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ABSTRACT 

Vibrio is a genus of gram-negative bacteria comprising nearly 70 species and they are clinically 

human pathogens that can cause many infections. This study is mainly based on two species such 

as Vibrio cholerae O1 El Tor, which cause cholera disease and Vibrio mimicus, that cause 

gastroenteritis, open wounds infection, and septicemia. Therefore, this thesis aimed to study the 

effect of their virulence factors;  melanin pigment, LuxO protein, ToxR protein, outer membrane 

proteins and vesicles on survival strategies; biofilm, rugose morphology and intracellular 

survival of V. cholerae and V. mimicus in Acanthamoeba castellanii using cell culture, viable 

cell count, gentamicin assay, vital staining, light-, fluorescent- and electron microscopy, 

microphotography, spectrophotometry, protein expression and isolation analysis, constructing 

internal in-frame gene deletion mutants and statistical analysis.                                                                                                                                      

The results showed that V. cholerae mutant strain produced more melanin, showed increased 

UV resistance, expressed  more toxin-coregulated pilus and cholera toxin and also increased 

colonization of infant mouse model compared to the wild-type V. cholerae. These findings 

suggest a possible role of melanin pigment formation in V. cholerae virulence factor expression.  

V. mimicus had an enhanced growth in presence of A. castellanii and showed an intracellular 

behaviour in the amoeba. The bacteria were localized in the cytoplasm of amoeba trophozoites 

and the intracellular bacteria were viable for more than 2 weeks. Surprisingly, the toxR mutant 

of V. cholerae produced outer membrane protein T, significant biofilm and rugose colonies 

compared to the wild- type that produced OmpU, which showed decreased biofilm and did not 

form rugose colonies at 30°C. However, during the association with the amoebae it was 

observed that A. castellanii enhanced the survival of V. cholerae wild type compared to toxR 

mutant strain at 37°C. Interestingly, neither the wild- type nor toxR mutant strain could form 

rugose colonies in association with the amoebae. Therefore it shows that ToxR does seem to 

play some regulatory role in the OmpT/OmpU expression shift, the changes in biofilm, rugosity 

and survival with A. castellanii, suggesting a new role for this regulatory protein in the 

environments. Interestingly, outer membrane protein A (Omp A) suppressed the survival of 

alone cultivated wild-type V. cholerae, whereas the ompA mutant released more outer 

membrane vesicles and inhibited the viability of the amoebae. Co-cultivation of bacterial 

strains with A. castellanii enhanced the survival of both wild-type and ompA mutant but OmpA 

protein has no effect on attachment, engulfment and intracellular growth of V. cholerae. 

In conclusion, this study based on the role of virulence factors on environmental survival 

strategies of V. cholerae and V. mimcus has demonstrated that melanin pigment plays an 

enhanced  role in virulence and virulence factor expression of the bacteria such as resistance for 

UV- light, expression of  toxin-coregulated pilus, cholera toxin and colonization ability. 

V. mimicus shows an intracellular growth and survival in A. castellanii and neither LuxO 

regulator nor protease have role on the intracellular behaviour, which is reported for the first time. 

The regulatory protein ToxR of V. cholerae suggests a new role in the expression of 

OmpT/OmpU and in the formation of biofilm, switching morphotypes from smooth to rugose 

colony and in association with the free living amoeba A. castellanii. 

The outer membrane protein A of V. cholerae suppresses the survival of alone cultivated wild-

type V. cholerae and has no effect on attachment, engulfment and intracellular growth of V. 

cholerae interacted with the amoebae, whereas ompA mutant released more outer membrane 

vesicles, which inhibits the viability of amoebae. 

Keywords: Vibrio cholerae, Vibrio mimicus, melanin, Acanthamoeba castellanii, co-cultivation, 

gentamicin assay, outer membrane proteins, vesicles, rugose, biofilm, intracellular survival 
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1 INTRODUCTION 

 

Vibrio is a genus of Gram-negative bacteria that comprise nearly 70 species (1) including Vibrio 

cholerae, Vibrio parahaemolyticus and Vibrio mimicus. Vibrio species are known to produce 

multiple extracellular cytotoxins and enzymes, which are associated with extensive tissue 

damage that may lead to the development of sepsis.  

V. cholerae  is classified into more than 200 serogroups based on the O antigenic structures(2). 

However, only serogroup O1 and O139 possess cholera toxin gene and produce cholera toxin 

causing epidemic and pandemic cholera that affects many millions annually (3-6). 

The toxin-coregulated pilus, a type IV bundle-forming pilus required for intestinal colonization 

by V. cholerae is the other major virulence factor produced by V. cholerae. Expression of these 

virulence factors, cholera toxin and toxin-coregulated pilus are coregulated by a cascade of 

transcription factors (7-10).  

V. cholerae species are straight or curved rods widely distributed in aquatic environments (11). 

Evidence suggests that V. cholerae is a component of the autochthonous flora of brackish water, 

estuaries, and salt marshes of coastal areas of the temperate zone, posing an ongoing hazard to 

public health (12, 13). Various V. cholerae O1 strains have become endemic in many regions in 

the world, including Australia and the Gulf Coast region of the US (4, 14). Cholera outbreaks 

are thought to have resulted from consumption of raw, undercooked, contaminated, or re-

contaminated seafood since V. cholerae is transmitted primarily by the faecal-oral route, 

indirectly through contaminated water supplies (13, 15-18). 

Melanization has been considered to be important in microbial pathogenesis because of its 

association with virulence in many microorganisms (19, 20). Melanin appears to contribute to 

virulence by reducing the susceptibility of melanized microbes to host defense mechanisms. 

Although melanin pigments are not considered essential for the growth of microorganisms, they 

can increase the survival of microorganisms by various means like protecting DNA and other 

molecules from UV light, enhance virulence, inhibit biofilm degradation, protect enzymes from 

proteases, and protect microorganisms from hydrolytic enzymes, and they may even act as 

proton and nutrient sinks in biofilm (21, 22). Melanization, and its consequences for mammalian 

virulence, has been most extensively studied in Cryptococcus neoformans (20). The pathway of 

tyrosine metabolism, which could lead to pigment formation, involves two branches: melanin 

formation via the hydroxyphenylalanine intermediate, which requires tyrosinase activity, and 



 

2 

tyrosine catabolism involving homogentisic acid (HGA) formation and its further conversion to 

maleylacetoacetic acid (23). HGA is the main p-diphenolic intermediate of the normal L-

tyrosine catabolism pathway in animals and bacteria. HGA is known to autooxidize, leading to 

the formation of reddish-brown pigment called pyomelanin, HG-melanin, or ochronotic 

pigment. In vitro studies have shown that HGA auto-oxidation is catalyzed by Mn2 and involves 

H2O2 formation during the reaction (23-25). Several bacterial species are known to produce 

pigment via the HGA intermediate, including Shewanella colwelliana, Hyphomonas species, 

and Legionella pneumophila (25, 26). Most of the V. cholerae strains do not form any detectable 

pigment under normal experimental growth conditions normally used, however some pigmented 

mutants were detected after Nmethyl-N-nitro-N-nitrosoguanidine induced mutagenesis (19, 27). 

The mutated gene(s) in such mutants remains unverified. It has been shown that pigment 

production in V. cholerae can be induced in response to stress, particularly hyperosmotic shock 

and elevated temperatures (7, 28-30). The pigment formation is initiated in late-exponential to 

postexponential growth phase of the bacteria (7, 29). V. cholerae is a member of a relatively 

large group of environmental bacteria that produce melanins, including species of Aeromonas, 

Burkholderia, Caulobacter, Mycobacterium, Proteus, Pseudomonas, Serratia, and Legionella 

(28). Melanins are also broadly distributed among eukaryotic microorganisms, including fungi 

and protozoa (20, 31). The HGA branch is believed to be the only catabolic pigment-producing 

branch present in V. cholerae (25, 32). 

Vibrio mimicus shares similar properties with V. cholerae such as existence of similar virulence 

associated genes, namely cholera toxin as well as toxin co-regulated pilus genes (33) and both 

species possess LuxO protein that regulates protease activity(34). V. cholerae adopts several 

survival strategies in aquatic environments. The bacterium can survive as free-living or in 

association with phytoplankton/zooplankton, crustaceans, and molluscs in coastal and estuarine 

environments (35). V. cholerae forms biofilms on biotic and abiotic surfaces, thereby protecting 

themselves from toxic compounds, such as antibiotics, thermal stress, and predation (36) with 

this exopolymer barrier(37) . The bacterium has been described to switch between the smooth 

and rugose colony morphotypes contributing to its environmental survival. The 

exopolysaccharide (EPS) materials of rugose colony-forming V. cholerae strains absent from 

smooth colony V.cholerae were described as a heavy, fibrous, electron-dense, ferretin-stained 

layer surrounding the cells(38). The cell surface of EPS materials confers a rugose colony 

morphology and resistance to osmotic and oxidative stresses. The regulation of EPS synthesis in 

bacteria is complex and involves multiple systems utilizing both positive and negative regulation 

(38). 
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Main virulence factors of V. cholerae such as CTX and TCP are coregulated by a transcriptional 

regulator ToxR. ToxR is a transmembrane DNA binding protein, however, independently of the 

transcriptional activators TcpP and ToxT, it modulates expression of two outer membrane 

proteins OmpU and OmpT. Transcription of ompU is induced by ToxR, whereas transcription of 

ompT is repressed by ToxR (39, 40). 

