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Toxigenic strains of Vibrio cholerae belonging to the O1 and 0139 serogroups cause cholera, a severe
diarrhoeal disease that occurs frequently as epidemics in many developing countries. Although V.
cholerae is known to be a human pathogen, the bacteria constitute part of the normal aquatic flora in
the ecosystem, which includes both epidemic and non epidemic strains that vary in their virulence gene
profile. V. cholerae O1 and 0139 strains are commonly known to carry a set of virulence genes
necessary for pathogenesis in human. The major virulence factors of V. cholerae include cholera toxin
(CT), which is responsible for the profuse watery diarrhoea and a pilus colonization factor known as
toxin coregulated pilus (TCP). The presence of virulence-associated genes in the environmental strains
provides interesting possibility to understand the pathogenicity of the disease. The emergence of
toxigenic V. cholerae strains has provided an opportunity to study the coevolution of different
serogroups of epidemic V. cholerae strains, apparently driven by competition for survival and thereby
attaining enhanced fitness. This review attempts to bring together some of the important researches in
recent times that have contributed towards understanding the genetic, epidemiology and evolution of
toxigenic V. cholerae.
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mediating gene transfer.

INTRODUCTION

Toxigenic strains of V. cholerae belonging to the O1 and
0139 serogroups cause cholera, a severe diarrhoea di-
sease that occurs frequently as epidemics and pandemic
which is of public health concern in many developing
countries. Cholera is thus categorized as one of the
‘emerging and re-emerging” infections (Satcher, 1995).
The disease is an acute dehydrating diarrhoea caused
principally by the potent enterotoxin, cholera toxin (CT),
produced by these organisms during pathogenesis (Ka-
per et al.,, 1995). In southern Asia, parts of Africa and
Latin America, cholera is endemic with seasonal epide-
mics occurring widely and is particularly associated with
poverty and poor sanitation.

Cholera is a waterborne disease and the relationship
with water ecology is suggested by the close association
of V. cholerae with water. Although V. cholerae is known
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to be a human pathogen, the bacteria constitute part of
the normal aquatic flora in estuarine and brackish waters
and are able to persist in the absence of human host
(Colwell and Hug, 1994; Colwell and Spira, 1992). This
novel feature of the disease raises a question regarding
the genetic similarity or diversity of the different toxigenic
clones. Strains belonging to other serogroups, collectively
referred to as non-O1, non-O139, have also been impli-
cated as etiological agents of moderate to severe human
gastroenteritis (Morris and Black, 1985; Janda et al.,
1988) . Although, the vast majority of the non-O1, non-
0139 strains are presumed to be non-pathogenic bac-
teria constituting part of the normal aquatic flora. V.
cholerae O1 and 0139 strains are commonly known to
carry a set of virulence genes necessary for pathoenesis
in humans (Kaper et al., 1995; Faruque et al., 1998a,
2004a).

The major virulence factors of V. cholerae include cho-
lera toxin (CT), which is responsible for the profuse diarr-
hoea and a pilus colonization factor known as toxin core-
gulated pilus (TCP).In addition to CT and TCP, cholera



pathogenesis is presumed to depend on the synergistic
effect of a number of putative accessory virulence-
associated factors. These factors include the mannose-
sensitive haemagglutinin (MSHA) pilus, the RTX toxin,
hemolysins, as well as a few other accessory toxins (Ka-
per et al., 1995; Faruque et al., 1998a, 2004; Faruque
and Mekalanos, 2003a). However, the roles of the acces-
sory virulence factors in cholera pathogenesis are not
well established and recent studies are beginning to re-
veal that at least some of these factors also play a role in
environmental fitness of the pathogen (Watnick et al.,
1999; Chiavelli et al., 2001). The pathogenic strains of V.
cholerae have evolved from nonpathogenic environ-
mental strains and horizontal transfer of virulence-related
gene clusters play a major role in the process (Faruque et
al., 1998b; Faruque and Mekalanos, 2003a). The ctxAB
genes encoding CT reside in the genome of a lyso-genic
filamentous phage, CTX (Waldor and Mekalanos, 1996),
whereas genes encoding the major colonization factor,
TCP, are part of a large cluster of genes also re-ferred to
as the TCP pathogenicity island (Kovach et al., 1996;
Farugue and Mekalanos, 2003a).

To track the evolutionary events in the origin of patho-genic
V. cholerae from their non-pathogenic progenitors, it is
important to identify intermediate strains that are like-ly to
carry some of the virulence- related genes, but fall short of
the complete set of genes required for pathogen-nesis and
epidemic spread. For example, occasionally, environmental
non-O1, non-0O139 vibrios have been found to carry one or a
few of the virulence-associated genes or their homologs
(Mukhopadhyay et al., 2001; Fa-ruque et al.,, 2004a).
Understanding the evolution of bacterial pathogens from
their non-pathogenic progeny-tors is challenging. Toxigenic
V. cholerae, the etiologic agent of cholera, represents a
paradigm for this process in that this organism evolved from
environmental non-pathogenic V. cholerae by acquisition of
virulence genes. The aquatic environment of a cholera
endemic area harbors strains with various virulence gene
profiles and thus constitutes a reservoir of diverse virulence
genes (Chakraborty et al., 2000). The ecological settings
presu-mebly favours extensive genetic interactions among
V. cholerae mediated by phages and mobile genetic ele-
ments (Faruque and Mekalanos, 2003a) as well as selec-
tion of pathogenic clones leading to clustering of a critical
combination of genes required for the emergence of an
epidemiologically thriving pathogenic strain. However, the
general prevalence of virulence- associated genes among
non-O1, non-O139 serogroups of V. cholerae and the
selection pressures for environmental V. cholerae carry-ing
putative virulence genes are not clear. Studies have also
identified new putative virulence related gene clus-ters in V.
cholerae including genes for a type Il secretion system
(TTSS) (Dziejman et al., 2005) and the Vibrio

seventh pandemic islands (VSP-1 and VSP-2) (Dziejman et
al., 2002), the distribution of which in environmental V.
cholerae strains, is largely unknown. In agreement with
these recent findings from genetic analysis of toxigenic

