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ABSTRACT

The genus Vibrioof the family Vibrionaceae are Gram negative, oxidase-
positive, rod- or curved- rodshaped facultative anaerobes, widespread in marine
and estuarine environments. Vibrio species are opportunistic human pathogens
responsible for diarrhoeal disease, gastroenteritis, septicaemia and wound
infections and are also pathogens of aquatic organisms, causing infections to
crustaceans, bivalves and fishes. In the present study, marine environmental
samples like seafood and water and sediment samples from aquafarms and
mangroves were screened for the presence of Vibrio species. Of thel34 isolates
obtained from the various samples, 45 were segregated to the genus Vibrio on the
basis of phenotypic characterization.like Gram staining, oxidase test, MoF test and
salinity tolerance. Partial 16S rDNA sequence analysis was utilized for species
level identification of the isolates and the strains were identified as V.
cholerae(N=21), V. vulnificus(N=18), V. parahaemolyticus(N=3), V. alginolyticus
(N=2) and V. azureus (N=1). The genetic relatedness and variations among the 45
Vibrio isolates were elucidated based on 16S rDNA sequences. Phenotypic
characterization of the isolates was based on their response to 12 biochemical tests
namely Voges-Proskauers’s (VP test), arginine dihydrolase , tolerance to 3% NaCl
test, ONPG test that detects -galactosidase activity, and tests for utilization of
citrate, ornithine, mannitol, arabinose, sucrose, glucose, salicin and cellobiose.
The isolates exhibited diverse biochemical patterns, some specific for the species
and others indicative of their environmental source.Antibiogram for the isolates
was determined subsequent to testing their susceptibility to 12 antibiotics by the
disc diffusion method. Varying degrees of resistance to gentamycin (2.22%),
ampicillin(62.22%), nalidixic acid (4.44%), vancomycin (86.66), cefixime
(17.77%), rifampicin (20%), tetracycline (42.22%) and chloramphenicol (2.22%)
was exhibited. All the isolates were susceptible to streptomycin, co-trimoxazole,
trimethoprim and azithromycin. Isolates from all the three marine environments

exhibited multiple antibiotic resistance, with high MAR index value.



The molecular typing methods such as ERIC PCR and BOX PCR revealed
intraspecies relatedness and genetic heterogeneity within the environmental
isolatesof V. cholerae and V. vulnificus. The 21 strains of V. choleraewere
serogroupedas non O1/ non 0139 by screening for the presence Olrfb and 0139
rfb marker genes by PCR.

The virulence/virulence associated genes namely CtxA, ctxB, ace, VPI,
hlyA, ompU, rtxA, toxR, zot, nagst, tcpA, nin and nanwere screened in V. cholerae
and V. vulnificusstrains.The V. vulnificusstrains were also screened for three
species specific genes viz., cps, Whand viu. In V. cholerae strains, the virulence
associated genes like VPI, hlyA, rtxA, ompU and toxR were confirmed by PCR.
All the isolates, except for strain BTOS6, harbored at least one or a combination
of the tested genes and V. choleraestrain BTPRS isolated from prawn hosted the
highest number of virulence associated genes. Among the V. vulnificusstrains,
only 3 virulence genes, VPI, toxR and cps, were confirmed out of the 16 tested
and only 7 of the isolates had these genes in one or more combinations. Strain
BTPS6 from aquafarm and strain BTVE4 from mangrove samples yielded positive

amplification for the three genes.

The toxRgene from 9 strains of V. choleraeand 3 strains of V. vulnificus
were cloned and sequenced for phylogenetic analysis based on nucleotide and the
amino acid sequences. Multiple sequence alignment of the nucleotide sequences
and amino acid sequences of the environmental strains of V. choleraerevealed that
the toxRgene in the environmental strains are 100% homologous to themselves
and to the V. choleraetoxR gene sequence available in the Genbank database. The
3 strains of V. vulnificus displayed high nucleotide and amino acid sequence
similarity among themselves and to the sequences of V. cholerae and V. harveyi
obtained from the GenBank database, but exhibited only 72% homology to the

sequences of its close relative V. vulnificus.

Structure prediction of the ToxR protein of Vibrio cholerae strain BTMAS

was by PHYRE? software. The deduced amino acid sequence showed maximum



resemblance with the structure of DNA-binding domain of response regulator2
from Escherichia coli k-12 Template based homology modelling in PHYRE?
successfully modelled the predicted protein and its secondary structure based on

protein data bank (PDB) template c3zq7A.

The pathogenicity studies were performed using the nematode
Caenorhabditiselegansas a model system. The assessment of pathogenicity of
environmental strain of V. choleraewas conducted with E. coli strain OP50 as the
food source in control plates, environmental V. cholerae strain BTOS6, negative
for all tested virulence genes, to check for the suitability of Vibrio sp. as a food
source for the nematode;V. cholerae Co 366 ElTor, a clinical pathogenic strain
and V. cholerae strain BTPRS from seafood (Prawn) and positive for the tested
virulence genes like VPI, hlyA, ompU,rtxA and toxR. It was found that V.
cholerae strain BTOS6 could serve as a food source in place of E. coli strain OP50
but behavioral aberrations like sluggish movement and lawn avoidance and
morphological abnormalities like pharyngeal and intestinal distensions and
bagging were exhibited by the worms fed on V. cholerae Co 366 ElTor strain and

environmental BTPRS indicating their pathogenicity to the nematode.

Assessment of pathogenicity of the environmental strains of V. vulnificus
was performed with V. vulnificus strain BTPS6 which tested positive for 3
virulence genes, namely, cps, toxRand VPI, and V. vulnificus strain BTMM?7 that
did not possess any of the tested virulence genes. A reduction was observed in the
life span of worms fed on environmental strain of V. vulnificusSBTMM?7 rather than
on the ordinary laboratory food source, E. coli OP50. Behavioral abnormalities
like sluggish movement, lawn avoidance and bagging were also observed in the

worms fed with strain BTPS6, but the pharynx and the intestine were intact.

The presence of multi drug resistant environmental Vibrio strainsthat
constitute a major reservoir of diverse virulence genes are to be dealt with caution
as they play a decisive role in pathogenicity and horizontal gene transfer in the

marine environments.
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INTRODUCTION

Marine ecosystems are highly complex and dynamic with enormous
biodiversity. A surprising number of pathogens have been reported from
marine environments and the probability of their transmission to humans
and aquatic organisms is correlated to factors that affect their distribution.
Both indigenous and introduced pathogens can be the cause of illness
acquired from marine environments and their occurrence depends on
ecology, source, and survival in these environments. Our current
knowledge of the diversity and ecology of bacterial pathogens associated
with marine environments stems from clinical accounts of marine-acquired
illnesses, disease outbreaks of known aetiology in marine animals, and

testing of marine environments for the presence of pathogen populations.

A large majority of known marine pathogens belong to the family
Vibrionaceae, an important and ubiquitous group of bacteria in marine and
estuarine environments. Characteristically they have a close association
with aquatic animals either as symbionts, normal flora or as pathogens. The
myriad types, the range of species and their diverse role in the marine
environments make the Vibrionaceae an important, but challenging group

of bacteria that need extensive and constant investigation.

The genus Vibrio of the family Vibrionaceae comprises of at least 74
distinct species. They are Gram negative, oxidase-positive, rod- or curved-

rod shaped facultative anaerobes. These bacteria are halophilic, mesophilic
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and chemoorganotrophic in nature and are widespread in marine and
estuarine environments, very rarely found as freshwater inhabitants
(Baumann et al., 1984). Vibrios retain remarkable biodiversity in the
marine environment, with species found in hydrothermal vents (Raguenes
et al., 1997), deep sea (Maruyama et al., 2000), open water (Eilers et al.,
2000), estuaries (Barbieri et al.,1999) and marine sediments (Urakawa
et al., 2000; Raghul and Bhat, 2011). They are found in association with
planktonic forms (Hugq et al., 2005), sponges (Thompson et al., 2004) and
corals (Rohwer et al., 2001). They also occur commonly in marine and
estuarine seafood like squid (Ford et al., 1986), bivalve molluscs (Liu et al.,
2001; 2003), shrimp and prawn (Ruangpan and Kitao, 1991; Lemonnier
et al., 2006; Sakai et al., 2007) and finfish (Austin and Austin, 1993;
Chatterjee and Haldar, 2012). Furthermore, environmental characteristics
such as water temperature and salinity are known to influence the diversity of
Vibrio spp. in the environment. They survive unfavourable environmental
conditions by forming biofilms with which they can attach to algae,
crustaceans or other marine organisms and utilize the nutrients released by
these organisms (Visick, 2009, Yildiz and Visick, 2009) or enter a viable
but non-culturable (VBNC) state, whereby they are metabolically active but
do not form colonies on any media and are very resistant to environmental

stress (Asakura, et al., 2007; Oliver, 2005).

Vibrios are responsible for a number of clinical conditions such as
cholera, gastroenteritis, septicaemia and wound infections (Thompson
et al., 2004; Jay et al., 2005; Doyle and Beuchat, 2007).Twelve Vibrio
species have been documented as potential food-borne disease agents in
humans: V. cholerae, V. parahaemolyticus, V. vulnificus, V.alginolyticus,

V.furnissii, V.fluvialis, V.damsela, V.mimicus, V.hollisae, V.cincinnatiencis,
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V.harveyi and V.metchnikovii (Thompson and Swings, 2006; Adams and
Moss, 2008). A few species are fish pathogens and some are involved in

coral bleaching (Thompson et al., 2004).

Cholera, a life threatening disease that can spread rapidly as explosive
epidemics from one region to another is characterized by profuse watery
diarrhoea with flakes and mucus, dehydration and sometimes death, when
adequate medical intervention is not instituted (Kaper et al., 1995; Jay
et al., 2005; Talkington et al., 2011). Vibrio cholerae, the etiological agent
of cholera is wide spread in estuarine and marine waters around the world,
where salinity is between 4 to 17% (Huq et al., 2005). Infections by
V. cholerae can lead to epidemics, pandemics or may be endemic in
specific areas. Since its discovery in 1817 there have been seven cholera
pandemics. The first six pandemics originated in the Indian Subcontinent
with the Ganges Delta region serving as the main reservoir. The seventh
pandemic started in 1961 in Indonesia and spread to other parts of the
world (Kamal, 1974). The bacteria are carried around the world mostly by
asymptomatic carriers and the most recent outbreak occurred in Haiti and it
was linked to a clone in Nepal (Talkington et al., 2011; Hendriksen et al.,
2011). In the aquatic environment, V. cholerae is found associated with a
number of biotic and abiotic substrates where the pathogen can exist in
high abundance, survive long periods of stress and, when conditions are
right, cause human infection (Nair, 2008). The association of V. cholerae
with aquatic substrates, with the capability of the bacteria to switch on
survival strategies, such as biofilm formation (Huq et al., 2008) and the
viable but non-culturable (VBNC) state (Oliver, 2005; Alam et al., 2007),
explains the persistence and dissemination of the pathogen during inter

epidemic periods.



Chapter-1

V. wulnificus is regarded as an emerging pathogen and infection in
humans was first reported in 1964 in the USA and in 1987 in Taiwan
(Harwood et al., 2004; Hsueh et al., 2004). It is an opportunistic pathogen
in the elderly or in immune-compromised individuals with impaired liver
function, or underlying disease such as cirrhosis, diabetes mellitus or those
on steroid therapy (Harwood et al., 2004; Drake et al., 2007). Infections are
usually acquired through consumption of raw or improperly cooked
shellfish or through contact with seawater (Hsueh et al., 2004; Cazorla
et al., 2011). V vulnificus can also cause an infection of the skin when open
wounds are exposed to warm seawater. It causes three important disease
syndromes; septicaemia, necrotising wound infections and gastroenteritis
with a mortality rate of 40 to 50% occurring one to two days after onset of
the symptoms (Harwood et al., 2004; Hsueh et al., 2004; Cazorla et al., 2011).
V. vulnificus is a common inhabitant of marine environments (Harwood et
al., 2004), being prevalent in seawater during summer when the
temperatures are between 26 to 29°C (Hsueh et al. 2004). It occurs in
environments with salinity of 0.5 to 2.5% (Harwood et al., 2004), but their
concentration was found to increase in oil polluted seawater (Tao et al., 2011).
They are also found associated with shellfish, sediments and planktons

which are believed to act as reservoirs (Harwood et al., 2004).

V. parahaemolyticus is associated with gastroenteritis manifested by
profuse, watery diarrhoea free from blood and mucus, abdominal cramps,
nausea, and vomiting. Outbreaks of V. parahaemolyticus food poisoning
are associated with consumption of raw molluscs and cooked crustaceans in
America and Europe, but in Japan, South East Asia, India and Africa
raw fish is implicated as a vehicle for transmission (Jay et al., 2005).

V. parahaemolyticus is usually a member inhabiting coastal waters (Adams
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and Moss, 2008), but has been recently isolated from fresh water fish
(Noorlis et al., 2011).

Vibrio alginolyticus is an opportunistic pathogen occasionally associated
with cases of gastroenteritis and diarrhoea and causing systemic infections
in immune-compromised individuals with severe burns, cancers or with a
history of alcohol abuse (Oliver and Kaper, 1997). In healthy individuals
V.alginolyticus is associated with extra intestinal infections such as wound

or ear infections (Novotny et al., 2004).

Recognition of environmental reservoirs, understanding the nature of
bacterial interactions and their role in disease transmission represent an
area of active research with significant implications in epidemiological
studies. The long-term persistence of pathogens in the non-human
environment (King et al., 2008) proposes that environmental reservoirs
play a significant role in affecting the evolution of pathogen virulence and
reduces pathogen dependence on host-to-host contact for transmission and
propagation, enabling it to evolve to higher virulence levels (Chun et al.,

2009).

The taxonomy of vibrios initially based on the classical methods of
classification; identification and nomenclature where morphological
features and biochemical reaction played an important role (Alsina and
Blanch, 1994a; 1994b) has been replaced by the current trend based on the
polyphasic approach that includes phenotypic and molecular methods

(Thompson and Swings, 2006).

Thel6S rDNA PCR method not only increases the efficiency of

bacterial identification due to its rapid and reproducible nature but is also
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an efficient tool for phylogenetic studies and as a taxonomic marker
(Thompson et al., 2005). Various molecular techniques have also been used
to type the strains belonging to the various Vibrio species including
Amplified fragment length polymorphism(AFLP), Raandom amplified
polymorphic DNA (RAPD), Restriction fragment length polymorphism
(RFLP), Ribotyping, Repetitive extragenic palindromic (Rep) sequences,
Pulsed field gel -electrophoresis (PFGE), Enterobacterial repetitive
intergenic consensus sequences (ERIC), BOX PCR, Multilocus sequence
typing (MLST) and Whole genome sequence typing(WGST). Most of these
techniques could also be used for the identification of specific Vibrio
species, being important tools in epidemiological investigations and have
been recommended for determining the source of virulent strains and their
temporal and spatial distributions (Caburlotto et al., 2011; Cazorla et al.,
2011; Hendriksen et al., 2011).

The extension of antibiotic resistance among Vibrio species is the most
notable example of evolution that has been observed in this group over the
past decades. Extensive use and misuse of antibiotics in medication,
veterinary, agriculture and aquaculture have caused widespread antibiotic-
resistant Vibrio strains in the environment. Antimicrobial drug resistance in
Vibrio spp. can develop through mutation or through acquisition of
resistance genes on mobile genetic elements, such as plasmids, transposons,
integrons, and integrating conjugative elements (ICEs). The rapid
emergence of multi-drug resistance in V. cholerae is a cause of great
concern in public health perspective. Reports of drug-resistant V. cholerae
strains are appearing with increasing frequency (Mukhopadhyay et al.,
1998; Thungapathra et al., 2002; Jain et al., 2008; Roychowdhury et al.,
2008; Ngandjio et al., 2009; Kumar et al., 2009). Antibiotic resistance
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profiles have also been produced for environmental isolates of other Vibrio
species (Manjusha et al., 2005; Han et al., 2007; Elhadhi, 2012).
Emergence of resistance to multiple drugs is a serious clinical problem in
the treatment and containment of the disease. Surveillance of multiple drug
resistance of environmental strains of Vibrio is necessary to communicate
the current status of resistance in a location, alert the clonal nature of the
infectious agents and to spur the implementation of appropriate antibiotic

and curative measures.