Bacteria respond to changes in their environment by global changes in transcription. The 

regulation of certain transcriptional membrane proteins controls the expression of outer 

membrane porins. V. cholerae outer membrane is composed of a limited number of protein 

moieties and lipopolysaccharide (LPS) (41, 42). However, it was found that OmpA protein of V. 

cholerae shares 47.8% similarity to Escherichia coli OmpA protein. OmpA is a β-barrel protein 

in the membrane and is highly conserved among Gram-negative bacteria (43). It is expressed to 

very high levels and it is tightly regulated at the post-transcriptional level. It can function as an 

adhesin and invasin, participate in biofilm formation, act as both an immune target and evasin, 

and serves as a receptor for several bacteriophages (44, 45). It has been shown that E. coli 

utilized the OmpA protein for adhesion to HeLa epithelial cells and Caco-2 colonic epithelial 

cells (46). 

Outer membrane vesicles (OMVs) are produced by most Gram-negative bacteria including 

Vibrio species (47). OMVs contain outer membrane proteins, lipopolysaccharides, 

phospholipids and as vesicles are being released from the surface, they entrap some of the 

underlying periplasm. They can deliver toxins and other virulence factors to the host at relatively 

high concentrations without requiring close contact between the bacterial and target human cells, 

and they are believed to represent a key factor in effecting an inflammatory response in the host 

toward bacterial pathogens (48-53).  

Defects in protein either linking the outer membrane to the peptidoglycan layer or involved in a 

structural network between the inner, outer membranes and the peptidoglycan layer result in the 

shedding of large amounts of OMVs (51), whereas outer membrane proteins play a major role in 

the adherence to mucosal membrane in the small intestine and possible protective antigens (54). 

Vibrio species and free-living amoebae (FLA) are present in aquatic environments, including 

drinking water (55-57). Acanthamoeba is a genus of FLA, which are environmental eukaryotic 

cells distributed worldwide in nature (58, 59) and they are found to support bacterial growth and 

survival (58). Interestingly, V. cholerae O1, O139 and V. mimicus have grown and survived 

inside Acanthamoeba species (60-64). Vibrio species utilize different survival strategies and 

possess different virulence factors such as melanin pigment, outer membrane protein A, 
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regulatory proteins LuxO and ToxR in addition to outer membrane proteins A. This thesis aimed 

to study the role of melanin pigment, LuxO, ToxR, and outer membrane vesicles on survival 

strategies such as biofilm, rugose survival form and intracellular survival of V. cholerae and V. 

mimicus in A. castellanii using cell culture, viable cell count, gentamicin assay, vital staining, 

light-, fluorescent- and electron microscopy, microphotography, spectrophotometry, internal in-

frame gene deletion, protein expression and isolation analysis and statistical analysis. 
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2 AIMS OF THE PROJECT 

 

The overall aim of this thesis work is to study the effect of virulence factors on the survival 

strategies of Vibrio species by using Acanthamoeba castellanii as a host model.  

 

Specific aims: 

 

Paper I 

 To study the role and pathogenicity of pigment over- producing V. cholerae  

Paper II 

 To study the interaction of Acanthamoeba castellanii  with V. mimicus 

Paper III 

 To study the effect of ToxR regulatory protein in the expression of OmpU and OmpT, 

rugosity and biofilm  formation as well as association with A. castellanii  

Paper IV 

 To study the role and influence of OmpA and OMVs towards the survival of V. cholerae 

alone and its interaction with A. castellanii 
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3 MATERIALS AND METHODS 

Following are the summarized description of materials and methods used in this thesis, however 

specific details of the performed experiments can be found in the respective papers. 

 

3.1 BACTERIAL STRAINS AND PLASMIDS USED IN THIS STUDY 

Strain      Description    Reference 

V. cholerae (paper I, III, 

IV)  

A1552 

toxR  

ΔompA  

SNW 29 (hmgA::km)  

SNW 30 ( ΔrpoS)  

SNW 31 ( ΔrposhmgA::km)  

ΔVC1348  

ΔVC1349  

V. mimicus (paper II)  

CS-5 

LODC-5 (ΔluxO) 

 

 

 

Wild type V. cholerae, smooth ,O1 El Tor Inaba 

Transcriptional deletion mutant 

Inframe deletion mutant 

Pigment producing mutant 

Inframe deletion mutant 

Double mutant 

Deletion mutant 

Deletion mutant 

 

Wild type V. mimicus smooth 

Disruptant mutant 

 

 

(65)  

This study 

(44) 

This study 

This study 

This study 

This study 

This study 

 

(34) 

(34) 

 

 

Escherichia coli strains DH5α (Ф80dlacZ∆M15 recA1gyrA96 thi-1 hsdR17 (rk
- 

mk
+
) supE44 

relA1deoR∆ (lacZYA-argF) U169) (67) and S17-1λpir (hsdR recA pro RP4-2 Tc::Mu; Km::Tn7 

(λpir) (69) were used for standard DNA manipulations and as donors in mating in transposon 

mutagenesis. Suicide plasmids pCVD442 (oriR6K mobRP4 sacB Ap
r)
 (70) and Puc18 (Ap

R
 

lacZaovi colE1) (stratagene) are used for conjugal transfer to rifampin-resistant V. cholerae O1 

El Tor A1552. 
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3.2 CULTURE MEDIA AND GROWTH CONDITIONS  

All bacterial strains were grown at 37º C using LB medium (1% Bacto Tryptone, 0.5% yeast 

extract, 0.5% NaCl). In paper I, LB agar plates, and several defined media were used for 

preliminary studies of growth and pigment production of the mutant and the wild-type strains of 

V. cholerae.  In paper II, all strains were grown in LB with appropriate antibiotic selection (50 

μg/mL carbenicillin or 50 μg/mL streptomycin) and two different temperatures (25º C and 37º 

C) were used for co-cultivation studies. In Paper III and IV, all strains were grown in LB media 

at 37º C. Blood agar plates were used for colony count (paper II, III, IV). A. castellanii was 

grown without shaking at 30º C to a final concentration of 10
6
 cfu

 
/ml in ATCC medium no. 

712. 

 

3.3 GENOME DATABASE SEARCH 

 Genome database accession number searches were done for the complete whole-genome 

sequence of V. cholerae O1 biovar El Tor strain N16961 chromosomes I and II at the NCBI 

website. (www.ncbi.nlm.nih.gov). 

 

3.4 TRANSPOSON MUTATION AND COMPLEMENTATION (PAPER I) 

Tn5 mutagenesis of V. cholerae O1 El Tor, strain A1552, was performed by conjugation. A total 

of 30,000 exconjugants were screened on plates to identify mutants exhibiting a pigment 

production phenotype. Chromosomal DNA was isolated from the V. cholerae transposon 

insertion mutants using the Marmur procedures (66).The DNA fragments extracted were ligated 

using ligase enzyme (Takara Bio Inc, Ostu, Shiga, Japan) into the cloning vector pUC18 that had 

been digested with the EcoRI enzyme. The pool of plasmids was introduced by transformation 

into E. coli strain DH5α by electroporation, followed by the selection of resistant transformants 

on plates containing 30 µg/ml kanamycin (Sigma, Solkraftsvägen 14c, Stockholm, Sweden) and 

100 µg/ml Cb (Sigma, Solkraftsvägen 14c, Stockholm, Sweden) resistant transformants. The 

DNA fragment containing the oxidoreductase gene was obtained after amplification by PCR 

using WT V. cholerae chromosomal DNA as a template. The PCR product was purified and 

isolated.  The islolated hmgA plasmid clone (pSNW501) was electroporated into WT and 

SNW29 mutant of V. cholerae. The vector pCR2.1 without an insert was similarly introduced 

into the WT and mutant strains as a negative control.  
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3.5 MEASUREMENT OF PIGMENT PRODUCTION AND UV IRRADIATION TEST 

(PAPER I) 

Bacterial strains were grown in LB medium at 37° C with shaking conditions overnight. One 

hundred microliters of overnight bacterial culture was inoculated into 20 ml LB medium in the 

presence or absence of 5 mM L-tyrosine (Sigma, Sigma, Solkraftsvägen 14c, Stockholm, 

Sweden). Cultures were grown at 37° C under shaking conditions overnight. The culture 

supernatants were removed by centrifugation at 15,000x g for 10 min and filtered through a 0.2-

µm Millipore filter (Millipore AB, Abingdon, Oxfordshire, UK). The pigmentation of the 

culture supernatants was measured by the OD 400. The data represent the results of three 

independently performed experiments. Bacterial strains were grown in LB medium with aeration 

by shaking at 37° C for 24 h and the bacterial suspensions were transferred into a petri dish and 

irradiated with UV doses of 0, 100, 200, and 300 µJ/m
2
. All were performed three to five times, 

and an average was calculated from the analyses of surviving bacterial cells after serial dilutions 

of bacterial suspensions were plated on LB agar incubated in the dark at 37° C overnight. 

