that do 
not possess a T4SS. In these species, icmF is linked to conserved gene clusters, 
named IAHP for “IcmF-associated homologous proteins”. These clusters are 
now known to encode for T6SSs [Das et al., 2003].  
     In the opportunistic pathogen P. aeruginosa that infects the lungs of cystic 
fibrosis patients, three T6SS loci, termed HSI-1 to -3 (Hcp secretion island) are 
found on different regions in the genome. HSI-1 was identified shortly after the 
V. cholerae vas locus in a microarray analysis using mutants in the regulator 
proteins RetS and LadS. RetS represses exopolysaccharide production required 
for chronic infection and activates Type III secretion involved in acute 
infection. LadS activates exopolysaccharide production for chronic persistence 
and represses factors for acute infection (T3SS). Thus, these regulators 
reciprocally govern the mode of infection [Goodman et al., 2004]. HSI-1 
expression was activated in a ΔretS mutant, indicating a role for this locus in 
chronic infection. In the ΔretS mutant the 18-kDa protein Hcp1, an ortholog to 



 

47 
 

V. cholerae Hcp, was secreted into the supernatant. Antibodies directed against 
Hcp1 were detected in patients with a chronic infection, suggesting the system 
is active during infection. The HSI-1 locus contains the clpV gene, encoding for 
ClpV, a homolog to AAA+ ATPase (ATPase associated with various cellular 
activities) that provides the energy for the substrate transport in this secretion 
system. X-ray Crystal structures of Hcp1 revealed that it forms hexameric rings. 
Hcp1 presumably builds a channel for secretion and is also an effector protein 
[Mougous et al., 2006]. 
     In silico analyses revealed that type VI secretion systems are widely 
distributed in pathogenic and in non-pathogenic bacteria. Out of 400 bacterial 
genome sequences that were screened for T6SSs, more than 100 genomes, 
which mostly belong to proteobacteria were found to contain T6SS loci. In 
many cases, more than one T6SS is present per genome and a few species, like 
Yersinia or Burkholderia possess up to six systems. The three T6SSs of P. 
aeruginosa were likely acquired by horizontal transfer and did not occur 
because of duplication events, since they are not coregulated [Bingle et al., 
2008]. T6SSs are commonly placed within pathogenicity islands, such as the 
pheU island in enteroaggregative E. coli; the Salmonella centrisome island, 
SCI; or the Francisella pathogenicity island, FPI. These clusters are linked to 
transfer RNA, ribosomal RNA or rearrangement hot spot elements. The T6SS 
clusters encode between 12 to 25 proteins. The respective genetic organization 
differs from one species to another and not all components are found in every 
organism. In each T6SS, the core components, an IcmF-like protein, the 
ATPase ClpV, an inner-membrane located IcmH-like protein, an outer 
membrane lipoprotein and the secreted components Hcp and VgrG are 
conserved. Proteins outside these core components vary from species to species 
[Cascales, 2008]. 
 
5.2.1 Proteins secreted by type VI secretion systems 
     Hcp (hemolysin coregulated protein) and VgrG (valine-glyzine repeat 
proteins) are hallmarks of T6S. Interestingly, these proteins do not contain an 
N-terminal secretion signal for either the Sec- or Tat pathway. Both, Hcp and 
VgrG interact with each other and have dual function, as effector proteins and 
as part of the secretion machinery [Filloux et al., 2008]. Therefore, deletion of 
hcp or vgrG abrogates secretion via T6SSs. Several genes encoding for hcp and 
vgrG can be found in one bacterial strain. The genes can be both, linked and 
unlinked to the T6SS gene cluster. Hcp forms hexameric rings that build tubes 
through which effectors are suggested to be secreted [Pukatzki et al., 2009]. 
These Hcp tubes resemble the nontractile major tail protein structure of phage 
lambda. This has prompted researchers to suggest that T6SS and phage tails are 
functionally and evolutionally related [Pell et al., 2009].  
     Three VgrG proteins, VgrG1, VgrG2 and VgrG3 are present in V. cholerae. 
All three proteins share common amino-terminal and central structures, but 
differ greatly in the carboxy-terminus, which harbors the effector function. The 
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N-terminal and central domain resemble the N-terminal gp27 and the C-
terminal gp5 domain of the T4 bacteriophage tail spike, respectively. In VgrG 
these domains are fused; whereas, in the T4 phage gp27 and gp5 domains are 
separated. In the bacteriophage, a dimer of gp5- and gp27-trimers, make up the 
tail spike. The tail spike punctures the bacterial cell envelope allowing transfer 
of phage DNA into the bacterium. VgrGs of V. cholerae form trimeric 
complexes similar to the tail spike and presumably function to puncture the host 
cell and deliver their C-terminal effector domain into the host cytosol. In the C-
terminus, VgrG1 contains an actin-crosslinking domain (ACD) that functions in 
vitro and in vivo. Translocation of the VgrG1 effector domain into the host cell 
requires bacterial endocytosis. Phagocytic cells likely are the natural targets for 
T6S in V. cholerae [Ma et al., 2009]. VgrG1 from Aeromonas hydrophila 
contains ADP-ribosyltransferase activity in its C-terminus, which causes 
cytotoxicity in HeLa cells. The cytotoxic effect requires a complete T6SS and 
host-cell contact to translocate VgrG1 into the host [Suarez et al., 2010]. VgrG2 
has no effector domain and VgrG3 contains a peptidoglycan binding domain 
that might anchor the T6SS apparatus to the bacterial cell wall. Effector 
domains of other VgrGs have similarities to fibronectin binding proteins, or 
proteins involved in host-cell apoptosis [Pukatzki et al., 2007].  
     Additional proteins secreted via T6SS, have no effect on the secretion 
machinery. EvpP is a putative T6SS substrate in the fish pathogen Edwardsiella 
tarda. Secretion of EvpP requires EvpC (Hcp) and EvpI (VgrG). EvpP interacts 
with EvpC, likely when EvpP is transported through the Hcp channel and 
secreted. EvpP is a T6S substrate, but is regulated independently from T6SS by 
a two component system [Zheng and Leung, 2007]. In the facultative 
intracellular bacterium Burkholderia mallei the protein TssM contains an 
ubiquitin-specific proteinase domain commonly found in eukaryotic 
deubiquitinases. Presence of this domain suggests a function inside the 
eukaryotic cell. tssM is transcriptionally co-regulated with the T6SS cluster, but 
has recently been shown to be secreted into murine macrophages independent of 
a functional T6S system. In addition to TssM, Hcp and other T6SS components 
are required for intracellular growth, actin polymerization and virulence in a 
hamster model. TssB is a T6SS dependent effector involved in virulence [Schell 
et al., 2007; Shanks et al., 2009; Burtnick et al., 2010]. 
     In P. aeruginosa, three novel substrates for T6S, Tse1-3 (type six-exported) 
are coregulated with the secretion system, but are not involved in the secretion 
process. These substrates are not found in bacteria outside of P. aeruginosa. 
Tse2 is a toxin. When tse2 was exogenously expressed on a plasmid in 
prokaryotic or eukaryotic cells, viability of these cells was drastically reduced. 
Interstingly, the T6S-mediated targeting of the toxin only affected bacterial cells 
grown on a solid surface that were in close contact with a strain secreting Tse2. 
But bacterial liquid cultures and eukaryotic cells that were cocultered with a 
strain that secretes Tse2 were not affected. Therefore, bacterial cell to cell 
contact is required to translocate the Tse2 toxin into the bacterial cell. Thus, 
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export of Tse2 might shift species competition in the lungs of a CF patient, 
where P. aeruginosa persists in a biofilm, to favor P. aeruginosa [Hood et al., 
2010].  
 
