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Abstract 
Only two out of more than 200 V. cholerae serogroups, classified on the basis of LPS structure, 

are associated with epidemic or pandemic cholera. These toxigenic serogroups carry phage-derived 

pathogenicity islands coding for the main virulence factors for establishment of cholera disease – cholera 

toxin (CTX) and toxin-coregulated pilus (TCP). The latter also serves as a bacterial surface receptor for 

the CTXΦ – the filamentous phage which carries the cholera toxin genes into otherwise harmless to 

human, environmental bacterium V. cholerae. In its natural aquatic habitat V. cholerae is subject to 

predator grazing, bacteriophage killing, temperature and pH changes, seasonality of plankton blooms and 

other environmental factors. Therefore understanding V. cholerae pathogenic and virulence potential 

requires the knowledge of its interaction not only with human host but also members of aquatic 

environment and environmental factors.  

V. cholerae is capable of killing the nematode Caenorhabditis elegans. Using a reverse genetics 

approach, we demonstrated that the quorum sensing regulated protease PrtV is essential for this killing. 

Other proteases did not seem to contribute to virulence in this model. The data from this study suggest 

that the PrtV could be important to V. cholerae in its natural niche for its resistance to the grazing 

predators. 

The PrtV protease belongs to an M6 family of metallopeptidases which is represented by an 

Immune Inhibitor A protease from the insect killing bacterium Bacillus thuringiensis. To characterize the 

protease in more detail, the PrtV was cloned, overexpressed in V. cholerae and purified from the culture 

supernatant. The enzyme was calcium stabilized and inhibited by metal ion chelators. In tests with in vitro 

cultured cells of the human intestinal cell line HCT8, the PrtV protein showed a cytotoxic effect leading 

to cell detachment and death. Using human blood plasma as a source of potential substrates, and by tests 

with purified candidate substrate proteins, we have identified fibrinogen (all α, β and γ chains), 

fibronectin and plasminogen to be degraded by the protease. Additionally, PrtV was found to alter the 

stability of V. cholerae cytolysin implicating its role in modulation of the reactogenicity of V. cholerae 

secreted factors. 

Pigmentation has been considered to be important in microbial pathogenesis because it has been 

associated with virulence in many microorganisms. Using transposon mutagenesis we identified the 

mutated locus of a pigment producing V. cholerae strain to encode a gene of a tyrosine catabolic pathway. 

The mutation in a putative homogentisate 1,2-dioxigenase gene lead to accumulation of homogentisic 

acid, its spontaneous oxidation and formation of a dark pigment. The pigment producing strain was 

altered in its ability to survive UV exposure and H2O2 stress, and was more efficient in colonizing the 

suckling mouse intestine compared to the wild type strain. Under the in vitro growth conditions the major 

virulence factor TcpA and CT expression was found to be somewhat enhanced too. 
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Introduction 

1. Cholera background 

 

Fig. 1. Vibrio cholerae. The electron microscope picture of V. cholerae strain A1552 El Tor 

Inaba was taken by Mr. Akemi Takade, Kyushu University, Fukuoka, Japan. 

 

Cholera is a disease that causes watery diarrhea as a result of intestinal infection by the 

gram-negative bacillus Vibrio cholerae (Fig. 1). Cholera remains a major public health problem 

in Africa, Asia and Latin America, with 200,000–500,000 reported new cases each year, 

although the actual number of cases is likely to be much greater (7). Cholera is transmitted 

through contaminated food and water and, when untreated, leads to severe dehydration and 

hypovolemic shock. Without medical treatment, mortality associated with cholera infection is 

20–50% (176).  The ultimate goal in cholera prevention is the maintenance of clean water 

supplies, as has been successful in some regions of Southeast Asia. Current management of 

cholera is based on re-hydration therapy with oral re-hydration solutions (ORS), which has 

substantially reduced mortality (48). 
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The primary causal agent of this severe diarrhoea, cholera toxin, is an AB5-type 

exotoxin composed of an A subunit non-covalently bound to five B subunits, arranged in a 

rosette to form a lectin recognizing the GM1 ganglioside (63, 124, 219). 

The mechanism of cholera toxin entry into the intestinal epithelial cells and destruction 

of host epithelium cells has been studied extensively in cultured epithelial cells (see below). 

1.1. Serological classification of V. cholerae 

V. cholerae strains are classified on the basis of their lipopolysaccharide O side chain. 

More than 200 serogroups have been identified, but only V. cholerae O1 and O139 serogroups 

are associated with epidemic cholera disease. Only two out of more than 200 serogroups, O1 and 

O139, are associated with epidemic or pandemic cholera. These toxigenic serogroups carry 

phage-derived pathogenicity islands coding for the main virulence factors for establishment of 

cholera disease, cholera toxin (abbreviated CT or CTX) and toxin-coregulated pilus (TCP). The 

latter also serves as a bacterial surface receptor for the CTXΦ, the filamentous phage which 

carries the cholera toxin genes into otherwise harmless to human, environmental bacterium V. 

cholerae (127, 216). 

The O1 serogroup is divided into two biotypes, classical and El Tor, that can be 

differentiated by use of assays of hemolysis, hemagglutination, phage and polymyxin B 

sensitivity, and the Voges-Proskauer reaction. The latest approach, however, is to use biotype-

specific genes (e. g. tcpA, rtxC) to differentiate between the two biotypes. Each of the O1 

biotypes can be further subdivided into two major serotypes, Ogawa and Inaba. Ogawa strains 

produce the A and B antigens and a small amount of C, whereas Inaba strains produce only the A 

and C antigens. A third serotype, Hikojima, produces all the three antigens but is rare and 

unstable (97, 176). 

The O139 serogroup strains of V. cholerae are postulated to derive from a serogroup O1 

biotype El Tor strain by a genetic re-arrangement event including the acquisition of the 35 kb 



 9

wbf locus which encodes the O139 surface polysaccharide and capsule biosynhesis genes in 

place of a 22 kb deletion at the rfb locus (38, 95). The insertion of the acquired locus partially 

replaced the rfb region which encodes the O1 serogroup antigen (38). 
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2. Virulence factors of Vibrio cholerae and their biological 

function 

2.1. Cholera toxin 

The CTXΦ phage evidently played a crucial role in the evolution of V. cholerae since it 

carries the genes ctxAB that encode cholera toxin (CTX). The CTXΦ lysogenizes its host V. 

cholerae by site-specific integration into the host chromosome (86). Cholera toxin (84 kDa) is a 

classical AB5 toxin composed of a pentameric ring of 11.6 kDa B subunits and a polypeptide 

chain of 29 kDa A subunit. Prior to entry of cholera toxin into the epithelial cells, the A subunit 

is proteolytically cleaved into a catalytic A1 subunit and an A2 subunit, whose role is to maintain 

the non-covalent association to the B subunits (195, 228). Once B subunits bound to the 

ganglioside GM1 receptor, retrograde transport on lipid rafts delivers cholera toxin to the 

endoplasmic reticulum (33, 123). The A1 subunit then dissociates from the toxin complex and 

exits the endoplasmic reticulum to ADP-ribosylate the stimulatory G protein such that it 

constitutively activates adenylyl cyclase (97, 195). The levels of cAMP in intestinal epithelial 

cells increase when adenylyl cyclase is activated. The secretory diarrhea depends on the flow of 

Cl− and water through the apical surface of the epithelial cell into the intestinal lumen through 

the opening of cAMP-responsive Cl− channels. 

2.2 Toxin co-regulated pili (TCP) 

Cholera pathogenesis requires the bacteria to colonize the intestine and secrete cholera 

toxin. Bacterial colonization requires toxin-coregulated pili (TCP) which are related to type 4 

bundle forming pili of enteropathogenic  E. coli, type 4 pili of enterotoxigenic E. coli  and 

Citrobacter rodentium (67, 150, 205). The assembly of pilin subunits into type IV pili creates a 

polymeric machinery to mediate diverse cellular functions, including surface motility, 
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microcolony and biofilm formation, host-cell adhesion, cell signalling, DNA uptake by natural 

transformation and phage attachment (19, 80, 129, 201). For many Gram-negative pathogens, 

disruption of pilus assembly results in severely reduced virulence which highlights the crucial 

importance of pili to pathogenicity. This essential colonization factor is believed to promote 

bacteria-bacteria interactions and assembly of intestinal microcolonies (80, 108, 200, 201, 206, 

210). The V. cholerae TCP biogenesis apparatus serves as a secretion machinery for a soluble 

colonization factor TcpF, which was reported to be necessary for mouse intestine colonization by 

epidemic V. cholerae strains, although the mechanism remains unclear (107, 109). Additionally, 

TCP was shown to protect V. cholerae from complement-mediated cytolysis (31). 

Although CT and TCP are undoubtedly the main virulence factors of V. cholerae, 

several accessory factors have been described. These factors range from additional pili such as 

the fucose-binding and mannose-binding hemagglutinins which might contribute to colonization 

by classical and El Tor biotypes. In addition, the El Tor biotype strains include a variety of 

‘minor toxins’ that might contribute to cholera diarrhea. Among these are the CTXΦ-encoded 

zonula occludens toxin (ZOT), which might be both a morphogenetic phage protein and an 

enterotoxin (214); the actin-crosslinking RTX toxin (184); the S-CEP (Chinese hamster cell 

elongating protein) cytotonic protein (181) and the pore-forming V. cholerae 

cytolysin/hemolysin (VCC/HlyA). 

2.3. Vibrio cytolysin (VCC/HlyA) 

Microbial toxins that act on mamalian cells commonly have some kind of interaction 

with membranes containing cholesterol. Both bacterial and eukaryotic cell membranes have a 

wide range of possible lipid compositions. A distinguishing feature of the eukaryotic cell 

membrane is their content of cholesterol. The sterol modulates physical properties of the 

membranes such as membrane fluidity and lateral phase segregation (162). The Vibrio cholerae 

cytolysin, also called hemolysin A (HlyA) is one of the pore-forming toxins that appear to have a 
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strict requirement for cholesterol (90). Vibrio cholerae cytolysin readily oligomerizes upon 

contact with cholesterol crystals, suggesting that the sterol has a role in oligomerization (76). 

Most V. cholerae isolates belonging to O1 biotype El Tor and to non-O1, non-O139 

serogroups produce V. cholerae cytolysin (VCC) (69, 83, 227) which is encoded by a hlyA gene 

located on the V. cholerae chromosome II (79).  Earlier studies showed that VCC is synthesized 

and secreted outside the bacterial cells as an 80 kDa pro-cytolysin which is proteolytically 

activated by different proteases including hemagglutin protease (HapA) of V. cholerae through 

removal of the 15 kDa polypeptide at the N-terminus (4, 151, 152). The heptameric oligomers 

are formed by the mature VCC in the presence of cholesterol and ceramide-rich membranes, 

generating membrane pores with internal diameter of 1–2 nm (76, 116, 117, 138, 231-233). 

