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Preface

More than 150 years ago the cholera-causing pathogen Vibrio cholerae was discov-
ered and knowledge on its characteristics, biochemistry, physiology and genetics is
growing incessantly. Many of its unique features give feast for research and frus-
tration in managing the disease. Though our understanding of the features and
behaviour of V. cholerae are remarkable, suffering from its infection in the form
of cholera is still continuing, mostly in Asian and African countries. Owing to lack
of surveillance and timely reporting of cholera in endemic regions due to economic
and other disincentives, the overall cholera scenario has not changed substantially.
The raison d′être of its persistence in nature is mainly attributed to age old factors
such as contaminated or inadequate water supply, sanitary conditions, congregation
of people due to natural calamities or political unrest and by and large the poor
health practises.

During the last three decades, intensive research has been made to understand
the virulence properties of the organisms, genes that support the colonization and
survival in the gut as well in the environments and their contribution in the epi-
demiology of cholera. How cholera spreads around the globe and what determines
its seasonal peaks in endemic areas are not well known. These features of cholera
have been hypothesized primarily due to the biotic and abiotic environmental fac-
tors and such findings are acknowledged all over the world. However, utilization of
such important information still remains a gray area.

Recently, studies have also been made on the adaptive mechanisms of V. cholerae
in the environments. The phenotypic and genetic studies showed that V. cholerae is
relentlessly flex, resulting in instantaneous adaptation to the environment as well
as in the human host. Detection of strain diversity at the molecular level and its
impact of disease dynamics are the other important components in the molecular
epidemiology. This field of research is growing fast facilitated by recent techno-
logical developments. However, on account of its broad spectrum of pathogenic
potential, V. cholerae still remains as a paradigm of human pathogen.

Many cholera monographs have been published in the past describing the history
of the disease and developments in the research during that time. We have kept away
our sights on this erstwhile information to avoid redundancy and to focus on current
developments. We hope that this book will be an abridgment for researchers in the
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field of cholera and other enteric diseases. We acknowledge the generous time and
effort that the authors have devoted for their manuscripts and also for patience to
see their great chapters in print.

Kolkata, India T. Ramamurthy
New Delhi, India S.K. Bhattacharya
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Chapter 1
General Introduction

T. Ramamurthy and S.K. Bhattacharya

Cholera is an ancient disease but continues to strike human lives in mass. Based
on the published reports between 1995 and 2005, it is evident that cholera is
rampant in sub-Saharan Africa (66%) than Southeast Asia (17%). Since its dis-
covery in 1854, Vibrio cholerae, the causative organism of cholera, has changed
its biotypes, serogroups, and strain characteristics. Thus, this organism is strongly
positioned to augment problems in many aspects including epidemiology and bio-
logical complexity. Chapters 2, 3, 4, and 5 in this book describe about the cholera
scenario, respectively in Asia, Africa, Commonwealth of Independent States (the
then Russia), and Americas along with characteristics of V. cholerae strains that
influenced the local epidemics.

The pathogenesis of V. cholerae is very complicated that involves number of
virulence genes. In many studies it has been shown that attenuation of the major
virulence-associated genes encoding cholera toxin (ctx) and hemolysin (hlyA) still
causes diarrhea in animal models. Chapter 6 covers many of these aspects and also
portrays evolution of V. cholerae as a human pathogen. Changes in the genetic
constitution of V. cholerae are considered as an attribute for the recurrent cholera
outbreaks and epidemics. Such changes can be monitored using several molec-
ular tools. The significance of many such molecular epidemiological studies and
molecular basis of clonal diversity are discussed in Chapter 7.

In V. cholerae, more than 200 serogroups have been identified and of these,
only O1 and O139 are known to cause epidemics/pandemic cholera. Diversity in
the somatic (O) antigen is due to the composition of monosaccharide components
and biosynthesis mechanisms. Information on the genetic basis of O-polysaccharide
(OPS)/capsule structures is developing steadily. Sequencing of specific genomic
regions allowed examining genetic diversity in many V. cholerae strains. Chapter 8
summarizes the biochemical composition and structure of O-polysaccharides, genes
involved in their biosynthesis, and the role of horizontal gene transfer in creating
this diversity. The concept of horizontal gene transfer has been widely accepted for
the evolution of new variants and acquisition of new genes in bacteria. Integrating

T. Ramamurthy (B)
National Institute of Cholera and Enteric Diseases, Kolkata, India
e-mail: rama1murthy@yahoo.com

1T. Ramamurthy, S.K. Bhattacharya (eds.), Epidemiological and Molecular Aspects
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2 T. Ramamurthy and S.K. Bhattacharya

conjugative elements (ICEs) are self-transmissible mobile elements that transfer
between bacteria via conjugation and integrate into the chromosome. SXT-related
ICEs are now present in most clinical and environmental V. cholerae isolates and
play an important role in the spread of antibiotic resistance genes in this pathogen.
The appearance of ICEs in V. cholerae seems to be correlated with an increased use
of antibiotics in the treatment of cholera. The significance of SXT/R391 family of
integrating conjugative elements in V. cholerae is discussed in detail in Chapter 9.

Though information on genetics and immunological aspects on V. cholerae has
increased considerably, our knowledge on the stress-adaptive mechanisms with
special reference to its survival is still fragmentary. Various intra- and extracel-
lular small signaling molecules play critical roles in overcoming environmental
onslaughts and allowing the pathogen to survive, multiply, and cause the disease.
V. cholerae has two most important small molecules-mediated signaling pathways,
which are extracellular quorum-sensing and intracellular 3′,5′-cyclic diguanylic
acid (c-di-GMP) signaling systems. The intracellular (p)ppGpp molecule, called
alarmone, also helps the pathogen to survive under nutritional scarcity and other
stresses. In addition, universal second messenger cAMP and its receptor pro-
tein (CRP) have been implicated in virulence gene expression in V. cholerae.
Chapter 10 describes fascinating aspects on signaling systems of V. cholerae during
post-genome sequencing era.

Flagellar-mediated motility has been established to contribute to the pathogen-
esis in a number of bacteria. Information on non-motile mutants of V. cholerae
including less fluid accumulation in the rabbit ileal loop, defects in adhesion on
rabbit brush border cells, and less reactogenic in human volunteers emphasize the
important role of flagellum in the pathogenesis. Chapter 11 elucidates the associa-
tion between flagella-mediated motility of V. cholerae in its virulence, chemotaxis,
and biofilm formation for environmental persistence. The filamentous phages of
V. cholerae are well known to be associated with transmission of virulence. The
aspects that are covered in Chapter 12 include classification and characteristics of
filamentous phages, its role in the virulence, and use in the molecular epidemi-
ological studies. Ever since the emergence of the novel serogroup O139, studies
on V. cholerae non-O1, non-O139 are steadily increasing. Although the virulence
mechanism of these organisms is different from the O1 and O139 serogroups, its
increasing incidence as a causative agent of cholera-like diarrhea is a growing
concern. Chapter 13 elaborately describes about the epidemiology, virulence mecha-
nisms, and ecology of non-O1, non-O139 serogroups of V. cholerae along with other
fascinating aspects on strain diversity, putative toxigenic factors, and evolutionary
perspectives.

The proteases produced by pathogenic vibrios are long recognized to play
pathogenic roles in the infection. Hemagglutinin/protease (HA/P) produced by
V. cholerae is thought to play indirect pathogenic roles, which is regulated together
with major pathogenic factors such as cholera toxin (CT) or toxin-co-regulated pilus
(TCP) by a quorum-sensing system. Most importantly, HA/P is necessary for full
expression of pathogenicity of the vibrios by supporting growth and translocation in
the digestive tract. In addition to the HA/P, existence of another Zn-metalloprotease
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PrtV and cysteine protease domain in RTX toxin was also demonstrated. Chapter 14
reviews the importance of V. cholerae protease comparing it with proteases of other
vibrios. Disease manifestations in cholera are primarily attributed to the secretion of
CT by V. cholerae. However, the discovery of additional secretory virulence factors
in this organism has invoked interest in their potential role related to pathogenesis,
inflammation, and immunomodulation in its disease attributes. Recent studies with
V. cholerae strains devoid of ctx provide evidence that cholera also evokes inflam-
matory response. It is postulated that the increase in the inflammatory response to
the V. cholerae (�ctx) infection could be due to the absence of the immunomodu-
latory activity of the B subunit of CT that blocks the secretion of proinflammatory
cytokines by macrophages, dendritic cells, and epithelial cells. Chapter 15 on toxins
of V. cholerae and their role in inflammation, pathogenesis, and immunomodulation
reviews all the above-mentioned important aspects. V. cholerae cytolysin/hemolysin
(VCC) is another toxin expressed by the majority of El Tor and non-O1 strains.
This extracellular membrane-damaging toxin induces colloid osmotic lysis in a
wide spectrum of eukaryotic cells including rabbit erythrocytes and human ente-
rocytes. The biochemical and pathophysiological properties of this toxin are well
established. However, the role of VCC in human cholera or cholera-like diarrhea is
not recognized. Chapter 16 presents a summation of the recent studies on VCC that
shed light on how this toxin transforms into an integral membrane protein as well as
its affinity for specific protein and lipid components of the target membrane.

Till date, the oral rehydration therapy (ORT) is the main stay for the treatment of
cholera patients. However, administration of antimicrobials is an adjunct to ORT as
it shortens and reduces the volume and duration of diarrhea. Due to excessive use of
life-saving drugs, many groups of infectious bacteria became resistance rendering
these drugs ineffective. There are several mechanisms by which the bacteria become
resistance to the antimicrobials and possession or acquirement of integrons is one
of the well-established genetic factors for the resistance. Integrons are gene cap-
ture and expression systems by which bacteria can acquire genes for the resistance.
Integrons carrying several resistance gene cassettes have been indentified in vib-
rios and these genes and their arrangements seem to be specific in certain regions.
Chapter 17 describes about the types of integrons in V. cholerae, mechanisms by
which the organism uptake the resistance genes, and their general distribution in
different geographical locations.

Unlike the other enteric pathogens, V. cholerae survive and proliferate in the
natural water bodies supported by tiny crustacean fauna known as zooplankton.
The recent concept of cholera has included environmental aspects, as the disease
is strongly associated with the change in the global climatic patterns as evidenced
by El Niño events. The description of viable but non-culturable (VBNC) form in the
environment and the effect of physico-chemical and biological factors on toxin gene
regulation provide valuable clues to the ecology of V. cholerae. Chapter 18 covers
many aspects of cholera including many molecular diagnoses, weather-related pre-
diction, and simple methods for prevention. The disease management continues to
be the best use of appropriate rehydration. However, many community-based studies
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emphasize the need for effective health services and health education. Chapter 19
describes updated management components of cholera.

To trounce the troubles mentioned in several of the chapters, the disease as
well as the causative organism should be tackled with holistic strategies using
field-generated data through several epidemiological investigations, informational
science, and new technologies for prediction by means of computational and
mathematical tools. New directions are available to overcome the emerging and
reemerging infectious diseases with the strategic application of many tools and tech-
nology. Epidemiology and molecular aspects are emerging segments in the modern
medicine and biology. Systems biology began to emerge with the completion of the
V. cholerae genome projects and the resulting complete list of genes, RNAs, and
proteins—thus enabling global or comprehensive measurements of the molecules in
response to biological perturbations. Effective analysis and integration of this infor-
mation leads to predictive models on functional aspects of V. cholerae. Many of
the concepts about the disease as well as the evolution of virulence in V. cholerae
have slowly been changed due to the advancement in technologies. The outcome of
these developments will be fascinating in next 10–20 years and may help in making
resolutions for global reduction and ultimately elimination of cholera.



Chapter 2
Asiatic Cholera: Mole Hills and Mountains

Asish K. Mukhopadhyay and T. Ramamurthy

Abstract The disease cholera has persisted in Asia since time immemorial. Almost
all the pandemic phases of cholera had its origin from the Indian subcontinent.
Historically, waves of cholera have wiped many million lives in this region mainly
due to the general insanitary conditions and poor management of the disease. All the
three cholera causing vibrios namely classical, El Tor, and the O139 have emerged
from Asia at different times and one was replaced by the other by overcoming the
acquired immunity. Antimicrobial resistance was not a big problem in the early
1960s as its use was very limited. With the use of third-generation drugs, Vibrio
cholerae has acquired many resistance mechanisms over the passage of time and
also due to prevailing antibiotic pressure. With its biotypes/serotypes there are con-
siderable variations at the genetic level and many clones of V. cholerae have been
detected. Recently, the hybrid strain of El Tor has spread in many Asian coun-
tries causing several cholera outbreaks. However, the importance of such genetic
changes was not fully strengthened in epidemiological perspective. The perspectives
of cholera vaccines have shown to be encouraging in many recent vaccine trials in
Asia. Traditional medicine has lost its glory as it lacks the scientific evidence in
curing infectious diseases. Some of the herbal formulations are now reconsidered
for extensive research. The control measures for preventing cholera are yet to gain
momentum in many Asian countries, as it involves coordination of government and
the public with adequate funds to revamp the water supply and waste disposal sys-
tems. On the other hand, the clinical management of cholera and other diarrheal
diseases are largely under the control in Asia.

2.1 Introduction

The Asian continent has been considered as the cradle of cholera for many centuries.
In many publications it was shown that the high temperature, relative humidity, and

T. Ramamurthy (B)
National Institute of Cholera and Enteric Diseases, Kolkata, 700010, India
e-mail: rama1murthy@yahoo.com
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intermittent rain fall form ideal climatic conditions for the incidence of cholera.
Recently, this hypothesis was further strengthened with oceanographic studies,
which has shown that there is a strong correlation between El Niño and the inci-
dence of cholera. The classical, El Tor biotypes as well as the O139 serogroup
had emerged from the Asian region. Cholera is still a problem in Asia, as progress
toward standard of good living with all the public health facilities including unin-
terrupted supply of safe drinking water, environmental sanitation, implementation
of efficient vaccine are somehow long-winded. The emergence and reemergence of
different phenotypic and genetic variants of Vibrio cholerae, the causative organism
of cholera, show its ability for survival in the environment and cause infection in the
human host. This chapter reviews the current status of cholera in many Asian coun-
tries and many aspects on the causative organism V. cholerae including antimicrobial
resistance and molecular epidemiology.

2.2 Cholera in the Indian Subcontinent

Cholera is an ancient disease in Indian subcontinent. Historically, it was believed
that the first six classical cholera pandemics originated from the Indian subconti-
nent [1]. In India, the classical biotype was replaced by the El Tor from 1965 [2].
In some areas in India such as Raipur, the classical cholera prevailed till 1970 and
the subsequent cholera outbreaks in 1975, 1977, 1979–1981 were caused by El Tor
vibrios [3]. Continuous monitoring of cholera epidemics helped to detect frequent
changes in the incidence of V. cholerae serogroups. Younger age group (<15 years)
was the most affected population in the 1988 cholera outbreak in Delhi [4]. In
Sevagram, Maharashtra, the incidence of O1 serotype Ogawa was predominant with
intermittent appearance of O139 serogroup during 1992, 1997 [5]. The incidence
rate of O1 and O139 serogroups in Delhi during 1992, 2000 was 81 and 14%,
respectively [6]. Occurrence of O139 serogroup in Delhi was low between 1994
and 1999, but reemerged during 2000. A questionnaire-based survey conducted
to estimate the water-borne infection with the use of Ganges River indicated the
incidence of cholera (33 cases) among families who used the river water for many
purposes including washing clothing and bathing [7]. During 2002 cholera outbreak
in Chandigarh, V. cholerae O1 Ogawa was isolated from 18% of the hand-pump
water samples [8].

The annual incidence of cholera estimated using the population census as the
denominator and the age-specific number of cases as numerator showed compara-
tively low in Jakarta, Indonesia (0.5/1,000), than in Kolkata, India (1.6/1,000), and
Beira, Mozambique (4.0/1,000) [9]. In this study, children below 5 years of age were
found to be the most vulnerable group for cholera infection. V. cholerae O1 and
O139 consecutively appeared during cholera outbreaks (2002–2003) near Karachi
[10]. This study has also revealed that children less than 2 years of age were the
most affected age group with O1 (49%) than O139 (21%). Remote areas such as
Andaman and Nicobar Islands were free from cholera for many years. The first
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cholera outbreak was recorded during early 2000s due to the spread of V. cholerae
O1 from the main land [11]. In 2002, cholera was identified due to El Tor vibrios
among Nicobarese tribe in 16 villages with an attack rate of 12.8% and a case fatality
ratio of 1.3% [12]. Concomitant infections by V. cholerae O1 and O139 serogroups
were reported in 2000 from a large cholera outbreak in Ahmedabad, India [13]. In
Delhi, the serotype switchover from Ogawa to Inaba has started in 2004 and 88%
of the strains were identified as Inaba during 2005 [14]. Among children below
5 years of age, the incidence of cholera in Delhi was 33%. Cholera caused by the
Inaba serotype was also reported from other parts of India such as Kolkata, Orissa,
Andaman and Nicobar Islands [15–17].

In Bangladesh, the classical biotype was replaced by El Tor vibrios during 1964–
1973 [18, 19]. During 1973–1979, cholera due to classical biotype was not detected
in Matlab and Dhaka, but was predominant (79%) in southern regions of Bangladesh
during 1988–1989 [20]. Intermittent appearance of classical cholera was recorded
during 1979 to 1981 [21]. Classical cholera appeared in the form of large epidemic
starting from Matlab, Comilla, and Dhaka during late 1982 and spread to other
districts replacing the El Tor biotype [19, 21]. Phenotypically, the new classical
strains were identical to the one that prevailed a decade earlier and the virulence
features and seasonality resembled to that of El Tor strains prevailing at that time.
It was hypothesized that the classical strains of V. cholerae O1 were indigenous to
Bangladesh [22]. A 33-year (1966–1988) data analysis provided much information
from Bangladesh [23]. Between 1966 and 1988, both classical and El Tor biotypes
were prevailed and by 1988, the classical biotype disappeared. The serotype preva-
lence during 1988–1989 was also interesting as El Tor belonged to Inaba, whereas
the classical strains to Ogawa type.

Studies conducted from 1985 to 1991 in Bangladesh indicated that the incidence
of cholera was among children below 5 years (24%) and children below 2 years of
age accounted for 10% of the cases [24]. The overall case fatality during epidemics
was 4.0%. A mathematical Ogawa–Inaba model based on the 40 years (1966–2005)
analysis explained the serotype changes in cholera case patterns in Bangladesh when
the cross-immunity to one specific serotype was high [25]. It was hypothesized that
intermittent appearance of Inaba serotype might be related to its long-term immunity
against Ogawa.

Based on the spatial patterns and exploratory spatial data analysis, the risk fac-
tors for cholera were associated with environmental niches [26]. Environmental
studies conducted during 2004 in Mathbaria and Matlab, Bangladesh, revealed
that both V. cholerae O1 and O139 serogroups occurred predominantly as viable
but non-culturable state [27]. However, culturable cells were also detected in the
biofilms, which were considered as additional reservoirs of toxigenic V. cholerae in
the aquatic environments during inter-epidemic seasons. Isolation of V. cholerae O1
from the aquatic environments of Bangladesh through selective enrichment using
antibiotics has reemphasized the hypothesis that the humans act as reservoirs of this
pathogen during inter-epidemic periods and spreading occurs through contaminated
water [28].
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2.3 Other Asian Countries

In Japan, cholera epidemics during 1882 and 1895 were recorded in Fukushima,
northeastern part of Japan [29]. Due to cholera epidemics, the health policy has
changed in Japan during Meiji period (1868–1912) [30, 31]. Changes in the cholera
diffusion pattern during this period demonstrate improvements in the transporta-
tion and most importantly, growth in socio-economic systems. In Okinawa, Japan,
the incidence of cholera was high in 1879 [32]. Laboratory data with V. cholerae
O1 strains collected between 1977 and 1987 revealed low number of domestic
cholera in Japan [33]. Studies conducted in various environments of Japan and
imported seafood showed prevalence of non-toxigenic V. cholerae. In the Port of
Osaka, Japan, V. cholerae O1 was detected during 1987–2001 and all the strains
were closely related and non-toxigenic [34].

Contaminated seafood is associated with cholera in many South Asian coun-
tries. In Hong Kong, a local cholera outbreak was related to the consumption of
shellfish that were kept live in contaminated seawater [35]. The cholera toxin (CT)-
producing V. cholerae non-O1 strains were isolated from seafood in Taiwan [36].
Turtles and their breeding environment are the major reservoirs of V. cholerae and
responsible for many outbreaks of cholera in Sichuan Province and Guangzhou
area, china during 2003–2005 [37, 38]. In an investigation it was shown that turtles
and other seafood harbored toxigenic V. cholerae O139 [39]. In Zhejiang Province,
the incidence of O1 serogroup of V. cholerae was found to be high (9%) in tur-
tles and cholera epidemics in this region might be associated with consumption of
contaminated turtles [40].

Surveys conducted in eastern region of Saudi Arabia, mainly with expatriate
workers and household contacts with V. cholerae infection, showed the prevalence
of V. cholerae O1 El Tor serotype Ogawa in 113 diarrheal patients (6.0 per 100,000
population per year), 28 asymptomatic cases, and 16 of 982 household contacts of
index patients [41]. Interestingly, the O1 strains isolated from asymptomatic cases
were non-toxigenic as detected by CT-ELISA. Following the Iraq war, the com-
municable disease control program was disturbed, resulting in cholera epidemics
in several districts of Basrah, Iraq, in 2003 [42]. A 6-year study (1997–2002) con-
ducted in hospitals in Zabol city, Iran, indicated the incidence of cholera due to V.
cholerae O1 Ogawa was 10% with maximal number of cases in 1997 (22%) [43].
Among the infected cases, there were no differences in age or social and economic
strata. Almost 19% of the cases in this study were from neighboring Afghanistan.
Cholera outbreak struck Kabul, Afghanistan, in 2005 and spread nationwide. The
health authorities gave importance to the disease control program that included
proper management and treatment supported by partner agencies that kept the mor-
tality rate well below 0.1% [44]. Processed and raw foods imported from Asian
countries have also contributed to the incidence of cholera in non-endemic areas.
Three cases of cholera reported in Australia in 2006 had a link with consump-
tion of raw whitebait imported from Indonesia [45]. In France, a total of 129
imported cases of cholera were recorded during 1973–2005 [46]. During 1980s,
94% of the patients were infected in Morocco and Algeria, and during the rest of
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the period, cholera was associated with patients visiting Asia and other African
countries.

Since 1873, cholera was common in Sarawak, Malaysia, and the classical bio-
type was common prior to 1961 [47]. In Vietnam, incidence of cholera has distinct
temporal and seasonal trends. Between 1991 and 2001, cholera mostly affected the
central coast during May to November without having any climatic association with
eight recorded outbreaks [48]. However, studies conducted from 1996 to 2002 in
Bangladesh indicated that weather factors could play a role in the epidemiology of
cholera with either increase or decrease during monsoon [49]. Based on a study con-
ducted during 1993–1999, the epidemic and sporadic cholera occurs in the western
regions of Indonesia during low rainfall, whereas in eastern parts, heavy rainfall has
contributed to the cholera transmission [50]. A 6-year hospital-based study on the
incidence of El Tor cholera in Thailand indicated that the affected age group ranged
from 2 months to 15 years with an average age of 3 years [51].

2.4 Association Between V. cholerae and Parasites

Incidence of V. cholerae in association with enteric parasites has been reported in
many cholera-endemic regions. In Nepal, the incidence of cholera is associated with
co-infection with enteric parasites such as Giardia lamblia and Ascaris lumbricoides
[52]. In a recent study, it was shown that the co-infection with geohelminth parasites
reduces the magnitude of the cholera vaccine response [53]. Among Indian chil-
dren, the infection due to cholera and parasites, especially with G. lamblia, seems
common [54]. The incidence of mixed infection with V. cholerae O1 and A. lumbri-
coides and G. lamblia was more than Trichuris trichiura and Entamoeba histolytica
in Kolkata [55]. This investigation also showed that the combined infection of V.
cholerae and parasites was common in children aged between 2 and 10 years. The
association between parasites and V. cholerae is not clear, but seems advantageous
for both the pathogens. In a rat colon model, it was proved that E. histolytica tropho-
zoites and cholera toxin enhanced secretion of mucin glycoproteins and stimulated
colonic glycoprotein synthesis [56].

2.5 The O139 Cholera

A novel non-O1 strain of V. cholerae was first discovered in 1993 that has caused
large epidemic in Madras, southern part of India [57]. This strain of V. cholerae not
agglutinated with antisera from O1 to O138 was included as a new serogroup O139
[58]. This serogroup had spread quickly to Bangladesh and to other states of India
within a span of about 10 months [59, 60]. Since the V. cholerae O139 was first dis-
covered in the areas surrounding the Bay of Bengal (Tamil Nadu, Andhra Pradesh,
West Bengal and Bangladesh), this serogroup has a synonym “Bengal.” In a span
of 1 year, this serogroup has been reported in many Asian countries (Fig. 2.1). The
O139 infection produced severe dehydrating diarrhea, which is indistinguishable
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Fig. 2.1 Spread of Vibrio cholerae O139 in Asia during 1993–1995

from clinical cholera and does not appear to confer any cross-protection from
the O1 serogroup [61]. Based on the clinical symptoms and severity of diarrhea,
the disease caused by V. cholerae O139 is now considered as cholera [62] and the
infections caused by the rest of the non-O1 and non-O139 serogroups are known as
“cholera-like diarrhea.”

Before its total replacement, the O139 prevailed along with the O1 serogroup in
many countries. The affected age group by the O139 infection depends on the period
and place of its occurrence. In Delhi the incidence of O139 and O1 cholera was
frequent in children below 5 years of age [63]. In this study, the incidence of both
the serogroups was detected among 1.4% of the children with cholera. A similar
epidemiological observation was made in Karachi, Pakistan [64]. The incidence of
O139 among children during 2003 in Pakistan was 21% and the infected patients
were more likely to be febrile (P < 0.001) [10].

After its initial explosive epidemic during late 1992 and early 1993, occur-
rence of O139 serogroup had declined in many cholera-endemic regions [65, 66].
Between 1997 and 2000, incidence of cholera due to O139 serogroup decreased
to 3.8% in rural Bangladesh [67]. Resurgence of O139 cholera was reported in
many Asian countries including Pakistan (2000–2001), India (1997, 2001), and
Bangladesh (2002), mostly affecting the older age groups [68–72]. From 1999 to
2000, most of the cholera outbreaks in India were caused by the O139 serogroup
[73]. Investigations conducted in Indonesia revealed that the O139 serogroup had
not invaded into this country till 1999 [50]. The first incidence of O139 was recorded
in Baghdad, Iraq, in 1999, though the numbers of cases were less [74].
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Imported cases of O139 cholera were reported soon after its emergence in Asia in
California [75] and other parts of the USA [76], Japan [77], and Denmark [78]. The
recurrent infection caused alternatively by the O1 and O139 serogroups in cholera-
endemic regions emphasize the fact that the role of acquired immunity plays an
important role in the emergence and dissemination of specific serogroup in a popula-
tion. In addition, rapid genetic reassortment in V. cholerae O1 and O139 serogroups
might play a role in the changing epidemiology of cholera [79]. It is still a mystery
that why the so-called highly infectious O139 serogroup has not spread to the other
cholera-endemic regions such as Africa.

2.6 Antimicrobial Resistance

Resistance of V. cholerae to antimicrobials used for the treatment of cholera is not
uniform in many countries. The emergence of resistance is mainly due to the pre-
vailing antibiotic pressure caused by overuse of antimicrobials. In several findings,
it was proved that the susceptibility pattern of V. cholerae to the antimicrobials is
constantly changing over a period of time. In India, V. cholerae isolated during
mid-1970s were susceptible to trimethoprim–sulfamethoxazole and patients who
received treatment with this drug recovered quickly [80].

In the early 1990s, V. cholerae O1 El Tor were susceptible to many antimicro-
bials including nalidixic acid, co-trimoxazole, chloramphenicol, and streptomycin
in India [81]. The classical as well as El Tor strains prevailed in Bangladesh during
1988–1989. However, tetracycline resistance was detected only with the classical
strains, whereas the El Tor strains remained susceptible to this drug [20].

Based on the antimicrobial resistance profiles and the resistance gene compo-
sition, V. cholerae O1 strains isolated during cholera outbreaks in Vietnam were
described as different clones [82]. Unlike in many African countries, tetracycline-
resistant strains are not common in the Asian region. However, intermittent appear-
ance of tetracycline resistance in V. cholerae O1 has been reported from several
Asian countries [83–86]. Cholera patients infected with tetracycline-resistant strains
of V. cholerae purged longer with greater stool volume while receiving treatment
with this drug [83].

In southern Thailand, an unusually large epidemic of cholera due to V. cholerae
O1 was recorded during 1997–1998 [85]. All the strains were resistant to tetra-
cycline and belong to a unique clone and this trend has not been reported in
Thailand since 1993. The El Tor vibrios are resistant to polymyxin B, which is also
a biotypic marker to differentiate them from classical vibrios. The El Tor strains
(11%) isolated from an outbreak of cholera in Laos during 1998 was susceptible
for polymyxin B and resistant to tetracycline and sulfamethoxazole–trimethoprim,
which were different from those of previous strains [87]. In the following year, the
incidence of polymyxin B susceptibility increased to 58%. The Kelantan (Malaysia)
cholera epidemic in 1998 was identified due to tetracycline-resistant strains [84]. To
control the outbreak in this region, erythromycin was substituted for tetracycline.
Tetracycline resistance was uncommon in India for many years. However, 27 and
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15% of Ogawa and Inaba strains from Kolkata were, respectively, resistant to this
drug during 2005 [86]. A recent study conducted in Thailand showed that most of
the V. cholerae strains isolated from cholera patients were susceptible to ceftriax-
one and quinolones, which were used in the treatment of cholera [51]. However, in
neighboring countries this scenario is completely different, as quinolone resistance
in V. cholerae was common for many years.

V. cholerae O139 strains that emerged during early 1990s in several Asian coun-
tries were resistant to trimethoprim, sulfamethoxazole, and streptomycin, similar to
the El Tor vibrios. However, the reemerged O139 strains were susceptible to these
antimicrobials [68, 72, 88, 89]. Possible deletion of a 3.6 kb region of the SXT
element in the reappeared O139 strains during 1995 in Bangladesh was thought
to be responsible for susceptibility to these antimicrobials [90]. Some of the early
O139 isolated in India were resistant to tetracycline, ampicillin, chloramphenicol,
kanamycin, and gentamicin and a 200 kb self-transmissible plasmid carried the
encoding genes for multidrug resistance [91].

V. cholerae O1 strains with reduced susceptibility to fluoroquinolones have been
reported from French travelers returning from India [92]. The trend of reduced
susceptibility toward ciprofloxacin seems increasing in certain states of India.
About 46% of the Ogawa strains isolated in 2003 showed reduced susceptibility
to ciprofloxacin [93]. In Sevagram, India, resistance to tetracycline varied from 2
to 17% [5]. Majority of the Iranian strains were resistant to streptomycin, chlo-
ramphenicol, co-trimoxazole, and tetracycline [94]. The newly emerged Inaba
strains from Delhi, India, were resistant (96%) to co-trimoxazole, furazolidone,
and nalidixic acid [14]. V. cholerae O1 appeared during 1995, 2000, and 2002 in
Vietnam had different resistance profiles, as they harbored either in the class 1 inte-
gron (strains of 1992) or in SXT constin (strains of 2000) [82]. Detailed studies on
integrons arecovered in Chapter 9.

2.7 Phage Typing of V. cholerae O1 and O139

During the pre-molecular era, phage typing of V. cholerae O1 was considered as
one of the powerful tools in discriminating the strains of epidemiological interest.
Four specific phages were used for biotyping of classical V. cholerae [95, 96]. Basu
and Mukerjee [97] established a systematic grouping of El Tor strains. Under this
scheme, a panel of five phages was used for many years. In 1971–1984 cholera
outbreaks in Hyderabad, India, phage types T1, T2, and T4 were dominated dur-
ing classical cholera period and types T2 and T4 dominated among El Tor strains
in later years [98]. In due course of time, the classical strains disappeared in India
and the El Tor strains were mostly clustered with phage types T2 and T4. Due to
this limitation of Basu and Mukerjee’s El Tor phages, a new phage typing scheme
was introduced with a panel of five additional phages [99, 100]. In this new scheme
the phage type numbers were increased to 146 when about 1000 V. cholerae O1
El Tor strains were tested. These phages are now being used in the current phage
typing of El Tor vibrios at the National Institute of Cholera and Enteric Diseases
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(NICED), Kolkata, India. Phage typing scheme for differentiating the V. cholerae
O139 was also established in NICED with a panel of five lytic phages [101]. A
comparative study of phage types in 1993–1994 and 1996–1998 showed higher
percentage types T1 (40.5%) and T2 (32.1%). The phage typing scheme is under-
going rapid changes as clustering of certain types needs to be subtyped to find the
epidemiological significance of strains.

2.8 Molecular Epidemiology

Molecular epidemiological studies showed frequent emergence of new epidemic
clones among O1 and O139 strains isolated from the cholera patients and environ-
mental sources, as reflected in the genomic structure analysis, location of rRNA,
and CTX prophages. The detailed outlines in molecularepidemiology of cholera are
described in Chapter 7.

A retrospective analysis of V. cholerae O1 using RFLP of enterotoxin genes
revealed the presence of indigenous and exogenous strains in Hong Kong since 1978
[102]. However, the vibrios isolated during a cholera outbreak among Vietnamese
refugees in Hong Kong are indistinguishable, but distinct from the strains isolated
in Hong Kong prior to the outbreak [103]. V. cholerae O1 strains collected from
domestic and imported cases of cholera that occurred between 1984 and 1997 in
Aichi prefecture in Japan were subjected to PFGE and the results suggested that a
new clone was introduced after 1993 from overseas and disseminated [104]. The
Miri Sarawak outbreak during 1997–1998 might be due to multiple V. cholerae
O1 clones prevailed during this period [105]. V. cholerae O1, O139, and rough
strains were isolated from seafood samples in Malaysia during 1998–1999 and
the PFGE results suggested that the O139 and rough strains would have the ori-
gin from Bengal and Thailand–Malaysia–Laos, respectively [106]. V. cholerae O1
strains MO1 and MO477 isolated from Madras, India, during 1992–1993 were
reported as probable progenitor strains, which are neither truly classical nor El
Tor in the different assay including polymyxin B susceptibility (resistant), clas-
sical and El Tor phages (resistant), ctx RFLP (identical to O139), copy number
of ctx (identical to O139), and the outermembrane protein profile (identical to
O139) [107].

Both toxigenic and non-toxigenic V. cholerae O1 were isolated in Taiwan during
1993–1995 from imported cases of cholera and food samples [108]. In this inves-
tigation, prevalence of single clone was detected by ribotyping and enterobacterial
repetitive intergenic consensus (ERIC) PCR. The sequence information of ctxB gene
is considered to be one of the useful molecular epidemiological markers based on
the specific base substitutions at positions 115 and 203 [109]. In Taiwan, V. cholerae
O1 strains isolated from imported seafood and sporadic cholera cases had ctxB poly-
morphism of genotype 1, whereas the 1962 strains isolated from cholera epidemic
and soft-shelled turtles belonged to genotype 2 [110].

The O139 strains isolated from India, Bangladesh, and Thailand during 1993
were clonally similar as identified by the PFGE [111]. The Asian O139 strains
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isolated during 1993–1994 epidemic contained 1–4 copies of ctx gene with 55 geno-
types as detected in the ctx RFLP [112]. The RFLP analysis of ctx was found to be
superior to ribotyping method for O139 strain discrimination as the later contained
only few types. The important molecular event that converted an O1 El Tor strain to
O139 serogroup might be due to lateral gene transfer (LGT) event. Prevalence of 64
novel alleles among 51 sequence types from 9 sequenced loci were detected among
96 strains of O139 collected from 1992 to 2000 in Kolkata, India [113]. This study
further strengthened the genetic diversity of O139 serogroup during the course of its
rapid expansion and recurrent reappearance. The structure, organization, and loca-
tion of CTX prophages of V. cholerae O139 that appeared during different years in
Kolkata also revealed the fact that the genomic configuration of the pathogen is very
dynamic [89]. The genomic diversity of V. cholerae O139 strains that appeared in
India and Bangladesh between 1992 and 1998 was tested by using ribotyping and
CTX genotyping methods [114]. In this study, six distinct ribotypes were identified,
of which B-I–B-V types shared 11 different CTX genotypes (A–K).

The O139 serogroup had a new 35 kb genomic region replacing the O1
somatic antigenic region. Interestingly, this 35 kb region was genetically stable for
many years as evidenced from RFLP analysis using many strains collected from
South Asia at different periods of time [115]. In addition, the South Asian strains
were different from a strain isolated in Argentina indicating the South American
strain was unique and had a different origin [115]. The first O139 cholera epidemic
appeared in China in 1993 after its first detection in India in 1992. Seven different
ribotypes were detected with O139 strains collected in China during 1993–1999 and
many strains carried two or more copies of ctx gene [116]. Some of the ctx-negative
O139 strains were grouped into three separate ribotypes [116]. It is evident from
this study that the O139 had multiple origins and caused epidemic and sporadic
cholera in China. The remerged O139 strains during 2002 in Bangladesh belonged
to a ribotype, corresponding to one of the two ribotypes identified during 1993 [72].

V. cholerae O1 El Tor strains isolated before and after the O139 epidemics in
India revealed that the strains were different in their genetic profiles based on the
RFLP of rRNA genes and CTX genetic element [117]. Till 1997, three different
clones of V. cholerae O139 prevailed in India, as shown in the HindIII diges-
tion patterns with cxtA probe [88]. The same molecular trend was also reported
from Bangladesh [118]. The ribotype BII of V. cholerae O139 was responsible
for a cholera outbreak in Ahmedabad in 2000, but their PFGE patterns were dif-
ferent from the strains isolated during 1992–1997 [13]. In the same outbreak, V.
cholerae O1 was also isolated, but their PFGE profiles matched with clones existed
in Kolkata during that time. These findings suggest that there is a continuous
genetic reassortment among V. cholerae, whenever there is a serotype or serogroup
replacement.

The epidemic O1 and O139 strains isolated between 1994 and 2002 are differen-
tiated from non-epidemic strains by PFGE in Hong Kong [119]. Overall, 60 distinct
PFGE profiles were obtained in this study, which are different from strains iso-
lated from imported cholera cases, mainly from Indonesia, India, and Pakistan. El
Tor vibrios identified from domestic and imported cases of cholera in Japan were
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compared by PFGE [120]. The PFGE subtypes NotI-AI and Sfi-I were found to be
widely distributed in Asia.

Based on the ribotyping results, V. cholerae O1 Ogawa isolated in 1999–2000 and
Inaba strains of 2001–2002 in Thailand exhibited different BglI profiles confirming
the change in the genetic constituent [121]. The ribotyping and PFGE profiles of
several outbreak strains of V. cholerae O1 Ogawa in metropolitan area of Kuala
Lumpur, Malaysia during 1998 matched with those identified in Taiwan, Colombia,
and several Asian regions (ribotype V/B21a) and Senegal (ribotype B27) [122].
However, the Inaba strains isolated during the same outbreak exhibited a new ribo-
type pattern (type A). The O139 strains isolated from surface waters in Malaysia
uniformly harbored a 2.0 MDa non-conjugative plasmid and the ctxA gene, but were
genetically different as determined by RAPD-PCR [123].

The O139 cholera outbreaks are related with consumption of contaminated foods
in many parts of China. Outbreaks in Sichuan Province, Jiangxi Province, and
Guangzhou area were due to contaminated turtle, as evidenced by PFGE analysis
with strains isolated from the patients and suspected food samples [37, 38, 124]. In
Guangzhou area, the genetic diversity of V. cholerae O1 was studied with 276 strains
isolated from cholera patients, carriers, and environments during 2001–2005 [125].
As evidenced from this study, V. cholerae strains were categorized into three types
with pathogenicity gene profiles of ctxA+ tcpA+ ace+ zot+ (type A), ctxA– tcpA–

ace+ zot+ (type B), and ctxA− tcpA− ace− zot− (type C) using a multiplex PCR.
The distribution of type A profile was detected in 68.5% cases with mild symptom
and 22% in carriers and type C in 64% cases with mild symptom and 36% in carri-
ers. With the environmental strains, type C profile was common (55%) than type B
(36%) [125].

The incidence and pathogenic properties of V. cholerae non-O1, non-O139 have
extensively been reported with the indication that the proportion of their incidence
is constantly increasing [126–128]. Even though the non-O1, non-O139 lacks viru-
lence properties of O1/O139, virulence machineries such as heat-stable toxin [129]
and type III secretion system [128] may have some clinical significance. Some of
the non-O1, non-O139 strains isolated from River Narmada at Jabalpur, India, har-
bored the ctxA and tcpA genes indicating the potential reservoir of the pathogen
[130]. Toxigenic non-O1, non-O139 strains harboring CTX genetic element, El
Tor allele of hlyA, and stn were identified in non-cholera-endemic regions such as
Kerala, India [131]. However, incidences of such strains in clinical cases are not
reported. The presence of viable but non-culturable (VBNC) forms of V. cholerae
O1 in many aquatic environs was correlated well with the incidence of cholera in
Vellore, southern India [132].

After its last dominance in 1989, sporadic infections caused by V. cholerae O1
Inaba serotype were recorded in Kolkata during 1998–1999 [133]. Ribotyping and
PFGE results showed that the Inaba strains were evolved from the Ogawa serotype
prevailed that time [133]. During 2004–2005, cholera caused by the Inaba serotype
was recorded in 15 states of India, mostly associated in the form of outbreaks [15].
These Inaba strains had unique PFGE (pulsotype H1) and ribotype (RIV) profiles
that were not recorded before. After its first appearance in July 2004, the Inaba
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serotype completely replaced the dominant Ogawa serotype from May 2005 in
Kolkata [134]. These Kolkata Inaba strains belonged to a new clone in the ribo-
typing as well as PFGE, identical to the Delhi strains and had a CTX prophage
with two RS elements. Similar results were obtained with Inaba strains isolated in
Trivandrum, southern India, except for ribotyping, which showed that the Inaba and
Ogawa strains were similar [135].

Cholera outbreaks were recorded during the late 1990s in several districts of
Teheran, Iran [136]. Though the isolated strains belonged to Ogawa serotype and
carried two or three copies of ctx, ribotyping results showed prevalence of single
clone during the outbreaks. Most of the Iranian V. cholerae O1 strains (33–96%)
harbored a large plasmid and displaced limited number of clones as evidenced from
ribotyping and PFGE analysis [137]. V. cholerae O1 Inaba strains collected from
several cholera outbreaks in Iran during 2005 were clonally identical as detected by
PFGE and ribotyping [94]. Recently, frequency in the isolation of O139 serogroup is
less globally. Few O139 strains isolated in India during 2003 shared similar PFGE
profile with strains isolated in 2000 [93]. However, organization of the tandemly
arranged prophages such as CTX (El), CTX (Cal), and truncated CTX (Cal) that
had no ctxAB was unique in majority of the O139 strains.

Conventionally, the classical and El Tor biotypes of V. cholerae O1 are identi-
fied with phenotypic markers. Presently, the molecular markers were developed to
differentiate the biotypes exploiting the nucleotide difference in the sequences of
gene encoding the toxin-coregulated pilus (tcpA), rstR. The repeat in toxin gene
rtxC is absent only in the classical biotype. Cholera outbreak in Mozambique dur-
ing 2004–2005 was caused by hybrid strains between classical and El Tor biotypes,
which were different from Bangladeshi classical strains [138]. The Mozambique
hybrid strains had rstR allele specific for classical biotype. The cholera toxin (CT),
encoded by ctxA and ctxB genes, is the main virulence factor in V. cholerae. Based
on the amino acid residue substitution at positions 39, 46, and 68 in the B subunit
of the CT (CtxB), three genotypes were identified [109]. The classical and US Gulf
Coast El Tor strains were classified as genotype 1 and the Australian El Tor strains
as genotype 2. Almost all the seventh pandemic El Tor strains belong to genotype 3.
El Tor strains having classical CtxB has been confined to US Gulf Coast strains. In
2004, hybrid El Tor strain producing classical CT was first identified from cholera
patients in Matlab, Bangladesh, and in Beira, Mozambique. In 2006, this hybrid
strain replaced the prevailing El Tor biotype in Bangladesh [139]. Subsequently, the
hybrid El Tor strains that produce the classical CT has been reported in many Asian
and African countries [140, 141]. Genomic changes in V. cholerae possibly provide
better survival in the environment and surpass the immuno-impediment of the host.
However, the epidemiological significance of this hypothesis should be studied in
detail.

2.9 Seroepidemiology

The vibriocidal antibody titer has been used as an epidemiological marker for the
determination of recent cholera infection. Such markers are generally used in the
cholera vaccine trials to confirm the efficacy of the vaccines. A Mexican study has
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demonstrated the use of seroepidemiology in studying prevalence of cholera [142].
US Gulf Coast study demonstrated that the vibriocidal titers were significantly
higher in Vietnamese subjects than in non-Vietnamese subjects [143]. This indicates
that the focus of cholera is confined to specific geographical regions. Compared to
the serum IgG, the levels of IgA against B subunit of CT, LPS, and TcpA were high
in household contacts of patients infected with V. cholerae O1 in Bangladesh [144].
Strong immunoglobulin IgA and IgM antibody-secreting cell (ASC) responses
were reported in cholera patients against the homologous serogroup [145].
Vibriocidal assay also showed the same trend indicating that these responses
did not evoke cross-protection between the infections caused by O1 and O139
serogroups.

2.10 Prospects of Cholera Vaccines in Asia

During disaster periods, it was always difficult to formulate an effective disease
control measure, as this needs proper planning, extended help from local gov-
ernment, supply and stocking of life-saving drugs/vaccines. Under this complex
situation, vaccine campaign is difficult. Surpassing all the difficulties, an oral
cholera vaccine was given to people affected by tsunami in Aceh Province,
Indonesia, during 2004. Almost 69% of the population received the vaccine in
two doses [146]. After this successful implementation of the vaccine program, the
WHO has issued recommendations in 2004 for the use of oral cholera vaccine
during emergencies [146]. In cholera-endemic areas, there is an increasing demand
for the oral cholera vaccine at moderate prices as protection efficacy is more than
50% and herd protection studies indicated that the unvaccinated persons were also
benefitted as the overall incidence of cholera was less [147, 148]. Investigations on
the safety and immunogenicity of an anti-O1 and anti-O139 killed oral whole-cell
cholera vaccine (biv-WC) in Vietnam showed promising results. This vaccine gave
fourfold increase in vibriocidal antibody titer in 60 and 40% of the adults against
O1 and O139, respectively [149]. Similarly, the vibriocidal response was high
among children 1–12 years of age with 90 and 68% seroconversion against O1
and O139 serogroups. The killed whole-cell oral cholera vaccine study conducted
during 1998 in Hue, Vietnam, revealed its long-term protection (3–5 years) with
high efficacy (50% range 9–63%) [150].

An analysis of cholera vaccine trials with rCTB-WC showed protection in 61–
86% of people living in endemic areas for 4–6 months and up to 3 years at low levels
[151]. This vaccine was proposed for workers employed in the relief or refugee
camps or for those who will be traveling in epidemic areas and for those who have
no medical care option. An effective vaccine against cholera has been used for public
health purposes in Vietnam since the 1990s. In a cholera-endemic area in Kolkata,
India, safety and immunogenicity of the reformulated bivalent killed whole-cell oral
vaccine with V. cholerae O1 and O139 was tested in a double-blind, randomized,
placebo controlled trial (healthy adults). Following immunization, 53% of adult and
80% of children vaccines showed a ≥4-fold rise in serum V. cholerae O1 vibriocidal
antibody titers [152]. However, the vibriocidal antibody titers of post-immunization
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among vaccinees were less for V. cholerae O139. Remarkably, the adverse reac-
tion for this vaccine was similar among vaccine and placebo recipients in both age
groups. One of the recent studies on live cholera vaccine (VA1.3) showed that the
seroconversion rate was 57% with high anti-CT response (77%) and the vaccine
was highly safe in the adult volunteers [153]. A modified killed-whole-cell-oral
cholera vaccine trial (with a mixture of formalin-killed and heat-killed V. cholerae
O1 [classical and El Tor biotypes] and O139 strains) in Kolkata, India showed 68%
protection efficacy among all age groups [153a]. This vaccine is licensed in India as
Shancal R© (Shantha Biotechnics, Hyderabad, India).

2.11 Traditional Medicine and Food Habits for Prevention
of Cholera

During the fifth decade of the nineteenth century, Dr. J. Collins Browne, an army
surgeon worked in British India, invented a patented medicine Chlorodyne, a
compound of tincture of chloroform and morphine for the treatment of cholera
patients [154]. Chlorodyne was imported to Japan during 1870 and 1873. Dr. Jyun
Matsumoto supported the preparation of traditional medicine and a local prepara-
tion named “Shinyaku” that resembles Chlorodyne was marketed in Japan in 1872.
In the Japanese unknown formulation, morphine hydrochloride, diluted hydrocyanic
acid, and tincture of Indian hemp were replaced [154]. However, this formulation
was not popular in many countries where epidemics of cholera were frequent.

Traditional herbal medicines (Kampo formulations) are being used in China
and Japan for many centuries. The gallate compound from Rhei rhizoma inhib-
ited cholera toxin effect in the tissue culture and fluid accumulation in the rabbit
ileal loop assay [155]. The synthetic gallate has shown toxin in vivo and in vitro
inhibitory effects and thus the Kampo formulation seems to be an effective adjunc-
tive therapy with oral rehydration solution [155]. Soy sauce (Shoyu) was found to
have antimicrobial activity against V. cholerae and other enteric bacteria along with
other beneficial properties such as antihypertensive, anticarcinogenic, anticataract,
antioxidant, and antiallergen [156]. Many useful herbal formulations for the treat-
ment of cholera and other diarrheal diseases have been lost during passage of time
and generations of people. Unfortunately, there was no recording system in primeval
days and such formulations were kept secret for the benefit of professionals those
practiced herbal medicine.

2.12 Control Measures and Health-Care Systems

For prevention of infectious diseases including cholera, the Chinese health-care
model is being considered in developing countries. During 1940s, the mortality rate
in China was 20 and 30–40% in children less than 1 and 5 years of age, respec-
tively. The health care was given prioritized during later years and strengthened
in 1965 after Cultural Revolution, which resulted in increasing the life span from
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40 to 70 years and reducing the infant mortality very less [157]. The main health-
care objectives considered in the Chinese system include the following: improving
access to health care in rural areas, prevention of infection, emphasis on traditional
medicine, and utilizing manpower rather than technical power in the health-care sys-
tem [157]. The same system was proposed for African countries [158]. In Indonesia,
several control measures were made in the anticipation of outbreaks in refugee
camps. As a result of such activities, no cholera or typhoid cases were detected
through routine surveillance [159].

In cholera-endemic regions, the case–control studies conducted to determine the
etiological agent of outbreaks often lead to multiple sources or other sources such as
river waters were periodically found to be one of the vehicles [160]. Asymptomatic
cholera carriers might play an important role in the passive spreading of the disease.
In Hong Kong, early investigations were made for the detection and treatment of
carriers to prevent spread of sporadic cholera [161]. Food handlers were responsible
for large-scale cholera outbreaks in Thailand [162]. The impact of cholera and other
enteric diseases was assessed by providing deep-well tap water (DWTW) through
household taps in Qidong village in China [163]. In this study, the overall incidence
of enteric infection was 39% lower than the control region that had surface water
supply. However, the initial cost of establishing DWTW is prohibitive due to many
reasons. Cholera outbreaks in Tumpat and Kelantan, Malaysia, during 1990 were
related to the use of Kelantan river water and consumption of river clams [164].
Several carriers were also identified in this outbreak investigation.

In Bangladesh, use of tube-well water played a significant role in reducing the
cholera mortality in rural areas [67]. The number of cholera cases in rural areas of
Bangladesh was significantly reduced when a simple filtration using old sari was
tested that effectively removed the plankton and other particulate matter from the
natural waters [165, 166]. Despite the rural health improvement scheme, cholera
was endemic in Malaysia in 2002 as most of the rural population relied on river
water supply [167]. This suggests that sanitation interventions were not as effec-
tive in reducing the water-borne diseases such as cholera. Successive O139- and
O1-mediated cholera appeared in Pakistan during 2002–2003 were mainly due to
person-to-person contact and through contaminated water reservoirs [10]. As the
cholera management was given priority in the Vietnam Health sector, the annual
mortality rate reduced from 2.0–9.65% during 1979–1983 to 1.8% in the later
periods [168]. An outbreak of cholera associated with a tribal funeral in Irian
Jaya, Indonesia, has been reported [169]. Generally, reports of cholera associated
with attending funeral are very less in Asian regions as the burial practice of the
death victims and rituals are different from African region. The case–control stud-
ies for cholera risk factors were found to be similar for O1- and O139-mediated
cholera that include consumption of untreated water, uncooked pork or seafood,
and food served in large gatherings [162, 170, 171]. Among children less than 6
months of age, protection associated with breast-feeding has been demonstrated for
cholera and the mechanisms are related to risk of supplementary feeding that may
introduce pathogens and/or immunoprotection offered by the breast milk through
immunoglobulins [172].
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2.13 Conclusion

Over the years, the incidence of cholera has been reduced in many Asian coun-
tries and the mortality rate has also gone down. The role of phenotypic and genetic
changes in V. cholerae O1 and O139 serogroups and their increased incidence in few
countries have not been studied in detail. Antimicrobial resistance in V. cholerae is
emerging in Asia and this can be controlled by judicious use of drugs in the manage-
ment of cholera. Several efficient methods in managing cholera outbreaks have been
implemented in rural and urban areas after rigorous efficacy studies including intro-
duction of new oral vaccines, supply of safe drinking water, sanitation, and timely
administration of ORS. Success of these interventions depends on maintenance and
regular practice at the community level.
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Chapter 3
Endemic and Epidemic Cholera in Africa

Samba Sow, Martin Antonio, Joe O. Oundo, Inacio Mandomando,
and T. Ramamurthy

Abstract Cholera had entered the African continent during the late 1880s mainly
through trade and travel from the Asian region. The 7th cholera pandemic had
started from the early 1970s and is rampant till to-date claiming many lives. Though
the endemicity of cholera is common in many African and Asian countries, the mor-
bidity and mortality are relatively high in Africa. This has been attributed mainly
due to lack of health and hygiene of the population, scarcity of water, prevailing
multidrug-resistant strains of Vibrio cholerae O1, and to a lesser extent the manage-
ment of cholera in the early 1990s. Molecular epidemiological studies revealed that
there is a propensity of the pathogen to change its clonality that has been attributed
to the recurrent infection and waves of cholera epidemics in many African countries.
One of the mysteries is why the spread of V. cholerae O139 serogroup is restricted
only to Asian countries despite the geographical proximity and common mode of
transmission. This chapter reviews cholera status in Africa viewed through many
aspects of the epidemiology.

3.1 Introduction

Cholera is undulating in Africa and had spread to new countries where the disease
was not reported during the last few decades. The movements of cholera epidemics
are rapid due to increased travel and trade practices. Despite the best efforts, cholera
is still difficult to control in many African countries. Though the causative factors
remain the same, the organism Vibrio cholerae O1 has undergone several changes
as evidenced by several genetic analyses. This chapter summarizes the recent epi-
demiological and molecular studies on cholera conducted in Africa, in which some
of the aspects are unique for this continent.
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3.2 Epidemics and Outbreaks

Cholera is a major health burden in many developing countries and its endemicity is
mostly confined to Africa and Asia. A treatment facility-based cholera surveillance
showed that annual incidence of the disease is low in Jakarta (Indonesia, 0.5/1,000
population), moderate in Kolkata (India, 1.6/1,000), and high in Beira (Africa,
4/1,000) [1]. Historical evidence showed that the 6th pandemic of cholera had
reached East Africa and the mode of spread was seemingly associated with car-
avans and trade ships. Between 1881 and 1893, the epidemic had spread in East
(Zanzibar), Central, North (Sudan), and Western parts of Africa [2–4]. The 7th El
Tor pandemic had gained its entry into West Africa (Guinea) during August 1970,
maybe from asymptomatic travelers from the Asian continent [4, 5]. Within a year,
25 African countries were affected by cholera with a high mortality of 16% [6].
In the following years (1972–1991), cholera was rampant in most of the African
countries with case fatality ranging from 4 to 12% [6]. The African continent faced
yet another big cholera epidemic in 1991 and during this year, about 20 countries
reported large outbreaks amounting to more than 150,000 cases and 13,000 deaths
[7]. Southern and Eastern parts (Zambia, Mozambique, Malawi, and Angola) and
Western parts of Africa became the epidemic foci in 1991. After several years,
Benin, Burkina Faso, Chad, Nigeria, and Togo reported high incidence of cholera
during 1991 [7]. The case fatality ratio in Nigeria alone was 13%. However, in 1992,
the number of reported cholera cases in Africa declined slightly with about 91,000
cases and 5,000 deaths [8].

The 7th El Tor cholera pandemic has been registered in about 175 countries
and the epidemic progressed into waves of cholera with higher mortality rate. As
shown in Table 3.1, epidemics of cholera are very dynamic and the list of affected
countries with high morbidity and mortality of cholera is not the same during 2000–
2007. Surveillance and disease burden estimates in cholera-affected countries are
important components of epidemiology, which help in making timely interventions
including vaccination strategies.

Based on the 632 cholera reports covering a period of about 10 years (1995–
2005), it is evident that about 88% originated in sub-Saharan Africa and the rest
from Southeast Asia [9]. Reintroduction of cholera in the African continent was
evident from 1970. After the 1985 epidemic, cholera reemerged in Zimbabwe in
1992 following a severe drought and influx of refugees from Mozambique [10]. In
West Africa, cholera epidemic occurred in Togo during 1970–1973, affecting more
than 1,000 people with CFR of 4–10% [11]. Since the first outbreak during 1970 in
Guinea, cholera recurred every 8 years till 1994 [12]. About the same time, cholera
affected Benin [13], Burundi, Zimbabwe [14], Nigeria [15], and Senegal [16]. V.
cholerae O1 was introduced in northern Somalia from Ethiopia during the early
1980s [17]. Recurrent cholera epidemics were reported during rainy hot seasons
since 1987 in Angola [18]. Incidence of other pathogens during cholera epidemics
is an important factor that should be considered. Apart from V. cholerae O1, the
involvements of non-cholera vibrios and V. parahaemolyticus were identified during
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Table 3.1 Incidence of cholera during 2000–2007 in the African continent

Year
No of cases
(deaths)

Mostly affected
countrya Remark Reference

2000 118,932 (4,610) DR Congo, Madagascar,
Mozambique,
Somalia, South
Africa, Tanzania

Threefold decrease
compared to 1999.
CFR 3.9% (vs 4.2%
in 1999)

[126]

2001 173,359 (2,590) Chad, Cote d’lvoires,
DR Congo, Ghana,
Madagascar,
Mozambique, South
Africa, Swaziland

Increase of 46%
compared with 2000.
CFR 1.49%

[127]

2002 137,866 (4,551) Malawi, Mozambique,
Nigeria, South Africa,
Tanzania

Excluding South Africa,
increase of 70% in
number of cases
compared with 2001.
CFR 3.5%

[128]

2003 108,067 (1,884) DR Congo, Liberia,
Mozambique,
Somalia, Uganda

Decrease of 21%
compared with 2002.
CFR 1.74%

[129]

2004 95,560 (2,331) Cameroon, Chad, DR
Congo, Mozambique,
Somalia, Tanzania,
Zambia

Slightly lower compared
to previous years.
CRF 2.4%

[130]

2005 125,082 (2,230) DR Congo, Guinea,
Guinea-Bissau,
Mauritania, Senegal,
Uganda

Increase of 31%
compared with 2004.
CFR 1.78%

[131]

2006 234,349 (6,303) Angola, DR Congo,
Ethiopia, Sudan, UR
Tanzania

Increase of 87%
compared with 2005
and reached the levels
of 1990s. CFR 2.69%

[34]

2007 166,583 (3,994) Angola, DR Congo,
Ethiopia, Sudan, Sao
Tome, and Principe

Decrease of 29%
compared to 2006,
but 46% increase in
the mean number of
cases reported during
2002–2005. CRF
2.4%

[35]

aCountries in alphabetical order with more than 4,000 cases during indicated years

the 1991 cholera epidemic in Nigeria [19]. Shigella dysenteriae type 1 was identified
during the 1994 cholera epidemic in Zaire [20] and in Kenya [21].

In June 1998, cholera epidemic occurred in a Mozambican refugee population
in southern Malawi [22]. The 1996 outbreak in Nigeria affected 1,384 individuals
with a CFR of 5.3%, with higher number of cases during the rainy season [15].
Children were the most affected among all age groups (22% of the total cases) in
Ibadan, Nigeria [23]. Based on the reported cases, cholera first appeared in Burundi,
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Zaire, and Congo during 1978–1979 [24] and in South Africa in 1980 [25]. A total
of 67,738 cases and 3,666 deaths (CFR 5.4%) were reported between 2000 and
2005 in eastern provinces of DR Congo [26]. Epidemic cholera in Guinea-Bissau
affected more than 1,200 people during 1999 with CFR of 3.7% [27]. In this epi-
demic, most of the deaths were due to delayed rehydration or overhydration of
the affected patients. Cholera epidemic became an annual event in Chad since the
late 1990s with peak incidence between dry and rainy seasons (March–June) [28].
The infection rate and the seasonality of cholera are not constant in most of the
African countries. The 7th cholera pandemic reached Madagascar in March 1999,
30 years after its appearance in East Africa [29]. In all these sites, children less
than 5 years are the most affected age group. A study in Senegal conducted during
2004–2005 showed that the association of cholera and pregnancy presents high risks
for the fetus and mother, as adverse events occurred due to cholera mostly leading
to abortions, premature childbirths, and maternal deaths [30].

At the time of 7th pandemic during the 1960s, cholera had a strong hold in
Asian countries. In the early 1970s, the pandemic reached sub-Saharan Africa and
cholera remained entrenched for many decades. Thirty-one (78%) of the 40 coun-
tries, which reported cholera cases to WHO in 2005, were from sub-Saharan Africa,
with the incidence rate of 166 cases/million population. This figure was 95 and
16,600 times higher than that from Asia and Latin America, respectively [31].
Recently, cholera outbreaks spread to newer African countries such as Namibia
[32]. Many studies have shown that the incidence of cholera is consistently high
in many African countries. The incidence and deaths due to cholera are high in
Kenya [33]. Based on the Program for Monitoring Emerging Diseases (ProMED)
data collected between 1995 and 2005, sub-Saharan Africa accounted for 88% of the
total number of cholera outbreaks with highest multiple outbreaks in DRC Congo,
Western Uganda, and South Africa, where the outbreak reports were confined to
Mozambique and its borders [9]. In 2006, 234,349 cholera cases were reported from
33 African countries with 6,303 deaths (CFR 2.7%), which resembled the large
epidemics of cholera during the 1990s [34]. In the following year, though the num-
bers of affected countries are the same, a 25% decrease in the number of cases of
cholera was reported, with overall reduction of CFR from 2.7 to 2.27% in 2007 [35].
Between 2000 and 2007, the CRF remained >5% in 23 countries (Fig 3.1), and dur-
ing the same period, 10 countries reported emergence and reemergence of cholera
(Fig 3.2).

3.3 Risk Factors and Modes of Transmission of Cholera

It is known that transmission of cholera occurs via environments, contaminated
foods, carriers of the infection, and unhygienic practices, among others. Water-
borne transmission of cholera has been well documented in many studies. During
1981–1982, cholera in South Africa was associated with consumption of contam-
inated waters [36]. The 1978 and 1992 cholera outbreaks in Great Rift Valley in
Burundi were associated with use of lake water for many purposes [37]. In Tanzania,



3 Cholera in Africa 35

Fig. 3.1 High CFR (>5) reported to WHO by the African countries during 2000–2007

a prospective hospital-based matched case–control study showed that bathing in
river, long distance to water source, and eating dried fish were significant risk fac-
tors for cholera [38]. The role of rainfall in the transmission and seasonality of
cholera has also been established in Tanzania [39]. The role of environment and
climatic factors was shown to aid spread of cholera in African countries [40, 41].
In DR Congo, lake areas have been found to be the source of cholera outbreaks
[26]. Floods were also responsible for cholera outbreaks in Djibouti in 1993–1994
and Mozambique in 2000 [42, 43]. These outbreaks were favored by contaminated
surface water and disturbances in the distribution of safe drinking water. In most of
the epidemiological findings, lack of supply of safe drinking water and storage of
water in wide-mouthed containers were significantly associated with the incidence
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Fig. 3.2 Emerging and reemerging of cholera in African countries reported to WHO during
2000–2007 with number of cases and deaths in parenthesis

of cholera [33]. The nature of storage vessels plays a crucial role in the survival and
dissemination of V. cholerae. In a study it was shown that the vibrios survived long
(about 22 days) in rusted iron drums than the clay pots (up to 5 days) [44].

Case–control studies showed that consumption of leftover foods is one of the
major factors for cholera infection in many epidemics, e.g., leftover crabs in Guinea-
Bissau [45], millet gruel-mediated infection in drought-affected areas in Mali [46],
and peanut sauce contamination in Guinea [47]. Domestic cholera has been reported
in Germany due to consumption of fresh fish imported from Nigeria [48] and fresh
sorrel from West Africa in France [49]. Street-vended water and not washing hands
with soap before eating food are possible reasons for the 1995–1996 cholera out-
breaks in Kano State, Nigeria [50]. The drinking water sold by water vendors was
associated with an increased risk of contacting cholera in Lebowa [51]. Early out-
breaks of cholera in Katsina, Nigeria, were associated with fecal contamination of
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well waters and water from sellers [52]. Wells and piped water seemed the principal
cause of water-borne cholera outbreaks (p<0.02) compared to borehole wells dur-
ing 1995–2001 [53]. In a study, consumption of raw vegetables was reported as the
causative agent of cholera (p=0.003) in Lusaka, Zambia, during 2003–2004 [54].
The Senegal cholera outbreak during 2004 might have been due to consumption
of contaminated food or water [55]. Large-scale farming and mining activities led
to eutrophication and chemical pollution in Bindura, Zimbabwe. Studies conducted
in this area during 2000–2003 with groundwater supply through borehole indicated
higher fecal coliforms and aerobic bacterial counts, and these factors correlated well
with the incidences of cholera in the same region [56]. Matched-pair case–control
study revealed that the transmission of cholera in Lebowa was due to consumption
of water from the Gumpies River [51].

Cholera outbreaks are directly related with sanitation, personal hygiene, and
good supply of potable water. Due to political unrest, large population movements
have taken place in many countries in Africa since the 1970s. Outbreaks of cholera
have occurred in many refugees camps due to overcrowding, poor sanitation, water
supply, and malnutrition in the affected population. Many deaths were reported due
to inappropriate medical care due to either dehydration or overhydration [57]. These
conditions are always deficient in refugee camps and slums [58]. In Malawi, cholera
cases were reported with high attack rate (2.6%) with CFR of 3.3% during 1988
[59]. This outbreak was related to consumption of contaminated shallow waters. In
1990, an epidemic of cholera continued among Mozambican refugees in Malawi
causing 1,931 cases and 68 deaths (CFR 3.5%). Several factors were identified in
this outbreak including use of river water and eating stale food [60]. The most impor-
tant African cholera is the 1994 epidemic in Rwanda. More than 1 million refugees
fled to the North Kivu region in Zaire. The total cholera cases in this epidemic was
36,471 and 60% of the deaths were related to cholera alone. Of the many factors,
scarcity of water was the main one and the average available water was evaluated
as 200 ml per day per person. Cholera struck again in Rwanda in 1994 and 1996 in
many refuges camps. About 553,000 refugees repatriated from Zaire in November
1996 and in this outbreak the mortality was low (3,586 deaths), perhaps due to
acquired immunity from the 1994 outbreak [61]. The other factors responsible for
cholera deaths among Rwandan refugees include emergence of multidrug-resistant
strains of V. cholerae O1, inadequate use of oral rehydration therapy, inappropriate
intravenous fluids, and most importantly poor experience of health workers in man-
agement of cholera [20]. In addition, Shigella dysenteriae type 1 was also involved
in this outbreak in Zaire [62] and in Kenya [21].

Overcrowded and unhygienic conditions lead to cholera outbreaks in hospital
settings [63, 64]. In hospital settings, spread of cholera occurs through carriers [65].
Generally, person-to-person transmission of cholera is not considered to cause epi-
demics, as the carrier rate should be enormously high. In Nigeria, the fecal excretion
of V. cholerae during convalescence of cholera patients was 2–28 weeks with mean
excretion of about 103 vibrios per gram of the stool [66]. Many epidemiological
studies showed that family contacts with index cases play a crucial role in the trans-
mission of cholera during outbreaks [67]. In Tanzanian and Kenya, traditional ritual
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and religious practices, especially the procedure of burying the victims, played a key
role in transmission of the cholera [68, 69]. Handling the bodies of cholera victims
was shown as one of the factors in spreading the infection. Epidemiological inves-
tigations carried out during the 1994 cholera epidemic in Guinea-Bissau indicated
that cholera was strongly associated with eating at a funeral with non-disinfected
corpse or transporting and washing the dead bodies [70]. Cholera outbreak (111
cases and 11 deaths) occurred in a village of Guinea-Bissau that was associated
with eating a rice-based meal made by the persons who had prepared a cholera
victim’s body for burial [45]. Cholera and other infectious diseases were intro-
duced in Mauritius due to movement of French soldiers and laborers from the
Indian subcontinent [71]. In Somaliland, introduction of cholera and other infectious
diseases was due to Imperial army movement and displacement of native people
[72]. Contribution of travel to cholera endemic areas is a minor factor in trans-
mission of the disease to non-cholera areas. Studies based on the imported cases
in Europe and North America during 1975 and 1981 showed that the incidence
per journey for foreign travelers visiting Africa or Asia was about 1 in 500,000
[73, 74].

The relevance of various climatic conditions as supportive factors for cholera
epidemics is not fully established. Data collected from remotely sensed weather
parameters and cholera epidemics in many regions have shown to be useful
in the development of early-warning systems and epidemic preparedness. El
Niño/Southern Oscillation (ENSO) events trigger cholera and other tropical dis-
eases in many coastal areas around the world. As proposed in many findings,
timely detection of global climate anomalies has significant implications for pub-
lic health. The El Niño phenomenon was considered for major cholera epidemics
in Djibouti, Kenya, Mozambique, Somalia, Uganda, and Tanzania in 1997 [75].
El Niño phenomenon causing increased rainfall and flooding has been linked to
outbreaks of cholera in Uganda during 2002–2003 [76]. The Lake Victoria Basin
study (East Africa) supported with several hydrological features indicated the asso-
ciation of cholera epidemics and El Niño effect [77]. This study showed that the
low economic status of the population living around the lake and poor health-
care system and abnormal high temperature in two consecutive years followed
by slight cooling triggered epidemics of cholera. The coastal cholera transmis-
sion hypothesis was further supported with studies conducted in KwaZulu-Natal,
South Africa, where the sea surface temperature and rainfall showed strong asso-
ciation with the cholera outbreaks [40]. In Calabar, Nigeria, the incidence of
cholera and other diarrheal diseases mostly occurred during the dry season fol-
lowed by subsidence at the onset of rainy season [78]. In hilly regions (Mwanza)
of Tanzania, the incidence of cholera was associated with heavy rains coupled
with poor sanitary conditions and sewage disposal system [79]. The South African
cholera epidemics occurred during summer rainfalls of 1980–1987 [80]. A 10-year
study (1981–1990) showed that the cholera peak was during hot and rainy sea-
son in Dakar, Senegal [81]. A natural disaster such as volcanic eruption was also
reported to be associated with cholera outbreak in Congo during 2002 [43]. In the
African setting, the prime factors identified using ProMED data (1995–2005) were
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heavy rainfall and flooding followed by refugees or internally displaced persons
setting [9].

Multivariate analysis showed that the 1997 cholera epidemic in Western Kenya
was due to consumption of water from Lake Victoria, sharing food with persons
with diarrhea, and attending funeral feasts of cholera victims [82]. In a hypothetical
model it was shown that spread of cholera outbreaks due to V. cholerae O1 in Africa
(1970–1971, 2005–2006) and V. cholerae O139 in India (1992–93) was through
wind in specific directions [83]. This study emphasized the role of flying insects
(aeroplakton) as one of the factors in the dissemination of cholera, as they were
carried along with the wind directions.

The association of parasite infection and cholera was not studied in detail. Some
of the Tanzanian children who had not undergone ascariasis treatment were coin-
fected with cholera and vomited or passed Ascaris lumbricoides [79]. Immune
suppression caused by HIV might be a predisposal factor for cholera and other
infectious diseases. A case–control study conducted in Mozambique has shown the
association between HIV infection and increased risk for cholera [84].

3.4 The Organism

Based on the phenotypic markers, V. cholerae O1 strains are divided into classical
and El Tor biotypes [85]. The 5th and 6th cholera pandemics were caused by the
classical biotype while the El Tor has become dominant since its first appearance
in 1961, replacing the classical biotype. In addition to the phenotypic traits, several
molecular markers have recently been used for the identification of biotypes, which
include toxin co-regulated pilus (TCP) gene, rtxC gene that encodes part of the
repeat in toxin (RTX). Using these molecular markers hybrid El Tor strain having
classical cholera toxin was identified first in Bangladesh and Mozambique [86–88].
The El Tor hybrid strain was also identified in India [89] and other Asian and African
countries [88]. The clinical features of the disease caused by El Tor hybrid express-
ing classical cholera toxin appear more severe and associated with large cholera
outbreaks in Asian and African countries. It is known that survival capacity of El
Tor strains is comparatively high and that the classical cholera toxin is more severe.
These two best combinations might have supported the El Tor hybrids to survive
and spread the disease with high morbidity and mortality that were never seen in
recent years.

V. cholerae O1 Inaba was associated with African cholera for many years [33].
Early cholera outbreaks (1971–1975) in Algeria were caused by the serotype Ogawa
[90]. Cholera outbreak in Mozambican refugee camp, Malawi, was caused by V.
cholerae O1 Inaba during 1988 [59]. In Kano, Nigeria, the Inaba serotype prevailed
for a long time (1995–1999) [53]. In Zaria, Nigeria, Hikojima serotype that reacts
with both Ogawa and Inaba antisera was prevalent from 1976 to 1978, but Ogawa
became dominant from 1984 to 1986 [91]. The classical biotype of V. cholerae O1
was reported in Calabar, Nigeria, during 1988 [78].
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3.5 Seroepidemiology

Vibriocidal antibody titer in cholera patients, convalescent cases, and healthy car-
riers is a useful marker in seroepidemiological studies as it reflects acquirement
of immunity against V. cholerae. The seropositivity of healthy contacts remained
high during and after cholera epidemics in Algeria (43.3%), Constantine (53%),
and Mali (46%), indicating persistence of vibriocidal antibodies in cholera endemic
areas for many years [92]. Prevalence of vibriocidal antibodies (38%) was not sig-
nificant between cases, carriers, and contacts in Algeria [92]. In addition, the healthy
contacts and children born during non-cholera epidemic period showed that asymp-
tomatic infection is frequent and that the pathogen may be circulating in populations
between the epidemics [92, 93].

3.6 Use of Antimicrobials

Antimicrobial resistance is an integral mechanism developed by the pathogens,
usually due to excessive use of drug(s) for the treatment of diseases. Since the
emergence of antimicrobial resistance may significantly affect the strategies for
controlling cholera, continuous monitoring of antimicrobial resistance is impor-
tant. The toxigenic V. cholerae is generally susceptible to many antimicrobials
including tetracycline/doxycycline, amoxicillin, and fluoroquinolones. During the
early stages of cholera epidemic (1977–1978) in Tanzania, V. cholerae O1 strains
were susceptible to tetracycline. Due to therapeutic and prophylactic use of this
drug, resistance developed in a large proportion (75%) and there were treatment
failures when the drug was used [94]. The Ministry of Health used 1,788 kg
of tetracycline during this period for treatment and prophylaxis [94]. V. cholerae
O1 isolated in Kenya during 1982–1985 were resistant to tetracycline, ampi-
cillin, and trimethoprim/sulfamethoxazole [95]. The strains isolated from Nyanza
Province, Kenya, in 1983 were mostly sensitive to chloramphenicol and nalidixic
acid but 75% of the strains were resistant to tetracycline, streptomycin, and ampi-
cillin [96]. The O1 strains isolated during the 1983 cholera epidemics in Somali
were resistant to many drugs, especially ampicillin, tetracycline, and kanamycin,
which were replaced by susceptible strains to these drugs during 1986 [17]. Most
of the O1 strains isolated between 1987 and 1990 in Angola were resistant to
ampicillin, streptomycin, and trimethoprim/sulfamethoxazole but susceptible to
chloramphenicol and tetracycline [97]. In Senegal O1 strains isolated from 1981
to 1990 were also susceptible to sulfamids and tetracycline [81]. V. cholerae O1
Ogawa isolated during the 1991 cholera epidemic in Benin are widely suscepti-
ble to tetracycline, sulfamid, and ampicillin [98]. In Guinea-Bissau and Senegal,
the newly emerged clones of V. cholerae O1 in 1997 were susceptible for tetracy-
cline but remained resistant to trimethoprim/sulfamethoxazole and chloramphenicol
[99]. The epidemic V. cholerae O1 strains isolated from Rwandan refugees in
Zaire were resistant to several antimicrobials used at that time including tetracy-
cline, aminopenicillins, and trimethoprim/sulfamethoxazole. Only fluoroquinolones



3 Cholera in Africa 41

remained active on these strains, but the use of this drug in outbreak-affected areas is
prohibitive [62].

When the V. cholerae O1 strains isolated between 1994 and 1996 from six coun-
tries from Eastern Africa region (Kenya, Sudan, Somalia, Tanzania, Rwanda, and
Mogadishu) were tested for antimicrobial susceptibility, there was no uniformity in
the pattern of resistance [100]. The main observation in this finding was that the
strains from Kenya and Sudan were susceptible to tetracycline, whereas the strains
from Tanzania and Rwanda were resistant. The Kenyan and Somalian strains gained
resistance for chloramphenicol and trimethoprim/sulfamethoxazole during 1996 but
remained susceptible to nalidixic acid and erythromycin [100].

In V. cholerae O1, low level of resistance to tetracycline was recorded (2–
3%) during 1990–1991 in Zambia and in the following years, the resistance
increased to this drug (95%) as well as to other important drugs such as chlo-
ramphenicol (78%), doxycycline (70%), and trimethoprim/sulfamethoxazole (97%)
[101]. Following the replacement of erythromycin for tetracycline in treating the
cholera cases, there was a significant drop in the tetracycline resistance [101].
The Kenyan strains associated with large outbreaks in 1998–1999 were suscep-
tible to tetracycline, but were resistant to chloramphenicol, streptomycin, and
trimethoprim/sulfamethoxazole [102]. Most of the V. cholerae O1 strains from
cholera outbreaks are resistant to chloramphenicol, streptomycin, and trimetho-
prim/sulfamethoxazole [55]. V. cholerae O1 isolated from cholera outbreaks from
Dakar, Senegal, during 1995–1996 [103] and Dar Es Salaam, Tanzania, during
1997–1999 [104] were resistant to chloramphenicol, streptomycin, and trimetho-
prim/sulfamethoxazole. Since the V. cholerae O1 Ogawa strains are mostly resistant
to tetracycline, trimethoprim/sulfamethoxazole (97% each), and chloramphenicol
(58%), quinolones and third-generation cephalosporins are being considered as
supportive therapy for cholera in Mozambique [105].

Antibiotic prophylaxis is usually not part of cholera interventions in many
countries because it does not prevent contamination and is limited by contraindica-
tions, costs, mode of administration, and spread of resistant organisms. In Douala,
Cameroon, systematic use of chemoprophylaxis since 1983 has led to the selec-
tion of V. cholerae O1 strains resistant to sulfamide and tetracycline [106]. In the
same area, antimicrobials were used to treat the patients and contacts during 2004.
The data generated from a study have shown that the rate of cholera in contact
group fell from 30 to 0.2% [107]. It is recommended that the use of antimicro-
bials should be restricted to close contacts, as this group is most likely to get the
infection. In a comprehensive study with cases and contacts, it was shown that devel-
opment of resistance to the antimicrobials seems unlikely especially when they were
under controlled use [108, 109]. However, short-term studies might not indicate the
acquisition of resistance genes or mutations in the encoding genes.

In most rural populations in many African countries, traditional medicine (mostly
from herbal products) is still being practiced for the treatment of cholera and
other diarrheal diseases. Ethnobotanical studies conducted on 21 medicinal plants
showed at least two of them (Punica granatum and Indigofera daleoides) with
strong antimicrobial properties [110]. Of several medicinal plants tested, Terminalia
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avicennioides from Nigeria showed higher vibriocidal activity than the others [111].
Use of traditional medicine should be approached scientifically, since disease such
as cholera can kill a patient if not treated properly.

3.7 Molecular Findings

Molecular epidemiological studies on V. cholerae are being carried out mostly using
randomly amplified polymorphic DNA (RAPD) patterns, ribotyping, and pulsed-
field gel electrophoresis (PFGE). The amplified fragment length polymorphisms
(AFLP) identified two major clusters with V. cholerae O1 El Tor strains isolated
during the 1960s and 1970s and the other strains from 1980s to 1990s, indicating
the change in the clonality of El Tor vibrios over a period of 30 years [112]. The
AFLP also established to check independent introduction of a strain that caused
large outbreaks during the 1970s and 1990s in Africa. The outbreak strains from
Southern and Eastern Africa are markedly different from those from Western Africa
[112]. In most of the African and Asian O1 strains, the ribotype B5a was found to
be common; however, a new ribotype B27 with a toxinogenotype TB31 was identi-
fied in Senegal during the 1996 cholera outbreak [113]. The Guinea-Bissau cholera
outbreak preceded the one from Senegal with ribotype B5a, supporting the view that
infection has spread from Guinea-Bissau [99]. Ribotyping analysis showed that the
cholera epidemic in Guinea-Bissau during 1994–1995 was due to the introduction
of a new V. cholerae O1 strain that was distinct from the 1987 strains [114].

