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Preface

As we place our thoughts together to write the Preface of this book on ‘‘Cholera
Outbreaks,’’ we are constantly reminded through all forms of media of the
impending outbreak of cholera in Sudan. The country is in the midst of armed
conflict resulting in the formation of temporary camps of thousands of displaced
people living in poor sanitary conditions and overcrowding; the perfect recipe to
initiate an outbreak of cholera. The World Health Organization has dipped into the
newly launched stockpile of cholera vaccine and is creating history of sorts in
attempting to preempt the outbreak by vaccinating people in these camps using the
WHO prequalified bivalent oral cholera vaccine. In many ways this is not ‘‘new’’
news, instead this is news that is retold with remarkable regularity with the only
difference being that the name of the country differs each time. Cholera has been
exceptionally pervasive during the past three decades, particularly since the
beginning of this millennium. The Sudan outbreak was preceded by the Haiti
outbreak, which stupefied the world just by its scale, its enormity, and the disputes
that arose in its wake. Cholera has this penchant of being in the forefront of news.

What remains a continuing enigma, however, is that we allow it to happen time
and again despite the enormous body of knowledge on the pathogen Vibrio
cholerae and on the disease cholera. Yet we are unable to accurately predict and
preempt outbreaks of cholera. The complete genome sequence of more than 150
strains of Vibrio cholerae are available in international databases, which have been
thoroughly analyzed, explored, teased, and interpreted, we know the epidemiology
of the disease through decades of painstaking work; the ecology of the pathogen
and the impact of climate change has been thoroughly investigated. We are also
aware of simple ways to treat the disease. However, we have not been able to
decipher the reason for the ferocious spread of the pathogen during outbreaks of
cholera nor have we been able to predict accurately where an outbreak will occur.
Ironically, what is most predictable about cholera is its unpredictability.

The genesis of this book is the reaction to a lecture on cholera at the 85th
Annual Meeting of Japanese Society of Bacteriology held in Nagasaki from March
27 to 29, 2012. Professor Dr. Klaus Aktories of the Albert-Ludwigs-Universitat
Freiburg was in the audience. The lecture evoked his interest and he requested us
whether we would be interested to edit a volume on Cholera in the series Current
Topics in Microbiology and Immunology. We accepted the offer and are grateful
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to Professor Aktories for having initiated our thoughts to edit this book. We chose
the topic of cholera outbreaks as the theme because we felt that there is a hiatus in
information in the area of cholera outbreaks. Besides, for those who have worked
on cholera and were involved in cholera outbreaks in any capacity, it is a life-
changing experience.

The book starts with a chapter on cholera outbreaks in the times when classical
biotype of Vibrio cholerae O1, acknowledged as the more virulent biotype, pre-
vailed. To bring about the contrast between biotypes in relation to cholera out-
breaks, ‘‘Cholera Outbreaks in the El Tor Biotype Era and the Impact of the New El
Tor Variants’’ focuses on the El Tor biotype and its recent variants including O139,
the altered El Tor and the hybrid El Tor, all of which are a testimony to the subtle
changes taking place in the rapidly evolving genome of El Tor Vibrio cholerae. We
have then focused on an overview of outbreaks of cholera in India, Southeast Asia,
Africa, and America to give a continent-wise flavor. There is increasing evidence
that the incidence of cholera and the factors that cause cholera outbreaks vary
between Asia and Africa. An analysis of a huge outbreak of cholera in Haiti in ‘‘The
Cholera Outbreak in Haiti: Where and How did it Begin?’’ provides an insight into
how an outbreak of cholera can overwhelm a country and the controversies that it
can generate. The role lytic phages play in modulating cholera epidemics and
enhance Vibrio cholerae evolution through a bactericidal selection process is
highlighted in ‘‘Role of Phages in the Epidemiology of Cholera’’. The fate of
circulating clones of Vibrio cholerae during cholera outbreaks including genetic
changes as a result of mutations or acquisition of new genetic sequences is dis-
cussed in detail in ‘‘Circulation and Transmission of Clones of Vibrio cholerae
During Cholera Outbreaks’’. Of late, there has been concerted efforts to use
mathematical models to synthesize knowledge on cholera into a quantitative
framework with an effort to predict and manage cholera, which is discussed in
‘‘Modelling Cholera Outbreaks.’’ The past two decades have seen a quantum leap in
Genomic sciences and ‘‘Genomic Science in Understanding Cholera Outbreaks and
Evolution of Vibrio cholerae as a Human Pathogen’’ collates this information and
extols how this information could be useful from a cholera control viewpoint or
from the way clones of the pathogen spread across the globe. The precision of SNP
analysis across the whole genome in tracking the spread of the clones of the
pathogen is highlighted in great detail. The last chapter analyzes circumstances of
when the available cholera vaccines can be used to interrupt cholera outbreaks.

We hope the information provided by domain experts will give you a com-
prehensive overview on cholera outbreaks and their consequences. It is also in a
way to remind the readership that cholera is not an antiquated disease; it is still
very much there and will be there in places where hygiene and sanitation is
compromised. Putting this book together has been a delightful assignment. We are
indebted to all the authors and coauthors of the 11 chapters for their cooperation
and for all the effort to prepare the chapter. Without their contribution, this book
would not exist. We applaud their expertise and acknowledge their efforts.

Finally, the book is a celebration of collaboration between the two Editors for
more than three decades—a collaboration bonded by research on cholera. The 30-
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plus years have been humbling and a learning experience. Cholera continues to
persist and devastate especially among the marginalized section of the world. It is
like a fire that cannot be put off.

G. Balakrish Nair
Yoshifumi Takeda
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Cholera Outbreaks in the Classical
Biotype Era

A. K. Siddique and Richard Cash

Abstract In the Indian subcontinent description of a disease resembling cholera
has been mentioned in Sushruta Samita, estimated to have been written between
*400 and 500 BC. It is however not clear whether the disease known today as
cholera caused by Vibrio cholerae O1 is the evolutionary progression of the
ancient disease. The modern history of cholera began in 1817 when an explosive
epidemic broke out in the Ganges River Delta region of Bengal. This was the first
of the seven recorded cholera pandemics that affected nearly the entire world and
caused hundreds of thousands of deaths. The bacterium responsible for this human
disease was first recognised during the fifth pandemic and was named V. cholerae
which was grouped as O1, and was further differentiated into Classical and El Tor
biotypes. It is now known that the fifth and the sixth pandemics were caused by the
V. cholerae O1 of the Classical biotype and the seventh by the El Tor biotype. The
El Tor biotype of V. cholerae, which originated in Indonesia and shortly thereafter
began to spread in the early 1960s. Within the span of 50 years the El Tor biotype
had invaded nearly the entire world, completely displacing the Classical biotype
from all the countries except Bangladesh. What prompted the earlier pandemics to
begin is not clearly understood, nor do we know how and why they ended. The
success of the seventh pandemic clone over the pre-existing sixth pandemic strain
remains largely an unsolved mystery. Why classical biotype eventually disap-
peared from the world remains to be explained. For nearly three decades
(1963–1991) during the seventh pandemic, cholera in Bangladesh has recorded a
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unique history of co-existence of Classical and El Tor biotypes of V. cholerae O1
as epidemic and endemic strain. This long co-existence has provided us with great
opportunity to improve our understanding of the disease itself and answer some
important questions.
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1 Introduction

A description of cholera would be incomplete in the absence of a historical
account of the disease including its origin, emergence as an epidemic disease and
its devastating spread throughout the world that killed millions. There is little
disagreement among cholera historians about the existence of cholera-like diseases
during ancient times in Asia, China and Europe. It is not clear, however, whether
the disease known today as cholera caused by Vibrio cholerae O1 is the evolu-
tionary progression of the ancient disease.

In the Indian subcontinent, Visuchica a Sanskrit word describing a disease that
closely resembles a case of cholera has been mentioned in Sushruta Samita which
is estimated to have been written between *400 and 500 BC (Bhishagrant 1963).
Proof of its presence in historical times has been furnished by the early Europeans
who arrived in India in the fourteenth century. When the Portuguese landed in the
south western or Malabar coast of India in 1498, cholera existed in the region. In
1503, about 20,000 men of Calicut died of an epidemic of the disease having
symptoms resembling cholera as described by Gasper Correa, an officer of Vasco
da Gama (Peters 1885). This was one of the earliest published descriptions of the
Asiatic cholera written by an European. The modern history of cholera began in
1817 when a violent epidemic of the disease broke out in the Ganges River Delta
region of Bengal (Pollitzer 1959). This was the first of the recorded cholera
pandemics (Barua 1992).

2 A. K. Siddique and R. Cash



It originated in the lower Ganges River Delta and spread beyond India in three
directions, continuing for 7 years (1817–1823). Its spread to the western direction
affected Oman, Bahrain, and the Persian Gulf region, part of Iran, Iraq, Syria,
Turkey and Egypt; spread to the eastern direction involving Burma, Thailand,
Malacca, Penang, Singapore, and Indonesian archipelago, Philippines, China and
Japan; and the southern movement affected the Indian Ocean islands of Ceylon,
Mauritius, Re’union and Zanzibar (Pollitzer 1959).

The origin of the second pandemic (1829–1851) can also be traced back to
Bengal when in 1826 there were signs of epidemic activities of the disease and a
steady westward spread. By 1829, the epidemic invaded Afghanistan and Persia,
spreading northward to Russia, northern and central Europe. Cholera appeared in
England in 1831, and did not spare France, Italy, Spain, Portugal and North
African countries (Pollitzer 1959). The disease also crossed the Atlantic to North
America by ships carrying Irish immigrants and reached Canada (Chambers 1938).
At about the same time, cholera appeared in New York, Philadelphia and extended
across the southern US (Duffy 1971). The third pandemic (1852–1859) is thought
to have started as a consequence of an upsurge of cholera in India. Beginning in
1853, epidemics of the disease were rampant in Persia and Mesopotamia, northern
Europe, including England, Canada, the US, Mexico, Colombia and West Indies.
In the east, China, Japan, Korea and the Philippines were also affected.

In 1863, during the fourth pandemic (1863–1879), a major epidemic occurred
among the pilgrims in Mecca which resulted in nearly 30,000 deaths. The after-
math of this epidemic had a disastrous effect involving nearly the whole of Europe
and Russia in 1866 (McNamara 1876) and over 417,000 people lost their lives. In
addition to resurgence of epidemics in some of the previously infected countries,
the fifth pandemic (1881–1896) largely affected the South American countries.
The sixth pandemic (1899–1923) is believed to be connected to the resurgence of
cholera in India (Pollitzer 1959) and struck central and southern Europe and South-
east Asia.

The bacterium responsible for this human disease was first recognised in 1884
(Koch 1884) during the fifth pandemic and was named as V. cholerae (Pollitzer
1959) which was grouped as O1 on the basis of their serological response to
antiserum (Sakazaki 1992). V. cholerae O1 was further differentiated into Clas-
sical and El Tor biotypes on the basis of certain biological tests (Farmer 1985).
Each biotype can be further classified into the serotypes Ogawa and Inaba. We
know that the fifth and the sixth pandemics were caused by the V. cholerae O1 of
the Classical biotype. However, the division between the six pandemics is not
distinct and the cholera-free intervals between the individual pandemics were not
always clear. It may be reasonable to consider that the first six pandemics were
single continued pandemics. For nearly 80 years during the fifth and sixth pan-
demics of cholera, the Classical biotype of V. cholerae dominated the spectrum of
cholera. What prompted the earlier pandemics and its spread is not well under-
stood, nor do we know how and why they ended. Cholera did not persist in many
of the countries invaded during the pandemics, though on other areas it continued
as an endemic disease.

Cholera Outbreaks in the Classical Biotype Era 3



In 1906, Gotschlich isolated a new strain of V. cholerae at the El Tor Quar-
antine Station in the Sinai desert from Indonesian pilgrims who had died of a
cholera-like illness. These organisms had all the characteristics of V. cholerae
except they were haemolytic (Mosley 1969). They caused small outbreaks in
Indonesia for nearly 30 years affecting Java, Sarawak, and Borneo. This strain
designated El Tor, did not gain international notoriety, despite causing a large
outbreak in Celebes, Indonesia in 1936 (De Moor 1938), until the early 1960s
when for unknown reasons epidemic cholera caused by El Tor began to rapidly
spread outward from Indonesia. This became the seventh cholera pandemic (Barua
1992). By the end of 1962, epidemics affected the entire South Asian archipelago
and reached the Indian subcontinent, first affecting East Pakistan (now Bangla-
desh) in 1963 and Calcutta, India, in 1964. The epidemic then spread to Pakistan,
Afghanistan, Iran, Iraq and Uzbekistan in 1965. In 1970, the epidemic affected
Southern Europe and reached Africa, mainly sub-Saharan West Africa, where it
caused epidemics resulting in 40,000 deaths (Goodgame 1975). One of the striking
features of the seventh pandemic was its extension in 1991 to South and Central
America, areas that had not seen cholera for nearly a hundred years. The epidemic
was first reported in Peru in January 1991 (Levin 1991) and by November 1991 it
had affected seven South American and nine Central American countries (PAHO
1991). Between 1991 and 1993, the seventh pandemic was responsible for over
951,000 reported cases of cholera and 8,700 deaths from 20 Latin American
countries (Guthmann 1995).

Since the El Tor biotype first appeared, many clinical and epidemiological
observations suggested that V. cholerae of the El Tor biotype, although better
adapted to the environment, may be less virulent clinically. It was also suggested
that El Tor strain had certain competitive advantages in comparison to the classical
strain. One of these advantages was the greater prevalence of inapparent infections
(35–100:1 vs. 4:1), indicating that many patients infected with El Tor strain have
milder or asymptomatic infections than the classical strain (Bart 1970). However,
infection with either biotype can be acute, severe and life-threatening, but in
general fewer patients infected with El Tor strains presented with severe dehy-
dration (Chandu 1971). The severity of the infection depends on many factors such
as local intestinal immunity (from previous natural exposure), the size of inocu-
lum, the adequacy of gastric-acid and the patient’s blood group (Sack 2004). For
unknown reasons, people of blood group O are at higher risk of severe cholera
from El Tor vibrios than those of other blood groups (Glass 1985; Clemens 1989).

The seventh pandemic was strikingly different from the earlier pandemics in its
rapidity of geographic spread and duration. Within the span of approximately
50 years the pandemic caused by V. cholerae O1, El Tor biotype invaded nearly
the entire world. The El Tor biotype of V. cholerae O1 completely displaced the
Classical biotype as the predominant epidemic strain from the countries where it
existed within a year of its first appearance.
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2 Cholera in the Ganges River delta

Historically, Asiatic cholera has always flourished in the Ganges river delta region
though it is not known just how long it has been ravaging the population of the
region (McNamara 1876). Few regions have a history of cholera that is more
complex than the Ganges River delta region of Bengal. The land mass which lies
between the two great rivers of the Indian subcontinent the Ganges and the
Brahmaputra is known as the lower Ganges River delta region, the greater part of
which is now Bangladesh. In the past, changes in the epidemiology of cholera in
this region have greatly influenced its global spread. The great epidemic of 1817
which was the beginning of the first pandemic started in Jessore (now in
Bangladesh), spread throughout the province of Bengal (British India) within
3 months involving an area of *507,500 km2. Within 3 years the disease affected
nearly every province of India (McNamara 1876). The region was implicated as
the source of origin of all the cholera pandemics except the current seventh
pandemic (Pollitzer 1959).

Available records of classical cholera deaths during the pandemic in the Indian
subcontinent, was limited to the last 13 years of the sixth pandemic (1910–1923).
However, records of classical cholera deaths beyond the sixth pandemic were
available up to 1954 (Politzer 1959). Between 1910 and 1954, it is estimated that
over 10 million cholera deaths occurred in pre-independence (British India) and
post-independence India. Bengal accounted for the highest proportion (29 %),
followed by Bihar and Orissa (25 %), United Provinces (17 %) and the Madras
Presidency (14 %); that is these four provinces accounted for 85 % of the total
reported cholera deaths during the 45-year period (Politzer 1959). Among a total
of 171,000 deaths attributed to cholera between 1947 and 1954 in Pakistan, 96 %
occurred in East Pakistan (present Bangladesh) (Pollitzer 1959).

One of the landmark events in the history of cholera in the lower Ganges delta
region was the establishment of the Pakistan SEATO (South-east Asia Treaty
Organization) Cholera Research Laboratory in Dacca in 1960. It was felt that in
addition to the clinical, pathological and microbiological research on cholera, a
field site for cholera studies including field-testing of existing and new cholera
vaccine was needed. The search for such a field site led to the finding of Matlab, a
cholera prone rural area, located at a distance of 57 km from Dhaka and accessible
only by waterways. Thus in the fall of 1963, the Pakistan-SEATO Cholera Research
Laboratory (PSCRL) established an epidemiological field study area in the home of
Asiatic cholera. In 1964, the Government of East Pakistan made available an old
barge (which previously served as a floating judge’s quarters and a temporary jail
for river pirates) for treatment of cholera patients in Matlab. The barge was soon
abandoned as a treatment centre as a few rooms of the government PHC were given
over to the PSCRL for that purpose. Over the last five decades, the PSCRL evolved
to what is known to the world today as the ‘‘International Centre for Diarrhoeal
Diseases Research, Bangladesh (ICDDR, B)’’. The ICDDR,B now runs a well-
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equipped hospital in Matlab that especially caters to diarrhoea and MCH activities
and is the hub for the many studies now based in Matlab.

In the last several decades cholera has been the subject of numerous studies of
ICDDR,B, both in Dhaka and Matlab, which have increased our understanding of
all aspects of the cholera. A partial list of the hundreds of pre-1990 citations might
include the following: epidemiology (Lindenbaum 1966; Khan 1967, 1980;
McCormack et al. 1969a, b; Martin 1969; Glass 1981); pathogenesis (Greenough
1979; Cash 1969); microbiology, immunology (Mosley 1968; Bart 1970; Glass
1985; Khan 1987), and clinical management (Nalin 1968; Cash 1969, 1970;
Greenough 1964, 1984; Rabbani 1986). In addition there have been numerous field
trials of both parental and oral cholera vaccines. The results of these studies have
greatly changed our understanding of cholera, both in terms of all these areas of
study. The ICDDR,B has become the premier research institution in the world for
the study of enteric diseases and many other health problems that affect low and
middle income countries.

2.1 Disappearance of Classical Cholera from India

Since 1964, when V. cholerae O1 biotype El Tor first entered India, cholera cases
due to Classical biotype were progressively displaced. By the end of 1964, the
ratio between the Classical and El Tor cholera cases was 1:10 in Calcutta. In the
state of Bihar the classical was completely displaced by the middle of 1964. At
about the same period, the classical biotype accounted for 50 % cholera cases in
the western coast of India during outbreaks in Surat, and Baroda of Gujrat State;
the remainder were due to El Tor biotype. In the first 3 months of 1965, classical
biotype of V. cholerae O1 completely disappeared from Baroda area. In the city of
Bombay, in the latter half of 1964, during epidemic outbreaks both Classical and
El Tor were equally distributed. In the Kottayam area of Kerala during an outbreak
in 1965, no Classical strain was identified. By the end of 1966, epidemic strains of
Classical cholera seem to have largely disappeared from India (Mukerjee 1965).
However, a few Classical strains were occasionally identified between 1967 and
1969 mostly from West Bengal (Calcutta), Orissa (Puri, Cuttack, Balasore), Assam
(Shillong, Gauhati, and Tripura (Agartala) (Sanyal 1972). The presence of clas-
sical biotype in India has not been reported after 1969 signifying the end of the
sixth pandemic of cholera within the present boundary of India. From then on the
El Tor biotype was the only strain detected during the epidemic outbreaks both in
the eastern and western states indicating that the Classical biotype had disappeared
from India (Mukerjee 1965). During this period, the reasons for disappearance of
the classical strain from India were not fully explained.
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2.2 Classical Cholera in Bangladesh During the Seventh
Pandemic

The Ganges and the Brahmaputra Rivers which flow through Bangladesh before
draining into the Bay of Bengal have resulted in geo-ecological differences within
Bangladesh. The northern and the middle belt regions constitute the flood plains of
these rivers, whereas the southern region constitutes the tidal plain of the Bay of
Bengal. The ecological difference between different regions of the country was
found to have implications on the epidemiology of cholera in Bangladesh in the
past and the present. Understanding the epidemiology of cholera in the lower
Ganges river delta of Bangladesh has always been an epidemiological challenge.

The El Tor biotype was first detected in Bangladesh (formerly East Pakistan) in
1963 at Chittagong and in Dhaka in 1964, but the first significant outbreak was not
reported until 1968 (Bart 1970). Since then, for nearly three decades (1963–1991)
cholera in Bangladesh has recorded a unique history of coexistence of Classical
and El Tor biotypes of V. cholerae O1 as epidemic and endemic disease. Epi-
demics produced contrasting pictures of appearance and disappearance of Clas-
sical and El Tor biotypes and serotypes of V. cholerae O1 in different regions of
the country, between different time periods and in comparison to other countries.

2.3 What Prompted Disappearance and Reappearance
and Persistence of Classical Cholera in Lower
Ganges Delta of Bangladesh?

The Classical biotype which was responsible for the fifth and sixth pandemics of
cholera dominated the spectrum of cholera epidemics in Bangladesh up to 1972
(Glass 1982). For nearly 6 years between 1973 and 1978, the Classical biotype
disappeared from Bangladesh (Glass 1982; Samadi 1983), this was thought to be a
part of a global phenomenon occurring at that time (Barua 1992). In contrast to the
findings of complete disappearance of Classical strain from the rest of the world;
the Classical biotype of V. cholerae O1 re-emerged in Bangladesh in September
1982 and by the end of December the biotype accounted for 90 % of the cholera
patients in Dhaka. In the Matlab treatment centre of ICDDR, B, Classical biotype
accounted for 63.4 % of the cholera patients and the El Tor biotype the remaining
36.6 %. A total of 66 Classical biotypes were also isolated from four rural districts.
All but one of the isolates was from the southern region of the country (Khan 1980;
Samadi 1983; Shahid 1984). The classical biotype became the epidemic strain in
Matlab between 1982 and 1984. The overall isolation rate of Classical biotype
during this period was 74 % compared to 26 % for El Tor. Since then the Classical
biotype has been progressively displaced by El Tor as the epidemic strain in
Matlab. In the Dhaka Hospital of the ICDDR,B between 1986 and 1988, the
Classical biotype accounted for 39.2 % of cholera cases in contrast to El Tor
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(60.8 %). By 1991, Classical biotype was rarely isolated from either Matlab or
Dhaka treatment centres.

Beginning in the latter part of 1984, as cholera epidemics spread throughout the
country, ICDDR,B set up an ‘Epidemic Control Preparedness Programme’ (ECPP)
to assist the Government of Bangladesh to control the spread of epidemics and
prevent deaths by providing prompt treatment. Between 1985 and 1999, ECPP
physicians conducted investigations and interventions of diarrhoea epidemics in
over 400 rural subdistricts. The ECPP team examined nearly 60,000 diarrhoea
patients in field conditions and at rural health facilities, collecting 9,100 rectal
swabs for culture at the ICDDR, B laboratories in Dhaka (Siddique 1991, 1992).
These investigations provided valuable insight relating to the magnitude of cholera
epidemics and distribution of the disease in different regions of Bangladesh. The
investigations also contributed to our understanding of the interplay between the
classical and El Tor biotypes during the 30 years of their coexistence.

A simultaneous outbreak of cholera by both Classical and El Tor biotypes with
contrasting drug resistance and sensitivity patterns was detected during 1989 in six
southern districts and in one north-eastern district. Nearly all the Classical isolates
were resistant to tetracycline but sensitive to ampicillin. In contrast, the El Tor
isolates were sensitive to tetracycline and resistant to Ampicillin. This was a rare
event during the period when the sixth pandemic of cholera was being replaced by
the seventh (Siddique 1989). Investigations of outbreaks involving 24 rural dis-
tricts between September, 1988 and October 1998 demonstrated geographic
clustering of V. cholerae O1 biotypes. In seven southern districts, 79 % of the
isolates were Classical biotypes, and only 21 % were El Tor biotype. By contrast
in the 17 northern and middle belt districts nearly all (99 %) isolates were of the El
Tor biotype (Siddique 1991).

Analysis of ECPP epidemic data collected between 1984 and 1989 showed a
selective distribution of V. cholerae O1 biotypes (Fig. 1). During epidemics in the
southern coastal regions more Classical biotype were isolated than El Tor biotype
whereas in the north-eastern, north-western and middle belt regions the reverse was
true (Siddique 1991, 1992). The presence of the classical biotype of V. cholerae O1
as the predominant epidemic strain in the southern coastal region raised the
suspicion that it may have never disappeared from Bangladesh (Siddique 1991) as
previously suggested (Glass 1982). This suspicion was confirmed when it was
revealed that a group of Classical biotype isolated from patients in southern Ban-
gladesh were clones of the Classical biotype of the sixth pandemic of cholera
(Faruque et al. 1993).

Evidence accumulated by the ecological studies over the past decades show that
V. cholerae, is an autochthonous inhabitant of riverine, brackish water and estuarine
ecosystems (Colwell 1981). In coastal and estuarine environments vibrios are found
either as individual cells in the water column or as biofilm-associated cells attached
to surface (Colwel and Huq 1994; Faruque 1998). The biofilm forming ability of
V. cholerae appears to increase their survival in natural habitats. The ability of
V. cholerae to grow in aquatic habitats is often diminished by the low availability
of carbon sources. The photosynthetic microorganisms (i.e. phytoplankton) excrete
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a variety of organic compounds, attachment of V. cholerae to these microorganisms
provide access to those compounds facilitates its growth and survival. Similarly,
attachment to zooplankton, rich in N-acetyl glucosamine provides close access to a
compound that can serve as both a carbon and nitrogen source (Huq 1984).
V. cholerae has also developed a remarkable ability to adapt to the constantly
changing range of salinity and temperature in tidal estuaries. Growth pattern studies
(Singleton 1982) have shown that V. cholerae has an absolute requirement for
sodium (Na+). Salinity in presence of certain concentrations of organic nutrient is a
controlling factor for vibrio growth (Singleton 1982). V. cholerae can also grow in
low salinity if the water temperature is relatively high and organic nutrients are
present in high concentrations which can compensate to a degree to the lack of salt
(Singleton 1982; Huq 1984). This may explain their survival and growth in non-
coastal environments. Five major rivers of the Indian subcontinent which flow
through thousands of acres of agricultural lands and numerous industrial plants,
draining into the Bay of Bengal (Siddique 1994), provide nutrients sufficient to
convert the coastal waters into the eutrophic conditions needed for survival and
growth of V. cholerae (Colwell 1966).

The reason for existence of the classical strain for three decades during the
seventh pandemic and the interplay between V. cholerae biotypes in Bangladesh is
not clear. One possible reason lies in the ecological changes of various regions. For
the past several decades, soil erosion and construction of barrages and dams in the
river system have had their effects on the ecological balance of the area. In 1975,
India built the barrier ‘Farakka Barrage’ across the Ganges River, before it enters
Bangladesh, in Murshidabad district of West Bengal. This was done to control the
water level for preservation and maintenance of the Calcutta port and for
increasing navigational depth of the Bhagirathi-Hooghly waterway that leads to
the Bay of Bengal especially, during the dry season (Abbas 1984). The north-
western region of Bangladesh has been becoming more and more arid due to the
reduction of the river flow. Increasingly severe flooding has prolonged the
waterlogged period, mostly in the north-eastern and middle belt region. These
ecological changes have coincided with the appearance of the El Tor biotype in
Bangladesh. Since El Tor is hardier and more viable in water than the Classical
biotype (Felsenfeld 1963), the flood-vulnerable middle and north-eastern areas of
the country may have been a more suitable habitat for El Tor than Classical strains.
Variations in the nutrient concentration or salinity may account for the selective
distribution of V. cholerae. In the south, where flood drainage has been more
efficient, the conditions were probably suitable for the Classical strain. The Far-
akka Barrage has been diverting more than half of the Ganges river flow through
Bangladesh during the dry season (Bangladesh Ministry of Water Resources
1966). This drastic reduction of fresh water flow has changed the dry season
hydrodynamics in southern Bangladesh and resulted in an increase in salinity and
incursion of brackish water deeper inland. The Classical biotype in the south
adapted to this changing environment and thus improved its survival ability.

An important finding related to the ecology of cholera was the observation that
V. cholerae O1 and non-O1 had the ability to become into a viable but
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non-culturable state in response to nutrient deprivation and when environmental
odds are against it (Cowell 1985; Xu 1982; Islam 1994). This has improved our
understanding of epidemiology of V. cholerae, especially, in cholera endemic
regions such as Bangladesh. It could explain the absence of the Classical strain
from Bangladesh between 1973 and 1978. This assumption was further strength-
ened by the observation that the Classical strain which survived in the southern
coastal region (Siddique 1991) was the clone of the classical biotype of the sixth
pandemic of cholera (Faruque et al. 1993) suggesting that the Classical strain had
never completely disappeared from Bangladesh. The apparent disappearance
during that 6-year period could be interpreted as the Classical strain transformed
into a viable but non-culturable state. It has been demonstrated that when envi-
ronmental conditions are favourable, V. cholerae can revert to culturability from
non-culturable state (Huq 1990). The re-emergence of classical strain in 1984
might then have occurred because environmental conditions became suitable for
V. cholerae to revert to culturability from a non-culturable state.

Historically, the southern coastal region of Bangladesh has been one of the
highest endemic and epidemic cholera regions in the lower Ganges delta (Pollitzer
1959). The average death rate from cholera in the five southern districts between
1901 and 1910 was 3.02/1,000 population (range: 2.63–3.47). In recent decades
the coastal aquatic ecosystem of southern Bangladesh has been the hub for changes
in the epidemiology of cholera. The epidemic strain of the Classical biotype
continued to survive as the predominant epidemic strain and coexisted with El Tor
biotype despite its disappearance from the rest of the country (Fig. 1). Within a
span of 3 years a major change in the epidemiology of cholera has been noted in
southern Bangladesh (Fig. 2). In 1991, the Classical strain completely disappeared
from its last habitat in southern Bangladesh. In 1992 the El Tor biotype was found

Fig. 1 Epidemic Strains of V. cholerae isolated in Bangladesh by region: 1984–1999
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to be the only epidemic strain in the region. For the first time in history, during the
cholera epidemic in 1993, both biotypes (Classical and El Tor) of V. cholerae O1
had been completely replaced by a new strain of V. cholerae non-O1 (Siddique
1994) designated O139 Bengal (Albert 1993; Cholera working group 1993).
Although the reasons for these changes are not clearly understood, epidemiological
findings suggest that environmental changes in the Bay of Bengal may have been
responsible. Between 1985 and 1992, during epidemic investigations, a few
V. cholerae non-O1 were consistently isolated from acute diarrhoea patients from
the southern coastal region. As these isolates have not been further studied, it was
not known whether they played any role in the emergence of the non-O1 epidemic
strain V. cholerae O139 (Siddique 1994).

The Bay of Bengal is subject to frequent violent atmospheric turbulence in the
form of cyclones. In April 1991 a disastrous cyclone occurred when a great tidal
surge flooded the entire coastal areas. This may have affected the estuarine water
quality by mixing the sediments dislodged by the force of the tidal surge (Cowell
R.R, vs Siddique A.K: personal communication) and altered the aquatic ecosys-
tem. We assume that this may have led to disappearance of the both biotypes
V. cholerae O1 from the cyclone affected areas. The disappearance of the Classical
strain, however, was a permanent phenomenon since this area had been its last
known habitat. The vacuum left by the Classical strain was filled by the El Tor
strain, emigrating from the non-coastal regions where it had existed in endemic
and epidemic form. Thus the El Tor biotype became the only epidemic strain in
southern Bangladesh in 1992. The reason for the emergence of a new strain (O139)
that caused a large epidemic in southern Bangladesh in late 1992 and 1993 was not
clear. V. cholerae O139 was also the dominant organism in epidemics on the west

Fig. 2 Isolation rate of epidemic strain of V. cholerae in Southern Bangladesh: 1984–1999
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coast of India and West Bengal (Ramamurthy et al. 1993). The organism involved
in both Bangladesh and India seemed to be a single clone (Shamida 1993) and
have the same origin. Therefore, the observed disappearance of V. cholerae O1
and the emergence of O139 serotype were probably due to the factors that were
common to both. Environmental changes in the Bay of Bengal, for example, would
be shared by the epidemic affected areas of Bangladesh and India. Molecular
studies linking cholera toxin genes (CTX), chromosomal organization of viru-
lence, gene and environmental stimuli that led to their expression, suggested that
the O139 strain was more closely related to the El Tor biotype than to the Classical
biotype of V. cholerae O1 and other non-O1 strains (Waldor and Mekalonos 1994;
Faruque 1994). The O139 may have emerged as a result of mutations of the El Tor
vibrio (Waldor and Mekalonos 1994) or may be due to environmental changes in
the Bay of Bengal (Siddique 1994).

Despite its initial success as the predominant epidemic strain in the southern
region, the O139 strain failed to compete against the El Tor biotype in the non-
coastal regions despite having genetic similarity with the El Tor biotype (Siddique
1996). The emergence and rapid spread in Bangladesh and India, together with its
detection in several countries have raised the question whether this constituted the
threat of an eighth pandemic of cholera. However, such a threat did not materi-
alise. Although it continues to be recovered sporadically in Bangladesh and in
other regions of South Asia, O139 has remained as a relatively minor contributor
to the overall cholera burden (Siddique 2010).

3 Why Classical Biotype of V. cholerae O1 Disappeared
as the Global Pandemic and Endemic Strains

During the seventh pandemic the classical biotype of V. cholerae O1 was com-
pletely displaced by the El Tor biotype. The reasons for disappearance of Classical
biotype from all countries where they had been existing, remains to be explained.
Although, V. cholerae has been recognised as part of the normal free-living
bacterial flora in the riverine and estuarine ecosystem, non-pathogenic strains are
more frequently found in these areas than pathogenic strains. There are more than
200 serogroups of V. cholerae of which only two (O1 and O139) are associated
with endemic and epidemic cholera because they carry CTX and TCP, but many
O1 strains, particularly those in the environment do not. Both Classical and El Tor
biotypes of V. cholerae carry CTX and TCP, so the explanation for the evolu-
tionary success of the seventh pandemic clone over the pre-existing sixth pan-
demic strains remains largely an unsolved mystery.

In recent decades striking progress has been made in genetics, ecology and
molecular epidemiology of V. cholerae which has improved our understanding of
how newly emerged strains replace the old strains, their survival strategy and
competition in the environment, and the genetic determinants of epidemic and
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pandemic properties. Bacterial viruses infecting Vibrio species (vibriophage) play
a critical role in the transmission of virulent genes. This has been shown by studies
of pathogenicity islands and the discovery of CTXØ (a lysogenic filamentous
bacteriophages), which has also increased our understanding of the molecular basis
for emergence of pathogeneses and control of conservation of particular genetic
traits (Waldor and Mekalanos 1996; Faruque 1998). The role of vibriophages in
the evolution of V. cholerae is not limited only to transfer of virulence genes. The
revelation that phage predation may play a role in controlling cholera epidemics
(Faruque 2005) also suggest that changes in the organism may be induced by
factors outside human hosts. The emergence of certain strains are likely to be
enhanced by phages through the bactericidal mechanism in which phage sensitive
strains are killed while providing a selective advantage to phage resistant strains.
This view was supported recently in a study which indicated that the elimination of
the classical biotype of V. cholerae O1 during the seventh pandemic may have
been induced by an environmental bacteriophage designated JSF9 to which the
classical biotype of V. cholerae was sensitive (Zahid 2011). Because of its ability
to resist the predation by JSF9 phage, the El Tor biotype emerged as the ultimate
surviving epidemic strain during the seventh cholera pandemic.

In recent years unexplained genetic changes in V. cholerae have been observed
in Bangladesh. In the mid-1990s, mutant strains of V. cholerae having charac-
teristics of both El Tor and Classical types were isolated and termed as Matlab
variant (Nair 2002). These appeared to be unusual strains for Bangladesh at that
time (Nair 2006). During epidemics of cholera in 2006, at two rural health
facilities (Bakerganj and Marhbaria) in southern Bangladesh, a much higher
proportion of patients (79, 70 %) came for treatment with severe dehydration,
which had not been seen before. V. cholerae isolated from these patients was found
to be El Tor in its phenotype, but its cholera toxin (CT) was determined to be that
of Classical biotype (Siddique 2010).

4 Conclusion

The constantly changing spectrum of cholera in the lower Ganges river delta of
Bangladesh, known as the home of Asiatic cholera, reflects the unpredictable and
poorly understood behaviour of this organism. Despite many years of study that
have led to a far better understanding of the organism, we still do not know
precisely how cholera spreads around the world and what determines its season-
ality. Nor can we precisely predict the onset of an epidemic or pandemic.
V. cholerae, one of the surviving primitive microorganisms, has remained as
elusive as ever.
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Cholera Outbreaks in the El Tor Biotype
Era and the Impact of the New
El Tor Variants
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Abstract Vibrio cholerae O1, the causative agent of the disease cholera, has two
biotypes namely the classical and El Tor. Biotype is a subspecific taxonomic
classification of V. cholerae O1. Differentiation of V. cholerae strains into biotype
does not alter the clinical management of cholera but is of immense public health
and epidemiological importance in identifying the source and spread of infection,
particularly when V. cholerae is first isolated in a country or geographic area. From
recorded history, till date, the world has experienced seven pandemics of cholera.
Among these, the first six pandemics are believed to have been caused by the
classical biotype whereas the ongoing seventh pandemic is caused by the El Tor
biotype. In recent years, new pathogenic variants of V. cholerae have emerged and
spread throughout many Asian and African countries with corresponding cryptic
changes in the epidemiology of cholera. In this chapter, we describe the outbreaks
during the seventh pandemic El Tor biotype era spanning more than five decades
along with the recent advances in our understanding of the development, evolu-
tion, spread, and impact of the new variants of El Tor strains.
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1 Introduction

Cholera, an intestinal infection spread by contaminated water and food, is a
substantial health burden in countries where sanitation and availability of clean
drinking water is limited. Recent years have witnessed a remarkable resurgence in
the global incidence of cholera. The devastating and ongoing cholera outbreak in
Haiti from 2010, for the first time in almost a century, placed this ancient scourge
at the forefront of the global public health agenda. This dreadful diarrheal disease
is caused by the Gram-negative toxigenic bacterium Vibrio cholerae O1 and O139.
Based on certain phenotypic and genetic properties, V. cholerae O1 can be divided
into two biotypes; classical and El Tor. From recorded history, till date, the world
has experienced seven pandemics of cholera. Among these, the first six pandemics
are believed to have been caused by the classical biotype whereas the ongoing
seventh pandemic is caused by the El Tor biotype. In recent years, new pathogenic
variants of V. cholerae have emerged and spread throughout many Asian and
African countries with corresponding cryptic changes in the epidemiology of
cholera. These strains include the Matlab variants from Bangladesh, the
Mozambique variants, the altered El Tor type from various parts of the world, and
very recently the Haitian variants of the El Tor biotype. These variants display a
mix of phenotypic and genotypic traits from the two main biotypes, suggesting that
they are genetic hybrids. Classical and El Tor biotypes have been the most epi-
demiologically successful cholera strains during the past century, and it is believed
that the new variants are likely to develop successfully in a manner similar to these
biotypes. Here, we describe the outbreaks during the seventh pandemic El Tor
biotype era along with the recent advances in our understanding of the develop-
ment, evolution, spread, and impact of the new variants of El Tor strains.
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2 Biotypes of Vibrio cholerae

Biotype is a subspecific taxonomic classification of V. cholerae O1. Differentiation
of V. cholerae strains into biotype does not alter the clinical management of
cholera but is of immense public health and epidemiological importance in
identifying the source and spread of infection, particularly when V. cholerae is first
isolated in a country or geographic area. V. cholerae strains are classified into
serogroups on the basis of epitopic variations in the cell surface lipopolysaccharide
(Yamai et al. 1997), which identifies over 200 serogroups. However, the strains
that have epidemic and pandemic potential belong to only two serogroups namely,
O1 and O139. Vibrio cholerae O1 has two well-established biotypes, namely,
classical and El Tor, that are differentiated primarily based on number of phe-
notypic traits like susceptibility to polymyxin B, chicken cell (erythrocytes)
agglutination (CCA), hemolysis of sheep erythrocytes, Voges–Proskauer (VP) test,
which measures the production of acetylmethylcarbinol, and phage susceptibilities
(Faruque et al. 1998; Kaper et al. 1995). Conventionally, at least two or more of
the phenotypic tests mentioned above should be included to determine the biotype,
since results can vary between individual isolates. While El Tor strains are
resistant to polymyxin B (50U), classical strains are susceptible to this antibiotic.
El Tor strains yield a positive reaction in VP test indicating that the strains produce
2, 3-butanediol instead of producing organic acids as their fermentation end
product and thus grow to much higher densities in media containing carbohydrates
(Yoon and Mekalanos 2006); classical strains give negative VP reaction.

Another distinction among El Tor strains is the ability to agglutinate erythro-
cytes from several animal species like chicken, goat, or sheep, though classical
strains are devoid of this capability. It has also been reported that the chicken
blood cell-positive biotype of V. cholerae strains are observed to attach to the
scattered erythrocytes and to propel them with a characteristic flipping motion
when observed under a dark-field microscope (Mackowiak and Huq 1974). Based
on phage-typing, El Tor strains are susceptible to El Tor-specific bacteriophage V,
but are resistant to classical bacteriophage IV whereas classical strains show the
reverse traits (Mukerjee 1963). El Tor strains were identified historically by its
ability to hemolyze sheep erythrocytes, while classical strains were nonhemolytic.
But by 1972, nearly all El Tor isolates become nonhemolytic worldwide (Barrett
and Blake 1981). Exceptions are found in isolates from the U.S. Gulf Coast and
from Australia (Barrett and Blake 1981). Thus, hemolysis of erythrocytes con-
tinues to be a useful phenotypic characteristic for differentiating the Gulf Coast
clones of V. cholerae O1 El Tor from those isolated in the rest of the world,
including Latin America.

Comparative genetic analyses have recently revealed a high degree of con-
servation among diverse strains of V. cholerae but have also shown genes that
differentiate classical biotype from El Tor biotype (Dziejman et al. 2002).
Molecular biotyping of V. cholerae O1 using multiplex PCR (ctxA–tcpA) exploits
the nucleotide sequence differences of the major subunit protein of the toxin
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coregulated pilus (TCP) gene (tcpA) to differentiate between classical and El Tor
biotypes (Keasler and Hall 1993). Only in toxigenic V. cholerae O1 El Tor and
O139 strains, cholera toxin prophage region (CTXU) is often flanked by an ele-
ment termed RS1 containing rstC gene (Waldor et al. 1997). The only difference
between RS1 and RS2 is the presence of rstC gene in RS1 alone (Waldor et al.
1997; Davis et al. 2000). Another virulence-associated protein known as repeat in
toxin (RTX) encoded by a cluster of genes of 10 kb size, comprising four ORFs,
rtxABCD, of which the rtxC gene has been observed only in El Tor biotype (Lin
et al. 1999). Nucleotide sequence comparison of hemolysin encoding hlyA gene
from classical and El Tor strains reveal the presence of an 11-base-pair deletion in
classical strains that results in a truncated protein product of 27 kDa in classical
strains rendering it nonhemolytic, whereas in El Tor strains the HlyA is intact 82
kDa and biologically active (Rader and Murphy 1988). On the basis of differences
in the sequences of hlyA genes, a 19-base-pair oligodeoxynucleotide probe has
been developed to distinguish between the two biotypes of V. cholerae serogroup
O1 (Alm and Manning 1990). This gene marker was found to be very useful to
differentiate the biotypes than the other commonly used methods, which are less
reliable and often difficult to interpret (Alm and Manning 1990). Recently, com-
parative genomic studies using a V. cholerae DNA microarray on 11 epidemic
isolates identified two regions, Vibrio seventh pandemic island I (VSP-I),
encompassing VC0175–VC0185 and VSP-II, encompassing VC0490–VC0497,
that were found exclusively among El Tor biotype isolates (Dziejman et al. 2002).
Subsequently, it was shown that the VSP-II region actually encompassed a 26.9 kb
region (VC0490–VC0516) in V. cholerae biotype El Tor and O139 serogroup
isolates (O’Shea et al. 2004). Besides these phenotypic and genotypic differences,
there are also dissimilarities in the infection pattern of disease caused by the two
biotypes (Nair et al. 2008). Epidemiological studies proved occurrence of more
asymptomatic carriers among El Tor cholera cases that outnumber active cases by
a ratio of up to 50:1 (Sack et al. 2004), better survival of El Tor strains in the
environment and in the human host, and more efficient host-to-host transmission of
El Tor strains than of classical strains (Finkelstein 1996).

Cholera toxin (CT), the primary toxin produced by V. cholerae O1 and O139, is
responsible for most of the manifestations of the disease cholera. Based on the B
subunit of CT, two immunologically related but not identical epitypes have been
designated: CT1 is the prototype elaborated by classical biotype strains and by
U.S. Gulf Coast strains, while CT2 is produced by the El Tor biotype and O139
strains (Finkelstein et al. 1987). Another classification identifies three types of ctxB
genes based on three non-random base changes resulting in changes in the deduced
amino acid sequence. Genotype 1 is found in strains of the classical biotype
worldwide and in US Gulf Coast, genotype 2 is found in El Tor biotype strains
from Australia, and genotype 3 is found in El Tor biotype from the seventh
pandemic and the Latin American epidemic strains (Olsvik et al. 1993). Thus, the
V. cholerae O1 El Tor biotype of the ongoing seventh pandemic produces CT of
the CT2 epitype and genotype 3, while the classical biotype CT belongs to the CT1
epitype and genotype 1.
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However, over time, especially after the emergence of El Tor variant strains,
many of the phenotypic and genotypic tests have proven to be inadequate for
classifying strains of V. cholerae O1 strains into their biotype. Thus, revision of
the conventional tests used for the identification of biotypes of V. cholerae O1
strains are necessary and an amendment of the existing biotyping scheme has been
proposed (Raychoudhuri et al. 2008).

3 Origin of El Tor Biotype and Seventh Pandemics
of Cholera

Although the Ganges delta has been considered as the cradle of cholera for many
centuries, the seventh pandemic began in Sulawesi island of Indonesia (Barua
1972). This pandemic now has involved almost the whole world, and the causative
agent was a biotype of V. cholerae serogroup O1 called El Tor. It was first isolated
in 1905 from Indonesian pilgrims traveling to Mecca at a quarantine station in the
village of El Tor, Egypt by a German physician, E. Gotschlich (Pollitzer 1959) and
found again in an outbreak in 1937 in Sulawesi, Indonesia (Tanamal 1959). It
caused four outbreaks in Sulawesi during 1937–1958, where it was endemic.
During mid-1961, a few cases of cholera caused by the El Tor V. cholerae was
reported in Java, and Samarang in Indonesia and then the infection spread out like
a wild fire to neighboring countries, and went on a pandemic rampage (Barua
1992). The extent of the pandemic was due to the relative mildness (lower
expression level) of El Tor and the disease has many more asymptomatic carriers
(Sack et al. 2004).

4 Cholera Outbreaks in the 1960s

The factors that provoked the El Tor biotype of V. cholerae O1 to spread from its
endemic focus in Sulawesi (Celebes), where it began to be more active than usual
in January, 1961, will probably be never known. The increase in population
movement due to political unrest and the availability of the faster transport sys-
tems may have contributed for the dissemination of the infection. The seventh
pandemic El Tor cholera spread during 1961–1962 from Sulawesi to involve the
other islands of Indonesia, including Java, Sarawak, and Borneo (Kamal 1974). El
Tor cholera then spread to the Philippines, Sabah, Taiwan, and Irian Barat, thereby
affecting virtually the entire Southeast Asian archipelago. In 1963, the pandemic
strain reached Chittagong, Bangladesh, Cambodia, Thailand, Singapore, west
Malaysia (Kaper et al. 1995). India was invaded in 1964 through the port of
Madras, and within 1 year El Tor cholera had disseminated throughout the
country. In 1965, the pandemic spread further westward and invaded West
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Pakistan, Nepal, Brunei, Afghanistan, Iran and a limited area of Uzbekistan
(USSR). Local outbreaks and sporadic cases of cholera followed subsequently in
Uzbekistan (1968), Turkmenistan (1969) and some parts of Russia (1969). During
this time a number of cholera strains were isolated, mainly from surface water in
these areas as well as in Azerbaijan and in the Krasnodar region (Narkevich et al.
1993). From the time that El Tor cholera reached Pakistan, its spread became even
more accelerated. In the space of a few months, Afghanistan, Iran, and nearby
republics within the Soviet Union experienced outbreaks. Iraq reported El Tor
cholera during the following year in 1966 (Kaper et al. 1995). A large outbreak of
classical cholera was recorded in West Pakistan in 1968, and then spread with
more vigor to the other countries. Laos reported cholera for the first time during
this era. Hong Kong, Macao, and the Republic of Korea got affected again after
remaining practically free from the disease since 1965. At the same time, Nepal,
Malaysia, and Myanmar reported higher incidence of cholera than the previous
years.

5 Cholera Outbreaks in the 1970s

The seventh El Tor pandemic gained its entry and caused explosive outbreaks of
cholera in the Middle East and West Africa in 1970. El Tor cholera had touched
the Arabian Peninsula, Syria, and Jordan by 1970 and a limited outbreak was
recorded in Israel (Cohen et al. 1971). At this time, resurgence of El Tor Inaba
serotype was documented in Iran and the southern Soviet Union. It is of interest
that in Lebanon and Syria the epidemic strain was El Tor Ogawa, whereas in
nearby Israel and Jordan and in Dubai and Saudi Arabia the epidemic organism
was El Tor Inaba. The invasion of El Tor Ogawa cholera into the sub-Saharan
West Africa was a momentous epidemiologic event (Goodgame and Greenough
1975). Following its introduction in Guinea in August 1970, probably by means of
a returning asymptomatic traveler from the Asian continent, cholera subsequently
spread along waterways along the coast and into the interior along rivers
((Swerdlow and Isaäcson 1994; Isaäcson et al. 1974). Subsequent dissemination
into the interior of the Sahelian states occurred by land travel fostered by the
movement of nomadic tribes (Kaper et al. 1995). It is estimated that the outbreak
during 1970–1971 in West Africa sickened more than 400,000 persons. Within a
year, 25 African countries were affected by cholera with a high case fatality rate
(CFR) of 16 % (WHO 1991). In the following years (1972–1991), cholera swept in
most of the African countries with case fatality ranging from 4 to 12 % (WHO
1991). Due to the lack of background immunity in the population, insufficient
transport to move severe cases to treatment facilities, and inadequacies in the
health care infrastructure, case fatality in West Africa was high (Kaper et al. 1995).
According to WHO records, of the 36 countries that reported cholera in 1970, 28
were newly affected countries and 16 were in Africa. As epidemic cholera stormed
in West Africa in 1970, epidemiologists and public health officials in South

22 A. K. Mukhopadhyay et al.



America and elsewhere in Latin America restrained themselves and their com-
munities for what was deemed to be the inevitable passage of cholera westward
across the South Atlantic. The scenario of introduction of cholera into the
Americas was considered particularly likely to occur once cholera hit Angola,
since an estimated 40,000 Cuban troops were in that country. Yet, inexplicably,
cholera did not cross the South Atlantic during the next 20 years.

In West Africa, cholera epidemic occurred in Togo during 1970–1973, affecting
more than 1,000 people with CFR of 4–10 % (Bockemühl and Schröter 1975).
Cameroon first reported cholera cases in 1971 when the current pandemic hit the
African continent. More than 2,000 cases were reported in 1971 with a high case
fatality rate (CFR) of 15 % (WHO 2012). Since the first outbreak in 1970 in
Guinea, cholera recurred every 8 years till 1994 (Boiro et al. 1999). Based on the
reported cases, cholera first appeared in Burundi, Zaire, and Congo during
1978–1979 (Yala et al. 1982) and in South Africa in 1980 (Küstner et al. 1981).
Vibrio cholerae O1 Inaba was associated with African cholera for many years
(Mugoya et al. 2008). Early cholera outbreaks (1971–1975) in Algeria were caused
by the serotype Ogawa (Guechi and Mered 1978). 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 (Onyemelukwe and
Lawande 1991).

In USSR, cholera spread intensively between 1970 and 1977 and more than 80
regions of the country reported outbreaks. The peak occurred in 1970 when 3,989
cases and carriers were reported; this coincided with intensification of the global
pandemic. The infection was introduced to Odessa, Kerch, Astrakhan (Pavlov
1976; Sergiev et al. 1981) and Batumi in 1970, followed by its spread from these
foci to 38 cities in the same year, despite cholera control measures. Cholera was
also imported to Azerbaijan from India, Jordan, and Iran (1970–1972), and to the
Kemerovo region from Egypt (1975). Large-scale outbreaks occurred in
1970–1971 along the river Volga (5,584 cholera cases and carriers) and also in the
Ukraine, Georgia, Azerbaijan, and Tajikistan. Subsequently, cholera spread into
new territories, causing outbreaks in the north Caucasus, in the region of the rivers
Volga and Viatka, and in western Siberia. The annual incidence of cholera in the
USSR varied from 0.001 per 100,000 in 1977 to 0.8 per 100,000 in 1979. In India,
the classical biotype was replaced by the El Tor from 1965 (Datta and Singh
1990). In some areas in India such as Raipur, the classical cholera prevailed till
1970 and the subsequent cholera outbreaks in 1975, 1977, and 1979–1981 were
caused by El Tor vibrios (Darbari et al. 1982).

In Asia, Sri Lanka reported cholera for the first time since 1953; the Philippines
reported 5,600 cases in 1972 and 2,075 in 1973, and Indonesia reported 44,300
cases in 1972; 52,000 cases in 1973; 41,000 cases in 1976, and 17,000 cases in
1977 (Barua and Burrows 1974).

In developed areas as Japan, Northern Europe, and North America, cholera has
been introduced repeatedly in recent years, but had not caused devastating out-
breaks. However, Japan also reported a limited outbreak in Wakayama Prefecture
in 1977 and, in 1978, the United States experienced an outbreak of about 12 cases
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in Louisiana. In that outbreak, sewage was infected, and infected shellfish
apparently were involved. Interestingly, the hemolytic vibrio strain implicated was
identical to one that caused an unexplained isolated case in Texas in 1973 (Fin-
kelstein 1996). In 1973, Italy suffered serious losses in its tourist trade when
cholera broke out in August around Naples and Bari with some sporadic cases in
other parts of the country (Baine et al. 1974). Cholera was reported again in 1979
in Italy and in eight districts of Spain.

6 Cholera Outbreaks in the 1980s

Intermittent appearance of classical cholera was recorded during 1979–1981
(Samadi et al. 1983a, b). 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 (Khan et al. 1984; Samadi et al. 1983a, b).
Phenotypically, the new classical strains were identical to the one that prevailed a
decade earlier and the virulence features and seasonality resembled that of El Tor
strains prevailing at that time. It was hypothesized that the classical strains of V.
cholerae O1 were indigenous to Bangladesh (Huq et al. 1983). Cholera due to
classical biotype was predominant (79 %) in southern regions of Bangladesh
during 1988–1989 (Siddique et al. 1991).

A 33-year (1966–1998) data analysis provided much information from Ban-
gladesh (Longini et al. 2002). Between 1966 and 1988, both classical and El Tor
biotypes had alternated and persisted and by 1988, the classical biotype disap-
peared. Both the Ogawa and Inaba serotypes circulated the entire time. The
serotype prevalence during 1988–1989 was interesting as El Tor belonged to
Inaba, whereas the classical strains to Ogawa type (Longini et al. 2002). 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 (Siddique et al. 1992). The overall case fatality
during epidemics was 4.0 %. China also reported cholera in 1980. Large number
of cases was reported by Indonesia, Iran, Jordan, and Yemen during in the early
1980s.

In Africa, large epidemics raged during 1984–1986 in the drought-affected
countries of Burkina Faso, Niger, Mali, Mauritania, Senegal, Ghana, and the
United Republic of Tanzania. Cameroon was also affected by the epidemic in
1985. A cholera epidemic in South Africa occurred in the 1980s, with over 20,000
culture-confirmed cases being documented. KwaZulu-Natal was the worst-affected
province, although cases were described in Limpopo and Mpumalanga. This
epidemic was primarily due to V. cholerae O1 Inaba (Küstner and Du Plessis
1991). This followed an outbreak of cholera in Maputo in Mozambique between
1980 and 1981 (Swerdlow and Isaäcson 1994).

Vibrio cholerae O1 was introduced in northern Somalia from Ethiopia during
the early 1980s (Coppo et al. 1995). Recurrent cholera epidemics were reported
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during rainy hot seasons since 1987 in Angola (Colombo et al. 1993). In Malawi,
cholera cases were reported with high attack rate (2.6 %) with CFR of 3.3 %
during 1988 (Moren et al. 1991). This outbreak was related to consumption of
contaminated shallow waters.

Seventh pandemic of cholera extended to Swaziland in 1981, the Trust Terri-
tory of the Pacific islands in 1982, and Equatorial Guinea in 1984 bringing the total
number of countries affected by the seventh pandemic to 93 (Barua and Burrows
1974). Somalia reported a large number of cases in refugee camps in 1985 and
1986. Guinea-Bissau was affected in 1986 and Yugoslavia in Europe in 1989.
During 1982–1987, the number of countries reporting cholera to WHO has varied
between 30 and 37 each year as compared to 40 and 42 in 1980 and 1981.

In 1981, for the first time the health authorities in the Mecca pilgrimage waived
the requirement of a cholera vaccination certificate. In 1986, for the first time,
India also did not enforce the use of cholera vaccine during the country’s largest
religious congregation at Kumbh Mela, instead relied heavily on the success of
surveillance and sanitation measures taken by the authority.

7 Cholera Outbreaks in 1990s

The 1990s was a significant decade in the history of cholera, as there was a
remarkable upsurge in the global incidence of the disease. The number of cases
and number of countries reporting cholera to the WHO showed a precipitous
increase. In the July 1998 issue of the WHO Weekly Epidemiological Record, it
was reported that ‘‘almost every developing country is now facing either a cholera
outbreak or the threat of an epidemic’’ (WHO 1996). The striking events of the
1990s included the dramatic reappearance of epidemic cholera caused by V.
cholerae O1 El Tor in Latin America in 1991 after its absence for 100 years in that
continent (Tauxe and Blake 1992); the genesis in late 1992 in the Indian sub-
continent of a new epidemic strain of V. cholerae non-O1 (Ramamurthy et al.
1993; Albert et al. 1993), presently classified as O139 Bengal (Shimada et al.
1993); the death in Africa in 1994 of as many as 14,000 Rwandan refugees due to
cholera related to the poor quality of the water supply, sanitation, and treatment
facilities (Siddique et al. 1995) and the dramatic cholera epidemic affecting the
countries in the Horn of Africa in 1997 (WHO 1996). Clearly, there was a fresh
resurgence of this ancient disease.

7.1 Latin America Epidemics of Cholera

The seventh cholera pandemic reached Latin America in January 1991 for the first
time in more than a century. Nearly a million cases were reported from the
epidemic of cholera in Latin America, and almost 9,000 people died between
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January 1991 and December 1993 (Tauxe and Blake 1992; Tauxe et al. 1994).
Latin America’s cholera epidemic struck first on January 29 at the harbor city of
Chimbote, Peru and caused a major outbreak along the Peruvian coast and it also
spread inland through the Andes, as well as through the Peruvian Amazon, and by
April, 1991 it had reached most of Peru (Tauxe et al. 1994).