 

3.6 SDS-PAGE (PAPER I AND III) WESTERN BLOTTING AND TCPA STABILITY 

TEST (PAPER I) 

For TcpA and CTX detection, V. cholerae strains were grown as described previously (67). 

Bacteria were harvested by centrifugation at 10,000xg for 10 min at 4° C. The resulting pellet 

was resuspended in 0.20 volume of sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) sample buffer containing 2-mercaptoethanol and used for the detection of TcpA. 

The culture supernatant fluid was precipitated with 10% trichloroacetic acid (TCA). Proteins 

with known molecular masses (Fermentas, Pittsburgh, United States) were used as molecular 

mass markers. The gels were fixed with methanol and glacial acetic acid. The proteins were 

visualized by Coomassie blue staining. Western blot analyses were performed as described 

previously (68), Anti-TcpA polyclonal antiserum (a gift from R. Taylor (69) and anti-CTX A 

and B subunit antiserum (Sigma, Solkraftsvägen 14c, Stockholm, Sweden) were used for 

detection of TcpA in whole-cell extracts and CTX in culture supernatants, respectively. The 

anti-CRP polyclonal antiserum against E. coli cyclic AMP receptor protein (CRP) (47, 70) was 

used for the internal control of cytoplasmic protein when the TcpA immunoblot analysis was 

performed. Expression of outer membrane proteins in paper II was also performed by using 13% 

SDS-PAGE. Intracellular and surface-bound TcpA stability was determined by using a 
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technique described previously (69). The protein stability was monitored after protein synthesis 

had been inhibited by the addition of 25 µg/ml chloramphenicol to bacterial cultures grown to 40 

Klett units in LB medium at 37° C. Samples to be analyzed by Western blotting were removed 

at the indicated time points: 0, 5, 10, 15, 30, 45, and 60 min after the addition of 

chloramphenicol. 

 

3.7  QRT-PCR AND MICROARRAY EXPERIMENTS 

RNA was prepared using Trizol according to the manufacturer’s instructions (Invitrogen, 

Fountain Drive Inchinnan Business Park Paisley PA4 9RF, UK) and the concentration was 

measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Silverside 

Bancroft, Wilmington DE 100, USA)  cDNA was prepared from 200 ng RNA from each sample 

and Real-time reverse transcription (RT)-PCR was performed using specific primers. Each 

reaction mixture contained 300 nM primers, 100 ng template, and reference dye. Three 

independent samples were tested in triplicate. For each sample, the mean cycle threshold of the 

test transcript was normalized to that of tmRNA. For microarray experiments, bacteria were 

cultured statically for 4 h in AKI medium (67) at 37° C and then shifted to aerobic growth for 6 

h using shaken culture flasks (67). Triplicate samples were taken every hour for the duration of 

the experiment (10 h). RNA was isolated, treated with DNase I, and cleaned with an RNease kit 

(Qiagen, Valencia, CA, USA) Labeling of cDNA and microarray hybridizations were performed 

as described previously (69). RNA from bacteria exponentially grown in LB (OD 600) was used 

as a reference. Microarray data analysis was done as described previously (71). 

 

3.8 INFANT MOUSE COMPETITION ASSAY 

 Approximately 10
5
 bacterial strains cells were inoculated intragastrically into 6-day-old CD-1 

mice (Charles River Laboratories, Ballardvale street, Wilmington, USA) The mice were 

euthanized after 20 h, and the bacteria colonizing the intestines were quantified as described 

previously (72). 

 

3.9 CONSTRUCTION OF THE INTERNAL IN-FRAME DELETION MUTANT 

(PAPER I, III AND IV) 

We used a double cross over procedure to introduce a deletion at the chromosomal locus. A 

plasmid pCVD442 was used as a suicidal vector. In the first step two different asymmetric pol-



 

10 

ymerase chain reactions (PCR) amplified with primers to generate fragments upstream and 

downstream of the sequences targeted for deletion. In the second step, the upstream and 

downstream fragments were annealed at their overlapping region and amplified by PCR as a 

single fragment, using the outer primers. The PCR products were phenol-chloroform extracted, 

ethanol precipitated, washed with 70% ethanol, vacuum dried, resuspended in 50 mL of Xba-I 

restriction buffer containing 40 U of XbaI restriction enzyme, and digested overnight at 37°C. 

The DNA fragments were gel purified, ligated into XbaI digested and alkaline phosphatase-

treated pCVD442 and then, electroporated into E. coli SM10λpir or S17-1 λpir. The mutant 

constructs werechecked by PCR and sequencing. The confirmed deletion constructs were 

introduced into V. cholerae by conjugation, screened on 15% sucrose containing plates, and the 

carbenicillin sensitive clones were assessed for double cross-over recombination. The 

recombinant colonies were checked by PCR. (For the primers used in this thesis, please refer to 

the related articles).  

 

3.10 BIOFILM ANALYSIS AND COLONY MORPHOLOGY (PAPER III) 

Bacterial strains were grown in LB broth at 37º C in shaking incubator until the absorbance 

reached 0.6 units at 600 nm. 5 mL of 1:100 dilution of this suspension was transferred into 

triplicated glass tubes and incubated for 18 h at 30° C. Representative biofilm formed by the 

strains was visualised photographically and the tubes were incubated with 1% crystal violet stain 

for 15 min. The biofilm-associated crystal violet in the tubes was suspended with 95% ethanol 

and measured by spectrophotometry at 570 nm to quantify the biofilm formation. For colony 

morphology assay, bacterial strains were grown on LB agar plates for 1 day at 30° C and left at 

room temperature until appearance of rugose colonies. Percentage of rugose colonies was 

estimated and representative smooth as well as rugose colonies were visualized photographically 

after day 6. 

 

3.11 CO-CULTIVATION ASSAY (PAPER II, III, IV) 

Co-cultivation assay was based on a method presented previously (64).  Co-cultivations of 

bacterial strains with A. castellanii were incubated in culture flasks (75 cm) filled with 50 mL 

ATCC medium 712 containing A. castellanii at a concentration of 2 × 10
5
 CFU/mL and the 

particular V. cholerae species at a concentration of 2 × 10
6
 CFU/mL. Control flasks containing 

bacteria or amoebae only were prepared in the same way and with the same initial concentration 
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as the co-culture flasks. All flasks were triplicates and incubated 30º C in general for paper II we 

used two different temperatures (25° C and 37° C). Samples were taken and plated on blood agar 

plates regularly to study growth and survival of bacterial strains. 

 

3.12 ENCYSTATION OF A. CASTELLANII (PAPER II) 

Encystation of A. castellanii harbouring intracellular V. Mimicus (paper I1) was performed to 

show that viability of the amoebae is not affected by the intracellular V. mimicus because the 

encystation is a vital process of the amoebic life cycle.  To examine the role of Acanthamoeba 

cysts to protect the intracellular bacteria from high level of gentamicin, A. castellanii cells were 

cultivated with V. mimicus CS-5 in ATCC 712 medium for 1 day, treated with 1000 mg/ml 

gentamicin to extracellular bacteria, recultivated in PBS and after the encystation process again 

treated with gentamicin. Viable counts were performed for the amoebae and intracellular V. 

mimicus. 

 

3.13 BACTERIAL UPTAKE, INTRACELLULAR GROWTH SURVIVAL AND 

LOCALIZATION (PAPER II AND IV) 

Samples were taken from co-culture flasks and viable counts of engulfed, intracellular survival 

of bacterial strains were investigated. A series of 10-fold dilutions of the sample was prepared 

and spread on blood agar plates. All plates were incubated at 37º C for 24 h. Gentamicin and 

sodium deoxycholate treatment were utilized to kill extracellular bacteria and to permeabilize 

amoeba cells in order to release the intracellular bacteria. Beside the viable count assay, 

transmission electron microscopy was used to disclose intracellular localization of V. mimicus in 

A. castellanii (paper IV). Samples of amoebae in absence and presence of V. mimicus were cut 

into ultrathin sections to differentiate between intracellular and extracellular V. mimicus. 

According to the ultra-thin sections technique intracellular bacteria would be found inside the 

amoeba cells while extracellular bacteria would be found attached to the outside of amoeba 

cells.  