V. cholerae, molecular epidemiological surveillance of
cholera in areas of endemic infection has also revealed
temporal changes in the properties of toxigenic V. chole-
rae and a continual emergence of new epidemic clones
which often replace existing clones (Faruque et al., 1993,
1994, 1995, 1997a, 1997b; Mitra et al., 1996; Sharma et
al.,, 1997). The probable functions of virulence genes or
their homologues in the environment and the ecology of
toxigenic V. cholerae which support emergence of new
epidemic clones and maintains the seasonal pattern of
cholera epidemics, have not been adequately explained.

In this paper we attempt to review available information
on the possible role on ecology and epidemiology of toxi-
genic Vibrio cholerae as well as the significance of emer-
ging clonal diversity within the serogroup and their
virulence genes in the environment.

Classification scheme of toxigenic Vibrio cholerae

Vibrio cholerae, a non-invasive gram- negative bacterium
(Chatterjee et al., 1998), is classified on the basis of its
somatic antigens (O antigens) into serovars or sero-
groups and there are at least 200 known serogroups
(Baumann et al.,, 1984; Shimada et al., 1993, 1994,
1997). 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 can be diffe-
rentiated by different phenotypic traits and more recently,
by precise genetic markers (Kaper et al., 1995). 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 O1 strains (Blake,
1994). The El Tor biotype is responsible for the ongoing

7 pandemic (Blake, 1994). In 1992, another serogroup,
namely O139 started causing outbreaks of cholera in
India and Bangladesh (Ramamurthy et al., 1993).

Currently, these 2 serogroups are associated with en-
demic and epidemic cholera, while the other V. cholerae
serogroups not associated with epidemics or pandemics
are collectively referred to as non-O1, non-0139 V. cho-
lerae or also as non-epidemic serogroups (Figure 1).
Serogrouping is carried out using specific absorbed anti-
sera or monoclonal antibodies against the ,0" antigen
component of the bacterial lipopolysaccharide (Shimada
et al., 1994). In addition to this, V. cholerae O1 is classi-
fied into 3 serotypes, namely Ogawa, Inaba and Hikoji-
ma, the last of which is a rare and inadequately described
serotype (Shimada et al., 1994). These serotypes are
divided into A, B and C antigens. 'A' antigen made of 3-
deoxy-L-glycerotetronic acid, B and C antigen has not
been characterized yet. The 0139 Bengal strain and the
O1 serogroup outbreak strains of both the classical and
El Tor biotypes show many similarities, but their major
differences are significant. The O139 strain is capsulated
unlike the O1 strains and has significant dissimilarities in
the ,O" antigen component of the bacterial lipopolysac-
charide (Johnson et al., 1994).
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Figure 1. Classification of Vibrio cholerae serogroups with toxigenic and non-toxigenic group. (Source:

Uma et al. (2003).

Sources of infection

Microbial contamination of water is the largest and most
immediate health hazard. Surface water quality is sub-
jected to frequent dramatic changes in microbial quality
as a result of the variety of activities on the watershed
(Okoh et al., 2005). These changes are caused by dis-
charges of municipal raw waters or treated effluent at a
specific point-source into the receiving waters (Okoh et
al., 2007). Okoh and co-workers (2007) reported that
effluent from treatment plant discharge significant amount
of pollution-indictor and pathogenic microorganism, lead-
ing to the deterioration in the quality of water.

All infectious agent causing diarrhoea are efficiently
spread by the faecal-oral route (Okoh and Osode, 2008).
According to epidemiologic investtigation, faecally conta-
minated water and food are the most common vehicles
for cholera infection. As highlighted earlier cholera is a

highly epidemic diarrhoeal disease which continues to
devastate many developing countries where socio- econo-
mic conditions and poor, sanitary systems and public
hygiene are rudimentary and safe drinking water is not
available (Igbinosa and Okoh, 2008). Okoh et al. (1996)
reported the water component along with other waste-waters
of the flow stations may be channeled into the saver pits
prior to discharge into the environment, usually water bodies
such as streams or rivers are potential source of this
infection. In rural and sub-urban settings of most developing
nations, the use of sewage and waste-water is often the only
source of water for irrigation in these area, eating fruit and
vegetables that have been irrigated with contaminated water
and eaten raw is one

likely way that toxigenic V. cholerae can be ingested (Okoh
et al., 2007; Ighbinosa and Okoh, 2008). The practice of direct
discharge of effluent into receiving water bodies is of major
concern as it could result amongst other things in the



substantial increase in organic load and consequently
depletion of the dissolved oxygen content of the receiving
water body (Okoh et al.,, 1996, 2006, 2007; Okoh and
Trejo-Hernandez, 2006).