Previous studies reported that VCC causes several cytotoxic effects and extensive vacuolization 

in vitro, depending upon the cell line studied and the toxin concentration (3, 37, 58, 143, 147, 

217). Recently, Gutierrez et al. (73) described that the vacuolization phenomenon associated to 

VCC was an autophagic response of the cells against this toxin and was related to a protective 

cell response upon VCC intoxication. Several contradictory data exist regarding the real role of 

VCC in the pathogenesis of CT-negative TCP-negative V. cholerae strains during infection (3, 

55, 58, 64, 89, 128, 234). 

The mechanism involved in the pathogenesis of cholera toxin and toxin co-regulated 

pili deficient V. cholerae strains is still unclear. These strains were isolated from patients 

suffering cholera-like diarrhea. In addition to gastroenteritis, non-cholera toxigenic V. cholerae 

infections can cause extraintestinal infections such as cellulitis, meningitis, wound infections, 

septicemia and bacteremia (6, 82, 161). VCC has been implicated in the pathogenesis of these 

diseases. However, no definite virulence factor(s) has yet been identified to explain their disease 

producing ability.  Recently Saka et al. (177) reported that VCC may trigger apoptotic cell death 

during infection in vivo and they suggested that the apoptotic cell death pathway plays the major 

role in pathogenesis of the CT negative V. cholerae non-O1, non-O139 strain. 
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2.4. RTX toxin 

The V. cholerae RTX (repeats-in-toxin) toxin is a multifunctional toxin encoded 

directly downstream from the CTX element in the V. cholerae genome (133). The RTX gene 

cluster is composed of the rtxA, C, B, D and E genes. rtxA encodes the toxin, rtxC encodes a 

putative toxin activator acyltransferase, rtxB and rtxE encode putative secretory ATPases, and 

rtxD encodes the periplasmic linker of a putative type I secretion system responsible for the 

RtxA export, probably via TolC outer membrane pores (22, 133). The rtx gene cluster is carried 

by the pathogenic V. cholerae O1 El Tor and O139 strains and a broad range of non-O1, non-

O139 clinical and environmental isolates. RTX toxin causes cell rounding and detachment by at 

least two distinct mechanisms. The actin crosslinking domain of the toxin causes the covalent 

cross-linking of actin into dimers, trimers and higher order multimers, which results in 

depolymerization of actin stress fibers (184). Actin is a dynamic protein involved in various 

cellular processes. In order to compromise cell integrity, there is a diverse group of bacterial 

pathogens and toxins that target and impair the actin cytoskeleton (197). Actin cross-linking is a 

fundamental activity of the RTX toxin, and the toxin has been implicated in the pathogenesis of 

cholera disease (64). Independently of its actin crosslinking domain activity the RTX toxin 

possesses a reversible Rho family GTPase inhibitory activity of undefined mechanism, which 

also results in cell rounding (185). The full-length toxin is approximately 485 kDa in molecular 

mass and contains a series of glycine rich repeat regions at the N- and C-termini, whereas the 

activity domains are located within the central portion of the toxin (180). Additionally the RTX 

toxin contains a cysteine proteinase domain which is activated by GTP binding, presumably in 

the host cell cytoplasm. Autoprocessing of the RTX toxin by its protease domain after 

translocation into the host cell cytoplasm is needed for the actin crosslinking activity and likely 

for the overall function of the toxin (183). 
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2.5. Mannose sensitive hemagglutinin 

Vibrio cholerae strains are widely distributed in aquatic coastal and estuarine 

environments. Multiple factors affect survival, quantity and seasonality of V. cholerae in its 

natural habitat, including temperature, pH, zooplankton blooms, attachment to plants and 

plankton, entering into and resuscitation from the viable but nonculturable (VBNC) state and 

losses to predators (88, 134). Interactions with copepods have been postulated to play an 

important role in V. cholerae survival, multiplication, and transmission in the natural aquatic 

environment (87). Adherence and interaction with planktonic organisms is poorly understood at 

the molecular level, but it has been shown that binding to chitinaceous surfaces, including those 

found on copepods, could provide V. cholerae with nutrients and protective environment (134). 

Mannose sensitive hemagglutinin (MSHA) pilus and other unidentified factors have been shown 

to contribute to V. cholerae attachment to a crustacean copepod, Daphnia pulex (32). It has been 

shown recently that V. cholerae can grow and survive intracellularly within the protozoan 

organism Acanthamoeba castellanii, suggesting this amoeba also to be a potential host (1). It is 

not clear how and to what extent interactions with protozoans such as symbiosis or predation can 

contribute to the evolution of human pathogenesis of V. cholerae, but amoebae are considered to 

act as a training ground for intracellular human pathogens (145). Within the mammalian host, 

MSHA appeared to play little role in pathogenesis, because V. cholerae deficient in MSHA 

production showed no loss of virulence compared with wild type bacteria in the mouse infection 

model (10, 201). 

V. cholerae, like many other mucosal pathogens, must contend with many host factors 

excluding them from the epithelium, especially secreted immunoglobulins and a thick 

glycocalyx of mucins (226). The ability of V. cholerae to adapt to these different challenges 

shapes its potential as a human pathogen. Recently, Hsiao et al. (85) discovered that the 

repression of type IV MSHA pilus allows V. cholerae to evade nonspecific interactions with 

glycan moieties on one of the primary host mucosal immune factors, secretory IgA (S-IgA), thus 
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facilitating colonization of the intestinal epithelium. MSHA was shown to bind a heavily 

glycosylated S-IgA. V. cholerae bound S-IgA in an MSHA-dependent fashion and that binding 

of S-IgA prevented bacteria from penetrating mucus barriers and attaching to the surface of 

epithelial cells. (85). MSHA repression for evasion of the host innate immune response appears 

to be critical during early stages of infection, because V. cholerae penetrates the mucous layer 

and begins to express the virulence factors required for colonization. 
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3. Regulation of V. cholerae virulence factors 

Bacteria need to respond and adapt to a variety of environmental conditions by 

regulation of the genes that are required under a specific set of conditions. Temperature, pH, 

nutrient composition, CO2 concentration, bile salts, osmolarity and other environmental stimuli 

were well known to modulate the expression and regulation of the virulence factors of V. 

cholerae (27, 141, 186, 191, 211). Some well defined regulatory pathways are shown in Fig. 2. 

The major transcriptional activator of virulence genes is an AraC family member, ToxT. It 

directly controls CT, TCP and other virulence factor expression by regulation of various 

promoters, including ctxA, tcpA, tcpC, tcpI, acfA (50). The toxT gene is located in the same 

pathogenicity island, VPI, as the TCP biogenesis apparatus (25, 98). Its gene product may result 

from activities of two promoters – either its own, located directly upstream, or  the tcpA-F 

operon promoter, situated further upstream (25). Two membrane-localized OmpR family 

transcriptional activators ToxR and TcpP, together with their respective cognate partners and 

activity enhancers ToxS and TcpH, bind the toxT promoter to cooperatively drive its expression 

and thereby the major virulence determinant production (49, 78, 142, 159). Although ToxR is 

necessary, it is not sufficient for complete activivation of toxT (78, 81). The toxRS operon is 

encoded in the ancestral V. cholerae genome, is constitutively expressed under most growth 

conditions, and has other regulatory roles besides those on virulence genes (41, 141). ToxR, 

independently of ToxT, induces transcription of ompU, the major envelope protein gene, but 

represses ompT, encoding another outer membrane protein OmpT. The tcpPH operon expression 

is dependent on a LysR family transcriptional regulator AphB together with its partner AphA  

(115).  The aphA promoter activity was shown to be repressed by HapR, a quorum sensing-

regulated transcription factor, in V. cholerae El Tor strains but not in classical V. cholerae strains 

(114). 
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Fig. 2. Major virulence factor regulation in V. cholerae. Modified after Zhu et al. (230). 

 

The ToxT pathway is involved also in repression of the mannose sensitive 

hemagglutinin (MSHA) pili formation, which contributes to the evasion of secretory IgA (S-

IgA)-mediated innate immune responses in an infant mouse model of V. cholerae infection. 

The cyclic AMP receptor protein (CRP) is a global transcription factor that plays a key 

role in controlling metabolism in enteric bacteria (111). CRP has been most studied in 

Escherichia coli K-12 and the results suggested that its principal function is to activate 

transcription initiation at a large number of promoters (111). Mutations in adenylate cyclase cya 

and cAMP receptor protein crp genes of V. cholerae derepress the transcription of the major 

virulence factor genes ctx and tcp even at non-permissive environmental conditions for their 

production, but the crp mutant was defective in mouse intestinal colonization (192). Although 

purified CRP protein does not bind to the toxT, tcpA or ctx promoters, it does bind to the tcpPH 

promoter at the site which is nearly identical to the transcriptional activator AphA binding site. 

Therefore, CRP negatively influences the expression of  tcpPH by competing with AphA/AphB 

for access to the promoter (113). 
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Due to a pleiotropic character of regulation, CRP affects the expression of many genes, 

including positive effect on transcription of CAI-1 autoinducer biosynthesis genes, hapR, 

flagellar genes, genes encoding outer membrane proteins, rpoE alternative sigma factor and 

plenty of other (131). 

H-NS, a histone-like nucleoid-associated protein is involved in the maintenance of 

chromosomal architecture and is found in many members of Enterobacteriaceae.  In V. cholerae, 

it is a product of the vicH gene and it serves as a global silencer at various regulation levels of 

the major virulence determinant expression (158). 

Quorum sensing (QS) is a cell-to-cell signaling mechanism that refers to the ability of 

bacteria to respond to chemical molecules, called autoinducers (AIs), in their environment in a 

dose-dependent fashion. The autoinducers can be produced from bacteria of the same species or 

bacteria of different genera. When an autoinducer concentration reaches an optimal threshold, 

the bacteria detect and respond to this signal by altering their gene expression. QS was first 

characterized in the marine bacterium Vibrio fischeri (70, 101). This species lives in symbiotic 

associations with several different marine animal hosts and can colonize the light organ of the 

host, in which it grows to high densities. The transcription of the lux operon, encoding luciferase, 

and subsequent light production, occur only at high densities of V. fischeri and are repressed at 

low densities. When bacterial densities are low, the concentration of AI molecules is below the 

threshold required to activate transcription and the lux genes are not expressed. 