The epidemic disseminated rapidly from country to country, and cholera first
spread to neighboring Ecuador to the north, and then in Colombia. Later on,
Guatemala, Brazil, Mexico, Bolivia, Chile, El Salvador, Venezuela, and Honduras
were also affected. Notifications of cholera markedly diminished during the cool
season in South America, but with the return of warm weather in December 1991,
the incidence of cholera once again rose. By the end of 1993, all countries of Latin
America except Uruguay and the Caribbean reported cholera cases. The greatest
proportion of cholera cases and the highest incidence rate were in Peru (63.7 %
and 26.9/1000, respectively) (Guthmann 1995). Most cholera cases were reported
in 1991 and were concentrated in Peru (82.3 %). 45.5 % of all cholera deaths
occurred in 1991 (Guthmann 1995). Central America had the highest case fatality
rates. Actually, Peru accounted almost half of the cholera cases registered in Latin
America (Kaper et al. 1995). The overall case fatality rate was only 0.92 %,
mainly due to good oral rehydration treatment provided by local health services
and the Pan American Health Organization. In each of these countries, cholera
struck underprivileged low socioeconomic populations lacking unpolluted drink-
ing water and proper sanitation (Pan American Health Organization. 1991).

The causative organism was V. cholerae, serogroup O1, serotype Inaba (and
Ogawa) of the El Tor biotype. The cholera epidemic in Latin America was
originally suspected to have come from Asia and to have been facilitated by the
discharge of contaminated ballast water into Peruvian ports by international trade
ships (Seas et al. 2000). Another view was that as the seventh pandemic spread
through Africa during the 1970s, travel from Africa to South America and inad-
equate sanitation in parts of South America were thought to place the Latin
American continent at particular risk (Wachsmuth et al. 1993).

Latin American isolates from Peru, Bolivia, Chile, Colombia, Guatemala,
Ecuador, El Salvador, and Mexico were identical when isolates were compared by
restriction enzyme Hindlll digestion and hybridization with probe ctxA or by Bgll
digestion and a 16S ? 23S rRNA probe. When those isolates were compared with
isolates from other parts of the world, they were clearly different from the Gulf
Coast clone (Wachsmuth et al. 1993). From the result of their study, Wachsmuth
et al. (1993) concluded that Latin American isolates are clonal, probably a variant
of the seventh pandemic clone. Another study also showed that all V. cholerae O1
isolates tested from the Latin American epidemic were indistinguishable by their
MEE, ribotype, or PFGE patterns (Cameron et al. 1994). Genetic characterization
showed this strain to be unique, and the designation is reserved for the Latin
American strain, distinguishing it from the other El Tor isolates from the seventh
pandemic.

Recently, Lam et al. 2010 performed genome-wide single-nucleotide poly-
morphisms (SNPs) to track the evolution and spread of the seventh cholera
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pandemic and showed that the isolates from Latin American epidemic were clo-
sely related to isolates found in Africa in the 1970s and 1990s. This finding
suggested that the strain that caused the epidemic in Latin America came from
Africa rather than Asia. The outbreak in Peru occurred in parallel with the upsurge
of cholera generally in Africa (Reeves and Lan 1998) and could have been
imported at that time. However, the epidemic strain may have reached Latin
America well before it caused the epidemic in 1990s, given the ability of the
organism to persist in the marine environment for long periods (Seas et al. 2000).
Phylogenomic analysis of 136 El Tor isolates clustered the Latin American epi-
demic strains with an Angolan strain isolated in 1989 (Mutreja et al. 2011). In this
period, an increased circulation of people between Africa and Latin America was
reported, due to the Cuban Angolan intervention (1975–1991).

At the late epidemic period (1994), in the state of Amapá, Brazil, outbreak was
caused by the sucrose non-fermenting V. cholerae strain (Ramos et al. 1997; Garza
et al. 2012) and Multi Locus Enzyme Electrophoresis (MLEE) later showed that
this strain belonged to the same zymovar as the Latin American epidemic lineage,
suggesting that this variation was the consequence of a mutation in the sucrose
operon (Freitas et al. 2002).

Since the beginning of the 1990s, Kivu provinces have been identified as one of
the most active foci of cholera in the world (Bompangue et al. 2009). In July 1994,
500,000–800,000 Rwandans crossed the border into the North Kivu region of Zaire
(now called the Democratic Republic of the Congo, DRC). During the first month
after the influx, almost 50,000 refugees died; an average crude mortality rate of
20–35 per 10,000 per day; and cholera was a major contributor (Goma Epidemi-
ology Group 1995; Bhattacharya et al. 2009). The refugee camps located around
Goma and Bukavu experienced the deadliest cholera epidemics recorded during the
last hundred years. This explosive outbreak of cholera, which affected Rwandan
refugees, resulted in about 70,000 cases and 12,000 deaths (Siddique et al. 1995).

7.2 Genesis of Vibrio cholerae O139: A Bewildering Event
in the History of Cholera

The emergence of V. cholerae O139 Bengal as the second etiologic agent of epi-
demic cholera in 1992 in the south Indian coastal city of Madras has changed the
long-held dogma that only V. cholerae belonging to serogroup O1 are capable of
causing epidemic (and pandemic) cholera. The first report of an epidemic of
‘‘cholera-like’’ diarrhea was from a suburban area of north Madras, India, in Sep-
tember 1992 (Ramamurthy et al. 1993). In December 1992, there was an outbreak of
‘‘cholera-like’’ diarrhea in southern Bangladesh, which over the subsequent several
months, spread to the entire country (Nair et al. 1994). Retrospective examination of
all the V. cholerae isolates collected from 1992 at the Communicable Diseases
Hospital in Madras showed that these strains belonged to V. cholerae O139
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serogroup (Dhamodaran et al. 1995). This serogroup made its first appearance in
January 1992 (Sharma et al. 1997a, b) and took almost 10 months for this serogroup
to cause an epidemic. More than a year earlier, from April to July 1991 and again in
September 1992, there had been an increase in the number of V. cholerae non-O1
isolates from patients with cholera at the Christian Medical College Hospital at
Vellore, India, indicating an outbreak (John 1996). However, V. cholerae non-O1
strains isolated during 1991 were not stored for identification.

These strains of V. cholerae which did not agglutinate with antisera from O1 to
O138 were included as a new serogroup O139 (Shimada et al. 1994). This sero-
group had spread quickly to Bangladesh and to other states of India within a span
of about 10 months (Albert et al. 1993; Nair et al. 1994). Since V. cholerae O139
was first discovered in the areas surrounding the Bay of Bengal (Tamil Nadu,
Andhra Pradesh, West Bengal and Bangladesh), this serogroup was given a syn-
onym ‘‘Bengal.’’

In a span of 1 year, this serogroup has been reported in many Asian countries
including Bangladesh, Pakistan, Nepal, and China. The O139 infection produced
severe dehydrating diarrhea, which is indistinguishable from clinical cholera and
does not appear to confer any cross-protection from the O1 serogroup (Mahala-
nabis et al. 1994). Based on the clinical symptoms and severity of diarrhea, the
disease caused by V. cholerae O139 is now considered as cholera (Bhattacharya
et al. 1993) 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 (Singh et al. 1997). 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
(Sheikh et al. 1997). 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) (Siddiqui et al. 2006).

After its initial explosive epidemic during late 1992 and early 1993, occurrence
of O139 serogroup declined in many cholera-endemic regions (Faruque et al.
1996; Mukhopadhyay et al. 1996). The emergence of V. cholerae O139 initially
caused a complete displacement of the O1 El Tor biotype strains in India and
Bangladesh. However, V. cholerae O139 was again displaced in 1994 by a new
genetic variant of the O1 strain, and this variant strain dominated until 1996 in
India (Fig. 1). In August, 1996, a new variant of the O139 strain emerged, and
cholera caused by the new O139 genetic variant dominated for a year, until
September, 1997 in Calcutta. Similarly in neighboring Bangladesh, during 1994
and till the middle of 1995, in most northern and central areas of the country, the
O139 vibrios were replaced by a new clone of V. cholerae O1 of the El Tor
biotype, whereas in the southern coastal regions, the O139 vibrios continued to
exist (Faruque et al. 1997a, 1999). During late 1995 and through 1996, cases of
cholera caused by both V. cholerae O1 and O139 were again detected in various
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regions of Bangladesh. However, since 1996, cholera in Bangladesh was caused
mostly by V. cholerae O1 of the El Tor biotype, whereas only a few cases were
caused by strains of the O139 serogroup. Between 1997 and 2000, incidence of
cholera due to O139 serogroup decreased to 3.8 % in rural Bangladesh (Sack et al.
2003). This changing epidemiology of cholera shifted further, and a large outbreak
of cholera caused predominantly by V. cholerae O139 occurred in the capital city
of Dhaka and adjoining areas during the first half of 2002 (Faruque et al. 2003a).
Resurgence of O139 cholera was also reported in other Asian countries including
Pakistan (2000–2001), and India (1997, 2001), mostly affecting the older age
groups (Jabeen and Hasan 2003; Mitra et al. 1996; Sundaram et al. 2002; Agarwal
et al. 2003). From 1999 to 2000, most of the cholera outbreaks in India were
caused by the O139 serogroup (Sinha et al. 2002). Investigations conducted in
Indonesia revealed that the O139 serogroup had not invaded into this country till
1999 (Simanjuntak et al. 2001). The first incidence of O139 was recorded in
Baghdad, Iraq, in 1999, though the numbers of cases were low (Al-Abbassi et al.
2005). In 1993, the first outbreak caused by serogroup O139 strains occurred in
Xinjiang, China, where 200 cases were reported. In 1994, outbreaks of V. cholerae
O139 were reported in six Chinese provinces. Imported cases of O139 cholera
were reported soon after its emergence in Asia in California (CDC 1993) and other
parts of the USA (Mahon et al. 1996), Japan (Kurazono et al. 1994), and Denmark
(Dalsgaards et al. 1995).
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Fig. 1 Major events in the evolution of Vibrio cholerae O1 El Tor and O139 CTX prophases in
Kolkata for the last two decades
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The recurrent infection caused alternatively by the O1 and O139 serogroups in
cholera-endemic regions emphasize the fact that acquired immunity plays an
important role in the emergence and dissemination of specific serogroups in a
population. In addition, rapid genetic reassortment in V. cholerae O1 and O139
serogroups might play a role in the changing epidemiology of cholera (Faruque
et al. 2003a). It is still a mystery why the so-called highly infectious O139 sero-
group has not spread to the other cholera-endemic regions such as Africa.

O139 strains have undergone various alterations in both phenotypic and genetic
characteristics such as changing pattern of antimicrobial resistance, restriction
fragment length polymorphisms in conserved rRNA genes (ribotype), rearrange-
ment of the CTX prophage, and acquisition of new CTX prophages (Basu et al.
1998; Faruque et al. 2000; Mitra et al. 1996; Mukhopadhyay et al. 1998; Sharma
et al. 1997a, b) (Fig. 1). Molecular evolutionary studies have also recorded tem-
poral variations in prevalence of O139 and O1 serogroups over the years in India
along with the emergence of new clones within the O139 serogroup. Subsequent
studies depicted that the O1 serogroup which replaced the O139 serogroup was a
new clone of O1 El Tor biotype (Faruque et al. 1997b; Yamasaki et al. 1997;
Sharma et al. 1997a, b). A quiescent period followed in the history of V. cholerae
O139, and it was thought that the appearance of O139 was a one-time event. But a
resurgence of serogroup O139 occurred in 1996 in Kolkata (Mitra et al. 1996).
Between December 1999 and December 2000, escalating events of O139 were
recorded in several outbreaks occurring throughout India, including Kolkata
(Sinha et al. 2002). After this period, V. cholerae O1 continued to be a dominant
serogroup in Kolkata and the incidence of O139 gradually decreased over the
years. The factor(s) contributing to the diminished isolation of O139 vibrios and
the re-emergence of O1 EI Tor vibrios are not understood. The vibrios might have
undergone changes that would have affected their ability to survive and compete in
the environment. One study from Kolkata reported the appearance of new geno-
type of ctxB in 1996 with the re-emerged V. cholerae O139 strains that had CTX
Calcutta phage and was designated as genotype 4 and in 1998, another new
genotype designated as genotype 5 was detected that prevailed mostly in CTX
phages with El Tor rstR (Raychoudhuri et al. 2010). During the course of
appearance and disappearance over a decade, five types of O139 strains have been
detected based on CT genotypes (Raychoudhuri et al. 2010). Frequent mutations
thus acquired by V. cholerae O139 strains since its genesis may have an impact in
their declining prevalence in cholera-endemic areas like Kolkata (Fig. 1).

8 Cholera Outbreaks in the Twenty-first Century

Among the 39 African countries that reported cases of cholera in any year from
2000 through 2005, 18 (46 %) countries reported cases in all 6 years: Benin,
Burundi, Cameroon, Democratic Republic of the Congo, Ghana, Guinea, Liberia,
Malawi, Mozambique, Niger, Nigeria, South Africa, Swaziland, Togo, Uganda,
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United Republic of Tanzania, Zambia, and Zimbabwe. Countries with such high
endemicity are found in East, Southern, Central, and West Africa (Gaffga et al.
2007). 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 (Bompangue et al.
2008). During the period between 2000 and 2005, four countries in Africa had a
cholera density greater than 200 cases per 1,000,000 people: Mozambique (793/
million), Liberia (594/million), Somalia (441/million), and the Democratic
Republic of the Congo (242/million) (Gaffga et al. 2007). In 2005, 31 (78 %) of
the 40 countries that reported indigenous cases of cholera to WHO were in sub-
Saharan Africa (Gaffga et al. 2007). The reported incidence of indigenous cholera
in sub-Saharan Africa in 2005 (166 cases/million population) was 95 times higher
than the reported incidence in Asia (1.74 cases/million population) and 16,600
times higher than the reported incidence in Latin America (0.01 cases/million
population).

In 2004–2005, as part of a significant series of cholera outbreaks in West
Africa, an epidemic took place in Senegal, resulting in 31,719 cases, i.e., 293
cases/100,000 habitants, with 458 deaths (case fatality rate (CFR) of 1.44 %) (de
Magny et al. 2012; WHO 2008a). This epidemic was the largest recorded by the
World Health Organization (WHO) for Africa during that time (WHO 2006). A
large outbreak occurred in Cameroon during 2004, when 8,000 cases were
reported in Littoral and West regions. The outbreak which started in Bepanda, an
area located in the northwest of Douala, spread rapidly to other areas (New Bell
and Nylon), and soon reached the entire town of Douala (WHO 2012). In 2005,
Cameroon reported 2,847 cases including 110 deaths (CFR 3.86 %) with 70 % of
the cases from the Littoral region (WHO 2012). In 2006, Cameroon reported 922
cases including 35 deaths (CFR 3.8 %). A first outbreak occurred from April to
June in Bafoussam (Ouest province) and a second one occurred in the Far North
region in November (WHO 2012). Over 25,000 cases of cholera have been
reported in Sierra Leone and Guinea including 392 deaths since February 2012,
when the epidemic was reported. It is the country’s worst outbreak of cholera in
15 years.

A retrospective study on cholera outbreaks in Mali reported 12,176 recorded
cholera cases, including 1,406 deaths, between 1995 and 2004 (Dao et al. 2009).
South Africa experienced a cholera epidemic between the years 1997 and 2005 and
the worst cholera epidemics in the country’s recent history reached its peak in
2001 (Keddy et al. 2007). Initial reports of the cholera outbreak came from the
largely rural and impoverished communities on the outskirts of the Ngwelezane
Township, near the Empangeni town. The source of the epidemic was traced to the
Mhlathuze River, also in the northern part of the KwaZulu-Natal Province.
However by the end of the year 2000, the northern KwaZulu-Natal cholera out-
break had replicated itself in eight of South Africa’s nine provinces and cases were
identified in the Eastern Cape, Mpumalanga, Limpopo, and Gauteng. Over
100,000 cases were notified based on clinical diagnosis between 2000 and 2002
(Department of Health; http://www.doh.gov.za/facts/stat-notes-f.html). Initially,
the causative organism was identified as V. cholerae O1, Ogawa. But in mid-2001,
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O1, Inaba emerged in KwaZulu and subsequently, further isolates of V. cholerae
O1 Inaba were identified from other provinces. It is noteworthy that during the
2001/2002 epidemic the death rate was less than 1 % (Keddy et al. 2007).

In August 2008, a new cholera epidemic was reported in Zimbabwe, which
affected all 10 provinces and 56 of the 62 districts. This is the largest ever recorded
outbreak of cholera in Zimbabwe. Over 7 months, more than 90,000 suspected
cholera cases were reported, with more than 4,000 of these patients died. Nelson
opined that these values were likely underestimates, because during the crisis
reporting clinics were largely on strike, communication was severed by stolen
telephone lines, and deaths in the bush devalue as fast as the currency (Nelson
2009). This epidemic brought rates of mortality similar to those witnessed as a
consequence of cholera infections a hundred years ago and the Zimbabwean
Government declared the outbreak a national emergency.

Nigeria is in one of the three major current cholera foci in the world (Piarroux
and Faucher 2012). In 2009, outbreaks began in Nigeria and other countries at the
Lake Chad basin (Quilici et al. 2010) with the first reports coming from Maiduguri,
a city in the far northeast of the country. Subsequently, outbreaks were reported
from distant locales in Northern and Western Nigeria, and in 2010 a severe out-
break, which started in the Northern Nigeria spreading through the country, was
projected as the worst outbreak in Nigeria since 1991. This outbreak was marked
with highest case fatality (Adagbada et al. 2012), what could be in part due to
changes in V. cholerae infectivity even though the organism remains largely
unknown. It can be hypothesized that an index strain has been disseminated cross-
country by human travel. Marin et al. (2013) performed a comprehensive char-
acterization of representative V. cholerae strains from sequential outbreaks in
Nigeria and reported that recent cholera outbreaks in Nigeria are driven by atypical
El Tor strains. The occurrence of cholera outbreaks in the African continent is
dealt with in greater detail in another chapter in this book.

During the 2002 cholera outbreak in Chandigarh, India, V. cholerae O1 Ogawa
was isolated from 18 % of the hand-pump water samples (Kaistha et al. 2005).
Remote areas such as Andaman and Nicobar Islands were free from cholera for
many years. The first cholera outbreak was recorded during early 2000 due to the
spread of V. cholerae O1 from the main land (Shah et al. 2002). 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 % (Sugunan et al. 2004).
Concomitant infections by V. cholerae O1 and O139 serogroups were reported in
2000 from a large cholera outbreak in Ahmedabad, India (Chakraborty et al.
2001).

During 2004–2005, cholera caused by the Inaba serotype was recorded in 15
states of India, mostly associated in the form of outbreaks (Dutta et al. 2006). In
Delhi, the serotype switchover from Ogawa to Inaba has started in 2004 and 88 %
of the strains were identified as Inaba during 2005 (Sharma et al. 2007). 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
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Kolkata, Orissa, Andaman and Nicobar Islands (Dutta et al. 2006; Raychoudhuri
et al. 2007; Pal et al. 2006; Sugunan et al. 2007).

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 serotype completely replaced the dominant Ogawa serotype from May 2005
in Kolkata (Raychoudhuri et al. 2007). These Kolkata Inaba strains belonged to a
new ribotype as well as PFGE clone, 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 (Mohapatra et al. 2007).

Based on the spatial patterns and exploratory spatial data analysis, the risk
factors for cholera were associated with environmental niches (Ali et al. 2001).
Environmental studies conducted during 2004 in Mathbaria and Matlab, Bangla-
desh, revealed that both V. cholerae O1 and O139 serogroups occurred predom-
inantly as viable but non-culturable state (Alam et al. 2006). However, culturable
cells were also detected in the biofilms, which were considered as additional
reservoirs of toxigenic V. cholerae in the aquatic environments during interepi-
demic seasons. Isolation of V. cholerae O1 from the aquatic environments of
Bangladesh through selective enrichment using antibiotics has re-emphasized the
hypothesis that the humans act as reservoirs of this pathogen during interepidemic
periods and spreading occurs through contaminated water (Faruque et al. 2006).

The cholera toxin producing V. cholerae non-O1 strains were isolated from
seafood in Taiwan (Wong et al. 1992). 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 (Liu et al.
2006; Zhang et al. 2007). In an investigation it was shown that turtles and other
seafood harbored toxigenic V. cholerae O139 (Chang et al. 2007). In Zhejiang
Province, the incidence of O1 serogroup of V. cholerae was found to be high (9 %)
in turtles and cholera epidemics in this region might be associated with con-
sumption of contaminated turtles (Lü et al. 2006).

Resurgence of V. cholerae O139 in the beginning of twenty-first century was
reported in many Asian countries including Pakistan (2000–2001), India (1997,
2001), and Bangladesh (2002), mostly affecting the older age groups (Jabeen and
Hasan 2003; Sundaram et al. 2002; Agarwal et al. 2003; Faruque et al. 2003b;
Sinha et al. 2002). Vibrio cholerae O1 and O139 consecutively appeared during
cholera outbreaks (2002–2003) near Karachi (Siddiqui et al. 2006). 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 %).

Following the Iraq war, the communicable disease control program was dis-
turbed, resulting in cholera epidemics in several districts of Basrah, Iraq, in 2003
(Valenciano et al. 2003). 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 mortality rate well below 0.1 % (Kakar et al. 2008). A
limited cholera outbreak occurred in Iran in the summer of 2005 and out of 1,150
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patients, 11 people died (Ataei et al. 2005; Azizi and Azizi 2010). In 2007 there
was an epidemic of cholera in Iraq with 4,667 cases and bacteriological testing
confirmed that the outbreak was caused by V. cholerae O1, biotype El Tor,
serotype Inaba (Khwaif et al. 2010). Another study reported the isolation of Ogawa
serotype from this outbreak (Saleh et al. 2011).

8.1 Haitian Outbreak

Haiti has recently battled the world’s largest cholera epidemic in half a century.
On, January 12, 2010, a powerful earthquake devastated the capital city of Haiti
along with southern towns as the epicenter was 16 miles west of the capital city of
Port-au-Prince. Ten months after the devastating earthquake, the first case of
cholera was reported from the town of Mirebalais, about 62 miles north of Port-au-
Prince, Haiti for the first time in nearly a century. The first hospitalized cases of
cholera occurred in Mirebalais on October 17, 2010 (Ivers and Walton 2012). This
deadly outbreak has killed around 8,000 Haitians, and infected over 600,000 to
date. By the first 10 weeks of the epidemic, cholera spread to all of Haiti’s 10
departments or provinces.

Suspected cases of cholera have since been reported in Bolivia, Brazil, Chile,
Colombia, Nicaragua, Panama, Peru, and Venezuela. Confirmed imported cases
have been reported in Florida. Compared with Haiti’s experience, the epidemic has
been less severe in Dominican Republic. Transmission was limited, but sustained
and continued at low levels. One large outbreak affected guests at a wedding in
January 2011, including some visitors from Venezuela and the United States. From
October 21, 2010, through July 30, 2011, a total of 14,598 suspected cases of
cholera were reported; 256 persons died (of these, cases in 92 patients V. cholerae
O1 was laboratory confirmed) (Tappero and Tauxe 2011). In late June 2012, Cuba
confirmed three deaths and 53 cases of cholera in Manzanillo, in 2013 with 51
cases in Havana. The case fatality rate (CFR) was initially high in some locales
(4.6 %), but within three months of the start of the epidemic CFR declined to the
WHO target of \1.0 %. The CDC notes that 23 cases occurred in the U.S.; 22
were associated with travel to Haiti, one with consumption of food products from
that country.

To understand the evolutionary origin of V. cholerae isolated in Haiti, several
research groups in different parts of the world studied the Haitian cholera outbreak
independently. The Harvard Cholera Group compared the entire genome
sequences of the Haitian strain with two strains from Bangladesh and one isolated
in South America including sequences from 23 different strains of V. cholerae
available online in the public domain (Chin et al. 2011). A nearly identical rela-
tionship was observed between the Haitian isolates and the variant seventh pan-
demic El Tor O1 strains that are predominant in South Asia. No relationship was
observed between the South American isolates (indicating that this strain is not
related to the early-1990s cholera epidemic in South America) or with the African
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strains isolated between 1970 and 1998. The study of Mutreja et al. (2011) indi-
cated that the Haitian strains were all identical and most closely related to strains
of V. cholerae from the Indian subcontinent and distinct from strains of V. chol-
erae isolated in Africa, Bahrain, Germany, Indonesia, Vietnam, Malaysia, and
South America. Another study considering the genetic diversity of a total of 187
individual isolates of V. cholerae O1 picked from the 16 stool samples from St.
Marc hospital at Haiti showed minimal diversity, consistent with a single point
source for the 2010 Haiti epidemic (Ali et al. 2011). Separate study on population
genetics of V cholerae strains from Nepal in 2010 suggested strong epidemio-
logical link with the Haitian outbreak (Hendriksen et al. 2011). Another com-
parative genomics of V. cholerae strains from Haiti, Asia and Africa using
phylogenies for whole genome sequences and core genome single-nucleotide
polymorphisms showed that the Haiti outbreak strain is genetically related to
strains originating in India and Cameroon (Reimer et al. 2011). However, this
study concluded that a definitive genetic origin for the outbreak in Haiti remains
speculative due to the lack of identical genetic match among sequenced contem-
porary isolates (Reimer et al. 2011).

Interestingly, the nucleotide sequence of the ctxB (the gene for the B subunit of
cholera toxin) of the Haitian strains was found to have a unique mutation at the
58th nucleotide position indicating three coding mutations of ctxB gene as opposed
to only two seen in typical classical strains of V. cholerae O1 or in the El Tor
variants (Nair et al. 2006). Retrospective analysis of V. cholerae strains from
Kolkata, India showed that the Haitian type ctxB first appeared in Kolkata during
April, 2006 and 93.3 % strains during 2011 carried the new allele (Naha et al.
2012). This genetic polymorphism of the ctxB gene was also observed in strains of
V. cholerae O1 isolated from Orissa, India, and from the West African countries of
Nigeria and Cameroon (Choi et al. 2010; Kumar et al. 2009; Quilici et al. 2010).
However, the core genome of the Haitian strains resembled more closely the one
found in the South Asian strains and to a lesser extent the one found in the African
strains, which once again points to a South Asian origin of the Haitian strains.
Whole genome sequence analysis of V. cholerae strain isolated from the Haitian
cholera outbreak revealed a novel single-nucleotide polymorphism (SNP) at
nucleotide position 266 (amino acid 89) of the tcpA gene uniquely associated with
this variant (Chin et al. 2011; Grim et al. 2010; Talkington et al. 2011). A newly
developed PCR study showed that Haitian tcpA first appeared in Kolkata during
October, 2003, and interestingly soon after its appearance; this new variant tcpA
displaced the canonical El Tor tcpA completely in the following years (Ghosh et al.
2014). The bioinformatical analysis showed that among the three different muta-
tions present in 89th position at different alleles of TcpA, only Asparagine to
Serine which is present in the Haitian tcpA allele is positively selected. Moreover,
this particular mutation is the result of a purine–purine transition, which is evo-
lutionarily preferred. It should be noted, however, that acquisition of Haitian ctxB
and tcpA do not always occur in tandem and Haitian variant strain may be result of
the sequential event in the evolution of Indian subcontinent strain (Ghosh et al.
2014). Furthermore, Haitian strains showed (i) change in satellite phage RS1

Cholera Outbreaks in the El Tor Biotype Era 35



(rstB); (ii) mutation in rtxA (Repeat in toxin) involved in cytotoxin activity; (iii)
mutation in gyrase A, and (iv) change in the number of repeat regions at the
protomer region of CT. Among these, two variations seem to be unique for the
Haitian strains (P. Ghosh and AK Mukhopadhyay, Unpublished).

8.2 Evolution of the El Tor Variants and Its Impact

Classical and El Tor strains of V. cholerae are closely related but are not directly
derived from each other (Karaolis et al. 2001) and are believed to have evolved
from separate lineages (Kaper et al. 1982, 1995). Although the classical and El Tor
biotypes have different lineages, hybrids between the classical and El Tor biotypes
resulting from genetic exchange between different bacterial lineages also exist in
nature (Chakraborty et al. 2000; Mukhopadhyay et al. 2001). Since the beginning
of the seventh pandemic, El Tor strains have gradually displaced the classical
strains as the cause of cholera and both the biotypes had coexisted for at least over
a decade following the emergence of the El Tor biotype in 1961. In Bangladesh,
the classical biotype apparently disappeared in 1973, but re-emerged in 1982
(Samadi et al. 1983a, b; Siddique et al. 1991) and co-circulated with the El Tor
biotype for at least a decade (the last isolation was reported in 1992) (Siddique
et al. 1991). Curiously, the transient reappearance of O1 classical strains was
observed only in Bangladesh. Classical strains are now believed to be extinct;
hence, the source of the rstRCla and ctxB1 alleles and their mode of transfer to El
Tor strains in Bangladesh remains a mystery. The existence of classical strains in
aquatic environments of Bangladesh was reported during the early 1990s, thereby
supporting the notion that they were not completely replaced in that country
(Siddique et al. 1991; Faruque et al. 1993).

Study from Matlab, Bangladesh first reported the existence of naturally
occurring atypical El Tor variants among clinical strains of V. cholerae O1 isolated
between 1991 and 1994 (Nair et al. 2002). Certain strains could not be biotyped as
either classical or El Tor, and were designated as Matlab (MT) variants (Nair et al.
2002). Mozambique, a cholera-endemic country in East Africa, reported a large
and extended cholera outbreak in 2004. The involved V. cholerae strains displayed
phenotypic characteristics of the El Tor biotype. Moreover, the results of rstR and
ctxB genotyping were consistent with the classical biotype (Ansaruzzaman et al.
2004; Das et al. 2007). The Mozambique variants contained, in the small chro-
mosome, two tandem copies of the prophage whose sequence was almost identical
to that of the typical CTXUCla (Lee et al. 2006; Faruque et al. 2007; Das et al.
2007). Notably, this was the first report of atypical El Tor strains harboring
CTXUCla in Africa. This is against the background that the classical strains of V.
cholerae O1 never entered into the African continent during the seventh pandemic
of cholera.

Retrospective analysis from Kolkata led to the detection of variant V. cholerae
O1 strains isolated in 1992 from clinical cases with identical traits to 2004
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Mozambique variant O1 strains (Chatterjee et al. 2009). It was proposed that some
of the 1992 Kolkata O1 strains might have acted as progenitors for Mozambique
variant O1 strains. Similar strains carrying tandem copies of CTXUCla in the small
chromosome have also been isolated in samples taken between 1995 and 2004 in
Vietnam (Nguyen et al. 2009). Unlike the Mozambique variants, some of these
strains have an additional CTXUCla in the large chromosome (Nguyen et al. 2009).

Studies attempting to examine the chronology of appearance of variants of El
Tor strains in Kolkata indicated that classical type ctxB emerged in 1990, although
El Tor type ctxB was still present in almost equal numbers during that year. During
1991, a unique event took place when the classical type became predominant,
along with strains having both classical and El Tor type ctxB. In 1994, isolation of
strains with El Tor ctxB became rare, and the major ctxB allele was of the classical
type. V. cholerae O1 strains from 1995 onward were found to carry classical type
ctxB, which totally replaced the El Tor type ctxB allele (Raychoudhuri et al. 2009).
These types of El Tor variant strains producing classical toxin were isolated in
Bangladesh after 2001 (Nair et al. 2006). Later on, these El Tor variant strains
were isolated from different outbreaks throughout Asia and Africa including
Zanzibar Island (Safa et al. 2008; Naha et al. 2013). Comparative analysis among
different group of strains showed that V. cholerae O1 El Tor variant strains pro-
duced much more cholera toxin than did prototype El Tor strains. The amount of
cholera toxin produced by El Tor variant strains both in vitro and in vivo was more
or less equivalent to that produced by classical strains (Ghosh-Banerjee et al. 2010;
Naha et al. 2013). Fig. 1 shows the chronology of appearance of variants of El Tor
strains over two decades in Kolkata.

Vibrio cholerae strains of the recent devastating cholera outbreak in Haiti
contained a unique mutation at the 58th nucleotide of ctxB gene. Analysis of the
Kolkata strains showed that the Haitian ctxB first appeared in Kolkata during
April, 2006 and 93.3 % strains isolated in Kolkata during 2011 carried the new
allele (Naha et al. 2012). Haitian V. cholerae strains also contained a novel
mutation at the 64th amino acid position of the matured TcpA subunit. Analysis of
the Kolkata strains showed that Haitian variant tcpA first appeared in Kolkata
during 2003 and after that all the El Tor tcpA was replaced by this new allele of
tcpA (Ghosh et al. 2014). These findings indicated that Haitian ctxB and tcpA
alleles might have originated in Kolkata and then spread to the neighboring
regions. It must be emphasized, however, that the Haitian strains have certain
minor traits not found in collections from other parts of the world, which is
consistent with the microevolution that takes place continuously within the El Tor
biotype as it moves from continent to continent and even country to country.

Using comparative genomic studies of different variants of V. cholerae strains
isolated in recent time, Grim et al. (2010) concluded that the unique combination
of characteristics of the genome of newly variant V. cholerae provides the bac-
terium with a competitive ecological edge and greater infectivity over that of other
pathogenic clones of V. cholerae. Historically, El Tor strains of V. cholerae are
considered to have an improved environmental fitness based on the observation
that they have displaced classical strains. In turn, classical strains of V. cholerae
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are believed to produce a more severe form of the disease, cholera (Kaper et al.
1995; Faruque et al. 1998). However, it is unknown how the classical CT affects
the pathogenicity of atypical El Tor strains. Given the fact that CT is directly
responsible for the major clinical signs of the disease, genetic changes in the
CT genes could alter the clinical manifestation of cholera (Safa et al. 2010).
Comparative genomic studies also provided evidence of an amalgamation of
environmental fitness of El Tor strains and greater infectivity of classical strains,
i.e., a ‘‘mixing and matching,’’ through recombination and lateral gene transfer,
resulting in the genesis of new variants of V. cholerae with expanded ecological
persistence, infectivity, and dispersion. The success of a clone is a combination of
its ability to adapt to changing environmental conditions as a stable inhabitant,
evidenced by conservation of the El Tor genomic backbone, and its ability to
transmit progeny through human populations (Grim et al. 2010). WHO reported
that V. cholerae El Tor variant caused more severe episodes of cholera with higher
case fatality rates (WHO 2008b). From a study in Bakerganj, Bangladesh, it was
reported that higher proportion of severe dehydration was observed in 2006 after
the appearance of El Tor variant strains (Siddique et al. 2010). These new
V. cholerae O1 El Tor variant strains not only replaced the V. cholerae O1 El Tor
prototype strains, but also turned out to be genetically stable and spread rapidly
even to remote islands in the east African continent. Moreover, the severity of the
disease appears to be intensifying, and recent cholera outbreaks in various places,
including Zimbabwe and Haiti, have followed a protracted pattern (Kanungo et al.
2010; Piarroux et al. 2011). An active comprehensive surveillance system should
be in place in order to track the dissemination of the V. cholerae O1 El Tor variant
strains in the population using latest molecular diagnostic assays, as these strains
possess the potential and foundation for a new pandemic.

8.3 Lessons from the Haitian Epidemic

Cholera’s unexpected emergence in the Americas and the Caribbean islands after
100 years of absence are tragic reminders about the speed at which infectious
diseases can be transmitted globally even to other nonendemic countries. The
bacteria becomes more hostile when it reaches an immunologically naïve popu-
lation as happened in Haiti. Although we are passing through the twenty-first
century, cholera still remains an epidemic or endemic disease in much of the
developing world. New epidemic strains are likely to develop, evolve, and spread.
V cholerae cannot be eradicated as it is a part of the normal flora and ecology of
the surface water of our planet (Sack et al. 2004). Cholera always teaches us the
hard lessons that no one should lack access to basic clean water and sanitation
(Guerrant 2006). The Haitian epidemic shows that as long as cholera exists any-
where in the world, many who drink untreated water and live in areas of poor
sanitation are at risk. The epidemic also shows how cholera can emerge where it is
least expected. An understanding of the ecology of the organism should help to

38 A. K. Mukhopadhyay et al.



limit the times that human beings come into contact with this super-pathogen.
Therefore, the ability to detect and confirm cholera needs to be broadly available.
Recently developed molecular tools should be used for tracking the emergence and
dissemination of the new variants of V. cholerae isolates. Implementing a coor-
dinated, integrated, multidisciplinary approach is the only effective way to prevent
and contain outbreaks among vulnerable populations living in high-risk areas.
Prevention, preparedness, and response depend upon an effective and holistic
surveillance system and are linked and interdependent. Although the real world-
wide burden of cholera is still unknown, and will not be known until the notifi-
cation of suspected and confirmed cases becomes mandatory. Denial of cholera
incidence is so rampant that in this modern age of information most authorities
guess that WHO figures include less than 10 % of cholera cases—probably as low
as 1 % (Christopher 2009).
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Cholera Outbreaks in India

Thandavarayan Ramamurthy and Naresh C. Sharma

Abstract Cholera is a global health problem as several thousands of cases and
deaths occur each year. The unique epidemiologic attribute of the disease is its
propensity to occur as outbreaks that may flare-up into epidemics, if not controlled.
The causative bacterial pathogen Vibrio cholerae prevails in the environment and
infects humans whenever there is a breakdown in the public health component.
The Indian subcontinent is vulnerable to this disease due its vast coastlines with
areas of poor sanitation, unsafe drinking water, and overcrowding. Recently, it was
shown that climatic conditions also play a major role in the persistence and spread
of cholera. Constant change in the biotypes and serotypes of V. cholerae are also
important aspects that changes virulence and survival of the pathogen. Such
continuous changes increase the infection ability of the pathogen affecting the
susceptible population including the children. The short-term carrier status of
V. cholerae has been studied well at community level and this facet significantly
contributes to the recurrence of cholera. Several molecular tools recognized
altering clonality of V. cholerae in relation with the advent of a serogroup or
serotype. Rapid identification systems were formulated for the timely detection of
the pathogen so as to identify and control the outbreak and institute proper
treatment of the patients. The antimicrobials used in the past are no longer useful
in the treatment of cholera as V. cholerae has acquired several mechanisms for
multiple antimicrobial resistance. This upsurge in antimicrobial resistance directly
influences the management of the disease. This chapter provides an overview of
cholera prevalence in India, possible sources of infection, and molecular epide-
miology along with antimicrobial resistance of V. cholerae.
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1 Introduction

Cholera is known to exist in the Indian subcontinent since centuries. There is some
description of this disease in Indian ancient medical literature (Sushruta). Presence
of this disease has been recorded on 64 occasions by the independent authorities
between the years 1503 and 1817 and the reports were restricted in Goa at the
beginning, after the immigration of Portuguese settlers in 1502 (Pollitzer 1959).
Pilgrimages and movement of troops contributed to the spread of disease during
ancient period. Proper recording of the disease started in 1786 with establishment
of Hospital board in Madras (now, Chennai) and Calcutta (now, Kolkata) (Pollitzer
1959). Intensive research on cholera commenced during the British rule, mainly to
control the disease rather than on the basics of the pathogen. From late 1950s,
there have been many advances in every aspect of the disease and the causative
pathogen Vibrio cholerae.

In this chapter, we will not elaborate much on the history of cholera and
investigations carried out during pre-independence era as other authors have
extensively reviewed the early historical aspects (De 1961; Barua 1992). This
chapter covers the major investigations on cholera carried out on outbreaks and
other related aspects.
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2 Early Works on Cholera

The world has witnessed seven cholera pandemics that may have started from the
Indian subcontinent since 1817. The involvement of type/subspecies remained
unknown for the first five pandemics till the identification of the pathogen in the
laboratory by Robert Koch in 1884 during the fifth pandemic (1881–1896). The
large cholera epidemics in early 1880s had subsided in Egypt but were very active
in India. Using this opportunity, Koch visited Kolkata and other parts of India to
continue his research from late 1883 to May 1884 (Howard-Jones 1984). On Jan-
uary 7, 1884, Koch had successfully isolated the bacillus in pure culture. One month
later, he described that the bacillus was not straight like other bacilli, but was a little
bent, like a ‘‘comma’’. His finding became very important and gained clinical
significance when he pointed out that the bacillus was always found in patients with
cholera but never in those with diarrhea from other causes. Koch also described that
the bacillus was relatively rare in early infection, but were extensively present in the
characteristic ‘‘rice water stools’’ of acute cholera patients. Unfortunately, Koch
was unable to reproduce the disease in animals and justified his findings that the
human bacillus was not suitable in animal models (Sack 1992).

Many cholera vaccine trials were conducted in Kolkata and other cholera
endemic areas. During fifth cholera pandemic in the nineteenth century, most of
the Asian and European countries were affected. During this time, Waldemar
Mordecai Wolff Haffkine, a Russian scientist focused his research on developing
an injectable cholera vaccine. In 1892, he produced an attenuated form of the
bacillus (V. cholerae). Risking his own life, on July 18, 1892, Haffkine performed
the first human test on himself. In 1894, he vaccinated 116 of 200 people living in
a cholera prone slum of Kolkata. All the vaccinated people were protected from
cholera in the subsequent cholera season. In 1894–1895, he had vaccinated about
20,000 subjects in Assam tea gardens and in this investigation, mortality among
nonvaccinated group ranged from 22 to 45 %, whereas the highest rate among the
vaccinated individuals was only 2 % (Lutzkerand and Jochnowitz 1987). Due to
infection from malaria, he could not continue his research. He returned back to
India in 1896 and resumed cholera vaccine trial with 30,000 people in 7 months.
His vaccine saved thousands of lives in Russia and India.

Bengal is known as the ‘‘homeland of cholera,’’ as the disease affected many
people from ancient times (Macpherson 1866; MacNamara 1876). The year 1817
was marked in the history of cholera, as there was a large epidemic in Kolkata
(MacNamara 1876). Literature review published by Macpherson (1872) showed
that cholera existed in other parts of India before 1817. Old literatures have shown
that Kolkata was not free from cholera for a single year between 1841 and 1959
(De 1961). The number of cases of cholera notified annually in Kolkata varied
from 1846 to 9529 (Swaroop and Pollitzer 1955). Early epidemiological investi-
gation conducted in Kolkata revealed 111 cholera deaths, of which 66 (59 %)
occurred in persons living close to water tanks (Simpson 1888). In one such
observation, Koch (1884) isolated ‘‘comma bacillus’’ from Kolkata tank waters.
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Further studies indicated that when the tanks and ponds near the cholera affected
areas were closed down, the incidence rate declined (De 1961).

The sixth pandemic is believed to be caused by V. cholerae O1 classical biotype
and has caused many outbreaks till 1961 (Barua 1992). In 1961, the seventh
pandemic started from Sulawesi, Indonesia, and soon spread to the Indian sub-
continent. Cholera reached Chennai in March 1964, and thereafter to Kolkata
during April in the same year. Almost a year later it appeared in Delhi and by 1965
classical biotype was replaced by El Tor through out the country (Mukherjee 1964;
Sharma 1975).

3 Incidence and Changing Patterns of V. cholerae

Research works carried out for more than five decades show that the incidence
patterns of V. cholerae is constantly changing. In early 1980s, Dr. Fayrer sys-
tematically studied cholera epidemics in Calcutta Medical College, which showed
that an average mortality was more than 200,000 per year. In 1885, he presented
the data at the fourth International Conference on Cholera, a forerunner of the
World Health Organization (Hawgood 2001). In many States, the classical biotype
was replaced by El Tor vibrios around 1965. In cholera-free States, the El Tor
biotype had spread and become endemic foci of the infection. Incidence of clas-
sical vibrios was reported during 1968–1970 in Assam, Kolkata, Orissa (now,
Odisha), Tripura, and Maharashtra. This biotype was recorded in healthy carriers
in Kolkata during 1967 (CRC 1970).

We searched Pubmed for information on cholera outbreaks from 2007 to 2013
and recorded 38 reports published in India. It was found that the number of cases
reported to Central Bureau of Health Intelligence (CBHI), Government of India
was much low. We also did analysis on CBHI and Intergrated Disease Surveillance
Program (IDSP), Government of India public database domains (http://www.
cbhidghs.nic.in and http://www.idsp.nic.in, respectively). Cholera control is now a
part of IDSP in India. To understand the true disease burden, IDSP was initiated
including cholera as one of the priority diseases. IDSP has been implemented in
600 districts across the country and this has made district level facilities to detect
V. cholerae and report outbreaks. From 2003 to 2012 number of cholera cases
reported to CBHI has been increasing (Table 1). As shown in Table 2, prevalence
of cholera has also been increasing in several Sates/Union Territories.

Meta analysis on annual incidence of cholera from 1997 to 2006 showed that
the disease was constantly recorded in West Bengal followed by Maharashtra and
Odisha. In addition, there were 68 outbreaks in 18 of 35 states and union territories
affecting more than 220,000 cases (Kanungo et al. 2010). During 2004–2005,
cholera caused by the serotype Inaba was recorded in 15 states of India, with 7
outbreaks. Based on the collection of V. cholerae O1/O139 strains for phage
typing, Sarkar et al. (2012) reported that most of the strains were regularly
received from Andhra Pradesh, Delhi, Goa, Gujarat, Karnataka, Madhya Pradesh,
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Table 1 Cholera Cases and Deaths reported by States and Union Territories in India

Year No. of cases No. of deaths CFR

2003 2893 2 0.07
2004 4695 7 0.15
2005 3155 6 0.19
2006 1939 3 0.15
2007 2635 3 0.11
2008 2680 1 0.04
2009 3482 12 0.34
2010 5786 52 0.89
2011 3679 23 0.62
2012 6093 51 0.83
Total 37037 160 0.43

Data from the Central Bureau of Health Intelligence
Source Central Bureau of Health Intelligence (CBHI), Government of India
http://www.cbhidghs.nic.in along with corrected figure of Delhi

Table 2 Statewise distribution of cholera cases and deaths reported to IDSP, during 2010–2012*

2010 2011 2012

States Cases Deaths Cases Deaths Cases Deaths

Assam 114 1 841 7 531 9
Andhra Pradesh 0 0 0 0 23 0
Chhatisgarh 0 0 152 1 579 1
Gujarat 401 2 114 0 604 5
Haryana 15 0 5 0 188 0
Himachal Pradesh 40 1 0 0 0 0
J & K 2229 3 0 0 238 0
Karnatka 41 2 333 2 1232 3
Kerala 0 0 76 6 36 2
Madhya Pradesh 2 0 1 0 0 0
Maharashtra 208 0 164 1 426 1
Odisha 784 39 0 0 77 5
Punjab 171 0 384 0 758 20
Rajasthan 791 0 211 1 35 0
Tamilnadu 135 1 210 4 145 2
Uttra Khand 0 0 27 0 0 0
West Bengal 90 3 651 1 751 3
Chandigarh 0 0 5 0 11 0
Delhi 756 0 505 0 454 0
Puducherry 9 0 0 0 5 0
Total 5786 52 3679 23 6093 51
Outbreaks 33 59 93

*Source Integrated Disease Surveillance Program (IDSP) Government of India (http://www.idsp.
nic.in) alongwith corrected figures of Delhi
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Maharashtra, Punjab, Rajasthan, Tamil Nadu, and West Bengal. This information
indirectly specifies the perennial nature of cholera in these States. Recurrence of
cholera outbreaks was also reported in 11 States in multiple years (Verma et al.
2012).

3.1 Southern Region

During 1971–1984, V. cholerae O1 Ogawa (9.5 %) was detected from 4 outbreaks
in Hyderabad (Rathna et al. 1988). In these outbreaks, both classical (31.3 %) and
El Tor biotypes (68.7 %) were identified. A switch from classical to El Tor cholera
was observed during 1975 and this trend continued for few more years (Rathna
et al. 1988). Non-toxigenic (NT) V. cholerae O1 belonging to the El Tor Inaba was
isolated during an outbreak in Warangal, Andhra Pradesh. This NT V. cholerae did
not produce cholera toxin (CT) or hybridize with DNA probes specific for ctx, zot,
or ace genes (Saha et al. 1996). This was the first report on NT V. cholerae O1
being associated with a cluster of cholera cases. In Tamil Nadu, V. cholerae was
isolated from 1,008 of 3,496 stool samples (28.8 %) collected between 1992 and
1995 (Sundaram et al. 1998). During November to December 1992, 363 of the 370
isolates (98 %) were V. cholerae belonging to serogroups O139. This epidemic
predominantly affected adults (91 %). Both V. cholerae O1 and O139 serogroups
were sometimes isolated from the same locality. From January 1993 onwards, the
rate of isolation of V. cholerae O139 declined, and in 1995, V. cholerae E1 Tor
was isolated from most of the cases (85.6 %).

Between 1980 and 2001, 26,502 stool specimens from cholera suspected
patients were processed for the presence of V. cholerae at the King Institute of
Preventive Medicine, Chennai (Sundaram et al. 2002). Among these, 6,035
(22.8 %) yielded V. cholerae. Majority of the strains belong to serogroups O1
(67 %) followed by O139 (25.3 %) and non-O1, non-O139 serogroups (7.4 %).
Twelve specimens were rough strains of V. cholerae. All the V. cholerae O1
isolates were of biotype El Tor and the predominant serotype was Ogawa
(95.9 %). After the initial explosive epidemic caused by O139 serogroup in late
1992–1993, occurrence of O139 declined in this region and reemerged in 1997.
However, during 1995–1996, O1 was the dominant serogroup (Sundaram et al.
2002).

From May to June 1996, a large El Tor cholera outbreak occurred in Alleppey
and Palghat districts of Kerala (Radhakutty et al. 1997). Of the 575 patients
hospitalized in Alleppey, 30 deaths occurred with a case fatality rate (CFR) of
5.2 % while in Palghat, of the 638 diarrhea patients, 30 (4.7 %) deaths were
recorded. In Mysore, incidence of cholera among children was reported during
1997 (Hanumanthappa and Rajagopal 2000). Of the 565 samples of acute diarrheal
stools from children collected from November 1996 to October 1997, 289 (51.1 %)
cases were positive for V. cholerae. Out of these, 277 (95.8 %) were V. cholerae O1
Ogawa, 7 (2.4 %) were O139, and 5 (1.7 %) were non-O1 non-O139. Almost
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8 years after its appearance in India, the O139 serogroup was recorded in 2000 in
Manipal, Karnataka (Ballal et al. 2001). In Vellore, O1 Ogawa serotype was
replaced by the Inaba serotype with altered antimicrobial susceptibility patterns
(Jesudasson 2006). In 2000, spread of Inaba serotype was also reported in Kerala
(Mohapatra et al. 2007).

3.2 Andaman and Nicobar Islands

The seventh pandemic cholera caused by the El Tor vibrios has reached Andaman
and Nicobar Islands in October 2002, after 40 years of its first appearance in
Indonesia during early 1960s. This outbreak affected the Nicobarese tribe in 16 of
the 45 inhabited villages of Nancowry group of islands with an attack rate of
12.8 % with CFR of 1.3 % (Shah et al. 2002; Roy et al. 2005). The Nancowry and
Kolkata isolates exhibited similar phenotypic and genetic features. In 2006,
emergence of Inaba serotype was first reported in this island (Sugunan et al. 2007).

3.3 Western Region

The 1985 cholera outbreak in Bombay (now, Mumbai) affected mostly children
(Mehta et al. 1986). Epidemic of cholera occurred in Solapur during July–
September with peak incidence in August 1988 (Fule et al. 1990). The epidemi-
ological data collected from 1986–1988 showed that cholera was widely prevalent
in this region. V. cholerae O1 Ogawa (66.2 %) and Inaba (26.2 %) serotypes were
responsible for an outbreak of cholera in Goa during July–September, 1988
(Verenkar et al. 1994). Studies conducted between 1989 and 1992 in Loni area,
Ahmednagar, a district of Maharashtra showed incidence of cholera was very high
from November to December and the Ogawa serotype was predominant (Jain and
Basutkar 1994). In Nagpur, V. cholerae serogroup O1 predominated in 1991
(94.7 %) and 1992 (86.4 %) but significantly declined during the following year
(10.7 %). The O139 serogroup that emerged in 1993 accounted for 89.3 % of the
total vibrios isolated from diarrheal cases (Agarwal et al. 1994).

Concurrent occurrence of O1 and O139 vibrios was recorded in Yavatmal during
1993 and 1994 with variations in relative and absolute prevalence of each serotype
(Ingole et al. 1997). In Aurangabad, V. cholerae O139 was isolated during 1998 and
2000 with intermittent appearance of O1 Inaba in 1999 (Bajaj et al. 2001). The arid
zone of Bikaner in Rajasthan State was generally unaffected by cholera. The first
outbreak was reported in this region during 1987 (Joshi et al. 1988; Soni et al. 1989).
In 1999 outbreak, 64 V. cholerae O1 El Tor Ogawa strains were isolated from 475
stool samples (13.5 %) (Gupta et al. 1999a). Further outbreaks in this region were
reported in 2002 (Gupta et al. 2002). Concomitant infectionConcomitant infection of
enterotoxigenic Escherichia coli was identified in an outbreak of cholera caused by
V. cholerae O1 and O139 in Ahmedabad, Gujarat (Chakraborty et al. 2001).
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3.4 Eastern Region

Reappearance of classical V. cholerae was reported in Kolkata during early 1970s
(Neogy and Chatterjee 1970). A large outbreak occurred during 1971 in Samu-
dragar, Burdwan District in West Bengal, mostly among refugees from Bangladesh.
Carrier status of El Tor vibrios, poor hygiene and disposal of dead bodies in river
Mari Ganga and use of this river water for many purposes were the stated reasons
for this outbreak (CRC 1972). Sporadic cases of acute diarrhea occurred in rural
areas of northeast India throughout the year, with occasional outbreaks. In July–
September 1978, an outbreak of gastroenteritis (4,469 reported cases) occurred in
various villages in the central district of Manipur including Imphal with CFR of
[20 % (Sircar et al. 1990). V. cholerae O1 was positive in 45.7 % of fecal and
47.6 % of river water samples. Outbreaks of acute diarrhea in 3 districts of Manipur
state were investigated during 1985 (Singh et al. 1986; Gupta et al. 1990). In this
outbreak, the overall attack rate (AR) and CFR were 0.2 % and 0.9 %, respectively.
Hospital records revealed that 58.8 % of cases occurred among older children
above 5 years of age.

Between May and July 1994, an unusual occurrence of severe dehydrating
watery diarrhea cases and deaths were reported from Aizwal town, the capital of
Mizoram (Sengupta et al. 2000). In this finding, V. cholerae El Tor was isolated
from 50 % of hospitalized cases. In October 2002, an outbreak occurred in Assam
with AR and CFR of 11.6 % and 0.8 %, respectively (Phukan et al. 2004).
V. cholerae O1 Ogawa was isolated in 63 % of hospitalized patients. An outbreak
of acute diarrhea occurred in Dhalai and North Tripura district, Tripura during May
2004. In this outbreak, the AR and CFR was 18.8 % and 6.9/1000, respectively
(Gupta et al. 2004). V. cholerae O1, Ogawa was isolated in 40 % of hospitalized
tribal patients and from water samples. Poor sanitation, use of contaminated surface
water along with low literacy, lack of personal hygiene, frequent movements, and
ineffective antibacterial treatment were the factors associated with persistence and
spread of the pathogen.

The isolation rates of V. cholerae among patients admitted at the Infectious
Diseases Hospital (IDH) in Kolkata with acute diarrhea during 1989–1990 were 78
and 85.1 %, respectively, with the domination of Inaba serotype in 1989 and
Ogawa in 1990 (Ramamurthy et al. 1992a). V. cholerae O1 isolated from Kolkata
at different times were analyzed to investigate the changes among the O1 strains
isolated before, during and after the advent of the O139 serogroup (Mukhopadhyay
et al. 1995). In this study, V. cholerae O1 isolated after the O139 epidemic in
Kolkata were multidrug-resistant as compared to the O1 strains isolated before the
advent of O139.

The O139 serogroup that dominated during 1993 in Kolkata was replaced by El
Tor O1 in 1994–1995. The isolation rate of the O139 serogroup in 1994–1995 was
below 9 % (Mukhopadhyay et al. 1996). In September 1997, an outbreak of
diarrhea was reported from Malda with 56 % isolation rate of V. cholerae O1
Ogawa (Bhattacharya et al. 2000). Three of the five drinking water samples were
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also positive for this serogroup. Outbreak of cholera was reported again in this
region during July–August 1998, with an attack rate of 34/1,000 (Gupta et al.
1999b). V. cholerae O1 Ogawa was isolated from most of the cases (53 %). The
prevalence of V. cholerae among the cholera patients admitted in the IDH, Kolkata
showed no drastic change between the years 1996 and 2012 (Fig. 1).

An epidemiological study was carried out to find out the etiological agent for
diarrheal disorders in the cyclone and flood affected areas of Odisha during
October 1999 (Chhotray et al. 2002). Of the 107 rectal swabs analyzed, 72.3 %
were positive for V. cholerae O1 Ogawa, 7.2 % for O139. Early bacteriological
and epidemiological investigations have revealed the dominance of V. cholerae O1
among the hospitalized patients from cyclone-affected areas. Drinking water
scarcity and poor sanitation are responsible for these outbreaks. V. cholerae O139
had not been reported earlier in south Odisha till 2000 (Samal et al. 2001). During
May–June 2000, 194 patients with watery diarrhea were admitted to the IDH in
Berhampur, Odisha. V. cholerae strains were isolated from 20 out of 94 samples,
of these, 2 were found to be O1 Ogawa and 18 were confirmed as O139.

Floods resulting from overflowing of the two main rivers during July 1998
(Sur et al. 2000) induced an epidemic of cholera in the district of Malda, West
Bengal. Within two weeks of its onset, cholera spread throughout the district.
During the period between August and October 1998, 16,590 cases were reported

Fig. 1 Number of microbiologically confirmed cholera cases among acute gastroenteritis cases
admitted in the Infectious Diseases Hospital, Kolkata from 1996 to 2012. Number above the bar
indicates percentage of cholera cases
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with 276 deaths (CFR 1.7 %). Seventy two per cent of rectal swabs were positive
for V. cholerae O1 Ogawa (Sur et al. 2000). In Patuli, Kolkata an explosive
outbreak of diarrhea occurred during September–October 2000 (Sur et al. 2002). In
this outbreak, 710 cases were identified with an AR of 7.1 %. All the fecal samples
and two water samples collected were positive for V. cholerae O139.

Sinha et al. (2002) analyzed eight outbreaks of cholera, which occurred
between December 1999 and December 2000 in different parts of the country.
Escalating association of V. cholerae O139 in these outbreaks of cholera were
noted especially in West Bengal and Odisha. These trends indicated a shift in the
outbreak propensity of V. cholerae O139. In Odisha, two successive outbreaks
were caused by serotypes Inaba and Ogawa in 2006 (Khuntia et al. 2010). Another
large outbreak occurred during April–July 2009 in Kendrapada district of Odisha.
A community cholera outbreak has been reported soon after the cyclone Alia in
Sunderban areas of West Bengal during May 2009 and contaminated drinking
water was identified as the probable source of this outbreak (Palit and Batabyal
2010; Panda et al. 2011).

3.5 Northern Region

An epidemic of classical cholera was detected in southeastern districts of Madhya
Pradesh in 1970 (Sehgal et al. 1972). Following its first detection in 1965, a large
outbreak of El Tor cholera occurred in Delhi during 1988 (Datta et al. 1993).
Cholera cases reported from July to August 1988 was 5–10 times more than the
previous years (Khanna et al. 1990). Civil lines and Shahadara zones were the
most affected areas, recording 86 and 56 cases/100,000, respectively. The data on
moving average showed the endemicity of cholera in Delhi with an increasing
trend (Datta et al. 1993). The common risk factors identified with these outbreaks
were lower socioeconomic status, poor personal hygiene, drinking water, and food
storage practices.

From 1965 through 1993, no cases of cholera or carriers of V. cholerae were
detected in Delhi (Singh et al. 1996a). Six hundred and fifty eight rectal swabs
collected from possible contacts were negative for V. cholerae. This study sug-
gested that transmission of cholera might also occur in winter months. In 1993,
substitution of O1 for O139 serogroup was recorded in Delhi from the cholera
cases admitted in the IDH (Singh et al. 1996b). Of the 1,528 laboratory confirmed
cholera cases, 46 and 54 % were caused by serotype O1 and O139, respectively.

Between May 1992 and November 1994, changing trends in the isolation of V.
cholerae O1 and O139 were recorded in Delhi (Rudra et al. 1997). In 1992, 50 of the
125 strains (40 %) were positive for V. cholerae O1 predominantly by Ogawa. In
1993, 44 (43.6 %) strains were positive for O139 and the rest belonged to the O1
serogroup. The IDH-based surveillance study conducted in Delhi during 1995
showed that out of 4,082 admitted cases with acute diarrhea, 2004 (49 %) and 4
(0.1 %) were positive for V. cholerae O1 and O139, respectively (Singh et al. 1998).