In V. cholerae, about 200 serogroups have been recognized of which
only O1 and O139 can cause cholera (Albert, 1996). The others collectively
called the non O1/ non O139 serogroups have not been associated with
epidemics, nevertheless cases of gastroenteritis and extra-intestinal
infections have been reported (Morris et al., 1990, Mukhopadhyay
et al., 1995; Sharma et al., 1998; Dziejman et al., 2005). The pathogenesis
of V. cholerae is a complex process involving the co-ordinated action of a
number of virulence factors and the ability of V. cholerae strains to cause

severe enteric infection depends on their virulence gene content.

The major virulence factors of V. cholerae include the cholera toxin (CT),
which is responsible for the profuse diarrhoea and a colonization factor known
as toxin co-regulated pilus (TCP). Apart from these, cholera pathogenesis
depends on the synergistic effect of a number of other virulence-associated
factors like the accessory cholera enterotoxin (Ace), cytotoxic haemolysin
A (HlyA), zonula occcludens toxin (Zot), outer membrane proteins (Omp),
heat stable enterotoxin (NagST), repeat in toxin (RTX) mannose-sensitive
haemagglutinin (MSHA), neuraminidase (Nan) and accessory colonization

factor (Acf) (Kaper et al., 1995; Lin et al., 1999; Thompson et al., 2004).
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The genes encoding the cholera toxin (CtXAB) reside in the genome of a
lysogenic filamentous phage, CTX® (Waldor and Mekalanos, 1996) and
genes encoding the major colonization factor TCP, are part of a large
cluster of genes referred to as the Vibrio pathogenecity islands (VPI)
(Kovach et al., 1996; Faruque et al., 1998a).

The important virulence factors associated with the pathogenesis of
V. vulnificus are its capsular polysaccharide (CPS), iron acquisition protein
(VIU), flagellar hook protein, haemolysin (VVU), repeat in toxin (RtxA)
and metalloprotease (Gulig et al., 2005). Other putative virulence factors
include numerous extracellular enzymes like protease, mucinase, lipase,
chondroitinase, hyaluronidase, DNase, esterase, and sulfatase (Desmond

et al., 1984; Oliver et al., 1986).

The expression of virulence factors by pathogenic vibrios is co-
ordinately regulated in response to specific external environmental stimuli
that are received by integral membrane proteins that transduce cytoplasmic
regulatory proteins to control gene expression. The ToxR regulon plays a
central role in the coordinate regulation of the virulence properties in
V. cholerae and encode products that function to promote intestinal
colonization, toxin production and survival within the host (Miller et al., 1987;

Kovach et al., 1996).

1.1 Objectives of the Study

Environmental populations of Vibrio are characterized by heterogeneous
distributions of multiple virulence factors, combinations of which regulate the
epidemic potential (Faruque et al., 1998b; Karaolis et al., 1998;
Chakraborty et al., 2000).Transfer of virulence properties between different



Introduction

species has been observed (Faruque et al., 1998a; Boyd et al., 2000) in
cases where specific virulence factors are borne on mobile genetic elements.
Thus, environmental interaction may confer enhanced pathogenicity on a

subset of an environmental population.

Kerala constitutes approximately 10% of India’s total coastline with its
remarkable marine water resources and rich fertile coastal waters that offer
immense scope for aquaculture activities like farming of shrimp, crabs,
oysters, mussels and finfish. Aquaculture farm systems in mangrove areas
are being developed more abundantly as this environment serves as a
critical nursery to fisheries by creating shelters for spawning, hatching and
feeding. Marine aquaculture settings and mangrove environments serve as
foci or reservoirs for Vibrio strains that occur either as pathogens that are
the cause of major diseases and low grade infections that erode productivity
or as probionts providing beneficial effects. Kerala has experienced several
cholera outbreaks (Radhakutty et al., 1997; Bhanumathi et al., 2002; John
et al., 2004; Geeta and Krishnakumar, 2005) caused by V. cholerae O1 El
Tor strains and one case due to O139 strain (Bhanumathi et al., 2002). The
high population density of the state as well as its close proximity to aquatic

systems makes Kerala, a suitable candidate for endemic cholera.

Moreover, reports on the incidence of CT and TCP among
environmental V. cholerae El Tor strains from the coastal areas of Kerala
(Kumar et al., 2008) and V. cholerae Ol in tropical seafood in Cochin
(Kumar and Lalitha, 2013) necessitates the screening for potential
pathogenic vibrios from marine environments like seafood, aquafarms and
mangroves. The marine environment may be a powerful incubator for new

combinations of virulence properties due to the extremely large overall
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population size of bacterial populations and efficient mixing timescales.
These natural phenomena may be further enhanced by anthropogenic
activities that introduce microbial species across geographical barriers
(Ruiz et al., 2000).The potential for outbreaks in natural or farmed marine
environments needs to be recognized and approached with caution.
Therefore, the present work was undertaken with the following specific

objectives:

1) Phenotypic characterization, antibiotic profiling, molecular
characterization and phylogenetic analysis of Vibrio species

from marine environments

2) Molecular typing and detection of virulence associated genes in

the environmental isolates of V. cholerae and V. vulnificus

3) Genetic analysis and comparison of toxin- regulatory gene toxR

in the environmental isolates of V. cholerae and V. vulnificus

4) Pathogenicity studies with the nematode Caenorhabditis elegans

as model organism

10
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REVIEW OF LITERATURE

2.1. Vibrionaceae

The family Vibrionaceae, first described by Veron (1965), resides
within the Gammaproteobacteria with the members comprising one of the
predominant bacterial groups in marine environments. They occur in
coastal seawater samples, pelagic seawaters (Simidu et al., 1982) and in
highly eutrophicated areas (Simidu et al., 1977). In marine environments,
members of the family Vibrionaceae have a close association with aquatic
animals either as symbionts, normal flora or as pathogens and are closely
associated with many kinds of marine animals from plankton (Heidelberg
et al., 2002) to fishes (Arias et al., 1995, Grisez et al., 1997). To varying
degrees, Vibrionaceae have an intimate relationship with all farmed marine
species of aquatic animals like corals (Rosenberg and Loya, 2004),
molluscs (Sawabe et al., 2003), seagrass, sponges and shrimp (Gomez-Gil
et al.,1998, Vandenberghe et al.,2003).Their relationship with luminous
fish has been known since the last century (Nishiguchi et al., 2004).

The ability of the group to occupy a wide diversity of habitats means
that the Vibrionaceae have direct and indirect effects on aquaculture either
as pathogens that are the cause of major disease, low grade infections that
erode productivity or beneficial effects as probionts like some strains of
Vibrio alginolyticus (Austin et al., 1995) or V. mediterranei (Huys et al.,
2001).

11
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The family Vibrionaceae currently comprises eight validly published
genera: Aliivibrio, Catenococcus, Enterovibrio, Grimontia, Listonella,
Photobacterium, Salinivibrio, and Vibrio. Currently some 98 species across
the eight genera are recognised; most of the species occur in the genus
Vibrio. Each genus has its own distinguishing morphological and
physiological characteristics (Krieg and Holt, 1984). Phenotypic data used to
define each genus are G/C content, the presence of sheathed polar flagella,
requirement of sodium for growth, lipase activity, D-mannitol utilization, and
sensitivity to vibriostatic compound 0/129 (Holt et al.,1994). The myriad of
types, the range of species and their diverse role in aquaculture make the

Vibrionaceae an important but challenging group of bacteria.

2.2. The Genus Vibrio

The first description of a Vibrio species took place in 1854, when the
Italian physician Pacini discovered V. cholerae. The genus Vibrio
comprises a diverse bacterial group consisting of at least 74 distinct
species. They are gram-negative, oxidase-positive, rod- or curved rod-
shaped facultative anaerobes. Generally, the organisms are halophilic,
mesophilic and chemoorganotrophic in nature (Thompson et al., 2004).
Members of this group are widespread in aquatic habitats of various
salinities. They are very common in marine and estuarine environments,
and on the surfaces of marine plants and animals (Baumann et al., 1984).
They also occur naturally in the intestinal content of marine animals
(Baumann et al., 1984; Sakata, 1989). Some species are also found in
freshwater habitats (Baumann et al., 1984).

Two chromosomes are common to all Vibrio spp., one large and the

other, a small, flexible chromosome (Okada et al., 2005). High rates of

12
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mutation, recombination and frequent horizontal gene transfer lead to high
polymorphism and intraspecies variability of Vibrio spp. (Moreno et al.,
2002; Gonzalez-Escalona et al., 2008; Hazen et al., 2010). This high
genome plasticity enables these bacteria to adapt to various niches and react

rapidly to environmental changes.

2.2.1. Ecology of Vibrios

Vibrios retain remarkable biodiversity persisting in a variety of
geographic locales as free living populations, or in association with
eukaryotic hosts, including corals, molluscs, sponges and zooplankton
(Blackwell and Oliver, 2008). Furthermore, environmental characteristics,
such as water temperature and salinity, are also known to influence the
diversity of Vibrio spp. in the environment (Beaz-Hidalgo et al., 2010).
Vibrio spp. survive unfavourable environmental conditions, by the formation
of biofilms, by which they can attach to algae, crustaceans or other marine
organisms, and utilize the nutrients released by these organisms (Hugq et al.,
1983; Snoussi et al., 2008; Visick, 2009; Yildiz and Visick, 2009). Another
survival strategy of Vibrio spp. is to enter a viable but non-culturable
(VBNC) state (Roszak & Colwell, 1987; Asakura, et al., 2007) where they
do not form colonies on any media, but are metabolically active and very

resistant to environmental stress (Wong & Wang, 2004; Oliver, 2005).

Vibrio species are opportunistic pathogens that are widely distributed
in marine aquaculture environment, causing infections to commercially
important species of crustaceans (Sung et al., 2001; Soto-Rodriguez et al.,
2010; Alagappan et al., 2010; Ji et al., 2011; Raissy et al., 2011), bivalves
(Tubiash et al., 1970; Beaz-Hidalgo et al., 2010) and fishes (Toranzo et al.,
2005; Won and Park, 2008; Pal and Das, 2010; Frans et al., 2011). There
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are 12 species that are routinely isolated from human clinical samples, and
the diseases in which they are implicated include diarrheal disease,

septicemia and wound infections (Daniels et al., 2000).

Vibrio spp. are ubiquitous in the marine environment, with species found
in hydrothermal vents (Raguenes et al.,1997), deep sea (Maruyama et al.,2000),
open water (Eilers et al.,2000), estuaries (Barbieri et al.,1999) and marine
sediments (Urakawa et al.,2000; Raghul and Bhat, 2011).Vibrios have also
been found in rivers (Kenzaka et al.,1998), and V. cholerae is also known
to inhabit freshwater environments (Baumann et al.,1980). One species,

V. navarrensis has been reported in sewage outfalls (Urdaci et al., 1991).

Ecologically and economically, the variety of parasitic and mutualistic
relationships that the vibrios enter into with the aquatic flora and fauna are

very relevant.

2.2.1.1. Planktons

The association of vibrios with planktonic organisms, especially
copepods, has been suggested as an important component of Vibrio ecology
(Sochard et al., 1979; Huq et al., 1983; 2005). Planktons represent organic
rich microenvironments (Long and Azam, 2001; Grossart et al., 2005) that
can selectively enrich heterotrophic bacteria, including Vibrios (Huq et al.,
1983; Tamplin et al., 1990; Lipp et al., 2003; Long et al., 2005). The
production of an extracellular chitinase allows vibrios to utilize the
chitinous exoskeletons of some plankton taxa as a source of carbon and
nitrogen (Thompson et al., 2004), hence presenting a competitive
advantage when associated with plankton (Heidelberg et al., 2002).

Plankton colonized by pathogenic Vibrio species can potentially act as a
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vehicle of disease transmission, as in the case of cholera (Huq and Colwell,

1996; Huq et al., 2005).

The phytoplankton (diatoms and cyanobacteria) were shown to be
significant correlates of Vibrio abundance. V. cholerae has been shown to
attach to certain cyanobacteria and diatoms (Tamplin et al., 1990; Salvesen
et al., 2000; Rehnstam-Holm et al., 2010). However, the total vibrio
community may respond differently to the presence of phytoplankton and
the inverse relationship may reflect a release of nutrients that corresponds
with the decay of a diatom or cyanobacterial bloom (Middelboe et al.,
1995; Riemann et al., 2000). The decline of the bloom could then stimulate
an increase in secondary production by heterotrophic bacteria, including

Vibrios (Lancelot and Billen, 1984; Pomeroy and Wiebe, 2001).

Unculturable Vibrio vulnificus and V. parahaemolyticus were detected
in plankton fractions by polymerase chain reaction amplification of DNA
sequences for cytotoxin-haemolysin and thermolabile haemolysin respectively

(Baffone et al., 2006).

2.2.1.2. Sponges

Sponges maintain diverse symbiotic microbe populations that differ in
composition from microbial populations of surrounding ambient waters
(Webster and Blackall, 2008). Vibrio species exist in remote undersea
environments in sponges inhabiting different depths and regions of benthic
seas (Thompson et al., 2004). The 16S rRNA gene sequences placed the
majority of sponge-associated vibrios within the Harveyi clade (Vibrio
core), which includes V. parahaemolyticus, V. harveyi, V. alginolyticus,

V. natriegens, V. rotiferanius and V. campbellii, albeit precise species
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determinations were largely intangible (Sawabe et al., 2007; Hoffmann

etal., 2010).

2.2.1.3. Corals

Coral reefs are highly productive and very diverse ecosystems
within coastal tropical environments, mainly in oligotrophic regions
(Cortes, 2003). Corals harbour diverse bacterial communities and seem to
exhibit some specificity within coral species (Rohwer et al., 2001). Coral
bleaching, i.e., the paling or the loss of color due to the disruption of
symbiosis between the coral host and symbiotic Zooxanthellae, is one of
the most serious diseases affecting corals worldwide (Rosenberg and Loya,

2004; Sutherland et al., 2004).

V. shilonii (also known as V. mediterranei) and V. coralliilyticus have
been proven to bleach corals, and their pathogenicity was shown to be
temperature dependent. V. shilonii was identified as an etiological agent of
the bleaching of Oculina patagonica, and the main disease steps, i.e.,
adhesion, penetration, and multiplication within the coral tissues have been
described in detail (Banin et al., 2000; Rosenberg & Ben-Haim, 2002;
Cervino et al., 2004). Within the coral tissues, most V. shilonii cells
become viable but nonculturable (VBNC) but continue to be virulent.
According to Sussman et al. (2003), the fire worm Hermodice carunculata
is a winter reservoir and summer vector of V. shilonii. V. coralliilyticus,
another temperature-dependent pathogen, was shown to cause patchy
necrosis of tissues of Pocillopora damicornis when the coral was incubated
at temperatures of 27°C or higher (Ben-Haim and Rosenberg, 2002; Ben-
Haim et al., 2003). V. coralliilyticus is also reported as the causative agent

of white syndrome disease in other coral species (Bally and Garrabou,
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2007; Sussman et al., 2008; 2009; Vezzulli et al., 2010).There are also rich
commensal Vibrio populations associated with healthy corals (Arboleda
and Reichardt, 2009; Kvennefors et al., 2010) and the study on coral-
mucus associated vibrios revealed that the integrons are particularly strong
evolutionary hotspots in their genomes, with a very high flux of mobile
genes coming in and going out that exceeds even that seen in more free-

living vibrios (Koenig et al.,2011).