Since the initial description for V. fischeri, QS has now been recognized to regulate a 

wide range of activities in diverse bacteria, including plasmid transfer and plant tumor induction 

by Agrobacterium tumefaciens, antibiotic production in Erwinia carotovora, biofilm production 

and virulence gene expression in Pseudomonas aeruginosa, competence and sporulation in 

Bacillus subtilis, competence for DNA uptake in Streptococcus pneumoniae, and virulence gene 

expression in numerous pathogens, including Staphylococcus aureus, Vibrio cholerae, and 

diarrheagenic E. coli (139, 202). Autoinducers affect gene expression either directly, by binding 
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to transcription factors, or indirectly, through two-component signaling pathways. In many 

Gram-negative bacteria typical autoinducer molecules are acylated homoserine lactones while 

many Gram-positive bacteria usually use modified oligopeptides. 

At least three quorum sensing systems exist in V. cholerae. Signaling system 1 (cholera 

quorum-sensing system) is composed of the CqsA autoinducer synthase which produces an 

unidentified cholera autoinducer 1 (CAI-1) signal and a CqsS sensor. Signaling system 2 is made 

up of LuxS autoinducer synthase, which produces a furanosyl borate diester, named autoinducer 

2 (AI-2), and the two-component LuxPQ sensor. A putative system 3 is predicted to exist in V. 

cholerae and functions through LuxO but independently of LuxQ since the inactivation of both 

quorum-sensing systems 1 and 2 does not abolish cell-density-dependent gene expression. 

However, a signal for quorum sensing system 3 is thought to be intracellular, therefore it would 

not represent a true quorum-sensing system (140). 

Information from sensors in system 1 and 2 is transferred by phosphorylation-

dephosphorylation events.  At low cell density, in the absence of quorum sensing signals CqsS 

and LuxQ are autophosphorylated and the phosphate is transfered to a phosphorelay protein 

LuxU which in turn phosphorylates a transcriptional activator LuxO. Upon phosphorylation 

LuxO is activated and together with transcription factor σ54 induces the expression of four 

redundant small regulatory RNAs (qrr1-4). The sRNAs together with the RNA chaperone Hfq 

bind and destabilize the mRNA of a master quorum-sensing regulator HapR. Another two 

component regulatory system VarSA has been shown to act in parallel to systems 1 and 2 via 

three sRNAs (CsrBCD) and a pleiotropic posttranscriptional regulator CsrA as part of the third 

regulatory system to control the quorum sensing through LuxO (125). 
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Fig. 3. Schematic picture of pathways regulating virulence, biofilm formation and secreted 

peptidase production, with the emphasis on quorum sensing systems. Modified partly after Lenz et al. 

(126). 

 

At high bacterial cell density, in presence of quorum sensing signals, CqsS and LuxQ 

act as phosphatases. Consequently, the LuxU and LuxO proteins are dephosphorylated and the 

qrr1-4 sRNAs are no longer expressed, therefore HapR is produced (126, 140). Many genes 

involved in V. cholerae pathogenesis including cholera toxin production, toxin co-regulated pilus 

formation, exopolysaccharide production and biofilm formation are repressed by HapR but 

several secreted metalloprotease, hemolysin coregulated protein hcp and other genes are 

activated by HapR (230). Relevant quorum sensing regulatory pathways are presented in Fig. 3. 
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4. Protein secretion systems in Gram-negative bacteria 

Several classes of protein secretion systems have been identified in prokaryotes. In 

Gram-negative bacteria secretion involves translocation across the cytoplasmic and the outer 

membrane, which can occur either in one- or two-step process. Type I and III secretion systems 

secrete unfolded proteins through both membranes in a single step. Autotransported proteins, 

proteins released through TPS (two-partner secretion system), chaperone/usher secretion and 

type II secretion machineries are first translocated through the cytoplasmic membrane via a Sec 

pathway, folded into translocation competent conformation and are then transported through the 

outer membrane. Those secretion pathways requiring Sec machinery for the cytoplasmic 

membrane translocation are referred as branches of the general secretory pathway (GSP) (179, 

208). 

4.1. TAT translocation pathway 

The Tat (twin-arginine translocation) system is dedicated to the translocation of folded 

and cofactor-bound proteins or even protein complexes across the cytoplasmic membrane (18). 

Substrate proteins are targeted to the Tat machinery by signal peptides containing a twin-arginine 

motif. In E. coli the minimal components of the Tat system are integral membrane proteins TatA, 

B and C (17). TatBC multimer acts as the receptor element of the the translocation pathway, 

where TatC contains the primary binding site for the signal peptide (2). TatA forms a ring shaped 

protein conducting channel of variable diameter. The number of TatA protomers changes to 

match the size of the channel to the size of the substrate being transported (68). The Tat system is 

vital for many bacterial processes, including energy metabolism, biogenesis of the cell envelope, 

biofilm formation, heavy metal resistance and virulence determinant secretion (17). 
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4.2. Sec secretion pathway 

Sec pathway is generally responsible for the transport of unfolded newly synthesized 

protein across the cytoplasmic membrane (146). The Sec complex transmembrane components 

SecY, SecE , SecG and SecA are sufficient to translocate the substrate proteins through the 

cytoplasmic membrane. SecD and SecF are required for efficient protein export. A chaperone 

SecB keeps substrate proteins in an unfolded state for translocation. 

Protein translocation can occur while the synthesized polypeptide is still bound to a 

ribosome. The co-translational protein export would be especially beneficial for the insertion of 

prone to aggregation hydrophobic membrane proteins into the cytoplasmic membrane. The YidC 

component of the Sec translocase assists for the protein integration into the membrane. 

A signal for substrate translocation by the Sec machinery is an N-terminal peptide 

characterized by a hydrophobic α-helical core of ten or more residues flanked by a positively 

charged N-terminal region and a hydrophilic C-terminal region containing a conserved sequence 

for signal peptidase cleavage. A transmembrane segment of some membrane proteins can also 

become a signal-sequence-like element, but will not be cleaved after translocation through the 

inner membrane. Therefore, cleavage of the signal peptide is not required for secretion. 

Some signal sequences, usually more hydrophobic, are recognized by a Signal 

Recognition Particle (SRP) consisting of a 4.5S RNA and Ffh protein. The SRP bound substrates 

are co-translationally targeted to the Sec secretion apparatus via an interaction of SRP with a 

membrane-associated receptor FtsY. 

Upon binding of preprotein-SecA complex to high-affinity site made up of SecY and 

SecE, the translocation is initiated and the signal peptide is inserted into the membrane in a loop-

like configuration with the N-terminus located to the cytosolic side. ATP binding to SecA is 

needed for the initiation step and translocation continues with ATP hydrolysis cycles and/or 

proton motive force providing energy for protein secretion. 
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4.3. Type I, or ABC (ATP-binding cassette) exporters 

In the type I secretion system, the secreted substrate protein containing a C-terminal 

signal of approximately 60 amino acids is recognized by an ABC transporter located in the 

cytoplasmic membrane. A trimeric periplasmic membrane fusion protein (MFP) then channels 

the substrate protein through a trimeric outer membrane factor (OMF) pore without formation of 

a periplasmic intermediate (20). 

4.4. Type II secretion system 

The type II secretion (T2S) system exports periplasmic intermediates of toxins and 

degradative enzymes across the outer membrane of Gram-negative bacteria (36, 59, 96). 

Components of this system are proposed to form a large multiprotein complex spanning the 

entire cell envelope. Secretion via the type II pathway occurs in two membrane translocation 

steps. The N-terminal signal peptide of the secreted protein functions as a guide for the Sec-

dependent translocation across the cytoplasmic membrane. The signal peptide is cleaved during 

the translocation of secreted protein across the cytoplasmic membrane. The maturation of a 

translocated protein which might involve proteolytic processing, disulfide bond formation and/or 

subunit assembly occurs in the periplasm. The protein then is targeted to a highly specific 

secretion pore in the outer membrane for extracellular release (178). As there is no primary 

sequence or functional relatedness among secreted proteins, it has been suggested that relatively 

high β-sheet content might be a property that distinguishes proteins to be secreted by this 

machinery.  It is the correct 3-dimensional structure of certain domain(s) of a folded protein in 

the periplasm that specifically determines that a protein has to be secreted by the type II 

secretion apparatus (110). 

4.5. Type III, contact dependent secretion system 

A secretion system evolutionarily related to the bacterial flagellum consists of an 

envelope spanning structure called the needle complex (65). The needle structure of a type III 
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secretion system is composed of a multi-ring base anchoring the machine to the bacterial 

envelope and a needle-like projection which protrudes several nanometers from the bacterial 

surface. The base is traversed by a cylindrical substructure called the inner rod which connects 

the needle to the basal side of the base substructure. More than 20 protein assemblages are 

involved in the needle apparatus biosynthesis. The entire complex is traversed by a narrow (28 Å 

diameter) channel which is likely to serve for unfolded substrate protein translocation. The Sec 

protein secretion system participates for the translocation of the base structure components. Most 

of the type III secreted proteins contain a secretion signal within 20-30 N-terminal amino acids. 

These signal sequences, however do not seem to have conserved features, but consist of a non-

structural flexible domain that is required to function as a type III secretion signal. T3S system 

chaperones can specifically bind to a particular secreted substrate that might explain another 

possibility of achieving the secretion selectivity. The delivery of the substrates to the eukaryotic 

cells occurs with the help of translocator proteins, which are themselves secreted by a T3SS and 

are thought to integrate into the target cell membrane to form a channel. The T3SS needle 

probably docks onto a translocator channel to deliver its substrates. The substrate delivery is 

tightly regulated by an unknown signal which must derive from the target cell contact. 

Toxigenic V. cholerae O1 and O139 strains do not possess the T3SS, but environmental 

and clinical non-O1/non-O139 isolates frequently contain this secretion system related to a 

T3SS2 of pandemic Vibrio parahaemolyticus (52). The T3SS genetic locus was characterized in 

the V. cholerae  O39 strain AM-19226 from a diarrhea patient. The secretion system is encoded 

by a 30 kb locus of lower GC content where conserved genes predicted to form the T3SS are 

named vcs (Vibrio cholerae secretion). The investigated strain could colonize infant mouse 

intestine and cause diarrhea in a rabbit infection model. A secreted effector molecule VopF 

contains FH1 (formin homology 1) and WH2 (wasp homology 2) domains similar to Formin and 

Spire domains of eukaryotic actin nucleator protein respectively (203). Translocation of VopF 

into mammalian cells results in actin-rich filoform formation and is needed for efficient mouse 
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intestine colonization, likely by an in situ effect such as killing host immune cells harboring 

phagocytosed vibrios. 

4.6. Type IV secretion system 

Type IV secretion systems (T4SSs) are membrane-associated transporter complexes 

used by various bacteria to deliver substrate molecules to a wide range of target cells (34). 

Secretion pathways ancestrally related to bacterial conjugation systems are referred to as the type 

IV secretion systems family. They are also involved in toxin secretion and in the injection of 

virulence factors into eukaryotic host target cells. 

