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Recent advances in cholera research: Memorandum
from a WHO Meeting*

Vibrio cholerae 01 is an important cause ofdiarrhoeal disease in large parts ofAsia and
Africa. The seventh pandemic of cholera is still continuing (92 countries have so far been
affected), and other organisms related to V. cholerae 01 are being reported increasingly
frequently as the cause of diarrhoeal outbreaks as well as endemic diarrhoea.

Recent research has considerably increased our understanding of how cholera is trans-
mitted, the mechanisms by which V. cholera 01 produces disease, and the functioning of
the local intestinal immune response by which individuals can beprotectedfrom infection.
One result of these advances has been the development of experimental cholera vaccines,
derivedfrom non-living and attenuated live strains, which promise to become a new toolfor
the control ofcholera. These matters, which were reviewed by the WHO Scientific Working
Group on Bacterial Enteric Infections at a meeting in Geneva, Switzerland, in September
1984, are described together with recommendations for future research.

EPIDEMIOLOGY AND ECOLOGY OF CHOLERA

The seventh pandemic

Since the onset of the current pandemic in 1961,
many countries in Africa, Asia, the eastern
Mediterranean, and southern Europe have
experienced endemic cholera or epidemics or both.
The numbers of cholera cases and deaths reported to
WHO, although of some value, do not adequately
depict the extent of the problem because many cases
and deaths are unrecognized and there is widespread
under-reporting. The only region of the world that is
not known to have experienced cholera during this
pandemic is South America.

In some endemic areas, transmission tends to occur
* This Memorandum is adapted from Annex 2 of the Report of

the Third Meeting of the Scientific Working Group on Bacterial
Enteric Infections (unpublished document WHO/CDD/BEI/84.5),
which was drafted by the signatories listed on page 849. An article on
cholera and other vibrio-associated diarrhoeas, which was based on
an earlier meeting in 1979, was published in the Bulletin ofthe World
Health Organization, 58: 353-374 (1980). Requests for reprints of
this Memorandum should be sent to the Director, Diarrhoeal
Diseases Control Programme, World Health Organization, 1211
Geneva 27, Switzerland. A French translation will appear in a later
issue of the Bulletin.

with a distinct seasonal pattern. For example, in
Bangladesh and India, even though cases occur
throughout the year, pronounced seasonal peaks are
typical. In other areas where cholera has become
endemic more recently or has not been well studied,
the pattern is less well defined. More studies are
needed to understand the epidemiological patterns of
cholera, especially in endemic areas of Africa and, the
eastern Mediterranean.

During the last few years, epidemics of cholera due
to strains of V. cholerae 01, biotype eltor, that were
resistant to many antibiotics have occurred in
Bangladesh and the United Republic of Tanzania.
The epidemic strains contained plasmids which
carried the resistance genes. Although antibiotic-
resistant strains of V. cholerae 01 had been isolated
previously, they had not caused epidemics of cholera.
It is probable that, at least in the United Republic of
Tanzania, excessive antibiotic pressure, including
mass prophylaxis for cholera, aided the
dissemination of these strains.

V. cholerae 01 of the classical biotype recently re-
appeared in Bangladesh where, since 1973, it had
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apparently been replaced by the eltor biotype. During
the period 1979-81, strains of the classical biotype
were isolated only occasionally, but in September
1982 the classical biotype was found in large
numbers. Since then, both eltor and classical strains
have been prevalent. In neighbouring India, the eltor
biotype continues to be the causative agent.

Maintenance of endemicity
In some cholera-endemic areas there are months of

the year when cases are not detected. The mechanism
of maintenance of V. cholerae 01 during these
periods, which may differ for classical and eltor
biotypes, and for areas with different climates, is
unexplained but is undoubtedly very important for
understanding the epidemiology of cholera and
achieving its control. Four possible mechanisms have
been suggested for the maintenance of V. cholerae
01: (a) through non-human animal populations, (b)
through chronic carriers who intermittently excrete
the organism, (c) by low-level continuous
transmission through asymptomatic persons and
mild clinical cases, and (d) through aquatic
reservoir(s).
Mechanism (a) has been studied over many years

and seems unlikely. Mechanism (b), though possible,
is believed to be of minor importance. Mechanism (c)
is considered to be at least partially responsible for
the maintenance of endemicity in highly endemic
areas such as Bangladesh and eastern India where
cases of cholera occur throughout the year. Whether
this mechanism is operating in endemic areas in
Africa and the eastern Mediterranean has not yet
been investigated carefully. Mechanism (d) was
regarded as unlikely until the mid-1970s, but has been
attracting more interest recently. It is discussed in
more detail below.