Ecology of toxigenic strains

V. cholerae has been regarded as a member of a group
of organisms whose major habitats are aquatic ecosy-
stems (Hughes et al., 1994). The physicochemical condi-
tions for the survival of toxigenic V. cholerae have been
studied and the possibility of survival of the organism in
an estuarine environment, brackish waters and treated
effluents is widely established (Colwell and Spira, 1992;
Colwell and Hug, 1994; Okoh et al., 2007, Ighinosa and
Okoh, 2009). However, the nature of the survival and per-
sistence of toxigenic V. cholerae O1 or 0139 in aquatic
milieu and the factors involved in the conservation of the
CTX element and other pathogenic genes in the aquatic
environment are not clear (Colwell and Hug, 1994). The
survival may be dependent on several factors occurrence
of particular physicochemical conditions, a specific asso-
ciation of the bacteria with aquatic plants or animals,
and/or the existence of specific ecological associations
involving several components of the aquatic environment.
It has been stated that under stress conditions, such as
the vibrios are converted to a viable but non-culturable
(VBNC) form that cannot be recovered by standard cul-
ture technigues and that such VBNC forms are able to
cause infection and can revert to the culturable form
(Colwell and Huq, 1994).

In areas of endemic infection, cholera epidemics occur
in a regular seasonal pattern. It is not clear what deter-
mines the seasonal emergence of epidemic V. cholerae
strains and outbreaks of cholera (Islam et al., 1994). Al-
hough, it has been suggested that during interepidemic
periods toxigenic V. cholerae exists in an unexplained
ecological association with aquatic organisms, possibly in
the VBNC form, until the next epidemic season, when
environmental factors trigger the dormant bacteria to
multiply and lead to cholera outbreaks (Islam et al.,
1994). However, differences in genetic or phenotypic pro-
perties have been often noticed among V. cholerae O1
and 0139 strains isolated during different epidemics
(Mukhopadhay et al., 1998; Siddique et al., 1989; Naka-
some et al., 1987). Analysis of restriction fragment length
polymorphisms in cholera toxin and rRNA gene restriction
patterns of V. cholerae strains has also shown clonal di-
versity among epidemic strains (Faruque et al., 1993,
1994, 1995; Mitra et al., 1996).These events have raised
guestions about whether seasonal epidemics are caused
by periodic appearances of the same strains of V. chole-
rae or are due to a continual emergence of new toxigenic
clones from non-toxigenic progenitors. In addition to the
01 and 0139 serogroups of V. cholerae which normally
carry a set of virulence genes, certain environmental iso-
lates belonging to diverse serogroups have also been
found to possess virulence genes or their homologues

(Chakraborty et al., 2000; Mukhopadhay et al., 2001).
This raises question whether the factors which have been
described as virulence factors in the context of human
infection with V. cholerae have other important roles
when the bacterium resides in its environmental habitat.

The concept of an aquatic reservoir of V. cholerae O1 or
0139 implies not only that the vibrios survive, in whatever
form, but also that they form an essential component of
the ecosystem. Several studies have illustrated the ability
of toxigenic V. cholerae to associate with a variety of
zooplankton, phytoplankton and algae (Islam et al.,
1994). The associations prolong survival and presumably
the vibrios gain nutrients from the host. However, these
studies did not explain whether such association is spe-
cific for the epidemic serogroups of toxigenic V. cholerae
or is a general phenomenon for all other V. cholerae
serogroups and thus does not seem to be a mechanism
for selective enrichment of toxigenic V. cholerae (Faru-
que et al., 1997a, 1997b). Moreover, the benefit imparted
to the pathogen by possessing and maintaining the
virulence-associated genes with respect to its survival
and persistence in the environment is not clear. The role
of extracellular enzymes including CT in the environ-
mental micro- ecology of toxigenic V. cholerae is uncer-
tain, although it has been suggested that in freshwater
systems, local ionic micro-environment can be controlled
by toxigenic V. cholerae by use of toxin acting on other
living cells. However, such hypothesis has yet to be
proven with specific experimental data and hence further
studies are required to understand the more definitive
roles of the virulence-associated factors and environ-
mental selection pressures for toxigenic V. cholerae
(Chakraborty et al., 2000; Mukhopadhay et al., 2001).

Studies so far suggest that causation of cholera in hu-
mans is also linked to a natural process of enrichment of
toxigenic V. cholerae and partly explains the benefit
imparted to the pathogen during the disease in humans
(Farugue et al., 1998b, 1998c). However, to understand
the general epidemiological behaviour of V. cholerae,
which includes mechanisms leading to seasonal pattern
of epidemics, transient appearance and disappearance of
different clones and emergence of new epidemic clones,
it is important to study the interactions among the bac-
teria, genetic elements mediating the transfer of virulence
genes, the human host and possible environmental
factors (Faruque and Nair, 2002).

Potential for the emergence of new toxigenic strains

The major pathogenic genes in V. cholerae are clustered
in several regions of the V. cholerae chromosome and
the structure of these pathogenic gene clusters indicates
that they are capable of being propagated horizontally
(Harkey et al., 1994; Karaolis et al., 1999; Kovach et al.,
1996; Ogierman et al., 1993; Waldor et al., 1996, 1997). This
could be attributed to the possibility that environmental strains
of V. cholerae may have developed the ability to adapt to the
intestinal environment through acquisition of



virulence genes (Mukhopadhay et al., 2001) . The
demon-stration of the existence of environmental strains
of V. cholerae which carry one or more virulence gene or
their homologues further supports the possibility of an
environ-mental origin for pathogenic V. cholerae
(Chakraborty et al., 2000; Mukhopadhay et al., 2001).
These environ-mental strains may constitute reservoirs of
virulence ge-nes and participate in gene transfer events
leading to emergence of strains carrying a crucial
combination of vi-rulence genes. Since acquisition of
virulence genes appear to provide increased fithess to
the bacteria, the ecosystem for V. cholerae, which
includes the aquatic mi-lieu as well as the host
compartment, should support the origin of pathogenic
clones (Faruque and Nair, 2002). Contributing to the
apparent dichotomy between toxigenic and non- toxigenic
strains is the issue of acquisition of virulence genes in the
environment, as most environ-mental isolates harbor
neither tcp nor ctxAB (Singh et al., 2001). Recombination
and acquisition of foreign DNA appear to be common
features among vibrios and V. cho-lerae (Heidelberg et
al., 2000). Genes for both TCP and CTX can be readily
transduced into recipient strains via temperate phages.
This is a key issue in the emergence of toxigenic strains,
how this occurs in the environment is still under study.