5.2.2 Machinery components and substrate delivery 
     IcmF, IcmH (DotU) and ClpV are machinery components encoded within 
each T6SS locus and together with Hcp and VgrG, they are considered 
signature proteins for these secretion systems. IcmF and IcmH are putative 
inner membrane proteins with three or one transmembrane domain, 
respectively. IcmF consists of a large periplasmic and a cytosolic part, which 
harbors a Walker A motif for ATP hydrolysis. Nevertheless, mutants with a 
defective Walker A motif secrete Hcp and VgrG indicating that IcmF does not 
provide energy for transport, but might stabilize the T6SS apparatus [Zheng and 
Leung, 2007]. IcmH may anchor the T6SS to the bacterial cell wall, since it 
contains a C-terminal peptidoglycan binding domain. SciZ, the IcmH homolog 
in E. coli functions to anchor the T6S apparatus to the cell wall [Aschtgen et al., 
2010]. The AAA+ ATPase (ATPase associated with various cellular activities) 
ClpV is homologous to ClpB. These ATPases form hexameric channels and 
transport proteins through the channel, remodel their substrates or exhibit 
threading/unfolding activity with energy derived from ATP hydrolysis. ClpV is 
strictly required for T6SS since ClpV mutants defective in ATP hydrolysis do 
not secrete Hcp and VgrG. In V. cholerae, ClpV associates with two 
uncharacterized proteins VipA and VipB that are encoded and conserved within 
the T6SS cluster [Filloux, 2009]. VipA and VipB form microtubules that are 
required for T6S. VipB drives the formation of the large tubular VipA/B 
structures because VipA alone cannot form these complexes and does not 
directly associate with ClpV. The function of ClpV is to convert the large 
VipA/B structures (2000 kDa) into smaller structures (100 kDa). Remodelling 
of the VipA/B tubes is essential for Hcp and VgrG secretion and, thus, crucial 
for T6S [Bönemann et al., 2009]. Orthologs of the Vip proteins exist also in 
Francisella novicida [de Bruin et al., 2007].  
     SciN in enteroaggregative E. coli, is a conserved outer membrane lipoprotein 
encoded in the sci1 T6S cluster that is essential for T6SS [Aschtgen et al., 
2008].  
 
5.2.3 Regulation of T6SS encoding loci 
     Expression of T6S gene clusters involves transcriptional regulators, two 
component systems and the alternative sigma factor 54 (σ54). The hybrid sensor 
kinases RetS and LadS reciprocally regulate T6S in P. aeruginosa, with RetS 
repressing and LadS activating expression of the T6SS [Mougous et al., 2006]. 
In V. cholerae and A. hydrophila, a sigma 54-dependent activator encoded by 
vasH, and σ54 are positively regulating expression of the vas genes [Pukatzki et 
al., 2007, Suarez et al., 2008]. AggR and BMAA1517, transcriptional regulators 
of the AraC family, control T6S and virulence factor expression in 
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enteroaggregative E. coli and B. mallei, respectively. In enteroaggregative E. 
coli two gene clusters, sci-1 and sci-2 are encoded in the chromosomally located 
pheU pathogenicity island. AggR drives the expression of sci-2, but not sci-1. 
BMAA1517, a novel AraC type regulator activates T6S in B. mallei. 
Additionally, the two component system VirA/G encoded upstream of the T6SS 
cluster activates transcription [Dudley et al., 2006; Schell et al., 2007]. Another 
two component system, EsrA/EsrB in E. tarda postively regulates the evp T6SS 
gene cluster through the AraC like transcriptional regulator EsrC [Zheng et al., 
2005]. AtsR, a novel sensor kinase homologous to RetS, controls T6S and 
biofilm formation in B. cenocepacia, probably mediated by an unknown 
regulatory protein [Aubert et al., 2008]. T6SS are preferably induced during in 
vivo conditions and very often expression and effector secretion is not detected 
during in vitro growth [Filloux et al., 2008]. 
 
5.2.4 Post-translation regulation of T6S in P. aeruginosa 
     Regulation of T6S has a remarkable post-translational feature. In P. 
aeruginosa, the T6SS cluster HSI-1 harbors the genes ppkA and pppA that 
encode for a Serine/Threonine kinase and a Serine/Threonine phosphatase, 
respectively. PpkA and PppA have antagonistic activities. The kinase PpkA, 
located in the inner membrane is required for T6SS assembly and secretion of 
Hcp; whereas, the cytoplasmic phosphatase PppA represses these events. The 
FHA domain containing protein Fha1, presumably anchored to the inner 
membrane is crucial for the post-translational regulation. In a basic state, PppA 
keeps the levels of phosphorylated Fha1 low. When a potential signal is sensed 
by the von Willebrand domain in the periplasmic portion of PpkA, the kinase is 
activated through dimerization and autophosphorylates, which leads to binding 
of Fha1 and subsequent phosphorylation of Fha1. Phosphorylated Fha1 is 
active, recruits ClpV and enables Hcp secretion. Upon removal of the signal, 
PppA dephosphorylates Fha1 and PpkA leading to repression of secretion 
[Mougous et al., 2007]. PpkA activity is modulated by TagR, a protein that 
belongs to the same family as the human sulphase modifiying factor. In TagR 
though, the conserved residue in the catalytic site is absent, suggesting that 
TagR performs different functions. TagR functions upstream of PpkA to ensure 
efficient autophosphorylation and dimerization of PpkA upon signal reception. 
ppkA, pppA and tagR are encoded in a less conserved region within the T6SS 
cluster. This region also contains additional genes that are presumably involved 
in post-translational regulation. Many T6SS systems contain an FHA domain 
protein, but the Serine/Threonine kinase and phosphatase are absent [Hsu et al., 
2009]. 
 
5.2.5 T6SS and virulence 
     Type VI secretion has been analyzed in detail mainly in pathogenic bacteria, 
thus it was recognized as a virulence determinant. In pathogens like P. 
aeruginosa or S. enterica, T6S is required for persistence and not the acute 
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phase of infection. The fish pathogen E. tarda needs the T6S locus evp for 
virulence in blue gourami fish. V. cholerae uses T6S to prevent predator grazing 
and VgrG induces cell rounding in macrophages. In an infant mouse model, Ma 
and Mekalanos show that T6SS promotes inflammatory diarrhea. The effector 
domain of VgrG1 (actin cross linking activity) is crucial for the inflammation. 
The effector domain could be detected in intestinal cell lysates, arguing that 
translocation of this domain occurs in vivo and is involved in virulence [Ma and 
Mekalanos 2010]. A. hydrophila also uses this system to inhibit macrophage 
activity and to prevent phagocytosis. Survival and growth in macrophages of F. 
tularensis depends on a functional T6SS and the secreted effector proteins 
[Cascales, 2008; Filloux et al., 2008]. 
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Aims of this Thesis 

The aim of this thesis was: 

• To further characterize the expression regulation of the transcriptional 

regulator VanT with respect to quorum-sensing dependent and 

independent regulatory mechanisms and the role of VanT in stress 

response.   

 

Specific aims: 

 

1. To determine the role of stationary-phase sigma factor RpoS in the 

regulation of VanT expression.  

2. To analyze how a type VI secretion system (T6SS) regulates VanT 

expression. 

3. To determine whether RpoS, VanT and T6SS are involved in stress 

response. 