58 T. Ramamurthy and N. C. Sharma



Multiple cases were recorded in 4 % of the affected families. Among 29,196 stool
samples/rectal swabs collected in Delhi during April 1992–December 2000, 11,091
were positive for V. cholerae O1 (80.7 %), 1,943 (14 %) for O139, and 696 (5 %)
for non-O1 and non-O139 (Das and Gupta 2005). From Delhi and its surrounding
areas, 3,213 stool specimens were screened between 1998 and 2002. From these
stool specimens, 431 (13.4 %) were found positive for V. cholerae, of which, 423
were O1, 2 belonged to O139, and 6 to non-O1 non-O139 serogroups (Mohanty
et al. 2004). During 2003–2012, cholera scenario at the IDH in Delhi shows the
prevalence rate of cholera was 26–48 % (Fig. 2).

Outbreaks of cholera were recorded in Raipur in 1970, 1975, 1977, and from
1979 to 1981 (Darbari et al. 1982). Change in the prevalence of V. cholerae from
classical Inaba in 1970 to El Tor Ogawa was recorded in 1974. Serotype shift from
Ogawa to Inaba was recorded in 1977 but it again reverted to El Tor Ogawa, which
caused larger outbreaks during 1979–1981. Bhopal district of Madhya Pradesh was
considered as cholera-free area till 1988. In an outbreak of gastroenteritis in
Berasia block of Bhopal district, V. cholerae O1 Inaba and Ogawa were isolated
from 17.6 % of stool samples (Patnaik et al. 1989). Extreme insanitary conditions,
large aggregation of people and probably consumption of contaminated ice candies
were found to be responsible for this outbreak. During June–July 1994, an out-
break of V. cholerae O1 occurred in remote villages of Rohru Tehsil, in Shimla
district, Himachal Pradesh (Bora et al. 1997). The AR during this outbreak was
16.4 % in 7 villages. Of the 10,427 diarrheal stool specimens collected from
Punjab and other northern regions, the isolation rates of V. cholerae was 2, 2.6,
6.7, 7.1, 0.9, and 2.6 % in the respective years from 1992 to 1997 (Kaur and Lal
1998). Till 1992, V. cholerae O1 Ogawa was predominantly found in this study.

Fig. 2 Number of microbiologically confirmed cholera cases among acute gastroenteritis cases
admitted in the Maharishi Valmiki Infectious Diseases Hospital, Delhi from 2003 to 2012.
Number above the bar indicates percentage of cholera cases
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In 1993, 81.3 % of the isolates were of O139 and the rest were V. cholerae O1.
From 1994 to 1997, V. cholerae O1 Ogawa was the predominant strain again
without any isolation of O139 serogroup (Kaur and Lal 1998).

Rapid expansions of slums in the cities without any drinking water supply and
sewage systems were responsible in cholera outbreaks. Following an outbreak, a
survey was conducted in a slum colony in Chandigarh during September 1999.
There were 14 cases of diarrhea with attack rate of 9.97 per 1,000 population
(Thakur et al. 2001). Majority (70 %) of the affected individuals was females and
62 % were less than 5 years of age. A large incidence of V. cholerae O1 Inaba was
reported for the first time in Chandigarh during July 2004. Increase in the inci-
dence of this serotype was also reported from Punjab, Haryana, and Himachal
Pradesh (Taneja et al. 2005). In 2005, incidence of cholera caused by the Inaba
was reported in Delhi, especially among children (Rajeshwari et al. 2008).

4 Emergence of V. cholerae Serogroup O139

Till 1992, the toxigenic V. cholerae belonging to O1 was the only serogroup
responsible for pandemic cholera. A novel serogroup of V. cholerae, which did not
react with the then existing 138 somatic (O) antisera against V. cholerae was first
isolated in October 1992 in Chennai (Ramamurthy et al. 1993a). This newly
emerged strain of V. cholerae was identified as serogroup O139 and a synonym
Bengal was added to mark its origin. The O139 strain spread rapidly through the
Indian subcontinent and in many parts of Asia. In addition, cases of cholera among
travelers in North America and the Middle East were also reported. Genetically,
V. cholerae O139 is very closely related to the El Tor strains. The appearance of
V. cholerae O139 may well herald the beginning of the eighth pandemic of
cholera. Retrospective analysis of strains collected from the Communicable Dis-
eases Hospital, Madras, from January to September 1992 showed the prevalence of
O139 serogroups during pre-epidemic period (Dhamodaran et al. 1995). This
information has shown that the emergence of this serogroup was around January
1992 from Chennai. During 1993, when the O139 incidence took place in Kolkata,
the total admission of cholera patients at the IDH exceeded more than 44,500
(Bhattacharya et al. 1994).

In the subsequent years, spread of O139 infection in the form of outbreaks was
reported in January 1993 in Kolkata (Bhattacharya et al. 1994), Odisha (Niyogi
et al. 1994), Haryana (Sabherwal and Sikka 1994), Delhi (Sachdeva et al. 1995),
Pondicherry (Vijayalakshmi et al. 1994), Ludhiana (Prabhakar et al. 1994), and
Maharashtra (Narang et al. 1994; Jalgaonkar and Fule 1994). From November
1992 to July 1993, 95.6 % of 916 V. cholerae isolates submitted to the National
Institute of Cholera and Enteric Diseases from 28 locations in India were con-
firmed as serogroup O139 (Nair et al. 1994a). Up to July 1993, V. cholerae O139
had been isolated from 13 Indian states and an union territory.
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Clinically, the O139 serogroup seemed to be more virulent than the El Tor
vibrios. The amount of CT present in stool samples of patients infected with the
O139 serogroup was higher than that found in stools of patients infected with O1
El Tor indicating the potential severity of O139 infection (Nair et al. 1994b). The
clinical features and blood and stool biochemical parameters of O139 infected
patients were indistinguishable from those in typical cholera caused by the O1
serogroup; except for 44.3 % cases infected by O139 had abdominal cramps. In
view of the above, Bhattacharya et al. (1993) designated the disease caused by
V. cholerae O139 as cholera. Studies conducted in Ambajogai, Maharashtra also
showed that the clinical features were more severe in patients infected with the
serogroup O139 than O1 or the other non-O1, non-O139 serogroups (Kamble et al.
2000). Occasionally, the O139 infected cholera patients had significantly higher
percentage of fever than the O1 infected cases (Singh et al. 1997).

With the passage of time, the O1 serogroup of the El Tor biotype again reap-
peared and displaced the O139 serogroup on the Indian subcontinent, and there was
a feeling among cholera workers that the appearance of this new serogroup was an
exceptional event. The resurgence of the O139 serogroup in 1996 and the coexis-
tence of both the O1 and O139 serogroups in many cholera endemic areas in India
and elsewhere suggested that the O139 serogroup had come to stay as a permanent
entity in the future. During the re-emergence phase, Gomber et al. (1995) reported a
large outbreak of cholera from North India caused by V. cholerae O139. Forty-one
out of 391 patients with acute diarrhea during a 2-month-period (May–July 1993)
were mainly (73 %) infected by V. cholerae O139.

From the surveillance results of Kolkata, it was shown that V. cholerae O139
dominated as the causative agent of cholera during 1992–1993 and 1996–1997,
while the O1 strains dominated during the rest of the period (Basu et al. 2000a).
Reappearance of V. cholerae serogroup O139 was also recorded in Yavatmal in
1998 (Ambhore et al. 2000), Nagpur (Agrawal et al. 2003), and Rohtak in 2001
(Gupta et al. 2005). From early 2000s, the O139 serogroup started disappearing
from many parts of India.

5 Reemergence of El Tor V. cholerae

After its brief replacement in many parts of India by O139 serogroup during 1992,
the O1 El Tor appeared in the subsequent years. A large El Tor cholera outbreak
was recorded in Nagpur between June and October 2003 (Mishra et al. 2004).
Reappearance of V. cholerae O1 and its concurrent prevalence with O139 were
reported in Vellore (Jasudason et al. 1994). During June–July 1994, predominance
of O1 than the O139 serogroup was recorded in Yavatmal (Fule et al. 1995).
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6 Age Group Studies

In many previous findings, it was shown that cholera affects the adult population
more often than the young children. The etiology of acute diarrhea investigated in
245 children less than 3 years of age showed that cholera was rare in pediatric
cases in southern India (Mohandas et al. 1987). Outbreak investigations in
Hyderabad showed that 67 % were less than 30 years of age with no significant
difference in the incidence among females (51.4 %) and males (48.6 %) (Rathna
et al. 1988). WHO has recommended that cholera should be suspected in children
above the age of 2 years. To confirm this aspect, Bhattacharya et al. (1992)
investigated children aged\2 years in endemic regions with diarrhea admitted in
the IDH, Kolkata. In this study, of the 181 cases, 56 (31 %) were culture confirmed
for cholera and the remaining had non-cholera diarrhea. This study conclusively
proved that cholera can occur in children lesser than 2 years. Investigations carried
out in North India during 1993 demonstrated that 1.5–12 year age groups was most
affected with high incidence of O139 serogroup (73 %) than O1 (27 %) (Gomber
et al. 1995). Cholera in neonates either with V. cholerae O139 or O1 serogroups
has also been reported (Amin et al. 1995; Uppal et al. 1999; Sethi and Sethi 2001).

During a cholera outbreak in Bombay in 1985, it was found that children were the
most affected age group (Mehta et al. 1986). A 5-year study (1982–1986) conducted
in Delhi among diarrheal children less than 12 years showed that the overall iso-
lation rate of V. cholerae O1 was 31.7 % (Aggarwal et al. 1989). Among cholera
cases, 23.4 % occurred in the age group less than 2 years, 41.4 % in 2–5 years, and
35.1 % in more than 5–12 years. Infection occurred more often in males in all the
age groups (Aggarwal et al. 1989). Studies conducted during an outbreak in Aizwal,
Mizoram in 1994 showed that cholera affected mostly the grown-up children and
adults (52.9 %) than younger children below 5 years of age (Sengupta et al. 2000).

In Delhi, cholera infection was more common (74 %) among children less than
15 years of age (Khanna et al. 1990). During the 1988 cholera outbreak, the
highest incidence rate was observed in children in the age group of 1–4 years
(Datta et al. 1993). Studies conducted among hospitalized cases in 1993 indicated
that the V. cholerae O1 and O139 serogroups infected different age groups.
Observations made by Amin et al. (1995) showed that out of 28 children\2 years,
11 (39.3 %) were culture positive for V. cholerae and the youngest child in this
study was a 3 month old.

About 60 % of the V. cholerae O1 cases were children from Delhi with age less
than 10 years and 40 % of them were infected with O139 (Singh et al. 1996b).
Children excreting both V. cholerae O1 and O139 serogroups were rare (1.4 %)
(Singh et al. 1997). The occurrence of cholera in children between 1 and 10 years
age group was reported from Delhi (Singh et al. 1998) and Aurangabad (Slathia
and Bansal 1999; Bajaj et al. 2001). Like children in the older age group, onset of
acute diarrhea with watery/rice watery stools with or without excessive vomiting
and/or rapid development of severe dehydration should be considered as typical
symptoms of cholera in younger children.
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7 Seasonal Patterns

In the endemic regions, cholera follows specific seasonal patterns with a major
peak during summer and a minor peak in monsoon. Role of temperature during a
particular season, rainfall, and humidity are considered as important factors. Using
the cholera incidence data from 1907 to 1957, several analyses were made to find
the correlation between the weather factors and incidence of cholera in Kolkata
(Rogers 1926, 1957; Russell 1927; De 1961; CRC 1976, 1977). During this period,
epidemics occurred during summer and monsoon seasons. The same trend was
observed in Delhi with cholera cases occurred during May–September (summer
and monsoon months) (Aggarwal et al. 1989). The period from January to March
(winter) was generally completely free from cholera (Singh et al. 1998). Retro-
spective analysis on the seasonality of cholera was tracked over a 5-year period
from January 1998 to December 2002 in Delhi (Mohanty et al. 2004). The number
of cholera cases was high from May to June, followed by July–August. Except in
2002, the cholera cases were recorded during April in all the years. During
1977–1978, along with a major peak in May–June, a small peak during Septem-
ber–October was recorded in Kolkata. The observed change may be attributed to
the local climate, sanitary conditions, food habits, and cholera control measures
(CRC 1978).

In Hyderabad, the cholera outbreaks showed a protracted pattern with a peak
during monsoon (May–August). The severity of the cholera was found to be
related to the average rainfall during the year leading to the sewage stagnation in
the downhill of Hyderabad (Rathna et al. 1988). Prevalence of cholera in West
Bengal was correlated with several ecological factors. In a mathematical model-
ing, relative humidity and heavy rainfall were identified as major climatic con-
ditions for V. cholerae infection (Rajendran et al. 2011). Monsoon season (June/
July–October) seems favorable for cholera infection in Chandigarh and Odisha
(Chander et al. 2009; Pal et al. 2010).

8 Incidence of Cholera-Related with Water and Food

Most of the cholera outbreaks are associated with poor water supply and/or sec-
ondary contamination of the stored water in the households. Some of the studies
revealed sewage contamination of drinking water supply in many parts of India
(Thakur et al. 2001). During an epidemic investigation, drinking water sources
tested in Shimla were fit for human consumption (Bhardwaj et al. 1993). Rapid
expansion of slum areas in the cities is one of the reasons for outbreaks. Water
sample collected from a hand pump was positive for V. cholerae O1 Ogawa during
an outbreak investigation conducted at Chandigarh in September 1999 (Taneja et al.
2003). In Patuli near Kolkata, a large outbreak of cholera was controlled after
initiation of extensive chlorination of all the major water resources (Sur et al. 2002).
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Studies conducted in Varanasi showed that an estimated 200 million liters or
more of untreated human sewage is discharged daily into the river Ganges
(Hamner et al. 2006). River water monitoring over 12 years has demonstrated
fecal coliform counts up to 108 MPN (most probable number) per 100 ml and
biological oxygen demand levels averaging over 40 mg/l. A questionnaire-based
survey conducted among resident users of the river Ganges in Varanasi revealed
that the overall rate of waterborne/enteric disease incidence, including cholera was
about 66 % (Hamner et al. 2006). Logistic regression analysis revealed significant
associations between water-borne/enteric disease occurrence and the use of the
river for bathing, laundry, washing eating utensils, and brushing teeth. Thirty-three
cases of cholera were identified among families exposed to washing clothes or
bathing in the Ganges while no cholera cases occurred in unexposed families.

Foodborne cholera is rarely reported in India. In one case-control investigation,
milk product was found to be associated with a small cholera outbreak in Odisha
during 2005 (Das et al. 2009a). Repeated exposure of V. cholerae in vitro to
chlorine induced resistance and formation of atypical and rough vibrios (Ganguly
et al. 1966). Further studies revealed that these rough forms of V. cholerae are
highly resistant to chlorine. The incidence of rough forms of V. cholerae from the
patients and aquatic environments and their chlorine resistance are not studied in
detail.

Based on the annual cholera incidence in Kolkata from 1998–2006 and the
chlorophyll concentrations measured through satellite during corresponding years,
demonstrated that it is possible to predict epidemic cholera in coastal areas
(Constantin de Magny et al. 2008). This investigation confirms that the environ-
mental factors are useful in forecasting epidemics of cholera and give health
workers enough time to make plans, spread cautions, and recommendations to the
public in a timely manner.

Outbreak investigations conducted in Odisha have shown the association of
several water bodies including rivers, streams, ponds, and wells with cholera
infection in the adjacent population who used the water for several purposes
(Khuntia et al. 2008; Das et al. 2009b; Pal et al. 2010). Several surveys conducted
in West Bengal during 2004–2008 showed that the use of pond waters were
responsible for five cholera outbreaks with 277 cases (Mukherjee et al. 2011).
Many cholera outbreaks in West Bengal and Gujarat were related due to leakage in
the municipal water pipe lines (Bhunia et al. 2009; Shah et al. 2012). Surveillance
of V. cholerae O1 in water samples from Kolkata urban areas during cholera
outbreaks showed its presence in about 17 % of the samples, which is more than
the samples collected from non-outbreak affected areas (5.2 %) (Batabyal et al.
2012). V. cholerae O1 was also reported from environmental waters in Chandigarh
(Mishra et al. 2011) or stored waters in Kolkata and Tamil Nadu (Palit et al. 2012;
Sekar et al. 2012).
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9 Cholera at the Community Level

Contact or healthy carriers may play an important role in the spread and main-
tenance of the infection in the cholera endemic areas. In Kolkata, during the
cholera epidemics in 1956, 45 % of culture-positive subjects had a history of direct
or indirect contact with cases of cholera, 41 % gave no history but taken food or
drink outside their homes (De et al. 1957). In addition, 67 % of culture positive
cases of cholera had the habit of using service-privies and 78 % shared lavatories
with a number of other families (De et al. 1957).

In many community-based studies, both classical and El Tor vibrios were
identified among asymptomatic carriers. V. cholerae isolated from these carriers
expressed its virulence in the animal models (Sinha et al. 1969) indicating their
importance and role in the transmission of cholera. Studies conducted during 1968
inter-epidemic cholera period in Kolkata showed 6.2 % carriers of V. cholerae O1
in households, of which 52.4 and 38.1 % were identified as El Tor and classical
vibrios, respectively. Interestingly, 9.5 % of the carriers had both the biotypes
(CRC 1971).

In order to prevent and control diarrheal illness, the defecation habits of 172
adults before and after cholera epidemic in New Delhi was investigated (Murthy
et al. 1990). Intensive educational activities were undertaken during the epidemic
and a community latrine facility was constructed in the study area. A statistically
significant relationship with age was observed, while literacy was not found to
exert a statistically significant effect. Cost and distance were the main reasons cited
for nonutilization of latrines. Most children were refrained from using the public
latrines.

To determine the extent of V. cholerae O139 infection among healthy contacts
and other suspected vehicles of transmission at the intrafamilial level, an extensive
study was conducted in Kolkata (Sengupta et al. 1995). In this study, a total of 27
families of hospitalized patients (index case families) suffering from acute watery
diarrhea and 14 neighborhood families were bacteriologically screened for 4
consecutive days. V. cholerae O139 was isolated from feces of 14.6 % of healthy
contacts in index case families as compared to none in neighborhood families. In
addition, the pathogen was recovered from 3.7 % of hand washings of contacts of
index cases and also from stored drinking water (8.0 %), open well water
(28.6 %), flies (3.8 %), and pond water (25.0 %) used by the index case families
and none from neighborhood families. The large numbers of asymptomatic
infected persons indicate an epidemiological similarity of O139 to that of O1
serogroup. The organisms may be carried on hands and may act as a potential
source of infection to other inmates through contamination of stored drinking
water, open wells, etc. Such studies are very important in formulating strategies for
intervention of transmission of cholera at the community level.

To investigate an outbreak of cholera in Delhi during 1991, a hybrid design
using a retrospective case-control method superimposed on a population-based
cross-sectional study was made (Tilak et al. 1997). A total of 9 cholera confirmed
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cases were identified using population-based survey and compared with 33 con-
trols from the same population. The cholera incidence rate was 0.71 % and showed
a significant rising trend with age. Two of the food handlers, working in the same
mess from where cases had occurred, were found positive for V. cholerae O1
Ogawa.

Diarrheal surveillance was conducted (2003–2004) to measure the burden of
cholera, describe its epidemiology, and search for potential risk factors that could
be addressed by public health strategies in an urban site in Kolkata (Sur et al. 2005).
From 62,329 individuals under surveillance, 3,284 diarrheal episodes were detec-
ted. Of the 126 (4 %) culture-confirmed cholera cases, 19 (15 %) were children less
than 2 years of age. Risk factors for cholera included a household member with
cholera during the period of surveillance, young age, and lower educational level.
This study has shown a substantial burden of cholera in an impoverished urban
population with risk factors not easily amenable to intervention.

10 Molecular Epidemiology of Cholera

Molecular epidemiology is becoming a useful discipline as several informations
can be generated specially on the strain origin, mode of spread, and its virulence
features. While identifying the progenitor strains for V. cholerae O139, Pajni et al.
(1995) found some of the O1 strains had neither classical nor E1 Tor in their biotype
attributes. The ctx restriction fragment length polymorphism (RFLP) and outer
membrane protein profiles displayed by these strains were identical with those
exhibited by O139 strains but were different from classical and El Tor biotypes. All
the O139 and the two O1 strains carried an identical number of ctx in their chro-
mosomes. In the pulsed-field gel electrophoresis (PFGE) of the NotI and SfiI
enzymes digested genome of V. cholerae O139 strains collected from different parts
of India were identified as single clone and its genome size was estimated as 2.2 Mb
(Bhadra et al. 1995). In addition, ctx RFLP analysis suggested that O139 strains are
genetically close to V. cholerae O1 biotype El Tor, but different from the classical
vibrios. Using restriction enzymes, which cleave a single site in either the core
region or in the direct repeat sequence (RS) of the CTX genetic element, it was
shown that most of the O139 have two copies of the ctx in tandem connected by two
RSs. The organization of the virulence gene cassettes in different O139 strains
showed genetic heterogeneity and had two copies of the CTX genetic element.

Sharma et al. (1997a) studied the RFLP of the rRNA gene and CTX genetic
element in V. cholerae O139, which appeared again in Kolkata in September 1996.
The resurged strains were indistinguishable from the earlier ones in the ribotyping,
but the structure of the CTX genetic element was unique. Molecular studies were
conducted with clinical strains of V. cholerae O1 isolated in Kolkata before, during,
and after the V. cholerae O139 Bengal outbreak to find out if the O1 strains of the
post-O139 period were different from those that existed before (Sharma et al. 1997b).
Comparison of the RFLP of the rRNA genes by ribotyping and the CTX genetic
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element revealed that all most all the pre-O139 strains belonged to a single known
ribotype, whereas majority of the post-O139 strains belonged to a new ribotype. Most
of the pre-O139 strains harbored two or more copies of CTX in tandem and also a
‘‘free’’ RS1 element away from CTX, whereas the post-O139 strains had a single
copy of CTX without RS1 element. CTX occupied different chromosomal locations
in pre and post-O139 strains. This investigation showed that El Tor strains, which
displaced V. cholerae O139 in Kolkata, belonged to a new clone with a continuous
genetic reassortment.

Comparison of the phenotypic traits of representative O139 strains from
Kolkata and Dhaka isolated between December 1996 and April 1997 showed
similar phenotypic traits with an exception that Dhaka strains were susceptible to
streptomycin while Kolkata strains were resistant (Basu et al. 1998). The Dhaka
and Kolkata O139 strains displayed identical ribotypes but showed remarkable
differences in the structure and organization of the CTX genetic element. In the
Dhaka O139 strains, two copies of the CTX element were arranged in tandem and
this resembled the pattern displayed by the 1992 epidemic strains of O139. On the
other hand, the Kolkata O139 strains carried three copies of the CTX genetic
element arranged in tandem and a new HindIII site replaced the conserved BglII
restriction site in the RS1 element. The two copies of the CTX elements were
connected by two RSs, whereas in the reemerged O139 strains had three such
elements connected by a single RS (Khetawat et al. 1999). Ribotyping and ctx
RFLP showed clonal diversity among the O139 strains isolated during 1992–1993
and 1996–1997 with respect to its structure, organization, and location of the CTX
prophages (Basu et al. 2000a).

Phenotypically, the re-emerged O139 strains during August 1996 were sus-
ceptible to SXT but the ribotyping patterns were identical to those exhibited by
strains of O139 isolated in 1992 (Mukhopadhyay et al. 1996). The RFLP of ctxA
identified three clones of V. cholerae O139 in different parts of India. RFLP of the
rRNA and the ctx genes along with the antimicrobial-resistant profile of V. cholerae
O1 and O139 associated with mixed infection were examined to determine their
relatedness (Sharma et al. 1998). The results of this study also demonstrated that
although the phenotypic profiles were the same, genetically they are different.

The ribotyping patterns of strains isolated from different parts of India during
1996–1997 were identical and were similar to that of 1994 strains from Kolkata
(Bag et al. 1998). Likewise, majority of the strains examined by PFGE showed
identical profile to that exhibited by the new clone of O1. The RFLP of CTX
genetic element of these strains also matched with the new clone of O1, which
emerged after the outbreak of V. cholerae O139 in Kolkata. The intron-encoded
enzyme CeuI provides an excellent tool for examining the organization of gen-
omes in related bacterial species. Studies conducted with V. cholerae strains
belonging to different biotypes and serotypes revealed different CeuI RFLP pro-
files (Nandi et al. 1997). Several genetic markers, including virulence determinant
genes were identified at different positions in the genomes of O139 and classical
O1 strains (Khetawat et al. 1998). The endonuclease I-CeuI had 10 sites in the
genomes of re-emerged O139 strains, compared to 9 in the genomes of old O139
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strains. This variation in the number of rrn operons within a serogroup has not
been identified in other organisms (Khetawat et al. 1999).

Phylogentic analysis of the NotI PFGE profiles of NT V. cholerae O1 associated
with a cluster of cases of cholera in Warangal, Andhra Pradesh showed that these
strains formed a tight cluster with more than 80 % similarity (Pal et al. 1999).
Interestingly, the NT V. cholerae O1 cluster was more closely related to V. cholerae
O139 than classical and E1 Tor biotypes of V. cholerae O1. This indicates closer
genetic relationships between NT V. cholerae O1 and O139 Bengal that were
isolated during the same period.

The CTX prophage arrangement in classical biotype strains of V. cholerae O1
isolated between 1970 and 1979 showed clonal diversity (Basu et al. 2000b). This
clonal variation was further substantiated by other typing methods. Molecular
characterization by ribotyping, RFLP, and PFGE results indicated that the reap-
peared Inaba strains during 1998–1999 in Kolkata were similar to the Ogawa
strains but were different from the earlier Inaba strains isolated in 1989 (Garg et al.
2000a). In addition, antibiograms of the Inaba strains were also similar to that of
the V. cholerae Ogawa strains.

In the variable number of tandem repeat (VNTR) analysis, 64 novel alleles
distributed among 51 sequence types from V. cholerae O139 strains (Garg et al.
2003). Lateral gene transfer (LGT) events produced three times the number of
nucleotide changes compared to mutation. In contrast to the traditional concept of
epidemic spread of a homogeneous clone, the establishment of variant alleles
generated by LGT during the rapid expansion of O139 clonal population is a
paradigm in infections and epidemics. A study was performed to compare the
genetic relatedness of the patient and environmental strains of V. cholerae to
determine clonal relationships (Sinha et al. 2001). DNA fingerprinting of the
strains showed considerable diversity among toxigenic clinical and non-toxigenic
environmental O1 Ogawa strains and between the O1 and non-O1, non-O139
isolates. V. cholerae O1 strains from clinical and environmental sources belonged
to two different clones. Characterization of a V. cholerae O139 strain isolated from
a diarrheal patient in Alleppey, Kerala in 2000 showed a distinct genotype with
unique ribotype designated B-VII compared to O139 strains isolated from other
parts of India (Bhanumathi et al. 2002). Genetic recombination or mutations in
the conserved rrn operon and variations in CTXU are constantly occurring in the
genomes of V. cholerae. Using the VNTR typing tool, Ghosh et al. (2008) have
shown that O1 and O139 strains isolated in different parts of India during
1992–2007 formed four large groups, two with O1 and the other two with O139.
The O139 strains isolated from Kerala in 2002 had different copy numbers of
CTXU and multiple ribotypes, including B-I and B-II, and new ribotypes desig-
nated B-VIIIa, B-VIIIb, and B-IX (Fazil et al. 2011).

Ribotyping results of V. cholerae O1 strains isolated from Ahmedabad outbreak
during 2000 exhibited a pattern identical to that of the prevailing O1 clone in areas
where cholera is endemic. All the O139 strains were identical to the B-II clone of
V. cholerae O139 strains that prevailed during previous year in India (Chakraborty
et al. 2001). PFGE analysis of the V. cholerae O139 strains showed identical
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patterns, but these differed from the PFGE patterns of O139 isolates reported
during 1992–1997 in Kolkata. Genotypic diversity among V. cholerae has been
attributed to several reasons. Natural calamities such as heavy rainfall may support
the spread of mixed genotypes in a population (Goel and Jiang 2011). In 2004, the
substituted Inaba strains were identified as ribotype R-IV and H-1 pulsotype that is
very close to the pattern exhibited by Ogawa strains isolated during the same
period in Kolkata (Raychoudhuri et al. 2007). During 2002–2008, several outbreak
strains of V. cholerae O1 from Punjab and Haryana were screened for clonality
using PFGE and ribotying (Taneja et al. 2012). The PFGE generated 15 pulso-
types, of which four matched the previously designated pulsotypes and there were
11 new pulsotypes. In these outbreaks, ribotype IV was the most predominant
followed by R-III. This ribotype IV was not isolated after 2003 and became the
most predominant one from 2004 onwards.

V. cholerae O1 strains harbor integrative conjugative elements (ICEs), which are
self-transmissible mobile elements, able to integrate into the host bacterial chro-
mosome and to transfer by conjugation (Wozniak and Waldor 2010). The SXT/
R391 family of ICEs are recently acquired by this pathogen especially after the
emergence of the serogroup O139 in Chennai. These ICEs confer resistance to
chloramphenicol, streptomycin, SXT, and are used in the identification of clonality
of V. cholerae O1/O139. The ICEVchInd5 was consistently detected in V. cholerae
O1 clinical strains isolated in Wardha, Maharashtra for more than 10 years from
1994 to 2005. However, the other molecular methods identified that these strains
belong to different types (Ceccarelli et al. 2011). Thus, the utility of any molecular
tool depends on the experimental purpose and the target genes.

11 Diagnosis of Cholera and Toxigenic V. cholerae

Rapid diagnosis of cholera has become very important as the disease affects large
populations in a short time. Conventional culture techniques require 2–3 days for
confirmation of the isolates. Many immunological and molecular biology-based
techniques are now established for the detection of pathogens. The genes encoding
CT (ctx) has been targeted for the rapid diagnosis of cholera or for the toxigenic
strains of V. cholerae. A highly sensitive sandwich enzyme-linked immunosorbent
assay (ELISA) using polystyrene beads has been evaluated for the detection of free
CT present in cholera stool specimens (Ramamurthy et al. 1992b). This assay
system was useful even with stool specimens from which V. cholerae cannot be
isolated due to delayed processing for culture or patients treated with antibiotics
(Ramamurthy et al. 1990).

A PCR-based assay was designed for the detection of toxigenic V. cholerae that
harbors the ctx (Shirai et al. 1991). Three combined methods such as PCR, CT beads-
ELISA, and culture methods were simultaneously tested for the detection of toxigenic
V. cholerae from the stool specimens (Ramamurthy et al. 1993b). PCR provided a
more sensitive and specific assay for rapid diagnosis of cholera than culture methods.
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Sack and Barua (1964) established a fluorescent-antibody technique for the
diagnosis of cholera. A monoclonal antibody-based rapid immunodiagnostic kits,
BengalScreen, a coagglutination test, and Bengal DFA, a direct fluorescent-anti-
body test were used for the detection of V. cholerae O139 in clinical and envi-
ronmental samples (Hasan et al. 1995). The assay time varied from 5 to 20 min.
The Bengal DFA, being more sensitive than BengalScreen, requires only one
reagent and less than 20 min for detection and enumeration of V. cholerae O139
with 100 % specificity. Compared to the conventional tests, the field testing of
both BengalScreen and Bengal DFA with stool specimens demonstrated a
high sensitivity and specificity. BengalScreen results were unequivocally positive
when water samples contained at least 2.0 9 103 CFU/ml, whereas Bengal DFA
demonstrated positive reaction when the water sample contained at least
1.5 9 102 CFU/ml.

PCR-RFLP with ori (encoding the origin of replication) sequence was formu-
lated for the rapid identification and differentiation of V. cholerae O1 biotypes and
Vibrio mimicus strains (Saha et al. 2006). In this assay, a point mutation in the
oriCIVC sequence of the classical biotype of O1 serogroup led to the loss of a
BglII site, which was utilized for differentiation from El Tor vibrios. Interestingly,
the PCR assay amplified the ori segment, designated as oriCIVM, from V. mimicus
strains also. The BglII RFLP between oriCIVM and oriCIVC sequences differ-
entiated these two species. Several multiplex PCR were also designed for the
detection of virulence genes such as rtxA, tcpA, ctxA, hlyA, and sto (Kumar et al.
2010). Crystal VC was found to be useful (66.7 %) for the rapid detection cholera
in an outbreak in Secunderabad during May 2009 (Sinha et al. 2012). However,
this method was less sensitive compared with a real-time PCR, which detected
presence of V. cholerae in all the samples. In a hospital-based study, the sensitivity
and specificity of the Crystal VC dipsticks were about 92 and 73 %, respectively
(Mukherjee et al. 2010).

12 Emergence of Antimicrobial Resistance

Antimicrobials have been used for the treatment of cholera and other diarrheal
diseases, as this method is effective during initial stages of the infection and plays
a role in reducing stool volume. Drug-resistance in V. cholerae caused problems in
the management of cholera. The effectiveness of tetracycline in the treatment of
cholera was first demonstrated in Kolkata (Carpenter et al. 1964). Chemopro-
phylaxis field trials with doxycycline (vibramycin), and sulfadoxine were per-
formed in Kolkata to observe their effectiveness in the transmission of V. cholerae
among family contacts of cholera patients (CRC 1974; Deb et al. 1976). A single
dose of 300 mg of doxycycline effectively reduced the number of carriers among
contacts of cholera patients for 5 days (Sengupta et al. 1978). Clinical trials were
also conducted to examine the effect of Ibuprofen (brufen) with cholera and other
diarrheal patients in Kolkata as this drug possess anti-inflammatory analgesic and
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anti-rheumatic property. This study showed no significant difference between
groups treated with brufen and placebo (De et al. 1974). In a controlled clinical
trial of minocycline and tetracycline, it was observed that there was no difference
in the volume and duration of diarrhea between the two treated groups (Guha-
Mazumdar et al. 1974).

In the rabbit model, efficacy of ciprofloxacin, norfloxacin, and tetracycline were
tested for prevention of colonization of V. cholerae O1 (Chakrabarti et al. 1993).
Like tetracycline, norfloxacin and ciprofloxacin inhibited the colonization of V.
cholerae O1 in the rabbit intestine. In a double blind, randomized clinical trial
conducted in Kolkata with 37 adults with culture positive cholera patients, nor-
floxacin was found superior to sulfamethoxazole-trimethoprim (SXT) in reducing
stool output, duration of diarrhea, fluid requirements, and excretion of vibrios
(Bhattacharya et al. 1990). The efficacy of varying regimens of norfloxacin and
doxycycline were compared for the treatment of cholera caused by V. cholerae
O139 Bengal in an open randomized controlled clinical trial with 160 adults with
acute watery diarrhea and severe dehydration (Dutta et al. 1996). These clinical
trials have shown that multidose norfloxacin treatment significantly reduced stool
output, duration of diarrhea, and fluid requirement compared with the other
regimens.

Considering the emergence of multidrug resistant V. cholerae to the commonly
used drugs, several new antimicrobials were tested for the efficient treatment of
cholera. In Kolkata, azithromycin was tested for the treatment of cholera in
children (Bhattacharya et al. 2003). Patients who received azithromycin had sig-
nificantly less stool output, shorter duration of diarrhea, and lower fluid intake
compared with patients who received erythromycin.

Use of antimicrobials as a prophylactic measure has also been reported during
diarrheal outbreaks. However, the patients do not follow the recommended
treatment regime. Generally, excess use of antimicrobials in the treatment of
cholera enhances the development of resistance in many vibrios. Major works
carried out on this aspect includes surveillance of drug-resistance among clinical
strains of V. cholerae and their mechanism of resistance. Intestopan was effective
against V. cholerae even at low concentrations and resistant strains to this drug
were detected in 1970 (Sasmal and Ganguly 1971). The resistant strains to int-
estopan were found to be less virulent due to changed synthesis of biopolymers.

V. cholerae strains isolated during 1972 were susceptible to chloramphenicol
and streptomycin (CRC 1973). The efficacy of SXT was found superior to tetra-
cycline and chloramphenicol in 175 bacteriologically confirmed cases of cholera
admitted in the IDH, Delhi (Dutta et al. 1978). SXT showed greater in vitro
inhibition and earlier eradication from the intestinal tract. The antimicrobials such
as furazolidone and SXT were also used for the treatment of cholera cases for
many years in India. These drugs are commonly advocated in the treatment of
cholera in children. However, studies conducted in 1987 in Vellore showed that
V. cholerae O1 was resistant to trimethoprim and this feature was genetically
transferable (Jesudason and John 1990; Jesudason and Saaya 1997).

Cholera Outbreaks in India 71



Investigations conducted during a cholera outbreak in Goa during 1988 showed
that V. cholerae O1 was susceptible to chloramphenicol, gentamicin, and nalidixic
acid (Verenkar et al. 1994). Similarly, V. cholerae O1 strains isolated in Bombay
during 1990 were mostly susceptible to gentamicin, nalidixic acid, kanamycin,
SXT, and chloramphenicol (Saraswathi and Deodhar 1990). V. cholerae strains are
generally susceptible to tetracycline and this drug is used for the treatment of
cholera for many years. Intermittent appearance of tetracycline-resistant strains
was reported in Loni area near Delhi (Jain et al. 1992). Tetracycline resistance
among V. cholerae was also detected in Bombay (Saraswathi and Deodhar 1990),
Vellore (Jesudasan 2006) and Assam (Borkakoty et al. 2012). In Kolkata, majority
of the V. cholerae strains were found to be resistant to furazolidone (95.7 %), SXT
(83 %), and tetracycline (63.1 %) (Ramamurthy et al. 1992a).

In the classical microbial taxonomy, sensitivity for 2, 4-diamino-6, 7-diiso-
propylpteridine (O/129) was used to differentiate vibrios from aeromonads.
Studies conducted in Kolkata with consecutive isolates of V. cholerae recovered
from cholera patients showed resistance for 10 and 150 lg of O/129, respectively
(Ramamurthy et al. 1992c). Additionally, all the O/129-resistant strains of
V. cholerae were multiply resistant to different antimicrobials especially to SXT.

V. cholerae O1 isolated from 1994 Mizoram outbreak was uniformly resistant to
furazolidone and SXT (Sengupta et al. 2000). Emergence of furazolidone and SXT-
resistant strains of V. cholerae O1 in other eastern parts were reported subsequently
(Niyogi et al. 1995). When V. cholerae O139 appeared again in Kolkata during
1996, there was change in the antimicrobial-resistant pattern especially to nalidixic
acid and SXT (Mitra et al. 1996). In Pondicherry, 51 % of the V. cholerae O139
strains were susceptible to cefotaxime and majority of the strains were resistant to
furazolidone, ampicillin, and SXT (Vijayalakshmi et al. 1997). Studies conducted
in Punjab and other northern regions showed that V. cholerae strains were
susceptible to tetracycline, gentamycin, neomycin, norfloxacin, and furazolidine
(Kaur and Lal 1998).

In Delhi and other places, the re-emerged V. cholerae O139 in 2000 were
susceptible to SXT compared to those that appeared in 1992–1993. Resistance to
nalidixic acid and furazolidone was constantly high in V. cholerae O1 and O139
but they were uniformly susceptible to chloramphenicol, tetracycline, amikacin,
and norfloxacin (Das and Gupta 2005). Studies conducted in Tamil Nadu from
1980 to 2001 showed that almost all the V. cholerae strains were susceptible to
chloramphenicol, tetracycline, gentamicin, and ciprofloxacin (Sundaram et al.
2002). However, 97 % of the O1 strains and 48.9 % of the O139 strains isolated in
this study were resistant to SXT.

Due to the emergence of resistant strains to commonly used antimicrobials,
fluoroquinolones became an alternative choice in the late 1990s for the treatment
of cholera. Emergence of fluoroquinolone-resistant V. cholerae that also exhibited
multidrug resistance is of great significance in the epidemiology and control of
cholera. Mukhopadhyay et al. (1998) first reported emergence of fluoroquinolone
resistance among V. cholerae non-O1, non-O139 strains in Kolkata. In the sub-
sequent years, ciprofloxacin-resistant strains of V. cholerae O1 were identified
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(Garg et al. 2001). However, the O139 strains isolated almost during the same
period remained susceptible to ciprofloxacin. Studies on antimicrobial resistance
conducted between 1997 and 1999 in Vellore have shown that few O1 and all the
O139 strains were susceptible to nalidixic acid and norfloxacin (Jesudason et al.
2002). This could be due to longer exposure of V. cholerae to quinolones.
Mutations in the gyrA, and parC genes and proton motive force-dependent efflux
were described for the first time in quinolone resistance in V. cholerae (Baranwal
et al. 2002). V. cholerae resistant to fluoroquinolones were isolated during the
2002 cholera epidemic in and around Hubli (Krishna et al. 2006). The non-O1,
non-O139 serogroups in this investigation were resistant to norfloxacin (55.9 %)
and ciprofloxacin (47.1 %). However, only 12.5 % of the O1 serogroup strains
were resistant to both norfloxacin and ciprofloxacin. The O139 strains isolated
during the same period were susceptible to fluoroquinolones, but resistant to other
antimicrobials.

In Kolkata, about 46 % of the V. cholerae O1 Ogawa strains isolated during
2003 showed reduced susceptibility to ciprofloxacin. Genetically, these strains
were identical to the ones isolated during previous years (Chatterjee et al. 2007).
Many of the V. cholerae O1 strains associated with cholera outbreaks in various
parts of India from 2006 to 2009 were increasingly resistant to fluoroquinolones
(Pal et al. 2010, 2013; Balaji et al. 2013). The resistance trend of V. cholerae O1
toward chloramphenicol, streptomycin, ampicillin, furazolidone, SXT, and nali-
dixic acid continued in India during 2004–2009 (Kingston et al. 2009; Goel and
Jiang 2010; Pal et al. 2013). V. cholerae O1 strains isolated from outbreaks in
Belgundi area, Belgaum during June 2010 and Odisha in 2009 showed unusually
resistance to cephalosporins or tetracycline (Roy et al. 2012; Kumar et al. 2012).
Presence of blaNDM-1 gene that encode resistance to third-generation cephalo-
sporins was reported from water samples collected in New Delhi (Walsh et al.
2011) and a stool specimen from Pondicherry (Mandal et al. 2012).

To investigate the changing trends in multidrug resistance (MDR) among dif-
ferent serogroups of V. cholerae, software-assisted cluster analysis was made
(Ramamurthy et al. 2000). Most of the MDR strains exhibited fluctuating trends as
the resistance profile diverged each year. About 120 different resistance profiles
exhibited by V. cholerae O1, O139, and non-O1, non-O139 serogroups were
analyzed by cluster combination method. During 1993 and 1994, 53 % of
V. cholerae O139 and 82 % of V. cholerae O1 serogroups exhibited several new
resistance patterns. The frequency of new patterns among V. cholerae non-O1,
non-O139 was constantly high (33–47 %) from 1995 to 1997. With few excep-
tions, preponderance of the resistance profiles was generally not confined to any
serogroup. The cluster analysis showed dissemination of some of the resistance
patterns commonly found in V. cholerae belonging to different serogroups to the
O139 in the succeeding years (Ramamurthy et al. 2000).

A 6 year study (1992–1997) was conducted on antimicrobial susceptibility
patterns of V. cholerae strains isolated from cholera patients admitted to the IDH,
Kolkata (Garg et al. 2000b). Of the 840 V. cholerae strains, the O1 and O139
serogroups showed increased ampicillin resistance from 1992 to 1997. Resistance
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to furazolidone and streptomycin was constantly high among V. cholerae O1 with
gradual increase in other drugs such as ciprofloxacin, SXT, neomycin, and nali-
dixic acid. V. cholerae O1 and O139 strains exhibited similar susceptibility pat-
terns toward furazolidone and streptomycin. However, after initial increase in
resistance to chloramphenicol and SXT, all the O139 strains became susceptible to
these two drugs from 1995. Both V. cholerae O1 and O139 remained largely
susceptible to gentamicin and tetracycline. V. cholerae non-O1, non-O139 strains
on the other hand exhibited high levels of resistance to virtually every class of
antimicrobial agents, especially from 1995. Kruskal-Wallis one-way analysis
showed that V. cholerae O1 serogroup exhibited significant yearly increase in
resistance to nine antibiotics followed by non-O1 non-O139 and O139 strains.
Interesting observation encountered in this study was the spread of some of the
resistance patterns commonly found among V. cholerae non-O1 non-O139 or O1
serogroups to the O139 serogroup and vice versa in the succeeding years.
V. cholerae O139 strains isolated from the environments of Varanasi were also
resistant to SXT, streptomycin, and to the O/129 compound (Bhanumathi et al.
2003).

Of the several mechanisms studied, integron-mediated drug resistance has been
considered as important factor in V. cholerae. These mobile genetic elements help
in the acquiring resistance to different antimicrobials. Studies on integrons were
first made with clinical strains of V. cholerae belonging to non-O1, non-O139
strains (Thungapathra et al. 2002). The resistance gene cassettes identified in class
1 integrons harboring V. cholerae include dfrA1, dfrA15, dfrA5, and dfrA12 for
trimethoprim; aac(60)-Ib for amikacin and tobramycin; aadA1 and aadA2 for
streptomycin and spectinomycin; and ereA2 for erythromycin resistance. This was
the first report on the presence of dfrA5, dfrA12, aac(60)-Ib, and ereA2 cassettes in
class 1 integron of V. cholerae. In 14 plasmid-bearing strains, class 1 integron
was identified either on chromosomes, on plasmids, or on both. Besides class 1
integron and plasmids, a conjugative transposon element, SXT was suspected for
multiple antibiotic resistance among V. cholerae strains (Thungapathra et al.
2002). Amita et al. (2003) examined the distribution of class 1 integron and SXT
elements in V. cholerae O1 El Tor strains, isolated in Kolkata before and after the
O139 outbreak in 1992. Class 1 integrons, with aadA1 gene cassette, was detected
in some of the pre-O139 strains but the SXT element was found in most of the
post-O139 strains. In a study conducted in Kolkata, V. cholerae strains revealed
the importance of integrons (Shi et al. 2006). Several O1, O139, and non-O1, non-
O139 strains were found to contain class 1 integron harboring genes aadA1, aadA2
(encoding resistance to streptomycin and spectinomycin), blaP1 (resistance to
beta-lactams), aar-3 (resistance to rifampicin), aacA4 (resistance to kanamycin
and gentamicin), and dfrA1 and dfrA15 (resistance to trimethoprim).
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13 Modes of Transmission and Intervention Studies

Cholera is known to be one of the important waterborne diseases. Early studies
conducted in Kolkata reported prevalence of V. cholerae in Hooghly river water
(Panja and Ghosh 1947). Clinical observations made in Kolkata have shown that
consumption of untreated river water was the cause of cholera among boatman and
also due to poor water supply in the city (De 1961). Works of Dastidar and
Narayanaswami (1968) is the first report on occurrence of chitinase in vibrios.
Subsequent to this finding, many investigators worked on the adherence of
V. cholerae in chitin of marine zooplankton and possible transmission of vibrios to
humans. The El Tor vibrios survived in sewage-irrigated or sewage-freshened
fruits and vegetables for considerable number of days and hence these foodstuffs
may act as a potential vehicle of cholera (Prescott and Bhattacharjee 1969).

During cholera outbreaks, it is possible to isolate V. cholerae from stagnant and
stored waters in the households (Godbole and Wagle 1970). Studies on mode of
transmission of V. cholerae within the families of cholera patients indicated that
carrier rate of this pathogen varied from 5.5 to 9.8 % (CRC 1976; Niyogi et al.
1979). Studies conducted in Kolkata showed insignificant role of water in trans-
mission of cholera at the community level (CRC 1977, 1978). Finger wash sam-
ples collected from the positive index cases yielded culture positive in 5.9 % of the
samples (CRC 1979; Niyogi et al. 1979). Leftover food, stored water, and open
well water showed culture positive results with 8.9, 8.9, and 18.2 %, respectively
(CRC 1979). In a cholera outbreak investigation in Delhi, the role of carriers in
outbreak of cholera has also been highlighted (Tilak et al. 1997). The food han-
dlers were found positive for V. cholerae O1 Ogawa and treatment of carriers
promptly abated the outbreak.

Studies were undertaken to determine whether simple intervention measures
could effectively prevent the transmission of infection of V. cholerae in commu-
nities of lower socioeconomic status. The rate of detection of cholera carriers was
much lower as compared to control group among houses provided with narrow
pitcher pots. Similar reduction was also found in houses where water has been
chlorinated (Deb et al. 1986). A study conducted in Delhi showed that house fly
collected from a low socioeconomic area, where an outbreak of cholera had
occurred was positive for V. cholerae (Fotedar 2001). This finding suggests that
houseflies may act as mechanical vectors for the dissemination of the pathogen.

The priorities for cholera control is still continuing in the form of many public
health interventions through improved drinking water, sanitation, surveillance, and
access to health-care facilities. Current safe oral vaccines may lower the number of
infections and could thus represent an effective intervention measure to control
antibiotic resistance in cholera. Recently, a cluster-randomized, placebo-controlled
trial of a two-dose regimen of killed whole cell oral cholera vaccine conducted in
Kolkata showed the protective efficacy of 66 % during 3 years (Sur et al. 2011).
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Cholera Outbreaks in South-East Asia

Kaushik Bharati and S. K. Bhattacharya

Abstract This chapter highlights the cholera situation in South Asia and the Bay
of Bengal region, the original ‘homeland’ of cholera. A detailed discussion of
cholera outbreaks in individual countries in South-East Asia follows. The countries
of the World Health Organization (WHO) SEARO (South-East Asia Region)
region are discussed first, followed by discussions about the other countries in
South-East Asia that do not fall within the purview of the WHO SEARO classi-
fication of the member countries of the region. Therefore, the chapter attempts to
provide a comprehensive yet precise outline of the major cholera outbreaks that
have occurred in the region over the years.
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1 Introduction

Enteric diseases represent a leading cause of death by infectious diseases in the
world just after respiratory diseases and HIV/AIDS. Among them cholera remains
a major public health issue. Cholera, an acute waterborne diarrhoeal disease,
continues to be a significant global health threat. The currently ongoing seventh
pandemic of cholera, which started in 1961, has been reported in over 50 countries
and has affected over 7 million individuals. It is affecting all ages and is primarily
due to unhygienic living conditions, poverty and lack of clean drinking water.
Importantly, the disease remains a threat in many tropical regions of the world,
specifically in the coastal parts of South Asia, Africa and Latin America. The
World Health Organization (WHO) estimates that 3–5 million cholera cases occur
every year, leading to 100,000–120,000 deaths due to cholera every year with an
average case fatality rate of 2.25 % (range 1–10 %) (WHO 2012). Its actual
mortality and morbidity is underestimated due to gross under-reporting, growing
risks due to climate change, increased bacterial virulence (new variants of O1 El
Tor) and emergence of antibiotic resistance, etc.

In May 2011, the World Health Assembly (WHA) recognised the re-emergence
of cholera as a significant global public health problem and adapted resolution
WHA 64.15, calling for the implementation of an integrated comprehensive global
approach to cholera control (WHO 2011). The dismal picture of cholera in recent
years is reflected by a 130 % increase in the number of cases of cholera from 2000
to 2010 (WHO 2011). Importantly, in 2010, 48 countries reported the incidence of
the disease. The situation is critical in Asia where the disease is both endemic and
epidemic. Despite current national and international efforts, the morbidity and
mortality rates remain high and represent a significant burden in the region, both
economic as well as societal (WHO 2010).

2 Cholera: Global Scenario

Cholera is a widespread and serious disease, which is still endemic in approxi-
mately 50 countries that fall under the category of developing nations. Between
2006 and 2008 an average of 200,000 suspected cases and 5,000 deaths were
reported to WHO (WHO 2010). Studies reviewing unreported epidemics actually
found significant under-reporting because of various reasons including stigmati-
sation and fear of economic losses. Importantly, a review of the Indian notification
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data between 1997 and 2006 showed that only 37,783 cases were reported to
WHO, when 222,038 cases were actually identified (Kanungo et al. 2010). It
should be noted that although 98 % of all cholera cases and 99 % of all deaths in
2009 were reported from 30 affected African countries, the disease is still endemic
in most countries in South-East Asia and outbreaks are periodically reported
although countries with high rates have not started reporting (Waldor et al. 2010).

The current pandemic is the seventh in line, which began in 1961 and is still
ongoing. Unlike the first six, it originated in Indonesia. It devastated populations
across Asia and the Middle East and eventually reached Africa in 1971. By 1973,
the pandemic had spread to Italy. There were also small outbreaks of the same El
Tor strain in Japan and the South Pacific in the late 1970s. In 1991, a century after
cholera had been vanquished from South America, there was a fresh outbreak in
Peru that spread throughout the continent, killing about 10,000 people in its wake.
In 1994, there was a big outbreak among Rwandan refugee camps in the Demo-
cratic Republic of Congo that killed tens of thousands of people. In 2008, an
outbreak in Zimbabwe involved almost 12,000 cases. The outbreak is believed to
be the result of deteriorating infrastructure resulting from political unrest. In recent
times, the Haiti outbreak is the largest outbreak to be recorded that devastated the
country (Fig. 1). From the scientific front, the major discovery from this period has
been the identification of the new serogroup of cholera bacteria (O139) in India
(Ramamurthy et al. 1993) and Bangladesh in 1992 (Albert et al. 1993), which has
since been detected in 11 countries. This discovery has raised concerns about the
fear of an eighth pandemic. Recent studies using robust molecular techniques,
however, place Vibrio cholerae O139 as a derivative of El Tor V. cholerae O1
(Mutreja et al. 2011).

3 Cholera in South Asia and Bay of Bengal Region

The coastal regions of South Asia, for example Bangladesh and Kolkata in the
state of West Bengal in India, have a long history of cholera outbreaks and are
collectively considered the native homeland of the cholera disease since the early
nineteenth century. Cholera incidence data at the International Center for Diar-
rhoeal Disease Research in Bangladesh (ICDDR,B) is very well documented and is
one of the longest and most detailed cholera datasets in the world.

Cholera seasonality in the Bengal delta region is unique in the sense that it
shows two cholera outbreaks in a given annual cycle. It is believed that the spring
outbreaks are the results of intrusion of coastal water in the Bay of Bengal aided
through low river discharge, while the autumn cholera outbreaks are the result of
flooding caused by high river discharge. Importantly, cholera incidence in this
region has been historically linked to environmental and climate variables such as
precipitation, floods, river level, sea surface temperature, coastal salinity,
dissolved organic material and faecal contamination. Also, ponds known as pukurs
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in common Bengali parlance are a source of V. cholerae for cholera outbreaks, as
many country folk use the water not only for washing purposes but also for
drinking purposes.

4 Cholera Outbreaks in Specific Countries
of South-East Asia

As per the classification of the SEARO by WHO, this region is constituted by 11
countries. These include Bangladesh, India, Nepal, Sri Lanka, Bhutan, Thailand,
Indonesia, Maldives, Myanmar, Timor-Leste and the Democratic People’s
Republic of Korea. Outbreak of cholera will be covered in these WHO Member
States first before moving on to some other countries in the region, which although
do not fall within the WHO classification, we feel should not be left out as some of
these countries have also experienced cholera outbreaks from time to time. These
include Malaysia, Singapore, Philippines, Vietnam and Laos.

4.1 Bangladesh

Bangladesh is a low-lying South Asian country with a population of over
164 million people that lies mainly within the broad delta of the Ganges and
Brahmaputra rivers. Given its location, the country has often been the victim of
devastating floods and cyclones. It is the most densely populated country in the

Fig. 1 Countries that have experienced cholera outbreaks during the seventh cholera pandemic.
Black shading indicates areas where cholera outbreaks have occurred. The red circle (India)
indicates the origin of the first six pandemics, while the blue circle (Indonesia) indicates the
origin of the seventh pandemic (Data compiled from the WHO and CDC)

90 K. Bharati and S. K. Bhattacharya



world, with an estimated 1,102 people /km2. Although the country’s population
growth is declining rapidly, its population is still expected to reach more than
215 million by 2040 (World Bank 2011).

Bangladesh has a gross domestic product (GDP) per capita of USD 560 (in
2008)—placing it among the least developed countries in the world. Around 40 %
of the population lives below the poverty line, with approximately 20 % being
considered very poor. Around 20 % of the population does not have access to safe
drinking water and 64 % do not have improved sanitation (United Nations 2008).
An estimated 44 % of the population over the age of 15 is still illiterate. However,
despite these statistics, Bangladesh has been making steady economic progress
over the past two decades, achieving economic growth rates of 4–5 % per year
since 2004. During this period, Bangladesh has made impressive improvements in
the health status of its population, compared to other nations in South Asia. Life
expectancy at birth has risen from 55 years in 1991 to 66 years by 2008 (World
Bank 2013), with inappreciable differences between male and female populations.

The three top causes of death in Bangladesh for all ages are pneumonia (14 %),
respiratory failure (7.5 %) and diarrhoea (6.26 %) (WHO 2005). Diarrhoeal dis-
ease was the number one cause of hospitalisation at public health facilities in 2008,
which accounted for more than 15 % of all admissions. Importantly, diarrhoeal
disease due to V. cholerae continues to be a major problem in Bangladesh (Sack
et al. 2003).

Cholera in Bangladesh occurs both as endemic disease, with seasonal peaks
before and after the monsoons, and in epidemics that often take place during or
following the frequent floods, droughts and cyclones that occur in the country.

As in most developing countries, Bangladesh does not have a national sur-
veillance system that can identify cholera through laboratory diagnosis. Most of
the available information on cholera has been generated by the ICDDR,B, which
has conducted cholera-related research since 1960 and treats cholera patients both
in its hospital in Dhaka and at its field station hospital in Matlab. Based on the
available disease surveillance data of ICDDR,B and disease outbreak data, the
Institute of Epidemiology, Disease Control & Research (IEDCR) estimates annual
450,000 cholera cases each year in Bangladesh. The diarrhoeal hospital of
ICDDR,B estimates about 300,000 severe cholera cases requiring hospitalisation
each year in the country. Importantly, for each hospitalised case there are three
more cases in the community. This gives around 1,200,000 infections due to
V. cholerae each year.

Cholera is both a rural and an urban disease in Bangladesh. It is associated with
poor sanitation, contaminated water supplies—including surface water and shal-
low tube wells that are the main sources of drinking water in rural areas—as well
as crowded living conditions, such as those found in the country’s urban slums.
Tube wells, until recently were considered a safe source of drinking water par-
ticularly in rural areas are now contaminated with arsenic, forcing people to revert
back to using untreated surface water from pukurs and rivers.

Few cholera outbreaks have been reported during the past few years. However,
in September 1991, a major outbreak of cholera broke out in Bangladesh, which
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started in the North-Western region and spread throughout most of the northern
part of the country. The government epidemic surveillance between September
and November 1991, reported 214,856 cases of diarrhoea with 2,620 deaths
(Siddique et al. 1992). In 1985, escalation of cholera epidemics prompted the
Government of Bangladesh (GOB) and the ICDDR,B to develop an Epidemic
Control Preparedness Programme (ECPP). The ECPP, between 1985 and 1991,
collaborated with the GOB health services in the investigation of and intervention
in diarrhoeal epidemics in nearly 400 rural upazilas (sub-districts). During the
1991 outbreak, the ECPP physicians saw 4,018 diarrhoea patients during their
epidemic investigations; 3,025 (75 %) had acute watery diarrhoea from which 829
rectal swabs were collected (Table 1). Table 1 also shows the V. cholerae isolation
rates from each of the regions. The overall V. cholerae 01 isolation was 569 cases
per 1,000 rectal swabs (95 % CI: 535–603).

Besides the outbreak in 1991, there were a number of outbreaks in Bangladesh
between 1985 and 1990. The GOB carried out epidemic surveillance, which was
supplemented by the surveillance carried out by the ECPP. There were a large
number of cases in 1987 and 1988. In those years, there were severe floods that
affected most of the country, particularly the northern and the middle regions,
perhaps increasing the number of cases during these periods (Table 2). Impor-
tantly, Table 2 also shows the number of cases treated by the ECPP physicians and
the rate of V. cholerae 01 isolations.