In a recent study by Rahman et al. (2008), 10 environ-
mental strains of V. cholerae non-O1, non-O139 that
were positive for both TTSS and the TCP island genes
and eight of these strains were infected by CTX in the
intestine of infant mice were identified. Previous studies
showed that the efficiency of CTX infection was consi-
derably higher in vivo and this was attributed to more
adequate expression of the phage receptor TCP in vivo
than under laboratory conditions (Waldor and Mekalanos,
1996; Faruque et al., 1998b). Rahman and co-worker

(2008) did not detect any Km transductants of the
environmental strains in the in vitro assays and infection
with CTX was detectable only in the infant mouse assay.
They suggested that infection of these V. cholerae strains
by CTX was possibly TCP dependent. Hence, these
TTSS-positive environmental strains of V. cholerae carry
TCP island genes and these genes are functional and
capable of producing TCP pili; thus, these strains are
potentially susceptible to CTX infection under natural
conditions, that is, in the human host or other environ-
ments where TCP is functionally expressed. The authors
propose that these strains are intermediates in the evo-
lution of a group of pathogenic V. cholerae strains that
carry TTSS in addition to producing TCP and CT. They
assume that it further supportfd by previous study in

which clinical TCP+ and CT strains belonging to 0141
serogroup have been found positive for the TTSS
(Dziejman et al., 2005).

It has been shown that naturally occurring strains of
toxigenic V. cholerae O1 and 0139 are inducible lysogens of
CTX . The phage can be induced in vitro , but the induction
is not normally associated with cholera pathogenesis in
humans (Faruque et al., 1998c). It seems possible that in

the natural ecological settings, unidentified environment-
tal factors induce lysogenic CTX in toxigenic V. cho-lerae,
resulting in the release of extracellular CTX par-ticles into
the aquatic environment. The cell-free phage particles
participate in the emergence of novel toxigenic strains of
V. cholerae through interactions with non-toxigenic
strains which exist in the environment and in the human
population that consumes the environmental wa-ters.
CTX uses TCP as its receptor and hence the phage can
infect only V. cholerae cells expres-sing TCP. The TCP
genes, which are part of a greater genetic ele-ment
referred to as the TCP pathogenicity island, appear to be
the initial genetic factors required for the origination of
epidemic strains.

Analysis of the structure of the pathogenicity island sug-
gests that this could be of phage origin, or may be trans-
ferred by transducing phages (Chakraborty et al., 2000;
Karaolis et al., 1998; Kovach et al., 1996; Faruque et al.,
1998c). Since genes responsible for the production of
TCP are carried mostly by V. cholerae O1 or 0139, while
other serotypes of V. cholerae usually do not carry genes
for TCP, it is obvious that the CTX element is also found
mostly in the O1 and O139 vibrios, whereas most non-O1
vibrios are usually non-toxigenic. This further supports
the assumption that in natural settings, CTX probably
plays an important role in the origination of new toxigenic
strains of V. cholerae. Since V. cholerae strains which are
TCP positive but CTX negative are not fre-quently
isolated during environmental sampling, it is pos -sible
that such strains are normally present in very small num-
bers in the environment, but following conversion by CTX
to toxigenicity, the strains are enriched in the gas-
trointestinal environment and later become detectable as
new strains of toxigenic V. cholerae. Subsequent increa-
ses in the concentration of toxigenic V. cholerae in the
aquatic environment may lead to epidemic outbreaks of
cholera. It has been demonstrated that CTX infects
recipient V. cholerae strains more efficiently in the inte-
stinal environment, where virulence factors such as TCP
are adequately expressed (Faruque et al., 1998b; Waldor
and Mekalanos, 1996). While the conversion of non-toxi-
genic V. cholerae is favoured within the gastrointestinal
tract of the mammalian host, the natural selection and
persistence of the novel toxigenic strains may involve
both intestinal and environment factors, the immune sta-
tus of the host population and antigenic properties of the
new pathogenic strain. The induction of CTX lysogens is
probably controlled by precise environmental signals
such as optimum temperature, sunlight and osmaotic con-
ditions and this may account for the observed seasonal
outbreaks of cholera in regions of endemic infection
(Faruque et al., 1998a).

Molecular epidemiology of toxigenic V. Cholerae

Epidemiological surveillance of cholera was limited be-
fore the 1970s by the lack of suitable typing systems
(Faruque et al., 1998a). Epidemiological information on



the emergence and prevalence of toxigenic V. cholerae
0139 and its coexistence with the O1 El Tor strains are
available primarily from Bangladesh and India through sy-
stematic surveillance studies. In the Ganges delta region
of India and Bangladesh, epidemics of cholera occur with
a regular seasonality, but temporal variation in the pre-
valence of the 2 epidemic serogroups O1 and 0139 have
been observed (Faruque et al., 1995, 1997b; Basu et al.,
2000) . The emergence of V. cholerae 0139 initially cau-
sed a complete displacement of the EIl Tor biotype strains
in these countries. However, V. cholerae 0139 was again
displaced in 1994 by a new genetic variant of the O1
strain and this variant strain dominated until 1996 in India
(Faruque et al., 1997a; Basu et al., 2000). In August,
1996, a new variant of the 0139 strain emerged and cho-
lera caused by the new 0139 genetic variant dominated
for a year, until September, 1997 in Calcutta. Similarly in
neighboring Bangladesh, during 1994 and till the middle
of 1995, in most northern and central areas of the
country, the 0139 vibrios were replaced by a new clone
of V. cholerae O1 of the El Tor biotype, whereas in the
southern coastal regions, the 0139 vibrios continued to
exist (Faruque et al., 1997b, 1999; Basu et al., 2000). By
late 1995 and through 1996, cases of cholera caused by
both V. cholerae O1 and 0139 were again detected in
various regions of Bangladesh. However, since 1996,
cholera in Bangladesh was caused mostly by V. cholerae
O1 of the El Tor biotype, whereas only a few cases were
caused by strains of the O139 serogroup.