The secretion pathway related to bacterial conjugation systems is functionally diverse. 

Transported macromolecules can be not only protein, but also protein-DNA complexes or DNA. 

The host, depending on the bacterium carrying the secretion system, can be the same or other 

bacterial species, or even a species from a different kingdom – fungi, plants, and animals (12). 

By homology, the type 4 secretion systems are grouped into those similar to the VirB/D4 system 

of Agrobacterium tumefaciens – called IVA; those related to the Dot/Icm machinery of 

Legionella pneumophila – termed IVB; and unclassified, which show no sequence homology to 

these two groups. There are functional groups of the T4SS as well. Many T4SS mediate 

conjugative transfer of mobile DNA elements into bacterial cells. Others deliver effector proteins 

or DNA into eukaryotic cells. Another group of T4SS is a DNA release or uptake system which 

differs from the previous two as it does not require a contact with the target cell, but exchanges 

its substrates with an extracellular milieu. 

Conjugation machines of Gram-negative bacteria (E. coli F-plasmid, Shigella ColIb, 

Agrobacterium tumefaciens VirB systems) consist of these main protein assemblages: the 

coupling protein (CP) homomultimer; a transenvelope protein complex; and the conjugative 

pilus, also called as transfer- or T-pilus. The latter two structures are composed of the mating-

pore-formation (Mpf) proteins. CPs bind ATP and single stranded DNA, and together with the 

Mpf complex drive DNA transfer. In analogy to conjugation systems, protein substrates of 
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effector translocating T4SSs (Helicobacter pylori Cag system, Legionella pneumophila Dot/Icm 

system) are recruited by CP components. However, several T4SSs do not require CPs for 

substrate translocation via the bacterial cell envelope. For example, Bordatella pertussis AB5-

family pertussis toxin (PT) subunits are transported by a GSP pathway into the periplasm, where 

they fold, assemble and are secreted by a dedicated Ptl T4SS. 

Substrate translocation through the envelope by T4SS is performed by a complex 

structure of Mpf proteins. In Agrobacterium tumefaciens the conserved core of the translocation 

machine consists of putative channel components (inner membrane proteins VirB6, VirB8 and 

VirB10; outer membrane proteins VirB3, VirB7 and VirB9); two ATPases (VirB4, VirB11) 

located at the cytoplasmic face of the inner membrane; and a pilin subunit VirB2, which in 

association with VirB5 and VirB7 assembles as the T-pilus. 

Two models of substrate translocation have been proposed for the mechanism of 

substrate translocation by T4S systems. In a ‘channel’ model the CP recruits and delivers the 

substrates to an Mpf channel, extending through the bacterial envelope. Alternatively, a dynamic 

‘piston’ model was proposed, where CP translocates the substrate across the inner membrane; in 

the periplasm the substrate is delivered to the tip of a retractile pilus-like structure, whose piston-

like movement pushes the substrate across the outer membrane. 

4.7. Type V. Autotransporters and proteins requiring single accessory 
factors 

Autotransported proteins contain a C-terminal β domain which directs translocation of 

the N-terminal passenger domain across the outer membrane. The passenger transport is started 

from its C-terminus and release from the translocator domain is performed by proteolytic 

cleavage. Although monomeric or multimeric transporter domains can form 12-14 β-barrel 

hydrophilic pores in the outer membrane for the passenger transport without additional 

components, an alternative model has been proposed, suggesting the involvement of a conserved 
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Omp85-like protein, which functions to insert β-barrel proteins into the outer membrane of 

Gram-negative bacteria or mitochondria and imports proteins into chloroplasts (160, 209). 

Similar to autotransporter pathways, but involving two proteins, is the two-partner 

secretion (TPS) system. It has been identified in a variety of organisms – proteobacteria, 

cyanobacteria, chlamydia and eukaryotes. Both components of the system, a translocator termed 

TpsB and a passenger termed TpsA, are transported through the inner membrane via the Sec 

system. TpsB transporters are large Omp85 family proteins predicted to contain 20-22 β-strands 

and form tetrameric complexes. In contrast to the autotransporter system, the TpsA passenger 

export is initiated by a conserved 110 residue N-terminal domain which specifically interacts 

with periplasmic part of the TpsB complex (93, 209). 

4.8. Chaperone/usher pathway 

The chaperone/usher secretion pathway is dedicated to secretion of surface structures 

often associated with bacterial virulence. E. coli surface appendages - type 1 fimbriae and P pili - 

are the best characterized examples of this system. It is a Sec dependent pathway; therefore all 

components of the system contain a typical N-terminal signal for the inner membrane 

translocation. The substrates of the chaperone/usher pathway fold in the periplasm, assisted by 

complex formation with a dedicated chaperone, and are held in a higher energy conformation for 

translocation via the outer membrane by a large pore-forming transporter called usher (209). 

4.9. Type VI secretion system 

The type VI secretion system in Vibrio cholerae is encoded by a cluster of vas 

(virulence-associated secretion) genes. One of genes in the locus, vasK, was found to be induced 

in the rabbit ileal loop infection model of cholera while its homologue icmF from Legionella 

pneumophila had been known to be encoded in a virulence associated T4SS locus involved in 

macrophage killing and intracellular multiplication. However, none of other icmF locus genes 

were found in V. cholerae genome (45, 46). The organization of genes in a V. cholerae vas locus 
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closely resembles similar gene clusters of Yersinia pestis and Escherichia coli O157:H7, which 

are predicted to share a common ancestor source for this putatively acquired genetic element. 

Homologous genes, although in different arrangement and localization, were also found in other 

proteobacteria encountering a close contact with eukaryotic cells, animal or plant – 

Mesorhizobium loti, Agrobacterium tumefaciens, Salmonella typhimurium and Pseudomonas 

aeruginosa, the latter of which has three such clusters encoded in its genome. A gene at the end 

of the vas gene cluster in V. cholerae encodes for VgrG, an accessory component of the Rhs 

(recombination hot spot) family element. Rhs elements are found in chromosomes of many 

natural E. coli strains, while their products are predicted to possess cell surface binding 

properties and are assumed to play a role in environmental survival (46). 

The T6SS in non-O1/non-O139 V. cholerae is needed for virulence according to studies 

using Dictyostelium discoideum amoeba as a host model and is involved in cytotoxicity towards 

mammalian macrophages. A transposon mutagenesis screening identified several genes in the 

vas cluster necessary for resistance against amoeba predation. The vasA is a homologue of impG 

of Rhizobium leguminosarum, which is involved in plant root infection by this bacterium. The 

vasK gene, as mentioned earlier, is a homologue of L. pneumophila icmF. Another gene, vasH, 

flanked by vasA and vasK also is required for virulence in the amoeba model and encodes a σ54-

dependent transcriptional regulator. Other genes present in the cluster, but less well 

characterized, are vasF, a homologue of L. pneumophila icmH (dotU), and a locus VCA0116 

encoding an ATP/GTP binding protein with homology to ClpB family chaperonins (46, 169). 

The vas locus is required for secretion of Hcp (hemolysin coregulated protein), VgrG-1, VgrG-2 

and VgrG-3 proteins of unknown function, which were therefore assumed to be effectors in the 

D. discoideum host model. Two alleles of vgrG are encoded elsewhere in the genome and are 

closely genetically linked to two genes encoding identical amino acid sequences of an Hcp 

protein (169). The VgrG-1 includes an actin crosslinking domain encoded at the VC1416 locus 

and therefore the gene product has a mammalian cell-rounding activity (184). Hcp  expression 
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seems to be indirectly controlled by the HlyU protein, which regulates hemolysin production 

(222). Genes hcpA and hcpB encode a protein of 19 kDa, which aberrantly runs on SDS-PAGE 

as a 28 kDa product presumably due to an unidentified posttranslational modification at Cys5 and 

Cys22. The protein does not contain any identified or cleavable signal sequence; therefore its 

secretion is independent of Sec and type II systems. However, Hcp protein expressed in E. coli 

seems to localize both in cytoplasmic and periplasmic fractions, possibly requiring factors 

present in V. cholerae but absent in E. coli only for the outer membrane translocation (222). Hcp 

is both secreted by the VAS pathway and is required for VgrG protein secretion, thus it might 

itself be involved in the secretion process and/or secretion apparatus assembly (169). 

The Hcp protein from P. aeruginosa forms large hexameric 24-stranded β-barrel rings 

with 40 Å internal diameter and is required for the assembly of the T6SS (148). Curiously, the 

assembly of the apparatus and Hcp secretion in this bacterium is posttranslationally regulated by 

a PpkA kinase and PppA phosphatase, whose opposing activities control the phosphorylation 

state of the scaffolding protein named Fha1. Possibly certain environmental conditions are 

sensed by a large periplasmic segment of PpkA, which autophosphorylates, binds and 

phosphorylates the Fha1, and triggers assembly of the T6SS which was found to be active in P. 

aeruginosa present in the lungs of cystic fibrosis patients (148, 149). The homologues of the 

regulatory kinase and phosphatase were identified in the T6SS loci of Vibrio fisheri, Vibrio 

parahaemolyticus and Vibrio vulnificus, but not V. cholerae genomes (149). 
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5. V. cholerae-host interaction models 

5.1. Mammalian infection models 

Pathogenic bacteria use many strategies to secure their survival within the host. The 

strategies used by pathogens to establish infection and cause disease are often common in 

principle, i.e. pili for adherence to tissues, flagella for movement, production of toxins or the 

presence of a secretion apparatus to allow translocation of toxic proteins into the host cell. 

The rabbit ligated ileal loop (47) is a basic technique to study the secretory effect of the 

CT. The sealed adult mouse model (172) uses cyanoacrylate glue to seal the mouse ano-rectal 

canal and measure fluid accumulation inside the mouse intestines. The infant mouse model (15) 

is used both in studies of V. cholerae induced diarrhea and in estimation of colonization potential 

of different bacterial strains. The infant rabbit model (51) is similar to the infant mouse model 

with a limitation that the animals are susceptible to infection only for a relatively short period 

after birth. Removable intestinal tie-adult rabbit diarrhea (RITARD) (196) uses a temporary slip 

knot tie of the small bowell that is removed 2 hours after inoculation by live V. cholerae 

proximal to the tie. 