4. To further investigate the role of the phosphotransferase VanU and the 

homoserine lactone synthase VanM, in the quorum-sensing dependent 

regulation of VanT expression.  

5. To analyze the function of the transcriptional regulator LuxT in Vibrio 

anguillarum. 

6. To develop an in vivo bioluminescent imaging techinque for the rainbow 

trout infection model to test survival of Vibrio anguillarum in the host.  
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Results and Discussion 
 
     Previously, Croxatto et al., [2002] identified VanT, a homologue of the 
transcriptional regulator LuxVha, in V. anguillarum. VanT activates expression 
of empA, a metalloproteases, hgdA and hpdA, which are involved in pigment 
production, sat and vps73, which are involved in exopolysaccharide production 
and serA, which plays a role in serine biosynthesis. However, VanT does not 
regulate virulence.  
     A quorum-sensing phosphorelay, similar to the V. harveyi system (Fig.8) 
and composed of VanM/N, VanS/PQ, VanU and VanO, regulates vanT 
expression [Croxatto et al., 2004]. The phosphorelay in V. anguillarum has 
unique features. First, vanT mRNA is abundant and detectable throughout 
growth. Secondly, the phosphotransferase VanU activates vanT expression. 
Third, VanN and VanQ can bypass VanU to phosphorylate VanO. Fourth, 
VanT positively regulates vanOU expression to indirectly repress its own 
expression [Croxatto et al., 2004]. 
     In this study, unique features of the regulation of VanT expression were 
further characterized with respect to quorum-sensing-dependent and 
independent mechanisms. Additionally, an in vivo bioluminescent imaging 
model system for V. anguillarum rainbow trout infections was established as a 
means to analyze survival of V. anguillarum in the fish host. 

 
PAPER I: RpoS induces expression of the quorum-sensing regulator VanT  
 
VanT is expressed during growth 
     In the wild type, VanT expresseion is detected at early growth stages, 
increases as the cells grow and peaks during entry into stationary phase, after 
which VanT expression declines to a steady level. Accordingly, transcriptional 
and translational vanT reporter fusions to vanT show similar expression profiles 
in the wild type (Paper I Fig. 3C). In a ΔvanO mutant, VanT is derepressed at 
early growth stages but the peak at the onset of stationary phase is still present, 
indicating that additional factors induce VanT, as the cells enter stationary 
growth phase (Paper I Fig. 2).  
 
RpoS regulates VanT independent of VanO 
     One candidate, for the induction of VanT at the onset of stationary phase, is 
the stationary-phase sigma factor RpoS, whose expression coincides with the 
VanT expression peak. In a ΔrpoS mutant, the peak of expression is lost and 
VanT levels are dramatically reduced (Paper I Fig. 3A and B). Surprisingly, in 
the ΔrpoS mutant, the induction peak was lost for the vanT translational gfp 
reporter fusion, but not the vanT transcriptional gfp reporter fusion, suggesting 
that RpoS works at the post-transcriptional level. (Paper I Fig. 3C). RpoS is a 
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sigma factor required to recruit core RNA polymerase to RpoS-dependent 
promoters. Consequently, RpoS indirectly affects expression of vanT.  
     As VanO represses VanT, VanO levels and VanO activity were measured in 
the ΔrpoS mutant. Active VanO homologues initiate transcription of the Qrr 
sRNAs to repress expression of VanT homologues. Therefore, expression of the 
qrr1 gene that is located upstream of vanOU, was used as a measure of VanO 
activity. Neither VanO levels, nor VanO activity were affected in the ΔrpoS 
mutant (Paper I Fig. 4A and B), indicating that RpoS induces VanT independent 
of the quorum-sensing phosphorelay system (Paper I Fig. 4C).  
 
RpoS represses hfq expression to induce VanT  
     From studies in other Vibrios, the RNA chaperone Hfq together with Qrr1 
was predicted to repress translation of vanT mRNA. Expression of an hfq::gfp 
transcriptional reporter fusion and Hfq levels were increased in the ΔrpoS 
mutant during late exponential growth phase and in stationary growth phase, 
indicating that RpoS represses hfq expression (Paper I Fig. 5A and B). 
     In V. cholerae, Hfq mediates interaction of Qrrs with the mRNA of vanT 
homologues leading to destabilization of the mRNA and decreased translation 
[Lenz et al., 2004]. Accordingly, in V. anguillarum VanT is derepressed in a 
Δhfq mutant (Paper I Fig. 5D). Moreover, vanT mRNA was more stable in the 
Δhfq and the ΔvanO mutant, due to lack of Hfq and decreased qrr1 expression, 
respectively. In the ΔrpoS mutant, vanT mRNA was more unstable, due to an 
increase in Hfq (Paper I Fig. 6). 
     The regulation of Hfq is complex. In E. coli, the gene is part of a conserved 
superoperon that encodes for genes involved in DNA mismatch repair. 
Regulation of hfq expression is directed by four σ70-dependent promoters and 
three RpoH-dependent promoters. Additionally, Hfq inhibits its own translation 
by binding to its 5´UTR, presumably without the help of a sRNA, because the 
interaction was observed under in vitro conditions [Vecerek et al., 2005]. Hfq 
accumulates towards stationary phase and declines during transition into 
stationary phase to one-third of the levels present in exponential growth phase 
[Valentin-Hansen et al., 2004]. Such an expression profile was indicated in the 
hfq::gfp reporter fusion analysis, although, in contrast to E. coli, Hfq protein 
levels appeared to be fairly constant during stationary growth phase (Paper I 
Fig. 5A and B). In Legionella pneumophila, hfq expression is controlled by 
RpoS and is, thus, linked to stress response [McNealy et al., 2005]. RpoS is 
most probably only one out of several factors that regulate hfq expression. 
 
Qrr1 is expressed throughout growth in V. anguillarum 
     In V. anguillarum, the sRNA Qrr1 is constitutively produced, and expression 
is induced during entry into stationary growth phase (Paper I Fig. 4C). In this 
scenario, VanO is required to be phosphorylated throughout growth, even in the 
presence of signal molecules. Several explanations are possible. Either VanO is 
activated by an alternative mechanism independent of the quorum-sensing 
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phosphorelay or VanU works with an additional response regulator to modulate 
qrr1 expression.  
 
VanT and RpoS regulate similar cellular functions 
     RpoS is the major stress-response regulator in E. coli and in V. anguillarum 
and VanT is part of the RpoS regulon. Therefore, percent survival after UV 
irradiation, the expression of hpdA, which is involved in pigment production 
and the expression of empA, which encodes for a metalloproteases were 
analyzed in the ΔrpoS and the ΔvanT mutant. Both mutants were significantly 
more susceptible to UV irradiation and were decreased in hpdA and empA 
expression compared to wild type (Paper I Fig. 8). Thus, RpoS and VanT 
regulate similar cellular functions involved in stress response.  
     The aquatic environment is a harsh environment and physical parameters can 
change quickly. Consequently, marine bacteria must sense and withstand 
stresses caused by changing environmental conditions. Quorum sensing, 
together with RpoS, are two means by which V. anguillarum senses its 
environment to cope with stress situations, which is crucial for survival.  
 
PAPER II: Type VI secretion modulates quorum sensing and stress 
response in V. anguillarum  
 
     Type VI secretion (T6S) is a new bacterial secretion system that was first 
discovered in V. cholerae and P. aeruginosa [Pukatzki et al., 2006; Mougous et 
al., 2006]. The gene clusters encoding for T6SSs contain several signature 
proteins, like IcmF- and IcmH/DotU homologues, ClpV, a conserved outer 
membrane lipoprotein and the secreted components Hcp and VgrG that lack an 
N-terminal secretion signal [Filloux, 2008]. The T6SS analysed so far, secrete 
Hcp and VgrG and are shown to be virulence mechanisms.  
 