The region-wise distribution of V. cholerae 01 by biotype is depicted in
Table 3.

In 1992, V. cholerae 0139 Bengal emerged in Bangladesh, which is a derivative
of the El Tor biotype that was responsible for an extensive epidemic. This new
serogroup has now been detected in 11 countries and warrants close surveillance.
While currently there is no evidence available to gauge the significance of these
developments, the possibility of a new pandemic cannot be ruled out.

Several programmes and initiatives are in place to control cholera. Following
research conducted on oral rehydration solution (ORS) by the ICDDR,B, the
government has established a Control of Diarrhoeal Disease (CDD) Program
throughout the country. Several initiatives, both by the government as well as non-
governmental organisations (NGOs) to increase awareness about the benefits of
ORS has led to a significant decrease in case fatality rates due to diarrhoeal
diseases, including cholera.

Table 1 1991 cholera outbreak in Bangladesh: Epidemic investigation by ECPP

Regions No. of cases with
watery diarrhoea

No. of rectal swabs
collected

V. cholerae 01

Positive Rate per 1,000 swabs

North-West 1,265 266 137 515
North-East 1,598 507 299 589
Mid-West 162 56 36 642
Total 3,025 829 472 569a

a 95 % CI: 535–603
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Regarding water and sanitation, a number of large donor-supported projects are
being implemented to improve population access to safe water and adequate
sanitation. These projects include the construction of piped water systems and
water treatment facilities in urban areas, arsenic mitigation in rural areas and
decentralised initiatives to build improved sanitation facilities. The Director
General of Health Services (DGHS) has a diarrhoeal case-reporting system in
place from all the districts and upazila (sub-district) hospitals in the country, but
cholera surveillance is not routinely conducted by the Government, due to the lack
of systematic laboratory testing in government facilities for the disease. This is
why, in an effort to build an early warning system for infectious disease outbreaks,
the IEDCR has developed a sentinel site, hospital-based Priority Communicable
Disease Surveillance (PCDS) system, which tracks 13 priority diseases, including
acute watery diarrhoea and others. In addition, IEDCR conducts laboratory-based
surveillance during cholera outbreaks, often in collaboration with ICDDR,B.
Several long-term, laboratory-confirmed surveillance studies of cholera and other
diarrhoeal diseases are being conducted.

Overall, cholera is both endemic and causes epidemics in Bangladesh. Case
fatality due to cholera is low, but mortality is still too high in the country.

Table 2 Diarrhoea epidemic surveillance of outbreaks in Bangladesh: 1985–1990

Government epidemic
surveillance

ECPP epidemic investigation

Year No. of
attacks

No. of
deaths

No. of cases
examined

No. of rectal swabs
collected

V. cholerae 01

No. of
positive

Per
cent

1985 47,150 4,101 4,983 296 112 37.8
1986 53,046 3,997 3,432 211 78 36.9

1987a 303,391 4,726 3,692 312 141 45.1
1988a 988,391 3,676 13,879 1,967 764 38.8
1989 43,535 1,783 1,821b 419 226 53.9
1990 48,916 1,309 –b – – –

a Years of heavy flooding
b ECPP non-operational from June 1989 to December 1990

Table 3 Distribution of V. cholerae 01 by biotype and region: Bangladesh (September 1988–
May 1989)

Regions No. of rectal swabs collected V. cholerae 01 positive

Classical El Tor Rate per 1,000 swabs

North-Western 131 0 55 442
North-Eastern 702 2 272 359
Middle Belt 1,021 1 414 339
Southern 532 164 43 375
Total 2,386 167 784
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Providing access to all Bangladeshis with adequate care for cholera and the
prevention of severe dehydration requires increasing household use of ORS in
rural areas and slums, and the use and access of public sector health facilities for
the treatment of diarrhoeal diseases by the population. Improvement in the water
and sanitation facilities for the whole population is likely to take many years,
during which time cholera vaccination in the high risk population could provide a
short- to medium-term solution to control the disease in Bangladesh. Moreover, it
should be noted that cholera is not officially reported from Bangladesh. This could
have political connotations or could arise from embargoes on trade and travel.
However, this mindset needs to change in order to tackle the problem in a more
holistic fashion.

4.2 India

India, which comprises 28 states and seven union territories, has a total population
of 1.27 billion people and approximately two-thirds of the population lives in rural
areas, where only 28 % use piped drinking water and 26 % access to good sani-
tation (MOHFW, Govt. of India 2013). Therefore, it is but natural that cholera
continues to be an important public health problem in India. Cholera cases are
severely under-reported mainly because disease surveillance is incomplete, labo-
ratory capacity, especially in peripheral health centres, is inadequate. Importantly,
the ground reality is that there is a breakdown in sanitation and safe water supply,
which is often not acknowledged by the authorities for fear of societal
repercussions.

Over the last decade or so, a large number of cholera outbreaks have occurred
in India, with the highest frequency in West Bengal and Odisha (formerly Orissa).
The other states which have reported cholera outbreaks include Tamil Nadu,
Karnataka, Gujarat, Andhra Pradesh, Maharashtra, Punjab, Haryana and Delhi.
These outbreaks are briefly described below.

4.2.1 West Bengal

In May 2010, a cluster of diarrhoeal disease cases were reported among the
inmates of a shelter-home for mentally retarded females in Parbaksi village of
Howrah district in West Bengal. Of the 101 inmates, 91 (90 %) developed diar-
rhoea, and three patients died (case fatality: 3 %). Four of the five stool specimens
were positive for V. cholerae O1 Ogawa. Importantly, drinking of water from the
pond-connected tube well (adjusted odds ratio: 25.7; 95 % CI: 2.7–236.4) was
associated with the illness. Relocation of the pond-connected tube well away from
the groundwater tube well, colour-coding of the tube wells meant for drinking
purposes and regular disinfection of the tube wells were recommended (Datta et al.
2012).
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In March 2010, an outbreak of diarrhoeal disease was reported among workers
of a jute mill in Kolkata, West Bengal. Rectal swabs were collected from the
hospitalised case-patients, and the local water supply system was assessed. In total,
197 case patients were identified among 5,910 residents of the workers’ colony
(attack rate: 3.33 %). Of 24 stool samples, 15 were positive for V. cholerae O1.
The outbreak started on 7 March, peaked on 11 March and ended on 16 March
2010. Compared to 120 controls, 60 cases did not differ in terms of age and
socioeconomic status. Drinking water from the reservoir within the mill premises
was associated with the outbreak, which had been contaminated during a strike at
which time the mill was closed. The outbreak occurred almost immediately after
the strike was called off and the mill reopened (Mridha et al. 2011).

The year 2009 was marked by the occurrence of the super-cyclone Aila that
passed through West Bengal and entered Bangladesh to wreak havoc. Three
independent studies were carried out that centred around this cyclone. In one
study, it was observed that following Aila, at the end of May, a block in the
Sunderbans area of West Bengal reported increased cases of diarrhoea (Bhunia and
Ghosh 2011). A matched case-control study was conducted and rectal swabs and
water specimens were collected. In total, 1,076 probable case patients and 14
deaths (attack rate: 44/10,000) were identified. V. cholerae O1 El Tor Ogawa was
isolated from two of the five probable case-patients’ stool specimens. The outbreak
started in the fourth week of May, with two peaks in the second and fourth weeks
of June, and lasted until August 2009. Compared with controls, cases were more
likely to drink non-chlorinated piped water [matched odds ratio (mOR): 16; 95 %
CI: 4.9–51; population attributable fraction: 58 %] and were less likely to drink
chlorine-treated water (mOR: 0.06; 95 % CI: 0.02–0.18). Villagers had broken the
water pipelines near their houses for easy access to water, which subsequently led
to faecal contamination. Importantly, there is a need for more education efforts at
the ground level with regard to hygiene and sanitation. Another study examined
two subdivisions in the district of Midnapore (East) in West Bengal, immediately
following the aftermath of the tropical cyclone Aila (Panda et al. 2011). Signifi-
cantly, increased occurrence of diarrhoea was observed in June 2009 in two
subdivisions, namely Haldia and Egra (OR 1.6 and 1.3 respectively; 95 % CI:
1.52–1.65 and 1.21–1.32; p \ 0.001) considering 2007 as baseline. V. cholerae
grew from 54 % of the stool samples (21/39; 17 V. cholerae O1-Ogawa and four
non-O1-non-139), confirming a community outbreak of cholera. Increased rate of
admission in treatment centres due to diarrhoea in the whole district coincided
with the formation of cyclone and showed over two-fold rise compared to the
admission recorded 6 days prior. Haldia subdivision had the highest attack rate of
nine per 1,000 in the month of June, 2009 whereas for the whole district it was five
per 1,000 in the same month. It may be concluded from the study that pre-Aila
changes in the environment, Aila and seasonality of diarrhoea in the study district
interplayed towards increased occurrence of diarrhoea. The third study supported
the other two studies as it investigated the environmental sources of V. cholerae
associated with the cholera outbreak post-Aila (Palit and Batabyal 2010). A total of
33 water samples (from tap, tubewell and ponds) were analysed. From them, 11
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(33.3 %) samples were found to be contaminated with V. cholerae among which 5
(45 %) isolates were V. cholerae O1 biotype Ogawa. Three (36 %) V. cholerae
isolates were found to be ctxB positive (2 ctxB Classical).

The year 2006 saw another cholera outbreak in West Bengal (Bhunia et al.
2009). In April 2006, Garulia municipality reported a cluster of diarrhoea cases. A
total of 298 cases of diarrhoea were reported to various healthcare facilities (attack
rate: 3.5/1,000; no deaths). The attack rate was highest among children (6.4/1,000).
V. cholerae El Tor O1 Inaba was isolated from two of seven rectal swabs. The
outbreak started on 10 April, peaked on 26 April and lasted till 6 May. Impor-
tantly, cases clustered in an area distal to leaking water pipelines. Drinking
municipal water exclusively was significantly associated with the illness (OR 13;
95 % CI: 6.5–27). Out of the 12 water specimens from the affected area, 8 had
faecal contamination and poor chlorine content.

In rural West Bengal, outbreaks of cholera are often centred around ponds
(pukurs) that is a feature of the environment. Five investigations of laboratory-
confirmed, pond-centred outbreaks of cholera occurred between the years 2004
and 2008 (Mukherjee et al. 2011). Case–control odds ratios were approximated
with relative risks (RRs) as the incidence was low. The environment was inves-
tigated to understand how the ponds could have become contaminated and could
have infected villagers. These outbreaks led to 277 cases and three deaths (median
attack rate: 51/1,000 people; case fatality: 1.1 %; median age of case-patients:
22 years; median duration: 13 days; range: 6–15 days). Factors significantly
(p \ 0.05) associated with cholera in the case-control (n = 4) and cohort inves-
tigations (n = 1) included washing utensils in ponds (four outbreaks; RR range:
6–12), bathing (three outbreaks; RR range: 3.5–9.3) and exposure to pond water,
including drinking (two outbreaks; RR range: 2.1–3.2), mouth washing (one
outbreak; RR: 4.8) and cooking (one outbreak; RR: 3.0). Initial case-patients
contaminated ponds through washing soiled clothes (n = 4) or defecation (n = 1).
This study reiterates the fact that ubiquitous ponds used for many purposes
transmit cholera in West Bengal and there is a need for focused health education,
hygiene and sanitation in order to protect the villagers.

4.2.2 Odisha

A large outbreak of cholera occurred during April–July 2009 in the Kendrapada
district of Odisha (Pal et al. 2013). A total of 41 rectal swabs and 41 water
samples, collected from diarrhoeal patients and from different villages were bac-
teriologically analysed for the isolation of bacterial enteropathogens, antibiogram
profile and detection of various toxin genes. The bacteriological analyses of rectal
swabs and environmental water samples revealed the presence of V. cholerae O1
Ogawa biotype El Tor. The multiplex polymerase chain reaction (PCR) assay on
V. cholerae strains revealed the presence of ctxA and tcpA genes. The mismatch
amplification of mutation assay (MAMA) PCR on clinical and environmental
isolates of V. cholerae revealed that the strains were El Tor biotype, which
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harboured the ctx gene of the classical strain. The random amplified polymorphic
DNA (RAPD) PCR analysis and pulsed-field gel electrophoresis (PFGE) results
indicated that the V. cholerae isolates belonged to the same clone. The investi-
gation gives a warning that the El Tor variant of V. cholerae has spread to the
coastal areas of Odisha that requires closer monitoring and surveillance.

An outbreak of cholera in Odisha in 2008 (Kumar et al. 2009) resulted in
collection of 32 V. cholerae isolates. All the isolates belonged to serogroup O1,
biotype El Tor, serotype Ogawa. Two multiplex PCR assays confirmed the pres-
ence of various toxigenic and pathogenic genes in all of the isolates, suggesting
infection of isolates by classical CTXu. The molecular diversity of V. cholerae
isolates studied by enterobacterial repetitive intergenic consensus sequence PCR,
BOX-PCR and RAPD analysis uniformly showed the clonal relationship among
the outbreak V. cholerae O1 isolates. The results of this study suggest that cholera-
causing V. cholerae strains are constantly evolving in epidemic areas, highlighting
the potential of the emergence of more virulent strains.

An outbreak of cholera occurred in Kashipur and Dasmantpur blocks of Odisha
during July–September 2007 (Pal et al. 2010). A total of 60 rectal swabs and 28
water samples collected from diarrhoea patients at different hospitals and villages
were bacteriologically analysed for the identification, antibiogram and detection of
toxic genes of V. cholerae. The outbreak was caused by V. cholerae O1 Ogawa
biotype El Tor in both Kashipur and Dasmantpur blocks. The multiplex PCR assay
revealed that all the clinical and environmental V. cholerae isolates were positive
for the ctxA and tcpA genes, showing biotype El Tor. Interestingly, 88 % of the
ctxB gene of the classical strain, as confirmed by MAMA-PCR assay. Importantly,
this was the first report of the El Tor variant of V. cholerae O1 Ogawa having the
ctxB gene of the classical strain with altered antibiogram causing epidemics of
cholera in Odisha.

Two sequential outbreaks of severe diarrhoea were investigated in two neigh-
bouring villages of Odisha in 2005 (Das et al. 2009a). The attack rates were 5.6 %
(n = 62) and 5.2 % (n = 51), respectively. One death was reported in the second
village (case fatality: 2 %). Consumption of milk products prepared in the
household of the index case (mOR: 5.7; 95 % CI: 1.7–30] in the first village and
drinking well water in the second village were associated with the illness (mOR:
4.7; 95 % CI: 1.6–19). V. cholerae El Tor O1 Ogawa was isolated from stool
samples from both the villages. Mishandling of milk products led to the cholera
outbreak in the first village, which led to sewerage contamination of a well and
another outbreak in the second village. The study re-emphasises the need to pre-
vent environmental contamination during cholera outbreaks.

In November 2003, an outbreak of severe diarrhoea was reported from Parbatia,
a village in Odisha (Das et al. 2009b). There were 41 cases, with an attack rate of
4.3 %, and no deaths. Thirteen of these cases were hospitalised. A matched case-
control study was conducted to identify the possible exposure variables.
Descriptive epidemiology suggested clustering of cases around one public well.
V. cholerae El Tor O1, serotype Ogawa was isolated from four of six rectal swabs.
The water from the public well was associated with the outbreak (mOR: 12; 95 %
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CI: 1.2–44.1). On the basis of these conclusions, access to the well was
immediately barred. Importantly, the study highlights the broader use of field
epidemiology methods to implement public health actions guided by epidemiol-
ogic data to control an epidemic of cholera.

4.2.3 Tamil Nadu

An outbreak of cholera occurred in Uthamapalayam village, Theni district of
Tamil Nadu in May 2010 (Sekar et al. 2012). Stool and rectal swab specimens
were collected from the randomly selected patients attending the Government
Theni Medical College (GTMC) Hospital and various primary healthcare centres
of Theni district for bacteriological investigation. Of the 66 faecal samples
collected, V. cholerae O1 was isolated in 37 samples (56 %). All the isolates of
V. cholerae were identified as El Tor biotype and Ogawa serotype. The samples
collected from the village were found to be contaminated with El Tor V. cholerae
O1, Ogawa serotype. During this outbreak, one death was recorded.

Cholera has been associated with rainfall and flooding events by contamination
of potable water with environmental V. cholerae. The continuation of the epidemic
in a region, however, is often due to secondary transmission of the initial outbreak
strain through human excreta. A study from Chennai, Tamil Nadu reports, on the
contrary, a rapid shift of genotype from one V. cholerae strain to another one in an
epidemic region (Goel and Jiang 2011). The isolates were characterised by PCR,
antibiogram and genomic fingerprinting analysis. The results showed that in spite
of the similarity of toxin genes and antibiogram, the Vibrio isolates grouped into
two different clusters based on the ERIC-PCR fingerprinting. Each cluster corre-
sponded to a distinct peak of cholera outbreak, which occurred after separate
heavy rainfall. The results suggested that the rainfall event can bring various
genotypes of V. cholerae strains causing multiple outbreaks.

4.2.4 Karnataka

A cholera outbreak occurred in a village in Kolar district of Karnataka in early
2012 (Deepthi et al. 2013). A total of 73 cases were reported during the outbreak,
with an attack rate of 17.5 %. Attack rates were similar among males and females
and the highest rates were observed among the elderly (33.3 %), while the lowest
rates were observed among adults (14.7 %). Importantly, most households (81 %)
surveyed did not use any method of water purification, 79.7 % practiced open field
defecation and 58.2 % practiced inadequate hand washing, indicating poor sani-
tary practices. Cases were most commonly observed in houses which did not
practice any method of water purification (p \ 0.001) and among people living
below the poverty line (p = 0.02). Of importance, despite the high attack rate, no
deaths were reported.
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4.2.5 Gujarat

An outbreak of gastroenteritis broke out in Lalpur town, Jamnagar district of
Gujarat on 19 December 2010 (Shah et al. 2012). Although initially 57 cases were
reported, this number increased to 330 between 19 December 2010 and 2 January
2011. Nineteen patients were found to be positive for V. cholerae O1 (Ogawa) out
of 117 stool samples. The outbreak had an attack rate of 1.88 % with no mortality.
Investigations revealed that the epidemic was waterborne. Ten leakages were
found in the pipelines of the affected areas of Lalpur town.

4.2.6 Andhra Pradesh

Thirty-four V. cholerae isolates collected from a cholera outbreak in Hyderabad,
Andhra Pradesh in 2010 (Goel et al. 2011), were found to belong to serogroup O1
biotype El Tor serotype Ogawa. All the isolates were found to be PCR positive for
ctxAB, ompW, rflO1, rtxC and tcpA genes. All the isolates but one harboured rstR
(El Tor) allele. However, one isolate carried both rstR (El Tor) as well as rstR
(Classical) alleles. Cholera toxin (ctxB) genotyping of the isolates confirmed the
presence of altered CTB of classical biotype in all the isolates. The results of this
study suggest that altered El Tor biotype V. cholerae with the classical cholera
toxin gene are involved in cholera outbreaks in India.

4.2.7 Maharashtra

A cholera outbreak occurred in Solapur, Maharashtra in 2010 (Jain et al. 2011). A
total of 41 V. cholerae isolates were found to belong to serogroup O1, biotype El
Tor and serotype Ogawa. All the isolates harboured rstR (El Tor) allele indicating
the presence of CTXU (El Tor). However, cholera toxin (ctxB) gene sequencing
and a ctxB allele specific PCR of the isolates confirmed the presence of ctxB of
classical biotype. All the isolates were PCR positive for class 1 integron and SXT
elements also. Fingerprinting analysis revealed the clonal relationship among the
outbreak isolates. The results suggested the involvement of multi-drug resistant
V. cholerae El Tor biotype isolates having ctxB gene of classical biotype in the
cholera outbreak.

4.2.8 Punjab and Haryana

In Punjab and Haryana states of northern India, during July–September 2007, six
clusters of cholera outbreak were identified (Taneja et al. 2009). A total of 745
case-patients were admitted to local governmental hospitals; the attack rate was
183/1,000 population. Four deaths were reported (case-fatality rate: 0.5 %). The
number of cases per cluster varied from 15 to 400, and adults were primarily
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affected (74 %); 20 % of patients had severe dehydration. V. cholerae O1 Ogawa
was confirmed from stool cultures by using standard techniques. Of 53 water
samples tested during the 2007 outbreak, 4 grew V. cholerae. Three samples were
confirmed to be non-O1, non-139 strains. Only one isolate was V. cholerae O1,
which was positive for tcp, ctxA and ctxB of both Classical and El Tor types. The
four deaths from cholera, along with adult preponderance, high attack rate, more
severe illness and six different clusters, point towards a change in the disease’s
epidemiology. This change may be related to circulation of the hybrid vibrios in
the region.

4.2.9 Chandigarh

An outbreak of cholera occurred in Chandigarh in 2002 (Taneja et al. 2009). In this
outbreak one death was reported (case-fatality rate:\0.01 %); the attack rate was
20/1,000, 58.6 % were children and only 10 % had severe dehydration.

4.2.10 Delhi

There was a cholera outbreak in Delhi in 2005 (Rajeshwari et al. 2008). V. cholerae
O1 El Tor serotype Ogawa has been responsible for most of the cholera outbreaks in
India. The 2005 outbreak in Delhi documented the occurrence of V. cholerae
O1 Inaba as a predominant causative organism of cholera in children. All strains
isolated were sensitive to gentamicin and a high level of resistance towards nalidixic
acid and amoxicillin was seen. No case fatality was reported.

4.3 Nepal

Nepal, officially known as the Democratic Republic of Nepal, is a landlocked
sovereign state located in South Asia. It is located in the Himalayas and bordered
to the north by China, and to the south, east and west by India. It has a population
of approximately 27 million, with approximately 2 million absentee workers liv-
ing abroad.

Documented cholera is fairly new to Nepal. The first report of cholera was
officially published in the years 1958–1960 in Kathmandu by a medical doctor
visiting Nepal (Dixit et al. 2011). In November 2011, there was a small outbreak of
cholera in Saptari district of eastern Nepal, which was investigated by the
B.P. Koirala Institute of Health Sciences. Importantly, two people from Tilathi
village died in this outbreak. Clinical and water samples were collected from three
wards with active cases of diarrhoeal illness. Five clinical samples from symp-
tomatic individuals without any antibiotic administration and four water samples
(pond and underground) were collected for investigation. The causative agent of
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diarrhoeal illness was found to be V. cholerae O1, El Tor, Ogawa serotype, in three
clinical and water samples each. Phenotypically, the isolates from the pond water
samples were identical to the samples isolated from the patients. This finding
suggests that the clinical isolates probably disseminated from the pond. In this
context, the villagers had recently celebrated one of their important festivals,
Chhath; the rituals for which are performed in ponds. Moreover, the habit of open
defecation and use of pond water as a major source of water for drinking, cooking
and bathing had a foremost role in the cholera outbreak. Importantly, the people
seemed to be aware of the spread of diarrhoeal illnesses but were not motivated to
use their toilets at home, thereby aggravating the problem.

There was an outbreak of diarrhoeal diseases in districts of far-western region of
Nepal in early-2009 followed by a massive outbreak in Jajarkot district of mid-
western region in late-2009 (Bhandari and Bhusal 2013). A descriptive study was
conducted from three districts of the far-western region (Achham, Baitadi and
Doti) from middle of April to September 2009 to observe the trend of morbidity.
Similarly, 51 stool samples were taken from the patients for laboratory analysis.
Out of the total 51 stool samples tested, 27 were diagnosed as V. cholerae. All the
isolates were sensitive to commonly used antibiotics except Nalidixic acid and
Cotrimoxazole. The highest number of cases were seen in the month of July–
August.

A prospective study was carried out at Dhulikhel Hospital, Kathmandu Uni-
versity Teaching Hospital, Kavrepalanchok during 1 May 2004 to 31 October 2004
(Tamang et al. 2005). A total of 148 stool samples from patients with acute
diarrhoea were collected for investigation. Out of the 148 stool samples, 46 cases
(31 %) were found to be positive for V. cholerae serogroup O1, biotype El Tor and
serotype Ogawa. Both sexes were equally affected. The young age group of less
than 30 years was mostly affected. Brahmin was the most affected ethnic group.
The isolates were sensitive to all the antibiotics tested except cotrimoxazole.
Among the laboratory-confirmed cholera cases 30 % exhibited co-infection with
other parasites among which Giardia lamblia and Ascaris lumbricoides were the
most common.

Seasonal outbreaks of cholera have been reported from Kathmandu in 1995 (Ise
et al. 1996). V. cholerae, O1 biotype El Tor Ogawa was the major causative agent
of these outbreaks. The pattern of spread suggested a waterborne infection related
to contaminated river water and this was confirmed by a field survey. Although the
mortality rate was low, younger children were more susceptible. It has been
suggested that in the Kathmandu Valley, a major problem is the old water supply
infrastructure, which is prone to leakages leading to contamination of the drinking
water (Sharma 2006).

A study was conducted from May 1995 to April 1996 to track cholera outbreaks
(Pokhrel and Kubo 1996). One thousand one hundred seven children with acute
diarrhoea receiving Oral Rehydration Therapy (ORT) at National Kanti Children’s
Hospital were included in the study. Stool samples were investigated, but none
showed growth of V. cholerae 0139 synonym Bengal. In Nepal, V. cholerae could
be isolated from June to November. From December to May, no cases of
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V. cholerae were detected. Mixed infections along with V. cholerae were also seen
in 29 % of cholera patients. V. cholerae O1, Hikojima types were the major isolates
in the study followed by Ogawa type. V. cholerae, Hikojima and Ogawa serotypes
were associated with mixed infection in 16.1 and 12.9 % of patients, respectively.
These isolates were associated with Shigella, Salmonella and pathogenic E. coli.

During 1991, a substantial cholera outbreak occurred in Nepal (WHO 1992). It
presented as one of the causes of a multicausal gastroenteritis epidemic which
reportedly resulted in nearly 92,000 cases and 1,800 deaths. The 1991 epidemic
appeared to have been more severe with a longer duration than the epidemic which
occurred in 1990. The overall case-fatality rate was 2.0 %. Cholera was confirmed
in 63 % of faecal specimens processed, compared with 46 % during the 1990
epidemic. Specimens from the first and last laboratory-confirmed cases were
collected on 14 June and 26 September 1991, respectively. The presence of cholera
was confirmed in all five developmental regions in the country and contaminated
water was incriminated in sustaining the transmission.

4.4 Sri Lanka

Sri Lanka, officially the Democratic Socialist Republic of Sri Lanka, is an island
country in the northern Indian Ocean off the southern coast of the Indian sub-
continent in South Asia, known until 1972 as Ceylon. Sri Lanka has maritime
borders with India to the north-west and the Maldives to the south-west.

In all, there has been three publications from Sri Lanka that documents the
spread of El Tor in the country during the early and mid-1970s (Mendis et al.
1975, 1977; Sivagnanasundram et al. 1975). However, no abstracts are available
for these. Other than these, there are no reports of any cholera outbreaks.

4.5 Thailand

Thailand, officially the Kingdom of Thailand, formerly known as Siam, is a
country located at the centre of the Indochina peninsula in South-East Asia. It is
bordered in the north by Myanmar and Laos, in the east by Laos and Cambodia, in
the south by the Gulf of Thailand and Malaysia and in the west by the Andaman
Sea and the southern extremity of Myanmar.

A study was undertaken to characterise V. cholerae O1 isolates from outbreaks
in Thailand with special reference to genotypic variations over time (Okada et al.
2012). A total of 343 isolates of V. cholerae O1 from cholera outbreaks from 2007
to 2010 were investigated, and 99.4 % were found to carry the classical cholera
toxin B subunit (ctxB) and El Tor rstR genes. Pulsed-field gel electrophoresis
differentiated the isolates into 10 distinct pulsotypes, clustered into two major
groups, A and B, with an overall similarity of 88 %. Ribotyping, multiple-locus
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variable-number tandem-repeat analysis (MLVA), and PCR to detect Vibrio
seventh pandemic island II (VSP-II) related genes of randomly selected isolates
from each pulsotype corresponded to the results obtained by PFGE. Epidemio-
logical investigations revealed that MLVA type 2 was strongly associated with a
cholera outbreak in north-eastern Thailand in 2007, while MLVA type 7 domi-
nated the outbreaks of the southern Gulf areas in 2009 and MLVA type 4 domi-
nated the outbreaks of the central Gulf areas during 2009–2010. Only MLVA type
16 isolates were found in a Thai–Myanmar border area in 2010, whereas those of
MLVA types 26, 39 and 41 predominated this border area in 2008. Type 39 then
disappeared 1–2 years later as MLVA type 41 became prevalent. Type 41 was also
found to infect an outbreak area. Importantly, in the present study, MLVA pro-
vided a high-throughput genetic typing tool for understanding the in-depth epi-
demiology of cholera outbreaks.

A number of outbreaks of food borne cholera have occurred in Thailand over
the years. Two consecutive outbreaks involved the consumption of Hainanese
chicken rice, a Chinese delicacy, in north-western Thailand in April 2010
(Swaddiwudhipong et al. 2012). The two outbreaks involved persons who attended
two meetings. The first outbreak involved 17 cholera cases (35.4 %) among 48
attendants and 16 cases in the community. The onset of symptoms was between 19
and 23 April 2010. People who ate the chicken rice had a higher attack rate of
infection than those who did not. All 12 food handlers at the implicated food shop
were screened for cholera infection by rectal swab, culture; three were culture-
positive. Although the food shop was closed temporarily following the outbreak,
some chicken rice was produced and served at the second meeting and caused 11
more cases (23.4 %) among 47 meeting attendants. All cholera isolates obtained
from patients and food handlers were V. cholerae O1, biotype El Tor and serotype
Ogawa. Another foodborne cholera outbreak occurred among tourists in a cruise
liner sailing in South-East Asia (Boyce et al. 1995). Serum samples were collected
from all passengers reporting diarrhoea. A case was defined as diarrhoeal illness
with onset between 8 and 28 February 1994 and a cholera antitoxic titer more than
or equal to 800. Six passengers met the case definition. Illness was associated with
eating yellow rice at a buffet restaurant in Bangkok. This international outbreak
demonstrates foodborne transmission of V. cholerae O139 Bengal, an emerging
cause of epidemic cholera in Asia, to tourists from Western countries. Another
foodborne outbreak of cholera occurred in July 1988 with 71 culture-confirmed
cases of biotype El Tor, serotype Ogawa, which occurred in a non-endemic area in
Mae Sot district, Tak Province (Swaddiwudhipong et al. 1992). Fifty-two cases
had diarrhoea and 19 had asymptomatic cholera infection. No deaths were
recorded. Epidemiological investigation revealed a significant association between
cholera infection and the consumption of uncooked beef. The beef was possibly
contaminated with V. cholerae O1 from an infected butcher. In yet another out-
break of foodborne cholera, which occurred in a village near Chiangmai in October
1987, 264 attendants of a funeral were affected (Swaddiwudhipong et al. 1990).
All the attendants were screened for infection by bacteriological examination of
their rectal swabs and were kept under diarrhoeal surveillance. Of them, 20
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patients and 40 matched controls were interviewed about the details of their eating
foods served at the funeral. V. cholerae O1, Inaba, El Tor was detected from 24
persons (9.1 %), 15 of whom suffered from mild diarrhoea and the rest 9 had
inapparent infections. There were no deaths. The only significant association
(p \ 0.01; OR = 15) was found between an attack of cholera and eating laeb-
moo—an uncooked pork preparation with Thai spices and chilli. The transmission
of cholera appeared to have occurred through eating the uncooked pork presum-
ably due to its contamination with V. cholerae shed by the infected butcher. As
outbreaks of foodborne diseases, including cholera, have been reported frequently
after the consumption of raw food in many parts of Thailand, preventive educa-
tional efforts should be directed towards modifying the traditional behaviour
patterns of consuming raw food among the Thai people.

A couple of nosocomial cholera outbreaks have been reported from Thailand
over the years. One study reports nosocomial cholera outbreak in a general hos-
pital located in a Thai–Myanmar border area (Swaddiwudhipong and Peanumlom
2010). Between May and October 2007, a community outbreak of cholera with
477 cases took place in Mae Sot District, Tak Province. A 71-year-old diabetic
female who had undergone craniotomy following intracerebral haemorrhage
contracted nosocomial cholera with mild diarrhoea on 6 August 2007, 37 days
after admission in a female ward of the Mae Sot hospital. She received a naso-
gastric tube-fed diet four times a day. The investigation suggested that the tube-fed
diet might have been contaminated with V. cholerae O1 directly from an infected
caregiver. Importantly, the concerned caregiver was culture-positive for cholera of
the same biotype, serotype and antibiograms. Another study reports that from 30
October to 7 December 1984, an outbreak of nosocomial cholera involving 11
cases of biotype El Tor, serotype Inaba, took place in a 755-bed hospital in
southern Thailand (Swaddiwudhipong and Kunasol 1989). The outbreak occurred
primarily among patients admitted with severe illness. Of the 11 cases, 7 were
children and 4 were adults. Most cases had mild symptoms of cholera and no case
died in the outbreak. The first two cases occurred sporadically with a subsequent
cluster of cases showing an explosive pattern. A case–control study found that a
history of receiving liquid tube-fed diet was significantly more common among
cholera cases than their matched controls, but it could not be determined how the
diet was contaminated with cholera.

Outbreaks of cholera occurred twice in the same institutional home for mentally
retarded persons, once in 1987 (Swaddiwudhipong and Limpakarnjanarat 1991)
and again in 1992 (Jiraphongsa et al. 1994). The first outbreak in June–July 1987
was caused by V. cholerae O1, biotype El Tor, serotype Inaba. Of the 447 retarded
inmates, 74 were found to be infected and 1 died. The second outbreak occurred
between 29 July and 9 August 1992, and was due to the Ogawa strain. The clinical
attack rate was 8 % of 440 children; there were two deaths.

Cholera outbreaks occurred in Thailand in 2007 (Okada et al. 2010). Isolates
from the north-eastern regions were analysed. Interestingly, the outbreak strain
was identified as biotype El Tor; serotype Ogawa with cholera toxin B subunit
gene (ctxB) of the classical type and CTX prophage repressor gene of the El Tor
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type. The clone was genetically closely related to pulsotype H, which is
predominantly found in India. It was probably subsequently introduced into
Thailand quite recently.

There was a cholera outbreak in 2007 that involved mainly Myanmar migrants
living in overcrowded conditions with poor sanitation in a Thai–Myanmar border
district (Swaddiwudhipong et al. 2008). Both passive and active case surveillance
were carried out in Mae Sot District, Tak Province since the beginning of the
outbreak. Samples of various types of drinking and non-drinking water from the
infected areas, communal waters and some selected foods were analysed for the
presence of cholera contamination. A case–control study was conducted to
determine the vehicle of cholera transmission among Myanmar migrants in one
municipal community with a cluster of 72 cholera cases. Between May and
October 2007, 477 cholera cases of biotype El Tor, serotype Inaba, were identified
in the district. The majority of them (93.1 %) were detected by active case sur-
veillance in the communities. None died in this outbreak. Most (84.9 %) were
Myanmar migrants and the remainder were local Thai residents. Three samples of
seafood illegally imported from Myanmar were positive for cholera of the same
biotype and serotype. A total of 15 of 324 (4.6 %) food handlers in the district
were found to carry V. cholerae O1. A case–control study in one municipal
community revealed a significant association between infection and frequently
having food purchased from one infected food handler.

An unusually high incidence of V. cholerae O1 infection was observed in
southern Thailand between late December 1997 and March 1998. Fifty-seven
V. cholerae O1 strains were isolated in five provinces during the outbreak and
were examined (Kondo et al. 2001). They were El Tor Ogawa strains exhibiting
similar antibiograms. All strains were resistant to tetracycline, which had not been
reported in Thailand since 1993. All southern Thailand strains and the 1998
international traveller strain of Thai origin showed indistinguishable genetic fin-
gerprinting patterns that were distinct from those of other test strains. The results
suggest that a tetracycline-resistant clone newly emerged in late December 1997
caused the large outbreak in southern Thailand and that the variants with a slightly
different antibiogram appeared during the course of the spreading epidemic.

An epidemic of a cholera-like disease occurred among Khmers in a camp in
Aranyaprathet, Thailand, in May 1990 (Bagchi et al. 1993). Of 215 patients with
diarrhoea, V. cholerae O1 was isolated from 25 (12 %) and V. cholerae non-O1
was isolated from 15 (7 %). Five of 15 (33 %) non-O1 V. cholerae isolates
hybridised with two different oligonucleotide probes previously used to detect
V. cholerae non-O1 that produces a heat-stable toxin. Importantly, this was the
first description of an epidemic of diarrhoea caused by V. cholerae non-O1 that
produces heat-stable toxin.

From September through October 1987, a cholera outbreak involving 59 cases
of biotype El Tor, serotype Inaba occurred in Sunpathong district, Chiang Mai
(Swaddiwudhipong et al. 1989). No cases died. A total of 27 cases were males and
32 were females. The age ranged between 4 months and 85 years, with a median
of 36 years. The outbreak affected seven small communities, and showed different
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vehicles of infection. Six housewives and one girl were infected with cholera in
the first localised outbreak. The transmission of infection appeared due to the
consumption of packed food contaminated by an infected food handler. In the
second localised outbreak, six young males acquired cholera after eating uncooked
fish harvested from a canal contaminated with V. cholerae. Another outbreak of
cholera with 24 culture-confirmed cases occurred among guests at a funeral held in
one rural village. The source of infection was traced to uncooked pork contami-
nated from an infected butcher.

4.6 Indonesia

Indonesia, officially the Republic of Indonesia, is a sovereign state in South-East
Asia and Oceania. Indonesia is an archipelago comprising approximately 17,508
islands. It encompasses 34 provinces with over 238 million people, making it the
world’s fourth most populous country. The nation’s capital city is Jakarta. The
country shares land borders with Papua New Guinea, East Timor and Malaysia.
Other neighbouring countries include Singapore, the Philippines, Australia, Palau
and the Indian territory of the Andaman and Nicobar Islands.

Indonesia has been plagued by the consumption of street food as a major health
risk, particularly in its capital, Jakarta. Importantly, edible ice used in the prepa-
ration of street food has been incriminated as a major source of V. cholerae
contamination, as two recent papers testify (Waturangi et al. 2012, 2013).

Cholera-specific surveillance in Indonesia was initiated to identify the intro-
duction of the newly recognised V. cholerae non-O1, O139 serotype (Simanjuntak
et al. 2001). Findings from 7 years (1993–1999) of surveillance efforts yielded
regional profiles of the importance of cholera in both epidemic and sporadic
diarrhoeal disease occurrence throughout the archipelago. Outbreak findings
showed that V. cholerae O1, Ogawa serotype, was the predominant aetiology in all
17 instances of investigated epidemic transmission. Importantly, there was no
instance of non-O1, O139 serotype introduction in either epidemic or sporadic
disease form.

An outbreak of El Tor biotype cholera occurring in a rural village in Irian Jaya,
Indonesia was evaluated for risk factors associated with death from cholera
(Korthuis et al. 1998). Among those dying in the village during the epidemic, a
significant association between membership in one of the five tribal groups in the
village complex was associated with an elevated risk of suffering a cholera death
(OR: 5.9). Interviews with members of the decedents’ families revealed a very
strong association (OR: 11.6) between risk of cholera death and having attended
the 2-day funeral of a woman who died of cholera-like illness a few days prior to
an outbreak of cholera-like diarrhoeal disease in the village complex. Importantly,
recent flooding may have contributed to the creation of an environment conducive
to cholera transmission.
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4.7 Other Countries Within the WHO SEARO
Classification System

The other countries within the WHO SEARO classification system, namely
Bhutan, Maldives, Myanmar, Timor Leste and the Democratic People’s Republic
of Korea have no documented reports of cholera outbreaks from within their
borders.

4.8 South-East Asian Countries Where Cholera Outbreaks
have been Reported but Which are Outside the WHO
SEARO Classification System

Below, we describe a few countries where cholera outbreaks have been reported
from time to time, and which are within the confines of South-East Asia, but which
are excluded from the WHO SEARO Classification System.

4.8.1 Malaysia

Malaysia is a federal constitutional monarchy in South-East Asia. It consists of
thirteen states and three federal territories. It is separated by the South China Sea
into two similarly sized regions, Peninsular Malaysia and Malaysian Borneo. Land
borders are shared with Thailand, Indonesia and Brunei, and maritime borders
exist with Singapore, Vietnam and the Philippines. The capital is Kuala Lumpur,
while Putrajaya is the seat of the federal government.

Malaysia is a country that has been associated with a number of cholera out-
breaks. For example, in November 2009, a cholera outbreak in Terengganu,
Malaysia was caused by two El Tor V. cholerae variants resistant to typical
antimicrobial drugs (Teh et al. 2012). Importantly, evidence of replacement of
treatable V. cholerae infection in the region with antimicrobial-resistant strains
calls for increased surveillance and prevention measures.

A cholera outbreak occurred in Kelantan, Malaysia between November and
December 2009, in which a total of 20 V. cholerae isolates were recovered for
investigation (Ang et al. 2010). All isolates were biochemically characterised as
V. cholerae serogroup O1 Ogawa of the El Tor biotype. The isolates were found to
be resistant to multiple antibiotics. However, all isolates were sensitive to cipro-
floxacin, norfloxacin, chloramphenicol, gentamicin and kanamycin. Multiplex
PCR analysis confirmed the biochemical identification and revealed the presence
of virulence genes, viz. ace, zot and ctxA, in all of the isolates. Interestingly, the
sequencing of the ctxB gene showed that the outbreak strain harboured the clas-
sical cholera toxin gene and therefore belonged to the newly assigned El Tor
variant biotype. Clonal analysis by PFGE demonstrated that a single clone of a
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V. cholerae strain was responsible for the outbreak. Importantly, this was the first
molecular evidence that the toxigenic V. cholerae O1 El Tor variant had invaded
Malaysia.

There was an outbreak of cholera in Miri, Sarawak, Malaysia between
November 1997 and April 1998 (Radu et al. 2002). The data on antimicrobial
susceptibility patterns of V. cholerae O1 from patients during the outbreak period
were found to be high but with variable rates of multi-drug resistance. Thirty-two
of 33 V. cholerae isolates harboured the tcp, ctx, zot and ace genes, suggesting
their possible roles in the outbreak cases. The molecular diversity of the isolates
was analysed by RAPD. The 30 typable isolates could be separated into four major
clusters containing 5, 17, 2 and 6 isolates, respectively. However, no particular
RAPD pattern was predictive of a particular pattern of antibiotic susceptibility.
The findings of the study indicated that multiple clones seemed to be responsible
for the cases in the outbreak.

Forty-three clinical strains of V. cholerae O1 biotype El Tor were isolated
between 3 May and 10 June 1998 during an outbreak in the metropolitan area of
Kuala Lumpur and its suburbs (Vadivelu et al. 2000). With the exception of three
Inaba strains that were restricted to three members of a family, all the others
belonged to the Ogawa serotype. The strains were analysed for clonality using
ribotyping and PFGE. Two ribotypes, V/B21a and B27, were identified among 40
Ogawa isolates using BgII restriction endonuclease. Ribotype V/B21a has been
described previously from Taiwan and Colombia and several Asian countries,
while B27 has been reported among isolates from Senegal. The three Inaba strains
belonged to one ribotype, designated type A, not previously reported. Pulsed-field
gel electrophoresis analysis using NotI revealed that all isolates within a ribotype
had identical profiles demonstrating clonality amongst the strains. Dice coefficient
analysis of the two Ogawa genotypes revealed 89 % similarity on ribotype patterns
and 91.3 % on PFGE profiles. Ribotype V/B21a isolates were associated with
cases from dispersed areas of Kuala Lumpur and its suburbs while ribotype B27
was restricted to cases from one particular area suggesting a common-source
outbreak.

4.8.2 Singapore

Singapore, officially the Republic of Singapore, is a South-East Asian island city-
state off the southern tip of the Malay Peninsula. An island country made up of 63
islands, it is separated from Malaysia by the Straits of Johor to its north and from
Indonesia’s Riau Islands by the Singapore Strait to its south.

An epidemiological investigation of cholera was carried out in Singapore
between 1992–2007 in order to elucidate its characteristics as well as the factors
contributing to its occurrence (Wong et al. 2010). Epidemiological data of all
notified cases of cholera maintained by the Communicable Diseases Division,
Ministry of Health, for the period 1992–2007 were collated and analysed. Case–
control studies were carried out in outbreaks to determine the source of infection
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and mode of transmission. Linear patterns in age and ethnic distribution of cholera
cases were assessed using Chi Square test for trend. There were a total of 210
cholera cases reported between 1992 and 2007. About a quarter of the cases were
imported from endemic countries in the region. Between 76 and 95 % of the
reported cases were local residents. Four elderly patients with comorbidities and
who sought medical treatment late died, giving a case-fatality rate of 1.9 %.
V. cholerae O1, biotype El Tor, serotype Ogawa, accounted for 83.8 % of the
cases. The vehicles of transmission identified in outbreaks included raw fish, un-
dercooked seafood and iced drinks cross-contaminated with raw seafood.

An outbreak of cholera caused by V. cholerae O1, biotype El Tor, serotype
Inaba, phage type 4, occurred in an institution for the aged in Singapore in August
and September 1984 (Goh et al. 1987). Ninety-six inmates were infected (21
symptomatic and 75 asymptomatic) and five died. The index case was a 72-year-
old male inmate who continued to assist in food preparation in the kitchen from the
time on onset of diarrhoea until he was seriously ill and hospitalised 4 days later.
Another kitchen helper was found to have asymptomatic V. cholerae O1 infection.
The infection rate for males was significantly higher than that for females
(p \ 0.025), associated with the use of unsanitary toilets. The main mode of
transmission was through food contaminated by the two kitchen helpers who
probably accounted for most of the infections, while poor personal hygiene of the
inmates helped to sustain person-to-person spread.

An outbreak of cholera broke out in a group of foreign construction workers in
Singapore between 3 and 11 November 1982 (Goh et al. 1984). The outbreak
pathogen was V. cholerae O1, biotype El Tor, serotype Ogawa, phage type 1.
Epidemiological investigations revealed that a total of 22 workers were confirmed
to have cholera and another 15 had asymptomatic V. cholerae O1 infection. The
source of infection was traced to contaminated seafood prepared at the construc-
tion site canteen where two food handlers were found to be infected with
V. cholerae O1. The incubation period of cholera in this outbreak ranged from 4 to
203 h with a median of 38 h. Luckily, only two workers had moderate to severe
dehydration and required intravenous therapy.

4.8.3 Philippines

The Philippines, officially known as the Republic of the Philippines, is a sovereign
island country in South-East Asia in the western Pacific Ocean. To its north across
the Luzon Strait lies Taiwan. West across the South China Sea sits Vietnam. The
Sulu Sea to the southwest lies between the country and the island of Borneo, and to
the south the Celebes Sea separates it from other islands of Indonesia. It is
bounded on the east by the Philippine Sea. Its location on the Pacific Ring of Fire
and its tropical climate make the Philippines prone to earthquakes and typhoons
but have also endowed the country with natural resources and made it a mega-
diverse country. Its capital city is Manila.
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A cholera outbreak occurred in Pohnpei Island (Micronesia) in which vaccination
was used as a control measure (Calain et al. 2004). Mass vaccination with the single-
dose live-attenuated oral cholera vaccine CVD 103-HgR was carried out as a
potential adjunct measure. Importantly, the outbreak provided a unique opportunity
to evaluate the practicality of use and effectiveness of the vaccine. Under field
conditions encountered in Pohnpei, crude vaccine efficacy was estimated at 79.2 %
(95 % CI: 71.9–84.6 %) in the target population. Retrospective analysis suggests
that mass vaccination with oral cholera vaccines can be a useful adjunct tool for
controlling outbreaks, particularly if implemented early in association with other
standard control measures.

During surveillance for cholera in the community of Can-Itom (Negros Occi-
dental, Philippines) in which the disease is endemic, a limited outbreak of cholera
occurred (WHO 1970). Although it was not possible to determine how the
infection arose, the index case was detected and the spread of infection traced. The
infection was found to be transmitted initially from person-to-person until the
water of a dug well became contaminated, as a result of which a waterborne
outbreak of a rather explosive nature occurred. Although 25 out of 288 individuals
living in the community were infected with the El Tor biotype of V. cholerae, there
was no manifest case of cholera; 13 persons had mild diarrhoea and 12 were
asymptomatic. The outbreak subsided without any control measures having been
adopted.

The introduction of cholera into many of the islands of the Philippines in 1961
often occurred in an explosive manner. The disease was introduced into Bacolod
City and Talisay in Negros Occidental Province in such a manner in November
1961 (WHO 1965). The hospital and health department records in Bacolod City
and Talisay and the results of interviews conducted with adult patients 10 months
after the explosive outbreak were carefully analysed. The results suggest that
infection during the initial explosive wave of cases in Bacolod City and Talisay in
November 1961 was transmitted principally by consumption of raw shrimp.

4.8.4 Vietnam

Vietnam, officially the Socialist Republic of Vietnam, is the easternmost country
on the Indochina Peninsula in South-east Asia. The country is bordered by China
to the north, Laos to the north-west, Cambodia to the southwest and South China
Sea to the east. Its capital city has been Hanoi since the reunification of North and
South Vietnam in 1976.

Since 2007, there has been a re-emergence of cholera outbreaks in northern
Vietnam. To understand the molecular epidemiological relatedness and determine
the antibiotic susceptibility profiles of responsible V. cholerae O1 outbreak strains,
a representative collection of 100 V. cholerae O1 strains was characterised (Tran
et al. 2012). V. cholerae O1 strains isolated from diarrhoeal patients in northern
Vietnam between 2007 and 2010 were investigated for antibiotic susceptibility and
characterised by using phenotypic and genotypic tests, including PFGE analysis.
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The results revealed that all isolates were resistant to cotrimoxazole and nalidixic
acid, 29 % were resistant to tetracycline and 1 % were resistant to azithromycin.
All strains were susceptible to ampicillin-sulbactam, doxycycline, chlorampheni-
col and ciprofloxacin and 95 % were susceptible to azithromycin. MIC values did
show reduced susceptibility to fluoroquinolones and 63 % of the strains were
intermediately resistant to tetracycline. The isolates expressed phenotypic traits of
both serogroup O1 Ogawa and El Tor and harboured an rstR El Tor and ctxB
classical biotype. Among the outbreak isolates, only a single PFGE pattern was
observed throughout the study period. This study showed that multi-drug resistant
V. cholerae altered El Tor producing classical CT strains had become predominant
in northern Vietnam.

Vietnam is a place where the killed oral cholera vaccine (OCV) has been
evaluated in an outbreak situation. In 2007–2008, unprecedented cholera outbreaks
occurred in the capital, Hanoi, prompting immunisation in two districts (Anh et al.
2011). From 16 to 28 January 2008, vaccination campaigns with the Vietnamese
killed OCV were held in two districts of Hanoi. No cholera cases were detected
from 5 February to 4 March 2008, after which cases were again identified.
Beginning 8 April 2008, residents of four districts of Hanoi admitted to one of five
hospitals for acute diarrhoea with onset after 5 March 2008 were recruited for a
matched, hospital-based, case–control outbreak investigation. Cases were matched
by hospital, admission date, district, gender and age to controls admitted for non-
diarrhoeal conditions. Subjects from the two vaccinated districts were evaluated to
determine vaccine effectiveness. Fifty-four case–control pairs from the vaccinated
districts were included in the analysis. There were 8 (15 %) and 16 (30 %) vaccine
recipients among cases and controls, respectively. The vaccine was 76 % pro-
tective against cholera in this setting (95 % CI: 5–94 %; p = 0.042). Importantly,
this was the first study to explore the effectiveness of the reactive use of killed
OCVs during a cholera outbreak.

It has been reported from Vietnam that cholera outbreaks can be caused by an
altered V. cholerae O1 El Tor biotype strain producing classical cholera toxin B
(Nguyen et al. 2009). It was found that V. cholerae O1 isolates collected during
cholera outbreaks occurring from late 2007 to early 2008 in northern Vietnam
were revealed to represent an altered strain containing the RS1 element followed
by a CTX prophage harbouring El Tor type rstR and classical ctxB on the large
chromosome.

4.8.5 Laos

Laos, officially the Lao People’s Democratic Republic, is a landlocked country in
South-East Asia, bordered by Myanmar and China to the north-west, Vietnam to
the east, Cambodia to the south and Thailand to the west. The capital city is
Vientiane.

A cholera outbreak in Laos in July 2010 involved 237 cases, including four
deaths (Sithivong et al. 2011). Molecular sub-typing indicated relatedness between
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the V. cholerae isolates in this and in a 2007 outbreak, uncovering a clonal group
of V. cholerae circulating in the Mekong basin. The study suggested that the sub-
typing methods would affect this relatedness.

Large-scale cholera outbreaks were reported in Laos in 1993 and 1994 and from
2000 to 2002 (Lenglet et al. 2010). On 23 December 2007, a drastic increase in
acute watery diarrhoea patients at a health center in Sekong Province was reported
to the provincial health office. An outbreak investigation was initiated to under-
stand the magnitude of the outbreak, identify new cases, identify the suspected
causal agent, implement control measures and prevent new cases. Through active
village based surveillance, 370 cases and three deaths were reported from 31
villages between 15 December 2007 and 29 January 2008. Of these reported cases,
29 % were under the age of 5. From 28 fresh stool samples taken, 17 (58.6 %)
were positive for V. cholerae O1 Ogawa strain. Two water sources close to
affected villages were found to be contaminated with the same strain of V. chol-
erae. Control measures implemented included health education for safe household
water consumption and early identification and treatment of suspected cholera
patients at village level. The cause of the outbreak was suspected to be a com-
bination of contaminated drinking water and person-to-person transmission.

5 Conclusion

The South-East Asia region has always been a hotbed for cholera outbreaks and
continues to be so. Importantly, the region has been the source of all the seven
pandemics. The ongoing review has been a revelation in the sense that many of the
outbreaks have occurred both within as well as outside the purview of the WHO
SEARO classification system for the member countries. An important reason could
be the following. Those countries that fall within the WHO SEARO classification
system could be hesitant in reporting cholera cases. In this regard, it should be
noted that Bangladesh reports zero cholera and even in case of India, cholera is
grossly under-reported. Various reasons have been cited in this regard, including
political connotations, trade embargoes, etc. On the other hand, some countries
outside the WHO SEARO system of classification have reported cholera out-
breaks, indicating that there is little or no inhibition or hindrance in reporting
cholera cases, being outside the purview of the WHO system. Currently, the modus
operandi for monitoring outbreaks is by carrying out outbreak investigations. In
the future, there is a need for good surveillance systems in the region in order to
closely monitor the cholera outbreak situation. A robust surveillance system will
ensure that outbreaks can be picked up at the very outset and nipped in the bud, so
to speak, thereby bringing down both morbidity as well as mortality.
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Cholera Outbreaks in Africa

Martin A. Mengel, Isabelle Delrieu, Leonard Heyerdahl
and Bradford D. Gessner

Abstract During the current seventh cholera pandemic, Africa bore the major
brunt of global disease burden. More than 40 years after its resurgence in Africa in
1970, cholera remains a grave public health problem, characterized by large dis-
ease burden, frequent outbreaks, persistent endemicity, and high CFRs, particu-
larly in the region of the central African Great Lakes which might act as reservoirs
for cholera. There, cases occur year round with a rise in incidence during the rainy
season. Elsewhere in sub-Saharan Africa, cholera occurs mostly in outbreaks of
varying size with a constant threat of widespread epidemics. Between 1970 and
2011, African countries reported 3,221,050 suspected cholera cases to the World
Health Organization, representing 46 % of all cases reported globally. Excluding
the Haitian epidemic, sub-Saharan Africa accounted for 86 % of reported cases
and 99 % of deaths worldwide in 2011. The number of cholera cases is possibly
much higher than what is reported to the WHO due to the variation in modalities,
completeness, and case definition of national cholera data. One source on country
specific incidence rates for Africa, adjusting for underreporting, estimates
1,341,080 cases and 160,930 deaths (52.6 % of 2,548,227 estimated cases and
79.6 % of 209,216 estimated deaths worldwide). Another estimates 1,411,453
cases and 53,632 deaths per year, respectively (50 % of 2,836,669 estimated cases
and 58.6 % of 91,490 estimated deaths worldwide). Within Africa, half of all cases
between 1970 and 2011 were notified from only seven countries: Angola, Dem-
ocratic Republic of the Congo, Mozambique, Nigeria, Somalia, Tanzania, and
South Africa. In contrast to a global trend of decreasing case fatality ratios (CFRs),
CFRs have remained stable in Africa at approximately 2 %. Early propagation of
cholera outbreaks depends largely on the extent of individual bacterial shedding,
host and organism characteristics, the likelihood of people coming into contact
with an infectious dose of Vibrio cholerae and on the virulence of the implicated
strain. Cholera transmission can then be amplified by several factors including

M. A. Mengel (&) � I. Delrieu � L. Heyerdahl � B. D. Gessner
Agence de Médecine Préventive, 164 rue de Vaugirard, 75015 Paris, France
e-mail: mmengel@aamp.org

Current Topics in Microbiology and Immunology (2014) 379: 117–144 117
DOI: 10.1007/82_2014_369
� Springer-Verlag Berlin Heidelberg 2014
Published Online: 16 May 2014



contamination of human water- or food sources; climate and extreme weather
events; political and economic crises; high population density combined with poor
quality informal housing and poor hygiene practices; spread beyond a local
community through human travel and animals, e.g., water birds. At an individual
level, cholera risk may increase with decreasing immunity and hypochlorhydria,
such as that induced by Helicobacter pylori infection, which is endemic in much of
Africa, and may increase individual susceptibility and cholera incidence. Since
contaminated water is the main vehicle for the spread of cholera, the obvious long-
term solution to eradicate the disease is the provision of safe water to all African
populations. This requires considerable human and financial resources and time. In
the short and medium term, vaccination may help to prevent and control the spread
of cholera outbreaks. Regardless of the intervention, further understanding of
cholera biology and epidemiology is essential to identify populations and areas at
increased risk and thus ensure the most efficient use of scarce resources for the
prevention and control of cholera.
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1 Introduction

Since 1817, the world has faced seven cholera pandemics. During the current seventh
pandemic, Africa bore the major brunt of global disease burden. Within barely half a
century, cholera has changed from an imported to an endemic disease in most
African countries. Cholera was first reported in Africa in 1836 when outbreaks
occurred on the Indian Ocean coast, killing as many as 20,000 people in Zanzibar
(Olago et al. 2007) and nearly depopulating the towns of Lamu, Malindi, and Kilwa.
The next reports came from Egypt in 1848 with 30,000 deaths (Eichenberg 2011),
fromWest Africa in 1868 (Macnamara 1876) and from the Senegambia region in
1893–1894 (Kolle et al. 1903). Cholera was declared a notifiable disease by the
British Colonial government in East Africa (Bwire et al. 2013). No further outbreaks
were reported in Africa until the seventh pandemic reached the continent in 1970,
with the first case being reported in Guinea-Conakry (Fig. 1). Cholera subsequently
spread along the coast and into the interior of the Sahel by waterways and was further
disseminated by land travel of nomadic tribes (Goodgame and Greenough 1975).
The impact of this seventh pandemic was particularly devastating, given that
populations that had not experienced Vibrio cholerae before had low immunity and
were served by health systems ill-equipped to effectively deal with the disease
(Gangarosa 1971).

Between 1970 and 2011, African countries reported 3,221,050 suspected
cholera cases to the World Health Organization (Fig. 2), representing 46 % of all
cases reported globally (WHO, Global Health Observatory 2012). The number of
African countries with indigenous cholera cases reported to the WHO rose from 24
in 1971 to 30 in 1998 and a record of 36 in 2008 (Fig. 3). In 2011, the number fell
to 27. Excluding the Haitian epidemic, Africa accounted for 86 % of reported
cases and 99 % of deaths worldwide in 2011 (WHO, Global Health Observatory).