The role of aquatic reservoirs. Epidemiological
studies undertaken in Australia, Italy (Sardinia), and
south-eastern USA, have shown that an aquatic
reservoir can exist for V. cholerae biotype eltor and
that it can be responsible for maintaining endemicity
in an area. The role of an aquatic reservoir has been
demonstrated most clearly in the USA where there is
no secondary spread and sporadic cases have
occurred in the summer months among persons
eating partially cooked or uncooked seafood. The
existence of similar reservoirs in other cholera-
endemic areas seems likely.

Laboratory studies support the concept that
V. cholerae 01 eltor in pure culture can survive for
prolonged periods in warm waters without nutrients.
Survival is influenced by several factors, especially
salinity and pH. The conditions prevailing in the
aquatic environment may play a role in the trans-
mission of cholera, as well as in the maintenance of

endemic cholera, since optimum conditions may
amplify the risk of transmission via contaminated
waters.

Aquatic microhabitats may also play a role, both as
regards the aquatic reservoir and transmission. For
eltor strains, the association with and/or adherence
of V. cholera 01 to water plants and animals
(including plankton and copepods) may be par-
ticularly important. There is no information on
classical V. cholerae O1 in this respect.

Transmission

Both contaminated water and contaminated food
can serve as vehicles for the transmission of cholera.
In Bangladesh and India, water appears to play a
major role. In other areas, such as the South Pacific
islands, foodborne outbreaks have occurred. In
situations where water is the vehicle, it need not only
be drinking-water that is responsible, since
contaminated water may be consumed in other
forms. For example, water used to wash dishes and
for bathing may serve as a vehicle of infection. In
addition, contaminated water may inoculate food,
leading to foodborne cholera. The transmission of
cholera is therefore complex and it is not always easy
to determine whether it is foodborne or water-
borne.

Volunteer studies in young, healthy, American
adults have shown that food may also have the effect
of lowering the infectious dose. An inoculum as low
as 103 organisms, given with food or buffer, led to
infection and diarrhoea in volunteers, whereas doses
of up to 106, given in water (without buffer) to fasting
volunteers, did not cause illness.
The role of fomites, fingers, bed linen, or other

soiled objects in the transmission of cholera remains
unclear. Workers in the United Republic of Tanzania
who have observed cholera outbreaks in hospitals
and prisons consider this type of transmission to be
important, especially when there is overcrowding and
hygiene is very poor. Children who acquire
nosocomial cholera may be more susceptible than
normal children because of their underlying illness
(e.g., measles, malnutrition, respiratory disease,
etc.).

Interruption of intra-familial transmission
In India and Bangladesh, studies are being

conducted on simple means of interrupting the
transmission of cholera within the family. In
Calcutta, the chlorination of stored household water
reduced transmission by about 50%, while the
replacement of buckets by narrow-necked water
storage vessels (into which it is impossible to
introduce a hand or pot) resulted in an even greater
reduction in intra-familial spread. In Dhaka, studies
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are under way to determine whether aluminium
potassium sulfate (alum potash), a traditional and
inexpensive water purifying agent, will decrease the
rates of secondary infection in the family. Alum
potash, which precipitates material suspended in the
water, may also kill vibrios by lowering the pH.

These studies suggest new ways to control
secondary infections and also demonstrate a simple
and inexpensive methodology for clarifying the route
of transmission. Future studies should determine the
safest and most efficient ways of applying these
technologies.