2.2.1.4. Biofilm Formation

The biofilm formation by Vibrio spp. on the exoskeletons of
crustaceans and other marine organisms may in fact constitute a strategy to
survive during starvation and/or other environmental stresses (Wai et al.,
1999). In biofilms these bacteria can use trapped and absorbed nutrients,
resist antibiotics, and establish favourable partnerships with other bacteria
or hosts (Thompson et al., 2004; Snoussi, et al., 2008; Visick, 2009; Yildiz
and Visick, 2009). Vibrio moves along and attaches to surfaces with the aid
of the flagellum and pili, which may act as adhesins. The synthesis of an
exopolysaccharide is a prerequisite for biofilms and is believed to occur
principally after attachment to solid surfaces and microcolony formation.
Thus maturation from the planktonic state to the biofilm state requires a
developmental alteration in flagellar, fimbrial, and exopolysaccharide
synthesis, promoting the formation of the three dimensional architecture of
mature biofilms (Kierek & Watnick, 2003; Fong et al., 2010). Studies have
also shown the antibiofilm activity of an exopolysaccharide A101 purified
from culture supernatant of the marine bacterium Vibrio sp. QY101 not
only inhibited biofilm formation, but also disrupted the established biofilms
of some strains of bacteria (Jiang et al.,2011). The strong ability of
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V. cholerae to form densely packed biofilms in the environment gives a
survival advantage to this organism. Biofilm formation has been reported to
facilitate the survival and transmission of V. parahaemolyticus, V.
alginolyticus and V. fischeri in the environment (Wolfe et al., 2004; Enos-
Berlage et al., 2005; Snoussi et al.,2008; Chavez-Dozal and Nishiguchi,
2011).

V. cholerae biomass in biofilms remains stable in the presence of
surface-feeding protozoa whereas planktonic V. cholerae cells are rapidly
eliminated which illustrates the importance of surface-associated growth as
a protective niche for the environmental persistence of V. cholerae (Matz

et al., 2005).

2.2.2. Vibrios in Seafood
2.2.2.1. Squid

Vibrio sp. have been isolated from both normal and ulcerated mantles
of squid (Lolliguncula brevis) (Ford et al., 1986) and postmortem from
hemolymph, abdominal fluid, and eyes of captive cuttlefish with myocarditis
(Hulet et al., 1979). Captive cephalopods are susceptible to disease and
major health problems (Hanlon et al., 1988; Scimeca and Oestman1995;
1996) due to their marine- adapted immune system and their thin, delicate,
microvillar epidermal structure. Archived necropsy cases of Sepia spp.
showed that mortality was commonly associated with bacterial cultures
positive for Vibrio alginolyticus, a marine bacterium routinely found in
coastal waters, sediment, and culture systems (Sangster and Smolowitz,
2003). Of the 53 cases in which bacterial cultures were taken, 33 were
positive for V. alginolyticus. V. parahaemolyticus was detected by loop-

mediated isothermal amplification from various seafood samples including
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cuttlefish (Wang et al.,2011) and V. cholerae was reported from the squid
samples obtained from wetmarket and supermarket in Malaysia (Vengadesh

etal.,2012).

Symbiosis between sepiolid squids (Cephalopoda: Sepiolidae) and
vibrio bacteria has become an ideal model to study environmentally
transmitted symbioses between cooperative microbes and their eukaryotic
hosts (Hanlon et al., 1997; Nyholm and MacFall-Ngai, 2004). The symbiosis
is established when environmentally transmitted, symbiosis-competent
vibrios infect the light organs of newly hatched juvenile squid (McFall-
Ngai and Ruby, 1998; Guerrero-Ferreira and Nishiguchi, 2007). Upon
entrance into the light organ, the bacteria flourish in a relatively nutrient-
rich, protected environment and in turn achieve high densities within the
organ (Stabb, 2006). When a sufficiently high number of symbiont cells are
achieved in the light organ, the bacteria become luminescent based on a
communication mechanism known as quorum sensing (Miller and Bassler,
2001). Vibrio bacteria then induce a program of drastic morphological
changes in the squid host, which helps to establish the symbiont population
and completes development of the naive light organ (Nishiguchi et al.,
2004). Development and timing of this vibrio population coincides with the
nocturnal hunting behavior of the squid, in which the bacteriogenic
luminescence is used in a predator/prey avoidance behavior known as
counter-illumination (Jones and Nishiguchi, 2004; Zamborsky and
Nishiguchi, 2011). V. fischeri and V. logei are apparently the only reported
Vibrio species colonizing the light organs of squid (McFall-Ngai, 1994;
Fidopiastis et al.,1998; Ruby and Lee, 1998), but this seemingly specific

partnership remains to be confirmed (Thompson et al.,2004).
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2.2.2.2. Marine Bivalves

Vibrio species constitute an important percentage of the heterotrophic
bacteria associated with marine bivalves, especially oysters, mussels and
clams. Since the soft body of the oyster is consumed whole, either raw or
lightly cooked, it is generally classified as a high-risk food (Desenclos
et al., 1991). They can accumulate large numbers of bacteria due to their
filter-feeding habit, (Pruzzo et al., 2005; Pujalte et al., 2010) and Vibrio
species are commonly isolated with 100-fold higher concentration in filter-

feeding organisms than in the surroundingwater (Wright et al., 1996).

V. parahaemolyticus, V. mimicus, V. alginolyticus and V. vulnificus
present in molluscs, oysters and clams can be pathogenic and are linked
with disease outbreaks of seafood associated gastroenteritis (McCoubrey,
1996; Daniels et al.,2000; Lozano-Leon et al.,2003; McLaughlin et al.,2005)

and septicaemia (DePaola et al., 2003) in humans.

Pathogenic V. alginolyticus, V. parahaemolyticus and V. carchariae
have been isolated from diseased abalones with abscissions, ulceration in
the mantle and general whitening (Huang et al.,2001; Liu et al.,2001; 2003;
Nicolas et al., 2002 ) causing mass mortalities in some cases (Nishimori et
al.,1998; Cai et al., 2006). The species V. alginolyticus, V. tubiashii V.
splendidus and V. anguillarum were recognised as the main causal agents
of the bacillary necrosis of oyster larvae characterized by bacterial
colonization of the mantle, velum disruption, abnormal swimming, visceral
atrophy, and lesions in the organs (Tubiash et al.,1970; Tubiash and Otto,
1986; Sugumar et al.,1998; Gay et al.,2004). These species along with
V. neptunius and V. pectenicida have been reported as etiological agents of

larval vibriosis in oysters and mussels (Nicolas et al., 1996; Lambert et al.,
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1998; Prado et al., 2005). The classical Vibrio infections are Summer
Mortality in juvenile oysters caused by V. harveyi (Garnier et al., 2007,
Allain et al., 2009 ) and Brown Ring Disease in adult clams caused by
V. tapetis (Borrego et al.,1996; Allam et al.,2006).

In bivalves, vibrio cells are killed by immune system components
which involve both cell-mediated and humoral systems that operate in a
coordinated way (Pruzzo et al., 2005). The finding that some Vibrio strains
are resistant to killing and are able to persist inside bivalves has suggested
the possibility that these bacteria represent a bivalve-specific community
(Murphree and Tamplin, 1995). However, the role of vibrios as regular
components of bivalve microflora is yet to be defined, as bivalves may be a
mere passive concentrator for the bacteria by their filtering activity

(Vezzulli et al., 2010).

2.2.2.3. Shrimp and Prawn

Vibrios are a perpetual component of the natural microflora of wild
and cultured shrimp (Vanderzant et al., 1971; Sinderman, 1990; Ruangpan
and Kitao, 1991) and tend to turn opportunistic pathogens when their
natural defence mechanisms are suppressed (Brock and Lightner, 1990).
Vibrios are etiological agents of vibriosis, a bacterial disease, responsible
for the mass mortality of cultured shrimp worldwide (Lavilla-Pitogo et al.,
1990; 1998; Sakai et al., 2007). Pathogenic strains of V. parahaemolyticus,
V. vulnificus and V. harveyi have caused massive epidemics (Lightner,
1993; Jiravanichpaisal and Miyazaki, 1995; Lavilla-Pitogo, 1995). Vibrio
alginolyticus (Liu et al., 2004a; George et al., 2005), V. anguillarum
(Demircan and Candan, 2006 ), V. cholerae (Jayaprakash et al., 2006),
V. fluvialis (Ponnuraj et al., 1995), V. parahaemolyticus (Abraham et al.,
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1993), V. mimicus and V. vulnificus (Karunasagar et al.,1990), V. damsela
(Aravindan & Kalavati, 1997), V. harveyi (Abraham and Manley, 1995)
and V. proteolyticus CW8T2 (Verschuere et al., 2000) have been isolated

from larval shrimps.

Six species of Vibrio, V. harveyi, V. parahaemolyticus, V. alginolyticus,
V. anguillarum, V. vulnificus, and V. splendidus were found to be associated
with five types of diseases, i.e., tail necrosis, shell disease, red disease,
loose shell syndrome (LSS), and white gut disease (WGD) in cultured
shrimps from Andhra Pradesh and among these, LSS, WGD, and red
disease caused mass mortalities (Jayasree et al., 2006). Larval prawns are
particularly susceptible to V. harveyi succumbing to luminescent bacterial
disease (Lavilla-Pitogo et al., 1998). V. harveyi was also reported as the
causative agent of vibriosis in tiger prawn (Penaeus monodon) (Otta
et al.,1999), kuruma prawn (Penaeus japanicus) (de la Pena et al.,1993; Liu
et al.,1996; Chen et al.,2000) and pearl oyster (Pinctada maxima) (Lavilla-
Pitogo et al., 1990). A highly pathogenic V. nigripulchritudo was identified as
the etiological agent for Summer Syndrome (Goarant et al.,2006a;
b; Lemonnier et al., 2006) which resulted in mass mortality outbreaks in

Marsupenaeus japonicus in Japan (Sakai et al., 2007).

2.2.2.4. Fishes

The occurrence of Vibrio spp. as part of the normal microbiota and as
primary or secondary pathogens as well as a contaminant of raw or under
cooked seafood has been well established (Popovic et al., 2010; Adebayo-
Tayo et al., 2011). V. cholerae non-O1 was isolated and identified from the
gut of several individual fish (Tilapia sp.) from various freshwater bodies

in northern Israel (Halpern et al., 2008). Support for the finding that
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V. cholerae survives in fish comes from the fact that some cholera
outbreaks have been correlated with the consumption of seafood (Acosta
et al., 2001; Forssman et al., 2007). V. cholerae was also recovered from
faecal samples of apparently healthy Atlantic bottlenose dolphins
(Tursiops truncatus) sampled in both Texas and Florida (Buck and
McCarthy, 1994; Buck et al., 2006). The species V. parahaemolyticus causes
acute gastroenteritis and food poisoning in humans who consume raw or
improperly cooked seafood (Hlady and Klontz, 1996; Pan et al., 1997).
Quintol and colleagues (2008) observed that the incidence of V.
parahaemolyticus contamination ranged from 15 to 46.66% of fish samples
collected from different fish markets of West Bengal, India and the same
species was found to be prevalent at varying magnitude of 35-55% in fresh,

marine and brackish water fish (Sanjeev and Stephen, 2012) from India.

2.2.2.4.1. Fish Pathogenesis

Vibriosis caused by infection by Vibrio sp., is one of the most prevalent
diseases in fishes and other aquaculture-reared organisms and is widely
responsible for mortality in aquaculture systems worldwide (Austin and

Austin, 1993; Hjeltnes and Roberts, 1993; Chatterjee and Haldar, 2012).

Mortality caused by vibrios in reared fish is very common during early
larval stages and can occur suddenly, leading sometimes to death of the
entire population (Iwamoto et al., 1995; Lambert et al., 1998; Hansen and
Olafsen, 1999; Diggles et al., 2000; Olafsen, 2001). The mode of infection
in fish consists of three basic steps (Larsen and Boesen, 2001; Larsen et al.,
2001): (i) the bacterium penetrates the host tissues by means of chemotactic
motility (ii) within the host tissues the bacterium deploys iron-sequestering

systems, e.g., siderophores, to “steal” iron from the host and (iii) the bacterium
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eventually damages the fish by means of extracellular products, e.g.,

hemolysins and proteases.

2.2.2.4.2. Fish Pathogens

Vibrio species such as V. vulnificus biotype 2 (serovar E), V. anguillarum,
V. alginolyticus, V. salmonicida, V. damsela and V.carchariae are pathogens
of marine and fresh water fishes (Hjeltnes and Roberts, 1993). These species
cause haemorrhagic septicaemia in marine fish and may lead to substantial

mortalities in cultured populations (Wong and Leong, 1990).

V. vulnificus serovar E (formerly biotype 2) is a primary pathogen for
eels (Tison et al., 1982). As an eel pathogen, this serovar causes primary
septicemia, that affects captured eels maintained in farms, occasionally
causing high mortality rates resulting in economic losses (Biosca et al.,

1996; Dalsgard et al., 1999).

V. anguillarum, the aetiological agent of classical vibriosis, possesses
a wide distribution causing a typical haemorrhagic septicaemia in a wide
variety of warm and cold water fish species of economic importance,
including Pacific and Atlantic salmon (Oncorhynchus spp.), rainbow trout
(Oncorhynchus mykiss), turbot, seabass, seabream, striped bass (Morone
saxatilis), cod (Gadus morhua) and Japanese and European eel (Anguilla
japonica and Anguilla anguilla) (Toranzo and Barja, 1993; Actis et al.,
1999; Frans et al., 2011). V. anguillarum accounts for the mortality of
turbot larvae (Scophthalmus maximus) culminating in the death of the fish
(Grisez et al., 1996) and is reported in Asian seabass (Lates calcarifer)
(Kumaran et al., 2010) and aquarium catfish (Rad and Shahsavani, 2010)

samples.
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V. alginolyticus is associated with vibriosis and have been isolated
from outbreaks and mortalities in many marine fish species like silver sea
bream in Hong Kong (Austin and Austin, 2007), sturgeon (Acipenser
baerii) in Siberia (Costinar et al., 2010), and in ornamental bird wrasse fish

(Gomphosus caeruleus) in Egypt (El- Ghalil et al., 2012).

V. salmonicida has been reported as the etiological agent of the Hitra
disease or cold water vibriosis, characterized by severe anaemia and
extensive haemorrhage that affects salmonids and cod cultured in Canada
and Nordic countries of Europe (mainly Norway and UK) (Bruno, 1986;
Egidius et al., 1986).

V. damsela has been described as causing wound infections in
bottlenose dolphins (Fujioka et al.,1988); damselfish (Love et al.,1981),
yellowtail (Sakata et al.,1989), brown shark (Grimes et al.,1984) and in
farmed turbot (Fouz et al., 1992).

V. carchariae has been associated with gastroenteritis in marine fishes
(Lee et al., 2002) and was isolated from red drum (Sciaenops ocellatus)
(Liu et al., 2003) and farmed marine cobia fish (Rachycentron canadum)

(Liu et al., 2004b) with gastroenteritis syndrome.

2.3. Vibrios as Human Pathogens

Evidence from epidemiological and ecological studies has firmly
established that some environmental strains of Vibrio sp. are etiologic
agents of a wide range of diarrhoeal and systemic diseases in man. Perhaps
the most provocative outcome has been recognition that the etiologic agent
of cholera, V. cholerae, is commonly found as a natural resident of aquatic

environments in cholera-free areas and that its presence is not necessarily
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associated with faecal contamination or sporadic human infections (Rogers
et al., 1980; Feacham, 1981). Emergence of fulminating systemic infections
associated with other Vibrio species in the environment is increasingly
attracting more attention and these infections can range from self-limiting
gastroenteritis and wound infections to severe necrotizing infections of soft
tissues and fatal septicaemia in patients with underlying debilitation. In
virtually every instance, infection can be associated with consumption of
seafood or contact with natural aquatic environments (Janda et al., 1988).
Infection by human pathogenic vibrios is usually inadvertent and results
through a complex series of ecological interactions before contact by the
victim with aquatic environments, either by exposure or by consumption of

seafood.