The number of cholera cases in Africa could possibly be much higher than what
is reported to the WHO. Reasons include underreporting and inadequate surveil-
lance systems. One source on country-specific incidence rates for Africa, adjusting
for underreporting, estimates 1,341,080 cases and 160,930 deaths (52.6 % of
2,548,227 estimated cases and 79.6 % of 209,216 estimated deaths worldwide))
(Sack 2013), another estimates 1,411,453 cases and 53,632 deaths per year,
respectively (50 % of 2,836,669 estimated cases and 58.6 % of 91,490 estimated
deaths worldwide) (Ali et al. 2012).

Cholera is not distributed equally throughout Africa. From 1970 to 2011, half of
all cases were notified by only seven countries (Table 1): Angola (183,076),
Democratic Republic of the Congo (DRC) (391,524), Mozambique (315,295),
Nigeria (260,966), Somalia (255,788), Tanzania (204,569), and South Africa
(186,462). Countries north of the Sahara were far less affected by cholera and only
reported a total of 19,233 cases of which 12,729 came from Algeria alone. The last
cases there were reported in 1991.

Throughout most of sub-Saharan Africa, cholera occurs in outbreaks of varying
size with a constant threat of widespread epidemics. For example, in 2000, South
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Africa reported 103,320 cases and 232 deaths, and from 2008 to 2009, its
neighboring country Zimbabwe reported 128,208 cases and 5,634 deaths. Cholera
can spread rapidly. In an analysis of 78 cholera outbreaks in Mozambique from
2009 to 2011, 68 % of all cases and 89 % of deaths occurred within the first 6
weeks of an outbreak (Gujral et al. 2013).

In the Rift Valley region of Central Africa, cholera occurs in an endemic
pattern, which is defined by the WHO as culture-confirmed cases in populations
for at least three of the past five years. For instance, in the DRC cases occur year-
round with a rise in incidence during the rainy season (Ministry of Health, DRC
2012). While case fatality ratios (CFRs) have declined globally, they have
remained stable in Africa at approximately 2 % (WHO 2012). This is double the

1970

1971

1973

1978

1970

1977

Fig. 1 Early expansion of cholera during the seventh pandemic in Africa 1970–1978
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threshold set by the WHO as an indicator of an appropriate case management
system. Cholera is, therefore, a major public health problem in sub-Saharan Africa,
as characterized by large disease burden, frequent outbreaks, persistent endemic-
ity, and high CFRs. This chapter explores many of the underlying factors con-
tributing to cholera outbreaks in Africa, addressing specifically the factors
influencing cholera epidemics, cholera immunity and its role in Africa, cholera
surveillance and anthropological issues related to cholera.
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Table 1 Cumulative suspect cases notified to WHO, AFRO region 1970–2011

Rank Country WHO country
code

Cases Deaths Case fatality
ratio (%)

1 Democratic Republic of the Congo COD 391,524 30,539 7.80
2 Mozambique MOZ 315,295 11,752 3.73
3 Nigeria NGA 260,966 259,92 9.96
4 United Republic of Tanzania TZA 204,569 172,93 8.45
5 South Africa ZAF 186,462 1,426 0.76
6 Angola AGO 182,875 13,326 7.29
7 Zimbabwe ZWE 153,335 13,783 8.99
8 Malawi MWI 140,263 5,428 3.87
9 Ghana GHA 128,525 6,400 4.98
10 Ethiopia ETH 118,297 2,846 2.41
11 Uganda UGA 99,517 7,630 7.67
12 Kenya KEN 9,9022 6,556 6.62
13 Zambia ZMB 97,408 6,698 6.88
14 Guinea-Bissau GNB 91,609 3,587 3.92
15 Liberia LBR 84,999 964 1.13
16 Chad TCD 80,846 7,540 9.33
17 Cameroon CMR 7,2551 5,876 8.10
18 Senegal SEN 67,622 3,019 4.46
19 Guinea GIN 60,635 3,237 5.34
20 Madagascar MDG 46,531 5,268 11.32
21 Sierra Leone SLE 38,343 2,432 6.34
22 Mali MLI 33,378 5,087 15.24
23 Niger NER 32,607 4,498 13.79
24 Burundi BDI 31,990 1,042 3.26
25 Benin BEN 28,835 1,257 4.36
26 Côte d’Ivoire CIV 23,389 1,562 6,.68
27 Comoros COM 17,866 799 4.47
28 Mauritania MRT 17,765 734 4.13
29 Congo COG 16,584 516 3.11
30 Togo TGO 15,820 1,287 8.14
31 Cape Verde CPV 1,4144 285 2.01
32 Algeria DZA 12,729 650 5.11
33 Burkina Faso BFA 12,564 1,513 12.04
34 Rwanda RWA 11,449 585 5.11
35 Swaziland SWZ 10,107 368 3.64
36 Sao Tome and Principe STP 7,861 166 2.11
37 Equatorial Guinea GNQ 6,962 100 1.44
38 Namibia NAM 3,854 92 2.39
39 Central African Republic CAF 902 267 29.60
40 Gabon GAB 649 2 0.31
41 Gambia GMB 252 28 11.11
42 Seychelles SYC 178 2 1.12
43 Eritrea ERI 120 18 15.00

(continued)
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2 Factors Influencing Cholera Epidemics in Africa

Several factors influence the occurrence and development of epidemics in sub-
Saharan Africa (Fig. 4). These are listed below

• Exposures leading to infection of the index case.
• Transmission factors leading to initial spread.
• Outbreak amplification factors.
• Factors driving the spread of V. cholerae and the propagation of an epidemic.
• Risk or protective factors for individual infection or outbreak expansion.

2.1 Onset of an Outbreak: The Index Case and Initial
Transmission

In sub-Saharan Africa, cholera frequently causes large outbreaks and epidemics
presumably due to poor lack of safe water and sanitation and inadequate case
management. The onset of an outbreak in a new location can result from person-
to-person transmission when a symptomatic or asymptomatic carrier enters a
susceptible population or when an individual comes in contact with contaminated
environmental sources (Nelson et al. 2009). Once cholera has infected individuals
in a new area, initial propagation depends on the extent of individual bacterial
shedding, host and organism characteristics, and the likelihood of additional
persons coming into contact with an infectious dose. Shedding may occur before
and up to 7 months after symptom onset (Utsalo et al. 1999). Symptomatic persons
shed substantially more (107–109 V. cholerae per ml of stool) than asymptomatic
persons (103 V. cholerae/ml). The infectious dose for a susceptible individual is
104–1011 (Nelson et al. 2009; Kaper et al. 1995; Zuckerman et al. 2007). After
excretion by the patient, V. cholerae acquires a hyper-infectious state that lasts for
at least 5 h in an aquatic environment (Merrell et al. 2002; Nelson et al. 2009;
Morris 2011). More virulent strains, or the introduction of equally virulent strains
into an immunologically naïve population, can increase the risk of outbreaks and

Table 1 (continued)

Rank Country WHO country
code

Cases Deaths Case fatality
ratio (%)

44 Botswana BWA 8 6 75.00
45 Lesotho LSO 0 0
46 Mauritius MUS 0 0

Grand total 3,221,207 202,456 Average: 8.15

Source WHO (2013)
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may have contributed to ongoing epidemics in Africa (Kaper et al. 1995; Keddy
et al. 2007; Quilici et al. 2010; Piarroux and Faucher 2012).

The complex biological systems constituting the aquatic environmental reser-
voir are critical to long-term survival of epidemic V. cholerae. Pathogenic vibrios
are commensal with numerous organisms such as algae, crustaceans, floating
aquatic plants like water-hyacinth (Feikin et al. 2010), phytoplankton, and zoo-
plankton such as copepods (Reyburn et al. 2011; Acosta et al. 2001; Colwell et al.
2003). In response to nutrient deprivation, vibrios can enter a dormant state and
persist in an aquatic environment; subsequent changes in water temperature,
salinity, pH, and nutrients can resuscitate vibrios and lead to their multiplication,
causing epidemics (Reyburn et al. 2011). In Africa, water likely plays a major role
in triggering cholera outbreaks, with lagoons and estuaries contributing to coastal
disease, and lakes and rivers contributing to inland disease (Rebaudet 2013).

Contamination of human water or food sources can greatly accelerate cholera
spread (Morris 2011). Water source contamination remains the most common risk
factor for cholera outbreaks both in Africa and worldwide, incriminated in 29 % of
306 risk factor reports during the 1995–2005 period (Griffith et al. 2006). Trans-
mission may occur by drinking from contaminated water sources, such as lakes,
rivers, estuaries, irrigation canals, or ponds (Küstner et al. 1981; Birmingham et al.
1997; Swerdlow et al. 1997; Shapiro et al. 1999; Lawoyin et al. 1999; Bompangue
et al. 2008; Bateman 2009a, b). Studies in Africa have associated cholera trans-
mission with river bathing and use of water for domestic purposes (Acosta et al. 2001;

Index case Outbreak Epidemic
Susceptible 
individual

contamination Outbreak onset spreading

amplification

1. Initial transmission
• Natural reservoir
• Infected migrant

2. Expansion
(environmental or human-driven)
• Contaminated drinking/bathing water
• Contaminated food

3. Amplification
•Weather (rains and droughts)
• Lake & Lagoon settings
• High population density

Urban setting, gatherings, market
• Insufficient health system

4. Propagation
• Human mobility
• Birds and aeroplankton

Aggravating factors
Low gastric acidity -Climate (ENSO) – Conflicts – High population density/Crowded housing -Economic crises 

Protective factors
Applied Hygiene -Safe Water Source -Functioning sanitation -Natural immunity & breastfeeding 

Fig. 4 Influence of various driving factors for cholera outbreaks in Africa. Once a susceptible
individual is contaminated via a natural reservoir or a human carrier and thus becomes an index
case, a series of factors can lead to the onset of an outbreak: The clonal expansion of vibrios, and
the movement of cholera cases increasing human to human transmission and provoking an
epidemic situation. A number of aggravating or protective factors may influence the dynamics of
cholera outbreaks at each step
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Birmingham et al. 1997; Küstner et al. 1981). Otherwise clean water may be con-
taminated within households when stored in open containers (Bateman 2009a, b;
Swerdlow et al. 1997), or during transportation (Küstner et al. 1981). Vendors also
may contaminate drinking water during extraction from wells or transfer to purchase
containers (Umoh et al. 1983; Lipp et al. 2002; Hutin et al. 2003). Shallow, uncovered
hand-dug wells—which constitute the main source of drinking water for many
people in Africa—have been repeatedly incriminated in cholera outbreaks in sub-
Saharan Africa (Barua 1972; Rodriguez et al. 1997; Sasaki et al. 2008; Ako et al.
2009; Adagbada et al. 2012). For example, in a slum area of Douala, Cameroon, over
70,000 wells are less than 1.5 m deep and frequently become contaminated by
shallow groundwater, which itself is polluted through sewage and latrine discharge
drains (Guévart et al. 2006).

Food may become contaminated with V. cholerae in the natural environment,
during preparation of food or storage of leftovers (Kaper et al. 1995; Estrada-García
and Mintz 1996; Albert et al. 1997). Because vibrios concentrate in the gastroin-
testinal tracts of mollusks, crustaceans, and fish that ingest copepods (Estrada-
García and Mintz 1996), the consumption these seafoods has been incriminated in
cholera outbreaks (Rabbani et al. 1999). Transmission of V. cholerae O1 has been
associated with eating of unwashed raw vegetables or fruits (Albert et al. 1997;
CDC MMWR 2004; Dubois et al. 2006), and with poor hygiene practices during
meal preparation, as observed in fish gutting processes (Schürmann et al. 2002;
Scheelbeek et al. 2009). Inadequately stored and reheated food has been shown to
transmit cholera. In Africa, this has been observed, for example, with cooked rice in
Guinea (St Louis et al. 1990), millet gruel in Mali (Tauxe et al. 1988) and cooked
pigeon peas in Malawi (Swerdlow et al. 1991).

2.2 Outbreak Amplification

Once cholera has broken out in a community, several factors may amplify the
outbreak (Fig. 4). Weather and climate play a critical role in cholera dynamics due
to a variety of reasons (De Magny et al. 2012). An analysis of worldwide cholera
data from 1974 to 2005 showed that countries closer to the equator experience
greater and more frequent cholera outbreaks (Emch et al. 2008). In Africa, the
climate influences cholera outbreaks in specific ways (Bompangue et al. 2011),
with an increase in the frequency and size of outbreaks during the hot and rainy
seasons, as has been documented in Zanzibar (Schaetti et al. 2009), the South Kivu
district bordering Lake Tanganyika in DRC (Bompangue et al. 2009), Angola
(Colombo et al. 1993), and five countries in West Africa (De Magny et al. 2007).

Climate may influence cholera dynamics by affecting water supplies. Heavy
rainfall may increase contamination through overflow and disruption of water
networks (Griffith et al. 2006; Guévart et al. 2006; Sasaki et al. 2009), as observed
with rainfall in Dakar, Senegal, that exacerbated a cholera epidemic (De Magny
et al. 2012). Flooding can cause draining of sewage into rivers and lakes
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(Torres Codeço et al. 2001) and increase runoff from latrines or pit toilets, which
then contaminates shallow and uncovered wells as noted in Senegal, Zambia,
Cameroon, and Zimbabwe (Adagbada et al. 2012; Guévart et al. 2006; Sasaki et al.
2008, 2009; Ako et al. 2009; De Magny et al. 2012; Luque Fernandez et al. 2012).
Spatial distribution studies have found a higher number of cases in areas bordering
lakes (Birmingham et al. 1997; Bompangue et al. 2008; Shapiro et al. 1999;
Piarroux and Faucher 2012), which may result from recurrent sewage seepage into
these water sources that are used simultaneously for bathing and drinking. Lack of
water also may amplify outbreaks, as drought and dry seasons can reduce the
availability of potable water, leading people to drink contaminated water from
streams and ponds (Lawoyin et al. 1999).

Certain weather conditions may lead to the proliferation of aquatic vibrios,
subsequent contamination offish food, and greater human transmission (Bompangue
et al. 2011). Increased rain and ambient temperature can facilitate proliferation of
free-living and zooplankton-attached V. cholerae populations (Colwell 1996;
Mendelsohn and Dawson 2008; Reyburn et al. 2011; Lobitz et al. 2000). Nonsea-
sonal increases in air and sea surface temperatures (SST) have been associated with
elevated cholera incidence in Southeastern Africa (Paz 2009). In Tanzania, the
relative risk of cholera outbreaks occurring increased by 15–29 % for each 1 �C
increase in air temperature (Trærup et al. 2011).

High population density combined with poor quality informal housing may
influence cholera incidence and outbreak amplification (Griffith et al. 2006; Pen-
rose et al. 2010) by facilitating person-to-person transmission and increasing the
burden on inadequate sanitation facilities. In Harare, 2008–2009, cholera attack
rates ranged from 1.2 cases per 1,000 people in low-density residential suburbs to
90.3 per 1,000 in an overcrowded suburb (Luque-Fernandez et al. 2011), with
similar trends observed in Ghana (Osei and Duker 2008) and Uganda (Legros et al.
2000).

A strong association exists between increased cholera incidence and the
absence of sanitation facilities (Rodrigues et al. 1997; Sasaki et al. 2008; Griffith
et al. 2006; Mahamud et al. 2012) or proximity to waste dumps (Osei and Duker
2008). In Africa, only 34 % of the population has access to improved sanitation
facilities, ranging from 9 % in Niger, to 74 % in South Africa (WHO 2010). Poor
hygiene practices, for example the absence of soap in the household, also increase
cholera risk (Dubois et al. 2006; Guévart et al. 2006). Severe outbreaks can occur
where a lack of functional hygiene and sanitation services coincides with high
population density, such as in refugee camps (Boelaert et al. 1995; Swerdlow et al.
1997; Shultz et al. 2009; Goma Epidemiology Group 1995; Griffith et al. 2006),
during gatherings (Manga et al. 2008) and in prisons (Griffith et al. 2006).

Markets, fairs, and other cultural and social events have been shown early on to
provide a forum for increased food-borne cholera transmission (Barua 1972). V.
cholerae can survive on produce for two to five days (Felsenfeld 1965) and easily
spread because of crowding, and the absence of latrines and running water. In
Lusaka, Zambia, 2004, raw vegetable consumption from the Soweto market was
strongly associated with cholera, whereas water source contamination or treatment
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practices were not (Dubois et al. 2006); a similar situation has been observed in
Guinea-Bissau (Luquero et al. 2011). Fecal-oral cholera spread is facilitated by
sharing glasses and plates, as often occurs in traditional African settings (Kürtsner
et al. 1981). Funerals may propagate cholera spread through local rites such as
washing the deceased’s body followed by preparing and serving a large commu-
nity meal (Barua 1972; St Louis et al. 1990; Germani et al. 1998; Gunnlaugsson
et al. 1998; Shapiro et al. 1999; Griffith et al. 2006).

Finally, health system deficiencies contribute to outbreak magnitude. For
example, poor surveillance can delay diagnosis and reporting and lead to delays in
the implementation of control measures (Gunnlaugsson et al. 2000; Einarsdottir
et al. 2001; Ahmed et al. 2011, Nguyen et al. 2014). Inadequate treatment facilities
may lead to an increase in the risk of nosocomial transmission (Daniels et al. 1999;
Kyelem et al. 2011).

2.3 Factors Favoring Epidemics

Human travel via land, sea, rivers, and air drives the wide geographic spread of
cholera (Barua 1972; Mari et al. 2012; Manga et al. 2008; Piarroux and Faucher
2012; Duval et al. 1999; Mugoya et al. 2008). Susceptible people may become
infected while traveling and introduce the disease in their home communities
(Manga et al. 2008); inversely, through fecal shedding, asymptomatic or recovered
cholera patients may be responsible for long-range dissemination of vibrios to a
foreign environment (Mari et al. 2012). For example, fishermen on the Rift Valley
lakes travel long distances and may return to their lakeside cities and trigger
cholera outbreaks (Piarroux et al. 2009).

In addition to humans, animals may propagate cholera. Vibrios can survive in a
bird’s gut and have been isolated from apparently healthy water birds, suggesting
those might spread cholera (Halpern et al. 2008). By connecting wind direction
with cholera dissemination patterns (Paz and Broza 2007) and considering that
midges can carry V. cholerae on their surface for up to 2 weeks (Broza et al. 2005),
it has been hypothesized that aeroplankton act as a vector for continental and
intercontinental cholera spread (Paz and Broza 2007).

2.4 Factors Aggravating Cholera Outbreaks

Aggravating factors for cholera outbreaks may work at the individual or population
level. Higher gastric acidity reduces the likelihood of symptomatic cholera (Van
Loon et al. 1990) and increases the inoculum required for disease (Zuckerman et al.
2007). In many African settings, hypochlorhydria induced by Helicobacter pylori
infections is endemic, which may increase individual susceptibility and cholera
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incidence (Adagbada et al. 2012). Similarly, vitamin A deficiency, more so than
protein-calorie malnutrition, may increase cholera risk (Harris et al. 2008).

At the population level, global climatic events may influence local climatic risk
factors described previously, particularly the El Niño/Southern Oscillation
(ENSO) (Lobitz et al. 2000; Reyburn et al. 2011; Olago et al. 2007; Pascual et al.
2000). ENSO can increase the occurrence of rain and floods, or temperature and
thus exacerbate outbreaks in cholera prone regions (Alajo et al. 2006; De Magny
et al. 2012; Luque-Fernandez et al. 2009; Olago et al. 2007).

Political violence can increase the risk of cholera outbreaks due to the sub-
sequent collapses in health and sanitation infrastructure (Kalipeni and Oppong
1998; Griffith et al. 2006; Gayer et al. 2007; Kelly-Hope 2008), including dis-
ruption of food supplies and subsequent malnutrition, destruction of water supplies
and road networks, decreased availability of medical personnel, and destruction of
sanitation and waste facilities in homes and communities (Kalipeni and Oppong
1998). In Liberia, civil war sparked a massive cholera epidemic, exacerbated by
crowded refugee camps and the destruction of public health and clinical services
(Wendo 2003), a situation seen also during Sierra Leone’s 10-year long civil war
(WHO 2009). Cholera associated with civil wars may impact neighboring coun-
tries, where refugee camps may harbor hundreds of thousands of people without
adequate sanitation and hygiene facilities (Gayer et al. 2007; Kelly-Hope 2008).
Following armed conflict in Mozambique in 1986, Malawi accepted political
refugees and by October 1990, Mozambican refugees accounted for 10 % of the
population; from 1988 to 1990, at least nine cholera outbreaks were reported in
these refugee camps (Swerdlow et al. 1997). Similar events have occurred with
internally displaced persons in Kenya following post-election violence (Shikanga
et al. 2009), in Rwanda following an exodus of refugees from the DRC (Boelaert
et al. 1995; Bhattacharya et al. 2009) and in a refugee camp in Sudan (Mulholland
1985).

Economic crises not related to war have contributed to cholera in several
African countries. In Zimbabwe, since the start of the economic crisis in 1998,
cholera has been reported every year (Mukandavire et al. 2011) with the massive
2008–2009 epidemic attributed in part to the dire economic situation and the
resulting collapse of public health and clinical service systems (Mason 2009;
Truscott 2008; Bateman 2009a, b). Fuel shortages may affect cholera case man-
agement, for example if health staff are unable to access their clinics or health
centers (Muula 2009).

2.5 Protective Factors

Basic hygiene measures such as hand washing with soap have shown protection
against cholera in Nigeria (Hutin et al. 2003), Zambia (Dubois et al. 2006; Sasaki et al.
2008), Kenya (Mahamud et al. 2012) and Guinea-Bissau (Rodrigues et al. 1997).
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Having access to a clean latrine in or outside the household also may decrease cholera
risk (Mahamud et al. 2012).

Growth of V. cholerae is inhibited in acidic foods. In an epidemic in Guinea,
eating tomato sauce (pH 5.0) was shown to protect against symptomatic cholera
(St Louis et al. 1990). For similar reasons, lime juice, which has been used as
prophylaxis in northern Indian regions during the cholera season (Anand 1995),
had a strong protective effect when added to sauce, as exemplified in Guinea-
Bissau, 1996 (Rodrigues et al. 2000). Vibrio survival is reduced in food with lower
water content and higher osmolarity such as dried, salt-preserved, and sugar-
preserved foods (Estrada-Garcia and Mintz 1996). Consumption of dried fish has
been shown to have a protective effect (Lucas et al. 2005; Dubois et al. 2006).

In sub-Saharan Africa, risk factors for cholera infection, transmission and
propagation are very specific to the local socioeconomic context and might vary
among sub-regions and geographical areas. In more developed regions, natural
contamination through infected seafood or vegetables are more likely to account
for cholera cases, while in poor settings, risk factors will rather be a lack of potable
water and proper sanitation (Griffith et al. 2006), mostly resulting from human
crises and possibly exacerbated by natural disasters such as flooding. Political
instability and civil wars have been shown to increase the risk of cholera outbreaks
especially in vulnerable populations such as refugees that have even less access to
adequate water and sanitation facilities. Climatic factors periodically aggravate
these difficult conditions and can lead to more frequent and more deadly cholera
outbreaks. In Africa, cholera can be considered primarily as a disease of poverty
(Bateman 2009a).

3 Cholera Immunity and its Role in African Cholera

While there is significant literature on cholera immunity globally, with a regional
focus on the Indian subcontinent, literature specifically on sub-Saharan Africa is
limited. Studies have found that infection with V. cholerae provides immunity of
variable duration, although the exact mechanism of adaptive immunity remains
unknown (Pasetti and Levine 2012; Kaper et al. 1995). In a summary of studies in
which volunteers were exposed to cholera, it was reported that 90–100 % of persons
given an inoculum of El Tor Ogawa or Inaba serotypes were protected from disease
for up to 3 years, and that cross-protection between serotypes existed. Epidemio-
logical studies support the concept of immunity following natural exposure to
cholera but with some differences (Cash et al. 1974). In Bangladesh, persons with a
first episode of cholera experienced a 90 % reduction in the expected number of
hospitalizations with a subsequent episode of cholera (Glass et al. 1982). Another
study in Bangladesh within the context of a vaccine trial documented that classical
cholera was completely protective against subsequent classical cholera; unlike
volunteer studies, El Tor infections led to negligible future protection (Clemens
et al. 1991). Overall, this study found a 61 % reduction in the risk of any cholera
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recidivism. More recently, a study in Bangladesh identified a 65 % reduction of El
Tor cholera following an initial El Tor infection over 3 years of follow-up; inter-
estingly, El Tor serotype Inaba infections led to lower risk of both subsequent Inaba
and Ogawa infections, but Ogawa serotype infections were associated only with a
lower risk of re-infection with serotype Ogawa (Ali et al. 2011). Lastly, data from a
study of anti-vibriocidal antibody titers over the year subsequent to an episode of
severe cholera suggested that previous exposure at a minimum is protective against
recurrent severe disease (Weil et al. 2012).

Another feature of cholera immunity is that asymptomatic or mildly symp-
tomatic infections are common (McCormack et al. 1969), and that asymptomatic
infections may precede the occurrence of clinically recognizable cases during an
outbreak or epidemic (Bart et al. 1970). A recent study found that the model that
best explains 50 years of mortality data in Bengal included a high asymptomatic to
symptomatic case ratio, rapidly waning immunity particularly among asymp-
tomatic cases, and transmission from both human and environmental sources
(King et al. 2008).

Although few data from Africa exist, natural immunity likely plays a critical
role in the dynamics of cholera epidemiology in this region as well. For example, a
study in Mozambique has demonstrated that at the district level, cholera epidemics
are of short duration and rarely affected the same district, at least over the 3 years
of observation (Gujral et al. 2013). This suggests a strong role for waxing and
waning population immunity. Indeed, a modeling exercise in Bangladesh
emphasizes the primacy of population immunity over climate variations in
determining the duration of refractory periods for cholera risk (Koelle et al. 2005).
In contrast, the interplay of population immunity, and yearly cultural and climatic
changes, in combination with a local environmental reservoir, could lead to
endemic transmission punctuated by larger epidemics, such as is seen in the Great
Lakes Region of the DRC (Bompangue et al. 2008). Additionally, natural
immunity will influence age distribution of cases where disease is sporadic rather
than epidemic, all age groupsage groups may be affected equally while endemic
areas may experience a weighting among nonimmune younger children such as
has been reported from Kenya (Mutonga et al. 2013). Breast milk may provide
protection against cholera for infants living in endemic or epidemic cholera set-
tings. A study in Guinea-Bissau demonstrated that heavily exposed mothers
exhibit vibriocidal IgA antibody in breast milk, which may protect their children
from cholera during the breastfeeding period (Qureshi et al. 2006).

4 Cholera Surveillance in Sub-Saharan Africa

In most African countries, publicly available data on cholera stem largely from
national surveillance systems. Since 1950, the WHO has used these data to develop
reports. It is important to understand the processes and limitations of these national
surveillance systems to understand how to appropriately interpret reported data.
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Cholera was included as one of three notifiable diseases in the International
Health Regulations 1969 (WHO 2005). Currently, cholera cases and deaths are
reported to WHO through the national Integrated Diseases and Response Systems
(IDSR) (WHO 2010) and published in the Weekly Epidemiological Record (WER).
The WHO produces a dedicated report on the cholera situation in each country and
a summary of the globally notified cases is published each year in August.

The 2005 revised International Health Regulations (IHR) explicitly states that
no travel—or economic—restrictions are to be established if a country notifies
cholera. Yet, ministries of health may delay declaring the presence of cholera and
initiating a response due to fears of the impact on the tourism and export sectors
(Harris et al. 2012).

The IDSR guidelines define the modalities of reporting from the local to the
national level and state in detail and which competences should be available at
each level (WHO 2010). The IDSR guideline for community health workers asks
them to report cases ‘‘with plenty of watery diarrhea’’ to the district health officers
who enter this information into the IDSR system. When a country changes from its
own generic case definition to the WHO standard case definition, this can lead to a
considerable increase in reported cases as was seen in Cameroon (Djomassi et al.
2013). Countries are supposed to report cases to WHO when ‘‘they are unusual or
unexpected or when they pose a significant risk of international spread’’ (WHO
2012). The numbers reported to WHO are thought to be misleading due, in part, to
underreporting and limitations in surveillance systems. The modalities, com-
pleteness, and case definition of national cholera surveillance have substantial
limitations and may vary from country to country.

4.1 Underestimation of Disease Burden in Children Under 5
Years of Age

The WHO uses the following case definition for reporting suspect cases of cholera:

• ‘‘in an area where the disease is not known to be present, a patient aged 5 years
or more who develops severe dehydration or dies from acute watery diarrhea;

• In an area where there is a cholera epidemic, a patient aged 5 years or more
who develops acute watery diarrhea, with or without vomiting’’.

The WHO case definition excludes cases in children under 5 years of age
despite several studies that have shown considerable disease and death burden in
that age group (Deen et al. 2011; Lanata et al. 2002). While the reason for this is to
avoid wasting resources on investigation of routine infant diarrhea (mainly that
due to rotavirus), this case definition has the obvious disadvantage that it will
underestimate case counts among young children. A recent global multicenter
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study in children under five found that V. cholerae was the second most frequent
pathogens causing moderate to severe diarrhea in Beira, Mozambique (Kotloff
et al. 2013).

4.2 Limited Health Care Access and Diminished Sensitivity

To be counted in surveillance system data, a person with cholera must present
itself to a health care structure. However, health system access is limited in many
African settings due to lack of transportation means and infrastructure, financial
barriers, cultural barriers, and lack of education. Programs such as the ‘‘Diseases of
the Most Impoverished’’ have tried to compensate for these shortcomings by using
data from reporting sources outside national surveillance systems and then using
modeling for more precise estimations (IVI 2013).

4.3 Limited Laboratory Confirmation and Diminished
Sensitivity and Specificity

Outside endemic settings, WHO guidelines specify that identification of a cholera
epidemic requires laboratory confirmation through standard methods (Bopp et al.
1999). Remote areas may have nonexistent or poorly developed laboratory facil-
ities, stockouts, or lack of appropriately trained personnel, all of which may
contribute to a delay or failure in identifying cholera outbreaks, thereby reducing
the sensitivity of the surveillance system. To overcome this challenge, new tools
have been developed, such as rapid diagnostic tests (Qadri et al. 1995), biosensors
(Retzky 2012), and mobile microbiological laboratories (Ouedraogo et al. 2009).

Additionally, WHO recommends laboratory confirmation only at the beginning
of the outbreak and sporadically thereafter to monitor antibiotic resistance and
confirm the end of the outbreak. However, the conditions that contribute to cholera
outbreaks may also contribute to the spread of many other enteric diseases.
Without confirmatory testing, it is likely that a substantial percentage of cases
reported as cholera actually are due to other organisms, thereby reducing sur-
veillance system specificity.

4.4 Reporting Limitations

Data at the local level are collected at cholera treatment centers, government
clinics and hospitals, and private health care facilities. In most countries in sub-
Saharan Africa, the district health office compiles these data and reports them as

132 M. A. Mengel et al.



weekly summaries to the regional or national level. These summaries contain
limited data including district name and outcome (death or not). Detailed demo-
graphic data, risk factors, environmental variables, and other information are not
collected. Additionally, laboratory data are usually not included, so that national
surveillance systems must independently access laboratory structures to determine
case confirmation. Third, data reports to the central level may be incomplete, and
few countries have attempted to audit district level reporting. Even when data are
reported, substantial delays may occur so that reports for any particular week or
month may not document accurate numbers until months later. Fourth, no system
exists in most countries to exclude duplicate case counts. For example, patients
may present to one health structure 1 day, and to a different structure the following
day and would be counted twice.

Lastly, a relatively common reporting limitation is the occurrence of cholera
outbreaks at national borders. Cross-border flow and lack of cooperation between
countries means that cholera cases may not be accounted for in national systems.
Moreover, many national borders are along natural waterways (rivers and lakes),
which facilitate cholera epidemics, as mentioned above.

New tools for notification have been employed to decrease the delay in noti-
fication of outbreaks to national authorities. One example is Kenya’s strategy
to use coded short-text messages sent via mobile phones (Zurovac et al. 2012).
Such tools have also been developed for the transmission of laboratory results
(Breslauer et al. 2009).

4.5 Limitations in Analysis

African ministries of health may have limited capacity to enter, store, and analyze
data. For example, many African epidemiology systems lack databases designed
specifically to input data from weekly case report forms. Even where the database
exists, these forms usually are handwritten and thus require substantial data entry
time or expensive scanners to enter into a database. Consequently, weekly case
reports may be analyzed by hand, or not analyzed at all.

4.6 Limited Spatial Resolution of Aggregate Data

As indicated above, data reported to the national level usually do not report spatial
resolution finer than district level. This may give an inaccurate assessment of
cholera dynamics. For example, one district may have an endemic focus in one
localized area, while another could have epidemics moving from one village to the
next, yet the data at national level may appear similar (Gujral et al. 2013).
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4.7 Surveillance in Humanitarian Emergencies and Natural
Disasters

Surveillance is even more complicated when it has to be implemented in already
overburdened health systems that are additionally faced with a humanitarian
emergency caused by a natural or man-made disaster. Additionally, humanitarian
crises may result in large refugee camps just inside national boundaries. Monitoring
of cholera cases under these circumstances—with frequent in- and out-migration
for work, social reasons, or medical care—poses particular challenges.

4.8 Possible Improvement in Cholera Surveillance in Africa

The above limitations influence the sensitivity, specificity, and timeliness of the
surveillance system, and thereby affect the ability to accurately interpret data. The
introduction of additional variables beyond reports of suspect cases and deaths in
persons below and above 5 years of age would greatly improve existing data. Ideally,
this would include individual case reports with case-specific demographic data and
risk factors. Even summary data, though, could include more specific location (such as
village), age group, and sex. An additional improvement would include systematic
reporting from laboratory facilities. However, collection of robust data should come
with strengthening of analytic capacity (including systems and number and skill of
human resources) and monitoring the completeness of reporting.

5 Anthropological Considerations

5.1 Perceptions of Cholera Causes and Prevention

Perceptions of disease causation can vary greatly between groups of people and
even within the same group according to a person’s educational or professional
background and experience with disease. Perceptions may also change over time
based on personal experience and government initiatives like public health
education.

In the DRC, lack of hygiene, nonrespect of ancestral laws, malnutrition, rubella,
and adultery are believed to be causes of cholera (Schubert and Diwete 2008;
Guillermet et al. 2012). In Burkina Faso, disease perception has been shown to vary
depending on the respondent’s age (Poda et al. 2003). In Zanzibar, a study com-
paring rural and urban areas showed that people with a higher level of education and
socioeconomic status tend to perceive disease causes using a modern science par-
adigm (e.g., identifying the role of bacteria, an unclean environment, and unsafe
water in disease spread) (Schaetti et al. 2010). Even so, traditional knowledge and
perceptions of causation are not necessarily contradictory to, or exclusive of modern
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science-based practices. For example, handwashing has been traditionally practiced
in KwaZulu-Natal, South Africa (O’Donoghue 2005). In Gabon, shellfish are
always eaten cooked, never raw (Sabinot 2009). Throughout sub-Saharan Africa,
smoking and salting of fish is generally practiced (Essuman 1992).

5.2 Stigmatization

At the individual and community level, stigma against cholera may exist. In
Guinea-Bissau, stigmatization delays or prevents care seeking at modern medical
facilities (Nzirorera 2008; Perry and Donini-Lenhoff 2010), which in turn can
increase mortality and impede timely outbreak identification and response.
Although data are lacking, marginalized communities such as refugees or migrants
might be particularly susceptible to stigmatization if perceived as the source of a
cholera outbreak.

5.3 Care-Seeking Behavior

Clinical case management at adequately equipped facilities (such as cholera treat-
ment centers) plays a vital role in decreasing cholera mortality if they are accessible
and clinical care is sought timely. Cultural beliefs may greatly influence care-
seeking behavior, including whether patients present to modern or traditional health
care providers (Staro 2011; Guillermet et al. 2012). In parts of Katanga, Kasai
Oriental, and Kinshasa in the DRC, and regardless of proximity to modern health
centers, studies have found that mothers prefer to seek traditional care for diarrheal
diseases, especially in rural areas (Harris et al. 2012); stated reasons include cost,
distance, and perceived efficacy (Schubert and Diwete 2008). Traditional and
modern medical treatments are not necessarily mutually exclusive. For example, a
study in rural areas of Zanzibar revealed that herbal treatment, oral rehydration
solution, and prayers were used by 83.1, 72.9, and 47.5 % of interviewees,
respectively (Schaetti 2010). Another phenomenon that affects care-seeking
behavior is the increase in street pharmacies, which do not require access to a health
care provider. In Burkina Faso, for example, 7 % of the population regularly uses
street medicine (Soura et al. 2008).

5.4 Demographic Changes and Urbanization

Fishermen, seasonal agricultural workers, truck drivers, and merchants all travel
from urban hubs to more remote areas via roads, air, and water. The average
number of kilometers traveled per habitant per year in sub-Saharan Africa almost
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doubled between 1960 and 1990, from 900 to 1,600 km (Orfeuil 2002). This has
two direct effects on cholera: (i) more rapid disease spread to distant locations
(Matzger 2012; IRIN 2012) and (ii) reduced contact with safe water, sanitation,
and treatment facilities (IOM 2010).

Moreover, African societies have experienced rapid urbanization. In West
Africa, 1 in 3 inhabitants lived in a city in 2010, versus 1 in 13 in 1950 (CEPED
2009). This massive growth has not been accompanied by a commiserate growth
in clean water and sanitation infrastructure (Assako et al. 2004) or adequate
housing. Consequently, many new residents live in shantytowns that provide
fertile ground for cholera outbreak initiation and amplification (Guévart et al.
2006).

In this context, it is important to distinguish attitudes toward individual versus
communal responsibility for sanitation. In Burkina Faso for instance, it is thought
that individual responsibility stops at the entrance to one’s home, with the space
beyond being the responsibility of the state or municipality. This naturally leads to
conflicts between local communities and governments when clean water and
sanitation are lacking (Bouju et al. 2009).

6 Conclusion

More than 40 years after its resurgence in Africa, cholera remains a grave public
health problem. While the disease occurs throughout most of sub-Saharan Africa,
it is particularly widespread in the Great Lakes region. This may be explained by
the presence of large bodies of water, which can act as reservoirs for cholera when
contaminated. Additional climatic, environmental, social, and biological factors
contribute to endemic and epidemic disease patterns.

Since contaminated water is the main vehicle for the spread of cholera, the
obvious long-term solution to eradicate the disease is the provision of safe water to
all African populations. Yet, this requires considerable human and financial
resources as well as time. In the short and medium term, vaccination may help to
control the spread of cholera outbreaks. Encouraging results from a recent trial on
a bivalent killed whole-cell oral cholera vaccine in Kolkata, India showed that
immunity conveyed by this vaccine lasted up to 5 years (Bhattacharya et al. 2013).

Ultimately, it will take an integrated approach using all available means (i.e.,
improved water/hygiene, vaccine use, improved clinical care) to tackle cholera on
all fronts. This approach marks a shift from current reactive strategies to cholera
control, where national and international aid workers rush into the affected areas
after the onset of epidemics and countries often exhaust their national resources
trying to contain the outbreak and keep CFRs as low as possible. The international
community has advanced significantly towards promoting such an integrated
approach. The foundation was laid by the declaration of the 64th World Health
Assembly in 2010 which was taken up by a number of international groups and led
to numerous studies and guidelines for cholera prevention and control, a large
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number of which are contained in a compilation issued by Unicef very recently
(see Unicef 2013).

Further understanding of the biology and epidemiology of V. cholerae is
essential to identify populations and areas at increased risk. This knowledge will
enable countries to implement prevention and control measures accordingly, and
thus ensure the most efficient use of scarce resources. Moreover, to promote the
adoption of such measures, it is necessary to understand community perceptions,
knowledge, attitudes, and practices regarding cholera. This will help countries to
develop appropriate public health messages that aim to change behavior, without
inadvertently deterring currently used traditional prevention practices or creating
confusion (Schaetti et al. 2010; v. Seidlein 2013).
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The Cholera Outbreak in Haiti: Where
and how did it begin?

Daniele Lantagne, G. Balakrish Nair, Claudio F. Lanata
and Alejandro Cravioto

Abstract In October 2010, cholera appeared in Haiti for the first time in nearly a
century. The Secretary-General of the United Nations formed an Independent Panel
to ‘‘investigate and seek to determine the source of the 2010 cholera outbreak in
Haiti’’. To fulfill this mandate, the Panel conducted concurrent epidemiological,
water and sanitation, and molecular analysis investigations. Our May 2011 findings
indicated that the 2010 Haiti cholera outbreak was caused by bacteria introduced
into Haiti as a result of human activity; more specifically by the contamination of the
Meye Tributary System of the Artibonite River with a pathogenic strain of the
current South Asian type Vibrio cholerae. Recommendations were presented to
assist in preventing the future introduction and spread of cholera in Haiti and
worldwide. In this chapter, we discuss both the results of the Independent Panel’s
investigation and the context the report sat within; including background informa-
tion, responses to the report’s release, additional research subsequent to our report,
and the public health implications of the Haiti cholera epidemic.
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1 Introduction

1.1 History of Haiti

In 1492, Columbus first landed in the new world at Cap-Haiten on the northern
coast of the island of Hispaniola; now comprised of Haiti and the Dominican
Republic (Prince 1985). The native Taíno population was exploited for gold
mining and by 1548 (56 years after Columbus landed) the Taíno population
dropped from an estimated 500,000 to less than 500. In 1519, sugar and cattle
farming, worked by slaves, replaced worked-out gold mines as the economic
foundation of the island. From 1519 to 1549, 864,000 slaves were brought to Haiti.

Over time, France began to wrest with Spain over Hispaniola, and took control
of the western portion of the island (modern day Haiti) in 1697. In 1801, slave
leaders led a revolt against the French, and Haiti declared independence on Jan-
uary 1, 1804. Haiti thus became the first black republic in the world and the second
free state in the western hemisphere. France officially recognized Haiti in 1825, on
the condition that compensation for lost income due to confiscation of property be
paid. Haiti paid this debt until 1922.

A number of different political leaders led Haiti between 1804 and 1915, and a
stable political system was never established. From 1915 to 1934, the United States
occupied Haiti after seven different presidents were in power from 1910 to 1915.
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A number of dictators led Haiti from 1934 to 1956. In 1956, Francois Duvalier, with
support from the black middle class and isolated rural poor, won the presidency, and
his son, Jean Claude, succeeded him after his death in 1971. The Duvalier regime
was characterized by rule by private militia, violence, amendment of the constitu-
tion, personal wealth, and intermittent support from the United States.

In 1986, a combination of popular uprising and withdrawal of United States
support led Jean Claude Duvalier to flee to exile in France (Macquire et al. 1996).
In February 1991, after a period of civil unrest, a young priest named Jean-
Bertrand Aristide was inaugurated into the presidency in what is widely regarded
as the first democratic election in Haiti. His Lavalas (‘cleansing flood’) party
survived only until a coup in September 1991. Aristide escaped to the United
States, and the army regained power.

In October 1991, the United States established economic sanctions against the
military regime and then occupied Haiti again in 1994. On October 15, 1994,
Aristide was reestablished as the Haitian president, with one and a half years left in
his constitutionally mandated 5-year term. Aristide was replaced by his successor,
Rene Préval, in 1996, reelected President in November 2000, and forced into exile
in 2004. The United Nations Stabilization Mission in Haiti (MINUSTAH)
peacekeeping force was established in response to the political turmoil of 2004.
Rene Préval was reelected president in 2006, with a constitutionally mandated
5 year maximum term ending in 2011.

1.2 Haiti Geography and Environment

Haiti encompasses 27,750 square kilometers of the western third of the island of
Hispaniola in the Caribbean Sea (Library of Congress—Federal Research Division
2006). The majority of Haiti’s land (63 %) is considered too steep for agricultural
production; however, nearly 80 % of the country’s area functions as agricultural
land. Deforestation is extreme in Haiti, as forests covered nearly 60 % of the
country in 1923, and only 2 % by 2006. Most Haitians still depend on charcoal as
their primary fuel and cooking source. This deforestation has led to soil erosion,
which has decreased agricultural yields and resulted in deadly landslides.

The 2010 population of Haiti was estimated at just under 10 million, with 3 million
in the capital city of Port-au-Prince (UNICEF 2012). Haiti is the poorest country in
the Western Hemisphere, with a per capita income of 650 USD/year and 55 % of the
population living below the world poverty line of 1.25 dollars per day. The life
expectancy in Haiti is 62 years and adult literacy is 49 %. In 2008, 63 % of the
population had access to improved drinking water (71 % of urban residents and 55 %
of rural residents) and 17 % of the population had access to improved sanitation.

The development of sustainable water and sanitation infrastructure in Haiti has
been hindered by ongoing political instability and lack of investment. In 1964, the
government agency CAMEP was established with responsibility for the drinking
water supply in Port-au-Prince. In 1977, the government agency SNEP was
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established with responsibility for water supply in secondary cities. During this
time, the rural water supply situation was managed by the government agency
POCHEP in the Ministry of Public Health.

In January 2009, the Haitian Parliament approved a water and sanitation sector
reform bill,which formalized sector reform. The law created a National Directorate
of Water Supply and Sanitation (DINEPA) in the Ministry of Public Works,
Transport, and Communications, as well as four Regional Offices of Drinking
Water and Sanitation (OREPAs). The role of DINEPA is to execute the govern-
ment guidelines in the water and sanitation sector by developing water and sani-
tation sector regulation and monitoring stakeholders in the sector.

1.3 January 12, 2010 Earthquake

On January 12, 2010, a 7.0 magnitude earthquake struck 17 km southwest of Port-
au-Prince, Haiti. Nearly one-third of Haiti’s population, almost three million
people, were affected by ‘extreme’, ‘violent’, or ‘severe’ shaking (USGS 2010).
An estimated 222,650 people died and 310,930 were injured (OCHA 2013a). This
powerful quake in an area of poor quality construction materials caused extensive
damage to shelters. The building damage assessment conducted from March 2010
to February 2011 indicated 403,176 buildings were damaged or destroyed (OCHA
2013a). Out-migration of an estimated 482,000 people from affected areas also
strained resources in rural Haiti (CDEMA 2010). In addition, many schools and
hospitals were destroyed (OCHA 2013a).

The immediate humanitarian response was complicated by the: (1) inability to
import goods due to damage to the airport and port; (2) inability to transport goods
due to rubble and temporary shelters blocking roadways; (3) loss of life and
resources within humanitarian organizations; (4) communications difficulties; (5)
lack of staff capacity to respond; and (6) the overwhelming scale of the disaster.
The water, sanitation, and hygiene emergency response Cluster estimated 1.1
million people hosted in approximately 651 spontaneous settlements in Port-au-
Prince, Jacmel, Gressier, Léogâne, Grand Goâve, and Petit Goâve were in
immediate need of services (OCHA 2010).

Over time, as the response continued, the number of people housed in sponta-
neous settlements fell from a high of 1,536,447 in July 2010 to 420,513 in April 2012
(IASC 2012). However, as of April 2012, 70 % of water points in these settlements
had no free chlorine residual, 95 % of residents did not have access to 10 l of water
per day, and only 3 % had adequate handwashing facilities with soap and water.

In the Center for Disease Control and Prevention’s (CDC) ‘‘Haiti Pre-decision
Brief for Public Health Action Cholera’’, the CDC wrote ‘‘Cholera is extremely
unlikely to occur’’ as ‘‘Epidemic cholera has not been reported from Haiti before’’
and ‘‘An outbreak of cholera is very unlikely at this time (CDC 2010). For a cholera
outbreak to occur, two conditions must be met: (1) there must be significant breeches
in the water, sanitation, and hygiene infrastructure used by groups of people,
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permitting large-scale exposure to food or water contaminated with Vibrio cholera
[sic] organisms; and (2) cholera must be present in the population. While the current
water, sanitation, and hygiene infrastructure in Haiti would certainly facilitate
transmission of cholera (and many other illnesses), cholera is not circulating in Haiti,
and the risk of cholera introduction to Haiti is low. Most current travelers to Haiti are
relief workers from countries without endemic cholera, and they are likely to have
access to adequate sanitation and hygiene facilities within Haiti, such that any
cholera organisms they import would be safely contained.’’

1.4 Cholera

Cholera is a severe, acute, dehydrating diarrhea that can kill children and adults in
less than 12 h, and is the result of infection with a pathogenic strain of the bac-
terium Vibrio cholerae. The organism is capable of producing a potent toxin
known as cholera toxin (CT). Depending on the severity of the infection, cholera
may be treated with oral rehydration salt (ORS) solutions, intravenous fluids, and/
or antibiotics. V. cholerae infection displays a clinical spectrum that ranges from
asymptomatic infection to severe cholera known as cholera gravis. The number of
asymptomatic cases that play a role in the transmission of cholera varies according
to age and the endemic nature of the disease. In countries such as Bangladesh,
asymptomatic cases may represent roughly half of all cases (Nelson et al. 2009).

Although cholera has been a localized phenomenon in South Asia for centuries,
the pathogen has repeatedly demonstrated the ability to spread both regionally and
internationally. The seventh worldwide pandemic of cholera began in 1961 and is
ongoing. The control of the disease requires a combination of interventions that
range from water supply and sanitation improvements at the community level to
the use of currently available oral cholera vaccines at the individual level.

1.5 Cholera in Haiti

In October 2010, cholera appeared in Haiti. At the beginning of the outbreak, the
source of the 2010 outbreak was a topic of debate. Three credible hypotheses were
proposed. The first hypothesis held that an environmental strain of V. cholerae that
normally inhabits the Gulf of Mexico traveled to Haiti naturally via ocean currents
as a consequence of the January 12th, 2010 earthquake and caused the present
cholera epidemic. The second hypothesis held that a local, non-toxigenic V.
cholerae strain endemic to the Haitian environment naturally mutated into a vir-
ulent pathogenic strain, which quickly spread throughout the human population of
Haiti. The third hypothesis held that the source of the outbreak was an infected
human who carried a pathogenic strain of V. cholerae into Haiti from a cholera
endemic region outside the country.
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1.6 MINUSTAH in Haiti

The United Nations Stabilization Mission in Haiti (MINUSTAH) was created in
April 2004 by the United Nations Security Council. After the January 12th, 2010
earthquake, the United Nations (UN) Security Council passed additional resolutions
increasing the number of MINUSTAH forces in order to support recovery, recon-
struction, and stability efforts. A specific form of the third hypothesis for the source
of the cholera outbreak, that soldiers at the Mirebalais MINUSTAH camp were the
direct source for the cholera outbreak, was a commonly held belief in Haiti
immediately after the introduction of cholera. Testimony cited to support this belief
includes the following: (1) the Mirebalais MINUSTAH camp is located near the area
where the first cholera cases were identified; (2) a new group of soldiers had recently
arrived at the time of the first cases; and (3) witnesses reported sanitation practices at
the camp that allowed soldiers’ feces to enter the environment.

1.7 Convening of Independent Panel

In order to definitively determine the source of the outbreak, the Secretary-General
of the UN convened the Independent Panel of Experts on the Cholera Outbreak in
Haiti (the ‘‘Independent Panel’’), with the mandate to ‘‘investigate and seek to
determine the source of the 2010 cholera outbreak in Haiti’’, and to present the
findings of this investigation in a written report submitted to the UN Secretary-
General and to the Government of Haiti.

Before convening the Independent Panel, a definitive determination of the
source of the 2010 cholera outbreak in Haiti had been lacking. Two previous
investigations that commented on the source of the outbreak came to opposing
conclusions: Sack (Hurtado 2010 and personal communication) concluded that the
outbreak was caused by a local event; whereas Piarroux (2010 and personal
communication) concluded that the outbreak was caused by cholera being
imported to Haiti by an infected MINUSTAH soldier. Neither investigation pre-
sented sufficient evidence to support its conclusions with absolute certainty at the
time of the Independent Panel’s convening.

The four members of the Panel were selected for their various areas of expertise,
including microbiological (Balakrish Nair), epidemiological (Claudio Lanata),
cholera (Alejandro Cravioto), and water and sanitation (Daniele Lantagne). To
conduct the investigation the Panel members: (1) conducted meetings in Asia and
the United States with key informants; (2) convened for field investigations in Haiti
from February 14–18, 2011; (3) conducted further meetings in the United States with
key informants; (4) convened in March 2011 to draft the report; and (5) convened in
May 2011 to finalize the report and present the results to the Secretary-General. A
copy of the finalized report was presented to the UN Secretary-General’s office the
evening before the formal meeting with the Secretary-General (Cravioto et al. 2011),
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and later adopted for peer-reviewed publication (Lantagne et al. 2012). All infor-
mants and documentation received relevant to the investigation were kept confi-
dential and not provided to the Secretary-General’s office.

2 Results of the Report of the Independent Panel

To determine the source of the 2010 Haiti cholera outbreak, the Independent Panel
undertook concurrent epidemiological, water and sanitation, and molecular anal-
ysis investigations. Epidemiological information was obtained from records of
diarrheal illnesses among MINUSTAH personnel, as well as during visits to
hospitals along the Artibonite River to determine the exact onset dates of the
cholera outbreak throughout the watershed. Discussions were held with local
experts to understand the hydrology of the Artibonite River and its tributaries, the
water and sanitation situation in the Mirebalais MINUSTAH camp, and water use
practices of the population along the river. Published and unpublished information
was obtained from groups currently working on the evolution of V. cholerae in
Haiti and worldwide. Information on the basic microbiology and data from
advanced molecular typing techniques was used to compare the Haitian strains
against other known worldwide strains of V. cholerae. Each of these three
investigations will be described in the following sections.

2.1 Epidemiological Investigation

MINUSTAH uniformed personnel in Haiti originate from 22 countries, and are
deployed in contingents based on their country-of-origin to specific geographical
areas in Haiti. In Centre and Artibonite Departments, there were permanently
deployed contingents from Nepal, Argentina, and Peru. Contingents from Nepal
were stationed in three camps (Hinche, Mirebalais, and Terre Rouge).

MINUSTAH contingents are deployed in 6 month rotations. The replacement
Nepal contingent arrived in Centre Department between October 8th and 24th,
2010 after 3 months of training in Kathmandu, Nepal. Once the training and a
medical examination were completed, soldiers were given a 10 day free period to
visit their families before traveling to Haiti. Within 1 day of arrival in Haiti,
soldiers were transported to their posts in Centre Department.

The medical records of MINUSTAH personnel stationed in Haiti for the time
period between September and October 2010 were obtained and reviewed. No
cases of severe diarrhea and dehydration occurred among MINUSTAH personnel
during this period.

In each hospital visited along the Artibonite River, a detailed review of medical
records from October 2010 was carried out to identify cases, especially adults, that
required hospitalization due to diarrhea and dehydration in order to establish an
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outbreak onset date. Since detailed medical records did not exist, which would
have allowed an epidemiological definition of a cholera case to be created, hos-
pitalizations due to severe diarrhea were used as a proxy for cholera cases.

At Mirebalais Government Hospital in Mirebalais, the first severe diarrhea case
that required hospitalization and the first death from dehydration in patients older
than 20 years of age occurred during the night of October 17th, 2010 and early
morning of October 18th, 2010, respectively. No fish or shellfish products from the
coast were found in the Mirebalais market by the Independent Panel. At Hospital
Albert Schweitzer, two-thirds of the way between Mirebalais and St. Marc, the first
cases of severe diarrhea requiring observation and hospitalization were seen on
October 20th, 2010. At St. Nicolas Hospital in St. Marc in the Artibonite River
Delta, a low background rate of diarrhea was abruptly interrupted by an explosive
outbreak of cholera cases with dehydration and death on October 20th, 2010. On
this date, medical staff recorded 404 hospitalizations (one every 3.6 min) and 44
deaths on individual pieces of paper. These 404 cases came from 50 identified
communities throughout the Artibonite River Delta region, with only 9 (2.2 %) of
the 404 patients originated from St. Marc. It is important to mention that cholera
cots, designed to minimize fecal contamination in cholera wards and to measure
fluid loss easily, were not seen in any of the three hospitals visited.

2.2 Water and Sanitation Investigation

The Artibonite River is the largest river in Haiti, flowing from the mountains of the
Dominican Republic to the coast near the town of Grande Saline (Fig. 1). The river
is controlled at two points: (1) the Peligre Hydroelectric Dam, which is located
approximately 10 km upstream from Mirebalais and is operated by Électricité
d’Haïti (EDH); and (2) at the Canneau Canal Sitew here the river is split into a series
of canals for use by small farmers to irrigate their fields in the Artibonite Valley.

At the Peligre Dam, EDH engineering staff reported that it takes 1.5–2 days for
water released from the dam to reach the Canneau Canal Site. At the Canneau
Canal Site, operations and maintenance staff also reported that water flows from
the Peligre Dam to Canneau in 2 days. In St. Marc, Artibonite Valley engineering
staff reported that it takes about 1 day for water to flow from the Peligre Dam to
the Canneau Canal Site, and another 1 day for water to flow from Canneau through
the canal system to the sea in the Artibonite River Delta.

Two branches of the Meye Tributary of the Artibonite River flow northwards
from the mountains that are located to the southwest and southeast of Mirebalais
(Fig. 1). The branches join together to form the Meye Tributary just north of the
Mirebalais MINUSTAH camp. There is significant human activity along this
tributary, with women washing, people bathing, people collecting water for
drinking, and children playing.

At the time of the Independent Panel’s visit, there was one main area at the
Mirebalais MINUSTAH camp that housed toilet and showering facilities for the
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contingent. Gray water waste (cooking water, wash water, shower water) flowed
into on-site soak pits and was allowed to drain into the soil. Black water waste
(containing human feces) flowed into six 2,500 l fiberglass tanks. The construction
of the water pipes in the main toilet/showering area was haphazard, with signifi-
cant potential for cross-contamination through leakage from broken pipes and poor
pipe connections, especially from pipes that ran over an open drainage ditch that
runs throughout the camp and flows directly into the Meye Tributary System
(Fig. 2). It was evident from inspection, as well as reported by local Haitians, that
construction work in this area had been undertaken after October 2011.

The black water tanks were emptied on demand by a contracting company
approved by MINUSTAH headquarters in Port-au-Prince. The contracting company
dispatched a truck from Port-au-Prince to collect and transport the waste across the

Canneau Canal

Mirebalais MINUSTAH Camp

Peligre Dam
Hospital Schweitzer

Hospital St. Nicolas

Hospital 

Mirebalais

Septic Pit Site 

Fig. 1 Sites visited along Artibonite River
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street and up a residential dirt road to a location at the top of the hill, where the waste
was deposited in an open septic pit (Fig. 3). Black water waste for the two other
MINUSTAH facilities—Hinche and Terre Rouge—was also disposed of in this pit.
There was no fence around the site, and children were observed playing and animals
roaming in the area around the pit. The southeast branch of Meye Tributary System
is located a short walk down the hill from the pit, and local residents reported the area
is susceptible to flooding and overflow into the Tributary during rainfall. Calcula-
tions indicate that it would take 2–8 h for water to flow from near the septic disposal
pit to the junction with the Artibonite River.

Fig. 2 Toilet area and canal flowing into Meye Tributary

Fig. 3 The black water
disposal pit
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2.3 Molecular Analysis Investigation

At the time of the Independent Panel’s investigation, the current Nepal strain of
cholera was not available for molecular analysis. Thus, the Independent Panel was
able to review information on the Haitian strain itself, and on comparing the Haitian
strain to other known strains. The available molecular data from whole genome
sequence and smaller comparisons of specific parts of the genomes of the V. chol-
erae strains responsible for the outbreak of cholera in Haiti showed a remarkable
consistency. They all indicated that the Haitian strains were: (1) clonal (genetically
identical) indicating a point-source for the outbreak; and (2) very similar but not
identical to the South Asian strains of V. cholerae O1. It was emphasized, however,
that the Haitian strains has certain minor traits not found in collections from across
the world, which is consistent with the micro-evolution that takes place continuously
within the El Tor biotype as it moves throughout the world.