5.2. Non-mammalian infection models 

Non-mammalian infection models such as the amoeba Dictyostelium discoideum, the 

nematode Caenorhabditis elegans, the insect Drosophila melanogaster and the fish Danio rerio 

are complementary systems alternative to mammalian models to identify and understand the 

virulence factors of human pathogens (167, 188, 199, 218, 223). In addition, the molecular and 

genetic methods that have been developed for use with these simple organisms, combined with 

their well-studied cellular biology and/or immunology, enable investigators to analyze the 

complex interactions between host and pathogen. An increasing number of human bacterial 

pathogens are being tested in non-mammalian hosts in order to conveniently study their host-
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bacteria interactions. Vibrio cholerae has recently been added to the list of microorganisms that 

are capable of causing lethal infection of the nematode [Article I](215) and the fly (21). It was 

reported that oral infection of Drosophila by V. cholerae leads to the death of the animals by a 

somewhat similar mechanism as in humans (21). Cholera toxin is required for full virulence in 

the fly model and, remarkably, flies with loss-of-function mutations in genes encoding 

homologues of the known targets of CT resist infection. Furthermore, clotrimazole can help cure 

flies infected with V. cholerae (21). 

In our study during the lethal colonization of the C. elegans intestine by V. cholerae, 

however, CT does not appear to play an important role [Article I](215). But, using a reverse 

genetic approach, we demonstrated that the quorum sensing regulated protease PrtV is essential 

for this killing. Moreover, we suggested that this protease is important to V. cholerae in its 

natural niche for its resistance to the marine plankton that graze on the bacterium. Finally, we 

measured an increased interleukin-8 (IL-8) secretion in human epithelial intestinal cells exposed 

to a V. cholerae prtV deletion mutant, compared to that of the parental strain, suggesting a role 

for this protease in modulating (directly or indirectly) the host response in vertebrates. Together, 

we described to what extent nematode can be relevant for the study of the host interaction of 

cholera. There are some drawbacks with these models to study the bacterial physiology and the 

specificity of certain bacterial pathogens for their mammalian host. For instance, some virulence 

genes involved in mammalian pathogenesis are only expressed at 37 °C, whereas the invertebrate 

animal models that I described in this report cannot be grown at this temperature. Moreover, C. 

elegans does not possess macrophage-like cells (54) and some receptors necessary for the 

engulfment of intracellular bacterial pathogens, as in mammalian cells, are absent from the 

surface of non-mammalian cells, thus limiting the utility of simple organisms for the study of 

intracellular pathogenesis. Although C. elegans possesses several highly conserved transcription 

factors involved in innate immunity, our possibilities to study the mammalian signaling 

pathways specifically targeted by some pathogens are limited in C. elegans model. 
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Moreover, it is probable that many of the virulence mechanisms of different pathogens 

during their infection of humans evolved because they confer a survival advantage in the natural 

ecological niche. Using the models of their natural predators, such as D. discoideum and C. 

elegans might help to study the mechanisms of virulence factor evolution among pathogenic 

organisms. 
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6. Innate Immunity in C. elegans 

6.1. Evasion strategy 

Caenorhabditis elegans feeds on bacteria and is continuously exposed to different kinds 

of chemical, physical and biological dangers. The behavioral response might play an important 

role for recognition and avoidance of such agents to ensure its fitness in the soil. Indeed, C. 

elegans has a sophisticated navigation system which enables it to sense and respond to many 

different physical parameters and chemical substances, resulting in appropriate attraction to 

nutritious substances or repulsion from toxic factors. It has been suggested that as the Toll-like 

receptor homologue TOL-1 is expressed in chemosensory neurons, it may contribute to the 

recognition of a pathogen-associated molecule, which in turn leads to the behavioral changes 

(72). 

6.2. Physical barriers 

Some pathogens are able to adhere to the surface of the worm and enter through mouth, 

vulva and anus (72, 188). The collagenous cuticle surface of the worm clearly represents a major 

protective barrier against pathogens. The mouth of the worm is an important route for infection 

as most of the pathogens can infect the nematode only after ingestion. Microbes entering the 

mouth encounter the pharynx and the grinder, which disrupts and digests bacteria and therefore 

prevents bacterial cells from contacting the intestine. The pharynx deficient worms are 

hypersensitive to P. aeruginosa and S. enterica infections (104, 120, 193, 204). 

6.3. Signalling pathways regulating immune responses in C. elegans 

Partly as a result of the simple and conserved mechanisms, invertebrates have become 

popular subjects in the context of innate immunology. The natural environment of C. elegans is 
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the soil, which is full of potential pathogens and parasites and it would be expected to be able to 

defend itself. The Toll pathway components MyD88 adaptor protein and NFκB transcription 

factor homologs are not present in C. elegans and partial loss-of-function mutation of the single 

Toll-like receptor did not decrease the nematode resistance to several pathogens (103, 168).  

Therefore, in contrast to mammals and insects, the Toll signaling pathway was suggested not to 

play a significant role in C. elegans immune defenses or to be non-funcional (168). One defined 

role of neuronally expressed TOL-1 was its involvement in pathogen avoidance phenotype (168). 

However, a recent report by Tenor and Aballay (207) showed that tol-1 mutants are killed by the 

human pathogen Salmonella enterica, which invades the pharynx of the nematode. The 

mutations in other putative TLR-associated signaling components compromised the C. elegans 

immunity too (207). 

It was shown that evolutionarily conserved signaling pathways are definitely important 

for the nematode immunity to a variety of pathogens: the DAF-2 insulin-signaling pathway (66), 

the DBL-1 or TGF-β pathway (137) and the Toll/IL-1 receptor pathway which functions 

upstream of the p38 mitogen-activated protein (MAP) kinase signaling cascade (104, 132). 

The tir-1 gene is one out of only two C. elegans genes possessing identifiable Toll/IL-1 

receptor domains (103). The TIR-1/PMK-1 p38 MAP kinase pathway (39, 132) is composed of 

the TIR-1 receptor and the downstream core components of the p38 MAPK pathway: the MAP 

kinase kinase kinase NSY-1, the MAP kinase kinase SEK-1, and the MAP kinase PMK-1, which 

are homologous to the mammalian proteins ASK-1, MKK3/6, and p38 MAP kinase, respectively 

(72, 104). sek-1 and nsy-1 mutants display enhanced susceptibility to a range of pathogens (104, 

189). It was hypothesized that the p38 MAP kinase pathway is an ancestral immune signal 

system that initiates the development of TLR-dependent immune signaling pathways (103). 

In addition to the p38 MAP kinase pathway, other evolutionarily conserved MAPK 

signaling systems (103), including the c-Jun amino-terminal kinase (JNK) pathway (105) and the 

extracellular signal-related kinase (ERK) cascade (154), are involved in pathogen sensing and 
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response. Furthermore, there is evidence that at least some of the regulatory pathways interact 

and play roles in various developmental, general stress response and behavioral processes in C. 

elegans. 

The insulin-signaling pathway involves the insulin receptor gene daf-2 (abnormal dauer 

formation) and the age-1. Loss-of-function mutation of daf-2 or age-1 increases lifespan, by 

entering into dauer stage, and resistance to oxidative stress and bacterial infections, all in a daf-

16-dependent manner (84, 102, 224). Recent data suggested that the p38 MAP kinase pathway 

and the DAF-2 insulin-signaling pathway play in parallel in the innate immune response (213). It 

seems that C. elegans possesses a relatively complex innate immune system regulatory network, 

that is no analogy to the well known components of the antimicrobial defenses of Drosophila. 

The DBL-1 pathway is homologous to the mammalian TGFβ signaling cascade (163). 

In addition to the C. elegans body size regulation and male tail formation, it controls the 

resistance to bacterial infection (137). 

6.4. Effector molecules of C. elegans innate immunity 

C. elegans innate immunity lacks the equivalents of phagocytic cells which would 

engulf and destroy the invading pathogen. Therefore the protection against microbes must rely 

on numerous antimicrobial factors or protective proteins predicted by their conservation in other 

animal species or identified in result of their induction in response to microbial challenge (99, 

119, 137, 182). Several major classes of antimicrobial compounds of C. elegans innate immunity 

system were identified and reviewed (119). Lysozymes can degrade bacterial peptidoglycan and 

could act together with amoebapore-like proteins, which belong to the saposin family. The 

saposin family includes lipid-degrading enzymes and pore-forming peptides implicated in 

mammalian innate immunity. There are 10 lysozyme-like and 20 saposin-like proteins encoded 

in the nematode genome. A group of YGGYG family antimicrobial peptides contains 

neuropeptide-like proteins and caenacins or Caenorhabditis bacteriocins, some of which are 
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induced by certain bacterial or fungal pathogens and possess an antimicrobial activity when 

synthesized in vitro. Six ABF (antibacterial factor) peptides were identified based on their 

homology to the ASABF peptides (Ascaris suum antibacterial factor) peptides (99). These 

molecules are similar to insect defensins and recombinant ABF-2 has an antimicrobial activity in 

vitro. Lectins and lipases are likely to contribute to innate immune defenses of C. elegans (137). 

Most of the antimicrobial factors are induced or differentially regulated by certain 

pathogens or certain groups of pathogens via the signaling pathways briefly mentioned above 

(5). Due to the fact that C. elegans normally feeds on microbial blooms found in decaying 

organic matter, their defense system can also be viewed as a digestive apparatus for effective 

disruption and assimilation of different microorganisms, therefore sometimes making the 

distinction between a pathogen and non-pathogen rather loose in case of this organism. 

Despite the advantages in the use of worms for pathogenesis studies, there are still 

several drawbacks which reduce the value of C. elegans as a model host for microbial 

pathogenesis (72). First, the worm lacks an adaptive immune system. Second, it has few or no 

specialized cells equivalent to macrophages and neutrophils, the mobile scavenging phagocytic 

cells found in some other invertebrates such as Drosophila. Another disadvantage is that worm 

experiments cannot be performed at 37°C, the temperature required for expression of certain 

virulence factors by some bacterial pathogens. Finally, C. elegans cannot yet be regarded as a 

model system for viruses and multicellular parasites since none of these has been reported to 

successfully infect the worm. 
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7. Peptidases 

A general term defining all the enzymes hydrolyzing peptide bonds is the peptidase 

(13). Most peptidases are either exopeptidases cleaving one or few amino acids from the N- or 

C- terminus of the polypeptide chain, or endopeptidases that cleave internally. The 

endopeptidases, commonly named proteases or proteinases, are divided on the basis of the 

catalytic mechanism into aspartic, cysteine, metallo-, serine and threonine endopeptidases. 

Additionally, peptidases are classified into clans, subclans and families according to the 

evolutionary relationships of their peptidase domains (171). 

7.1. Proteolysis in pathogenesis and host interactions 

Bacterial virulence factors can be defined as agents that favor invasion, growth and 

reproduction in a host environment by enabling the evasion of host defenses and the acquisition 

of nutritional resources from the host. A great variety of secreted or surface bound proteases and 

their specificities can contribute to the bacterial-host interactions in different ways (9). 