The genus Vibrio presently contains twelve species pathogenic to
humans (Table 2.1). Those of prime medical concern are V. cholerae, V.
parahaemolyticus and V. vulnificus. Other organisms implicated as
opportunistic pathogens are V. alginolyticus, V. damsela, V. fluvialis, V.
furnissii, V. hollisae, V. mimicus, V. metschnikovii, V. cincinnatiensis and

V. carchariae.

2.3.1. Vibrio cholerae

Cholera is a highly infectious disease, caused by infection of the small
intestine with V. cholerae O1 and O139 serotypes and is characterized by
massive acute diarrhoea, vomiting, and dehydration. Death occurs in severe
and untreated cases. The pathogenic strains include cholera toxin-producing
strains which cause pandemic cholera; serogroups O1 (biotype Classical
and ElTor) and O139 according to the LPS antigen. The bacterium uses the

flagellum to reach the small intestine and attaches to mucosa cells by the
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pili (coded by tcp genes; the toxin co-regulated pili). The cholera toxin,
produced by the pathogen is engulfed by the mucosal cells which increases
the cell cAMP levels leading to stimulation of intestinal secretions inducing
neurotransmitters within the cells, followed by an increase in Cl-secretion.
The ion channels normalizing the ion balance are blocked and large
amounts of water flow into the lumen from the mucosa cells, causing
massive diarrhoea. V. cholerae is often transmitted by water but fish or fish
products in contact with contaminated water or faeces from infected
persons also frequently serve as a source of infection (Colwell, 1996). India
reported cholera cases and deaths to WHO regularly from 1997 to 2006 and
over the 10-year period, the average number of cases reported annually was

3,631 (Kanungo et al., 2010).

V. cholerae non O1/0139 serotypes are occasionally isolated from
cases of diarrhoea (usually associated with consumption of shellfish) and
have been isolated from a variety of extra-intestinal infections, including
wounds, ear, sputum, urine, necrotizing fasciitis, skin and cerebrospinal
fluid (Ko et al., 1998; Sharma et al., 1998; Morris and Acheson, 2003;
Restrepo et al., 2006; Feghali and Adib, 2011). Some symptoms may be so
severe as to mimic cholera (Hughes et al., 1978; Piergentili et al.,1984).
Cases of bacteraemia caused by non-O1 V. cholerae have been reported
with a high rate of fatality especially with immune-compromised victims
(Hughes et al., 1978; Safrin et al., 1988). While the great majority of
these strains do not produce the cholera toxin, some strains may produce
toxins yet unidentified. However, toxigenic non-O1/non-O139 strains
carrying cholera toxin have been reported earlier from Calcutta, India

(Sharma et al., 1998).
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2.3.2. Vibrio vulnificus

V. wulnificus causes progressive infections with few diarrhoeal
symptoms, making them unique amongst the pathogenic Vibrios (Blake
et al., 1980). The risk factors for severe V. vulnificus infections are chronic
hepatic disease or immunodeficiency in patients (Ito et al., 1999). Primary
septicaemia or the gastrointestinal illness in human beings may follow after
ingesting raw seafood, particularly of ocean filter feeders (e.g. oysters and
clams) and fish infected by V. vulnificus (Morris and Acheson, 2003). For
susceptible persons, septicaemia is associated with a mortality rate greater
than 50% and may be characterized by fevers, chills, and skin lesions like
blisters, swelling, and purpuras (Kumamoto et al., 1998). Wound infections
are seen after injury to the skin in marine environments or from the
exposure of pre-existing wounds to seawater (Kumamoto et al., 1998;
Borenstein and Kerdel, 2003). Dieng and team (2001) described two cases
of necrotising dermo-hypodermatitis due to V. vulnificus in fishermen after
a penetrating scratch from a fish bone. More rarely, V. vulnificus has been
associated with other clinical syndromes, including pneumonia (Kelly and
Avery, 1980), osteomyelitis (Vartian and Septimus, 1990) spontaneous
bacterial peritonitis (Holcombe, 1991), eye infections (DiGaetano et al.,
1989) and meningitis (Katz, 1988).

2.3.3. Vibrio parahaemolyticus

Seafood which is contaminated with V. parahaemolyticus and not
cooked sufficiently may cause diarrhoeal disease (Mihajlovic et al., 1982).
Symptoms include mild diarrhoea with abdominal cramps and occasional
bloody tinge, nausea, vomiting and fever. Hospitalization is rare, unless

severe fluid loss has occurred, and the illness is generally self-limiting after
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a few days (Hugq et al., 1979). A few extraintestinal infections have been
reported, in particular, from wounds (Blake et al., 1980) and a rare
pneumonic form of V. parahaemolyticus infection has also been reported
(Yu andUy-Yu, 1984).

2.3.4. Vibrio alginolyticus

V. alginolyticus often occurs as an opportunistic pathogen in mixed
bacterial infections of extra-intestinal wounds in man (Bonner et al., 1983).
Most reports of wound infected with V. alginolyticus list mild cellulitis and
varying amounts of seropurulent exudate as clinical features (Schmidt et al.,
1979). Most infections are self-limiting and opportunistic (Blake et al., 1980;
Wagner and Crichton, 1981). Curiously, the organism has a predisposition

for hosts with ear disorders (Prociv, 1978).

2.3.5. Vibrio fluvialis

V. fluvialis is an important cause of cholera-like bloody diarrhoea and
causes wound infection with primary septicaemia in immune compromised
individuals (Huq et al., 1985). There are also reports of food poisoning
caused by this organism especially due to consumption of raw shellfish
(Levine and Griffin, 1993) and the clinical indication of the disease
includes mild to moderate dehydration, vomiting, fever, abdominal pain
and diarrhoea. The pathogen has also been found in association with extra-

intestinal infections (Yoshii et al., 1987; Albert et al., 1991).

2.3.6. Vibrio damsela

This organism is a marine pathogen associated with traumatic wound
infections acquired in warm tropical and semi-tropical coastal areas

(Kreger, 1984). In many instances of infection, the wounds were exposed to
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warm seawater or brackish water at the time of injury. Typically, these
would be lacerations of the foot or leg sustained while swimming or

handling fish (Clarridge and Zighelboim-Daum, 1985).

2.3.7. Vibrio furnissii

Vibrio furnissii is considered to be a causative agent of acute
gastroenteritis with symptoms including diarrhoea, abdominal cramps,
nausea, and vomiting (Brenner et al., 1983; Dalsgard et al., 1997). The
pathology of V. furnissii in gastroenteritis is potentially related to cytolysin
and hemolysin production (Maghalhaes et al., 1993). V. furnissii has been
reported as an unusual cause of bacteremia and skin lesions after ingestion

of seafood (Derber et al., 2011).

2.3.8. Vibrio hollisae

V. hollisae has been associated with blood infections and cases of
diarrhoea (Hickman et al., 1982). This bacterium has been isolated from
cases of gastroenteritis and septicacmia (Lowry et al., 1986; Abbott and
Janda, 1994) and was also reported to be a cause of bacteraemia developed

by seafood consumption (Rank et al., 1988).

2.3.9. Vibrio mimicus

V. mimicus has been isolated from a variety of clinical disorders
associated with exposure to aquatic environments. Shandera and co-
workers (1983) reviewed the clinical and epidemiological characteristics of
infections associated with V. mimicus. The majority of isolates was from
stool samples associated with gastroenteritis after consumption of raw

oysters. A few ear infections arose after exposure to seawater.
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2.3.10. Vibrio metschnikovii

The first published evidence of disease due to V. metschnikovii in
humans was reported by Jean-Jacques and colleagues (1981) who isolated
this organism from the blood and gall bladder of an elderly woman. There
is little information on the ecology and pathogenicity of this organism other
than reports of its isolation from freshwater environments (West et al.,
1983), estuaries, sewage and seafood and a few isolates from infections
(Farmer et al., 1988). Miyake and co-workers (1988) reported a clinical
case of diarrhoea caused by V. metschnikovii and identified a cytolysin as a
possible contributory virulence factor produced by this weakly pathogenic

organism.

2.3.11. Vibrio cincinnatiensis

V. cincinnatiensis was ascribed to the pathogenic group of Vibrios by
Brayton and co-workers (1986). In the single case reported, the organism
was isolated from a case of septicaemia and meningitis in an elderly
immune-competent man who had apparently not been recently exposed to
seafood or saltwater (Bode et al., 1986). Meningitis caused by pathogenic
Vibrios is rare but often fatal (Hughes et al., 1978). Interestingly, recovery

in this case was uneventful.

2.3.12. Vibrio carchariae

The pathogenic V. carchariae was first isolated from a brown shark in
captivity (Grimes et al., 1984). This organism was later isolated and
characterised from the wound of a girl who was attacked by a shark and had
developed a series of deep parallel lacerations on her left leg with extensive

damage to the gastrocnemius and soleus muscles. The pathogenicity was
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attributed to the presence of this bacterium though there were no signs of

extensive tissue invasion or systemic toxicity (Pavia et al., 1989).

Table.2.1. Human pathogenic Vibrio species and their location in human
clinical specimens

K%,
'§ S ©
Species g < % g % Reference
= S = 3 @ =
172 o j- o [ 5] C o
6 2 8§ &8 3 =
V.cholerae 0O1/0139 P R - - - - - QGaafar, 1970
V.cholerae Non P P R R R - R MacRaeetal.,1983
01/0139
V. parahaemolyticus P P R - Hug et al., 1979
V. vulnificus P P - P R R R Johnstonetal.1983
V. alginolyticus - P R - R R - Englishand Lindberg,
1977;
Janda et al., 1986
V. fluvialis p - - - - - - Huqetal, 1985
V. damsela - P - - - - - Kreger, 1984;
Clarridge and
Zighelboim-Daum,
1985
V. furnissii R - - - - - - Brenner et al., 1983
V. hollisae P - - R - - - Morris et al., 1983
V. mimicus P R R - - - - Spiraand Fedorka-
Cray, 1983
V. metschinikovii R - - R - - - Lindeetal., 2004
V. cincinnatiensis - - - - R - R Braytonetal.,1986;
Bode et al., 1986
V. carchariae - P - - - - - Paviaetal. 1989

P- Present; R- Rare; ‘-‘Absent
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2.4. Isolation of Vibrios

As the natural habitat of vibrios is the marine environment, sodium
chloride is critical for the growth of vibrios and growth is favoured at a
slightly alkaline pH in the range of 7.5-8.5. Vibrio spp. are facultatively
anaerobic and do not, in general, have fastidious growth requirements,
growing readily on peptone-based media as long as NaCl requirements are
met. They grow well at temperatures between 15 and 30°C, depending on

the strain under analysis (Thompson et al., 2004).

Laboratory protocols for the isolation of vibrios from the environmental
reservoirs or suspected clinical samples include both direct-plating and
broth enrichment methods (McLaughlin, 1995). The most commonly used
enrichment medium is alkaline peptone water (APW; 1% peptone, 1%
NaCl, pH 8.4). Other broth media described for enrichment include
Monsur’s enrichment medium that contains trypticase, potassium tellurite,
and sodium taurocholate (bile salts) and a modification of APW, in which
potassium tellurite is added in concentrations of 1:100,000 to 1:200,000
(Rennels et al., 1980).

Thiosulphate-citrate-bile salts-sucrose (TCBS) agar (Difco) is a
selective medium commonly used to isolate members of the genus Vibrio
from estuarine environments (West et al., 1983; Pfeffer and Oliver, 2003).
TCBS agar is commercially available and easy to prepare, requires no
autoclaving, and is highly differential and selective. Sucrose fermenters
produce yellow coloured colonies and non-fermenters produce green to

blue-green colonies.

The use of thiosulphate-chloride-iodide (TCI) agar was described
by Beazley and Palmer (1992). This medium employs potassium iodide

33



Chapter-2

as the selective ingredient rather than the bile salts used in TCBS.
Created primarily to isolate vibrios from gastrointestinal specimens, TCI
included the ability to perform the oxidase test directly on the plate due
to the lack of a fermentable sugar within this medium (Pfeffer and

Oliver, 2003).

The Chromogenic Agar medium (CV1) uses the chromogenic
technology for the isolation and detection of V. parahaemolyticus, V.
vulnificus, V. cholerae, and V. alginolyticus, resulting in colonies which can
be distinguished based on color development (mauve, dark blue, light blue,
and white/colorless, respectively) (Nakashima et al., 2007). Indeed, the
ability to isolate and identify these four medically relevant pathogenic

vibrios with one medium is highly advantageous.

A number of selective media have been formulated and developed for
isolation and enumeration of Vibrio species. The Taurocholate Tellurite
Gelatin (TTG) agar developed by Monsur (1961) for isolating V. cholerae,
Cellobiose colistin Agar (CC) and modified Cellobiose polymyxin colistin
(mCPC) agar for selective isolation of V. cholerae and V. vulnificus
(Massad and Oliver, 1987), Vibrio vulnificus agar (VV) for isolation of
V. wulnificus Biogroup 1(Brayton et al.,1983), Chromochecker Vibrio Agar-
1(CVA-1) for V. vulnificus (Nakashima et al.,2007), Vibrio anguillarum agar
(VAM) for presumptive isolation of V. anguillarum (Alsina et al.,1994c),
Bromothymol Blue (BTB)-Teepol agar and modified arabinose-ammonium
sulfate-cholate agar (MAAC) for V. parahaemolyticus (Honda et al.,1982),
Vibrio harveyi Agar (VHA) for V. harveyi (Harris et al.,1996) and VAL
agar for V. alginolyticus (Chang et al., 2011) have proved to be effective in

epidemiological and ecological studies.
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2.5. Phenotypic Identification

Phenotypic traits used for the identification of Vibrio species are the
Gram negative reaction, oxidase test where vibrios are always positive and
the oxidation/fermentation (OF) test in which Vibrio species are facultatively
fermentative. Vibrio species can be differentiated from one another and from
Aeromonas species by the sensitivity test to the vibriostatic agent O/129
(Abbott and Janda, 1994). A practical set of biochemical keys for the
routine identification of Vibrio spp. was developed (Alsina and Blanch
1994a; b) which proved useful for identifying species for both environmental
and clinical purposes, and were widely used in numerous studies (Montes
et al., 1999; Oxley et al.,2002; Hjelm et al.,2004; Baffone et al., 2006). They
served as an ideal method for rapid, routine biochemical identification in
which a large number of isolates was involved, particularly in environmental

studies.

Commercial bacterial identification systems based on biochemical
reactions are used in the vast majority of hospital-based clinical microbiology
laboratories. O’Hara and co-workers (2003) evaluated six commercial
systems (API 20E, Crystal E/NF, MicroScan Neg ID type 2, type 3, Vitek
GNI and Vitek ID-GNB) for the ability to identify the 12 species of Vibrio
found in clinical samples. They found that the accuracy of these
identification systems ranged from 63.9% to 80.9% and at times even lead
to erroneous identification. The characteristics shared by Aeromonas and
Vibrio also result in classification of isolates in the wrong genus (Abbott

and Janda, 1994).

Rapid identification of V. cholerae have been attained by detection of
the lipopolysaccharide (LPS) antigen of V. cholerae O1 (Jesudason et al.,
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1984; Andrade et al., 1991) and O139 (Hasan et al.,1995; Agarwal et al.,
1995). A rapid, colorimetric immunodiagnostic kit, Cholera SMART, was
used for direct detection of the presence of V. cholerae in clinical
specimens and has demonstrated 95% sensitivity and 100% specificity for
O1 strains (Hasan et al., 1994) and 100% sensitivity and 97% specificity
for O139 strains (Qadri et al., 1995).

Tamplin and colleagues (1991) developed an enzyme immunoassay
(ETA) and culture technique with monoclonal antibody FRBT37 that binds
to a species-specific epitope of V. vulnificus, which aided identification of
V.vulnificus in seawater, sediment and oysters. Compared to conventional
method, immunological-based assays greatly eliminate the lengthy and
labor-intensive cultural assays for Vibrio identification, but cross-reactions
were distinguished owing to the nature of the test method, which limits the
specific application of such assays (Parker and Lewis, 1995). The specificity
of the monoclonal antibodies to develop rapid diagnostic tests for cholera
Ol or O139 using colloidal gold particles and based on vertical-flow
immune-chromatography principle were evaluated by Nato and team
(2003) in clinical stool samples obtained from Madagascar and Bangladesh.
The detection threshold with purified LPS was 10ng/mL for V. cholerae O1
and 50ng/mL for V. cholerae O139.