V. anguillarum possesses two T6SS cluster, T6SS-1 and T6SS-2 
     In the partial genome sequence of V. anguillarum, a gene clusters encoding 
for a T6SS systems was identified. The T6SS-1 cluster encodes for proteins 
with less than 20% identity to V. cholerae proteins, but > 90% identity to 
proteins encoded in a T6S locus in the Vibrionales bacterium SWAT-3. The 
DNA sequence and the genetic organization between T6SS-1 and the V. SWAT-
3 locus are identical and the locus is flanked by genes encoding for 
transposases, which indicates that T6SS-1 might have recently been acquired 
through horizontal gene transfer (Fig. 10). One Hcp, encoded upstream of clpV 
within the T6SS-1, has 98% identity to Hcp in V. SWAT-3.  
     At the time of this study, the partial genome sequence of V. anguillarum was 
analyzed for additional T6SSs loci, vgrG and hcp genes. Four genes encoding 
for VgrGs and three genes encoding for Hcps, which are >90% identical to their 
V. cholerae homologues and a second T6SS cluster, T6SS-2 were identified. 
The T6SS-2 locus has the same genetic organization as the locus in V. cholerae. 
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The proteins encoded in the T6SS-2 cluster are 60–90% identical to the V. 
cholerae proteins.  

Figure 10. Genetic organization of the V. anguillarum vts locus encoding for the T6SS-1. 
Genes marked in yellow have not been found in other characterized T6SSs. Green and blue 
arrows indicate that these genes are frequently found in other systems. Grey arrows indicate genes 
encoding for proteins of unknown function. A white solid rectangle and a white dashed rectangle 
indicate a transposase gene and a predicted transposase, respectively.  
 
T6SS-1 encodes several proteins not present in other T6SSs so far 
     The T6SS-1 operon harbors several genes, vtsA-D (vibrio type six secretion) 
that are not found in other characterized T6SSs; whereas, vtsE-I are 
homologous to genes in other systems. vtsA and vtsB, encode for a D-alanine-D-
alanine ligase and a major facilitator transport protein, respectively. D-alanine-
D-alanine ligases are located in the cytoplasm and important for peptidoglycan 
synthesis. VtsB contains 14 transmembrane helices, is likely located in the inner 
membrane and transports solutes in response to ion gradients. Both, vtsC and 
vtsD are homologous to periplasmic solute binding proteins of ABC (ATP-
binding cassette) transport systems. vtsEFGHI encode for T6S signature 
proteins such as the Forkhead-associated domain (FHA) containing protein 
VtsE, an outer-membrane lipoprotein VtsF, a conserved, uncharacterized 
protein VtsG, an IcmH-related protein VtsH and an IcmF-related protein VtsI.  
 
The V. anguillarum T6SS-1 transports Hcp and indirectly regulates hcp 
expression 
     The hallmark of a functional T6SS is the transport of Hcp. The Hcp encoded 
in the vts locus is detected in cell lysates and cell-free supernatants by western 
blot analyses, suggesting a functional T6SS. Hcp seems to be modified during 
transport, because in cell-free supernatants a second Hcp band is detected 
(Paper II Fig. 1A).  
     Hcp secretion was analyzed in strains carrying in-frame null mutations of 
each gene (vtsA-H). In ΔvtsA and ΔvtsE-H mutants, Hcp levels were increased 
inside the cell and the extracellular Hcp levels were drastically decreased 
compared to wild type. Thus, these genes are required for a functional T6SS and 
efficient transport of Hcp. In the ΔvtsB mutant, Hcp amounts were increased 
both inside and outside the cell. In contrast, in the ΔvtsC and the ΔvtsD mutants, 
Hcp levels were reduced in cell lysates and cell-free culture supernatants. 
Consequently, VtsB, VtsC and VtsD might regulate hcp expression (Paper II 
Fig. 1A).  
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     Expression of hcp was analyzed in all mutants using the hcp transcriptional 
gfp reporter fusion and qRT-PCR. In the ΔvtsB mutant, hcp expression 
increased, indicating a positive regulatory role of VtsB, whereas, in the ΔvtsC 
and the ΔvtsD mutant, hcp expression was decreased, suggesting that VtsC and 
VtsD are involved in negative regulation of hcp expression. Interestingly, hcp 
expression was significantly reduced in the ΔvtsA mutant, but elevated in 
ΔvtsE-H mutants. Thus, VtsA and VtsE-H are not only involved in Hcp 
transport, but also in hcp expression. The regulation most likely occurs in an 
indirect manner (Paper II Fig. 1B and C).  
 
T6SS-1 regulates expression of extracellular proteases  
     Supernatant protein profiles of the vts mutants were analyzed for changes in 
extracellular protein levels, which potentially could lead to a regulator that 
affects hcp expression. The extracellular metalloprotease EmpA was hardly 
detectable in vtsB and vtsE-H deletion mutants (Fig. 11). To confirm the effect 
of T6SS-1 on metalloproteases, EmpA levels and the amount of another 
extracellular metalloprotease that is homologous to PrtV in V: cholerae and like 
EmpA, positively regulated by VanT, were measured in each of the vts mutants 
with western blot analysis. EmpA and PrtV levels were elevated in the 
supernatants of ΔvtsA, ΔvtsC and ΔvtsD, but reduced in ΔvtsB and ΔvtsE-H 
compared to wild type (Paper II Fig. 2A). Both proteases contain N-terminal 
signal peptides for transport via the general secretory pathway and, thus, are 
likely not transported by T6SS, which indicates that protease expression is 
affected. Therefore, empA and prtV transcriptional gfp reporter fusions and 
empA transcript levels were measured in ΔvtsA-H and Δhcp mutants (Paper II 
Fig. 2C) (Fig.12). Changes in empA and prtV expression correlated with EmpA 
and PrtV levels in supernatants. Taken together, these data suggest that T6S in 
V. anguillarum is involved in regulating the expression of the metalloproteases 
EmpA and PrtV.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Cell-free supernatants of wild type and vtsA-H. Extracellular proteins were 
precipitated with trichloracetic acid and separated on a 12.5% SDS PAGE. Proteins were 
visualized with coomassie brilliant blue staining. OmpU is present in outer membrane vesicles 
and serves as a loading control. 
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Figure 12. Semi-quantitative realtime PCR analyses of empA transcripts in the vts mutants. 
Total RNA was prepared and relative mRNA levels were determined using a One Step qRT-PCR 
system according to the standard curve method on a Biorad iCycler. 
 
T6S regulates VanT and RpoS  
     The transcriptional regulator VanT and the stationary-phase sigma factor 
RpoS positively regulate expression of the metalloprotease EmpA [Croxatto, et 
al 2002; Weber, et al 2008]. Thus, T6SS could affect VanT and/or RpoS. 
Expression of vanT and rpoS in the vts mutants was measured using western 
blot analysis, transcriptional gfp-reproter fusion analysis and qRT-PCR. 
Surprisingly, expression of VanT and RpoS, as well as vanT and rpoS transcript 
levels were elevated in ΔvtsA, ΔvtsC and ΔvtsD mutants, but decreased in ΔvtsB 
and ΔvtsE-H (Paper II Fig. 3). RpoS positively regulates vanT, thus, changes in 
rpoS expression affect vanT expression [Weber et al., 2008]. The differences in 
rpoS expression are more significant at the protein level, suggesting that T6SS 
possibly regulates RpoS expression at the post-transcriptional level. Expression 
of RpoS is post-transcriptionally regulated by Hfq together with several sRNAs, 
which are themselves induced by various stress conditions [Fröhlich and Vogel, 
2009; Hengge, 2008].  
 