RAPD results showed that the strains associated with the largest cholera epi-
demics in Kenya (Eastern Africa) during 1998–1999 were clonally related with
early strains identified from several outbreaks in West Africa during 1994 [102].
Using PFGE, it was shown that a single clone of V. cholerae caused several cholera
outbreaks in Kenya during 2005 [33]. The serotype switchover from O1 Ogawa
to Inaba and vice versa is common in many cholera endemic areas. Studies con-
ducted in South Africa with epidemic strains of Ogawa and Inaba serotypes showed
existence of different clones of V. cholerae O1 during cholera epidemics in 2001–
2002 and from 1980 to 1987, though the 2001–2002 strains were related irrespective
of serotypes [115]. V. cholerae O1 Inaba strains isolated from Namibia outbreaks
displayed identical PFGE profile [32].

During the mid-2000s, new hybrid strains of V. cholerae O1 that do not belong
to either classical or El Tor biotypes have been identified in Bangladesh and
Mozambique [86, 87]. The hybrid strains gave rstR gene allele of classical type.
Interestingly, the hybrid strains isolated in Bangladesh and Mozambique are clon-
ally different from each other and also from the classical and El Tor biotypes as
detected in the PFGE [86].

3.8 Strategies to Curtail Cholera Outbreaks

In slum settings, implementation of proper hygienic practices might decrease the
risk of V. cholerae infection. Studies conducted in Guinea-Bissau and Guinea
showed the importance of hand washing in prevention of cholera at the family level
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[45, 47]. In addition to clean drinking water supply and not using hands for eating,
using limes in the main meal and washing hand with soap showed protective effect
in the initial phase of cholera epidemic in Guinea-Bissau [116, 117]. In Nigeria, sim-
ple strategies such as accurate diagnosis at the laboratory, registration of suspected
cases, case management, and public health measures targeting personal hygiene and
water treatment showed a reduction in case fatality rates to 15% in 1995–1996, 5%
in 1997, and 2% in 1999 [53]. Considering the prevalence of HIV in many cholera
endemic African regions, the usefulness of cholera vaccine was under dispute for
many years. A recent mass cholera vaccine trial conducted in Beira, Mozambique,
was found to be protective (78%, p=0.004) against cholera in all age groups during
the 2004 outbreak [118]. Simple methods such as solar heating of drinking water
by exposing the stored water in a clear plastic bottle under sunlight can be adopted
easily by the households. Adopting this strategy, a controlled study has shown dras-
tic reduction in the risk of cholera in Kenyan children [119]. As evidenced from a
study conducted in Guinea-Bissau, lactating mothers suffering from cholera should
be encouraged to breastfeed their children, as this might reduce the risk of illness
in children [120]. Household contamination is one of the major factors for cholera
and other enteric diseases as the stored water is severely exposed to contamination
during use. Use of special containers that prevent direct contact has been shown to
reduce risk of infection by cholera [121]. In-home chlorination seems very effective
as this preventive method reduced the burden of cholera for 3 years (2000–2003) in
Zambia [122].

Despite the improved safety and effectiveness of oral cholera vaccine, its
use in preventing epidemics, especially in refugee settings, is still controver-
sial. Managing cholera at the refugee camps with preemptive therapy such as
mass vaccination is cost-effective [123]. In situations where no rehydration ther-
apy is suitable for severe cholera, the vaccination appears to cost less than the
reactive therapy [123]. However, mass vaccination might disrupt other priority
interventions [124]. The recent case–control oral cholera vaccine (WC/rbs) stud-
ies conducted in Mozambique (Beira) demonstrated that the protective efficacy was
78% [118].

3.9 Conclusions

While preparing this manuscript, Zimbabwe has declared an emergency and
appealed for international help to battle a cholera outbreak that has killed 2928
people, (CFR 4.88%), with 60,055 reported cases of the disease since August 2008
[125]. The disease has spread to neighboring South Africa, Mozambique, Zambia,
and Botswana. Without timely implementation of proper management strategies,
combating cholera will be a big problem in the future. Cholera caused by the newly
emerged serogroup O139 has spread like a forest fire in many Asian countries in
1992–1993. However, infection caused by this serogroup has not been reported
in Africa, despite the geographical proximity and common mode of transmission.
Apart from the geographical barrier, other mechanisms such as immunological
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protection and absence of carriers of O139 in the population are considered some of
the important points for its absence in the African continent.
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Chapter 4
Phenotypic and Molecular Characteristics
of Epidemic and Non-epidemic Vibrio cholerae
Strains Isolated in Russia and Certain Countries
of Commonwealth of Independent States (CIS)

Elena V. Monakhova

Abstract This chapter reviews Vibrio cholerae strains of different serogroups cir-
culating in Russia and CIS countries with special reference to their pathogenicity
and molecular characteristics. Certain epidemics, outbreaks, and sporadic cases of
cholera, which took place during the 6th and 7th pandemics, are described. The
data of epidemiological analysis as well as variable microbiological and molecu-
lar features of toxigenic and non-toxigenic strains isolated in different territories
authenticated the imported nature of cholera manifestations. In the 21st century the
spread of diseases caused by V. cholerae in Russia tends to decrease, but due to
the high morbidity taking place in a number of Asian and African countries and
migration of people the danger of cholera importations and spread still exists. The
possibility of long-term preservation of the cholera agent in the environment and
formation of stable or temporary endemic foci in climatic conditions of Russia and
other CIS countries are discussed.

4.1 Introduction

The history of cholera epidemics in Russia is associated with the importation of
the infection, which is stipulated by the intensity of people’s migration (pilgrim-
age, tourism, shop-tours, trading business, etc.). During the 7th pandemic, sporadic
cases of cholera in Russia and other USSR republics (today’s CIS countries) were
mainly caused by imported strains of Vibrio cholerae O1 El Tor Ogawa and Inaba
and O139 serogroup carrying main virulence genes ctxAB and tcpA. Strains that
lack these genes are usually considered to have no epidemic potential. At the same
time, the isolation of ctxAB− strains from cholera patients was reported on repeated
occasions including mixed infections [1, 2]. Numerous cases of diarrhea invoked
by non-toxigenic strains of V. cholerae were described in many countries [3–5],
indicating their worldwide distribution. Considerable interest has been shown in
the analysis of the structure and function of their genomes [6, 7], genetic relations
of toxigenic strains [4], and epidemic and etiological potential [5, 8]. The ctxAB−
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strains though unable to generate massive epidemics still may cause sporadic cases
and even focal outbreaks of cholera-like diseases obviously due to a number of
accessory toxins and additional virulence factors. The main properties and biologi-
cal activity of V. cholerae toxins described so far are observed in many works [9–22].
The major genes and their products are listed in Table 4.1.

Table 4.1 Genetic determinants of certain V. cholerae proteins referred to in this chapter

Gene Product or function Reference

ctxABa A and B subunits of the cholera toxin (CT), the main virulence
factors of epidemic V. cholerae

[9, 10]

cepa Core encoded pilin, adhesin, and major CTXϕ capsid protein [11, 12]
orfUa (gIIICTX) pIIICTX, minor CTXϕ coat protein [13]
acea Accessory cholera enterotoxin, pore-forming toxin, and a minor

CTXϕ capsid protein
[9–11, 14]

zota Zonula occludens toxin, modulator of intestinal tight junctions,
and inner membrane protein required for the assembly of CTXϕ

virions

[9–11, 14,
15]

rstRb,c RstR, repressor of CTXϕ [11, 16]
rstAb,c RstA, required for CTXϕ replication [11, 16]
rstBb,c RstB, required for CTXϕ integration [11, 16]
rstCc Gene, specific for RS1ϕ [11, 16]
attRS Site of specific CTXϕ integration [11, 16]
rtxAd RtxA, cytotoxic factor [14, 17]
rtxC d RtxC, activator of RtxA [14, 17]
ACD-rtxAd Actin cross-linking domain of RtxA [17]
ACD-vgrG Actin cross-linking domain of VgrG, a “twin” and putative

ancestor of ACD-rtxA with the same activity
[17]

tcpAe Toxin coregulated pili, colonization factor, and CTXϕ receptor [10, 12]
toxTe ToxT, regulatory protein [10, 12]
int (VC1758)f Integrase, 5′-end sequence of VPI-2 [18]
nanHf Neuraminidase [18]
vcef 3′-end sequence of VPI-2 [18]
toxR ToxR global regulator [9, 10]
hapA Hemagglutinin/protease (HA/P) [14]
cef CHO cell-elongating factor, cytotonic toxin [14]
mshA Mannose-sensitive pilin, adhesin [10]
tolQRA TolQ, TolR, TolA, proteins required for CTXϕ infection and

maintenance of bacterial outer membrane integrity
[20]

stn/sto Heat-stable toxin, guanylate cyclase activator [14, 15]
slt1A Shiga-like toxin [9, 21]
tdh Thermostable direct hemolysin (TDH) of V. parahaemolyticus [9, 22]
trh TDH-related hemolysin of V. parahaemolyticus [9, 22]

The marked genes represent constituents of the following gene clusters:
aCTXϕ core region
bRS2 element, a component of CTXϕ
cRS1ϕ
dRTX cluster
eVPI, Vibrio pathogenicity island
fVPI-2, the second Vibrio pathogenicity island
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This chapter reviews the strains circulating in Russia and CIS countries with
special reference to their pathogenicity and molecular characteristics.

4.2 Toxigenic (CTXϕ+) V. cholerae Strains

4.2.1 O1 Serogroup

4.2.1.1 Classical Strains

The data on the properties of the classical biotype vibrios circulating in Russia dur-
ing six pandemics are scanty. From 1823 to 1896 totally 4,837,236 patients had
cholera in different Russian territories, of whom 1,984,049 had died [1]. These facts
suggest that the pathogen possessed a powerful epidemic potential due to expres-
sion of a wide set of virulence factors, presumably the cholera toxin (CT). The
large-scale epidemics occurred both in numerous rural settlements and in big cities.
In the beginning of the 19th century rampant cholera was believed to be indige-
nous in Europe but this scenario was not reported in Russia. The imported origin
of the infection was well documented underlining the main routs of its spread.
Cholera penetrated into the Asian territories of Russia from India via Iraq, Syria,
Iran, Afghanistan, China, Korea, and other countries of Central Asia with subse-
quent spread to European territories as well by “loop roads” from Western Europe
brought by pilgrims, seamen, trade people, and other migrating groups of popula-
tion [1, 23]. The only “indigenous” cholera outbreak was from Vladivostok in 1938
with 57 cases [24].

The years of the Second World War are characterized by numerous cholera out-
breaks especially among the evacuated civil people and prisoners in a number of
USSR republics [1]. The last Asiatic cholera outbreak in Russia took place in 1942
in the lower Volga region and was characterized by specific peculiarities such as
atypical clinical picture of the disease and negligible spread of infection. Most cases
lacked significant dehydration or algid and the morbidity rate was very low. Due to
this reason, the outbreak remained unidentified for a long time. Retrospective stud-
ies on classical biotype of V. cholerae showed its ability of high-level production
of CT and toxin-coregulated pilus (TCP). In spite of these factors, majority of the
strains showed less virulence in the infant rabbit model. All the strains studied, in
contrast to the typical cholera pathogens, were auxotrophs and needed purine and/or
amino acids for growth in minimal medium. Moreover, these strains containing the
structural gene hapA produced no soluble hemagglutinin protease (HAP), which
enables the vibrios to disseminate in the environment. The described peculiarities
of the V. cholerae strains were likely to be responsible for the unusual infectious
and epidemic processes observed during the Volga cholera outbreak. The propaga-
tion of vibrios in the host might be inhibited by the low concentration of nutrients
in the small intestine due to alimentary dystrophy during the war years of famine.
The other reason might be stipulated by the inability of production of HAP which
is responsible for CT activation. Such mutant strains might appear as a result of
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extensive application of cholera phages for treatment and prevention of cholera at
that time [25, 26].

During recent times, no cases of cholera caused by classical vibrios were regis-
tered in Russia. Nonetheless, two toxigenic strains harboring the classical biotype
genomic features, namely CTXϕ+RS1ϕ−rtxA−rtxC− genotype and presence of
tcpA of classical type, were isolated from the Black Sea in Sochi in 1996 and from
the river water in Rostov-on-Don in 1999 (Monakhova EV, Smolikova LM, unpub-
lished data). Their origin remains unknown. V. cholerae O1 strains having similar
genetic features were reported in Bangladesh (since 2001) and Mozambique (2004)
[27–30]. The strains isolated in Russia did not spread probably owing to the fact
that the environment of the country is usually not favorable for long-term survival
of toxigenic V. cholerae. However, such strains demand special attention as they
may represent the agent of a new more severe form of cholera [31].

4.2.1.2 El Tor Strains

The 7th pandemic outbreaks and sporadic cases in Russia were mainly due to the
import of cholera from India, Syria, Iran, Pakistan, Sri Lanka, and China with sub-
sequent formation of active disease areas (Fig. 4.1). Maximal importations were
registered in Central and Volga Federal districts [32]. Statistical data on cholera
in USSR are available from the WHO Bulletin OMS [33]. Briefly, between 1965
and 1989 a total of 10,723 cholera cases and carriers were reported from 11 Soviet
republics. Thereafter, numerous communications were presented in the press but
here we describe the most significant events.
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Fig. 4.1 Imported cases of cholera in CIS countries
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Large-scale (1973–1975) and local outbreaks (1990) as well as repeated sporadic
cases (1967–2001) of cholera occurred in the Rostov-on-Don region. The variable
number of tandem repeat (VNTR) analysis of 82 clinical strains revealed 22 geno-
types. The predominant cluster (F) was presented not only by human isolates but
also included cholera vibrios circulating in surface water reservoirs within the same
period [34]. It was assumed that these strains might have emerged in 1973 as a
causative agent of cholera epidemic persisting up to 1992, indicating its long-term
survival in the natural aquatic environment due to the ecosystem specificity.

In 1990, a unique waterborne cholera outbreak took place in the Stavropol ter-
ritory being brought by Syrian hired house builders staying in a tourist camp.
As a result of the sewerage system faultiness, cholera vibrios penetrated into a
spring, which became the source of infection. All 49 patients and most of the
carriers used the water from this spring. Despite the crucial anti-epidemic mea-
sures, some infected tourists carried the agent to several districts of Russia but
due to continuous cholera surveillance and timely treatment, further spread of
cholera was prevented [35, 36]. V. cholerae isolates shared 16S ribotypes identi-
cal to those of the strains isolated from the water of Danube River during the same
year suggesting their common origin. Interestingly, the toxigenic strains isolated
during the Azov (Rostov region) outbreak in 1990 showed similar but differ-
ent 16S ribotypes indistinguishable from that of the Columbian human isolate of
1991 [37].

One of the most problematic territories of Russia concerning cholera is the
Dagestan Republic, where cases of the disease were registered during all pandemics
with the exception of the fourth one [38]. For the first time, import of this infec-
tion by pilgrims, returning from their Hajj by motor transport via the countries
of southwest Asia, was registered in 1994. In the epidemic process, 184 settle-
ments of 27 regions, 8 towns, and 1 housing estate were involved with 2,327
registered cholera cases and Vibrio carriers. High infection rates were detected in
regions situated in different geographical zones. Frequent contacts and the alimen-
tary route were the main pathways of transmission during this epidemic, while the
role of the water route was considerably less significant [39]. Unexpected prolon-
gation of the epidemic process of cholera in Dagestan was suggested to be due
to climate-geographical, social-demographical, and sanitary-hygienic peculiarities
[40]. Among the strains isolated from 19 regions of Dagestan, a high proportion was
found to have resistance to tetracycline (65%) and chloramphenicol (28.6%) and
some were found resistant to furagin and erythromycin. Out of 242 strains, 163 were
found to have multiple resistance. Gentamicin, ciprofloxacin, and doxycycline were
shown to have high in vitro activity [41]. Strains isolated during 1994–1998 from
different districts of Dagestan showed identical or similar genotypes in mono-primer
PCR, indicating that they belonged to a single clone. All shared multiple resistance
to tetracycline, chloramphenicol, streptomycin, trimethoprim/sulfamethoxazole and
susceptibility to doxycycline, rifampicin, gentamicin, amikacin, kanamycin, and
quinolones [42, 43]. In addition, all toxigenic strains formed a single cluster (A)
in the VNTR analysis. In spite of variability in their genotypes, the members of the
epidemic cluster were thought to be the descendants of a single clone [44].
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In 1994, cholera vibrios penetrated from Dagestan to Azerbaijan and caused
a local outbreak. However, cholera frequently occurred in Azerbaijan from 1970
to 1995 [45]. In Turkmenistan, two outbreaks of cholera caused by toxigenic
V. cholerae with all the virulence-associated genes were registered in 1969 and
1972. Strains with the same genotype were also isolated from carriers and the
environment [46].

The epidemic manifestations of cholera in Ukraine and Moldova were reported
during 1970–1991 [47, 48]. In Ukraine, the high morbidity due to cholera was
recorded in 1970, which was brought into the ports of Odessa and Kerch and fol-
lowed by subsequent spread to other territories. The greatest number of cholera
cases was registered in Vilkovo (Odessa region). The next outbreak started in 1991
and covered Odessa (Vilkovo, Kiliya), Nikolaev, and Chersonese regions. Cholera
in these regions was transmitted through water, mainly by sea. All human isolates
shared identical properties and were highly toxigenic in the infant rabbit model [47].
However, 16S ribotyping with BglI revealed differences in hybridization patterns
of strains collected from the Vilkovo, Kiliya, Nikolaev, and Chersonese regions.
These results confirmed the epidemiological analysis, which suggested the com-
mon origin of cholera in Vilkovo and Kiliya foci and its subsequent spread from
Kiliya to Nikolaev, but the Chersonese outbreak had a different origin. The strains
isolated in 1989 from the Danube River had different ribotypes as compared to
the strains responsible for the large-scale outbreak in Stavropol in 1990. Hence,
the hypothesis of their persistence in the environment and relation to the men-
tioned Ukraine outbreaks was denied [37]. Nonetheless, the outbreak is believed
to be Danube waterborne and might be imported from Romania (where the cases
of cholera were reported) considering the time of the outbreak and geographical
proximity [49].

In Moldova, local outbreaks of water origin were registered during 1970–1972
with subsequent prolonged (more than 16 years) circulation of non-toxigenic El Tor
vibrios [48]. As compared to this period (57 cases), a large outbreak of cholera
occurred in 1995 (240 cases), while from 1980 to 2000 only sporadic cases were
reported [50]. In CIS countries, the number of cholera cases gradually decreased
from 1997 to 2007 (Fig. 4.2). Outbreaks and sporadic cases were registered in
Kazakhstan (1997, 2005), Turkmenistan and Uzbekistan (1997), Azerbaijan and
Armenia (1998), and Ukraine (1999–2001, 2003) [32]. During 1994–2004, more
than 80 imported cases of cholera were registered in different parts of Russia.
Toxigenic V. cholerae were isolated from the environment, mainly in the districts
where the outbreaks prevailed but sometimes during non-epidemic periods [51].
Import of cholera to Primorye might be due to infected drivers, who arrived from
China in 1999. In 2000, a cholera outbreak with 32 patients and 22 carriers was
recorded in this region mainly brought by Russians with mild diarrhea, returning
from China [52].

V. cholerae El Tor strains were isolated in Kazan during 2001 at different periods
of the outbreak. A version of the emergence of the cholera focus was confirmed,
namely water route of transmission as a result of bathing in a water reservoir
contaminated by sewage. In this outbreak, 52 patients with acute diarrhea and
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Cholera morbidity in Russian Federation during the last decade
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Fig. 4.2 Cholera morbidity in Russian Federation during 1998–2007

18 carriers were identified [53]. Strains isolated from patients, carriers, and envi-
ronments were phenotypically identical, susceptible to ciprofloxacin, tetracycline,
rifampicin, β-lactams and resistant to trimethoprim–sulfamethoxazole, strepto-
mycin, furazolidone, and nalidixic acid (which may be regarded as phenotypic
markers). Retrospective PCR analysis revealed the single genotype, i.e., with the
profile of CTXϕ+ RS1ϕ+ attRS+ VPI+ VPI-2+ rtxA+ rtxC+ ACD-rtxA+ ACD-vgrG+

cef+ hapA+ mshA+ toxR+ tolQRA+ stn/sto− slt1− [8, 43, 54]. These strains also
showed identical patterns of polymorphic DNA fragments in the mono-primer PCR.
VNTR analysis of their DNAs made it possible to classify all these strains as mem-
bers of one cluster (A), which also included Dagestan strains [44]. However, strains
from Dagestan and Kazan formed separate sets of genotypes in the dendrogram,
indicating their divergence. The epidemiological relation between the causative
agents of cholera in these two regions remains unclear but the data obtained suggest
the existence of a hypothetical precursor for both clones and confirm the unique
clone involved in the Kazan outbreak [55].

In 2005, V. cholerae was imported from Tajikistan to Tver region and Moscow
without subsequent spread of the infection [56]. Strains isolated from patients
belonged to Inaba serotype and carried all the common virulence-associated
genes. The clinical strain from Bashkortostan (imported from India in 2004)
differed only by the deletion of the distal part of VPI-2 [8]. The strain iso-
lated in Tver was highly resistant to nalidixic acid, streptomycin, ampicillin, and
trimethoprim/sulfamethoxazole and showed cross-resistance to fluoroquinolones
(ciprofloxacin, ofloxacin, pefloxacin, and norfloxacin) and moderate resistance
to ceftriaxone and cefotaxime. The only potent antibiotics for this strain were
tetracycline and aminoglycosides other than streptomycin [43].



58 E.V. Monakhova

In 2001, four focal points of cholera were detected in Kazakhstan with 23 patients
and 20 carriers. The clinical manifestations varied from severe hypovolemic shock
to mild subclinical forms [57]. Importation of cholera from India was also reg-
istered in Bashkortostan in 2004 and Murmansk in 2006 and from Tajikistan to
Tver region and Moscow in 2005 [8]. Certain epidemic strains isolated in Dagestan
(1994, 1996, and 1998), Primorye Territory and Sakhalin (1999), Kazan (2001) as
well as strains imported from India to Bashkortostan (2004) and from Tajikistan to
Tver region (2005) were analyzed for distribution of the VNTR in VcA, VcB, VcC,
VcD, and VcG loci. A single VNTR cluster was identified, which differed from
non-toxigenic O1 strains. Overall, 41 VNTR genotypes were revealed within the
cluster. These results confirm the genetic relatedness of the toxigenic V. cholerae
O1 strains and their clonal diversity [8]. Thus, the data of epidemiological analy-
sis as well as variable microbiological and molecular features of toxigenic strains
isolated in different territories authenticate the imported character of El Tor cholera
manifestations occurring in most of the CIS countries.

Almost all toxigenic V. cholerae O1 El Tor strains, which were tested in the
infant rabbit model, caused a typical choleragenic effect and frequent death of
infected animals with the clinical picture indistinguishable from the one caused by
strains from India and other Asian countries [58], i.e., abundant accumulation of
clear colorless serous liquid (sometimes with floccular formations) in the intestine.
The vibrios propagated in the intestine but did not penetrate beyond its bounds.
Ultrastructural alterations in the gut were typical for CT effect. In semi-thin sec-
tions of the small intestine of infant rabbits infected with an El Tor Vibrio isolated
from a clinical source in Taganrog (Rostov region) in 1992 selective lesions of villi
were observed as well as ballooning degeneration of epitheliocytes, i.e., the cells
looked like giant vacuoles filled with liquid. In ultrathin sections, nuclear pyknosis,
lysis, and degradation of organelles were revealed. Intestinal villi capillaries were
characterized by extremely thin endothelial cells with increased cytoplasmic osmio-
philia and numerous pinocytic vesicles [59, 60]. The tested strain isolated during
the cholera epidemic belonged to the Inaba serotype, was non-hemolytic, produced
CT in vitro, and preserved its virulence for many years. Its CTX core and RS blot
hybridization patterns were likely to indicate the presence of three tandem copies of
the prophage [61].

4.2.2 O139 Strains

Soon after the first communication on the emergence of a novel epidemic V. cholerae
O139 (Bengal) in Southern India [62], few cases of severe cholera (including one
algid patient) caused by strains belonging to this serogroup were registered in Russia
and Kirgizia. For the three identical strains isolated from patients in Azov (Rostov
region, Russia) in 1993, the spread from Southern India was reliably established
while the fourth was obtained at the same time in another district of Rostov region
from a patient who had no contacts with the three mentioned above. Two strains
isolated in Kirgizia in 1994 are also likely to be of Indian origin. These six strains
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were highly choleragenic on the infant rabbit model and showed dissemination of
vibrios out of the gut to other organs (liver, spleen, lungs) and blood [59, 63],
a phenomenon frequently observed for non-O1 V. cholerae [64]. Ultrastructural
changes in the small intestine of infected animals included dramatic vacuolization of
epitheliocytes, significant cytoplasmic hydration along with vascular hematological
shifts such as white and red blood cell injuries, degranulation of platelets, hemoly-
sis of erythrocytes, enhancement of the transepithelial pinocytosis, thinning of the
endothelium, labilization of vascular wall, diapedesis of erythrocytes, and plasmo-
hemorrhagia. The microorganisms were sometimes revealed among intracellular
organelles, which confirm the higher invasive ability of O139 as compared to O1
vibrios [59].

The PCR genotypes of all six strains were identical to that of Indian MO45
strain used in comparative studies, namely ctxAB+ cep+ orfU+ ace+ zot+ attRS+

rstR+ rstA+ rstB+ rstC+ tcpA+ toxT+ rtxA+ ACD-rtxA+ rtxC+ ACD-vgrG+ nanH−
mshA+ toxR+ cef+ hapA+ tolQRA+ slt1−stn/sto− tdh− trh− [65; Monakhova EV,
Mikhas NK, unpublished]. Additionally, genes of two pathogenicity islands VSPI
and VSPII as well as tlc, mshQ, and some of the O-antigen cluster genes were
detected in one of the Azov strains, which had the same genotype as those of the
Indian and Bangladeshi O139 strains isolated during 1992–1993 [66]. Thus, the
human isolates besides CTXϕ and VPI contained a rather broad set of genes for
accessory virulence factors with the exception of neuraminidase (NANase), which
was shown as a characteristic feature of the O139 strains isolated after 1992 [18].
It was postulated that the deletion of the nan-nag region from the VPI-2 of Bengal
strains might provide one more explanation of the displacement of O139 serogroup
by El Tor biotype as the nan-nag region was considered to contribute to the sur-
vival of the bacterium in different ecological niches. Nevertheless, the Bengal strains
were shown to produce other neuraminidases having no genetic or immunological
relatedness to NANase and possessing distinct physicochemical properties and sub-
strate specificity [67]. The neuraminidase purified from a toxigenic human isolate
appeared to be a high molecular weight glycoprotein unable to hydrolyze the syn-
thetic substrate 2-(4′-methyl-umbelliferyl)-N-acetyl-α-D-neuraminic acid (MUA)
unlike NANase of V. cholerae O1 and non-O1, non-O139 but highly active toward
Tween 20. On the other hand, the neuraminidase purified from a non-toxigenic envi-
ronmental O139 strain though immunologically related to that of the toxigenic strain
was able to cleave MUA but not Tween 20 [68, 69]. Genetic determinants of these
neuraminidases were not yet identified and their relevance to disease as well as to
survival of vibrios in the environment remains to be determined.

A comparative analysis of hybridization patterns of HindIII and BglII DNA
restriction digestions with molecular CTXϕ core and RS probes showed signifi-
cant diversity. Strains isolated in two districts of the Rostov region in 1993 as well
as the reference strain MO45 contained two CTXϕ prophages arranged in tandem,
but hybridization patterns and the numbers of RS elements present in their genomes
were different. The three Azov strains representing a single clone contained two tan-
dem copies of CTX core genes flanked by RS elements and the third RS was located
between the core genes [70]. The presence of three RS elements in these strains was



60 E.V. Monakhova

also shown in Southern blots of the PstI–BglII restriction digestions [71]. The strain
isolated in another district of Rostov region had dissimilar hybridization patterns
and was likely to contain additional RS copy(ies) located in different sites of the
chromosome [70, 71] similar to the Indian El Tor strains isolated before the spread
of O139 vibrios [72]. Both clones isolated in Russia had two tandem CTX copies
like the reference MO45 strain [73] but the latter had another restriction site pattern
outside the prophage genome.

The O139 strains isolated in Kirghizia in 1994 seem to harbor a single prophage
flanked by RS at both ends. In 1994 the epidemic Bengal vibrios carrying two
tandem prophage copies were replaced by the novel El Tor clone in the majority
of Asian countries but remained in Bangladesh [73]. El Tor strains with a single
copy were isolated in India in 1998, which indicated the continuous change in the
structure and organization of the CTXϕ prophage [74]. Nonetheless, it was sus-
pected that the Kirgizian clone was rather imported from Southern Asia than being
spread from Russia and had genome shifts during its survival in the environment.
Strains isolated in Rostov region and one of the two obtained from Kirgizia shared a
common 23S ribotype, identical to that of an Indian isolate SG24 and significantly
different from the classical 569B. On the other hand, 16S ribotypes of the Rostov
region and one Kirgizian isolate were identical to each other but differed from that
of SG24 [75]. This ribotype designated R-I was considered as a new type compared
to the ribotypes of Indian strains isolated during 1992–2000 [76], while SG24 had
the B-I ribotype like the majority of the Bengal strains. The 16S ribotype of the
second Kirgizian strain differed from both mentioned above [75]. All strains iso-
lated in Russia and Kirgizia formed a unique VNTR cluster (B) together with those
obtained from India and had no genetic relatedness to non-toxigenic environmental
O139 strains belonging to another variable cluster (C) that also did not harbor cxtAB
and tcpA [77]. The “Russian” O139 strains were susceptible to ampicillin but resis-
tant to trimethoprim/sulfamethoxazole and streptomycin, i.e., had an STX element
[43, 71] which was confirmed later by PCR [66]. Similar results were also obtained
for strains isolated in Southern Asia [43, 62, 74].

In spite of the large incidence of O139 cholera in Asian and other countries,
there were no more importations of toxigenic Bengal strains to most of the Russian
territories. Only few imported cases of the infection in Kalmykiya, Uzbekistan, and
Kazakhstan were reported [32, 78], but the properties of the O139 isolates were
not presented. Numerous CTX− O139 strains constantly circulating in the surface
waters in various parts of Russia lacked epidemic potential and were characterized
by drastic differences in their genome organization [75, 77].

4.2.3 CTXϕ+ Non-O1, Non-O139 Strains

V. cholerae non-O1, non-O139 containing CTX element represent the minority
of toxigenic strains and in spite of CT production, they do not tend to epidemic
spread [79]. However, reports on the isolation of such strains from sporadic cases of
cholera-like diarrhea in different countries are available [79–82].
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The non-O1, non-O139 V. cholerae human strains carrying CTXϕ prophage and
tcpA gene of either El Tor or classical type were obtained only from Uzbekistan
during 1987–1990 but not from the other CIS territories [83]. All the 22 strains
were isolated from patients with manifestations of acute diarrhea of different sever-
ity. Retrospective studies showed that the majority of these strains were hemolytic.
Twelve strains belonged to O9, O15, O28, and O74 serogroups while the rest did
not react with the available set of O2–O84 antisera prepared in the Rostov-on-Don
Institute for Plague Control [83]. All the strains caused a significant choleragenic
effect and dissemination in the infant rabbit model. The supernatants of the gut con-
tents of infected animals caused hemolysis of sheep erythrocytes. Unlike the O1
strains, toxigenic non-O1, non-O139 V. cholerae simultaneously produced CT and
soluble hemolysin both in vitro and in vivo [84].

Electron microscopy of the small intestine of infant rabbits challenged with
a toxigenic strain isolated in Uzbekistan revealed ultrastructural changes sim-
ilar to those caused by O139 strains. Epithelial cells and capillaries appeared
to be especially sensitive to the infection. Epitheliocytes decreased in size and
reduction of microvilli followed by clasmatosis of underlying cytoplasm took
place. Usually, subapical plasma membrane contained large osmiophobic zones
lacking any organelles or inclusions. Various lesions were observed in mito-
chondria, which sometimes transformed into myelin figures detecting irreversible
changes. Characteristic features of damage were large cavities containing mem-
brane structures or plasma-like substance. The liquid was delivered into intestinal
lumen by means of vacuoles and cavities as well as via enlarged intercellu-
lar spaces. Corresponding alterations synchronously occurred in all parts of the
microcirculatory bed. As a result, plasma and blood cells penetrated into stroma.
Polymorphonuclear leukocytes and macrophages prevailed among cellular ele-
ments [59]. Thus, the virulence of ctxAB+ non-O1, non-O139 V. cholerae strains
is similar to that of toxigenic O1 mainly due to the production of CT, which
upsets the water–salt balance giving rise to the secretion of liquid into the gut’s
lumen and abundant diarrhea. However, the complex pathological manifestations
revealed by electron microscopy are thought to be caused by CT and possibly
other factors, as the tested strain was likely to contain only one copy of CTX
prophage [61].

As detected by colony hybridization and PCR, all strains carried CTXϕ, RS1ϕ,
VPI, intact or truncated VPI-2 and RTX cluster (including ACD-rtxA), mshA, mshQ,
cef, hapA, and toxR genes. The presence of tcpA gene was detected in colony
hybridization, but not in PCR with the primers for tcpA of classical or El Tor types
[61, 85], probably due to the genetic diversity of tcpA common among different
V. cholerae, especially the non-O1, non-O139 strains [86]. Some of the toxigenic
non-O1, non-O139 strains, however, were shown to carry tcpA of classical type [66].
The other genes of VPI such as toxT, aldA, and tcpP were present in all strains. The
genes rig, gmhD, and orf2 flanking the O-antigen gene cluster were also detected
as well as the insertion sequence IS1385 located inside this cluster. Sequencing and
comparative analysis of ctxA, ace, zot, rstC, toxT, tlc, rig, and orf2 fragments showed
slight differences between strains isolated in 1986–1987 and 1990, but all of them
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were significantly distinct from the sequences of V. cholerae O1 N16961 and the
sequence of virulent V. cholerae O37 1322-69 available in GenBank [85]. Based on
these data, it was assumed that the strains isolated in Uzbekistan in 1990 represent
a single clone having no close relation to the V. cholerae O1. However, molecular
typing of several strains carried out by the Pasteur Institute (France) revealed signifi-
cant variability of CTX types and 16S and 23S ribotypes (Koblavi S, 1992, personal
communication), which suggests their non-clonal origin. The VNTR analysis also
revealed genetic diversity, which was comprised by 11 individual genotypes and
showed multiplicity of expression of the locus VcF located between zot and ctxA
genes. The latter finding was established as a possible additional parameter useful
in defining the epidemiological value of the toxigenic strains [87].

Uzbekistan with its hot climate remains as the CIS country where occurrence of
V. cholerae non-O1, non-O139 is frequent but the isolation of CTXϕ+ strains was
not reported after 1990.

4.3 Non-choleragenic Strains

4.3.1 Pre-CTXϕ+ O1 and Non-O1, Non-O139 Strains

Among the non-choleragenic (ctxAB−) V. cholerae strains, of special interest are
those carrying the derivatives of the CTXϕ precursor, pre-CTXϕ. First revealed by
Boyd EF et al. [88] in the genomes of two clinical and one environmental V. cholerae
O1 and non-O1, non-139 strains and later by Rui et al. [89] in one O139 strain
(GenBank access number AF416590), pre-CTXϕ remains a rather rare finding.

Out of several thousand V. cholerae strains investigated in Rostov-on-Don
Research Institute for Plague Control, only 18 O1 and 8 non-O1, non-O139 were
shown to contain one to two copies of the pre-CTXϕ prophage [61, 90–92]. This
group of strains included nine O1 isolates, which caused a local outbreak of acute
diarrhea in Uzbekistan (Katta-Kurgan, Samarkand region) in 1990 presumably
among children, as well as one O1 and six non-O1, non-O139 (O13 and O unty-
pable) from sporadic cases from different regions in 1987–1988. One O8 strain was
obtained from an acute diarrhea patient in Rostov-on-Don, Russia, in 1981. The rest
eight O1 and one non-O1, non-O139 strains were isolated from sewage and river
water in Moscow (1992), Rostov-on-Don (1982, 1987), Crimea, Ukraine (1991),
and Chechen Republic of Russia (1995). In the infant rabbit model, both clinical
and environmental strains caused a significant enteropathogenic effect sometimes
resembling the choleragenic one, and in a number of animals, dissemination of the
tested bacteria into various organs and tissues was detected. The sterile cultural
supernatants of the majority of the strains stipulated cell rounding in CHO cell
assay (one caused 100% death) and disconnection of cells in McCoy and L-929
monolayers as well as an increase of skin permeability in Craig’s test [93].

Besides the genes of pre-CTXϕ, all the strains contained hapA, cef, rtxA, and rtxC
genes. The rtxA and vgrG ACD domains, genes of pathogenicity islands VPI and
VPI-2, mshA were present in diverse combinations. tcpA was detected in all strains
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by colony hybridization but only partly by PCR (as described above for toxigenic
non-O1, non-O139 strains). None carried slt1, tdh, or trh genes. Thus, the diarrheic
syndrome of different severity registered in patients from whom these strains were
isolated and signs of virulence revealed on the laboratory models are likely to be
due to expression of the genes of the accessory pathogenicity factors including Cep,
Ace, and Zot [93].

A comparative analysis of DNA restriction patterns with molecular probes rec-
ognizing pre-CTXϕ core genes and flanking RS sequences showed heterogeneity in
the number of truncated prophage copies and their localization as well as position of
HindIII and BglII restriction sites within them. Among 17 clinical strains, 5 etiolog-
ically significant clones were recognized, each associated with a definite period and
region of isolation. Among these clones, one was a causative agent of an acute diar-
rhea outbreak in Uzbekistan. These strains were shown to carry a derivative of the
CTXϕ precursor containing a complete set of genes required for phage production
and the RS2 element. RS1ϕ prophage was present only in two strains, one of which
constantly formed its replicative form as well as the pre-STHϕ RF [91]. Variability
of the integrated prophages depends mainly on the type of RS elements. At least
half of the investigated strains possessed a potential for generation of infectious viri-
ons and horizontal transfer of virulence genes through “conventional” (pre-STHϕ

infection) and “unconventional” (common transduction) pathways [61, 91]. Further
investigations confirmed their ability to produce RFs and phage particles as a result
of mitomycin C induction (Monakhova EV, unpublished data).

The origin of four environmental pre-CTXϕ-carrying O1 strains with identical
PCR genotypes isolated during July–August 2007 from sewage and river waters
near Rostov-on-Don [92] remains unclear. No acute diarrheal diseases caused by
strains of similar characteristics were registered this time. It seems unlikely that the
organism survived in the environment for 20–25 years, after the last isolation of
such strains in the same region. One clinical and three environmental ctxAB− ace+

zot+ tcpA+ toxT+ attRS+ strains were identified in Turkmenistan during the 1970s–
1980s [46], but there is no sufficient evidence that they are not deletion mutants but
real carriers of pre-CTXϕ.

4.3.2 CTXϕ−/Pre-CTXϕ− O1 Strains

Long-term studies conducted in Russia showed that ctxAB− tcpA− strains are usu-
ally isolated from sporadic diarrheal cases [58]. Such isolates may contain or lack
tcpA and other genes of VPI. Few ctxAB− tcpA+ strains were isolated from sporadic
cases of acute diarrhea and healthy carriers in Rostov-on-Don (1974), Volgograd
region (1999), and Astrakhan (2001) [32]. An outbreak caused by V. cholerae O1
ctxAB− tcpA+ strains was recorded in Kamensk district of Rostov region in 2005
and it was associated with contamination at the source of water supply. V. cholerae
O1 was isolated from 2 patients and 30 carriers. In addition, V. cholerae isolated
from the surface water reservoir within the area of water intake showed the strain
identity. As indicated by the results of genomic and VNTR analysis, the responsible
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strains differed from ctxAB− tcpA− and ctxAB− tcpA+ strains, which were isolated
earlier from cholera patients, carriers, and the environment both in the presence and
in the absence of epidemiological complications and constituted a unique group
of strains with a specific genotype. These findings strongly supported the view
that these strains were evolved through importation. Indeed, three carriers were
revealed among workers who arrived from Tajikistan to this region not long before
the beginning of the outbreak.

Both clinical and environmental strains had the same gene profile, i.e., ctxAB−
cep− orfU− ace− zot− attRS+ rstR− rstA− rstB− rstC− tcpA+ toxT+ rtxA+

ACD-rtxA+ rtxC+ ACD-vgrG+ int+ nanH+ vce− mshA+ toxR+ cef+ hapA+

tolQRA+ slt1− stn/sto−, but different from strains previously isolated in several
Russian territories and formed a unique cluster of seven similar VNTR genotypes.
These genotypes suggested the imported origin not only of ctxAB+ tcpA+ but also of
ctxAB− tcpA+ and ctxAB− tcpA− strains. In spite of the apparent clonal nature of the
outbreak-associated strains, some variations were detected in antibiotic resistance.
Strains isolated from patients and from a carrier were resistant to chlorampheni-
col and majority (26 of 32) of them was resistant to sulfamethoxazole/trimethoprim
[8]. Production of TCP was thought to be the main reason of Vibrio carrier status.
However, many outbreaks were caused by tcpA− strains as well.

Spread of non-epidemic V. cholerae O1 in Donetsk (Ukraine) from June to
September 1971 was associated with consumption of infected milk produced by
one of the city’s factories. During this period, 14 patients and 278 carriers were
identified. Almost all the strains isolated from humans, milk, and water shared sev-
eral phenotypic properties such as hemolytic, hemagglutinating, proteolytic, and
lecithinase activity and caused moderate enteropathogenic effect in infant rabbits
and rabbit ileal loop (RIL) models [6]. The cultural supernatants caused cell round-
ing and destruction in L-929 cell cultures (Alekseeva LP, personal communication).
Furthermore, these strains shared the same genotype: CTXϕ−RS1ϕ− tcpA− toxT−
rtxA+ rtxC+ ACD-rtxA+ ACD-vgrG− int+ nanH+ vce− mshA+ toxR+ cef+ hapA+

tolQRA+ slt1− stn/sto− trh−. The sequences of tdh were revealed in blot hybridiza-
tion but not in PCR (Monakhova EV, Smolikova LM, unpublished). Thus, the strains
obviously belonged to a single clone, with the exception of two clinical isolates,
which appeared to be non-hemolytic, caused elongation of L-929 cells, and con-
tained ACD-vgrG. The outbreak was brought under control after stopping milk
production and by closing the factory. Six strains of identical genotype were iso-
lated from the environment the next year, which indicates long-term persistence of
the suspected strain, but there were no more patients or carriers in the subsequent
years [6].

Several ctxAB− tcpA− strains isolated from cholera patients in Ukraine (1991),
Moldova (1991), Azerbaijan (1989), and Uzbekistan (1989) causing a typical
choleragenic effect in most infected infant rabbits were highly adhesive and inva-
sive. Electron microscopy of the small intestine of animals infected with a represen-
tative strain of this group revealed dramatic affect on gut epithelium accompanied
by severe circulatory disturbances comparable with those caused by choleragenic
strains. Cholera vibrios, however, were seen not only in intestinal lumen, but also in
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villus stroma. Ultrastructural investigation revealed destruction of microvilli form-
ing epitheliocyte brush border, which resulted in extensive uncovering of apical
plasma membrane. The labilization of the latter promoted clasmatosis of cytoplas-
mic parts and individual epithelial cell desquamation. Inside the intestinal lumen,
the microorganisms were observed together with cellular fragments and separated
organelles. It is notable that in spite of invasion, vibrios were found rarely in the
epithelial cytoplasm. Nevertheless, such an interaction resulted in irreversible dys-
trophic injuries and necrosis in epithelium. The most interesting fact is that the
vibrios penetrated into the submucous layer in great numbers and even localized
between smooth muscle cells. In stroma they arrange close to the capillaries and
smooth muscle cells of the intestine or were phagocytized by macrophages. The
cases of incomplete phagocytosis were also observed. When the diarrheal syndrome
was completely developed, remarkable changes in microcirculation and endothe-
lium took place. In the capillary lumen, mixed platelet–erythrocyte thrombi were
observed, as well as frequent adhesion and aggregation of degranulated platelets
combined with fibrin precipitation. In endothelial cells, micropinocytosis intensifi-
cation, cytoplasm vacuolization, formation of numerous microvilli followed by their
clasmatosis, and local foci of plasma membrane destruction usually accompanied by
platelet adhesion occurred. The lesions in the intracellular contact zone were termi-
nated by disjunction of endotheliocytes and increasing vascular permeability of the
hemato-enterocytic barrier. Extravasal damages were characterized most frequently
by release of liquid part of blood, fibrin, and blood cells into the interstitial space
[59, 60, 94, 95].

The above-tested strain was isolated from a cholera patient during the epi-
demic of 1991 in Ukraine caused by a toxigenic clone. However, it lacked all
the genes of CTX and RS elements and VPI as well as stn/sto, slt1, trh, and
tdh, but contained attRS, intact RTX cluster, and VPI-2, mshA, cef, hapA, toxR,
ACD-vgrG, tolQRA. Probably, in the absence of CT, some of these genes showed
high level of expression and the observed effects appeared as a result of the com-
bined action of several factors. At least drastic cytoplasm vacuolization similar
to that described above was observed in the intestine of suckling mice chal-
lenged with V. cholerae hemagglutinin/protease [96], and the cultural supernatants
of this and some other non-toxigenic strains caused notable elongation of CHO
cells [97] comparable to that elicited by Cef [98, 99]. The observed effects
might also be induced by other toxins with non-identified genetic determinants
such as WO7 [100] or dermonecrotic factor [101] as well as by still unknown
factors.

Cases of mild diarrhea caused by non-toxigenic hemolytic strains were regularly
registered in Azerbaijan on the background of circulation of such strains in surface
water reservoirs [45]. In the beginning of the 21st century, non-toxigenic strains
were isolated from individual patients and carriers during the cholera outbreaks in
Turkmenistan [46], sporadic diseases in Krasnodar Territory, Astrakhan, Volgograd,
Kirov, Sakhalin regions, Chelyabinsk, Kalmykia, and others. The “sporadic” iso-
lates differed from each other by the absence of certain genes from the tested set
(rtxA, ACD-rtxA, ACD-vgrG, int, nanH, vce, and mshA) but all contained distal part
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of rtxA, rtxC, toxR, cef, hapA, tolQRA, lacked slt1 and stn/sto, and showed diverse
VNTR genotypes [8].

The severity of sporadic cases of cholera caused by ctxAB− tcpA− strains varies
from mild diarrhea to significant dehydration. The latter mainly concerns immun-
odeficient humans weakened by concomitant or chronic illnesses. For example,
a non-toxigenic strain was isolated in Chelyabinsk during 2000 from a cholera
patient with hormone-dependent bronchial asthma and chronic gastritis. The signs
of cholera were fierce including abundant watery diarrhea, vomiting, and mus-
cle cramps. However, the agent lacked not only CTX element and VPI but also
a major part of VPI-2, mshA (in the presence of mshQ), ACD-vgrG, stn/sto, and
slt1. From a set of tested genes the agent contained only RTX cluster (including
ACD-rtxA) and hapA [7, 8]. In the infant rabbit model, the strain caused moder-
ate enteropathogenic effect in response to 109 colony forming units (CFU) and in
vitro showed proteolytic, hemolytic, and phospholipase activity. So the severe diar-
rhea might be completely or partly stipulated by these factors and RtxA in highly
sensitive humans [7].

Another strain isolated in Kalmykia during 2002 from a case of mixed cholera–
salmonellosis infection had similar phenotype and PCR genotype but caused a
significant enteropathogenic effect in infant rabbits challenged with 107 CFU.
Nonetheless, its contribution to diarrhea observed in the patient is still unclear.
Molecular typing of both strains by means of mono- and multiprimer PCR has
demonstrated that they differed from each other as well as from V. cholerae human
and environmental strains isolated in other parts of Russia [7].

It is still not clear whether non-toxigenic human pathogens are the deletion
mutants of epidemic strains somehow preserved after certain outbreaks or endemic
clones imported from other countries.

4.3.3 CTXϕ−/Pre-CTXϕ− Non-O1, Non-O139 Strains

As well as reported in many countries [102–109], in Russia and CIS countries the
role of ctxAB− V. cholerae non-O1, non-O139 in human pathology is also restricted
by sporadic cases and local outbreaks of acute enteric diseases [110] and, rarely,
generalized fatal infections [111], which, however, would not be ignored. Numerous
non-O1, non-O139 cases were registered presumably in most of the CIS countries
for more than a century.

In the former USSR, non-O1, non-O139 infections were registered virtually
on all territories excluding the most northern regions. A number of focal out-
breaks occurred in the 1960s−1970s in Rostov region, Moldova, Kazakhstan,
and Uzbekistan; the other cases were rather sporadic though larger in num-
bers with several fatal cases [110]. Multiple gastroenteritis diseases caused by V.
cholerae O47 were registered in Rostov region in 1970 [112] and in Minsk region
(Byelorussia) in 1979 [113]. Local outbreaks took place in Minsk among the par-
ticipants of weddings with predominance of asymptomatic carriers. Additionally,
11 sporadic cases including 4 mild and 7 of median severity were revealed. The
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isolated strains were susceptible to tetracycline, chloramphenicol, streptomycin,
monomycin, kanamycin, erythromycin, penicillin, ampicillin, and furazolidon. Only
one strain was resistant to chloramphenicol, erythromycin, and furazolidon. All
were lethal and enteropathogenic in the infant rabbit model.

Interestingly, the non-O1, non-O139 V. cholerae was susceptible to most of the
antibacterial drugs. For instance, all the 983 strains isolated from humans in differ-
ent parts of Ukraine from 1999 to 2003 showed variable levels of susceptibility to
most of the 16 tested antibiotics but only few were resistant to low concentrations
of streptomycin, chloramphenicol, polymyxin, and benzylpenicillin [114].

Unfortunately, most publications reporting about isolation of non-O1, non-O139
vibrios from patients and carriers in Russia and other CIS countries lack any molec-
ular characteristics of the agents, minimizing the information on their pathogenic
potential. Only during the last two to three decades, certain retrospective molecular
studies were conducted by few groups of investigators [83, 84, 115, 116].

Cases of gastroenteritis caused by non-toxigenic non-O1, non-O139 strains were
found in Astrakhan almost every year. PCR analysis of strains isolated from 1973
to 2003 revealed the absence of not only CTX, RS1, and VPI but also VSPI and
VSPII, nanH, and mshA in 26 out of 27 tested isolates [115]. Only seven strains
carried mshQ and attRS while rtxA, hapA, and toxR were detected in all strains.
One strain isolated in 1976 had a different genotype containing three genes of VPI
(aldA, tcpP, and tcpH in the absence of tcpA and toxT), nanH, and mshA. RAPD-
PCR patterns of strains isolated in 2000 and 2002 were variable with the exception
of two strains isolated in 2000 showing no clonal relatedness between them.

As mentioned earlier, the majority of strains from patients with acute diarrhea are
obtained from Uzbekistan. However, 249 of the recent (2000–2001) human isolates
tested did not contain genetic determinants of any particular virulence factors such
as stn/sto or slt1. ctxAB genes were detected in none of the strains and only five of
them were positive for tcpA. The etiology of acute enteric disease was confined to
serogroups O18, O62, O82, and O37 but the total number of identified serogroups
was 32 among 84% of strains [83, 117]. In fact, no distinct correlation was seen
between the affiliation to certain serogroup and etiological outcome of the agent. In
Kalmykia and Astrakhan, serogroups O2, O5, O8, O18 and O83, O13, O65 were
frequently detected among non-cholera Vibrio-mediated infections. Human isolates
from India were also included in this investigation and showed prevalence of O5,
O11, and O47 among 15 common serogroups [83].

Strains isolated in CIS countries caused variable manifestations of the
enteropathogenic effect in the infant rabbit model [84]. Further investigations
showed that non-toxigenic V. cholerae non-O1, non-O139 usually carry limited sets
of virulence genes as compared to O1 serogroup. Nevertheless, they are able to
cause human diseases of different severity but the main responsible factors remain
undetermined. As a rule, they contain RTX cluster, cef and hapA genes. We failed
to find stn/sto, tdh, or trh genes among the CIS isolates while their presence in
non-O1, non-O139 genomes is reported elsewhere [9, 118, 119]. In the absence
of VSPI, VSPII was identified in one O50 strain from Rostov-on-Don isolated in
1974 [66].
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Recently a type III secretion system (TTSS) that is related to the TTSS2 gene
cluster found in a pandemic clone of Vibrio parahaemolyticus was identified in
the genomes of certain non-O1, non-O139 strains including isolates from patients
with severe watery diarrhea. The genes for this V. cholerae TTSS system appear
to be present in many non-O1, non-O139 strains, both clinical and environmental
[119, 120]. The TTSS genes were localized in a 48 kb gene vcs cluster on chromo-
some I [119] and were predicted to encode the structural components of the TTSS
membrane-associated pore-forming complex (vcsCJRTQVU) and an ATPase that
provides energy to drive secretion by means of the apparatus (VcsN) [120].

PCR screening of non-toxigenic V. cholerae O9, O17, O41, O50, O85, O87 and
other serogroups isolated in Astrakhan, Rostov, Saratov and Kuibyshev (Samara)
regions, Kalmykia, Bashkortostan, Turkmenia, and Uzbekistan in 1968–2002 (as
well as several strains from Southeastern Asia) mainly from patients for the pres-
ence of TTSS genes showed that nearly 30% carried all four tested genes, vcsC2,
vcsN2, vcsV2, and vspD, suggesting the presence of the intact vcs cluster, which
might contribute to the pathogenic properties of these strains. In contrast, toxigenic
O1, O139, and non-O1, non-O139 strains investigated so far including 22 isolates
from Uzbekistan contained none of these genes [116]. Thus, among CTX+TCP+ V.
cholerae up to now only representatives of O141 were found to be positive for TTSS
[120]. The reasons for enteropathogenicity of other strains lacking vcs genes remain
to be elucidated.

4.4 Environmental Strains: Harmless Refugees
or Ambushing Bandits?

Due to the existing danger of cholera import and spread, rigorous monitoring
is in practice in all the territories conducted by Sanitary and Epidemiological
Services of Russia and CIS countries. Tens and hundreds of O1, O139, and non-
O1, non-O139 strains are being isolated from surface water reservoirs every year.
The large-scale PCR detection of ctxAB and tcpA genes is aimed at the reve-
lation of potentially epidemic agents. However, environmental toxigenic strains
usually accompany cholera outbreaks and are rarely detected in the disease-free
periods [58] while the non-toxigenic strains are so numerous that they are con-
sidered as representatives of indigenous microflora. On the other hand, some
authors presumed subsistence of long-existing temporary natural foci of infec-
tion in some cholera-prone areas supported by favorable ecosystem [34, 40] and
even a view was given considering cholera as an environment-related sapronose
infection [121].

During cholera outbreaks, the causative agents contaminating water represent
real danger even in CIS countries with temperate climate. Their long persistence
may be related to the favorable environmental conditions. As seen in many inves-
tigations, V. cholerae reside in the intestine of carriers. Indeed, cases of prolonged
carriers of V. cholerae were observed in Russia and Ukraine [122]. However, in
experimental models it was shown that the formation of endemic niche of cholera is
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impossible in climatic conditions of European Russia. It was concluded that the
organism’s ability to temporarily accumulate in water ecosystems as a result of
recurrent fecal contaminations has no connection with real nidification [78]. Such
a possibility seems to be probable for southern CIS countries with hot climate
(Uzbekistan, Kazakhstan, Tajikistan, Kirgizia) [46] but the epidemiological anal-
ysis usually reveals the imported nature of cholera from the neighboring countries
where endemicity for the disease prevails with constant circulation of cholera vib-
rios belonging to different serogroups, carrying diverse combinations of virulence
genes. Nevertheless, only few strains were shown to have epidemic potential and
even they have to undergo an enrichment phase in the intestinal environment of a
mammalian host before their spread [123].

In Russia, ctxAB− tcpA+ strains are also considered to possess certain epidemic
potential as possible recipients of CTXϕ [124]. This possibility cannot be excluded
but CTXϕ infects recipient V. cholerae El Tor strains much more effectively in vivo
than in vitro [10, 11]. Recently, it was shown that the wild-type ctxAB− tcpA−
strains may uptake CTXϕ due to the products of tolQRA genes [20], which are
present in all wild-type V. cholerae strains investigated so far [125].

Attempts are being made to explain the possibility of long-term persistence of
V. cholerae by its transfer to non-culturable forms with subsequent reversion with
all its virulence features. The non-culturable forms of toxigenic V. cholerae were
detected by means of PCR in the natural water reservoirs in Crimea, Kharkov region
(Ukraine), and Azerbaijan [126]. Though the ability of their reversion was shown in
experimental models [127–129] the real danger of such reverted forms of V. cholerae
was not confirmed. The first results of a recent study on biofilm formation by V.
cholerae strains isolated in the Russian Federation showed their potential ability to
generate cell monolayers as an intermediate state of biofilms [130].

In any case, most of the CIS environmental strains once being expatriated from
humans seem to become “poor outcasts” forced to adapt somehow to the new sur-
roundings, frequently irreparably losing their virulence genes while the minority
of them residing in favorable conditions of asymptomatic carriers may represent
“ambushing war criminals” awaiting for an occasion to take revenge.

4.5 Conclusions

Epidemic situation and cholera morbidity in Russia and other CIS countries show
that from the very end of the 20th century, the spread of diseases caused by epi-
demic V. cholerae strains tends to decrease, but infrequent imported sporadic cases
continue. However, the existence of stable and temporary endemic foci was identi-
fied in a number of Asian and African countries and migration of people increase
the threat of import of infection and consequent prediction of cholera in Russia and
other CIS countries.

Both toxigenic and non-toxigenic V. cholerae strains are epidemiologically very
important. Though usually unable to cause a large-scale epidemic, the non-toxigenic
vibrios must not be ignored as the symptoms of diarrhea are frequently severe.
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The exact reasons of elevated virulence of certain ctxAB− strains are not yet clear
but obviously are associated with the production of a number of accessory toxins
and additional virulence factors, which are likely to be “interchangeable” in the
absence of CT that usually “masks” their activity in toxigenic strains. In animal
models, the non-toxigenic strains with different sets of virulence genes often show
the same or very similar effects, maybe due to diverse expression levels of variable
genes by individual strains and/or to the competition of the products for appropriate
secretion systems. Cholera vibrios of distinct serogroups with diverse sets of viru-
lence genes are considered by some authors as possible natural sources of genetic
determinants for the emergence of new epidemic clones. Taking into account the
extremely high plasticity of V. cholerae genome as well as emergence of O139 and
O141 as epidemic strains the probability of further “surprises” is anticipated. More
investigations are needed to ascertain whether the historically “endemic areas” of
Russia and other CIS countries may become “cradles” for the newly emerged and
most virulent strains of V. cholerae.
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Chapter 5
The Re-emergence of Cholera in the Americas

Gabriela Delgado, Rosario Morales, Jose Luis Mendez,
and Alejandro Cravioto

Abstract In the history of cholera, seven cholera pandemics occurred during the
nineteenth and twentieth centuries and five of these affected the American continent.
Ships transporting European immigrants in the nineteenth century probably brought
the disease to the American continent during the second pandemic. Between 1973
and 1991, infrequent indigenous cholera cases were reported in different parts of the
USA including Louisiana, Florida, Georgia, Maryland, which have been linked to
the Gulf Coast reservoir. In 1991, cholera resurfaced in Latin America account-
ing for 66% (396,536 cases) of all cholera cases reported worldwide that year.
Unexpectedly, cholera re-emerged in Peru during early 1991 and quickly turned
into an epidemic that extended to Bolivia, Brazil, Chile, Colombia, Ecuador, El
Salvador, Guatemala, Honduras, Panama, Venezuela, and Mexico. During this time,
several important environmental factors including El Niño were attributed to the
increased incidence of cholera. During and after the cholera outbreaks in South
America, intensive measures were taken that include epidemiological surveillance,
setting up of a laboratory network, proper patient care, improvements in basic san-
itation, and clean water supply systems. Such timely measures helped to control
cholera and other diarrheal diseases. Several molecular techniques have allowed the
study of clonal variations in Vibrio cholerae for the first time. Molecular tools helped
in identifying the epidemiological links with import of cholera by travelers as well
as of the environmental origin. Several serotypes of V. cholerae exist in costal envi-
ronments and seroconversion may play an important role in the epidemiology of
cholera.

5.1 Introduction

Vibrio cholerae O1 is the etiological agent of cholera, which is an acute and severe
gastrointestinal infection characterized by the abrupt appearance of severe watery
diarrhea, vomiting, and rapid dehydration that can lead to death within a few hours
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[1]. Cholera is one of the epidemic diseases that have been documented in social
and political history for more than 2000 years, with descriptions being found in
ancient Greek, Sanskrit, and Chinese [2]. The epidemiology of cholera centers on
the biological and ecological properties of V. cholerae and the complex patterns
of human behavior in environments that, for climatic reasons or poverty, allow the
transmission of the pathogen from one human being to another. The epidemiology
of cholera in Americas is different from Asiatic and African cholera. This chapter
reviews the salient aspects of cholera in Americas.

5.2 Epidemiology of Cholera in Americas

Seven cholera pandemics occurred during the nineteenth and twentieth centuries,
with five of these affecting the American continent. Ships transporting European
immigrants in the nineteenth century probably brought the disease to the American
continent during the second pandemic, with the first cases being detected on 8 June
1832 in Québec and on 10 June in Montreal. In the same month, the disease was
first reported in the United States of America (USA) in New York, with more cases
appearing in Philadelphia in July. The disease probably crossed the border into
Mexico via the American colonialists who were settling in Texas or via ships that
came from New Orleans to Mexican ports in the Gulf of Mexico, the Yucatan penin-
sula or the port of Havana. Cholera first appeared in Mexico around July and August
of 1833 in the city of Saltillo, the then capital of the Province of Coahuila–Texas.
In August of 1833, cholera cases were detected in Mexico City with over a thou-
sand people dying of the disease in that month alone. The second pandemic also
affected Peru, Chile, Cuba, Nicaragua and Guatemala [3]. Of the seven pandemics
for which records exist, the third was one of the most catastrophic with 140,000
deaths in France, 20,000 in England and more than 200,000 in Mexico. In the USA,
the disease accounted for an increased number of human deaths with New Orleans
mourning the loss of 5,000 citizens in August 1853 [3].

Mexico was once again affected by cholera during the fourth and fifth pandemics
at a time when the country was fighting both internally and against the invasion
of the French army. In a bizarre way, the disease helped to fight the invaders dur-
ing the fourth pandemic when cholera appeared among the French troops forcing
them to seek treatment in large numbers [3]. The fifth pandemic in 1882 affected
mostly the south-east of the country. Cases were detected in Chiapas, Tabasco, and
the Isthmus de Tehuantepec. On 12 February 1883, the Epidemiology Commission
of the Superior Health Council reported an increase of 75% in the case-fatality rate
of cholera cases. This high mortality rate and the severe measures used by the gov-
ernment to control the disease ended the epidemic in the same year [3]. Other Latin
American countries such as Brazil, Chile, Argentina, and Uruguay continued to bat-
tle cholera until 1895 [3]. Cholera then disappeared from the continent for almost
100 years.

Between 1973 and 1978, autochthonous cases of cholera were reported in dif-
ferent parts of the USA [4]. In the latter part of 1978, 11 people were infected by
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V. cholerae El Tor in Louisiana after eating cooked crabs from different sites along
the coastal marshes, and in the same year, two isolated cases were reported in Florida
[5] and Georgia [6] associated with eating contaminated raw oysters. In 1981, there
was a small outbreak of severe diarrhea associated with V. cholerae El Tor isolated
from 16 people who had eaten raw shellfish from the Gulf of Mexico [7]. In 1983,
an American tourist returning from Cancun, Mexico, became ill with a cholera-like
syndrome and a toxigenic V. cholerae O1 Inaba strain was isolated from the feces.
A subsequent epidemiological study in the same area revealed that V. cholerae O1
could be found in 16% of the environmental samples but none of these strains were
able to produce cholera toxin (CT) and thereby were unable to cause disease in
humans [8]. In 1984, another isolated case was reported in Maryland following the
consumption of infected crabs caught along the Texas coast [9]. In 1986, 18 people
living in 12 different places in Louisiana had a cholera-like syndrome after eating
crabs and shrimps collected from different locations along the Louisiana coast [6]. In
the autumn of 1991, a single cholera case was identified on an oilrig barge in Texas,
followed by 13 secondary cases of cholera and one asymptomatic infection asso-
ciated with the same organism [10]. Between 1973 and 1991, a total of 65 cholera
cases have been linked to the Gulf Coast reservoir of the USA. Before 1991, there
were only two reports of V. cholerae O1 isolation in other parts of the American
continent, one toxigenic strain isolated from sewage water but not humans in Rio
de Janeiro, Brazil, and a non-toxigenic V. cholerae O1 isolated from two American
tourists visiting Peru.

In 1991, cholera resurfaced in Latin America accounting for 66% (396,536 cases)
of all cholera cases reported worldwide that year [11]. For some unknown reason,
cholera re-emerged in Peru on 23 January 1991 and quickly turned into an epidemic
that extended to Bolivia, Brazil, Chile, Colombia, Ecuador, El Salvador, Guatemala,
Honduras, Panama, Venezuela, and Mexico [12–14]. The infection rate for the conti-
nent was 521 cases per million people with a mortality rate per case of 1%. Peru was
the most seriously affected country with almost 300,000 cases in the first year and
45,000 new cases per week in the first few weeks of the epidemic, which severely
affected the economy of the country [15, 16]. Fifteen years later, the origin of the
epidemic remains unknown, although there are various hypotheses as to how cholera
arrived and spread throughout Peru: (1) through the discharge of sewage water from
the ships that came into port carrying passengers or crew who were asymptomatic
and who had arrived from cholera-infected areas. This discharge contaminated the
sea and food sources such as fish, molluscs, and crustaceans infecting them with
V. cholerae; (2) through the emptying of non-potable water containing V. cholerae
from different compartments of ships into the sea; (3) by non-O1 Vibrio strains
that acquired virulence genes through infection with phages; (4) from plankton in
coastal areas infected with toxigenic V. cholerae O1 in a viable but non-culturable
(VBNC) form or in a culturable form but in very low concentrations that did not
allow its recovery in the laboratory [17]. Environmental factors, such as El Niño
or changes in the salinity and/or concentrations of nutrients in the sea, could have
favored the dissemination of the infecting strains in these areas, along with poor
sanitation, malnutrition, and poverty in the local population [18].
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On 12 June 1991, the first case of cholera in Mexico linked to the same epidemic
in Peru was identified in a rural community in the mountains of the State of Mexico
[19, 20]. At the beginning of the outbreak, a total of 8,622 cases in 16 locations in
Mexico were identified with the largest number of patients appearing in the States of
Hidalgo, Puebla, Chiapas, Guerrero, Veracruz, Yucatan, and Mexico. The average
mortality rate was 1.15%. The most frequent form of transmission was by food han-
dlers who were asymptomatic carriers moving along commercial routes and through
the consumption of non-chlorinated water [19].

In 1991, the cholera epidemic entered the USA with travellers returning from
Latin America. Food has been cited as the mode of transmission of cholera from
Latin America to the United States in several instances. An index case of cholera was
identified in New York in 1991. This case was followed by three secondary cases
of symptomatic infection with V. cholerae O1 [21]. The index case had traveled to
Ecuador and had returned with some boiled crabs, which were contaminated with
the V. cholerae O1 strain prevailing in Latin America at the time [10]. The molecular
characteristics of this strain of V. cholerae O1 were completely different from those
isolated from the coastal areas of Texas and Louisiana. In another instance in 1991,
76 airline passengers returning from Argentina to Los Angeles were infected with
V. cholerae O1 after eating contaminated shrimp and fish salads prepared in Lima,
Peru [22]. Although no secondary spread occurred, 37 passengers became ill, and
of those one died. A total of 41 imported cases of cholera have been documented in
the United States between 1961 and 1990. Most of these cases were associated with
travel to Latin American countries or with eating seafood brought from there.

In 1992, a total of 358,174 cases of cholera and 2,602 resulting deaths were
reported in the Americas with the largest countries affected being Bolivia, Brazil,
Colombia, Ecuador, Guatemala, and Peru. In the same year, Argentina, Belize,
Costa Rica, and Guyana were added to the list of countries reporting cholera
cases, while Surinam reported only 12 cases within its territory [11]. In 1994,
around 127,180 cases and 1,321 deaths were recorded, with Brazil, Guatemala,
and Peru continuing to be the most affected countries [11]. At the beginning of
1995, there was a noticeable drop in the number of cholera cases in most countries.
Paradoxically, Mexico reported its greatest number of cases in 1995 with 16,430
cases and 137 deaths [11].

By 1997, 15 countries in the Americas reported cholera cases of which 7 (Costa
Rica, Belize, Chile, Ecuador, Honduras, and the USA) reported sporadic cases only.
During that year, a total of 17,760 cholera cases and 225 related deaths were reported
officially to the World Health Organization (WHO) indicating a reduction of 25%
in the number of cases and 36% in the number of related deaths compared with the
previous year. Brazil and Peru continued to present the majority of cases, followed
by Mexico and Venezuela, although as stated, all countries showed a marked reduc-
tion compared with 1996. The global case-fatality rate in 1997 was 1.3%, which was
very similar to that in 1996 of 1.4%, with rates ranging from 0% in some countries
to 2.8% in Nicaragua and 4.6% in Ecuador [23].

In 1998, the incidence of cholera increased considerably, probably due to the
natural disasters that occurred, which were linked to climatic phenomena such as El
Niño and Hurricane Mitch in Central America. There was resurgence of the cholera
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outbreaks in Peru in the first three months of 1998, which spread once again to
neighboring countries. A total of 57,106 cases and 558 related deaths were reported
to the WHO accounting for a 300% global increase in the number of cases and a
100% increase in the number of related deaths. Peru reported 71% (41,717) of the
total cases in the Americas with Guatemala reporting 5,970, Ecuador 3,724, Brazil
2,571, and Nicaragua 1,437 cases, while the USA and Canada reporting sporadic
cases only [24].

In 1999, a considerable reduction in the incidence of cholera was once again
reported by the WHO with total cases falling to 8,126 and related deaths to 103
worldwide. The most dramatic reductions were seen in Colombia, Ecuador, and
Peru, although there were increases seen year on year in Brazil and El Salvador.
However, the number of countries reporting cases fell to 12 with Argentina, Bolivia,
Canada, and Chile reporting no cases and the USA reporting 6 cases only, all of
which were imported [25].This trend in the reduction of cases and related deaths
due to cholera continued during the year 2000 with only 3,101 cases worldwide
and 40 deaths being reported by the WHO. The greatest reductions during this year
were seen in Brazil, Ecuador, Guatemala and Nicaragua but once again, El Salvador
reported an increase in cases (631) and two related deaths. As the number of cases
decreased, so did the list of countries reporting cases [26].

By 2001, the total number of cases reported by WHO was down to 535 with no
related deaths. Peru showed a marked reduction of 47%, reporting only 494 cases in
the same 12 months. The other cases that year were found in Brazil, Ecuador, and
Guatemala, with 7, 9, and 13 cases, respectively [27]. The following three years have
shown a continuous reduction in the number of reported cases: in 2002, Canada and
the USA reported 4 and 2 imported cases only, Guatemala reported 1 case, and Peru
16 cases [28]; in 2003, Peru did not report any cases of cholera for the first time since
1991, while Canada, Ecuador, Guatemala and the USA continued to report a small
number of cases [29]; and in 2004, the countries reporting cholera cases were Brazil
[21], Canada (three imported), Colombia (two), Ecuador (five), and the USA (five
imported) [30]. According to figures from the WHO between 1991 and 2004 the
Americas reported a total of 1,277,833 cases of cholera with 12,742 related deaths,
with Peru accounting for the largest number of both [11]. Although epidemic lev-
els have decreased considerably since cholera first reappeared in the Americas, the
Regional Surveillance, Prevention, and Control Committee, established to monitor
the spread of the disease, has continued to function.

5.3 The Environmental Aspects of Cholera

During the last cholera pandemic, contaminated seafood was identified as being the
main source of infection in several outbreaks with raw shrimp, crabs, oysters, clams,
shellfish, and mussels being the most widely cited sources [9, 31, 32]. Reports of
cholera outbreaks from the US Gulf Coast during the last two decades provide epi-
demiological evidence of a definitive role of fish and shellfish in the transmission of
cholera.
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The epidemic and seasonal character of cholera in the continent could be related
to the survival of V. cholerae O1 as a VBNC state or in localized ecological niches
in aquatic environments during the periods between epidemics [33–37]. In order to
understand the ecology of V. cholerae, it is necessary to know something about the
aquatic ecosystems that give shelter to this microorganism and help maintain the
endemic presence of cholera in Latin America. In addition, some experts believe
that it is necessary to avoid human exposure to the natural reservoirs of toxigenic
V. cholerae O1 in order to maintain a suitable level of control [38].

Toxigenic V. cholerae O1 naturally seeks out the optimum conditions for growth
and survival in its aquatic environments. These conditions, warmth, a richness in
nutrients, moderate salinity, and a neutral or slightly alkaline pH, are typically found
in the estuaries and coastal marshes in equatorial, tropical, and sub-tropical regions
where phytoplankton, zooplankton, fish, molluscs, and crustaceans can be found in
abundance [39, 40]. Actually, the environmental niche for V. cholerae O1 is found
in estuaries where the microorganism can survive even in the absence of human
fecal contamination. In the USA, toxigenic V. cholerae O1 biotype El Tor has been
isolated from shrimps and crabs in the State of Louisiana [41] and from oysters and
fish guts caught in Mobile Bay, Alabama [42]. In Florida, non-toxigenic strains of
the O1 serogroup and El Tor biotype have been isolated from oysters (Crassostrea
virginica), which were found in the estuarial waters [43]. In 1991, V. cholerae O1
was detected in fish and molluscs living in the coastal waters of Peru [44]. The chiti-
nous surface of crustaceans can provide an adequate substrate for the multiplication
of this microorganism [45].

On these same lines, a study to determine the frequency of isolation of Vibrio spp.
was conducted during the months of November 1997 (rainy period) and May 1998
(dry season) in Mexico [46, and unpublished observations]. The study involved the
collection of water, oyster, and sediment samples from six different points in the
Mecoacán lagoon, which is located in the State of Tabasco in the south-eastern part
of Mexico. The results indicated a higher frequency of isolation of different Vibrio
species during the rainy period when compared with the dry season, with Vibrio
parahaemolyticus being the most frequently isolated strain, followed by Vibrio
alginolyticus and non-O1 V. cholerae strains [46]. When the O antigen of these
V. cholerae strains was determined, 39% did not agglutinate with any of the specific
antisera, 30% were identified as belonging to serogroup O130, 8% to serogroup O37
and 4% to serogroup O150. There was a statistically significant correlation between
the presence of V. parahaemolyticus and non-O1 V. cholerae with an increase in the
water temperature and the amount of dissolved oxygen in the sedimentary samples
[46]. Non-O1 V. cholerae strains have been previously associated with gastroenteri-
tis in humans [47], as well as being responsible for an outbreak of cholera in the
Sudan [48]. In another study conducted in Mexico [49], non-O1 V. cholerae strains
belonging to serogroups O5, O37, and O112 were also identified in samples of
water and sediment from different sites in the State of Campeche, also in the south-
eastern part of Mexico. It is interesting to note that both Tabasco and Campeche
border the Gulf of Mexico in its most southern part, as Louisiana and Texas do in
the North.
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In Argentina, a VBNC form of V. cholerae O1 was identified in water samples
from the estuary of the Rio del Plata and from the adjacent Atlantic Ocean reef [50].
In addition to being found in water samples, these VBNC forms were also detected
in phytoplankton and zooplankton, mainly copepods. These findings seem to indi-
cate that under favorable conditions, the VBNC forms could revert to a pathogenic
and transmissible state that could then be able to cause disease in humans exposed
to these organisms.

Given the epidemic nature of cholera in some Latin American countries, it is
clear that certain microbiological and epidemiological studies of different aquatic
ecosystems are needed to locate the biotic reservoirs that favor the persistence of
toxigenic V. cholerae O1 during periods between epidemics. It would also be impor-
tant to determine the relationship that might exist between the seasonal variations
of the abiotic parameters (temperature, nutrients, salinity, oxygen saturation, etc.)
and the start and end of these outbreaks. Furthermore, studies are needed to deter-
mine if communities that use river water that contains VBNC organisms, or that
consume seafood infected with these forms, are at risk of developing symptomatic
or asymptomatic infections.

5.4 Management of Cholera and Other Related Diarrheal
Infections

More than a decade since the last cholera epidemic in Latin America, several lessons
have been learned. In the case of Mexico, the Mexican Government considered
that cholera and epidemic outbreaks represented a national security risk and imple-
mented a number of initiatives within the health sector, such as epidemiological
surveillance, the setting up of a laboratory network and changes in patient care,
along with campaigns for public awareness and improvements in basic sanitation
and clean water supply systems, that have helped with the control of cholera and
other diarrheal diseases. These control strategies have had an overall impact in the
general incidence of mortality due to diarrhea among children less than 5 years of
age. These measures have also had an economic impact through an increase in the
number of tourists wishing to visit the country [51].

5.5 Molecular Characterization of V. cholerae

For a long time, epidemiological surveillance of cholera was severely limited due
to the poor sensitivity of the typing methods in existence. In most laboratories,
V. cholerae O1 strains have been identified by bacteriological methods and clas-
sified into two main serotypes, Inaba and Ogawa, and two biotypes, classical and
El Tor, which are based on the phenotypic characteristics of the bacteria [52, 53].
A third serotype has been described, Hikojima, which is really a combination of
the other two. These basic identification systems can be complemented with other
more sensitive phenotypic methods, such as biotyping, serotyping with monoclonal
antibodies, sensitivity testing to specific bacteriophages, fimbriae characterization,
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resistance to antimicrobials or the analysis of patterns of protein extracts, outer
membrane proteins, carbohydrates or lipids obtained by electrophoresis in differ-
ent substrates. Important as they might be to identify the bacteria, these techniques
are unable to determine the allelic variations in specific genes in these organisms
and for this reason, these methods are useless for analyzing the genetic structure of
the genus [52, 53].

In 1992, Stroeher et al. [54] reported that the V. cholerae O1 Inaba causing the
epidemic in Latin America could change its serotype from Inaba to Ogawa and vice
versa. Moreover, they determined that this change in phenotype was due to a dele-
tion or an insertion of a single nucleotide in the rfbT gene that acted as a stop codon
and led a truncated product. This finding indicated that even sophisticated pheno-
typic methods were not sufficient to understand the mechanism by which V. cholerae
behaved during the course of an epidemic. In addition, they showed a need for
genetic techniques to study the more intrinsic mechanisms of adaptation of the bac-
teria to different environments and to develop more useful methods for its control.

During the last 20 years, techniques for molecular sub-typing such as multi-
locus enzyme electrophoresis (MLEE), ribotyping, pulsed-field gel electrophoresis
(PFGE), and the use of PCR and specific molecular probes of DNA have allowed
the study of clonal variations in these bacteria [55, 56]. These techniques have also
allowed natural populations of this microorganism to be studied on a large scale to
determine the genetic diversity of V. cholerae strains [53]. Although MLEE has been
shown to be the least discriminatory method compared with other molecular sub-
typing techniques, such as ribotyping or PFGE, the data produced is reproducible
and suitable for establishing the evolutionary significance of the genetic relationship
that exists between V. cholerae strains. In addition, MLEE creates an efficacious
platform for interpreting the results of other sub-typing techniques applied to this
species.

The unexpected appearance of cholera in the Americas between 1978 and 1993
was perfect timing for the application of these genetic techniques to the epidemi-
ological surveillance of the disease. In 1993, Wachsmuth et al. [57] used various
molecular techniques such as ribotyping, restriction fragment length polymorphism
(RFLP) of the ctxA gene, sequencing of the B subunit of the cholera toxin (ctxB),
and MLEE to characterize 197 strains of V. cholerae O1 isolates from different parts
of the world. The results of this study showed that there were at least four clones of
V. cholerae O1 biotype El Tor worldwide: an Australian clone (ET 1); a clone from
the Gulf of Mexico in the USA (ET 2); the clone identified as the agent involved
in the seventh epidemic (ET 3); and a Latin American clone isolated during the
reappearance of cholera in the 1990s (ET 4). The ET 4 clone was probably a vari-
ant of the ET 3 clone prevalent in the Western hemisphere, while the ET 2 clone
had apparently evolved in a separate form and was unrelated genetically to the
previous two.

Popovic et al. [58] conducted a second study in which they applied ribotyping
to identify the origin of the V. cholerae O1 strains and to follow their geographi-
cal movement as mentioned above. Their results supported that some ET3 strains
and all ET4 strains belonged to the same ribotype 5, indicating that they are all
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genetically related. What was interesting was that the ET3 strains had been isolated
some 15 years prior to the last pandemic in Latin America from different countries
around the world, none of which was part of that continent.