Tissue barriers to pathogen invasion, such as extracellular matrices, epidermal 

keratinocyte layers, blood vessel walls can be targeted by bacterial proteases. Proteolysis of host 

tissue components, such as extracellular matrix proteins, including collagen, laminin, fibronectin 

and elastin, could induce necrotic tissue damage (75, 144). Pseudomonas and Serratia proteases 

can degrade corneal proteoglycan ground substance and cause keratitis (118, 136). Not only can 

multiple pathogen produced proteases be involved in pathological states, but also deregulation of 

the host proteolysis homeostasis contributes to the disease establishment. Host metalloprotease 

activation, protease inhibitor scavenging, induction or inhibition of proteolytic cascades of 

coagulation, complement activation and fibrinolysis – there are numerous ways how bacteria 

could exploit normal host proteolytic enzymes. With many factors involved, prediction of exact 

consequences could be difficult and the role of just one of many proteases involved might not be 
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obvious. Pathological consequences where so called uncontrolled proteolysis plays a significant 

role can result in disease states like rheumatoid arthritis, septic shock, periodontitis, ulcerative 

colitis and corneal ulceration (166). 

The blood clotting system plays a role in the immobilization of invading pathogens and 

prevention of their dissemination. Therefore a proteolytic attack on the blood clot or the 

regulators controlling the clotting process is a way for a bacterium to counteract this host defense 

mechanism. The mammalian fibrin blood clot is dissolved by a plasminogen-based system, 

where plasminogen is activated to a fibrinolytic enzyme plasmin by a set of plasminogen 

activators, which are proteases too. A pathogen can either use an arsenal of its own proteases, or 

induce the host fibrinolytic system(s) to dissolve the fibrin clot (121). Yersinia pestis, the 

causative agent of plague, produces a plasminogen activator Pla, whose inactivation decreases 

the infectivity of the bacterium million-fold in a mouse infection model where the pathogen is 

injected subcutaneously, mimicking a flea bite (194). 

α2-macroglobulin, one of the most abundant proteins in (human) plasma, represents an 

archaic defense system against proteases (9). Members of this protein family have been found in 

nematodes, chelicerates, crustacea, insects, molluscs, echinoderms, tunicates and vertebrates. α2-

macroglobulins bind proteases of all different classes and convey them to a receptor-mediated 

endocytic clearance pathway. In contrast to active site inhibitors, α2-macroglobulins show a 

broad spectrum of reactivity with endopeptidases of diverse origin and diverse catalytic 

mechanism. When a protease cleaves a defined region in an α2-macroglobulin molecule known 

as the bait region, a rapid conformational change of the α2-macroglobulin occurs to enfold the 

protease in a cage-like structure (9, 14). The entrapped protease remains active inside the cage, 

but its effect is limited by the size of substrates entering the cage structure. This protease 

inhibitor is employed by Streptococcus pyogenes, which binds it to the bacterial surface using 

the cell wall attached protein GRAB. Probably the bacterium coverage with α2-macroglobulin 

prevents unwanted proteolysis by host and pathogen derived proteases, and protects the 
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Streptococcus from antibacterial peptides, as usually their small size allows penetration to the 

molecular cage with an entrapped active protease inside (157, 170). 

The complement system, consisting of more than 30 plasma or cellular proteins, is a 

vertebrate innate immune system activated by a pathogen via a proteolytic cascade of conserved 

factors leading to opsonization, phagocytosis and/or direct disruption of the invading organism 

by a membrane attack complex (MAC) formation. Interference with this system is also used by 

bacteria to evade killing by a host (173).  An oral anaerobe Porphyromonas gingivalis, causing a 

periodontal disease in humans, produces a C3 complement component degrading protease PrtH, 

important for the protection of this bacterium against phagocytosis by neutrophils (42). Cysteine 

proteinases known as gingipains and other proteases found associated with vesicles shed from 

the surface of this bacterium can cleave and inactivate other complement system components as 

well (94). 

Possession of activities for inactivation, modulation and degradation of the immune 

system components is a rather common feature of various pathogens. The group A streptococci 

express two immunoglobulin degrading cysteine proteinases IdeS and SpeB, which can 

specifically cleave IgG at the hinge region, thus removing the Fc portion from immunoglobulins 

attached to the bacterial surface and helping the bacteria to evade recognition by the immune 

system (225). Several important pathogens, those having contact with host mucosal surfaces 

during infection: Neisseria gonorrhoeae, Neisseria meningitidis, Haemophilus influenzae, 

Streptococcus pneumoniae and Streptococcus sanguis, produce extracellular proteases which 

specifically cleave IgA1 (165). 

In some cases bacterial proteases directly act as toxins responsible for the disease. 

Clostridial neurotoxins are zinc metalloproteases specifically cleaving a membrane protein of 

synaptic vesicles, called synaptobrevin. The synaptobrevin proteolysis prevents neurotransmitter 

release, which results in paralysis of the host (164). 
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Pathogen produced proteases might modulate bacterial virulence factor activities, for 

example hemagglutinin/protease (as well as other, including host, proteases) is able to process 

and activate the cholera toxin and the hemolysin from V. cholerae (23, 152). 

Host protein degradation can provide the bacterium with limiting nutrients. Proteins are 

the principal energy source for some bacteria, like Porphyromonas gingivalis. Furthermore, 

some essential nutrients for bacteria, like iron and vitamins, can be sequestered by the host in a 

protein-bound form to limit their availability for the pathogen (43). 

7.2. Processing of extracellular proteases 

Due to potential danger of proteases to the producing organism, mechanisms for the 

control of the proteolytic activity during synthesis and transport of these enzymes evolved. 

Usually proteases are produced as inactive precursors and activated later by limited proteolysis. 

Alternatively, protease inhibitors might interact with proteases to keep them in an inactive state 

(122, 220). Bacterial extracellular proteases are synthesized as inactive precursors with a peptide 

segment (the propeptide) of variable length and location which might generally function to 

maintain a protease in an inactive state, alter its specificity,  promote correct folding, act as a 

membrane anchor or/and play a role in the secretion process. The propeptides are rarely found in 

other extracellular enzymes than proteases. At least in some cases, for example in subtilisin 

protease family, protease activity is required for the secretion process (220). 

Extracellular metalloproteases PrtB and PrtC of the plant pathogen Erwinia 

chrysanthemi are kept inactive in the periplasm not only by their propeptide domains, 15 and 17 

amino acids respectively, but also by a periplasmic protease inhibitor produced by the bacterium 

(221). 
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8. Secreted V. cholerae peptidases 

8.1. Hemagglutinin/protease 

The zinc metalloprotease of V. cholerae called hemagglutinin/protease belongs to a 

large and well defined metalloprotease family M4 (171). Paradigm proteins from this family 

include thermolysin or neutral proteinase from Bacillus thermoproteolyticus, pseudolysin or 

elastase from Pseudomonas aeruginosa, and others. The peptidases of this family are 

characterized by possession of a conserved HEXXH motif involved in the catalytic zinc ion 

complexation. The zinc in the active centre is tetrahedrally coordinated. Other zinc ligands are an 

acidic amino acid (glutamate) located 20-33 residues C-terminal to the HEXXH, and an 

activated water molecule. Common inhibitors for thermolysin-like proteases are metal chelators 

EDTA and 1,10-phenanthroline, phosphoramidon from Streptomyces tanashiensis. Protein 

inhibitors include Streptomyces metalloprotease inhibitor and an inducible metalloprotease 

inhibitor from the Galleria mellonella moth. 

Proteases of this family from species V. proteolyticus, V. anguillarum, V. vulnificus and 

V. cholerae are known under a common name of vibriolysin. Vibriolysin possesses a unique C-

terminal 10 kDa cleavable domain involved in substrate or erythrocyte surface binding (144). 

Vibriolysin in V. cholerae was initially identified as hemagglutinin which could 

agglutinate a certain type of chicken erythrocytes, called responder erythrocytes (74). However, 

hemagglutination was found to be a property of various proteases, including host proteases, 

therefore this feature should not be considered as a distinction of vibriolysin-like enzymes (24). 

Hemagglutinin/protease, also called mucinase or detachase, is a secreted V. cholerae 

metalloprotease which shows activity for fibronectin, ovomucin and lactoferrin; nicks cholera 

toxin A subunit, and although is not necessary for intestinal colonization, might be involved, 

directly or not, in the pathogenesis of cholera disease (23, 24, 61, 153). V. cholerae is often 

found in biofilms or associated with various surfaces in its natural aquatic environment; therefore 
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an abundantly secreted hemagglutinin/protease can be viewed as a factor involved in bacterial 

detachment and spreading from already formed biofilm structures in natural habitats, when 

entering human host as biofilm particles and when disseminating from intestinal colonization 

sites (60, 229).  Another possible functional role of this protease is V. cholerae protection against 

phage infection and therefore control of potential virulence gene transfer, as has been shown for 

CTXΦ (106). 

The protease hap (or hapA) gene encodes a protein of predicted 47 kDa molecular mass 

and is usually purified as a 32 kDa processed form (77). 

In addition to regulation by quorum sensing, the hap expression is growth phase 

dependent,  induced upon nutrient limitation, repressed by glucose, and cAMP-catabolite 

receptor protein (CRP) complex enhances its production (16). Efficient transcription of hap also 

requires rpoS sigma factor and neither CRP nor HapR were found to directly bind the promoter 

region of this protease gene (190). 

8.2. Vibrio aminopeptidase 

Vibrio aminopeptidase is alternatively named Aeromonas proteolytica aminopeptidase 

and bacterial leucyl aminopeptidase (30). Initially purified from the culture supernatant of Vibrio 

proteolyticus (synonym Aeromonas proteolytica), the enzyme exhibits a broad specificity in 

releasing N-terminal residues of oligo- and polypeptides. It preferably cleaves large hydrophobic 

residues, basic amino acids and proline, but not aspartic, glutamyl or cysteic acids. The active 

form of the peptidase is about 30 kDa and contains 2 zinc ions in its catalytic pocket (30). 

The lap gene in V. cholerae encodes a Vibrio aminopeptidase protein of 54 kDa 

calculated molecular mass, is found in a 42 kDa form and undergoes further processing which 

results in the 34 kDa active enzyme (212). The ORF located directly upstream of lap could 

encode a protein of predicted 27 kDa mass which seemed to play a role in secretion of the 
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recombinant aminopeptidase in E. coli, because its deletion produced clones with no proteolytic 

activity (212). 

8.3. The PrtV protease 

V. cholerae PrtV (protease of V. cholerae) protease belongs to an M6 family of 

metallopeptidases, with the best characterized member of the family being an Immune inhibitor 

A (InA or InhA) from Bacillus thuringiensis, a bacterium widely used in agriculture to control 

insect pests (171). The M6 metallopeptidase family displays a HEXXHXXGXXD motif, where 

the two histidines and the aspartate are zinc ligands, and the glutamate is predicted to be the 

catalytic residue (171). 