VtsC and VtsD negatively regulate vanT expression 
     Overexpression of VtsC and VtsD in trans in the wild type resulted in a 
dramatic reduction of VanT, indicating that VtsC and VtsD negatively regulate 
vanT expression. Due to the strong repression on VanT, hcp expression is 
derepressed (Fig. 13). These data emphasize that VtsC and VtsD are essential 
for VanT regulation. 
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Figure 13. Overexpression of vtsC and vtsD in wild-type background. vtsC and vtsD were put 
under the control of an IPTG-inducible promoter in the plasmid pMMB208 and overexpressed in 
wild-type V. anguillarum. Samples for western blot analyses were harvested at an OD600 of 1.0. 
The strains containing the pMMB208 plasmid were grown in the presence of 10µg/ml 
chloramphenicol and 0.1mM IPTG. Samples equivalent to 108 cells were separated on SDS-
PAGE, transferred to a nitrocellulose membrane and probed with Hcp, VanT and OmpU antisera. 
OmpU serves as a loading control. 
 
VanT regulates hcp expression  
     Since T6SS regulates metalloprotease expression inversely to hcp expression 
and VanT positively regulates metalloprotease expression, VanT might also 
regulate hcp expression. In the ΔvanT mutant (Paper II Fig. 4), hcp expression 
and the amount of Hcp in cell lysates and cell-free supernatants were 
significantly increased, confirming that VanT represses hcp expression.  
 
How does T6S regulate rpoS and vanT expression? 
     Components of T6SS-1 are crucial for regulation and transport of Hcp. VtsE-
H are part of the secretion machinery and VtsB-D are required to activate vanT 
expression in response to an unknown signal. 
     In a wild type situation (Fig. 14 top), the major facilitator protein VtsB, 
located in the inner membrane, is proposed to transport an unknown solute into 
the bacterial cytoplasm to induce RpoS-dependent vanT expression. Hcp forms 
a channel in the outer membrane through which the periplasmic solute binding 
proteins VtsC and VtsD are suggested to be transported. Likely, VtsC and VtsD 
bind the solute and are exported removing the solute from the periplasm. A 
functional T6SS is needed to ensure secretion of VtsC and VtsD. The solute 
could be a carbohydrate, a small peptide, a peptidoglycan precursor or any other 
molecule with the potential to signal stress. The nature of the solute and the 
transport of VtsC and VtsD to the extracellular environment remain to be 
shown. 
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     In the ΔvtsB mutant (Fig 14. middle left panel), the solute accumulates in 
the periplasm and cannot reach the cytoplasm and, thus, does not induce vanT 
expression resulting in derepression of hcp expression. 
     In the ΔvtsC and ΔvtsD mutants (Fig. 14 middle right panel), more of the 
solute is available in the periplasm and transported into the cytoplasm by VtsB 
leading to increased VanT levels, which results in enhanced repression of hcp 
expression. Both mutants have the same phenotype, suggesting that VtsC and 
VtsD may work together. Consequently, absence of one protein could inactivate 
or destabilize the remaining component.  
     Hcp forms a channel in the outer membrane to transport VtsC and VtsD 
(Fig. 14 lower left panel). Thus, in the Δhcp mutant, VtsC and VtsD 
accumulate and sequester the solute, making it unavailable for VtsB to transport 
it into the cytoplasm, which subsequently represses RpoS and VanT.  
     In-frame deletion mutants in the genes encoding for machinery proteins 
(vtsE, vtsF, vtsG and vtsH) (Fig. 14 lower right panel) keep Hcp inside the cell 
and secrete only marginal amounts of Hcp. Absence of one structural 
component likely destabilizes the T6S apparatus leading to intracellular 
accumulation of Hcp. Consequently, Hcp does not form a secretion channel and 
VtsC and VtsD are not exported. They sequester the inducing solute and inhibit 
activation of vanT expression.  
     The role of the D-alanine-D-alanine ligase VtsA is not clear yet. VtsA is a 
structural and a regulatory component. The ΔvtsA mutant retained Hcp inside 
the cells, but in contrast to ΔvtsE-H mutants, in the ΔvtsA mutant, 
metalloprotease and vanT expression are elevated (Paper II Fig. 1, 2 and 3). D-
alanine-D-alanine ligases are cytoplasmic proteins that catalyze the 
condensation of two D-alanines to form D-alanyl-D-alanine, the terminal peptide 
in a peptidoglycan monomer. Moreover they are involved in D-alanine 
metabolism and vancomycin resistance [Healy et al., 2000, Barreteau et al., 
2008]. VtsA could ensure correct assembly of the T6S apparatus or proper 
anchoring of the machinery into the peptidoglycan. In the absence of VtsA, the 
apparatus would not assemble correctly; thus, preventing efficient secretion. In 
Salmonella enterica for example, protein-peptidoglycan interactions are critical 
for type III secretion system assembly [Pucciarelli and García-del Portillo 
2003]. The presence of D-alanine might serve to signal certain stress conditions 
and, thereby, induce vanT expression. In V. cholerae and other bacteria, D-
amino acids are released during stationary growth phase to down regulate 
peptidoglycan synthesis. The release of D-amino acids was suggested to be 
linked to interspecies regulation among bacteria in the same niche, as a means 
to detect and respond to various environmental conditions [Lam et al., 2009].  
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Figure 14. vanT regulation and Hcp secretion in wild type and various vts mutants, 
including the hcp mutant. These scenarios are based on the phenotypes observed in a certain 
mutant and described in the text. 
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T6SS is important for stress response, but not for virulence 
     T6SSs in V. cholerae or P. aeruginosa are important virulence mechanisms. 
Therefore, the vts mutants were tested in the rainbow trout infection model, but 
neither the ΔvtsA-H mutants nor the Δhcp mutant were attenuated in virulence. 
Consequently, T6SS-1 is not involved in virulence in V. anguillarum. VanT and 
RpoS are major regulators of stress response and cell physiology. Thus, the vts 
mutants were tested in their ability to resist exposure to 15% ethanol, hydrogen 
peroxide and acidic pH (Paper II Table1). The ΔvtsA, ΔvtsC and ΔvtsD mutants 
were as resistant as wild type; whereas, the ΔvtsB and ΔvtsE-H mutants were 
significantly more sensitive to stress conditions. Moreover, pigment production 
and hpdA transcripts were decreased in the ΔvtsB and ΔvtsE-H mutants (Paper 
II Table 1 and Fig. 5). Taken together, these data strongly suggest that T6SS-1 
in V. anguillarum is not a virulence mechanism, but a novel sensory mechanism 
for stress conditions to regulate the global regulators VanT and RpoS.  
 
PAPER III: The transcriptional regulator VanT activates expression of the 
signal synthase VanM forming a regulatory loop in the V. anguillarum 
quorum-sensing system  
 
V. anguillarum possess four Qrr sRNAs that destabilize vanT mRNA 
     V. anguillarum harbors four genes encoding for the sRNAs Qrr1, Qrr2, Qrr3 
and Qrr4, respectively (Paper III Fig. 2). Expression of the qrr genes depends 
on VanO and RpoN and all Qrr sRNA are transcribed at early and late 
logarithmic growth stages (Paper III Fig. 3). The Qrr sRNAs destabilize vanT 
mRNA to repress VanT expression (Paper III Fig. 4-6). 
 