2.6. Genotypic ldentification

An array of molecular techniques is gaining popularity for the
identification of vibrios particularly with respect to pathogenic strains.
Among DNA sequence based identification methods, analysis of 16S rRNA
and other housekeeping gene sequences are the most popular and precise

ones currently used to identify closely related Vibrio species. Among other
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methods, ribotyping and PCR-based techniques, e.g., Amplified Fragment
Length Polymorphism (AFLP), Fluorescence In Situ Hybridization (FISH),
Random Amplified Polymorphic DNA (RAPD), Repetitive extragenic
palindrome—PCR (rep-PCR), and Restriction Fragment Length Polymorphism
(RFLP) have yielded the most valuable information and new insights into

the identification of closely related bacterial strains.

2.6.1. PCR-based Detection and Identification
2.6.1.1. 16S rRNA Gene Based ldentification

16S rRNA gene sequencing is considered by many authors to be a very
reliable method for identification of bacteria including marine vibrios due
to its rapid and reproducible nature (Gomez-Gil et al., 2004; Harth et al., 2007;
Haldar et al., 2011). This notion was supported by Petti and colleagues (2005)
who showed that this method was able to correctly identify bacteria
including pathogens that had been misidentified by traditional methods.
The 16S rRNA gene (about 1,500 bp in length) consists of highly
conserved regions and is present in almost all bacteria which may reveal
deep-branching (e.g., classes, phyla) relationships, while variable regions
may be demonstrated to be useful in discriminating species within the same
genus. This feature has prompted researchers to use 16S rRNA both as a

phylogenetic marker and as an identification tool (Wiik et al., 1995).

There are also several problems associated with the use of the 16S
rDNA for bacterial identification. No universally accepted criteria exist for
the required level of homology to delineate isolates of the same species or
genus. Some bacteria with different phenotypic characters may share up to
100% 16S rDNA sequences whereas less than 99% 16S rDNA sequence

homology has been observed in bacteria belonging to the same species
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(Harris and Hartley, 2003). In some species multiple heterogenous copies
of the 16S rRNA gene operons exist (Case et al., 2007; Pontes et al., 2007).
Some distantly related Vibrio species may share up to 99% 16S rDNA
sequence homology (Shikongo- Nambabi, 2010). It is therefore recommended
to combine the 16S rRNA gene sequence with other species specific
morphological and physiological characteristics to correctly identify Vibrio
species (Mienda, 2012). The 16S-23S Intergenic spacer (IGS) region
nucleotide sequences complement the 16S rDNA in Vibrio species

identification (Hoffmann et al., 2010).

2.6.1.2. Identification Based on Housekeeping Genes

Keasler and Hall (1993) designed a multiplex PCR for detecting the
cholera toxin (CtxA) gene in pathogenic and environmental V. cholerae O1
Classical and EI Tor biotypes and for differentiating these biotypes through
their differences in the toxin coregulated pilus (tCpA) genes. A multiplex
PCR consisting of three primer pairs targeting the rfb (gene region specific
for O1 and O139) and the cholera toxin (CtxA) gene was developed by
Hoshino and colleagues (1998) and the rfb gene based PCR could detect up
to 65 and 200 O1 and O139 cfu per assay in clinical samples respectively.
A highly sensitive, specific and rapid method for detection of pathogenic
V. cholerae in environmental water and drinking water sources was
developed and evaluated by Theron and co-workers (2000) by means of a
seminested CtxAB gene specific PCR. PCR targeting the OmpW (Outer
membrane protein) gene was used in detection and identification of
environmental V. cholerae strains (Nandi et al., 2000; Le Roux et al., 2004).
Other approaches that have been followed include a multiplex Real Time

PCR (RT- PCR) targeting four V. cholerae virulence genes (Gubala, 2006)
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and a Real Time PCR targeting V. cholerae specific genes, i.e., repeat in
toxin (rtxA), extracellular secretory protein (epsM), the toxic coregulated
pilus A (tcpA) and ompW gene with a view to enabling detection of both

toxigenic and non toxigenic strains (Gubala and Proll, 2006).

A number of genes have been used as targets to develop species
specific PCR based detection for other pathogenic Vibrio species. In
V. parahaemolyticus, these genes include the phosphatidyl serine
synthetase gene (pR72H fragment) (Lee et al., 1995; Robert-Pillot et al.,
2002), the gyrase B gene (Venkateswaran et al., 1998), the species specific
toxR gene (Kim et al., 1999), the collagenase gene (Di Pinto et al., 2006),
the thermolabile direct haemolysin, tlh (Baffone et al., 2006; Croci et al.,
2007), the thermostable direct haemolysin, tdh and the thermostable direct
haemolysin related haemolysin, trh (Hervio-Heath et al., 2002; Baffone et al.,
2006) and the metalloprotease gene (Luan et al., 2007). The gyrase B (gyrB)
gene of V. parahaemolyticus and of its close genetic relative V. alginolyticus
was cloned and sequenced, and the primers (Vp-1 and Vp-2r) that amplified a
285bp fragment from the V. parahaemolyticus gyrB gene was used to detect
V. parahaemolyticus by PCR (Venkateswaran et al., 1998).

Di Pinto et al. (2006) used three oligonucleotide primer pairs specific
for either V. parahaemolyticus, V. cholerae or V. alginolyticus collagenase
gene, that also aided simultaneous detection of V. parahaemolyticus or
V. alginolyticus that were present in alkaline peptone water (APW) enriched
shellfish tissue homogenates. These primer pairs were recommended in
discriminating between V. alginolyticus and V. parahaemolyticus (Montieri
etal., 2010).
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Qian and colleagues (2008) cloned two proteins from V. alginolyticus
(OmpK and OmpW), expressed them in E. coli and designed specific
primers for these genes aiding rapid detection of V. alginolyticus in
environmental samples. Dalmasso et al. (2009) designed a multiplex PER
(Primer extension reaction) PCR protocol directed against rpoA gene to
simultaneously detect and identify six human pathogenic Vibrio species (V.
cholerae, V. parahaemolyticus, V. vulnificus, V. mimicus, V. alginolyticus

and V. fluvialis) in fishery products.

A multiplex PCR was designed against collagenase, ompK and toxR
genes to differentiate virulent and avirulent strains of V. alginolyticus (Cai
et al., 2009; Shikongo-Nambabi, 2010). The test also improved the rapidity,
sensitivity and specificity for V. alginolyticus detection and could detect up
to 8.8 x 10° cfu. Genes targeted for the detection and identification of
V. wulnificus included the gyrase B gene (Kumar et al., 2006) and nested
PCR directed to the haemolysin gene (vh) (Lee et al., 1998). Real Time
PCR (RT-PCR) was developed to detect V. vulnificus in sea water and
oyster tissue homogenates targeting the species specific vvh gene (Panicker
et al.,, 2004) and the TagMan assay, a quantitative real-time PCR, was
developed to target the toxR gene of V. vulnificus (Takahashi et al.,2005).
Chakraborty and team (2006) developed a species specific PCR targeting
the toxR gene of the less characterised human pathogen, V. fluvialis
facilitating a successful differentiation of this pathogen from the closely

related Aeromonas species.

Arias and associates (1995) developed a highly sensitive nested PCR
specific for the 23S rDNA of V. wulnificus. Single locus toxR and

hemolysin gene-targeted PCR were developed for the specific detection of
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type strain V. harveyi (Conejero and Hedreyda, 2003) and a toxR-targeted
PCR was reported for the detection of shrimp pathogenic Philippine Vibrio
isolates (Ranoa and Hedreyda, 2005).

2.6.2. ldentification Based on Multilocus Sequence Analysis (MLSA)

Multilocus sequence analysis (MLSA) is a promising taxonomic tool
to identify and differentiate between closely related bacterial species.
MLSA uses gene sequences from more than one locus, generally of
housekeeping genes, that occurs as a single copy in the genome (Thompson
et al., 2005; Pontes et al., 2007). It is required that these genes are long
enough to give sufficient information and should be of the length that
permits easy sequencing (Thompson et al., 2005). The genetic loci that
were initially used in MLSA for taxonomic studies of Vibrio species
included the 16S rRNA gene, the RNA polymerase alpha subunit (rpoA),
the recombinant repair protein (recA) and the uridylate kinase gene ( pyrH)
(Thompson et al., 2005). Thompson and associates (2007b) have also
developed an MLSA scheme to distinguish V. harveyi from the closely
related V. campbellii species using seven housekeeping genes; recA, topA
(topoisomerase 1), pyrH, ftsZ (a cell division protein), gapA (glyceraldehydes-
3 phosphate dehydrogenase) and the gyrB DNA (gyrase B gene beta
subunit). The resulting 3596 nucleotide long DNA gave a better resolution
than when only three genes, gyrB, recA and gapA were used. MLSA
therefore acts as a buffer against mutations and horizontal gene transfer
(HGT) problems associated with the 16S rDNA sequences (Thompson
et al., 2005). Whitehouse and team (2010) coupled Electrospray lonization
Mass Spectrometry to Multi Locus Sequence PCR (PCR/ESI-MS) using 8

primer pairs that target the whole Vibrionaceae family to simultaneously
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detect, quantify and identify V. cholerae, V. parahaemolyticus and V.
vulnificus species in sea water and fresh water in Georgia. The novel scheme
is considered a robust and precise method to identify and discriminate

between closely related V. cholerae from V. mimicus.

2.7. Antibiotic Resistance in Vibrios

Aquatic ecosystems have been proposed as reservoirs of antibiotic
resistance (Biyela et al., 2004) and resistant bacteria in coastal environments
represent a serious biotic contamination and a means for the spread and
evolution of resistance genes and their vectors (Young, 1993). These
aspects have raised the concern about the potential threat of wide-spread
antibiotic resistance to public health and mariculture industry and resistance
mechanisms in natural marine environments.The progressive increase in
antimicrobial resistance among Vibrio species is a serious impediment in
the treatment and containment of the diseases caused by these pathogens.
The resistance of Vibrio species to several antimicrobial drugs has been
frequently reported in samples of clinical origin as well as of environmental

origin in different endemic areas around the world.

Reports of drug-resistant V. cholerae strains are appearing with
increasing frequency. Emergence of microbial resistance to multiple drugs
is a serious clinical problem in the treatment and containment of the
cholera-like diarrhoea. V. cholerae O139 isolates have been frequently
reported to be resistant to various commonly used antibiotics, such as
ampicillin, tetracycline, chloramphenicol, nalidixic acid, nitrofurantoin and to
ciprofloxacin (Waldor et al., 1996; Krishna et al., 2006; Pan et al., 2008).

Increased resistance to newer fluoroquinolones, such as ciprofloxacin and
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norfloxacin, among V. cholerae strains belonging to O1 serogroup has also

been reported (Basu et al., 2000).

In the last decade, the pattern of drug resistance among clinical V.
cholerae strains have been studied extensively in India. The O1 El Tor strains
obtained from 1997-2007 were resistant to furazolidone, ciprofloxacin,
amoxicillin and cotrimoxazole (Chander et al., 2009). Fluroquinolone
resistance was exhibited in strains of O1, O139 and environmental non O1/
non O139 isolates from Hubli, India (Chandrasekhar et al., 2008) and
ciprofloxacin resistant O1 strains were reported by Kim and colleagues
(2010) from Bangladesh. The O1 El Tor strain from Chennai exhibited
multidrug resistance to cotrimoxazole, nalidixic acid, nitrofurantoin,
spectinomycin, sulfamethoxazole—trimethoprim and streptomycin (Goel
et al,, 2010). Environmental isolates of V. cholerae non O1/ non O139 strains
from Kerala exhibited varying degrees of resistance to cefotaxime, nalidixic
acid, streptomycin, tetracycline, trimethoprim, cotrimoxazole, furazolidone,
neomycin, ofloxacin, ciprofloxacin, norfloxacin, spectinomycin, gentamicin
and chloramphenicol (Manjusha et al., 2005; Bernard, 2006; Jagadeeshan et
al., 2009).

Antibiotic resistance profiles have also been produced for environmental
isolates of non-choleragenic Vibrio species. V. vulnificus isolates were
reported to be resistant to gentamicin, ticarcillin, amikacin, augmentin and
ampicillin (Zanettiet al., 2001; Ottaviani et al., 2001; Manjusha et al., 2005;
Elhadhi, 2012). However, norfloxacin, trimethoprim/sulfamethoxazole and

tetracycline were susceptible towards the isolates.

Among the V. parahaemolyticus strains isolated from diverse

environments, resistance was detected only to ampicillin and the isolates
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were susceptible to cefotaxime, ciprofloxacin and tetracycline (Han et al.,
2007). Ottaviani and associates (2001) showed that V. parahaemolyticus
were resistant to penicillin, carbenicillin, ampicillin, cephalothin,
kanamycin and rifampicin and multi-drug resistant strains exhibiting
resistance to five to eleven antibiotics with multiple antibiotic resistance
index (MAR) ranging from 0.31 to 0.69, were isolated from cockles in
Padang, Indonesia (Zulkifli et al., 2009).

2.8. Molecular Typing of Vibrios

Molecular typing methods or fingerprinting methods, including
Amplified Fragment Length Polymorphism PCR (AFLP), Random Fragment
Length Polymorphism PCR (RFLP), Random Amplified Polymorphic DNA
(RAPD), Repetitive Element Primed PCR (rep-PCR) , Repetitive Extragenic
Palindromic-PCR  (REP-PCR), Enterobacterial Repetitive Intergenic
Consensus sequence PCR (ERIC-PCR), BOX-PCR (derived from the boxA
element), Ribotyping, Pulsed Field Gel Electrophoresis (PFGE) and Whole
Genome Sequence Typing (WGST) provide information at or below the
subspecies level and are important tools in epidemiological investigations for
determining the source of virulent strains and their temporal and spatial

distributions (Tindall et al., 2010).

2.8.1. Amplified Fragment Length Polymorphism (AFLP)

Amplified fragment length polymorphism (AFLP) is a highly sensitive
method for detecting polymorphisms in DNA using restriction enzymes
that digest genomic DNA, followed by ligation of adaptors to the sticky
ends of the restriction fragments. The restriction fragments are then amplified
using primers complementary to the adaptor sequence, the restriction site

sequence and a few nucleotides inside the restriction site fragments. The
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amplified fragments are separated on a gel, producing a specific AFLP pattern,
that aid in the identification of genetic variation in strains and closely related
species. This technique was used for molecular typing of various Vibrios
(Thompson et al., 2001), including V. alginolyticus (Ripabelli et al., 2003),
V. cholerae (Jiang et al., 2000; Lan and Reeves, 2002; Mishra et al., 2011),
V. harveyi (Gomez-Gil et al., 2004), V. vulnificus (Arias et al., 1997a; b)), and
V. parahaemolyticus (Thompson et al., 2007a). Lan and Reeves (2002)
examined 45 V. cholerae isolates from the seventh pandemic and partitioned
these isolates into 38 AFLP profiles. They concluded that AFLP is the best
tool for discriminating clones from the seventh pandemic and suggested the
design of PCR primers which target particular AFLP bands that could be used
for epidemiological analysis through multiplex PCR or microarray analyses.
Arias and co-workers (1997a; b) examined 80 V. vulnificus strains and with
AFLP analysis, were able to discriminate strains with identical ribotypes, thus
concluding that AFLP is the most suitable and discriminatory tool for

epidemiological studies of V. vulnificus.