Our analysis of available data at the time of our investigation refuted the
argument that the Haitian strains arose indigenously from the Haitian environment.
The Haitian strains did not originate from the native environs of Haiti but as a
result of human activity in an area that promoted the dissemination of the
organism. The presence of riverine settings that merges into an estuarine envi-
ronment, which is an optimal setting for rapid growth of V. cholerae O1, is likely
to have contributed to the rapid spread of the pathogen. This has happened before
in many parts of the world. The precise country from where the Haiti isolate of V.
cholerae O1 arrived is debatable. Such a conclusion, if warranted, can only be
made if representative strains from other countries in South Asia were available for
global DNA sequence comparisons. Since none of these stains from Nepal were
available for comparison at the time of the preparation of our report it was not
possible to established a direct comparison between strains of V. cholerae O1
circulating in Nepal strains and those circulating in Haiti.

2.4 Results

The epidemiological data indicated the cholera epidemic began in the upstream
region of the Artibonite River on October 17th, 2010. As this region has little to no
consumption of fish or shellfish products, the most likely cause of the outbreak was
the consumption of contaminated water from the river. Two to three days later, an
explosive cholera outbreak began on October 20th, 2010 in the Artibonite River
Delta.

The sanitation conditions at the Mirebalais MINUSTAH camp were not sufficient
to prevent contamination of the Meye Tributary System with human fecal waste.
Contamination in the Meye could have reached Canneau within 1–2 days, and would
have been fully distributed in the canal system in the Artibonite River Delta within a
maximum of 2–3 days, consistent with the epidemiological timeline.
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The available molecular data from whole genome sequence and comparisons of
smaller specific parts of the genomes of the V. cholerae strains responsible for the
outbreak of cholera in Haiti all indicate that the Haitian strains are: (1) clonal
(genetically identical) indicating a point-source for the outbreak; and, (2) very
similar but not identical to the South Asian strains of V. cholerae O1. The precise
country from where the Haiti isolate of V. cholerae O1 arrived is unknown.

2.5 Conclusions

At the time of the report, the evidence did not support the hypotheses suggesting
that the current outbreak is of a natural environmental source. In particular, the
outbreak was not due to the Gulf of Mexico strain of V. cholerae, nor was it due to
a pathogenic mutation of a strain indigenously originating from the Haitian
environment. Instead, the evidence overwhelmingly supported the conclusion that
the source of the Haiti cholera outbreak was due to contamination of the Meye
Tributary of the Artibonite River with a pathogenic strain of current South Asian
type V. cholerae as a result of human activity.

This contamination initiated an explosive cholera outbreak downstream in the
Artibonite River Delta, and eventually, throughout Haiti. The explosive spread was
due to several factors:

• Tens of thousands of Haitians use the Meye Tributary System and Artibonite
River waters for washing, bathing, drinking, and recreation, and were thus
exposed to cholera;

• Thousands of Haitian agriculture workers are regularly exposed to the Artibo-
nite River water, particularly in the rice paddy fields;

• The canal system and delta of the Artibonite River provided optimal environ-
mental conditions for rapid proliferation of V. cholerae;

• The Haitian population lacked immunity to cholera;
• Many areas of Haiti suffer from poor water and sanitation conditions;
• Infected individuals fled to their home communities from the initial outbreak

locations, and in the process dispersed the disease;
• Infected individuals rapidly concentrated where treatment was available;
• The South Asian type V. cholerae strain that caused the outbreak causes a more

severe diarrhea due to an increase in the production of a classical type of CT and
has the propensity of protracting outbreaks of cholera; and

• The conditions in which cholera patients were initially treated in medical
facilities did not help in the prevention of the spread of the disease to other
patients or to the health workers.

The introduction of this cholera strain as a result of environmental contami-
nation with feces could not have been the source of such an outbreak without
simultaneous water and sanitation and health care system deficiencies. These
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deficiencies, coupled with conducive environmental and epidemiological condi-
tions, allowed the spread of the V. cholerae organism in the environment, from
which a large number of people became infected. The Independent Panel con-
cluded that the Haiti cholera outbreak was caused by the confluence of circum-
stances as described above, and was not the fault of, or deliberate action of, a
group or individual.

The source of cholera in Haiti is no longer relevant to controlling the outbreak.
What are needed at this time are measures to prevent the disease from becoming
endemic.

2.6 Recommendations

The Independent Panel of Experts on the Cholera Outbreak in Haiti made the
following recommendations to the UN, the Government of Haiti, and the inter-
national community:

• The Haiti cholera outbreak highlights the risk of transmitting cholera during
mobilization of population for emergency response. To prevent introduction of
cholera into non-endemic countries, United Nations personnel and emergency
responders traveling from cholera endemic areas should either receive a prophy-
lactic dose of appropriate antibiotics before departure or be screened with a sen-
sitive method to confirm absence of asymptomatic carriage of V. cholerae, or both.

• UN missions commonly operate in emergencies with concurrent cholera epi-
demics. All UN personnel and emergency responders traveling to emergencies
should receive prophylactic antibiotics, be immunized against cholera with
currently available oral vaccines, or both, in order to protect their own health
and to protect the health of others.

• To prevent introduction of contamination into the local environment, UN
installations worldwide should treat fecal waste using on-site systems that
inactivate pathogens before disposal. These systems should be operated and
maintained by trained, qualified UN staff or by local providers with adequate
UN oversight.

• To improve case management and decrease the cholera case fatality rate, UN
agencies should take stewardship in:

– Training health workers, especially at the treatment center level;
– Scaling-up the availability and use of oral rehydration salts at the household

and community level in order to prevent deaths before arrival at treatment
centers; and

– Implementing appropriate measures (including the use of cholera cots) to
reduce the risk of intra-facility transmission of cholera to health staff, rela-
tives, and other patients.
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• To prevent the spread of cholera, the UN and the Government of Haiti should
prioritize investment in piped, treated drinking water supplies, and improved
sanitation throughout Haiti. Until such time as water supply and sanitation
infrastructure is established:

– Programs to treat water at the household or community level with chlorine or
other effective systems, handwashing with soap, and safe disposal of fecal
waste should be developed and/or expanded; and

– Safe drinking water supplies should continue to be delivered and fecal waste
should be collected and safely disposed of in areas of high population density,
such as the spontaneous settlement camps.

• The international community should investigate the potential for using vaccines
reactively after the onset of an outbreak to reduce cholera caseload and spread of
the disease.

• Recent advances in molecular microbial techniques contributed significantly to
the investigative capabilities of this report. Through its agencies, the UN should
promote the use of molecular microbial techniques to improve surveillance,
detection, and tracking of V. cholerae, as well as other disease-causing organ-
isms that have the potential to spread internationally.

3 Responses to Report

The immediate response to the report of the UN was to establish a Task Force to
evaluate the recommendations and state that the report ‘‘does not present any
conclusive scientific evidence linking the outbreak to the MINUSTAH peace-
keepers or the Mirebalais camp’’ and ‘‘anyone carrying the relevant strain of the
disease in the area could have introduced the bacteria into the river’’ (Reuters
2011; UN News Centre 2011). The Task Force did submit one request for addi-
tional information from the Independent Panel, which was answered. To date, no
further contact has been initiated, and no results from the Task Force released.

The immediate press response to the Independent Panel’s report was a fasci-
nating perspective on how science is translated to the public through media. As
members of the Independent Panel we knew we were writing an important,
political report that would be scrutinized closely. We made a group decision we
would write the report in scientific language, speaking as experts in the field,
reporting what we could with scientific certainty. All text was reviewed and
approved by all members of the Independent Panel, and key text—including the
Executive Summary, Conclusions, and Recommendations—were written as a
consensus-based verbal process, with a recorder writing the language, which was
then reviewed by all.
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The immediate media response focused around the key theme of blame, and
whether, and to whom, the panel apportioned blame to, including some repre-
sentative samples below:

• But the four scientific experts refrained from blaming UN peacekeepers …
Instead their report said the outbreak was a result of a ‘‘confluence of circum-
stances’’ (Leopold 2011).

• But—perhaps so as not to fan the flames—it stops short of blaming the Nepalese
or MINUSTAH. Instead, the report stresses that the disease became a major
disaster as a result of a series of circumstances, including Haiti’s poor drinking
water and sanitation infrastructure and lack of medical services. The outbreak
‘‘was not the fault of, or deliberate action of, a group or individual,’’ it says
(Enserink 2011).

• The 32-page report … clearly states that the source of the epidemic was most
likely a camp for UN peacekeepers in Haiti, whose human waste was dumped
by independent contractors into an unsecured pit that was susceptible to flooding
in heavy rainfall. But the report buries that central finding under a welter of
circumstances that caused investigators to conclude that the outbreak, which is
ongoing, ‘‘was not the fault of, or deliberate action of, a group or individual’’
(Russell 2011).

• Fortunately, most news articles have looked beyond the conclusion of the report,
and accurately noted that while the panel members refused to lay blame on
MINUSTAH, the evidence in the report clearly does. As Joe Lauria of the Wall
Street Journal wrote: The report plays down as a ‘‘hypothesis that soldiers
deployed from a cholera-endemic country to the Mirebalais Minustah camp
were the source of the cholera’’ which it said was ‘‘a commonly held belief in
Haiti.’’ But the report then describes in detail how the outbreak occurred
because of contamination of the Artibonite River from the peacekeeping camp
(CEPR 2011).

• But the panel refused to single out the troops for blame, stating that Haitians—
who had recently suffered a devastating earthquake—should not have been
using the river for drinking or washing (Lynn 2011).

• It is also a masterpiece of diplomatic writing that never once directly names the
Nepali peacekeepers as the carriers of the South Asian strain of V. cholera that
has killed almost 5,000 persons and sickened a quarter of a million. In fact, the
report blames the victims much more directly (Crof 2011).

The comments above can be summarized into questions on: 1) Why did we not
blame the Nepali MINUSTAH soldiers? 2) Why did we not blame the United
Nations? and 3) Why did we blame the Haitians?

There are two answers to the first question. First, the majority of the evidence
presented in the report was circumstantial. As we did not have microbiological
evidence to support a direct link between the Nepal and Haiti strain at the time of
writing, we did not feel we could present with scientific certainty that someone
associated with the MINUSTAH facility was responsible for the introduction of
cholera into Haiti. As the United Nations stated, it could, theoretically, have been
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someone else infected with that strain in the same area, however unlikely that
might be. Second, we strongly felt that the introduction of cholera into Haiti was
an accidental, as opposed to a deliberate, act. Thus, whomever—whether it be a
peacekeeper or another individual—introduced the strain should not be held per-
sonally responsible.

To answer the second questions, we felt the transmission of cholera in this
manner was so unprecedented and unlikely, as evidenced by the CDC statement,
that we did not feel that this was a predictable event. While we know now that
cholera can be introduced in this manner, and thus should strive to prevent this
happening in the future, at the time of the report, this was a novel thought.

For the third question, we do not feel we blamed the Haitians for the outbreak.
To cause an outbreak you need a source, a means of dissemination, and a sus-
ceptible population. Haiti, sadly, had all three, and the confluence of all three is
what led to the outbreak.

Some journalists, in our opinion, translated the scientific language into popular
media accurately, such as the Independent: ‘‘An official report into the ongoing
epidemic, which began last October, has concluded that it was almost certainly
caused by a poorly constructed sanitation system installed at a rural camp used by
several hundred UN troops from Nepal’’ (Adams 2011).

On the whole, the media response caused us to reflect on the role of writing for
scientific certainty in situations with imperfect information.

4 Additional Evidence and Response

Since the completion of the Independent Panel’s report, there has been a plethora
of research on the Haitian cholera outbreak. In total, the weight of this additional
evidence supports the conclusions of the Independent Panel. Three articles in
particular expand upon our conclusions. On August 23, 2011, results from whole-
genome sequence typing to compare Nepal 2010 cholera strains to the Haiti
cholera strain were reported; the authors found that ‘‘three Nepalese isolates and
three Haitian isolates that were almost identical, with only 1- or 2-bp [base-pair]
differences. Results in this study are consistent with Nepal as the origin of the
Haitian outbreak.’’ (Hendriksen et al. 2011). In July 2011, results from an epi-
demiological investigation conducted by a French and Haitian team in December
2010 were published, with their epidemiological model ‘‘strongly suggest[ing] that
contamination of the Artibonite and one of its tributaries downstream from a
military camp triggered the epidemic’’ (Piarroux et al. 2011). Finally, staff of the
non-governmental organization Partners in Health used qualitative methods
including community focus groups, discussions with key local leaders, and their
extensive local community health worker network to identify the ‘‘first’’ case of
cholera in Haiti—a mentally ill man who lived downstream of the MINUSTAH
facility, often drank and bathed in the Meye tributary waters, developed cholera on
October 12, 2010, and subsequently died in his home (Ivers and Walton 2012).
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The weight of this additional evidence has led to significant pressure on the UN.
The BBC, the New York Times, and al Jazerra have all run high profile stories on
the topic of the introduction of cholera in Haiti (Doyle 2012; Saloomey 2012;
Sontag 2012). In November 2011, the BAI [Bureau des Avocats Internationaux]
and IJDH [Institute for Justice and Democracy in Haiti] filed a case against the UN
on behalf of 5,000 Haitian cholera victims demanding that the UN: (1) install a
national water and sanitation system; (2) compensate individual victims of cholera
for their losses; and (3) issue a public apology from the UN (IJDH 2013). In
December 2011, the UN Office of Legal Affairs acknowledged receipt and said
they would reply ‘‘in due course’’. On February 21, 2013, the UN did reply, stating
the claim was ‘‘not receivable’’ because of the diplomatic immunity of the UN
(Ivers 2013).

The response of the UN to date has been not to focus on the legal issues of the
introduction of cholera, but instead to state ‘‘my focus is on today, as it has been
since the outbreak, and is on making sure that Haitians stay alive’’ (Olson 2012).
On December 11, 2010, the U.N. Secretary-General Ban Ki-moon announced a
$2.27 billion initiative to eradicate cholera in Haiti and the Dominican Republic,
and vowed to work aggressively to secure donations for the ambitious but largely
unfunded 10-year plan that focuses on water and sanitation infrastructure devel-
opment and vaccine distribution (UN News Centre 2013).

It is not clear at this point in time how successful water and infrastructure
development and vaccination campaigns in Haiti can be in preventing the trans-
mission of cholera, even if the mandate is funded. Political will and capacity
building will be required to support the development of sustainable water and
sanitation infrastructure. On March 16, 2010, the World Health Organization
(WHO) revised an April 2001 position paper on the use of vaccines in response to
cholera (WHO 2010). In the new Position Paper, the WHO reiterates the need for
the ‘‘mainstay of control measures’’—cholera case control, water and sanitation
interventions, and community mobilization; but also states: ‘‘Given the availability
of two oral cholera vaccines and data on their efficacy, field effectiveness, feasi-
bility and acceptance in cholera-affected populations, immunization with these
vaccines should be used in conjunction with other prevention and control strategies
in areas where the disease is endemic and should be considered in areas at risk for
outbreaks. Vaccination should not disrupt the provision of other high-priority
health interventions to control or prevent cholera outbreaks. Vaccines provide a
short-term effect that can be implemented to bring about an immediate response
while the longer term interventions of improving water and sanitation, which
involve large investments, are put into place.’’ In Haiti, Partners in Health dis-
tributed 45,000 vaccines in cholera-endemic high-risk rice farming villages near
the Artibonite Delta (PIH 2013). A positive public health outcome was that 90 %
of those vaccinated received both required doses, however as of this writing, there
has been no impact evaluation conducted on the program.

Overcoming the weight of history to establish programs to reduce the burden of
cholera to the population of Haiti will be both a challenging and necessary
endeavor.
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5 Current Statement on the Source of Cholera in Haiti

The exact source of introduction of cholera into Haiti will never be known with
scientific certainty, as it is not possible to travel back in time to conduct the
necessary investigations, and those on the ground at the time focused on outbreak
response not source introduction. However, the preponderance of the evidence and
the weight of the circumstantial evidence does lead to the conclusion that per-
sonnel associated with the Mirebalais MINUSTAH facility were the most likely
source of introduction of cholera into Haiti. We would like to highlight here that
we do not feel that this was a deliberate introduction of cholera into Haiti; based on
the evidence we feel that the introduction of cholera was an accidental and
unfortunate confluence of events. Action should be taken in the future to prevent
such introduction of cholera into non-endemic countries in the future.

6 Public Health Implication

As of December 2012, the cholera outbreak in Haiti continues. The partners
involved in cholera response have reduced the mortality rates by treating the
symptoms and launching an awareness campaign. However, as of March 13, 2013,
there still have been 650,218 cases of cholera reported, and 8,048 deaths (MSPP
2013). In 2011, Haiti accounted for 340,311 of 589,534 (57.7 %) of reported
cholera cases worldwide (WHO 2012). Although the case number has declined in
2012, the capacity to respond to the epidemic has also decreased, as in December
2010, 61 cholera treatment centers were operational, compared to only 20 in
December 2012 (OCHA 2013b). At this point in time, Haiti continues to work to
recover from the January 2010 earthquake, the October 2010 introduction of
cholera, new natural disasters such as Hurricane Thomas and Hurricane Sandy,
and ongoing political instability. It is a challenging road ahead.

Lastly, the use of concurrent epidemiological, water and sanitation, and
molecular analyses was a powerful combination in our investigation to identify
and verify the source of the outbreak almost 6 months after outbreak initiation.
While it was not possible to identify the exact individual(s) who transported the
bacteria into Haiti, the use of the concurrent investigations allowed us to: (1)
pinpoint and verify the outbreaks’ geographical origin and transmission route; (2)
determine the most likely source of introduction; and (3) make recommendations
to prevent such introduction in the future. Concurrent analyses are recommended
to public health professionals for future cholera investigations.

Disclaimer The views expressed in this article are those of the authors and do not necessarily
reflect the official policy or position of the Department of the Navy, Department of Defense, nor
the U.S. Government.
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Role of Phages in the Epidemiology
of Cholera

Shah M. Faruque

Abstract Understanding the genetic and ecological factors which support the
periodic emergence of toxigenic Vibrio cholerae causing outbreaks of cholera in
regions where the disease is endemic, is vital to develop preventive measures.
Besides environmental factors which are not precisely defined, bacteriophages,
and horizontally transmissible genetic elements are known to have a significant
role in the epidemiology and evolution of the pathogen. Cholera epidemics are also
known to be self-limiting, and hence identifying natural factors which contribute
to the collapse of epidemics may have important implications in controlling the
disease. Phages have been shown to play a crucial role in modulating cholera
epidemics, and enhance V. cholerae evolution through a bactericidal selection
process which favors the emergence of new clones.
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1 Introduction

V. cholerae represents a group of bacteria which is autochthonous to coastal, river,
and estuarine ecosystems, but at the same time, pathogenic for humans (Faruque
et al. 1998; Kaper et al. 1995). Toxigenic strains of V. cholerae, cause the dev-
astating diarrheal disease cholera, which frequently occurs in an epidemic form,
particularly associated with poverty and lack of adequate clean water and sani-
tation. In recent times, remarkable progress has been made in identifying the major
genetic determinants that account for virulence of this organism and understanding
how virulent strains emerge in nature. Bacteriophages which act on V. cholerae
(vibriophages) contribute to the evolution of this pathogen by mediating horizontal
transfer of clusters of genes, genomic rearrangements, as well as by bactericidal
selection (Brussow et al. 2004; Waldor and Mekalanos 1996; Faruque et al.
2005a). In this latter process, phage susceptible strains are selectively eliminated,
whereas bacterial strains that are able to resist phage predation have a survival
advantage. V. cholerae interacts with diverse phages, and the interaction can
promote genetic diversity and/or cause selective enrichment of particular bacterial
clones (Faruque et al. 2005a; Zahid et al. 2008, 2011).

Cholera is an ancient disease, and the occurrence of seven distinct pandemics
has been recorded since the first pandemic began in 1817 (Faruque et al. 1998;
Kaper et al. 1995). The 7th pandemic of cholera which originated in Indonesia in
1961 is the most extensive in geographic spread and duration, and the disease
continues to affect an estimated 3–5 million people worldwide, and causes
between 100,000 and 130,000 deaths, each year (World Health Organization
2010). Whereas the causative agent of the current 7th pandemic of cholera is
V. cholerae O1 of the El Tor biotype, the 6th pandemic and presumably the earlier
pandemics were caused by the classical biotype, which is now extinct (Siddique
et al. 2009). The two biotypes of V. cholerae O1 differ in certain phenotypic and
genetic characteristics (Kaper et al. 1995). The factors associated with the
replacement of the classical biotype as the predominant epidemic strain by the El
Tor biotype, and eventual disappearance of the classical strains have not been
adequately explained. Possible contribution of particular groups of phages which
selectively eliminated the classical biotype strains, while enriching the El Tor
biotype (Zahid et al. 2011) has been proposed. However, the displacement of the
classical strains by the El Tor might have also been driven by other environmental
forces to which the El Tor strains adapted more efficiently.

Cholera epidemics occur most efficiently in regions of the world where trans-
mission between humans occurs frequently due to inadequate sanitation and lack
of access to clean water. Epidemics are often associated with the introduction of a
fully virulent strain into a susceptible population. Rarely, strains of low patho-
genicity acquire virulence genes and thus emerge as a unique new pathogenic
clone. Perhaps the emergence of the El Tor biotype of V. cholerae to cause disease
in Indonesia in 1961, was due to such an event (Faruque et al. 1998). Once
endemicity is established in a region, cholera outbreaks appear to occur in a
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seasonal pattern. For example, in the Ganges Delta region of Bangladesh and
India, two cholera epidemics occur every year with almost predictable seasonal
regularity. Factors associated with the maintenance of the periodicity of cholera
epidemics are not clear, but a multitude of environmental, genetic, ecological, and
socioeconomic factors may be involved.

The role of the human host in selective amplification of V. cholerae from the
majority of environmental non-pathogenic V. cholerae prior to an epidemic has
been proposed to be an important factor in cholera epidemiology. Asymptomatic
infections of humans supposedly account for the pre-epidemic build up of path-
ogenic strains which then initiate the index case of cholera. This model of cholera
epidemiology (Faruque and Mekalanos 2008) takes into account both environ-
mental and host factors in the initiation of seasonal epidemics and also explains the
limited clonality apparent in the strains causing these epidemics. Cholera epi-
demics are also known to be self-limiting in nature, since the epidemics subside
after reaching a peak, even without any active intervention. Among other factors,
bacteriophages that can kill V. cholerae (cholera phages) have been shown to play
a significant role in modulating the course of epidemics (Faruque et al. 2005a, b;
Faruque and Mekalanos 2008). In this chapter, we discuss the role of phages in
modulating the prevalence of V. cholerae, as well as infectivity and transmission
of the pathogen, and thus the effect of phages on the occurrence and magnitude of
seasonal cholera epidemics.

2 Bacteriophages of V. cholerae (Vibriophages)

V. cholerae is the host for a variety of bacteriophages, which are generally referred
to as ‘‘vibriophages’’. These phages include temperate phages represented by
kappa-type phage produced by most El Tor biotype strains, and virulent phages,
e.g., Mukherjee’s cholera phages (Basu and Mukerjee 1968) which were popularly
used for phage typing of V. cholerae O1. The use of phage susceptibility as a
method of strain differentiation has contributed greatly to the understanding of the
epidemiology of cholera. A phage typing scheme for V. cholerae O1 biotype E1
Tor (Basu and Mukerjee 1968) was efficiently used to study the initial spread of
the E1 Tor biotype of V. cholerae O1. Later, new phage typing schemes were
developed for V. cholerae O1 (Chattopadhyay et al. 1993), and O139 (Chakrabarti
et al. 2000), in which new lytic phages were used. The lytic phages have a typical
head and tailed structure, and usually kill the host V. cholerae strain in the process
of phage multiplication. Another group of phages known as filamentous phages
play important roles in the evolutionary biology of V. cholerae, and they usually
do not kill the host bacterial cells. Whereas the lytic phages have a double stranded
genome, the filamentous phages carry a single stranded genome and have been
shown to be involved in horizontal transfer of genes among V. choleare strains
(Faruque and Mekalanos 2003).
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A remarkable discovery in recent times that cholera toxin (CT), the major
virulence factor of toxigenic V. cholerae, is encoded by a lysogenic filamentous
phage (CTX/), led to the exploration of other filamentous phages as a means of
lateral gene transfer among V. cholerae. Accordingly, several other filamentous
phages or satellite phages that lack genes required for phage morphogenesis have
been described in V. cholerae O1 and O139 serogroup strains (Faruque and Me-
kalanos 2012). Possible roles of these phages in V. cholerae evolution have been
studied (Hassan et al. 2010; Faruque and Mekalanos 2012), and several of these
have been shown to cooperate in horizontal gene transfer, leading to increased
evolutionary fitness of V. cholerae.

In contrast to filamentous phages, the lytic phages often kill the host cells and
thus contribute a strong selective force in nature, for the emergence of bacterial
clones which are resistant to one or more of these phages. Historically, in the
nineteenth century it was recognized that certain elements in the waters of the
Ganges and Yamuna rivers in India had marked antibacterial activity against
V. cholerae, and could protect against cholera (Hankin 1896; Sulakvelidze et al.
2001; Boyd 2008). It was suggested that an unknown heat labile substance which
passed through fine porcelain filters was responsible for this antibacterial activity,
and for limiting the spread of cholera epidemics. Frederick Twort (1915) reported
a similar phenomenon and hypothesized that it may have been due to, among other
possibilities, a virus. However, bacteriophages were ‘‘officially’’ discovered
2 years later by Felix D’Herelle, at the Institut Pasteur in Paris (D’Herelle 1917).
The discovery or rediscovery of phages by D’Herelle is often linked with an
outbreak of hemorrhagic dysentery among French troops stationed on the outskirts
of Paris in July–August 1915 (D’Herelle 1930). Phages were used to treat dys-
entery by D’Herelle, as the first attempt of a therapeutic application of phages.
However, the role of phages in combating bacterial infections including cholera
was eventually ignored mainly due to the discovery and availability of antibiotics.

The revived interest in cholera phages stems from observations that phage
blooms coincide with the decline of V. cholerae in water in cholera-endemic areas
(Faruque et al. 2005a, b; Jensen et al. 2006). These findings have provided an
impetus to examine the potential application of lytic phages in developing control
measures against cholera epidemics. A considerable number of lytic and temperate
vibriophages have now been found, of which the JSF series of phages isolated
from the environment or cholera patients in Bangladesh are of particular interest
because of their role in the epidemiology and ecology of V. cholerae. At least 27
distinct phages (JSF1 through JSF 27) have been isolated in Bangladesh (Table 1)
and efforts are under way to isolate and characterize more cholera phages (Faruque
and Mekalanos 2012).
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3 Prevalence of Phage and V. cholerae During
the Epidemic Cycle of Cholera

A distinctive epidemiological feature of cholera is its appearance with seasonal
regularity in endemic areas, such as the Ganges Delta region of Bangladesh and
India. In Bangladesh, outbreaks usually occur twice during a year, with the highest
number of cases just after the monsoon and a somewhat smaller number of cholera
cases during the spring. The timing of the epidemics correlates with increased
concentration of the causative V. cholerae in water (Khan et. al. 1984). Cholera
epidemics are known to be self-limiting in nature, and interestingly lytic phages
that can eradicate the epidemic strain of V. cholerae have been suggested to play a
significant role in modulating the course of cholera epidemics (Faruque et al.
2005a, b; Jenson et al. 2006; Nelson et al. 2008, 2009).

In one of these studies, changing prevalence of lytic vibriophages in surface
water and the number of cholera cases reporting to a nearby cholera hospital was
monitored in Dhaka, Bangladesh. Over a nearly 3-year period between January
2001 and November 2003, the number of cholera patients was found to increase
whenever the number of lytic vibriophages in water decreased. Similarly, cholera
epidemics tended to end concurrent with large increases in the concentration of
these phages in the water (Fig. 1). The dynamics of phage and V. cholerae con-
centration and its effect on the occurrence of cholera were also studied during an
epidemic in Dhaka City in 2004 (Faruque et al. 2005b). The changing prevalence
in the environment of the V. cholerae O1 strain causing an epidemic and a par-
ticular lytic cholera phage named JSF4 to which it was sensitive, was measured
every 48–72 h for a period of 17 weeks. The incidence of phage excretion in stools
of 387 cholera patients during the course of the epidemic was also monitored. This
study showed that the peak of the epidemic was preceded by high V. cholerae
prevalence in the environment and was followed by high JSF4 phage levels as the
epidemic ended. Interestingly, the build up to high phage concentration in the
environment coincided with increasing excretion of the same phage in the stools of
cholera patients (Faruque et al. 2005b).

As mentioned above, choleraphages in the environment, and their amplification
in cholera patients have been shown to remarkably influence the epidemiology of
cholera. It has been proposed that when the balance of phage and bacteria tips in
favor of the phage, there is a dramatic decline of numbers of bacteria to a point,
where they are no longer able to sustain the epidemic. This prediction has been
supported by a mathematical model that attempted to explain the dynamics
observed for parameters such as cholera case load, density of V. cholerae and
phage in the environment, and number of patients shedding V. cholerae alone, or
shedding both V. cholerae and a phage to which the bacteria were susceptible
(Jensen et al. 2006). As described in the following sections, phages appear to
influence cholera epidemiology by interrupting transmission and by raising the
infectious dose of the pathogen required to establish a productive infection.
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4 Effect of Phage on Transmissibility of Cholera

The factors which enhance water borne spread of cholera epidemics and sustain
the epidemic strain in nature are somewhat unclear. It has been suggested that V.
cholerae excreted in stools of cholera patients are hyperinfectious because the
process of human colonization creates a hyperinfectious bacterial state (Merrel
et al. 2002). It has been further proposed that the hyperinfectious state of
V. cholerae in stools is maintained after dissemination into the aquatic environ-
ment and this phenomenon may contribute to the epidemic spread of cholera.

Fig. 1 Mean concentration of lytic vibriophages in the aquatic environment of Dhaka,
Bangladesh, and the estimated number of cholera cases reporting to the Dhaka hospital of the
International Centre for Diarrhoeal Disease Research, Bangladesh from 2001 to 2003. Number of
cholera cases is extrapolated from a 2 % surveillance sample of all patients presenting for
treatment
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On the other hand, results of laboratory experiments have suggested that the rapid
transmission of V. cholerae through water contaminated with stools of cholera
victims to sustain an epidemic is quenched by lytic vibriophages (Nelson et al.
2008, 2009), which are often present in the same stools (Faruque et al. 2005b). In
these studies, stools of cholera victims that naturally contained lytic phage or
in vitro grown V. cholerae were incubated in a microcosm composed of pond
water, and the culturability, infectious dose, and transcriptome were assayed over
24 h. The results showed that V. cholerae failed to colonize the small intestine
after 24 h of incubation in pond water—the point when the phage titers were
highest, suggesting that lytic phage block transmission (Nelson et al. 2008). This
finding agreed with previous observations (Faruque et al. 2005b) suggesting that
phages are most likely to antagonize the transmission of cholera during the late
stage of an epidemic, when most patients excrete high titer of lytic phages together
with the causative strain of V. cholerae.

It has been shown that stools from cholera patients contain a heterogenous
mixture of biofilm-like aggregates and free swimming planktonic cells of
V. cholerae (Faruque et al. 2006). Estimation of relative infectivity of these dif-
ferent forms of V. cholerae cells suggested that the enhanced infectivity of
V. cholerae shed in human stools is largely due to presence of clumps of cells
which disperse in vivo providing a high dose of the pathogen. It is widely accepted
that cholera is rapidly transmitted through water contaminated with the pathogenic
V. cholerae excreted in the feces of cholera patients. However, the pathogen has
been found to exists in water mostly in a dormant state referred to as conditionally
viable environmental cells (CVEC) alternatively known as the viable but non-
culturable (VBNC) state. CVEC, the environmental survival form of pathogenic
V. cholerae that resist cultivation by conventional techniques was found to exist in
water as biofilm-like aggregates of partially dormant cells (Faruque et al. 2006).
Such CVEC can be recovered as fully virulent bacteria by inoculation of water into
rabbit intestines. More recently, it has been demonstrated that quorum sensing
signal molecules called autoinducers can lead to resuscitation of the CVEC form
of V. cholerae (Bari et al. 2013). Quorum sensing refers to regulatory responses in
bacteria which are dependent on cell density.

V. cholerae shed in the stools of cholera patients, when inoculated in envi-
ronmental water samples in the laboratory, exhibited characteristics similar to
CVEC, suggesting that CVEC in nature may have been derived at least in part
from human cholera stools. Thus these results support a model of cholera trans-
mission in which in vivo formed biofilms contribute to enhanced infectivity and
environmental persistence of pathogenic V. cholerae (Faruque et al. 2006). Further
studies proposed that when the apparent concentration of V. cholerae in water is
low by conventional enrichment and cultivation, certain human victims ingesting
clumps of CVEC in the water might still get a fully infectious dose of the path-
ogen. In contrast to this scenario, when environmental phage concentration is high,
even the clumped V. cholerae cells in water would fail to provide an infectious
dose of the bacteria presumably due to predation by phages when the clumped
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bacterial cells are dispersed in vivo. These assumptions led to further experimental
studies of the effect of phages on the infectious dose of V. cholerae, as described in
the following section.

5 Effect of Phage on the Infectious Dose of V. cholerae

To better understand the mechanisms involved in reducing the transmissibility of
cholera by phages and phage-mediated collapse of epidemics, studies were con-
ducted to examine the effect of phage on the infectivity of V. cholerae shed in
stools of cholera patients. These investigations were conducted by using assays
that enabled to study the dose of V. cholerae required to colonize infant mice. It
was found that the infectious dose (ID50) of V. cholerae cells in stools of cholera
patients as well as that of laboratory-grown cells was higher in the presence of a
phage, and *10-fold more cells of V. cholerae would be required to cause a
productive infection under the conditions in which cholera patients excrete
V. cholerae together with phages in their stools (Zahid et al. 2008).

The sustainability of a cholera epidemic depends on amplification of the
causative strain in each cholera victim, and waterborne spread of the pathogen to
infect more individuals. The increase in the required infectious dose due to the
deleterious effect of co-ingesting phage with V. cholerae therefore leads to a
reduced number of new victims. Moreover, in the face of phage predation, the
environment fails to support a heavy load of viable V. cholerae, and hence the
epidemic ends. Thus these results provided a more clear understanding of
the mechanisms involved in the conclusion of a seasonal epidemic of cholera.

6 Emergence of Phage Resistance in V. cholerae

The observed data and the theoretical model analysis strongly support a role for
phage as a natural biological controller of epidemic cholera in Bangladesh.
However, since epidemics reoccur in a seasonal pattern and often caused by the
same or a similar strain, it’s most likely that a proportion of the causative
V. cholerae survive phage predation by various mechanisms, and these survivors
seed the environment before the next epidemic season. Factors or genetic changes
which enhance the ability of the bacteria to resist phage predation may also be a
strong driving force in the evolution of V. cholerae. Therefore, studies were
conducted to understand more about the interactions of V. cholerae with lytic
phages and the emergence of phage-resistant derivatives.

Under laboratory conditions, co-culture of a phage with V. cholerae or culture
of dilutions of phage-positive cholera stools were shown to cause emergence of
phage-resistant derivatives of the concerned V. cholerae strains (Zahid et al. 2008).
Frequently, these resistant derivatives were found to have lost their O1 antigen
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which often acts as the receptor for these phages. While a proportion of the phage-
resistant colonies were rough and agglutinated in normal saline, there were also
phage-resistant derivatives that formed smooth colonies similar to the parent
strains, but did not agglutinate with the O1 antiserum suggesting that these
derivatives had undergone possible serotype conversion. However, it was observed
that subsequent epidemics were in fact caused by strains which remain sensitive to
the predominant vibriophage detected during the epidemic, and hence further
studies were conducted to understand this phenomenon. Subsequently, challenge
studies in mice with a mixture of V. cholerae and phage, suggested that the
intestinal environment did not favor the emergence of phage-resistant derivatives
that lost the O1 antigen (Zahid et al. 2008).

The observed resistance to phage may also be manifested by the metabolic
status of the V. cholerae cells both inside the human host and in vitro, and other
mutations that affect the ability of phages to replicate in the bacterial host. It’s also
likely that in the human host or in the environment a proportion of V. cholerae
cells may survive phage predation by forming biofilms or cellular organization that
becomes transiently inaccessible to the predatory phage or become unsuitable for
phage replication due to transient dormancy of the bacterial hosts. Thus, the
outcome of phage bacterial interactions is more complex in nature and involves a
multitude of factors including environmental parameters, intrinsic properties of
relevant phage and bacterial strains, and presumably the role of the human host.

7 Phages with Multiple Bacterial Hosts

The environment in a cholera endemic area (such as Bangladesh) not only pro-
motes the persistence of pathogenic V. cholerae, but also enhances dramatic shifts
in the strains that emerge to cause disease. It has been suggested that this process
might be driven by bacteriophages either specific for V. cholerae of the epidemic
serogroup or phages that can infect other aquatic bacterial species which act as
alternative hosts. Such phages were hypothesized to grow in other Vibrio species
or in V. cholerae non-O1 strains particularly in the absence of V. cholerae O1
strains, but are able to modulate the prevalence of the O1 serogroup strains when
these become abundant. Environmental and clinical surveillance in Bangladesh
has indeed identified certain phages that can grow on both V. cholerae O1 and non-
O1 non-O139 strains as alternative hosts (Table 1). Some of these phages appear
to exist as lysogens in the V. cholerae non-O1 non-O139 strains. However, it
remains to be demonstrated what effect a ‘‘bloom’’ of these aquatic, non-cholera
Vibrio species might have on epidemic strains of V. cholerae, whether it is direct
(via competition for a limited aquatic niche) or indirect (through promoting phage
replication that has a deleterious effect on the survival of pathogenic V. cholerae).
It seems possible that vibriophages can also replicate in other common environ-
mental species. These ‘‘non-Vibrio species’’ may be common to the aquatic
environments, e.g., Aeromonas, Pleiseomonas, Pseudomonas, etc. Search for
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alternative hosts for vibriophages which can act on epidemic V. cholerae strains is
of particular importance, since identifying and characterizing such non-cholera
Vibrio species may have predictive value in cholera epidemiology.

8 Co-evolution of Lytic Phages and V. cholerae

The ability of V. cholerae to evade phage predation constitutes important devel-
opment in attaining evolutionary fitness. Conversely, phage resistance is often
attained by altering expression of bacterial surface appendages such as flagella or
pili or O antigens which may act as receptors for different lytic phages. Thus, there
may also be a fitness cost associated with achieving phage resistance by
V. cholerae, and the evolutionary success of the pathogen has presumably been
dependent on a balance between these various factors.

The complete genomic sequences of a number of V. cholerae strains have been
determined, and the crucial changes that define virulence altering traits are
beginning to be revealed. Pathogenic strains typically differ from environmental
strains in their virulence gene content and the lipopolysaccharide O1 or O139
antigens that are typically carried by the pathogens (Faruque et al. 1998; Kaper
et al. 1995). Only strains belonging to these two serogroups (O1 and O139) are
known to be associated with epidemic and endemic disease despite the fact that
over 250 different serogroups of V. cholerae have so far been reported. Filamentous
phages are known to be involved in some of the horizontal gene transfer events, that
causes the emergence of strains carrying virulence genes. However, the role of lytic
phages is also important because of the selection pressure they impart to different
clones of V. cholerae. For example, the explanation for the evolutionary success of
the 7th pandemic clone over the preexisting 6th pandemic strain remains largely a
mystery since both classical and El Tor biotypes of V. cholerae O1 carry CTX and
TCP. Notably, recent studies are beginning to suggest possible role of lytic phages
in this process (Zahid et al. 2011). Phage resistance has also been associated with
serotype conversion, suggesting that phages may provide a strong selective force
for V. cholerae strains to undergo genetic or phenotypic alteration.

The ecological interactions of V. cholerae with chitin-rich zooplankton has
been suggested to have an evolutionary significance and not just limited to
deriving nutrients from this abundant carbon source. V. cholerae has been reported
to become naturally competent to uptake exogenous DNA, while growing on a
chitin substrate (Meibom et al. 2005). It has recently been suggested that free DNA
released in the aquatic environment by phage-mediated lysis of V. cholerae can be
harnessed and assimilated by surviving V. choleare strains (Udden et al. 2008).
Thus, phages contribute to bacterial evolution in numerous ways and the full
potential of these mechanisms in the evolution of V. cholerae as a pathogen is yet
to be appreciated. As explained above, the role of phages in the evolution of
V. cholerae involves not only a means of horizontal gene transfer among

176 S. M. Faruque



V. choleare strains, but also provide a selection pressure for particular bacterial
clones.

In keeping with changes in the host V. cholerae strains, temporal changes in the
prevalence and properties of diverse lytic vibriophages have also been noticed.
The environmental surveillance system to monitor phages and V. cholerae in the
aquatic environment in Bangladesh yielded various phage isolates and data on
phage prevalence. Different phage strains (JSF1 through JSF27) which interact
with V. cholerae have been identified and partially characterized (Table 1).
Fluctuation in the prevalence of the different predatory phages have been
observed, with a temporal change in the most prevalent phage type (Table 2)
which is a factor in the collapse of epidemics by phage predation (Faruque et al.
2005a; Faruque and Mekalanos 2012). Studies were also conducted to identify
bacterial factors which mediate resistance to phage susceptibility, and thus provide
a mechanism to survive predation by phages. As mentioned above, often phage-
resistant strains were found to have lost their O antigen. The lipopolysaccharide
O1 antigen is a major target of bacteriophages as well as the human immune
system. Seed and colleagues (2012) showed that under the selective pressure of a
lytic phage V. cholerae can modulate O antigen expression and exhibit intrastrain
heterogeneity. Two phase variable genes manA and wbeL were found to be
involved and these phase variants were found to be attenuated for virulence,
providing functional evidence to support the critical role of the O1 antigen for
infectivity. These authors suggested that the maintenance of the phase variable loci
is an important means by which V. cholerae can generate diverse subpopulations
of cells needed for infecting the host intestinal tract and for escaping predation by
an O1-specific phage.

Incorporation of mutations in the cyaA or crp genes encoding adenylate cyclase
or cyclic AMP receptor protein (CRP), respectively, into V. cholerae O1 strains
was also found to cause alterations in their phage susceptibility patterns, and the
susceptibility correlated with the ability of the bacteria to adsorb these phages.
These results suggested that cAMP-CRP-mediated downregulation of phage

Table 2 Predominant phages isolated from surface water and cholera patients in Bangladesh
during 2002–2013

Year Abundant Phages Predominant Phage

2002–2004 JSF1 through JSF6 JSF4
2005 JSF1 through JSF9 JSF4
2006 JSF1, JSF4, JSF6 through JSF9 JSF4
2007 JSF1 through JSF11 JSF4/JSF11
2008 JSF1, JSF4 through JSF11 JSF11
2009 JSF1, JSF4 through JSF11 JSF11
2010 JSF1, JSF4 through JSF11 JSF11
2011 JSF1, JSF4 through JSF16 JSF11
2012 JSF11, JSF13 JSF13
2013 JSF11, JSF13 JSF13
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adsorption may contribute to a mechanism for the V. cholerae strains to survive
predation by phages in the environment (Zahid et al. 2010).

Although the significance of the observed change in prevalence of particular
phage types is not fully understood, occasional change in the predominant phage
appears to maintain susceptibility of the epidemic strain to the most prevalent
phage responsible for ending epidemics in a self-limiting manner. A bacterial
adaptive immune system against phage invasion is the CRISPR/Cas (clustered
regularly interspaced short palindromic repeats/CRISPR-associated proteins)
system, which provides sequence-specific protection from invading nucleic acids,
including phage. Interestingly, a phage-encoded CRISPR/Cas system has also been
documented, and this system is used to counteract a phage inhibitory chromosomal
island of the bacterial host (Seed et al. 2013). Thus, V. cholerae and their phages
co-evolve, and while a range of bacterial immunity mechanisms against phages
has evolved, this in turn seems to have also resulted in the evolution of diverse
phages with the immunity evasion strategies.

9 Conclusion

It has now been recognized that phage predation may not only play a role in the
natural control of cholera epidemics, but that changes in pathogenic V. cholerae
may have been driven to a large extent by phages. Although there are multiple
other factors which can drive the evolution of V. cholerae and the epidemiological
nature of the pathogen, phages have been shown to contribute extensively to the
dynamics of cholera epidemics. Briefly, phage predation of V. cholerae influences
the prevalence of the pathogen in the environment, and hence occurrence of
cholera in Bangladesh, where a large proportion of the population use surface
water due to inadequate access to safe water and sanitation facilities (Faruque et al.
2005a). The peak of the epidemic is preceded by high V. cholerae prevalence in
the water and is followed by high levels of lytic choleraphages to which the
epidemic strain is sensitive. Phage amplification occurs in the intestines of cholera
victims, and eventually the build up of phage concentration in the environment
might derive the collapse of an epidemic, thus causing cholera epidemics to be
self-limiting in nature. Phages lead to the collapse of epidemics by modulating the
required infectious dose of the bacteria, and interrupting transmission (Nelson
et al. 2008; Zahid et al. 2008). Furthermore, although phage-resistant strains
emerge in the process, these derivatives are often less virulent, and hence the
dominance of phage-resistant variants due to bactericidal selective mechanism
occurs rarely under natural settings, and the emerging variants are thus unable to
sustain the ongoing epidemic. However, phages contribute to the evolution of
V. cholerae in a variety of ways (Seed et al. 2012, 2013), and the occasional
emergence of new or altered pathogenic strains may in a large part be driven
directly or indirectly by diverse phages. On the other hand, phages also undergo
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co-evolution to adapt to the genetic changes in the host V. cholerae strains, and
maintain the ability to multiply on the host strains.
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Circulation and Transmission of Clones
of Vibrio cholerae During Cholera
Outbreaks

O. Colin Stine and J. Glenn Morris Jr.

Abstract Cholera is still a major public health problem. The underlying bacterial
pathogen Vibrio cholerae (V. cholerae) is evolving and some of its mutations have
set the stage for outbreaks. After V. cholerae acquired the mobile elements VSP I
& II, the El Tor pandemic began and spread across the tropics. The replacement of
the O1 serotype encoding genes with the O139 encoding genes triggered an out-
break that swept across the Indian subcontinent. The sxt element generated a third
selective sweep and most recently a fourth sweep was associated with the
exchange of the El Tor ctx allele for a classical ctx allele in the El Tor background.
In Kenya, variants of this fourth selective sweep have differentiated and become
endemic residing in and emerging from environmental reservoirs. On a local level,
studies in Bangladesh have revealed that outbreaks may arise from a nonrandom
subset of the genetic lineages in the environment and as the population of the
pathogen expands, many novel mutations may be found increasing the amount of
genetic variation, a phenomenon known as a founder flush. In Haiti, after the initial
invasion and expansion of V. cholerae in 2010, a second outbreak occurred in the
winter of 2011–2012 driven by natural selection of specific mutations.
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1 Background

Cholera outbreaks have historically represented major public health events, with
the potential for large numbers of cases and deaths. The largest outbreaks have
moved across multiple continents (meeting the definition of pandemics), with case
counts in the millions. Pandemics are traditionally referred to on the basis of the
year in which they commenced: the first started in 1817, the second in 1829, with
subsequent ones starting in 1852, 1861, 1881, 1899, and the seventh and most
recent (still ongoing) in 1961. More localized outbreaks are known by the location
and the year: Orissa 1999, Dhaka 2006, Zimbabwe 2008, Haiti 2010, and Kenya
2010. Left undefined by the term outbreak is the source, the mode of transmission,
and the genetic diversity of the causative bacterium, V. cholerae.

On the broadest scale there are two modes of transmission, emergence of an
endemic strain from environmental reservoirs and/or introduction of strain from a
visitor. Multiple port cities, such as New York, Hamburg, St. Petersburg, Alex-
andria, and Gran Canaria, can trace introductions to specific ships arriving from
ports with ongoing outbreaks. More recently, the 2010 outbreak in Haiti has been
traced to the UN peacekeeping troops from Nepal. In each of these cases, there is a
single source and the tracing of the outbreak involves finding the common origin.

V. cholerae is a very diverse species, including virulent and avirulent strains.
The disease cholera is caused by strains that produce cholera toxin, and which,
traditionally, have been in a limited number of serotypes, including serotypes O1
and O139. The avirulent strains do not produce cholera toxin, and usually fall into
one of the over 200 other V. cholerae serotypes recognized to date. There are no
data about the strains in the first five pandemics because the discovery that cholera
was caused by a bacterium (by Pacini 1855), its isolation (by Koch 1884), and its
preservation did not occur until the twentieth century and after the start of the sixth
pandemic. Numerous isolates are available from the seventh pandemic. All of the
isolates in the sixth and seventh pandemics appear to be derived from a single
ancestor: that is, they are clonally related. They differ from each other by nucle-
otide variants, some of which are de novo mutations, and others the result of
recombination events (Garg, Aydanian et al. 2003; Salim, Lan et al. 2005).

2 Genetic Variation and Selective Sweeps

In addition to the point mutations, there are numerous mobile elements that have
been incorporated into the genome of some of the sublineages (Chun, Grim et al.
2009). Among the mobile elements are pathogenic islands (described below) and
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the serotype: although often thought as a phylogenetic marker and by definition not
subject to lateral gene transfer, the first evidence that it might be mobile came from
the discovery of the O139 morph of the O1–O139 lineage. It has been shown by
three groups that the O1 encoding genes were replaced by O139 encoding genes
(Bik, Bunschoten et al. 1995; Comstock, Johnson et al. 1996; Mooi and Bik 1997).
Subsequently, the O1 encoding genes were shown to transfer between SNP-defined
lineages, and furthermore the ‘‘jump start’’ sequence (Hobbs and Reeves 1994)
was identified as the junction point and shown to be similar to a DNA uptake
sequence leading to the suggestion that serotype genes are mechanistically prone
to being mobile (Gonzalez-Fraga, Pichel et al. 2008). After the unprecedented
epidemic caused by serotype O139 strains, considerable attention has been paid to
non O1–O139 serotypes in the O1–O139 lineage: this includes two serotypes that
have caused significant outbreaks of O37 in Czechoslovakia in 1965 and in Sudan
in 1968. Other serotypes that have been reported in the O1–O139 lineage include
O10, O26, O27, O53, O65, O75, and O141 (Rudra, Mahajan et al. 1996; Dalsg-
aard, Serichantalergs et al. 2001; Li, Shimada et al. 2002; Octavia, Salim et al.
2013). While these have been associated with disease usually found in patients and
occasionally in small outbreaks, they have not caused a major outbreak.

When V. cholerae, or any bacteria, acquires a novel genetic element(s) that
increases its fitness, a selective sweep will occur. The first selective sweep to be
identified was the emergence of O139. Isolates with the serotype O139 did not
cross-react serologically with O1 V. cholerae and so older persons who were
immune to O1 fell ill to O139. The sweep appears to have started near Madras
(now known as Chennai) and spread across the Indian subcontinent over the next
2 years. Tracking the epidemic was easy because of its unique serotype and its
propensity to strike older individuals (Nair et al. 1994). As shown in Fig. 1, the
new serotype spread from Madras south to Madurai and north to Kolkata and then
west to Lucknow and eventually to Delhi. Each of these cities represents intro-
duction of the new O139 form of V. cholerae to a new geographic region.

Among the O1 strains, the O1 classical strains associated with the sixth pan-
demic (collected during the first quarter of the twentieth century) are the ancestral
isolates (Salim, Lan et al. 2005). The seventh pandemic has been characterized by
four selective sweeps. The first sweep chronologically coincided with the emer-
gence of the El Tor strains in 1961. The ancestor of the O1 El Tor strains acquired
two major pathogenic islands: Vibrio Seventh Pandemic (VSP) I & II that have 11
and 7 genes, respectively (Dziejman, Balon et al. 2002). Additional genes were also
acquired, however, the selective advantage conferred by VSP I & II and the other
genes is not known. The second selective sweep began when the novel element sxt
was acquired around 1981. The sxt element is an integrating conjugative element
and in addition to the core region of about two dozen genes that encode its ability to
transfer and to be regulated, there are several antibiotic resistance genes. These
latter genes are considered to confer the selective advantage on the genomes
containing them (Waldor, Tschape et al. 1996). This second selective sweep is
referred to as wave two (see Fig. 2) that spread around the world. The third
selective sweep was the O139 sweep mentioned above. The fourth and the most
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recent selective sweep was initiated after an sxt-positive El Tor strain acquired the
classical allele of the cholera toxin gene. The classical cholera toxin allele isolates
selectively replaced the El Tor ctx allele carrying isolates (Raychoudhuri, Patra
et al. 2009) and may be associated with more severe disease (Nair, Faruque et al.
2002). This fourth wave expanded in Asia and across the world including Kenya
and Haiti (Mutreja, Kim et al. 2011). During each selective sweep, the common
ancestor differentiates with the acquisition of many novel variant nucleotides that
produce a radiation of different but closely related genotypes. While the nucleotide

Fig. 1 Map of India detailing the spread of O139 V. cholerae. The dates indicate the first
observation of O139 in that city and the arrows represent the likely directions of the spread. From
Nair et al. 1994
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changes may be fit neatly into a ‘‘phylogenetic’’ tree, the bacteria are also differ-
entiating by the gain and loss of mobile elements (Chun, Grim et al. 2009). It should
be noted that while the selected variants in these expansions become the most
frequent type, there is no reason to expect they entirely outcompete the previous
forms. Despite claims of the extinction of earlier types, evidence of their existence
continues to appear. Classical strains (sixth pandemic) have been identified in the
last 20 years (Boyd, Heilpern et al. 2000; Alam, Islam et al. 2012) and typical El
Tor strains in the last five (Rashed et al. 2013), though they were competitively
swept aside by the most recent variant 10 or more years ago. Although there is no
way to predict where or when the next acquisition of a novel element or novel
mutations will occur, it is a safe prediction that such an event will occur and it will
be selectively spread wherever there is cholera.

3 V. cholerae is Endemic in Kenya

In Africa, an open question is whether or not V. cholerae is endemic. Although all
three waves of O1 have invaded the continent (Mutreja, Kim et al. 2011), one
working hypothesis is that V. cholerae has not become an endemic part of the

Fig. 2 Phylogenetic tree based on variable nucleotides. Points at which selective sweeps begin
are indicated by the arrows. The right side of the figure indicates the presence of various mobile
elements. From Mutreja et al. 2011
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biological landscape. Around Lake Victoria, V. cholerae is considered to move
from place to place, and when the cases in any locale subside V. cholerae is
thought to go extinct, with the next outbreak occurring when the roulette wheel
carry V. cholerae returns to that locale (Nkoko, Giraudoux et al. 2011). Until
recently, there has been little genetic research on whether this is correct. One
genetic-based study examined the Kenyan 2010 outbreak which began in the Lake
region of Kenya, and based on the epidemiology of the initial cases, onset was
attributed to introduction and subsequent spread (Mohamed, Oundo et al. 2012).
This conclusion was consistent with pulse field gel electrophoretic data that show
that all the isolates were identical or differed at a single band. However, analysis of
pulse field genotypes is not as discriminatory as multilocus variable tandem repeat
analysis (MLVA).

MLVA for V. cholerae relies on five or six loci that contain tandem repeats of
six or seven nucleotides that are repeated from 4 to 31 times. The length of the
repeats is measured and used as the allele number. The alleles at each locus in
order produce a five-digit genotype. Genotypes that differ from another at a single
locus are related and considered part of a clonal complex, i.e., derived from the
same ancestor. Genotypes that differ from all members of a clonal complex at two
or more loci are considered unrelated. The application of MLVA to a series of
Kenyan isolates revealed that there were five clonal complexes (Mohamed, Oundo
et al. 2012). The genotypes in a single clonal complex are related to each other, but
not to genotypes in other clonal complexes. The presence of five distinct clonal
complexes rejects unequivocally the hypothesis that this outbreak is the result of
introduction and spread of a clone. More recent data using nucleotide variants
from whole genome sequencing also showed that there are multiple genetic lin-
eages within the 2010 outbreak (Kiiru, Mutreja et al. 2013). In Kenya, as in other
countries, when a selective sweep occurs, the isolates may diverge. In this case
there are two large well-separated groups by SNP analysis, from an earlier
introduction (estimated to be about 1990), confirming that some of these strains
have resided in Kenya for at least a decade. Thus both MLVA and whole genome
sequencing data lead to the same conclusion that, in Kenya, the only African
country with data, the question is settled, V. cholerae is endemic (Fig. 3).

4 Molecular Epidemiology in Local Outbreaks

Tracking V. cholerae when it is endemic presents a more difficult problem because
V. cholerae can alter its physiological state and the question of transmission
includes whether novel isolates are introduced into the region or native isolates are
emerging from the environment into the human population. Throughout south
Asia, especially around the Bay of Bengal, V. cholerae is endemic. V. cholerae
survive in ponds, streams, and estuaries (Huq, Colwell et al. 1990; Huq, Parveen
et al. 1993). The disease-causing strains are rare in the environment being heavily
outnumbered by avirulent strains of V. cholerae. Although unusual in the
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environment, the O1–O139 s can survive long periods in the environment either
attached to copepods or in an altered physiological state: viable but nonculturable
state (VBNC) (Huq, Grim et al. 2006), or possibly a newly described ‘‘persister’’
state (Jubair, Morris et al. 2012). The VBNC state may be associated with biofilms
in which V. cholera can survive months in sterilized water. V. cholerae reside in
the environment and their numbers fluctuate with the seasons. When they reach
sufficient numbers and densities to provide an infectious dose, they emerge from
their environmental refuge and wreak havoc among the human population (Huq,
Colwell et al. 1990). At this stage there are many potential sources, the affected
humans and the environmental refuge. The relative proportion that these two
sources contribute to the outbreak has been disputed. The extreme position is that
all cases result from the bacteria emerging from the environment. Complicating
the issue, is the recent observation that after traveling through either a mouse or a
human intestine, V. cholerae enters a second altered physiological state referred to
as ‘‘hyperinfective.’’ When it is hyperinfective, the infectious dose is decreased to
104, and after *18 h in water, V. cholerae reverts to normal infectiveness (*106)
(Merrell et al. 2002).

Mathematical modeling of incidence data from outbreaks has been used to
estimate the contribution of ‘‘fast’’ and ‘‘slow’’ transmission. The initial slow
transmission is from the environment to humans, while the accelerated fast trans-
mission occurs when V. cholerae is hyperinfective. In the outbreak in Zimbabwe in

(c)

(b)(a)

(d)

= CC1     = CC2     = CC3     =CC4     =CC5     =Singletons

Fig. 3 Months in which various clonal complexes appeared in a Highland region including
Nairobi, b coastal region, c Semi-arid Northern region, and d Lower Eastern region. Distinct
clonal complexes occur simultaneously in different regions, thus the isolates could not have been
transported between regions. From Mohamed et al. 2012
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2008–2009, a total of 98,585 cases and 4,285 deaths were reported from multiple
provinces with data being collected on a weekly basis. A simple model with both
fast and slow transmission revealed that 41–95 % of the transmission, depending on
province, was attributed to the fast process (Mukandavire, Liao et al. 2011). A
second use of the same model was applied the data from the 2010–2011 outbreak in
Haiti with a similar result, fast transmission was an essential amplifier in the out-
break and it varied by region of the country (Mukandavire, Smith et al. 2013).
While being promising, these estimates have been based on official symptomatic
case reports without more detailed underlying epidemiologic data. Furthermore, it
may not be possible to estimate the contribution of two transmission mechanisms
from incidence data alone when the timescale of the slow is similar to that of fast
transmission (Eisenberg, Robertson et al. 2013).

Dissecting the alternative routes of transmission in seasonal outbreaks in
endemic requires the ability to distinguish between isolates occurring in a limited
geographic area. Most of the work distinguishing among isolates within a geo-
graphic region has been based on MLVA. Extensive variation has been found in
and between every location that has been examined (Stine, Alam et al. 2008).
While it is not surprising to find different genetically distinguishable isolates in a
geographically restricted area because O1 Inaba and Ogawa (the two common
biotypes of O1) and O139 isolates are occasionally observed in a single sampling
location, it was completely unexpected to find multiple genetic lineages of V.
cholerae within a single individual (Kendall, Chowdhury et al. 2010). Interest-
ingly, the three loci on the first large chromosome seem to vary at a slower rate
than those on the second or small chromosome (Kendall, Chowdhury et al. 2010).
Even if the analysis is limited to the slower evolving loci, multiple genetic lineages
were found in a single stool. Whether this increases the difficultly of tracking, V.
cholerae as it spreads because tracking needs to account for all the lineages, or
narrows the sources because of having greater genetic differentiation between
samples, remains to be seen.