VanU activates vanT expression  
     VanU was previously shown to activate vanT expression [Croxatto et al., 
2004], which was confirmed by western blot analysis (Paper III Fig. 8A). Since 
Qrrs repress VanT, VanU could affect qrr expression independent of VanO. 
Expression of Qrr sRNAs was increased in the ΔvanU mutant, indicating that 
VanU represses qrr expression (Paper III Fig. 7). VanU belongs to the 
phosphotransferase protein family. Another member of this family, Ypd1 from 
Saccharomyces cerevisiae, unequally interacts with two response regulators 
Ssk1 and Skn7, to form a complex that stabilizes the phosphorylation with one, 
but not the other [Li et al., 1998; Janiak-Spens et al., 2000]. VanU, like Ypd1, 
might interact differently with VanO and a second response regulator to 
regulate qrr expression. The second response regulator might repress, while 
VanO activtes expression of Qrr sRNAs, explaining the antagonistic effect of 
VanU and VanO on VanT expression. Additionally, VanU could also unequally 
interact with the hybrid sensor kinases VanN, VanQ and CqsS.  
 
 
 



 

63 
 

VanM represses VanT expression  
     Signal molecules inhibit kinase activity of the hybrid sensor kinases 
repressing expression of Qrr sRNAs. At low signal concentrations, the hybrid 
sensor kinases autophosphorylate and transfer a phosphoryl group to VanU, 
which phosphorylates and activates VanO. However, expression of Qrr sRNAs 
was reduced in the ΔvanM mutant, and VanT expression was derepressed, 
suggesting that VanM is required to activate qrr expression to repress VanT 
(Paper III Fig. 7 and 8A). In the ΔvanM mutant, acylhomoserine lactones are 
not produced and VanN is locked in a kinase mode that might prolong 
phosphorylation of VanU. Thus, the lack of acylhomoserine lactones may 
enhance activation of the predicted second response regulator by VanU, which 
represses qrr expression and thereby, induces VanT expression.  
  
Hfq and VanT regulate vanM expression  
     vanM expression peaks from early to mid logarithmic growth phase and is 
tightly regulated. Therefore, the transcriptional start site and the promoter were 
analyzed for regulatory elements. Several Hfq-binding sites are present in the 
5´untranslated region of vanM and accordingly, vanM expression and vanM 
mRNA stability were increased in the Δhfq mutant (Paper III Fig. 9A and 10). 
The effect was on both, the transcriptional and the translational level. Taken 
together these data, suggest that Hfq directly and indirectly regulates vanM 
expression (Fig. 15). Since Hfq represses VanT, Hfq might indirectly regulate 
vanM expression through VanT. In the ΔvanT mutant, the amount of vanM 
transcript is reduced (Paper III Fig. 11A). Moreover, we identified a potential 
VanT binding site in the vanM promoter (Paper III Fig. 11B), based on 
homology to the binding sites that have been described for the VanT 
homologues SmcR, HapR and LuxR [Lee et al., 2008, Tsou et al., 2009, 
Pompeani et al., 2008]. Electrophoretic mobility shift analysis revealed that 
VanT binds to the vanM promoter, suggesting a direct positive regulation of 
vanM expression by VanT (Paper III Fig. 11C). The VanT homologue LitR in 
V. fischeri also positively regulates expression of the VanM homologue, AinS 
[Lupp and Ruby, 2004].  
 
 
 
 
 
 
 
 
 
Figure 15. Hfq regulates vanM expression. Hfq directly regulates VanM expression by 
destabilizing vanM transcripts. Hfq indirectly represses vanM transcription by repressing VanT 
expression. VanT activates vanM expression and VanM represses VanT expression.  
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VanM and VanT form a regulatory loop 
     The hybrid sensor kinases VanN, VanQ and CqsS autophosphorylate at low 
signal molecule concentrations and initiate the phosphorelay. Transduction of 
the phosphoryl group to the receiver domain of the response regulator VanO, 
involves the phosphotransferase VanU. Phosphorylated VanO together with 
RpoN activates expression of qrr1, qrr2, qrr3 and qrr4. All four Qrr sRNAs 
destabilize vanT mRNA to repress VanT expression. VanU also activates an 
additional response regulator RR-2 that represses qrr expression to induce vanT 
expression. The second response regulator might work through a factor X, 
because RR-2 is predicted to be an activator, like VanO. The AHL synthase 
VanM is required for repression of VanT expression, which presumably 
depends on the pivotal role of VanU to phosphorylate two response regulators. 
VanT also activates vanM expression, subsequently indirectly represses its own 
expression (Fig. 16). When signal molecules reach a threshold, kinase activity 
is inhibited, relieving the repression on VanT expression downstream. The 
signal molecules may regulate VanU activity. Thus, the pivotal role of VanU is 
crucial in the V. anguillarum quorum-sensing phosphorelay.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Model of quorum-sensing regulation in Vibrio anguillarum. Solid lines with arrows 
and bars indicate activation and repression of expression, respectively. Solid lines with double 
arrowheads and dashed lines with double arrowheads indicate transfer of phosphoryl groups in 
the phosphorelay. Details are explained in the text. 
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PAPER IV – Colonization of fish skin is vital for Vibrio anguillarum to 
cause disease 
     V. anguillarum causes vibriosis, a fatal hemorrhagic septicemia in fish. How 
the bacteria infect the animal is not clear, but several infection routes are 
possible. The oral route was suggested as a portal of entry. However, oral 
administration required a dose of 108 bacteria per milliliter to cause disease, 
indicating that this is not a very likely route of infection [Laurencin and 
Germon, 1987]. The intestines are considered as a site for infection, because V. 
anguillarum chemotaxes and attaches to intestinal mucus [O'Toole et al., 1999; 
Kanno et al., 1989]. Damages in the skin mucus layer, other skin injuries and 
physical contact between a sick and a healthy animal, by either cohabitation or 
direct skin to skin contact, promote fast transmission and progression of the 
disease [Kanno et al., 1989 and 1990].  
     Fish skin is in intimate contact with the environment and provides a large 
and easily accessible surface for attachment of potential pathogens present in 
the marine environment. Nevertheless, the skin is part of the innate immune 
system. The integument continuously secretes skin mucus, which traps and 
sloughs potential pathogens. The skin mucus also contains antimicrobial 
compounds such as lysozyme, antimicrobial peptides, lectins and proteases 
[Magnadóttir, 2006]. On the fish skin, keratocytes that are epithelial cells with 
phagocytic function move across a wounded area to provide a barrier against 
pathogen entry [Ream et al., 2003]. 
     To gain more insight into the infectious process, we developed a method to 
visualize the infection in the whole animal using an in vivo bioluminescent 
imaging system.  
 
In vivo imaging systems 
     In vivo imaging systems are advantageous for the analysis of host-pathogen 
interactions, because the whole animal can be used to study the temporal and 
spatial progression of an infection. For detection with an in vivo bioluminescent 
imaging system, the bacteria need to be tagged with a lux operon that provides 
all components for light production. The photons emitted by the bioluminescent 
bacterium are detected by a highly sensitive camera to determine where the 
pathogen is located. Photon output is used for relative quantification of bacteria 
[Hutchens and Luker, 2007]. 
 