2.8.2. Restriction Fragment Length Polymorphism (RFLP)

Restriction Fragment Length Polymorphism or RFLP is a technique
that exploits variations in homologous DNA sequences. In RFLP analysis,
the DNA sample is digested by restriction enzymes and the resulting
restriction fragments are separated by gel electrophoresis. Saha and team
(2006) developed a simple and rapid RFLP method based on the
chromosomal ori sequence of V. cholerae and Chowdhury and his team
(2010) developed an RFLP method targeting sections of the super integron
region of the V. cholerae genome, both of which proved effective in

delineating closely related biotypes of pathogenic Vibrio strains.
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The PCR-RFLP technique consists of PCR amplification of certain
genes, e.g., 16S rRNA, gyrB, and rpoD, and subsequent restriction of the
PCR products with endonucleases to obtain band patterns (Urakawa et al.,
1997; 1999). According to Urakawa and colleagues (1997) who analysed
the restriction patterns of the 16S rRNA of 35 species of Vibrionaceae, this
technique is of practical application in the classification and identification

of Vibrionaceae strains.

2.8.3. Random Amplified Polymorphic DNA (RAPD)

Random amplified polymorphic DNA (RAPD) is an in vitro enzymatic
reaction to specifically amplify a multiplicity of target sites in one or more
nucleic acid molecules based on short synthetic oligonucleotides of
arbitrary or semi-arbitrary primer sequences that produce a collection of
amplified products of largely non-allelic nature (Williams et al., 1990). The
polymorphism within the set of DNA fragments thus generated, has wide
application in discriminating microorganisms both at the interspecies and
intraspecies level (Welsh and McClelland, 1993).This technique has been
used in diversity studies of several Vibrio spp. (Shangkuan et al., 1997;
Marhual et al.,2012; Sadok et al.,2013) and in V. harveyi, it has been used
in differentiating pathogenic and non-pathogenic strains (Hernandez and

Olmos, 2004; Alavandi et al., 2006; Maiti et al., 2009).

2.8.4. REP PCR

The REP elements were first described as regulatory palindromic
sequences within untranslated regions of operons with the ability to form
stable stem-loop structures in transcribed RNA (Higgins et al., 1982). This
38 bp REP consensus sequence contains six totally degenerate positions,

including a 5 bp variable loop between each side of the conserved stem of
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the palindrome (Stern et al., 1984). These sequences have been associated
with multiple functions including roles in transcription, termination, mRNA
stability, and chromosomal domain organization in vivo (Versalovic, et al.,
1991). REP-PCR has been used for typing of V. parahaemolyticus
(Maluping et al., 2005) V. tapetis (Rodriguez et al., 2006) V. alginolyticus
and V. vulnificus isolated from diseased captive-bred seahorses (Balcazar
et al., 2010) and has proven to be a powerful tool for microbial ecology
studies, environmental microbiology, molecular diagnostics, medical

microbiology and epidemiological analyses.

2.8.5. Enterobacterial Repetitive Intergenic Consensus (ERIC) Sequences

Molecular typing based on ERIC pattern involves the application of
oligonucleotide primers targeting families of short, highly conserved
enterobacterial repetitive intergenic consensus (ERIC) sequences (Stern
et al., 1984; Hulton et al., 1991). In ERIC-PCR, a band pattern is obtained
by amplification of genomic DNA located between ERIC elements or
between ERIC elements and other repetitive DNA sequences. ERIC
sequences are present in species throughout the Enterobacteriaceae family
(Versalovic et al., 1991; Bachellier et al., 1999). The use of appropriate
outward-facing PCR primers directed at these repeated sequences generates
multiple amplification products, which reflect distance polymorphisms
between adjacent DNA repeats. These sequences are 126 bp long and
appear to be restricted to transcribed regions of the genome, either in
intergenic regions of polycistronic operons or in untranslated regions
upstream or downstream of open reading frames (Rodriguez et al., 2000).
ERIC-PCR pattern has been chosen as a successful technique for intraspecies

profiling of several bacteria, like Bacillus anthracis and B. cereus (Shangkuan
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et al., 2000), Salmonella enteritidis (Cao et al.,2008), Haemophilus (Bruant
et al., 2003), Enterobacter sakazakii (Ye et al., 2009), Lactobacillus
(Stephenson et al., 2009) and Listeria monocytogenes (Ruiz-Bolivar, 2011).

ERIC sequences are novel and highly conserved at the nucleotide
sequence level, but their chromosomal locations differ between species
(Hulton et al., 1991). The ERIC sequence of V. cholerae is highly
homologous with those found in Enterobacteriaceae species and is
located near the hemolysin gene, apparently ‘hitchhiking” with the
hemolysin gene (Hulton et al., 1991). It is speculated that a transpecific
genetic exchange had affected a group of E. coli haemolysin genes and
thus the ERIC sequence had ‘hitchhiked’ with the haemolysin gene
(Hulton et al., 1991).

Rivera and co-workers (1995) proposed the use of ERIC-PCR for
typing diverse Vibrio species, including V. mimicus, V. vulnificus,
V. parahaemolyticus, V. campbellii, V. mediterranei, and V. alginolyticus.
This technique along with REP-PCR has been successfully employed in the
discrimination of strains of V. cholerae (Rivera et al., 1995), V. vulnificus
(Radu et al., 2000), V. halioticoli (Sawabe et al., 2002), V. parahaemolyticus
(Maluping et al.,2005) and V. tapetis (Rodriguez et al.,2006). The study on
V. cholerae strains responsible for cholera outbreaks in India reported that
heavy rainfall events could introduce different genotypes of V. cholerae in
the affected area as evidenced by ERIC-PCR analysis (Goel and Jiang,
2011). The comparative analysis of the effectiveness of REP-PCR and
ERIC for genetic analysis of the diversity of V. cholerae in edible ice from
Jakarta revealed that the ERIC sequence is less complex and more

discriminative than the REP sequence (Waturangi et al., 2012).
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2.8.6. BOX PCR

BOX elements, a class of repetitive sequences which were discovered
in Streptococcus pneumoniae (Martin et al., 1992) are naturally occurring,
multi-copied, conserved, repetitive DNA sequences present in the genomes
of most gram-negative and gram-positive bacteria. Although no clear-cut
function has been proposed for these elements, they seem to represent
regulatory DNA domains probably controlling competence-specific and
virulence-related genes (van Belkum et al., 1996). These repeats were
found to consist of three discriminate regions: boxA, boxB, and boxC,
which are 59, 45, and 50 base pairs in length respectively (Martin et al.,
1992). Koeuth and co-workers (1995) developed several primers for the
box A, B and C subunits, and found the BoxA element to be the most
conserved among bacterial species. The BOX AIR primer amplifies
specific genomic regions located between BOX elements (154 bp) and its
natural inverted repeats (Martin et al., 1992), typically occurring in
approximately 25 copies. These primers have been used to classify bacteria
in accordance with the band profiles and is a powerful tool for determining
and clustering inter and intra-species, as well as being a promising
candidate for pathogen profiling and microbial source tracking (MST)
(Johnson et al., 2004; Yang and Yen, 2012). The features that make BOX PCR
a frequently used tool in biogeography studies in environmental microbiology
is that it is quick and cheap, the band patterns consistent, not affected by the
culture age of the strain to be analysed (Kang and Dunne, 2003) and the
fingerprints can be easily analysed by computer assisted methods (Tuang et al.,
1999). However, variation in the brand of thermostable DNA polymerase and
the nature of the buffer and gel concentration caused the banding patterns to

change, limiting its consistent reproducibility (Yang and Yen, 2012).
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BOX PCR, independent from the other rep-PCR techniques, has
revealed the possibility of delineating P. syringae genomospecies (Marques
et al.,, 2008), for identification of races and biovars of Ralstonia
solanacearum (Galal et al., 2003) and for typing strains of Aeromonas
species (Tacao et al., 2005).

Implementation of BOX PCR along with other typing methods has
been useful in epidemiological studies of V. cholerae revealing clonal
origin and relatedness among clinical and environmental strains (Singh
et al., 2001; Kumar et al., 2009; Goel et al., 2010). The molecular diversity
based on BOX PCR combined with additional fingerprinting methods were
analysed to cluster and compare intra and inter species variation in
V. parahaemolyticus (Maluping et al., 2008), V. harveyi (Gomez-Gil et al.,
2004) and V. vulnificus (Gordan, 2008). The technique has also been used
to define new species of Vibrio as a part of a polyphasic molecular

approach (Rameshkumar and Nair, 2007; Rameshkumar et al., 2011).

2.9. Characteristics and Classification Scheme of Toxigenic
Vibrio cholerae

V. cholerae is classified on the basis of its somatic antigens
(O antigens) into serovars or serogroups and there are at least 200 known
serogroups (Baumann et al., 1984; Shimada et al., 1993; 1994). Until 1992,
the only serogroup known to cause epidemic cholera was O1. Strains
belonging to the O1 serogroup were further classified into two biotypes,
namely the Classical and El Tor and these are differentiated by phenotypic
traits and by precise genetic markers (Kaper et al., 1995). In addition to
this, V. cholerae O1 is classified into 3 serotypes, namely Ogawa, Inaba

and Hikojima, the last of which is a rare and inadequately described
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serotype (Shimada et al., 1994). Seven recorded pandemics of cholera have
occurred globally and there is firm evidence that at least the 5™ and 6" were

caused by the classical biotype Ol strains (Blake, 1994).

The El Tor biotype was responsible for the 7th pandemic (Blake,
1994). In 1992, another serogroup, namely O139 caused outbreaks of
cholera in India and Bangladesh (Ramamurthy et al., 1993). Currently,
these 2 serogroups are associated with endemic and epidemic cholera,
while the other V. cholerae serogroups, not associated with epidemics or
pandemics, are collectively referred to as non-O1, non-O139 V. cholerae or
also as non-epidemic serogroups. These non-O1/non-O139 strains have
been divided into serogroups O2 through 0200 on the basis of variation in
lipopolysaccharide (LPS) somatic antigen.

The great majority of these strains does not produce the cholera toxin
(CT) and are not associated with epidemic diarrhoea (Morris, 1990). These
strains are occasionally isolated from cases of diarrhoea (usually associated
with consumption of seafood) and have also been implicated with a variety
of extra-intestinal infections (Ko et al., 1998; Sharma et al., 1998; Restrepo
et al., 2006; Rozemeijer et al., 2009). They are regularly found in estuarine
environments, and infections due to these strains are commonly of
environmental origin (Kaper et al., 1995). While the great majority of these
strains do not produce CT, some strains may produce toxins yet
unidentified. However, for many strains of V. cholerae non-O1/non-O139
isolated from cases of gastroenteritis, the pathogenic mechanisms are
unknown. Toxigenic non-O1/non-0O139 strains belonging 0144, 019, 012,
039, 06, O11 serogroups carrying CtxA/B have been reported previously
from Calcutta, India (Sharma et al., 1998).
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V. cholerae serogroup O75 strains possessing the cholera toxin gene
were isolated from patients with severe diarrhoea, in Georgia, Alabama,
and South Carolina (Tobin-D'Angelo et al., 2008). The genes of CTX®D
genome could be transferred from O1 strains to non-O1/non-O139 strains
suggesting that this mechanism might be responsible for spread of CtxA/B
genes in aquatic environment (Choi et al., 2010). Although environmental
non-O1/non-O139 strains may acquire virulence-associated genes and
become human pathogens, most of these strains are unlikely to attain
pandemic potential by acquisition of TCP and CT genes alone. It thus
appears that the toxigenic non-O1/non-O139 strains and the pandemic Ol

and O139 strains may have distinct lineages (Faruque et al., 2004).

2.10. Virulence Factors of V. cholerae

The pathogenesis of cholera is a complex process and involves a number
of factors which aid the pathogen to reach and colonize the epithelium of the
small intestine and produce the enterotoxin that disrupts ion transport by
intestinal epithelial cells. Although production of cholera toxin encoded by the
CtXAB genes is directly responsible for the manifestation of diarrhoea, cholera
pathogenesis relies on the synergistic action of a number of other genes,
including the genes for one or more colonization factors (Kaper et al., 1995).
Several bacterial pathogens have acquired clusters of virulence genes that
display a typical base composition and these Pathogenicity Islands are not
present in related non-pathogenic species (Basu et al., 2000). In V. cholerae,
the major virulence genes appear to exist in clusters and there are at least 2
regions of the V. cholerae chromosome in which genes encoding virulence
factors are clustered (Ogierman et al., 1993; Pearson et al., 1993; Trucksis
etal., 1993; Everiss et al., 1994; Harkey et al., 1994).
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2.10.1. Cholera toxin and CTX phage

Cholera toxin activates the adenylate cyclase enzyme in cells of the
intestinal mucosa leading to increased levels of intracellular cAMP, and the
secretion of H,0, Na', K', CI', and HCO5 into the lumen of the small
intestine. The effect is dependent on a specific receptor, monosialosyl
ganglioside (GM1 ganglioside) present on the surface of intestinal mucosal
cells. The bacterium produces an invasin, neuraminidase, during the
colonization stage which has the interesting property of degrading
gangliosides to the monosialosyl form, which is the specific receptor for the
toxin (Collier and Mekalanos, 1980). The toxin has been characterized
and contains 5 binding (B) subunits of 11,500 daltons, an active (Al)
subunit of 23,500 daltons, and a bridging piece (A2) of 5,500 daltons that
links Al to the 5B subunits. Once it has entered the cell, the Al subunit
enzymatically transfers ADP ribose from NAD to a protein (called Gs or
Ns), that regulates the adenylate cyclase system which is located on the
inside of the plasma membrane of mammalian cells. The effect of the toxin
is to cause cAMP to be produced at an abnormally high rate which
stimulates mucosal cells to pump large amounts of CI" into the intestinal
contents. H,O, Na' and other electrolytes follow due to the osmotic and
electrical gradients caused by the loss of Cl. The lost H,O and electrolytes
in mucosal cells are replaced from the blood. Thus, the toxin-damaged cells
become pumps for water and electrolytes causing the diarrhoea, loss of

electrolytes, and dehydration that are characteristic of cholera.

Toxigenic V. cholerae carries one or more copies of CT encoding
genes, CtXA and ctxB (Waldor and Mekalanos, 1996). The A and B subunits

of CT are encoded by 2 separate but overlapping open reading frames
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(ORFs). The genes encoding CT form part of the genome of a lysogenic
filamentous bacteriophage designated CTX®. CTX® DNA is generally
found integrated at either one (EI Tor) or two (Classical) loci within the
V. cholerae genome (Mekalanos, 1983; Pearson et al.,1993; Waldor and
Mekalanos,1996). CTX® is unusual among filamentous phages because the
phage genome encodes the functions necessary for a site specific
integration system and thus can integrate into the V. cholerae chromosome
at a site-specific attachment site known as attRS, forming stable lysogens.
The phage genome consists of 2 regions, RS2 and core. The RS2 represents
a site-specific recombination system that allows the lysogenic phage to
integrate at specific sites on the host chromosome and the core consists of
number of genes, including the CtxA, ctxB, zot, ace, psh, cep and orfU
(Waldor et al., 1996; 1997). The RS2 region consists of the rstR, rstA and
rstB genes. The rstA gene product is responsible for phage DNA
replication, rstB is involved in site-specific integration of the phage and

rstR is a repressor of rstA function (Waldor et al., 1997).

It has been showed that under suitable conditions toxigenic V. cholerae
strains can be induced to produce extracellular CTX® particles (Waldor
et al.,, 1996; Faruque et al., 1998b).The phage can be propagated in
recipient V. cholerae strains in which the CTX® genome either integrates
chromosomally at a specific site forming stable lysogens or maintained
extra-chromosomally as a replicative form of phage DNA (Faruque et al.,
1998a). Studies have established that some naturally occurring non-
toxigenic strains of V. cholerae are infected by CTX® and converted to
toxigenic strain with epidemic potential (Faruque et al., 1998b). The
bacteriophage uses the Toxin Coregulated Pilin (TCP) as a receptor and

therefore expression of TCP by the bacterium is a requirement for its
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susceptibility to the phage. Consequently, a virulence factor of the
bacterium in humans also serves as a receptor for CTX®, demonstrating a
co-evolution of genetic elements mediating the transfer of virulence genes

with the pathogenic bacterial species they infect (Faruque et al., 1998a).