5 Genetic Variation and Founder Flush Events

Notably missing from the above discussion is any consideration of the number of
bacteria. The numbers are enormous. A single case represents the growth of an
infectious dose (*106) to 1014 (100 trillion) bacteria that are excreted. Multiplying a
single case ten million times and the number reaches 1021, a sextillion. The sixth
pandemic caused an estimated 1.5 million deaths in India (800,000), Russia
(500,000), and the Philippines (200,000) and it devastated other numerous countries.

Each case, outbreak, and pandemic represents an exponential expansion of the
population of V. cholerae and then an exponential decrease. Yet the implications
of these fluctuations on the genetics of V. cholerae have seldom been discussed.
Multilocus sequence typing of O139 isolates from Kolkata demonstrated that
although one allele was the most frequently found allele (77–99 % depending on
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the locus), alternative alleles were observed and the same alternative allele could
be found in multiple years implying a persistence of the minor alleles. The authors
(Garg, Aydanian et al. 2003) suggested the founder flush phenomenon might be
why novel alleles were seen. Founder flush, initially described by H.D. and E.B.
Ford (1930) and recounted by Wallace (1981), posits that as a population expands,
variants that otherwise would not survive, do survive and expand in number along
with the rest of the population.

The founder flush phenomenon may also apply in short seasonal outbreaks. In
October and November of 2010, 138 isolates from Chhatak, Bangladesh were
genotyped using MLVA (Rashed et al. 2014). Twenty-six genotypes were found in
a single clonal complex. A ‘‘founder’’ genotype defined as the genotype with the
most single locus variants related to it was identified. It was one of several
genotypes observed on the first day of sampling clinic patients. Of the 25 derived
genotypes, 23 were observed temporally after the genotype closer to the founder
than from which they were derived. This observation is consistent with successive
mutations occurring during the expansion. Although these polymorphic alleles
occur within coding sequences (thus increasing the size of the protein by two
amino acids for each additional repeat) in four of the five loci, whether or not these
have a selective value is not known. In Haiti in 2010, the founder genotype
radiated into eight additional MLVA genotypes (Ali, Chen et al. 2011). In Dhaka
from 2004–2006, the three major clonal complexes all included additional geno-
types as the years progressed (Kendall, Chowdhury et al. 2010). Thus, it is clear
that during an expansion, novel MLVA alleles can be detected (Fig. 4).

Apropos to the discussion of the role of the environment in the transmission of
the V. cholerae, the outbreaks in Chhatak 2010 and Mathbaria 2011 revealed that
the genotypes in the patients were a nonrandom subset of the genotypes in the
environment (Rashed et al. 2014). In both outbreaks, multiple genotypes were
observed in the environment whether the analysis included the second chromo-
some loci or not and a single genotype or if the second chromosome loci were
included a single clonal complex or genetic lineage was found in the patients. This
is very strong support for an accelerated mode of transmission. However, whether
the accelerated mode incorporates the hyperinfective state or involves massive
numerical increases of a genetic lineage from the earliest cases cannot be distin-
guished from these analyses.

V. cholerae readily accepts novel DNA elements. It has been shown to
recombine in the presence of chitin (Blokesch and Schoolnik 2007). It may have a
mechanism for the uptake of specific DNA sequences. Serotype encoding genes
(Gonzalez-Fraga, Pichel et al. 2008) and housekeeping genes have been shown to
recombine (Garg, Aydanian et al. 2003; Salim, Lan et al. 2005; Octavia, Salim
et al. 2013). The incorporation of these novel elements is an ongoing process and
numerous novel combinations have been detected recently with the advent of
genomic sequencing. However, the key for these variants is whether or not they are
favored by natural selection. If not, they will eventually disappear, but if so they
will be swept into the population causing disease as new variant expands in
frequency.

Circulation and Transmission of Clones of Vibrio cholerae 189



One example of natural selection for SNPs comes from V. cholerae in Haiti.
Consistent with a founder flush event, as the pathogen population expands, the
number of polymorphic sites expands from approximately 0 in 2010 to 195 SNPs
in 2012 (Fig. 5) (Salemi et al. 2014). For these SNPs, the presumptive role of
selection can be ascertained. The number of nonsynonymous substitutions (those
that change the amino acid) continues to increase and at a rate exceeding that of
synonymous substitutions. The excess of nonsynonymous to synonymous substi-
tutions (a 2:1 ratio, in this case) is a hallmark of positive selection. Although the
precise selective force is not known, it may be the pathogen adapting to expand the
number of individuals that it successfully infects. In Fig. 5b, the bars labeled I, II,
and III mark periods of increased incidence of cases, a pattern consistent of the
selective sweeps described above and the radiation or expansion of genetic vari-
ation often found during a flush.

In summary, V. cholerae is evolving. The circulating clones are expected to
vary over time. Genetic changes, both mutations and acquisitions of new genetic
sequences, provide the substrate for natural selection to shape the population.
Unfortunately for us, a major selected path is to increase the spread of V. cholerae,
so in the foreseeable future, there will be an increasing number of cases of cholera.

Fig. 4 Clonal complex found in Chhatak 2010. The dates of the first observation of each isolate
are indicated. Genotypes seen only in isolates from clinic patients have a yellow background,
while those in environmental isolates only have a green background and when the genotype was
isolated from both patient and environmental sources it had a blue background. From Rashed
et al. 2014
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Fig. 5 Genetic and population variation in Haiti 2010–2012. Panel a graphs the effective
population size with its 95 % confidence limits over time with an overlay of the phylogram
reflecting the genetic variation. Panel b graphs the proportion of SNPs that are synonymous
(purple) versus those that nonsynonymous (green). In each case, the white line is the mean and
the colored area represents the 95 % confidence limits. From Salemi et al. 2014
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Modeling Cholera Outbreaks

Dennis L. Chao, Ira M. Longini Jr. and J. Glenn Morris Jr.

Abstract Mathematical modeling can be a valuable tool for studying infectious
disease outbreak dynamics and simulating the effects of possible interventions. Here,
we describe approaches to modeling cholera outbreaks and how models have been
applied to explore intervention strategies, particularly in Haiti. Mathematical models
can play an important role in formulating and evaluating complex cholera outbreak
response options. Major challenges to cholera modeling are insufficient data for
calibrating models and the need to tailor models for different outbreak scenarios.

Contents

1 Introduction........................................................................................................................ 196
2 Mathematical Models of Cholera Transmission .............................................................. 196

2.1 Modeling Cholera Transmission Within a Well-Mixed Population ....................... 197
2.2 Spatial Modeling and Pathogen Movement............................................................. 198
2.3 Transmission Within Households and Hyperinfectivity ......................................... 200
2.4 Modeling Interventions............................................................................................. 201

3 Modeling the 2010 Cholera Outbreak in Haiti ................................................................ 202
4 Discussion and Conclusions.............................................................................................. 203
References................................................................................................................................ 205

D. L. Chao (&)
Center for Statistics and Quantitative Infectious Diseases, Vaccine and Infectious Disease
Division, Fred Hutchinson Cancer Research Center, Seattle, WA 98109, USA
e-mail: dchao@fhcrc.org

I. M. Longini Jr.
Department of Biostatistics, Colleges of Public Health and Health Professions, and
Medicine, and Emerging Pathogens Institute, University of Florida, Gainesville, FL 32611,
USA

J. G. Morris Jr.
Emerging Pathogens Institute, University of Florida, Gainesville, FL 32610, USA

Current Topics in Microbiology and Immunology (2014) 379: 195–209 195
DOI: 10.1007/82_2013_307
� Springer-Verlag Berlin Heidelberg 2013
Published Online: 15 February 2013



1 Introduction

Although early studies of cholera have become exemplars of modern epidemiology
(e.g., Snow 1855; Koch 1886, 1893), predicting and managing cholera outbreaks is
still a major challenge in the developing world. Improvements in sanitation and the
use of oral rehydration therapy have greatly reduced the burden of disease, but we
lack a predictive framework for anticipating outbreaks and planning for interven-
tions. Mathematical modeling is one approach to synthesizing our knowledge of
cholera into a quantitative framework. Mathematical models have been used to
study the dynamics of disease outbreaks and predict the effectiveness of potential
intervention strategies (Garnett et al. 2011; Hutubessy et al. 2011).

Recommendations for the response to cholera outbreaks have evolved over the past
decade. Earlier guidelines emphasized case management and discouraged the use of
vaccines until post-emergency (Connolly 2005). Later, pre-emptive vaccination was
proposed for use during complex emergencies (Chaignat and Monti 2007), and mass
vaccination was being considered for containing outbreaks (Global Task Force on
Cholera Control 2010). However, vaccination is usually not a practical option because
of the small global supply of cholera vaccine. Recent massive and prolonged out-
breaks of cholera in Haiti and several countries in Africa renewed interest in creating a
global cholera vaccine stockpile, which would increase availability of the vaccine for
emergency use as well as for seasonal epidemics (Waldor et al. 2010; World Health
Organization 2010, 2012; Holmgren 2012; International Vaccine Institute 2012;
Martin et al. 2012). But even if more vaccine were available, there is a lack of
guidance for its use. Mathematical modeling can help fill this gap.

As the options for cholera outbreak responses become more complex, there is a
greater need for quantitative frameworks such as mathematical modeling to both
evaluate and help formulate them (Clemens 2011). In particular, the ongoing multi-
year epidemic in Haiti has challenged us to plan for more comprehensive, integrated,
and long-term strategies for cholera outbreaks that would involve improved iden-
tification and treatment of cases, increased access to clean water, and vaccine (Ivers
et al. 2010; Farmer et al. 2011). Because cholera vaccine has rarely been used
during an outbreak, modeling may be needed to extrapolate what little has been
observed. Because there are many competing needs for scarce resources during
complex emergencies, modeling may be required to help weigh the costs and
benefits of different options (Miller Neilan et al. 2010). In this chapter, we describe
how mathematical models have been applied to study cholera.

2 Mathematical Models of Cholera Transmission

Here, we describe basic mathematical models of cholera transmission, then we
discuss approaches to making more detailed cholera outbreaks models, including
the addition of contaminated water supplies, spatial effects, within-household
transmission, and interventions.
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2.1 Modeling Cholera Transmission Within a Well-Mixed
Population

Basic mathematical models of infectious disease transmission describe the transitions
of individuals among susceptible, infectious, and recovered states. In a susceptible-
infected-recovered (SIR) model, susceptible individuals become infected at a rate
proportional to the number of infected individuals, infected individuals recover at a
constant rate, and recovered individuals are immune to infection (Kermack and
McKendrick 1927). To account for the incubation period of a disease, one may
introduce a transient ‘‘exposed’’ state for infected individuals before they become
infectious (e.g., an SEIR model). This basic model generates a single epidemic peak,
but variants that include the waning of immunity or the introduction of new suscep-
tibles can produce cyclical dynamics (Hethcote 2000).

This basic modeling framework can be adapted to specific infectious agents by
tuning infectiousness and recovery rate parameters to match the known natural
history parameters or outbreak dynamics of a pathogen. A mathematical model of
cholera could include an incubation period of a few hours to a few days and an
infectious period of one or two weeks (Longini et al. 2007; Chao et al. 2011).
To include multi-season dynamics, waning immunity can be added to the model
(e.g., an SIRS model) (Koelle and Pascual 2004; Koelle et al. 2005; Rinaldo et al.
2012). One may also add symptomatic and asymptomatic infections, which could
play different roles in disease transmission and surveillance (Longini et al. 2007;
King et al. 2008; Nelson et al. 2009; Andrews and Basu 2011).

Many cholera models assume that individuals become infected by consumption
of V. cholerae from the environment and therefore include an explicit environ-
mental compartment (Codeço 2001; Tien and Earn 2010). A susceptible individ-
ual’s risk of infection, k; at time t can be expressed as kðtÞ ¼ lIðtÞ þ bBðtÞ; where
l is the rate of exposure between individuals, IðtÞ is the number of infectious
individuals at time t; b is the rate of exposure to the environment, and BðtÞ is the
level of contamination of the environment. Note that the first term is proportional
to the number of infectious individuals, and we refer to this as the ciclo corto
(‘‘short cycle’’) transmission pathway. This route is also known as ‘‘person-
to-person’’ transmission and accounts for infections occurring during the short
time window of an infected close contact’s infectious period. The second term is
proportional to the level of contamination in the environment and is also known as
ciclo largo (‘‘long cycle’’) transmission, which could be caused by exposure to
sewage or contaminated water not necessarily traceable to an infected contact.
A cholera model can include either or both of these terms. Inserting the envi-
ronment into the chain of cholera transmission can create a lag in the generation
time and allows for cholera transmission to occur in the absence of infected
individuals, which can help the disease persist in a population. Figure 1 diagrams a
modeling framework that includes both ciclo corto and ciclo largo transmission.

Different models based on alternative sets of assumptions may be able to fit
observations equally well. For example, simple SIR models of cholera can produce
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outbreak dynamics nearly indistinguishable from those that include ciclo largo
transmission. However, a particular intervention may target one of these routes of
transmission more than the other. Therefore, to accurately predict the effectiveness
of interventions, one should include the major routes of exposure.

With high quality surveillance data, models might be used to determine the
relative contribution of ciclo corto and ciclo largo transmission. In regions with
seasonal cholera epidemics, outbreaks may be triggered by V. cholerae in the
aquatic reservoir while secondary transmission (ciclo corto) drives dramatic local
outbreaks (Franco et al. 1997; Ruiz-Moreno et al. 2010). King et al. (2008) used
over 50 years of cholera mortality data from Bengal to test alternative models of
disease transmission and found support for a large role for ciclo largo transmission
in certain districts. Mukandavire et al. (2011) used weekly surveillance data to
estimate the relative contributions of ciclo corto and ciclo largo transmission of a
major outbreak in Zimbabwe that started in 2008. They concluded that the relative
contributions of these two routes of transmission were different by province, which
may be due to differences in the modes of transmission. Studies such as these
reveal spatial heterogeneities in cholera transmission.

2.2 Spatial Modeling and Pathogen Movement

For disease outbreaks in small, tightly connected communities, models of single
well-mixed populations may be the most appropriate and parsimonious approach.

Exposed

Infectious, asymptomatic

Infectious, symptomatic Recovered

Environment

Vaccination

Vaccination

Sanitation/Hygiene

Susceptible

Sanitation
Sanitation

ξξ

μ

β

μ
1

1

2

2

x

xx

+
+

Fig. 1 Basic cholera model diagram. Individuals can be Susceptible to cholera, Exposed,
Infectious (either symptomatically or asymptomatically), or Recovered (and immune to infection).
Black arrows indicate transitions between these states. Infectious individuals shed cholera into the
environment (indicated by the ‘‘+’’s). Susceptible individuals become infected by exposure to
Vibrio cholerae from the Environment (the ciclo largo route indicated by blue ‘‘x’’) at the rate of
b or ‘‘directly’’ from Infectious individuals at the rate of l (the ciclo corto route indicated by green
‘‘x’’s). After an incubation period, individuals transition from the Exposed to the Infectious state.
Infectious individuals shed vibrios into the environment at rate n: Symptomatic and asymptomatic
may have different levels of infectiousness, indicated by the subscripts following n and l: Red
arrows indicate possible effects of interventions labeled in italics, including vaccination,
sanitation, and improved hygiene
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However, if an outbreak encompasses a large population or if the geographic
region includes heterogeneities relevant to disease transmission, such as popula-
tion density, socioeconomic differences, or geographic features that could block or
enhance transmission, then models may need to include multiple interacting
populations.

There are several options for geographically subdividing a population for
modeling purposes. An obvious choice would be to match the spatial resolution of
available surveillance data, so that each reporting area is a single subpopulation
within a ‘‘metapopulation’’ or ‘‘patch’’ model (Tuite et al. 2011; Andrews and
Basu 2011). However, surveillance data may be coarse, and disease outbreaks may
occur on a much finer scale. One could instead use finer political boundaries [e.g.,
districts or other administrative boundaries (Bertuzzo et al. 2011)], geographical/
geological features [e.g., watersheds (Rinaldo et al. 2012)], or a fine regular grid
(Longini et al. 2007; Chao et al. 2011). Using smaller geographic units may better
capture spatial heterogeneity relevant to cholera transmission, but can complicate
the model with excessive parameters and lead to a loss of generality of modeling
results.

Perhaps the spatial resolution of the model should not be determined by
convenient political boundaries, but instead by the ‘‘natural scale’’ of cholera
outbreaks. Cholera outbreaks are known to be fast and produce sharply peaked
epidemic curves, but when case reporting is aggregated by large geographic
regions, such as at the country-level, sharp epidemic spikes and outbreak dynamics
in general can be masked. Trying to fit a single epidemic curve that is actually the
aggregate of multiple spatially separated outbreaks will result in misleading results
(Grad et al. 2012). Unfortunately, the scale of an outbreak probably depends on
local environmental and sociological factors. Spatial analyses and sequencing of
cholera isolates may help identify distinct outbreaks in endemic settings (Stine
et al. 2008), which could help modelers dis-aggregate concurrent but distinct
outbreaks.

Metapopulation models include mechanisms governing the flow of the infec-
tious agent among the populations. Many models assume that pathogens are
transported primarily by infectious people. In such models, susceptible people in
one community can be infected by infectious people in neighboring communities.
This is usually implemented by setting the force of infection in a community to be
a function of both the number of infectious individuals residing in the community
and the number of infectious individuals in neighboring communities. Thus, an
infectious person contributes to infections in co-located susceptibles and in
neighboring populations, often with a force of infection inversely proportional to
distance (Bertuzzo et al. 2011; Tuite et al. 2011; Mari et al. 2012). In addition to
using geographic distance, one can assume that individuals living along major
transportation routes are more mobile and can spread disease farther than those
who are more isolated (Chao et al. 2011). In agent-based, or individual-based,
models in which each person is individually represented, infectious individuals can
move from location to location, infecting individuals as they travel (Longini et al.
2007; Chao et al. 2011). Eventually, studies that track cell phones and other
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mobile devices might tell us how people actually move during an outbreak
(Chunara et al. 2012; Bengtsson et al. 2011; Khan et al. 2012).

Alternatively, models can assume that the pathogen moves via the environment.
The environmental reservoirs of adjacent populations can be linked, which would
cause V. cholerae shed by one population to diffuse to neighboring populations
(Bertuzzo et al. 2010, 2011; Mari et al. 2012), or hydrology can be modeled so
that communities can infect populations that are downstream (Chao et al. 2011;
Rinaldo et al. 2012). Including realistic hydrology may be important when rivers
play a major role in cholera transmission. Some cholera models include the
transport of the pathogen through both people and the environment (Chao et al.
2011; Rinaldo et al. 2012).

2.3 Transmission Within Households and Hyperinfectivity

High secondary attack rates have been observed within households of cases
(Mosley et al. 1965, 1968; McCormack et al. 1968; Harris et al. 2008; Weil et al.
2009; Kendall et al. 2010). Although a common source of exposure could account
for many of these heavily infected households, studies of the time intervals
between cases or that genotype infecting strains have found patterns of trans-
mission consistent with ciclo corto transmission (Snow 1855; Tamayo et al. 1965;
Kendall et al. 2010). A tell tale sign of ciclo corto transmission would be the rapid
appearance of secondary cases consistent with the incubation period of cholera.

A large inoculum of V. cholerae is required to infect an individual (Cash et al.
1974; Levine et al. 1979; Suntharasamai et al. 1992), which makes ciclo corto
transmission appear to be physiologically challenging. There are several possible
mechanisms for transmission within a household. For example, a household’s food
or water supply could be contaminated by an infected individual (St Louis et al.
1990; Albert et al. 1997; Rabbani and Greenough 1999; Roberts et al. 2001; Palit
et al. 2012). Another possibility is that V. cholerae ‘‘hyperinfectious’’ state
facilitates ciclo corto transmission. V. cholerae can be orders of magnitude more
infectious within the first several hours after excretion from its host (Merrell et al.
2002). This hyperinfectious state of the pathogen would have a much lower
infectious dose, which could allow for rapid transmission among close contacts.

Hartley et al. (2006) modeled the effects of hyperinfectivity by including two
environmental reservoirs; infectious individuals contribute to a highly infectious
environmental reservoir, which transitions to a second, less infectious reservoir.
Including the hyperinfectious reservoir allowed the model to replicate the
‘‘explosive’’ dynamics of outbreaks (Hartley et al. 2006; Morris 2011). However,
rapid cholera outbreaks can also be modeled using simple SIR models without
explicitly including hyperinfectivity (Pascual et al. 2006). It may be impossible to
resolve the role of hyperinfectivity in actual outbreaks using models alone—
careful epidemiological studies are required. Conversely, it is not obvious which
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modeling framework should be used, and it may depend on the particular scenario
and possible interventions being considered.

Regardless of the actual mechanism invoked, models can include cholera
transmission within households in order to capture the elevated attack rates within
households with index cases (Chao et al. 2011). Including within-household
transmission may be necessary to model certain household-level interventions,
such as targeting certain individuals for vaccination in order to protect their
families (Ali et al. 2008).

2.4 Modeling Interventions

Models can be used to estimate the effectiveness of intervention strategies.
Interventions in the cholera modeling literature have included vaccination and
improvements in sanitation and hygiene.

The effect of vaccines can be modeled in several ways, depending on
assumptions about the vaccine’s mode of protection (Halloran et al. 1999). Most
cholera models assume that vaccination has the same protective effect as natural
infection, so vaccinated susceptibles are simply treated as resistant individuals
(Miller Neilan et al. 2010; Bertuzzo et al. 2011; Tuite et al. 2011; Andrews and
Basu 2011; Azman et al. 2012), as shown in Fig. 1. However, vaccination may
have immunological consequences different from natural infection (Leung et al.
2012; Arifuzzaman et al. 2012). In one challenge study, vaccine appears to protect
against symptomatic illness but not necessarily against infection (Black et al.
1987). If one assumes that asymptomatically infected individuals are infectious,
then those protected by vaccine could still transmit disease. The model described
in Chao et al. (2011) assumes that vaccinees are not protected against infection but
have a lower probability of becoming symptomatic upon infection, as shown
in Fig. 1.

Unvaccinated individuals may be indirectly protected when a sufficient number
of their contacts are vaccinated (Fox et al. 1971). Models can be used to compute
the critical vaccination fraction, or the fraction of the population that needs to be
vaccinated to essentially stop local transmission (Hill and Longini 2003). If the
basic reproductive number, R0 is known, then the critical vaccination fraction is
approximately ð1=VEÞð1� 1=R0Þ; where VE is the vaccine efficacy against
infection. More detailed transmission models can be used to make more refined
estimates for the critical vaccination fraction and other measures of indirect pro-
tection. In a large cholera vaccine trial, herd immunity was observed (Ali et al.
2005), and a modeling study used these results to explore the effectiveness of
different levels of vaccine coverage (Longini et al. 2007). The Longini et al.
(2007) study estimated that the critical vaccination fraction of the study population
was about 70 %.

Improvements in sanitation and hygiene are essential non-pharmaceutical
measures for cholera outbreak control. Interventions that reduce the consumption
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of contaminated water, such as the provision of clean water or the promotion of
chlorination, can be modeled as a reduction in the exposure to cholera from the
environment (Miller Neilan et al. 2010; Tuite et al. 2011; Chao et al. 2011; Mari
et al. 2012). Interventions that better manage the waste of infected individuals,
such as the cleaning or building of latrines, could be modeled as a reduction in the
contribution of infected individuals to the environmental reservoir (Chao et al.
2011; Mari et al. 2012). Both of these approaches to modeling improved sanitation
and hygiene are depicted in Fig. 1.

3 Modeling the 2010 Cholera Outbreak in Haiti

In October 2010, cases of cholera began appearing in central Haiti, the start of a
massive and prolonged epidemic that spread across the country and sickened over
half a million people within a year (Walton and Ivers 2011; Cravioto et al. 2011).
The conditions in Haiti seemed perfect for cholera transmission, with unrepaired
damage from a major earthquake earlier in the year and Hurricane Tomas striking
soon after the first cases of cholera were identified. Public health workers were
trained to treat cases, and temporary cholera treatment centers were quickly
established. Haiti’s Ministère de la Santé Publique et de la Population (MSPP)
launched a media campaign to promote better sanitation and hygiene (Centers for
Disease Control and Prevention (CDC) 2010).

Several modeling efforts began soon after the first cases were reported
(Bertuzzo et al. 2011; Tuite et al. 2011; Andrews and Basu 2011; Chao et al.
2011; Abrams et al. 2012). All of these studies attempted to reproduce the
dynamics of the epidemic for a single season at the department level, the spatial
resolution of reported case and hospitalization counts publicly released by MSPP.
Two modeling groups divided the departments into much smaller regions to
implement more realistic cholera transmission dynamics (Bertuzzo et al. 2011;
Chao et al. 2011). All of these modeling studies focused on the size and duration
of the first, and largest, wave of the epidemic, but the first were published in March
of 2011, months after the peak actually occurred.

What emerged from the modeling community was a set of models and a small
body of literature on modeling cholera during an outbreak. Common themes were
the spatial coarseness of the surveillance data, the limited impact a small supply of
vaccine would have on a nationwide outbreak, and the need for better surveillance.
Most of the modeling groups used the case and hospitalization estimates from the
MSPP, but one of the studies attempted to estimate and correct for the different
reporting rates by department (Andrews and Basu 2011).

Chao et al. (2011) modeled scenarios in which there was much more vaccine
than was actually available at the time. The study suggested that achieving high
levels of coverage in regions with high exposure to cholera, particularly along
rivers, could have had a major impact on the course of the epidemic. However, the
study found that mass vaccination alone would have been insufficient to stop the
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spread of cholera—improving sanitation and hygiene to reduce the public’s
exposure to the pathogen was also necessary to greatly reduce cholera transmission
in Haiti (Fig. 2). The results highlight the need to target vaccination campaigns
and other interventions efficiently when resources are scarce.

4 Discussion and Conclusions

We have described a variety of approaches to modeling cholera outbreaks. The
same modeling frameworks can be used to describe both epidemic and endemic
cholera, but the modeler must make the appropriate choices of initial conditions,
parameterization, and possibly model structure. For cholera outbreaks in non-
endemic regions, there may be little prior immunity, a high attack rate, similar
attack rates among age groups, and high symptomatic fractions (Sack 2003; Sack
et al. 2004). The issues more important in endemic regions, such as drivers of
seasonality and environmental predictors of outbreaks, may be of little concern

N
ew

ly
 s

ym
pt

om
at

ic
 p

er
 d

ay

0

1000

2000

3000

4000

Oct 9 Nov 1 Dec 1 Jan 1 Feb 1 Mar 1 Apr 1

MSPP hospitalization data
No vaccination
50% pre−vac
50% mass vac
50% high−exposure vac
50% high−exposure vac + 10% hygiene

Fig. 2 Simulated effects of interventions during the first wave of the 2010 cholera epidemic in
Haiti. The stochastic model described in Chao et al. (2011) was run 50 times per scenario, and the
points plot the median attack rates for the stochastic simulations and the lines represent the range
of the minimum and maximum attack rates. Several intervention scenarios were modeled: no
intervention (in red), vaccination well before the epidemic (pre-vaccination, in blue), vaccination
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that pre-vaccination delays the epidemic peak, while reactive strategies tend to reduce but not
delay the peak
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and can be omitted from models when one is interested solely in outbreaks in
non-endemic settings. Therefore, when formulating a model, one should consider
the population of interest (e.g., size, heterogeneity, prior exposure history),
available interventions (e.g., vaccination, sanitation improvements), available
surveillance data (e.g., spatial scale, age distributions, reporting rates), and time-
scale (e.g., days, months, or years).

Models with different assumptions may fit the dynamics of a particular outbreak
equally well. In some cases, model selection might not be an important issue. But
when one wants to perturb the dynamics of cholera transmission by simulating
interventions, different models could produce dramatically different projections of
the effectiveness of interventions. Complex models will also encounter problems
of identifiability, making it impossible to find a unique ‘‘best’’ set of parameters.
More detailed epidemiological studies of cholera transmission are needed in order
to better parameterize transmission models. Sensitivity analyses of cholera models
may help us prioritize such studies by identifying the most important gaps in our
understanding of the disease (Grad et al. 2012).

In general, infectious disease modelers find it difficult to find epidemic data of
sufficient quality for model-fitting. Public health departments generally release
surveillance data aggregated over large spatial scales. More detailed outbreak data is
usually obtainable only through direct collaborations with the outbreak investiga-
tors, which is rare in the modeling world. Therefore, there are few modeling studies
of real outbreaks and many studies of the properties of the models themselves.
The dearth of data and well-parameterized models may lead to the overgenerali-
zation of modeling results. There is a clear need for more modeling studies of actual
outbreaks, which would require either more direct collaborations between modelers
and surveillance groups or more receptiveness to sharing outbreak data with
modelers and other analysts.

Modeling studies can be a valuable source of information for public health
officials evaluating potential interventions for cholera outbreaks (Garnett et al.
2011; Hutubessy et al. 2011). Most published studies that evaluate the cost-
effectiveness of cholera vaccination do not include a dynamic model of disease
transmission (Sack 2003; Jeuland et al. 2009; Cook et al. 2009; Kim et al. 2011;
Reyburn et al. 2011). Dynamic transmission models such as those described here
capture indirect protection, which increases the estimated effectiveness of mass
vaccination and other interventions (Brisson and Edmunds 2003). Based on earlier
studies, many concluded that reactive vaccination would not be helpful during
outbreaks (Sommer and Mosley 1973; Naficy et al. 1998). However, large and
prolonged outbreaks could be mitigated using reactive vaccination, particularly if
interventions target key populations (Chao et al. 2011; Azman et al. 2012).
Models could and should be used to weigh the costs and benefits of different
interventions for a range of scenarios, from seasonal endemic cholera outbreaks to
epidemics exacerbated by natural disasters (Legros et al. 1999; Calain et al. 2004;
Jeuland et al. 2009; Chaignat and Monti 2007; Global Task Force on Cholera
Control 2010).
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Genomic Science in Understanding
Cholera Outbreaks and Evolution
of Vibrio cholerae as a Human Pathogen

William P. Robins and John J. Mekalanos

Abstract Modern genomic and bioinformatic approaches have been applied to
interrogate the V. cholerae genome, the role of genomic elements in cholera
disease, and the origin, relatedness, and dissemination of epidemic strains.
A universal attribute of choleragenic strains includes a repertoire of pathogenicity
islands and virulence genes, namely the CTX/ prophage and Toxin Co-regulated
Pilus (TCP) in addition to other virulent genetic elements including those referred
to as Seventh Pandemic Islands. During the last decade, the advent of Next
Generation Sequencing (NGS) has provided highly resolved and often complete
genomic sequences of epidemic isolates in addition to both clinical and environ-
mental strains isolated from geographically unconnected regions. Genomic com-
parisons of these strains, as was completed during and following the Haitian
outbreak in 2010, reveals that most epidemic strains appear closely related,
regardless of region of origin. Non-O1 clinical or environmental strains may also
possess some virulence islands, but phylogenic analysis of the core genome sug-
gests they are more diverse and distantly related than those isolated during epi-
demics. Like Haiti, genomic studies that examine both the Vibrio core and pan-
genome in addition to Single Nucleotide Polymorphisms (SNPs) conclude that a
number of epidemics are caused by strains that closely resemble those in Asia, and
often appear to originate there and then spread globally. The accumulation of
SNPs in the epidemic strains over time can then be applied to better understand the
evolution of the V. cholerae genome as an etiological agent.
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1 Introduction

Even with modern established treatments and preventative measures, V. cholerae
continues to emerge as a dangerous pathogen. This is especially true in Southeast
Asia where the yearly appearance of cholera cases follow predicted patterns or
‘‘seasons’’ (Russell 1925; Pascual et al. 2002). However, cholera epidemics have
an unpredictable history of manifesting on a much larger scale and the accounts of
global pandemics are well-defined and documented during the last two centuries.
The seven recognized cholera pandemics can be traced from Asia and the Indo-
Pacific region; the current 7th pandemic manifesting as two waves, one between
1961 and 1966 and the other spreading to much of the world after 1970 (Karaolis
et al. 1994). Most pandemic strains possess the lipopolysaccharide antigen groups
O1 and to a lesser extent O139. Apart from the antigen, O1/O139 strains are highly
conserved at the nucleotide level and possess a number of common-related genetic
islands (GIs). The assemblage of GIs and subtle variance at the nucleotide level
provides a useful scaffold for determining the genetic relatedness of both epidemic
and environmental strains. A key theme in the study of cholera disease is how
environmental factors and host-pathogen interactions influence genetic variability
in V. cholerae genes and GIs and as well as their relatedness to virulence. The
current repertoire of genomic tools has begun to answer these questions.

2 Conventional Genomics and Established Virulence
Islands

The completion of the El Tor N16961 strain genome sequence in the year 2000
confirmed and identified the positions of the recognized 7th pandemic virulence
islands (Heidelberg et al. 2000). Whereas established methods such as ribotyping
(Wachsmuth et al. 1993), pulsed field gel electrophoresis (Weber et al. 1994), and
multilocus enzyme analysis/sequence typing (Byun et al. 1999; Li et al. 2003; Lam
et al. 2012) examined genomic complexity of isolated strains by probing the
sequences of individual genes and regions or sizes of generated distinct fragments,
the thoroughness of these examinations were limited by their design. Though
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useful, this level of resolution was still inadequate; for example, it was only
recently during the late 1990s when it was discovered that most if not all Vibrio
species possessed two chromosomes (Trucksis et al. 1998; Yamaichi et al. 1999).
In whole, the deciphered genomic sequence of this 7th pandemic strain has paved
the way for tools such as microarray analysis (Dziejman et al. 2002) and parallel
whole genome sequencing (Grim et al. 2010; Mutreja et al. 2011) to better
understand genomic complexity of V. cholerae and gene expression at nucleotide
resolution (Mandlik et al. 2011). Most recently, the de novo assembly of the closed
and complete sequences of both chromosomes I and II by coupling different
modern sequencing platforms such as Illumina, Sanger 454, and Pacific Biosci-
ences exemplifies how technology has pushed Vibrio genomics past the limits of
the basic molecular typing methods (Bashir et al. 2012).

The sequence and assemblage of both virulence-associated GIs and house-
keeping genes now provides a highly resolved template that has proved useful for
further interrogation. In the approximate 4 Mb of genomic DNA present in the
large chromosome I (*3 Mb) and small chromosome II (*1 Mb), many of the
core genes (*1,500) are well-conserved in both O1 and non-O1 serotypes (Vesth
et al. 2010). However, among these core genes are interspersed GIs and phage-
related sequences. Some of these are demonstrated to contribute to pathogenicity.
Of the GIs found in various V. cholerae serotypes, we know of a handful that
exhibit high conservation in more virulent isolates. Some GIs such as toxin co-
regulated pilus (TCP) island and the integrated phage CTX/ together regulate and
encode expression of cholera toxin, the protein toxin that causes the most of the
cholera diarrheal syndrome.

Using the genome reconstruction of the recent Haitian outbreak strain (H1,
2010) as a reference and comparator, and then mapping the nucleotide and protein
identity from a diverse panel of Vibrio strains, the GIs specific to 7th pandemic
strains are apparent when aligned and illustrated as a Blast Atlas (Fig. 1) (Vesth
et al. 2013). Apart from these GIs, the a bulk of the DNA sequence from 7th
pandemic El Tor O1 isolates is nearly identical, thus making these islands useful
for identification of virulent strains and genomic analysis. These genetic elements
include Vibrio 7th Pandemic island I and II (VSPI and VSPII), TCP, Vibrio
pathogenicity island II (VPI-II), CTX/ and the Toxin linked cryptic (TLC)
(Dziejman et al. 2002; Faruque and Mekalanos 2003; Chun et al. 2009). Another
mobile element, SXT, was first identified in O139 clinical isolates during the
1990s. SXT is a self-transmissible integrating conjugative element that encodes
antibiotic resistance and is now found to be present in almost all O1 clinical
isolates post early 1990s (Waldor et al. 1996). In all Vibrio species, a large and
hyper variable segment of chromosome II called the superintegron (SI) encodes
more than 200 open reading frames that exist as individual mobile gene cassettes
(MGC). The conservation of the collective GIs in sequenced clinical isolates has
facilitated the use of genomic analysis to better elucidate their requisite role in
virulence and pathogenesis.

Core and Pan-Genome Collections of genome sequences are used to extrapolate
the conserved minimal core and expanded pan genome/pan proteome within
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Fig. 1 Genome blast atlas created with CMG Biotools (Vesth et al. 2013) showing the aligned
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epidemic strain as reference. Genomes are colored by both biotype and source and also match
genomes analyzed in the Fig. 2. Seventh pandemic islands and Superintegron are labeled on both
chromosomes
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bacterial phylogenies. The core genome is demonstrated to be one the optimum
datasets for determining phylogenic relationships (Rokas et al. 2003) and is
appreciably more practical in determining phylogenetic reconstruction than using
16S/23S rRNA or a handful of essential housekeeping genes, especially when
applied to examine closely related taxa. An initial comparative study of 23 diverse
V. cholerae strains found 2,432 common core genes or orthologues and 6,953 total
unique genes in the pan genome (Chun et al. 2009). This core genome assemblage
from both O1 and non-O1 strains integrated essential and nonessential genes and
excluded the major virulence islands. This report proposed 7th pandemic strains
were one of 12 lineages in this group that share a very similar backbone and hence
probably all originated from a common ancestor. One major difference between the
predicted lineages in this study were GIs outside the core genome and it was
proposed that a driving force in diversity of V. cholerae can be attributed to hori-
zontal gene transfer of GIs. In similar work, Vesth et al. examined the core and
extended pan genomes of 32 Vibrio isolates represented by 12 species (Vesth et al.
2010). Of the 18 represented V. cholerae representatives, core genes comprised
nearly half the genome and the pan-genome spanned a total of 6,500 genes. The
divergence within V. cholerae species was minor when compared to that for a broad
representation of the Vibrio genus; the core genome decreased to only 1,000
families while the pan-genome expanded to *20,000. When these aligned core
genes were used to calculate phylogeny, V. cholerae strains were identified again as
closely related, however, environmental or clinical V. cholerae strains diverged.
Placement within the tree was generally correlated with virulence for the O1
strains; however the presence of these GIs did not absolutely dictate phylogeny. For
example, M66-2 is a clinical isolate from 1937 Indonesia that clusters with toxi-
genic V. cholerae, but it that lacks the CTX/ prophage, and thus may represent a
direct ancestor to current pandemic/epidemic V. cholerae (Feng et al. 2008). This
work also concluded that the clinical non-O1 strain 2740-80 appeared to be an
intermediate between the clinical, toxigenic isolates, and those found generally in
the environment. These features in the genomes of 2740-80 and M66-2 are relevant
to the field because understanding the relationship between the core-genome var-
iation and the influence of acquired GIs on pathogenicity is an important aim of V.
cholerae genomics. Because these bacteria can occupy multiple niches in both the
estuarine biosphere and the human gut, the fitness for certain genes or GIs may vary
in these environments and concomitantly be influenced by the genetic backbone.
Thus, some strains may be better adapted for the only the aquatic environment and
others also more fit for survival in the human gut. Surveys of environmental strains
show that only a small percentage possess the phage that encodes cholera toxin and
that a minority have the GI repertoire typically found in pandemic strains (Mu-
khopadhyay et al. 2001; Faruque et al. 2004; Rahman et al. 2008). It is also
impossible to determine if these environmental strains simply represent contami-
nation from cholera victims or free-living aquatic isolates (see below).

Distinct subgroups within the 7th pandemic El Tor clinical strains are identified.
For example, during the last couple of decades, closely related O1 El Tor sub-
groups responsible for periodic epidemics appeared to originate in Southeast Asia
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and then to emanate as waves (Mutreja et al. 2011). Within the panel of clinical O1
genomes surveyed in this work nearly all genes are identical and the total number
unique Single Nucleotide Polymorphisms (SNPs) between individual strains is
enough to identify subtle sublineages. To illustrate phylogeny of 7th pandemic
sublineages, using *1,100,000 nucleotides that encode a set of the unique non-
redundant core genome (881 genes) in a panel of 56 strains from a number of
independent studies and sources (Fig. 2b), it can be shown that the relatedness of
7th pandemic strains often correlate well with both date of isolation and geo-
graphical incidence and these construed phylogenies are similar to other inde-
pendent and previous analyses. The strains isolated during the Peru epidemic of
the early 1990s most closely resemble other strains isolated in Latin America
during the 1990s. Separate from phylogeny based entirely on core genome anal-
ysis, this relationship is also evident in the genetic islands as unique deletions in
VSP-II and by the presence of a prophage (Nusrin et al. 2009; de Sa Morais et al.
2012). Likewise, both MAK757 and M66-2 (1937, Indonesia) strains appear
related and together diverge from current, more contemporary isolates. The entire
group of O1 strains derived from Southern Asia (Pakistan, India, Nepal, and
Thailand) in the period 2000–2011 clusters with the Haitian outbreak of 2010.
Accordingly, the CDC and a number of independent investigators have concluded
that the importation of V. cholerae into Haiti from Nepal or Southeast Asia is
probable. Coincidently, a number of strains in this presented phylogenetic dataset
(India 2005, Pakistan 2009, India 2010) include those isolated from stool samples
in the USA from infected persons traveling abroad, thus directly demonstrating the
opportunity for global dissemination of pathogenic strains. There are some
exceptions; an Australian strain isolated in 1986 appears closely related to a 1910
Saudi Arabian sample. It is important to also keep in mind that single strain
epidemiological oddities such as this example might find more parsimonious
explanations by hypothesizing laboratory cross contamination rather than a com-
plicated theory involving global transmission of a comparably ‘‘old’’ strain via
either environmental or human sources. Clearly, the increased resolution of these
predicted phylogenies will extend our understanding of the epidemiology. How-
ever, it is important to maintain perspective and note the similarity within pan-
demic O1 genomes as a group in contrast to others (Fig. 2a) when the phylogeny is
extended to include a broad representation of non-O1 V. cholerae genomes. Thus,
the occasional phylogenic mapping of a putative clinical or environmental isolate
of an O1 isolate in a otherwise diverged group of non-O1 strains, can be dis-
counted as significant if the O1 isolate lacks most or all of the essential virulence
genes present on typical genetic islands. Clearly, most O1 and O139 strains that
cause clinical cholera and more specifically cholera epidemics are highly related
from the genomic perspective and carry highly similar collection of virulence
genes encoded by accessory genetic elements (Faruque and Mekalanos 2003).

TCP and CTX/ Variation in O1 strains In contrast to whole genome analysis,
the targeted surveillance of mobile virulence islands can be applied to interrogate
their role in pathogenesis. TCP (also called VPI) and CTX/ are two virulent GIs
most closely connected to cholera disease. Though acquired as separate entities,
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Fig. 2 The bootstrap consensus tree (Neighbor-Joining) inferred from 500 replicates for a small
diverse sample of O1 and non-O1 strains (a) and for a collection of clinical and environmental
strains (b). Core genomes were extrapolated using CMG-biotools 2.2, aligned using MAAFT (vs
7.127), and trees were calculated and produced using MEGA (vs 5.10). Genomes are colored by
biotype and source. CMG Biotools (vs 2.2, Vesth et al. 2013), MAAFT (vs 7.127, Katoh and
Standely 2013) MEGA (vs 5.10, Hall 2013)
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there exists a relationship between the two. The TCP gene cluster encodes a
bundled type IV-like pilus that contributes to V. cholerae intestinal colonization
during infection and also serves a dual role as the receptor for CTX/ temperate
phage acquisition (Kirn et al. 2000). The 6.9 kb genome of filamentous phage
CTX/ carries genes for both enterotoxin CTXA/B subunits in its core genome and
thus can convert CTX/ negative Vibrio into toxigenic bacteria (Waldor and
Mekalanos 1996). Furthermore, the TCP-encoded ToxT/ToxS/TcpH gene products
work with ToxR to regulate a number of virulence genes during infection
including the CTX/ genes for cholera toxin (Miller et al. 1989; Krukonis et al.
2000; Beck et al. 2004).

Some clinical O1 strains and non-O1 environmental V. cholerae isolates have
been identified that possess either TCP or TCP/CTX together, but isolates that
carry only CTX/ without the TCP island are rare in nature (Li et al. 2003). It is
widely accepted that TCP/CTX positive O1 strains cause most modern cholera
outbreaks while most non-O1/O139 cause typically less severe disease that is
sporadic and seldom observed to cause epidemics although occasionally these do
occur (Dalsgaard et al. 1995, 2001). The horizontal transfer of TCP and CTX/
between O1 and non-O1/O139 strains is poorly documented and indeed this
suggests that most non-O1/non-O139 serogroups do not gain benefit from these
virulence elements. Given that the environment is dominated by non-O1/non-O139
strains, this observation suggest that these virulence factors probably do not pro-
mote fitness in the aquatic nitch although there is some data that challenges this
conclusion for at least chitin binding lectins (Kirn et al. 2005). Various typing
methods and deep sequencing has enabled more sensitive surveillance of CTX/ in
strains isolated from the environment (Rivera et al. 2001; Singh et al. 2001; Pang
et al. 2007; Awasthi et al. 2012; Hasan et al. 2012; Sealfon et al. 2012; Sellek et al.
2012). The prevalent assumption that the presence of toxigenic strains in water
provides proof that toxigenic strain occupy a stable environmental nitch needs to
be re-addressed with modern methods that might differentiate between contami-
nation of the environment by nearby cholera victims as opposed to these strains
maintaining themselves within the environment in the absence of infected humans.

The origin of TCP in Vibrio is unknown. Preliminary evidence suggested TCP
may be a phage (Karaolis et al. 1999), but further investigation has failed to
support this conclusion (Davis and Waldor 2003; Faruque et al. 2003). Given the
observation that TCP assists biofilm differentiation on chitinaceous surfaces
(Reguera and Kolter 2005) and chitin induces natural competence (Meibom et al.
2005), the acquisition of the TCP island by different Vibrio strains could occur
independent of a phage-mediated transduction events (Faruque et al. 2003).

Subtle variability in genetic organization TCP has been noted in both epidemic
and nonepidemic strains (Ghosh et al. 1997; Novais et al. 1999; Mukhopadhyay
et al. 2001). The *41 kb TCP island carries a putative integrase and transposase
and is integrated at the tmRNA (ssrA) gene in chromosome I. The region is
especially A/T rich when compared to that measured in Vibrio species and varies
among V. cholerae strains. Most of the highly conserved region of the TCP island
encodes genes required for the biosynthesis of a type IV pilus structure and a
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minority of the element regulates transcription of genes both inside and outside of
the TCP element. A majority of divergent sequences in TCP are either noncoding
or are identified as deletions and inserted elements/transposases (Hase and Me-
kalanos 1998; Yu and DiRita 1999; Mukhopadhyay et al. 2001).

The TCP pilin genes share some amino acid homology and the pilin protein
structure shows a novel TCP-fold with other pilin proteins found in Nisseria,
Psuedomonas, and Enterobacter (Craig et al. 2003; Li et al. 2012). The major pilin
(tcpA) gene shows more diversity in than most others in the island as there is more
variance between O1 and non-O1/O139 strains (Iredell and Manning 1994; Rhine
and Taylor 1994). Polymorphisms in the carboxyl terminal region of TcpA protein
are predicted to be in surface-exposed TCP fibers (Boyd and Waldor 2002).
Antibodies against TcpA have been found in sera of people living in cholera-
endemic areas and suggesting immune response may play a role in selective
pressure and may in part explain these polymorphisms (Herrington et al. 1988;
Hang et al. 2003). Moreover, single mutants in TcpA are measured to affect col-
onization, autoagglutination, and serum-resistance suggesting TCP confers im-
munoprotection from complement-like activity in the intestine (Chiang et al. 1995).

The chromosomal integration structure of the CTX/ temperate phage genome
differs between classical and El Tor 7th pandemic strains and there are some
identified amino acid changes at positions within key genes (Fig. 3). Integrated
CTX/ is found in the either of the chromosomes as a single copy or as a tandem
array (Mekalanos 1983). In El Tor strains, CTX/, the adjacent RS1/RS2 regions,
and TLC island are shown to be pivotal in the stable acquisition of CTX/ and
maintaining the dif site, a sequence important for chromosomal dimer resolution in
chromosome I (Rubin et al. 1998; Hassan et al. 2010). Classical strain O395
harbors the CTX/ on both chromosomes I and II and lacks the adjacent RS1
cassette found in El Tor strain and instead has RS2 (Waldor et al. 1997; Davis
et al. 2002). RS2 and RS1 are two very similar genetic regions that encode phage
replication, regulation and integration genes for the CTX/ prophage, however
RS1 possesses an additional anti-repressor gene rstC. Expression of rstC anti-
repressor may be important as it is shown to relieve RtsR repression of CTX genes.
Presence of rstC has been shown to increase CTX/ production as much as several
thousandfold and also increases the production of rstA transcripts, some of which
certainly extend through and include ctxAB (Davis et al. 2002). Furthermore, the
variation between the RtsR repressor in El Tor and Classical strains is sufficient to
confer biotype specificity (Kimsey and Waldor 1998). The other identified class of
CTX/ variation in lies within the ctxB gene. These are recognized nonsynony-
mous variants found in either classical and El tor (and variant) strains and have
been utilized as benchmarks in genomic comparisons.

First noted in Calcutta 1990 strains and Bangladesh in 2001, a growing number
of 7th pandemic El Tor strains harbor atypical CTX regions (Nair et al. 2002;
Raychoudhuri et al. 2009). El Tor variants have become the predominant biotype
isolated in Asia, Africa, and more recently Haiti (Nair et al. 2002, 2006; Ans-
aruzzaman et al. 2004; Safa et al. 2006). Instead of the consensus El-Tor CTX/
RS1 sequence, these variants carry a ctxB gene that possesses one or several
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nonsynonymous variants in addition to a varying number of heptad consensus
repeats in the consensus upstream ToxT binding site while often maintaining the
El Tor RS1 region. The variants also possess specific amino acid residues in the
ctxB gene that are also found in classical strains. Moreover, as in classical strains,
at least one of these strains possesses a second copy of CTX/ in chromosome II.
Preliminary functional and biochemical study of variants suggests they are located
on exposed CtxB protein–protein interfaces within multimer CtxB pore and,
therefore, could influence CtxB or CtxA binding dynamics (Shamini et al. 2011).
The measured amount of cholera toxin produced by a panel of these is shown to be
significantly increased when compared to classical and other El Tor strains
(Ghosh-Banerjee et al. 2010; Son et al. 2011). However, the measured increase in
toxin production and a concomitant hypervirulence by variants in the infant mouse
model in this work were also attributed to increased levels of ToxT and TcpA.

Superintegron Integrons are natural cloning systems that consist of open reading
frames that use flanking sites and site-specific recombinases/integrases to entrap
and acquire gene cassettes and promoters into a larger array of genes. The super-
integron is a novel integron class first discovered in V. cholerae and is represented
in current epidemic strains as a large assemblage of these integrated genes (more
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of ctxB variants (c)
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than 200) that spans more than 100 kb of chromosome II (Mazel et al. 1998). Many
of these ORFs code genes that have unknown function and are largely nonessential
for V. cholerae growth or pathogenesis. They are an interesting reservoir for hor-
izontally exchanged, yet unrelated genes and their significance is not well-
understood.

The evidence for essential or important genes in the SI in V. cholerae is gen-
erally lacking. Microarray and RNA-seq studies measure little to almost no
expression across the entire region while growing in liquid media or during
infection (Larocque et al. 2005; Mandlik et al. 2011). The only measurement for
upregulation of these genes is during cell growth at high density or while
undergoing stress (Yildiz et al. 2004). A handful of genes do encode putative
virulence factors including the mannose-fucose-resistant hemagglutinin (mrhA),
heat-stable toxin (sto), and a lipoprotein gene (Ogawa and Takeda 1993; Barker
and Manning 1997; MacDonald et al. 2006). However, because of its dynamic
nature and variation, the SI has been most useful for genomic analysis and a
fingerprint for strain comparisons. Even closely related strains are sometimes
found to possess minor variability. Gene cassettes can be duplicated and present as
multiple copies in separate locations, probably produced by duplication and not
horizontal transfer (Rowe-Magnus et al. 2003; Feng et al. 2008).

The presence of highly conserved flanking repeat sequences in SI has proved
useful for amplification-based genomic analyses. The amplification of unique
genes using primers that anneal to the flanked 59 bp repeat region has been used as
a molecular fingerprint to identify and profile collections of V. cholerae strains
(Labbate et al. 2007). The examined dynamic array of MGCs for 60 strains iso-
lated between 1961 and 2008 found more diversity in those prior to 1980s and a
predominant SI structure found in most current strains since the 1990s (Gao et al.
2011).

3 Application of Genomics

Regardless of serotype or strain, the treatment of cholera disease is the same—oral
and intravenous rehydration with concurrent replacement of electrolytes. Antibi-
otic therapy is recommended for severely ill patients but is not a first-line treat-
ment. Though the most thorough current genomic analyses may fail to provide
information relevant to the primary treatment of cholera, a case can be made for
genomic surveillance in order to advance and adapt preventative measures for a
number of reasons. First, the genomic content and SNPs can be compared to
available sequence databases of environmental and global epidemic strains to
better elucidate and determine the origin and dissemination. It is conceivable that
the genome may someday be used in order to accurately predict magnitude of
virulence. Second, the genomic analysis of emerging strains may be useful when
evaluating the efficacy of vaccines and in their design. For example, O1 vaccine
strains and strategies utilize expression and secretion of the nontoxic CtxB subunit
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to enhance efficacy (Thungapathra et al. 1999; Jani et al. 2002; Liang et al. 2003;
Qadri et al. 2007; Yan et al. 2007). There is an emergence of the strains that
encode classical-El Tor CTX islands with unique variants in the ctxB gene. The
role of these amino acid residues during infection is unclear; incorporating this
allele into vaccine strains may be useful.

New genomic tools and methods were applied to rapidly identify genomic
features of the strain during the recent Haitian outbreak in 2010 (Chin et al. 2011).
This represented the first cholera epidemic to be rapidly analyzed with a number of
next generation sequencing platforms, even while some of these technologies were
still in development. The emergence of this strain in Hispaniola, an island that had
not experienced cholera in nearly 100 years posed several fundamental questions
about the epidemiology and spread of V. cholerae that may in part be addressed
with interrogation of the genomic content. It is obvious that the lack of sanitation
and damaged infrastructure following the 2010 Haiti earthquake certainly exac-
erbated the spread of the cholera cases, but the understanding of the mode of
emergence and transmission became an important aim.

One speculation was that the Haitian strain may have re-emerged from a res-
ervoir in Latin America. Following the Peru pandemic that spread into Latin
America in the 1990s, modern cholera epidemics in the Western Hemisphere have
been generally sporadic but appear to be related. After the Peru pandemic, similar
strains were found from Mexico to Brazil in years following and appeared to be
monophyletic (Wachsmuth et al. 1993; Lam et al. 2010; Chin et al. 2011; Mutreja
et al. 2011; de Sa Morais et al. 2012; Garza et al. 2012). The Latin American
epidemic strains sequenced during this period possessed a unique 40 kb prophage
inserted in within the alanine aminopeptidase gene (de Sa Morais et al. 2012). As a
group these strains were found to be most closely resemble a strain from Angola in
1989 and other independent phylogenetic analyses also hypothesized a common
African origin which is possibly linked to immigration to Lima during the cor-
responding period before the 1991 epidemic (Mutreja et al. 2011).

The rapid sequencing and analysis of the Haitian strain in 2010 and all sub-
sequent work provided almost irrefutable evidence for human transmission of a
clonal strain of recent Asian origin (Ali et al. 2011; Chin et al. 2011; Hendriksen
et al. 2011; Reimer et al. 2011; Sjolund-Karlsson et al. 2011; Talkington et al.
2011; Frerichs et al. 2012). The Haitian strain was distinctly atypical from Latin
American strains isolated during and following the Peru 1991 epidemic and
possessed a hybrid Classical/El Tor CTX and ICEVchInd5 type SXT, not yet
detected in the Western hemisphere and more typical of those strains isolated in
Southeast Asia (Chin et al. 2011). Furthermore, an identified unique deletion in
within VPS-II and an assemblage of genes found in the SI most closely matched
strains previously characterized in Asia during the previous 8 years. Phylogenic
clustering of a panel of El Tor isolates placed more distance between Haiti and
both the Peru C6706 strain and the 1971 reference strain N16961 and highest
similarity to two strains isolated in Bangladesh; a 2008 strain (M4), co-sequenced
with the Haitian isolate, and CIRS101 isolated in 2002. Moreover, the first Haitian
cases were noted in the isolated upper Artinobite river valley proximal to a UN
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camp occupied by troops from Nepal where cholera cases had been documented
during the preceding months. This accidental importation and dissemination is
supported by the published conclusion of several independent investigators and a
UN special panel (UN 2011). Virtual definitive proof that the Haiti epidemic had
an origin in Nepal came from the application of genomic analysis to isolates from
obtained from Katmandu patients only weeks before the Haiti epidemic as
described below.

In one of the most comprehensive and conclusive genomic analyses, the gen-
omes of 24 Nepalese genomes were compared to ten previously sequenced gen-
omes including three from the recent Haitian outbreak (Hendriksen et al. 2011).
Using whole-genome sequence typing and phylogenetic analysis, a cluster of
strains was found to be most closely related to the Haitian strains. Remarkably,
two Nepal strains varied from the Hatian strains by only one or two base pair
variations. Additional characterization of 77 Nepalese strains collected from ten
different hospital laboratories from 2007 to 2010 clustered strains into four dif-
ferent groups using MLVA and ctxB gene typing (Shakya et al. 2012). Many of the
MLVA patterns in this work matched clinical strains identified in adjacent
Southeastern Asian countries and the 2008–2010 strains possessed the same CTX
3b-type toxin. A common theme in this work and other genetic studies is that
regional outbreaks appear to be clonal or closely related and also resemble clinical
strains isolated and identified in neighboring regions, suggesting regional dis-
semination. As demonstrated, it should be possible to develop phylogenies that
encompass strains isolated from more regions that span multiple seasons or years
to better follow evolution and dissemination of epidemic strains.

Current technology has enabled a more robust, deeper surveillance of variation
in the pathogenic genome. The analytic value of these data includes understanding
its rate of evolution. Recent work shows that we must be mindful in how we apply
or interpret significance of measured genetic variation. Using sequence variants
between an Indonesian prepandemic 1937 El Tor strain and also classical 6th and
modern 7th pandemic strains Feng and colleagues attempted to calculate a
‘‘molecular clock’’ (Feng et al. 2008). The aim was to document changes that had
occurred during the divergence of the three clones and estimate the rate of
mutation. Though this dataset was limited to the Classical 6th pandemic strain
O395 and two El Tor strains from 1937 to 1971, the results suggested mutation
rates that were *100 times higher than had been previously assumed. In other
independent work, Mutreja et al. concluded that recent epidemic strains isolated
during three waves of global transmission in the last 50 years have accumulated
about 2.3–3.5 SNPs/year in the core genome. The selective factors that influence
this molecular or evolutionary clock include but are not limited to interactions
within the host and environmental factors such as bacteriophage. Both clinical data
and mathematical studies support a model where lytic phages may be important in
ending outbreaks (Faruque et al. 2005a, b; Jensen et al. 2006). Recent work has
evaluated genomic characterization of phages year-to-year in cholera prone areas
using coupled-genomic approaches (Seed et al. 2011) and host-pathogen interac-
tions using microarray and RNA-seq (Larocque et al. 2005; Mandlik et al. 2011).
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4 Conclusions

Genomic science has greatly improved our understanding of pathogenic clones of
V. cholerae and their relationship to relatively nonpathogenic environmental
strains of this bacterial species. Clearly, gene content (largely driven by phage and
GI acquisition, and superintegron and ICE element variation) defines a pathogenic
O1 and O139 7th pandemic El Tor lineage of this organism that is separated
distinctly from the most common ancestor of nontoxigenic non-O1/non-O139
strains present in environmental waters throughout the world (Boyd and Waldor
2002; Li et al. 2003; Pang et al. 2007; Rahman et al. 2008; Vesth et al. 2010). The
suggestion that climate factors drive emergence of new pathogenic strains and
genetic exchange between these distinctly different groups of V. cholerae (Hasan
et al. 2012) is an interesting but largely speculative idea that simply has no strong
support at the genome sequence level (Mekalanos et al. 2012; Katz et al. 2013) or
epidemiological level (Gaudart et al. 2013a, b). Indeed, human activity (travel and
poor sanitation) seems the most probable source of typical pathogenic clones
globally over the last century and particularly over the three decades during which
cholera has established itself as a threat to Africa, Latin America, and the
Caribbean. These pathogenic clones certainly have and will undergo further
evolution as they have in the case of the variant strains that now dominate cholera
endemic and epidemic locales throughout the world. However, applying available
genomic tools to other components in the aquatic environment (e.g. phage and
microbiome) may someday define whether the key virulence genes of pathogenic
V. cholerae, have an origin in a non-O1 V. cholerae (Haley et al. 2013) or even
non-Vibrio bacterial species which may or not be pathogens of humans. Under-
standing the additional biological niches that V. cholerae virulence genes occupy
will help define a better model for emergence of pathogenic clones of V. cholerae.
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When, How, and Where can Oral
Cholera Vaccines be Used to Interrupt
Cholera Outbreaks?