PHAGE TYPING OF V. CHOLERAE 01 GROUP I

A reliable phage-typing scheme for V. cholerae 01
remains an important requirement for epidemio-
logical studies. The scheme that has been most widely
used in recent years is that developed by the Public
Health Laboratory, Maidstone, England. Using this
scheme, it was possible to type 99%o of 1135 strains,
and 25 typing patterns were recognized. However,
6407o of the strains belonged to only three phage
types, thus limiting the scheme's value. Despite this
constraint, the scheme has been used in several
epidemiological studies.
The scheme was recently evaluated by the WHO

Collaborating Centre for Phage Typing and Drug
Resistance of Enterobacteria, London, England.
Using strains supplied by the Maidstone Public
Health Laboratory, it was not possible to reconfirm
the phage types of 29 out of 37 strains. This study also
showed that the typing phages were contaminated; a
further complication was the non-availability of a set
of type strains. It was concluded that, with the
reagents available at present, the Maidstone typing
scheme is unsatisfactory.
Another phage-typing scheme developed by the

Scientific Research Antiplague Institute, Rostov-on-
Don, USSR, utilizes seven virulent phages of stable
activity. These include four phages of Mukerjee for
typing strains of the classical biotype of V. cholerae
01, and three that lyse predominantly strains of the
eltor biotype. In initial studies using the Rostov
scheme it was possible to type 279 out of 280 strains
of the classical biotype and 93% of 2225 strains of the
eltor biotype. A total of 16 phage types were
recognized. Subsequently, in a collaborative study
with the National Institute of Cholera and Enteric
Diseases, Calcutta, India, involving 219 eltor strains,
it was found that 15%o of the strains tested were
untypable, 45% belonged to type 13, and the rest
belonged to other types.
The WHO Collaborating Centre for Phage Typing

and Drug Resistance of Enterobacteria used the
Rostov phages to study 73 strains of V. cholera 01

biotype eltor and found that 85% gave patterns
agreeing with those described by the investigators in
Rostov. Of these strains, 34%o belonged to type 13
and 290/o to types 11 and 14. Only 3%o showed
patterns that did not conform to any of the published
patterns. Although the standard type strains were not
received, the results of this examination affirmed that
the typing phages were not contaminated and that the
Rostov scheme is reliable. However, the value of this
scheme in its present form is limited as 63%7o of the
eltor strains belonged to only three phage types.

It may be concluded from the above that the
Maidstone scheme is at present unsatisfactory. The
Rostov scheme, on the other hand, despite the
limitation mentioned above, may provide a basis for
the development of a satisfactory typing scheme.

It is suggested that when a satisfactory phage-
typing scheme is available an international centre to
produce, standardize, and distribute all the necessary
reagents should be designated. Such a centre could
also train workers to establish national centres, assist
in the global surveillance of cholera, and be a focal
point for quality control and for reporting to
WHO.

PATHOGENESIS OF CHOLERA AND POTENTIAL
PROTECTIVE ANTIGENS

The pathogenesis of cholera and of diarrhoea
caused by exterotoxigenic bacteria other than V.
cholerae 01 comprises three main stages: (1) bacterial
colonization; (2) production and delivery of entero-
toxins; and (3) toxin action and intestinal fluid
secretion. The structure and function of cholera toxin
(CT) and its effects on fluid transport processes have
been particularly well elucidated. "Toxins" other
than CT have recently been recognized which may
also contribute to disease. Much less is known about
the manner in which V. cholerae 01 colonize the
small intestine and deliver toxin. It is believed that
colonization may involve, -sequentially: (1)
chemotactic attraction of the bacteria to the surface
of the mucus gel; (2) penetration of the mucus gel;'(3)
adhesion to the epithelial cell surface; and (4)
multiplication of mucus gel- and mucosa-associated
bacteria.

Chemotaxis

Chemotaxis of vibrios is an important virulence
factor in experimental cholera. Homogenates of
rabbit intestinal epithelium have been shown to
contain strong chemotactic factors (taxins) to which
V. cholerae 01 can respond. Mutants of V. cholerae
01 lacking taxin-receptors have reduced virulence.
Motility also appears to be an important virulence
factor in experimental cholera since non-motile
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variants are less virulent than their motile parent
strains. Motility seems to act synergistically with
chemotaxis and to be a prerequisite for efficient pen-
etration of the mucus gel.

Vibrio association with mucus gel

The association of V. cholerae 01 with, and
growth within, the mucus gel appears to be important
for virulence. It may involve other types of behaviour
than that resulting from chemotactic attraction, such
as interactions based on charge or on an affinity of
the bacterial surface for structures contained in the
mucus gel. Mechanisms that assist the organism's
entry into and passage through the mucus layer may
be an important area for study. These may involve
the production of exoenzymes, such as the soluble
haemagglutinin (protease), mucinase, and neur-
aminidase (sialidase), which are produced by most
V. cholerae 01 strains.