 

3.14 BACTERIAL ADHERENCE ASSAY (PAPER IV) 

Co-cultures of bacterial strains incubated with A. castellanii at 30º C and samples were 

withdrawn after 1 h to determine the percentage of bacteria adhered to the amoeba cells by 
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dividing the number of amoebae with adhered bacteria by the total number of amoebae with and 

without adhered bacteria, multiplied by 100.  

 

 

3.15 ISOLATION OF OUTER MEMBRANE VESICLES AND ESTIMATION OF 

PROTEIN CONCENTRATION (PAPER IV) 

OMVs were isolated by ultracentrifugation as described earlier (73). V. cholerae strains were 

grown in broth culture to late exponential phase. Broth cultures were then centrifuged at 8,000x 

g (30 min, 4° C) in a JA-25.50 rotor (Beckman Instruments Inc, Fullerton, California, USA) 

Filtered (0.22 µm; Millipore) supernatants were centrifuged at 85,000x g (2 h, 4° C) in a 70 Ti 

rotor (Beckman Instruments Inc, Fullerton, California, USA) to collect OMVs.  Total protein 

concentration was measured by the Bradford assay (Bio-Rad, Solna, Stockholm, Sweden). 

Effect of outer membrane vesicles on viability of A. castellanii was examined by incubation 50 

µl amoeba cells suspension of 2x10
6
 cells/ ml with 50 µl OMVs preparation from each bacterial 

strain or with 50 µl PBS for controls. Triplicate experiments were performed and the viability of 

amoebae examined after 2 hours by viable count utilizing erythromycin stain. 

 

3.16 STATISTICAL ANALYSIS 

Student´s t-test were used to examine for significant differences in growth between alone and 

co-cultivated amoebae as well as bacteria. 

 

3.17 METHODOLOGICAL CONSIDERATIONS 

In microbiological work, technical problems vary between microorganism’s genera or species, 

and even between strains within a species. A. castellanii is cultivated easily in the ATCC media, 

easy to count and stable in the media used. The technical problem was faced in preparatory work 

related to the concentration of gentamicin to kill all the extracellular bacteria required 

methodological development. Although similar methods were used in the publications, the 

reproducibility of the methods allowed improvement of the methods used. 
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4 RESULTS 

Results of this thesis high lightened the role of melanin pigment, ToxR and outer membrane 

proteins of V. cholerae and LuxO protein of V. mimics virulence and survival strategies such as 

resistance to UV-light, formation of biofilm and rugose colonies and intracellular survival in A. 

castellanii.   

4.1 ROLE OF MELANIN PIGMENT IN EXPRESSION OF VIBRIO CHOLERAE 

VIRULENCE FACTORS 

4.1.1 Identification and analysis of a pigment-producing V. cholerae mutant. 

 Among the 30,000 transposon mutants, two pigmented colonies were identified in a screening 

on solid medium. One mutant isolate, denoted SNW28, was chosen for further analysis. Upon 

growth in liquid medium, the culture of the mutant turned distinctly brown Fig. 1A. Mutated 

gene locus in the SNW28 isolate was mapped and found that the transposon insertion had 

occurred after nucleotide 681 in an open reading frame corresponding to the locus denoted 

VC1345 (accession number, AE003852.1; GeneID, 2614799) in the V. cholerae genome Fig.1B. 

The second brown-pigmented mutant was found to have a transposon insertion in the VC1345 

gene. By using trans-complementation test it was shown that the hmgA
+
 clone complemented 

the mutation, and in its presence, the pigment production was lost Fig. 1C. We also observed 

that the melanin pigment-producing mutant strain SNW29 was more resistant to UV irradiation 

than the WT V. cholerae strain Fig. 2. 

 Fig. 3 represents the catabolic pathway of tyrosine metabolism and representative genetic loci. 
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FIG.1. (A) Pigment production after bacterial growth in LB liquid medium at 37° C with shaking. (B) Genetic 

map of the mini-Tn5–Km2cassette insertion in the brown-pigment overproducing V. cholerae mutant at 

chromosome position VC1345 (accession number, E003852.1; GeneID, 2614799) (arrow). (C) Complementation 

analysis of the brown-pigment-producing mutant. 

 

 

 

FIG. 2. UV sensitivity test of V. cholerae A1552 (WT) and SNW29.  
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FIG. 3. Catabolic pathway of tyrosine metabolism and representative genetic loci. Predicted enzymes encoded by 

the respective genetic loci in V. cholerae are as follows: VC1344, 4-hydroxyphenylpyruvate dioxygenase; VC1345, 

homogentisate 1,2-dioxygenase; VC1347, maleylacetoacetate isomerase; VC1346, fumarylacetoacetase. The 

proposed pathway is based in part on the pathway described for Streptomyces avermitilis (5). 
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4.1.1 Analysis of growth phase-dependent expression of hmgA gene 

 Growth phase-dependent expression of the hmgA gene and the neighboring genes such as 

VC1344 and VC1346 to VC1349 was studied by using microarray expression profiling assay at 

transcriptional level as shown in Fig. 4. We observed that the expression of the VC1344-to-

VC1349 gene cluster was influenced by the growth phase, when the cells had reached the 

stationary phase Fig. 4. Two of the neighboring genes, VC1348 and VC1349, annotated to 

encode a putative response regulator and a sensor kinase, respectively, were observed to have 

the highest expression levels in the stationary phase Fig. 4. 

                   In order to test if VC1348 and/or VC1349 mutants would affect expression of the 

VC1344-VC1345 operon, we introduced deletion mutations into each gene and performed qRT-

PCR analyses as summarized in Fig. 5. It was observed that mutation in either VC1348 or 

VC1349 caused reduced expression levels of both VC1344 and VC1345. The levels of 

transcription of the VC1344 and hmgA genes in WT V. cholerae strain A1552 and in SNW30 

were compared by using qRT-PCR. As it was shown in the Fig 5, the expression of both the 

hmgA and VC1344 genes were 8-fold reduced in the rpoS mutant of V. cholerae strain A1552. 

As shown in Fig. 6, we tested the levels of pigment production in WT V. cholerae, the hmgA 

mutant (SNW29), the rpoS mutant (SNW30), and the hmgA rpoS double mutant (SNW31) in the 

absence or presence of exogenously added tyrosine in the culture medium and a slight increase 

in the production of pigment was observed in the hmgA rpoS double mutant (SNW31) grown in 

the presence of tyrosine compared with the hmgA single mutant (SNW29). However, there were 

no differences observed in pigment production between the WT and the rpoS single mutant 

(SNW30) strain when grown either in the absence or in the presence of tyrosine. 
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FIG. 4. Expression of the VC1344-VC1349 gene cluster during 10 h of bacterial growth under AKI conditions. 

Gene expression of WT A1552 was analyzed using RNA from exponentially grown bacteria in LB culture as a 

reference. The expression ratios are represented by shades of color according to the log2 (induction) scale shown 

 

 

 

 

 

 

FIG. 5. Analyses of VC1344 and VC1345 (hmgA) gene expression by qRT-PCR as described in Materials and 

Methods. The data represent the results of three independently performed experiments. The error bars indicate the 

standard deviations from three experiments. 
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FIG. 6. Levels of pigment production in the WT V. cholerae strain A1552, the rpoS mutant (SNW30), the hgmA 

mutant (SNW29), and the hgmA rpoS mutant (SNW31) with and without tyrosine supplement in growth medium. 

The error bars show the standard variations of three experiments 

 

4.1.2 Effect on V. cholerae virulence factors expression of the hmgA::mini-

Tn5 mutation.  

We found an elevated level of secreted CTX in the hmgA::mini-Tn5 mutant in comparison with 

the WT strain, A1552 as shown in Fig. 7A. In order to further investigate the putative link 

between pigment formation and virulence factor expression, the level of the toxin-coregulated 

pilus, Tcp, was analyzed and as an internal control, the CRP transcriptional factor, in strains 

A1552 and SNW29. As shown in Fig. 7B, there was a clear increase in the level of TcpA 

protein, the main Tcp pilus subunit, as a result of the hmgA gene mutation. Relative stability of 

TcpA in the mutant and parental strains did not reveal much difference in TcpA stability Fig. 8A 

and B. To test if, for example, H2O2 per se could induce higher expression of CTX and the 

toxin-coregulated pilus, we monitored the level of TcpA after incubation of V. cholerae strain 

A1552 in the presence of different H2O2 concentrations. As shown in Fig. 8C, the TcpA level 

was increased by increasing concentration of H2O2.         

                  Using colonization of the infant mouse intestine as an infection model, the 

hmgA::mini-Tn5 mutant was examined, and its colonization efficiency was compared to that of 

the parental strain, A1552. As it was shown in the Fig 9, colonization by the mutant strain was 
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about fivefold higher than that by the WT strain. As colonization efficiency is also dependent on 

bacterial growth, the growth rates of strains SNW29 and A1552 in LB were determined, and we 

observed no growth rate difference between the WT and the mutant (data not shown). Taken 

together, the results suggest that the increased colonization of strain SNW29 in the infant mouse 

model might be due to the increased expression of TcpA. 