Prior to the aforementioned studies, Chen et al. [59] carried out a study in 1991
to determine the genetic relationships among toxigenic and non-toxigenic isolates
of V. cholerae O1 strains isolated in the Western hemisphere. Using the MLEE tech-
nique they concluded that while all the toxigenic and some non-toxigenic O1 strains
belonged to a single clone, the majority of non-toxigenic isolates were more genet-
ically diverse belonging to a wider variety of clones. In 1994, Cravioto et al. used
MLEE to study the genetic diversity and clonal relationship between 133 V. cholerae
strains isolated from different parts of Mexico after the start of the 1991 epidemic
[60]. The results showed that 45 of the 133 strains were identified as V. cholerae
O1 biotype El Tor of which 35 belonged to the Ogawa serotype and 10 to the Inaba
serotype. Both groups had a clonal behavior. The remaining 88 strains belonged to
different non-O1 V. cholerae serogroups that had been isolated from sporadic cases
of diarrhea or from environmental sources [60]. The data showed that the V. cholerae
O1 Ogawa and Inaba El Tor strains isolated in Mexico were closely related genet-
ically since of the 16 loci studied by MLEE; the two groups differed only in the
mobility of leucine aminopeptidase (Fig. 5.1).

Fig. 5.1 Electrophoresis of
protein extracts from
V. cholerae strains in a starch
gel stained to determine the
mobility of leucine
aminopeptidase (LAP)

Cravioto et al. [60] also found that the V. cholerae O1 Ogawa strain causing
the epidemic in the American continent was genetically identical by MLEE to
the V. cholerae O139 Bengal strain that had recently appeared in south-east Asia
(Fig. 5.2). Genotypic techniques, such as PFGE, did allow the differentiation of the
major ETs of V. cholerae O1 strains isolated during the Latin American epidemic
[61]. It was a faster method, which was more accessible to laboratories than was
MLEE and therefore could be recommended for use in epidemiological surveil-
lance studies. With the use of PFGE, Cameron et al. [61] were able to determine the
presence of a second V. cholerae O1 clone isolated during the latter part of the Latin
American epidemic that was not related to the ET3 clone. This indicated a second
source of cholera of unknown origin causing disease simultaneously in the same
populations.

Evins et al. [62] also looked at the genetic relationship between toxigenic and
non-toxigenic V. cholerae O1 strains isolated in different countries in the Americas
following the outbreak of the 1991 epidemic. Their results supported the findings
of Cameron et al. indicating that the second epidemic wave that took hold in Latin
America was caused by a V. cholerae O1 Ogawa El Tor belonging to the ET3, but
with an uncommon antimicrobial resistance pattern different to the one found in
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Fig. 5.2 Genetic relationship
between O1 and non-O1
V. cholerae strains isolated in
Mexico: 1, El Tor Ogawa; 2,
O139 Bengal; 3, El Tor Inaba;
4–7, classic Inaba, El Tor
Ogawa II, O22, and O30,
respectively; 8, 86 non-O1
strains in total with 55
belonging to O5-O, O12,
O14, O24, O26, O29, O31,
O34, O35, O37, O39, O41,
O43, O44, O48, O53, O62,
O64, O68, O76, O79, and
O80 serotypes, and 31 not
belonging to any of the 83
non-O1 serotypes for which
prototype strains were
available

strains belonging to seventh pandemic clone (ET3). The strains isolated during the
second wave of the epidemic were also different in their ribotypes and PFGE pat-
terns to those of the ET3 clone strains. Initially this second strain accounted for
approximately 25% of the isolates found in Mexico during 1991 [1, 63] with an
increase to 97% by 1992. This strain spread quickly through Mexico and Central
America during 1991 and 1992 and was also isolated in Romania in 1991. It was
imported to the USA in 1991 and 1994 by travellers returning from India and
south-east Asia respectively. Evins et al. [62] also concluded that the majority of
the non-toxigenic strains analysed in their study were genetically unrelated to the
epidemic toxigenic strains causing disease in Latin America.

Despite all the information generated during the cholera epidemic in Latin
America, the capacity of V. cholerae to spread throughout the environment and
infect large groups of the population remains largely unexplained. Some of these
issues were addressed by Beltrán et al. [64] in 1999 when they analyzed using
MLEE the genetic relationships between 397 V. cholerae strains isolated between
1932 and 1995 from human and environmental sources in different parts of the
world. The collection included 143 of the initial 193 strains that had been used as
prototype strains in the serological reference system for V. cholerae established by
Shimada et al. and Yamai et al. [65, 66] together with 254 V. cholerae strains isolated
from people with diarrhea in different countries of the world. The authors found that
the 397 strains studied belonged to 279 different ETs, indicating that V. cholerae
strains are genetically very diverse (Fig. 5.3). The difference between these findings
and those reported by other authors [67] was probably related to the diversity of non-
O1 serotypes, sources of isolation and geographical regions analyzed by Beltran and
her co-workers. The study showed that 37 ETs formed a tight conglomerate (A),
which included all the strains belonging to serogroups O1 and O139 that are able
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Fig. 5.3 Dendrogram showing genetic relationships of the ETs of V. cholerae, based on MLEE
analysis (17 loci). The dendrogram was constructed from a matrix of pairwise genetic distances
using UPGMA method. The lineages of subdivision Ic and conglomerates A, B, and C are truncated

to cause cholera epidemics (Fig. 5.4). The findings also indicated that, at least in
the strains included in conglomerate A, the rate of recombination and horizontal
transfer of genes related to basic metabolic functions in these bacteria were suf-
ficiently high to avoid the development and maintenance of distinctive alleles for
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Fig. 5.4 Dendrogram showing genetic relationships of the 37 ETs of V. cholerae in conglomerate
A, based on MLEE analysis (17 loci). The dendrogram was constructed from a matrix of pairwise
genetic distances using UPGMA

extended periods of time. Although the data also suggested that the frequency of
intragenic recombination and the distribution of genes related to basic metabolism
in V. cholerae were higher than in other enteric organisms, the results indicated the
existence of defined clonal lineages that have persisted over long periods of time.
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The most obvious examples of the latter results would be the strains of V. cholerae
of serotypes O1 and O139 associated with cholera pandemics.

A further finding reported by Beltrán et al. [64] was that V. cholerae strains
belonging to the same serotype could often be found in divergent lineages with little
genetic relationship between them or that strains belonging to different serotypes
could be found in the same ET. Recombination or spontaneous mutations in the rfb
genes that code for the somatic antigen in these strains were offered as a plausible
explanation for these findings. Results from previous studies support this premise
showing that the rfb genes of V. cholerae can suffer mutations due to horizontal
transfer with relatively high frequency [68, 69].

5.6 Vibrio cholerae Non-O1 Associated with Cholera-Related
Diarrhea

Until 1992, V. cholerae non-O1 strains had been isolated only from sporadic cases
and small outbreaks of diarrhea but never during epidemics. The appearance and
spread in India and Bangladesh of clinical cases similar to cholera, associated with
the isolation of a strain of V. cholerae belonging to serotype O139, marked a change
in the currently accepted paradigm of the disease [70].

Using MLEE, Cravioto et al. [60] demonstrated that the genotype of this O139
strain was identical to that of V. cholerae O1 Ogawa biotype El Tor strains, which
were causal agents of the cholera epidemic in Latin America during the early 1990s
(Fig. 5.2). Other comparative analysis showed similar findings, indicating the exis-
tence of a common ancestral parent for both strains that acquired external genes
through horizontal transfer and/or suffered gene deletions or chromosomal rear-
rangements that gave rise to this new epidemic clone [71–74]. Faruque et al. [75]
showed that the O139 vibrios came from different lineages and that this serogroup
included both epidemic and non-epidemic strains deriving from different progeny,
namely V. cholerae O1 and V. cholerae non-O1.

Another example of this difference in lineages was seen in a V. cholerae strain
of serotype O37, which was the causal agent of a cholera outbreak in the Sudan
in 1968 [76]. In 1995, Bik et al. [69] demonstrated that this strain was genetically
related to the V. cholerae O1 strains with a classic biotype that had been previously
implicated in large cholera outbreaks. Further studies also indicated that another
O37 V. cholerae strain, isolated in 1969 in India, was similar to the one found in
Sudan and to the classic biotype O1 strains isolated during one of the cholera pan-
demics. As with the O139 strains, the O37 isolates seem to have acquired the genes
that code for a new somatic antigen through horizontal transfer and rearrangement
of genes in the rfb region.

The close evolutionary relationship between the O1, O139, and O37 clones
indicates that new epidemic or more virulent clones can emerge through lineage
modification. It seems evident that the O139 strains evolved from an O1 El Tor clone
that acquired a transposon containing the genes, which code for a new lipopolysac-
charide (LPS) identified in the serological system as O139, following the loss of
most of the genes that regulate the synthesis of the O1 LPS [48].
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Colwell et al. [77] have proposed that under special conditions, the non-O1
V. cholerae strains can be converted into the O1 serogroup and vice versa and that
this mechanism could be involved in the survival of these strains in the environment.
The proposed mechanism by which these changes would occur is spontaneous muta-
tion of the genes that code for the somatic antigen and/or induction or repression of
these genes as a response to physical, chemical or biological changes in the envi-
ronment. This seroconversion could play an important role in the epidemiology of
cholera since it could be clearly related to the ability of humans to develop and
maintain a protective immune mechanism against the disease for long periods of
time. The implications of these findings for the development of vaccines for use in
public health are obvious.

For the time being, the only way to keep abreast of future cholera outbreaks
in places of the world like Latin America is through well-conducted epidemiolog-
ical surveillance systems with well-established laboratories that can monitor the
presence and virulence characteristics of vibrios in both human and environmental
samples.
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Chapter 6
The Evolution of Vibrio cholerae as a Pathogen

John Joseph Mekalanos

Abstract Vibrio cholerae is the causative agent of cholera, a severe gastrointestinal
infection that is a major public health problem in developing countries where water
quality and sanitation are poor. Not all strains of V. cholerae are highly pathogenic
for humans and genetic analysis has shown that the difference between pathogen
and nonpathogenic strains resides in their virulence gene content. In this chapter, I
will review the field’s knowledge of the major virulence factors of V. cholerae, the
genetic elements that encode them, and the evolutionary process that leads to the
emergence of toxigenic V. cholerae. Ecological factors (e.g., lytic phage sensitivity,
chitin utilization, and quiescent environmental states) will not be discussed in this
chapter given that these aspects of V. cholerae biology will be discussed in detail in
other chapters. Instead, this chapter will focus on aspects of the organism that relate
to its evolution as a pathogen with emphasis on its known and putative virulence
factors, the genetic elements that encode them, and how this knowledge has shaped
cholera vaccine development efforts.

6.1 Introduction

Vibrio cholerae, the causative agent of cholera, is a gram-negative bacterium that
is the paradigm for enterotoxic gastrointestinal pathogens [1]. An enterotoxic
pathogen like V. cholerae gains its entry through oral injection of food or water con-
taminated with the fecal material of a cholera victim. Thus, epidemics caused by
V. cholerae are a major public health problem in developing countries where water
quality and sanitation are poor. Not all V. cholerae are highly pathogenic for humans
and aquatic environments can carry significant numbers of avirulent V. cholerae that
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seldom if ever cause human disease. A sudden outbreak of cholera can occur in a
region by introduction of pathogenic strains for the first time or by the emergence of
a new pathogenic strain perhaps after de novo genetic recombination events. Thus,
pathogenic strains emerge most efficiently in regions of the world where transmis-
sion between humans occurs and most often this emergence is associated with the
introduction of a fully virulent strain into a susceptible population (e.g., the Latin
American epidemic of 1991). Occasionally, strains of low pathogenicity acquire vir-
ulent genes and thus emerge as a unique new pathogenic clone (e.g., the emergence
of El Tor O1 disease in Indonesia in 1961). Over the last few decades, dramatic
progress has been made in understanding the molecular aspects that account for vir-
ulence of this organism and how virulent strains emerge in nature. Many aspects
on the ecology of V. cholerae have also been revealed and some of these clearly
play a role in the seasonal pattern of outbreaks of the disease in endemic areas.
However, the ecology and the epidemiology of cholera are topics that will be cov-
ered extensively in other chapters of this book. This chapter will focus on aspects
of V. cholerae that relate to its evolution as a pathogen with particular focus on its
known and putative virulence factors as well the genetic elements that encode them.

6.2 Pathogenesis

In its simplest form, the pathogenesis of cholera involves two steps: (i) coloniza-
tion of the upper intestine by toxigenic V. cholerae and (ii) secretion of cholera
toxin (CT), a potent enterotoxin capable of causing the profuse watery diarrhea
that is characteristic of the disease [2]. In the four decades since the purification
of CT [3], much has been learned about the virulence factors that V. cholerae pro-
duce (Fig. 6.1). In brief, the toxin causes a secretory diarrhea by altering ion fluxes
across the intestinal mucosa. This is accomplished by elevating cAMP levels in
intestinal cells through the activation of a G protein (Gsα) that controls host cell
adenylate cyclase activity. The toxin accomplished this by first binding GM1 gan-
glioside receptors on host cells through its B subunit, then translocating its active
A subunit to the cytosol of the target cell. There, the A subunit catalyzes the ADP
ribosylation of the host G protein Gsα, which in turn activates host cell adenylate
cyclase. The cAMP that accumulates in target cells activates protein kinases, which
in turn phosphorylate membrane proteins one of which is the CFTR chlorine and
bicarbonate conductance channel. Active Cl− and HCO3

− transport into the lumen
of the intestine produces an osmotic movement of water out of the tissues and thus
the profuse secretory diarrhea characteristic of this disease.

The genes encoding the toxin (ctxAB) were initially shown to reside on an acces-
sory 7–9-kilobase chromosomal DNA segment termed the CTX genetic element
which structurally resembles a compound transposon [4] and is absent in avirulent
environmental strains of V. cholerae. This element was eventually found to be the
composite genomes of helper and satellite filamentous phages termed CTX� and
RS1�, respectively [5].
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Fig. 6.1 Major known and hypothetical virulence factors of V. cholerae. Molecules are denoted as
follows: CT, cholera toxin; RTX, the RTX toxin; HAP, HA protease; TCP, toxin coregulated pilus;
T3SS, type-III secretion gene cluster; T6SS, type-VI secretion system

Filamentous phages use pili as receptors and it was found that CTX� efficiently
infects only V. cholerae strains that express a specific pilus. Remarkably, this pilus
is also a virulence factor of the organism called toxin-coregulated pilus or TCP,
an essential intestinal colonization factor of V. cholerae [6]. Expression of TCP is
coordinately expressed with CT in a regulatory cascade that seems to become more
complex year to year [7]. Under in vitro conditions, CT is expressed when TCP is
expressed. But in humans, the temporal expression of TCP is likely to occur early
in the infection cycle [8].

The “one two punch” of TCP and CT explains much of cholera pathogenesis
and the evolution of V. cholerae as a pathogenic organism. Numerous other muta-
tions affect the virulence of the organism in animal models but these two factors
play the most important role in human disease based on the collective experience
gained from human volunteer models for cholera. However, despite the comple-
tion of the V. cholerae genome sequence in 2000 [9], the story of cholera as a
disease and V. cholerae as a pathogen is far from complete. The V. cholerae genome
sequence has allowed new methods to be applied that have revealed changes that
the organism has undergone that have been linked to its emergence as a pathogen
[10, 11]. Some of these genetic changes probably define important virulence-
altering traits. A discussion of all the proposed virulence traits of V. cholerae is
beyond the scope of this short chapter and therefore focused on those that shaped
the field’s thoughts about cholera vaccine development and the evolution of this
pathogen.
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6.3 Emergence of Endemic and Pandemic Vibrio cholerae

Vibrio cholerae is an autochthonous aquatic flora in estuarine and brackish water
environments [12]. With the completion of the V. cholerae genomic sequence,
microarray-based analysis has provided a reliable framework for understanding the
emergence of pathogenic V. cholerae strains (Fig. 6.2). The most important conclu-
sions one can reach from these studies are that pathogenic strains of V. cholerae
are quite different from environmental strains and acquisition of virulence genes
accounts for only a small part of the variation one observes between strains.
For example, pathogenic strains typically carry genes for virulence factors and
lipopolysaccharide (LPS) “O” antigens that are typically absent in environmen-
tal strains [1, 5]. Thus, while there are over 200 serogroups of V. cholerae, only
two serogroups (O1 and O139) are associated with epidemic and endemic cholera.
Virtually, all O139 strains carry the genes for CT and TCP, but many O1 strains
(particularly in the environment) do not. The explanation for this resides in the fact
that the O139 serogroup is a derivative of the highly successful CT+ TCP+ O1 El
Tor “seventh pandemic clone” [13]. O139 emerged in the Bay of Bengal in 1992
[14], an area that has been the home of cholera for centuries. At that time, cholera in

Fig. 6.2 Proposed evolution of major classes of V. cholerae. This scheme is based on a combina-
tion of microarray-based comparative genomic data and gene allelic variations. Phenotypes in bold
boxes are those of strains, serogroups, and biotypes of V. cholerae that are known to exist today,
while phenotypes in light boxes represent those of the most likely hypothetical precursor strains.
Arrows show the simplest path for the emergence of strains. Genotypes are as follows: CT, cholera
toxin and other CTX phage sequences; TCP, toxin coregulated pilus and other TCP island genes;
VSP, seventh pandemic islands I and II; RS1, RS1 satellite phage; T3SS, type-III secretion gene
cluster
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South Asia was largely caused by a group of closely related pathogenic strains now
referred to as the seventh pandemic El Tor O1 clone [5]. Seven distinct pandemics
of cholera have occurred since 1817 and the seventh pandemic clone emerged in
Indonesia in 1961. It spread across the Indian subcontinent and within two decades
displaced resident “classical” biotype V. cholerae O1 strains that existed there for
perhaps centuries. Both classical and El Tor biotypes are CTX+ and TCP+, so the
explanation for the evolutionary success of the seventh pandemic clone remains
largely a mystery. The emergence of the O139 was assumed to mark the beginning
of the eighth pandemic but so far this organism has co-existed with its parental O1
El Tor strains only in South Asia and yet to spread across the globe. Thus, it seems
likely that O139 and O1 El Tor strains are here to stay and comparable in their
virulence and evolutionary fitness. Both clones are likely more adapted to cholera
“ecology” than are earlier classical strains and the explanation for this may reside
in their virulence gene makeup and other innate properties (e.g., phage resistance)
as discussed below. TCP− CT− O1 strains that exist in the environmental waters of
Bangladesh are not closely related to the pathogenic clones causing endemic disease
[15]. Thus, the emergence of pathogenic classical and El Tor strains occurred long
ago coincident with their capture of the genes for TCP and CTX (Fig. 6.2). This is
not to state that new clones cannot emerge from environmental V. cholerae. Indeed,
a CT+, TCP+ clone of V. cholerae that is endemic to the Gulf Coast of the United
States, appears to be an emergent clone that is closely related to a CT−, TCP+ strain
that co-exists within this same aquatic environment [16]. Despite being pathogenic
and in the aquatic environment for decades, this Gulf Coast clone did not cause the
epidemic in Peru in 1991; the seventh pandemic clone that did cause this epidemic
was introduced from Asia and is clearly more ecologically adapted to causing epi-
demic and endemic disease. Emergence of new toxigenic strains “de novo” just does
not seem to happen very often despite the fact that some O1 and non-O1, non-O139
strains carry genes encoding TCP [17].

In sum, emergence of pathogenic strains of V. cholerae with endemic and pan-
demic potential has been exclusively linked to the acquisition of the TCP and CTX
genes by only a limited spectrum of O1 and O139 strains. This fact alone suggests
that the precursors of these pandemic clones probably display traits that are lack-
ing in typical environmentally adapted V. cholerae regardless of their serogroup.
Analysis of the genome content of environmental and pathogenic O1, non-O1, and
non-O139 supports this conclusion [10, 18]. Unfortunately, the strains that represent
these true ancestors of the pandemic V. cholerae classical and seventh pandemic O1
clones are missing from the microbiological record at this time (Fig. 6.2).

6.4 Horizontal Transfer of Vibrio cholerae Virulence Genes

As noted earlier, the ctxAB genes encoding CT reside in the genome of a lysogenic
filamentous phage called CTX� [16]. The receptor for CTX� is the major colo-
nization factor, TCP. The CTX� efficiently recognizes only cells expressing TCP
and consequently shows high frequencies of infection of TCP+ recipient cells in
the host intestinal environment where TCP is optimally expressed [6, 17]. TCP is
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itself encoded by a pathogenicity island that was once proposed to correspond to the
genome of another filamentous phage [19]. However, current thought in the field is
that this conclusion was incorrect [5, 20]. There is evidence that the island can min-
imally excise and therefore presumably integrate using a phage-like integrase and
attachment site [21]. How TCP island DNA moves between V. cholerae strains in
nature remains a mystery although both transduction [22] and transformation [23]
remain possible mechanisms.

The CTX� genome is composed of several open reading frames (ORFs), includ-
ing ace, zot, ctxAB, cep, and orfU. These ORFs are located on a 4.5-kb “core region”
of the CTX element, which is essential for the morphogenesis of CTX� particles
[6, 24]. However, originally both zot and ace were thought to be functional toxin
genes (see below). Adjacent to the core is the RS2 region encoding ORFs rstR,
rstA2, and rstB2. These genes encode products required for the replication, and
regulatory functions of CTX� [25]. In some strains of V. cholerae (as well as all
seventh pandemic O1 and O139 strains), one or more copies of an element called
RS1 appear integrated next to the CTX� genome. This element is related to RS2 but
encodes an additional ORF called rstC [26]. RS1 has been found to correspond to a
satellite phage that can package its genome into particles constructed by the CTX�

[5, 26]. Remarkably, RS1 phage can cause CTX� phage to replicate in lysogens
through the action of RstC, which acts as an anti-repressor of RstR, which in turn
negatively controls CTX� lysogeny [26].

Recent dramatic progress has been made in understanding the CTX phage acqui-
sition process from the point of view of phage recombination [85–88]. In brief, it has
been recently recognized that the chromosomal attRS1 insertion site of CTX phage
actually corresponds to the dif recombination sequence which functions in chro-
mosome dimer resolution using XerC and XerD recombinases [85–87]. We found
that acquisition and chromosomal integration of another satellite filamentous phage
called TLC can introduce a functional dif site into V. cholerae strains that lack this
site. In doing so, these strains become permissive for integration of CTX phage.
Thus, five filamentous phages appear to cooperate in the emergence of toxigenic
V. cholerae [88].

There have been numerous reports of CTXΦ genes found in the genomes found in
nonpathogenic V. cholerae environmental strains and even other non-Vibrio species.
In many cases, the genes identified are zot and ace because investigators have
employed probes for these two putative toxin genes [27]. However, the zot gene
of CTX� corresponds to the most well-conserved gene ortholog of the filamentous
phages (gene I) and ace corresponds to another less well-conserved filamentous
phage gene ortholog (gene VI) [6, 28]. Indeed both zot and ace are absolutely
required for production of CTX� particles [6, 29] and thus like their homologs in
other isolates are likely involved in filamentous phage morphogenesis; indeed many
filamentous phages of other Vibrio species carry homologs of these CTXΦ genes.
Thus, reports that ace and zot genes exist in various bacterial isolates have led to
much confusion about whether such isolates carry V. cholerae virulence genes or
whether these genes are simply indicative of the presence of a filamentous phage
genome. Accordingly, a brief history of the discovery of zot and ace may provide
the reader on some perspective on this confusing topic.
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6.5 Reactogenicity of Nontoxigenic Vaccine Prototypes
in Humans

Observations made initially with an undefined V. cholerae mutant expressing only
the B subunit of CT [30] and then confirmed with a variety of defined deletion
mutants (Levine et al. [31]) indicate that simple loss of production of active CT
does not fully attenuate the virulence of V. cholerae in volunteer subjects. Two
explanations were put forward early on to explain residual adverse symptoms or
“reactogenicity” caused by Δctx vaccine strains in humans: (i) V. cholerae must pro-
duce another enterotoxin besides CT and (ii) colonization of the small intestine by
V. cholerae (which includes the multiple steps of adherence to mucus and different
epithelial cell types, as well as survival and multiplication within small intestinal
micro-environments) was sufficient to induce a secretory response without direct
involvement of any novel enterotoxin per se.

The first hypothesis stimulated the search for new toxins. One of the first promis-
ing leads came in the form of a report that some V. cholerae strains appeared to
produce toxic activity that was immunologically related to Escherichia coli Shiga-
like toxin [32]. However, the completion of the V. cholerae genome [9] revealed no
genes with similarity to slt. Similarly, the proposal that El Tor hemolysin [33] was
the enterotoxin responsible for reactogenicity of Δctx vaccine strains is not sup-
ported by the high reactogenicity displayed by various vaccine strains specifically
deleted in the hly and ctx coding sequences [34, 35].

6.6 The Discovery of Zot and Ace

In 1988, investigators at the University of Maryland Center for Vaccine
Development (CVD) established that a series of vaccine candidates derived from
seventh pandemic El Tor strains and classical strains deleted in all or part of the
ctxAB operon were highly reactogenic in volunteers and caused a dose-dependent,
moderate-to-severe diarrheal disease syndrome [31, 34, 35]. In 1983, our labora-
tory reported the construction of recombinant cholera vaccine candidate O395-N1,
which carries defined internal deletions in its two copies of the ctxA gene [36], but
was not tested in volunteers at CVD until 1988 [37]. O395-N1 surprisingly caused
only one mild (280 mls) episode of diarrhea in 1 of 13 individuals that ingested this
vaccine while clearly colonizing all volunteers [37]. The reduced ability of strain
O395-N1 to induce diarrhea in human subjects was in striking contrast to CVD101
[31], a ΔctxA derivative of the same parental strain (Ogawa 395) used to con-
struct O395-N1. Strain CVD101 induced moderate-to-severe diarrhea in volunteers
at doses that were actually lower than those used for O395-N1 [31, 38]. The CVD
group reasoned that perhaps the low diarrheal response seen with O395-N1 might be
explained by the existence of an enterotoxin produced by CVD101 that for unknown
reasons was not elaborated by O395-N1. This hypothesis prompted [39] to perform
Ussing chamber experiments that led to the demonstration of an activity present in
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supernatant fluids of CVD101 that was absent in similar culture fluids of O395-N1.
The toxin responsible for this activity was designated zonula occulens toxin (Zot),
because its effect on mucosal slices could be traced morphologically to the disrup-
tion of the tight junctions between rabbit enterocytes [40]. No biochemical evidence
was provided in the initial description of Zot that gave any clues about the nature
of Zot activity (e.g., its molecular size, sensitivity to proteases, neutralization by
antibody).

Because Zot activity was elaborated by their isogenic CVD101 strain but not by
O395-N1, Kaper and colleagues further reasoned that the structural gene for Zot
might have been mutated during the construction of O395-N1. This logic directed
their focus to DNA sequences located near the ctxA gene (where our genetic manip-
ulations of O395-N1 had been done), and in 1993 their group reported that Zot
activity could be detected in supernatant fluids of E. coli cultures carrying plas-
mids with inserts corresponding to DNA located immediately upstream of ctxA
[40]. Sequencing of this DNA insert revealed an open reading frame that was
designated the zot structural gene. Genetic evidence suggested that mutations in
zot eliminated Zot biological activity detectable in E. coli supernatants in Ussing
chambers. Although E. coli is notorious for its inability to secrete heterologous
polypeptides, no data were presented on the localization of a Zot-related polypep-
tide in E. coli or V. cholerae supernatant fluids. Furthermore, an examination of
the zot gene product suggests the absence of an N-terminal signal sequence and
more likely an inner membrane localization [28]. Critically, deletion of the zot
gene in CVD101 (the strain originally designated as a producer of Zot activity)
followed by Ussing chamber analysis of supernatants was not performed. Since
then, all studies on Zot have been performed with materials produced in E. coli.
These have led to the discovery of putative eukaryotic homologs of Zot, the iden-
tification of a “Zot receptor,” and the use of Zot-derived peptides in therapeutic
applications [41–43]. This is quite remarkable given that no confirming data from
other groups have provided any evidence that Zot plays a role in V. cholerae
pathogenesis.

Further DNA sequencing upstream of the zot gene revealed two additional open
reading frames. The first of these (~98 amino acid residues) was again associated
with the production of activity in E. coli supernatant fluids that was detectable
in Ussing chambers but was different from the biological activity previously des-
ignated Zot toxin. Accordingly, the toxin responsible for biological activity was
designated accessory cholera enterotoxin (Ace) and was determined to act through
induction of chloride ion secretion by enterocytes [44]. Again, no biochemical
evidence was initially presented to show that the ace gene product was directly
associated with toxic activity being elaborated by V. cholerae (e.g., antibody neu-
tralization, protein purification). Eventually, recombinant Ace was produced in yeast
cells and shown to have biological activity [45]. The question however remains
whether V. cholerae produces biologically active Ace.

The insights noted above came together into two distinct strategies for construc-
tion of nonreactogenic, live attenuated cholera vaccine derivatives of El Tor strains.
Deletion of the entire CTX element in several vaccine candidates [13, 46, 47] was



6 Evolution of Pathogenic V. cholerae 105

envisioned to be the best way to prevent recombinant V. cholerae vaccine strains
from reacquiring the CTX element. In parallel, the CVD group constructed a �zot,
�ace derivative (CVD110) that lacked only the core of the CTX element [35] but
retained RS elements and therefore two attRS1 sites where CTX� could in the-
ory re-insert. In a series of definitive clinical studies, the CVD group found that
their strain CVD110 (deleted for zot, ace, cep, orfU, and ctxA) was not signifi-
cantly lower in reactogenicity than previous were El Tor vaccine strains deleted
in ctxA and hlyA alone [35]. Thus, volunteer studies have provided no evidence
that the zot or ace gene products are enterotoxins. Indeed, the nonreactogenic live
cholera vaccine CVD103-HgR retains two copies of the coding sequences for both
zot and ace. No evidence has since been reported for the existence of any point
mutations in the zot or ace genes that might account for the low reactogenicity of
either CVD103-HgR [38] or the original “Zot-deficient” strain O395-N1 [39]. Thus,
while the original reason for deleting the entire CTX element (i.e., the CTX�) in
vaccine strains remains sound in terms of blocking its reacquisition [46], on the
basis of these volunteer studies, one must conclude that deletion of zot and ace
does nothing to improve the measurable reactogenicity of live attenuated cholera
vaccines.

How do we explain the biochemical and genetic data suggesting that the zot and
ace gene products are new cholera enterotoxins while at the same time reconciling
their known role as phage morphogenesis proteins? First, Zot and Ace biological
activity in Ussing chambers may actually not be associated with these gene prod-
ucts per se but is due to contaminating substances that may be released as a result of
expression of these membrane proteins in a heterologous bacterial host. For exam-
ple, a substance as simple as adenosine is a highly active segretogue and proteases
of many specificities can disrupt tight junctions (see below). Furthermore, a variety
of bacterial products including LPS, lipoproteins, bacterial DNA, and peptidoglycan
fragments are known to have potent biological activities for different cell types (e.g.,
macrophages and epithelial cells) by activating Toll-like receptors (TLRs) [49]. TLR
activation can cause induction of proinflammatory responses, which are known to
mediate dramatic changes in the integrity of tight junctions between epithelial cells.
Therefore, zot and ace gene products may simply change the distribution or the
production of such non-specific, E. coli-derived or host cell-derived inflammatory
mediators. More recently, chemically pure Ace- and Zot-derived polypeptides have
been purported to have biological activity [42, 45]. Even if chemically pure zot-
and ace-encoded polypeptides or derivatives can be shown to have activity in a
given assay, the biological significance in regard to V. cholerae may still be ques-
tioned. Are these proteins produced by any strain of V. cholerae and does genetics
or biochemistry support a role for them in virulence factors or in an enterotoxic
response in vivo? Finally, more recent work strongly supports the conclusion that
V. cholerae produces other toxic molecules including a protease and a toxin that
clearly cause disruption of tight junctions in cell monolayer systems [50–52]. This
author proposes that until more direct evidence of a role of Zot or Ace in V. cholerae
pathogenesis is reported, that the field re-consider attributing toxic activity to these
gene products in the future.



106 J.J. Mekalanos

6.7 Other Toxins and Virulence Loci in the Evolution
of Vibrio cholerae

Hemolysin. The hemolysin produced by some strains of V. cholerae is called HlyA
and is clearly established as a toxin active on mammalian cells that has enterotoxic
activity in the rabbit ileal loop assay [53]. It is a pore-forming toxin and found to be
produced by numerous Vibrio species and has been implicated as a diarrheal disease-
associated factor, particularly by non-O1 and non-O139 V. cholerae [54]. Logically,
it was deleted from the genome of several early live attenuated V. cholerae vac-
cine candidates. However, deletion of hlyA did not significantly attenuate JBK70 or
CVD110 [31, 48]. It remains possible that HlyA is a virulence factor for some Vibrio
species but seems to be of dubious importance to toxigenic V. cholerae. Indeed clas-
sical biotype strains naturally carry deletion mutations in the locus [55] and many
El Tor strains produce no detectable hemolysin on blood agar plates for reasons that
have not been determined at the molecular level.

Hap protease. The hemagglutinin protease (HA protease or Hap) is a zinc met-
alloprotease produced by some virulent and many avirulent V. cholerae. Mutations
in hap (the structural gene for the protease) do not attenuate V. cholerae but do
render the organism less prone to detachment from the mucosal surface (Fig. 6.2).
Regulation of Hap expression is through quorum sensing which occurs at high bac-
terial cell density and thus might logically occur late in the infection cycle [56, 57].
A role for Hap in cholera pathogenesis emerged in studies directed at understand-
ing more about Zot and Ace. In an effort to detect Zot or Ace activity in culture
supernatants of defined mutants of V. cholerae, we studied transcellular epithelial
resistance in polarized T84 polarized epithelial cells [51]. In these studies, the
evidence supported that all “Zot-like” activity produced by repeat in toxin (RTX)
strains of V. cholerae could be accounted for by production of Hap; independent
biochemical studies reached similar conclusions about wild-type V. cholerae strains
[50]. These data suggested that Hap might be associated with the reactogenicity
of live attenuated CTX− Hap+ vaccine strains. Recent work has explored this pos-
sibility in animal studies [52] but obtained little evidence for this. Furthermore,
at least one vaccine strain (Peru-15) is known to be Hap+ but yet in hundreds of
volunteers appears to be totally nonreactogenic [58–60]. In a study it was shown
that the purified HAP from a non-O1, non-O139 strain was biologically active in
rabbit ileal loop, Ussing chamber, and tissue culture assays [61]. Hap is clearly
an interesting potential V. cholerae virulence factor but given that many naturally
occurring pathogenic strains are HapR negative (the essential positive regulator of
Hap expression) and fail to produce Hap in vitro [56], one has to conclude, for now,
that this factor probably plays a minor role at best in the virulence of TCP+ CTX+

V. cholerae.
RTX toxin. The first example of a putative virulence factor to be revealed by

the V. cholerae genome sequencing project came in 1999 with the recognition
that the strain being sequenced (N16961) carries a cluster of genes that apparently
encode a toxin active on mammalian tissue culture cells [62]. This toxin was called
V. cholerae RTX toxin or RtxA because it was related to the RTX family of toxins



6 Evolution of Pathogenic V. cholerae 107

produced by numerous other gram-negative organisms. Curiously, the cluster of
genes responsible for RtxA production is immediately adjacent to the chromoso-
mal insertion site (attRS1) of the CTX� and therefore has been deleted in a whole
series of V. cholerae vaccine derivatives carrying attRS1 deletions [62]. Given that
these derivatives seem marginally lower in their reactogenicity [47] compared to
other previously studied ctxA deletion strains such as JBK70 [31], it would appear
that RtxA may indeed be a new V. cholerae virulence factor active in human dis-
ease. In vitro studies clearly show that this toxin is produced by multiple strains of
V. cholerae [52, 62]. Studies conducted with T84 cell monolayers confirmed that
production of RtxA was correlated with deficit of the integrity of the paracellular
junction [52], an activity that has been attributed to Zot. The biochemical mode of
action of RtxA was reported by Fullner and Mekalanos [63] to involve covalent
cross-linking of actin and this conclusion was further confirmed by subcloning of
the actin cross-linking domain of the toxin [64]. Classical strains of V. cholerae
carry a deletion mutation in genes encoding part of the RTX toxin region but sev-
enth pandemic El Tor strains and most other V. cholerae strains have this locus intact
[62]. Given that many CT−, non-O1, non-O139 strains make RTX, the toxin may
be a virulence factor that is particularly important in CT− strains. In this regard, no
phenotype for RtxA mutants of V. cholerae has so far been reported in an intestinal
model of cholera but this may be in part because the action of CT overwhelms
one’s ability to detect an effect due to other virulence factors. Animal models
have been developed that clearly establish RtxA as an important in vivo virulence
factor involved in induction of inflammation [65]. In the mouse pulmonary chal-
lenge model, RtxA is more important than Hap and HlyA in inducing a profound
and ultimately lethal inflammatory response in the lung [65]. It is interesting to
speculate that RtxA might be involved in causing inflammatory diarrhea by non-O1
and non-O139, CT− strains, but this idea has not been fully investigated.

Mannose-sensitive hemagglutinin (MSHA). MSHA corresponds to a pilus
adhesin that is widely distributed among El Tor biotype V. cholerae strains [66] and
its expression by these strains suggested that MSHA is a virulence factor. However,
strains carrying mutations in genes that encode MSHA are fully virulent and pro-
duce no intestinal colonization defect in animals [67] and in human volunteer studies
[68]. Nonetheless, the locus does seem to be important as a receptor for some fila-
mentous phages and is involved in biofilm formation in vitro and perhaps in aquatic
environments.

Motility. Vibrio cholerae is a highly motile organism that uses chemotaxis to
move from the lumen toward the intestinal mucosa. Motility and chemotaxis are
inversely regulated with other virulence phenotypes such as production of TCP and
CT [69]. Vibrio cholerae has nearly 50 chemotaxis receptors and some of these
are coordinately regulated with CT and TCP [70, 71]. Microarray-based analysis
of V. cholerae genome transcriptional patterns suggests that motility and chemo-
taxis genes are highly expressed in both animals and humans [8, 72]. A number
of studies have found that motility plays a role in virulence but its contribution is
complex to say the least. Downregulation of chemotaxis genes has been proposed as
a possible mechanism linked to hyperinfectivity of vibrios present in cholera stools
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[73]. Nonmotile V. cholerae mutants clearly colonize animals and human volun-
teers [58–60, 69, 74]. Flagellin is a known TLR agonist and it seems possible that
this molecule may be proinflammatory in the intestine [49]. This may explain why
nonflagellated strains like Peru-15 and Bengal-15 are nonreactogenic in human vol-
unteer studies compared to their flagellated parental strains Peru-3 and Bengal-3
[47, 58–60, 74].

Most recently, evidence that this hypothesis is correct has been obtained using
a new animal model for reactogenic diarrhea. Rui et al. [89] have shown that dele-
tion of all five flagellin genes from V. cholerae results in a nonreactogenic strain in
a suckling rabbit model for residual diarrheal symptoms caused by CTX-negative
derivatives of V. cholerae [90]. Thus, flagellin produced by live attenuated vaccine
strains may be thought of as a toxic factor given its ability to activate the mucosal
innate immune and induce inflammatory diarrheal symptoms.

6.8 Conclusion

Vibrio cholerae comparative genomics has begun to provide insights into the evolu-
tion of this organism in the past and perhaps also hints of changes that may become
more common in the future. For example, the seventh pandemic El Tor O1 clone
carries two chromosomal islands that are lacking in strains of the classical biotype
as well as most non-O1, non-O139 isolates [10, 18]. What do these islands encode?
Time will tell since these islands are finding their way into other Vibrio species
and thus may influence their virulence and epidemiology as well [75]. Recently, it
has been recognized that some non-O1, non-O139 strains carry an island of DNA
that encodes a type III secretion system (T3SS) [18]. This T3SS system is simi-
lar to one that has been described in a pandemic clone of Vibrio parahaemolyticus
and known to be involved in virulence [76]. We have shown that V. cholerae T3SS
is required for intestinal colonization [77] but its role in pathogenesis remains to
be determined. This T3SS is present in all strains of the O141 serogroup and this
is quite ominous because these strains are clonal and distributed throughout the
world as a cause of sporadic diarrheal disease [18]. More recently, another secre-
tion system termed “type VI secretion” (T6SS) has been discovered in a non-O1,
non-O139 strain that caused epidemic cholera in Sudan in 1963 [78]. This system
is responsible for macrophage cytotoxicity and recently we have shown that T6S
mediates the translocation of the actin cross-linking effector domain into phagocytic
target cells [91] and that this activity correlates with induction of a profound inflam-
matory response in the intestinal mucosal [92]. However, the genes for T6SS are
widely distributed in pathogenic gram-negative species [79] and most recently have
been shown to be involved in the virulence of some of these bacteria [80]. It seems
likely that these T3SS and T6SS systems will be integrated with other virulence
mechanisms and result in the emergence of new pathogenic clones of V. cholerae.
Thus, surveillance for new strains of V. cholerae seems a prudent undertaking and
will likely help us stay one step ahead of evolutionary adaptations that may change
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the pattern of cholera epidemiology in the future. The recent recognition that phage
predation may play a role in controlling cholera epidemics [81, 82] also suggests
that changes in this organism may be driven by factors outside of the human host.
The emergence of new serogroups (e.g., O139) and the displacement of old bio-
types (e.g., the classical by the El Tor) may be driven by environmental forces that
include phages, propensity to form biofilms on aquatic matter, and even interac-
tion with marine animals [12, 83, 84]. It seems inevitable that the natural history of
cholera will provide inspiration for research questions for years to come.
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Chapter 7
Molecular Epidemiology of Toxigenic
Vibrio cholerae

Shah M. Faruque, G. Balakrish Nair, and Yoshifumi Takeda

Abstract Toxigenic Vibrio cholerae of the O1 or O139 serogroups, the causative
agents of cholera, undergo frequent genetic changes leading to the origination
of diverse clones, which can be differentiated using defined genetic markers.
Developments in DNA analysis techniques have introduced several new typing
methods that have enabled to study the epidemiology of V. cholerae on a larger
global perspective. Molecular epidemiological studies have revealed considerable
diversity among epidemic strains isolated from different parts of the world and at
different times, and can be a basis for tracking the emergence and spread of strains
with epidemic potential. Besides diversity in genetic markers, these clones often
show difference in their antibiotic resistance profile, phage resistance, and several
other phenotypic properties. These studies have further indicated that there has been
a continual emergence of new clones of toxigenic V. cholerae, which replaced exist-
ing clones, possibly through a natural selection involving unidentified genetic and
environmental factors as well as immunity of the host population. The continual
emergence of new genetic variants and their selective enrichment during cholera
outbreaks appear to constitute an essential component of the natural ecosystem for
the evolution of epidemic V. cholerae strains.

7.1 Introduction

Toxigenic Vibrio cholerae belonging to the O1 or O139 serogroups are the causative
agents of cholera, an acute dehydrating diarrhea that occurs in epidemic form
particularly in South Asia, Africa, and Latin America [1, 2]. The major surface
antigen employed in the characterization of V. cholerae is the O antigen. A flagellar
(H) antigen is also present, but the value of this antigen for species identification
is limited due to the presence of common H epitopes among all Vibrio species.
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Of more than 200 known O serogroups of V. cholerae, strains belonging to two
serogroups, namely O1 and O139, have been associated with epidemics of cholera.
The remaining serogroups collectively referred to as V. cholerae non-O1, non-O139
are not involved in cholera epidemics but occasionally cause gastrointestinal or
extra-intestinal illness utilizing similar or distinctly different virulence mechanisms
[3–5].

Vibrio cholerae O1 strains have historically been divided into two biotypes,
classical and El Tor based on certain biochemical properties and susceptibility to
bacteriophages [2]. Each biotype can be further subdivided into two major serotypes
“Ogawa” and “Inaba.” A third serotype Hikojima has been reported but it is rare and
unstable. Strains of serogroup O1 was supposed to include all the strains responsible
for epidemic and endemic cholera until late 1992 when a large cholera-like outbreak
in India and Bangladesh was caused by a V. cholerae non-O1 strain [3, 6]. This
organism did not belong to any of the 138 O serogroups of V. cholerae described
until then but belonged to a new serogroup, which was later designated as O139.
Since then, V. cholerae O139 has been persisting as a second etiologic agent of
cholera. Hence, there are now two serogroups O1 and O139 that have been associ-
ated with epidemics of cholera. However, there are also strains of these serogroups
which do not produce cholera toxin and are not involved in epidemics. On the other
hand, even within toxigenic strains of the O1 and O139 serogroups, there are genetic
variations that determine antibiotic resistance, phage resistance, and other pheno-
types that may be linked to environmental fitness, as well as the pandemic potential
of a pathogenic clone [1, 2, 7–9].

The ability of V. cholerae strains to cause severe enteric infection in humans
depends primarily on their virulence gene content. Strains capable of causing
cholera invariably carry the genes for cholera toxin (CT) and toxin-coregulated
pilus (TCP) [10]. In addition to CT and TCP, all pathogenic strains also carry genes
for a number of putative accessory virulence-associated factors, e.g., the mannose-
sensitive hemagglutinin (MSHA) pilus, the RTX toxin, and a new type IV pilus
[11]. However, the roles of the accessory virulence factors in cholera pathogenesis
are not well established, and recent studies are beginning to reveal that at least some
of these putative virulence factors also play a role in environmental fitness of the
pathogen [12, 13]. The epidemiological success of a pandemic strain may depend
on its environmental fitness in addition to the ability to produce the major virulence
factors.

Epidemiological surveillance of cholera was limited before the 1970s by the lack
of suitable typing systems. A variety of molecular techniques can now efficiently
distinguish between different clones of V. cholerae and this approach has provided
unique insights into the epidemiology of cholera on a larger global perspective
[9, 14–21]. The purpose of this chapter is to review and summarize available infor-
mation on the molecular epidemiology of toxigenic V. cholerae and mechanisms
leading to genetic diversity of epidemic strains. Special emphasis will be paid to
compile scientific data obtained from molecular studies on V. cholerae and pro-
vide an insight into the possible epidemiological significance of increasing genetic
diversity and emergence of new clones of pathogenic V. cholerae.
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7.2 Epidemiology of Cholera: Overview

Seven distinct pandemics of cholera have occurred since 1817 [1, 2]. Except for
the seventh pandemic which originated in Indonesia, six of the pandemics arose
from the Indian subcontinent, usually from the Ganges Delta region, reaching to
other continents. The sixth pandemic and presumably the earlier pandemics were
caused by V. cholerae O1 of the classical biotype, whereas the current seventh pan-
demic, which is the most extensive in geographic spread and duration, has been
caused by V. cholerae O1 of the El Tor biotype. The seventh pandemic began in
1961 from the island of Sulawesi in Indonesia and spread to other islands including
Java, Sarawak, and Borneo, and then to the Philippines, Sabah, and Taiwan, thereby
affecting the entire southeast Asian archipelago by the end of 1962. During 1963–
1969, the pandemic spread to the Asian mainland and affected Malaysia, Thailand,
Burma, Cambodia, Vietnam, India, Bangladesh, and Pakistan. Soon after, El Tor
cholera reached Pakistan, Afghanistan, Iran, Iraq, and nearby republics within the
Soviet Union experienced outbreaks of cholera. By 1970, El Tor cholera invaded
the Arabian Peninsula, Syria, and Israel, and thereafter reached the sub-Saharan
west Africa in the early 1970s. Several events that further marked the importance
of the seventh pandemic include the reemergence of cholera in Latin America in
1991 [22] and explosive outbreak of cholera among Rwandan refugees in Goma,
Zaire, which resulted in about 70,000 cases and 12,000 deaths in 1994 [23]. In late
1992, V. cholerae O139 emerged as a predominant epidemic strain and indicated the
beginning of a possible eighth pandemic. The epidemiological trend of V. cholerae
O139 remains under close observation.

7.3 Molecular Epidemiological Tools

Epidemiological surveillance of cholera requires differentiating among different
clones of V. cholerae and hence it was necessary to develop new typing methods.
Previously bacteriophages acting on V. cholerae (vibriophages) had been used to
type strains based on their susceptibility to different phages. Vibrio cholerae O1
strains of the same biotype and serotype could be differentiated into 146 phage types
using 10 typing phages [24], and a similar phage-typing scheme has been estab-
lished for the O139 strains [25]. Since the 1990s, several genetic typing schemes
based on restriction fragment length polymorphisms (RFLP) of different genes
were developed. This included RFLP in conserved rRNA genes (ribotype) as well
as genes encoding virulence factors including the ctxAB operon (CTX genotype).
The observed mutations, or rearrangement of rrn operons, allow ribotype diversity
which can be used to monitor strains with epidemic potential. A standardized ribo-
typing scheme for V. cholerae O1 [26] and for O139 [27] that can distinguish 7
different ribotypes among classical strains, 20 ribotypes and subtypes among El Tor
strains, and 6 distinct ribotypes among O139 strains have been effectively used to
study the molecular epidemiology of cholera. Restriction fragment length polymor-
phism analysis using ctxB (99% conserved) gene probe can divide toxigenic O1
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serogroup into different genotypes. Genotype 1 was found in classical biotype and
El Tor strains from the US Gulf Coast. Genotype 2 was found in El Tor strains
from Australia and genotype 3 was found in seventh pandemic strains and the Latin
American outbreak.

The introduction of more advanced techniques, including multilocus enzyme
electrophoresis (MEE), offered new opportunities to study the molecular epi-
demiology depending on allelic variations in housekeeping enzymes detected by
electrophoretic mobilities. MEE can distinguish between classical and El Tor strains
[9, 28] and has grouped the toxigenic El Tor biotype strains of V. cholerae O1
into four major clonal groups or electrophoretic types (ET) representing broad
geographical areas.

Pulse-field gel electrophoresis (PFGE) is one of the powerful tools in detecting
bacterial strain similarity or clonal relatedness using specific restriction enzymes
which are species specific, e.g., XbaI for Escherichia coli and Salmonella, NotI
for V. cholerae. The Centers for Disease Control in US (CDC) have developed
several standard PFGE protocols for universal use so that the generated profiles
can be compared. Recently, PFGE protocol for V. cholerae O1 has also been
introduced [29].

Multilocus sequence typing (MLST), a method that is based on partial nucleotide
sequences of multiple (usually around seven) housekeeping genes, has recently been
shown to be a powerful technique for bacterial typing [30]. Housekeeping genes are
preferred over virulence-associated genes, because an analysis of mutations (most
of which are usually synonymous, given the strong selection against changes of
the amino acid sequence in genes coding for proteins required for growth) in such
genes is more likely to adequately reflect the phylogeny of strains. The other ver-
sion of MLST is the detection of variable number tandem repeats (VNTR) in the
housekeeping genes. This technique differentiated V. cholerae O1 and O139 strains,
which were genetically related as detected by using other molecular tools such as
RFLP and PFGE [31, 32].

7.4 Molecular Epidemiology of Cholera

The frequently changing relative prevalence of different clones of pathogenic
V. cholerae has prompted numerous studies of the molecular basis of these changes.
The clonal diversity and epidemiological associations of different clones of toxi-
genic V. cholerae have been reviewed by Wachsmuth et al. [9]. Multilocus enzyme
electrophoresis (MEE) analysis and analysis of restriction fragment length polymor-
phism (RFLP) in different genes have enabled the study of V. cholerae epidemiology
by analyzing strains from various geographical regions [1, 9, 14]. Analysis of
strains using MEE has identified four major electrophoretic types, which include
the Australian clone (ET1), the Gulf Coast clone (ET2), the seventh pandemic clone
(ET3), and Latin American clone (ET4) [15, 16, 32].

RFLP of conserved rRNA genes (ribotype) has been used to separate V. cholerae
strains into different clonal groups. For example, ribotyping indicates that toxigenic
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US Gulf Coast isolates are clonal and that they differ from other seventh pandemic
isolates, while analysis of isolates from the 1991 Latin American epidemic showed
that these were clearly related to seventh pandemic isolates from other parts of the
world.

Ribotyping provided the initial indication that V. cholerae O139 strains are likely
to be closely related to the O1 El Tor strains [19]. Eventually, further comparative
molecular analysis of O1 El Tor strains and the epidemic O139 strains suggested that
the O139 strains were derived from the El Tor strains by serotype-specific genetic
changes [33]. Microarray-based comparative genomic analysis of V. cholerae iso-
lates [34] identified genes that are shared by all pandemic strains, as well as genes
specific to seventh pandemic O1 El Tor and O139 strains. The latter genes were
contained on two chromosomal “islands” known as Vibrio seventh pandemic islands
(VSP-1 and VSP-2), and may define genes involved in the epidemiological success
of the seventh pandemic clone. None of the non-O1, non-O139 strains carried the
complete VSP island, indicating that the O1 and O139 serogroups are different from
the rest of the V. cholerae serogroups [35]. The detailed molecular epidemiology of
cholera in Asian and African countries is described in Chapters 2 and 3, respectively.

7.4.1 Clonal Diversity of Epidemic Strains in Bangladesh
and India

Molecular analysis of epidemic isolates of V. cholerae in Bangladesh and India
revealed clonal diversity among strains isolated during different epidemics [20, 21,
36–42]. These studies demonstrated the transient appearance and disappearance of
more than six ribotypes among classical vibrios, at least five ribotypes of El Tor
vibrios, and three different ribotypes of V. cholerae O139. Different ribotypes often
showed different CTX genotypes resulting from differences in copy number of the
CTX prophage and adjacent RS elements. Epidemiological data on the emergence
and prevalence of V. cholerae O139 and its coexistence with the O1 El Tor strains
are available primarily from Bangladesh and India [20, 21, 27, 37–42]. Analysis of
strains collected since the first detection of the O139 serogroup has demonstrated
emergence of new clones of V. cholerae O139 and their association with different
epidemic outbreaks. Ribotype analysis as well as CTX genotypes has been used to
track clonal relationships among outbreak strains. At least seven different ribotypes
have been reported among O139 strains isolated until 2000, and since then two new
ribotypes have been detected [27, 36]. Within the short span of emergence of O139,
the genomic instability of O139 vibrios, at least considering that of the rrn operons
as a marker, appears to be more than that of V. cholerae O1 El Tor strains. Yearly
isolation of different ribotypes of V. cholerae O139 in Bangladesh and India showed
a striking difference in the proportion of strains belonging to different ribotypes,
as well as the distribution of the ribotypes between the two neighboring countries.
Since 1993, a decline in the proportion of strains belonging to ribotype B-I and
an increase in the proportion of strains belonging to ribotype B-II were noticed
both in India and in Bangladesh, and subsequently in some districts of Bangladesh,
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strains belonging to ribotype B-III increased considerably and caused an outbreak in
1997 [43]. This finding demonstrated the dynamic nature of the epidemiology of V.
cholerae O139 and the different clones involved in epidemics. A huge resurgence of
V. cholerae O139 was witnessed in September 1996 in Calcutta [39]. Phenotypically,
the reemerged V. cholerae O139 was different from those that appeared in late 1992
in that the current O139 strains were sensitive to co-trimoxazole. Despite differences
in antibiogram, the 1992 O139 and 1996 O139 strains had identical ribotype.

RFLPs in ctxA genes and its flanking sequences (CTX genotypes) have also been
used to define different clones. A total of 11 distinct CTX genotypes were identi-
fied among six ribotypes until 2000 [27]. Although the structural gene for CT is
identical in different strains, the observed diversity of CTX genotypes may result
from duplication of the CTX prophage. RFLP of CTX prophage indicated that there
is a continuous change in the structure and organization of CTX prophage along
with emergence of a new type of CTX prophage. The 1992–1993 strains showed
two CTX prophages connected by an RS1 element, while the 1996 strains showed
three CTX prophages arranged in tandem. These strains exhibited two types of CTX
prophages with the first of the three prophages being an El Tor-type CTX prophage
and the second and third CTX prophages being a new type of CTX prophage, with
difference primarily lying in rstR gene which codes for the repressor proteins of
CTX prophage. In 1998, the prevalence of two new clones of V. cholerae O139
was observed at two cholera-endemic areas including Calcutta and Alleppey, in
southern India. Whereas most of the O139 strains from Calcutta have only the
El Tor-type CTX prophage, the strains from Alleppey were found to contain the
unique arrangement of the CTX prophage of the O139 isolates of 1996 [39]. Thus,
two different clones of O139 were prevalent at two regions in India, showing con-
trasting distribution of different O139 clones in different geographic locations. It is
not clear how the CTX genotype diversity can contribute to increased incidence of
cholera. Interestingly, the reemerged O139 strains in 2002 in Bangladesh carried the
Calcutta-type CTXCal prophages [11].

In July 1993, while the O139 epidemic was waning in Calcutta, V. cholerae O1
reemerged both in Calcutta and in neighboring Dhaka, Bangladesh [20, 37, 40, 44].
The introduction of V. cholerae O139 in 1992 and the concurrent disappearance of
V. cholerae O1 biotype El Tor provided a unique opportunity in that it punctuated
the otherwise continuous incidence of V. cholerae O1, an event which perhaps had
never occurred before. This enabled to identify two groups of V. cholerae O1one
that prevailed before the genesis of O139 and the other that reappeared after the
epidemic of O139 in Calcutta. Macro-restriction analysis of DNA using pulsed-field
gel electrophoresis, and comparison with patterns generated by four standard strains
of V. cholerae O1, namely ET1, which represents the Australian clone, ET2, which
represents the US Gulf Coast clone, ET3, which represents the seventh pandemic
clone, ET4, which represents the Latin American pandemic clone, suggested that
the remerged El Tor strains represented a new ET type. This strain was also found
to belong to a new ribotype. Epidemiologically, the new clone of V. cholerae O1 had
by now prevailed in Calcutta and became the dominant serogroup and the isolation
of O139 on the other hand had became few and far apart. By analyzing strains
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received from different parts of the country, it was established that the new clone had
spread into several of the cholera-endemic areas in India and neighboring countries.
Extended molecular studies showed that the new clone of V. cholerae O1 had further
spread into the West African country of Guinea-Bissau, where it was responsible for
an epidemic of cholera during 1996 [41].

The distribution and the significance of VSP islands in V. cholerae O1 strains col-
lected from different geographical regions have been studied. Peruvian strains that
existed between 1991 and 2003 lacked the VSP-2 island (VC0511–VC0515), which
is a unique feature and different from the seventh cholera pandemic strains from
many Asian regions [45]. Based on the difference in the VSP-2 region and detection
of clonal similarity using PFGE, the Peruvian strains seem to have evolved inde-
pendently and shared its homology with Eurasian and African counterpart strains
[45]. The indigenous Australian strains of V. cholerae O1 on the other hand did
not harbor VSP-1 and VSP-2 islands and presumably have pre-seventh pandemic
ancestry [46].

7.4.2 Changing Antibiotic Resistance Among Toxigenic
Vibrio cholerae

Epidemic strains of V. cholerae are known to undergo frequent changes in their
antibiotic resistance properties. Although genetic determinants of antibiotic resis-
tance are not directly involved in pathogenesis, alteration in antibiotic sensitivity
of epidemic strains can significantly influence the epidemiology of cholera [1]. In
1979, a multiple drug-resistant V. cholerae O1 strain appeared in Matlab, a rural
sub-district of Bangladesh, causing an outbreak of cholera [47, 48]. Screening of
isolates from the outbreak showed that 16.7% of the isolates were resistant to
five antibiotics including tetracycline, ampicillin, kanamycin, streptomycin, and
trimethoprim–sulfamethoxazole, whereas another 10% of the isolates were resistant
to any four of these antibiotics including tetracycline. Epidemiological assessment
suggested that the outbreak began from the introduction into the area of a single
multiple drug-resistant strain of V. cholerae O1. By 1986, the drug resistance pattern
changed, and screening of V. cholerae O1 isolated from cholera patients in January
1986 in Dhaka showed that none of these isolates was resistant to tetracycline,
streptomycin, chloramphenicol, amoxicillin, or nalidixic acid [49]. After almost a
decade, reemergence of tetracycline-resistant El Tor strains was observed during the
1991 epidemic in Bangladesh [50]. In October 1995, emergence of nalidixic acid-
resistant V. cholerae O1 was observed in southern India [51]. The susceptibility of
V. cholerae O1 strains to certain antibiotics varied in regard to the isolation time
and geographical location. Between March 1994 and December 1996, 80–100%
of V. cholerae O1 isolates in Kenya and south Sudan, and 65–90% of isolates in
Somalia were sensitive to tetracycline [52], whereas all isolates in Tanzania and
Rwanda were resistant to tetracycline. In Kenya and Somalia, the percentage of iso-
lates resistant to chloramphenicol and co-trimoxazole markedly increased from 15%
in 1994 to more than 90% in 1996.
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The O139 serogroup of V. cholerae, which emerged during 1992–1993, were sen-
sitive to tetracycline [6]. Although the new serogroup showed a trend of increased
resistance to trimethoprim–sulfamethoxazole, it was more susceptible to ampicillin
and tetracycline than was the O1 serogroup of V. cholerae. Waldor and cowork-
ers [53] reported the presence of a self-transmissible transposon-like element (SXT
element) encoding resistance to sulfamethoxazole, trimethoprim, and streptomycin
in V. cholerae O139. The SXT element could be conjugally transferred from
V. cholerae O139 to V. cholerae O1 and E. coli strains, where it integrated into
recipient chromosomes in a site-specific, recA-independent manner. Comparison of
the antibiotic resistance patterns between the O139 strains isolated during 1992 and
1993 and those isolated in 1996 and 1997 in India showed that the latter strains
were susceptible to co-trimoxazole, unlike the O139 strains from 1992 and 1993.
The rapidly changing pattern of antibiotic resistance observed among V. cholerae
suggests that there is substantial mobility in genetic elements encoding antibiotic
resistance in V. cholerae.

7.5 Molecular Basis for Clonal Diversity

The origination of different clones of pathogenic V. cholerae could be due to acqui-
sition of critical virulence genes and other gene clusters by diverse nonpathogenic
progenitor strains, and thus transform into pathogenic strains. Alternatively, an
existing pathogenic strain may undergo genetic changes leading to the origination
of a new strain. The mechanism by which horizontal transfer of CT genes occurs
has been reasonably defined with the discovery of CTXF [54], but the mechanism
involved in the transfer of TCP pathogenicity island which encodes the major col-
onization factor is still not clearly known. The O139 strains are presumed to have
been derived from a V. cholerae O1 El Tor strain by genetic changes in serotype-
specific genes [11, 33], involving multiple gene transfer and recombination events.
The V. cholerae genome has been found to contain a distinctive class of integrons,
which are gene expression elements that acquire open reading frames and convert
them to functional genes [55]. This permits the bacteria to entrap genes from other
microorganisms and thus constitute a mechanism for the clustering and spread of
pathogenic genes as well as genes for other biochemical functions.

Microevolution among toxigenic V. cholerae may also contribute significantly to
the emergence of new strains. For example, several researchers have documented
the existence of different tcpA alleles in vibrios of various serogroups, including
toxigenic and nontoxigenic strains from clinical and environmental sources [56].
Similarly, a recent study of non-O1, non-O139 environmental isolates detected
considerable genetic mosaicism in both the CTX� and the tcp gene cluster [57].
Some of these strains were shown to possess new alleles of the tcpA, toxT, and
tcpF genes carried by the TCP pathogenicity island. Different alleles of the CTX�

prophage repressor rstR were also found. Interestingly, some of the non-O1, non-
O139 environmental strains possessing novel tcpA, toxT, and tcpF alleles were able
to colonize, indicating that non-canonical virulence alleles may still have virulence
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function. The functional virulence genes may have evolved from ancestral genes
which exist as virulence gene homologues in some environmental V. cholerae
strains. Thus genetic variation among V. cholerae strains may be quite extensive, and
the fitness of strains in the environment may be favored by different alleles of viru-
lence genes. Genomic microarrays have been recently used to perform comparative
analysis of V. cholerae isolates [34]. Microarray-based genomic analysis has not yet
been applied extensively to environmental strains or non-O1, non-O139 V. cholerae.
Such studies will offer an opportunity to expand our understanding of the phylo-
genic relationships between pathogenic and nonpathogenic strains of V. cholerae.
Although clinical strains could be distinguished from environmental strains by vari-
ous molecular studies, both types of strains are very similar overall depending upon
their geographical origin. These studies seem to suggest that pathogenic V. cholerae
are probably derivatives of some ancestral environmental strains but the complete
pathway to emergence has not yet been fully observed in any geographical locale.

7.6 Influence of Clonal Diversity on the Epidemiology
of Cholera

Studies have been conducted to understand the genetic variation in successive iso-
lates of V. cholerae O1 and O139 and to discern if these genetic variations lead
to the emergence of new clones of V. cholerae, with considerably altered pathobi-
ological properties or increased environmental fitness. A pertinent question would
be whether changes in the genetic markers in the O1 and O139 strains are asso-
ciated with other undiscovered discreet changes in the organism that affect its
epidemiological characteristics. Although substantial information is available on
the epidemiology of V. cholerae and the emergence of new epidemic clones, it is
not clear what drives the frequent emergence of new clones often associated with
epidemics and replacement of existing clones. An important area that needs to be
addressed is whether preexisting immunity against one clone of either O1 or O139
can completely provide protection against another emerging clone. From an epi-
demiological viewpoint, it certainly appears that genetic rearrangement fosters some
advantage to the emerging clone. It is also crucial to know whether the observed
genetic reassortment in the O1 and O139 strains accompanies other subtle changes
in the organism that enable the organism to escape the immune pressure of the host
population against previously existing clones of toxigenic V. cholerae. There is no
cross-protection between V. cholerae O1 and O139 in the animal models. The pre-
dominantly adult population infected by O139 cholera [6] also provides evidence
that O1 strains do not protect efficiently against O139 strains. Considering the extent
of longevity of a clone and frequency of appearance and reappearance of different
clones in a cholera-endemic area, as well as occurrence of epidemics of cholera
with seasonal regularity, it appears that the clonal turnover has greater implications.
The continual emergence of new toxigenic strains and their selective enrichment
during cholera outbreaks perhaps constitute an essential component of the natural
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ecosystem for the evolution of epidemic V. cholerae strains to ensure its continued
existence.
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Chapter 8
Diversity and Genetic Basis of Polysaccharide
Biosynthesis in Vibrio cholerae

Shanmuga Sozhamannan and Fitnat H. Yildiz

Abstract Vibrio cholerae elaborates three types of polysaccharide structures:
lipopolysaccharide (LPS), a component of which is the O-polysaccharide or
O-antigen, capsular polysaccharide (CPS) or K-antigen, and “rugose” polysaccha-
ride also known as exopolysaccharide (EPS) or Vibrio polysaccharide (VPS). The
major protective antigen for V. cholerae is the O-antigen. A strain typing scheme
based on the somatic O-antigen has been in use for a number of years. There are
206 serogroups identified so far and of these only O1 and O139 are known to
cause epidemic/pandemic cholera, although a handful of non-O1/non-O139 strains
are known to possess the major virulence factors. The O-antigen diversity is due
to the number and composition of monosaccharide components, linkages, addition
of non-sugar moieties, modal length of the polysaccharide chain, and biosynthesis
mechanisms. The genetic basis of this diversity is just beginning to be understood
with the sequencing of a number of gene clusters that encode O-polysaccharide
(OPS)/capsule structures. In this review, we summarize our current knowledge on
the biochemical composition and structure of some of the O-polysaccharides, genes
involved in their biosynthesis, and touch upon the role of horizontal gene transfer in
creating this diversity and possible mechanisms that may be operative in this pro-
cess. We highlight the fact that the distinction between OPS and CPS seems to be
less evident in V. cholerae than in other species since the genes encoding these struc-
tures are shared and map in the same region of the genome. We also describe our
current understanding of the genetics and regulation of EPS/VPS synthesis and its
role in biofilm formation and environmental survival of V. cholerae.
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8.1 Introduction

Vibrio cholerae possesses a typical Gram-negative cell envelope structure: an inner
and outer membrane composed of lipid bilayers separated by a periplasmic space
containing a thin peptidoglycan (murein) skeleton layer. The outer leaflet of the
outer membrane also known as the LPS, in turn, is composed of a three-layer
structure: lipid A which is also known as endotoxin, core polysaccharide, and
O-polysaccharide, OPS [1]. These multiple structures are composed of lipid, sug-
ars, and some peptides. While the inner membrane, periplasm, and outer membrane
are integral structural components essential for cell integrity and protection against
osmotic stress, the outer leaflet of the outer membrane serves as effective barrier to
deleterious hydrophobic compounds such as antibiotics [2]. An unintended conse-
quence of the presence of the surface-exposed OPS structure is the induction of a
strong immune response when the bacterium comes into contact with the host and
thus serves as an effective immunogen. The OPS is referred as somatic antigen or
O-antigen, an antigen located in the cell wall of a bacterium.

The O-antigen contains repeating oligosaccharide units generally composed of
3–6 sugar moieties (O units; often repeated 10–30-fold) [1], giving rise to a charac-
teristic ladder-like structure on western blot analysis of purified O-antigen [3]. The
O-antigens are extremely variable in structure. The variability is due to the number
and composition of monosaccharide components, linkages, addition of non-sugar
moieties, modal length of the polysaccharide chain, biosynthesis mechanisms, and
possibly in their genetic basis as well [1, 4]. Thus, bacteria in turn have evolved
mechanisms to circumvent or evade immune detection by their host, for example,
by antigen switching. There are 206 O-antigens known in V. cholerae and they are
classified based on the serology of purified O-antigens from various strains [5].
However, interestingly, only a couple of the serogroup strains (O1 and O139) pos-
sess epidemic and pandemic potential although several non-O1/non-O139 possess
the known virulence factors such as cholera toxin (CTX) and toxin-coregulated pilus
(TCP) [6–9] suggesting a role for O-antigen in epidemicity. Of the 206 O-antigens,
the chemical structure and the genetic basis of O-antigen biosynthesis of only a few
serogroups are known.

Some strains of V. cholerae produce a capsule, also known as K-antigen, which
is a polysaccharide secreted outside the O-antigen and is loosely attached to the
cell wall. The capsule lacks the characteristic ladder-like display of repeating sugar
units seen, in general, with O-polysaccharide, instead it displays a high molecular
weight band in Western blot analysis. More than 85% of non-O1 V. cholerae isolated
from patients with septicemia or diarrhea or from environment have a capsule [10].
However, structures and the genetics of CPS in V. cholerae are poorly understood.
Only two serogroups, O139 and O31, known to possess CPS have been genetically
characterized.

The epidemic strain O139 Bengal was shown to possess a hybrid structure:
a shortened O-antigen substituted with a capsule and its biosynthetic genes mapping
to the LPS region on chromosome I [3, 11, 12]. Recently, a similar arrangement
was shown to be present in a non-O1/non-O139/non-epidemic, diarrhea causing
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strain, NRT36S (serogroup O31) [13]; i.e., the O31 capsule biosynthesis clus-
ter was mapped to the LPS biosynthesis region. Thus, in contrast to Escherichia
coli, evidence for a distinct genetic region required for capsule biosynthesis is
yet to be found in V. cholerae. Hence, in this review, the capsular biosynthesis
will be discussed only in the context of O-antigen biosynthesis in O139 and O31
serogroups.

Epidemic V. cholerae strains are known to produce yet another exopolysaccha-
ride (EPS), also known as rugose polysaccharide or Vibrio polysaccharide (VPS),
in response to harsh environmental conditions such as chlorine treatment [14–17]
The rugose phenotype, as originally described by Bruce White in 1938, is charac-
terized by wrinkled colony morphology associated with the secretion of copious
amounts of extracellular polysaccharide [18, 19]. Extensive work in the recent past
has shed light on identification of VPS biosynthesis genes, its chemical composition,
regulation of biosynthesis, and ecological significance of rugose phenotype.

The three complex surface structures (LPS, CPS, and EPS/VPS) not only protect
the bacterium from harsh environmental conditions such as chemicals, detrimental
hydrophilic compounds, and antibiotics entering the cells, phagocytosis, comple-
ment and phage-mediated killing, but also enable them to persist in unfavorable
environments by biofilm formation [2].

The focus of this review is on the diversity of the polysaccharide structures
such as LPS, CPS, and EPS/VPS that come into contact with the external envi-
ronment or host cells. More specifically, we will elaborate on the genetics of lipid
A, core, O-antigen and its diversity and review evidence for horizontal transfer of
O-antigen biosynthesis clusters and the recent advances in our understanding of
rugose polysaccharide biosynthesis, regulation, and its role in biofilm formation.
The reader is also referred to some excellent earlier reviews dealing with similar
and other aspects of polysaccharide structures in V. cholerae [3, 20–24].

8.2 Lipopolysaccharide (LPS)

8.2.1 Lipid A

8.2.1.1 Composition and Structure of Lipid A

The biochemical nature of the lipid A part of the LPS has been determined. The
backbone structure is P-GlcN (β-1–6) GlcN-1-pp-Etn [3]. It consists of a β-1,6-
linked D-glucosamine oligosaccharide substituted with a phosphate group ester
bound to the nonreducing glucosamine residue and a pyrophosphorylethanolamine
(PP-Etn) linked to C-1 of the reducing glucosamine residue [25, 26]. The glu-
cosamine residues are further substituted at their hydroxyl and amino groups by
a number of fatty acids [27]. Three of these fatty acids, tetradecanoic, hexade-
canoic, and 3-hydroxydodecanoic acid, are involved in ester linkages, whereas
3-hydroxytetradecanoic acid (3-hydroxymyristic acid) is involved in an amide
linkage. The fatty acids found in lipid A occur in all serogroups [25]. The
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V. cholerae lipid A is similar to lipid A from other species except in containing
D-3-hydroxydodecanoic acid, which is 3-O-acylated by D-3-hydroxydodecanoic
acid. As in Salmonella spp., the lipid A is linked to the KDO [3].

8.2.1.2 Genetics of Lipid A Biosynthesis

All the genes involved in lipid A biosynthesis have not been deciphered, although
based on annotation of the V. cholerae genome sequence, two genes with putative
lipid A biosynthesis functions (VC0212 and VC0213) have been located very close
to the OPS biosynthesis cluster. They are apparently present and conserved in all
the serogroups sequenced so far [28, TIGR-CMR database].

8.2.2 Core Oligosaccharide

8.2.2.1 Composition and Structure of Core Oligosaccharide

The core oligosaccharide of V. cholerae contains glucose, heptose, fructose,
ethanolamine phosphate, and KDO [29]. The remaining sugars found in the core
region of the LPS form a backbone substituted at various points by sugars such as
fructose, heptose, ethanolamine, and N-acetyl glucosamine. KDO seems to serve as
the linker between the core and the lipid A. Cloned V. cholerae O-antigen gene clus-
ter (rfb/wbe) failed to display the V. cholerae O-antigen on the E. coli core lacking
glucose, suggesting that the V. cholerae core contains glucose [30].

The structure of core OS has been resolved for two O1 strains (classical; smooth
and rough), two O139 (encapsulated and nonencapsulated) strains, two O22 strains,
and one non-O1, non-O139 isolate, H11. The O1, O139, and O22 core structures
are very similar, while the structure of the non-O1, non-O139 isolate H11 differs
significantly in side branches (see [31] and references therein for more details).

8.2.2.2 Genetics of Core Biosynthesis

An extensive study by Nesper et al. has deciphered the genetics of V. cholerae
core biosynthesis [31]. The core polysaccharide biosynthesis cluster has been des-
ignated as wav cluster in accordance with the nomenclature proposed by Reeves
et al. [1]. The cluster is located on chromosome I of V. cholerae between ORFs
VC0223–VC0240 adjacent to the O-antigen cluster. The left junction of this cluster
is VCO222 (kdtB or coenzyme A biosynthesis gene coaD) and the right junction is
rfaD or VCO240 (gmhD).

The V. cholerae O1 El Tor wav genes have been characterized by isolation of
mutants and subsequent complementation of the mutants by wild-type gene for the
following phenotypes: phage resistance (the putative receptor of the phage, K139,
is the O-antigen), rough phenotype, and LPS profile [32, 33]. The wav cluster genes
have been assigned functions based on homology and several gene functions have
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been verified by genetic analysis; i.e., isolation of mutants of waaL, waaF, and wavB
and subsequent complementation by the respective wild-type alleles.

The wav cluster has been further subdivided into four clusters wav1 through
wav4. The genetic organization of the putative wav cluster has been deciphered
from a number of serogroup strains [31]. These investigators have systematically
analyzed the wav cluster in 38 different strains using southern hybridization, PCR,
and targeted sequencing of the region. Of these 38 isolates, 17 were CT+TCP+ (the
two major virulence factors of V. cholerae that are associated with clinical cholera:
cholera toxin, CT, and toxin-coregulated pilus, TCP), 4 human CT–TCP– strains, 1
human CT+TCP+, 2 environmental CT+TCP+, 13 CT–TCP– environmental isolates,
and 1 CT–TCP– strain of unknown origin. The major highlights of this study are as
follows:

(a) At least 10 genes are conserved in all the strains tested. They are interspersed
with other genes of unknown or putative functions making up the core region from
VC0223 to VC0240. (b) O1 El Tor-type I wav cluster is highly prevalent among epi-
demic strains. This is consistent with the idea that the epidemic strains are of clonal
origin implicating a role for O-antigen in virulence and epidemicity. (c) All epi-
demic strains and two O1 environmental isolates (one each of CT+TCP+/CT–TCP–)
and two clinical non-O1/non-O139 CT+TCP+ appeared to be identical to the type
I cluster found in epidemic strains. (d) The wav clusters of 19 environmental iso-
lates have been grouped into four different types (type 2–5). The type 2 cluster was
found in one environmental isolate. Comparison of waaL enzyme in type 1 and
type 2 isolates revealed a diverse genetic relationship among these isolates although
functional similarity is evident. Type 3 was the predominant and was found in 9
isolates. Types 4 and 5 were represented by 4 and 5 isolates, respectively. The type
5 appears to be the most evolutionarily unrelated of the wav clusters. This study
revealed extensive horizontal gene transfer in generating genetic diversity in wav
cluster in spite of limited structural diversity of the core OS. The differences in the
five wav gene cluster types have been proposed to be located in side branches of the
core OS [31].

8.2.3 O-Polysaccharide (O-Antigen)

The genes responsible for the synthesis of O-antigens are clustered on chromosome
I of V. cholerae between ORFs VC0240 and VC0264 [22]. The chemical struc-
ture and the genetic basis of several OPSs have been determined. Structures of the
O-specific polysaccharides of V. cholerae lipopolysaccharides have been found to
vary significantly from serogroup to serogroup. Structural studies have been per-
formed on the OPS of serogroups O1–O3, O5, O8–O10, O21, O22, O76, O139,
O144, and O155, and a number of unique sugars and non-carbohydrate groups have
been identified as OPS components [34, 35]. Recent studies on the structures of the
OPS of V. cholerae O6 and O31 indicate that they are strikingly similar [36, 13].
The DNA sequence of O-antigen clusters of 11 serogroups has been determined.
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8.2.3.1 Serogroup O1

All seven pandemics of cholera are believed to have been caused by strains of the
O1 serogroup. The O1 serogroup is further divided into two biotypes: classical
and El Tor, the latter of which has unique characteristic features: El Tor hemoly-
sis, agglutination of chicken erythrocytes, and resistance to classic strain-specific
phage (Mukerjee’s group IV). The sixth and seventh pandemics were caused by
O1 classical strain and O1 El Tor strains, respectively. The O1 strains of both bio-
types are further subdivided into three serotypes: Inaba, Ogawa, and Hikojima. This
grouping is based on the composition of three antigenic forms in O1 antigen: the
three serotypes have in common an antigenic factor referred to as the A antigen.
In addition, there are two specific antigens, B and C, which are expressed to vary-
ing degrees on the different serotypes. Inaba express only C, while Ogawa strains
express both B and C, although C is present in a much reduced amount compared to
the amount in Inaba. The third serotype, Hikojima, is regarded as rare and unstable
and supposed to express all three antigens at very high amounts [37]. The nature
and the genetic basis of this serotype are not clear. It has been suggested that these
strains may be segregating diploids or undergo high-frequency serotype conversion
[3, 37, 38].

Composition and Structure of O1 O-Antigen

The O-antigen of the O1 serogroup consists of a homopolymer of 4-amino-4,6-
dideoxy-mannose (perosamine) (17–18 units) which is substituted with 3-deoxy-
L-glycero-tetronic acid (tetronate). The tetronate substitution is common to both
Inaba and Ogawa serotypes and has been proposed to correspond to the A anti-
gen which is common to both serotypes. The LPS also contains another sugar,
quinovosamine, found at ratio of 1:20 compared to perosamine. It has been sug-
gested that quinovosamine may cap the LPS core since it is also found in O139 that
has a different O-antigen composition [21]. Thus, it appears that part of the core
may be encoded by O-antigen cluster [21, 39, 40].

Genetics of O1 O-Antigen Biosynthesis

The genetic region required for the synthesis of the O-antigen has been localized
between the gmhD (VC0240) and the rjg (VC0264) genes (Fig. 8.1). The O1 wbe
region was originally located on a SacI fragment by heterologous complementa-
tion in E. coli and it did not include the entire region necessary for O-antigen
biosynthesis in V. cholerae [41, 42]. Subsequent work identified several additional
genes further downstream of this region [43]. The O1 wbe cluster has been subdi-
vided into five regions according to the functions: (1) perosamine biosynthesis, (2)
O-antigen transport, (3) tetronate biosynthesis, (4) O-antigen modification, and (5)
additional genes required for O-antigen biosynthesis in V. cholerae. The leftmost
gene in the cluster, gmhD, is separated from the rest by jump-start sequences [44],
which are important regulatory sequences found in LPS biosynthesis regions. There
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are several transcriptional units: the perosamine biosynthesis, O-antigen transport,
and tetronate biosynthesis form a single unit separated by a defective transposon
IS1358, which is followed by wbeT, the gene responsible for serotype conversion.
The O-antigen modification leading to the expression of B-antigen in the Ogawa
serotype is determined by wbeT gene product which is in a separate transcriptional
unit to the preceding wbe genes. The genes downstream of wbeT are organized
as two divergently transcribed units and these genes are needed for the O-antigen
expression only in V. cholerae [21].