Vibrio adhesins

In comparison with enterotoxigenic Escherichia
coli, little is known about the adherence of cholera
vibrios to the brush border membrane. Attempts to
identify adherence fimbriae on V. cholerae 01 have
been unsuccessful. Instead, one or more of the outer
membrane proteins of the vibrio may be responsible
for mucosal attachment. The cell-bound haem-
agglutinins of V. cholerae 01 may represent-such
adhesins. V. cholerae 01 may express at least two
different cell-bound haemagglutinins: one elaborated
by classical strains which is specifically inhibited by
L-fucose, and one elaborated by eltor strains which is
inhibited by D-mannose. Most V. cholerae 01 strains
appear to have genes for both haemagglutinins, but
the expression of one seems largely to suppress the
expression of the other in a biotype-related manner.
The fucose-binding and mannose-binding haemag-
glutinins are immunologically distinct from each
other, and also from the soluble haemagglutinin
(protease) which can be produced by both the
classical and the eltor biotype.

Finally, cholera toxin appears to aid colonization
in that mutant V. cholerae, selectively deficient in
toxin production, colonize animal intestine less well
than do their toxigenic parents; the mechanism of this
effect is unknown.

Delivery of cholera toxin

The production and "delivery" of cholera toxin
include toxin synthesis, inner membrane translo-
cation, processing, assembly, outer membrane trans-
location (secretion), and activation. These steps are
similar in V. cholerae 01 and enterotoxigenic E. coli,
except that V. cholerae 01 secretes and proteo-

lytically nicks (activates) cholera toxin, whereas
enterotoxigenic E. coli accumulates LT (thermolabile
toxin) in an unnicked form in the periplasmic space.
Toxigenic strains of V. cholerae 01 assemble the A
and B subunits in the periplasm prior to their
secretion, which is mediated by a secretory apparatus
in the outer membrane that recognizes structural
domains within the B subunit. It is clear that
V. cholerae 01 exploits more efficient processes in
delivery of its enterotoxins than E. coli. These include
an efficient "secretory mechanism" and "nicking"
proteases (one of which may be the soluble haem-
agglutinin) which deliver activated toxins into the
milieu where they interact with host tissue and cause
disease.

Toxins of V. cholerae 01 other than cholera toxina

Cholera toxin has long been thought to be entirely
responsible for the intestinal secretion of water and
electrolytes, and hence the watery diarrhoea which
is characteristic of cholera. Although CT is
undoubtedly largely responsible, two observations
suggest that V. cholerae 01 produces another toxin
(or toxins) also capable of causing diarrhoea. First,
there is evidence that naturally occurring CT-negative
eltor strains (absence of the CT gene was confirmed
by DNA probe) cause intestinal secretion when they
or their culture supernatants are inoculated into
certain animal models; these include both environ-
mental isolates and diarrhoea-associated strains.
Second, mild or moderate diarrhoea has been found
to occur in 30% or more of healthy volunteers fed
viable V. cholerae 01, of either the eltor or classical
biotype, that are CT-negative; these were strains
whose CT gene had been damaged by mutagens or
selectively eliminated by recombinant DNA
techniques. This non-CT toxin (or toxins) is
important because by causing diarrhoea it renders
these strains unattractive as candidate live oral
vaccines.
The exact nature of the non-CT toxin (or toxins) is

not known. Work in one laboratory suggests that it is
a heat-labile protein. Because many V. cholerae 01
produce a shiga-like toxin, it has also been suggested
that this may be the responsible factor. In addition, it
has been proposed that the soluble haemolysin
produced by many eltor vibrios, the genes for which
are also present in classical strains, may be
responsible.

IMMUNIZATION AGAINST CHOLERA

Stimulation of immunity
The superficial nature of infection with V. cholerae

01, which does not involve mucosal invasion by the
o See below, the section on live oral attenuated vaccines.
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organism, dictates that immunity can only be
mediated by mechanisms that function at the mucosal
surface or within the bowel lumen. The only immu-
nological defence known at present to be effective at
these sites is antibody. The abundance of secretory
IgA (sIgA) in intestinal secretions and bile suggests its
importance in immunity to cholera. However, other
immunoglobulins - e.g., IgG produced locally or
systemically, and IgM - may also be contributors.