2.10.2. Accessory Cholera Toxin (Ace)

The Ace toxin is an integral membrane protein that consists of 96 amino
acids (9-11.3 kDa) (Kaper et al., 1995; Chatterjee et al.,2011). This toxin
increases the potential difference (PD) across the intestinal epithelium, alters
transcellular ion transport and increases the short-circuit current in rabbit
ileal tissues that have been mounted in Ussing chambers (Trucksis et al.,
1997; Somarny et al., 2004). It is an amphipathic molecule, which when
inserted into the eukaryotic cell membrane creates an ion-permeable pore. It
acts synergistically with a Ca*"-dependent acetylcholine analog (carbachol)
and stimulation secretion has been shown to be dependent on extracellular
and intracellular Ca>" (Trucksis et al., 2000). The gene encoding this toxin
ace, identified by Trucksis et al., (1993) is located immediately upstream of

the gene encoding Zot (Zonula occludens toxin) and cholera toxin.

2.10.3. Hemolysin/Cytolysin

Hemolysin, often designated as cytolysin, is a widely distributed toxin
among pathogenic Vibrio sp. and exerts various roles in the infection
process (lida and Hond, 1997; Shinoda, 1999). They act on erythrocyte
membranes leading to cell lysis, which in turn, frees the iron-binding
proteins like haemoglobin, transferrin and lactoferrin. The pore forming activity
of hemolysin is not restricted to erythrocytes, but extends to a wide range of

other cell types including mast cells, neutrophils and polymorphonuclear cells
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and enhances virulence by causing cell damage (Ludwig and Goebel, 1997;

Shinoda, 1999).

There are four representative hemolysin families produced by Vibrio
spp. which includes the El Tor hemolysin of V. cholerae (Hly A)
(Yamamoto et al., 1986; Fallarino et al., 2002), the thermostable direct
hemolysins (TDH and 0VPH) and the thermolabile hemolysin (TLH) of
V. parahemolyticus (Taniguchi et al., 1990; Zhang et al., 2001). Hly A
hemolysin lyses erythrocytes and other mammalian cells and exhibits
enterotoxicity in experimental diarrhoea models, thus manifesting a major
role in the pathogenesis of gastroenteritis caused by V. cholerae strains
(Ichinose et al., 1987). The hemolysin is exported by the majority of
V. cholerae O1 and non-O1 strains to the culture supernatant as the 79 kDa
precursor, prohaemolysin, which on proteolytic removal of the N-terminal
15 kDa pro-domain converts to the fully mature 65 kDa toxin (Nagamune
et al., 1996). The much-studied mechanism of cell lysis (hemolysis) by
HlyA seems to involve intercalation of single monomeric HlyA proteins
into cell membranes; their coalescence to form highly ordered multimeric
pores that allow selective leakage of certain ions, and eventual cell
disruption (Zitzer et al., 1993). HlyA protein exhibits remarkable
differences in potency for erythrocytes from different animal species and
cell types (Zitzer et al., 1997) and a dual specificity for cholesterol and
ceramides (Zitzer et al., 1999).

2.10.4. Outer Membrane Proteins

Six major outer membrane proteins have been reported in V. cholerae
(Chakrabarti et al., 1996). The 45-kDa protein OmpS is a maltoporin induced
upon growth on maltose and similar to the LamB porin of Escherichia coli
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(Lang and Palwa, 1993). OmpV (25 kDa) is a heat-induced, highly
immunogenic protein associated with peptidoglycan (Sahu et al., 1994). The
35-kDa outer membrane protein, OmpA, is heat modifiable and reminiscent of
OmpA of E. coli (Alm et al., 1986). The OmpX protein (27 kDa), although
osmoregulated and trypsin-resistant, does not have pore-forming properties
and is not classified as a porin (Chakrabarti et al., 1996). OmpU (38 kDa) and
OmpT (40 kDa) have been shown to allow the transport of hydrophilic solutes
in liposome swelling assays (Chakrabarti et al., 1996) and are porins that form
water-filled channels across the outer membrane. They are thought to function
primarily as channels for entry and exit of hydrophilic low-molecular-mass
(600-Da) molecules. Similar proteins have also been described in other Vibrio
species and shown to have expression patterns that are sensitive to medium
composition or external conditions (Davey et al.,1998; Nitzan et al.,1999;
Provenzano and Klose, 2000). In the genus Vibrio, OMPs function as porins for
iron, phosphate, and sugar transport and in attachment to inanimate surfaces,
although their role in adhesion to host epithelia remains controversial
(Aeckersberg et al., 2001). OmpU mediates resistance to bile and anionic
detergents such as sodium dodecyl sulfate, while OmpT increases susceptibility

to anionic detergents (Provenzano and Klose, 2000; Provenzano et al., 2000).

The fact that expression of OmpU is coregulated with expression of
critical virulence factors such as CT and the TCP suggests that OmpU is

also an important virulence factor (Miller and Mekalanos, 1988).

2.10.5. RTX Toxin

The RTX toxins represent a family of important virulence factors that
have disseminated widely among gram-negative bacteria (Coote, 1992).

The RTX toxin gene cluster in V. cholerae encodes the presumptive
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cytotoxin (RtxA), an acyltransferase (RtxC), and an associated ATP-
binding cassette transporter system (RtxB and RtxD, two proteins for toxin
transportation) (Chow et al., 2001) and is physically linked to the cholera
toxin prophage (Lin et al., 1999). Because genes of common pathogenic
function are often genetically linked, it is proposed that the V. cholerae
RTX toxin, like cholera toxin, may play a role in the gastrointestinal

virulence properties of V. cholerae (Chow et al., 2001).

It has been proved that the interaction of RTX toxin with cells leads to
depolymerization of stress fibers and cross-linking of actin, causing the cell
rounding effect and increased permeability through paracellular tight
junctions (Lin et al., 1999; Fullner et al., 2001). It was demonstrated that
the actin cross linking domain of RTX directly catalyzes covalent cross
linking of actin monomers and G-actin or short actin oligomers might be
the cytoskeletal substrates of the actin cross-linking reaction in Vvivo
(Cordero et al., 2007). Classical strains of V. cholerae carry a deletion of
DNA sequences that overlap the rtxA, rtxC, and rtxB genes and hence
defective in production of cytotoxic activity associated with the RTX gene
cluster (Lin et al., 1999). Thus, the intact RTX gene cluster might have
provided a selective advantage for the emergence of El Tor O1 and O139
strains. The RTX toxin is considered to be one of the factors contributing to
the reactogenicity of some of the cholera vaccine strains in human subjects

(Fullner et al., 2001).

2.10.6. Zot Enterotoxin

Zonula occludens toxin (Zot) is an enterotoxin elaborated by V. cholerae
that increases intestinal permeability by interacting with a mammalian cell

receptor with subsequent activation of intracellular signalling leading to the
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disassembly of the intercellular tight junctions (Fasano et al., 1991). The
gene encoding Zot (zot) is a 4.5 kb dynamic region of the V. cholerae
chromosome located immediately upstream of the CT operon and the size
of the Zot protein predicted from the DNA sequence is 44.8 kDa (Baudry
et al., 1992).The toxin seems to be involved in the CTX® morphogenesis
because Zot mutagenesis studies demonstrated the inability of CTX
elements to be self-transmissible under appropriate conditions (Walder and
Mekalanos, 1996). The high concurrence among V. cholerae strains of the
zot gene and the ctx genes (Johnson et al., 1993; Karasawa et al.,1993) also
suggests a possible synergistic role of Zot in the causation of acute
dehydrating diarrhoea typical of cholera. Beside its role in phage
morphogenesis, Zot also increases the permeability of the small intestine by
affecting the structure of the intercellular tight junctions, the effect initially
described on rabbit ileal tissues mounted in Ussing chambers by using
filtered supernatants from V. cholerae Olstrains, (Fasano et al., 1991;
Baudry et al, 1992). Zot also possesses a cell specificity related to the toxin
interaction with a specific receptor whose surface expression differs on
various cells (Fasano et al., 1997; Uzzau et al., 2001). It also induces
modifications of cytoskeletal organization that lead to the opening of tight
junctions secondary to the transmembrane phospholipase C and subsequent
protein kinase Ca-dependent polymerization of actin filaments strategically

localized to regulate the paracellular pathway (Di Pierro et al., 2001).

2.10.7. NAG-ST

The NAG-ST is a 17-amino-acid peptide (Arita et al.,1986) of
V. cholerae non-O1 strains which exhibits remarkable similarity, especially

in the carboxyl-terminal toxic domain, to the heat-stable enterotoxins (STs)
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produced by enterotoxigenic E. coli (Takao et al.,1983; Yoshimura
et al.,1986). Morris et al., 1990) showed that a non-O1 strain of V. cholerae
which produced this toxin could cause diarrhoea in volunteers. NAG-ST
causes IP3-mediated calcium release from intracellular calcium store,
which then stimulates nitric oxide production by activating nitric oxide
synthase and the nitric oxide through ¢GMP activates calcium influx
(Hoque et al., 2004). The genes encoding this enterotoxin (Sto) in V. cholerae
O1 and non-Ol1 are flanked by 123-bp direct repeats (Ogawa and Takeda,
1993), thus suggesting that this toxin has been introduced into V. cholerae

via a transposon.

2.10.8. Toxin Co-regulated Pilus (TCP)

The type IV pilus encoded by V. cholerae, named toxin coregulated
pilus (TCP) (Taylor et al., 1987), is composed of 7 nm filaments of the
TcpA pilin subunit, which laterally associate into bundles, leading to
intestinal colonization in both animal and human volunteer studies
(Attridge et al., 1996) as a result of autoagglutination of the cells (Kirn
et al., 2000). In addition, it acts as a receptor for the CTX® (Waldor and
Mekalanos, 1996) and also facilitates biofilm formation on chitinaceous
surfaces (Reguera and Kolter, 2005). The major subunit of TCP, encoded
by the tcpA gene is assembled into a cell-surface colonization determinant
by the action of at least seven accessory proteins (Peterson and Mekalanos,
1988; Shaw et al., 1990; Kaufman et al., 1991; 1993; Ogierman et al.,
1993). The tcpA gene is considered to be part of a larger genetic element
known as the Vibrio Pathogenicity Island (Karaolis et al., 1998) residing on
chromosome 1 (Heidelberg et al., 2000) of V. cholerae. Even though the

cholera toxin (CT) and the TCP are exclusively associated with clinical
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strains of V. cholerae, especially those belonging to the serogroups O1 and
0139, their presence and expression in environmental strains of V. cholerae

has also been reported (Chakraborty et al., 2000; Kumar et al., 2008).

2.10.9. Neuraminidase

V. cholerae neuraminidase, a sialidase, is considered a virulence factor
(Staerk et al., 1974; Galen et al., 1992) that releases sialic acid from higher
gangliosides present on eukaryotic cells surface, exposing ganglioside
GM1, which is the cholera toxin receptor. The neuraminidase gene, nanH,
is present in the Vibrio Pathogenicity Island 2 of toxigenic strains of
V. cholerae (Jermyn and Boyd, 2002) and has also been detected in
V. mimicus (Jermyn and Boyd, 2005) and V. vulnificus (Jeong et al., 2009).
NanH, a large neuraminidase (83 kDa), with a three-domain protein
consisting of two lectin wings and a central active neuraminidase domain of
six B-sheets (Crennel et al., 1994), is also known to have cellular roles such
as sialic acid metabolism (Vimr et al., 2004) and is a part of the mucinase
complex that acts on the mucus gel protecting the underlying intestinal cells
(Stewart-Tull et al., 1986). The breakdown of sialomucin allows the

bacteria to reach and colonize the epithelium.

2.11. Vibrio Pathogenicity Island of Vibrio cholerae

Vibrio Pathogenicity Island (VPI) is considered to be one of the initial
genetic factors required for the emergence and pathogenesis of epidemic
and pandemic V. cholerae. VPI has many features characteristic of
pathogenicity islands (PAls); low G+C content compared to the rest of the
genome, phage like attachment sites (att) at its termini, inserted site
specifically in the chromosome of epidemic V. cholerae strains downstream

of tRNA-like locus, genes with potential roles in DNA mobility at its left
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and right ends and a phage like integrase gene (int) which belongs to the
family of site specific recombinases (Karaolis et al., 1998). The
chromosomal VPI of V. cholerae is 41.2 kb in size and is divided into three
functional regions (Karaolis et al., 2001); the left region containing a gene
encoding a potential transposase and several ORFs (Open Reading Frames)
of unknown function, the central region containing many tcp genes
encoding proteins for the TCP structure as well as tcpPH genes that
regulate TCP and CT expression and the right region including the
remaining transport and assembly tcp genes, the tcpJ gene (gene required
for processing), int gene (high homology to phage like integrase), and the
acf gene cluster (which appears to have a role in colonization). The VPI
encodes 29 potential proteins (Karaolis et al., 2001) playing major roles in
virulence of V. cholerae, including those involved in the synthesis of the
toxin-coregulated pilus (TCP) (Taylor et al.,1987), accessory colonization
factors (Peterson and Mekalanos, 1988) that also acts as receptor for
cholera toxin bacteriophage, CTX® (Waldor and Mekalanos, 1996) and
virulence gene regulators, ToxT (DiRita et al.,1991; Higgins et al.,1992),
TcpH (Carroll et al., 1997) and several ORFs with no known or demonstrated
function (Hase and Mekalanos, 1998).

The sequence variations exhibited by the VPI genes of different strains
of V. cholerae suggest that the VPI is mosaic in nature resulting from
recombination events (Karaolis et al., 2001; Vital-Brazil et al., 2002). The
presence of VPI in V. mimicus isolates suggest that it can be horizontally
transferred between V. cholerae and V. mimicus (Boyd et al., 2000). The
finding that the VPI is flanked by phage-like attachment sites and contain a
phage-like integrase which can excise from the chromosome (Kovach

et al., 1996; Karolis et al.,1998; 1999; 2001) and that it can be transferred
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by generalized transduction (O’Shea and Boyd, 2002) substantiates that the

VPI can undergo horizontal transfer.

Several additional genomic regions have also been identified,
predominantly among epidemic O1 and O139 serogroup isolates; these
include RS1®, Vibrio Seventh Pandemic island-I (VSP-I), VSP-II and VPI-
2 (Dziejman et al., 2002; Jermyn and Boyd, 2002; O’Shea et al., 2004).
RS1 @ is associated with the CTX prophage in V. cholerae ElTor isolates
and is required for the production of CTX @ (Davis and Waldor, 2003).
VSP-I and VSP-II are genomic islands identified by microarray analysis
among V. cholerae El Tor isolates (Dziejman et al., 2002). It was suggested
by Dziejman and colleagues (2002) that the genes encoded on the VSP-I
and VSP-II islands are likely to be responsible for the unique characteristics
of the seventh pandemic (ElTor) strains. VPI-2 is a 57.3 kb chromosomal
region encoding ORFs with all the characteristics of a pathogenicity island
(Jermyn and Boyd, 2002). It was suggested that all toxigenic V. cholerae
O1 and O139 serogroup isolates possessed VPI-2 region, whereas non-O1/

nonO139/ non-toxigenic isolates lacked the region.

2.12. Regulation of Virulence Genes by ToxR Regulon

The gene toxR encodes the transmembrane transcription regulator
ToxR, first identified to play a role in the coordinate regulation of virulence
gene expression (Miller et al.,1987; Miller and Mekalanos, 1988) and was
subsequently shown to play a pivotal role in the coordinate regulation of ctx
and many other genes including the tcp gene encoding toxin-coregulated
pili and the ompU and ompT genes encoding major outer membrane
proteins (OMPs) in V. cholerae (Miller et al.,1987; Miller and Mekalanos,
1988; DiRita, 1992; Crawford et al.,1998). The toxR gene encodes a 294
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amino acid polypeptide of 32,527-dalton transmembrane, DNA-binding
protein that is sensitive to a variety of environmental signals that include
osmolarity, pH, temperature, and the presence of certain amino acids
(Miller et al., 1987). The activity of ToxR has been reported to be enhanced
by another 19 kDa transmembrane protein ToxS, which serves to assemble
ToxR monomers into the dimeric form (DiRita et al., 1991). Among the
genes of the toxR regulon, only CtXAB is directly regulated by ToxR protein
while the other genes are controlled by another regulatory transcription
activator, ToxT, a 32kDa protein (Higgins and DiRita, 1996). ToxR
controls the transcription of toXT gene which encodes ToxT. Consequently,
the enhanced expression of ToxT leads to the activation of about 17 distinct
virulence related genes in the ToxR regulon. The existence of a regulatory
cascade in the ToxT- ToxR regulatory proteins allows the bacterium to
bring diversity in the expression of its genes to survive different
environmental conditions i.e. the human intestine and its natural estuarine

environment (Bina et al., 2003).