The genes required for perosamine biosynthesis manC, manB, gmd, and wbeE
were described by Stroeher et al. [45]. Homology comparisons have led to a better
understanding and assigning the functions of O1 antigen export genes. A putative
pathway for the synthesis of perosamine has been proposed [45]. The first step in
this pathway is the conversion of fructose-6-phosphate to mannose-6-phosphate
by ManC, which is subsequently converted to mannose-1-phosphate by ManB.
Mannose-1-phosphate is converted to GDP-mannose by the action of ManC. GDP-
mannose is next converted to GDP-4-keto-6-deoxymannose by WbeD and then to
GDP-perosamine by WbeE. The export of O-antigen involves a pair of genes: the
carrier or pore integral membrane protein, encoded by wzm, and the energizing
partner, an ATP-binding protein encoded by wzt.

A putative pathway for the synthesis of tetronate has been proposed by Morona
et al. solely based on homologies of the gene products involved, i.e., genes wbeK,
wbeL, wbeN, and wbeO have been assigned to the tetronate biosynthesis. In the
first step, malate (Krebs cycle intermediate) is converted to an aldehyde by wbeN
protein and then to a di-hydroxy carboxylic acid by wbeM gene product. This is
subsequently activated to a Co-A form by the action of wbeL. The substrate for
this reaction is 3-deoxy-glycero-tetronyl: CoA, which is then likely to be activated
to the acyl carrier protein (ACP) form by an enzyme such as acetyl-CoA transcy-
clase, which is thought to be a housekeeping enzyme from the general metabolic
pool. WbeK has all the conserved features of a number of ACPs. The ACP-activated
precursor can be condensed with a molecule of GDP-perosamine to give rise to a
complete O-antigen subunit by the action of wbeO [46].

Serotype Switching in V. cholerae O1

Manning et al. showed that the genetic determinants for serotype switching are
within the wbe region and involve unequal reciprocal interconversion; (1) cloning
and heterologous expression of Ogawa or Inaba wbe regions in E. coli produced
the respective serotypes [41]. (2) Sequencing of the entire regions from Ogawa
and Inaba revealed a single bp deletion in the wbeT gene [47]. Further analysis
of wbeT from other Inaba and Ogawa strains revealed that Inaba strains have a
mutated/truncated wbeT. The conversion of Inaba to Ogawa was possible by intro-
ducing the Ogawa wbeT into Inaba and the converse was possible only by mutating
the wbeT in Ogawa. This observation also explains why the conversion from Ogawa
to Inaba occurs at much higher frequency than the converse since this conversion
only requires a mutation in the wbeT gene, whereas the converse requires a spe-
cific base correction to restore the ORF [47]. The precise modification giving rise
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to the B antigen has now been determined to be the incorporation of a methyl group
onto the perosamine backbone of the O-antigen [48]. However, it is not clear how
this modification occurs or the role of wbeT in methylation since it does not show
any similarities to any known methylase [21]. Although genetic evidence shows the
involvement of wbeT in O-antigen modification, it is not vital for O-antigen syn-
thesis and it appears to be associated with a defective transposon IS1358d1 and is
in a separate transcriptional unit. It has been proposed that the IS1358 defines the
end of the actual wbe region and the genes wbeT, wbeU, wbeV, galE, and wbeW
are separate from the rest of the operon [21, 43]. Recent study extended the O1 wbe
region (32 kb) further downstream of VC0264, placing the right junction within or
downstream of VC0271 (Fig. 8.1) [49].

8.2.3.2 Serogroup O139

The Discovery of V. cholerae O139 Bengal and Subsequent Studies

In 1992, V. cholerae belonging to serogroup O139 emerged as an epidemic strain
in the Indian subcontinent [50–52]. The major findings ensuing from a number of
studies can be summarized as follows: (1) Clinically, the O139 strains cause a dis-
ease similar to the one caused by the O1 strains. (2) The O139 strains are genetically
similar to Asian seventh pandemic O1 El Tor strains and possess the known viru-
lence factors. (3) The O139 strains do not possess the typical O1 LPS but a hybrid
LPS/CPS. (4) The O139 strains are immunologically distinct from O1 El Tor strains,
as evidenced by the susceptibility of the individuals preexposed to O1 strains by
vaccination or infection.

The genetic differences accounting for the phenotypically distinct surface
polysaccharide of O1 El Tor and O139 Bengal have been determined. The first
evidence of the genetic change in the O-antigen region was provided by the work
of Waldor et al. [53]. These investigators showed that V. cholerae O139 was
serum resistant (an indication of the presence of a capsule) and exhibited three
electrophoretic forms of the O-antigen corresponding to both LPS and CPS. A
transposon insertion abolished the production of both of these materials suggesting
common genes involved in their biosynthesis. Further, Manning et al. [3] showed
that the O139 genome lacked the O1 specific wbe genes except for the gmhD,
IS1358, and rjg (VC0264).

Composition and Structure of O139 O-antigen

Serogroup O139 strains do not possess a typical LPS but rather a shortened LPS con-
sisting of a single subunit in its OPS form attached on the core OS and a capsule.
Colony morphology of O139 strain was described as semi-rough [3]. Silver stain-
ing analysis, following SDS-PAGE of the O139 LPS, revealed marked differences
compared to O1. V. cholerae O139 LPS has the core and lacked a smear and diffuse
band-like pattern characteristic of the O1 LPS but instead had very high molecu-
lar weight forms which are consistent with the capsular structure [53]. V. cholerae
O139 LPS contained only one O-antigen unit on a more completely substituted core.
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Accordingly, these strains exhibit two colony morphologies: opaque and translucent,
typical of capsulated strains. The capsulated forms are resistant to serum killing
[54]. Analysis of the sugar composition of LPS of O139 revealed striking absence
of perosamine found in O1 strains and is composed of a phosphorylated hexasac-
charide consisting of colitose, galactouronic acid, quinovosamine, galactose, and
glucosamine residues [55, 56].

Three different studies looked at the monosaccharide content and struc-
ture of the O139 CPS. This macromolecule contains six different sugars:
D-galactose, 3,6-dideoxy-xylo-hexose (colitose), 2-acetamido-2-dexoy-D-glucose,
2-acetamido-2,6-didexoy-D-glucose, -acetamido-2,6-didexoy-D-glucose (N-acetyl-
D-quinovosamine), D-galacturonic acid and phosphate [57–59]. The CPS of O139
contains a repeating unit of six sugar residues, which included one residue each
of N-acetylglucosamine (GlcNac), N-acetylquinovosamine (QuiNAc), galacturonic
acid (GalA), galactose, and two residues of 3,6-didexoy-xylo-hexose (Xylhex) [57].
Knirel et al. further refined the structure [59] and proposed a similar structure
containing D-galactose 4,6-cyclophosphate. Recently, the hexasaccharide repeating
structure of the O139 CPS was isolated using a polysaccharide lyase of bacterio-
phage JA1. It specifically cleaves at a single position of the 4-linked galactouronic
acid producing an unsaturated sugar product. This structure was found to be a
tetrasaccharide epitope homologous to the human Lewis blood group antigen and
its conformation is identical or similar to that of the intact CPS [60].

Genetics of O139 wbf Region

The genes responsible for the synthesis of O139 O-antigen are present in a cluster
designated wb∗ (rfb) region (Fig. 8.1). It was shown that a large portion of DNA
corresponding to the wbe (rfb) region of O1 strains is missing in O139 strains and
that O139 has acquired a unique DNA region [61–63]. Specifically, it was demon-
strated that the serogroup O139 resulted from a 22-kb deletion of the wbe (rfb)
region of O1 and replacement with a 35-kb wbf region encoding the O139 O-antigen
[62]. Several groups sequenced the O139-specific wbf (rfb) region. The 14.363-kb
sequence of the left part of the wbf region, gmhD to gmd (originally designated
otn), was reported by Bik et al. [61], the 12.938-kb right part of the wbf region,
wbf Q to wbf X, was reported by Comstock et al. [60], and the intervening region
was reported by Stroeher et al. [63]. The wbf region has complex organization and
independent transcriptional units. Based on mutational analyses from different stud-
ies and homology searches, Stroeher et al. have assigned functions for many of
the genes in this cluster [21]. The striking feature of this cluster is the absence of
discrete pathway-associated clusters as seen in O1 wbe region. Mutational anal-
yses showed that O139 region contains genes involved in both O-antigen and
CPS production as well as genes specific for either the capsule or the O-antigen
production.

The region described by Bik et al. [61] has two genes that are involved in the cap-
sule biosynthesis but not O-antigen biosynthesis: wzm (capsule transport) and wzz
(chain length determination). The gene products of other genes located in the region,
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wbfA, wbfB, wbfC, wbfD, and wbfE, do not show any resemblance to polysaccharide
biosynthesis genes.

Comstock et al. [62] defined the genes on the right end of the cluster and iden-
tified genes with similarities to polysaccharide biosynthesis. A gene downstream of
IS1358, gmd, is similar to oxidoreductase of O1 strains. There are genes with redun-
dancies in functions; for example, two possible galactosyl transferases of different
classes, and a number of UDP-galactose 4-epimerases involved in the synthesis
of UDP- galactose. wbfU shows homology (68% identity) to O1 wbeW galactosyl
transferase and it has been suggested that in combination with the galE homologs
(wbfT and wbfW) they produce UDP-galactose which is used as a substrate by one
of the putative galactosyl transferases (wbfS and wbfU) and transferred to the lipid
carrier, bactoprenol.

The regions encompassing wbfH, wbfI, and wbfJ are most likely involved in col-
itose biosynthesis since they show extensive similarity to E. coli O111 rfb cluster
genes [64] which also produce colitose. ManB and ManC have assigned functions in
the synthesis of GDP-4-keto-6-deoxymannose from fructose-6-phosphate similar to
that described for V. cholerae O1 ManB and ManC. ManC is likely to have phospho-
mannoisomerase (PMI) and guanosine 5′ diphospho-d-mannose-pyrophosphorylase
(GMP) activities whereas ManB has the phosphomannomutase (PMM) activity.
Interestingly, the gmd homolog of V. cholerae O1 found in V. cholerae O139 also
plays a role in the conversion of GDP mannose to GDP-4-keto-6-deoxymannose.
Thus, GDP-4-keto-6-deoxymannose is required for the biosynthesis of perosamine
in O1 and colitose in O139 [21].

V. cholerae O139 has a wzy homolog (wbfQ/wzy). The Wzy protein is involved
in O-antigen polymerization and is not usually found in bacterial strains which have
a homopolymeric O-antigen as in V. cholerae O1. Furthermore, in V. cholerae O139
there would not appear to be a need for a wzy homolog, since only a single O-antigen
subunit sugar is substituted on the core. Thus, the wzy found in V. cholerae O139 is
either non-functional or involved in polymerization of the capsule which is thought
to be composed of a material identical to the O-antigen but not linked to the lipid
A core [53]. Mutational analysis indicates that wzy homolog is solely involved in
capsule biosynthesis. It is possible that the wzz product of O139 wbf cluster interacts
with wzy product in capsule biosynthesis. Another interesting aspect is that the O139
export system has only the export protein wzm (transmembrane protein) and not
the energizing partner wzt as seen in V. cholerae O1. Mutations in wzm eliminate
capsule production and so one of the as yet unassigned proteins might function as
the energizing partner, Wzt, in V. cholerae O139 [21].

8.2.3.3 Serogroup O22

Composition and Structure of O22 O-antigen

The O-antigen polysaccharides of V. cholerae O22 and O139 are similar in chem-
ical composition and structure and differ only in the presence of an O-acetylated
β-Gal-4, 6 P in the latter and in the anomeric configuration of GlcNAc. V. cholerae
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O22 lacks a CPS but possesses an OPS similar to that of O139 except for
some minor differences. Both serogroups contain the same trisaccharide, GlcNAc-
GalA-QuiNAc, and in both cases the N-acetylglucosamine is di-substituted at the
3- and 4-positions. Further, the rare terminal 3,6 dideoxy-L-xylo hexose (colitose)
residues are present in both serogroups. The N-acetyl glucosamine of O22 has the
α-configuration instead of the β seen in O139. The substituent at the 3-position is
also different, a galactouronic acid in O22 and a cyclic phosphorylated galactose in
O139. The phosphate group is absent in O22. Despite these differences, the similar-
ity in structure correlates with serological cross reactivity and genetic relatedness of
the O-antigen biosynthesis regions [22, 65, 66].

Genetics of O22 wb∗ Region

As indicated above the chemical constituents and structure of O22 O-antigen is
very similar to that of O139 suggesting that the O22 O-antigen genes might be
similar to O139 wbf genes. This possibility was tested by Yamasaki et al. [67].
When DNA fragments derived from the O139 O-antigen biosynthesis region were
used as probes, the entire O139 O-antigen biosynthesis gene region could be
divided into five classes, designated as I–V based on Southern hybridization pat-
terns of the probes against reference strains of V. cholerae representing serogroups
O1–O193. Class IV was specific to O139 serogroup, while classes I–III and class V
were homologous to varying extents to some of the non-O1, non-O139 serogroups.
Interestingly, the regions other than class IV were also conserved in the O22
serogroup. High-fidelity PCR analysis was employed to determine whether a simple
deletion or substitution could account for the difference in class IV between O139
and O22. The class IV region is approximately 8 kb in size in O139. Using primers
flanking the class IV region, a product of approximately 15 kb was amplified when
O139 DNA was used as the template, while a product of approximately 12.5 kb was
amplified when O22 DNA was used as the template. A complete deletion of 8 kb
would have resulted in a 7 kb fragment in O22, indicating that a substitution with
a 5.5 kb fragment but not a deletion could account for the difference in class IV
region between O22 and O139 serogroups. In order to precisely compare the genes
responsible for O-antigen biosynthesis of O139 and O22, the region responsible for
O-antigen biosynthesis of O22 serogroup was cloned and analyzed. In concurrence
with the results of the hybridization test, all regions were well conserved in O22 and
O139 serogroups, although wbfA and the five or six genes comprising class IV in
O22 and O139 serogroups, respectively, were exceptions. Again the genes in class
IV in O22 were confirmed to be specific to O22 among the 155 ‘O’ serogroups
of V. cholerae. These data suggest that the gene clusters responsible for O139
O-antigen biosynthesis are most similar to those of O22 and genes within class
IV of O139 and O22 define the unique O antigen of O139 or O22 (Fig. 8.1) [67].

Further confirmation of the hybridization data was obtained by sequencing the
O-antigen biosynthesis regions in O22 and O139 strains which corresponded to 36.6
and 35.9 kb in length respectively (Fig. 8.1). The major highlights of the sequence
analysis were as follows: (1) Presence of IS elements in wbfF and wbfZ, possibly
interrupting the genes. (2) All genes of V. cholerae O139 wbf cluster, including the
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hypothetical wbfF and wbfZ found in O22 serogroup, with the exception of wbfA
and wblA to wblE, have very high homology to corresponding genes found in O139
serogroup. (3) The predicted protein encoded by gmhD in O22 is highly homologous
to that encoded by gmhD in O139 whose possible function is LPS core synthesis.
(4) Although the similarity is very low (37%), the predicted protein encoded by
wbfA in O22 was homologous to that encoded by that in O139 whose function is
unknown. (5) wbfB to wbfK of O22 encode proteins which are almost identical to
those of wbfB to wbfK in O139. (6) Whereas the predicted protein encoded by wbfL
in O22 was about 61% identical to that of O139 wbfL in O139, the predicted pro-
teins encoded by wblA to wblE in O22 have no homology to those found in O139
serogroup, except for WblC, which was 44% identical to WbfO. (7) wblA encodes a
protein consisting of 281 aa residues which is homologous to α-(1,2)-FT of human
with 29.2% identity in 176 aa overlap whose possible function is β-D-galactoside 2-
α-L-fucosyl transferase. wblB encodes a protein consisting of 161 aa residues which
has homology to LacA of E. coli with 39.6% identity in a 91 aa overlap whose possi-
ble function is galactoside-O-acetyl transferase. wblC encodes a protein consisting
of 340 aa residues which is homologous to WbfO with 43.8% identity in 333 aa
overlap or to LgtD homolog of Haemophilus influenzae with 31.8% identity in 169
aa overlap whose possible function is glycosyl transferase. wblD encodes a pro-
tein consisting of 398 aa residues which is homologous to NADH dehydrogenase
of Trypanosoma brucei with 18.9% identity in 358 aa overlap whose possible func-
tion is NADH dehydrogenase. wblE encodes a protein consisting of 359 aa residues
which is homologous to RfaG of E. coli, with 24.2% identity in 157 aa overlap
whose possible function is glucosyltransferase. The products of wbfS to wbfZ in
O22 were again highly homologous to those of wbfS to wbfZ in O139. (8) JUMP
start sequences characteristic of O-antigen clusters were found between orf6 and
wbfE [44, 67].

8.2.3.4 Serogroup O37

Composition and Structure of O37 O-antigen

Neither the biochemical constituents nor the structure of O37 O-antigen is known.

Genetics of O37 wb∗ Region

Serogroup O37 strains were implicated in localized cholera outbreaks in Sudan and
Czechoslovakia in 1962 [68, 69]. The O37 strains were shown to contain virulence
gene clusters, CTXφ and TCP island [6]. The genes responsible for the synthesis
of O37 O-antigen were isolated and sequenced. This was accomplished by PCR
using primers anchored at the left in gmhD and on the right at rjg (VC0264). The
intervening sequence was PCR amplified, cloned, and sequenced. The entire region
was found to be 27,552 bp and the O37 specific O-antigen region was 23,388 bp
(Fig. 8.1). The O37 wb∗ cluster is unique, since no significant DNA similarity was
found between the O37-specific sequences and the previously published V. cholerae
wb∗ cluster sequences except at the right junction. Twenty-three ORFs were iden-
tified in the O37 wb∗ region, and as expected, many of these orfs (orf-1 to -13 and
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orf-18) encode enzymes involved in polysaccharide biosynthesis. orf-14 and orf-15
encode hypothetical proteins of unknown functions. orf-14 has very weak similar-
ity (26% identical and 46% positive in a 64-amino acid region) to yhfO (which
encodes a hypothetical protein) of Bacillus subtilis. A 1,549-bp promoter region
separates gmhD and orf-1, and this region contains a putative promoter and ops ele-
ments found in known polysaccharide biosynthesis regions. As seen in other wb∗
regions, there is an IS element in the interval between the regions that is unique
to O37 and the right junction, and this element, which appears to contain an inser-
tion of another fragment encoding a transposase, spans 3,580 bp and has an 18-bp
inverted repeat at its ends. The original IS element is 1,054 bp long and is virtually
identical (95% identical at the DNA level; the transposase is 90% identical [278 of
306 amino acids]) to the IS elements found in Vibrio parahaemolyticus (ISV-3L,
ISV-5R, ISV-5L, ISV-4R). Interestingly, the tnp gene of the V. cholerae element
is interrupted after the 76 amino acid residue by a 2,527-bp DNA fragment. This
insert encodes an ORF (orf-17) that is transcribed in the opposite direction and has
extensive homology to transposases of various IS elements found in other bacterial
species. The region downstream of the IS element has three ORFs almost identical
to the O1 wbe cluster: wbeV, galE, and wbeW followed by rjg (VC0264). The wbeV
gene in the O37 strain appears to consist of three small ORFs [6].

8.2.3.5 Serogroup O31

Composition and Structure of O31 O-antigen

Recently, the capsule structure and genetic basis for capsular biosynthesis were elu-
cidated for a V. cholerae serogroup O31 strain NRT36S. It is a human pathogen that
produces a heat-stable enterotoxin (NAG-ST) [13]. Carbohydrate analysis of the
O-antigen of O31 strain indicated the presence of L-rhamnose (Rha),
D-glucosamine (GlcNAc), D-glucuronic acid (GlcA), and D-galactose. The struc-
ture of the capsular (CPS) polysaccharide was determined by high-resolution NMR
spectroscopy and shown to be a complex structure with four residues in the repeat-
ing subunit. The structure proposed for V. cholerae O31 CPS is very similar to that
proposed for O6 O-antigen except for minor differences in the degree and positions
of O-acetylation [36].

Genetics of O31 wb∗ Region

A combination of genetic and whole genome sequencing approaches has been used
to decipher the V. cholerae O31-specific capsular region. The entire region between
gmhD and rjg (VC0264) was determined to be 49,916 bp in length (Fig. 8.1). This
region also contained the transposon insertions resulting in translucent phenotype
suggesting that it is the CPS region as well as the O-antigen region. It appears that
there is extensive redundancy in functions. Of the 46 potential ORFs, 12 are gly-
cosyltransferases, 16 genes are involved in pathways for synthesis of nucleotide
precursor of exopolysaccharide, and 6 other genes are involved in polysaccharide
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processing and transport. The other 12 ORFs are of unknown function. A jump start
sequence was located just downstream of gmhD. The transposon insertions result-
ing in translucent phenotype were located in orf5 (wzm-an ABC transporter gene),
orf8 (a glycosyl transferase gene), orf23 (galE-UDP-glucose epimerase), and orf43
(rhamnosyltransferase). Complementation of the galE mutants resulted in formation
of opaque colonies which were resistant to serum killing [13]. These authors have
proposed putative functions for many of the ORFs based on the proposed biochem-
ical structure of the O31 capsule. Some of the highlights of these analyses are as
follows:

Glycosyltransferases: Orf45, wecA homolog [70], is an undecaprenylphosphate
N-acetylglucosamine 1-phosphate transferase gene. WecA is the putative initial
transferase to catalyze the transfer of N-acetylglucosamine 1-phosphate to unde-
caprenylphosphate in the capsule polysaccharide biosynthesis pathway.

Synthesis genes: The structural data for V. cholerae NRT36S indicate that
the capsule contains one residue each of rhamnose and glucuronic acid and two
N-acetyl glucosamine residues; genes required for the synthesis of these moieties
are present in the CPS region. There are two sets of L-rhamnose biosynthesis genes,
homologous to rmlB, rmlA, rmlC, and rmlD, that are almost identical; they are orf
1–4 and orf 33–36 in the same order as rml genes. Orf43 may be the rhamnosyltrans-
ferase that catalyzes the addition of rhamnose to the CPS backbone. The disruption
of orf43 by a transposon insertion resulted in the loss of the capsule. This obser-
vation is consistent with the presence of rhamnose in the repeating polysaccharide
backbone of the capsule. Orf23 is similar to galE gene; its product UDP-glucose
4-epimerase catalyzes the conversion of UDP-glucose to UDP-galactose. Disruption
of galE gene in mutant TR3 caused the loss of the capsule. Orf24 (wbeW) transfers
galactose to the capsule complex. Orf41, a sugar O-acetyltransferase homolog could
be involved in the observed O-acetylation of the capsule. Orfs 11, 12, 22, 37, 41, and
44 are also putative pathway genes for the synthesis of nucleotide sugar precursors,
but their precise functions are not clear at this time.

Translocation and Processing Genes: Some of the translocation- and processing-
associated genes identified are wza, wzb, wzc, wzm, wzt, wzx (orf38), wzy (orf40).
The disruption of an ABC transporter system integral membrane protein gene, wzm,
by transposon insertion had significantly reduced the amount of capsule and resulted
in translucent colonies that were susceptible to serum killing. Presence of wzt, which
is another component of the ABC transporter system in the CPS region, suggested
that the processing and translocation of the capsule in V. cholerae NRT36S involve
an ABC transporter system.

8.3 Horizontal Gene Transfer (HGT) in Creation
of O-Antigen Diversity

There is overwhelming evidence for the role of horizontal gene transfer (HGT) in
creating new pathogens by generating diversity in the O-antigen/capsule regions. In
the case of O-antigen/capsular biosynthesis regions, at least two types of such events
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occur. (1) “En bloc” HGT of O-antigen clusters from one serogroup to another
resulting in change of O-antigens in completely different genetic backgrounds. The
prime example for such an event is the emergence of V. cholerae O139 Bengal which
appears to be the result of a horizontal transfer event of the entire wbf cluster, prob-
ably from a nonpathogenic V. cholerae strain such as Arg-3 [71] to a V. cholerae O1
El Tor strain thereby creating a new epidemic strain [72, 73]. (2) “En morceaux” or
“Mosaic” HGT of O-antigen genes/fragments between highly conserved O-antigen
regions that results in O-antigen switching. The best example of this type of HGT is
seen in V. cholerae serogroups O22/O139 which have serogroup-specific fragments
embedded within highly conserved O-antigen genes. Serogroup changes in non-
pathogenic V. cholerae may not have serious consequences and may go unnoticed,
whereas in pathogenic backgrounds, such as O1, antigen conversion may result in
novel pathogens (e.g., V. cholerae O139 Bengal, which causes cholera epidemics
even in populations immune to V. cholerae O1).

The first evidence for HGT events, stemming from phylogenetic studies of
V. cholerae [74], indicated that exchange of wb∗ regions may be quite common in
this species. Mooi and Bik used IS1004-based fingerprinting analysis for V. cholerae
strain typing and identified several strains with identical or related fingerprint pat-
terns but expressed different serotypes. Conversely, strains with different fingerprint
patterns with identical serotypes were also found. These observations led to the idea
that the gene clusters coding for distinct O antigens may be transferred horizon-
tally between V. cholerae strains. Two examples of non-O1 strains with a fingerprint
resembling that of epidemic O1 strains were found; they were the O139 Bengal
strain and an O37 strain. The O139 Bengal strain is closely related to the El Tor
biotype [74], later confirmed by comparative genome hybridization analysis [75].
The O37 strain was responsible for a large cholera outbreak in Sudan in 1968
and was classified as a noncholera Vibrio [69]. These authors showed that the O37
Sudan strain is genetically closely related to classical O1 strains, a conclusion later
confirmed by additional analyses and direct sequencing of O37 wb∗ cluster [6].

Additional non-O1 and non-O139 strains (O27, O37, O53, and O65) have been
identified that further expand the repertoire of V. cholerae strains with epidemic
potential and underscore the idea that the emergence of the O139 serogroup was
not a unique event [6]. The genetic relatedness of the four non-O1 strains, based
on IS1004 fingerprinting and RFLP analyses, was supported by an extensive mul-
tilocus sequence-typing analysis in which these four strains always clustered with
the epidemic strains and had genomic regions very similar to those of O1 strains.
Interestingly, the four strains have diverged further by acquiring different virulence
cassettes or parts of cassettes. For example, the O37 serogroup strain with a clas-
sical background and a classical VPI acquired an El Tor CTXφ, the O53 and O65
strains with an El Tor background acquired a preclassical CTXφ (without the ctx
genes), and the O27 strain with an El Tor background acquired a novel CTXφ and
a VPI cluster. Thus, it appears that the core genome, wb∗ cluster, VPI, and CTX
regions have evolved as independent units by HGT. Further, it was shown that the
O53 and O65 strains are very similar to each other indicating that these strains may
have arisen by “en morceaux” or “mosaic” HGT in their wb∗ regions.
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The DNA sequence of the O-antigen/capsule biosynthesis regions has been deter-
mined for 19 V. cholerae strains (TIGR-CMR database). Of these, six belong to
serogroup O1, three O37, two O139 and one each of O12, O14, O22, O31, O39,
O135, O141 and one unknown serogroup. A multigenome BLAST comparison of
the wb∗ regions using O1 wbe cluster as the reference is shown in Fig. 8.2. The
major highlights of this analysis can be summarized as follows: (1) All the O1
genomes are highly conserved except for minor differences in one of the strains
(2740–80) in the wb∗ region in the core region of strain, NCTC8457. (2) All non-
O1 serogroups have the junction genes VC0241 and VC0264 conserved and the
intervening genes different and serogroup specific. (3) The LPS core region seems
to be conserved among the serogroups of O1, O37, and O139 and more diverged in
non-O1/non-O139 serogroups supporting earlier conclusions [31].

Thus, conservation of the genetic organization of the wb∗ regions, i.e., con-
served regions separated by divergent serogroup specific segments, provides ample
opportunity for genetic exchange of O-antigen regions “en bloc” or “en morceaux”
between different serogroups creating novel pathogens via homologous recombina-
tion between the conserved regions (Fig. 8.1).

LPS Core biosynthesis region (VC0223–VC0239) LPS O-antigen biosynthesis region (VC0240–VC0264)

O1

O1
O1
O1

O1
O12
O14
O22
O31
O37
O37
O37
O39
O135
O139
O139
O141
Unk

Fig. 8.2 Comparative genome analysis of the LPS core and O-antigen biosynthesis regions in
various serogroups of Vibrio cholerae. Genome BLAST atlas (linear) of O-antigen biosynthesis
region in V. cholerae genome. V. cholerae O1 strain N16961 (Accession AE003852/AE003853)
was used as a reference strain and compared to a set of other publicly available V. cholerae strains.
ORFs showing conservation are indicated by the horizontal dark bars. The light bars represent
protein residues and the gaps indicate ORFs that are present in the reference strain but absent
in the other sequences. Hits are defined by the “50/50” rule (at least 50% of the length of the
protein, and a minimum of 50% sequence identity). The sequences of the strains (serogroup)
and accession numbers are from top to bottom: (A) 2740–80 (O1) AAUT00000000; (B) O395
(O1) AAKG00000000; (C) NCTC8457 (O1) AAWD00000000; (D) B33 (O1) AAWE00000000;
(E) MAK757 (O1) AAUS00000000; (F) 1587 (O12) AAUR00000000; (G) MZO-2 (O14)
AAWF00000000; (H) 169–98 (O22) AB012957; (I) NRT36S (O31) DQ915177; (J) 1322–69
(O37) AF390573; (K) V52 (O37) AAKJ00000000; (L) MZO-3 (O37) AAUU00000000; (M)
AM19226 (O39) AATY00000000; (N) RC385 (O135) AAKH00000000; (O) MO45 (O139)
AB012956; (P) MO10 (O139) AAKF00000000; (Q) V51 (O141) AAKI00000000; (R) 623–39
(unknown) AAWG00000000
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8.3.1 Mechanism of HGT-Evidence for Homologous
Recombination Events

Closer examination of the sequences at the junctions of the O-antigen clusters indi-
cates that O37 and O139 strains resulted from an exchange of the O1 wbe cluster
with a wb∗ O37 cluster and wbf cluster, respectively, via homologous recombina-
tion [6, 11]. However, the homology breakpoints in O37 are different from the
breakpoints of the O139 junctions. Unlike O139, in which the entire wbe region
has been replaced by the wbf region, in O37 some of the O1 wbe genes closer to
the right junction have been retained, which provides further support for the idea
that the O37 strain emerged from an O1 strain by O-antigen conversion. Although
the precise crossover points in this recombination event cannot be predicted from the
sequence, evidence for recombination is obvious from the breakpoints. There is also
some evidence that the wb∗ junctions are hyper-recombinogenic due to the presence
of chi-like sequences at the junctions of wb∗ clusters in E. coli and Klebsiella spp.
[76]. A role for IS elements in HGT has also been proposed [73]. IS elements may
be involved in transposing O-antigen genes into wb∗ regions or they may provide
regions of homology in transferring non-homologous segments [49, 73].

8.3.2 Vehicles for HGT of O-Antigen/Capsule Regions

Horizontal transfer of virulence genes such as cholera toxin gene via a phage
(CTXφ) has been well established [77]. Similarly, the VPI (Vibrio pathogenicity
island) which carries the tcpA gene has been mobilized by a generalized transduc-
ing phage CP-T1 [78]. The most likely vehicles for HGT of large genomic regions is
generalized transducing phages such as CP-T1 since specialized transducing phages
such as CTXφ carry only small fragments of extraneous DNA.

Another alternative is conjugative transfer by sex factors. Although such factors
have been shown to be present in V. cholerae, HGT transfer of wb∗ regions by such
elements is yet to be demonstrated.

A third possibility is DNA transformation. Recent studies support the idea of
HGT of O-antigen/capsule biosynthesis regions by transformation in V. cholerae
[49, 79]. It was shown that chitin, a polymer of N-acetylglucosamine, not only serves
as a surface for biofilm formation in aquatic habitats and as a nutrient source, but
also induces competence for natural transformation. In the initial report of this phe-
nomenon, competence was experimentally demonstrated by showing that it could
mediate the acquisition of genes conferring antibiotic resistance during growth of
V. cholerae strain on crab shell fragment immersed in seawater [79]. More recently,
serogroup conversion was demonstrated by chitin-induced natural transformation
[49]. These authors demonstrated serogroup conversion of an O1 strain into O139
and O37 by transformation. Serogroup conversion was shown to have occurred as
a single-step exchange of large fragments of DNA. The precise crossover points
were localized to regions of homology common to V. cholerae serogroups that flank
serogroup-specific sequences. The successful serogroup conversion of an O1 strain
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by O139 or O37 genomic DNA demonstrated that chitin-induced natural transfor-
mation might be a common mechanism for serogroup conversion in aquatic habitats
[49].

8.4 Exopolysaccharide (EPS)/Vibrio Polysaccharide
(VPS)/Rugose Polysaccharide

8.4.1 V. cholerae Generates Colonial Variants Termed Smooth
and Rugose

Growth of many bacteria can result in populations that contain genotypically and
phenotypically diverse variants that can arise from programmed genetic rearrange-
ments, adaptive mutations, or variable expression patterns [80–82], V. cholerae has
the ability to switch colonial morphology types between smooth and rugose [15, 17,
18, 83] (Fig. 8.3).

The capacity of V. cholerae to switch from the smooth and translucent colonies
to corrugated and opaque colonies (also known as rugose) was first documented
by White in 1938 [18]. Smooth to rugose conversion can occur spontaneously
under diverse conditions, including in response to carbon limitation, growth in
biofilms, and treatment with bactericidal agents [15, 17, 83, 84]. It has also been
shown that in some strains of V. cholerae lacking hapR (the master regulator of
quorum sensing) [85–87], flaA (a major flagellin subunit) [88, 89] or cytR [90] (a
regulator of nucleoside uptake and catabolism) can lead to rugose colony formation.
This indicates that smooth to rugose switch is controlled by multiple mechanisms.

Smooth Rugose

Fig. 8.3 Colony morphology
and biofilm formation
phenotypes of smooth and
rugose phase variants. Colony
morphology of the smooth
and rugose variants grown on
LB Agar plates at 30ºC for
48 h (top panels). Biofilm
structures of the variants
formed 24 h after inoculation
in once-through flow cell.
Images were acquired with
CSLM and top-down view of
biofilms are shown. Bar=
30 μm (bottom panels)
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The smooth to rugose switch appears to take place in natural environments, as
rugose variants have been isolated from environmental biofilm samples collected in
Bangladesh [91]. Rugose variants of V. cholerae have also been isolated from stools
of cholera patients (Dr. Islam, International Center for Diarrheal Disease Research,
Dhaka, Bangladesh, and Dr. Schoolnik, Stanford University, personal communica-
tion). Finally, as by human volunteer studies, the rugose variant can infect humans
and can cause disease cholera [15].

8.4.2 The Rugose Variant Has an Increased Capacity to Survive
Biocides and Environmental Stresses

Both Rice et al. and Morris et al. have shown that a switch to the rugose colonial
form is associated with increased survival in chlorinated water [14, 15]. The rugose
variant also exhibits increased resistance to osmotic and oxidative stress compared
to the smooth variant [17, 83]. Recent studies have shown that production of smooth
and rugose variants is a defensive strategy adapted by V. cholerae against predation
by protozoa and phages, a process considered to be major cause of bacterial mor-
tality in natural aquatic habitats [92, 93]. Thus, switching from smooth to rugose
enhances proliferation rates and environmental persistence of V. cholerae.

8.4.3 The Rugose Variant Has Increased Capacity
to Form Biofilms

Biofilms are surface-attached microbial communities encased in extra-polymeric
matrix composed of exopolysaccharides, proteins, and nucleic acids [94]. In natural
settings, the biofilm mode of growth facilitates environmental survival by pro-
tecting its members from environmental stresses, predators, such as protozoa and
viruses, and antimicrobial agents [95–97]. Biofilm formation is an important part
of V. cholerae’s life cycle and modulates environmental survival, transmission, and
infectivity.

Both smooth and rugose variants can form biofilms; however, the biofilm forming
capacities of the smooth and rugose variants are markedly different [17, 83, 85, 87,
90] (Fig. 8.3). Quantitative analysis of biofilms using COMSTAT [98] demonstrated
that average thickness, surface roughness, substratum coverage, and total biomass
of rugose biofilms differ significantly compared to those of the smooth variant [86].

8.4.4 EPS/VPS Production

In V. cholerae formation of mature biofilms requires VPS (Vibrio polysaccharide)
exopolysaccharide. VPS was first isolated from rugose strains of V. cholerae [17,
83]. Indeed, corrugated colony development is mainly due to increased levels of
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VPS [83, 99]. Initial chemical analysis of VPS isolated from different strains
revealed that the glycosyl composition of the VPS varies among different isolates
[17, 83]. The VPS produced by the V. cholerae O1 El Tor A1552 strain has equal
amounts of glucose and galactose, with smaller amounts of N-acetylglucosamine
and mannose [83]. In contrast, VPS of V. cholerae O1 El Tor strain (TSI-4) lacked
glucose and contained N-acetylglucosamine, D-mannose, 6-deoxy-D-galactose, and
D-galactose [17]. Importance of differences in VPS glycosyl composition to biofilm
structure and function is not known.

8.4.5 VPS Biosynthesis and Analysis of the Functions
of the vps Genes

The genes required for VPS synthesis (vps genes) are clustered in two regions on the
large chromosome of V. cholerae O1 El Tor [vpsU (VC0916), vpsA-K, VC0917-27
(vps-I cluster); vpsL-Q, VC0934-9 (vps-II cluster)] (Fig. 8.4). We can make lim-
ited predictions about possible functions of these genes. The proteins encoded by
VC0917, VC0918, and VC0927 may be involved in production of nucleotide sugar
precursors required for synthesis of VPS. VC0920, VC0925, and VC0934 encode
glycosyltransferases and may be involved in initiation and/or elongation of possible
VPS subunits. Thus, the mutants of these genes may not be able to produce VPS,
because they are unable to initiate/elongate VPS subunits. VC0921, VC0924, and
VC0937 appear to encode proteins required for polymerization and export of VPS.
We anticipate that these mutants may produce lipid-linked subunits of VPS, but
not full-length VPS. If VPS transport takes place after complete polymerization in
the cytoplasm or periplasm, VPS could accumulate in the cytoplasm or periplasm.
Alternatively, unpolymerized/partially polymerized VPS may be secreted. VC0919
and VC0923 encode serine acetyltransferase-related proteins that could be involved
in addition of an acetyl group to VPS. It is yet to be determined whether the VPS
contains the acetyl, succinyl, and pyruval constituents. If the VPS has acetyl modi-
fications, these mutants could produce VPS without acetyl modifications. VC0922,
VC0926, VC0935, VC0936, VC0938, and VC0939 encode hypothetical proteins
and no function has been assigned. Besides vps genes, other genes necessary for
production of nucleotide sugar precursors such as galU, encoding for UDP-glucose
pyrophosphorylase and galE, encoding UDP-galactose epimerase are also required
for synthesis of VPS and in turn biofilm formation [33].

vpsU vpsA vpsB vpsIvpsHvpsGvpsFvpsEvpsDvpsC vpsKvpsJ vpsL vpsM vpsN vpsQvpsPvpsO

vps-I Cluster: 
VC0916 (vpsU ), VC0917–VC0927 (vpsA–K)

vps-II Cluster: 
VC0934–VC0939 (vpsL-Q)

vps Intergenic Region: 
VC0928–VC0933 (rbmA–F)

Fig. 8.4 Genetic organization of the vps region. Blue boxes in vps-I and vps-II clusters repre-
sent genes homologous to EPS biosynthesis from other organisms. Black boxes represent genes of
unknown functions
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8.4.6 VPS Cluster Is Unique to V. cholerae

A multigenome BLAST analysis of the VPS region was done using the genome
sequence of V. cholerae O1 El Tor strain N16961 as the reference and com-
pared to 28 other Vibrio genomes. This set included 15 V. cholerae genomes
and 13 genomes representing other Vibrio species (T. Binneweis and D. Ussery,
unpublished:http://www.cbs.dtu.dk/services/GenomeAtlas/). The significant finding
of this analysis is that the VPS genes are highly conserved and unique to V. cholerae.
Moreover, they are absent in other Vibrio species (Fig. 8.5). However, this observa-
tion does not preclude the existence of rugose/smooth switching and other rugose
polysaccharide biosynthesis systems in Vibrios other than V. cholerae.

8.4.7 Regulators of VPS Production

VPS production in V. cholerae is controlled by a complex regulatory network involv-
ing a set of positive and negative transcriptional regulators as well as alternative
sigma factors. A model of regulation of vps genes is presented in Fig. 8.6.

VPS production is positively regulated by VpsR (Vibrio polysaccharide reg-
ulator) which was identified by transposon mutagenesis using rugose to smooth
conversion as a screen [99, 100]. VpsR exhibits homology to the NtrC subclass
of response regulators of the two-component regulatory system. Disruption of vpsR
in the rugose variant results in smooth colonial morphology, prevents expression of
vps genes and production of VPS, and abolishes formation of mature biofilms [100].
VpsR belongs to the NtrC subclass of response regulators which acts in concert with
alternative sigma factor RpoN suggesting that vps genes might require both VpsR
and RpoN for their expression. It has been shown that deletion of rpoN significantly
reduces the expression of vps genes [86].

The second positive regulator of the vps genes is VpsT [86, 101] that shows sim-
ilarity to proteins belonging to the UhpA (FixJ) family of transcriptional response
regulators. VpsT is homologous to the transcriptional regulators CsgD E. coli and
Salmonella enterica [101]. CsgD positively regulates expression of the genes neces-
sary for production of extracellular matrix components, cellulose and curli fimbriae,
which are important for the development of wrinkled colonies and biofilm forma-
tion in these bacteria [102–104]. Disruption of vpsT in the rugose variant results
in reduction in vps gene expression, yields phenotypically smooth colonies, and
reduces the biofilm-forming capacity [101, 105].

VpsT and VpsR are required for vps gene expression and, in turn, for formation
of rugose colonies and biofilms [86, 101, 102, 106]. However, the magnitude of
induction of the vps genes is greater for the VpsR than for the VpsT [105]. It has
also been shown that VpsR and VpsT positively regulate their own and each other’s
expression [101] indicating presence of a regulatory feedback loop.

Negative regulators of rugosity and biofilm formation have also been iden-
tified. In V. cholerae, quorum-sensing systems (QS) signal transduction system



8 Vibrio cholerae Polysaccharides 151

Vibrio
species

Vibrio
cholerae

Vibrio species
Photobacterium profundum_
Photobacterium profundum_
V. angustum_S14
V. salmonicida_LFI1238
V. fischeri_ES114
V. sp_MED222
V. splendidus_12B01
V. vulnificus_YJ016
V. vulnificus_CMCP6
V. sp_Ex25
V. alginolyticus_12G01
V. parahaemolyticus_AQ3810
V. parahaemolyticus_RIMD
Vibrio cholerae
V. cholerae_2740-80_O1
V. cholerae_623-39_unknown
V. cholerae_V52_O37
V. cholerae_V51_O141
V. cholerae_O395_O1 Cla
V. cholerae_RC385_O135
V. cholerae_NCTC-8457_O1 El Tor
V. cholerae_B33_O1-hybrid Cla/El Tor
V. cholerae_MZO-3_O37
V. cholerae_MZO-2_O14
V. cholerae_MO10_O139
V. cholerae_MAK757_O1 El Tor
V. cholerae_AM19226_O39
V. cholerae_1587_O12
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Fig. 8.5 Comparative genome analysis of the VPS region in various V. cholerae and other Vibrio
species strains. Genome BLAST atlas (linear) of VPS region in V. cholerae genome. V. cholerae
O1 strain N16961 (Accession AE003852/AE003853) was used as a reference strain and compared
to a set of 28 other publicly available V. cholerae and other Vibrio species strains. The region
includes ORFs VC0194 to VC0941. ORFs showing conservation are indicated by the horizontal
dark bars. The light bars represent protein residues and the gaps indicate ORFs that are present in
the reference strain but absent in the other sequences. Hits are defined by the “50/50” rule (at least
50% of the length of the protein, and a minimum of 50% sequence identity). The strain designations
and the serogroup if known are indicated
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VpsT

VpsR

HapR

vps

RpoN

Biofilm Formation

RpoS

Fig. 8.6 A model for
regulation of biofilm
formation. Transcription of
vps genes is positively
regulated by VpsR and VpsT
which positively regulate
their own and each other’s
expression. HapR negatively
regulates transcription of vps
genes and VpsR and VpsT.
Alternative sigma factors,
RpoN and RpoS positively
and negatively regulate vps
expression, respectively

negatively regulates biofilm formation Quorum sensing allows microorganisms to
evaluate their population density by, producing, secreting and detecting signaling
molecules termed autoinducers (AIs). V. cholerae produces two AIs known as CAI-1
and AI-2 [106–108] which are produced by the CqsA and LuxS autoinducer syn-
thases, respectively. CAI-1 is detected by CqsS and AI-2 are detected via LuxQ/P.
Information from the sensors is transduced through a phosphorelay among the com-
ponents of the QS signaling proteins; and used to control expression of the master
QS regulator HapR. At high cell density, HapR levels are elevated. Null mutants of
hapR have increased capacity to form biofilms; accordingly, expression of the vps
genes, as well as vpsR and vpsT, is increased in a hapR mutant. It was shown that
VpsT and VpsR, besides being positive transcriptional activators of vps genes, can
also contribute to transcription of vps genes by negatively controlling hapR mes-
sage levels [105]. Alternative sigma factor RpoS negatively regulates expression of
vps genes and the biofilm-forming capacity of the rpoS mutant is greater than that
of the wild type [86]. RpoS positively regulates transcription of hapR [86]. Thus,
RpoS negatively regulates biofilm formation by regulating production of biofilm
regulators.In addition to HapR and Rpos, CytR a regulator of nucleotide uptake and
catabolism was shown to negatively regulate expression of the vps genes, VPS pro-
duction, and biofilm formation in V. cholerae O139 [90]. In-depth understanding of
wiring of the regulatory circuitry controlling biofilm formation and elucidation of
specific mechanisms by which regulatory proteins discussed above controls biofilm
formation awaits further investigation.

8.4.8 Type II Secretion System in VPS Export

Using a TnPhoA mutagenesis approach, Ali et al. identified a number of stable
mutants of a V. cholerae rugose strain that turned smooth [99]. In a later study,
it was shown that the extracellular protein secretion system (gene designated eps)
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is involved directly or indirectly in the production of rugose polysaccharide [109].
These investigators identified a TnphoA insertion in the epsD gene of the eps operon
that abolished the production of rugose polysaccharide, reduced the secretion of
cholera toxin and hemolysin, and resulted in a nonmotile phenotype. Further, they
constructed defined epsD and epsE mutants which affected these phenotypes and
restored the wild-type phenotypes by complementation of these defects by plasmid
clones of the respective wild-type genes. These results suggested a major role for
the eps system in pathogenesis and environmental survival of V. cholerae [109]. It
is surprising that the eps system, a type II secretion system, involved in transport-
ing proteins across the outer membrane, can also effect polysaccharide secretion.
However, it is not clear whether mutations in this pathway cause loss of rugosity
because they prevent VPS secretion or because they prevent the secretion of pro-
tein(s) involved in the transport/assembly of VPS. Hence, this area is still open for
investigation and interpretation.

8.5 Concluding Remarks

There are significant gaps in our understanding of the genetic basis of polysaccha-
ride biosynthesis in general and O-antigen diversity in particular. Currently, DNA
sequences of only 11 of the 206 V. cholerae serogroups are available and func-
tional genetic analysis of O-antigen biosynthesis of even fewer serogroups has
been performed. Recent advances in rapid and economical sequencing technolo-
gies should enable us to look at the vastly unexplored territory of genetic diversity
in O-antigen biosynthesis [110]. Sequencing of specific genomic regions rather than
the entire genomes would allow examining genetic diversity in hundreds of strains,
especially in V. cholerae where majority of the gene content is conserved among
different serogroups. The level of conservation among the 15 V. cholerae genomes
sequenced so far is around 90–95% (T. Binneweis and D. Ussery, unpublished).
Earlier, comparative genome analysis estimated a ∼1% difference between epi-
demic and environmental strains compared to an O1 El Tor reference strain [75].
Also, a catalog of well-defined serogroups, their origin, geographic distribution,
epidemiology, and associated virulence phenotypes is available for V. cholerae [5].
Sequencing polysaccharide biosynthesis regions from these strains will shed light
on the mechanisms underlying the generation of diversity and the role of HGT in
this process.

An additional question involves the contribution of LPS/CPS to the epidemic
potential of V. cholerae. In other words, it appears only O1 serogroup strains
(V. cholerae O139 has an O1 genetic background) have the epidemic potential
although many other serogroups apparently carry the major virulence factors and
cause cholera-like illness. A comparative genome hybridization study, using ten
O1, O139, and environmental isolates, has identified many genes associated with
epidemicity of V. cholerae; more specifically, genes involved in displacement of
the preexisting classical O1 strains in South Asia and establishment of endemic
disease in previously cholera-free locations [75]. Such an approach, however, fails
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to reveal the genes present in the test strains and absent in the reference strain.
Whole genome sequencing combined with SNP/indel association studies using an
expanded set of carefully selected V. cholerae strains isolated from known out-
breaks, epidemics/pandemics, other clinical settings, and the environment may
address the problem associated with CGH and further expand our understanding of
the genetic factors contributing to epidemic potential of V. cholerae. However, the
role of environment in epidemicity of V. cholerae cannot be overlooked. Faruque
et al. have shown that seasonal epidemics of cholera inversely correlate with the
prevalence of environmental cholera phages [111]. The serogroup specificity of the
prevalent phage during an interepidemic period determines the successful serogroup
in the following epidemic. It may be that the non-O1/non-O139 pathogenic strains
never reach high enough concentrations in the environment to cause an epidemic
due to the lytic activity of specific phages.

Finally, the various intertwined regulatory circuits involved in rugose polysac-
charide synthesis are just beginning to be unraveled. A more thorough understanding
of the regulation will broaden our understanding of the significance of rugose
polysaccharide in biofilm formation and environmental survival of V. cholerae.
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Chapter 9
Significance of the SXT/R391 Family
of Integrating Conjugative Elements
in Vibrio cholerae

Vincent Burrus

Abstract Integrating conjugative elements (ICEs) are self-transmissible mobile
elements that transfer between bacteria via conjugation and integrate into the chro-
mosome. SXTMO10 is an ICE that was initially discovered in a 1992 Vibrio cholerae
O139 clinical isolate from India. SXTMO10 and related ICEs became prevalent in
Asian V. cholerae populations in the 1990s and are now present in most clinical
and environmental V. cholerae isolates from Asia and Africa, playing an important
role in the spread of antibiotic resistance genes in this pathogen. More than 35
SXTMO10-related elements have now been identified worldwide in environmental
and clinical isolates of at least nine Vibrio-like species. The SXTMO10-related ICEs
have a highly conserved overall genome organization, disrupted by ICE-specific
regions conferring ICE-specific properties. The appearance of SXTMO10-related
ICEs in V. cholerae seems to be correlated with an increased use of antibiotics to
treat cholera. However, discovery of ICEs that do not confer any drug resistance
suggests that these mobile elements could confer other advantages to the bacteria in
the environment.

9.1 Introduction

The gram-negative bacterium Vibrio cholerae, causative agent of the serious epi-
demic disease cholera, has been shown in the past to be susceptible to most
antibiotics. Yet, oral antibiotics as sole treatment against this pathogen are not effec-
tive to avoid death of patients. The rapid loss of fluids such as profuse watery
diarrhea and vomiting that occurs during infection by V. cholerae leads within a
few hours of onset to severe dehydration of patients, making oral antibiotics use-
less. Case-fatality rate for severe cholera can reach up to 50% if dehydration is left
untreated. Fortunately, without any oral antibiotic intake, rehydration by appropriate
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and prompt fluid and electrolyte replacement is a very effective therapy; patients
generally recover in about 4–5 days, and fatality rate drops drastically so that
virtually all cholera deaths can be avoided.

Nevertheless, in addition to intravenous or oral rehydration solutes, patients
with severe diarrhea are also given an oral antibiotic including doxycycline, cot-
rimoxazole (the association of trimethoprim and sulfamethoxazole), erythromycin
or quinolones such as ciprofloxacin [1]. While not mandatory, antibiotic treatment
as a complement to rehydration has been shown to shorten the recovery time to
about 2–3 days and lessen the symptomatic diarrhea.

Inevitably, drug resistance came along with antibiotic use and abuse. Shortly
after the introduction of the first antibiotic treatments of cholera cases in countries
where cholera is endemic, antibiotic-resistant strains of V. cholerae emerged. This is
perfectly exemplified by the emergence of tetracycline, chloramphenicol, doxycy-
cline, and cotrimoxazole-resistant strains of V. cholerae O1 El Tor in Zambia during
cholera outbreaks in the early 1990s. Continued use of antibiotics for therapy and
prophylaxis after two cholera outbreaks during 1990–1991 led to a dramatic rise of
antibiotic-resistant strains in subsequent outbreaks after 1992 [2]. While widespread
antibiotic resistance in V. cholerae was still uncommon three decades ago, reports
of multiple antibiotic-resistant clinical and environmental isolates of V. cholerae are
now frequent in countries where cholera is endemic [2–5].

Interestingly, unlike other pathogenic microorganisms, V. cholerae does not seem
to retain antibiotic-resistant phenotype for extended period of time once the selective
agent has been eliminated. On the contrary, the distribution of antibiotic resistance
patterns varies with time and location in endemic areas depending on the antibiotics
that are used at a given time in a given region. Again in Zambia, a significant drop
in tetracycline- and chloramphenicol-resistant isolates occurred after 1993 when
tetracycline was replaced with erythromycin in treating cholera [2]. Whether the
isolates responsible for earlier and recent epidemics are of the same clonal origin
still remains an open question.

Three types of mobile genetic elements usually account for resistance to antibi-
otics in V. cholerae: (i) plasmids, which for most are large and self-transmissible by
conjugation, (ii) integrons, which are chromosomal- or plasmid-borne gene capture
and expression systems, and (iii) integrating conjugative elements (now commonly
referred to as ICEs), which are chromosomal self-transmissible mobile genetic ele-
ments. As such, ICEs are important mediators of horizontal gene transfer among
prokaryotes, perhaps as prevalent as conjugative plasmids [6].

To date, ICEs have been described not only in low G+C gram-positive bac-
teria and the Bacteroides group (as conjugative transposons) but also in other
major bacterial subdivisions, including the actinomycetales, the Rhizobiaceae (α-
proteobacteria), the Burkholderiaceae (β-proteobacteria), and in a large number of
γ-proteobacteria such as V. cholerae [7]. ICEs have features that are reminiscent
of both prophages and conjugative plasmids. Like many temperate bacteriophages,
ICEs integrate into and replicate with the host chromosome. An obvious con-
sequence of this behavior is that, like lambdoid prophages, ICEs are inherited
vertically along with the rest of the genome when the bacterial cells divide. Such
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Fig. 9.1 Schematic representation of the life cycle of ICEs

a mechanism of inheritance likely replaces autonomous replication since, unlike
plasmids, most if not all ICEs are devoid of an autonomous vegetative replication
system. Similar to conjugative plasmids, ICEs transfer via conjugation as shown in
a general overview of the life cycle of ICEs (Fig. 9.1). This review is an overview
of the ICEs of the SXT/R391 family to which belong all the ICEs that have been
described to date in V. cholerae.

9.2 Discovery of SXTMO10 in a Novel Epidemic-Causing
Serogroup of Vibrio cholerae

In late 1992 and early 1993, a heretofore unknown serogroup of V. cholerae emerged
in India and Bangladesh as the first non-O1 V. cholerae serogroup to give rise to epi-
demic cholera [8]. During this period, this new serogroup of V. cholerae, designated
O139 Bengal, rapidly spread throughout Asia and largely replaced the endemic El
Tor O1 strains of V. cholerae to become the principal clinical and environmental iso-
late of V. cholerae on most of the Indian subcontinent [9]. The initial characterization
of V. cholerae O139 revealed that this strain was closely related to the El Tor biotype
of V. cholerae O1 and suggested that V. cholerae O139 was in fact a derivative of an
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El Tor strain of V. cholerae O1 [9–16]. Yet, two principal features distinguished
the newly emerged V. cholerae O139 Bengal from the endemic V. cholerae O1 El
Tor: the novel O139 serogroup antigen and a distinct set of antibiotic resistances
[17]. The clinical isolates of V. cholerae O139 Bengal are indeed characteristi-
cally resistant to the antibiotics trimethoprim, sulphamethoxazole, streptomycin,
and chloramphenicol. In one of the initial V. cholerae O139 clinical isolates from
Madras, India, the genes encoding these resistances were found to be clustered in a
composite transposon embedded in an ICE [18, 19]. This ICE was initially called
SXT and later renamed SXTMO10 (Table 9.1; Fig. 9.2). SXTMO10 was found in all
other early O139 isolates tested from the Indian subcontinent [18], whereas it was
absent from all the endemic El Tor O1 strains that V. cholerae O139 replaced [20].

9.3 Apparent Dissemination of SXTMO10-Related ICEs in
Epidemic Vibrio cholerae

After the extensive cholera outbreaks caused by O139 Bengal strains, V. cholerae O1
El Tor re-emerged in 1994 as the predominant cause of cholera on the Indian sub-
continent. Unlike the El Tor O1 strains before the O139 outbreak, these re-emerged
El Tor O1 strains were resistant to the same four antibiotics as the initial V. cholerae
O139 Bengal [21]. An ICE that is very similar but not identical to SXTMO10 was
found to carry the genes encoding these resistances [18–20]. This ICE was origi-
nally designated as SXTET and is now referred to as ICEVchInd1 (El Tor O1 1994
isolate CO943 from India) and ICEVchBan1 (El Tor O1 1998 isolate 1811/98 and
El Tor O1 1999 isolate C10488 from Bangladesh) [19, 22]. Surprisingly, although
ICEVchInd1 and ICEVchBan1 were isolated more than 6 years after SXTMO10, com-
parative DNA sequence analysis of the antibiotic resistance gene clusters of these
three ICEs suggests that SXTMO10 is not an immediate precursor of two others
(Fig. 9.2); instead SXTMO10 and ICEVchInd1, and ICEVchBan1 on the other hand,
seem to have arisen and diverged from a common ancestor similar to ICEVchInd4,
a V. cholerae O139-derivated ICE that does not confer resistance to trimethoprim
[19] (Table 9.1; Fig. 9.2).

Initial characterization of ICEVchSL1, an ICE found in a 1994 environmental
V. cholerae O139 strain from Sri Lanka, suggested that this ICE was very closely
related, if not identical, to ICEVchInd1 and ICEVchBan1 [19] (Fig. 9.2). Such
a finding suggested that ICEVchInd1 and ICEVchBan1 were not restricted to El
Tor O1 V. cholerae but instead either moved between O1 and O139 strains or
had been independently acquired by strains of both serogroups. However, further
characterization based on the analysis of the entry exclusion group-encoding gene
eex (see below and Table 9.1), ICEVchInd1 and ICEVchBan1 from O1 El Tor
appears to be identical, whereas ICEVchSL1 from O139, while closely related,
is a distinct ICE [23]. This finding argues against promiscuous exchanges of
ICEVchInd1 between O1 and O139 strains and rather suggests that strains of both
serogroups may have independently acquired two different lineages of SXTMO10

-related ICEs.
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Fig. 9.2 Organization of the antibiotic resistance gene cluster inserted in the rumB gene in vari-
ous SXT/R391 ICE members. The genes mediating resistance to antibiotics, dfr18 (trimethoprim),
floR (chloramphenicol), strAB (streptomycin), sulII (sulfamethoxazole), and tetAR (tetracycline),
are represented by gray arrows. The genes with similarity to transposases, tnp, tnpA, tnpB,
tnpI, and tnpII, are represented by hatched arrows. The genes encoding hypothetical proteins of
unknown function are shown in white. The genes rumA and rumB are in black. ∗ In ICEVchInd1,
ICEVchBan1, and ICEVchSL1 resistance to trimethoprim is conferred by dfrA1, which is located
within a class 4 integron integrated in an insertion hotspot between s073 and traF, ∼70-kb away
from rumB

Vibrio cholerae O139 still causes cholera in parts of Asia [24–26] but, unlike ini-
tial O139 Bengal isolates, more recent O139 isolates harbor SXTMO10-related ICEs
that do not necessarily confer resistance to antibiotics. Comparative DNA sequence
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analysis suggests that ICEVchHKo1 and ICEVchBan7, two ICEs formerly called
SXTS and derived from 1993 and 1998 antibiotic-sensitive O139 clinical isolates,
respectively, evolved from SXTMO10 from which the antibiotic resistance gene clus-
ter has been deleted [19] (Table 9.1; Fig. 9.2). A similar observation has been made
by Bani et al. [27] about ICEVchVie0, which carries the exact same deletion as
ICEVchHKo1 and ICEVchBan7. This is a disturbing observation as ICEVchVie0
has been identified in a 1990 clinical strains of V. cholerae O1 El Tor from Vietnam,
a pre-O139 Bengal isolate. Since ICEVchVie0’s deleted antibiotic gene cluster likely
derives from SXTMO10’s antibiotic gene cluster, this finding indicates that the pres-
ence in V. cholerae of ICEs such as SXTMO10 largely predates the emergence of V.
cholerae O139 Bengal in 1992.

During the past decade, SXTMO10-related ICEs have become widespread in
Asian and African V. cholerae. Currently, most if not all Asian V. cholerae
clinical isolates contain such ICEs [28–30] (Table 9.1). Dalsgaard et al. [5]
reported SXTMO10-related ICEs in 1998 V. cholerae O1 El Tor clinical isolates
from Mozambique and South Africa. Interestingly, these ICEs, like other recent
SXTMO10-related ICEs from Bangladesh, Vietnam, and Lao PDR, appear to medi-
ate resistance to tetracycline [5, 28, 29] (Table 9.1). The ubiquitous presence
of ICEVchInd1-like ICEs in V. cholerae O1 El Tor isolated in 1997–1998 in
Mozambique, Swaziland and Zimbabwe has been reported by Ceccarelli et al.
[31]. Similarly, Mwansa et al. [2] reported SXTMO10-related ICEs in all the 2003–
2004 isolates of V .cholerae O1 El Tor from Zambia, whereas all the 1996–1997
isolates were devoid of such elements and carried instead a large conjugative
plasmid conferring resistance to tetracycline. Furthermore, in Asia, non-toxigenic
environmental V. cholerae isolates of a variety of serogroups have been reported
to contain SXTMO10-related ICEs [3, 30] (Table 9.1). Besides V. cholerae, other
species of Vibrio in Asia have been shown to harbor SXTMO10-related ICEs [32]
(Table 9.1). An ICEVchInd1-like element, ICEPalBan1, was found in clinical iso-
lates of Providencia alcalifaciens in Bangladesh in 1999 [19], suggesting that, in
the environment as in the laboratory [18], the host range of SXTMO10-related ICEs
is not limited to microorganisms belonging to the genus Vibrio.

Yet, Asia and Africa are not the only continents where SXTMO10-related ICEs
have been detected. An SXTMO10-related ICE that does not encode resistance
to antibiotics has been detected in an environmental V. cholerae isolate from
Mexico [33] (Table 9.1). This first New World SXTMO10-related ICE, designated
ICEVchMex1, appears to be quite distinct from SXTMO10, ICEVchInd1 or even
ICEVchHKo1, and it is likely that ICEVchMex1 has evolved independently from
these Asian ICEs for a significant period of time [33] (Fig. 9.2). The El Tor O1
strain of V. cholerae that is giving rise to the ongoing cholera epidemic in Latin
America is highly related to pre-O139 Asian El Tor O1 strains that lacked SXTMO10.
The existence of an SXTMO10-related ICE in a Mexican environmental isolate of
V. cholerae raises the possibility that Latin American pathogenic V. cholerae may
acquire this ICE or a related one. Furthermore, ICEPdaSpa1, an SXTMO10-related
ICE conferring resistance to tetracycline, has recently been isolated in Spain from
the Vibrio-related fish pathogen Photobacterium damselae subsp. piscicida [34, 35]
(Table 9.1).
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In all the known instances of apparent spread of SXTMO10-related ICEs between
various bacterial species and genera, it is not clear which species (or genera) is the
donor and which is the recipient. For example, it is possible that P. alcalifaciens
could have donated ICEPalBan1 to El Tor O1 V. cholerae. Similarly, as discussed
below in more detail, the African SXTMO10-related ICEs may have been the source
of the Asian V. cholerae-derived ICEs.

9.4 The Origin of SXTMO10-Related ICEs

The origins of SXTMO10 and the closely related V. cholerae-derived ICEs men-
tioned above were obscure in 1996 when these ICEs were first described in
V. cholerae isolates on the Indian subcontinent [18]. The widespread appearance
of SXTMO10-related ICEs in Asian V. cholerae populations in the early 1990s was
geographically and temporally correlated with the emergence of V. cholerae O139
Bengal. Although it is clear that SXTMO10-related ICEs were not common in tox-
igenic Asian V. cholerae O1 strains prior to the emergence of V. cholerae O139
Bengal [20], it became evident that ICEs similar to SXTMO10 were present in Asian
V. cholerae populations prior to the appearance of epidemic V. cholerae O139. This
is perfectly exemplified by ICEVchVie0 identified in a 1990 pre-O139 Vietnamese
strain of V. cholerae O1 El Tor [27]. Even earlier, such an ICE has been detected in
a 1987 non-O1/O139 environmental strain of V. cholerae from India (strain VO222
from Varanasi sewage) [30].

SXTMO10-related ICEs also appear to have been present in African vibrios before
and during the emergence of V. cholerae O139 Bengal. Recently Ceccarelli et al. [4]
found SXTMO10-related ICEs that do not mediate resistance to antibiotics in 1992
V. cholerae O1 clinical isolates from Angola (Table 9.1). A survey of Algerian V.
cholerae O1 El Tor clinical isolates from 1994 suggests the presence of SXTMO10

-related ICEs mediating trimethoprim resistance [36] (Table 9.1). Thus, although
SXTMO10-related ICEs could not be detected in V. cholerae isolates from Zambia
or Rwanda in the early 1990s [2, 31], they still may have been fairly widespread in
African V. cholerae during that period. However, our knowledge of the distribution
of V. cholerae ICEs in Africa remains limited for now.

The identification of SXTMO10-related ICEs in vibrios from Asia, Africa, Europe
and Central America likely reflects a long-term association of this group of ICEs
with vibrios, as well as their spread. However, vibrios may not be the primary host
of SXTMO10-related ICEs. Hochhut et al. [37] discovered that SXTMO10 is genet-
ically and functionally related to R391, a mobile element derived from a South
African Providencia rettgeri (formerly known as Proteus rettgeri) strain isolated in
1967. R391 is the prototypical member of the IncJ element family (Table 9.1). IncJ
elements were initially thought to be R factors, i.e., conjugative plasmids medi-
ating drug resistance, that were isolated from Proteus mirabilis, Proteus vulgaris,
P. rettgeri, Shewanella putrefaciens (formerly known as Pseudomonas putrefaciens)
and V. cholerae (Table 9.1). Standard incompatibility testing of the members of
the IncJ family showed that they co-existed stably with R factors of all known
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incompatibility groups but not with other IncJ elements. Based on considerable
genetic and functional data [37–39], it is now clear that IncJ elements were mis-
classified as plasmids rather than ICEs. SXTMO10-related ICEs and IncJ elements
have now been unambiguously grouped within a unique family of ICEs recently
designed as the SXT/R391 family [22].

Interestingly, the IncJ element pJY1 was identified in a V. cholerae O1 clinical
isolate in the Philippines nearly 20 years before the emergence of V. cholerae O139
Bengal [40] (Table 9.1). Moreover, like SXTMO10 and ICEVchInd1, pJY1 mediates
resistance to sulfamethoxazole, chloramphenicol and streptomycin (trimethoprim
was not tested) and therefore could be an immediate precursor of these two
ICEs. Unfortunately, pJY1 is no longer available, so examination of the genetic
relationship between SXTMO10, ICEVchInd1, and pJY1 is not possible.

Altogether, these data suggest that SXT/R391 family members have been present
in several genera of γ-proteobacteria for extended periods. It is important to point
out that our knowledge of the distribution and history of SXT/R391 ICEs is lim-
ited and biased. Till date, most surveys for such elements have been carried out
in antibiotic-resistant clinical isolates. However, it is very likely that more com-
prehensive analyses would detect new members of the SXT/R391 family in many
pathogenic and non-pathogenic γ-proteobacteria species worldwide.

9.5 SXT/R391 Family Members Possess a Large Core Set of
Conserved Genes

Comparison of the complete DNA sequences of the genomes of SXTMO10 (99.5 kb)
and R391 (89 kb) revealed that these ICEs share a conserved core of genes that
mediates the essential functions of the elements, including their regulation, exci-
sion/integration and conjugative transfer [38, 41, 42]. Additional data provided by
the recent sequencing of ICESpuPO1 (110 kb) and ICEPdaSpa1 (103 kb) showed
that altogether, these four ICEs share more than 90% identity at the nucleotide level
over approximately 60 kb of sequences that constitute their functional ‘backbone’
[34, 43] (Fig. 9.3). A significant part of the conserved sequences are composed
of genes of unknown function. Deletion of many of these genes did not impair
SXTMO10 transfer indicating that they are not critical to the mobility of the
SXT/R391 family members [41]. Furthermore, many of these genes are not present
in the functional ICEVchMex1 providing additional evidence that they are not part
of the minimal SXT/R391-type ICE [33] (Fig. 9.3). The rumAB operon, which
encodes a proficient error-prone reparation system [44, 45] , appears to be part of the
conserved ‘backbone’ as it is conserved in all the SXT/R391 ICEs that have been
tested. Yet, in SXTMO10 and related ICEs from most if not all clinical strains, the
rumB gene, which encodes the error-prone polymerase IV subunit [44], is disrupted
by the antibiotic resistance gene cluster or remnants of this cluster that no longer
confer any resistance (Fig. 9.2). On the contrary, environmental strains appear to
have an intact rumB. This observation raises the possibility that a functional rumAB
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Fig. 9.3 Schematic representation of SXT/R391 ICE genome structure. Arrows represent genes
or clusters of genes that are likely to be organized in operon. In each cluster, only the most
relevant genes or sequences are indicated. White arrows indicate the region involved in mainte-
nance (xis and int). Black arrows represent the five tra regions involved in conjugative transfer,
i.e., the mating apparatus formation and DNA processing function. Gray arrows show the region
involved in regulation (setDCR). Hatched arrows indicate conserved regions of known (rumAB) or
unknown (CR1 and CR2) function. Dotted arrows represent a region that is present in SXTMO10,
R391, ICEPdaSpa1, and ICESpuPO1 but not in ICEVchMex1 (VR). White triangles indicate the
position of hotspots for insertions into the conserved ‘backbone’ (HS1–HS4). The gray triangles
indicate the insertion sites of the kanamycin resistance-conferring transposon (between CR1 and
VR) and mercury resistance-conferring genes (between traG and eex) in R391. The black trian-
gle indicates the position of the antibiotic resistance gene cluster in rumB in SXTMO10 and many
other SXT/R391 ICEs (Fig. 9.2). The black circles represent the attL and attR recombination sites
resulting from the integration into the -chromosome

system may be detrimental while colonizing the host, whereas it may be favorable
to the survival of V. cholerae and related pathogens in the environment.

9.6 SXT/R391 Family Members Also Possess Variable Regions

Besides their shared ‘backbone’, SXT/R391 ICEs also carry diverse variable regions
that confer ICE-specific properties such as antibiotic resistance. Antibiotic resis-
tance genes are often associated with dynamic structures like insertions sequences,
transposons and integrons. In SXTMO10, the genes encoding the resistance to
cotrimoxazole, streptomycin and chloramphenicol are clustered together within a
∼17-kb structure that resembles a composite transposon inserted into rumB 19

(Fig. 9.2). Comparison of the rumB locus of a diverse set of SXT/R391 ICEs reveals
the considerable plasticity of the antibiotic resistance gene cluster (Fig. 9.2). All
of these clusters seem to have diverged from a common ancestor resulting from
rumB disruption by a composite transposon or insertion sequence. At this time,
it is not possible to determine whether the common ancestor structure was ini-
tially large or small. However, analysis of the current antibiotic resistance clusters
indicates that, in some strains, they underwent reduction when the genes mediat-
ing resistance were not under selection. For instance, such reduction event likely
occurred in ICEVchVie0 [27] (Fig. 9.2). In contrast, the antibiotic gene cluster may
undergo addition of antibiotic resistance genes mediated by transposition of inser-
tion sequences or homologous recombination, as it likely happened in SXTMO10

(addition of dfr18) [19] or ICEVchVie1 (addition of tetAR) [28] when compared to
ICEVchInd4 (Fig. 9.2).

Kanamycin resistance in R391 is also mediated by a transposon that is inserted
a few kilobase away upstream of the intact rumAB operon [42] (Fig. 9.3). In
ICEVchInd1, the gene dfr18 mediating trimethoprim resistance is absent from the
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antibiotic resistance gene cluster in rumB. Instead, ICEVchInd1 contains a class 4
integron located nearly 70 kb away from rumB that includes dfrA1, another gene
conferring resistance to trimethoprim [19]. Therefore, there appears to be a signifi-
cant flux of genes mediating resistance to antibiotics in the SXT/R391 family. There
are also diverse sets of genes inserted in intergenic regions of many SXT/R391
ICEs. The mechanism of insertion of these gene clusters into the conserved ‘back-
bone’ has not yet been discovered and no signature of transposable elements or
sequence repeats has been found. Most of these insertions, which contain totally
unrelated sequences, are localized in four sites that appear to correspond to inser-
tion ‘hotspots’ identified by comparative sequence analysis of SXTMO10 and R391
genomes [38]. The recently described ICESpuPO1 and ICEPdaSpa1 also contain
ICE-specific DNA in three out of four of these hotposts [34, 43] (Fig. 9.3). These
hotspots are located between s043 and traL (Hotspot 1), traA and s054 (Hotspot
2), s072/s073 and traF (Hotspot 3), and traA and s063 (Hotspot 4) [22, 34, 38].
Insertions at these locations separate the highly conserved region that encodes the
conjugative transfer functions in four clusters without disturbing the stability and
mobility of the SXT/R391 ICEs. In most cases, the function of the genes or group
of genes that are inserted in these hotspots is unknown. In ICEVchInd1, the class 4
integron coding for the trimethoprim resistance is inserted in Hotspot 3 [19]. The
insert in Hotspot 2 of ICESpuPO1 carries genes encoding a putative cation efflux
protein as well as a putative broad specificity efflux pump for drugs, solvent, and
other substrates including antibiotics [34]. Acquisition of an ICE with such poten-
tial multiply drug-resistant phenotype by pathogens such as V. cholerae could have
dreadful consequences on antibiotic therapies.

9.7 Conjugative Transfer and Regulation of the ICEs of the
SXT/R391 Family

Based on the similarity of the members of the SXT/R391 family and the apparent
conservation of a genetic ‘backbone’ that ensures the functions essential for con-
jugative transfer, it is thought that these ICEs share the same life cycle. Therefore,
an overview of the steps that result in the transfer of the SXT/R391 ICEs from a
donor cell to a recipient cell is presented here using SXTMO10 as a model, since
the most remarkable progress in functional characterization have been made while
studying this ICE.

SXTMO10 transfer takes place in three key steps: (i) excision from the host chro-
mosome and formation of a circular intermediate, (ii) conjugative transfer of this
substrate to a new host, and (iii) integration of the transferred molecule into the
chromosome of the new host (Fig. 9.1).

9.7.1 Excision and Integration

The mechanisms of integration and excision of SXTMO10 are reminiscent of those
of lambdoid phages. SXTMO10 integrates site specifically into the 5′-end of prfC,
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the gene coding for peptide chain release factor 3 (RF3) found on V. cholerae chro-
mosome I [46]. Integration of SXTMO10 disrupts the 5′-end of prfC but provides
a novel promoter and 5′ coding sequence that enables the expression of a func-
tional RF3 protein. The integration event is a recA-independent process that requires
an SXTMO10-encoded tyrosine recombinase Int, which belongs to the λ family of
site-specific recombinases. Int catalyzes site-specific recombination between 17-bp
nearly identical element (attP) and chromosomal sequences (attB) [46].

Like λ, integrated SXTMO10 excises from the chromosome to form a covalently
closed circular extrachromosomal molecule. The excised molecule results from
recombination between short sequences, attL and attR, that are nearly identical and
located on each side of the integrated ICE. The excision event regenerates attP on
the excised circular SXTMO10 and attB on the chromosome. Int is required but not
sufficient to promote the efficient recombination between attL and attR. Another
protein Xis that acts as a recombination directionality factor is also needed for effi-
cient SXTMO10 excision [47]. The R391 xis gene, orf4, is virtually identical to the
SXTMO10 xis and has been shown to have the same function, suggesting that all
the ICEs of the SXT/R391 family excise via a similar, if not identical, mechanism
[47]. This result has also been confirmed by O’Halloran et al. [48], who confus-
ingly renamed R391 xis as jef. The discovery of SXTMO10 and R391 Xis led to
the identification of a previously unrecognized family of putative recombination
directionality factors, which are known to be extremely divergent proteins [47, 49].
Sequence comparison of xis genes from seven SXT/R391 ICEs suggests that all
these ICEs harbor very similar xis genes sharing at least 97% identity, encoding
identical proteins and grouping into a novel subfamily of recombination direction-
ality factors [48]. Interestingly, unlike λ for which host-encoded nucleoid protein
IHF is required for integration into, and IHF and Fis are required for excision from
Escherichia coli chromosome, neither protein is required for efficient integration or
excision of SXTMO10 in V. cholerae [50]. However, as discussed below, IHF is a
critical factor for SXTMO10 transfer to and from V. cholerae.

9.7.2 Conjugative Transfer

Once excised, the circular SXTMO10 molecule appears to be the substrate for con-
jugative transfer. Indeed, virtually no transfer of SXTMO10 is observed from donors
that cannot generate the excised circular intermediate [46, 47]. It is thought that
SXTMO10 transfers to the recipient cell as a single-strand based on analogy to most
conjugative plasmids, significant homology of the predicted SXTMO10 Tra proteins
that constitute its conjugative apparatus with the Tra proteins encoded by plasmids
pCAR1 from Pseudomonas resinovorans [51], Rts1 from P. vulgaris [52], R478
from Serratia marcescens [53] and F from E. coli [41] as well as the presence of
a TraI (nickase) orthologue. Like F in an Hfr donor strain, SXTMO10 is able to
mobilize chromosomal DNA located 3′ of its integration site [54], a behavior that
could have an important impact on the plasticity of the genome of pathogens such
as V. cholerae.
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The SXTMO10 tra genes are well conserved among ICEs of the SXT/R391
family: the tra genes of SXTMO10, R391 from P. rettgeri, ICESpuPO1 from S.
putrefaciens and ICEPdaSpa1 from P. damselae subsp. piscicida have identical
organization and encode nearly identical amino acid sequences (>94% identity)
[34, 38, 43]. Also, the available sequences of R997 and pMERPH tra genes are
very similar to those in SXTMO10 and R391 [39]. The tra genes are arranged in
four clusters that span more than 25 kb [34, 41–43] (Fig. 9.3). The first gene cluster
appears to contain the sequences necessary for transfer initiation and DNA pro-
cessing, namely traI, which encodes a putative nickase (or relaxase), traD, which
encodes a putative coupling protein, and a 560-bp downstream sequence that was
originally identified as the origin of transfer (oriT) [38]. However, the oriT of all
SXT/R391 ICEs was later on undoubtedly relocated in the s003-rumB intergenic
region as a 299-bp sequence (38a). Additionally, a small new gene, mobI, located
downstream of oriT was identified and shown to be absolutely required for con-
jugative transfer of these ICEs but not for the SXTMO10-mediated mobilisation of
pCloDF13, suggesting that the protein encoded by mobI is not part of the mating
pore but instead likely recognizes oriT (38a). The mating pair formation functions
seem to be distributed in three gene clusters: (i) traLEKBVA, (ii) traC/trsF/traWUN,
and (iii) traFHG (38). The mechanism allowing simultaneous excision of SXTMO10

and synchronous expression of these four gene clusters prior to conjugative transfer
is currently not well understood.

9.7.3 Conjugative Transfer Entry Exclusion

Similar to F and other conjugative plasmids, SXT/R391 family members carry genes
for an entry exclusion system mediated by two inner membrane proteins, TraG in
the donor cell and Eex in the recipient cell [23, 55, 56]. Entry exclusion systems
function to specifically inhibit redundant conjugative transfers between donor cells
that carry the same element. Marrero and Waldor [55] showed that even though
SXTMO10 and R391 have nearly identical conjugative transfer genes, these ICEs
do not exclude each other; cells harboring SXTMO10 inhibit the acquisition of
SXTMO10 but not R391 and vice versa. Eex variants EexS and EexR, and TraG
variants TraGS and TraGR encoded by SXTMO10 and R391, respectively, mediate
element-specific exclusion activity. traG and eex genes of 21 ICEs belonging to the
SXT/R391 family have recently been characterized both genetically and function-
ally [23]. Unexpectedly, both genes segregate unambiguously into two exclusion
groups, called S and R (Table 9.1). In each ICEs, the traG gene belonging to one
of the two exclusion groups pairs with the eex gene of the same exclusion group,
likely reflecting the functional interaction between TraG and Eex that mediate exclu-
sion. Consistent with earlier finding for SXTMO10 and R391 [55], ICEs harboring an
exclusion system of the S group exclude acquisition of ICEs belonging to the same
exclusion group but not the ones belonging to the R group and vice versa [23].