Intestinal sIgA responses are best stimulated by
locally absorbed antigen. The major events include:
(1) the transport of antigen from the bowel lumen
into submucosal lymphoid follicles (i.e., Peyer's
patches) by specialized epithelial cells termed M cells;
(2) antigen-induced proliferation, within Peyer's
patches, of lymphocytes committed to the production
of IgA; (3) the migration of these cells via lymph and
blood until they eventually settle in the intestinal
lamina propria and other secretory sites - e.g., the
.mammary glands - and become mature plasma
cells; and (4) the secretion of IgA antibody which is
transported to the bowel lumen or secreted in bile as
sIgA. This sIgA response includes the development of
immunological memory, which may play an import-
ant role in the maintenance of long-lasting local
immunity. With repeated enteric immunization, sIgA
responses tend to increase and memory is enhanced,
thus increasing the extent of immunity and its dur-
ation. The mechanisms and sites involved in the pro-
duction of other classes of intestinal antibodies are
less clear.

In contrast to oral immunization, parenteral
antigen primes very inefficiently for a mucosal sIgA
response; however, it may boost such responses, at
least briefly, after oral priming. A major drawback of
parenteral immunization, demonstrated in animals,
is that it eventually induces marked suppression of
the sIgA system, making further oral immunization
less effective.
The form in which antigens are delivered also

markedly affects the efficiency of immunization.
Live V. cholerae 01 are actively transported into
Peyer's patches through M cells and are the most
efficient means of cholera immunization; moreover,
they have the virtue of providing a complete antigenic
array for immuno-stimulation. In contrast, killed
V. cholerae 01 are absorbed very poorly and are
much less efficient immunogens. Separated antigens
of V. cholerae 0 1 are also immunogenic but generally
have rather low efficacy, multiple large doses being
required to evoke significant protection. An excep-
tion is cholera toxin which is extremely immunogenic,
but too toxic for practical use. A better
understanding of the factors that affect antigen
uptake by M cells might help in designing efficient
immunogens. Particulate antigens may prove to be
more efficient than soluble ones, and oral adjuvants

may be developed for the enhancement of sIgA
responses; these areas require further study.

Immunization against cholera should aim to pre-
vent colonization and toxin action. Studies in experi-
mental animals and, to a more limited extent, in man
have shown that antibodies to cholera toxin,
especially those directed against the B subunit, are
protective, as are antibodies to the serotype-specific
determinants of V. cholerae 01 lipopoltsaccharide
(LPS). When combined, antitoxin and antibacterial
(anti-LPS) antibodies have a synergistic protective
action. Antibody to purified cell-bound haemag-
glutinin of the eltor biotype of V. cholerae 01 has
also been found to protect against experimental
cholera.

Outer membrane proteins (OMPs) have been
studied as protective antigens of V. cholerae 01.
Several appear to be common to V. cholerae 01
strains of both biotypes and serotypes, and about
50% of volunteers recovering from cholera show low
serum and intestinal IgA responses to OMPs.
However, rats immunized intestinally or into Peyer's
patches with a live rough strain of V. cholerae 01
(i.e., expressing OMP but not LPS), or an OMP pre-
paration from that strain, were not protected when
challenged with a live smooth strain of
V. cholerae 01. These studies support the protective
role of lipopolysacharride but raise doubts as to the
role of OMPs as protective antigens.
To. summarize the protective role of individual

antigens of V. cholerae 01, LPS and cholera toxin
(B subunit) or procholeragenoid have proved to be of
protective value; cell-bound haemagglutinins and
flagellar protein are probably protective; and other
OMPs, mucus-hydrolysing and other enzymes, and
toxins other than cholera toxin are possibly
protective.

Evaluations in man of candidate vaccines

Several new candidate cholera vaccines have been
developed recently. Their common feature is that
they are administered by the oral route to stimulAte
intestinal secretory IgA antibodies preferentially and
most effectively. The vaccines consist of either non-
living antigens or live attenuated strains.