 

 

 

                                   

 

FIG. 7. (A) Immunoblot analyses of CTX levels in V. cholerae WT A1552 (lane 1) and SNW29, a hyperpigmented 

strain (lane 2), with anti-CTX polyclonal antiserum. (B) TcpA production in A1552 (WT) and SNW29 

(hyperpigmented) strains. The samples in lane 1 (A1552) and lane 2 (SNW29) were from bacteria grown in yeast 

extract-peptone (YEP) medium at 37°C under static culture conditions. The samples in lane 3 (A1552) and lane 4 

(SNW29) were from bacteria grown in YEP medium at 37°C with shaking. The CRP protein was detected as an 

internal control for cytoplasmic protein. The arrows show the positions of the TcpA and CRP proteins. A total of 3 

µg of protein was loaded in each lane. 
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FIG. 8. Comparison of TcpA protein stabilitiesy in WT strain A1552 and the mutant SNW29. (A) Immunoblot 

analysis using anti-TcpA polyclonal antiserum. Lanes 1 to 7, A1552; lanes 8 to 14, SNW29. The times after addition 

of chloramphenicol were as follows: lanes 1 and 8, 0 min; lanes 2 and 9, 5 min; lanes 3 and 10, 10 min; lanes 4 and 

11, 15 min; lanes 5 and 12, 30 min; lanes 6 and 13, 45 min; lanes 7 and 14, 60 min. (B) Quantitative analysis of 

TcpA levels using the Quantity One program (Bio-Rad). (C) Effect of H2O2 on TcpA expression in V. cholerae 

strain A1552. Shown is immunoblot analysis using anti-TcpA antiserum. The bacteria were grown in the presence 

of different concentrations of H2O2. 
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FIG. 9. Infant mouse colonization assay using strains A1552 (wt) and SNW29 (hgmA::Km) as described in 

Materials and Methods. 

 

4.2 INTERACTION BETWEEN VIBRIO MIMICUS AND ACANTHAMOEBA 

CASTELLANII 

4.2.1 Effect of V. mimicus on the growth of A. castellanii 

To study the ability of amoebae to grow alone and during co-cultivation, cell counts of viable A. 

castellanii in the absence and the presence of a wild and luxO mutant strain of V. mimicus were 

performed. 

We found eightfold respective sevenfold increase of amoebae in the presence of wild or mutant 

strain after 14 days Fig. 10. Based on χ
2 

test no statistically significant difference was found in 

the growth of A. castellanii in the presence or absence of V. mimicus CS-5 or its mutant LODC-

5 strain (P = 0.93). Our results showed that A. castellanii grew onefold less in the presence of 

luxO disruptant strain than the wild V. mimicus but no significant statistical difference was found 

(P = 0.99). Analysis of protease activity revealed that wild-type and mutant V. mimicus strains in 

the presence of amoeba did not have any significant differences in protease activity (P of t-test 

was 0.34) under the stationary phase of bacterial growth (data not shown). 
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FIG. 10. Growth of  A. castellanii. White staples indicate growth of A. castellanii in the absence of bacteria, grey in 

presence of wild type V. mimicus CS-5, and black in the presence of luxO disruptant mutant LODC5. Data indicate 

mean ± SD values of three repeated experiments. 

 

4.2.2 Effect of A. castellanii on the growth of V. mimicus strains 

To study growth of the bacteria alone and in co-culture viable counts of wild V. mimicus or its 

luxO mutant strain in the absence or the presence of A. castellanii was adjusted. We observed10-

fold and 100- fold increase of wild V. mimicus and its mutant strain in the presence of A. 

castellanii after 1 day of incubation and bacteria survived for more than 2 weeks Fig. 11. 

Whereas in the absence of amoebae V. mimicus strains increased 10-fold during the first day 

followed by a decrease to 0.0 cfu ml-1 on day 6 Fig. 11. Student’s t-test showed a statistically 

significant difference in the growth of wild and mutant V. mimicus in the presence or the 

absence of A. castellanii (P-values were 0.0001 and 0.00003). Interestingly, we observed the 

growth rate of the mutant strain has increased 10-fold more than the wild strain from day 1 to 

day 14 in Fig. 11, which may explain why A. castellanii grew onefold less in the presence of 

luxO disruptant strain than the wild V. mimicus Fig. 10. 
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FIG. 11. Growth of V. mimicus. (A) Wild type V. mimicus CS-5 and (B) luxO disruptant mutant LODC 5. White 

staples indicate alone cultured bacteria and the grey co-cultured with A. castellanii. Data indicate mean values ± SD 

of three repeated experiments 

 

4.2.3 Intracellular growth, survival and localization of V. mimicus 

Viable count of intracellular bacteria, show 3.0 x 10
2
 ± 1.0 x 10

2
 cfu ml-1 after 2 h of co-

cultivation, 6.0 x 10
2
 ± 2.0 x 10

2
 cfu ml-1 after 4 h and to 1.0 x 10

5
 ± 1.0 x 10

4
 cfu ml-1 after 24 

h. The bacteria survived intracellularly at 10
5
 cfu ml-1 for more than 2 weeks. 

As it was shown in Fig 12, transmission electron microscopy disclosed the localization of co-

cultivated V. mimicus in the cytoplasm of A. castellanii cells compared with amoebae in the 

absence of V. mimicus.  Amoebae in the presence of wild V. mimicus showed that bacterial cells 

were located in the cytoplasm of amoeba trophozoite after 1 day of co-cultivation Fig. 12B and 

after 3 days of co-cultivation Fig. 12D. The bacteria were also present in cysts after 1 day of co-

cultivation Fig. 12C and after 3 days of co-cultivation Fig. 12E. Moreover, the bacterial cells 

were found in space between ecto- and mesocyst of the precyst stage after 3 days of co-

cultivation Fig. 12F. The analysis also showed that the percentage of infected amoebae 

(trophozoite and cyst) was 57 ± 13 and that the number of bacteria inside amoeba cell was 37 ± 

10. 
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FIG. 12. Electron microscopy of the intracellular localization of V. mimicus CS-5 in A. castellanii. b, bacteria; n, 

nucleus; v, vacuole; x, ectocyst; y, mesocyct; z, endocyst. A. Acanthamoeba castellanii trophozoite in absence of 

bacteria. B. Vibrio mimicus CS5 localized in cytoplasm of A. castellanii trophozoite, 1 day after co-cultivation. C. 

Acanthamoeba castellanii cyst contains intracellular V. mimicus CS5, 1 day after co-cultivation. D. 

Acanthamoeba castellanii trophozoite contains intracellular V. mimicus CS5, 3 days after co-cultivation. E. 

Acanthamoeba castellanii cyst contains intracellular V. mimicus CS5, 3 days after co-cultivation. F. 

Acanthamoeba castellanii precyst contains intracellular V. mimicus CS5 in space between ecto- and mesocyst, 3 

days after co-cultivation 

 

4.2.4 Encystation of A. castellanii as a protective mechanism 

Viable counts were performed for the amoebae and intracellular V. mimicus. The result of cell 

counts showed that the amoeba count was 1.6 x 10
5
 ± 5.7 x 10

3
 cfu/ml and that the all amoeba 

cells were cysts characterized by round cells with double walls having no nuclei at day 4. 

Whereas viable counts of intracellular V. mimicus after treatment with 1000 mg/ml gentamicin 

was 2.5 x 10
4
 ± 7.0 x10

3
 cfu/ml on day 4. 
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4.3 TOXR OF VIBRIO CHOLERAE AFFECTS THE BIOFILM, RUGOSITY AND 

SURVIVAL WITH ACANTHAMOEBA CASTELLANII 

4.3.1 Construction of a Δ toxR in V. cholerae and expression of outer 

membrane proteins. 

An internal in-frame toxR deletion mutant in V. cholerae was constructed and examined for 

expression of outer membrane proteins by SDS-PAGE. The result showed that the V. cholerae 

toxR mutant strain expressed OmpT compared to the wild type strain, which expressed OmpU 

Fig 13. 

   

                                                                                                                                                     

 

 

FIG. 13. Outer membrane proteins expression by SDS-PAGE gel from whole cell lysates. Lanes M, A and B 

represent marker, V. cholerae wild and toxR mutant strain. The gel confirmed that the wild V. cholerae expressed 

OmpU as it is usually activated by ToxR (A) while the constructed toxR mutant expressed OmpT (B). 