Recent developments in DNA analysis techniques have
introduced several new typing methods and have permit-
ted studies of the epidemiology of toxigenic V. cholerae
on a larger global perspective (Chen et al., 1991; Cook et
al., 1983; Faruque et al., 1993, 1994, 1995, 1992; Wach-
smuth et al., 1993, 1994; Waldor and Mekalanos, 1996;
Basu et al., 2000). These techniques include the analysis
of restriction fragment length polymorphisms (RFLPS) in
different genes. The use of gene probes to study RFLPs
in the ctxAB genes and their flanking DNA sequences,
which are part of a larger genetic element (CTX element),
indicated that U.S Gulf coast isolates of toxigenic V.
cholerae are clonal and that they are different from other
seventh-pandemic isolates (Kaper et al., 1982). RFLPs in
conserved rRNA genes have also been used to differ-
rentiate V. cholerae strains into different ribotypes. Analy-
sis of isolates from the Latin American epidemic in 1991
showed that they were related to the seventh- pandemic
isolates from other parts of the world and that the Latin
American cholera epidemic was an extension of the
seventh-pandemic (Faruque et al., 1992; Wachsmuth et
al.,, 1993, 1994). Analysis of toxigenic El Tor strains by
multi locus enzyme electrophoresis has also been used
to group the El Tor strains into major clonal groups. The
clones seem to reflect broad geographical and epidemio-
logical associations.

Comparative analysis of the El Tor strains of V. cholerae
01 and the epidemic 0139 strains suggested that the 0139
strains are related to El Tor strains and were derived from

them by possible genetic changes in the serotype- speci-
fic gene clusters (Faruque et al., 1994; Wachsmuth et al.,
1994; Basu et al., 2000) . Numerical analysis of ribotype
patterns (Faruque et al., 1995) has also revealed that V.
cholerae strains belonging to the non-O1 and non-O139
serogroups diverge widely from the O1 and 0139 V. cho-
lerae strains. Molecular analysis of V. cholerae strains
isolated during the epidemics period of 1961 and 1996 in
Bangladesh revealed clonal diversity among strains iso-
lated during different epidemics (Faruque et al., 1993,
1994, 1995, 1997a; Basu et al.,, 2000) . These studies
demonstrated the transient appearance and disappear-
rance of more than 6 ribotypes of classical vibrios, at
least 5 ribotypes of El Tor vibrios and 3 different ribotypes
of V. cholerae 0139. Different ribotypes often showed
different CTX genotypes resulting from differences in the
copy number of the CTX element and variations in the
integration site of the CTX element in the chromosome
(Faruque et al., 1995, 1997a; Basu et al., 2000). These
studies indicated that there had been a continual emer-
gence of new clones of toxigenic V. cholerae which repla-
ced existing clones, possibly through natural selection
involving unidentified environmental factors and immunity
of the host population (Basu et al., 2000; Faruque et al.,
2003b).

Virulence associated toxigenic factors in 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 CT, en-
coded 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, in-
cluding 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 (Everiss et al., 1994; Harkey et al., 1994;
Ogierman et al., 1993; Pearson et al., 1993; Truck-sis et al.,
1993). These include the CTX element, which has now been
shown to be the genome of a filamentous bacteriophage and
the TCP- accessory colonization factor (ACF) gene cluster,
referred to as the TCP pathogenicity island (Waldor and
Mekalanos, 1996; Kovach et al., 1996). The pathogenicity
island shares several character-ristics with those of other
species of pathogenic bacteria. These include the presence
of groups of virulence genes, a regulator of virulence genes,
a transposable gene, spe-cific attachment sites flanking
each end of the island and an integrase with homology to a
phage integrase gene



(Karaolis et al., 1998; Kovach et al., 1996). Thus, the
TCP pathogenicity island appears to have a phage origin
but may now be defective (Kovach et al., 1996).

Since colonization is a requirement to establishing a
productive infection by V. cholerae, the existence of other
possible factors responsible for colonization investigated.
This includes the mannose-fructose-resistant cell-asso-
ciated hemagglutinin (MFRHA) has been implicated as a
virulence determinant but its exact role in colonization is
not clear (Franzon et al., 1993). The mannose-sensitive
hemagglutinin (MSHA), which is expressed mostly by
strains of the El Tor biotype, is a flexible pilus composed
of subunits (Jonson et al., 1991). Antibodies to some
purified outer membrane proteins (OMPSs) of V. cholerae
have been shown to inhibit intestinal colonization in the
infant mouse model (Sengupta et al., 1992). The role of
other OMPs in virulence has not been established in
either animal or human studies (Sengupta et al., 1992).
Other factors that have been examined for possible roles
in virulence include the core-encoded pilus, which is en-
coded by the cep gene located within the CTX genetic
element (Pearson et al.,, 1993) and several possible
adhesions such as the lipopolysaccharide (Chitnis et al.,
1982) and a slime agglutinin present on the flagellum
(Attridge et al., 1983). Although some of these factors
including MFRHA, MSHA and OMPs are suspected to
play a role in enhancing adhesion and colonization, pos-
sibly in association with other factors, when tested in
animal models, their exact role in the virulence of V.
cholerae in humans is still uncertain.