Interestingly, while the sample size of tested ICEs was relatively small, Marrero
and Waldor [23] found a strict correlation between the exclusion group to which the
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ICEs belong and the serogroup of V. cholerae strains from which the ICEs were orig-
inally isolated. Hence, ICEs from V. cholerae O139 isolates belong to the S group,
whereas ICEs from V. cholerae O1 El Tor isolates belong to the R group. Such find-
ing suggests that more than one SXT/R391-related ICE may have been acquired by
pathogenic V. cholerae in relatively recent times, as was also suggested earlier by
Hochhut et al. [19]. It also suggests that ICEs of the SXT/R391 family might not
transfer frequently, if ever, between V. cholerae strains in the environment or in the
human intestine. This hypothesis is supported by the very low frequency of transfer
of SXTMO10 from V. cholerae in laboratory conditions that remains below 2×10–7

exconjugant/recipient, whereas it reaches up to 1×10–4 exconjugant/recipient from
E. coli donors [18]. One could wonder what could be the benefits for ICEs of the
SXT/R391 family of bearing an entry exclusion system when the transfer rate is
already so low. A possible answer is that V. cholerae might not be the primary host
of SXTMO10 and that these ICEs might not be well adapted to this bacterium.

9.7.4 Regulation

Initial characterization of SXTMO10 properties reported that its conjugative transfer
requires recA [18]. This finding was conflicting with other observations showing
that SXTMO10 integration was not mediated by RecA but instead was a site-specific
recombination event mediated by the SXTMO10-encoded tyrosine recombinase Int
[46]. In fact, subsequent studies revealed that the molecular pathway that controls
SXTMO10 transfer is similar to the pathway that governs the lytic development
of phage λ upon activation of the SOS response to DNA damages. An SXTMO10

-encoded repressor, SetR, that bears significant similarity to λ cI repressor appears
to be at the top of a regulatory cascade controlling SXTMO10 excision and transfer.
SetR binds to an intergenic region between the divergently transcribed s086 and setR
genes [57]. It represses expression from a promoter upstream of s086, which appears
to be the first gene of an operon that includes setC and setD, two genes that encode
the key activators of SXTMO10 excision and transfer [41]. SetC and SetD activate
transcription of both int and the four tra operons described above. Activation of
transcription of R391 xis has recently been shown to be setDC-dependent as well
[47, 48].

Like the λ cI repressor, SetR contains both a helix-turn-helix DNA-binding motif
and a protease motif [58]. A marked increase in SXTMO10 transfer is observed when
donor cells are grown in the presence of DNA-damaging agents that induce the
SOS response such as mitomycin C or ciprofloxacin, a widely used fluoroquinolone
antibiotic [58]. After DNA damage has stimulated the coprotease activity of RecA,
activated RecA appears to promote the autoproteolysis and inactivation of SetR [58].
Depletion of the intracellular pool of SetR alleviates repression of setC and setD
expression, increasing the expression of the genes necessary for SXTMO10 transfer.
The mechanisms of regulation of setR expression are incompletely understood [57],
especially in the context of the post-transfer restoration of repression in donor cells
and the establishment of SXTMO10 in fresh exconjugant cells.
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Detection of nearly identical setR, setC, and setD in all characterized SXT/R391
ICEs suggests that the basic scheme governing regulation of SXTMO10 transfer
applies to all of them. In fact, the SOS response has been shown to induce the trans-
fer of several SXT-related ICEs [33, 59]. Yet, some variations in the regulation of
transfer of these ICEs exist. For example, R391 can transfer at a lower frequency in
a recA-independent fashion [59, 60]. Moreover, significant differences in the basal
transfer rate have been reported for several SXT/R391 ICEs [59]. In addition to
RecA, another host factor has been recently shown to influence SXTMO10 trans-
fer, yielding new understanding of how host cell physiology governs ICE transfer.
McLeod et al. [50] showed that the host-encoded nucleoid protein IHF is required
for efficient transfer of SXTMO10 from and to V. cholerae but not from and to
E. coli. This requirement is not correlated with impaired integration or excision of
SXTMO10, instead it is as if V. cholerae IHF mutant has a general defect in conjuga-
tion since efficient transfer of the broad host range conjugative plasmid RP4, which
does not integrate into the chromosome, is also IHF dependent in V. cholerae but
not in E. coli [50]. The precise role of V. cholerae IHF in the process of conjugative
transfer of SXTMO10-related ICEs has yet to be determined.

9.8 Do ICEs of the SXT/R391 Family Mobilize Vibrio cholerae
Virulence Determinants?

Publication in 2000 by Heidelberg et al. [61] of the whole DNA sequence of both
chromosomes of V. cholerae O1 El Tor N16961 has been an important step for study-
ing how horizontal gene transfer has shaped this pathogen’s genome. Comparative
genomics with currently sequenced whole genome of many other environmental
and clinical strains of V. cholerae is likely to provide additional data to investigate
further the extent and consequences of these gene exchanges and the mechanisms
that drive them. In several pathogens such as Staphylococcus aureus or Yersinia spp.
we now begin to understand how virulence determinants or so-called pathogenicity
island moves from a virulent strain to an avirulent one and transforms it into a new
pathogen [62–64].

Important discoveries have been made in this field in V. cholerae as well. Indeed
CTX and VPI are two main genetic determinants required in V. cholerae strains
to cause cholera (Fig. 9.4). The CTX gene cluster encodes the cholera toxin (CT)
responsible for the profuse and severe secretory diarrhea typical of the disease.
Waldor and Mekalanos [65] discovered in 1996 that CTX is the genome of a fil-
amentous phage, CTXφ, able to convert a non-toxigenic V. cholerae strain into a
CT-producing strain. Besides CT, CTXφ also encodes the accessory cholera entero-
toxin (Ace), which encodes a minor coat component, and the zonula occludens toxin
(Zot), which is thought to be involved in CTXφ assembly and secretion [66, 67].
The large pathogenicity island VPI is a key virulence determinant in V. cholerae
as it carries the toxin-coregulated pilus (TCP) gene cluster that encodes a type-IV
pilus ensuring two critical functions for pathogenicity. Firstly, TCP acts as a CTXφ
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Fig. 9.4 Relative position of pathogenicity determinants on V. cholerae O1 El Tor N16961 chro-
mosome I. The clusters of genes encoding toxin of colonization factors are represented by white
boxes. attB indicates the position of the 5′-end of prfC, the integration site of SXTMO10, and related
ICEs. wbf indicates the position of the locus encoding O1 antigen; Wbe, which encodes the O139
antigen, locates at the same relative position in V. cholerae O139 strains. msh indicates the posi-
tion of the locus encoding a maltose-sensitive hemagglutinin, a type-IV pilus that plays a role in
biofilm formation. The positions of ctx, rtx, and VPI are also indicated. The region of chromosome
I that SXTMO10 would be able to mobilize in an Hfr manner according to data obtained in E. coli
is represented by a gradient bar spanning 500 kbp

receptor, therefore it is required for lysogenic conversion of V. cholerae into a toxi-
genic strain [65]. Secondly, it is an essential intestinal colonization factor that might
cause the bacteria to aggregate, protecting them from being exposed to and killed by
host factors in the intestine [68–70]. VPI is also thought to be the genome of another
filamentous phage VPIφ that seems to use TcpA, the major pilin subunit of TCP, as
a coat protein to produce infectious particles [71].

Other toxin and colonization factor encoding genes of V. cholerae are known
to be exchanged between strains based on their G+C content and trinucleotide
composition. For instance, the RTX toxin gene cluster, the pilA gene cluster that
encodes the prepilin peptidase PilD involved in processing of protein complexes
with type-IV prepilin-like signal sequences such as TCP and the region that encodes
the O antigen are thought to be horizontally transmitted within V. cholerae pop-
ulations [16, 61, 72] (Fig. 9.4). Until recently, no mechanism that could explain
genetic exchange or acquisition of these virulence determinants has been proposed.
Therefore, it is very tempting to speculate that the ICEs of the SXT/R391 fam-
ily could be involved in the mobilization of one or several of these gene clusters.
Such hypothesis is relevant since SXTMO10 has been found to mobilize from E. coli
not only plasmids in trans but also chromosomal DNA in an Hfr-like manner
[54]. Moreover, ICEPdaSpa1 has recently been shown to mobilize in cis the non-
conjugative virulence plasmid pPHDP10 by forming a cointegrate prior to transfer
[34]. pPHDP10 encodes the toxin AIP56, an important P. damselae virulence factor
that induces apoptosis in fish macrophages and neutrophils.
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Early work prior to sequencing of SXTMO10 and V. cholerae genomes suggested
that the region encoding the O139 serogroup antigen, wbe, was not carried by or
closely linked to SXTMO10 in V. cholerae O139 Bengal and that transfer of SXTMO10

does not generally lead to acquisition of the O139 antigen [18]. This was confirmed
later by the analysis of SXTMO10 and V. cholerae N16961 genomes [41, 61]. As
noticed by Hochhut et al. [54], attB, the integration site of SXTMO10, maps about
460 kbp 3′ of wbf, the DNA segment encoding the O1 antigen on chromosome I
of V. cholerae, whereas SXTMO10 seems to be capable of mobilizing only chromo-
somal DNA that extends within about 500 kbp 3′ of its integration site (Fig. 9.4).
Therefore, replacement of wbf in V. cholerae O1 El Tor through SXTMO10-mediated
acquisition of wbe is highly improbable. Recently, Blokesch and Schoolnik [73]
demonstrated O1-to-O139 serogroup conversion of V. cholerae on crab shell medi-
ated by chitin-induced natural transformation confirming that acquisition of wbe by
the ancestor of V. cholerae O139 Bengal did not require SXTMO10. Therefore, the
emergence of the multiply drug-resistant V. cholerae O139 Bengal in India in 1992
as the first non-O1 serogroup to give rise to epidemic cholera likely occurred as a
multi-step process.

In fact, most of the genes encoding virulence or colonization factors are located
out of the range of DNA sequences that the ICEs of the SXT/R391 family are capa-
ble of mobilizing in an Hfr-manner; they map either 5′ or more than 500 kbp 3′ of
attB54 (Fig. 9.4). Other virulence determinants mapping on chromosome II, such
as hap, which encodes the hemagglutinin protease, hlyA, which encodes a secreted
haemolysin, or the super-integron, are not physically linked to attB located on chro-
mosome I [61]. As a consequence, their mobilization in an Hfr manner by SXTMO10

or related ICEs seems to be impossible.
As depicted in Fig. 9.3, only the pathogenicity island VPI is in a position that is

favorable to its mobilization by ICEs of the SXT/R391 family as it maps about 200
kbp 3′ of attB. Hypothesizing that SXTMO10 or related ICEs could mobilize VPI in
trans is not too far-fetched even though results published by Karaolis et al. [71] sug-
gest that VPI can move as a filamentous phage. Indeed the real nature of VPI is not
completely clear and whether or not VPIφ is a genuine filamentous phage is still sub-
ject to debate [67, 74, 75]. Furthermore, the number of TCP+ V. cholerae strains able
to produce VPIφ-transducing particles and the range of TCP– V. cholerae strains
capable of acting as recipients of VPIφ transduction seem to be very limited. In
fact, only the TCP+ strain V. cholerae O1 El Tor N16961 has been shown to produce
VPIφ-transducing particles and only one TCP– V. cholerae strain, an O10 serogroup
isolate, has been shown to be a suitable recipient for VPIφ transduction [71]. In
addition, distribution of TCP has been primarily restricted to strains of the O1 and
O139 serogroups [76, 77]. Whether this limited distribution is a consequence of the
lack of genes encoding a VPIφ receptor in most of the non-O1/O139 strains or of a
specific advantage in the human intestine or in the environment of TCP+ O1/O139
strains over TCP+ non-O1/O139 V. cholerae strains still remains a mystery.

Mobilization of the VPI gene cluster by SXTMO10 or related ICEs could alleviate
some of the barriers specific to VPIφ transduction that have been discussed above,
drawing attention to the potential for non-O1/non-O139 serogroups to acquire TCP.
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Such TCP+ exconjugants becoming proficient for CTXφ transduction could ulti-
mately turn into new toxigenic V. cholerae strains that could potentially cause
epidemics and even pandemics.

Such a pessimistic scenario has not been reported to date, but unfortunately, it
remains plausible. One of the reasons for which an explosive emergence of toxigenic
non-O1/O139 V. cholerae strain has not occurred is that the presence of ICEs in
V. cholerae appears to be a relatively recent event. Indeed, currently no convincing
evidence indicates that V. cholerae is the primary host of the ICEs of the SXT/R391
family. The oldest isolate of V. cholerae containing a genuine SXT/R391 ICE is
the 1973 Philippino V. cholerae O1 that contained pJY1 [22]. To date, no report of
SXT/R391 ICEs found in more ancient V. cholerae strains has ever been published.

Another reason might be the disconcerting low rate of conjugative transfer of
SXTMO10 from V. cholerae [18]. Low transfer rate might be limiting the occurrence
of successful mobilization of chromosomal DNA between V. cholerae strains, and
therefore the spread of TCP. Yet nothing is known about the rate of intraspecific
transfer of SXTMO10 in the environment, i.e., whether it transfers more efficiently
or at even lower frequencies. However, the clear segregation of S and R exclusion
group within the O139 and O1 serogroups of V. cholerae as discussed above rules in
favor of the second possibility. Vibrio cholerae may in fact be a dead end from the
ICEs of the SXT/R391 family.

Mobilization in an Hfr manner of the pathogenicity island VPI by SXTMO10 or a
related ICE has not been demonstrated or even investigated to date. Since Hfr trans-
fer does not generally allow maintenance of the mobilizing element, finding direct
evidence of such event in populations of TCP+ clinical or environmental V. cholerae
might be impracticable.

9.9 Concluding Remarks

Today, the contribution of SXT/R391 ICE members to the dissemination of antibi-
otic resistance genes among environmental and clinical isolates of V. cholerae makes
no doubt. However, antibiotic resistance genes represent only a fraction of the
numerous genes transferred by these mobile elements. Many genes that are not
involved in ICE’s mobility, maintenance or regulation and for which no known func-
tion can currently be attributed are carried by these ICEs. Some of these genes
are strictly conserved among the ICEs of the SXT/R391 family, whereas others
appear to be ICE specific. In fact, more than half of the genes of SXTMO10 codes
for proteins of unknown function. Most of these genes are specific to SXTMO10 as
gene clusters inserted in hotspots. Similar situations are observed for the SXT/R391
ICEs that have been well characterized, i.e., R391, ICESpuO1, ICEPdaSpa1, and
ICEVchMex1. Clearly, ICEs of the SXT/R391 family provide an adaptive frame-
work to pathogens such as V. cholerae that facilitate further gene acquisition and
exchange. It is likely that at least some of these ICE-specific genes influence the
fitness of their bacterial host in the environment or in the host that they colonize, or
both. The presence of ICEs in V. cholerae isolates that do not confer any antibiotic
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resistance favors this hypothesis. The absence of antibiotic resistance gene from
ICEVchHKo1 indicates that selective pressure to become and remain resistant to
antibiotics is not the sole explanation for the dissemination and persistence of
SXT/R391 ICEs in Asian V. cholerae. The availability of the complete genome
sequences of an increasing number of SXT/R391 family members from diverse γ-
proteobacteria is offering a unique opportunity to look at the horizontally transferred
gene pool and its impact on the behavior, fitness, and evolution of a large variety of
pathogens.

The emergence of the SXTMO10-containing V. cholerae O139 Bengal is relatively
recent. It seems as if, while the existence of SXT/R391 family is ancient, the pres-
ence of members of this family in the species V. cholerae is an event that occurred
in modern times. If this is true, we may find ourselves at the dawn of very dis-
turbing times during which multiply resistant V. cholerae strains with epidemic or
pandemic potential could spread and persist over extended periods. While it seems
that plasmids conferring multiply drug resistance are not very stable in V. cholerae
over long periods, ICE-borne antibiotic resistance genes might be stabilized into the
chromosome of V. cholerae being inherited for countless generations.

In the near future it might be worth looking for bacteria in the environment that
could be latent or hidden high-frequency donors of SXT/R391 ICEs. Comparative
genomics using metagenomes could give clues about such possible primary hosts
of SXT/R391 ICEs. For instance, Blast analysis of the conserved gene int gives a
hit with a sequence matching of 96% in the marine metagenome 822,858 (accession
number AACY022104488), which is the environmental genome of the Sargasso
Sea. The primary hosts of SXT/R391 ICEs could be unculturable bacteria that
could have provided V. cholerae with the progenitor of SXTMO10, SXTMO10 itself or
related ICEs a multiple number of times. Such hypothesis could explain the sudden
bursts of emerging multiply antibiotic-resistant isolates of V. cholerae O1 and O139
in different parts of the world. These transfers would have been greatly facilitated by
the treatment of cholera cases with DNA-damaging antibiotics such as ciprofloxacin
that are known to stimulate the SOS response in bacteria and have been shown to
promote the activation of transfer of SXTMO10 and other related ICEs. Knowing that
systematic use of antibiotics promotes not only selection of drug-resistant bacteria
but also dissemination of antibiotic resistance genes, one can wonder if on the long
term and at a large scale, the remedy is not making the disease worse.
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Chapter 10
Small Molecule Signaling Systems
in Vibrio cholerae

Rupak K. Bhadra, Sangita Shah, and Bhabatosh Das

Abstract Vibrio cholerae, the causative agent of Asiatic cholera, still remains a
major public health problem in most of the developing countries. Despite tremen-
dous effort given in developing immunotherapeutics, availability of the whole
genome sequence, and transcriptional profiling data, still a safe, effective, and long-
lasting cholera vaccine is not available. One probable reason could be that our
knowledge about stress adaptive mechanisms of V. cholerae with special reference
to its survival both under in vitro and in vivo conditions is still incomplete. Indeed, a
rapidly growing number of reports indicate that various intra- and extracellular small
signaling molecules play critical roles in overcoming environmental onslaughts and
allowing the pathogen to survive, grow, and cause the disease. Vibrio cholerae
has two most important small molecule-mediated signaling pathways, which are
extracellular quorum-sensing and intracellular 3′,5′-cyclic diguanylic acid (c-di-
GMP) signaling system. Apart from these two systems, the intracellular (p)ppGpp
molecule, called alarmone, also helps the organism to survive under nutritional
scarcity and other stresses. The universal second messenger cAMP, another impor-
tant small molecule, and its receptor protein, called CRP, have been implicated
in virulence gene expression in V. cholerae, which may be due to its well-known
overall impact on bacterial metabolism. Since these small molecules are crucial
for the bacterial survival, the organism has evolved with multiple backup systems.
If we consider that virulence gene expression of V. cholerae in human host is
an outcome of stress-combating mechanism, then convergence of different small
molecule-mediated signaling pathways is highly expected, but knowing how it is
achieved is a real challenging job. This review focuses on how much we have learnt
about this fascinating aspect of signaling systems of V. cholerae during post-genome
sequencing era.
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10.1 Introduction

Bacteria are unicellular self-replicating organisms and unlike multicellular higher
eukaryotes, they are devoid of any sense organ. In spite of this, bacteria can respond
quite efficiently to various environmental onslaughts including chemical, physical,
and nutritional stresses they face relentlessly during their survival and growth under
host-associated state or in their natural environmental habitats. They can sense
environmental signals, quickly process it intracellularly through signal transduc-
tion mechanisms, and combat the situation by modulating expression of specific
set of genes for a particular stimulus. Being a single cell, bacteria have got sev-
eral advantages, namely it can make large number of progeny within a very short
period of time, can directly receive the signals from environment, and can form
spores to protect it from adverse situations. Probably for these reasons, most of
the bacteria including pathogens are still prevalent on the Earth even after their
evolution thousand and thousand of years ago, indicating that bacteria are fittest
to survive in any sort of adverse environmental situation. This extraordinary feat
is achieved by expressing right genes in right time and in a right place against
a particular environmental cue. To do this, microorganisms synthesize and utilize
several small molecules for sensing and responding various extra- and intracellular
signals [1]. They are able to scan a mixture of small molecules to access information
about both their extracellular and intracellular physiological status, and based on this
information, they continuously interpret their circumstances and can react rapidly to
any environmental changes. The cholera pathogen Vibrio cholerae, a gram-negative,
non-invasive diarrheal pathogen, is a typical example regarding bacterial adaptation
in human intestine during pathogenic state as well as when they reside in natural
aquatic environment as a free-living organism [2]. In this chapter we discuss about
recent progress in our understanding about extra- and intracellular small molecule
signaling systems in V. cholerae, which help the pathogen in management of stress,
pathogenesis, biofilm formation, and cell density-dependent quorum sensing.

10.2 Intracellular Small Molecule Signaling Systems

Orchestrated expression of genes in response to a variety of extracellular signals
enables unicellular microorganism to survive and grow in a particular niche. Two
cyclic ribonucleotides, namely cyclic adenosine 3′,5′-monophosphate or cAMP
(Fig. 10.1) and cyclic guanosine 3′,5′-monophosphate or cGMP, are universally
used as second messengers in intracellular signal transduction pathways in differ-
ent organisms. The intracellular levels of cAMP and cGMP are tightly controlled
by their rate of synthesis catalyzed by the enzymes adenylyl cyclase and guanylyl
cyclase, respectively, and by phosphodiesterases, which hydrolyze the molecules
[3, 4]. While cAMP-mediated signaling is common in both prokaryotes and eukary-
otes, cGMP does not seem to be used by bacterial cells [1]. cAMP together with its
receptor protein, called cAMP receptor protein (CRP), plays a pivotal role in bacte-
rial metabolism in enteric bacteria by precisely regulating the utilization of carbon
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Fig. 10.1 Major small molecules involved in extra- and intracellular signaling in V. cholerae.
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intracellular signaling; cAMP, ppGpp, and c-di-GMP are the key players

and energy sources as shown under laboratory growth conditions [5, 3]. High intra-
cellular cAMP leads the nucleotide to bind with CRP and changes its conformation
followed by binding with DNA in a sequence-specific manner. In enteric bacteria,
CRP functions as both positive and negative regulators of gene expression [3] and
thus influences various cellular processes.

10.2.1 Intracellular cAMP-Mediated Regulation in Vibrio
cholerae

Like the enteric bacteria Escherichia coli and Salmonella enterica serovar
Typhimurium, V. cholerae genome also carries cya and crp genes which code for
adenylate cyclase and CRP, respectively [6, 7]. Although at present very little infor-
mation is available regarding the role of cAMP in the management of stress in
V. cholerae, it has been reported that cAMP may be involved in virulence gene
expression in this organism. It is now a well-established fact that the control of
virulence gene expression in V. cholerae is strongly influenced by environmental
conditions. Again when it infects human host, it faces plethora of stress-related
stimuli and it is most likely that these multiple stimuli are the major determinants
of expression of virulence factors. In V. cholerae, the two critical virulence fac-
tors are cholera toxin (CT) and toxin-coregulated pilus (TCP) and expression of
both is tightly regulated by host-generated stimuli [8], although at present very lit-
tle is known about the mechanism. Under in vitro conditions, it has been shown
that the composition of growth media, its pH, salt concentration, and incubation
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temperature have profound influence in the expression of the major virulence factors
CT and TCP by V. cholerae cells [6, 9]. Expression of these virulence factors is again
under the coordinate control of three master regulators of virulence, namely TcpPH,
ToxRS, and ToxT [9–11]. Skorupski and Taylor [6] first demonstrated that mutation
of cya and crp genes of V. cholerae derepressed the expression of CT in V. cholerae
at the non-permissive culture conditions. The study suggested that intracellular level
of cAMP–CRP negatively regulates expressions of CT and TCP in V. cholerae.
It was also shown by animal studies that mutation in the crp gene may influence
pathogenesis of V. cholerae by regulating other processes necessary for optimal
growth under in vivo conditions. The involvement of intracellular cAMP–CRP sys-
tem in regulation of CT and TCP expression in V. cholerae suggests that carbon and
energy sources in the environment may influence virulence gene expression, but the
mechanism is currently not known.

Recently, Liang et al. [12] have reported that CRP is needed for fine regula-
tion of quorum sensing in V. cholerae. In fact, a �crp V. cholerae strain expresses
very low amount of the quorum-sensing master regulator HapR, leading to ele-
vated expressions of Vibrio exopolysaccharide synthesis (vps)-related genes like
vpsA, vpsL, and vpsT, leading to increase in biofilm formation. Since the activity
of CRP is determined by intracellular cAMP (synthesized by the product of cya
gene) levels, a comparative molecular analyses of phenotypes of the mutants like
�hapR, �crp, and �hapR �cya indicated that cAMP–CRP system is involved
in exopolysaccharide biosynthesis and rugose colony morphology by modulating
HapR expression [13]. The rugose variant of V. cholerae has been shown to be
more resistant to chlorinated water, osmotic, and oxidative stresses compared to the
smooth morphotype [14–16]. Again, cAMP may positively influence expression of
V. cholerae’s rpoS-encoded stationary phase σS factor, called RpoS, the master reg-
ulator of bacterial general stress response [17]. The cAMP–CRP complex activates
the transcription of rpoS and hapR, the products of which in turn enhance hemag-
glutinin/protease, a putative virulence factor, which is needed during late phase of
infection to detach V. cholerae cells from intestinal cell surface and thus allow-
ing the pathogen to escape from host to environment. Although further research is
needed to understand how intracellular cAMP level is influenced by environmental
cues, which in turn intricately regulates gene functions related to quorum sensing,
exopolysaccharide biosynthesis, smooth/rugose colonial morphology, and nutrient
stress at stationary phase in V. cholerae, it is becoming quite apparent that cAMP is
an important intracellular small molecule involved in signal transduction network.

10.2.2 Guanosine 3′-Diphosphate 5′-Triphosphate
and Guanosine 3′,5′-Bis(diphosphate) [(p)ppGpp]
as Cellular Alarmones in Vibrio cholerae

To respond to changing environmental conditions, particularly availability of
nutrients, bacteria have evolved a multitude of cellular regulatory mechanisms.
The global adaptive response to nutritional stress leads to rapid and complex
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cellular metabolic adjustments in bacterial cells known as stringent response and is
characterized by the inhibition of rRNA synthesis, readjustment of metabolic path-
ways according to physiological requirements, and the induction of stationary phase
genes needed for survival. The abrupt global changes associated with the stringent
response are triggered by intracellular accumulation of two small molecules guano-
sine tetraphosphate (ppGpp, Fig. 10.1) and guanosine pentaphosphate (pppGpp),
collectively called (p)ppGpp [18], which function as chemical messengers that per-
mit bacteria to readjust their metabolism towards survival mode by inhibiting most
of the growth-related pathways.

In E. coli, the stringent response has been well studied and primarily two genes,
relA and spoT, have been identified as the genetic determinants responsible for the
phenomenon. The relA gene codes for the enzyme (p)ppGpp synthetase and the
spoT codes for a bifunctional enzyme with strong (p)ppGpp hydrolase and weak
synthetase activities [18, 19]. Interestingly, RelA and SpoT respond differently to
environmental conditions by some mechanisms, which are still not clearly under-
stood. While RelA is activated during amino acid starvation, the synthetase activity
of SpoT is activated upon carbon or energy starvation [18]. In vivo deletion map-
ping in E. coli concluded that the SpoT catalytic domains responsible for (p)ppGpp
degradation and synthesis are localized within the N-terminal half of the protein
on distinct but overlapping regions; amino acid residues 1–203 contain the domain
for (p)ppGpp degradation, while residues 85–375 contain the domain for (p)ppGpp
synthesis [20].

Like E. coli, V. cholerae genome also contains the relA (VC2451) and spoT
(VC2710) homologs [7] and are involved in synthesis and hydrolysis of (p)ppGpp,
respectively [21–24]. Recently, Das and Bhadra [21] provided evidences that there
are fundamental differences in the metabolism of (p)ppGpp in V. cholerae compared
with other bacterial systems, particularly the model gram-negative organism E. coli.
Analyses of several �relA �spoT mutant strains of V. cholerae indicated the pres-
ence of RelA- and SpoT-independent (p)ppGpp synthesis pathway in V. cholerae
[21]. The existence of a novel (p)ppGpp synthetase pathway in V. cholerae apart
from the canonical genes relA and spoT is exciting and a completely new knowledge
in this field of research. This finding also indicates that (p)ppGpp metabolism and its
cellular homeostasis are really complex in V. cholerae. Like V. cholerae, the gram-
positive organisms, namely Streptococcus mutans and Bacillus subtilis genomes,
also contain novel genes coding for (p)ppGpp synthetases apart from canonical rel
genes [25, 26].

10.2.2.1 Role of (p)ppGpp in Vibrio cholerae

RelA-dependent cellular accumulation of (p)ppGpp in V. cholerae upon amino acid
starvation was first reported by Haralalka et al. [22]. During infection, V. cholerae
cells pass through gastric acid barrier and encounter different types of stress that
may be overcome by the wild-type cells due to fine regulation of stringent response
effector molecules (p)ppGpp. Recently, Silva and Benitez [24] also studied the strin-
gent response in V. cholerae and reported that the expression of virulence factors is
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not much affected in the relA mutant of V. cholerae cells. Since complete metabolic
cycle of V. cholerae is not yet worked out, further studies are needed to find out the
role of intracellular (p)ppGpp in regulation of nutritional and other stresses.

10.2.3 Bis-(3′,5′)-cyclic-di-guanosine Monophosphate
(c-di-GMP)

The c-di-GMP (Fig. 10.1) has recently been recognized as an intracellular signaling
molecule nearly universally used by bacteria [27, 28]. More than 20 years ago while
studying regulation of cellulose synthesis in Gluconacetobacter xylinus, Ross et al.
[29] discovered c-di-GMP as an intracellular signaling molecule. Importance of this
cellular messenger in bacteria was further realized when whole genome sequence
data of numerous microorganisms were analyzed [28]. Interestingly, genes cod-
ing for enzymes involved in synthesis and degradation of c-di-GMP are present
unusually in high copy numbers in a particular organism and thus it is indeed a
unique feature compared to other multicopy gene families. The c-di-GMP molecule
is synthesized from two GTP molecules by the enzyme diguanylate cyclases (DGC)
and it is degraded by c-di-GMP-specific phosphodiesterases (PDE), both of which
are present in soluble or membrane-bound forms [30]. DGC activity is associ-
ated with Gly-Gly-Asp-Glu-Phe or Gly-Gly-Glu-Glu-Phe (GGDEF or GGEEF)
domain-containing proteins, whereas c-di-GMP PDE activity has been shown for
Glu-Ala-Lys (EAL) domain proteins [31, 32]. These domains, which were named
for their most conserved amino acid sequence motifs, can occur either alone or in
combination in a single polypeptide, and their activities seem to be controlled by
various N-terminal sensory domains [28, 30]. The DGC and PDE domains contain-
ing proteins are found in most bacteria but they are absent in Archaea and eukaryotes
[30]. GGDEF and EAL domains belong to the largest domain families with poorly
understood molecular and physiological function in the protein databases [28, 33]
and they often contain other known regulatory motifs like GAF domain responsible
for binding with cyclic nucleotides and heme or PAS domain, which can detect light,
redox potential, etc. It is believed that membrane-associated DGC and PDE proteins
can relay external signals into the cytoplasm followed by activation/inactivation of
intracellular c-di-GMP-mediated gene regulation and ultimately specific response
to the external stimuli. Apart from EAL domain-containing proteins, the HD-GYP
domain proteins have recently been shown to degrade c-di-GMP [34]. Altogether it
appears that the metabolism of c-di-GMP in bacteria is complex.

10.2.3.1 c-di-GMP-Mediated Signaling in Vibrio cholerae

Analysis of the whole genome sequence of V. cholerae revealed that the organism
possesses 31 genes encoding only for GGDEF domain-containing proteins, 10 genes
encoding proteins with both GGDEF and EAL domains, and 12 genes encoding
only EAL domain-containing proteins [35]. Vibrio cholerae genome also contains
nine genes encoding proteins with HD-GYP domains [36]. Thus, it appears that a
total of 62 genes encoding proteins with GGDEF, EAL, and HD-GYP domains are
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present in V. cholerae genome, which is astonishingly quite high compared to other
bacteria. Therefore, it is a tremendous future challenge to establish the functions of
each of these proteins and their exact role in V. cholerae. Toward this goal, recent
research on c-di-GMP-mediated signal transduction pathways in V. cholerae indi-
cates that this small intracellular molecule regulates the transcription of vps genes,
the products of which are involved in the regulation of exopolysaccharide biosyn-
thesis and biofilm formation [37]. Vibrio cholerae cells within biofilms are resistant
to environmental stresses and biofilm-mediated attachment to abiotic surfaces may
be critical for survival of V. cholerae in the environment [38, 39]. The quorum-
sensing master regulator HapR, the product of the hapR gene, represses biofilm
formation in V. cholerae [40–42] and thus the two processes are likely to be linked.
In fact very recently, Waters et al. [43] have reported that HapR regulates the tran-
scription of 14 genes encoding DGC and PDE proteins and the resultant effect is
a reduction of intracellular c-di-GMP concentration at high cell density, leading to
decrease in biofilm formation, indicating that c-di-GMP positively regulates biofilm
formation in V. cholerae. They have also shown that HapR can directly bind to the
promoter of vpsT, an important regulator of VPS production and biofilm formation.
Again, it has been shown that c-di-GMP negatively regulates virulence gene expres-
sion in V. cholerae [44]. The response regulator VieA, an EAL domain-containing
PDE protein, is needed to maintain a low cellular concentration of c-di-GMP in
V. cholerae classical strain O395, leading to transcriptional activation of the prin-
cipal virulence regulator ToxT followed by enhanced CT production. Thus, it is
becoming increasingly clear that biofilm formation, quorum sensing, and virulence
gene expression by V. cholerae cells are most likely the outcome of precise modula-
tion of the intracellular levels of c-di-GMP through signal-response cascade, which
also appears to be critical for the pathogen’s ability to alternate between environ-
ment to the human host and again going back to the environment. Although at
present it is not clear whether other intracellular signaling molecules like cAMP
and/or (p)ppGpp are involved in c-di-GMP signal pathways, this is much likely
since these three intracellular molecules are global modulators of gene expression
under various environmental conditions and thus at some point the three signaling
networks may converge.

The ability of V. cholerae to cause cholera epidemics is certainly dependent on its
survival in aquatic environmental stress conditions. Under laboratory culture condi-
tions, it has clearly been shown that the organism is capable of switching between
two distinct morphological states, called rugose and smooth phases as discussed
above. Lim et al. [37] have shown that intracellular level of c-di-GMP is quite
high in rugose variant compared with the smooth variant. Furthermore, they also
identified and characterized five differentially regulated genes, called cdgA-E for
cyclic-di-guanylate, encoding proteins with GGDEF and/or EAL domains, which
play critical roles in controlling rugosity, VPS production, motility, and biofilm for-
mation. At present, however, it is not known how c-di-GMP promotes or represses
the target genes. Amikam and Galperin [45], based on bioinformatics analysis, pre-
dicted that PilZ domain present in C-terminals of certain proteins could be the
binding site of c-di-GMP. Recently, Ryjenkov et al. [46] and Pratt et al. [47] have
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tested this hypothesis in their laboratories using E. coli and V. cholerae as model
organisms, respectively, and provided experimental evidences that the PilZ domain
protein is indeed the intracellular receptor for c-di-GMP. Ryjenkov et al. [46] sug-
gested that c-di-GMP binding to PilZ domain of the E. coli protein YcgR leads to
conformational changes in that protein and c-di-GMP–YcgR complex is the active
form, which initiates the downstream signal transduction cascade. They also pro-
vided evidence that the conserved motifs and amino acid residues are present in
some PilZ domain proteins including YcgR, which serves as receptor for c-di-GMP.
These motifs present in YcgR are 114RxxxR118 and 145D/NzSxGG151, where x is
any residue and z is a small hydrophobic residue. Moreover, site-directed muta-
tional analysis indicated that the arginine residue present at 118 position of YcgR is
essential for binding of c-di-GMP. Pratt et al. [47] reported that there are five PilZ-
coding sequences in V. cholerae genome (VC0697, VC1885, VC2334, VCA0042,
and VCA0735) and designated these genes as plzA, plzB, plzC, plzD, and plzE,
respectively. They have shown that mutation of the PilZ genes plzB, plzC, and plzD
leads to alterations in cellular processes known to be regulated by c-di-GMP, which
include motility, biofilm formation, and virulence. However, they were able to show
that only two V. cholerae PilZ proteins, PlzC and PlzD, bind specifically to c-di-
GMP. Ryjenkov et al. [46] reported that like the E. coli YcgR, PlzD (VCA0042)
protein of V. cholerae also contains the conserved motifs for c-di-GMP binding.
However, at present the roles of other Plz proteins, namely PlzA, PlzB, and PlzE
with respect to c-di-GMP binding, are not clear. Mutational analyses indicated that
PlzA and PlzE coding genes are essential in V. cholerae, suggesting that certain PilZ
domain-containing proteins may have some vital cellular functions. Although it has
been discovered that c-di-GMP binds with specific motifs of a PilZ domain of Plz
protein, how this complex influences gene expression is not known; even we do not
know post-signal transduction fate of the complex, i.e., how the complex dissociates
followed by degradation of c-di-GMP when a defined job of molecule is over.

10.2.3.2 c-di-GMP and In Vivo Gene Expression in Vibrio cholerae

Several lines of evidence indicate that c-di-GMP helps V. cholerae cells to adapt
in host environment upon entry from environmental reservoirs. Upon entry into a
human host, V. cholerae undergoes a quick shift from global environmental gene
expression mode to virulence gene expression regime, particularly coordinated
expression of CT and TCP and downregulation of vps genes required for biofilm
formation. As discussed above, under in vitro growth conditions, high cellular
level of c-di-GMP facilitates expression of vps genes and represses CT expres-
sion [37, 43, 48] (Fig. 10.2). Since V. cholerae has an intricate biofilm formation
genetic network for its survival in diverse aquatic environmental niche and c-di-
GMP is a critical intracellular determinant under such situation, it thus appears that
host environment-generated cues most probably activate the c-di-GMP degradation
pathway, leading to rapid decrease in intracellular level of the molecule and dere-
pression of c-di-GMP-mediated various genetic circuits including virulence gene
expression.
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Fig. 10.2 Simplified diagram showing extra- and intracellular small molecule-mediated signaling
circuits of V. cholerae. Arrows indicate positive regulation, while T-bars denote negative/inhibitory
effects. Environmental cues activate DGC (diguanylate cyclase, GGDEF/GGEEF domain-
containing proteins) or PDE (phosphodiesterase, EAL domain-containing protein) enzyme, which
synthesizes or degrades c-di-GMP, respectively. c-di-GMP in turn positively and negatively regu-
lates the genes involved in biofilm formation and virulence, respectively. Intracellular cAMP–CRP
complex positively regulates the transcription of hapR and rpoS genes. When concentrations of AIs
are low (CAI-1–, AI-2– conditions), the response regulator LuxO becomes activated by phospho-
rylation (LuxO~P) and positively influences expression of four small RNA (sRNA) genes qrr1–4,
which encode Qrr1—4 RNA molecules. Now expressed Qrr1–4, sRNAs with the help of RNA-
binding protein Hfq (not shown in the diagram) repress translation of the master transcriptional
regulator HapR. Again, when concentrations of AIs are high (CAI-1+, AI-2+ conditions), LuxO is
inactivated through dephosphorylation leading to drastic reduction of Qrr1–4 expression as denoted
by “X” sign. In the absence of Qrr1–4 sRNAs, translational inhibition of hapR mRNA is no longer
there and thus HapR is produced. Increase in cellular levels of HapR leads to repression of both
biofilm formation and virulence factor production. From this diagram it appears that HapR plays a
pivotal role in signaling cascade of V. cholerae

At present nothing is known about how the host-generated signals influence
downregulation of c-di-GMP concentration. It may be mentioned here that passage
through the gastric acid barrier is an essential step for V. cholerae cells to cause a
productive infection and an adaptive response, called the acid tolerance response,
allows the pathogen to survive acidic stress and facilitate colonization under in vivo
conditions [49]. Again, Zhu and Mekalanaos [42] have shown that V. cholerae cells
present in biofilms are much more resistant to killing by acid stress than are plank-
tonic cells. Since the pathogen exists in the natural aquatic environment as biofilms
[38] and the biofilm-associated V. cholerae cells have recently been shown to contain
high concentration of c-di-GMP [37, 43], it is expected that acid stress confronted
by these cells in initial phase of infection is an important signal leading to rapid
reprogramming of gene expression, which may be achieved either through down-
regulation of c-di-GMP production or upregulation of EAL domain-containing PDE
synthesis, which remains to be determined. Kovacikova et al. [50] have shown that
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V. cholerae acgA and acgB genes code for proteins containing EAL and GGDEF
domains, respectively, and overexpression of acgA caused decreased biofilm forma-
tion and increased motility, whereas overexpression of acgB had the opposite effect.
Deletion of either gene, however, had no discernible effect on motility or biofilm
formation. Interestingly, the virulence activator protein AphA negatively regulates
the expressions of AcgA and AcgB. Since the expression of AphA is under the
control of quorum-sensing master regulator HapR, it is at present not clear how
c-di-GMP level is coordinately regulated with the overall scheme; still these results
reveal a potential link between c-di-GMP-mediated control of biofilm formation and
virulence gene expression in V. cholerae.

The vieSAB locus was identified during genetic screenings of V. cholerae genes,
which were induced in the host environment, i.e., under in vivo situations [51, 52].
VieS is a polydomain sensor of the phosphorelay family that contains two periplas-
mic binding protein domains at its N terminus, and histidine kinase, receiver, and
histidine phosphotransferase domains at its cytoplasmic C terminus. VieA is a pro-
tein that contains an N-terminal receiver domain, an EAL domain, a partial receiver
domain, and a putative C-terminal helix-turn-helix (HTH) DNA-binding domain.
VieB is a protein that contains both receiver and tetra tricopeptide repeat domains at
its N terminus and a region with no similarity to known protein domains at its C ter-
minus. Tischler and Camilli [48] found that expression of genes within the vpsA-Q
locus was significantly decreased when VieA was overexpressed in classical biotype
V. cholerae. Decreased vpsA-Q expression was a result of decreased transcription of
vpsR, which encodes a positive regulator of the vpsA-Q genes, and the EAL domain
of VieA was found to be necessary to prevent vpsR transcription. Mutational stud-
ies demonstrated that this effect, as well as the ability of VieSAB to induce ctxAB
transcription [44], requires the PDE activity of the EAL domain, which this group
also demonstrated biochemically [53]. Although the precise functions of the various
domains of these proteins are yet to be determined, a model that fits the available
data is one in which phosphorylation of the VieA receiver domain activates DNA
binding, resulting in increased transcription of vieA (VieA appears to function as
a positive autoregulator), and the resulting increased production of VieA decreases
c-di-GMP levels through the PDE activity of its EAL domain, leading to decrease
in biofilm formation. This may be further supported by the fact that overexpres-
sion of a DGC protein (VCA0956) was found to increase the VPS production and
biofilm formation [48]. Furthermore, under in vivo condition, VieA PDE activity
is also necessary for virulence in the infant mouse model [48] and expression of
vieSAB operon occurs at an early stage of infection [52], strongly suggesting that
c-di-GMP levels must be diminished for a productive infection as discussed above.
It has been speculated that VieS may phosphorylate VieA in response to some as-
yet unidentified signal present within the mammalian intestine. However, it is to
be noted that unlike in classical biotype, the PDE protein VieA is not involved in
the regulation of biofilm formation, motility, or virulence in the present pandemic
strain of V. cholerae O1 El Tor biotype [54]; rather another in vivo-induced EAL
protein (VC0130), called CdpA, has been identified [55]. Taken together, c-di-GMP-
mediated gene expressions in V. cholerae cells under in vitro and in vivo conditions
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appear to be crucial and highly complex and future challenges are to determine how
c-di-GMP concentration is precisely maintained in V. cholerae under a particular
situation despite having so many copies of GGDEF/EAL/HD-GYP domain-coding
genes and also to elucidate the molecular mechanisms of c-di-GMP-mediated gene
expression in V. cholerae.

10.3 Extracellular Quorum Sensing in Vibrio cholerae

Quorum sensing is a process of cell-to-cell communication that bacteria use
to assess their surrounding population density in order to coordinate the gene
expression of the community [56]. Quorum sensing requires production, release,
and detection of various extracellular signal molecules called autoinducers (AIs).
In simplest scenario, accumulation of a threshold autoinducer concentration in
surrounding environment, which is correlated with the increasing bacterial cell
density, initiates a cascade of intracellular signal transductions that culminate in
a population-wide adjustment of gene expression. Recent progress in quorum-
sensing research on different organisms including pathogens indicates that quorum
sensing modulates various bacterial cellular processes like bioluminescence, viru-
lence, biofilm formation, antibiotic production, sporulation, and stress-related gene
expression. In this article we will briefly discuss on quorum-sensing systems of
V. cholerae so far known and also describe how various extracellular quorum-
sensing signaling molecules intricately coordinate the gene expressions involved
in stress management, virulence, biofilm formation, etc.

10.3.1 Quorum-Sensing Molecules and Pathways in Vibrio
cholerae

Our present understanding on quorum sensing in V. cholerae is largely due to the ele-
gant work carried out by Bassler’s laboratory [41, 43, 57–60]. Vibrio cholerae has
two major quorum-sensing systems (QSS): in system-1, cholerae quorum-sensing
(Cqs) receptor present in the cell surface, called CqsS, interacts with the cholerae
autoinducer-1 molecule or CAI-1 (Fig. 10.1), which is synthesized by an intracel-
lular enzyme CqsA (CqsS/A system), and in system-2, the autoinducer molecule 2
(AI-2, Fig. 10.1), synthesized by the cytosolic enzyme LuxS, binds with the two-
component LuxPQ cell surface receptors (LuxS/PQ system) for signal transduction.
Apart from these confirmed QSS, experimental evidences indicated that two more
QSS pathways (system-3 and system-4) might exist in V. cholerae [57]. However,
currently the details of these two new QSS are not available. Presence of multiple
QSS and their complex regulations most likely allow V. cholerae cells to survive
and control its growth in various environmental conditions. It has been shown ele-
gantly that in V. cholerae, autoinducer-mediated signals are channeled in parallel
through both the CqsS/A and LuxS/PQ sensory systems via intracellular LuxU pro-
tein to the transcriptional activator protein LuxO, which then controls the cellular
levels of the HapR protein, the master regulator of quorum sensing [41, 57, 58].
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Although the intracellular signaling cascade is common for both the systems, the
autoinducers, CAI-1 and AI-2, of V. cholerae are quite distinct from each other and
function synergistically. While varieties of interconverting family of AI-2 molecules
are produced from different species of bacteria, in all cases so far examined there is
a common precursor molecule, called (S)-4,5-dihydroxypentane-2,3-dione (DPD),
which is synthesized by the LuxS enzyme [57, 60]. Thus, AI-2 family of autoinduc-
ers are needed for both intra- and interspecies communications and giving rise to the
idea that AI-2 represents a universal language fostering bacterial communication.
AI-2 molecule synthesized by V. cholerae is the furanosylborate diester (2S, 4S)-
2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran borate [57, 61] (Fig. 10.1). It is to be
noted that the cell surface-associated sensors LuxPQ and CqsS resemble proteins
belonging to two-component signaling systems [56], each containing a conserved
histidine kinase and response regulator domain but no DNA-binding motif.

10.3.2 Quorum Sensing-Regulated Virulence Gene Expression
and Biofilm Formation in Vibrio cholerae

At low cell density condition, when AIs (CAI-1 and AI-2) are low, the AI recep-
tors/sensors (CqsS and LuxPQ) remain active and by their kinase activities they
funnel phosphate moiety to the response regulator LuxO protein converting it to
LuxO~P. Now LuxO~P together with the alternative sigma factor σ54 activates
expression of four different small RNAs (sRNAs) in V. cholerae, called qrr1–4,
which along with the RNA-binding protein Hfq destabilize hapR mRNA leading to
low cellular level of HapR [41]. In the absence of HapR, the virulence regulator
AphA is expressed [62], which ultimately upregulates TcpP and ToxT expressions;
ToxT in turn directly influences production of CT and TCP [42, 57, 63], the major
virulence factors of V. cholerae. Low HapR condition also upregulates expression
of vps genes (Fig. 10.2), the products of which regulate VPS synthesis needed for
biofilm formation [42, 58, 63]. At high cell density, when extracellular AIs con-
centrations are increased, they bind to the sensors and the AI–sensor complexes
behave as phosphatases leading to dephosphorylation of LuxO~P (Fig. 10.2). Since
dephosphorylated LuxO is inactive, it is no longer able to activate the transcription
of sRNAs qrr1−4; as a result, hapR mRNAs become stable and thus the cellular
level of HapR is increased [41]. High cellular level of HapR represses the expression
of AphA and finally downregulation of CT and TCP expression due to repression
of toxT gene expression [62] (Fig. 10.2). Similarly, high cellular level of HapR also
represses biofilm formation by inhibiting expression of VpsT [59, 43], the product
of the gene vpsT, which regulates VPS synthesis needed for biofilm formation [64].

In V. cholerae, QSS acting through HapR enhances viability under certain stress
conditions via upregulating expression of the stationary phase sigma factor rpoS
[65]. RpoS can also stimulate hapR expression [66], suggesting the possible impor-
tance of a HapR/RpoS autoregulation loop in the face of various environmental
stress factors. Although more information is needed in this aspect of gene regula-
tion, it appears that interaction of quorum sensing and the stress response may play
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a survival role in biofilm-associated cells of V. cholerae in natural environmental
conditions.

10.3.3 Relationship Between Quorum Sensing and c-di-GMP
in Vibrio cholerae

From the above discussion it is understandable that two chemical signaling systems,
extracellular quorum sensing through AIs and intracellular c-di-GMP signaling,
intricately control both biofilm formation and virulence of V. cholerae under various
environmental cues. Thus, there is a high possibility that the two signaling systems
are linked somewhere to execute the above cellular processes [1]. In this respect the
DNA-binding transcription factor HapR most likely plays a central role for connect-
ing the two chemical signaling systems (Fig. 10.2). Again, it has been shown that
for biofilm formation in V. cholerae, a high cellular level of c-di-GMP is needed (see
above). Waters et al. [43] have shown very recently that at high cell density, HapR
controls transcription of several genes encoding DGC and PDE proteins and the net
effect was reduction in intracellular c-di-GMP level leading to decrease in biofilm
formation (Fig. 10.2).

10.4 Concluding Remarks

Bacterial cells display a remarkable ability to respond to any physico-chemical
changes in their surrounding environment. The task is even harder in the case of
a pathogen like V. cholerae, which has a dual lifestyle, one in host-associated state
and another in natural aquatic habitats. Thus, the survival of V. cholerae in these
contrasting environmental conditions is critically dependent on orchestrated func-
tioning of signal transduction systems. Availability of the whole genome sequence
of V. cholerae [7] has helped tremendously to the researchers to unravel several
unknown signaling circuits, but still much work remains to be done to understand
clearly about how the pathogen switches its gene functions from environmental
mode to virulence mode or vice versa. Recent research in this direction indicates
that small molecules, like AIs, c-di-GMP, (p)ppGpp, and cAMP, play a pivotal role
in extra- and intracellular signaling in V. cholerae. Although these molecules are
involved in regulation of biofilm formation, stress survival, virulence gene expres-
sion as well as other related processes, still our knowledge is in a rudimentary stage
regarding mechanisms of action of these small molecules. Again, it is conceivable
that in natural situation, bacterial cells simultaneously face complex stimuli like
temperature, salt concentration, nutrients, and oxygen tension, and they still manage
in integrating all these external signals with the intracellular signaling circuits fol-
lowed by expression of appropriate sets of genes to complete the stimulus-response
cycle, which ultimately helps bacteria in adapting to that environment. Thus, there
exists a high possibility that extra- and intracellular signaling relay systems are
connected as shown in V. cholerae (Fig. 10.2) and that quorum sensing, virulence
gene expression, biofilm formation, and intracellular c-diGMP signaling system
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are linked [42, 43, 55, 62]. In this regard, V. cholerae could be used as an excel-
lent model system to study how other two important intracellular small molecules,
cAMP and (p)ppGpp, modulate the functions of genes or proteins involved in quo-
rum sensing and c-di-GMP-mediated signaling. It is also important to know how the
other global regulators like RpoS impinge the regulatory circuits of quorum sensing
and c-di-GMP signaling systems. At present very little is known about the exact
functions of V. cholerae’s DGC and PDE proteins, how the genes encoding these
proteins are regulated, and most importantly, what are the cellular targets of c-di-
GMP and how this molecule regulates gene expression. The picture emerges from
recent research that c-di-GMP is a linchpin intracellular molecule controlling mul-
tiple functions in V. cholerae as well as in other organisms. Since c-di-GMP is not
found in eukaryotes, it may be used as a target for the development of antibacterial
drugs, although at present it is not known what is the effect of total depletion of
c-di-GMP from a bacterial cell.

Acknowledgments The work reported in this article was partially supported by the research
grants SMM003 and MLP110 from Council of Scientific and Industrial Research (CSIR),
Government of India.

References

1. Camilli A, Bassler BL. Bacterial small-molecule signaling pathways. Science. 2006;311:
1113–6.

2. Colwell RR. Global climate and infectious disease: the cholera paradigm. Science. 1996;274:
2025–31.

3. Harman JG. Allosteric regulation of the cAMP receptor protein. Biochim Biophys Acta. 2001;
1547:1–17.

4. Salter EA, Wierzbicki A. The mechanism of cyclic nucleotide hydrolysis in the phosphodi-
esterase catalytic site. J Phys Chem. 2007;111:4547–52.

5. Botsford JL, Harman JG. Cyclic AMP in prokaryotes. Microbiol Rev. 1992;56:100–22.
6. Skorupski K, Taylor RK. Control of the ToxR virulence regulon in Vibrio cholerae by

environmental stimuli. Mol Microbiol. 1997;25:1003–9.
7. Heidelberg JF, Eisen JA, Nelson WC, Clayton RA, Gwinn ML, Dodson RJ, Haft DH, Hickey

EK, Peterson JD, Umayam L, Gill SR, Nelson KE, Read TD, Tettelin H, Richardson D,
Ermolaeva MD, Vamathevan J, Bass S, Qin H, Dragoi I, Sellers P, McDonald L, Utterback T,
Fleishmann RD, Nierman WC, White O, Salzberg SL, Smith HO, Colwell RR, Mekalanos JJ,
Venter JC, Fraser CM. DNA sequence of both chromosomes of the cholera pathogen Vibrio
cholerae. Nature. 2000;406:477–83.

8. Lee SH, Hava DL, Waldor MK, Camilli A. Regulation and temporal expression patterns of
Vibrio cholerae virulence genes during infection. Cell. 1999;99:625–34.

9. Miller VL, Mekalanos JJ. A novel suicide vector and its use in construction of insertion
mutations: osmoregulation of outer membrane proteins and virulence determinants in Vibrio
cholerae requires toxR. J Bacteriol. 1988;170:2575–83.

10. DiRita VJ, Parsot C, Jander G, Mekalanos JJ. Regulatory cascade controls virulence in Vibrio
cholerae. Proc Natl Acad Sci USA. 1991;88:5403–7.

11. Hase CC, Mekalanos JJ. TcpP protein is a positive regulator of virulence gene expression in
Vibrio cholerae. Proc Natl Acad Sci USA. 1998;95:730–4.

12. Liang W, Pascual-Montano A, Silva AJ, Jorge A. Benitez JA. The cyclic AMP receptor protein
modulates quorum sensing, motility and multiple genes that affect intestinal colonization in
Vibrio cholerae. Microbiology. 2007;153:2964–75.



10 Signaling Network in V. cholerae 199

13. Liang W, Silva AJ, Benitez JA. The cyclic AMP receptor protein modulates colonial
morphology in Vibrio cholerae. Appl Environ Microbiol. 2007;73:7482–7.

14. Mori K, Aiba H. Evidence for negative control of cya transcription by cAMP and cAMP
receptor protein in intact Escherichia coli cells. J Biol Chem. 1985;260:14838–43.

15. Wai SN, Mizunoe Y, Takade A, Kawabata SI, Yoshida SI. Vibrio cholerae O1 strain
TSI–4 produces the exopolysaccharide materials that determine colony morphology, stress
resistance, and biofilm formation. Appl Environ Microbiol. 1998;64:3648–55.

16. Yildiz FH, Schoolnik GK. Vibrio cholerae O1 El Tor: identification of a gene cluster required
for the rugose colony type, exopolysaccharide production, chlorine resistance, and biofilm
formation. Proc Natl Acad Sci USA. 1999;96:4028–33.

17. Silva AJ, Benitez JA. Transcriptional regulation of Vibrio cholerae hemagglutinin/protease by
the cyclic AMP receptor protein and RpoS. J Bacteriol. 2004;186:6374–82.

18. Cashel M, Gentry DR, Hernandes VJ, Vinella D. The stringent response. In: Neidhardt
FC, editor. Escherichia coli and Salmonella typhimurium: cellular and molecular biology.
Washington, DC: American Society for Microbiology; 1996. pp. 1458–96.

19. Hogg T, Mechold U, Malke H, Cashel M, Hilgenfeld R. Conformational antagonism between
opposing active sites in a bifunctional RelA/SpoT homolog modulates (p)ppGpp metabolism
during the stringent response. Cell. 2004;117:57–68.

20. Gentry DR, Cashel M. Mutational analysis of the Escherichia coli spoT gene identifies dis-
tinct but overlapping regions involved in ppGpp synthesis and degradation. Mol Microbiol.
1996;19:1373–84.

21. Das B, Bhadra RK. Molecular characterization of Vibrio cholerae �relA �spoT double
mutants. Arch Microbiol. 2008;189:227–38.

22. Haralalka S, Nandi S, Bhadra RK. Mutation in the relA gene of Vibrio cholerae affects in vitro
and in vivo expression of virulence factors. J Bacteriol. 2003;185:4672–82.

23. Raskin MD, Judson N, Mekalanos JJ. Regulation of stringent response is the essential func-
tion of the conserved bacterial G protein CgtA in Vibrio cholerae. Proc Natl Acad Sci USA.
2007;104:4636–41.

24. Silva AJ, Benitez BA. Vibrio cholerae relaxed (relA) mutant expresses major virulence fac-
tors, exhibits biofilm formation and motility, and colonizes the suckling mouse intestine.
J Bacteriol. 2006;188:794–800.

25. Lemos JA, Lin VK, Nascimento MM, Abranches J, Burne RA. Three gene prod-
ucts govern (p)ppGpp production by Streptococcus mutans. Mol Microbiol. 2007;65:
1568–81.

26. Nanamiya H, Kasai K, Nozawa A, Yun CS, Narisawa T, Murakami K, Natori Y, Kawamura
F, Tozawa Y. Identification and functional analysis of novel (p)ppGpp synthetase genes in
Bacillus subtilis. Mol Microbiol. 2007;67:291–304.

27. Jenal U. Cyclic di-guanosine-monophosphate comes of age: a novel secondary messenger
involved in modulating cell surface structures in bacteria? Curr Opin Microbiol. 2004;7:
185–91.

28. Römling U, Gomelsky M, Galperin MY. C-di-GMP: the dawning of a novel bacterial signaling
system. Mol Microbiol. 2005;57:629–39.

29. Ross P, Mayer R, Weinhouse H, Amikam D, Huggirat Y, Benziman M, de Vroom E, Fidder
A, de Paus P, Sliedregt LA, van der Marel GA, van Boom JH. The cyclic diguanylic acid
regulatory system of cellulose synthesis in Acetobacter xylinum. Chemical synthesis and
biological activity of cyclic nucleotide dimer, trimer, and phosphothioate derivatives. J Biol
Chem. 1990;265:18933–43.

30. Jenal U, Malone J. Mechanisms of cyclic-di-GMP signaling in bacteria. Annu Rev Genet.
2006;40:385–407.

31. Chang AL, Tuckerman JR, Gonzalez G, Mayer R, Weinhouse H, Volman G, Amikam
D, Benziman M, Gilles-Gonzalez MA. Phosphodiesterase A1, a regulator of cellu-
lose synthesis in Acetobacter xylinum, is a heme-based sensor. Biochemistry. 2001;40:
3420–6.



200 R.K. Bhadra et al.

32. Christen M, Christen B, Folcher M, Schauerte A, Jenal U. Identification and characterization
of a cyclic di-GMP-specific phosphodiesterase and its allosteric control by GTP. J Biol Chem.
2005;280:30829–37.

33. Galperin MY, Nikolskaya AN, Koonin EV. Novel domains of the prokaryotic two-component
signal transduction systems. FEMS Microbiol Lett. 2001;203:11–21.

34. Ryan RP, Fouhy Y, Lucey JF, Crossman LC, Spiro S, He YW, Zhang LH, Heeb S, Cámara
M, Williams P, Dow JM. Cell–cell signaling in Xanthomonas campestris involves an HD-
GYP domain protein that functions in cyclic di-GMP turnover. Proc Natl Acad Sci USA.
2006;103:6712–7.

35. Galperin MY. Bacterial signal transduction network in genomic perspective. Environ
Microbiol. 2004;6:552–67.

36. Ryan RP, Fouhy Y, Lucey JF, Dow JM. Cyclic di-GMP signaling in bacteria: recent advances
and new puzzles. J Bacteriol. 2006;188:8327–34.

37. Lim B, Beyhan S, Meir J, Yildiz FH. Cyclic-diGMP signal transduction systems in Vibrio
cholerae: modulation of rugosity and biofilm formation. Mol Microbiol. 2006;60:331–48.

38. Watnick PI, Kolter R. Steps in the development of a Vibrio cholerae El Tor biofilm. Mol
Microbiol. 1999;34:586–95.

39. Faruque SM, Biswas K, Udden SM, Ahmad QS, Sack DA, Nair GB, Mekalanos JJ.
Transmissibility of cholera: in vivo-formed biofilms and their relationship to infectivity and
persistence in the environment. Proc Natl Sci Acad USA. 2006;103:6350–5.

40. Jobling MG, Holmes RK. Characterization of hapR, a positive regulator of the Vibrio cholerae
HA/protease gene hap, and its identification as a functional homologue o the Vibrio harveyi
luxR gene. Mol Microbiol. 1997;26:1023–34.

41. Lenz DH, Mok KC, Lilley BN, Kulkarni RV, Wingreen NS, Bassler BL. The small RNA
chaperone Hfq and multiple small RNAs control quorum sensing in Vibrio harveyi and Vibrio
cholerae. Cell. 2004;118:69–82.

42. Zhu J, Mekalanos JJ. Quorum sensing-dependent biofilms enhance colonization in Vibrio
cholerae. Dev Cell. 2003;5:647–56.

43. Waters CM, Lu W, Rabinowitz JD, Bassler BL. Quorum sensing controls biofilm forma-
tion in Vibrio cholerae through modulation of cyclic di-GMP levels and repression of vpsT.
J Bacteriol. 2008;190:2527–36.

44. Tischler AD, Camilli A. Cyclic diguanylate regulates Vibrio cholerae virulence gene expres-
sion. Infect Immun. 2005;73:5873–82.

45. Amikam D, Galperin MY. PilZ domain is part of the bacterial c-di-GMP binding protein.
Bioinformatics. 2006;22:3–6.

46. Ryjenkov DA, Simm R, Römling U, Gomelsky M. The PilZ domain is a receptor for the sec-
ond messenger c-di-GMP: the PilZ domain protein YcgR controls motility in enterobacteria.
J Biol Chem. 2006;281:30310–4.

47. Pratt JT, Tamayo R, Tischler AD, Camilli A. PilZ domain proteins bind cyclic diguanylate
and regulate diverse processes in Vibrio cholerae. J Biol Chem. 2007;282:12860–70.

48. Tischler AD, Camilli A. Cyclic diguanylate (c-di-GMP) regulates Vibrio cholerae biofilm
formation. Mol Microbiol. 2004;53:857–69.

49. Merrell DS, Camilli A. Regulation of Vibrio cholerae genes required for acid tolerance by
a member of the “ToxR-like” family of transcriptional regulators. J Bacteriol. 2000;182:
5342–50.

50. Kovacikova G, Lin W, Skorupski K. Dual regulation of genes involved in acetoin biosynthesis
and motility/biofilm formation by the virulence activator AphA and the acetate-responsive
LysR-type regulator AlsR in Vibrio cholerae. Mol Microbiol. 2005;57:420–33.

51. Camilli A, Mekalanos JJ. Use of recombinase gene fusions to identify Vibrio cholerae genes
induced during infection. Mol Microbiol. 1995;18:671–83.

52. Lee SH, Angelichio MJ, Mekalanos JJ, Camilli A. Nucleotide sequence and spatiotempo-
ral expression of the Vibrio cholerae vieSAB genes during infection. J Bacteriol. 1998;180:
2298–305.



10 Signaling Network in V. cholerae 201

53. Tamayo R, Tischler AD, Camilli A. The EAL domain protein VieA is a cyclic diguanylate
phosphodiesterase. J Biol Chem. 2005;280:33324–30.

54. Beyhan S, Tischler AD, Camilli A, Yildiz FH. Transcriptome and phenotypic responses of
Vibrio cholerae to increased cyclic di-GMP level. J Bacteriol. 2006;188:3600–13.

55. Tamayo R, Schild S, Pratt JT, Camilli A. Role of cyclic di-GMP during El Tor biotype Vibrio
cholerae infection: characterization of the in vivo-induced cyclic di-GMP phosphodiesterase
CdpA. Infect Immun. 2008;76:1617–27.

56. Miller MB, Bassler BL. Quorum sensing in bacteria. Annu Rev Microbiol. 2001;55:165–99.
57. Miller MB, Skorupski K, Lenz DH, Taylor RK, Bassler BL. Parallel quorum sensing systems

converge to regulate virulence in Vibrio cholerae. Cell. 2002;110:303–14.
58. Hammer BK, Bassler BL. Quorum sensing controls biofilm formation in Vibrio cholerae. Mol

Microbiol. 2003;50:101–4.
59. Lenz DH, Miller MB, Zhu J, Kulkarni RV, Bassler BL. CsrA and three redundant small RNAs

regulate quorum sensing in Vibrio cholerae. Mol Microbiol;2005;58:1186–202.
60. Higgins DA, Pomianek ME, Kraml CM, Taylor RK, Semmelhack MF, Bassler BL. The major

Vibrio cholerae autoinducer and its role in virulence factor production. Nature. 2007;450:
883–6.

61. Chen X, Schauder S, Potier N, Von Dorsselaer A, Pelczer I, Bassler BL, Hugson FM.
Structural identification of a bacterial quorum sensing signal containing boron. Nature.
2002;415:545–9.

62. Kovacikova G, Skorupski K. Regulation of virulence gene expression in Vibrio cholerae by
quorum sensing: HapR functions at the aphA promoter. Mol Microbiol. 2002;46:1135–47.

63. Zhu J, Miller MB, Vance RE, Dziejman M, Bassler BL, Mekalanos JJ. Quorum-sensing
regulators control virulence gene expression in Vibrio cholerae. Proc Natl Acad Sci USA.
2002;99:3129–34.

64. Casper-Lindley C, Yildiz FH. VpsT is a transcriptional regulator required for expression of
vps biosynthesis genes and the development of rugose colonial morphology in Vibrio cholerae
O1 El Tor. J Bacteriol. 2004;186:1574–8.

65. Joelsson A, Kan B, Zhu J. Quorum sensing enhances the stress response in Vibrio cholerae.
Appl Environ Microbiol. 2007;73:3742–6.

66. Yildiz FH, Liu XS, Heydorn A, Schoolnik GK. Molecular analysis of rugosity in a Vibrio
cholerae O1 El Tor phase variant. Mol Microbiol. 2004;53:497–515.





Chapter 11
Vibrio cholerae Flagellar Synthesis
and Virulence

Khalid Ali Syed and Karl E. Klose

Abstract Flagellar-mediated motility has been demonstrated to contribute to the
pathogenesis of Vibrio cholerae. Nonmotile mutants of live attenuated cholera vac-
cine strains are significantly less reactogenic in human volunteers, but the exact
contribution of motility to virulence appears to be multi-factorial. The flagellum
of V. cholerae is a complex structure made up of multiple structural subunits (>40
proteins). Expression of flagellar genes proceeds via a transcription hierarchy. This
flagellar regulatory cascade controls not only flagellar gene expression, but also
influences the expression of additional (non-flagellar) genes with proven or impli-
cated roles in virulence. Flagellar-mediated chemotaxis appears to be linked to
transmission of V. cholerae from host to host, and thus epidemic spread of cholera.
Motility also contributes to biofilm formation, which facilitates environmental per-
sistence. Thus, the flagellum plays an integral part in the lifecycle of V. cholerae,
both in the host as well as in the environment.

11.1 Introduction

Vibrio cholerae is a highly motile bacterium, due to the presence of a single polar
sheathed flagellum (Fig. 11.1). Flagellar-mediated motility has been demonstrated
to contribute to the pathogenesis of a number of bacteria, and motility has been
implicated as a virulence determinant of V. cholerae [1]. Nonmotile mutants of
V. cholerae cause less fluid accumulation in the rabbit ileal loop [2, 3] and also
show defects in adhesion to isolated rabbit brush border cells [4]. Studies in human
volunteers showed that nonmotile mutants of live attenuated cholera vaccine strains
are significantly less reactogenic while still being able to colonize the gut [5, 6]. In
addition to virulence, flagellar motility contributes to biofilm formation, a behavior
believed to enhance environmental persistence [7, 8]. Thus, evidence has suggested
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Fig. 11.1 Electron
micrograph of V. cholerae
showing the sheathed polar
flagellum

that the flagellum plays an integral part in the lifecycle of V. cholerae, both in the
host and in the environment. However, we are only now beginning to elucidate the
exact connection between flagellar-mediated motility and V. cholerae virulence and
biofilm formation.

11.2 The Vibrio cholerae Flagellar Transcription Hierarchy

Flagellar genes in V. cholerae encoding the structural components of the flagel-
lum share high homology with the known flagellar components of other bacteria
to ascribe putative functions to these ORFs. The genome sequence of V. cholerae
revealed that the majority of flagellar genes are arranged in three loci on the large
chromosome [9].

The flagellum is a complex structure made up of multiple structural subunits, and
the assembly of this structure is exquisitely coordinated in a stepwise fashion, initi-
ating inside the cell and building outward toward the flagellar tip [10]. The proximal
portion of the flagellum embedded within the cytoplasmic membrane, encompassing
the MS ring, is assembled first. This structure is associated with the export compo-
nents of a type III secretion system, and the portions of the flagellum external to the
cytoplasm are secreted through this structure in the order they are assembled. This
structure is also associated with “switch” components, which communicate with the
chemotaxis machinery to alter the rotation of the flagellum in response to exter-
nal chemoattractants/repellents. The portion of the flagellum that spans the space
between the inner and outer membranes comprises the majority of the “basal body,”
and it is assembled next, followed by the structure external to the cell, which con-
sists of a flexible linker referred to as the hook, attached to the flagellar filament,
which makes up the bulk of the flagellum [10, 11].

The filament in many bacteria is composed of a single repeating flagellin sub-
unit, but interestingly V. cholerae appears to have five distinct flagellins within the
filament [12], similar to other Vibrio spp. Another interesting aspect of the Vibrio
flagellum that distinguishes it from most other bacterial flagella is the presence of a
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flagellar sheath. The sheath contains LPS [13] and thus appears to be an extension
of the outer membrane, but nothing is known about how the sheath is formed or
whether it functions to shield the highly immunogenic flagellins from the immune
system, as has been hypothesized.

Given the large number of structural components that make up the flagellum
(>40 proteins) and the requirement for an ordered assembly of these subunits, the
expression of flagellar genes is also tightly regulated. In general, flagellar genes
are expressed in the order in which they are needed for flagellar assembly, i.e., MS
ring–switch–export apparatus genes are expressed first, followed by basal body–
hook genes, and finally the flagellin genes are expressed last. To control the ordered
expression of flagellar genes, bacteria typically express these genes within a flagellar
transcription hierarchy, within which the expression of a class of genes is dependent
on the expression and assembly of the previous class of genes. Vibrio cholerae has a
four-tiered flagellar transcription hierarchy (Fig. 11.2) [14]. This transcription hier-
archy is very similar to that found in Pseudomonas aeruginosa [15], which also has
a single polar flagellum, and differs primarily in regulatory aspects from the well-
characterized, three-tiered transcriptional hierarchy of the peritrichously flagellated
organisms like Salmonella typhimurium [16].

There is a single class I gene, and it encodes the master regulator of the flagellar
transcriptional hierarchy, FlrA. FlrA is a σ54-dependent transcriptional activator that
activates the expression of class II genes, which encode primarily the MS ring and
export apparatus components, as well as chemotaxis and regulatory factors [14].
Transcription of the flrA homologue, fleQ, in P. aeruginosa is dependent on σ70

and repressed by the CRP homologue Vfr [17], but it is not known if the same
is true in V. cholerae. A class II regulatory factor, FlhG, appears to repress flrA
transcription in V. cholerae [18]; interestingly the P. aeruginosa homologue FleN
represses the transcriptional activity of the FlrA homologue, but not its transcription.

Fig. 11.2 The V. cholerae flagellar transcription hierarchy (described in text)
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However, the phenotype resulting from inactivation of flhG (or fleN) is the same in
both systems; the bacteria express multiple polar flagella [18]. This indicates that
the presence of a single polar flagellum is due to tight control over the synthesis
and/or the activity of FlrA.

FlrA activates σ54-dependent transcription of class II genes, which, in addition to
the MS ring–export apparatus components, also encode a number of regulatory fac-
tors: FlrB, FlrC, FlhF, FlhG, and FliA (σ28 ), as well as the chemotaxis machinery
[14]. FlrC is a σ54-dependent transcriptional activator that activates class III flagel-
lar genes. FlrB is an autokinase that transfers a phosphate to a conserved aspartate
residue in FlrC, and phospho-FlrC is the transcriptionally active form; presum-
ably phosphorylation stimulates the ATPase activity necessary for σ54-dependent
transcription [19]. It is possible that phosphorylation of FlrC only occurs upon
completion of class II gene transcription and MS ring–export assembly; a similar
checkpoint regulating the switch from class II to class III flagellar gene transcrip-
tion involving phosphorylation of a σ54-dependent activator exists in Campylobacter
jejuni. In C. jejuni, the formation of a functional secretory apparatus is linked to
the activation of class III genes, suggesting that a negative regulatory factor may
be secreted to allow phosphorylation of the σ54-dependent activator FlgR [20]. In
V. cholerae, no negative regulator of FlrC-dependent transcription has been iden-
tified yet, but a positive regulatory protein, FlhF, contributes to class III gene
expression, and thus it may stimulate phosphorylation of FlrC following comple-
tion of the export apparatus [18]. It is not clear if a functional export apparatus
exists prior to the switch from class II to class III gene expression in V. cholerae,
since some of the predicted components of the type III secretion (FlhB, FliP, FliQ,
FliR) appear to be expressed as class III genes rather than class II genes (F. Yildiz
and K. Klose, unpublished data).

Class III FlrC-dependent genes encode the basal body and hook, as well
as some of the switch and export apparatus components. In S. typhimurium, a
well-characterized checkpoint controls transcription of the flagellin genes upon
completion of the basal body–hook structure [21]. When this structure is complete,
an anti-sigma factor FlgM is secreted through the structure, allowing the alternate
sigma factor σ28 to associate with RNAP and activate transcription of flagellin
genes. Vibrio cholerae also secretes the anti-sigma factor FlgM, and this allows σ28

to associate with RNAP and activate class IV genes, which encode the additional
flagellins FlaBCDE, as well as motor components [22].

While FlgM secretion in V. cholerae likely occurs upon completion of the basal
body–hook structure, it is not clear how secretion occurs through the flagellar
sheath, which presumably covers the entire flagellum, including the flagellar cap.
Another oddity is the regulation of one of the flagellins, FlaA, as a class III gene,
while the other four flagellins are regulated as class IV genes. FlaA is the only flag-
ellin that is essential for flagellar structure and motility, causing us to name it a
“core” flagellin, and its status as a class III gene would cause it to be temporally
expressed prior to the other flagellin genes. Yet the class IV flagellins are expressed
at high levels in a flaA mutant, indicating that the class III–class IV checkpoint
occurs prior to incorporation of FlaA into the flagellum [12]. Since FlaBCDE are
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not essential for motility, it is not clear why the flagellum contains these alternate
flagellins. One possibility is that differences in the flagellin composition may impart
different functional characteristics under varying environmental conditions.

11.3 Motility and Virulence

Motility has been linked to virulence in V. cholerae. Studies have demonstrated
that nonmotile mutants are defective for fluid accumulation and adherence in the
rabbit ileal loop model [2, 3] and adherence to isolated rabbit brush borders [23];
nonmotile mutants are also defective for virulence in the rabbit RITARD model
[2]. Nonmotile mutants of O1 El Tor biotype strains show colonization defects in
the infant mouse model [24], while nonmotile classical mutants generally colonize
similar to the motile wild-type strain [25]. Nonmotile mutants of live V. cholerae
vaccine strains show reduced reactogenicity in human volunteers while still being
able to colonize the intestine [5, 6]. Though a number of studies have implicated
motility as being important for V. cholerae virulence, the exact connection between
flagellar synthesis and cholera pathogenesis is still not clear.

In a study involving spontaneous mutants, Gardel and Mekalanos [25] found
that nonmotile mutants showed increased expression of virulence factors (CT and
TCP), while hyper-motile mutants produced less CT and TCP as compared to the
wild-type V. cholerae. The authors proposed a model where virulence and motil-
ity are inversely related: motility is downregulated and virulence factor expression
simultaneously upregulated when the organisms are colonized on the intestinal cell
surface, and when not colonized, the organisms upregulate motility and downregu-
late virulence factor expression. Recently Silva et al. [3] provided evidence for this
model when they found that transcription of toxT, ctxA, and tcpA is upregulated in
a V. cholerae nonmotile (motY) strain. Further evidence for this model comes from
Ghosh et al. [26], who found that the histone-like nucleoid structuring protein H-NS
stimulates motility by stimulating flrA expression while repressing ctxAB and tcpA
transcription.

Our laboratory has likewise found evidence that motility and virulence are
inversely regulated in V. cholerae. Transcription profiling of flagellar regulatory
mutants utilizing whole genome microarrays has demonstrated increased expres-
sion of genes encoding proven and putative virulence factors (F. Yildiz and K. Klose,
unpublished data). One potential mechanism whereby the flagellar regulatory cas-
cade controls diverse virulence genes appears to involve the modulation of cyclic
diguanylate (c-dGMP) levels. c-dGMP levels in a cell can be modulated by regulat-
ing the expression of diguanylate cyclases, which contain a “GGDEF” domain, and
our laboratory has found that several GGDEF proteins are regulated by the flagel-
lar transcription hierarchy. Increased c-dGMP levels have been shown to suppress
CT production and promote biofilm formation in V. cholerae [27–29]. The apparent
inverse relationship between motility and virulence seems like a logical means by
which V. cholerae could achieve the most efficient and beneficial expression patterns
in the various niches it occupies. One imagines that motility would be beneficial in
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the early stages of infection, allowing the bacterium to reach the site of infection
and colonize. However, once colonized, flagellar-based motility may be deleteri-
ous to V. cholerae, since flagellar synthesis expends a relatively large amount of
resources and can take the bacterium away from the site of infection. Moreover, the
flagellins are highly immunogenic, so downregulation of flagellin synthesis when
inside the human host can be advantageous to the bacterium. Examples of inverse
relationships between motility and virulence are found in other pathogenic bacterial
species. For example, in Bordetella the virulence regulator BvgA represses expres-
sion of the master regulator of flagellar synthesis while activating virulence gene
expression [30]. In Salmonella, the BarA/SirA regulatory proteins simultaneously
stimulate virulence gene expression while repressing motility [31]. In Pseudomonas
syringae, quorum sensing through N-acyl homoserine lactones represses motility
and stimulates alginate production and hydrogen peroxide resistance [32] and in
P. aeruginosa, a CRP homologue represses expression of the flrA homologue fleQ
while stimulating expression of the quorum sensing regulator lasR, which stimulates
expression of a number of genes that contribute to virulence [33].

11.4 Chemotaxis and Virulence

The chemotaxis components interact with the polar flagellum to alter its rotation and
allow the bacterium to swim toward chemoattractants and away from chemorepel-
lents [34]. Methyl-accepting chemoreceptors (MCP) in the membrane interact with
these attractants or repellants, and the information is relayed through the chemo-
taxis proteins to the switch components associated with the flagellum, resulting in
alteration of flagellar rotation from counterclockwise (CCW) to clockwise (CW).
The V. cholerae genome contains a large number of MCPs (at least 43), indicat-
ing the importance of chemotaxis to the lifestyle of this organism [9]. Moreover,
there are multiple paralogs of the chemotaxis components (e.g., four CheYs, three
CheAs, and three CheWs) in the genome; however only those components tran-
scribed within the class II flhA operon (cheY-3, cheA-2, cheW-1) are essential for
chemotaxis [35–38].