 

4.3.2 Biofilm analysis and colony morphology of the toxR mutant compared 

with wild-type V. cholerae 

Effect of ToxR in biofilm formation was studied at 30° C in LB broth. The photographical 

analysis showed that the wild type V. cholerae (Figure 14A upper panel) had repressed biofilm 

formation compared to the toxR mutant strain (Figure 14B upper panel). Moreover, it was found 

that the absorbance of the biofilm produced by the wild type V. cholerae (Figure 14A lower 

panel) and the toxR mutant strain (Figure 14B lower panel) were 1.1 ± 0.2 and 1.8 ±0.35, 

respectively. However, the spectrophotometry showed that the toxR mutant of V. cholerae had 
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enhanced biofilm formation, which was confirmed by the statistical analysis, since the difference 

in absorbance was statistically significant (p of t-test was < 0.05). 

We also observed that the colonies of V. cholerae wild type strain were smooth (Fig 15 upper 

panel). Interstingly we found that 35 ± 10% of toxR mutant strain colonies was rugose (Fig 15 

lower panel) and 65 ± 10% was smooth. The ability of each strain to form rugose colonies was 

significantly differed by x
2
 test (p < 0.001). 

 

                               

 

FIG. 14. Biofilm formation. Upper panel showed representative photographs of biofilms formed by wild type V. 

cholerae (A) and toxR mutant strain (B). Lower panel showed representative measurement of the absorbance, 

which is directly proportional to the concentration of biofilm associated crystal violet formed by wild type V. 

cholerae (A) and toxR mutant (B) strains. Data indicates mean ± SD of three independent experiments. 
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FIG. 15.  Colony morphology of V. cholerae strains. Upper panel represents smooth colonies of wild type strain. 

Lower panel represents rugose colonies of toxR mutant strain. 

 

4.3.3 Effect of ToxR protein on growth, survival and rugose colony formation 

of V. cholerae associated with Acanthamoeba castellanii 

We found that the V. cholerae wild type and the toxR mutant survived differently at different 

temperatures. At 37°C the wild type strain grew to 1.3 × 10
7
± 5.8 × 10

6
 CFU/mL and survived 1 

day in the absence of amoebae compared to 1.4 × 10
2
 ± 5.5 × 10 CFU/mL and survived 3 days 

in the presence of the amoebae, whereas the toxR mutant strain died on the first day in the 

absence of amoebae but survived 1 day to 4.7 × 10
5
 ± 4.0 × 10

5
 CFU/mL in the presence of 

amoebae (Figure 16 upper panel). At 25° C the wild type strain grew to 7.5 × 10
7
 ± 1.9 × 10

7
 

CFU/mL and survived 3 days, in the absence of amoebae compared to the toxR mutant strain, 

which decreased to 2.0 × 10
4
 ± 1.0 × 10

4
 CFU/mL and survived 2 days. Whereas in the presence 

of the amoebae, the wild type and the mutant strains grew to 3.3 × 10
7
± 2.6 × 10

7
 CFU/mL and 

6.0 × 10
7
 ± 3.0 × 10

7
 CFU/mL and survived 10 days, respectively (Figure 16 lower panel). 

During the cultivation with the amoebae it was observed that the wild type and the toxR mutant 

strains did not form any rugose colonies at both 25° C and 37° C. 
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FIG. 16. Growth and survival of V. cholerae strains in absence and presence of A. castellanii at 37° C upper panel 

and at 25° C lower panel. Alone cultivated wild type V. choleare (■) and cultivated with A. castellanii (□). Alone 

cultivated toxR mutant strain (▲) and cultivated with A. castellanii (Δ). Data indicates mean ± SD of three 

independent experiments 

 

4.4 OUTER MEMBRANE PROTEIN A SUPPRESSES SURVIVAL OF VIBRIO 

CHOLERAE AND OUTER MEMBRANE VESICLES INHIBIT VIABILITY OF 

ACANTHAMOEBA CASTELLANII 

4.4.1 Adherence, uptake and intracellular growth 

To estimate adherence of V. cholerae wild-type and OmpA mutant strain to amoeba cells, the 

percentage of each bacterial strain adhering to A. castellanii was determined and found to be 

83.3% ± 2.1% and 73.3% ± 3.5%, respectively. The attachment to the wild-type and OmpA 

mutant V. cholerae was not statistically significant; p of t-test was 0.29.  

To estimate growth and survival of the engulfed bacteria following gentamicin treatment and re-

cultivation, the number of bacteria growing intracellularly was estimated by viable counts. 

Viable counts of uptaken wild-type and OmpA mutant of V. cholerae were 3.2 x 10
3 

± 1.6 x 10
3 

and 4.0x10
3 

± 5.0 x 10
2
,
 
respectively Fig. 17.Viable counts of intracellular wild type and OmpA 

mutant of V. cholerae after 2 hours were 1.7 x 10
3 

± 1.2 x 10
3 

and 1.4 x10
3 

± 2.0 x 10
2
,
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respectively Fig. 17. Viable counts of intracellular wild-type and OmpA mutant of V. cholerae 

after 24 hours were 3.0 x 10
5 

± 1.0 x 10
5 

and 1.5 x10
5 

± 5.0 x 10
4
,
 
respectively Fig. 17. The 

uptake and intracellular growth of the wild-type and OmpA mutant V. cholerae were not 

statistically significant; p of t-test was 0.68.  

 

               

 

FIG. 17. Uptake, intracellular growth and survival of wild-type of V. cholerae (dark colored) and OmpA mutant 

strains (grey colored). Zero time is uptake of the bacteria by amoeba cells. Data represent mean ± SD from 3 

different experiments. 

 

4.4.2 Growth and survival of alone wild-type and ompA mutant of V. cholerae 

Viable counts of alone cultivated wild type and OmpA mutant of V. cholerae in the absence of A. 

castellanii showed 1000000-fold increases after 1 day, respectively. Surprisingly the wild-type 

bacteria survived 3 days only when compared with the OmpA mutant V. cholerae which 

survived more than 2 weeks, and the viable count was 1,7 x10
3
 
 
± 2,1 x10

2
 in day 15 Fig. 18. 

The survival of the wild type and OmpA mutant of V. cholerae was statistically significant; p of 

t-test was 0.005. 
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FIG. 18. Growth and survival of alone V. cholerae strains. The wild-type strain is filled squares and the OmpA 

mutant strain is empty squares. Data represent mean ± SD from 3 different experiments. 

 

4.4.3 Growth and survival of co-cultivated wild-type and OmpA mutant V. 

cholerae 

Viable counts of co-cultivated wild-type and OmpA mutant of V. cholerae with A. castellanii 

showed 1000-fold increases after 1 day, respectively. Surprisingly both wild- type and OmpA 

mutant of V. cholerae survived more than 2 weeks but their viable counts were different since 

the counts were 2.0 x10
5
 
 
± 1.0 x10

5 
and 4.1 x10

8
 
 
± 2.6 x10

8 
at day 15, respectively Fig. 19. 

However, the presence of A. castellanii enhanced survival of both wild-type and OmpA mutant 

V. cholerae. The survival of the co-cultivated wild-type and OmpA mutant of V. cholerae was 

statistically significant; p of t-test was 0.0004. 
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FIG. 19. Growth and survival of V. cholerae strains cultivated with A. castellanii. Co-cultivated wild-type V. 

cholerae is filled circles and OmpA mutant strain is empty circles. Data represent mean ± SD from 3 different 

experiments. 

  

4.4.4 Growth and survival of co-cultivated A. castellanii with wild-type and 

OmpA mutant of V. cholerae 

The number of viable A. castellanii co-cultivated with wild-type V. cholerae increased from 2.0 

x 10
5
 ± 0.0 cfu/ml to 9.3 x 10

5 
± 1.8 x 10

5
 cfu/ml after 15 days compared to that of A. castellanii 

co-cultivated with OmpA mutant of V. cholerae, which decreased from 2.0 x 10
5
 ± 0.0 cfu/ml to 

1.3 x 10
4 
± 1.0 x 10

3
 cfu/ml after 15 days Fig. 20.  

The presence of wild-type V. cholerae enhanced growth of A. castellanii while presence of 

OmpA mutant of V. cholerae inhibited growth of A. castellanii; p of t-test was 0.04. 
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FIG. 20. Growth and survival of A. castellanii cultivated with V. cholerae strains. A. castellanii with wild-type of 

V. cholerae is filled triangles and A. castellanii with OmpA mutant strain is empty triangles. Data represent mean 

± SD from 3 different experiments. 

 

4.4.5 Production of outer membrane vesicles by V. cholerae strains and effect 

of the OMVs on viability of A. castellanii 

Outer membrane vesicles were isolated from the wild-type and OmpA mutant strains as 

described in method section. The amount of vesicles released from the two strains was compared 

by measuring protein concentration. The protein concentration produced by the wild-type and 

OmpA mutant strains was 0.051 ± 0.024 mg/ml and 1.55 ± 0.051 mg/ml respectively Fig. 21. 