Non-living antigens. A combined oral non-living
antigen consisting of B subunit (1 mg) and killed
vibrios was shown in adult Bangladeshi volunteers to
induce an intestinal antibody response similar to that
induced naturally by infection with cholera.
Subsequently, a higher dosage of the same vaccine
(5 mg of B subunit plus 2 x 10" killed vibrios per
dose) was administered on three occasions (days 1,
14, and 28) to healthy, young adult, North American
volunteers after suppression of gastric acidity with
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cimetidine and NaHCO3. The vaccine stimulated
rises in antitoxin and vibriocidal antibody in the sera
and jejunal fluids of most volunteers. In an
experimental challenge study one month later, the
vaccine gave moderate protection (640o) against
cholera. Another group of volunteers challenged
after immunization with the whole-cell component
alone were protected to nearly the same degree.
A secondoral combined vaccine consisting of three

doses of procholeragenoid (50, 50, and 200 1g) and a
different preparation of killed vibrios (2 x 10"1 per
dose) was also given to North American volunteers.
The serum vibriocidal seroconversion rate was
significantly lower than after the B-subunit/whole-
cell vaccine, while the serum antitoxin seroconversion
rate was not significantly different. This vaccine did
not significantly decrease the attack rate of cholera in
experimental challenge, although the severity of
illness was significantly diminished in the vaccinees.
In all studies the oral non-living vaccines were shown
to be safe; no adverse reactions occurred in the
Bangladeshi or North American volunteers.
A field trial of the B-subunit/whole-cell combined

vaccine produced by the Merieux Institute, Lyons,
France, will be carried out in Bangladesh in 1985 by
the International Centre for Diarrhoeal Disease
Research in collaboration with the Government of
Bangladesh and the World Health Organization.
This will be a controlled, randomized, double-blind
.trial involving approximately 165 000 participants,
and will compare the efficacy of three doses of
(a) combined vaccine, (b) oral killed whole-cell vac-
cine, and (c) placebo.
Another new, non-living oral vaccine, produced by

the Pasteur Institute, Paris, France, is a crude
fraction of the V. cholerae 01 cell wall. Preliminary
safety tests have shown that this antigen is safe when
given orally and stimulates serum vibriocidal anti-
body. The results of a preliminary trial in Zaire in
1983 suggest that this oral vaccine has protective
properties when given in two doses, eight days
apart.

Live oral attenuated vaccines. The alternative
approach to the development of new oral cholera
vaccines involves the use of recombinant DNA tech-
niques to attenuate virulent V. cholerae 01 by
removing specific virulence properties. The parent
strains are those shown to be pathogenic in volunteers
and capable of stimulating solid protection. Genes
encoding the production of cholera holotoxin or the
enzymatically active A subunit were deleted to give
rise to eltor Inaba JBK70 and classical Ogawa NT
(A-B-), and classical Ogawa CVD1IO and Nl
(A - B +) vaccine strains. JBK70 caused mild
diarrhoea in a proportion of recipients of 106, 108, or
1010 organisms with NaHCO3. CVD1IO induced

comparable rates of diarrhoea in vaccinees who
received from 104 to 108 organisms. These
genetically-engineered vaccine strains colonized the
intestine and induced serum vibriocidal responses
equal to those seen after clinical cholera.
Furthermore, a single dose of JBK70 provided a high
degree (89%o) of protection against experimental
challenge with virulent V. cholerae 01 of the Inaba
serotype.

These vaccines stimulate high levels of antibody
and both are protective after a single dose, but have
an unacceptably high rate of adverse reactions. Both
JBK70 and CVD101 (and presumably NI and NT)
produce a shiga-like toxin and an haemolysin that has
cytotoxic and enterotoxic activity. It remains to be
seen whether deletion of one or both of these possible
virulence properties will further attenuate the vaccine
strains without reducing their protective effect.

PATHOGENS RELATED TO V. CHOLERAE 01

A number of organisms closely related to V.
cholerae 01 have been receiving increased attention
because they may be important human entero-
pathogens. This group includes: V. cholerae non-Ol,
V. mimicus (until recently classified as sucrose
non-fermenting strains of V. cholerae non-O 1),
Aeromonas hydrophila, and Plesiomonas shigel-
loides.

V. cholerae non-Ol and V. mimcus have not been
shown to be associated with more than a very small
percentage of severe diarrhoeas anywhere in the
world; however, they do appear to be an important
cause of mild diarrhoea in populations living beside
coastal waters. Some isolates obtained from cases
have shown far greater virulence potential (toxins,
colonization factors) than others. Interestingly, many
of the reported infections with these organisms are
non-enteric and include bacteraemias, wound
infections, and ear infections.