Non-chemotactic mutants have been shown to outcompete chemotactic
V. cholerae within the infant mouse small intestine [23, 36], and the enhanced
colonization of the non-chemotactic strains has been shown to be due to these
organisms’ ability to colonize along the entire length of the intestine, rather than
just the distal end, as the wild-type strains do [35]. In an elegant set of experi-
ments, Camilli and colleagues demonstrated that when flagellar rotation is biased
in CCW rotation (as in a chemotactic mutant), the bacteria swim in smooth straight
runs, only changing direction every 33 s, and are increased for infectivity, whereas
when flagellar rotation is biased in the CW rotation, the bacteria swim with little net
movement, changing direction every 0.2 s, and are attenuated for colonization [35].
The implication of these results is that suppression of chemotaxis leads to increased
infectivity.

Interestingly, V. cholerae emerging from humans within stool were found to be in
a transient “hyperinfectious” state, and transcription profiling of the stool bacteria
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revealed a downregulation of chemotaxis genes [39]. This transient hyperinfectious
state of human stool V. cholerae was shown to correlate specifically with suppression
of cheW-1, which causes an inability to chemotax and enhances infectivity [36].
Thus, the rotation bias of the flagellum appears to be intimately linked to enhanced
transmission of V. cholerae from host to host and may contribute to the epidemic
spread of cholera.

11.5 Motility and Biofilm Formation

The ability of V. cholerae to persist in the environment is critical for its ability to
cause pandemic disease. One mode of environmental persistence employed by a
wide variety of microorganisms is to form large multicellular structures on surfaces
known as biofilms. Biofilms provide protection to the bacteria from such stresses
as harsh chemicals or antibiotics allowing for survival and persistence [40]. Vibrio
cholerae biofilm formation is dependent on the expression of an exopolysaccharide
(VPS), and expression of the VPS during growth on solid media results in a rugose
colony phenotype [41–43].

Biofilm formation proceeds by free swimming cells first attaching to a surface,
then forming a monolayer on the surface, and finally developing into large three-
dimensional structures known as a mature biofilm with characteristic pillars and
water channels [44]. It has been shown that motility is important for the initial stage
of approaching and attaching to the surface [7], but once the cells have formed
a monolayer, flagellar synthesis is downregulated [45]. Likewise, chemotaxis is
important for the formation of a monolayer, but not subsequent steps in biofilm
development [46]. Progression from monolayer to mature biofilm requires expres-
sion of VPS, and analysis of rugose (i.e., VPS-producing) V. cholerae revealed that
flagellar synthesis is likewise downregulated in VPS-expressing cells [47].

The flagellum negatively regulates VPS exopolysaccharide expression in a num-
ber of V. cholerae strains [42, 48]. Specifically, nonflagellated mutants produce
copious amounts of VPS and exhibit a rugose phenotype [42, 48] The sodium-driven
flagellar motor is necessary for flagellar-dependent VPS expression, suggesting that
the motor acts as a mechanosensor, signaling for the induction of VPS expression
upon loss of the flagellum [48]. Thus, a model emerges where flagellar-dependent
motility facilitates approach and attachment to a surface, and chemotaxis facilitates
the formation of a monolayer on this surface. Upon formation of the monolayer,
flagellar synthesis is downregulated, which in turn causes the upregulation of VPS
production and facilitates the formation of the three-dimensional mature biofilm
structures.

11.6 Summary

Studies have revealed that flagellar synthesis, motility, and chemotaxis contribute
to both the virulence and environmental persistence of V. cholerae. Continued
investigation is likely to reveal new complexities about how the regulatory pathways
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connect swimming behavior to the lifestyle of V. cholerae within the host as well as
within the aquatic environment.
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Chapter 12
Filamentous Phages of Vibrio cholerae
O1 and O139

Masahiko Ehara and M. John Albert

Abstract Bacteriophages are abundant biological entities and they play an enor-
mous role in the adaptive evolution of bacteria. Vibrio cholerae O1 and O139
strains produce several types of spheroidal phages and filamentous phages, which
are known to have genes encoding several virulence factors. Filamentous phages
of V. cholerae O1 and O139 were classified into two types: fs1 and fs2. The fs1
has several subtypes and presumably play a great role in several epidemics. The
receptor for filamentous phages fs1 and fs2 was shown to be the type IV fimbriae.
Production of fimbriae was repressed even in the fimbriate strains due to infection
with filamentous phages and this was confirmed using animal models. This chap-
ter also describes background information regarding the development of effective
cholera vaccine using phase variation in V. cholerae.

12.1 Introduction

Vibrio cholerae O1 and O139 strains produce several types of spheroidal phages and
filamentous phages. However, their biological functions are not well understood.
Bacteriophages are the most abundant biological entities on the planet and they
play a profound role in driving the adaptive evolution of their hosts, the bacteria.
Recent findings of filamentous phages of V. cholerae could lead us to better under-
stand the cholera pathogenesis. VGJφ, a novel filamentous phage of V. cholerae
O139, was shown to integrate into the same chromosomal site as CTXφ [1]. The
filamentous phage fs2 of V. cholerae O139 also had the same attP with CTXφ,
suggesting that the fs2 also integrates into the bacterial dif locus. Furthermore,
fs2 encoded rstC. RstC was shown to produce insoluble aggregates with RstR in
vitro, causing inactivation of RstR [1]. Eventually, fs2 encoded a transcriptional
antirepressor gene. Antirepression by RstC induces expression of the cholera toxin

M. Ehara (B)
Department of Bacteriology, Institute of Tropical Medicine, Nagasaki University, Nagasaki
852-8523, Japan
e-mail: ehara@nagasaki-u.ac.jp

213T. Ramamurthy, S.K. Bhattacharya (eds.), Epidemiological and Molecular Aspects
on Cholera, Infectious Disease, DOI 10.1007/978-1-60327-265-0_12,
C© Springer Science+Business Media, LLC 2011



214 M. Ehara and M.J. Albert

(CT) genes and thus may contribute to the virulence of V. cholerae. Filamentous
phages fs1 and fs2 use type IV fimbriae (mannose-sensitive hemagglutinin) as their
receptors. Filamentous phages form turbid plaques without killing the host cells.
Filamentous phages contain a single-stranded circular DNA genome and produce a
double-stranded replicative form DNA (RF DNA) in infected cells, which can be
recovered as a plasmid [2].

12.2 Isolation of Filamentous Phages from Stool Samples

Before the appearance of V. cholerae O139, little attention was paid to the roles
of filamentous phages in the pathogenesis of cholera. Filamentous phages were
isolated from all the diarrheal stool samples, independent of the duration of clin-
ical symptoms. Stool samples were collected from patients who suffered due to
V. cholerae O1 in 1997. The animal experiments conducted so far by using wild
strains without infection of any filamentous phages will not reflect in vivo phe-
nomenon. Cholera is not a simple infectious disease, as filamentous phages also
play some roles in the pathogenesis of V. cholerae [3].

12.3 Typing and Subtyping of Filamentous Phages

Filamentous phages of V. cholerae O1 and O139 were classified into two types: fs1
and fs2 [4]. Since CTXφ does not form a virion (virus structure), we do not consider
it as a filamentous phage. CTXφ may be a satellite phage, like RS1, which requires
a helper phage to form a virion. Five types were classified in fs1 with V. cholerae
strains isolated in Bangladesh, India, and Thailand when digested with HaeII or
HindIII. These fs1 subtypes may increase in future outbreaks of cholera. There
was no polymorphism in fs2 filamentous phages when we did restriction diges-
tion with HaeII. So far, we have found two types of filamentous phages in strains of
V. cholerae O1 and O139. It is possible to isolate new types of filamentous phages
in future.

12.4 Filamentous Phages as a Tool for Molecular Epidemiology
of V. cholerae

Specific filamentous phages may be found during cholera outbreaks. The fs1 sub-
type was detected in 1998 V. cholerae O1 and O139 strains isolated in Bangladesh.
Primers were designed for the conserved HaeII fragments of fs1 and fs2, which
amplified 959 bp and 499 bp fragments, respectively. Supernatant of stool spec-
imens and whole cells were used as templates in the polymerase chain reaction
(PCR). With both templates, phage sequences could be amplified. Figure 12.1 shows
amplification of fs2 phage sequence from two strains of V. cholerae O1.
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fs1     fs2      75      84Fig. 12.1 Typing of
filamentous phages produced
by V. cholerae O1 strains 75
and 84 isolated in Vietnam in
2004. The phages were
identical to fs2

Primers (5′–3′) used in these PCR assays were as follows:

fs1S TTCTCAGTGACTTCTGTTTC
fs1R CCGTTTTCTGTAATGCGTTT
fs2S AGCGCCAATCTAATGAGCTT
fs2R CGAAAAGCATTAGTAACCCC

12.5 Receptor for Filamentous Phages fs1 and fs2

The receptor for filamentous phages fs1 and fs2 was shown to be the type IV fim-
briae (mannose-sensitive hemagglutinin) [4, 5]. This was confirmed by using two
sets of tcpA, mshA deletion mutant strains. Two strains of mshA deletion mutant
were unable to produce RF DNA for fs1 and fs2, suggesting that they are resistant
to infection with fs1 and fs2 phages.

12.6 Role of Filamentous Phages in Pathogenesis of V. cholerae

When the fimbriate Bgd17 strain (V. cholerae O1, classical biotype, Inaba serotype)
was infected with fs1 and fs2, the hemagglutination activity was decreased. Similar
finding was observed when wild strain of V. cholerae O139 AI1854 was infected
with fs1 and fs2. This suggests that the production of fimbriae was repressed even
in the fimbriate Bgd17 strain due to infection with filamentous phages. This was
confirmed in the rabbit ligated ileal loop test (Fig. 12.2). There was no change
on the smooth surface of the O139 strain AI1854 infected with fs1 (Fig. 12.2a).
However, there was a clear difference between the fimbriate Bgd17 strain and the
same Bgd17 infected with fs2. The surface of the fimbriate Bgd17 strain infected
with fs2 became smoother (Fig. 12.2b) when compared to the fimbriate Bgd17
strain (Fig. 12.2c). Filamentous structures of fimbriae change their shape to round
particles during critical point drying during the preparation of samples for scan-
ning electron microscopy. Thus, infection of V. cholerae with filamentous phages
may play some role in the detachment of vibrios from epithelial cells of the small
intestine.
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Fig. 12.2 The effect of a
filamentous phage infection
on fimbriation. (a) V. cholerae
O139 strain AI1854 infected
with fs1. (b) V. cholerae O1
classical, Inaba strain Bga17
(fimbriate) infected with fs2.
(c) V. cholerae O1 Bgd17
(fimbriate). Bars indicate
1 μm

12.7 Genomic Organization of fs2

The sequence of the fs2 phage consisted of 8,651 nucleotides. The ORFs were des-
ignated according to the numbers of amino acids. Of the 11 ORFs identified in fs2,
9 were homologous to ORFs encoding previously reported peptides of M13 phage.
The other two ORFs were found to be rstC and rstB1 (truncated). These two ORFs
are transcribed in the opposite direction of other ORFs of fs2.

RstC is known to form aggregates in vitro with RstR repressing the repressor that
regulates transcription of the initiator replication protein, RstA (Davis et al. [1]).
Thus, RstC enhances CT production by repressing RstR. Campos et al. [6] reported
a novel type of specialized transduction consisting of site-specific cointegration of
replicative form of filamentous phages, VGJφ, and CTXφ (or RS1) to produce a
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single hybrid molecule, which generates a single-stranded DNA hybrid genome that
is packaged into hybrid viral particles. Their findings reinforced that TCP is not
indispensable for the acquisition of CTXφ.

12.8 att Site-Containing Region of fs2

The DNA sequence of fs2 revealed the presence of two sites homologous to att
sequences known to function in integrative filamentous phages, such as VGJφ and
CTXφ of V. cholerae (Fig. 12.3a). The att-like sites in fs2 were found to overlap in
opposite directions (Fig. 12.3b). The att site in the viral plus strand was designated
att-fs2-dir, and the opposite site was designated att-fs2-rev [7]; both sites mapped
to the intergenic region between orf500 and rstC (Fig. 12.3b). It is noteworthy that
att-fs2-rev is completely identical to att-CTXφ. This suggested that fs2 also cointe-
grates into the same site (dif site) with CTXφ. This conclusion awaits experimental
confirmation.

att-CTXφ …CTTAGTGCGTATTATGTGGC…
att-fs2-dir …ATAAGCCGACATAATACGCA…
att-VGJφ-dir …ATAAGCCGACATAATGCGAA…

att-fs2-rev …CTTAGTGCGTATTATGTCGG..
att-VGJ -rev …CTTACTTCGCATTATGTCGG

…CC ACTAAGGCGG…
…GGTATTCGGC CCGCC…

8023 8053

ATAAGCCGACATAATACGCA
TGTATTATGCGTGATTC

rstC rstB1(truncated)orf 500 att(dir) att(rev)fs2:

A

B

Fig. 12.3 Sequence alignment of the att regions of CTXφ, fs2, and VGJφ phages of V. cholerae

12.9 Strategies for Development of an Effective Cholera
Vaccine Phase Variation of V. cholerae

Cholera is an acute diarrheal disease caused by V. cholerae O1 and O139. V. cholerae
O1 and O 139 strains have a polar flagellum and type IV fimbriae as their cell
surface appendages. To develop an effective vaccine against cholera, more attention
should be paid to the phase variation of Gram-negative rods with flagella. In the
case of Salmonella strains, the phase variation is easily observed by subculture in
LB broth (Fig. 12.4). Flagellate phase bacteria are called as planktonic bacteria. To
search for any colonization factor or adhesive factor, the planktonic bacteria are not



218 M. Ehara and M.J. Albert

Fig. 12.4 The moment of
phase variation of a strain of
Salmonella agona. Bars
indicate 100 nm

suitable. Fimbriate phase bacteria are suitable candidates for this purpose. Since the
discovery of V. cholerae O1 by Robert Koch, little attention was paid to the fimbriate
phase of V. cholerae O1. Most scientists working on the development of a cholera
vaccine deal with planktonic vibrios (flagellate phase) only.

Fimbriate phase V. cholerae O1 strains exhibit properties different from flagel-
late phase organisms. Strains of fimbriate phase V. cholerae O1 have the property
of autoagglutination in normal saline. They produce pellicle when cultured in liq-
uid media. They have a unique motility for cell surface translocation (twitching
motility) different from the motility imparted by flagella. A fimbriate phase strain
of V. cholerae O1, strain Bgd17 was obtained by subculturing in TCG medium
in the presence of chitin [8]. This medium was developed to increase the level
of cyclic AMP in the cells due to the presence of thioproline. It is important not
to include glucose in the medium. Glucose inhibits the production of cyclic AMP
due to catabolic repression. Purified fimbriae from the fimbriate Bgd17 strain were
highly hydrophobic and formed aggregates (Fig. 12.5).

Wild-type strains of V. cholerae O1 which exhibit rugose colonies and the fimbri-
ate Bgd17 strain were transformed to ampicillin (Amp) resistance and the modes of
resistance were compared between these two phases. The stationary phase of wild
strains (non-fimbriate, resistant to Amp) exhibited the decreased OmpU protein pro-
duction. On the other hand, the fimbriate Bgd17 strain (resistant to Amp) produced
a new protein (CpxP).The dose–response of both mutant strains revealed differences
between the wild-type (non-fimbriate) and fimbriate Bgd17. Under the stress condi-
tions by Amp, a wild-type strain (V4) tries to survive by decreasing OmpU protein
in a dose-dependent manner. The fimbriate Bgd17 strain tries to overcome the oxida-
tive stress conditions by overproducing the stress combating protein (CpxP) also in
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Fig. 12.5 Purified fimbriae
from the fimbriate V. cholerae
O1 Bgd17 strain. Bar
indicates 100 nm

cpxP(–) cpxP(+)

Fig. 12.6 Effect of cpxP on
twitching motility. The
presence of Cpx pathway is
not known in V. cholerae O1,
but its homologue may play
some role in phase variation
of V. cholerae O1 and O139.
CpxP seems to repress the
production of type IV
fimbriae, a key factor for
twitching motility

a dose-dependent manner. Interestingly, CpxP was produced in the absence of Amp
once it transformed. Non-fimbriate wild strains of V. cholerae O1 V4 and V6 (iso-
lated in Vietnam) and 98−42 (isolated in Laos) did not produce CpxP even in the
presence of Amp. The twitching motility disappeared in the stressed Bgd17 strain
that produces the CpxP protein (Fig. 12.6) [9]. The CpxP protein is known to be
an inhibitor of the two-component signal transduction system, CpxA/R. The Cpx
signaling pathway is known to monitor biogenesis of P-pili in Escherichia coli [10].

12.10 Development of Hyperfimbriate Strains of V. cholerae O1

V. cholerae O1 and O139 fimbrillin genes (fimA or mshA) were amplified by PCR
and cloned into an E. coli pCRTM vector. These clones were sequenced. The fimA
sequences were found to be identical between V. cholerae O1 and O139. One of the
clones was digested with EcoRI and inserted into the EcoRI site of pGEX-3X. The
plasmid pVPP thus obtained was transferred into wild-type V. cholerae O1Bgd17
strain and its fimbriate strain by electroporation.
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Fig. 12.7 Hyperfimbriate
strains of V. cholerae O1,
wild-type Bgd17 with pVPP
(a), and the fimbriate Bgd17
with pVPP (b). Bars indicate
100 nm

The recombinant plasmid pVPP overexpressed mature fimbriae following induc-
tion of the tac promoter with isopropyl β-D-thiogalactopyranoside (Fig. 12.7)
[11]. This candidate strain, potentially an effective cholera vaccine, is ready to be
evaluated in cholera endemic areas.
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Chapter 13
Pathogenic Potential of Non-O1, Non-O139
Vibrio cholerae

Amit Sarkar, Ranjan K. Nandy, and Asoke C. Ghose

Abstract Vibrio cholerae organisms are known to exist in more than 200 dif-
ferent serogroups based on their “O” antigenic characters. Out of these, strains
belonging to O1 or O139 serogroups have been implicated as the causative agent
of cholera in the epidemic form. On the other hand, V. cholerae non-O1, non-
O139 organisms, ubiquitously present in the aquatic environment, are usually
nonpathogenic in nature. However, these strains can be isolated from sporadic
cases or occasional outbreaks of gastroenteritis in man. Recently, there has been an
upsurge in their isolation rate from diarrheal patients in the cholera endemic areas.
Detailed characterization of these strains has demonstrated considerable diversity in
their phenotypic as well as genotypic properties that may not be related to their
pathogenic potential. While non-O1, non-O139 strains can cause gastroenteritis
by mechanisms unrelated to those involved in epidemic cholera, some of these
are shown to harbor gene clusters for cholera toxin (CTX) and toxin coregulated
pilus (TCP) that are linked to the virulence potential of V. cholerae O1 or O139
strains. Data available so far suggest that the evolution of pathogenic strains (CTX+

TCP+) of non-O1, non-O139 V. cholerae may follow different mechanisms involv-
ing horizontal transfer of Vibrio pathogenicity island (VPI) and CTX gene clusters,
exchange of “O” antigen biosynthesis genes, etc. However, mere acquisition of these
gene clusters does not necessarily endow a non-O1, non-O139 strain with the abil-
ity to cause epidemic form of the disease which probably requires additional genetic
traits that are unique to V. cholerae O1 or O139 strains.

13.1 Introduction

Vibrio cholerae organisms are enormously diverse in terms of serology as these
have been shown to belong to more than 200 serogroups so far, based on their “O”
antigenic characters [1, 2]. Initially, V. cholerae strains belonging to O1 serogroup
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were only considered to be associated with epidemic or pandemic cholera [3–5]. All
other V. cholerae strains that were biochemically similar to the epidemic-causing O1
strains, but not agglutinable with O1 antiserum, were referred to as “non-cholera
vibrios” (NCV) or “non-agglutinable vibrios” (NAG) [3, 6]. Later on, these NCV
or NAG vibrios were collectively referred to as “non-O group 1 V. cholerae” [7] or
“non-O1 V. cholerae” [8]. After the emergence of V. cholerae O139 as the causative
agent of the epidemic in 1991–1992 [9, 10], V. cholerae strains which were not
agglutinable either by O1 or O139 antiserum were clubbed into a large heteroge-
neous group called “non-O1, non-O139” V. cholerae [1, 5]. Henceforth, the term
“non-O1, non-O139 V. cholerae” will be used in this chapter, which will also include
any reference to studies on NAG or NCV. A number of papers recently appeared in
the literature dealing with different aspects of non-O1, non-O139 V. cholerae includ-
ing their relatedness to O1 or O139 strains [11–28]. This chapter deals on the current
status of non-cholera vibrios, with special reference to their pathogenic potential and
their evolution.

13.2 Ecology and Epidemiology

Non-O1, non-O139 V. cholerae strains are autochthonous inhabitants of natural
aquatic environments such as rivers, marshes, bay, and coastal areas [29–33]. These
organisms were found to be widely distributed in the environment and isolated from
surface and estuarine brackish waters, sewage, vegetables, seafood, chironomid egg
masses etc. [34–39]. The isolation rate of these organisms from the environment
normally exceeded that of V. cholerae O1 by several orders of magnitude even in
the cholera-endemic areas [33]. The non-O1, non-O139 organisms were also iso-
lated from stool samples of asymptomatic individuals [40] and domestic animals
[41–44].

Although non-O1, non-O139 strains are largely nonpathogenic in nature, some
of these were known to cause occasional outbreaks or sporadic cases of diarrhea
or gastroenteritis [15–17, 45–52]. Clinical symptoms usually encountered were
“cholera-like diarrhea” of mild-to-moderate severity, although bloody diarrhea was
also encountered in some of the patients [33]. The presence of these organisms was
reported in the stool samples of gastroenteritis patients in Asia [53–56], Africa [46],
Europe [57], Australia [58], North America [7, 59, 60], and South America [61–63].
However, considerable variability was noted in the reported frequency of isolation of
non-O1, non-O139 V. cholerae from stool samples of persons with diarrhea. Thus,
the isolation rate was as high as 13% in patients with cholera-like mild watery diar-
rhea during cholera epidemics in Iraq [64], while in other parts of the world, e.g.,
Malaysia [65], Jordon [66], Thailand [15], Brazil [62], and India [67–69], these
were isolated with variable frequencies. The isolation rate in Bangladesh was ear-
lier reported to be ranging between 3 and 7% in diarrheal cases as compared to
0.01% isolation rate from stool samples of healthy village population [53, 70]. In
another study, non-O1, non-O139 V. cholerae strains were isolated from 16% of 134
children and adults with diarrhea in Cancun, Mexico in 1983 [60]. Recently, these
strains were shown to cause sporadic episodes or isolated outbreaks of diarrhea in
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Khmers camps (Thailand) in 1993 [48], Lima (Peru) in 1994 [50], and east Delhi
(India) in 1995 [51]. More recently, an upsurge in the isolation rate of non-O1,
non-O139 strains was noted among the diarrheal patients in different parts of India
[71, 72].

Apart from the sporadic cases or limited outbreaks, at least three explosive out-
breaks have been reported so far from different parts of the world which could be
attributed to non-O1, non-O139 V. cholerae [73]. A food-borne outbreak of cholera-
like diarrhea due to non-O1, non-O139 V. cholerae (belonging to serogroups O5
and O37) was reported in Czechoslovakia in 1965 in a group of young men at an
automobile training center affecting 56 persons with no fatalities [45]. The incuba-
tion period was estimated to be 20–30 h with symptoms like abdominal cramps and
diarrhea that were resolved in majority of the cases by 24 h [45]. Three years later
in 1968, a non-O1, non-O139 V. cholerae strain (O37) from a fecally contaminated
well caused severe cholera-like outbreak in Khartoum (Sudan) [46, 74, 75]. About
400 cases were reported from this outbreak, out of which 125 people died [74]. It
was probably the largest outbreak caused by any non-O1, non-O139 V. cholerae
strain so far. In the year 1973, a severe cholera-like outbreak was caused by non-
O1, non-O139 V. cholerae among aeroplane passengers arriving in Australia after
stopovers in Bahrain and Singapore [58]. Food served in the flight was suspected as
source of the outbreak.

The epidemiological data suggest that contaminated water and food (particularly
seafood) are the important vehicles of transmission to cause sporadic cases or explo-
sive outbreaks of non-O1, non-O139 V. cholerae disease, although transmission can
occur through other routes as well [36, 76]. Possibility of person-to-person trans-
mission of these infections and the “carrier status” in humans (which can last for
60 or more days) were also proposed earlier [34, 47]. Isolates of V. cholerae non-
O1, non-O139 appear to have the capacity to survive and multiply in a wide range
of foodstuff than do V. cholerae O1 strains, thereby highlighting the possibility of
food-borne transmission of the former group [77].

Non-O1, non-O139 V. cholerae strains are also known to cause extraintestinal
infection in man [36]. Thus, the organisms were reported to be isolated from blood,
wound, ear, bile, sputum, and cerebrospinal fluid of human cases [34, 36, 78] that
could be linked to their prior exposure to marine environment [52, 79, 80]. The non-
O1, non-O139 V. cholerae was also associated with septicemia in human [56, 81–83]
with high mortality rates. Some of the strains isolated from these patients were
shown encapsulated and thus resisted serum bactericidal activity [33]. These records
and the fact that some of these organisms can also cause septicemia, particularly in
immunocompromised individuals [43, 84], suggest their invasive potential.

13.3 Strain Diversity

Non-O1, non-O139 V. cholerae strains isolated from clinical and environmental
sources were shown to be quite diverse in terms of their serogroups [1], antibiotic
resistance profiles [15, 52, 69, 85], pulse field gel electrophoresis (PFGE) patterns
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[17, 19, 86], ribotypes [14, 26, 50, 87], multilocus enzyme electrophoresis analysis
[21, 88], and other analytical methods [12, 18, 23, 27, 62, 89–91]. Analysis of a
large number of O1, O139 and non-O1, non-O139 strains from Asia, Africa, and
America showed that the same “O” serogroup may be present in genetically diverse
strains exhibiting different zymovar patterns [21]. Conversely, the same zymovar
may contain strains from different serogroups. These data collectively indicated
that the majority of the non-O1, non-O139 strains were clonally unrelated to O1
or O139 strains. Environmental isolates of V. cholerae non-O1, non-O139 strains
belonging to diverse serogroups or even within the same serogroup failed to show
any clonal relatedness among them [15, 21]. On the other hand, predominance of
certain serogroups such as O10, O12, O37, O53, and O141 was noted among the
clinical isolates, particularly in those associated with localized outbreaks of gas-
troenteritis. For example, a localized diarrheal outbreak was caused in Lima, Peru,
in 1995 by strains belonging to certain serogroups (O10, O12) of V. cholerae that
exhibited identical ribotype patterns with homologous group [50]. In another study
carried out in Calcutta, India, strains belonging to certain serogroups were iso-
lated from 15 diarrheal cases [17]. Ribotyping and PFGE analyses revealed that
the strains within the same serogroup (O11, O144) were clonally related. Some of
the environmental V. cholerae non-O1, non-O139 strains harboring the heat-stable
enterotoxin gene (stn) were predominantly identified as serogroup O14 [92]. Clonal
relatedness between epidemiologically unrelated V. cholerae clinical O141 strains
isolated from diverse geographical locations was documented by ribotyping and ctx
genotyping analysis [16]. Incidentally, these strains harbored genes associated with
CTX prophage and Vibrio pathogenicity island (VPI). Analysis of environmental
strains of non-O1, non-O139 V. cholerae harboring VPI and CTX-like prophages
showed genetic diversity amongst these strains with respect to their randomly
amplified polymorphic DNA (RAPD) fingerprint types and virulence-associated
gene clusters [18]. Recently, NotI-digested genomic DNA from several clinical and
environmental V. cholerae strains belonging to different serogroups and harboring
complete or incomplete cassettes of CTX and VPI-associated gene clusters were
analyzed by PFGE [93]. The analysis showed genetic diversity amongst these strains
except those belonging to the O37 serogroup, which appeared to be clonally related
(Fig. 13.1). The strains CK2 (ATCC 25872) and CK4 (ATCC 25874) were asso-
ciated with a large outbreak in Czechoslovakia in 1965, while the strain S7 was
involved in another explosive outbreak in Sudan in 1968.

13.4 Toxins and Toxigenic Factors

Increasing numbers of literature from different parts of the world have shown that
the non-O1, non-O139 V. cholerae strains are the causative agents of sporadic cases
and outbreaks of diarrhea in man [17, 33, 45, 46, 48, 50, 51, 58]. Volunteer stud-
ies also confirmed that non-O1, non-O139 V. cholerae can cause human diarrhea
[36]. However, pathophysiological mechanisms underlying the diarrhea caused by
these organisms are not completely understood till date as no common virulence
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Fig. 13.1 PFGE analysis of
NotI-digested genomic DNA
of non-O1, non-O139
V. cholerae strains harboring
incomplete or complete
cassettes of VPI and CTX
[93]. Similar data generated
with V. cholerae O1 strains
are also presented in the
figure for a comparison.
Vibrio cholerae strains used
were O395 (lane 1), AS18
(2), S7 (3), CK2 (4), CK4 (5),
AS16 (6), CG15 (7), 10259
(8), and Co840 (9). Positions
of marker DNA (M) are
indicated

factor(s) could be identified in strains isolated from the reported cases. As a mat-
ter of fact, a large number of non-O1, non-O139 V. cholerae strains isolated from
localized outbreaks were found to be lacking all known virulence traits of toxigenic
strains of V. cholerae O1 despite the fact that some of these isolates produced cyto-
toxic effect in their culture supernatant [17, 50]. On the other hand, some of the
non-O1, non-O139 V. cholerae strains isolated from Osaka airport (Japan) quaran-
tine station were shown to produce a heat-stable enterotoxin (later on designated
as NAG-ST) that closely resembled the heat-stable toxin (ST) produced by entero-
toxigenic Escherichia coli [94]. Other studies supported this observation through
demonstration of the presence of NAG-ST gene (stn/sto) in 2.3–13.1% of clinical
or environmental non-O1, non-O139 V. cholerae strains isolated from different geo-
graphical regions [95–97]. In fact, an outbreak of cholera-like illness in Thailand
was caused by NAG-ST producing non-O1, non-O139 V. cholerae strains [48].

The presence of a gene cluster related to the repeat in toxin (RTX) family
could be demonstrated in clinical and environmental strains of non-O1, non-O139
V. cholerae [16, 98]. The RTX toxin was shown to be responsible for the cyto-
toxic activity and acute inflammatory response [99] induced by V. cholerae strains.
Recent genomic analysis of non-O1, non-O139 V. cholerae strains [28] predicted a
protein with high degree of similarity to the thermostable-direct hemolysin (TDH)
of Vibrio parahaemolyticus. Further, the TDH secretion could be facilitated by the
type III secretion system (TTSS) shown to be present in certain pathogenic strains
of non-O1, non-O139 V. cholerae. The presence of another type VI secretion sys-
tem was recently documented in V. cholerae, which was proposed to be responsible
for the virulence of certain non-O1, non-O139 strains [100]. Several other putative
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virulence factors like El Tor hemolysin [27, 101, 102], cell-associated hemagglu-
tinins [50, 55, 103, 104], hemagglutinin–protease [105, 106], and other cytotoxins
[19, 50, 55, 107–109] may play important role in the induction of diarrhea by some
of the non-O1, non-O139 strains.

Extensive studies were carried out over the years to ascertain the presence of
cholera toxin (CT) or CT-like toxin in non-O1, non-O139 V. cholerae. In an early
study, non-O1, non-O139 V. cholerae strains isolated from a cholera-like epidemic
in Sudan were shown to produce a heat-labile toxin almost identical to V. cholerae
O1 enterotoxin [75]. Later studies, however, demonstrated that majority of the clini-
cal and environmental isolates of non-O1, non-O139 V. cholerae did not produce CT
[55, 103, 109–112] or even did not possess the structural genes for CT [19, 52, 68,
69, 113–115]. Nevertheless, presence of ctxAB genes and production of CT and/or
CT-like toxin were documented in a number of non-O1, non-O139 V. cholerae
strains isolated from clinical as well as environmental sources [16, 23, 39, 54, 97,
102, 103, 116–122]. A few non-O1, non-O139 V. cholerae strains also harbored
zot and ace genes (in addition to ctxAB), thereby suggesting the possibility of the
presence of CTX genetic element in these strains [13, 39, 102, 121].

13.5 CTX Prophage (Genetic Element) and VPI

The presence of genes related to CTX prophage could be demonstrated in a num-
ber of clinical and environmental strains of non-O1, non-O139 V. cholerae [13, 16,
18, 23, 26, 93, 123]. Restriction fragment length polymorphism (RFLP) analysis
showed that the genetic organizations of the ctx region of these strains were quite
heterogeneous and different from those of the epidemic-causing O1 strains. While
majority of the strains carried a single copy of the CTX genetic element, a few
strains also had two copies of the same [13, 23, 123]. Interestingly, some of these
strains possessed only two copies (instead of three or more copies found in the
epidemic-causing O1 or O139 strains) of the heptanucleotide (TTTTGAT) repeats
in the intergenic region upstream of the ctxAB [24]. Nucleotide sequence analysis
of rstR and ctxAB genes suggested the presence of new alleles of CTX prophage
in some of the non-O1, non-O139 strains [23, 123]. These studies also identified
the existence of pre-CTX prophages that probably served as progenitor(s) of new
alleles.

It was believed earlier that non-O1, non-O139 V. cholerae was devoid of genes
for another critical determinant of V. cholerae pathogenicity, i.e., the gene for the
toxin-coregulated pilus protein or TcpA [124, 125]. However, the presence of tcpA
gene was recently reported in a limited number of strains [13, 16, 122, 126–128].
Interestingly, a few of these strains possessed new alleles of tcpA gene that differed
from tcpA of both classical and El Tor biotype strains [18, 20, 22, 23, 127, 128].
Further analysis revealed that the sequence divergence in these alleles was primarily
located in the carboxyl terminal half of the 20-kDa TcpA protein which was likely
to influence the reactivity of the pilus or pilus protein to antibodies and/or ligands
or receptors of biological interest [129, 130]. However, the new TcpA variants were
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biologically active to facilitate bacterial colonization and to act as CTXφ receptor
[20, 24, 25].

Analysis of the VPI genes of a non-O1, non-O139 strain belonging to the
serogroup O53 was carried out with respect to tcp gene cluster and certain other
VPI-associated genes [24]. While the nucleotide sequence of tcpA of the strain
differed by 26–28% from that of O1 classical and El Tor biotype strains, respec-
tively, partial sequence analysis of certain other VPI-associated genes and intergenic
regions of the strain showed only minor variations (0.4–4.8%) from corresponding
sequences in O1 strains. The GC content of the partially sequenced region of VPI
of the O53 strain was found to be 34.6%, which was quite comparable to the GC
content (35.5%) of the VPIs of O1 strains [131], but differed from the overall GC
content (47–48%) of the V. cholerae genome [132]. In an earlier study, Karaolis et al.
[131] demonstrated that most of the divergence between the VPIs of sixth (classi-
cal) and seventh (El Tor) pandemic strains were located in or around the tcpA gene
constituting the central region of VPI, but not its left or right segments. Thus, the
generation of new variants of tcpA in the non-O1, non-O139 V. cholerae strain (O53)
may arise as a result of horizontal transfer and recombinational events involving
tcpA and adjacent genes located in the central segment of VPI [20, 131]. Divergence
of certain other VPI-associated genes in the environmental strains of non-O1, non-
O139 V. cholerae from the corresponding genes in pathogenic O1 strains was also
recently documented [18, 25]. For example, this divergence ranged between 20 and
70% at the protein level for the TcpF and 36% for the ToxT of VPI, although the
strains shared the same TcpA sequence of O1 classical type. The segment-wise
divergence of VPI-associated genes between the clinical and certain environmental
strains of V. cholerae probably indicates the VPIs to be composed of genes in the
modular form and selective genetic exchange of these modules between different
VPIs may give rise to further diversity in these genetic islands [18].

13.6 Pathogenic Potential

Isolation of non-O1, non-O139 V. cholerae strains from clinical cases around the
world had documented the pathogenic potential of these strains. Human volunteer
studies [36] also established that some of these strains can colonize the intestine and
cause severe diarrhea through the production of toxins like NAG-ST. Diarrheagenic
potential of these strains was also established in experimental animals using rab-
bit illeal loop [19, 26, 103, 133], removable intestinal tie adult rabbit diarrhea
(RITARD) [25, 50, 133], and suckling mouse models [93, 103, 133]. In fact, enrich-
ment of V. cholerae strains present in the environmental waters through passage
in the rabbit intestine had helped in the selective isolation of strains capable of
colonizing infant mice [26]. Interestingly, 56.8% of these strains were shown to
possess genes for the TCP alone or both TCP and CT. However, this and other
studies also showed that the non-O1, non-O139 strains can colonize the intestine
and induce diarrhea even in the absence of TCP, CT, and NAG-ST [17, 26, 36].
Clearly, pathogenic potential of some of the non-O1, non-O139 V. cholerae strains is
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likely to be mediated by diarrheagenic factors unrelated to those associated with the
epidemic-causing strains of V. cholerae O1 or O139 serogroups. Although non-O1,
non-O139 strains were shown to release different cytotoxic factors, their relevance
in the induction of diarrhea in vivo is far from clear. Similarly, the role of different
types of pili, other than TCP [134–137] and capsules [138, 139] in the intestinal
colonization process is yet to be established in humans.

Isolation of non-O1, non-O139 strains harboring CTX and VPI-associated genes
had been reported from clinical as well as environmental sources. However, the
documentation of the mere presence of virulence-associated genes may not pro-
vide sufficient evidences toward the pathogenic or the epidemic potential of these
strains, which is likely to be dependent on the functionality of the entire virulence
gene cluster and the complex signaling pathways that are needed to couple appro-
priate environmental signals to virulence gene expression at an adequate level. To
address these questions, several clinical and environmental isolates of non-O1, non-
O139 V. cholerae strains harboring ctxAB and tcpA gene clusters were subjected
to evaluate their pathogenic potential through in vitro and in vivo experiments
(Table 13.1). These included strains that were involved in the outbreaks in Sudan
(S7) and Czechoslovakia (CK2 and CK4). Out of ten strains tested, only three (S7,
CK2, and CK4) produced significantly higher amounts of CT in vitro as compared

Table 13.1 Cholera toxin (CT) production, colonization efficiency, and lethal toxicity (LD50)
values of V. cholerae strainsa belonging to non-O1, non-O139 serogroups

Strain Serogroup

Amount of CTb produced in
AKI medium (ng/ml/unit of
opacity)

Increase in CFU
(folds)c LD50 valued

V5 O6 3.7 n.d.e >1 × 108

NS70 O6 328 3.1 4.6 ×107

A16 O11 3.4 1.3 > 1 × 108

S7 O37 2, 475 150 9.3 × 106

CK2 O37 2, 600 97 7.8 × 106

CK4 O37 2, 200 107 6.9 × 106

10259 O53 1.6 12 2 × 107

AS18 O53 344 77 1.2 × 107

CG15 O64 4.2 1.7 >1 × 108

Co366 O1 (El Tor) 4500 345 5.1 × 106

aStrains were isolated from clinical and environmental sources and shown to possess incomplete
or complete cassettes of VPI and CTX [93]
bAssayed by the GM1-ELISA method and expressed as nanograms of toxin per milliliter of culture
supernatant per unit opacity of bacterial suspension measured at 540 nm
cEach mouse in the experimental group (at least four in each group) was challenged with the
organism taken in 0.1 ml of saline. Control animals received normal saline (0.1 ml) only. Extent
of intestinal colonization is expressed as colony forming units (CFU) of bacteria recovered from
each mouse intestine
dLD50 values were determined by orally feeding groups of mice (at least six in each group) with
different doses of bacteria and recording the number of surviving mice after 24 h of challenge
en.d., Not determined
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to those of the remaining strains. In fact, the amounts of CT produced by these
three strains were quite comparable to O1 strains belonging to both the biotypes.
These three strains also possessed the ability to colonize in vivo when grown in
the mouse intestine and exhibited lethal toxicity (LD50) that were comparable to
those of V. cholerae O1 strains. The other non-O1, non-O139 strains exhibited poor
colonization ability and lethal toxicity when assayed under comparable conditions.
In a recent study, non-O1, non-O139 V. cholerae strains isolated from the envi-
ronment were shown to colonize mouse intestine and induce fluid accumulation
[140].

Coordinately regulated expression of CT and TcpA is an essential (although
perhaps not sufficient) feature of epidemic-causing strains of V. cholerae, which
differentiated these from non-epidemic strains. Expression of CT and TcpA is reg-
ulated at the transcriptional level that involves several regulatory proteins which
include the transmembrane proteins ToxR, TcpP, and TcpH of the TcpPH operon
and the cytosolic protein ToxT [141, 142]. Coordinated expression of CT and TcpA
was demonstrated in the O37 serogroup strains S7, CK2, and CK4, which involved
transcriptional activation of toxR, tcpPH, and toxT genes [24, 93]. In contrast, the
other non-O1, non-O139 strains harboring CTX and VPI failed to exhibit similarly
regulated expression of the corresponding genes, which probably explains their
low-level expression of CT and TcpA and poor pathogenic potential. As a mat-
ter of fact, majority of the non-O1, non-O139 V. cholerae strains harboring CT
genes were earlier shown to produce considerably smaller amounts of CT than
those produced by their O1 or O139 counterparts [13, 24, 25, 103]. The possible
mechanisms for this may include (i) the absence of toxT gene or presence of a toxT
allele functionally deficient from the canonical toxT; (ii) poor or lack of synthesis
of ToxT as a result of defects or deviations in the signaling pathway that couples
appropriate environmental signals to toxT activation; and (iii) failure to activate
ctxAB operon (despite the production of an adequate amount of functional ToxT)
due to the lack of sufficient number of the heptanucleotide repeats in its promoter
region.

13.7 Evolutionary Perspective

It is reasonable to argue that V. cholerae initially emerged as an organism capa-
ble of its survival in environmental niche. Its adaptation to human host necessitated
the acquisition of additional genes, some of which coded for pathogenic factors. The
generation of strains with epidemic or pandemic potential required the acquisition of
additional traits that were needed to cause explosive outbreaks as well as to facilitate
their regional or global dissemination. Out of different serogroups of V. cholerae,
only O1 strains were able to acquire all these genetic traits to express their epi-
demic/pandemic potential. More recently, V. cholerae O139 strains, shown to be
derived from an O1 El Tor strain, were found to be responsible for cholera-like epi-
demics [5]. Comparative genomic analysis of several V. cholerae O1 classical, El Tor
(pre-pandemic and pandemic), and O139 strains isolated over the decades revealed
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high degree of genetic similarity among these strains [143]. On the other hand, sim-
ilar analysis carried out on four diarrheagenic non-O1, non-O139 strains indicated
these strains to be quite divergent from each other as well as from representative O1
or O139 strains [28]. All the four strains, which belonged to different serogroups
and were devoid of ctx and tcp, apparently lacked ∼6% (> 250) of the genes that
were present in the seventh pandemic O1 strains [28]. Evolutionary divergence
among non-O1, non-O139 strains was documented by O’Shea et al. [27] through
comparative nucleotide sequence analysis of the housekeeping genes as well as by
studying the distribution of 12 virulence-associated genetic regions. This and other
studies [11, 21, 144] suggested that majority of the non-O1, non-O139 strains may
be phylogenetically quite different from V. cholerae O1 strains. However, available
data also indicate that, as in the case of O139 strains, certain non-O1, non-O139
strains probably arose from V. cholerae O1 progenitor strains through exchange of
genes involved in O-antigen biosynthesis [22, 27, 145]. These include the strains
belonging to O37 serogroup that were involved in Sudan and Czechoslovakia out-
breaks. Similar conclusion was drawn earlier by comparative analyses of IS1004
DNA fingerprinting [89] and multilocus enzyme electrophoresis [88] profiles of
the O37 (Sudan) and O1 strains. Incidentally, the Czechoslovakia outbreak was
caused by V. cholerae strains which showed striking similarity with the Sudan strain
in PFGE analysis (Fig. 13.1) [93]. Similarly, a comparison of the IS1004 finger-
print [89] and 16S rRNA–23S rRNA intergenic spacer region ribotype [87] profiles
between the O1 classical and Czechoslovakia strains suggested that these strains
were closely related. Thus, it is likely that V. cholerae O37 strains that were involved
in Sudan and Czechoslovakia outbreaks arose from V. cholerae O1 classical strains
through the replacement of O1 by O37 antigenic character. In fact, evolution of
an O37 strain from an O1 classical strain was recently documented which involved
recombination-based replacement of wbe gene cluster by wb∗ of O37 [22]. An anal-
ysis of wav gene cluster type (involved in the biosynthesis of core oligosaccharide
of V. cholerae lipopolysaccharide or LPS) showed that clinical isolates belonging
to O1, O139, and O37 serogroups shared identical type 1 wav gene cluster, while
the other non-O1, non-O139 strains contained one of the four other types (type 2
to type 5) of this cluster [144]. These results suggest the predominance of type 1
wav gene cluster in strains associated with clinical cholera (which include Sudan
and Czechoslovakia strains of O37 serogroup), while the other non-O1, non-O139
strains are evolutionarily divergent in their core oligosaccharide (OS) biosynthesis
gene cluster. The evolutionary relatedness of the O37 strains (S7, CK2, and CK4) to
that of O1 classical strains was further suggested by the demonstration of VPI (with
classical type of tcpA gene) and CTX genetic elements in these strains with three to
four copies of heptanucleotide (TTTTGAT) repeats in the zot–ctx intergenic region
[93].

Sequential acquisition of VPI and CTX or pre-CTX prophage by non-O1, non-
O139 V. cholerae through horizontal gene transfer was already proposed earlier
[18, 23]. These include clonally related clinical strains belonging to O141 serogroup
that were isolated between 1984 and 1994 from sporadic cases occurring at diverse
geographical location [16]. However, further analysis suggested that the O141
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strains were evolutionarily distinct from the epidemic-causing strains of V. cholerae
[27]. This is also exemplified by the observation that a large number of non-O1,
non-O139 strains (which include these O141 clinical strains) possess genes related
to “type III secretion system” or TTSS [28]. Incidentally, TTSS genes were shown
to be present in V. parahaemolyticus and certain other species of Vibrio but not in
epidemic-causing strains of V. cholerae.

Based on the above considerations, a model for the evolution of pathogenic
strains non-O1, non-O139 V. cholerae (VPI+, CTX+) belonging to the serogroups
O37 and O141 is proposed (Fig. 13.2). However, the fact remains that mere acqui-
sition of VPI and CTX may not endow a V. cholerae strain the ability to cause an
epidemic or a pandemic, which may very well depend on the genetic background of
the host strain. So far, strains belonging to O1, and O139, serogroups were shown
to cause cholera epidemics/pandemics around the world. Thus, a major question to
address in this regard is the failure of the non-O1 strains (including those derived
from O1 strains by exchange of “O” antigen biosynthesis genes) to cause persis-
tent epidemics or pandemics like O1 strains. For example, the strains which caused
explosive outbreaks of cholera-like diarrhea in Sudan and Czechoslovakia failed
to reappear in the same or other parts of the world. Incidentally, the isolation rate
of V. cholerae O139 strains (the emergence of which was earlier thought to herald
the beginning of the eighth pandemic) gradually declined in the cholera endemic
parts of India and Bangladesh [146, 147]. Thus, it is quite possible that certain “O”
serogroups may endow the V. cholerae strains with the selective advantage to per-
sist in the environment resulting in transmission within a population as well as to
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move from one geographical location to another. Interestingly, the clinical isolates
of V. cholerae O141, though failed to cause explosive outbreaks or epidemics, were
capable of regional or even global dissemination [16].

Epidemic-causing V. cholerae strains belonging to O1 serogroup adopt several
strategies for their survival in the environment under adverse conditions during the
interepidemic period. These include (i) exopolysaccharide production responsible
for their conversion to rugose phenotype with high frequency [148, 149], (ii) trans-
formation into a “viable but non-culturable” state [150–153], and (iii) association
with planktonic and/or abiotic surfaces to form biofilms [154–156]. However, dif-
ferences were noted between V. cholerae strains in regard to their capacity to adapt
to these strategies for their prolonged survival in the environment. Further, the preva-
lence of serogroup-specific phages in the cholera-endemic areas may influence the
environmental persistence of V. cholerae strains during the seasonal outbreak of
cholera [157, 158]. Whether the apparent failure of some of the pathogenic non-O1,
non-O139 V. cholerae strains to persist in the environment and disseminate can be
attributed to these factors remains to be established.

13.8 Conclusion

Non-O1, non-O139 V. cholerae organisms, ubiquitously present in the aquatic envi-
ronment, are usually nonpathogenic in nature. However, these organisms can be
isolated from sporadic cases or occasional outbreaks of gastroenteritis. Recently,
there has been an upsurge in their isolation rate from diarrheal patients in the Indian
subcontinent as well as in certain other parts of the world. Phenotypic as well
as genotypic analyses suggest that this group of organisms is extremely diverse,
although certain pathogenic strains within the same serogroup (for example, O37
and O141) may have a clonal origin. Such diversity is also reflected in the fail-
ure to attribute their pathogenic properties to a common set of virulence factors.
While some strains can induce diarrhea by mechanisms unrelated to those involved
in O1 cholera, certain others are shown to harbor CTX and TCP gene clusters
that are related to those found in epidemic-causing strains of V. cholerae O1 and
O139. Interestingly, the available data suggest that the evolution of pathogenic
strains of non-O1, non-O139 V. cholerae (CTX+ TCP+) may follow different lin-
eages. Thus, like the O139 strains, the clinical O37 strains (involved in outbreaks
in Czechoslovakia and Sudan) probably evolved from O1 strains (CTX+ TCP+)
through the exchange of “O” antigen biosynthesis gene clusters. On the other hand,
the pathogenic strains belonging to O141 serogroup were likely to evolve from a
non-O1 background through horizontal acquisition of VPI and CTX clusters. The
data also suggest that mere acquisition of VPI and CTX genetic elements does not
necessarily endow a non-O1 V. cholerae strain with the ability to cause severe form
of the disease which depends on the expression of adequate levels of TCP and CT
regulated by a complex signaling pathway. However, the ability to persist in the envi-
ronment and to disseminate regionally or globally perhaps depends on additional
factors that may include specific “O” serogroup characters. Evidently, V. cholerae
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O1 (and to some extent O139) strains have been able to fulfill both the requirements
as these strains were implicated in the epidemics so far recorded in the history of
cholera.
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Chapter 14
Proteases Produced by Vibrio cholerae
and Other Pathogenic Vibrios:
Pathogenic Roles and Expression

Sumio Shinoda

Abstract Pathogenic vibrios produce various pathogenic factors such as entero-
toxin, hemolysin, cytotoxin, protease, siderophore, adhesive factor, and hemag-
glutinin. Direct toxic factors such as enterotoxin, hemolysin, and cytotoxin are
related to the symptoms, whereas siderophore and adhesive factors may cause indi-
rect factors, which play roles in the establishment of the infection. The proteases
produced by pathogenic vibrios are long recognized to play pathogenic roles in
the infection. Zn metalloprotease produced by Vibrio cholerae is thought to play
indirect pathogenic roles such as processing other protein toxin(s) or supporting
bacterial growth in the digestive tract. Hemagglutinin/protease (HA/P) produced
by V. cholerae was the one first noticed which has 609 amino acid residues and a
molecular size of 69.3 kDa. Further characterization of this protein revealed that
the C-terminal peptide mediates hemagglutination or binding to the cell surface in
many vibrios. HA/P is secreted via the type II secretion pathway at the cell pole
and thought to play a role by promoting mucin gel penetration, detachment, and
the spread of infection along the gastrointestinal tract. Special interaction of HA/P
on chironomid egg masses was shown to be an important factor for the survival
of V. cholerae in aquatic environments. Vibrios have a complex quorum-sensing
system containing three kinds of autoinducers. In some, HA/P plays a role in con-
trolling the quorum-sensing machinery. A cysteine protease domain was found in
repeat in toxin (RTX) of V. cholerae. RTX is a large multifunctional toxin that causes
actin cross-linking and is processed by proteolytic action during translocation into
host cells. Other proteases such as Vibrio vulnificus protease (VVP) is well known
for cell damage and association with major virulence. Thus, proteases produced by
pathogenic vibrios play a variety of pathological roles.
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14.1 Introduction

Proteases play many physiological roles in the life cycle of an organism, but the
enzymes produced by pathogenic microorganisms occasionally act as toxic factors.
Many of the bacterial proteases are metalloproteases which have zinc(II) ion in the
catalytic site, although other types of proteases such as serine protease are also pro-
duced by pathogenic bacteria. For example, the light chain of botulinum toxin is a
metalloprotease having HEXXH motif as the zinc-binding site [1]. Tetanus toxin
[2], Bacteroides fragilis enterotoxin [3], and Bacillus anthracis lethal toxin [4]
are known to be Zn metalloproteases. Pathogenic roles of bacterial protease are
summarized in Table 14.1.

Table 14.1 Pathogenic roles of bacterial proteases

Growth stimulation by supplying peptides/amino acids
Production of bradykinin by activation of kallikrein–kinin cascade
Histamine release from mast cells
Inactivation of plasma protease inhibitor
Inactivation of immunoglobulins or complement system
Disturbance of coagulation system
Stimulation of bacterial invasion by collagenolytic activity
Stimulation of septicemia
Processing of protein toxins
Stimulation of toxin distribution
Stimulation of viral infection

Pathogenic vibrios produce various pathogenic factors including enterotoxin,
hemolysin, cytotoxin, protease, siderophore, adhesive factor, hemagglutinin, and so
on. Of these, enterotoxin, hemolysin, and cytotoxin are direct toxic factors caus-
ing the symptoms, whereas siderophore and adhesive factor are indirect factors,
which play roles in the establishment of the infection. The proteases produced by
pathogenic vibrios are also recognized to play pathogenic roles in the infection,
directly and indirectly. Many of vibrios produce Zn metalloproteases which are
correlated to each other, immunologically and genetically.

As shown in Table 14.2, the main Vibrio proteases are zinc metalloproteases or
serine proteases. It is noted that many of the metalloproteases belong to the ther-
molysin family. Zn metalloprotease produced by Vibrio cholerae is thought to play
indirect pathogenic roles such as processing other protein toxin(s) or supporting
bacterial growth in the digestive tract, whereas that produced by Vibrio vulnifi-
cus is thought to be a direct toxic factor causing skin damage. This paper reviews
V. cholerae protease comparing it with proteases of related vibrios.

14.2 Vibrio cholerae Protease

14.2.1 Hemagglutinin/Protease (HA/P)

Of the Vibrio proteases, hemagglutinin/protease (HA/P) produced by V. cholerae
was the one first noticed. HA/P was initially reported to be a hemagglutinin and
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Table 14.2 Proteases produced by vibrios

Species Protease Reference

Human pathogens
Intestinal infections
V. cholerae Zinc metalloprotease (Ta) [19]
V. fluvialis Zinc metalloprotease (Ta) [76]
V. mimicus Zinc metalloprotease (Ta) [75]

Zinc metalloprotease (Xb) [72]
V. parahaemolyticus Serine protease [65, 66]

Zinc metalloprotease (Xb) [70, 71]

Extra-intestinal infections

V. alginolyticus Serine protease [68]
Zinc metalloprotease (Xb) [74]

V. metschnikovii Serine protease [67]
V. vulnificus Zinc metalloprotease (Ta) [9, 62]

Non-human pathogens and fish pathogens

V. anguillarumc Zinc metalloprotease (Ta) [77, 78]
V. carchariaec Serine protease [69]
V. harveyic Zinc metalloprotease (Ta) [80]
V. pelagiusc Zinc metalloprotease (Ta) [79]
V. penaeicidac Cysteine protease [87]
V. proteolyticus Zinc metalloprotease (Ta) [82, 83]
V. tubiashiic Zinc metalloprotease (Ta) [81]

a Thermolysin family
b Metalloprotease other than thermolysin–family protease
c Fish pathogen

termed cholera lectin by Finkelstein et al. [5], and its protease activity was recog-
nized later [6, 7]. They carried out cloning of the hapA gene encoding the HA/P
precursor, which has 609 amino acid residues and a molecular size of 69.3 kDa
[8]. The open reading frame for hapA reveals the presence of a 24-amino acid sig-
nal peptide followed by a 171-amino acid N-terminal propeptide. The precursor is
processed to a 32-kDa mature protease by autodigestion or other proteolytic activity.

Mature HA/P has hemagglutinating activity in addition to proteolytic activity.
In V. vulnificus, as shown later, the mature Zn metalloprotease liberates a 10-kDa
C-terminal peptide by an autoproteolytic reaction, and the N-terminal moiety still
possesses proteolytic activity but no hemagglutinating activity, suggesting that the
C-terminal peptide mediates hemagglutination or binding to the cell surface [9, 10].
Honda et al. [11] showed the existence of a monoclonal antibody against HA/P
that neutralized the proteolytic but not the hemagglutinating activity, suggesting
that the conformation of active domains of HA/P is similar to that of V. vulnifi-
cus protease: the proteolytic (catalytic) domain on the N-terminal region and the
hemagglutinating (binding) domain on the C-terminal.

The deduced amino acid sequence revealed that the mature HA/P had a similarity
of 61.5% with Pseudomonas aeruginosa elastase and a zinc-binding motif pecu-
liar to the thermolysin family protease. Zn metalloproteases are presently divided
into four superfamilies, and the zincin superfamily is characterized by having the
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Fig. 14.1 Processing of Zn metalloprotease produced by vibrios

HEXXH motif as the zinc-binding site [12]. The thermolysin family is a member
of the zincin superfamily and characterized by E at the 25th position from the first
H of the above motif. As shown in Table 14.2, most Vibrio metalloproteases belong
to the thermolysin family. Precursors of these Zn metalloproteases of vibrios are
processed to mature enzymes after liberating N-terminal signal peptide and propep-
tide and secreted exocellularly (Fig. 14.1). HA/P is secreted via the type II secretion
pathway at the cell pole [13, 14].

Although a toxic effect of HA/P on the cultured cells has been reported [15], it
is thought to act as an indirect pathogenic factor supporting growth and translo-
cation of the vibrios in the digestive tract. Thickness of the human intestinal
mucus layer was estimated to be around 150 μm, so infecting diarrheagenic bac-
teria must overcome a physical barrier 50 times their length to reach the epithelial
surface. HA/P is thought to play a role by promoting mucin gel penetration, detach-
ment, and the spread of infection along the gastrointestinal tract [16–19]. Benitez
et al. [17] showed that inactivation of HA/P increased adherence of V. cholerae
to cultured human intestinal cell, but they also postulated that HA/P mucinase
activity mediates with a similar mechanism both penetration of the vibrios into
the mucus barrier in vivo and detachment from the mucin meshwork [18]. Silva
et al. [19] showed that purified mucin enhanced HA/P production in carbon source
starvation by a HapR-independent mechanism and that expression of hapA was
required for translocation through a mucin-containing gel. Silva et al. [20] exam-
ined the contribution of HA/P and motility to the pathogenesis of El Tor vibrios
and concluded that both motility and HA/P were necessary for full expression of
enterotoxicity.
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Furthermore, HA/P can process the protein toxins to the active forms by nick-
ing the A subunit of cholera toxin [21] or liberating the 15-kDa N-terminal region
from 79-kDa immature El Tor hemolysin [22]. Although HA/P is important for full
expression of enterotoxicity of V. cholerae in its role of detaching and spreading
in the intestinal tract as shown above, it suppresses adherence of the vibrios to
epithelial cells. This property was used in the development of vaccine. Inactivation
of hap gene is expected to decrease excretion of the resulting vaccine vector
strain by increasing the duration of adherence and thus increase its immunogenic-
ity [23]. A live cholera vaccine strain V. cholerae 638 attenuated by deletion of
the CTX� phage from V. cholerae C7258 (O1, El Tor Ogawa) and by insertion
of the Clostridium thermocellum endoglucanase A gene into the HA/P coding
sequence was constructed [23]. The vaccine strain 638 was tested for safety and
immunogenicity [24] and its effectiveness was confirmed in healthy volunteers in
Cuba [25].

Vibrio cholerae is an inhabitant of aquatic environments. The vibrios live in water
in a free-living or biofilm form and occasionally associates with various organisms
such as zoo- or phytoplanktons [26, 27]. Broza and Halpren [28] suggested that
egg masses of the non-biting midge Chironomus sp. (Dipter) harbor and serve as a
nutritive source for V. cholerae, thereby providing a natural reservoir for the vibrios.
They purified the extracellular factor for the degradation of chironomid egg masses
from V. cholerae O1 and O139 strains and identified it as HA/P [29]. The substrate
in the egg mass was characterized as a glycoprotein. Chironomids are the most
widely distributed insect in freshwater. Females deposit egg masses at the water’s
edge, and each egg mass contains eggs embedded in a gelatinous matrix. HA/P is
thought to digest the egg masses and prevent them from hatching. Halpern et al.
[30] showed that most of the V. cholerae inhabiting the egg mass are in a viable but
non-culturable (VBNC) state. Various bacteria other than V. cholerae are also found
in a chironomid egg mass. All isolates of V. cholerae were capable of degrading the
egg mass, whereas almost none of the other bacteria isolated from the egg masses
possessed this ability. These findings suggest the special interaction of HA/P and
the egg masses and its important roles for the survival of V. cholerae in aquatic
environments.

14.2.2 Quorum-Sensing Regulation of HA/P Production

Quorum sensing is a bacterial regulation system for coordinated gene expression in
response to a change in cell-population density. All bacteria possessing this system
synthesize and secrete chemical signal molecules called autoinducers that increase
in concentration as a function of cell density. In a low cell density, since the con-
centration is at a low level, the autoinducer has no effect on the target system.
However, once the concentration reaches the threshold level, the bacterium senses
the autoinducer and signals generated are transmitted into the bacterial cells, which
leads to an alteration in the gene expression. Although the quorum-sensing system
was first discovered in light production by Vibrio fischeri [31, 32], its contribution
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has been expanded to various gene expression systems including protease produc-
tion, symbiosis, virulence, competence, conjugation, antibiotic production, motility,
sporulation, and biofilm formation of gram-positive and gram-negative bacteria
[33, 34].

The LuxI/LuxR type quorum-sensing system that was first identified in V. fischeri
is a general system in gram-negative bacteria. LuxI is the autoinducer synthetase
that produces the acylhomoserine lactone (AHL) autoinducer, whereas LuxR is a
transcriptional activator promoting transcription of the target gene. On the other
hand, gram-positive bacteria generate oligopeptide autoinducers. The third signal
molecule termed AI-2, of which the chemical structure is furanosyl borate diester,
was identified in another light-producing bacterium Vibrio harveyi [35]. This species
has a complex quorum-sensing system [36] containing three kinds of autoinducers,
AHL autoinducer (AI-1), AI-2, and CAI-1, the latter having been recently found in
V. cholerae [34]. Among these autoinducers, AI-2 is detected by the sensor proteins
LuxPQ. Subsequently, LuxQ dephosphorylates LuxO, a response regulator pro-
tein, which results in derepression of LuxR, a transcriptional activator of luciferase
genes.

LuxO negatively regulates luminescence expression by activating a putative
downstream repressor of the luciferase operon (luxCDABE) [37]. The LuxO homo-
logues have been found in pathogenic vibrios and those of V. cholerae can regulate
various functions involved in HA/P production [37, 38]. HapR, a regulator pro-
tein of HA/P production, is closely homologous to LuxR [39]. Zhu et al. [40]
revealed that the ToxR regulon was repressed in the luxO mutant and that this
effect was mediated by another negative regulator HapR. They showed that LuxO
repressed hapR expression early in log phase growth and that constitutive expression
of hapR blocked ToxR regulon expression. They also suggested regulation of var-
ious cellular processes including motility, protease production, biofilm formation,
and virulence gene expression. Vance et al. [41] isolated a mutant-deficient HA/P
due to a point mutation in the luxO quorum-sensing regulator. With this mutant
they demonstrated the role of LuxO as a central switch that coordinately regulated
virulence-related phenotypes such as protease production and biofilm formation.
Liu et al. [42] identified another transcriptional regulator VqmA that activates
hapR expression at low cell density. VqmA stimulated quorum-sensing regulation at
lower cell densities and this stimulation bypassed the known LuxO–RNA regulatory
circuit.

HapR also downregulates the expression of tcpPH which regulates ToxT together
with ToxR/S. HapR decreases the tcpPH transcription indirectly by repressing the
transcription of aphA encoding AphA, an upstream activator of TcpP/H [43]. It
is known that the global response of bacteria such as Escherichia coli to starva-
tion and stress requires rpoS, which is induced to express an alternative sigma
factor s. Reduction of production and secretion of HA/P by rpoS mutation was
demonstrated by Yildiz and Schoolnik [44]. Silva and Benitez [45] showed that
rpoS was required in the transcription of hapA. In the same study, they demon-
strated that CRP, cyclic AMP receptor protein, enhanced the transcription of rpoS
and hapR.
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14.2.3 Other Proteases of Vibrio cholerae

Possibility of the role of another Zn metalloprotease of V. cholerae in aquatic ecol-
ogy was also suggested. Vaitkevicius et al. [46] studied growth and survival of the
vibrio in Caenorhabditis elegans and found that protease(s) regulated by the LuxO–
HapR pathway was involved. However, HA/P, the major protease regulated by the
pathway, had no role, and a protease PrtV was identified as the factor. PrtV is a
Zn metalloprotease which was identified by cloning downstream of the hly region
encoding El Tor hemolysin by Ogierman et al. [47], but this has not yet been well
characterized.

A cysteine protease domain was found in RTX toxin of V. cholerae [48]. RTX
is a large multifunctional toxin that causes actin cross-linking and is processed by
proteolytic action during translocation into host cells. Sheahan et al. [48] carried
out in vivo transfection study and in vitro characterization of purified recombinant
protein and revealed that the processing was due to autoproteolytic action of the
cysteine protease domain of RTX toxin.

14.3 Proteases Produced by Other Vibrios

Many Vibrio species produce Zn metalloprotease similar to HA/P, but some vibrios
produce other proteases, mainly serine protease. These proteases also play various
roles in the pathogenic mechanism.

14.3.1 Vibrio vulnificus Protease (VVP)

It is thought that V. vulnificus protease (VVP) acts as a direct toxic factor in contrast
to HA/P, which acts as an indirect pathogenic factor. The first isolation of V. vulnifi-
cus was from a leg ulcer [49]. However, it was reported as a Vibrio parahaemolyticus
infection at that time because of similar bacteriological characteristics of the isolate
to V. parahaemolyticus [50]. These two species were subsequently recognized as
separate species due to the difference in their lactose fermentation [51]. The bac-
terium causes two types of illness, the primary septicemia and the wound infection
[52, 53]. The former is remarkable for its high fatality rate. Vibrio vulnificus is now
recognized as being among the most rapidly fatal of human pathogens. In the major-
ity of cases, primary septicemia is associated with the consumption of raw seafood,
especially shellfish such as oysters, contaminated with the vibrios. In the United
States, 95% of all seafood-related deaths are due to V. vulnificus, most commonly
from the consumption of raw oysters [53]. Primary septicemia due to V. vulnificus is
an opportunistic infection, that is, most patients with septicemia have an underlying
disease(s) of liver dysfunction, alcoholic cirrhosis, or hemochromatosis, which leads
to an increased plasma iron level and decreased host defense system. In two-thirds of
patients, edematous or hemorrhagic secondary skin lesions appear on the extremities
and the trunk. Symptoms of the digestive tract such as diarrhea or vomiting are very
rare. Wound infection is characterized by the development of edema, erythema, or
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necrosis around a new wound exposed to seawater. This type of infection can occur
in healthy persons as well as in compromised hosts, and may occasionally progress
to septicemia. Differing from V. cholerae, a protease (VVP) produced by V. vulnifi-
cus is thought to be the major pathogenic factor of the vibrios. VVP is a 45-kDa
zinc metalloprotease of the thermolysin family and may be an important virulence
factor for skin lesion [54]. We have documented that the most drastic pathological
action of VVP is its vascular permeability-enhancing action through the release of
histamine from mast cells and activation of the factor XII–plasma kallikrein–kinin
cascade [55–57]. Bradykinin generated by activation of the kallikrein–kinin cas-
cade is a well-known mediator of inflammation. Miyoshi et al. [58] suggested that
VVP facilitates the development of a systemic infection by disturbing the plasma
proteinase–proteinase inhibitor system, and Chang et al. [59] documented further
analysis of the role of VVP in this system recently.

In addition to enhancing vascular permeability, VVP also induces a hemorrhagic
reaction, which is one of the typical skin lesions in V. vulnificus infection, by digest-
ing type IV collagen of blood vessel basement membrane gel [60]. Contribution
to the utilization of heme by V. vulnificus is also an important pathogenic role
of VVP [61].

We carried out cloning of the vvp gene encoding a precursor of VVP and showed
similarity of the sequence to other metalloproteases of the thermolysin family pro-
duced by vibrios [62]. Thermolysin family proteases are commonly produced as
a precursor form having a signal peptide and an N-terminal propeptide, ∼25 and
170 amino acid residues, respectively, and processed to a mature form by two step
reactions. As shown in Fig. 14.1, mature VVP exocellularly excreted consists of
two functional domains: the N-terminal 35-kDa domain (VVP-N) catalyzing the
proteolytic reaction and the C-terminal 10-kDa domain (VVP-C) mediating the effi-
cient association with protein substrate or cell membrane [9]. VVP-N is sufficient
for catalytic reaction, but VVP-C is necessary for full activity of intact VVP such
as digestion of large protein molecules, hemagglutination, histamine release from
mast cells, and hemorrhage.

Production of VVP is also regulated by a quorum-sensing system. Existence of
the AI-2 system, but not the AI-1 system, in V. vulnificus and its contribution to
the VVP production has been suggested. For instance, Kim et al. [63] reported the
decrease of VVP production by disruption of the luxS gene encoding the synthetase
of the AI-2 precursor. We also examined the regulation system for VVP produc-
tion in the culture medium and demonstrated a close relation between expression
of the vvp gene and luxS gene, suggesting control of VVP production by the AI-2-
dependent quorum-sensing system [64]. However, this system might function more
effectively at 26◦C than at 37◦C. In human serum, VVP production and the vvp
expression increased at 37◦C in proportion to the concentration of ferric ion without
an increase in the expression of luxS. Thus, VVP production in host serum may be
regulated by a system other than the AI-2-dependent quorum-sensing system.

14.3.2 Vibrio parahaemolyticus and Others

Although many pathogenic vibrios including V. cholerae and V. vulnificus produce
similar metalloprotease, as described above, V. parahaemolyticus, another important
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pathogenic vibrio, produces a serine protease as its major protease. Ishihara et al.
[65] purified a major protease (VPP1) of V. parahaemolyticus and demonstrated
it to be a serine protease having a molecular weight of 43 kDa. Lee et al. [66]
also reported purification of a similar protease and demonstrated the cytotoxicity
against CHO, HeLa or Vero cells, and the mouse lethal toxicity, but the pathogenic
role has remained to be examined. VPP1 purified showed the immunological cross-
reactivity with both Vibrio metschnikovii VapT protease and Vibrio alginolyticus
protease and revealed similarity of the amino acid sequence to that of VapT pro-
tease [67]. A serine protease as a pathogenic factor against prawn produced by
V. alginolyticus was purified by Chen et al. [68]. Vibrio carchariae, a fish pathogen,
also produced a serine protease that is thought to be a pathogenic factor causing
gastroenteritis [69].

Yu and Lee [70] and Kim et al. [71] reported cloning of the genes encoding met-
alloproteases/collagenases which were designated as PrtV and VppC, respectively,
from V. parahaemolyticus. Those are also zincin superfamily metalloproteases but
differing from the thermolysin family. Although PrtV and VppC are produced by
the E. coli transformant harboring those genes cloned, production from V. para-
haemolyticus itself has not been observed; therefore, their pathogenic significance is
unclear. Existence of the protease genes similar to prtV was shown in Vibrio mimicus
[72, 73] and V. alginolyticus [74].

Chowdhury et al. [75] purified a thermolysin-like metalloprotease from a
pathogenic strain of V. mimicus, a species closely related to V. cholerae, and the
metalloprotease purified showed strong similarity to HA/P. On the other hand, Lee
et al. [72] reported the existence of a protease in another strain of V. mimicus,
which is similar to PrtV protease of V. parahaemolyticus. This protease is also a
metalloprotease, but it is different from the thermolysin family.

Production of thermolysin family proteases similar to HA/P or VVP has been
documented in various vibrios, not only in human pathogens [76] but also in fish
pathogens such as Vibrio anguillarum [77, 78], Vibrio pelagius [79], V. harveyi
[80], or Vibrio tubiashii [81]. Furthermore, a thermolysin family protease desig-
nated as vibriolysin is produced by a non-pathogenic species Vibrio proteolyticus
[82, 83]. Of these vibrio metalloproteases of the thermolysin family produced by a
non-human pathogen, that of V. anguillarum has been the most extensively exam-
ined [79, 80, 84–86]. Several groups have reported the quorum-sensing control
system and pathophysiological effects on the digestive tract of host fishes. A cys-
teine protease-like exotoxin as a virulence factor for white shrimp was isolated from
Vibrio penaeicida [87].

14.4 Conclusions

The proteases produced by pathogenic vibrios play a variety of pathological roles:
direct roles by digesting many kinds of host proteins or indirect roles by processing
other pathogenic protein factors. Especially VVP from V. vulnificus is thought to be a
major pathogenic factor; however, some contradictions of the pathogenic roles were
also reported [88]. The precise pathogenic roles of many Vibrio proteases remain to
be identified.
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Although HA/P is not a direct toxic factor of V. cholerae, its significance is an
undeniable fact. Production of HA/P is regulated together with major pathogenic
factors such as CT (cholera toxin) or TCP (toxin-co-regulated pilus) by a quorum-
sensing system. HA/P is necessary for full expression of pathogenicity of the vibrios
by supporting growth and translocation in the digestive tract. Processing of protein
toxins such as CT or El Tor hemolysin is also an important pathogenic role. Non-O1
or non-O139 V. cholerae rarely causes extra-intestinal tract infection in a compro-
mised host. In that case, HA/P is thought to have a direct toxic effect similar to
VVP of V. vulnificus such as causing skin edema, necrosis, or hemorrhage. Roles
for supply of peptide/amino acid nutrients or adhesion to aquatic organisms are also
important.

Organisms produce a great number of proteases as the essential physiological
factor for their life. Although the major protease produced by V. cholerae is HA/P,
existence of another Zn metalloprotease PrtV and cysteine protease domain in RTX
toxin was also demonstrated. Additional minor proteases are thought to function
to maintain the bacterial physiology. Further investigation of various proteases is
necessary for understanding pathogenicity and ecology of the vibrios.
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Chapter 15
Toxins of Vibrio cholerae
and Their Role in Inflammation,
Pathogenesis, and Immunomodulation

Kamini Walia and Nirmal Kumar Ganguly

Abstract Disease manifestations in cholera are primarily attributed to the secre-
tion of cholera toxin (CT). However, the discovery of additional secretory virulence
factors in Vibrio cholerae has invoked interest in their potential role related to patho-
genesis, inflammation, and immune modulation in its disease attributes. Cholera
was earlier thought to be a non-inflammatory diarrhea, but several reports pro-
vide evidence for an inflammatory response in cholera disease. These findings have
come from studies with Vibrio cholerae strains devoid of CT gene ctx but induced
inflammatory response. Studies have shown that while the CT essentially elicits an
anti-inflammatory cytokine response, the accessory CTs have been associated with
development of a proinflammatory cytokine response in gut. It is postulated that
the increase in the inflammatory response to the V. cholerae (�ctx) infection could
be due to the absence of the immunomodulatory activity of the B subunit of CT
that blocks the secretion of proinflammatory cytokines by macrophages, dendritic
cells, and epithelial cells. Further studies are needed to understand the potential
role of each of these toxins in the inflammation and immunomodulation in cholera
disease.

15.1 Introduction

Until recently, it was thought that clinical manifestations of cholera result primar-
ily from interaction between cholera toxin (CT) and intact intestinal epithelial cells.
However, the occurrence of mild-to-moderate residual diarrhea in human volun-
teers fed with live oral cholera vaccine strains [1] or genetically engineered mutants
[2, 3] incapable of producing whole biologically active CT [4] prompted investi-
gators to search for additional toxins that could contribute to the pathogenesis of
cholera. This led to the discovery of new cholera toxin (NCT) [5], zonula occludens
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Table 15.1 New toxins secreted by different serogroups of V. cholerae

Name of toxin Mode of action References

Accessory cholera
enterotoxin

Increases membrane permeability by
creating ion-permeable pore

[7]

Cytotonic protein CHO elongation [77]
Heat-stable toxin (ST) Similar to cholera toxin [75]
Hemolysin cytolysin Cytotoxic for erythrocytes and mammalian

cells, villus degeneration, accumulation
of cellular exudate

[1, 64]

New cholera toxin Not known [5]
Non-membrane damaging

cytotoxin
Cell rounding of CHO cells and HeLa cells

without membrane damage
[72]

Shiga-like toxin Cytotoxicity in HeLa cells [73]
WO7 toxin Electrolyte imbalance [61]
Zonula occludens toxin Increases membrane permeability by

affecting tight junctions
[6, 57, 58]

toxin (zot) [6], accessory cholera enterotoxin (ace) [7], and many more (Table 15.1).
The role of the toxins other than CT in the pathogenesis of disease due to Vibrio
cholerae is largely unknown. These toxins clearly cannot cause cholera gravis; how-
ever, toxins other than CT may contribute to diarrhea and may also be responsible
for certain symptoms associated with CT-negative strains. Additionally, such tox-
ins may serve as secondary secretogenic molecules when conditions for producing
CT are not optimal. After ingestion of pathogenic V. cholerae, bacteria colonize
in the small intestine and produce a number of virulence factors, notably the CT.
This toxin targets and activates the adenylate cyclase within host epithelial cells,
provoking the net secretion of chloride ions and water into the intestinal lumen,
resulting in the extensive diarrhea that is characteristic of this disease [8]. As such,
the pathology of cholera has traditionally been considered non-inflammatory [9].
However, several reports provide evidence for an inflammatory response in cholera
disease. Lymphocytes and mononuclear cells have been observed in the intesti-
nal lamina propria in biopsy specimens obtained from the gut of cholera patients
[10, 11], and increased levels of lactoferrin, myeloperoxidase, and prostaglandins
have been measured in stool samples from infected humans [12, 13]. There have
been reports wherein leukocytes and erythrocytes were detected in the stools from
cholera patients [14], and elevated concentrations of nitric oxide metabolites were
observed in urine and serum samples [15, 16]. V. cholerae vaccine strains have also
been found to cause symptoms consistent with inflammation in human volunteers
[17]. Owing to the discovery of the additional toxins and the recent findings on
the inflammatory aspect of cholera disease, scientists have been working toward
finding a plausible evidence for the involvement of other virulence factors in
the cholera disease. This chapter reviews and discusses the importance of CT as
well as other toxins in the pathogenesis, inflammation, and immunomodulation in
cholera disease, which in turn might influence development of immunity to the
disease.



15 Toxins of V. cholerae 261

15.2 Cholera Enterotoxin

In 1884, Robert Koch isolated V. cholerae and proposed that the agent responsible
for cholera produces “a special poison” which acts on epithelium and symptoms
of cholera could be “regulated essentially as a poisoning” [17]. The significant
works of De in Calcutta during 1950–1960 breached several qualms pertaining to
the enteric toxin produced by V. cholerae. Three of his works, viz. ligated intesti-
nal loop method for studying cholera in rabbit model [18], ileal loop model to
demonstrate the association of some strains of Escherichia coli with diarrhea [19],
and most importantly his discovery of toxigenic effect of V. cholerae in 1959
in the cell-free culture filtrate of V. cholerae that stimulated a specific cellular
response [20]. Almost during the same time, Dutta and colleagues [21] working
in Bombay demonstrated that ingestion of sterile lysates of V. cholerae 569B pro-
duced fatal diarrhea in infant rabbits. This toxin was later purified to homogeneity
by Finkelstein and LoSpalluto [22]. The ultimate proof of the role of CT associated
with human disease was an experiment reported by Levine et al. [23] where inges-
tion of 25 μg of CT by the volunteers resulted in 20 l of rice-water stool. Like
E. coli heat-labile enterotoxin (LTI), Shiga/verotoxin (responsible for hemolytic
uremic syndrome), and pertussis toxin, CT belongs to the AB5 subunit family.
In CT, five identical peptides (11 kDa) assemble into a highly stable pentameric
ring termed the B subunit (55 kDa). The B subunit exhibits specific and high-
affinity binding to the oligosaccharide domain of ganglioside GM1 and functions
to tether the toxin to the plasma membrane of host cells. The specificity and the
stability of toxin binding to GM1 dictate toxin function, likely by affecting toxin
trafficking into the cell. CT contains a well-defined, ER-targeting KDEL motif that
increases the efficiency of toxin function, presumably by facilitating toxin entry into
the ER [24].