Studies by Faruque and co-workers (2003b) have
shown that the major virulence genes of V. cholerae re-
quired for pathogenesis in humans and animal models
are the genes involved in the production of TCP and CT.
The structures of the TCP pathogenicity island and the
CTX genetic element are suggestive of horizontal transfer
of these gene clusters as a possible mechanism for the
origination of new pathogenic clones of V. cholerae. It
seems possible that the acquisition of the TCP pathogen-
nicity island and the CTX element has allowed specific
strains of V. cholerae to become adapted to the human
intestinal environment (Faruque et al., 1998a).

Vibrio pathogenicity Island (VPI)

An interesting aspect of toxigenic V. cholerae is that the
receptor for CTX entry into the bacterium is the TCP,
which is involved in the colonization of the bacteria on the
human gut epithelium as well and the ACF are among the
genetic modules that have been acquired by the V.
cholerae genome from other bacterial donors by horizon-
tal gene transfer (Karaolis et al., 1998). TCP and ACF are
borne on the genetic island designated as the Vibrio
pathogenicity island (VPI) a characteristic of epidemic
and pandemic V. cholerae strains.

DiRita et al. (1991) investigated the coregulation of CT
and TCP by the ToxR regulatory system, which includes
the ToxT protein. The genes encoding ToxT and TCP are

located in the same chromosomal region (Brown et al.,
1995), together with other ToxR-regulated genes include-
ing those for ACF (Everiss et al., 1994; Kovach et al.,
1994) . Molecular study has revealed that although the
major subunit of TCP is encoded by the tcpA gene, the
formation and function of the pilus assembly require the
products of a number of other genes located on the chro-
mosome adjacent to the tcpA gene and that these consti-
tute the tcp gene cluster (Oigerman et al., 1993). At least
15 open reading frames (ORFs) are found in the tcp
cluster, which is located immediately downstream of the
tagD gene. The tcpH and tcpl genes are 2 ToxR-regula-
ted genes that influence TcpA synthesis. Inactivation of
tcpH results in decreased pilin synthesis, whereas inacti-
vation of tcpl leads to increased synthesis of TcpA (Faru-
que et al., 1998a) . Harkey et al. (1994) suggested that
regulators such as Tcpl, which acts downstream of ToxR
and ToxT, may function to fine-tune the expression of the
TCP virulent determinant throughout the pathogennic
cycle of V. cholerae. Hase and Mekalanos (1998) show-
ed that TcpP and TcpH constitute homologues of ToxR
and ToxS and cooperate with ToxR and ToxS in the
transcriptional activation of the ToxT promoter. Adjacent
to and downstream of the tcp cluster is located the acf
gene cluster. The precise nature of the colonization factor
is not clear, but acfD, 1 of the 4 ORFs (acfABCD), en-
codes a lipoprotein (Parsot and Mekalanos, 1991).
Karaolis et al. (1998) study the relationship between pa-
thogenic and non-pathogenic strains of V. cholerae re-
vealed that a pathogenicity island (PAI) is present in the
toxigenic strains alone. Karaolis and co-workers (1998)
found that ~40 kb VPI has a low GC content of 35%, sug-
gesting acquisition from another source by horizontal
gene transfer. Putative integrase and transposase genes
and flanking att sites were present in VPI and could pos-
sibly be of phage origin. Polymerase chain reaction
(PCR) and Southern hybridization assays revealed that
this gene cluster was absent in non- toxigenic environ-
mental strains of V. cholerae, but were invariably present
in all epidemic and pandemic strains investigated (Vital
Brazil et al., 2002). Boyd et al. (2000) established that the
VPI is a necessary element for epidemic and pandemic
strains, it was postulated that the evolution of toxigenic
strains from non-toxigenic ones must be a multi-step pro-
cess, the initial step of which would be the acquisition of
the VPI. This would lead to the expression of the tcp,
which would in turn facilitate the acquisition of the CTX ,
thus providing the genes for cholera toxin. The extent of
transfer of these virulence-related elements was demon-
strated convincingly when Chakraborty et al. (2000) re-
ported the presence of the toxin co-regulated pilus as well
as the cholera toxin genes in environmental isolates that
contained neither the O1 nor the O139 antigen of V.
cholerae. This study proved that virulence genes were not
exclusively associated with clinical strains and also set the tone
for the hypothesis that environmental strains could act as
reservoirs for virulence genes. This track of thought was
highlight in a later study by Mukhopadhyay et al. (2001)



where intact or nearly intact VPI islands were found in a
set of environmental isolates investigated using PCR as-
says. The studies also reported the finding of 3 putative
unreported rstR repressor genes, as well as a new tcpA
allele. TcpA variants in toxigenic non-Ol1, non-O139
serogroup isolates have been studied by (Boyd et al.,
2002) . While TcpA is involved in interaction with the im-
mune system of the host, selection favours diversity at
the exposed regions of the protein. This is reflected in the
sequence diversity of various tcpA variants at the car-
boxyl region. An assessment of the diverse variants has,
however, revealed that they are all capable of functioning
as colonization factors (Uma et al., 2003). It appears that
the TCP pathogenicity island is the initial genetic element
required for the origination of epidemic strains, since CTX
uses TCP as its receptor (Waldor and Mekalanos, 1996) .
Also, the role of TCP as an essential colonization factor
inside the host intestine is well recognized (Attridge et al.,
1993; Hase and Mekalanos, 1998).