John Clemens and Jan Holmgren

Abstract Cholera continues to be a major global health problem, at times causing
major and prolonged outbreaks in both endemic and nonendemic settings in
developing countries. While improved water quality, sanitation, and hygiene
(WASH) will provide the ultimate solution to prevention of this disease burden,
this is a far-off goal for most developing countries. Oral cholera vaccines (OCVs)
have been demonstrated to be effective in the control of cholera outbreaks, and
constitute useful tools to be used in conjunction with efforts to improve WASH.
Two killed OCVs are prequalified by WHO for purchase by UN agencies for
international use. Recently, WHO has launched a global stockpile of killed OCVs
for use to control outbreaks. Rational deployment of OCV from this stockpile will
require consideration of costs, feasibility, disease epidemiology, and the protective
characteristics of the vaccine deployed, as well as effective and rapid coordination
of processes and logistics used to make decisions on deployment and delivery of
the vaccine to the population in need. Despite not having data on all the questions
of relevance as to how to use OCVs to control cholera outbreaks in different
settings, there is clearly more than enough evidence to initiate their use, as answers
to remaining questions and refinement of policies will mainly come with
experience.
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1 Introduction

Cholera, an acute watery diarrheal disease caused by Vibrio cholerae O1, and less
commonly by V. cholerae O139 remains a major global health problem (Sack et al.
2004). It causes epidemics, often well publicized in the wake of natural disasters
and other humanitarian emergencies, as well as less well-publicized endemic
disease, though the latter accounts for the major portion of the global disease
burden. Cholera vaccines have been developed since the late nineteenth century,
not long after the cholera vibrio was discovered. Early generation vaccines were
killed whole cells (WCs) delivered parenterally. These vaccines were in wide-
spread use for nearly 100 years without adequate evaluation of their safety and
protection. When rigorous trials were finally undertaken in the 1960s, the trials
found that those vaccines that were acceptably non-reactogenic failed to confer
either high-grade or long-term protection. Based on this evidence, in 1973 the 26th
World Health Assembly amended the International Health Regulations by
removing the requirement for cholera vaccination on the certificate for interna-
tional travel. WHO also recommended against the use of these vaccines for control
of cholera globally (Clemens et al. 1994).

While parenteral cholera vaccines were experiencing their demise as public
health tools, considerable progress was being made in the understanding of natural
immunity to cholera. It had been well recognized that in cholera-endemic popu-
lations, natural cholera infections confer protection against recurrent cholera. The
same was observed in North American volunteers who were challenged and re-
challenged experimentally with cholera. The basis for this protection was
determined to be mucosal immunity, primarily IgA secretory antibodies directed to
the lipopolysaccharide (LPS) O antigen of cholera organisms, and to a lesser
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extent to cholera toxin. Antibacterial and antitoxin antibodies were found to
protect synergistically. Importantly, it was found that the most efficient way to
induce this mucosal immunity is by oral delivery of vaccine antigens (Holmgren
et al. 1992; Svennerholm and Holmgren 1976; Svennerholm et al. 1984). Attention
thus turned to the development of orally administered cholera vaccines (OCVs).
Despite the ensuing development of safe and effective OCVs, these vaccines have
until recently failed to be embraced as public health tools for developing countries.
The reasons have been several. Some have cited vaccine expense, moderate levels
of vaccine protection, and the logistic challenges associated with vaccine storage
and administration. Also mentioned have been concerns that delivery of these
vaccines might interfere with other control efforts in the context of cholera out-
breaks, and the expectation that global efforts to improve water quality, hygiene,
and sanitation (WASH) will soon control cholera.

Unfortunately, the past decade has not witnessed a decline in cholera incidence
or mortality. To the contrary, we have observed unusually large and protracted
outbreaks in Angola, Zimbabwe, Central and West Africa, Somalia, and Haiti.
Further, cholera has now become endemic in Haiti, after nearly a century in which
cholera was not reported in this country (Harris et al. 2010). Global statistics on
cholera published by WHO, with their acknowledged limitations, have shown no
decline in global cholera burden (WHO 2012a, b, c). A recent analysis of global
cholera disease burden estimated that there are approximately 2.8 million cholera
cases and 91,500 cholera deaths in cholera-endemic countries, and 87,000 cases
and 2,500 deaths in cholera epidemics (Ali et al. 2011), and these figures may be
conservative. In this context, the international public health community has
recently expressed interest in using new generation OCVs in concert with non-
vaccine interventions as public health tools to control cholera. This interest has
been spurred in part by the development, licensure, and international qualification
by WHO of the first low-cost OCV, which has been found to be safe and effective
in a large trial in India (Sur et al. 2009). As well, WHO has recently committed to
the creation of a global stockpile of OCVs that can be deployed for the control of
cholera outbreaks (WHO 2012, b, c). It is still be debated how best to use such a
vaccine stockpile, or other reserves of OCVs. In this chapter, we review the
available vaccines and their characteristics and outline factors that should be
considered in the targeting of the vaccines for control of cholera outbreaks,
including the use of a vaccine stockpile.

2 Currently Licensed OCVs

Currently licensed OCVs consist either of genetically attenuated live organisms or
of killed cholera WCs, with or without the addition of cholera toxin B subunit
(CTB). Three vaccines are currently licensed: a vaccine consisting of recombinant
CTB together with O1 serogroup killed WCs (DukoralTM), a vaccine containing
both O1 and O139 serogroup killed WCs, but no CTB (produced as ShancholTM in
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India and mORCVAXTM in Vietnam), and a genetically attenuated version of an
originally virulent O1 serogroup classical Inaba strain (OrocholTM and Muta-
cholTM) (Shin et al. 2011).

2.1 rCTB-WC Oral Vaccine (DukoralTM)

Developed in Sweden, this killed oral vaccine contains O1 serogroup formalin- or
heat-killed WCs representing both the classical and El Tor biotypes and the Ogawa
and Inaba serotypes, together with recombinant cholera toxin CTB (rCTB); it is the
first oral cholera vaccine to have achieved international licensure and prequalifi-
cation by WHO for purchase by United Nations agencies (Holmgren et al. 1992). Its
composition reflects the appreciation that antibacterial and antitoxic immunity
confer synergistic protection against cholera (Svennerholm and Holmgren 1976;
Svennerholm et al. 1984). The vaccine is licensed for persons 2 years of age and
older; a two-dose regimen is given to persons aged 5 years and older, while a three-
dose regimen is recommended for younger persons with doses being given
1–6 weeks apart. The vaccine is coadministered with a bicarbonate buffer to pre-
vent destruction of the rCTB by gastric acid (Clemens et al. 1986). A large ran-
domized, placebo-controlled trial in a rural Bangladeshi population with endemic
cholera demonstrated that an earlier version of the vaccine (with chemically
extracted rather than recombinant CTB), given in a three-dose regimen, was safe
and conferred 85 % protection against cholera for 4–6 months after dosing; pro-
tection declined to 62 % at one year and 57 % during the second year, becoming
negligible thereafter (Clemens et al. 1990). Additional analyses of the trial found
two doses to be as protective as three doses. Short-term cross-protection against LT-
ETEC was also demonstrated (Clemens et al. 1988). Reanalysis of the trial found
that the vaccine conferred indirect (‘‘herd’’) protection to both non-vaccinees and
vaccinees (Ali et al. 2005). The high level of short-term protection against cholera
was later confirmed in a randomized, placebo-controlled trial of a two-dose regimen
of rCTB-WC in Peruvian military volunteers, who, in contrast to the Bangladeshi
population, were presumed to have lacked previous natural exposure to cholera and
thereby also natural immunity to cholera (Sanchez et al. 1994).

2.2 Bivalent Killed WC-only OCV (ShancholTM

and mORCVAXTM)

In addition to its evaluation of CTB-WC cholera vaccine, the trial in Bangladesh of
killed OCVs demonstrated the safety and long-term protection by a killed WC-
only OCV, lacking CTB. Motivated by these findings, in the late 1980s the
Vietnamese government, led by Professor DD Trach, initiated cooperation with
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Sweden to develop and produce an inexpensive WC-only OCV in Vietnam
(Clemens et al. 1990). A two-dose monovalent, O1 serogroup, killed WC-only
OCV, containing killed cholera strains similar but not identical to those in Duk-
oralTM, was developed in Vietnam and found to be safe and to confer 66 %
protection against cholera at 8–10 months following vaccination in an open field
trial in Hue, Vietnam (Trach et al. 1997, 2002). This vaccine, which was licensed
in Vietnam as ORCVAXTM in 1997, had the additional advantage of not requiring
coadministration of oral buffer. It was subsequently made bivalent (O1 and O139),
and over 20 million doses have been administered in Vietnam’s public health
programs to date (Lopez et al. 2008).

Though used widely in Vietnam, this vaccine was not suitable for international
use because of several production and standardization problems, and because the
Vietnamese national regulatory authority (NRA) was not approved by WHO
(2004). To enable internationalization of an improved version of this inexpensive
and easily produced vaccine, in 2004 the International Vaccine Institute (IVI) in
Seoul, Korea initiated a program to modify the constituent strains, production
technology, quality control procedures, and standardization assays for the vaccine,
and to transfer this modified bivalent WC-only OCV to Shantha Biotechnics in
India, whose NRA is WHO-approved. The O1 serogroup constituents of this
O1–139 bivalent vaccine were the same as those in DukoralTM, albeit in different
quantities, so that the total O1 serogroup LPS content of ShancholTM is approxi-
mately twice that of DukoralTM. Because the vaccine does not contain CTB, no
concomitant oral buffer is required. A large, randomized, placebo-controlled trial
of this vaccine among 66,900 nonpregnant residents aged 1 year and older in
Kolkata, India found a two-dose regimen of the vaccine, given approximately
2 weeks apart, to be safe and to confer 66 % protection against O1 serogroup
cholera with no decline of protection during 3 years of follow-up (Sur et al. 2009).
Further analysis of this trial has revealed sustained protection at 5 years after
vaccination as well as evidence of vaccine herd protection (Clemens, unpublished
data; Ali et al. 2013).

All episodes of cholera in the Kolkata trial were due to a newly emergent El Tor
biotype that elaborates classical biotype cholera toxin. This vaccine was licensed
as ShancholTM in India in 2009 for persons aged 1 year and older, and was
subsequently prequalified by WHO for purchase by UN agencies. It is available at
$1.85 per dose to the public sector in developing countries. In addition, the
improved vaccine production technology has been transferred back to Vietnam,
where it is licensed by VaBiotech as mORCVAXTM.
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2.3 Live Oral CVD-103HgR Vaccine (OrocholTM

or MutacholTM)

To date, CVD 103-HgR is the only genetically attenuated, live OCV to have
achieved licensure. Developed by Professors James Kaper and Myron Levine at
the University of Maryland, this vaccine is derived from the virulent O1 serogroup,
Inaba serotype, classical biotype strain 569B. The basis for its attenuation is a
deletion in the gene encoding cholera toxin A subunit, while still expressing CTB.
The strain was further engineered to be Hg-resistant to serve as a diagnostic
marker (Kaper and Levine 1990). Given as single dose with oral buffer, this
vaccine was tested in Phase 1–2 studies that enrolled over 4,000 volunteers and
was found to be safe at doses of up to 5 9 109 viable organisms. Doses of
2–8 9 108 viable organisms were found to be reliably immunogenic and protec-
tive against an experimental challenge with both Inaba and Ogawa cholera vibrios
in North American volunteers; protection was seen against challenges as early as
1 week and as late as 24 weeks after dosing (Tacket et al. 1992, 1999; Suharyo-
nom et al. 1992; Su-Arehawaratana et al. 1992; Levine et al. 1988). However,
when tested in developing countries, serum vibriocidal antibody responses to a 108

dose were substantially lower in magnitude than those seen in US volunteers.
Accordingly, when CVD103-HgR entered Phase 3 testing for efficacy in a cholera-
endemic setting, the dose selected for testing was 5 9 109. In this trial, performed
in North Jakarta, Indonesia, 67,508 persons aged 2–41 years were randomized to a
single dose of CVD103-HgR or placebo. Vaccine efficacy against treated episodes
of O1 serogroup cholera was 14 % at 4 years of follow-up, and no significant
protection was observed during any year of follow-up (Richie et al. 2000).

CVD103-HgR was licensed as OrocholTM (also as MutacholTM) by the then
Swiss Serum and Vaccine Institute (now Crucell) as a single-dose vaccine at a
dose of 2 9 108 viable organisms for travelers aged 2 years and older. A dose of
2 9 109 is offered in a different presentation (Orochol ETM) that is intended for use
in developing countries, but to date no developing country has used this product in
routine public health programs. It is given as a single dose with a booster dose
recommended 6 months later. A post-licensure study of mass immunization with a
single dose of 2 9 109 viable organisms, given following the onset of an epidemic
in Micronesia, found that vaccination was feasible and was associated with a 79 %
reduction in the risk of cholera (Calain et al. 2004). However, because this was not
a double-blinded, randomized, controlled trial and because the findings of this
study were at variance with those of the trial in North Jakarta, the findings will
require confirmation in future studies. Another post-licensure study with a similar
dose found the vaccine to be safe, albeit associated with lower immune responses,
in HIV-infected adults in Mali (Perry et al. 1998). Although the vaccine is still
licensed, production has been suspended by the manufacturer, and the vaccine has
not yet been prequalified by WHO.
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3 Issues to Consider in the Use of OCVs for Outbreaks

The decision to use OCVs, and how to use them, for controlling cholera outbreaks
requires consideration of several factors, among which there is a complex interplay
(Table 1).

3.1 Epidemiological Setting

While there is no formal definition of a cholera ‘‘outbreak’’, the term loosely refers
to temporally defined increases in cholera incidence in specific populations. In
developing countries, outbreaks of cholera occur in two distinct settings: endemic
and epidemic. Endemic cholera occurs as a result of ingestion of cholera vibrios
from their permanent environmental reservoirs and does not require exogenous
introduction into a population. As determination of transmission routes is not
practical in most settings, a pragmatic definition of endemic cholera has been
proposed by WHO as cholera recurring in time and place, with occurrences in a
defined population in at least three of the past 5 years (WHO 2010). Endemic
cholera is well illustrated by cholera occurring in the Ganges delta of India and
Bangladesh. Outbreaks of endemic cholera tend to be influenced by environmental
and climatic variables, and usually occur in a recurrent seasonal pattern. In con-
trast, outbreaks of epidemic cholera, initiated by exogenous introduction of cholera
vibrios, usually occur unpredictably, as illustrated by the recent major epidemic in
Haiti as well as outbreaks that have been documented in fairs, feasts, pilgrimages,
and such complex emergencies as refugee crises and natural disasters (Mintz et al.
1994; Harris et al. 2010).

The difference in predictability between outbreaks in endemic versus epidemic
settings frames different approaches to use of OCVs. In predictable, endemic set-
tings, OCVs can be delivered either preemptively, in anticipation of outbreaks, or
reactively, in response to the outbreaks. In contrast, while it is known that epidemic
cholera can occur following complex emergencies, such as refugee crises, earth-
quakes, and floods, not all such emergencies are followed by cholera outbreaks, and
we lack a validated instrument to accurately differentiate those emergencies that are
at very high risk for outbreaks versus those at lower risk. Thus, preemptive delivery
of OCVs in such emergencies cannot be justified on the basis of evidence, leaving

Table 1 Factors to consider when deciding on deployment of oral cholera vaccines to control a
cholera outbreak

Epidemiological setting for vaccination
Burden of cholera morbidity and mortality
Protective characteristics of the vaccine
Clinical effectiveness of the vaccine
Balance between costs and effects
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reactive vaccination once outbreaks are identified as the only practical option.
Because a greater potential preventive impact can be anticipated with appropriately
timed preemptive vaccination than with reactive vaccination once the outbreak has
started, preemptive use of OCVs in endemic settings has been relatively non-
controversial, as reflected in recent WHO recommendations. In contrast, reactive
vaccination has been questioned as an effective strategy, although recent WHO
recommendations allow for reactive vaccination ‘‘as an additional control measure,
depending on local infrastructure and following a thorough investigation of the
current and historical epidemiological situation, and clear identification of the
geographical areas to be targeted’’ (WHO 2010).

Several additional features distinguish endemic from epidemic cholera
(Table 2). Routes of transmission for epidemic cholera tend to be few in number,
so that, when sources are identified via epidemiologic studies, simple water-san-
itation-hygiene (WASH) interventions can often be designed. Conversely, in
endemic cholera, routes and sources of transmission are multiple, making simple
WASH interventions less likely to succeed by themselves and strengthening the
argument for vaccination. In endemic settings, cholera occurs against the back-
ground of age-related acquisition of preexisting natural immunity, owing to past
cholera exposures. In contrast, in epidemic settings, cholera tends to occur in
populations with little preexisting immunity. These features help to explain the
greater level of clinical severity in epidemic than in endemic cholera. They also
provide an explanation for young age groups, with less background immunity,
having highest rates of cholera in endemic settings, while the incidence of cholera
tends to be age-independent in epidemic settings. Thus, in endemic settings, a case
can be made to limit targeting of vaccination to younger persons, whereas general
populations constitute the appropriate target in epidemic settings.

3.2 Burden of Cholera Morbidity and Mortality

It would seem obvious that use of OCVs should be reserved for settings with high
cholera incidence and high cholera mortality. However, operationalization of this
concept is complex. Despite the recurrent, apparently predictable pattern of

Table 2 Features distinguishing epidemic from endemic cholera (from Clemens et al. 1994)

Feature Epidemic Endemic

Occurrence Not predictable Predictable
Preexisting natural immunity Uncommon Common
Clinical severity Greater Lesser
Asymptomatic infections Less common More common
Higher risk in children No Yes
Modes of transmission Few Many
Nonhuman reservoirs Uncommon Common
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endemic cholera, several factors conspire to make targeting of OCVs in such
settings challenging. Country level statistics on cholera reported to WHO are
known to be underestimates, at times severe, due to limitations in laboratory
capabilities in making microbiological diagnoses, weaknesses in health informa-
tion systems, and economic disincentives for countries to report cholera. More-
over, endemic cholera may exhibit great geographical heterogeneity within a
country, so that countrywide and regionwide statistics may not be applicable to all
areas. As well, cholera in endemic settings may exhibit major year-to-year vari-
ations in disease incidence (Glass et al. 1982). Adding to the complexity is the fact
that high cholera incidence does not necessarily equate to high cholera mortality,
which depends on how well served a population is with cholera treatment facili-
ties. Indeed, it is in places where treatment is lacking that cholera is often un-
derdiagnosed and underappreciated as a public health problem. All of this means
that decisions to vaccinate against endemic cholera will frequently have to be
made on the basis of local knowledge about the incidence and case-fatality of
cholera, however, incomplete.

As already mentioned, epidemic cholera is usually unpredictable. Most cholera
epidemics occur in countries afflicted by natural or political emergencies, such as
earthquakes, floods, warfare, and refugee crises. In many such situations already
fragile or inadequate water, sanitation, and health care systems collapse, leading
not only to a cholera outbreak but also to an overloaded or collapsed health care
system, with resulting high case-fatality rates. In situations where a cholera out-
break additionally occurs in a setting that has previously been cholera-free for a
long time, as was the case for the major cholera outbreak in Haiti in 2010, the
situation is further worsened by the lack of the natural immunity that develops
with age in cholera-endemic settings, leading to increased morbidity and mortality,
which tends to occur with equal rares in young and old alike (Table 3).

3.3 Protective Characteristics of the OCVs

Several protective characteristics of the OCV to be used should be considered
when deliberating on whether to deploy an OCV to control an outbreak. Table 4
summarizes several of these features for the two currently available, WHO-pre-
qualified OCVs, DukoralTM and ShancholTM.

Table 3 Duration of recent cholera outbreaks in specific areas

Location Year(s) Duration

Pohnpei, Federated States of Micronesia (Calain et al. 2004) 2000/2001 9 months
Lusaka, Zambia (Sasaki et al. 2008) 2003/2004 27 weeks
Angola (various areas) (WHO 2007, 2008) 2006/2007 15 months
Harare, Zimbabwe (Mukandavire et al. 2011) 2008/2009 [9 months
Haiti (various areas) (Ministere de la

Santa Publique et de la population 2012)
2010 18+ months
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Table 4 Features of the two licensed and available oral cholera vaccines (after Shin 2011)

Feature/characteristic rCTB-WC (DukoralTM Crucell) WC-only (ShancholTM Shantha
Biotech; mORCVAXTM

VaBiotech)

Cellular constituents O1 serogroup El and classical
biotypes

O1 serogroup El and Classical
biotypes; O139 serogroup

Number of doses in
primary regimen

2 doses given 1–6 weeks apart
(3 doses for children 2–5 years
of age)

2 doses given 14 days apart

Need for booster dose
and frequency

After 2 years (every 6 months
for children 2–5 years of age)

After 3 years

Minimal age of use
according to
license

2 years old 1 year old

Safety/tolerability High, including in
HIV+ individuals

High, presumably including HIV+
individuals (given similarity of
the vaccine to DukoralTM)

Administration during
pregnancy
contraindicated

No No

Time of onset of
protection after
full dosing

No data (presumed 1 week) No data (presumed 1 week)

Protective efficacy 57 % at 2 years after vaccination 80 % at 5 years after vaccination
Protection against

clinically severe
cholera

Greater than against clinically mild
cholera

No demonstrated difference in
protection against clinical
cholera by severity

Protection greater in
5+ year olds than
in younger
persons?

Yes Yes

Protection by biotype Greater against classical than
against El Tor cholera;
protection also against newly
emergent hybrid El Tor cholera

Data available only for El Tor
cholera; protection also against
newly emergent hybrid El Tor
cholera

Confers herd
protection?

Yes Yes

Confers cross-
protection against
LT-ETEC

Yes No

Requires
coadministration
with liquid buffer?

Yes No

Storage temperature
and shelf life

2–8 �C; 3 years 2–8 �C; 2 years

WHO prequalified? Yes ShanchholTM: yes
mORCVAXTM: no

Price per dose to the
public sector

$5.25 (negotiated price for WHO) Shanchol: $1.85 mORCVAX:
$0.75 (projected)

240 J. Clemens and J. Holmgren



The magnitude of vaccine protection is of clear importance. Vaccine protection
is typically expressed by the term ‘‘protective efficacy’’ (PE), calculated as the
relative reduction of disease incidence in individual vaccinees attributable to their
receipt of the vaccine. This value is generally quoted as 60–70 % for both vaccines
at 1 year after immunization. However, this cited PE is itself insufficient for
making decisions for several reasons. One reason is that PE, by expressing the
relative reduction of disease owing to vaccination, does not provide an index of
absolute index of vaccine protection, such as the number of persons who need to
be vaccinated to prevent one case of cholera. For example, in an outbreak whose
incidence is three cases per 1,000 persons, a 100 % protective vaccine will require
vaccination of 333 persons to prevent a single case. In contrast, in an outbreak
whose incidence is 50/1,000, as may occur in a refugee camp or urban slum (WHO
2012a, b, c), use of a 50 % protective vaccine will require vaccination of only 40
persons to prevent each case.

A second reason is that enhanced levels of short-term protection may be of
importance to the decision to use OCVs to control cholera outbreaks. While
protection by ShancholTM exhibits no enhancement in the short-term, protection
by DukoralTM is markedly higher (ca. 85 %) in the 4–6 months after dosing when
antitoxic immunity induced by its CTB component is at hand in addition to the
antibacterial immunity induced by the whole-cell vaccine components. Such
enhanced short-term protection could be a major asset for a vaccine deployed in a
short-lasting outbreak. Conversely, longer term protection may also be of rele-
vance when vaccinating against an outbreak in an endemic setting, or in epidemics
whose duration is long, an increasingly frequent phenomenon (Table 4) (Reyburn
et al. 2011).

Third, the onset of protection should also be considered. Reactive use of an
OCV in an outbreak will be more effective the sooner after initiation of vacci-
nation that protection begins. Both DukoralTM and ShancholTM have two-dose
regimens (three doses for young children given DukoralTM, with doses separated
by 1–6 weeks for DukoralTM and 2 weeks for ShancholTM). Although there are no
efficacy data on how early protection begins for either vaccine, protection is
thought to begin 4–7 days after the second dose for each vaccine (e.g., a minimum
of ca. 2 weeks after initiating vaccination with DukoralTM and ca. 3 weeks after
the first dose of ShancholTM). For a short-lasting outbreak of only a few weeks’
duration, the overall impact of reactive vaccination would be predicted to be
minimal with either vaccine, especially considering the time required to recognize
the outbreak and to acquire and deliver the OCV (Naficy et al. 1998). Recently,
however, it has been appreciated for ShancholTM that serum vibriocidal antibody
responses after the first of the two dose regimen are robust, even higher than after
the second dose (Kanungo et al. 2009), hinting that protection may begin even
before the second dose. This prediction will be tested in a large-scale, randomized,
and placebo-controlled trial to be conducted in Bangladesh.

Fourthly, because PE only reflects direct protection of vaccinees, and does not
consider the indirect protective effects of a vaccine via herd protection, it may fail
to capture the overall preventive impact of using OCVs at the population level.
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Herd protection occurs when a vaccine not only protects vaccinated persons by
eliciting immunity to cholera in individual vaccinees, but also protects nonvac-
cinated persons and enhances protection of vaccinated persons by interrupting
transmission in populations of people, some of whom have been vaccinated.
Vaccine herd protection by DukoralTM and by an early generation killed WC-only
OCV were demonstrated in the large Phase III trial of these vaccines done in rural
Bangladesh, as well as in a recent demonstration project of DukoralTM done in
Zanzibar (Ali et al. 2005, 2008; Khatib et al. 2012). Data from the former were
then used to parameterize a dynamic cholera transmission model for rural Ban-
gladesh. The model showed that use of vaccine with the characteristics of Duk-
oralTM in rural Bangladesh could nearly extinguish the occurrence of cholera at
vaccine coverage level of only 60 %, due to the combined direct and indirect
effects of the vaccine (Longini et al. 2007). More recently, further analysis of the
Phase III trial of ShancholTM undertaken in urban Kolkata has also demonstrated
both direct and herd protective effects of this vaccine (Ali et al. 2013).

A fifth issue is that OCVs may cross-protect against noncholera pathogens.
Because it contains CTB, which is structurally similar to the B subunit of heat-
labile enterotoxin (LT) of toxigenic Escherichia coli (ETEC), DukoralTM protects
against not only cholera but also against diarrhea due to LT-expressing ETEC. In
the Phase III trial of DukoralTM in Bangladesh, for example, recipients of the
vaccine experienced a 67 % reduction of all treated episodes of LT-ETEC and an
86 % reduction of severe LT-ETEC during the initial 3 months after vaccination
(Clemens et al. 1988), an observation that has been confirmed in Europeans
traveling to ETEC-endemic areas (Peltola et al. 1991). Because ETEC diarrhea is
common in most populations experiencing cholera, this added benefit should be
taken into account. Conversely, because ShancholTM does not contain B subunit, it
is not predicted to cross-protect against ETEC.

A sixth issue is the clinical spectrum of cholera that is prevented by vaccina-
tion. Although it was argued in the past that a deficiency of parenteral cholera
vaccines was that they failed to prevent asymptomatic cholera infections, the
relevance of this observation to public health impact is unclear (Benenson 1976).
On the other hand, it is unarguable that for an OCV to have a major public health
impact, it should prevent clinically severe cholera. Both DukoralTM and Shan-
cholTM prevent cholera severe enough to require treatment, and thus both are
predicted to prevent cholera mortality. In the Phase III trial of DukoralTM, for
example, vaccination conferred 26 % protection against all-cause mortality
(Clemens et al. 1988). Moreover, there is clear evidence for DukoralTM that vac-
cination has an enhanced preventive impact on treated episodes with severe
dehydration. For example, in a demonstration project in Beira, Mozambique,
Dukoral conferred 84 % protection against all treated cholera episodes and 95 %
protection against treated episodes with severe dehydration during 6 months of
follow-up (Lucas et al. 2005). In contrast, ShancholTM exhibited no enhanced
protection against those treated cholera episodes presenting with severe dehy-
dration, as opposed to treated episodes of lesser severity, in the Phase III efficacy
trial of this vaccine in Kolkata (Clemens, unpublished data).
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A seventh consideration relevant to use of OCVs in outbreaks is that protection
may vary substantially by host and pathogen characteristics. Protection by both
DukoralTM and ShancholTM varies by age, being less for young children than for
persons vaccinated at older ages. Although in the Phase III trial in Bangladesh
DukoralTM provided almost 100 % protection for children vaccinated at 2–5 years
for the first 4–6 months after vaccination, at 2 years of follow-up PE for Duk-
oralTM was 40 % for this age group as compared to 70 % for older persons
(Clemens et al. 1990). At 2 years of follow-up of the Phase III trial of ShancholTM

in Kolkata, India, PE was 50 % for children vaccinated at 1–4 years of age and
80 % for persons vaccinated at older ages (Sur et al. 2009). While these figures
appear similar, and recognizing that there are limitations to comparing the results
for PE for different vaccines tested in different trials, it is of relevance that the
results for DukoralTM reflect protection against both classical and El Tor cholera,
whereas those for ShancholTM represent protection against only El Tor cholera, the
only biotype circulating in Kolkata during the trial. When parsed out by biotype,
DukoralTM protected less well against El Tor cholera at 2 years of follow-up (30 %
in 2–5 year olds and 60 % in older persons) (Clemens, unpublished data). As noted
earlier, however, absolute rather than relative protection is of great relevance to
public health deliberations about using a vaccine, so that in circumstances in which
cholera rates are much higher in under-five year olds, as is the case in endemic
situations, even these lower values for PE may correspond to a major public health
impact.

Another host characteristic that modifies OCV protection is ABO blood group.
In the Phase III trial of killed OCVs in Bangladesh, persons who received either
DukoralTM or a killed WC-only OCV exhibited lower levels of protection against
cholera if they had O blood group than if they had other ABO groups (Clemens
et al. 1989). Populations with a higher prevalence of O blood type, such as those
residing in the Ganges delta, would thus be expected to benefit less from vacci-
nation than those with low blood group O prevalence rates.

Yet another host characteristic of importance is preexisting natural immunity to
cholera. As noted earlier, outbreaks of epidemic cholera typically affect popula-
tions that have experienced little cholera in the past, as was the case in the 2010
outbreak of cholera in Haiti (Harris et al. 2010). It cannot be assumed that vaccine
protection will be equivalent in these populations and in populations that have
substantial levels of preexisting immunity due to previous natural exposure to
cholera. Most evaluations of the protection of both ShancholTM and DukoralTM

against naturally occurring cholera have been undertaken in populations with
endemic cholera and presumably high levels of preexisting immunity. An
exception was a trial of DukoralTM that confirmed a high level of short-term
protection against El Tor cholera in Peruvian military volunteers, who were all of
blood group O and were presumed to have not at the time of the trial had previous
natural exposure to cholera (Sanchez et al. 1994). Field evaluations of these
vaccines in populations lacking such immunity constitute an important priority for
the future.
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Phenotypic characteristics of cholera also may modify vaccine protection. As
mentioned earlier, DukoralTM has been observed to protect less well against
classical El Tor biotype than against El Tor classical biotype serogroup O1
cholera. Both DukoralTM and ShancholTM, however, have shown protection
against the newly emergent hybrid El Tor cholera vibrios that expresses classical
biotype cholera toxin (Lucas et al. 2005; Sur et al. 2009), which now accounts for
all cholera cases in many areas of Asia and Africa, as well as in Haiti.

3.4 Effectiveness of the OCVs

The effectiveness of OCVs when used to control cholera outbreaks has several
dimensions (Table 4). One is clinical acceptability. Neither DukoralTM nor
ShancholTM has been associated with side-effects when given to healthy, non-
pregnant individuals. A small, controlled observational study suggested that
DukoralTM inadvertently administered to pregnant women was not associated with
adverse pregnancy outcomes (Hashim et al. 2012). Since its licensure, over
15 million doses of DukoralTM been sold. Post-licensure studies have revealed no
safety concerns about use of the vaccine during pregnancy. Small studies have also
demonstrated the safety of DukoralTM when given to persons who are infected by
HIV, a feature of great importance in view of the logistical impossibility of testing
for HIV in order to target HIV-negative individuals during mass OCV campaigns
conducted to control cholera outbreaks (Lewis et al. 1994; Ortigao-de-Sampaio
et al. 1998). Although there are no data on the safety of ShancholTM when
administered to HIV-infected or pregnant individuals, the similarities of the WC
constituents of DukoralTM and ShancholTM, and the fact that they are both killed
oral vaccines, make it likely that ShancholTM will be deemed safe when admin-
istered to these two patient populations, although studies directly addressing these
issues are needed.

Another aspect of clinical effectiveness is the logistic and programmatic fea-
sibility of administering OCVs in outbreak situations. Preemptive delivery of
killed OCVs has been demonstrated to be feasible in endemic settings in Beira,
Mozamibique (DukoralTM), Orissa, India (ShancholTM), and Dhaka, Bangladesh
(ShancholTM); in stable refugee camps in Uganda and Sudan deemed at high risk
for cholera (DukoralTM); and in a complex emergency created by the 2007 tsunami
in Aceh, Indonesia (DukoralTM) (Cavailler et al. 2006; Dorlencourt et al. 1999;
Chaignat et al. 2008; Qadri, personal communication). As well, reactive delivery
of ShancholTM was successfully accomplished in major outbreaks in mass
immunization campaigns in Guinea (Medecins sans Frontieres 2013), and Haiti
(Ivers et al. 2012). Similarly, ORCVAXTM, an earlier generation WC-only OCV
similar to ShancholTM, has successfully been delivered reactively in multiple
cholera outbreaks in Vietnam, including a large-scale recent outbreak in northern
Vietnam (Anh et al. 2011). While these experiences illustrate that both DukoralTM

and ShancholTM can be delivered to control cholera outbreaks under realistic
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public health conditions, it is recognized that the need to coadminister DukoralTM

with relatively large volumes of buffer solution, which is not required for Shan-
cholTM, creates greater supply demands for DukoralTM and also makes delivery of
this vaccine slower and more cumbersome.

Regardless of the safety and feasibility of delivery of these vaccines, it is
important that the protection conferred under the demanding and often chaotic
circumstances of a cholera outbreak be established. The degree of protection of a
vaccine in public health practice (effectiveness) cannot necessarily be predicted
from results of prelicensure randomized trials (efficacy), which are usually con-
ducted under idealized circumstances (Clemens et al. 1996). Several vagaries of
public health practice, such as broadened criteria for targeting persons for vacci-
nation, and problems encountered with vaccine storage and administration, can
lead to a reduction of vaccine impact in relation to that predicted on the basis of
prelicensure trials. Conversely, the indirect, or herd protective effects of vaccines,
which are typically not measured in prelicensure trials, may substantially enhance
vaccine impact beyond that expected on the basis of trials. Thus, it is important to
base recommendations on use of OCVs on impacts actually observed in practice.

The protective effectiveness of DukoralTM, delivered preemptively, has been
evaluated in practical public health settings in two sites with endemic cholera, one,
in a population with a high prevalence of HIV in Mozambique (Lucas et al. 2005)
and the other in Zanzibar (Ali et al. 2005, 2008). Each study confirmed levels of
PE observed in earlier clinical trials (Clemens et al. 1990). In addition, the Zan-
zibar evaluation confirmed results of an earlier reanalysis of a Phase III trial that
DukoralTM was capable of conferring herd protection. In aggregate, these studies
suggest that the protective impact of using this vaccine in practice will be greater
than that expected on the basis of estimates of PE from individually randomized,
Phase III trials. To date, no study has evaluated the impact of DukoralTM when
delivered reactively in outbreaks in either endemic or epidemic settings.

No studies of the protective effectiveness of ShancholTM have been completed
to date. As mentioned earlier, Vietnam has used an earlier generation, locally
produced, killed WC-only OCV since the early 1990s. A prolonged epidemic of
cholera in Hanoi in 2007–2008 provided an opportunity to assess protection
conferred by reactive vaccination, which was given as a two-dose regimen to
persons aged 10 years and older in January, 2008. A case-control study of cholera
occurring between April and June, 2008 revealed 76 % PE by the vaccine in this
public health setting (Anh et al. 2011). As well, an effectiveness trial of a locally
produced earlier generation killed WC-only OCV delivered preemptively to per-
sons aged 1 year and older in central Vietnam revealed 50 % protection during an
epidemic occurring 3–5 years after vaccine campaigns (Thiem et al. 2006).

An important aspect of the effectiveness of OCVs in control of cholera out-
breaks is their potential to synergize with concomitant WASH interventions to
prevent cholera. Traditionally, provision of clean water, adequate sanitation, and
promotion of personal and household hygiene have been the cornerstones of
WHO’s approach to prevent cholera in outbreak response efforts. In addition to
making intuitive sense, use of such interventions to prevent cholera has been
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documented in a limited number of intervention studies in the Philippines (Azurin
and Alverin 1974) and India (Deb et al. 1986). While deployment of OCVs and
implementation of WASH interventions have in the past been caste as competitive
with one another, there is a good theoretical basis to consider them as comple-
mentary, if not synergistic (Fig. 1). A large-scale, cluster-randomized community
introduction project of ShancholTM given with or without a concomitant WASH
intervention is now being conducted in urban Dhaka, Bangladesh and will test this
prediction (Qadri, personal communication).

While we do not have a great deal of empiric evidence on the protective
effectiveness of OCVs as reactive interventions when used in cholera outbreaks,
several attempts have been made to predict the effects of hypothetical deployment
of OCVs reactively, using mathematical models. One analysis considered hypo-
thetical reactive vaccination with DukoralTM for persons aged 2 years and above in
cholera outbreaks in three settings: Zimbabwe, which was an epidemic setting in
2008/2009; Kolkata, India a setting with endemic cholera considered in respect to
its outbreaks in 2003–2005; and Zanzibar, another endemic setting in which
outbreaks between 1997 and 1998 were evaluated. The analysis found that prompt
initiation of a two-dose regimen of this vaccine would have had a significant
impact on outbreaks occurring in all three settings. Moreover, the predicted impact

Fig. 1 Hypothetical relationship between the impact of oral cholera vaccines and improvements
in water quality-hygiene-sanitation on the risk of cholera, by the size of ingested cholera
inoculum. The figure presents two hypothetical curves relating the ingested inoculum of cholera
organisms to the probability of diarrhea after ingestion. The top curve corresponds to a
unvaccinated individual and the bottom curve to a vaccinated individual. The top curve roughly
describes the lower risk of symptomatic cholera after WASH interventions, which act to decrease
the frequency and/or dose of ingestion of cholera vibrios (movement from state A to state B). The
bottom curve reflects the same for vaccinated individuals (movement from state C to state D).
The effect of OCVs should be to decrease the probability of becoming ill, at any (or at least most)
ingested doses (movement from state A to state C). Because of these relationships the combined
effects of WASH interventions and OCVs should combine to produce a greater preventive effect
than either intervention alone (movement from state A to state D)
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in the two endemic settings were likely conservative as the 2-year expected
duration of vaccine protection would also act to prevent cases in subsequent
outbreaks (Reyburn et al. 2011). Five modeling analyses were conducted for the
recent outbreak of cholera in Haiti (Chao et al. 2011; Andrews and Basu 2011;
Bertuzzo et al. 2011; Tuite et al. 2011; Date et al. 2011). All five found a pro-
tective impact, albeit at different levels. The most complete analysis incorporated
direct as well as herd vaccine protection, targeted (to high-risk populations) versus
nontargeted reactive vaccination, and the interaction of vaccination with varying
levels of improvement of hygiene, and estimated the impact on the total epidemic,
including cases occurring before vaccination was could be initiated (Chao et al.
2011; Andrews and Basu 2011). This model predicted that if the 30 % of the
population deemed at high risk for cholera had been vaccinated reactively shortly
after recognition of the epidemic with a vaccine having the characteristics of
ShancholTM, and if this high-risk population’s level of hygiene had been improved
by a modest 10 %, a 55 % reduction in all cholera cases in the outbreak would
have occurred.

3.5 Balance Between Costs and Effects of Using OCVs

Increasingly, decisions about deploying health interventions are being greatly
influenced by analyses of the balance between costs and the impacts of the
intervention, expressed monetarily or as a health metric. As pointed out elsewhere
(WHO 2010), a number of cost-effectiveness analyses of the use of cholera vac-
cines have been published over the years, but most have been flawed by such
features as unrealistic assumptions about vaccine targeting strategies, failure to
account for all costs, or failure to account for vaccine herd protective effects, the
last feature having been appreciated only since 2006 (Ali et al. 2005). As well, it
has been persuasively argued that cost-effectiveness may not be terribly relevant to
decisions about deploying OCVs in the wake of major emergencies, such as
earthquakes, refugee crises, hurricanes, and tsunamis, as other relief efforts in
these situations are typically very costly and are instituted without regard to cost-
effectiveness (Sack 2003).

The most comprehensive, modern cost-effectiveness analyses of OCVs have
been done for preemptive vaccination with OCVs against endemic cholera. One
was done for specific sites in Kolkata, India; Beira, Mozambique; Matlab, Ban-
gladesh; and Jakarta, Indonesia; the other was done from the perspective of major
WHO regions affected by endemic cholera. The site-specific analyses for a vaccine
with the characteristics of ShancholTM found that, when herd effects are taken into
account, mass vaccination of 1–14 year olds and of all individuals aged 1 year and
over were both cost-effective, as measured by a cost per DALY gained under three
times the GDP per capita of the country. Moreover, programs of childhood vac-
cination in Beira and Kolkata were very cost effective (cost per DALY gained less
than the GDP per capita) (Jeuland et al. 2009). However, this analysis may have
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been a bit optimistic as it assumed a price per dose of $1, rather than the $1.85
price for ShancholTM that has now been established by the manufacturer. A Global
Investment Case for a vaccine with the characteristics of ShancholTM estimated
vaccine cost-effectiveness for 33 countries projected to be early adopters of the
vaccine over the next several years. The analysis, which assumed a price per dose
of $1.85 (albeit with a gradually declining price over time as more producers enter
the market) and also took vaccine herd effects into account, found the vaccine to
be very cost-effective for programs targeting 1–14 year olds as well as for all
persons aged 1 year and over for the African, Southeast Asian, and Eastern
Mediterranean regions (International Vaccine Institute 2012). Vaccinating
1–14 year olds was more cost-effective than vaccinating older persons.

4 A Cholera Vaccine Stockpile for Use in Cholera
Outbreaks

In 1999, WHO recommended the pre-emptive use of OCV in emergency situations
at high risk for a cholera outbreak, associated with a recommendation that an
initial 2 million dose OCV stockpile should be established for use in endemic and
emergency settings (WHO 1999). For various reasons, reflecting different opinions
both within and outside WHO, these recommendations were not implemented.
Concerns leading to inaction were raised about high vaccine costs, limitations in
vaccine availability, logistic challenges associated with vaccine storage and
administration, and logistic problems in administering a two-dose vaccine. Con-
cerns were also expressed that vaccination might interfere with other WHO-rec-
ommended control efforts in cholera outbreaks. There was also an underlying
optimism in some quarters that through intensified global efforts to improve
WASH, the control of cholera together with many other enteric infections could
soon be achieved.

Still, the past decade has not witnessed any decline in cholera incidence or
mortality. To the contrary, there have been many unusually large and protracted
outbreaks in Angola, Zimbabwe, Central and West Africa, Somalia, and Haiti.
Indeed, cholera has now become endemic not only in many parts of Africa but also
in Haiti, after nearly a century in which cholera was not reported in this country
(Harris et al. 2010).

In view of this situation, the 64th World Health Assembly in 2011 called for an
integrated, comprehensive strategy of cholera prevention and control, recom-
mending the use of OCV ‘‘where appropriate, in conjunction with other recom-
mended prevention and control methods’’. A follow-up consultation meeting
concluded that an OCV stockpile for outbreak control should be established as
soon as possible, and a Technical Working Group (TWG) was convened to
develop a framework for the implementation of such a stockpile. Its report was
recently published (WHO 2012a, b, c), providing criteria and guidelines on many
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important aspects relating to the establishment and use of such a stockpile: criteria
for choice of stockpiled vaccines and their deployment; the appropriate size,
storage and financing of an initial OCV stockpile and the management, partnership
and evaluation processes required; and the decision-making procedure and oper-
ational issues.

The TWG established several minimum criteria for releasing OCV from a
stockpile for reactive vaccination to control epidemics. These include laboratory-
confirmed evidence of an outbreak, the availability of a country action plan, and
availability of adequate vaccine storage capacity and administration materials to
undertake vaccination campaigns (Costa 2009; WHO 2012a, b, c). Some addi-
tional recommendations regarding the OCV stockpile and its use include:

(1) Complementation, not replacement of other control measures. Establishment
of an OCV stockpile should not detract attention from the key established
responses to cholera outbreaks. These include (i) detection, diagnosis, and
treatment of cases with oral rehydration and antibiotic treatment; (ii) estab-
lishment of a safe water supply; (iii) implementation of adequate waste dis-
posal, sanitation, and hygiene; and (iv) communication and social
mobilization. It is also emphasized that the creation of an initial, necessarily
small, OCV stockpile and its use will not in itself constitute sufficient pre-
paredness for a large and/or sustained cholera epidemic.

(2) Vaccine properties criteria. The TWG has identified a number of criteria to
guide the choice of vaccine(s) to be stockpiled (see Table 5). These criteria are
divided into those for vaccines that should be considered for the initial
stockpile, and the partly sharpened criteria that may be requested of the next-
generation stockpiled OCVs. The criteria for the first-generation stockpile
essentially describe the established properties of both of the two WHO-pre-
qualified OCVs, DukoralTM and ShancholTM. The criteria for the 2nd-gener-
ation stockpile identifies some modified characteristics that are proposed to
guide the development of the next-generation OCVs: one-dose rather than
two-dose vaccine, heat-stable vaccine, \2-week onset of protection after
vaccination, and no age limitations for vaccine administration.

(3) Criteria for release of stockpiled vaccine. A set of epidemiological criteria that
should inform a decision to release stockpile vaccine in response to an out-
break are identified in the TWG report. Importantly, the report states that
stockpiled vaccine will be deployed only after the reporting of a culture-
confirmed cholera outbreak in any given area, and then only if the impact of
the vaccination campaign is estimated to be potentially high. The OCV
stockpile should be targeted at epidemics in low-income countries.

(4) Governance, storage, and procurement of OCV stockpile. It is recommended
that the International Coordinating Group (ICG) decision-making body that
oversees the meningococcal and yellow fever vaccine stockpile should extend
its mandate to include OCV. For OCV decisions this group—which comprises
MSF, IFRC, UNICEF, and WHO—should be nested within a wider group of
organizations (e.g., technical, commercial, civil society, funding) that can
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inform the partnership on their specific areas of expertise. A vaccine request
may be made by any national or international organization, and the ICG should
then make a decision within 48 h. As with existing stockpiles of meningococcal
and yellow fever vaccines, country receipt of OCV should then be within
7 days of approval of a request. Storage of stockpile vaccine should be the

Table 5 Proposed criteria for candidate stockpile OCVs for immediate use, and modification
requirements for subsequent medium-term stockpiled vaccine by WHO’s Technical Working
Group on creation of an oral cholera vaccine stockpile (WHO 2012a, b, c)

Candidate oral cholera vaccine requirements

For immediate stockpile For medium-term
stockpile

Confers protection against O1 El Tor (Inaba and Ogawa) O1 El Tor (Inaba and
Ogawa)

Number of doses required for
protection

2 doses 1 dose

Indication ages C2 years All age groups
Safety/tolerability profile Only mild, short-term side-effects

acceptable
Only mild, short-term

side- effects
acceptable

Immunocompromised persons
(including HIV infection) and
pregnancy contraindicated?

No known risk of whole-cell killed
vaccines in pregnant women
and immune-compromised
individuals

Safe and immunogenic
for administration

Time of onset of protection after
full vaccination

2–4 weeks \2 weeks

Efficacy 6 months after
vaccination

C50 % C50 %

Minimum duration of sustained
protection

1 year 1 year

Ability to confer herd protection? Desirable but not necessary Desirable but not
necessary

Formulation Single formulation for all ages,
including very young children

Single formulation for
all ages, including
very young children

Buffer acceptable? Yes Yes
Can be administered with local

water (with or without
chlorination)?

Yes Yes

Presentation and packaging Multi-vial packaging or single-dose
vials

Multi-vial packaging or
single-dose vials or
multi-dose vials

Cold chain requirements 2–8 �C Heat stable
Minimum shelf life 2 years 3 years
Country registration Preferable but not necessary

(authorization to use still
needed)

Preferable but not
necessary
(authorization to use
still needed)

WHO prequalification Necessary Necessary
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responsibility of the manufacturer. The OCV stockpile should initially com-
prise a 3-year supply of 2 million doses per year, which could later increase in
size. The stockpile should be maintained on a rotating stock basis. Initial donor
contributions should be sought to finance vaccine procurement, country pre-
paredness, and planned operational costs for the first 2–3 years. A revolving
fund should be established to assure longer term financial stability. A reserved
rather than prepaid stockpile is preferred. A Procurement Reference Group
should be established by the UNICEF Supply Division (UNICEF/SD) to advise
on technical issues regarding vaccine and stockpile specifications.

(5) Monitoring and evaluation. The TWG report prescribes that a rigorous system
of short- and long-term monitoring and evaluation should be embedded within
the OCV stockpile mechanism. WHO should establish a stockpile evaluation
group to define and implement the detailed monitoring required. As experi-
ence and data accrue, the results of this evaluation should enable continuous
improvement in the structure and functioning of the stockpile.

While these recommendations reflect the collective views of WHO expert groups,
it has to be kept in mind that they are based on expert opinion and are not formally
evidence-based. Reactive cholera vaccination still largely remains ‘‘terra incognito’’
with regard to strategies, logistics and real-life impact. It is also clear that use of these
criteria will entail a great deal in the way of subjective judgment. This is especially
true for the requirement that stockpile vaccine will be deployed only ‘‘when the
impact of the vaccination campaign is estimated to be potentially high’’. Factors
considered by the WHO expert group as likely indicators of a high potential impact of
OCV deployment after an outbreak is identified include: (1) high susceptibility of the
population to cholera, as reflected by a paucity of cholera cases in the past 2–3 years
(and thus a low level of preexisting population immunity to cholera) or high attack
rates when past outbreaks have occurred; (2) high vulnerability of the population, as
reflected in high case-fatality rates in past outbreaks, the occurrence of cholera in
refugee camps, internally displaced people or slums in the affected areas, or the
occurrence of cholera in areas with high levels of population movements, high
population density, or poor access to clean water, sanitation, or health care; and (3)
high risk of spatial extension of the outbreak, as reflected in a short (weeks, not
months) time elapsed and a low attack rate since the beginning of the outbreak, a low
proportion of health units in the affected districts reporting cholera since the start of
the outbreak, or reporting of cases early in the anticipated epidemic season (WHO
2012a, b, c). This last consideration reflects the recognition that although cholera
outbreaks have traditionally been thought to be short-lasting, often only a few weeks
in duration, several recently reported cholera outbreaks have been very prolonged
and widespread (Table 3) (Ministere de la Santa Publique et de la population 2012;
WHO 2007, 2008; Mukandavire et al. 2011; Calain et al. 2004; Sasaki et al. 2008;
Shultz et al. 2009). Predicting which outbreaks that will be prolonged would obvi-
ously have major implications for reactive vaccination strategies.

Another incompletely defined area that may need to be revisited concerns the
proposed practical management and financing of the stockpile. It appears to make
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good sense to let the ICG, already fulfilling such a role for the meningococcal and
yellow fever vaccines stockpiles, be the decision-making body also for OCV.
However, the proposal that for OCV, the ICG should ‘‘be nested within a wider
group of organizations (e.g., technical, commercial, civil society, funding) that can
inform the partnership on their specific areas of expertise’’ might easily be a
roadblock or at least very difficult to operationalize. If the ICG is expected to have
formal consultations with this broader group, this would make it difficult for ICG
to fulfill its obligation to communicate a decision within 48 h after a vaccine
request. More reasonably, in practice the ICG should try to consult with other
organizations and entities on a case-by-case basis to ensure that its decisions are
guided by complementary know-how, especially on local conditions of relevance
for the requested vaccine deployment.

It also remains uncertain to which extent the stockpile, initially comprising two
million doses per year and maintained on a rotating stock basis, can be built up
solely on ‘‘a reserved rather than prepaid’’ basis. The idea behind this proposal is
that were vaccine reserved for the stockpile not requested, it could still be used
commercially by the manufacturer and thus not entail any costs for the stockpile
fund. The problem today is that there is still a very small global commercial
market for OCVs, probably below 2 million doses per year. It remains to be seen
whether the manufacturer(s) will accept the risk to increase their OCV production
for expected use in a stockpile without any guaranteed orders. The longer term
maintenance of an expanded OCV stockpile would certainly be greatly facilitated
if the market for OCVs, currently largely restricted to travelers, could be expanded
through the introduction of OCVs in the control of endemic cholera in high-
exposure countries. If prophylactic cholera vaccination were used routinely in
populations with high cholera endemicity it should also, in addition to its impact
on the endemic cholera situation, reduce the risk of epidemic cholera outbreaks in
these populations, since most such outbreaks do indeed occur in countries and
populations where cholera is already highly endemic.

Finally, much remains to be learnt from the use of stockpiled vaccine on how
best to target vaccination for outbreak response when vaccine supply is limited.
Illustrative dilemmas include whether to target vaccination to the affected area or
focus on surrounding areas to prevent epidemic spread and whether to focus on
densely populated urban high-risk areas or more remote rural areas with higher
mortality risk due to poor access to effective treatment. A mathematical cholera
transmission model has been used to assess the expected impact of different vac-
cination strategies if they had been used in the Haiti cholera outbreak in 2010,
comparing reactive overall mass vaccination with reactive high-exposure vacci-
nation and reactive ring vaccination (Chao et al. 2011). Not surprisingly, with
limited vaccine quantities, concentrating vaccination in high-risk areas would
always be the most efficient strategy, and this approach would be even more
effective when combined with a campaign to also improve hygiene and sanitation.
It was also found important that vaccination be started in high-risk subpopulations
within 5 days after the first two cases had appeared in them; waiting for several
more cases or having a longer delay seriously diminished the modeled effectiveness
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of vaccination. The importance of a rapid response was also evident in a retro-
spective analysis of a number of cholera outbreaks in Zimbabwe, Kolkata (India),
and Zanzibar (Tanzania): the results indicate that reactive vaccination with a two-
dose cholera vaccine can substantially reduce the number of cholera cases, the more
the larger and longer the epidemic is, and the impact was found to be more than
doubled if vaccination can be completed within ca 10 weeks (‘‘rapid response’’) as
compared to 21 weeks (‘‘delayed response’’) after the start of the outbreak
(Reyburn et al. 2011).

Another important issue, in addition to those relating to the logistics in mobi-
lizing and deploying vaccine from the stockpile, would be to assess whether
protection by existing OCVs with two-dose regimens begins after intake of the first
dose. In cholera-endemic areas where partial natural immunity is built up pro-
gressively by age, a single-dose regimen may be sufficient to elicit a protective
intestinal immune response in some individuals. It would also be important, out-
side the direct use of the stockpile but of great relevance to it, to establish rea-
sonable in vitro serological correlates of protection that can be used to expand or
modify indications and regimens for current and future OCVs. For use of the OCV
stockpile such correlates would be invaluable for studies that could extend age
indications and acceptable limits of thermal storage and shelf life. Both of the
WHO-prequalified OCVs, DukoralTM and ShancholTM, are based on heat-stable
vaccine components that withstand storage at temperatures up to 37 �C for
months, and although the formally approved shelf life of these vaccines is limited
to 3 and 2 years, respectively, studies with DukoralTM have indicated unimpaired
safety and immunogenicity of vaccine in humans after storage for almost 15 years
(Holmgren, unpublished). Likewise, immunization with two full doses of Duk-
oralTM in infants 6 months of age in Bangladesh was well tolerated and fully
immunogenic indicating that OCV can be safely administered at least down to this
age (Ahmed et al. 2009).

5 Concluding Remarks

OCVs are now components of the public health tool box—alongside provision of
adequate WASH and treatment—for the control of cholera outbreaks. Deployment
of these vaccines preemptively in populations with high levels of cholera ende-
micity is relatively non-controversial, though the definition of what is ‘‘high’’ may
be debated. As illustrated by analyses of hypothetical reactive vaccination in
Zanzibar and Kolkata (Reyburn et al. 2011), reactive vaccination in endemic
setting, although not an optimal strategy, can also be justified, in view of the
multiyear duration of protection conferred by both DukoralTM and ShancholTM and
the likelihood that vaccination will not only help contain the current outbreak, but
the future occurrence of cholera as well. In endemic settings, a case can be made
for targeting children aged 1–14 years for vaccination if resources for vaccination
are constrained.
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When it comes to vaccinating to control unpredictable outbreaks in epidemic
settings, models predict a significant impact if reactive vaccination is initiated
relatively soon after recognition of the outbreak and is targeted to high-risk
populations, provided that the outbreak is relatively prolonged. At present, how-
ever, we lack validated tools for predicting the scale and duration of outbreaks
after they have begun, and research to develop such tools is greatly needed.
Careful evaluation of the results of using the newly created global cholera vaccine
stockpile will be helpful in this respect. Preemptive vaccination in the wake of
complex emergencies occurring in populations without documented endemic
cholera is a much less certain strategy, as we lack validated tools for predicting in
which situations cholera is likely to occur.

We currently have two OCVs that are commercially available and approved by
WHO for international use: ShancholTM and DukoralTM. Both are killed oral
vaccines with excellent safety profiles, although additional studies of safety when
the vaccines are given to pregnant women or persons infected by HIV are needed.
Protection by DukoralTM has been observed among adults in Peru who lacked
natural immunity from past cholera exposure (Sanchez et al. 1994); we lack such
data for ShancholTM, which has only been evaluated for protection in populations
with preexisting natural immunity. The ability to protect immunologically naïve
persons is of importance when considering whether to vaccinate in outbreaks
occurring in epidemic as opposed to endemic settings, and should be a priority for
evaluations of the newly created OCV stockpile. Other factors influencing the
choice of DukoralTM versus ShancholTM include Shanchol’sTM lower expense,
simpler dosing regimens (two doses for all age groups), and longer duration of
protection and, conversely, Dukoral’sTM greater short-term efficacy against chol-
era and its cross-protection against LT-ETEC.

Despite not having data on all the questions of relevance to use of OCVs to
control outbreaks, there is clearly enough evidence to initiate their use, as answers
to the questions will come with experience. In this spirit, non-governmental
organizations involved in the control of cholera outbreaks, such as MSF and
Partners in Health, have used ShancholTM recently in Africa and Haiti. Evaluations
of these experiences, as well as the additional experiences that will be provided by
use of the newly created global cholera vaccine stockpile, offer the opportunity to
gather this needed evidence and to refine our approaches to vaccinating in the
future.
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