CT enters polarized epithelial cells through a complex pathway involving apical
endocytosis and retrograde membrane traffic through Golgi cisternae to ER [24–
26]. It is currently believed that CT must enter the ER for the A1 peptide to unfold
and translocate into the cytosol. After membrane translocation, the A1 peptide may
move to the adenylyl cyclase complex on the cytoplasmic surface of the basolateral
membrane by diffusion through the cytosol. The B subunit, unlike the A1 peptide,
does not translocate across cell membranes. Rather, the B subunit remains mem-
brane associated (presumably bound to GM1) and eventually moves back out of
the secretory pathway by vesicular traffic to the cell surface [27]. B subunit (and
a small fraction of holotoxin) can move from its original site of binding on the
apical (or mucosal) cell surface to the basolateral (or serosal) cell surface by first
moving through Golgi cisternae and possibly ER. This process is also called “indi-
rect” transcytosis [27]. This ability of CT to breach the epithelial barrier by crossing
through epithelial cells within transport vesicles may contribute to the potent effects
of orally delivered CT on mucosal and systemic immune responses. CT affects
one of the most important regulatory factors of eukaryotic cell, namely adenylate
cyclase, which results in characteristic rice-water stools. The A1 peptide (22 kDa)
is the enzymatically active subunit that activates adenylyl cyclase inside the cell by
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catalyzing the ADP ribosylation of the heterotrimeric GTPase Gsa. After CT binds
to intact cells, there is a lag of 15–60 min before adenylate cyclase is activated [28].
Normally, adenylate cyclase is activated or inactivated in response to a variety of
stimuli. Regulation of adenylate cyclase is mediated via GTP-binding proteins or G
proteins. The specific G protein involved in the activation of adenylate cyclase is Gs
protein. CT acts by ADP ribosylation of alpha subunit of GS1 protein. Upon ADP
ribosylation, the intrinsic GTPase activity of Gs protein is inhibited, thereby result-
ing in constitutive activation of the adenylate cyclase. Potential modes of activation
include (i) A1 translocation through the membrane with diffusion through the cyto-
plasm to the adenylate cyclase, (ii) A1 modification of brush border membrane Gs
protein, which then diffuses to basolateral membrane to activate adenylate cyclase,
and (iii) endocytosis of CT with delivery of active A1 in endosomal membrane to
the basolateral adenylate cyclase [29, 30].

After initial increase in cAMP, there is slow onset of inhibition of Na+ absorp-
tion and stimulation of C1− secretion as observed in rabbit ileum in vivo [31].
CT may stimulate intestinal secretions, which serve to augment cyclic AMP-
mediated intestinal secretion. In vitro and in vivo data strongly implicate the role of
prostaglandins of E-series (PGE1 and PGE2) [32, 33] and platelet-activating factor
(PAF) [34] in the pathogenesis of intestinal secretion stimulated by CT. The role of
leukotrienes and other metabolites of arachidonic acid in causing intestinal secre-
tions has also been suggested [35]. A model has been suggested in which cAMP
levels increased by CT serve not only to activate protein kinase A but also to regulate
transcription of phospholipase or phospholipase-activating protein. The activated
phospholipase could act on membrane phospholipids to produce arachidonic acid, a
precursor of prostaglandins and leukotrienes [36].

CT has also been shown to alter the activity of enteric nervous system possi-
bly by stimulating release of serotonin, 5-hytroxytryptamine [5-HT], and vasoactive
intestinal peptide (VIP) in human small bowel [37]. Both of these peptide hormones
can directly stimulate intestinal epithelial cell secretion, suggesting a possible role
for these hormones in CT-mediated diarrhea.

15.2.1 Immune Modulation by Cholera Toxin

CT is a powerful in vivo immunomodulator that is being widely used in exper-
imental animals, both as a mucosal adjuvant and as a carrier for covalently linked
antigens [38–40]. However, interest in its use as adjuvant became much more widely
established as they were able to subvert the normal processes of mucosal tolerance,
potentiating immunity to co-administered antigens after oral delivery [41, 42]. In an
attempt to understand the mechanisms underlying the immunological properties of
CT, several studies have focused on the effects of this protein on specific immune
cell populations. Because the main receptor for the toxins is the ubiquitous GM1
ganglioside, CT is able to interact polyclonally with B and T cells, irrespective of
their antigen specificity, as well as with antigen-presenting cells (APCs) such as
macrophages and dendritic cells (DCs).
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15.2.1.1 B and T Cells

Both recombinant CT (rCT) and rCT-B have been shown to induce isotype differen-
tiation of B cells [43, 44]. In this regard, rCT acts synergistically with IL-4 to drive
isotype switching to the IgG1 antibody subclass [43]. rCT was shown to be 1,000-
fold more efficient at driving isotype differentiation than was rCTB, while this effect
could be reproduced using a combination of rCTB and dibutyryl cAMP. Both the
enzymatic activity and the receptor binding contribute to the stimulatory effects
of the holotoxin [44]. In addition, rCTB induces B-cell activation, as shown by the
upregulation of major histocompatibility complex (MHC) class II and costimulatory
molecules on B cells [45–47]. One consequence of receptor binding by the toxin and
the B subunit is the lowering of the threshold required for the differentiation of B
cells into antibody-secreting cells. It is also possible that B cells acquire an enhanced
ability to present antigen to T cells, further promoting the immune response. In con-
trast to the stimulatory effects on B cells and professional APCs, rCTB [48] also
induces programmed cell death (apoptosis) of CD8+ T cells as depletion of CD8+
T cells by rCTB has also been shown to occur in vivo. By contrast, the CD4+ T-cell
subset is relatively insensitive to rCTB-induced apoptosis [49].

15.2.1.2 Monocytes and Macrophages

CT also enhances expression of the costimulatory molecule B7.2 on macrophages.
Injection of mice with an anti-B7.2 antibody inhibited both the mucosal immuno-
genicity and adjuvant properties of CT in vivo [50]. CT treatment of endotoxin-
stimulated macrophages has been shown to increase production of IL-10, IL-6, and
IL-β, and decrease production of IL-12, TNF-α, and nitric oxide [51]. These data
partially explain the predilection of CT to selectively drive Th2-type responses when
used as an adjuvant in vivo. The B subunit of CT bound to an APC can also directly
co-stimulate cytokine production from T cells. Whole CT but not rCTB treatment
also inhibited secretion of IL-12 by monocytes [52]. CT also enhances the APC
function of macrophages in vitro [53, 54]. CT treatment of macrophages results in
enhanced MHC class II-restricted presentation of a peptide from hen egg lysozyme
to a T-cell hybridoma and a corresponding increase in T-cell proliferation [54].

15.2.1.3 Dendritic Cells

CT treatment of human dendritic cells (DCs) induces their maturation as shown
by upregulation of expression of MHC class II and costimulatory molecules B7.1
and B7.2 [55]. CT-treated DCs are then able to prime naive T cells in vitro, driv-
ing their polarization toward the Th2 phenotype. CT enhances the costimulatory
potential of DC via upregulation of CD80 and to a lesser extent CD-86 and reduced
surface expression of CCR5. CT also modulates DC to preferentially activate IL-10-
secreting cells but not Th1 cells. The presence of low doses of LPS however seems
to be crucial for induction of IL-10 by CT. CT inhibits the expression of CD40
and ICAM-1[56]. Activation of DCs might play an important role in the adjuvant
properties of CT in vivo.
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15.3 The Other Toxins of Vibrio cholerae

A number of additional toxins have been identified in V. cholerae, which was earlier
known to secrete only the CT. These additional toxins play a significant role in the
pathogenesis and immune modulation. This hypothesis is currently being explored,
especially on their role in the pathogenesis.

15.3.1 Zona Occludens Toxin (Zot)

In 1991, Fasano et al. [6] reported that V. cholerae produces a toxin that increased the
permeability of the small intestinal mucosa by affecting the structure of intracellular
tight junctions or zonula occludens. The zot gene encodes a 44.8-kDa peptide [57]
whose native form has not yet been purified. Crude Zot diminishes the resistance
of rabbit ileal tissue in Ussing chamber without causing detectable changes in the
potential difference [6]. The onset of action of crude Zot is immediate and activity
is reversible. Zot acts on zonula occludens or tight junctions possibly through a rear-
rangement of F-actin. Zot possibly contributes to production of diarrhea in cholera
by altering the permeability of intestinal tissue [58]. Several signal transduction
mechanisms (e.g., calcium, PKC, tyrosine kinase, cyclic AMP) have been shown
to regulate tight junctions in cells. Zot effect on intestinal cells is not mediated by
cAMP but through protein kinase C (PKC) [58].

15.3.2 Accessory Cholera Enterotoxin (Ace)

The third toxin identified in V. cholerae O1 is Ace (for accessory cholera entero-
toxin), a 111.3-kDa protein encoded by the ace gene [7]. Ace is predicted to be an
amphipathic molecule and forms multimers, which insert into the eukaryotic cell
membrane, creating an ion-permeable pore. In rabbit ileal tissue mounted in Ussing
chambers, crude Ace stimulates a delayed Isc (current needed to nullify potential
difference) and PD (potential difference). Inoculation of ligated rabbit ileal seg-
ments with a CT- and Zot-negative V. cholerae strain containing the cloned ace gene
results in fluid accumulation. The protein sequence of this toxin shares homology
with eukaryotic ion-transporting proteins including gastric fibrosis transmembrane
regulator human plasma membrane calcium pump and calcium-transporting ATPase
from rat brain (CFTR) [59]. In addition, Ace also shows sequence similarity to a vir-
ulence protein of Salmonella Dublin, spv B, which is essential for virulence in mice
[60]. The C-terminal region of Ace shows 47% amino acid similarity with residues
2 to 20 of the toxin from Staphylococcus aureus [7].

15.3.3 WO7 Toxin

V. cholerae WO7 (serogroup O1) strain isolated from a patient with diarrhea pro-
duces an extracellular toxin despite the absence of ctx, zot, and ace genes from
its genome. The toxin elongates CHO cells, produces fluid accumulation in ligated
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rabbit ileal loops, and agglutinates freshly isolated rabbit erythrocytes. The toxin
is heat-labile and sensitive to proteases and has a subunit structure consisting of
two subunits with molecular masses of about 58 and 40 kDa as estimated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis. GM1 was found to be the phys-
iologic receptor for WO7 toxin on the enterocytes [61]. The toxin showed maximum
binding to GM1 and interacted with a 20-kDa glycoprotein present on the cell mem-
brane of mice enterocytes in a GM1-specific manner. The analysis of biochemical
parameters in enterocytes triggered with this toxin revealed a significant increase
in intracellular calcium concentration and a massive secretion of Cl−. However, no
absorption of Na+ was observed under the same condition. This toxin also elevated
the level of cAMP as well as PKA [62]. Thus, the novel toxin, although distinct from
CT, showed some functional homology to it and may be one of the key factors in
inducing electrolyte imbalance within intestinal cells, causing a cholera-like symp-
tom. WO7 toxin was also found to be structurally and functionally distinct from
other toxins including CT and the enterotoxic activities expressed by WO7 toxin
appeared to contribute to the pathogenesis of disease associated with V. cholerae
O1 strains [61]. Further studies are needed to understand the role of WO7 toxin in
cholera-like diarrhea.

The elucidation of immune responses evoked by V. cholerae WO7 in the gut of
mice revealed striking differences as compared to those elicited by V. cholerae 569B
infection. PP and SP lymphoid cells from V. cholerae WO7-infected animals elabo-
rated significant amounts of IL-2, IFN-γ, and IL-12 by 7 days p.i., suggesting a Th1
type of response. However, by 15 days p.i., the PP and SP lymphoid cells secreted
only IL-6 and IL-10 with traces of IFN-γ. On the other hand, infection by V. cholerae
569B yielded mainly Th2-type responses at Peyer’s patches as well as the splenic
level. Infection with both V. cholerae WO7 and 569B strains induced toxin-specific
IgA-secreting cells at the gut and spleen level along with IgG1-secreting cells, indi-
cating that both V. cholerae WO7 and 569B strains evoke an antigen-specific Th2
type of response in the gut as well as spleen. The persistence of IgA along with
Th1-type cytokines indicates an alternate induction mechanism since mucosal IgA
responses are usually associated with Th2-type responses [63]. The WO7 toxin also
induced programmed cell death of PP lymphoid cells and enterocytes in culture but
not the splenic lymphoid cells (unpublished data).

15.3.4 Hemolysin–Cytolysin

V. cholerae O1 and O139 strains also produce a cytotoxic protein, which produces
fluid accumulation in animal models. This toxin is known as El Tor hemolysin or
hemolysin cytolysin. It has been found to be cytotoxic for a variety of erythro-
cytes and mammalian cells in culture and was found to be rapidly lethal for mice
[1]. The hemolysin addition has been shown to cause considerable villus degenera-
tion, accumulation of cellular exudates and mucin, and a collection of inflammatory
cells in lamina propria [64]. The cytotoxin is initially made as an 82-kDa protein
and processed in two steps to a 65-kDa active protein [65]. When added to planar
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lipid bilayers, this forms anion-selective channels [66]. The purified cytotoxin pro-
duced fluid accumulation in both rabbits and mice [67]. In classical V. cholerae
strain 568B, an 11-bp deletion leads to truncated hlyA gene product of 27 kDa
[68]. Alm et al. [69] suggested that the ability to lyze sheep erythrocytes lies in
C-terminal end of hemolysin cytolysin and enterotoxic activity lies in N-terminal
and within truncated 27-kDa product termed “HlyA.” Ikigai et al. [70] showed
that El Tor hemolysin (ETH) spontaneously assembles as oligomeric aggregates
on the membranes of rabbit erythrocyte ghosts and liposomes. They proposed that
ETH damages the membranes of both erythrocytes and liposomes by intercalating
water-soluble ETH into target membrane and by forming toxin oligomers with large
water-filled pore. Another protein the hemolysin-coregulated protein (HP) has been
shown to be regulated by HlyA [71].

15.3.5 Non-membrane Damaging Cytotoxin (NMDCY)

Saha et al. [72] reported that some clinical strains of non-O1 V. cholerae produce an
extracellular factor that evokes a rapid and dramatic cytotoxic response, which man-
ifests as cell rounding of CHO and HeLa cells, without accompanying membrane
damage. NMDCY was not inhibited by antitoxins against CT, Shiga-like toxin,
heat-labile toxin of enterotoxigenic E. coli, and El Tor hemolysin. This indicated
that NMDCY does not bear any immunologic relationship with known toxins and
hemolysins. This toxin has been shown to have a molecular weight of 35 kDa, is
heat-labile, and sensitive to trypsin. They also demonstrated that NMDCY could be
one of the factors contributing to the pathogenesis of the disease associated with
V. cholerae non-O1 strains.

15.3.6 Shiga-Like Toxin

In 1984, O’Brien et al. reported that O1 V. cholerae produced a Shiga-like toxin [73].
This toxin was identified on the basis of cytotoxicity in HeLa cells, which was neu-
tralized by antibody raised against Shiga toxin purified from Shigella dysenteriae
type 1 strain [73]. It was hypothesized that this toxin was responsible for diarrhea
in volunteers who ingested genetically engineered �ctx strains. Consistent with this
hypothesis, CVD 103-HgR strain, which does not produce detectable Shiga-like
activity, caused little or no reactogenicity in human volunteers [74]. However, genes
encoding Shiga-like toxin activity have not been identified from any V. cholerae
strains.

15.3.7 Heat-Stable Enterotoxin (ST)

Some strains of non-O1 V. cholerae produce a toxin that shares 50% protein
sequence homology with the heat-stable enterotoxin (ST) of E. coli [75]. Production
of this toxin has been associated with diarrhea in volunteers [76].
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15.3.8 New Cholera Toxin (NCT)

In 1983, Sanyal and colleagues reported that environmental strains of V. cholerae
O1 that lack genes encoding CT could cause fluid accumulation in ligated rab-
bit ileal loops [5]. Fluid accumulation and rabbit skin permeability reactions were
observed when either whole cell or culture filtrates were used. This toxin was termed
“new cholera toxin” (NCT) and proposed as the cause of diarrhea in volunteers
fed with genetically engineered CT− V. cholerae strains [5]. Toxin activity of NCT
was neutralized by the crude homologous antiserum, but not the one raised against
CT. No additional biochemical or genetic characterization of this toxin has been
reported.

15.3.9 Secreted CHO Cell-Elongating Protein (S-CEP)

A novel cytotonic factor named secreted CHO cell-elongating protein (S-CEP) was
purified from culture supernatants of CVD 103-HgR [4, 77]. Five fractionation steps
yielded electrophoretically pure S-CEP with an Mr of 79,000. A partially purified
preparation caused fluid accumulation in the sealed infant mouse model. The amino
terminus bore a unique sequence with strong homology to a cytotonic toxin of El Tor
V. cholerae. No homology was found with the recently described novel V. cholerae
cytotoxin by Walia et al. [61]. S-CEP as a toxin was found to be active as a single
major polypeptide chain of 79 kDa.

15.3.10 Repeat in Toxin (RTX)

A novel toxin in V. cholerae that belongs to the RTX (repeat in toxin) family of
toxins, which are generally produced by several pathogenic gram-negative bacteria
[78], was recently discovered. The RTX toxin gene cluster in V. cholerae encodes
the presumptive cytotoxin (rtxA), an acyltransferase (rtxC), and an associated
ATP-binding cassette transporter system (RtxB and RtxD, two proteins for toxin
transportation). It is physically linked to the core element in the V. cholerae genome,
although its activity is independent of the core element [78]. Phenotypically, these
genes are proven to be associated with cytotoxicity in HEp-2 cells. Studies have
demonstrated that the RTX toxins of V. cholerae caused actin depolymerization and
cross-linking in HEp-2 cells [79]. Similar actin rearrangement or condensation was
observed in HEp-2 cells and was caused by a protein encoded by the eaeA gene of
enteropathogenic and hemorrhagic E. coli, leading to the effacement of microvilli,
with subsequent hemorrhagic colitis and bloody diarrhea [80]. Chow et al. [81]
demonstrated the occurrence of RTX toxins in strains of V. cholerae except those
exhibiting the classical biotype. Deletion of rtxA in ctxAB mutant led to less severe
pathology and decreased levels of proinflammatory molecules IL-6 and macrophage
inflammatory protein (MIP)-2 [82]. These data suggest that RTX contributes to
severity of acute inflammatory response.
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15.4 Role of Additional Toxins in Inflammation
and Immunomodulation in Cholera Disease

A key goal in the development of an effective live oral cholera vaccine is the char-
acterization of the bacterial mechanism(s) that provokes a reactogenic response in
humans. When the first-generation recombinant live oral cholera vaccines were
originally being planned and constructed, it was assumed that simple deletion of
the genes encoding CT (ctx) would be sufficient to render these strains safe and
totally avirulent [83–85]. However, although these initial �ctx strains no longer
caused the severe diarrhea characteristic of cholera, they still produced a variety
of other symptoms in several human volunteers, including mild residual diarrhea,
nausea, vomiting, fever, and abdominal cramps [4, 8, 86]. This led to the discovery
of a number of additional toxins in V. cholerae as described above. Some studies
have been carried out lately to elucidate the role of these additional toxins in the
pathogenesis and inflammation in the cholera disease. These studies indicate that,
although earlier considered as a non-inflammatory diarrhea, cholera does trigger
inflammatory events in the gut. A study carried out by Qadri et al. [12] in adults
and children infected with V. cholerae O1 Ogawa El Tor and O139 strains showed
elevated levels of non-specific immune mediators of innate defense system, i.e.,
prostaglandins E2(PGE2), leukotriene B4(LTB4), lactoferrin (Lf), myeloperoxidase
(MPO), superoxide dismutase (SOD), and nitric oxide (NO) metabolites. These
findings suggest that following V. cholerae infection, inflammatory processes as well
as innate immune system are activated. Inflammation and innate components are
believed to be a prerequisite for the host to mount an appropriate adaptive immune
response to an infection [87]. It is possible that in cholera, different mediators of
the innate system are activated leading to better protection. However, the inflamma-
tion observed is of a low-grade nature that might clear the bacteria or be helpful in
mounting an appropriate adaptive immune response. Consistent with these are the
findings from studies done with V. cholerae WO7 strain. Analysis of biochemical
parameters in enterocytes triggered by this toxin revealed a significant increase in
intracellular calcium concentration and a massive secretion of Cl−. However, no
absorption of Na+ was observed under the same condition. This toxin also elevated
the level of cAMP as well as PKA [62]. WO7 toxin, which was more hemorrhagic
than V. cholerae 569B, also induced a Th1 response, followed by a Th2 kind of
response leading to production of IgA and IgG1 antibodies. Although WO7 did not
carry any of the ctx, zot, or ace genes, the evoked Th2 responses were similar to
those of CT-producing V. cholerae strains.

Excessive cell infiltration and inflammation was seen in the patients infected
with �ctx V cholerae strains. The development of inflammatory diarrhea in the
absence of CT may be due to loss of immunomodulatory signaling by CT [88]. CT
has been shown in vitro to block production of proinflammatory cytokines TNF-α,
IL-1, and IL-12 by LPS-stimulated monocytes and dendritic cells [51, 55]. Thus,
in addition to stimulating fluid secretion through activation of adenylate cyclase
activity [89], CT suppresses induction of inflammation during V. cholerae infec-
tion. The importance of these factors in the reactogenicity of cholera vaccines in
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Fig. 15.1 Interaction of the CT with its receptor ganglioside GM1 modulates the activation of
antigen-presenting cells (APCs), T cells, and B cells within sites local to delivery. Cytokine pro-
duction by APCs is modulated, leading to enhanced production of interleukin 10 (IL-10), with a
concomitant suppression of IL-12 synthesis. In this way, the major cytokine that drives T helper 1
(Th1) differentiation is blocked in favor of the production of a factor able to promote T regulatory
(Treg)-cell differentiation. It is possible that accessory cholera toxins might induce proinflamma-
tory cytokines in the absence of CT immunomodulation, in vaccine strains having ctx deletions.
Some local CD8+ T cells also undergo apoptosis in the presence f CT and are thus unavailable as a
potential source of interferon-γ (IFN-γ) that might otherwise favor Th1 differentiation. B cells are
polyclonally activated, a process that might involve them further in antigen presentation and thus
favor the induction of Th2 immunity

human volunteers has not been conclusively established yet. This increase in the
inflammatory nature of V. cholerae infection could be due to the absence of the
immunomodulatory activity of the B subunit of CT that blocks the secretion of
proinflammatory cytokines by macrophages, dendritic cells, and epithelial cells
in response to bacterial lipopolysaccharide (LPS) [90] due to downregulation of
mitogen-activated protein kinase pathways [91] (Fig.15.1).

Many additional toxins were reported initiate a proinflammatory response.
However, the exact role of each of these in causing inflammation and immunomodu-
lation at the cellular level is not clear. In one of the studies carried out by Stokes et al.
[92], they found that the expression of chemokine genes was not uniformly activated
in the host cells infected with different V. cholerae vaccine strains. Rather, these
components were differentially affected by the different strains. Strain CVD101
induced greater expression of IL-8 and MIP-3, which is more reactogenic than
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CVD103-HgR that subsequently translated into changes in protein levels for IL-
8 and is also well tolerated. This observation is consistent with the findings of a
separate study, which demonstrated that the strain CVD103-HgR induced less tran-
scription and synthesis of IL-8 compared to other attenuated strains of V. cholerae
in another intestinal epithelial cell line [93]. This is further supported by the finding
that the El Tor vaccine strains JBK70 and CVD110, which were highly reactogenic
in human volunteers [74, 94]. In addition, they induced greater expression of these
genes than does strain CVD112, which was less reactogenic in human volunteers
[95]. It is noteworthy that the well-tolerated strain CVD103-HgR did not induce
any anti-inflammatory cytokines (e.g., IL-4 and IL-10). The induction of proinflam-
matory cytokines appears to be an important component of the cellular response
to V. cholerae. Beyond an extensive understanding of the mechanism of CT, its
role in pathogenesis and immunomodulation, the role of the additional toxins and
the knowledge of the responses of host cells to infection with V. cholerae are lim-
ited. Although significant strides have been made in understanding the genetics of
toxin production, similar achievements for elucidating the role of all these additional
toxins in immunity to disease is a missing link in the vaccine design efforts.
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Chapter 16
Vibrio cholerae Hemolysin: An Enigmatic
Pore-Forming Toxin

Kalyan K. Banerjee and Budhaditya Mazumdar

Abstract Vibrio cholerae cytolysin/hemolysin (VCC) is an extracellular
membrane-damaging toxin expressed by the majority of V. cholerae El Tor
and non-O1 strains. The mature toxin has a native monomeric molecular weight
of 65,000 and induces colloid osmotic lysis in a wide spectrum of eukaryotic cells
including rabbit erythrocytes and human enterocytes by forming transmembrane,
β-barrel heptameric pores with an internal diameter of ∼1.5 nm. The purified toxin
is enterotoxigenic in ligated rabbit ileal loop, causes death of adult mice by oral
inoculation, induces vacuolation and death of cells in culture, and is apoptogenic
to murine intestinal B-1a cells. However, the role of VCC in human cholera is
still being debated. The three-dimensional structure of the VCC pro-toxin has
recently been solved and has revealed similarity in pore formation mechanism with
the small pore-forming toxin of Staphylococcus aureus α-hemolysin. However,
VCC has unique functional characteristics not shared by the α-hemolysin or other
pore-forming toxins. We present a summary of the recent studies on VCC that
shed light on how a water-soluble protein transforms into an integral membrane
protein by exploiting its intrinsic thermodynamic properties as well as its affinity
for specific protein and lipid components of the target membrane and point out the
missing links that need to be bridged before we comprehend its in vivo and in vitro
mode of action in molecular details.

16.1 Introduction

Vibrio cholerae hemolysin/cytolysin (VCC) is a membrane-damaging pore-forming
toxin [PFT; 1, 2] excreted in a water-soluble form in the growth medium by the
majority of El Tor O1 and non-O1 strains [3, 4]. The mature form of the fully
active toxin, which has a native monomeric molecular weight of 65,000, kills a wide
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spectrum of eukaryotic cells including rabbit and human erythrocytes, enterocytes,
and lymphocytes by destroying selective permeability of the plasma membrane by
implanting themselves as transmembrane heptameric β-barrel diffusion channels
in the membrane lipid bilayer [5, 6]. Historically, the hemolytic activity of El Tor
isolates toward sheep erythrocytes was used to distinguish the El Tor from the non-
hemolytic classical biotype of V. cholerae that produced a more severe disease and
was prevalent till the sixth pandemic in the early twentieth century [7]. Since 1960,
however, an increasing number of El Tor isolates were reported to have poor or
no hemolytic activity [8] and some classical strains produced hemolysis, mediated
apparently by a biochemically distinct, but as yet uncharacterized cytolysin [9, 10],
questioning the reliability of hemolysis as the sole phenotypic marker to identify
the biotype. During the last 50 years, VCC has evolved from a possible diagnostic
tool for biotype classification to a prominent member of a large, heterogonous fam-
ily of extremely potent membrane-damaging toxins with very intriguing molecular
and functional properties. In the present review, we focus on the structure–function
relationship of VCC and, in the process, try to identify the missing links in our
knowledge that have made this toxin one of the most well-characterized proteins
with the least understood role in pathogenesis of the human cholera.

16.2 Expression, Isolation, and Purification

VCC is synthesized as an 82 kDa preprocytolysin [11] encoded by the hlyA gene
located in the smaller of the two chromosomes, chromosome 2 (1,072,314 bp) of
the bacteria [12]. Interestingly, the small chromosome has been suggested to have
a megaplasmid ancestry and does not include any of the genes encoding essential
bacterial functions or the major virulence factors like cholera toxins or adhesins. It
is reasonable to assume, therefore, that the hlyA gene is a relatively recent acqui-
sition by the bacteria; nevertheless, the gene is conserved in El Tor and non-O1
strains of clinical as well as environmental origins [13], suggesting that VCC might
play an as yet unclear role in bacterial physiology, survival in animal hosts or in the
environment. Following cleavage of the 25-amino acid signal peptide involved in
targeting the translated cytolysin to the bacterial inner membrane [11], the protein
is exported to the culture medium as the hemolytically inactive 79 kDa procytolysin
[14]. The pro-toxin is converted to the 65 kDa fully active, mature toxin by removal
of the 14 kDa N-terminal Pro-region by bacterial proteases in the culture medium,
e.g., the Zn-dependent hemagglutinin/protease (Hap). A number of exogenous pro-
teases, e.g., trypsin, chymotrypsin, subtilisin, and thermolysin can also process the
maturation of the pro-toxin at cleavage sites in the octapeptide region (Leu-146 to
Ser-153;14). A 50 kDa variant of the cytolysin, VCC50, is generated spontaneously
by prolonged exposure of the toxin to bacterial proteases, e.g., under conditions of
overnight culture by cleavage at the carboxy-terminus end [15]. The toxin has been
purified to homogeneity in several laboratories, e.g., by (NH4)2SO4 fractionation of
the overnight culture supernatant and binding to Sephadex G-200 [16] and ethanol
precipitation of the culture supernatant followed by isoelectric focusing in sucrose



16 Hemolysin of V. cholerae 279

density gradient and hydroxyapatite chromatography [17]. We purify the toxin
from the early stationary phase culture supernatant in brain–heart infusion broth
by adsorption to phenyl-Sepharose CL-4B followed by anion-exchange chromatog-
raphy on polybuffer exchanger (PBE)-94 (Pharmacia) and hydrophobic interaction
chromatography on phenyl-Sepharose CL-4B using 0–80% ethylene glycol gradi-
ent elution [18, 19]. The purified toxin induces hemolysis of rabbit erythrocytes at a
concentration of 100 pM.

16.3 Structure and Biophysical Characteristics

Before we discuss the three-dimensional structure and solution properties of VCC,
it is worthwhile to take a glance at the features that distinguish PFTs from all
other classes of proteins [1–2, 20, 21]. PFTs may exist in one of the two stable
forms: a water-soluble native monomer, a form in which they are released from
the bacteria and are cytolytically active, and a rigid, SDS-stable transmembrane β-
barrel multimer serving as a diffusion channel. Apparently, the dimorphic existence
of PFTs violates the dogma that the amino acid sequence of a protein uniquely
defines its native conformation. Transition of the globular to the integral membrane
protein conformation is irreversible and brought about in a specific sequence of bio-
chemical events involving four conformationally and organizationally distinct states
of the toxin, viz. monomer in water, membrane-bound monomer, self-assembly
on the target cell surface to the pre-pore multimer, and finally the β-barrel inte-
gral membrane protein with the architecture and function of a diffusion channel
(Fig. 16.1). In contrast to α-helical integral membrane proteins like glycophorin A
or G protein-coupled receptors, PFTs resemble porins of the outer membrane of
Gram-negative bacteria and mitochondria [22] in having no uninterrupted stretch
of hydrophobic amino acids to span the hydrocarbon core of the membrane bilayer.

Fig. 16.1 Hypothetical model of pore formation by β-barrel membrane proteins. 1. Water-soluble
monomer. 2. Membrane-bound monomer. 3. Pre-pore multimeric assembly on the membrane
surface. 4. Membrane-inserted pore
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Instead, each PFT monomer contributes a single β-polypeptide strand to the terminal
β-barrel. PFTs, that include VCC [5, 6], aerolysin from Aeromonas hydrophila [20]
and Staphylococcus aureus α-toxin [23], form small channels of internal diameter
1–2 nm comprising a relatively small number, usually seven, monomers. In contrast,
the cholesterol-dependent cytolysins, a prominent group of PFTs that depend criti-
cally on membrane cholesterol for initiation of the chain of events leading to bilayer
perforation [24], form channels of diameter ∼25 nm by self-assembly of ∼30–40
monomers. Previously, there was some confusion in the literature about whether
self-assembly of PFTs is a pre- or post-insertion event [21, 25]. It is now accepted,
on considerations of the energetic advantage of inserting a preformed oligomer with
the amphipathic β-hairpin protruding outward in comparison to the monomer and
also some experimental evidence, that the pre-pore first assembles to a pre-pore mul-
timer on the target cell surface and then inserts into the bilayer [1, 21, 26]. Insertion
is generally thought to be spontaneous unless interrupted, e.g., by mutation [27].

The structure of the 79 kDa VCC pro-toxin has recently been resolved by X-ray
crystallography at 2.3 Å and that of the VCC heptamer at 3.5 Å resolution (Fig. 16.2;
[6]). The toxin has a central cytolysin domain homologous to that of staphylococcal
α-toxin [23] and is thought to be involved in oligomerization as well as in con-
stituting the stem spanning the target lipid bilayer. The stem region is relatively
enriched in charged and polar amino acids, suggesting that locating this domain
into the nonpolar bilayer core would be thermodynamically less compatible than

Fig. 16.2 Crystallographic
structure of the VCC
pro-toxin at 2.3 Å resolution
[6]
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staphylococcal α-toxin. Interestingly, the central cytolysin domain is followed by
two lectin domains, designated, respectively, the β-trefoil domain that bears homol-
ogy to the galactose-binding domain of the plant toxin ricin and the β-prism domain
resembling the sugar-binding domain of the plant lectin jacalin. We may note that
that the 50 kDa truncated VCC variant, VCC50, lacks the C-terminus β-prism lectin
domain.

Our knowledge of solution properties of PFTs in general is relatively meager.
The 65 kDa VCC possesses features that seem to be somewhat unusual for a water-
soluble globular protein. We reported that the apparently water-soluble, native VCC
monomer resembles membrane proteins, perhaps in a limited sense, by partition-
ing quantitatively to the detergent phase in preference to the aqueous phase [19].
Furthermore, the intrinsic amphipathicity of the cytolysin drives the toxin from
water to synthetic lipid vesicles or liposomes and biomembranes in a receptor-
independent manner. Monitoring of the VCC–liposome interaction by tryptophan
fluorescence emission spectrophotometry revealed movement of the aromatic amino
acids from the core of the protein to the lipid–water interface of the target membrane
(Fig. 16.3). It is possible that the partial unfolding of the toxin on the cell surface
facilitates its subsequent reconstitution into the β-barrel pore (Fig. 16.4). Surfactant-
like activity may account for nonspecific interaction with chromatographic matrices
and also for nonstoichiometric aggregation of VCC in water.

It is a common consensus that self-assembly of a PFT monomer to the β-barrel
multimer is triggered by interaction of the toxin with the target membrane. We
found that VCC oligomerizes slowly in water to the SDS-stable heptamer in the
absence of membrane components [19]. The propensity of the VCC monomer to
oligomerize spontaneously explains why we isolated the toxin from the bacterial
culture supernatant by ammonium sulfate precipitation as hemolytically inactive

Fig. 16.3 Partial unfolding of the VCC monomer induced by partitioning to the lipid–water
interface of the phosphatidylcholine–cholesterol (—) and phosphatidyletanolamine–cholesterol
(---) vesicles. The tryptophan fluorescence emission spectrum of the VCC monomer is included
for comparison (-.-.-). The VCC monomer was incubated with the lipid vesicles at a protein
concentration of 50 μg/ml and at a lipid:protein ratio of 10:1 (19)
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Fig. 16.4 VCC and VCC50

assemble to β-barrel channels
in liposomes. Transmission
electron micrographs of VCC
(A) and VCC50 (B) incubated
with PC-CL vesicles at a
lipid:protein weight ratio of
100:1. The specimens were
negatively stained with 2%
uranyl acetate

multimeric lectin with strong hemagglutinating activity toward rabbit erythrocytes
and not as the hemolytically active monomer [28, 29]. In a more recent study,
we showed by combining urea gradient gel electrophoresis and fluorescence spec-
trofluorometry that a moderate perturbation of the native conformation of the VCC
monomer by 2 M urea triggered quantitative conversion to the heptamer (Fig. 16.5;
[30]). At higher concentrations of urea, we observed competition between unfold-
ing of the monomer to a random coil configuration and reconstitution into the
hemolytically inactive hemagglutinating oligomer. We interpreted these observa-
tions by postulating that the VCC monomer represents a quasi-stable conformation

Fig. 16.5 Transverse urea gradient gel electrophoresis of VCC. The purified cytolysin was sub-
jected to electrophoresis at pH 8.8 in 7.5% polyacrylamide gel containing transverse 0–8 M
gradient of urea and visualized by staining in Coomassie Brilliant Blue (30)
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corresponding to a local energy minimum and the heptameric channel a stable con-
formation corresponding to an absolute energy minimum. Because VCC relaxes to
a more stable heptamer on removal of the conformational constraints by restricted
unfolding, we may compare the monomer to a stretched string subject to physical
constraints. Interestingly, pro-VCC renatures under similar conditions [30], presum-
ably because the pro-VCC monomer with its oligomerization domain locked by the
14 kDa Pro-peptide [6] has no option to relax to the oligomer. Earlier, Nagamune
et al. [31] postulated, on the basis of the homology of the Pro-region with the heat-
shock protein, Hsp90, an intramolecular chaperone-like role for the Pro-peptide
in renaturation of the denatured VCC monomer to the native toxin. Collectively,
these observations suggest that in spite of apparent dimorphism, VCC is intrinsically
committed to a single terminal structure that may correspond to the heptameric pore.

16.4 Receptor Specificity, Membrane Binding,
and Bilayer Insertion

Any protein designed to act on specific target cells interacts with cell surface
molecules. The VCC monomer binds to a host of plasma membrane constituents
of eukaryotic cells though their relevance to the pore-forming activity of the toxin is
not always clear. We were the first to report that VCC interacted with soluble as well
as erythrocyte surface glycoconjugates with multiple β1-galactosyl moieties with an
association constant of 9.4 × 10−7 M−1 [18]. The presence of two contiguous lectin-
like domains homologous to the sugar-binding domains of the plant lectins ricin
and jacalin in VCC were later corroborated by the crystallographic study of Olson
and Gouaux [6]. β1-Galactosyl-terminated glycoconjugates inhibited strongly the
hemolytic activity of the cytolysin toward rabbit erythrocytes. Intriguingly, they also
inhibited interaction of the toxin with liposomes devoid of incorporated glycoconju-
gates implying that soluble carbohydrate ligands did not compete with cell surface
glycoconjugates. Furthermore, enzymatic destruction of erythrocyte surface galac-
tose residues caused a marked increase in susceptibility of cells to VCC, questioning
the functional significance of target cell surface carbohydrates in binding and subse-
quent events [18]. Zhang et al. [32] reported that the human erythrocyte glycophorin
B might act as a receptor for VCC, apparently through a protein–protein or protein–
carbohydrate type of interaction. Since VCC acts on cells lacking glycophorin, the
role of this interaction in pore formation remains ambiguous.

Arguably, there is more definitive evidence, though confusing at some points, for
a role of membrane cholesterol in toxin-targeting, self-assembly to the heptamer and
in bilayer insertion [19, 33–37]. Cholesterol enhances the kinetics of self-assembly
of the VCC monomer on the target cell surface by several orders of magnitude
[33, 34] and may serve the cytolysin to distinguish eukaryotic target cells from
the prokaryotes. Pore formation in liposomes is strongly promoted by the presence
of sphingolipids, especially monohexosylceramide and free ceramide along with
cholesterol [34]. By quantifying binding of VCC to six cholesterol analogs, Ikigai
et al. [37] concluded that the interaction is stereospecific, with the β-OH group and
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the C–C double bond between C-5 and C-6 of the sterol making a critical contribu-
tion. In contrast, sphingolipids do not exhibit stereospecificity in their augmenting
effects on pore formation by VCC [35]. To interpret the role of sphingolipids, Zitzer
et al. [35] proposed that VCC does not interact directly with sphingolipids; rather
ceramides promote interaction of the cytolysin with cholesterol by lowering the free
energy of the sterol and thereby changing its configuration in the membrane bilayer
by shielding its bulky hydrophobic group from exposure to water. As noted above,
global amphipathicity of VCC drives sequestration of the toxin from the aqueous
phase to the lipid bilayer surface [19]. So, it is unlikely that cholesterol is important
in targeting the cytolysin to the cell surface. It is more likely that cholesterol serves
as a concentration platform to promote oligomerization of the toxin monomer. We
may recall that cholesterol–sphingolipid-rich lipid microdomains or rafts play a crit-
ical role in pore formation by cholesterol-dependent cytolysins, e.g., perfringolysin
O [38]. Interestingly, the VCC heptamer does not bind cholesterol [33, 36] implying
that cholesterol or lipid rafts are not involved in penetration of the lipid bilayer core
by the cytolysin.

The mechanism of insertion of VCC or any PFT into the target membrane
bilayer should be viewed in the context of innate complexity of translocation of
proteins from water into the hydrocarbon core. In living cells, newly synthesized
polypeptides emerging from ribosomes are translocated into or across the endo-
plasmic reticulum (ER) membrane by an extremely complex process that involves
synchronization of folding and bilayer insertion and is coordinately regulated by the
protein-based molecular machinery or the translocon complex [39, 40]. In contrast,
perforation of the membrane bilayer by water-soluble PFTs is thought to be a sim-
ple, self-driven process. How PFTs simplify a very complex biological process is
indeed baffling. However, some observations question the spontaneity of passage
of the VCC heptamer from the cell surface or the lipid–water interface [41] to the
bilayer core. Liposomes with a lipid composition most favorable for toxin binding
and oligomerization are more than 1000-fold less susceptible to permeabilization
by VCC than erythrocytes [34]. Similarly, we have found that pore formation by
VCC could be essentially abrogated at the stage of self-assembly on the erythrocyte
surface by nicking the C-terminus β-prism lectin domain. These observations hint at
the possibility of some as yet unknown interaction between VCC and some biomem-
brane component that plays a critical role in enabling the β-barrel heptamer to span
the bilayer. Valeva et al. [42] demonstrated by using environment-sensitive fluo-
rophores that the staphylococcal α-toxin heptameric pore penetrates the lipid bilayer
of the sensitive human lymphocyte plasma membrane but not of the resistant human
fibroblasts. Vijayvargia et al. [43] presented evidence of significant enhancement of
pore-forming activity of the α-toxin by its interaction with the protein Caveolin-1
of caveolae of mammalian cells. Because the α-toxin binds to and oligomerizes in
contact with liposomes containing phosphatidylcholine, such interactions seem to
positively regulate bilayer insertion of the toxin, either by catalyzing transition of
the pre-pore to the pore state, e.g., by exposing the amphipathic β-hairpin to anchor
to the hydrocarbon core, or by providing the energy for transporting a not too amphi-
pathic β-barrel multimer into the hydrocarbon core. Collectively, these data suggest
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that the concept of spontaneous insertion of the PFT into the membrane bilayer is
a gross oversimplification. Furthermore, they illustrate how elusive it is to identify
the functional receptor of VCC or any PFT, because a membrane component can
modulate the susceptibility of the bilayer by affecting any of the stages of mem-
brane permeabilization, e.g., membrane binding, oligomerization, pre-pore-to-pore
conversion, or bilayer insertion.

16.5 Interaction of VCC with Nonerythroid Cells:
Relevance to Disease

An agent that destroys the selective permeability of the plasma membrane separat-
ing the cytosol and the environment would eventually kill the cell by colloid osmotic
lysis. Even at sublytic concentrations of the toxin when there is not much swelling
to cause rupturing of the membrane, alteration in ion permeability would have a
profound effect on cell physiology. Ichinose et al. [44] provided the first indication
that VCC might have a role in pathogenesis of cholera by demonstrating that the
purified toxin induces secretion of hemorrhagic fluid in rabbit-ligated ileal loop and
diarrhea in suckling mice. Although the mechanism of intestinal secretion in rab-
bit and mice is not clear, VCC induces death of human intestinal cells by forming
small transmembrane pores that allow rapid efflux of K+ but not influx of Ca2+ ions
leading eventually to irreversible depletion of ATP [45]. Notably, VCC exerts its
cytocidal effect at a concentration as low as 10 ng, suggesting that the cytolysin
is potentially as important a virulence factor as cholera toxin. Recently, Olivier
et al. [46] demonstrated a predominating role for VCC in causing death of 4- to 6-
week-old mice with secondary contribution by the multifunctional autoprocessing
RTX toxin. Collectively, these studies based on animal models and tissue culture
cells suggest strongly that VCC might substitute for the role of cholera enterotoxin
in diarrheagenic �ctx strains. However, two �hlyA and �ctx V. cholerae strains
CVD104 and CVD105 constructed by recombinant DNA technology caused diar-
rhea in 33% of the subjects in a human volunteer study [47] implying that VCC
is unlikely to be the sole or even a prominent cause of diarrhea in cholera toxin-
negative strains. It seems that for some strange reason, VCC is not enterotoxic in
human cholera in spite of being an extremely potent toxin toward human cells. It
is tempting to speculate if the lability of the cytolytically active VCC monomer
reflected in its transformation to the inactive oligomer [30] limits its survival in the
human gut and thereby its relevance to pathogenesis of cholera.

The purified VCC induces extensive vacuolation of HeLa and Vero cells leading
eventually to cell death [48, 49]. Moschioni et al. [50] demonstrated that vacuo-
lation caused by VCC is mechanistically different from that induced by the VacA
cytotoxin of Helicobacter pylori [51] and depends critically on the formation of
anion-selective channel in the plasma membrane rather than on the inhibition of
the specific vacuolar ATPase activity. The vacuoles are derived from intracellu-
lar organelles like late endosomes and the trans-Golgi network. VCC, in common
with several other PFTs like listeriolysin O [52] and staphylococcal α-toxin [53],
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induces apoptosis of mouse peritoneal B-1a cells [54]. Notably, the VCC monomer
causes upregulation of the Toll-like receptor-2 (TLR-2) identified as a death receptor
for transduction of apoptotic signals. Incubation of the B-1a cells with anti-mouse
TLR-2 antibody inhibits expression of the receptor without blocking apoptosis,
indicating that the cytolysin activates caspases via intrinsic death pathway inde-
pendent of death receptor signaling. Interestingly, the hemolytically inactive VCC
heptamer is not apoptogenic but evokes secretion of IgA by the B-1a cells. It seems
unlikely that apoptotic activity of VCC plays a direct role in pathogenesis of diar-
rhea. However, it may help the bacteria to evoke the immune surveillance of the
host by killing the B-1a cells involved in IgA production. We may mention that the
VCC monomer and the heptamer are distinguished by macrophage, monitored by
the expression of co-stimulatory molecules, CD80 and CD86, presumably due to
their difference in protease susceptibility [55].

16.6 Conclusion

We have presented a summary of our knowledge of the structure and function of
VCC. However, the facts are yet to be woven into a self-consistent picture that
allows one to interpret its biological activity and role in virulence in terms of its
structure and biophysical properties. We do not know why evolution has segregated
the hlyA gene in chromosome 2 that does not encode any of the major virulence
factors of V. cholerae, nor do we know why the toxin folds into an amphipathic
molecule when it is supposed to be active in water and into a more hydrophilic
heptamer (unpublished observation, Mazumdar and Banerjee) when it is supposed
to be functional as an integral membrane protein. We have identified the diverse
membrane components that bind to VCC; however, we have not been able to iden-
tify without ambiguity the receptor involved in membrane permeabilization and cell
death. We do not know why VCC has a limited, if any, role in virulence of the
organism in spite of being an extremely potent toxin. In fact, we are not even sure
if evolution has designed VCC to be a virulence factor in the host as the monomer
or serve some unknown role either in bacterial physiology or in its survival in the
environment as the more stable heptameric hemagglutinating lectin. Recent studies
have added new insights to the mode of action of VCC; however, they have made
this protein more enigmatic than what it was a decade earlier.
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Chapter 17
Integron-Mediated Antimicrobial
Resistance in Vibrio cholerae

Amit Ghosh and T. Ramamurthy

Abstract The disease cholera is the result of infection with the toxigenic strains of
Vibrio cholerae. Even though the oral rehydration therapy is the main stay for the
treatment of cholera patients, administration of antimicrobials is a common existing
practice as it shortens the volume and duration of diarrhea, duration of hospitaliza-
tion, and excretion of the causative pathogen. Due to excessive use of antibiotics,
many groups of infectious bacteria have become resistant rendering these drugs inef-
fective. There are several mechanisms by which the bacteria become resistance to
the antimicrobials and possession or acquirement of integrons is one of the prime
recognized genetic factors for the resistance. Integrons are naturally occurring gene
capture and expression systems by which bacteria can acquire genes for the resis-
tance. Class 1 integrons are very common in V. cholerae and other vibrios. Several
resistance gene cassettes have been indentified in vibrios and the distribution of
these genes seems to be specific for certain regions where the antimicrobial drugs are
extensively used. This chapter describes about the types of integrons in V. cholerae,
mechanisms by which the organism uptakes the resistance genes, and their general
distribution in different geographical locations.

17.1 Introduction

Vibrio cholerae is a major pathogen among diarrhea-causing organisms. Apart from
oral rehydration therapy, oral administration of antimicrobial drugs for treatment
is a common practice in the developing countries. Antimicrobial therapy shortens
the volume and duration of diarrhea, thereby reducing the fluid requirements, dura-
tion of hospitalization, and excretion of the causative pathogen. In addition, several
antibiotics are being used as a prophylactic measure during cholera outbreaks and
by the travelers visiting cholera-endemic regions.
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Combination therapy of two or more antimicrobials has helped to extend the
effective treatment, but occurrences of cross-resistance and co-resistance have
increased considerably. It is generally accepted that the main cause of antimicro-
bial resistance is the inappropriate use of these compounds in clinical medicine,
aquaculture, poultry, animal husbandry, and veterinary practice [1]. Emergence of
antimicrobial resistance in previously susceptible bacterial population is a very seri-
ous threat and now it is a worldwide problem. The determination of antimicrobial
susceptibility is often crucial for the optimal therapy for cholera. In some cases, the
presence of resistance gene is highly predictive for clinical outcome of antimicro-
bial therapy. However, an antimicrobial resistance gene, which is not expressed in
vitro, may express in vivo.

For a long time, V. cholerae unlike many other pathogenic bacteria did not
become drug resistant. As pointed out by Sack et al. [2], widespread resistance
was not known prior to 1977, though there were occasional reports [3, 4]. In a
worldwide survey conducted in 1976, 97% of all strains examined were found to
be sensitive to all commonly used antibiotics [5]. However, the scenario changed
rapidly mainly due to the indiscriminate use of the antibiotics and in a survey con-
ducted in Bangladesh in 1980, around 18% of all isolates tested turned out to be drug
resistant [6]. This trend is continuing unabated and more and more strains are being
found to be resistant to a variety of drugs. As in other microorganisms, resistance
of V. cholerae to antimicrobials could be due to a variety of reasons: lack of target
sites, provision of bypass pathways, changes in the target sites, efflux, etc. [7]. Lack
of target sites for a drug or the presence of chromosomal species-specific genes that
mediate resistance to the drug in a bacterial species makes it intrinsically resistant
to that drug. This resistance is species and genus specific and defines the range of
activity of an antibiotic. While the lack of target sites or the presence of species-
specific genes makes a microbe intrinsically resistant to specific antibiotics, other
mechanisms like the ones listed earlier can be acquired by the bug through muta-
tions in housekeeping genes or through the acquisition of mobile foreign genes from
elsewhere. Transposons, after their discovery, were thought to be the main vehicle
for gene transfer between DNA molecules. Subsequently it was discovered that a
resistance determinant carried by a transposon was often located within a genetic
element which could capture individual resistance genes. This element was given
the name integron [8] and is now known to be a key member in the dissemination of
drug resistance genes because their association with mobile genetic elements facil-
itates their movement across phytogenetic boundaries [9]. In this chapter we will
provide a brief description of integrons and review the existing information on their
role in the dissemination of antimicrobial resistance in V. cholerae. For a broader
perspective, the reader is referred to an excellent review by Rowe-Magnus et al. [10].

17.2 General Characteristics and Classes of Integrons

Integrons are naturally occurring gene capture and expression systems by which
bacteria can acquire “resistance” genes [11]. It has a specific integration and
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excision system for the capture, integration, and expression of gene cassettes that
encode antimicrobial resistance. Integrons consist of a gene (intI) encoding a site-
specific recombinase (integrase) belonging to the tyrosine-recombinase family [12],
a recombination site, attI, where the captured gene or gene cassettes are located,
and a promoter Pc located within intI, which drives the transcription of the cap-
tured gene. Capture of gene cassettes, which are discrete units of circularized DNA
harboring (usually) resistance genes [13], is mediated by the intI-coded integrase
through site-specific RecA independent recombination between the attl site of the
integrons and the attC (originally called 59 be) of the gene cassettes. The attC sites
are a diverse family of sequences that act as the recognition sites for the site-specific
integrase. The length of attC varies from 57 to 141 bp and their sequence similar-
ities are restricted to their boundary regions defined by inverse (RYYYAAC) and
forward (G↓TTRRRY) core sequences [14, 15] (R, purine; Y, pyrimidine; ↓, point
of recombination). Once a gene cassette is captured, the promoter Pc promotes its
transcription, leading eventually to the synthesis of the encoded protein. Integrons
are quite unique among integration/excision systems, because (i) they permit tan-
dem insertion of multiple gene cassettes into a single attl site thereby facilitating
multidrug resistance and (ii) the intI gene is located adjacent to the attl receptor site,
and not in a gene cassette.

All integrons discovered so far can be broadly classified into two categories: the
“mobile integrons,” which are associated with mobile DNA elements and which
play a major role in the dissemination of resistance genes, and the “superintegrons,”
which are sedentary and have been found on the chromosomes of g-proto bacte-
ria. Parenthetically, it may be mentioned here that some reservations have been
expressed on this terminology (please see [16, 17]).

17.3 Mobile Integrons (MIs)

Integrons are classified based on the sequence of the intI protein, which displays
40–60% identity. Based on this criterion, till date, five classes of integrons have
been defined, classes 1, 2, 3, SXT-ICE, and an unnamed class found on a Vibrio
salmonicida plasmid (GenBank accession no. A1277063) [18]. All these are linked
with mobile DNA elements, which are known to be the vehicles for intra- and inter-
species gene transfer [18]. Each class of integrons carries a specific intI gene and an
attI site. Class 1 integrons represent the most widely found class among the clinical
isolates of pathogenic bacteria. These integrons are characterized by the presence of
two conserved segments (5′- and 3′-CS). The 5′-CS contains intI, attI, and the pro-
moter Pc. The 3′-CS harbors the genes sul1, conferring resistance to sulfonamides,
qac E�I, conferring resistance to quaternary ammonium compounds, and an ORF5,
whose function is unknown [13] (Fig. 17.1). Class 1 integrons are associated with
transposons derived from Tn 402, which in turn can be a part of a larger transposon
like Tn 21 [18, 19].

Class 1 integrons are most widespread among clinical isolates and have been
found in 40–70% of the gram-negative pathogens [20, 21]. They have been detected
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intI1 att1 Inserted resistance qacEΔ sul1

5’-CS 3’-CS

58 bp

Fig. 17.1 Schematic representation of a class 1 integron

in gram-positive species as well [22–24]. Around 100 gene cassettes, which code
for antibiotic resistance, have been detected within the integrons [13, 17]. Class 1
integrons have also been reported to be present widely in different serogroups of
V. cholerae. Though distributed most extensively among the clinical isolates of
gram-negative bacteria, class 1 integrons have also been found in environmental
bacteria isolated from sediment samples [22]. In a recent report, Gillings et al.
[25] have shown that class 1 integrons can be found on the chromosomes of non-
pathogenic soil and freshwater Betaproteobacteria and based on the analysis of
available data they have speculated that environmental Betaproteobacteria could
be the original source of class 1 integrons.

Class 2 integrons are found on transposon Tn7 and related elements [26, 27]. The
integron on Tn7 usually carries three integrated gene cassettes dhfr1–sat–aadA1
adjacent to a defective integrase gene, though other genes have also been found [28,
29]. Class 2 integrons lack 3′-CS but have genes which promote Tn7 transposition
[13]. In contrast to class 1 integrons, only six different resistance cassettes have been
found to be associated with class 2 integrons. These integrons have been detected in
a number of organisms [22, 30–34]; however, except for one report, class 2 integrons
have not been detected in V. cholerae [35].

Class 3 integrons are extremely rare and only four examples are known [36–
38]. Two were detected in pathogenic microbes Serratia marcescens and Klebsiella
pneumoniae, which harbored resistance gene cassettes, while the other two have
recently been discovered in two environmental bacterial strains Delftia acidovorans
and Delftia tsuruhatensis. Class 3 integrons in these strains carry three to four gene
cassettes of unknown functions [38]. Class 3 integrons have essentially the same
structural organization as classes 1 and 2, and are thought to be associated with a
transposon. Class 3 integron integrase protein shows 61% homology with the inte-
grases of class 1 integrons [36, 39]. As of now, class 3 integrons have not been
discovered in V. cholerae,

The fourth class of integron is a part of the SXTET element of V. cholerae [40].
In 1996, Waldor et al. discovered a “new” integrative conjugative element (ICE)
in V. cholerae O139 strain M010, originally isolated in India in 1992, which they
named SXT. This element was found to code for resistance to sulfamethoxazole,
trimethoprim, and streptomycin [41]. Later, a variant form of SXT was discovered
in V. cholerae O1 El Tor strains isolated in Bangladesh and India in 1994, which was
similar but not identical to the SXT originally discovered in V. cholerae MO10 [40].
To distinguish between the two, the “original” SXT was re-named SXTM010 and
the one discovered later in V. cholerae O1 El Tor was called SXTET [40] (SXT was
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first considered a conjugative transposon [41], then a CONSTIN [42], and now an
ICE [43]). Subsequent research showed that “conserved” backbone of SXT contains
three “hotspots” for insertion of additional DNA sequences [44] and that SXTET

contains in one of the hotspots a novel class of integron (class 4) that harbors the
dfrA1 gene cassette. [40].

Besides these four, recently a fifth class of integron has been discovered on the
plasmid pRVSI of a Vibrio salmonicida strain (GenBank accession no. AJ277063)
[9]. To date it remains the only example known of this class of integrons.

17.4 Superintegrons (SIs)

This class of integrons was first discovered in V. cholerae as the result of investiga-
tions on the relationship between MI cassette arrays and a chromosomal repetitive
sequence element (termed VCR for V. cholerae repeat) found on the chromosome 2
of V. cholerae [45–47]. It was found that the MIs and SIs shared an identical struc-
tural organization and the specific integrase VchInt1A carried by the V. cholerae
was related to the integrases of MIs. Subsequently SIs have been detected in many
bacteria and are now known to be an integral component of many g-proteobacterial
genomes (see [10, 17] for an overview). In spite of their overall structural similar-
ities, however, there are two characteristics which differentiate SIs from MIs: (i)
in contrast to the attC sites in the MIs, which are variable in length and sequence,
attC sites in an SI are highly homologous and (ii) SIs harbor a large number of
cassettes (Fig. 17.2). Analysis of the gene sequence of V. cholerae El Tor N16961
revealed the presence of 216 ORFs in an array of 179 gene cassettes, most of which
are of unknown functions and do not have any counterparts in the database. There
are a few, however, which could be involved in virulence and metabolic function
[48, 49]. Though no drug resistance genes could be detected; nevertheless a few
cassettes displaying significant homology to a number of drug resistance genes

intl
aacA7 catB3 aadB oxa2

orfD qacEΔ sul1

5’ Integrase 3’ common segment

att1

RYYYAAC.....................................G  TTRRRY59 base element

Inverse core site Core site

60 – 141 nt
↓

Fig. 17.2 Schematic representation of superintegron. The length of the attC (59-be) varies consid-
erably and their sequence similarities are primarily restricted to their boundaries, which correspond
to the inverse core site (RYYYAAC) and the core site (G↓TTRRRY). R is a purine, Y is a
pyrimidine, and the insert arrow is a recombination point
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could be identified [49], suggesting that under appropriate conditions, these could
acquire the ability to express resistance phenotypes.

Antiquity of SI (this structure has been detected in vibrios from the nineteenth
century, pre-dating antibiotic era [47]) and the structural identity of SIs and MIs
led Rowe-Magnus et al. [50] to hypothesize that SIs could be the ancestors of
MIs. Indeed, it has been demonstrated that an MI can directly recruit a cassette
from an SI and confer a resistance phenotype [9]. By applying appropriate selec-
tion pressure, a novel chloramphenicol acetyltransferase gene cassette CatB9 was
discovered in a V. cholerae SI by Rowe-Magnus et al. [9]. Three other resistance
cassettes CARB-7 and CARB-9, coding for novel carbenicillinase, and qnr, respon-
sible for resistance to quinolones, have been identified in different strains of non-O1,
non-O139 V. cholerae. The first two were discovered in two environmental strains
of non-O1, non-O139 V. cholerae isolated in Argentina [51, 52] and the third one
in two V. cholerae O1 clinical strains, one isolated in Brazil and the other one in
Vietnam [53]. In the light of these findings it appears likely that more such cassettes
will be discovered in different V. cholerae strains in days to come.

17.5 Epidemiology of Vibrio cholerae with Class 1 Integrons

Class 1 integrons have been detected in various strains of vibrios isolated in many
parts of the world. Investigations have mostly been focused on their detection and
the characterization of the gene cassettes present on them.

17.5.1 South-east Asia

The first report on the presence of class 1 integrons in V. cholerae came from
Dalsgaard et al. [54]. An analysis of 134 V. cholerae O1 strains isolated in Vietnam
between 1979 and 1996 revealed the presence of class 1 integrons in 73% of them.
However, class 1 integrons were detected only in those strains which were iso-
lated after 1991, or more correctly after 1994, as no strains from the years 1991,
1992, and 1993 were available. Ninety-eight out of 104 strains isolated from 1994
onwards, 94 of which belonged to a single ribotype RI, were found to carry class 1
integrons. Only one type of cassette, ant (3′′) 1a (same as aadA1 [55]) conferring
resistance to streptomycin and spectinomycin, could be detected. It is interesting to
note that though the majority of these strains had the same ribotype, RI, as the class 1
integron-bearing strains isolated in Samutsakorn, Thailand [56], and Calcutta, India,
in 1992 and though all of them were resistant to streptomycin and spectinomycin,
gene cassettes present in these strains conferring resistance to these drugs were dif-
ferent: ant (3′′)1a in Vietnam and Calcutta and aadA2 in Thailand strains [57].
A follow-up study on strains isolated in 1995, 2000, and 2002 [58] showed that
all strains isolated in 2000 and 2002 lacked class 1 integrons, but strains isolated in
1995 carried class 1 integrons, carrying aadA1 gene cassette. This observation was
in conformity with that observed by Dalsgaard et al. [54]. It appears that sometime
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after 1995, class 1 integron-bearing strains were replaced by those lacking it, as the
primary agent for causing cholera in Vietnam.

In a similar study a total of 176 clinical and environmental isolates from Thailand
belonging to different serogroups, besides O1 and O139, were examined [57]. Out
of these, 69 strains were from the Children Hospital, Bangkok, collected over a
2-year period from 1993 to 1995. These strains were all devoid of cholera toxin
genes and belonged to 37 different serotypes. Nine of these strains contained
class 1 integrons with the gene cassettes aadA2 (conferring resistance to strepto-
mycin and spectinomycin), dfrA15 (resistant determinant for trimethoprim), and
blaP1 (conferring resistance to ampicillin); five of these had blaP1 and dfrA15,
one had aadA2, and three had aadA2 and blaP1. Class 1 integrons could be
detected in a larger proportion (11/19) strains of non-O1, non-O139 V. cholerae,
which were recovered from the stool samples of patients with diarrhea and from
an epidemic of a cholera-like illness among Khmer refugees in 1990. Ten carried
the gene cassettes aadA2 and dfrA1.orfC located on two separate integrons. The
remaining one had only the gene cassette dfrA1.orfC borne on an integron. In con-
trast to these findings with the clinical isolates of non-O1, non-O139 V. cholerae,
it was found that none of the 34 environmental strains of non-O1, non-O139
V. cholerae, isolated from water, sediment, and shrimp in a shrimp production
area, harbored class 1 integrons. A class 1 integron could, however, be detected in
1 non-O1, non-O139 strain out of the 12 strains isolated from seafood samples. This
integron-bearing strain had two class 1 integrons both of which carried the same two
gene cassettes aadA2 and blaP1, which were also detected in some of the non-O1,
non-O139 strains obtained from the Children Hospital, Bangkok.

When 31 V. cholerae O1 clinical isolates recovered from patients in Samutsakorn
between 1982 and 1996 were screened, 20 strains isolated during, after, and within a
10-month period before 1993–1994 O139 outbreak in Thailand showed the presence
of class 1 integron with aadA2 gene cassette in them. All these strains belonged to
the same ribotype as the integron-bearing V. cholerae O1 strains isolated in Calcutta
in 1992 and in Vietnam after 1990, suggesting that they could have originated from
the same clone but acquired different integron-borne gene cassettes, as they came
to be established as the main cholera-causing strain in these countries. No class 1
integron could be detected in the O139 strains isolated during the 1993–1994 O139
outbreak period. One interesting outcome of the Thailand study was the discovery of
plasmid-borne class 1 integrons in V. cholerae. Three strains isolated in Samutsakorn
in 1982 were found to harbor class 1 integrons with aadB gene cassette (encoding
resistance to gentamicin, kanamycin, and tobramycin) on a 150-kb conjugative plas-
mid. No chromosomally located integron was found in these strains. The fact that
this plasmid was not found later in strains isolated in Samutsakorn or elsewhere [56]
suggested that it was subsequently lost.

Studies carried out with 50 V. cholerae O1 strains in Laos (a country neighboring
Vietnam and Thailand) isolated between 1993 and 2000, a period which partially
overlapped the periods covering the studies carried out both in Vietnam and in
Thailand, showed that 48% of the strains, all of which were isolated before 1997,
carried class 1 integrons harboring aadA1 gene cassette on their chromosomes [59].
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Thus, gene compositions of O1 Laotian strains were essentially similar to those of
the Vietnamese strains. None of the strains isolated after 1997 were found to contain
class 1 integrons.

17.5.2 South Asia: India

In 1996 there was an unusual upsurge in the number of cholera cases (more
correctly, cholera-like illness indistinguishable from clinical cholera [60]) due to
V. cholerae strains belonging to serotypes other than O1 and O139. All these strains
were found to be resistant to multiple antibiotics and in some cases to as many
as 11 antibiotics. To examine the possible contribution of class 1 integron-borne
gene cassettes in multidrug resistance, 94 non-O1, non-O139 strains (out of which
17 were environmental isolates) isolated in Calcutta, India, during 1997–1998 were
screened for the presence of class 1 integrons [61]. Twenty-two out of the 94 strains,
all of which were of clinical origin, were found to harbor class 1 integrons. Seven
different types of gene cassettes, dfrA1, dfrA5, dfrA12, dfrA15 coding for trimetho-
prim resistance, aac(6′)-1b for amikacin and tobramycin resistance, aadA1, aadA2
for resistance to streptomycin and spectinomycin, and ereA2 for resistance to ery-
thromycin, could be identified. Gene cassettes dfrA5, dfrA12, aac(6′)-Ib, and ereA2
were found in V. cholerae for the first time; presence of ereA2 at that time was
known only in one other bacteria, Providencia stuartii. Cassettes dfr15 and dfrA12
were subsequently detected among Vibrio strains in Africa, but ereA2 and dfrA5,
occurring in tandem within a single class 1 integron in a lone isolate in Calcutta,
were not detected anywhere else so far. In 14 strains out of the 22 integron-bearing
ones, class 1 integrons were found to be chromosomally located, whereas in another
5, these were detectable only on the plasmids ranging in size from 50 to 370 kb.
Most interestingly, in the remaining three integron-bearing strains, class 1 integron
was found both on the chromosome and on the plasmids. Though plasmid-borne
integrons harboring a single or double gene cassette had been detected earlier in
V. cholerae O1 strains isolated in Thailand and Guinea-Bissau [57, 62], their pres-
ence on plasmids of different molecular sizes and that too with five different types
of cassettes, dfrA1, dfrA12, dfrA15 aadA2, and aac(6′)-Ib, in 8% of the total num-
ber of strains examined seems to suggest that large plasmids carrying integrons may
not be very rare among the non-O1, non-O139 strains of V. cholerae in circulation
in India.

When a similar search for class 1 integrons was extended to V. cholerae O1
strains isolated in Calcutta, India, during three different periods, March–December
1992, July–November 1993, and March 1994–June 1995, i.e., before, during, and
after the first cholera outbreak caused by V. cholerae O139, majority of the strains
isolated before the advent of O139 exhibited the presence of class 1 integrons [63].
In contrast, very few of the strains isolated later harbored integrons. All integron-
bearing strains, irrespective of their period of isolation, harbored only the aadA1
gene cassette, determinant for streptomycin and spectinomycin resistance, even
though the strains displayed resistance to multiple antibiotics besides streptomycin.
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Moreover, none of the strains harbored any plasmid. This finding was quite in con-
trast to the results obtained with V. cholerae non-O1, non-O139 strains described
above. It was observed that strains isolated in Calcutta during March–December
1992 had the same ribotype as those which appeared in Samutsakorn, Thailand,
in 1993, after the V. cholerae O139 outbreak there. Unlike Samutsakorn strains,
however, which harbored the aadA2 gene cassette, Calcutta strains carried aadA1.
It was shown earlier [64] that post-O139, O1 strains isolated in Calcutta could
have migrated to Guinea -Bissau in Africa and it was speculated that this strain
could subsequently have acquired from an unknown source a 150-kb plasmid car-
rying a class 1 integron, bearing the [ant (3′)1a] gene cassette, [62]. In the light
of this, it is tempting to speculate that both the Calcutta strain alluded to above
and the Samutsakorn strain could have originated from the same clone. Work car-
ried out by Amita et al. [65] showed that only about 10% of the post V. cholerae
O139, O1 strains screened harbored class 1 integrons, a situation clearly differ-
ent from what was found for the post O139, non-O1, non-O139 vibrios, where
30% of the strains carried class 1 integrons [61]. When this study was extended
to V. cholerae O1 strains isolated between 1999 and 2004, both in Calcutta and
in Chandigarh, a city 300 km north of Delhi, the same trend was observed; None
of the 40 strains obtained in Calcutta and the 106 strains isolated in Chandigarh
was found to carry class 1 integrons. In contrast, 9 out of 84 V. cholerae non-O1,
non-O139 strains, obtained from the same locale during the same period, showed
the presence of class 1 integrons [63]. Three strains harbored dfrA1 in association
with an unknown orf, dfrAl–orf, a combination which was also detected in some
strains of non-O1, non-O139 V. cholerae isolated in Calcutta during 1996–1997
[63]. Remaining strains had class 1 integrons with single cassettes; three had dfr15,
while the other two had aadA1 and blaPl. In every case, integrons appeared to be
chromosomally located.

A comprehensive study covering a longer, almost the entire period (1992–2000)
covered by the other studies mentioned above and also involving V. cholerae strains
besides the O1 and O139 strains isolated from the same geographical location,
Calcutta, was undertaken by Shi et al. [66]. Three to six strains each of O1, O139,
and non-O1, non-O139 serogroups were randomly selected from each year’s collec-
tion. A total of 44 O1, 45 O139, and 44 non-O1, non-O139 strains were examined.
Seven O1, six non-O1, non-O139, and one O139 strains were found to carry class
1 integrons. All strains excepting one harbored a single copy of class 1 integron,
and all of them carried a variant form of aadA1 gene (termed aadA1C), which
differed from the other homologues, aadA1a and aadA2b (GenBank accession num-
bers X12870 and M95287, respectively), by 6–10 nucleotides. The remaining O1
strain appeared to have two class 1 integrons, each carrying four gene cassettes in
tandem, aar3 (resistance to rifampicin), aacA4 (resistance to kanamycin and gen-
tamicin), dfrA1 (resistance to trimethoprim), and an open reading orfC. Incidentally,
this is the largest number of gene cassette within a single integron in V. cholerae
found so far. Class 1 integrons were also found in 6 out of the 44 non-O1, non-
O139 strains, 3 of which were found to carry dfrA1–orfC. The other three carried
two class 1 integrons, each with a different cassette, while one strain had dfrA15
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and aadA2, another had dfrA15 and blaP1, and the third one had aadA2 and blaP1.
These authors also reported the presence of a class 1 integron in a V. cholerae O139
strain for the first time. This particular strain isolated in 1992 contained the cassette
dfrA1–orfC, which, as stated above, was also detected in a few non-O1, non-O139
strains isolated in the same place.

17.5.3 Africa

Epidemiology of class 1 integron-bearing V. cholerae strains in the African conti-
nent has been investigated fairly extensively. The first such study was carried out
by Dalsgaard et al. [2] with strains isolated in 1996–1997 during an outbreak in
Guinea-Bissau, a country located in the west coast of Africa. Analysis of 10 strains
of V. cholerae O1 revealed the presence of class 1 integrons in 7 of them. In each
strain, the integron bearing the gene cassettes ant(3′′)Ia and dfrA12 was located on
a 150-kb plasmid. It may be recalled that a 150-kb plasmid harboring class 1 inte-
grons was also detected in three V. cholerae O1 strains isolated in the Thailand way
back in 1982 [57] However, the gene cassette harbored there was aadA1. Also, it is
not known if these two plasmids were the same or different.

In contrast to what was found in Guinea-Bissau, plasmid-borne integrons were
not detected in the strains isolated from the Mozambiquian migrant workers in South
Africa, during an outbreak in 1998 [67]. An analysis of 20 such strains revealed that
though two of the strains did carry plasmids, they did not harbor any class 1 inte-
gron. Seventeen out of the 20 strains had chromosomally located class 1 integrons,
all bearing the aadA2 gene cassette. From this work it appeared that aadA2 gene
cassette was circulating in Mozambique, as most isolates were obtained from the
migrant workers coming to South Africa from Mozambique. This inference, how-
ever, was not corroborated by the findings of Ciccarelli et al. [68], who examined
12 V. cholerae O1 strains isolated in Mozambique between August 1997 and June
1998, for the presence of class 1 integrons. Their work showed that while all the
12 strains examined contained aadA1 genes, 3 also had dfrA15 cassettes. Class 1
integron in all these strains was located on the chromosome. These cassettes were
also found to be present in six other strains isolated at different times in four other
African countries, namely Somalia, Rwanda, Swaziland, and Zimbabwe [68], while
two isolates from Somalia were of 1985 vintage, 2 from Rwanda, 1 from Swaziland,
and 2 from Zambia were of more recent origins being isolated in 1994, 1998, and
1998, respectively.

The gene cassettes aadA1 and dfrA15 were chromosomally located in the strains
isolated in Rwanda, Swaziland, and Zimbabwe. In contrast, the strain isolated in
Somalia harbored the class 1 integron bearing these cassettes on a plasmid. Since
no investigation on their clonal relationships was carried out, it is not known whether
these strains had a common origin. Class 1 integrons were also detected in 4 out of
10 environmental strains of V. cholerae isolated in the Maputo area of Mozambique
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between April 2002 and June 2003 [69]. However, unlike in the V. cholerae O1 clin-
ical strains isolated in Mozambique in 1997–1998 or in South Africa in 1998 from
the Mozambique migrant workers, the predominant gene cassette in these strains
was found to be blaP1. This cassette was not detected in any V. cholerae O1 strain
in the earlier studies.

Three other countries where investigations on the occurrence of class 1 integrons
have been carried out are Algeria, Angola, and Zambia. In the Algerian study, eight
V. cholerae O1 strains, out of which two were isolated way back in 1980, and ten
non-O1 strains recovered from different cities between 1980 and 2003 were exam-
ined [70]. All V. cholerae O1 strains excepting two, one from 1980 and the other
from 1997, were found to harbor class 1 integrons. While a single integron carrying
aadA1 was detected in a strain from 1994, two integrons harboring the drug cas-
settes aacC, aadA1, dfr2, aadA6, dfr15, and aadA1 could be found in the isolates
from 1980, 1981, and 1986. As regards, the non-O1 strains, class 1 integrons could
be detected only in four strains. Out of these, one strain isolated in 2001 possessed
two class 1 integrons with one carrying the aadA7 gene and the other dfr1.orfC.
Remaining three non-O1 isolates each had a single class 1 integron, with either
one or two drug cassettes; while two of them had either aadA1 or dfr7, the third
one carried aadA5.dfr17. Since no attempt was made to establish the location of
class 1 integrons in any of the strains, it is not known whether they were plasmid or
chromosome borne.

Angolan studies involved examination of 13 V. cholerae strains isolated from
different provinces [71]. Out of these, 11 were V. cholerae O1 of clinical origin.
Of the remaining two, one was a V. cholerae O1 strain and the other a V. cholerae
non-O1 strain, both isolated from a river. All V. cholerae O1 strains were found to
carry three class 1 integrons on a l00-kb plasmid named p3iANG by the investi-
gators. All three integrons were located within a 19-kb region of the plasmid with
one integron separated by a 6.2-kb spacer region from the remaining two present
in tandem. The first integron had the blaP1 gene cassette. In the other two, occur-
ring in tandem, the one closest to the first integron had aadA15, while the other
had aacH.aad8. Interestingly, the 6.2 kb spacer region itself carried the resistant
determinants cat18, aph, sul2, and tetG capable of conferring resistance to chlo-
ramphenicol, kanamycin, sulfonamide, and tetracycline, respectively. The plasmid
p3iANG did not seem to bear any relationship with the 150-kb integron-bearing
plasmids discovered in Guinea-Bissau and Thailand.

To understand the genetic basis of multidrug resistance of V. cholerae O1
strains isolated from eight outbreaks between February 1990 and December 2004
in Zambia, a country where cholera has been breaking out frequently since 1971,
Mwansa et al. [72] screened 69 strains of V. cholerae O1 strains isolated between
1996 and 2004 for the presence of class 1 integrons. Their work revealed that 26 out
of the 31 strains isolated during 1996–1997 carried class 1 integrons, as revealed by
the presence of int1. But none of the strains isolated later carried an integron. No
information about the gene cassettes harbored by these strains is available.
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17.5.4 Europe

Even though there have been reports on the sporadic outbreaks of cholera in early
1990s in many countries of Europe [73–76], only the strains from Albania and Italy
were examined for the presence of class 1 integrons. In September 1994, an epi-
demic of cholera broke out in Albania [76]. Soon the disease moved to the Italian
coastal town of Bari, situated on the coast of Adriatic Sea opposite Albania. Analysis
of 15 strains from Albania and 12 from Italy, all of which were later found to be
clonally related [77] and showed resistance to streptomycin, spectinomycin, tetracy-
cline, trimethoprim, sulfathiazole, and 0/129 (2,4-diamino-6,7-diisopropylpterdine),
revealed the presence of a chromosomally located class 1 integron harboring aadA1
gene. All other resistance markers to the other antibiotics, including the dfrA1 gene,
which confers resistance to trimethoprim, were found to be located on a 60-kb plas-
mid but were not a part of an integron. It was interesting to note that dfrA1 gene,
which nearly always is found to be integron borne, was not a part of an integron in
these strains.

17.5.5 South America

In January 1991, cholera re-appeared in Latin America after a gap of 100 years. It
emerged first in Peru and then within a short time spread to seven other countries.
Between 1991 and 1994, there were over 1 million cases of cholera and 10,000
deaths [78]. The strains, which first appeared in Peru, were initially sensitive to
antibiotics tested [79]. Soon after this incidence, drug-resistant strains made their
appearance and toward the later part of 1991, a percentage of isolates in Ecuador
displayed multidrug resistance. Examination of strains isolated in Brazil between
1991 and 1999 showed that nearly all clinical V. cholerae O1 strains examined
were resistant to one or more antibiotics. However, in spite of the fairly widespread
occurrence of drug resistance in South America in 1990, studies on the detection
and distribution of class 1 integrons have been rather limited. Campos et al. [80],
examined 134 V. cholerae O1 strains of clinical origin and 14 non-O1 strains of
environmental origin isolated in Brazil between 1991 and 1999 and found that none
harbored a class 1 integron. This result was thus quite in contrast to the results
obtained with V. cholerae strains isolated in other parts of the world during the same
period.

17.6 Complex Class 1 and Class 2 Integrons in Vibrio cholerae

Complex class 1 integrons (also known as orf513 bearing class 1 integrons), which
were first described in 1990 [81, 82], are a variant form of the conventional class
1 integron in which there is partial duplication of the 3′-CS. These thus contain
a complete 5′-CS and two copies of a portion of the 3′-CS. The first copy con-
tains 1355 bases of a typical 3′-CS ending at 24 nucleotides after the stop codon
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of the sul1 gene [81, 82]. The structure of the region between the 5′-CS and the
first 3′-CS is identical to the typical class 1 integrons with one or more gene cas-
settes located there. Following the first 3′-CS, there is a region designated “common
region” (CR), which is present in all such integrons, and a region “unique” to each
complex class 1 integrons. The “common region” (now called ISCR1) [83] accom-
modates a gene orf513, which could be coding for an atypical transposase. The
“unique” region varies in contents in different complex class 1 integrons and could
incorporate different gene cassettes [82–86].

After the re-emergence of cholera in Latin America in 1991, V. cholerae O1
became one of the most important pathogens in Argentina. Presence of extended-
spectrum beta-lactamases could be detected in about 1.5% of the strains received
at the National Reference Laboratory in that country between 1992 and 1998 [87].
On examination, an orf513 bearing complex class 1 integron Inv117 was detected
in one of the strains, V. cholerae O1 El Tor M1516 located on a 150-kb conjugation
plasmid pASI. Analysis of the plasmid DNA sequence revealed the presence of gene
cassettes blaCTX-M2 and aac(6′)-1b, coding for aminoglycoside acetyltransferase
and an extended-spectrum beta-lactamase belonging to CTX-Mβ lactamase family
[88]. Whether such complex class 1 integrons are present in other V. cholerae strains
isolated elsewhere or the drug-resistant Argentinean strains harbored conventional
class 1 integrons is not known.

Strains belonging to different serotypes including O1 and O139 have also been
screened for the presence of class 2 integrons in two different laboratories [35, 66].
Class 2 integrons could be detected only in two strains, one belonging to serotype
O27 isolated in India in October 2001 and the other belonging to serogroup O39
isolated in July 2003 in Bangladesh. The strain from India harbored several plas-
mids, while the one from Bangladesh had none. In both the cases, however, class
2 integrons appeared to be chromosomally located and carried the gene cassettes
dfrA1, sat1, and aadA1, normally found on class 2 integron accounting partly for
the multidrug-resistant phenotype displayed by these strains. None of the O1 or
O139 strains examined harbored class 2 integrons.