Cholera toxin and CTX phage

Toxigenic V. cholerae carries one or more copies of cho-
lera toxin (CT) genes encoded by the genes ctxA and
ctxB (Zhang et al., 1995; Waldor et al., 1996). The A and
B subunits of CT are encoded by 2 separate but overlap-
ping open reading frames (ORFs). V. cholerae also pro-
duces a putative toxin known as zonula occludens toxin
(Zot), which increases the permeability of the small
intestinal mucosa by affecting the structure of intercellular
tight junction, or zonula occludens (Fasano et al., 1991;
Baudry et al., 1992). A third toxin that has been described
is accessory cholera enterotoxin (Ace) which is capable
of inducing fluid accumulation in rabbit ligated ileal loops
(Trucksis et al., 1993). In toxigenic V. cholerae, CT is
encoded by filamentous bacteriophage designated CT-X ,
Which exists as a prophage in the bacterial chromo-
some. CTX is unusual among filamentous phages be-
cause the phage genome encodes the functions neces-
sary for a site specific integration system and thus can
integrate into the V. cholerae chromosome at a spe-cific
attachment site known as attRS, forming stable lysogens
(Waldor and Mekalanos, 1996; Waldor et al., 1997).

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 con-sists of a
retinue of genes, including the ctxA, ctxB, zot, ace, psh,
cep and orfU (Waldor and Makalanos, 1996; Waldor et
al., 1997). The RS2 region consists of the rstR, rstA and
rstB genes. The rstA gene product is respon-sible 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). The rstR gene is
transcribed in a direction opposite to that of other genes
of the phage. The rstR gene is flanked by 2 intergenic
regions, ig-1 and ig-2. The ig-2 region carries the rstA

promoter. It has been experimentally inferred that the
rstR proteins are biotype specific, that is classical rstA
can be repressed by classical rstR but not by El Tor rstR
(Kimsey and Waldor, 1997). The rstR genes exhibit the
phenomenon of heteroimmunity, which means that EIl Tor
V. cholerae resist superinfection with another El Tor de-
rived CTX , but classical V. cholerae will allow the
integration of an El Tor -derived CTX (Kimsey and Waldor
,1997). The RS2 module of the phage is pre-ceded
immediately by a similar element (Waldor et al., 1997;
Campos et al., 1998), the RS1, which has three genes
identical in sequence to the corresponding genes in the
RS2 module, these are the rstR1, rstAl, rstB1. There is
one gene in RS1 that has no counterpart in the RS2
module. This is the rstC gene (Waldor et al., 1997;
Campos et al., 1998).The RS1 was experimentally pro-
ven to be a satellite phage that could exploit the morpho-
genesis genes of the CTX to exist as a phage itself
(Faruque et al., 2002). The function of RstC was eluci-
dated to be that of an antirepressor which could coun-
teract the activity of the rstR gene product. RstC was also
shown to induce ctxAB expression, thus contributing to
virulence in V. cholerae (Davis et al., 2002).

It has been showed that under suitable conditions
toxigenic V. cholerae strains can be induced to produce
extracellular CTX particles (Waldor and Makalanos, 1996;
Faruque et al., 1998a) .The phage can be propaga-ted in
recipient V. cholerae strains in which the CTX genome
either integrates chromosomally at a specific site forming
stable lysogens or maintained extrachromoso-mally as a
replicative for 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
(Farugue et al., 1998b). The bacteriophage uses the TCP
as a receptor and therefore expression of TCP by the
bacterium is a requirement for its susceptibility to the
phage. Consequently, a virulence factor of the bacte-rium
in humans also serves as a receptor for CTX , de-
monstrating a co-evolution of genetic elements mediating
the transfer of virulence genes with the pathogenic bac-
terial species they infect (Faruque et al., 2002).

Expression and regulation of virulence genes in
toxigenic V. cholerae

The regulation of virulence-associated genes in V. chole-
rae involves multiple systems. Expression of several cri-
tical virulence genes in V. cholerae is coordinately regu-
lated so that multiple genes respond in a similar fashion
to environmental conditions (DiRita et al., 1991; Skorup-
ski and Taylor, 1997). Coordinate expression of virulence
genes results from the activity of a cascading system of
regulatory factors. The ctxAB is a coordinated multi-step
process that requires the elaboration of a number of
virulence factors (Peterson and Mekalanos, 1988). One
such fundamental step is the successful colonization of



the host epithelium by toxigenic bacteria and this is
mediated by their filamentous surface structures, the pili
or fimbriae. The toxin co- regulated pilus is a well-charac-
terized surface organelle of V. cholerae. It is a bundle-
forming pilus which is coordinately expressed with CT
from which it derives the name toxin coregulated pilus.
TCP expression is regulated by ToxR, a transmembrane
component that activates CT in response to appropriate
environmental signals (Miller and Mekalanos, 1984).
TcpA, the protein that constitutes the pilus structure,
bears homology to bacterial type-IV pilins involved in
colonization (Shaw and Taylor, 1990). The other genes in
the cluster are involved in the biogenesis, secretion and
export of TcpA (Uma et al., 2003).