The Immune inhibitor A from B. thuringiensis was identified as one of extracellular 

factors which block the humoral defence system of Hyalophora cecropia against E. coli but not 

B. subtilis or B. cereus (53, 187). Injection of the purified protease into Callosamia promethea 

pupae and Drosophila melanogaster caused lethality (187). The purified InhA preparation 

showed weak proteolytic activity on casein, but was more active in degrading several 

antimicrobial peptides from the hemolymph of Hyalophora cecropia pupae: attacins (23 kDa) 

and cecropins (37 amino acids). The study of the specificity of the enzyme towards a synthetic 

and a natural cecropin peptide did not identify any distinct pattern, as a number of peptide bonds 

were cleaved: 

KWKL/FKK/IEK/VG/Q/N/IRDG/IIKA/GPAVA/V/VGQAT/QIAK. 

It was concluded, that the proteolytic attack could be of broad specificity because 

cecropins are largely folded in a random coil conformation in solution, therefore an open 

structure of the substrates makes them susceptible to the InhA protease. Globular proteins 

ribonuclease and myoglobin only became susceptible to InhA upon either reduction or alkylation 

of disulphide bridges, or fragmentation with cyanic bromide. 
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Both sterile supernatants of InhA producing strains and pure enzyme injected into the 

Lepidopteran Trichoplusia ni fifth instar larvae caused blackening and death within 24 hours 

(135). An LD50 was estimated to be 12.5 ng InhA per 1 mg larva. Since Bacillus thuringiensis is 

not affected by cecropins and attacins, and inducible antimicrobial peptide degradation should 

not cause toxicity for insects, existence of other physiological substrates was suggested, possibly 

neuropeptides or hormones. 

InhA was purified as a 78 kDa protein stabilized by divalent metal ions like Ca2+ or 

Mg2+, and reducing agents dithioerythritol and 2-mercaptoethanol. Ca2+ was reported to 

reversibly inhibit the enzyme at higher (10 mM) concentrations (44). The enzyme was inhibited 

by metal ion chelators EDTA and 1,10-phenanthroline, but not phosphoramidon or serine and 

aspartic protease inhibitors (44, 135). 

The expression of inhA is initiated at the onset of sporulation in B. thuringiensis, but it 

is not essential for growth or sporulation (71). A homologous InhA protease of 73 kDa and its 

smaller processed products are found in an active form on the exosporium of the opportunistic 

human pathogen Bacillus cereus (28). A second copy of the inhA gene, named inhA2 was 

identified in Bacillus thuringiensis strain 407, but deletion of both genes did not reduce killing 

efficiency of B. thuringiensis cells or spores when injected to a silkworm Bombyx mori larvae 

(57). The inhA2, not inhA, gene was shown to be necessary but not sufficient for B. thuringiensis 

407 Cry- strain spore pathogenicity against orally infected Galleria mellonella larvae (56, 57). 

Recently an InhA protease was purified from the culture supernatant of a Bacillus 

anthracis strain (35). Due to autoproteolysis the InhA preparation resulted in a proteolytically 

active mixture of 46 kDa N-terminal and 18 kDa C-terminal fragments. The activity was 

inhibited by EDTA, 1,10-phenanthroline, but not efficiently by phosphoramidon or galardin. 

High concentrations of dithiothreitol, but not milder thiol-reducing compounds cysteine and 2-

mercaptoethanol, were also inhibitory. Caseinolytic activity was inhibited by Cu2+, Fe2+, Zn2+, 

partially by Ni2+, not by Ca2+, Mg2+ or Mn2+ at 1 mM concentration. InhA from B. anthracis 
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cleaved fibronectin, collagen type I, collagen type IV, laminin, α1-proteinase inhibitor, 

fibrinogen (all α-, β- and γ- chains) and plasminogen. Plasminogen cleavage did not activate its 

proteolytic activity. α2-antiplasmin was cleaved, but the cleavage did not abolish its inhibitory 

activity for plasmin. Coincubation of plasminogen and urokinase type plasminogen activator 

(uPA) with InhA elevated the initial rate of uPA-mediated plasminogen activation, suggesting 

that InhA might be a modulator of the plasminogen activation cascade. Interferon-γ, IgG and 

IgM were not degraded, while mucosal IgA seemed to be partially cleaved. A protein syndecan-

1, involved in the maintenance of epithelial monolayer barrier permeability, cytoskeleton 

organization, and intercellular signalling, was shed from NMuMG epithelial cells when these 

were incubated with the protease. None of the metalloprotease inhibitors however were effective 

in prevention of InhA mediated soluble syndecan-1 release. In vitro digestion of a recombinant 

glutathione-S-transferase fusion protein with syndecan-1 determined the cleavage site to be at 

Gly48-Thr49 position. InhA of B. anthracis was therefore speculated to contribute to the 

pathogenicity of this bacterium (35). 

 

The V. cholerae prtV gene located in a monocistronic operon within a putative 

pathogenicity island encodes a protein of predicted 102 kDa size. Expression of the gene in E. 

coli produces a protein of approximately 102 kDa. Inactivation of the prtV gene by a kanamycin 

cassette insertion had no effect on hemolytic properties or colonization and virulence potential in 

an infant mouse model of infection (171). 
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9. Bacterial melanins and pathogenesis 

Melanins are negatively-charged hydrophobic biopolymers of high molecular mass 

composed of polymerized phenolic and/or indolic compounds (155, 156). Characteristically they 

are dark-colored, amorphous, generally insoluble, resistant to concentrated acids and susceptible 

to bleaching by oxidizing agents. One of the unique properties of melanins is their stable organic 

free-radical nature. Melanins are commonly black compounds, but other color variations can 

occur. Melanins derived from L-DOPA (L-dihydroxyphenylalanine) are called eumelanins and 

are black or brown. Yellow or reddish melanins which incorporate cysteine with L-DOPA are 

referred to as pheomelanins. Brownish melanins formed from homogentisic acid (HGA) are 

called pyomelanins. The above mentioned melanins are products of L-tyrosine metabolic 

intermediates. Another type of black or brown melanins is derived from acetate via the 

polyketide synthesis pathway and is called dihydroxynaphthalene melanin. 

Mostly studied in fungi and higher organisms, melanins are believed to give a survival 

advantage in the environment by conferring resistance to photo-induced damage of UV 

irradiation, ability to scavenge free radicals and bind a variety of compounds, including heavy 

metal ions, antibiotics or other antimicrobial factors (155). 

Many environmental bacteria and several bacteria pathogenic to humans are able to 

produce melanin-like pigments (29). Some strains of an opportunistic human pathogen 

Burkholderia cenocepacia are able to produce a melanin-like pigment from a homogentisic acid 

(HGA) intermediate (100). The melanin can scavenge superoxide radicals released in response to 

a bacterial LPS by the respiratory burst of neutrophils (235). Therefore melanin can provide 

protection for bacteria against free radical killing, and was reported to increase B. cenocepacia 

resistance to free radicals and could be involved in the survival strategy of this bacterium to 

persist intracellularly within phagocytic cells or in biofilms inside the lungs of cystic fibrosis 

patients (100). 
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A pyomelanin production by Legionella pneumophila is mediated by a lly gene which 

encodes for a 4-hydroxyphenylpyruvic acid dioxygenase converting a tyrosine catabolite 4-

hydroxyphenylpyruvic acid to a homogentisic acid (HGA). The deletion of lly reduced the 

strain’s ability to resist visible light radiation, but did not affect its intracellular survival (198). 

Recently pyomelanin from L. pneumophila was demonstrated to possess a ferric reductase 

acivity which might influence iron acquisition and assimilation properties of this pathogen, a 

significant trait of bacterial pathogenesis in general (29). 

Vibrio cholerae 569B Classical Inaba hypertoxinogenic Htx-3 strain mel mutants were 

derived by chemical mutagenesis and screened for a brown-pigment production phenotype, 

providing evidence of a melanin production pathway in this pathogenic bacterium (92). The 

production of pigment in mel mutants was stimulated by L-phenylalanine, L-tyrosine or L-

tyrosine with L-cysteine added to a growth medium. The melanin from V. cholerae was 

heterogenous in molecular mass, ranging from less than 3500 to greater than 400,000 as 

determined by dialysis and gel-filtration (91). Melanization was stimulated by alkaline pH and 

addition of copper ions into the growth medium. In L-tyrosine containing media V. cholerae 

strain 569B produced the pigment in response to environmental stimuli such as hyperosmotic 

stress, low initial pH and nutrient limitation (40). Ruzafa et al. (175) and Kotob et al. (112) 

demonstrated that V. cholerae melanin originates from a homogentisic acid, whose presence and 

accumulation was detected by HPLC analysis. 
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Aims of the thesis 

• Explore the nematode C. elegans as an invertebrate model for V. cholerae 

infection and for predator interactions 

 

• Identify bacterial factors relevant for V. cholerae infection in C. elegans 

 

• Characterize the PrtV protein found to be important for lethal V. cholerae 

infection of C. elegans intestine 

 
• Characterize pigment production in V. cholerae and its effect on bacterial 

environmental survival and virulence 

  



 49

Results and Discussion 

Article I 

A number of different invertebrate infection model systems have been described in the 

past few years that allow multidisciplinary studies of host–microbe interactions from the 

perspectives of both the pathogen and the host. A variety of bacterial species involved in 

mammalian pathogenesis can infect and kill non-mammalian hosts (167, 188, 199, 218, 223). 

We tested Caenorhabditis elegans as a potential host for V. cholerae. Regardless of the 

serogroup, some clinical and environmental V. cholerae strains were able to infect and kill the 

nematodes. Killing efficiency was found to be dependent on quorum sensing regulators. In-frame 

deletion of luxO produced hypervirulent strains, while hapR mutated strains were attenuated in 

killing (Fig. 4). The main V. cholerae virulence factor cholera toxin did not appear to affect the 

C. elegans killing efficiency. Therefore we took a candidate gene approach to find factors 

potentially important in the nematode infection model. By mass-spectrometry the most abundant 

secreted proteins were determined in WT and ΔluxO V. cholerae strains compared to a ΔhapR 

mutant which had significantly lower levels of several extracellular proteins. Peptidases HA/P, 

Lap, LapX and PrtV were abundantly secreted from C6706 (WT) V. cholerae and their levels 

were under control by above mentioned quorum sensing regulators. In frame deletions of the 

genes encoding these peptidases were created and after testing in a C. elegans killing assay it 

was evident that only depletion of the PrtV protease clearly attenuated the V. cholerae ability to 

cause a lethal infection (Fig. 4). 
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Fig. 4. Nematode killing efficiency of defined V. cholerae quorum sensing regulatory 

mutants and selected protease deficient strains. 