In vivo bioluminescent imaging of rainbow trout infected with V. 
anguillarum 
     Three types of mutants were analyzed with in vivo bioluminescent imaging. 
First, the wild type lacking the virulence plasmid pJM1 [Crosa, 1980], second, 
in-frame deletion mutants in the wza-wzb-wzc genes encoding the 
exopolysaccharide transport system, and third, an in-frame deletion mutant in 
the RNA chaperone Hfq. 
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     Rainbow trouts were infected by immersion into seawater containing 105 

bioluminescent bacteria per ml-1. Fish were anaesthetized and analyzed 24 and 
48 hours after infection (Paper IV Fig. 2 and Table 1). All mutants were unable 
to colonize the fish surface, indicating that surface colonization is required for 
virulence. The wild type colonized all the animals after 24 hours and at 48 hours 
and the signal intensity was significantly increased suggesting that V. 
anguillarum proliferates quickly on the skin. Interestingly, all strains were 
detected in the intestines. Furthermore, the mutants were still found in the 
intestines 96 hours post infection, indicating that they persist in the gut, but do 
not colonize the skin nor cause disease. Hence, skin is the main site of 
proliferation.  
 
V. anguillarum lacking the virulence plasmid is present in the gut 
     The siderophore anguibactin is encoded on the virulence plasmid pJM1 in V. 
anguillarum. A strain lacking the plasmid is theoretically unable to grow in 
environments where free iron is not available such as a host animal. 
Nevertheless, the plasmid-cured strain was found in the fish intestines, but not 
on the fish surface, arguing that either free iron is available in the intestines and 
not on the skin, or that a different iron-sequestering system functions in the 
intestines (Paper IV Fig.2 and Table 1) [Lemos and Osario, 2007].  
 
Mucus penetration is less efficient in the mutants 
     Bacteria have to travel through the skin mucus layer, to reach the skin 
surface. Therefore, the mutants were analyzed for defects in skin mucus 
penetration (Fig. 17). All strains were able to penetrate control plates containing 
tryptone soy broth and 0.2% agarose; whereas, on the plates containing 10% 
fish mucus and 0.2% agarose, all mutants were less able to penetrate compared 
to the wild type.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Mucus penetration. Fish skin mucus was collected from rainbow trout and sonicated 
to decrease the viscosity. Then, scales and debris were gently removed by centrifugation and the 
upper layer was UV-irradiated for 30 minutes in a petri dish. Bacterial overnight cultures, grown 
in Tryptone soy broth supplemented with 1% NaCl, were equalized to the same cell numbers, 
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washed and taken up in artificial seawater. 3 µl were spotted in the center of a plate containing 
10% mucus in 1 x artificial seawater and 0.2% agarose. The plates were incubated for 24 h at 
room temperature. Then migration from the center of the plate was measured.  
 
Exopolysaccharide mutants are sensitive to the innate immunity on the 
skin 
     Since all mutants were defective in surface colonization, sensitivity towards 
components of the innate immune system was analyzed. Lysozyme, which 
hydrolyses glycosidic bonds in peptidoglycan, and the antimicrobial peptides 
polymyxin B, derived from Bacillus polymyxa and parasin I, produced in catfish 
and rainbow trout were used in this assay. Parasin I is produced from histone 
2A, when the fish are wounded [Cho et al., 2002]. Strains carrying in-frame 
deletion mutants in the wza-wzb-wzc operon were more sensitive than wild type 
to parasin I, polymyxin B and lysozyme (Paper IV Fig. 3). Exopolysaccharide is 
the main matrix component in bacterial biofilms and bacteria living in biofilms 
are more resistant to antimicrobial compounds [Stoodley et al., 2002]. Thus, 
when V. anguillarum is not able to transport exopolysaccharide, biofilm 
formation is defective [Croxatto et al., 2007] and resistance to antimicrobial 
peptides is lost. 
 
The RNA chaperone Hfq is crucial for skin colonization 
     The RNA chaperone Hfq is a global regulator and essential for virulence in 
V. cholerae. Strains that lack the hfq gene are not able to colonize the intestines 
in the suckling mouse model of infection. Additionally, expression of 224 genes 
differs in the Δhfq mutant compared to wild type, confirming a global-
regulatory role of Hfq in gene expression in V. cholerae. [Ding et al., 2004]. In 
V. anguillarum, Hfq is crucial for colonization of the fish skin, and thus, 
virulence. Although, colonization of the skin is defective, an hfq in-frame 
deletion mutant is still found in the gut. The effect of Hfq on skin colonization 
may be due to its global effect on gene expression.  
 
     The exopolysaccharide transport system, the RNA chaperone Hfq and the 
virulence plasmid are required for early stages in V. anguillarum infection that 
involve attachment and colonization of the fish skin surface. Skin colonization 
is essential for the disease to occur, because none of the mutants were able to 
persist on the skin. Moreover, the mutants were found in the intestines, even 96 
hours post infection, but did not provoke disease. Whether, the skin is the main 
portal of entry remains to be determined, because even though the mutants are 
able to colonize the intestines, entry from the intestines into the animal might be 
defective. Nevertheless, fast growth of V. anguillarum on the fish skin could 
promote skin damage, because V. anguillarum produces a set of extracellular 
proteases and hemolysins. These secreted proteins are able to cause severe 
tissue damage, which could aid the entry into the host [Rodkhum et al., 2005].  
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V. The transcriptional regulator LuxT and the quorum-sensing regulator 
VanT form a regulatory loop 
 
The TetR-transcriptional regulator LuxT activates vanT expression 
     LuxT is an ArcA/TetR transcriptional regulator and was first identified in V. 
harveyi, by Lin et al., [2000a] as a protein that binds to the luxO promoter to 
repress luxO expression. LuxT was shown to be important for survival under 
high salt conditions and the same homologue was identified in V. cholerae. 
Hence, LuxT was assumed to be a general, instead of a specific lux regulator in 
V. harveyi [Lin et al., 2000b]. In V. vulnificus, LuxT directly represses 
expression of the VanT homologue, SmcR, by binding to the smcR promoter. 
Moreover, LuxO was shown to positively regulate luxT expression. Thus, LuxO 
activates luxT transcription and LuxT represses smcR transcription [Roh et al., 
2006]. The LuxT homologue SwrT in V. parahaemolyticus positively regulates 
swarming by repressing the transcriptional regulator SwrZ that inhibits 
expression of lateral flagella, which are crucial for swarming motility [Sandford 
and McCarter, 2006]. LuxT has different functions in various Vibrios, which 
made it interesting to investigate, whether this protein is involved in the 
regulation of VanT in V. anguillarum.  
     In the partial genome sequence of V. anguillarum, a gene encoding for LuxT 
was identified by a BLAST search based on homology to the luxT sequences V. 
harveyi, V. vulnificus and V. parahaemolyticus. An in-frame deletion mutant 
was created and initially, VanT and vanT transcript levels were measured by 
western blot analysis and qRT-PCR. In the ΔluxT mutant, VanT and vanT 
transcript levels are significantly reduced, compared to wild type, indicating 
that LuxT is a positive regulator of vanT expression (Fig. 18A and B). 
Decreased VanT in the ΔluxT mutant results in reduced expression of empA and 
prtV and subsequent decrease in extracellular protease activity, as well as 
reduced hpdA expression, compared to wild type (Fig. 19). Additionally, hcp 
transcript levels and Hcp levels in the cell-free supernatant are elevated in the 
ΔluxT mutant, compared to wild type (Fig. 19A and C). Thus, LuxT positively 
regulates vanT expression. Whether LuxT directly or indirectly affects vanT 
expression remains to be determined. 
     However, LuxT mainly functions as a repressor in other Vibrios. Therefore, 
LuxT could repress expression of factors that negatively regulate VanT 
expression such as VanO, Qrr sRNAs, Hfq and the signal synthase VanM.  
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Figure 18. LuxT positively regulates vanT expression. A) Western blot analysis of VanT. 
Samples of wild type (WT) and the ΔluxT and Δhcp mutants, were taken at an OD600 of 0.2 (low 
cell density) and an OD600 of 1.0 (high cell density). Proteins from equal cell numbers were 
separated on a 12.5% SDS-PAGE and western blot analyses was performed using VanT and 
OmpU antisera. OmpU was used as a loading/transfer control. B) qRT-PCR of vanT transcripts. 
RNA transcripts were isolated from wild type (WT) and the ΔluxT and ΔvanT mutants at an 
OD600 of 1.0. Real-time qRT-PCR was performed using the iScript one-step real-time qRT-PCR 
kit with SYBR Green (Bio-Rad) as described in Weber et al., 2008. mRNA was normalized to 
16S rRNA. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19. LuxT affects expression of VanT-regulated genes. A) Supernatant protein profiles 
of wild type (WT) and the ΔluxT and ΔvanT mutants. Extracellular proteins from cultures grown 
for 16 hours, were precipitated with trichloracetic acid and separated on a 12.5% SDS PAGE. 
Proteins were visualized with coomassie brilliant blue staining. OmpU is present in outer 