Another potential colonization factor of V. cholerae
designated as acf for Accessory Colonization Factor, also
regulated by ToxR, is present immediately downstream of
the TCP group of genes, this also includes a cluster of
genes (Brown and Taylor, 1995).The ctx module is syn-
chronized in its function by a regulatory arrangement de-
signated as the cascade system. The regulatory cascade
induces the ctx module in response to environmental sti-
muli and thus serves to control virulence in response to
environmental conditions like temperature, pH, oxygen
concentration, etc. The regulation involves the expression
of the toxin genes, the toxin co-regulated pilus and meta-
bolic genes like aldA and tag. The tox genes (toxT, toxS
and toxR) are part of the cascade. ToxS is a ,sensory"
membranous protein that activates ToxR, also a mem-
brane-spanning protein. ToxT is present in the cytoplas-
mic matrix and is induced by ToxR; ToxT regulates the
expression of the ctx and tcp genes (Miller and Mekala-
nos, 1984; Peterson and Mekalanos, 1988; Shaw and
Taylor, 1990).

ToxR, a transmembrane protein, is the master regula-tor
and is itself regulated by environmental signals. The
ToxR protein binds to a tandemly repeated 7-bp DNA
sequence found upstream of the ctxAB structural gene
and increases the transcription of ctxAB , resulting in hig-
her levels of CT expression (DiRita et al., 1991; Miller and
Mekalanos, 1984; Miller et al., 1987). The activity of ToxR
is enhanced by another transmembrane protein, ToxS,
which interacts with ToxR. ToxS serves to assem-ble or
stabilize ToxR monomers into the dimeric form (Miller and
Mekalanos, 1988) ToxR regulates not only the
expression of ctxAB but also that of at least 17 distinct
genes, which constitute the ToxR regulon. These include
the TCP colonization factor (Taylor et al., 1987), the
accessory colonization factor (Peterson and Mekala-nos,
1988), the OMPs OmpT and OmpU (Miller and
Mekalanos, 1988), and 3 other lipoproteins (Parsot et al.,
1991) . Except for the ctxAB genes, other genes in the
ToxR regulon are controlled through another regulatory
factor called ToxT. ToxR controls the transcription of the
toxT gene, which encodes a member of the AraC family
of bacterial transcription activators (Higgins and DiRita,
1996). The resulting increased expression of the ToxT

protein then leads to activation of other genes in the
ToxR regulon. Thus, ToxR is at the top of the regulatory
cascade that controls the expression of CT and other
important virulence factors in V. cholerae, while the
expression of ToxR itself remains under the control of
environmental factors (Skorupski and Taylor, 1997). It
has also been recognized that V. cholerae has ToxT-de-
pendent and ToxT -independent branches of the ToxR
regulon (Champion et al., 1997).

It has also been reported that expression of CT from the
RF of CTX is independent of ToxR. This indicates that
phage induction may provide another mechanism for the
regulation of CT production (Lazar and Waldor, 1998).
The coordinate regulation of virulence genes through the
ToxR regulon demonstrates that the organism has deve-
loped a mechanism of sampling and responding to its
environment.V. cholerae also possesses a system for ex-
pression of genes in response to temperature variation
(Parsot and Mekalanos, 1990). Immediately upstream of
the toxR gene is the htpG gene, which encodes a heat
shock protein (Parsot and Mekalanos, 1990). The toxR
and htpG genes, which are transcribed in opposite
directions, have their promoters so close that only one
RNA polymerase can bind in the intergenic region. This
mechanism work in such a way that the normal -70 RNA
polymerase binds to the toxR promoter and transcribes
the toxR gene only at low temperatures. At elevated
temperatures, -32, the RNA polymerase sigma subunit
involved in the transcription of heat shock genes, binds to
the htpG promoter, thus repressing the toxR promoter.
Expression of certain genes in response to low iron
concentration is another distinct regulatory system in V.
cholerae, that controls additional putative virulence genes
including hemolysins and several outer membrane pro-
tein (OMP) that are not expressed when cells are grown
in iron-rich media (Sigel and Payne, 1982). Sciortino and
Finkelstein (1983) have suggested that the intestinal site
for growth of V. cholerae is a low-iron environment which
triggers the expression of these iron- regulated genes in
vivo. Different regulatory systems in V. cholerae appa-
rently allow the bacterium to vary the expression of its
genes to optimize survival in different environments,
which include the human intestine and the estuarine
environment.

Conclusion

In spite of efforts to control cholera, the disease conti-
nues to occur as a major public health problem in many
developing countries (Igbinosa and Okoh, 2008). Nume-
rous studies over more than a century have made advan-
ces in our understanding of the disease and ways of trea-
ing patients, but the mechanism of emergence of new
epidemic strains and the ecology supporting the regular
epidemics, remain mysterious and challenging to resear-
chers in the field. Recent studies of the pathogenicity
island, the discovery of bacteriophage encoding CT and



the characteristic system for acquisition of different genes
by toxigenic V. cholerae have provided an impetus for
further study of the organism to understand the molecular
basis for the emergence of pathogenesis and natural fact
controlling the conservation of particular genetic traits.
The emergence of toxigenic V. cholerae strains has pro-
vided an opportunity to study the coevolution of different
serogroups of epidemic V. cholerae strains, apparently
driven by competition for survival and thereby attaining
enhanced fitness. Toxigenic V. cholerae provides a natu-
ral system to study the coevolution of bacteria and the
virulence-associated genetic elements and the mutual
benefits imparted to each other in terms of attaining grea-
ter evolutionary fitness (Faruque et al., 1998a). There-
fore, future challenge for researcher investigating the
ecology of toxigenic V. cholerae strains should be aimed
at explaining more about the emergence of pathogenic
strains and factors involved in the natural selection of the
species to ensure its continued existence. Also the
interaction between regulators and the virulence genes in
the pathogenesis of toxigenic Vibrio especially in relation
to point source pollution such as inadequate treated ef-
fluents from wastewater treatment facilities in developing
nations should be of interest and these are subjects of
intensive investigation in our laboratory.
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