The OMVs inhibited viability of the amoeba cells after 2 hours-incubation. It was found that 

viable count of A. castellanii incubated with OMVs from wild-type and OmpA mutant strain or 

with PBS were 8.7 x 10
5
 ± 2.3 x 10

5
, 8.1 x 10

5
 ± 7.8 x 10

4
 and 1.1 x 10

6
 ± 1.3 x 10

5
, 

respectively.   

Viable count of the amoebae treated with OMVs from OmpA mutant of V. cholerae decreased 

significantly when compared to the treatment by PBS (p of t-test was 0.022) but  that decrease 

was not significant when the amoebae were treated by OMVs from the wild-type V. cholerae, p 

of t-test was 0.052. 
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FIG.  21.  Production of outer membrane vesicles by V. cholerae wild-type and OmpA mutant strain. Data represent 

mean ± SD from 3 different measurements. 
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5 DISCUSSION 

 

Ability of bacteria to sense and respond effectively to environmental changes is crucial for their 

survival. Bacterial strategies studied at present would have been useful for survival or as 

defenses against overwhelming voracious predators in aquatic environments. The present thesis 

discusses the role of virulence factors on survival strategies of two different vibrio species 

named V. cholerae and V. mimicus in the presence of Acanthamoeba castellanii. 

Melanin-like pigments are commonly produced by a variety of organisms including fungi, 

bacteria and helminthes (20). 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 (19, 20).  

In paper I, by using transposon mutagenesis, we identified the gene locus of pigment over 

producing mutant on chromosome 1 in V. cholerae strain A1552; and the gene sequence was 

suggested to encode the enzyme oxidoreductase with the proposed designation HmgA .The 

hmgA gene of V. cholerae is located downstream of a putative 4-hydroxyphenylpyruvate 

dioxygenase gene and upstream of a conserved hypothetical protein, which is homologous to 

fumarylacetoacetate hydrolase family proteins from Caulobacter crescentus and Mycobacterium 

tuberculosis and to 2-hydroxyhepta-2, 4-diene-1, 7-dioate isomerase-related proteins in S. 

solfataricus, Archaeoglobusfulgidus, and Thermoplasma acidophilum. Trans-complementation 

test verifies that the pigment production was caused by the insertion mutation in the VC1345 

open reading frame and the melanin pigment-producing mutant strain SNW29 was more 

resistant to UV irradiation than the WT V. cholerae strain.                                          

Microarray expression profiling analysis of the hmgA gene and the neighboring genes such as 

VC1344 and VC1346 to VC1349, at the transcriptional level revealed that the expression of the 

VC1344-to-VC1349 gene cluster was influenced by the growth phase. Interestingly, two of the 

neighboring genes, VC1348 and VC1349, annotated to encode a putative response regulator and 

a sensor kinase, respectively, were observed to have the highest expression levels in the 

stationary phase, made us to speculate that this putative two-component system might be 

involved in sensing some environmental signal(s) and thus influences colonization ability. 

Further investigation by qRT-PCR analyses found that the mutation in either VC1348 or 

VC1349 caused reduced expression levels (to 50 to 70% of the WT level) of both VC1344 and 

VC1345. The finding that the expression level of the VC1344-to- VC1349 gene cluster was 
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increasing with increasing cell density prompted us to determine if the sigma factor RpoS might 

be required for expression of the tyrosine metabolic pathway and brown-pigment production in 

V. cholerae. We found that the transcription levels of the VC1344 and hmgA genes were reduced 

by 8-fold in the rpoS mutant of V. cholerae strain A1552 and slight increase in the levels of 

pigment production in the hmgA rpoS double mutant (SNW31) grown in the presence of 

tyrosine compared with the hmgA single mutant (SNW29). However, there were no differences 

observed in pigment production between the WT and the rpoS single mutant (SNW30) strain 

when grown either in the absence or in the presence of tyrosine.                                          

In general V. cholerae wild-type 569B is non melanogenic in culture while its hypertoxic mutant 

strain, HTX-3, synthesized a pyomelanin, and suggested to be substantially more virulent than 

their nonmelanogenic parental strain (25, 74). However, the genetic alteration(s) of these 

hypertoxigenic or hypervirulent strains was not revealed. Interestingly with our hmgA::mini-Tn5 

mutant, we found elevated levels of secreted CTX and TcpA protein in comparison with the WT 

strain, A1552. This result clearly shows the increased level of TcpA protein and the main Tcp 

pilus subunit was the result of hmgA gene mutation, which explains the Putative link between 

the pigment formation and virulence factor expression. Two possible reasons could be explained 

for the elevated levels of TcpA in the hmgA mutant derivatives either the genetic expression of 

the tcp locus was increased or that the stability and turnover of the TcpA protein were altered but 

surprisingly, relative stability of TcpA in the mutant and parental strains did not reveal much 

difference in TcpA stability. The fact that the hmgA mutant also secreted a higher level of CTX 

would presumably favor the hypothesis that the mutant derivative is altered in its genetic 

expression of the virulence factors. A number of parameters, like temperature, pH, osmolarity, 

oxidative stress, amino acids, and bile, are known to modulate the expression of ToxR regulon, 

and such environmental signals exert their effects at different levels of  regulatory cascade (30). 

It was reported by Martin and Batkoff (75)  that the HGA auto-oxidation at physiological pH can 

generate superoxide radicals and hydrogen peroxide (H2O2) in the metabolic disorder 

alkaptonuria in eukaryotic cells. Interestingly, we observed the elevated levels of TcpA with the 

increased concentration of H2O2. Colonization of the infant mouse intestine by the mutant strain 

also shows the fivefold increase than that by the WT strain. As colonization efficiency is also 

dependent on bacterial growth, the growth rates of strains A1552 and SNW29 in LB were 

determined, and we observed no growth rate difference between the WT and the mutant (data 

not shown). Taken together, this study reveals the melanin overproducing strain of V. cholerae 

could modulate the resistance of this bacterium to UV light and modest effect on virulence 

factor production thereby influence the colonization ability. 
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Recent studies have shown that V. cholerae has an enhanced growth in association with the free-

living amoeba A. castellanii at 30° C (60, 61, 63, 64, 76) since V.  mimicus shares similar 

properties with V. cholerae such as existence of virulence associated genes, namely cholera 

toxin and toxin co-regulated pilus genes (33) as well as LuxO protein that regulates protease 

activity (34).  We are interested to study the survival ability of V. mimicus along with A. 

castellanii.  

 In paper II the results found that A. castellanii grew one fold less in the presence of luxO 

disruptant strain than the wild V. mimicus. LuxO mutant possessed significantly higher protease 

activity than the wild strain during the log phase of bacterial growth, but no significant 

differences could be seen in the protease activity of the strains during stationary phase or after 24 

h of growth (34). In our study we found that the wild-type and mutant V. mimicus strains did not 

have any significant differences of protease activity in the presence of amoeba under the 

stationary phase of bacterial growth (data not shown). This may explain why the growth of 

amoebae in the presence of wild or mutant V. mimicus strains was not markedly affected. The 

growth of V. mimicus or its luxO mutant showed enhanced growth in the presence of A. 

castellanii and decreased to non-detectable levels in the absence of amoeba, which explains that 

the protease did not exert a deleterious effect on the growth of amoeba. It is noteworthy that the 

protease of Pseudomonas aeruginosa had no effect on the growth of A. castellanii cells, which 

were killed by type III-secreted proteins (77). On the contrary, PrtV, an extracellular protease of 

V. cholerae, is necessary for killing of the worm Caenorhabditis elegans (78). 

Intracellular bacteria utilize different mechanisms to survive and multiply inside the host cells 

such as amoebae and macrophages. V. cholerae O1 and O139 survive in the cytoplasm of A. 

castellanii trophozoites, and bacteria can be found in cysts (63, 64, 79). V. mimicus cells were 

localized in the cytoplasm of amoeba trophozoites. The bacteria were present in cysts and the 

intracellular bacteria were viable for more than 2 weeks. Thus, V. mimicus showed an 

intracellular behaviour in the acanthamoeba–host model. Holden and colleagues found that 30–

70% of A. castellanii contained intracellular Legionella pneumophila (80). In comparison, the 

present study shows that 40–70% of A. castellanii internalized V. mimicus and 25–55 bacteria 

could be counted per amoeba cell.  It has been shown that Acanthamoebae benefit from the 

extracellular bacteria like Escherichia coli and Klebsiella aerogenes as a source of nutrients (81) 

, while the extracellular bacterium P. aeruginosa killed A. castellanii by the effect of type III-
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secreted proteins (77) The reason for the difference in behaviour of different extracellular 

bacterial species is not known. 