17.7 Class 1 Integrons in Other Vibrios

Besides V. cholerae, only a few other vibrios have been examined for the presence
of class 1 integrons. Among these, Vibrio fluvialis has been examined in somewhat
greater detail [89, 90]; V. fluvialis has been responsible over the years for spo-
radic outbreaks of diarrhea in many parts of the world [91–93]. Nineteen strains of
V. fluvialis isolated between 1998 and 2002 from patients admitted to the Infectious
Diseases Hospital, Calcutta, with acute cholera-like diarrhea were examined. Eight
strains were found to carry class 1 integrons. Five of these integron-bearing strains
also harbored plasmids but whether the integrons were plasmid or chromosome
borne was not investigated. Three of the eight integron-bearing strains did not carry
any gene cassettes on their integrons. Two carried dfrA1–orfC and the remaining
three had aac(3)-Id-aadA7, aadA7, and dfrA15. Since all integron-bearing strains
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excepting one, belonged to the same ribotype, it appears that all of them could have
originated from a single clone. The cassette aac(3)-Id had been discovered earlier
by Ahmed et al. [89] in a V. fluvialis strain isolated in India in 2002 from a 6-month-
old infant suffering from diarrhea. Cloning and sequencing of the gene showed
that aac(3)-Id represented a new type of aminoglycoside acyltransferase not known
earlier. Subsequently this gene was also detected in Salmonella enterica serovar
Newport [94]. One interesting finding by Srinivasan et al. [90] was the detection of
“null” integrons in a sizeable proportion (37%) of the integron-bearing strains, even
though the number of strains tested itself was small. This is quite in contrast to what
has been found for V. cholerae strains examined in India or elsewhere in the world.
Further, since two out of three such strains isolated in 1998 and 2000 had the same
ribotype as the integron-bearing strains isolated in 2002, it is tempting to speculate
that the latter strains could have evolved from the earlier ones by capturing gene cas-
settes from some unknown sources. Besides V. fluvialis, class 1 integrons have also
been detected in two other vibrios, Vibrio parahaemolyticus and Vibrio alginolyti-
cus. Class 1 integrons were detected in two strains of V. parahaemolyticus isolated
in Angola in 1992 and 1993 [71]. Both the strains harbored the gene cassette dfrA15
located on a class 1 integron and though both strains carried a 80-kb multiresistance
plasmid, no evidence of its association with the integrons could be found. Taviani
et al. [69] screened 10 V. cholerae O1, 6 V. parahaemolyticus, 2 V. alginolyticus,
and 1 V. fluvialis strains isolated from the environmental sources in Mozambique
in 2003. Besides V. cholerae O1 strains, only the V. alginolyticus strain was found
to harbor a class 1 integron. However, unlike the O1 strains which contained blaP1
and dfrA15 gene cassettes, V. alginolyticus had aadA2.

17.8 Conclusion

Emergence and spread of antibiotic resistance in pathogenic microbes is now
endemic world over and is posing a serious challenge to effective therapy [95].
Integrons, which capture and disseminate antibiotic resistance genes, play a vital
role in the spread of antibiotic resistance among microbes. Though they were first
identified in the late 1980s, it is now clear that they played a role even in the first
outbreak of multidrug resistance in the 1950s [9]. Till date, more than 100 different
gene cassettes, borne on integrons, have been discovered. But despite their multi-
plicity, very few resistance integrons as detailed in this article, have been detected in
vibrios with V. cholerae being the only exception. But even there, only a few types
of drug cassettes are seen frequently. In most cases it was found that the gene cas-
settes borne on class 1 integrons could not fully account for the multidrug-resistant
phenotype displayed by the V. cholerae strain harboring the integron, suggesting
that despite their importance in the diffusion of drug resistance, integrons play only
a limited role in the development of drug resistance in vibrios.

Like most other genetic exchange processes in bacteria, capture and expulsion of
gene cassettes by an integron is a random process. If the random “capture” of a par-
ticular resistance cassette in a particular milieu provides an advantage to a bacterium
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harboring an integron, then that bacterium achieves selective advantage over the
other competing bugs in that milieu and “flourishes.” In this context, it appears
enigmatic why only the resistance integrons encoding resistance to trimethoprim
and aminoglycosides are found more abundantly in V. cholerae O1 strains, even
though a number of other drugs are also used routinely in the treatment of cholera.
Similarly it also remains an enigma why among the Vibrio spp., integrons are found
more frequently in V. cholerae and that too among the non-O1, non-O139 strains.
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Chapter 18
Aquatic Realm and Cholera

Anwar Huq, Chris J. Grim, and Rita R. Colwell

Abstract Cholera is an ancient disease that can be severe and life threatening.
It occurs predominantly in areas of the world where populations lack safe drink-
ing water. Epidemics of cholera are linked with malnutrition, poor sanitation, and
conditions resulting from natural disasters such as severe flooding. According to a
report published by WHO in 2000 [1], cholera remains a major public health prob-
lem and is becoming increasingly important since the number of countries in which
cholera is endemic continues to increase. Unfortunately, outbreaks of the disease
continue into the twenty-first century with ominous portent in the wake of global
climate change [1]. Yet cholera is a preventable disease if people have access to safe
drinking water and are properly educated how to protect themselves from the risk
of infection with vibrios. Cholera also is an easily treatable disease. Oral rehydra-
tion therapy, a solution containing glucose and appropriate salts, has proven to be
effective for treatment of most cholera victims [2]. Nevertheless, each year, tens of
thousands of people are victims of the disease, bringing this “curse of humankind”
to modern civilization. Present understanding of cholera is based on studies con-
ducted over the past three decades and significant new information has been gained
concerning environmental factors associated with this disease, especially how to
detect the bacterium and where it lives in the natural environment, outside the human
gut, and what triggers the annual outbreaks that occur with remarkable regular-
ity. Environmental research on Vibrio cholerae and cholera has provided insights
for prediction and prevention of the disease it causes, while the race for effective
vaccines against cholera continues.
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18.1 History of Cholera

18.1.1 Old Beliefs and Myths About Cholera

The evidence of cholera or cholera-like disease can be traced historically to 500–
400 BC, in ancient Indian literature, based on the described symptoms. Cholera was
often depicted as a “ghost” in older literature, reflecting the belief that “miasma” or
“bad air” caused the disease [3]. Approximately 500 years ago, the name “cholera”
was first applied to the disease, originating from the Greek word “chole” (bile) and
“rein” (to flow), meaning the “flow of bile” [4]. Later it became evident that the
disease is enteric in its symptoms, i.e., a disease of the intestine, as expressed by
Robert Koch, who identified the causative agent of cholera in 1854. At that time,
Koch also speculated that multiplication of the cholera bacterium took place in river
water. He lacked data proving his assertion, but he was prescient in his observation.
Prior to Koch’s observations and identification, an Italian medical student described
the cholera Vibrio. His work was relegated to obscurity, even though his stained
slides of the cholera Vibrio can be seen in a museum display in Italy [5]. John
Snow, the renowned British physician and epidemiologist, mapped cases of cholera
in London more than 150 years ago and concluded that contaminated water was
directly responsible for the disease.

People in villages in India and Bangladesh considered the disease as punishment
from God. If a case of cholera was reported in a village, those villagers not afflicted
with the disease fled from the village where cholera cases had occurred to another
area far away, for protection from cholera. A common practice in villages of India
and Bangladesh was to wash soiled clothing of cholera patients in a stream or river,
but not in local ponds. This practice contributed to the spread of local epidemics in
densely populated areas from village to village, since untreated river water served
as a source of water for domestic purposes, including drinking. Interestingly, the
linkage of cholera and religious beliefs was preached in other countries, as well as
India and Bangladesh. In the United States in the mid-1800s, punishment by God
for evil behavior was claimed when cholera outbreaks occurred [6].

18.1.2 Historical Background and Global Occurrence of Cholera

Although cholera is routinely reported in Asian and African countries, sporadic
cases are reported in almost every country of the world [7]. Records on cholera,
or cholera-like disease, in the Indian subcontinent trace back to the early sixteenth
century. Beginning in the 1800s, reports of cholera gradually began to be docu-
mented in other parts of the world. Historically, cases of cholera in Europe, North
America, and Australia were usually considered to have been imported from other
countries. But, in reality, many of the cases were ultimately shown to be indige-
nous, with the majority of the cases associated with drinking untreated water or
consumption of contaminated seafood. The last major epidemic of cholera in the
United States was reported in 1911. In 1991, South America was hit with cholera
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outbreaks of extraordinary dimension, involving 21 countries and resulting in more
than 800,000 cases [8]; thus, cholera can strike unexpectedly and severely, even after
an absence of almost a century. With rare exception, cholera cases occur during the
summer months, for example, in January through March in Australia and in August
and September in the United States [9].

In Australia, V. cholerae serotype O1 was isolated from water samples collected
from the Clarence and Georges Rivers in 1981, with some of the isolates proven to
be toxigenic [9, 10]. Incidentally, in the same year, V. cholerae O1 was isolated from
Chesapeake Bay, MD, but was ostensibly non-toxigenic [11]. In an extensive survey
conducted in the marsh area of Kent, England, at about the same time, V. cholerae
O1 was detected in water samples from a marsh area collected during the warmer
months of summer [12, 13]. Thus, it became convincingly clear that V. cholerae
occupies an ecological niche in the aquatic environment.

Similarity between pathogenic and non-pathogenic V. cholerae and between clin-
ical and environmental isolates of V. cholerae was demonstrated by Colwell [14] and
Citarella and Colwell [15], using DNA–DNA hybridization methods. Additionally,
results from microcosm experiments demonstrated that the non-O1 serotype of
V. cholerae can convert to O1 serotype [16]. Waldor and Mekalanos [17, 18]
reported lateral gene transfer in V. cholerae serogroup O139, a major advancement
in understanding the evolution of pathogenic bacteria since many virulence factors
are encoded on mobile genetic elements. For example, structural genes for cholera
toxin (CT) are encoded by a filamentous bacteriophage (designated CTXϕ), which
is related to coliphage M13. The CTXϕ genome is chromosomally integrated or
replicated as a plasmid.

In Bangladesh, the Ganges deltaic region reports cases of cholera, with two dis-
tinct peaks in its incidence almost every year. A smaller peak of cholera cases occurs
in the late spring at the beginning of the monsoon season and the larger peak occurs
in late fall [19]. However, the number of cases or the length and geographic range
of the epidemic can vary significantly. Environmental factors have been correlated
with peaks in incidence of cholera, but no apparent social or cultural correlation
has been observed. Of the environmental parameters, season is strongly linked with
occurrence of outbreaks (discussed later).

In 1991, a major epidemic of cholera occurred in Bangladesh, with 400,000 cases
and 8,000 (2%) deaths [20]. Interestingly, during the same year, Latin America expe-
rienced a cholera outbreak with 800,000 cases and 4,000 (0.5%) deaths reported [8].
Also in that same year, Africa suffered 150,000 cases of cholera, with the largest
number of deaths at 14,000 (9%) [21, 22]. According to a WHO report released in
September 2007, there were approximately 132,000 cases of cholera in 2005 with
1.7% fatality [23].

Clearly, cholera is, at the present time, a global threat to public health and cholera
is now recognized as a re-emerging disease, with a significant increase in the number
of cases since 2005, notably affecting vulnerable populations living in conditions of
poor sanitation. For those countries where at least the minimum hygiene standards
are met, cholera has receded in importance, but it remains a threat in almost every
developing country [24]. The number of cholera cases reported to WHO during 2006
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rose dramatically, reaching the level of the late 1990s. A total of 236,896 cases were
reported from 52 countries, including 6,311 (2.7%) deaths, an overall increase of
79% compared with the number of cases reported in 2005. It is interesting to note
that many of the cases were reported as part of major outbreaks that occurred in
countries where cases had not been reported in previous years. It is estimated that
only a small proportion, perhaps <10%, of cholera cases worldwide are reported to
the WHO [24]. Thus, the true burden of the disease may actually be in the millions
and the number of deaths may also be grossly underestimated. This estimate is par-
ticularly disturbing if the probable effects of global warming are taken into account,
e.g., the average sea surface temperature has increased by 4.4ºF over the last 30
years and is expected to increase another 12.5◦F by the end of the century and sea
surface height is expected to increase between 8 and 33 in. by year 2100 [25].

The most common risk factors associated with cholera epidemics include water
source contamination, heavy rainfall and flooding, and population dislocation [26].
The number of cases of cholera has been shown to be related to sea surface tem-
perature (SST) and sea surface height (SSH) [22, 27, 28]. According to available
records, global outbreaks of cholera characteristically begin in coastal regions and
those areas with poor sanitation and a lack of safe drinking water. Although records
of the occurrence of cholera prior to the 1960s are not readily available, it has been
established from results of a study published in 1992 that cholera does indeed begin
in coastal areas and the number of cases gradually increases in time in the inland
areas [29]. Such a situation was also observed in Latin America in 1991 when the
outbreak of cholera occurred in Lima, Peru, with subsequent cases occurring further
north along the coast [8].

Another interesting aspect of cholera is that, until 1992, all epidemics of cholera
were caused by V. cholerae serogroup O1. However, during the later part of 1992,
a new serogroup was isolated, first in Madras on the eastern coast of India [30] and
then in the southern part of Bangladesh along the coast of the Bay of Bengal. This
new serogroup of V. cholerae O139 caused a major epidemic [31]. Later, V. cholerae
O139 was detected in countries neighboring India and Bangladesh and has since
continued to persist in that geographic region of the world [30, 31].

18.2 Ecology of Vibrio cholerae

18.2.1 Environmental Factors Affecting the Organism

Vibrio cholerae and related vibrios comprise a significant component of the het-
erotrophic bacterial flora of the marine and estuarine aquatic environments [32].
Two environmental parameters, salinity and temperature, have been found to have a
pronounced effect on the ecology of this group of organisms in the aquatic envi-
ronment. Individual Vibrio species display a variable range of minimal sodium
chloride concentrations required for optimal growth. These differences in salt toler-
ance/requirement influence the distribution of an individual species, with respect to
its potential to inhabit environments of different salinities. For example, V. cholerae
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has a sodium ion requirement of 5–15 mM; however, this requirement can be sig-
nificantly lower in highly eutrophic waters containing abundant organic nutrients
(>1.0 mg/L) [33, 34]. The salinity optimum for V. cholerae survival and growth has
been reported to be 1.8–2.5% [33–36]. These findings indicate that V. cholerae can
inhabit both freshwater and estuarine environments [37]. The effect of temperature
on the ecology of V. cholerae is more pronounced than salinity. Vibrio cholerae
is more frequently isolated from natural waters and in laboratory microcosms pre-
pared by inoculation with natural water samples when the water temperature is in
the range of 15–20◦C or higher [11, 33, 35].

18.2.2 Biological Factors Affecting the Organism

The aquatic environment exhibits a strong selective pressure on organisms includ-
ing bacteria, since nutrients are usually either limited or abundant only within small
intervals of time. Indeed, most environmental bacteria not attached to surfaces or
present in biofilms are relegated to a feast-famine lifestyle. Because of this phe-
nomenon, V. cholerae has evolved the capacity to utilize a large variety of nutrients
and substrates. The genomic sequence of V. cholerae O1 El Tor N16961 revealed
that a significant portion of the genes present in the V. cholerae genome function
in transport and subsequent metabolism of those various substrates that are taken
up by these transport systems [38]. In addition to limited nutrient availability, there
are a multitude of environmental stresses that aquatic bacteria must endure in order
to survive and flourish. Some of the biological factors affecting the ability of this
organism to survive in the aquatic environment are discussed below.

18.2.2.1 Viable but Non-culturable State

Vibrio cholerae is able to survive or persist through periods of adverse environmen-
tal stress in the aquatic environment by entering into a “viable but non-culturable”
(VBNC) state [39]. VBNC is a term that describes a condition in which (mainly)
gram-negative bacteria exhibit detectable metabolic activity, such as uptake of
radio-labeled substrate [39], but are not culturable by conventional laboratory
culture methods. Initially described in V. cholerae, the VBNC phenomenon has
been reported to occur in many other bacterial species, including Vibrio vulnifi-
cus, Vibrio campbelli, Vibrio mimicus, Vibrio natriegens, Vibrio parahaemolyticus,
Vibrio proteolyticus, Vibrio anguillarum, V. salmonicida, Salmonella enteritidis,
enterotoxigenic Escherichia coli, Enterobacter aerogenes, Enterococcus faecalis,
Klebsiella pneumoniae, Legionella pneumophila, Pseudomonas putida, Shigella
sonnei, Shigella flexneri, Shigella dysenteriae, the fish pathogen Pasteurella pis-
cicida, and Campylobacter jejuni [40].

Cells of V. cholerae enter the VBNC state in response to nutrient deprivation
or elevated salinity, especially at low temperature, through a definable physiologi-
cal process that takes place in multiple steps, the first of which is a “rounding up”
of cells and reduced metabolic activity [41]. This transition of V. cholerae from a
curved rod to coccoid shape involves a reduction in cell volume and cell size and
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loss of its flagellum. Despite a significant drop in bio-volume, there is no evidence
that reductive cell division (increase in cell numbers without an increase in cell
biomass) occurs, as exhibited by cells entering the starvation state [42, 43]. Coccoid
VBNC cells vary in the extent of reduction (15–300 times) based on the length of
exposure to starvation and the intensity of starvation [44].

As evidenced by transmission electron microscopy of nonculturable cells of
C. jejuni, ultrastructural changes accompanying the entry of bacteria into the VBNC
state include retention of an intact but “asymmetric” formation of membranes, with
a condensed cytosol [45]. Linder and Oliver [46] observed that VBNC cells of
V. vulnificus contained a significantly reduced density of ribosomes and nucleic
acid but maintained a normal cytoplasmic membrane. Their study showed that the
non-culturable cells were rounded and reduced in size to about one-half that of
culturable cells. These observations are summarized by Colwell as follows, “the
bacterium maintains the integrity of the membrane, which is important for preserv-
ing its internal environment against the surroundings, keeping its genetic material
(DNA) intact, and at the same time having its metabolic activity at the lowest rate but
enough to promote the uptake of nutrients via appropriate transport systems when
these substrates become available again in the environment” [47].

Asakura et al. [48] have shown that the distribution of induced or repressed genes
in the VBNC state was similar to that of stationary phase cells using microarrays.
The genes included those that code for transport and binding proteins, regulatory
functions, cellular processes, energy metabolism, protein fate and synthesis, cell
envelope, and other housekeeping functions. They found that expression of 100
genes encoding proteins involved in cellular processes is highly induced in the
VBNC state (five-fold) as compared to stationary phase cells.

Still debated is the question whether the VBNC state is reversible, often termed
“resuscitation.” Resuscitation has been defined by Oliver [49] as a reversal of the
metabolic and physiological processes that lead to non-culturability, resulting in the
ability of the cells to be culturable on those media normally supporting growth of
the cells. Since environmental stresses induce the viable but non-culturable state of
bacteria, reversal or removal of the stress conditions should result in resuscitation
of the bacteria. Wai et al. [50] reported resuscitation of viable but nonculturable
V. cholerae by heating at 45◦C for 1 min, followed by plating on nutrient agar.
Culturable cells were recovered and the investigators suggested that ammonium
chloride may have a role in growth and resuscitation of such cells. However, some
investigators [51] attempting resuscitation of VBNC V. vulnificus by temperature
upshift observed, instead, regrowth, i.e., a few cells retained the ability to take up
substrate released by moribund cells, and then these cells began to grow rapidly.
Ravel et al. [52] found that temperature change alone was insufficient for resuscita-
tion of VBNC V. cholerae. Oliver [49] emphasized that, whether in the presence of
exogenous nutrient or not, resuscitation of non-culturable cells appears to require a
significant length of time. In the case of V. vulnificus, 2–4 days was required before
culturable cells could be observed on agar plates, following temperature upshift.

In vivo resuscitation of VBNC has been demonstrated using tissue culture, ani-
mal models, and human volunteers. Even though VBNC cells of V. cholerae cannot



18 Aquatic Realm and Cholera 317

be cultured by conventional plate techniques, they maintain their virulence. Viable
but non-culturable cells of V. cholerae cause fluid accumulation by continued pro-
duction of cholera toxin in ligated rabbit ileal loops and culturable cells can be
recovered from the ileal loop fluid [53]. In another study, non-culturable cells of
an attenuated strain of V. cholerae O1, prepared by incubation in a salt solution
at 4◦C, were fed to human volunteers. Two out of five volunteers produced clini-
cal symptoms of cholera including diarrhea and passed culturable V. cholerae O1
cells in their stool after 2–5 days. At no time prior to, during, or after ingestion by
the volunteers did aliquots of the VBNC cells incubated in nutrient medium yield
culturable cells from the non-culturable population. The conclusion was that resus-
citation of the cells occurred during passage in vivo [53]. Also noteworthy is the
observation that elevated antibody titer against V. cholerae O1 was detected among
divers after 30 days of diving in water where VBNC cells of V. cholerae O1 were
readily observed by direct fluorescent antibody detection methods [54]. Thus, we
propose that the VBNC state serves as a survival mechanism for V. cholerae O1
and O139, as well as non-O1, non-O139 V. cholerae, allowing the species to persist
in the environment during inter-epidemic periods and in non-epidemic areas when
environmental conditions are unfavorable.

18.2.2.2 Biofilm Formation

Historically, aquatic bacteria were believed to be uniformly unattached and free-
swimming members of the planktonic community. Contrary to this premise,
Costerton et al. [55] found that the predominant lifestyle for aquatic bacteria is
attached to surfaces in a complex matrix, termed a biofilm. Several advantages have
been hypothesized for bacteria in biofilms, such as access to nutrients adsorbed to
surfaces or comprising the surface, chitin, for example, and protection from a variety
of stresses including oxidants [56, 57], heavy metals [58–60], antibiotics [61–65],
UV damage [66], and protozoan grazing [67]. Vibrio cholerae has been shown to be
able to attach and form biofilms on a number of different biotic substrates, such as
copepods [68] and other zooplanktons, water hyacinths [69], crustaceans [70, 71],
insects [72, 73], plants, and phytoplanktons [74].

Biofilm formation takes place through a series of successive steps [75]. As a
bacterial cell moves close to a surface, attachment is achieved through the use of
pili and flagella. Soon a discrete monolayer of cells is formed on the surface, as
more cells become attached. These cells migrate along the surface to form micro-
colonies, again by means of pili and flagella. Eventually, a fully mature biofilm,
composed of an elaborate three-dimensional matrix of bacterial structures inundated
with water channels, is formed [76]. Single cells often detach and are shed from both
developing and mature biofilms into the environment.

Several genes and gene products of V. cholerae responsible for biofilm forma-
tion have been deduced. The single polar flagellum and the genes responsible for
its structure, such as flrC, motY, flgF [75], flaA, flgL, flgH, fliN, fliH, pomA, and
chemotaxis genes [77], have been shown to be essential in biofilm formation, pre-
sumably by allowing the bacterium to overcome repulsive forces experienced as
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the bacterium approaches a surface and as the bacterium migrates along the sur-
face [75]. The mannose-sensitive hemagglutinin (MSHA), a type-IV pilus, aids in
biofilm formation [78, 79], presumably by attaching the bacterium to the surface.
However, MSHA is not absolutely required, since O1 classical biotype strains of
V. cholerae do not produce MSHA [80] and attachment to chitinous surfaces can be
achieved independently of MSHA [79]. Additionally, two other type IV pili promote
adherence or colonization of surfaces, the chitin-regulated pilus, ChiRP [81], and
toxin-coregulated pilus (TCP) [82]. ChiRP appears to contribute to initial attach-
ment to a chitinous substrate, while TCP is important in bacterial interactions that
lead to microcolony formation.

Biofilms have been proposed to be important in the dispersal and transmission
of pathogenic bacteria [83]. VBNC cells of V. cholerae O1 present in biofilms in
the environment have been suggested to play a role in the transmission of cholera
[84]. The main mechanism proposed is the accumulation of high cell densities
of V. cholerae O1 or O139 in a detached biofilm particle, which can essentially
deliver the infective dose of the cholera bacterium to cause disease. In compe-
tition assays, aggregates of V. cholerae, showing biofilm-like structure, shed in
the stools of cholera patients were hyperinfective compared to unattached, broth
cultures [85, 86]. In these experiments, the number of V. cholerae cells is approx-
imately equivalent, so the advantage is directly related to the morphological state
of the bacteria. One explanation is that the aggregated clumps of cells in biofilm
can pass through the stomach acid barrier with significantly less mortality [87].
However, Alam et al. [84] have shown that the biofilm in cholera stool is not as
resistant as V. cholerae O1 or O139 cells in biofilms formed in the natural aquatic
environment.

18.2.2.3 Rugosity and Colonial Opacity

The ability of V. cholerae to display multiple colony morphological types was first
observed by Robert Koch. Typically, colony types of V. cholerae are described as
opaque or translucent, and rugose or smooth. Most data relating to the colony varia-
tion phenomenon of V. cholerae are observational or do not hold true for every strain
and serogroup, leading to considerable confusion and misunderstanding. What
appear to be the most generally accepted data are as follows. Classical strains of
serogroup O1 generally appear as opaque colonies on solid media [88]. Translucent
colonies are usually more virulent than opaque colonies of the same strain [88, 89],
but this is not always the case [90]. Freshly isolated strains of V. cholerae are pre-
dominantly translucent, whereas opaque colonies are seemingly produced in higher
proportions in “aged” cultures, especially when grown on minimal media [91].

Finkelstein et al. [92] observed that opaque colonies possessed inclusion bod-
ies containing poly-β-hydroxybutyrate (PHB), while translucent colonies did not.
Additionally, the number of PHB-containing inclusion bodies was correlated with
degree of opacity. For one strain of V. cholerae serogroup O139, opacity was corre-
lated with extent of encapsulation, with highly opaque colonies possessing a thick
capsule and less opaque colonies possessing a very thin capsule. Also, opaque
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colonies had a higher survival rate when transferred to saline microcosms, compared
with translucent colonies.

In addition to displaying opaque and translucent colony types, V. cholerae is
capable of displaying two very different phenotypic variants, smooth and rugose
[93]. All serovars of V. cholerae have been shown to produce some rugose colonies,
except classical strains of the O1 serogroup [94]. Morris et al. [94] observed that
V. cholerae O1 El Tor rugose variants produce an exopolysaccharide (EPS) matrix
that subsequently enhances cell aggregation. The production of the matrix-forming
sugar has also been shown to result in biofilm formation. Wai et al. [95] character-
ized the EPS of a rugose variant of V. cholerae O1 El Tor TSI-4 and found that it
was composed of N-acetyl-D-glucosamine, D-mannose, 6-deoxy-D-galactose, and
D-galactose. Smooth variants do not produce a capsule. Unlike the two colony
types, phenotypic variants of the same strain do not differ in their pathogenic-
ity [96]. However, the two phenotypic variants differ in their response to certain
oxidative and osmotic stresses [96] specifically; rugose phenotypes are resistant to
chlorine [91, 94, 97], hydrogen peroxide, and high levels of extracellular salt [95].
Additionally, rugose variants are less motile than smooth variants [98]. Recently,
Matz et al. [67] demonstrated that the rugose variant is also less susceptible to proto-
zoan grazing, regardless of whether the bacteria were suspended in the water column
or maintained in a biofilm. The grazing inhibition is controlled by quorum sensing
(see below), facilitated through HapR.

The rugose phenotype is dependent upon several genes and gene products. The
first identified operon vps (Vibrio polysaccharide synthesis) is divided into two clus-
ters, vpsA-K and vpsL-Q, I and II, respectively, and all of these genes are found on
chromosome I [91]. The expression of the operon is positively regulated by the
two-component signal transduction pair VpsR [99] and VpsT [100] and negatively
regulated by HapR [96]. The intergenic region between the two vps clusters contains
six genes, rbmA-F (rugosity and biofilm modulators), which directly affect pheno-
typic variation as well as biofilm formation [101, 102]. A smaller operon, vpvA-C,
has been recently found to be important in determining phenotypic variation, in
particular a single nucleotide difference in vpvC [98].

18.2.2.4 Quorum Sensing

The traditional view of a bacterium was that it is an independent organism pursuing
its own food sources, replicating, and carrying out an array of metabolic and phys-
iological functions in an individualistic manner. In the early 1970s, Hastings and
Greeberg [103] observed that cultures of the bioluminescent bacterium Vibrio fis-
cheri are luminescent at approximately the late logarithmic phase of growth, but not
so during the early phases of growth. Findings on V. fischeri luminescence behavior
subsequently led to the realization that bacteria can perceive and respond to each
other in a coordinated manner. Hastings and coworkers [103, 104] concluded that
control of luminescence in V. fischeri and the related species of Vibrio harveyi was
achieved by a cell density-dependent, gene regulation mechanism, termed quorum
sensing.
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Quorum sensing relies upon the interaction of a small, freely diffusible signal
molecule, autoinducer (AI), usually an N-acyl homoserine lactone (AHL or HSL),
with a sensor or a transcriptional activator (R protein) that couples gene expres-
sion with cell population density [105]. At low cell densities, AI passively diffuses
out of cells and into the surrounding medium where the concentration is too low
to stimulate expression. At high cell densities, the concentration of AI in the sur-
rounding environment increases, resulting in the expression of the target genes, in
the case of V. fischeri, triggering the expression of bioluminescent genes [106, 107].
Autoinducer concentrations as low as 10 nM have been shown to be adequate to
initiate bioluminescence in V. fischeri [108].

de Kievit and Iglewski [105] reported 22 bacterial species that use quorum-
sensing systems, homologous to the luxI/R regulated bioluminescence of V. fischeri,
to regulate phenotypes that include conjugation, production of virulence and inva-
sion factors, nodulation, swarming, and synthesis of antibiotics. For example,
Erwinia carotovora and Pseudomonas aeruginosa use quorum sensing to synchro-
nize the expression of a variety of extracellular virulence proteins. In Agrobacterium
tumefaciens, quorum sensing determines nutrient availability and initiates transfer
of Ti plasmids. The majority of bacteria that possess quorum-sensing regulation
systems are found in association with plants or animals, suggesting that this type
of regulation is important in the colonization of hosts by symbiotic or pathogenic
bacteria.

The lux regulatory network of V. harveyi contains two separate signal/sensor sys-
tems for controlling luminescence, termed system 1 and system 2 [109], and it has
been proposed that quorum sensing serves as a mechanism for both species-specific
(system 1) and inter-specific (system 2) communication. LuxN and LuxQP are the
sensor proteins for systems 1 and 2, respectively. They are two-component hybrid
kinases, containing sensor kinase and response regulator domains. LuxN responds
only to N-(3-hydroxybutanoyl)-L-homoserine lactone or AI-1 that is synthesized
by LuxL and LuxM [110]. The LuxQP sensor-2 complex responds to a furanosyl
borate diester, the system 2 autoinducer, the production of which is controlled by
LuxS [111]. LuxO acts as a central shared integrator protein of the system that,
when active, represses light production [112]. LuxU is a histidine phosphotrans-
ferase protein that is important in transducing the phosphorelay message from LuxN
and LuxQP to LuxO. LuxR is a positive transcriptional factor of the system [113].
LuxT is a repressor of LuxO that binds to the luxO promoter [114]. LuxT mutants of
V. harveyi showed increased LuxO expression, affecting the cell density-dependent
induction of bioluminescence. LuxT shows homology with the AcrR/TetR family
of transcriptional regulators.

Several other members of the genus Vibrio contain genes homologous to the lux
regulatory genes of V. harveyi, indicating that these species possess autoinduction-
controlled phenotypes. Bassler et al. [115] reported that V. cholerae, V. para-
haemolyticus, V. anguillarum, Vibrio alginolyticus, and V. natriegens stimulate
luminescence in a V. harveyi luxS reporter strain.

The genome of V. cholerae N16961 O1 El Tor contains several homologues of the
V. harveyi lux regulatory network [39]. This strain possesses homologues to luxO,
P, Q, R (hapR [116]), S, U, and N (cqsS [118], a luxCDABEG locus is not present in
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this strain), indicating that the bacterium possesses a functional system II quorum-
sensing regulatory network. Although luminescent strains of the species exist [118],
a luxCDABEG locus is not present in this strain. Furthermore, Miller et al. [117]
identified the synthase for the system 1 signal, cqsA, and a yet undescribed sys-
tem 3 input circuit in V. cholerae, although luminescent strains of the species exist
[118]. The quorum-sensing circuit in V. cholerae O1 controls virulence, production
of the hemagglutinin protease, motility, biofilm formation [119], and oxidative and
nutritional stress response (RpoS) [120] through HapR. Surprisingly, the quorum-
sensing system of V. cholerae represses the ToxR virulence gene regulon at high
cell densities. One hypothesis is that during the initial stages of infection, viru-
lence genes tcp and ctx are expressed so that successful colonization of the intestine
results. In the aquatic environment, quorum-sensing regulation may function in a
similar fashion to promote successful attachment to copepods and other chitinous
zooplanktons. At higher cell densities, HapR production occurs, repressing TCP
and CT but initiating production of Hap. The protease is proposed to aid in detach-
ment, so the bacterium is shed and dispersed in large numbers back into the aquatic
environment [121].

18.2.2.5 Chitinase and Chitin Utilization

A strategy V. cholerae has adopted to counteract carbon and nitrogen limitation
in aquatic environments is to utilize chitin. Chitin is a long-chain biopolymer of
repeating β(1,4)-linked N-acetylglucosamine units found in the cell walls of fungi
and the exoskeleton of arthropods. It is the most abundant polysaccharide found in
the aquatic environment. The chitin degradation pathway of V. cholerae includes
production of the enzyme chitinase, which breaks the glycosidic bonds in chitin,
an important first step in the metabolism of chitin. This enzyme is produced by the
majority of Vibrio species [122], a strong indication that this is an important, but
generalized, survival strategy for species of this genus.

Vibrio cholerae can often be found associated mainly with chitinous zooplank-
ton, and occasionally with other aquatic flora and fauna [123]. Microscopic analysis
of copepod-associated V. cholerae revealed that the bacterium preferentially accu-
mulated in the oral region and on the egg sac of copepods [68]. It has been
hypothesized that this is a symbiotic association with the Vibrio sp. acting as a mech-
anism for egg sac splitting and release of the copepod eggs. The steps involved in
chitin utilization include chemotaxis, attachment, and degradation [125]. Meibom
et al. [81] were able to identify three classes of chitin-regulated genes, depending
upon the chitin or the chitin subunit substrate employed. They identified the sensor
ChiS for the class which responds to chitin oligosaccharides. They also found that
V. cholerae produces two extracellular chitinases, ChiA-1 and 2, a chitoporin, ChiP,
and a chitin-regulated type-IV pilus, ChiRP [81].

Recently, Meibom et al. [125] have shown that cells of V. cholerae become com-
petent in the presence of chitin. In their experiments, a recipient strain of V. cholerae,
grown in the presence of chitin oligosaccharides or on a chitinous surface, was able
to uptake and express a gene for antibiotic resistance present in the DNA of a donor
V. cholerae strain. The transformation was found to be dependent upon ChiRP, the
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competence regulator TfoXVC, HapR, and RpoS, indicating that natural competence
in V. cholerae is controlled by chitin, quorum sensing, and stress response [125].

18.2.2.6 Intracellular Existence

The ability of free-living protozoans to harbor intracellular bacterial symbionts
has been well studied and the list of protists which can harbor endosymbionts is
extensive. Approximately 25% of Acanthamoeba isolates from clinical and envi-
ronmental origins contain bacterial endosymbionts. One of the most studied cases of
this symbiosis is that of L. pneumophila and Acanthamoeba [126–128], but a num-
ber of other human bacterial pathogens can be found in these associations [129].
Recently, V. cholerae has been added to this growing list of pathogenic bacteria
that can survive and multiple inside higher order members of the aquatic environ-
ment. In separate experiments, V. cholerae serogroup O139 [130] and serogroup
O1 classical and El Tor [131] were shown to intracellularly localize in vacuoles and
the surrounding cytoplasm of Acanthamoeba castellanii trophozoites and within the
walls of cysts. Previously, co-cultivation of V. cholerae with the freshwater amoeba
Acanthamoeba polyphaga and Naegleria gruberi was found to enhance survival
of the bacterium in laboratory microcosms, but the details of the interaction were
unclear [132]. For both serogroups, internalization occurred in as little as 1 day
postintroduction [132, 133]. After 2 weeks, the density of intracellular V. cholerae
cells had increased by 4–5 logs and stabilized. This behavior is similar to that of the
facultative intracellular bacterium Francisella tularensis [133] and is a new finding
with important ecological implications. This interaction may play an important role
in the ability of V. cholerae to survive in the aquatic environment, where it must
evade predation by grazers and withstand adverse environmental conditions, such
as low nutrient availability. Additionally, the ability of the bacterium to multiply
within the amoebic host may facilitate the organism’s re-entry into a human host by
providing an infectious dose.

18.3 Detection of Vibrio cholerae from the Environments

Vibrio cholerae can be detected in marine, estuarine, and fresh water environments
throughout the year, by a variety of methods [11, 22, 134–136]. The choice of
method to employ is largely dependent on the type of sample and the desired out-
come, i.e., whether it is detection or isolation or enumeration. Often combinations
of different types or methods, including bacteriological, molecular, and immuno-
logical, are used for a specific type of sample. Here, we discuss the various types
of detection and isolation protocols commonly used and widely accepted. For more
detailed protocols for selected methods, please refer [137].

18.3.1 Conventional Bacteriological Culture Methods

Historically, detection of V. cholerae from natural waters has relied mostly on meth-
ods developed for clinical isolation of the organism, that is, enrichment in alkaline
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peptone water, pH 8.6, for 6–8 h and subsequent plating on selective media, such as
thiosulfate citrate–bile salts–sucrose (TCBS) or taurocholate tellurite gelatin (TTG)
agar [32, 138, 139]. The alkaline nature of the enrichment broth allows differen-
tial multiplication of Vibrio species. Presumptive isolates of V. cholerae appear as
translucent, flat, yellow sucrose-fermenting colonies with elevated centers on TCBS
and colorless colonies, often with a characteristic dark center after 2 days of growth,
surrounded by a halo due to the hydrolysis of gelatin, on TTGA.

The identity of presumptive colonies is confirmed by specific biochemical tests
designed to differentiate V. cholerae from other species of the genus and other mem-
bers of the Vibrionaceae and Enterobacteriaceae. The most commonly used tests are
oxidase, arginine dihydrolase, ornithine decarboxylase and lysine decarboxylase,
growth in nutrient broth with 0, 6, and 8% NaCl, acid production from arabi-
nose and mannitol, esculin hydrolysis, and the methyl red and Voges–Proskauer
reactions. Choopun et al. [140] developed an abbreviated scheme for the isolation
of V. cholerae, using only two biochemical tests arginine dihydrolase and esculin
hydrolysis. Confirmed V. cholerae strains are subsequently serogrouped as O1 or
O139 by slide agglutination. Strains of V. cholerae that do not agglutinate with spe-
cific O1 and O139 antisera are designated as non-O1, non-O139. Typically, strains
of V. cholerae that are non-O1, non-O139 serogroups are easily isolated, while
V. cholerae O1 or O139 are seldom isolated from environmental water samples.
For isolation and detection of V. cholerae from the environment, concentrated water
samples or plankton samples, or both, are recommended, since a combination of
both types of samples has provided higher probability of V. cholerae detection [22,
134, 141].

18.3.2 Colony Blot Lift and Hybridization with DNA Probes

Often, results from biochemical tests are ambiguous and several of the tests require
extended incubation times. An alternative, when isolation into culture is desired,
is colony blot lift and hybridization. The colony lift procedure immobilizes DNA
from bacterial colonies onto nitrocellulose or nylon filters to allow quick screen-
ing of a large number of colonies for genetic elements of interest by nucleic acid
hybridization. The targets that have been used include 16S–23S rDNA intergenic
spacer region [142], 16S rRNA [137, 143, 144], stn [145], and ctxA [146].

Despite intensive efforts, V. cholerae may not be detected in samples collected
from the aquatic environment for several reasons: low concentration, inter-specific
competition, and physiological state (VBNC, starved). The major drawback of the
conventional culture method is that it is culture dependent. Successful culturing of
an individual bacterial species from air, water, or soil samples can be challenging
because that species may be easily overgrown (inter-species competition), it may be
fastidious in its nutrient requirements, or it may have entered the VBNC (dormant)
state. Additionally, the culture method is laborious and time consuming. To elimi-
nate these drawbacks, direct methods of detection have been developed, primarily
by borrowing and modifying methods from different fields, such as immunology
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(direct fluorescent antibody) and molecular biology (polymerase chain reaction,
PCR). Several of such alternative methods are discussed below.

18.3.3 Immunological Methods

An immunofluorescent method for detection of V. cholerae serovar O1 in aquatic
environmental samples was first introduced by Xu et al. [147]. Antiserum specific
for the O1 somatic antigen, “A” factor of V. cholerae O1 lipopolysaccharide, that
reacts with both biotypes, Ogawa and Inaba, produced in rabbits coupled with fluo-
rescein isothiocyanate (FITC)-conjugated anti-rabbit globulin goat serum was used
to detect cells of V. cholerae serogroup O1. When observed under an epifluorescent
microscope, cells of V. cholerae O1 exhibit a bright green fluorescing periphery (the
outer cell wall) with a darker interior. The protocol has been simplified and com-
mercialized as a direct fluorescent antibody staining kit for V. cholerae O1, Cholera
DFA R© (New Horizon Diagnostics, Columbia, MD), by Hasan et al. [148]. Later,
a kit for V. cholerae serogroup O139, Bengal DFA R© (New Horizon Diagnostics,
Columbia, MD), was developed [149]. These immunological methods have been
found to be very useful for detecting organisms in samples which give negative
results by culture [134, 150].

Using these immunological methods, the mystery concerning the inability to
culture V. cholerae in environmental samples during inter-epidemic periods in
Bangladesh was solved by the discovery of the VBNC, or essentially dormant,
state of V. cholerae [134, 151]. In an effort to aid interpretation of DFA signals
and further support the assertion of VBNC, Chowdhury et al. [152] coupled the
direct viable count (DVC) method of Kogure et al. [153] with the direct fluorescent
antibody (DFA) method. In this two-step protocol, samples are first incubated with
yeast extract in the presence of nalidixic acid for a period of 6–16 h at ambient
temperature and then assayed using the DFA method. Actively viable, substrate-
responsive cells become enlarged and elongated [153]. This is a rapid method by
which one can determine the presence of viable V. cholerae within 10 h if the DVC
incubation is for at least 6 h. If overnight incubation with yeast extract and nalidixic
acid is performed, then the time is extended to 20 h. Vibrio cholerae O1 and O139
DVC–DFA-positive samples can be confirmed by PCR [142, 154].

18.3.4 Direct Detection of Vibrio cholerae by PCR

Despite the ubiquitous nature of V. cholerae, isolation and detection by culture meth-
ods are difficult as stated above since the classical methods for isolating bacterial
species rely on cultivating the organism. The PCR offers a molecular-based alterna-
tive to traditional culture and to the immunological methods discussed above. Three
types of targets are used to detect V. cholerae in environmental samples: species-
specific genes (16S rDNA, ITS, ompW, collagenase); serogroup-specific genes
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Table 18.1 Commonly used PCR primers for V. cholerae and expected amplicon size

Target Primer Sequence (5-3′) Amplicon References

ITS pVC-F2 TTAAGCSTTTTCRCTGAGAATG 295–310 [184]
pVCM-R1 AGTCACTTAACCATACAACCCG

ctxA pCTA-94F CGGGCAGATTCTAGACCTCCTG 563 [185]
pCTA-614R CGATGATCTTGGAGCATTCCCAC

toxR pToxR-
101F

CCTTCGATCCCCTAAGCAATAC 778 [186]

pToxR-
837R

AGGGTTAGCAACCGATGCGTAAG

tcpA pTcpA-72F CACGATAAGAAAACCGGTCAAGAG 452
621

[187]

pTcpAET-
477R

CGAAAGCACCTTCTTTCACGTTG

pTcpACL-
647R

TTACCAAATGCAACGCCGAATG

zot pZot-225F TCGCTTAACGATGGCGCGTTTT 946 [186]
pZot-1129R AACCCCGTTTCACTTCTACCCA

ompU pOmpU-
80F

ACGCTGACGGAATCAACCAAAG 868 [186]

pOmpU-
906R

GCGGAAGTTTGGCTTGAAGTAG

ctxA VCT1 ACAGAGTGAGTACTTTGACC 308 [154]
VCT2 ATACCATCCATATATTTGGGAG

O1-rfb O1F2-1 GTTTCACTGAACAGATGGG 192 [154]
O1R2-2 GGTCATCTGTAAGTACAAC

O139-rfb O139F2 AGCCTCTTTATTACGGGTGG 449 [154]
O139R2 GTCAAACCCGATCGTAAAGG

ompW ompW-F CACCAAGAAGGTGACTTTATTGTG 588 [155]
ompW-R GAACTTATAACCACCCGCG

ctxA ctxA-F CTCAGACGGGATTTGTTAGGCACG 302 [188]
ctxA-R TCTATCTCTGTAGCCCCTATTACG

16S rDNA 16S-F CAGCMGCCGCGGTAATWC 888 [189]
16S-R ACGGGCGGTGTGTRC

collagenase VC-F CGGCGTGGCTGGATACATTG 389 [190]
VC-R GTCACACTTAAATAGTAGCGT

(O1 and O139 rfb); and toxin and pathogenic factor genes (ctx, tcpA, etc.). We
present the most commonly used PCR targets/primers in Table 18.1 and it is
important to mention that several multiplex PCR methods have been developed for
V. cholerae detection. Most notable are the multiplex PCRs targeting the wbe regions
of O1 and O139 along with ctxA [154] and ompW/ctxA [155]. The polymerase chain
reaction is also a useful alternative to labor-intensive biochemical tests traditionally
used for presumptive colony confirmation. Additionally, PCR is often used to char-
acterize a confirmed V. cholerae strain by targeting several genes associated with
pathogenesis (ctxA, toxR, tcpA, zot, ompU, etc.).
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18.4 Prediction and Prevention of Cholera

The oceans drive the earth’s climate and influence global warming, with the
potential to generate major natural disasters, e.g., hurricanes, tsunamis, and El
Niño-related storms. The connection between oceans, climate, and public health has
been a subject of scientific interest since the last century. An improved understand-
ing of the role of the oceans in human health is possible if several key components
are included. An established historical baseline of high-quality ocean and health
observations (records of disease occurrence) and the application of technologies,
such as satellite sensors, oceanographic instruments, along with molecular probes
for detection of the pathogen, can provide a robust predictive model for waterborne
diseases like cholera. Furthermore, improved conventional bacteriological methods,
as well as more sophisticated oceanographic instruments that are currently under
construction, including moored biosensors and biological oceanography instru-
ments, will be invaluable tools for future modeling work. When these technologies
are used to understand the pathogen and its ecology, relationships to the ocean can
be discerned in greater detail and with more powerful prediction.

Hartley et al. [156] have proposed an epidemiological model for the dynamics
of cholera that explicitly included the hyperinfectious stage of V. cholerae once
the bacterium passes through the human intestine. We are in agreement with the
model only as a cause of a localized epidemic, yielding an index case responsible
for contaminating the surrounding waters of a village. Our studies have focused
on developing a predictive model to determine the risk of cholera in a geographic
region and, thereby, preventing the occurrence of that “index” case. It is known from
volunteer studies that the clinical symptoms of cholera are dose dependent, with
104–106 cells of toxigenic V. cholerae required to produce disease in humans [157].
Thus, accurate detection and enumeration are key for assessing risk to the human
population of a geographic region where V. cholerae is endemic in that aquatic envi-
ronment [11, 134, 136]. In one study, it was determined that an individual planktonic
crustacean, namely the copepod, can carry 103–104 bacteria and that attachment
was a significant factor in survival, growth, and multiplication in natural aquatic
systems [158].

18.4.1 Climatological Models for Prediction

Significant progress has been achieved in a very short time in developing climate
models for cholera but only after scientists of different disciplines, e.g., microbi-
ologists, oceanographers, atmospheric scientists, biostatisticians, and mathematic
modelers, worked together to meet this challenge. Occurrence of V. cholerae in
the environment is known to be directly related to environmental conditions that
are dependent on climate. Among all the parameters studied, temperature has the
strongest influence on V. cholerae and cholera epidemics. A strong correlation
between cholera outbreaks and adjacent coastal conditions was detected, using data
from two outbreaks of cholera that occurred in the early 1990s [8, 30]. Early warning
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of El Niño events offered the opportunity to test the relationship of climate on
cholera epidemics. A close association was observed between sea surface tempera-
ture in the Bay of Bengal, measured by satellite remote sensing, and cases of cholera
in Matlab, Bangladesh [27, 28]. In addition, sea surface height and plankton biomass
have been shown to be additional significant factors in the link between appear-
ance of cholera in the coastal region of the Bay of Bengal and cholera epidemics
in Bangladesh. This was an important finding and was based on work conducted
over the past 25 years that made it possible to link the seemingly sporadic nature of
cholera epidemics to climate and climate events like El Niño [159]. Warm waters
along the coast influence V. cholerae in the water, both free-swimming and associ-
ated with zooplankton [27, 160]. Phytoplankton blooms followed by zooplankton
blooms have been shown to be related to the incidence of V. cholerae [135, 161,
162]. Following this initial discovery, investigators began to link environmental
factors and the occurrence of cholera in different parts of the world.

The main objective of climate studies is to develop a powerful model to predict
infectious disease, cholera in this case, so that prevention of infectious diseases that
are environmentally driven will be possible. The epidemics of cholera in Bangladesh
have been associated with the end of monsoon season, occurring annually and with
El Niño (ENSO) on an inter-annual frequency. In a time series analysis for the period
1980–1998, an historical association was demonstrated between cases of cholera in
Bangladesh and ENSO events [163]. Effect of environmental factors has been fur-
ther studied and hypothetical models proposed for the occurrence of V. cholerae
in the environment [136, 164], providing information to build predictive models.
Seasonal factors, such as rainfall and hours of sunlight, contribute directly to the
physical and chemical characteristics of water which have a direct influence on
plankton populations.

Studies conducted in Bangladesh, Peru, and the Chesapeake Bay, MD, reveal
temperature to be a key factor associated with increased counts of V. cholerae [27,
28, 136, 166–168)]. Based on an extensive study conducted in Bangladesh, direct
correlation between water temperature and cases of cholera in the surrounding areas
was established recently [22]. According to results of the study, a 5◦C increase in
water temperature yielded a 3.31-fold increase in risk of cholera when a lag period
of 6 weeks was used. The 95% confidence interval for the relative risk was 2.28–4.59
times higher 6 weeks after the increase of 5◦C occurred. It is interesting to note that
observed number of cholera cases versus the cases predicted by the Poisson regres-
sion model and upper 95% prediction limit, when water temperature was used, had a
6 weeks lag, the ctx gene probe count and conductivity had no time lag, and rainfall
showed an 8-week lag for the pond studied in Bakerganj, Bangladesh (Fig. 18.1).
Reports of other investigators also support the conclusion that temperature has a
major role in the survival and multiplication of V. cholerae [167]. Thus, the findings
of this temperature-based model are a significant development toward achieving a
predictive model for cholera. Another environmental factor rainfall had an 8-week
lag time before outbreak of cholera was recorded. This was interesting because this
period of time is necessary to complete the cycle, in sequence, from growth of
phytoplankton followed by growth of zooplankton, thereby providing the optimal
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Fig. 18.1 Observed number of cholera cases vs. number of cases predicted by the Poisson regres-
sion model and upper 95% prediction limit, using water temperature (lag 6 weeks), ctx-gene
probe count (lag 0 weeks), conductivity (lag 0 weeks), and rainfall (lag 8 weeks) for lake no. 2
in Bakerganj (Huq et al. [22]. Reproduced with permission from the publisher)

conditions necessary for the cholera bacterium to increase in the environment to the
levels of an infectious dose in water routinely used for drinking as shown in many
studies [168–170].

18.4.2 Simple Methods for Prevention and Intervention
of Cholera

At the present time, there is no vaccine fully effective for protection from cholera.
From human volunteer trials, ∼104–106 Vibrio cholerae O1, if ingested, is likely
to produce clinical cholera [157]. During the late spring and early fall of each year,
phytoplankton blooms occur in Bangladesh, followed by significant zooplankton
blooms, especially during September and October. Cholera outbreaks follow the
zooplankton bloom [161]. The majority of the members of the zooplankton popu-
lation consist of crustaceans, and these are known to support attachment of Vibrio
[171, 172]. Furthermore, plankton demonstrates seasonal distribution, both in size
of individuals and in species composition [173, 174].

Copepods, a dominant group of the zooplankton community in riverine and
brackish water, have a remarkably characteristic seasonal distribution in size and
species [175] and can carry a large number of V. cholerae, enough to cause cholera
if ∼1–10 copepods are ingested via water [157, 176]. In addition, copepods feed
on phytoplankton, with the result that V. cholerae attached to phytoplankton will
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be ingested by copepods, as demonstrated by Huq et al. [177], contributing to the
Vibrio content of copepods. Copepods are large enough to be removed by simple
filtration [177]. Filtering water at the time of collection for household use and just
before drinking has been successful in removing copepods of the genus Cyclops,
the planktonic host of the larvae of the guinea worm. The worm larvae are removed
using a nylon net and this method has proven highly effective in preventing dra-
cunculiasis, a life-threatening disease common in Africa [178]. Although boiling
water prior to drinking will kill both Cyclops and guinea worm larvae, as well as
pathogenic microorganisms, including V. cholerae, it is a time-consuming proce-
dure and expensive as well. In a country like Bangladesh, where fuel wood is in
very short supply, boiling the water is not followed. Furthermore, boiling water is
not socially acceptable in most rural villages of Africa [178], a custom that also
prevails in Bangladesh [179]. Moreover, during severe flooding, which occurs every
year, there are some areas of Bangladesh that experience a reduction of conditions
to those of mere survival, i.e., even the barest necessities become difficult to obtain
and making fires to boil water is simply not possible.

In Bangladesh, a majority of the population in the villages still depends on
untreated surface water for household consumption [179]. Surface water taken from
ponds and rivers is preferred as a source of drinking water, for reasons of taste,
convenience, or a local belief that “quality” water is “natural,” i.e., not chemi-
cally treated [169, 179]. A family and neighborhood study of cholera transmission
demonstrated that those who used V. cholerae O1 culture-positive water sources
for cooking, bathing, or washing, but used culture-negative water for drinking,
had the same rate of infection as those who used V. cholerae O1 culture-positive
water for drinking [180]. Family-based clustering of cases is not generally observed
(M. Yunus and R. Glass, unpublished data). However, there are ∼14–25 “hotspot”
villages in the International Center for Diarrhoeal Diseases Research Centre,
Bangladesh (ICDDR,B) surveillance area, where the number of cases of cholera
is higher than average. Once a case is reported in a family, the secondary case
rate is approximately 10% among the remaining family members [181]. However,
29% of the family members have a risk of being colonized with V. cholerae O1
(M. Yunus, S. Islam, K.M.A. Aziz, personal communication). Once an index case
is reported, it is most likely that further spread within the family takes place via
food or other means, such as direct contact, which may not be preventable, even
if water brought into the house is free of V. cholerae O1. Therefore, an interven-
tion method was proposed at the index case level, which would also help prevent
releasing large numbers of bacteria into the household environment when sanitary
latrines are not available. The importance of safe water for all household purposes,
i.e., cooking, bathing, washing and drinking, cannot be overemphasized. In addi-
tion, during monsoons, vast areas of Bangladesh are submerged by floods, resulting
in a few shallow sources, where water is obtained by using hand-operated tube
wells that are available to the villagers. Sanitary latrines are also flooded during
monsoons, causing serious problems with hygiene and posing a direct threat of con-
tamination and spread of enteric pathogenic bacteria, including V. cholerae. Based
on previous studies and as described above, during late monsoons, phytoplankton
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blooms occur, followed by zooplankton blooms, to which vibrios are attached and
multiply, amplifying the number of V. cholerae in the natural water of the environ-
ment [182, 166, 169, 183]. When consumption of surface water cannot be avoided,
particularly during flooding or other natural disasters, which occur every year in
Bangladesh, a simple method that is effective in reducing the number of V. cholerae
is practical and useful. It is a common practice in villages in Bangladesh to use
cloth, frequently a piece of an old sari cloth, to filter homemade drinks, usually
containing sugar/molasses and served with rose water or lemon juice for flavoring,
to guests. There is no ethical, cultural, or social barrier to using sari cloth to filter
drinking water. Therefore, simple filtration is readily acceptable to villagers in their
homes and used without reservation. This method was successfully introduced, as
described below.

Based on the environmental data, a simple method of filtration that was effective
in removing 99% of the cells of V. cholerae (notably those attached to plankton) was
developed [177]. This method employed sari cloth folded 4–8 times to filter natural
water for household purposes including drinking. This simple filtration method was
deployed by demonstrating, teaching, and educating village women to place the
folded sari over the mouth of a water collecting pot, filtering the water as it entered
the pot. This sari filter method was successful when employed in a field trial carried
out in Matlab, Bangladesh. The method proved effective in a 2-year study, reducing
the number of cases of cholera by approximately 50% in the study population of
45,000 villagers in 65 villages in Matlab, Bangladesh. One of the questions of the
study was whether the villagers would accept and sustain the practice of filtration. In
a recent follow-up survey, it was determined that indeed the method is sustainable,
most importantly, effective in reducing the number of cases of cholera in Matlab,
Bangladesh [191].

18.5 Summary

It is clear from the numerous studies cited in this chapter that interdisciplinary
studies made it possible to gain important understanding of the environmental
habitat of V. cholerae and how the organism is transmitted to humans, causing dis-
ease. A significant step was the application of satellite remote sensing to enhance
understanding of the ecology of this organism. This technology has allowed inves-
tigators to realize the potential for reliable prediction and, ultimately, prevention of
the deadly disease cholera. Although cholera is the focus of this chapter, it pro-
vides an excellent example of how ecological understanding of this pathogenic
microorganism whose natural habitat is the aquatic environment can provide new
avenues of research for addressing those human pathogens present in the aquatic
environment.
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Chapter 19
Management of Cholera

P. Dutta, D. Sur, and S.K. Bhattacharya

Abstract Cholera is caused by Vibrio cholerae O1 and O139. Sporadic cholera
cases usually occur throughout the year in endemic areas. Epidemics of cholera
are also observed. This disease is transmitted mostly by faecal-oral route through
contaminated water. Clinically, cholera is characterized by uncontrolled purging of
watery stool leading to life-threatening dehydration, hypovolaemic shock, acido-
sis, and if left untreated, it can also lead to death. Asymptomatic carriers may also
play a role in the spread of infection. Management of cholera without dehydra-
tion is aimed to prevent dehydration by giving more fluid than usual in the form
of home-available fluids or oral rehydration salt (ORS) solution. Patient with mild
dehydration can be managed with ORS solution for correction of initial dehydra-
tion and severely dehydrated patient should be treated with intravenous Ringer’s
lactate solution for correction of initial dehydration. After correction of initial dehy-
dration, patient should receive “ORS” as maintenance therapy till diarrhoea stops.
Antibiotics are adjunct to fluid therapy, which is recommended for the treatment
of severely dehydrated cholera cases only. Oral tetracycline, azithromycin, single-
dose doxycycline, and quinolone groups of drugs are usually recommended for the
treatment of cholera. However, a good percentage of V. cholerae strains became
resistant to these drugs, hence erythromycin is recommended. Breastfeeding should
not be stopped during management of cholera. Food should be reintroduced after
correction of initial dehydration.

19.1 Background

Cholera is the dreaded ancient disease characterized by dehydrating acute watery
diarrhea and vomiting caused by Vibrio cholerae [1]. The history of cholera has
four distinct phases. Initially (prior to 1817) the disease was confined to the east-
ern part of the world. This was followed by six pandemics (1817–1923) of which

S.K. Bhattacharya (B)
Indian Council of Medical Research, New Delhi 110029, India
e-mail: sujitkbhattacharya@yahoo.com

341T. Ramamurthy, S.K. Bhattacharya (eds.), Epidemiological and Molecular Aspects
on Cholera, Infectious Disease, DOI 10.1007/978-1-60327-265-0_19,
C© Springer Science+Business Media, LLC 2011



342 P. Dutta et al.

five had originated from India. In the third phase, cholera again retreated to Asia
(1923–1960). Finally in 1961, cholera El Tor biotype which was isolated at El Tor
quarantine station in Egypt and localized to Sulawesi (Celebes) in Indonesia for
decades spread worldwide causing the seventh pandemic which is still continuing.

The causative organism of cholera was predominantly V. cholerae O1 El Tor; in
1992, a cholera epidemic in Chennai, India, revealed a new organism designated
as V. cholerae O139 Bengal [2–5]. Cholera is characterized by uncontrolled purg-
ing of watery stools leading to life-threatening dehydration, hypovolemic shock,
acidosis, and if left untreated, it can also lead to death. Vibrio cholerae is classified
into two major serogroups, cholera toxin (CT)-producing serogroups, which include
V. cholerae O1 [6, 7] and O139 [8, 9], and non-CT-producing serogroups that are
collectively known as V. cholerae non-O1, non-O139 and include serogroups O2
to O206. Vibrio cholerae O1 is further subdivided into two biotypes (classical and
El Tor) and two serotypes (Ogawa and Inaba). The CT-producing strains (O1 and
O139) are capable of causing epidemics of cholera.

Cholera may usually be confirmed by isolating these organisms from stool or
rectal swab samples. However, typical cases of cholera do not require confirmation
of diagnosis by laboratory examination. Any patient develops severe dehydration
from acute watery diarrhea in an area where cholera is endemic may be diagnosed
as cholera [10]. Patients with mild diarrhea and very young children may also suffer
from cholera but that illness needs to be differentiated from other causes of diarrhea
by laboratory investigations. Laboratory confirmation of cholera is not needed for
case management but it is essential for the public health administrators to control
the epidemic of cholera. Cholera may occur as sporadic, epidemic and pandemic
forms.

During 2005 a total of 131,943 confirmed cholera cases have been notified to
World Health Organization (WHO) including 2,272 deaths from 52 countries world-
wide [11]. However, actual number of cholera cases is expected to be much higher;
this discrepancy is due to underreporting and other limitations of surveillance sys-
tems in most of the developing countries. Many of these cases are labeled as acute
watery diarrhea in spite of having WHO-recommended clinical case definition.

Man is the only known reservoir of cholera [12]. Cholera is transmitted from
man to man by fecal–oral route through environment. Like that of other infectious
diseases, cholera also has characteristic seasonal pattern which varies from place to
place. In Kolkata, India, though sporadic cholera cases usually occur throughout the
year, it increases in number in hot summer and early winter months. However, in
Bangladesh, it is common in rainy season [13].

Two types of epidemics are usually observed: (i) explosive form (common source
epidemic where large number of cases appears in a short period of time) and (ii)
protracted form (small number of cases per day or week over several weeks).
Contamination of groundwater sources and damaged pipelines of drinking water
often result in explosive outbreak of cholera [14]. Stagnant water in low lying areas
sometimes becomes contaminated with indiscriminate defecation or overflowing of
sewerage system which may also cause explosive epidemic [15, 16]. In endemic
areas, protracted pattern of epidemic is more common. Spread of this infection
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usually occurs from asymptomatic individuals or mild cases through contaminated
food or drinks. Person to person transmission is not so common. Cholera is com-
mon in low socioeconomic groups due to poor hygienic status and poor sanitation.
Adult men are affected more at the time of epidemic due to greater mobility but
in endemic areas, children are affected more than adults as the population develop
natural immunity [17].

Cholera can range from asymptomatic infection to mild diarrhea or severe
diarrhea with life-threatening dehydration. It is now well recognized that Vibrios
actually produce many more asymptomatic and mild cases than severe cases [17].
Roughly 10% cases become severe and require hospitalization which represents tip
of the iceberg. Diarrhea and vomiting are the main presentations of cholera [17].
In initial phase, diarrhea is usually mild in nature, which consists of fecal matter
and watery stool. Majority of these cases remain at this stage which are indistin-
guishable from diarrhea caused by other enteropathogens and also remain untreated
[17]. They can be diagnosed only by laboratory examination. They do not have clin-
ical importance but they are important epidemiologically as they maintain bacterial
load to the community. However, some patients have abrupt onset of watery diar-
rhea and vomiting which become severe with the passage of painless and effortless
rice-watery stool (resembling discarded white water after washing rice) without any
fecal matter.

After ingestion of V. cholerae, the organisms multiply in the small intestine [18,
19] and produce a potent enterotoxin (cholera toxin). With the influence of cholera
toxin in the small intestine, there is increased chloride and bicarbonate secretion
in the crypts which is also associated with an increase in passive transfer of water
across the mucous surface in the gut lumen [20, 21]. On the other hand, cholera
toxin inhibits the absorption of sodium chloride and water by villous cells. Ultimate
effect is accumulation of huge amount of fluid and electrolytes in the lumen of small
intestine which is beyond the absorption capacity of the colon [21]. Accumulated
fluid and electrolytes pass out as profuse watery diarrhea in cholera. Cholera patient
loses a significant amount of electrolytes (sodium, potassium, chloride, bicarbonate)
through liquid stool. This loss of fluid and electrolytes from body leads to dehydra-
tion which is the main cause of death due to cholera. Cholera stool is isotonic to
plasma with low protein content. Cholera stool contains electrolytes with following
concentrations (mmol/l): sodium 90–140, potassium 20–35, chloride 90–100 and
bicarbonate 30–45. Sodium and chloride concentrations of cholera stool are roughly
proportionate to that of plasma; however, concentration of potassium is twofold and
bicarbonate is fourfold higher than plasma [22–26].

19.2 Clinical Presentations

Before development of clinical signs and symptoms of dehydration, patient is usu-
ally alert with moist lips, mouth, tongue, normal eyes and skin elasticity which is
termed as ‘no dehydration’. At this stage patient may lose body fluid less than 5%
of body weight. Clinical signs and symptoms of dehydration develop when loss of
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Table 19.1 Assessment of patient for dehydration

Look at Condition Well, alert Restless, irritable
Lethargic or
unconscious; floppy

Eyes Normal Sunken Very sunken and dry
Tears Present Absent Absent
Mouth and tongue Moist Dry Very dry
Thirst Drinks normally,

not thirsty
Thirsty, drinks

eagerly
Drinks poorly or not

able to drink
Feel Skin pinch Goes back quickly Goes back slowly Goes back very slowly
Decide The patient has no

signs of
dehydration

If the patient has
two or more signs,
there is some
dehydration

If the patient has two
or more signs, there
is severe
dehydration

Adapted from WHO Manual for Treatment of Diarrhoea WHO/CDD/95.3

body fluid is more than 5% of body weight. Dehydration can be classified clinically
as ‘some’ or ‘severe’ according to the loss of body fluid which can be assessed by
detecting the clinical signs and symptoms following the guidelines of WHO [10] as
depicted in Table 19.1. Patient with ‘some’ dehydration usually presents with thirst,
irritability, sunken eyes, dry mouth, lips and tongue and sign of loss of skin elastic-
ity (pinched abdominal skin retracts back slowly). Loss of body fluid is equivalent
to 5–9% of body weight.

Patient suffering from ‘severe’ dehydration becomes lethargic, floppy, or
comatose. Patient also has very sunken eye, very dry mouth, lips, and tongue. Sign of
loss of skin elasticity is very much prominent (pinched abdominal skin retracts back
very slowly; it takes more than 3 s to be normal). Pulse volume and systolic blood
pressure may be low and sometimes undetectable. Peripheral body temperature in
arms and legs may be cold. Cyanosis may occur in the finger tips, lips, and tongue.
Some patients complain cramps in the hands and feet. Wrinkling of the skin of the
fingers (washerwomen’s hands) and hoarseness of voice may be present. Respiratory
rate may be rapid; sometimes respiration may be deep with raising chest wall and
Kussmaul type of breathing due to base-deficit acidosis. Severely dehydrated patient
loses fluid equivalent to 10% or more of body weight.

Laboratory finding shows marked saline depletion, hemoconcentration, and
increased plasma-specific gravity [27, 28]. Acidosis with low blood pH and low
bicarbonate content is detected. Serum potassium, sodium, and chloride levels are
within normal limit. Some children develop additional symptoms like altered sen-
sorium, seizures, and fever. Occurrence of seizures is due to marked hypoglycemia
caused by prolonged starvation before initiation of treatment.

19.3 Management

Management of cholera involves immediate replacement and maintenance of fluid
and electrolyte losses due to diarrhea and vomiting. This can be achieved by admin-
istration of adequate and proper fluid in the form of either oral rehydration therapy
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or intravenous therapy depending upon the degree of dehydration. Effective man-
agement with adequate fluid therapy reduces death rate to less than 1% in all age
groups [10, 29].

19.3.1 Management of Patients with ‘No’ Dehydration

Management of cholera without dehydration is aimed to prevent dehydration by
giving more fluid than normal in the form of home-available fluids like salt–sugar
solution, rice water, weak tea, etc., preferably from beginning of onset of illness
[10, 29]. Oral rehydration salt (ORS) solution dissolved in appropriate amount of
drinking water can also be used if available at that time. Any of these fluids should
be given approximately 50–100 ml and 100–200 ml per loose stool for the children
below 2 years and between 2 and 10 years of age, respectively. The amount should
be given by mouth slowly, one to two teaspoonfuls every 1–2 min. If patient has
repeated vomiting, administration of fluid should be stopped for 10–15 min and
should be reintroduced later. Older children and adults should drink fluid as much
as they want.

19.3.2 Management of Patient with ‘Some’ Dehydration

Patient with ‘some’ dehydration can be managed with ORS solution recommended
by WHO in two phases. Firstly, existing loss of body fluid and electrolytes should
be replaced by administration of ORS as quick as possible in adults and older chil-
dren. In smaller children, fluid deficit should be replaced in a dose of 75 ml/kg of
body weight within 4–6 h. Fluid can be administered by cup and spoon. Use of
feeding bottle should be discouraged primarily because feeding bottles are often
contaminated and secondly bottle feeding of ORS may detract the programme
of breastfeeding promotion in some countries. After that period, child should be
reassessed for hydration status. If the patient is still in ‘some’ dehydration, same
amount of fluid should be continued for another cycle of 4–6 h and it should be
continued till the patient becomes fully hydrated. When the hydration status of
the patient becomes normal, administration of ORS should be continued match-
ing the stool loss as maintenance therapy till the diarrhea stops. Management of
patient with ‘some’ dehydration is preferred at hospital set-up but patient should
not be kept in hospital throughout the period of illness. Patient can be discharged
after correction of initial dehydration by providing few packets of ORS and advis-
ing to return back to the hospital if diarrhea worsens or if signs of dehydration
reappear. Management of ‘some’ dehydration can also be done at the community
level by direct supervision of health workers who are experienced to detect further
deterioration of the condition by watching for the signs and symptoms of dehydra-
tion and other complications. If the patient develops signs and symptoms of severe
dehydration or stoppage of urine for more than 6 h or becomes unconscious, it is
advisable to refer the patient to nearby health center where facilities of intravenous
fluid administration are available.
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19.3.3 Oral Rehydration Salt (ORS) Solution

Discovery of glucose-enhanced absorption of sodium and water in the gut dur-
ing cholera leads to development of the oral rehydration salt (ORS) solution. This
discovery is considered as one of the most important advancements in medicine
in the last century. ORS having sodium concentration of 90 mmol/l and glucose
111 mmol/l (total osmolarity 311 mmol/l) has been used for last four decades as
cheap and effective therapy for prevention and treatment of dehydration caused
by acute watery diarrhea including cholera [30–34]. However, this fluid has
some demerits, as it fails to reduce duration, frequency, and volume of diarrhea.
Furthermore, sometimes it may produce hypernatremia in very young and severely
malnourished children. Recently several clinical trials have shown that ORS solu-
tion having low osmolarity (total osmolarity 245 mmol/l by reducing sodium and
glucose concentrations) is more effective than ORS of osmolarity of 311 mmol/l
for the management of acute watery diarrhea of all etiologies including cholera
[35–38]. This fluid therapy has the capacity to reduce stool output, duration, and
frequency of diarrhea in children suffering from cholera. It also reduces vomiting
and need of unscheduled intravenous fluid therapy. This solution is also effective
for the management of adult cholera; however, sometimes it may produce transient
asymptomatic hyponatremia. WHO and UNICEF jointly recommended that the sin-
gle ORS solution containing 75 mmol/l of sodium and 75 mmol/l of glucose with
a total osmolarity of 245 (reduced ORS or hypo-osmolar ORS) should be used as
single ORS solution throughout the world for the management of all diarrhea cases
including cholera and in all age groups [39]. This new formula (Table 19.2) was
launched by WHO and its partners during United Nation General Assembly, special
session of children on May 2002.

Table 19.2 Composition of oral rehydration salts (ORS)

Composition by weight Composition osmolarity

Ingredients Old ORS (g) Hypo ORS (g)
Old ORS
(mmol/l)

Hypo ORS
(mmol/l)

Sodium
chloride

3.5 2.6 Sodium 90 75

Potassium
chloride

1.5 1.5 Potassium 20 20

Trisodium
citrate
dihydrate

2.9 2.9 Chloride 80 65

Glucose,
anhydrous

20 13.5 Glucose 111 75

Total 27.9 20.5 Total mosmol 311 245
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19.3.4 Management of Patient with Severe Dehydration

Severely dehydrated patient should be treated with intravenous fluid for correction
of initial dehydration. Ringer’s lactate solution (mEq/l; sodium 130, chloride 109,
potassium 4, lactate 28. osmolality 271) is the preferred fluid as it contains ade-
quate amount of sodium, chloride, some potassium and citrate (which is converted
to bicarbonate in liver and corrects base-deficit acidosis), and most commonly avail-
able commercially produced solution [40, 41]. If Ringer’s lactate solution is not
available, normal saline (sodium chloride solution 8.9 g/l) may be used [42] but
it contains neither bicarbonate nor potassium for which simultaneous administra-
tion of ORS by mouth to replace potassium and bicarbonate losses is advisable.
There was a controversy of the use of large amount of potassium during rehydration
phase as the patient does not pass urine for a considerable period. Presently, it is
documented that absence of urine production is not contraindicated for administra-
tion of potassium in the initial rehydration therapy; rather, without administration of
potassium, patient may develop severe hypokalemia. Patients should be assessed for
hydration status very frequently (every half an hour). Rate of infusion of intravenous
fluid is depicted in Table 19.3.

Accesses to the veins in hands are sometimes difficult due to vascular collapse in
severely dehydrated patients. Anticubital or external jugular veins may alternatively
be selected for infusion. In small children, scalp vein needle may be used in scalp.
If venipuncture fails, it is better to have surgical exposure of vein (cut down) by a
trained doctor or nursing staff.

After correction of initial dehydration by intravenous fluid, patient should receive
‘ORS’ as maintenance therapy till the diarrhea stops. Use of ORS in mainte-
nance phase should be sufficient to replace ongoing losses from diarrhea, vomiting,
and normal insensible fluid losses. Insensible losses should be calculated as being
100 ml/kg of first 10 kg of body weight, 50 ml/kg of body weight for next 10 kg
of body weight, and 10 ml/kg of body weight over 20 kg. Frequent monitoring of
stool loss and fluid intake is essential which may prevent reappearance of severe
dehydration. Monitoring of ongoing fluid losses can be easily done by collecting
the stool into a calibrated bucket. Use of ‘cholera cot’ is the most suitable method.

Table 19.3 Guidelines for intravenous treatment of children and adults with severe dehydration

Age First give 30 ml/kg in Then give 70 ml/kg in

Infants (under 12 months) 1 h 5 h
Older 30 min 21/2 h

• Reassess the patient every 1–2 h. If hydration is not improving, give i.v. drip more rapidly
• After 6 h (infants) or 3 h (older patient) evaluate for dehydration status, then choose the

treatment plan
Adopted from WHO Manual for Physician and other Senior Health Workers (WHO/CDD/
SER/95.3)
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‘Cholera cot’ is a simple plastic-covered cot with a central hole through which
stool drains into the bucket. Administration of intravenous fluid during mainte-
nance phase should be avoided unless the patient has severe purging, protracted
vomiting, or reappearance of the signs and symptoms of severe dehydration. If
intake of ORS is not sufficient to match the stool loss, intravenous fluid should be
restarted.

19.3.5 Management with Antibiotic

Antibiotic, as an adjunct to fluid therapy, is recommended for the treatment of
severely dehydrated cholera cases only which helps in the reduction of stool vol-
ume, shortening of hospital stay, and duration of excretion of V. cholerae. Oral
tetracycline is the drug of choice for the treatment of cholera [43]. It can be used in
adults (500 mg) and also in pediatric cases (12.5 mg/kg) four times a day for 3 days.
Tetracycline is thought to be contraindicated for pediatric population because it may
cause staining of permanent teeth; however, it does not harm much as it is used in
short period of time. Single dose of doxycycline (300 mg) is also useful for adults
[44]. Furazolidone, at the dose of 1.25 mg/kg in four divided doses, is recommended
as an alternative to tetracycline for pediatric patients. However, a good percent-
age of V. cholerae O1 and O139 isolated from different parts of the world showed
resistance to this drug. In such situation, erythromycin is recommended at the dose
12.5 mg/kg in four divided doses for 3 days [2]. Higher quinolones like norfloxacin
(400 mg twice daily), ciprofloxacin (500 mg twice daily), ofloxacin (200 mg twice
daily) for 3 days are also useful for adult cases [10, 45].

Selection of antibiotic for management of cholera becomes difficult as many of
the V. cholerae strains in different parts of the world become resistant to commonly
used antibiotics [46–48]. Tetracycline-resistant strains are also detected frequently
from India and many other developing countries [49–53]. Recently, a good percent-
age of V. cholerae strains isolated from India become resistant to quinolone group
of drugs [54, 55]. Selection of antibiotic for cholera should be according to the
susceptibility pattern of local strains of V. cholerae.

19.3.6 Management of Vomiting

Vomiting is a commonly associated symptom in cholera [56]. Vomiting can be safely
managed by proper correction of dehydration by administration of adequate amount
of ‘ORS’ or intravenous fluid. Furthermore, use of hypo-osmolar ORS reduces the
chance of vomiting. If patient suffers from repeated vomiting (more than four times
per hour), even after proper correction of dehydration, intravenous fluid should be
continued as maintenance therapy. Routine use of anti-emetic is discouraged as it
may cause sedation which interferes administration of ORS. It may also give false
impression on dehydration status. However, it can be used for severe and protracted
vomiting even after continuation of intravenous fluid. Domperidone is the safest
anti-emetic. It can be used at the dose of 0.1–0.3 mg/kg/dose once only and it should
not be used repeatedly [10].
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19.4 Feeding

Breastfeeding should not be stopped. Mothers should be encouraged to continue
uninterrupted breastfeeding throughout the treatment period. However, other food
should be temporarily withdrawn during correction of initial dehydration in both
‘some’ and ‘severely’ dehydrated children. Food should be reintroduced after cor-
rection of initial dehydration. Children should continue formula or other milk feed
if they are used to have it before diarrhea but it should not be diluted [10].

Children older than 6 months and who are already habituated to take cereal- and
vegetable-based foods should be continued to take the same. Food should be easily
digestible, culturally acceptable and readily available and contain high energy and
micronutrients. To make the food energy dense, 5–10 ml vegetable should be added
to these foods during serving [10]. Meat, fish, or egg should not be withheld if habit-
uated to have these items. Potassium-rich fruits like bananas, green coconut water,
and fresh fruit juice are beneficial. One extra energy-rich meal is recommended after
cessation of diarrhea to catch up growth in children.

19.5 Other Drugs or Agents

Some of the antidiarrheal drugs are commonly used even for the treatment of cholera
but they are not useful; rather sometimes they harm the patients [10]. Adsorbents
like kaolin and pectin are commonly believed to have the property of binding
and inactivating bacterial toxins but they do not have the proven efficacy. It is
also claimed that anti-motility drugs like loperamide, opiate, and opium derivatives
have the capacity to reduce frequency and volume of stool by decreasing intesti-
nal motility. However, clinical trials fail to document efficacy. Rather, sometimes
they produce paralytic ileus in children and may cause prolonged illness by delay-
ing elimination of pathogens. Steroids, cardiac stimulants, and vasoactive drugs like
adrenaline and nicotinamide are also used for the treatment of shock in severely
dehydrated cholera patients but these drugs have no role as shock is due to loss of
fluid (hypovolemia). Prompt replacement of fluid and electrolytes is ideal treatment
of this shock. Purgatives are also used sometimes but they should never be used as
they make the disease worse. Recently zinc and probiotics have shown promising
results for the treatment of diarrhea in children; however, they are not evaluated for
the management of cholera. Some studies showed that racecadotril, an antisecretory
agent, is effective in acute secretary diarrhea in children but that drug needs to be
evaluated in cholera.

19.6 Complications

Severely dehydrated cholera patients sometimes develop acute renal failure with
tubular necrosis if they suffer from hypovolemic shock for prolonged period or
do not receive adequate amount of intravenous fluid for correction of initial dehy-
dration [57, 58]. However, the clinical condition is reversible with judicious fluid
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management. Presently, acute renal failure is the rarest complication as most of
the patients receive considerable amount of fluid therapy. Clinically significant
hypokalemia is the problem of children suffering from cholera. Hypokalemic chil-
dren may present with cardiac and gastrointestinal consequences like atonic bowel,
cardiac arrhythmia, hypotension, and ultimately to cardiac arrest if adequate amount
of potassium is not replaced. These complications are also very rare nowadays as
most of the children receive considerable amount of potassium in their replace-
ment fluid. Septicemia is not common in cholera infection [59] but some children
develop septicemia and that may be due to the use of contaminated intravenous
fluid or infusion sets. Several studies on early twentieth century showed that death
rate among cholera-infected pregnant women was much higher than that among
non-pregnant women [60]. Presently, judicious use of fluid therapy reduces the
mortality rate.
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