 

The PrtV protein shares 37 % identity with Immune Inhibitor A (InhA) from Bacillus 

thuringiensis – a protease which rapidly degrades several antimicrobial peptides in vitro and its 

paralog InhA2 is required for a lethal insect larvae infection. The genes for PrtV homologs are 

found in other environmental bacteria, including species of Vibrio, Shewanella, Clostridium, 

Geobacillus and Bacillus. Therefore, a working hypothesis for a function of PrtV is that it might 

protect V. cholerae from antibacterial peptides produced by hosts/predators in natural aquatic 

environments of this bacterium or degrade other physiologically important substrates. V. 

cholerae and its derivative strains with in-frame deletions of quorum sensing regulators and prtV 

were tested in a co-culture with model protozoan grazing predators Tetrahymena pyriformis and 

Cafeteria roenbergensis. The data from this experiment also supported the suggestion that the 

quorum sensing cascade and the PrtV protease have a role in V. cholerae resistance to natural 

grazing predators in its natural environmental niche. 

An additional finding was the increased interleukin-8 (IL-8) secretion in human 

epithelial intestinal cells exposed to a V. cholerae ΔprtV mutant culture supernatant, compared to 

that of a parental strain, suggesting a role for this protease in modulating the mammalian host 
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response. Considering the proteolytic activity of the PrtV protein, the observed effect could be 

indirect and might result from processing of some other secreted V. cholerae factor(s). 

Although no invertebrate model system reproduces all aspects of mammalian infection, 

an advantage of many non-vertebrate hosts is that it is possible to use them in high throughput 

studies designed to scan the whole genomes of the microorganism for virulence-related genes or 

to scan chemical libraries for antimicrobial compounds. Moreover, many non-vertebrate hosts 

are genetically tractable and they can be used to study host innate immunity (8, 11, 130, 174) 

Nevertheless, the invertebrate host model systems currently available provide 

researchers with many new tools for studying microbial properties such as bacterial and fungal 

virulence and pathogenicity. 

In our study we found that the C. elegans infection model system can be used to analyze 

the factor(s) that are important for the environmental survival against predator grazing. 
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Article II 

To further study its properties, the PrtV protease was purified from the optimized 

culture supernatant of a V. cholerae derivative strain deficient in other abundantly expressed and 

secreted peptidases: HA/P, LAP and LapX. The PrtV is synthesized as a 102 kDa protein, but 

undergoes several N- and C-terminal processing steps during V. cholerae envelope translocation 

and prolonged incubation. Two main forms of the enzyme were purified. Both 77 kDa and 70 

kDa proteins were lacking an N-terminal pro-domain of approximately 136 amino acids (Fig. 5). 

The major 77 kDa enzyme form contained one out of two C-terminal polycistic kidney disease 

(PKD) domains, while the 70 kDa PrtV form was lacking both PKD domains. The PKD domain 

contains an Ig-like fold and is implicated in protein-protein or protein-carbohydrate interactions 

of extracellular protein parts (26, 62). The PKD domain of the PrtV protease probably has a 

similar function as a related Ig-fold like domain PPC (bacterial pre-peptidase C-terminal 

domain) (62). The PPC domain is normally found at the C terminus of secreted archaeal and 

bacterial peptidases, including the M4 family protease HA/P from V. cholerae. The PPC domain 

is absent in the active peptidase forms. Two C-terminal PKD domains are also found in a 

chitinase (ChiA-2 encoded in VC_A0027 locus) from V. cholerae (62). The predicted PrtV 

proteins from other Vibrio strains also possess two PKD domains at the C-terminus, while 

currently known PrtV homologues from species of Shewanella contain either two or one PKD 

domain. Other M6 family peptidases from species of Gram-positive bacteria e.g. Bacillus, 

Geobacillus, Clostridium, Streptomyces, Kineococcus and Anaeromyxobacter, do not possess 

PKD domains (62). The M6 family peptidase from the marine Gram-negative bacterium Hahella 

chejuensis does not contain the PKD domain. If there is any tendency then it seems that the PKD 

domain is usually present in M6 peptidase sequences from Gram-negative bacteria, but not found 

in Gram-positive organisms. 
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Purified V. cholerae PrtV protease was stabilized by calcium ions. Removal of calcium 

resulted in rapid autoproteolysis of the enzyme to produce two interacting domains originating 

from the initial PrtV protein of 77 or 70 kDa mass (Fig. 5). The two parts after autoproteolysis of 

the PrtV protease were approximately 33 and 18 kDa in mass, but could not be separated using 

non-denaturing conditions. Therefore it was concluded that these autodegradation products 

interact with each other and retain the proteolytic activity towards fluorescein-labeled gelatin and 

other tested substrates. 

 

Fig. 5. Schematic representation of the identified PrtV protein forms. 

 

PrtV proteolytic activity was enhanced by divalent metal ions Sr2+, Ca2+ and Mg2+, and 

monovalent metal ions K+, Na+ and Li+. Complete inhibition by metal ion chelators EDTA and 

1,10-phenathroline confirmed that PrtV is a metalloenzyme (Fig. 6). 
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Fig. 6. Inhibition of PrtV by metalloprotease inhibitors. 

 

Using the HCT8 human intestinal cell line we have shown that PrtV protease detached 

cultured mammalian cells and was cytotoxic. To further characterize the enzyme specificity we 

used human blood plasma and purified human plasma proteins as a source of potential PrtV 

substrates. Extracellular matrix components fibrinogen and fibronectin were rapidly degraded by 

the protease. The human plasminogen was also degraded by the PrtV protease. 
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Article III 

In our previous study [Article I] we observed that the IL-8 levels expressed by the 

cultured human intestinal epithelial T84 cells was increased when the tissue cells were exposed 

to bacterial culture supernatant of the V. cholerae ΔprtV  strain in comparison to the parental 

C6706 strain. We considered that some unknown secreted immuno-reactogenic bacterial 

factor(s) from V. cholerae, that can induce an increased level of IL-8 in the cultured human 

intestinal epithelial cell line, could be degraded by the PrtV protease. In the presence of the PrtV 

protease the postulated unknown factor would be degraded and the induction of IL-8 would 

become less efficient. V. cholerae cytolysin VCC is known to be processed and activated by 

several host and bacterial proteases (4, 152). We monitored the VCC protein level in V. cholerae 

culture supernatants using a series of defined mutant derivatives affected either in global 

regulation of several secreted proteolytic enzymes or in production of selected peptidases 

including HapA, PrtV, Lap and LapX. In the absence of PrtV, the level of VCC was clearly 

increased in comparison to the wild type strain. Both PrtV and HA/P proteases were found to 

modulate the VCC, which is one of the important effector proteins in V. cholerae virulence. 

VCC proteolysis was confirmed using purified PrtV protease and purified cytolysin 

protein in vitro (Fig. 7). 

Our findings showed that the PrtV protease reduced the activity of VCC. We suggest 

that it is involved in modulation of V. cholerae reactogenicity and VCC is a factor which may 

stimulate IL-8 release in host cells. 
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Fig. 7. Degradation of pro-VCC by PrtV. The PrtV effect on the stability of pro-

VCC/HlyA protein was examined by SDS-PAGE analysis and Coomassie blue staining after 

incubation at 37 °C. Lanes 1&8 - pure VCC/HlyA protein before treatment with PrtV; lanes 2-7 - 

VCC/HlyA protein incubated with PrtV protease: 2 (1min), 3 (5 min), 4 (15 min), 5 (30 min), 6 (60 

min) and 7 (120 min). M – protein molecular mass marker. 
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Article IV 

Pigmentation is considered to be one of important microbial traits involved in resistance 

to oxidative damage, UV and visible light radiation, heavy metals and other antimicrobial factors 

(155). Melanin-like pigments are commonly produced by a variety of organisms including fungi, 

bacteria and helminthes (155). The bacteria from genera of Aeromonas, Legionella, 

Streptomyces, Pseudomonas, Bacillus, Hyphomonas and Shewanella produce melanin-like 

pigments. In some cases the ability of a microorganism to produce melanin has been related with 

pathogenicity and virulence for their hosts by reducing the pathogen susceptibility to host 

defense mechanisms (155, 156). 

Using random transposon mutagenesis we identified the locus of a pigment producing 

V. cholerae derivative to be mutated in a putative homogentisate 1,2-dioxygenase gene, a part of 

a tyrosine catabolic pathway (Fig. 8). The mutation induced the accumulation of homogentisic 

acid, a tyrosine metabolism intermediate. Spontaneous oxidation of homogentisic acid initiates 

the formation of a brown pigment, called pyomelanin (175). We tested whether the melanin 

producing mutant SNW29 would be altered with respect to resistance against UV irradiation in 

comparison with the wild-type strain A1552. We observed that the melanin pigment producing 

mutant was more resistant against UV light. In order to investigate the link between pigment 

formation and virulence factor expression in V. cholerae, the expression levels of the toxin co-

regulated pili and cholera toxin were investigated. There was an increase of TcpA and, to some 

extent, of cholera toxin production in the pigment overproducing strain in comparison to the wild 

type strain. Moreover, the pigment producing mutant SNW29 showed a 5-fold increase in the 

ability to colonize the infant mice intestines when compared with the wild type strain A1552. 

Taken together, the pyomelanin overproducing strain of V. cholerae could modulate the 

resistance of this bacterium to UV light and had a modest effect on virulence factor production; 

however the mechanisms behind these phenotypes remained unknown. Several possibilities 
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exist. The pyomelanin or its precursors could directly protect V. cholerae by absorption of 

damaging light. Alternatively, the pigment, being a stable radical itself, could theoretically 

induce the bacterial response and thereby prepare the bacteria to become less prone to UV or 

oxidative damage. These hypotheses will need further experimental testing though. How the 

mutation of homogentisate 1,2-dioxygenase gene and/or pigment production interferes with the 

signaling cascades leading to virulence factor production and to effects on the infection process 

remains an open question too. 

 

Fig. 8. Tyrosine catabolic pathway in Vibrio cholerae. Mutation of a putative homogentisate 

1,2-dioxygenase encoding gene results in brown pigment production. A – SNW29 strain; B – A1552 

strain. 
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Conclusions 

 

• Both environmental and clinical strains of V. cholerae can establish a lethal 

non-persistent infection of the C. elegans intestine (Article I) 

 

• The quorum sensing regulated protease PrtV significantly influences the 

nematode killing efficiency of V. cholerae (Article I) 

 

• The PrtV protease is a calcium stabilized metalloenzyme (Article II) 

 

• The PrtV metalloprotease can degrade mammalian extracellular matrix 

components and plasminogen, and affects V. cholerae virulence factor VCC 

stability (Article II & III) 

 
• Increased pyomelanin pigment production in V. cholerae causes enhanced 

virulence factor expression and bacterial colonization in the mouse infection 

model (Article IV) 
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