Encystation is a vital process of the amoebic life cycle. Vibrio mimicus grows inside A. 

castellanii and the amoebae protected the bacterium from antibiotic killing. The outcomes of this 

interaction strongly point out the intracellular behaviour of V. mimicus as well as the ability of A. 

castellanii to host the bacterium in aquatic environments. It has become increasingly apparent 

that bacterivorous predators such as free-living protozoa and nematodes could be exploited as 

model systems to gain significant insight into the pathogenesis of environmental bacteria (82). 

Vibrio mimicus is primarily an extracellular enteropathogen, and thus it will be interesting to 

evaluate the status of the transcriptome of this bacterium during intracellular growth in A. 

castellanii. In this regard, our co-cultivation model will serve as a valuable tool, which requires 

further investigation. 

V. cholerae virulence factors such as, CT and TCP are coregulated by a transcriptional regulator 

ToxR, however, independently of the transcriptional activators TcpP and ToxT, modulates 

expression two outer membrane proteins OmpU and OmpT (83). Transcription of ompU is 

induced by ToxR, whereas transcription of ompT is repressed by ToxR (39). OmpU plays more 

protective role than OmpT against the bactericidal effects of bile salts and other anionic 

detergents (39) V. cholerae adopts several survival strategies in aquatic environments and can 

survive as free-living or in association with zooplankton and can build biofilm and rugose 

colonies (35, 37). A great variety of secreted or surface bound proteases and their specificities 

can contribute the bacterial-host interaction in different ways (84) 

In paper III, we succeeded in constructing the internal in-frame toxR deletion mutant of V. 

cholerae strain, which express the ToxR repressed OmpT instead of the ToxR-activated OmpU. 

We disclosed its role in the environmental survival strategies of V. cholerae such as biofilm 

formation, switching from smooth to rugose colony morphotypes and association with A. 

castellanii.  

Our results demonstrate that ToxR clearly affects biofilm and rugose formation since the 

differences in biofilm and rugose colony formation between V. cholera wild type and toxR 

mutant were significantly higher by t-test and χ
2
 test, respectively. Viable count on blood agar 

reveals the effect of ToxR on growth and survival of V. cholerae associated with A. castellanii. 
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At 37º C V. cholerae wild type strain survived longer than the toxR mutant strain in the presence 

or absence of the amoebae. Interestingly, the association with A. castellanii enhanced survival of 

both bacterial strain but the wild type strain survived longer uncovering a role of ToxR in the 

survival of V. cholerae associated with protozoa in aquatic environment. Whereas in cultivation 

with the amoebae at 25° C, it was observed that both V. cholerae wild type and toxR mutant 

strains survived longer than 10 days. Despite V. cholerae wild type and toxR mutant strains 

survived more than 10 days in cultivation with the amoebae at 25° C, these strains did not form 

any rugose colony indicating that the bacteria avoided starvation. However, presence of the 

amoebae might enrich the cultivation medium and viable count of the bacteria was performed on 

enriched plates (blood agar plates).  

Analogies to rugosity can be found in a number of other bacterial species, including the 

expression of alginate by mucoid strains of Pseudomonas aeruginosa and the expression of an 

adhesive EPS by members of the marine genus (38). Spontaneous and reversible variation in 

cell-associated and cell-free EPS production represents an optimal adaptive mechanism that 

facilitates survival in stressful environments (85). Although, over 20 genes are co-ordinately 

controlled by the ToxR regulon (86) the mechanism of switching is currently under study and it 

seemed to be regulated by exopolysaccharide related phase variation. However, role of ToxR 

was found to be critical for V. cholerae bile resistance, virulence factor expression, and intestinal 

colonization (39, 40). Surprisingly, ToxR homolog from V. anguillarum was found to regulate 

its own production, bile resistance, and biofilm formation (87) which might emphasis the 

regulatory role of ToxR in the expression of virulence factors for Vibrio species.  

V. cholerae utilizes several survival strategies in aquatic environments such as biofilm 

formation, switching from smooth to rugose colony morphotypes and association with the 

free-living amoebae.  Studies have shown that V. cholerae has an enhanced growth in 

association with A. castellanii (63, 64, 88) and both microorganisms are detected in same 

water samples from cholera endemic area(76).  Paper IV investigated the role of OmpA 

protein and the OMVs released by V. cholerae on survival and interaction of the bacterium 

with eukaryotic host A. castellanii. 

Here, the internal in-frame deletion of OmpA V. cholerae strain A1552 O1 El Tor Inaba 

succeeds to survive longer and produce significantly more amount of OMVs compared to the 

wild-type strain confirming previous result by Song and co-authors, who suggested that the 

lack of OmpA protein led to more production of OMVs (44). An interesting finding of current 

paper is that OmpA suppresses survival of wild-type V. cholerae, when cultivated alone. To 
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investigate effect of OMVs on the amoebae, A. castellanii cells were incubated with 

suspension of isolated OMVs in PBS for 2 hours, which resulted in a decreased viability of A. 

castellanii. This might suggests a virulence role of the OMVs towards the amoebae. 

Interaction of V. cholerae strains with A. castellanii involved attachment of bacteria to the 

amoeba cells, engulfment, intracellular growth and survival inside the amoebae. Surprisingly, 

the differences between engulfment, intracellular growth and survival of the wild-type and 

OmpA mutant of V. cholerae were not statistically significant. In this context, Abd et al (61) 

reported that the capsule and LPS O-side chain did not affect engulfment, intracellular growth 

and survival of V. cholerae O139 when interacted with A. castellanii (61). 

The interaction also showed that presence of A. castellanii enhanced survival of both wild-

type and OmpA mutant of V. cholerae in agreement with the previous interaction of A. 

castellanii with wild-type V. cholerae O139, the capsule mutant strain and the capsule/LPS 

double mutant strain that enhanced survival (61). In spite of the fact that V. cholerae O1 El 

Tor possesses a mannose-sensitive haemagglutinin fimbria and V. cholerae O1 classical does 

not; they have enhanced survival and their intracellular growth in A. castellanii is not 

significantly different (63). All these facts may emphasise that the intracellular behavior of V. 

cholerae is a new survival strategy (61, 63). 

On the other hand, presence of wild-type V. cholerae enhanced growth of A. castellanii while 

presence of OmpA mutant of V. cholerae inhibited growth of A. castellanii which might be due 

to overproduction of OMVs by the mutant strain. OMVs of V. cholerae have been suggested to 

promote the delivery of virulence factors to bacterial or eukaryotic cells (44). However, our 

result showed that OMVs inhibited viability of the amoebae which in turn suggest the possible 

role as virulence factors.  

It was reported that OmpA levels inversely correlated with the amount of OMVs, and that the 

sRNA of V. cholerae were called as vibrio regulatory RNA of OmpA (VrrA) increased OMVs 

production comparable to loss of OmpA, since VrrA positively regulates the release of OMVs 

by down regulating of OmpA protein. (44) 

OMVs formation has been suggested to be linked to turgor pressure of the cell envelope 

during bacterial growth (89). Gram-negative bacteria have developed many strategies to 

enable active virulence factors to gain access to the extracellular environment, typically the 

tissues or bloodstream of the host organism (90).  
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Vesicles are means by which bacteria interact with prokaryotic and eukaryotic cells in their 

environment. Biochemical analysis and functional characterization of pathogen-derived outer 

membrane vesicles reveal that this secretory pathway has been taken by pathogens for the 

transport of active virulence factors into host cells (54).  The ability of OMVs to fuse with 

bacterial membranes and host cells to deliver content into the cytosol for directed intercellular 

transport of particular bacterial virulence factors into host cells and tissues (54, 91-93). Further 

investigations will shed more light on the function of the vesicles and their interaction with 

host cells.  

In conclusion the OmpA mutant of V. cholerae expressed more OMVs and survived longer 

than the wild-type V. cholerae. The amount of OMVs isolated from OmpA mutant strain was 

high enough to inhibit viability of the amoebae suggesting a virulence role for OMVs. 

Surprisingly, co-cultivation with A. castellanii enhanced survival of both wild-type and OmpA 

mutant strains indicating that V. cholerae might be adapted to survive better in association with 

eukaryotes. 
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6 CONCLUDING REMARKS 

 

In summary, the work presented on this thesis based on the role of virulence factors on 

environmental survival strategies of V. cholerae and V. mimcus has demonstrated that 

  

1. Melanin pigment plays a role in virulence factor expression of the bacteria such increased 

resistance against UV- light and colonization ability.    

  

2. V. mimicus shows an intracellular growth and survival in A. castellanii  

  

3. The regulatory protein ToxR of V. cholerae suggests a new role in the expression of 

OmpT/OmpU and in the formation of biofilm, switching of morphotypes from smooth to rugose 

colony and in association with the free living amoeba A. castellanii.   

  

 4. The outer membrane protein A of V. cholerae suppressed the survival of alone cultivated 

wild-type V. cholerae and has no effect on attachment, engulfment and intracellular growth of V. 

cholerae with the amoebae, whereas ompA mutant released more outer membrane vesicles and 

inhibits the viability of amoebae. 
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