The toxR gene was also detected in V. parahaemolyticus (Lin et al.,
1993), V. fischeri (Reich and Schoolnik, 1994), V. vulnificus (Lee et al.,
2000), V. alginolyticus, V. hollisae, V. mimicus and V. fluvialis (Osorio and
Klose, 2000) and V. anguillarum (Okuda et al., 2001). Conejero and
Hedreyda (2003) were able to isolate and sequence a 576-bp toxR gene
homologue from V. harveyi. Sequence analysis and alignment of the full
length toxR gene of V. harveyi revealed that it shares 87% sequence
similarity with toxR of V. parahaemolyticus, 84% similarity with V. fluvialis,
83% with V. vulnificus and partial sequence of V. campbellii (Franco and
Hedreyda, 2006). A partial sequence of the V. campbellii toxR gene was

obtained and toxR-targeted PCR primers for V. campbellii detection was
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designed based on the partial toxR sequence (Castroverde et al., 20006).
Nucleotide sequence analysis of the full-length 873-bp toxR of V. campbellii
revealed 100% sequence similarity with the partial toxR gene of V. campbellii
(Franco and Hedreyda, 2006) and exhibited lower sequence similarity with
toxR from V. harveyi (79%), V. parahaemolyticus (75%), V. anguillarum
(64%), V.vulnificus (63%), V. cholerae (59%), V. fischeri (53%), V.hollisae
(50%), and Photobacterium profundum (26%) (Orata and Hedreyda, 2011).
The usefulness of toxR gene for phylogenetic and evolutionary analysis on
Vibrio isolates belonging to V. parahaemolyticus and V. alginolyticus is
evidenced from the work of Montieri and colleagues (2010). Sequence
analysis of the virulence regulatory gene toxR is considered as a useful tool for
the distinction of various species (Osorio and Klose, 2000) particularly in
relation to the significant gap between its maximun intraspecific and minimum

interspecific distances (Pascual et al., 2010).

Comparison of the toxR amino acid sequences from several Vibrio
species showed the presence of the highly divergent membrane tether
regions flanked by relatively conserved transcription activation and
transmembrane domains (Conejero and Hedreyda, 2003). For species-
specific detection, the variable or divergent sequences may be useful in the
development of PCR primers effective in identifying the target organism. It
is also suggested that the toxR gene proposed as an ancestral gene of
Vibrionaceae family, is a useful target for Vibrio species identification

(Kim et al., 1999; Conejero and Hedreyda, 2003).

2.13. Characteristics and Pathogenicity of Vibrio vulnificus

Vibrio vulnificus is a Gram-negative halophilic bacterium that inhabits

warm coastal and estuarine waters worldwide, and the numbers are
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substantially high in marine filter-feeders like bivalve molluscs (Strom &
Paranjpye, 2000; Oliver, 2006). Two primary routes of V. vulnificus
infections in humans are through the exposure of open flesh wounds and
ingestion of the pathogen in raw or undercooked seafood. The consequent
effects are septicaemia and wound infections sometimes leading to
necrotizing fasciitis (Janda et al., 1988; Bisharat et al., 1999). Septicaemia
or blood poisoning occurs when toxin-producing bacteria proliferate in the
bloodstream. The highest percentage of individuals who experience
septicaemia suffer from chronic liver disease (Haq and Dayal, 2005),
followed by immuno-compromised people with other chronic diseases such
as diabetes (Strom and Paranjpye, 2000; Ho et al., 2003; Kuhnt-Lenz et al.,
2004; Haq and Dayal, 2005). V. vulnificus causes gastroenteritis much less
frequently, following raw or under cooked oyster consumption (Strom &
Paranjpye, 2000). Besides host susceptibility, epidemiological data also
suggest that a small percentage of V. vulnificus strains in oysters are

virulent (Warner and Oliver, 2008; Jones andOliver, 2009).

A distinction has been made between various strains of V. vulnificus
into different biotypes initially based on differing phenotypes, serological
properties, and host range (Tison et al., 1982). Three different biotypes
have been identified. Biotype 1 is an opportunistic human pathogen that is
commonly isolated from environment and clinical samples (Biosca et al.,
1997; Hoi et al., 1998; Watanabe et al., 2004). The eel pathogen primarily
cultured from eels or humans handling eels and responsible for eel
mortality in aquaculture, belongs to Biotype 2 (Tison et al., 1982; Esteve-
Gassant and Amaro, 2004) and has rarely been isolated from the
environment (Esteve-Gassant and Amaro, 2004; Marco-Noales et al., 2004).

V. vulnificus isolated from human wound aspirates was distinguishable from
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both the aforementioned biotypes (Bisharat et al., 1999), leading to the

recognition of Biotype 3.

2.14. Virulence Factors of V. vulnificus

Several potential virulent factors have been examined for V. vulnificus
which included the capsular polysaccharide (CPS), lipopolysaccharide
(LPS) and flagella (Strom and Paranjpye, 2000; Lee et al., 2004).
Extracellular toxins like haemolysin, enterotoxins and enzymes like
metalloprotease, chitinase, and phospholipase have been attributed as
possible virulence factors (Strom and Paranjpye, 2000). Besides the
virulence factors present in the pathogen, it was observed that an increased
iron in the host resulted in increased susceptibility to infection, establishing
the significant contribution of the host to the virulence of V. vulnificus
(Wright et al., 1981).

2.14.1. Capsular Polysaccharide (CPS)

The capsular polysaccharide (CPS) protects the pathogen from
bactericidal mammalian serum as well as phagocytosis by macrophages
(Yoshida et al., 1985; Simpson et al., 1987; Strom and Paranjpye, 2000)
and is considered a major virulence factor for V. vulnificus (Chatzidaki-
Livanis et al., 2006). Presence of the capsular polysaccharide is related to
the colony morphology, with encapsulated strains being opaque and
unencapsulated strains being translucent (Yoshida et al., 1985; Wright
et al., 1999). As with other bacteria that rely on their capsule to resist host
defences during systemic disease, antibodies to the V. vulnificus capsule are
protective in animal models (Devi et al., 1995; 1996). It exhibits a wide
range of heterogeneity at the biochemical level (Bush et al., 1997),

however, CPS-based vaccines have been developed that imparts protection
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against V. vulnificus infection, albeit only against strains of the same
carbotype (Devi et al., 1995; 1996) and antibodies against V. vulnificus
capsule have been found in infected patients, underlining the importance of

CPS for V. vulnificus infection (Fiore et al., 1996).

The identification of genes involved with capsular production was
accomplished primarily through transposon insertion mutagenesis. Initially,
a gene encoding a sugar epimerase enzyme, essential for capsule
production and virulence was identified (Zuppardo and Siebeling, 1998)
followed by the elucidation of the group 1-like capsular biosynthetic
system (Wright et al., 2001).Subsequently, Smith and Siebeling (2003)
performed extensive transposon insertion mutagenesis and identified four
genes (WCcVA, wcvF, wevl, and orf) essential for capsule biosynthesis and
virulence, in addition to other genes with supporting roles in capsule
biosynthesis. Phase variation associated with opaque to translucent colony
type was also investigated by Wright et al. (1999) who determined that
capsule biosynthesis was not constitutive, and that capsule production was
decreased in stationary phase. Production of the capsule was also found to
be inversely related to the ability of V. vulnificus to form biofilms in vitro
(Joseph and Wright, 2004).

2.14.2. Hemolysin/ Cytolysin

The hemolytic and cytolytic activity of V. vulnificus was first
described by Kreger and Lockwood (1981) and Johnson and Calia (1981).
The hemolysin, a putative virulence factor in V. vulnificus, acts by forming
pores in host cell membranes (Kim et al., 1993) and stimulates guanylate
cyclase (Kook et al., 1996) in endothelial cells of blood vessels leading to

vasodilation and edema, which are characteristic of infection. However,
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Kim and team (2006) suggested that hemolysin may play a greater role in
environmental survival than in virulence and was supported by Smith and
Oliver (2006) who suggested the role of hemolysin in osmotic and/or cold
shock responses by some strains appearing to be temperature-regulated in

natural environments.

Three types of hemolysin/cytolysins have been reported to be
produced by V. vulnificus. The most widely studied hemolysin (VVH) is a
water-soluble polypeptide (51 kDa) that binds to cholesterol on the
membrane and forms small pores in the erythrocyte membrane (Gray and
Kreger, 1987). It can induce apoptosis by elevating cytosolic free Ca®’,
release of cytochrome C from mitochondria, activate caspase-3, degrade
poly-ADP ribose-polymerase (PARP) and induce fragmentation of DNA.
The toxin increases vascular permeability and causes skin damage. V. vulnificus
has been shown to have two other hemolysins apart from VvhA: VIIY and
HIyIll (Chang et al., 1997; Chen et al., 2004). The hlylll knockout has a
minor increase in LDs, but still displays hemolytic activity on blood agar,
possibly due to VIIY and VvhA (Chen et al., 2004). All three hemolysins

could contribute to cytotoxicity in V. vulnificus.

2.14.3. Metalloprotease

The V. vulnificus metalloprotease, originally discovered because of its
collagenase activity (Smith and Merkel, 1982) was identified with
additional activities of elastase, caseinase and metalloprotease (Zn2+)
(Kothary and Kreger, 1985; Miyoshi et al., 1987). The metalloprotease was
instrumental in increasing vascular permeability by stimulating the generation of
inflammatory mediators, resulting in septicaemia accompanied by edematous

lesions (Miyoshi and Shinoda, 2000; Miyoshi et al., 2004). Metalloprotease
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is a 45-kDa Zinc containing protease: the N-terminal 35-kDa part mediates
proteolysis and the C-terminal 10-kDa part binds to protein substrates
on erythrocytes and blood cells, thus effecting membrane permeability

enhancement and tissue hemorrhage.

2.14.4. RTX Toxin

RTX toxins are made of repeated structural subunits which form pores
in cellular membranes and are found in a broad range of Gram-negative
bacteria. The amino acid sequence of V. vulnificus RtxAl shows high
homology to the RtxA sequence of V. cholerae, and organization of the Rtx
gene cluster is also similar between the two species (Lee et al., 2007; Kim
et al., 2008). The toxin has been associated with multiple cytotoxic and
cytopathic activities including actin depolymerization, apoptosis, necrosis,
induction of reactive oxygen species, and activation of caspase-1 (Lee et
al., 2007; 2008; Kim et al., 2008; Chung et al., 2010; Toma et al., 2010).
The toxin is encoded by an operon of four genes: rtxC, rtxA, rtxB and rtxD.
Genes, IxB and rtxD, encode a transport system for the RtxA toxin. RtxC
participates in the acylation of RtxA, which is necessary for its activation
(Lally et al., 1999). RtxA toxins share a repeated nine amino acid sequence
motif. An rtxA targeted mutant in V. vulnificus showed decreased
cytotoxicity towards INT-147 human intestinal epithelial cells and an
increase of 457 in the LDs in the iron treated mouse model, suggesting that

RtxA is a virulence factor (Lee et al., 2007).

2.14.5. Iron Acquisition Systems

Studies on V. vulnificus pathogenesis have indicated that increased
iron in the host resulted in increased susceptibility to infection. The

pathogen expresses phenolate, hydroxamate, and vulnibactin siderophores
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to scavenge iron from the host transferrin, hemin, and lactoferrin (Wright
et al., 1981; Helms et al., 1984). Hosts with high levels of iron such as
those suffering from chronic hemochromatosis or cirrhosis of liver are
highly susceptible to V. vulnificus infection. Wright and colleagues (1981)
showed that iron treatment of mice reduced the intraperitoneal incidence of
the pathogen. Liver damage by carbon tetrachloride increased susceptibility
of mice in a manner proportional to the levels of iron in serum (Bullen
et al., 1991). A couple of studies indicated that the protease produced by
V. vulnificus could be involved in acquisition of iron from heme proteins
(Nishina et al., 1992; Okujo et al., 1996). hupA and fur genes regulate iron
acquisition (Litwin and Byrne, 1998) and as might be expected with an
organism whose pathogenesis is centred on iron imbalanced hosts and

acquisition of iron, this element of V. vulnificus pathogenesis is complex.

2.14.6. Flagella

In addition to adhesion, flagellum-based motility is important for a variety
of bacterial processes including biofilm formation and pathogenesis. In
V. wulnificus, several flagellar genes have been mutated in order to investigate
the role of flagella in pathogenesis. A loss of two flagellar structural
components (encoded by flgC and flgE) each resulted in significant
decreases in motility, cellular adhesion, and cytotoxicity compared to those
of the parent strains (Ran-Kim & Rhee, 2003; Lee et al., 2004). Injection of
flgC and fIgE mutants into mice resulted in increased LDs, indicating that
the flagellum is necessary for virulence. However, the use of a polar
mutation and problems with complementation tempered the significance of
these studies (Gulig et al., 2005). It has been suggested that decreases in

motility, adhesion, and cytotoxicity may play a concerted role in reducing
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virulence, in that a loss of motility may lead to decreased adhesion and to
an inhibition of cytotoxin delivery (Ran-Kim and Rhee, 2003; Lee et al.,
2004). Overall, studies investigating the role of attachment in V. vulnificus
virulence lend support to the hypothesis that host cell contact is required for

V. vulnificus toxin secretion and pathogenicity.

2.15. In vivo Models for Pathogenicity Studies

The molecular basis of the pathogenicity of infectious agents, and of
the corresponding mechanisms of host defence can be well elucidated using
model systems. Animal virulence models have been used for decades to
determine the pathogenesis of bacteria. There is a continuing need for the
development of simple animal models for the study of host-pathogen
interactions (Finlay, 1999) as well as facilitating the identification and
study of virulence mechanisms associated with pathogenesis (Mahajan-
Miklos, 2000). Intuitively, the more closely related a model of an infectious
disease is to the natural pathology, the greater is its relevance in virulence
and pathogenicity assays. Animal virulence models and mammalian cell
culture, as in vivo and in vitro systems respectively, have been used for
decades to determine the pathogenesis of bacteria. Mammalian models
have the disadvantages of long reproductive cycles, difficult handling, high
cost and the ethical constraints on their use in such studies. Alternative
models, such as the amoeba Dictyostelium discoideum, the nematode
Caenorhabditis elegans, the insect Drosophila melanogaster and the fish
Danio rerio are however complementary systems for such studies (Vodovar
et al., 2004; Steinert and Heuner, 2005; Sifri et al., 2005). The nematode
Caenorhabditis elegans has been used as a virulence model to study several

human pathogens in a number of experiments and is now recognized as a
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suitable host to examine aspects of bacterial pathogenesis (Sifri et al.,

2005).

2.15.1. Caenorhabditis elegans- The Model Organism

The soil nematode Caenorhabditis elegans is an amenable model
organism for investigations in pathogenesis, and fundamental biological
processes like development, reproduction, senescence and functioning of
the immune system in humans. Its use was pioneered by Sydney Brenner
(Brenner, 1974) and it remains the only multicellular organism in which the
entire cell lineage has been traced, from egg to adult (Sulston et al., 1983).
Most of the biochemical pathways identified in C. elegans have proved to
be evolutionarily conserved, such that they have counterparts across the
entire spectrum of relatedness, from plant parasitic nematodes (Bird and
Opperman, 1998; Costa et al., 2007) to humans (Sonnhammer and Durbin,
1997; Chalfie and Jorgensen, 1998). This conservation of genes and
metabolic pathways, and the mechanisms of invasion and h