70 
 

membrane vesicles and serves as a loading control. B) Protease activity in cell-free supernatants 
of wild type (WT) and the ΔluxT and ΔvanT mutants. Protease activity was determined in 
supernatants of cultures grown for 16 hours, using the azocasein degradation assay (Croxatto et 
al., 2002). Activity in the wild type was set as 100% and activity in the mutants was related to 
wild type activity. C) qRT-PCR of hpdA, empA, prtV and hcp transcripts. RNA transcripts were 
isolated from wild type (WT) and the ΔluxT and ΔvanT mutants at an OD600 of 1.0. Real-time 
qRT-PCR was performed using the iScript one-step real-time qRT-PCR kit with SYBR Green 
(Bio-Rad) as described in Weber et al., 2008. mRNA was normalized to 16S rRNA.  
 
LuxT is part of the VanT regulon 
     In V. vulnificus, LuxT is positively regulated by the VanO homologue LuxO. 
Does VanO regulate LuxT in V. anguillarum? To answer this question, 
fluorescence of the luxT::gfp transcriptional reporter fusion and luxT transcript 
levels were determined in the ΔvanO mutant and compared to the wild type 
(Fig. 20). VanO positively regulates luxT expression. To determine whether this 
regulation is direct or indirect, the luxT promoter was analyzed for the presence 
of a VanO-binding sequence (LuxO box) [Lenz et al., 2004]. However, no 
LuxO box could be found in the luxT promoter suggesting that VanO indirectly 
activates luxT expression. Since VanT is derepressed in a ΔvanO mutant, the 
repressive effect could be mediated by VanT [Croxatto et al., 2004, Weber et 
al., 2008]. To determine, whether VanT regulates luxT expression, fluorescence 
of the luxT::gfp transcriptional reporter fusion and luxT transcript levels were 
analyzed in the ΔvanT mutant and compared to wild type. Both, the 
fluorescence from the transcriptional fusion and luxT mRNA were increased in 
the ΔvanT mutant (Fig. 20). Hence, in a ΔvanO mutant the decrease in LuxT is 
due to derepression of VanT. To determine if VanT directly regulates LuxT, the 
luxT promoter was analyzed for VanT binding sites, based on the conserved 
promoter binding motif proposed for the VanT homologues SmcR, HapR or 
LuxR in V. vulnificus, V. cholerae and V. harveyi, respectively (Lee et al., 2008; 
Tsou et al., 2009; Pompeani et al., 2008). The luxT promoter contains two 
potential VanT binding sites (Fig. 21A). VanT binding to the luxT promoter 
was confirmed by gel shift analysis. VanT bound to a 406-bp DNA fragment of 
the luxT promoter that encompasses both potential VanT binding sites (Fig. 
21B). VanT binds to its own promoter [Croxatto et al., 2004]. Thus, VanT 
directly inhibits luxT expression. This is also reflected in the wild type, where 
luxT expression is activated at low cell density (OD600 of 0.2), but decreases at 
higher cell density (OD600 of 1.0), when VanT is induced (Fig. 20A-WT). 
     Taken together, these data suggest that VanT and LuxT form a regulatory 
loop, in which LuxT activates vanT expression and VanT directly represses 
luxT expression. Whether LuxT works through the quorum-sensing 
phosphorelay or acts independently remains to be determined.  
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Figure 20. VanT represses luxT expression. A) Gfp-reporter fusion. A transcriptional luxT 
reporter fusion to gfp encoding for the green fluorescent protein GFP, was expressed from the 
chromosome of the wild type (WT) and the ΔvanT mutant. Gfp expression was measured as 
fluorescence (Weber et al., 2009). Fluorescence units were divided by cfu to obtain relative 
fluorescence units (RFU) per 108 cells at low cell density (OD600 of 0.2) and high cell density 
(OD600 of 1.0). B) qRT-PCR of luxT. RNA transcripts were isolated from wild type (WT) and the 
ΔvanT mutant at an OD600 of 0.2 and 1.0. Real-time qRT-PCR was performed using the iScript 
one-step real-time qRT-PCR kit with SYBR Green (Bio-Rad) as described in Weber et al., 2008. 
mRNA was normalized to 16S rRNA.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 21. VanT binds to the luxT promoter. A) VanT binding motifs in the luxT 
promoter.Two potential VanT binding motifs are present in the luxT promoter. Underlined 
sequences indicate 100% identity to the SmcR, HapR and LuxR consensus binding sequences. B) 
Electrophoretic mobility shift Assay. VanT bound to a 406-bp DNA fragment of the luxT 
promoter. The DNA-protein complex was separated on a 5% native PAGE and gel shifts were 
visualized using SYBR green staining. The promoter of the gene encoding for the major outer 
membrane protein OmpU was used as a negative control and the vanT promoter was used as a 
positive control for VanT binding. The EMSA was performed by Samir ElQaidi. 
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Conclusions 
 
1) The stationary sigma factor RpoS induces expression of the transcriptional 

regulator VanT independent from the quorum-sensing phosphorelay at the 
transition into stationary growth phase. VanT and RpoS are master 
regulators of stress response in V. anguillarum. 

2) Type VI secretion (T6S) in V. anguillarum has a novel role as a sensory 
mechanism that regulates rpoS and vanT expression, and thus, stress 
response but not virulence. Moreover, VanT negatively regulates hcp 
expression and subsequently T6S. 

3) The phosphotransferase VanU is suggested to phosphorylate an unknown 
response regulator that represses expression of Qrr sRNAs activating VanT 
expression. Four Qrr sRNAs destabilize vanT mRNA to repress VanT 
expression. 

4) VanT and the homoserine lactone synthase VanM build a regulatory loop. 
VanT activates vanM expression and VanM activates production of Qrr 
sRNAs to repress VanT expression. 

5) The transcriptional regulator LuxT activates VanT expression, but is also 
part of the VanT regulon.  

6) In vivo imaging systems are suitable to study V. anguillarum infections and 
survival of the pathogen in the fish host. Colonization of the fish skin, but 
not the intestines, is crucial to cause disease. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22. Quorum-sensing dependent and independent regulation of VanT. Solid lines with 
arrows and bars indicate activation and repression, respectively. Solid lines with double 
arrowheads indicate transfer of phosphoryl groups. A dashed lines with a dashed bar indicates 
inhibition of activity.  
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