Until recently, V. cholerae non-Ol were known as
non-cholera vibrios (NCV) or non-agglutinating
vibrios (NAG). The taxonomic inclusion of V.
cholerae 01 and non-Ol in the same species has
resulted in some confusion as to the significance of
isolation of V. cholerae. Although the non-O strains
can cause diarrhoea, they do not have the same
epidemic potential as strains of the 01 serotype. In
fact, it seems that only CT-producing V. cholerae 01
strains have epig1emic potential
A. hydrophila are ubiquitous in water and soil, and

are commonly isolated from the intestines of cold-
and warm-blooded animals, including man. In man,
they have been associated with a wide spectrum of
disease, particularly soft tissue infection, septi-
caemia, and diarrhoea. The relative importance of
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A. hydrophila as a human enteropathogen is still
unknown. It has been isolated frequently from
healthy persons, though some surveys have shown a
higher recovery rate from diarrhoea cases than from
healthy controls. Rates of isolation increase
significantly when selective media are used. The most
commonly used is ampicillin agar because most
strains are resistant to ampicillin. However, in certain
areas (e.g., in Bangladesh) this is not the case; thus
ampicillin sensitivity should be determined before it is
used as a selective agent. Other selective agents, such
as novobiocin, may also be useful. As A. hydrophila
are oxidase-positive, oxidase testing of suspicious
(e.g., haemolytic) colonies can be used to screen
suspect organisms.

P. shigelloides has rarely been isolated from
diarrhoea patients; however, this bacterium may be a
more common cause of diarrhoea than is currently
thought because a special effort is needed to isolate it,
and well-documented outbreaks associated with this
bacterium have occurred. The lack of a selective
medium has hindered the isolation of P. shigel-
loides.
Taken as a whole, this group of "related"

organisms is likely to be of modest epidemiological or
clinical significance. However, further research on
this group is justified by the evidence that several
virulence factors identified among these organisms
are shared by V. cholerae 0 1. Studies of these factors
have led to a better appreciation of the underlying
mechanisms of V. cholerae 01 virulence and are of
relevance to attempts to develop attenuated live oral
cholera vaccines.

Virulence factors

V. ciholerae non-Ol and V. mimicus. A minority of
isoPates from both environmental and clinical sources
produce an enterotoxin that is identical to CT by
extensive physicochemical, immunological, and bio-
logical criteria. This enterotoxin is made by less than
10%7o of clinical isolates and less than 1%o of environ-
mental isolates of V. cholerae non-0 1. The frequency
of toxin-producing strains among V. mimicus is not
well documented, though in clinical isolates in
Bangladesh the rate appears to be high.
A very high proportion of V. cholerae non-Ol and

V. mimicus produce a haemolysin-cytotoxin that may
be a virulence factor. The materials produced by
different strains have been purified in several labora-
tories. All are thermolabile proteins with a relative
molecular mass of between 50 000 and 60 000 and
isoelectric points of 5.5-5.7. They cross-react anti-
genically with each other and with the El Tor
haemolysin previously purified by Honda and Finkel-
stein. Those tested so far produce an intense local
reaction in rabbit skin after 3-5 hours and are lethal

to mice, but do not cause fluid secretion in rabbit
ileal loops or suckling mice.
Another toxin is a cell-associated factor which is

cytotoxic for HeLa cells and can be completely neu-
tralized by antibody to shiga toxin. A fourth is a heat-
labile, rapid-acting toxin assayed in suckling mice.
Neither of these two toxins has been purified.
The nature of the surface factors mediating

mucosal adherence by V. cholerae non-Ol and
V. mimicus is not known. Some isolates of
V. mimicus produce a soluble haemagglutinin which
is antigenically similar to that of V. cholerae 01.
Some environmental isolates are unable to colonize
the small intestinal mucosa in animal models, while
others, mostly from clinical sources, attach to the
mucosa and proliferate rapidly. This suggests that,
although toxins may be widely distributed among
these organisms, the critical difference between
pathogenic and non-pathogenic strains is their
colonizing ability.

A. hydrophila. This organism produces an alpha
and a beta haemolysin. Alpha-haemolysin appears to
act only on the membrane of susceptible cells; its
relevance to pathogenicity is uncertain. Beta-
haemolysin is a heat-labile protein with a relative
molecular mass of 50 000, which is cytotoxic for a
variety of cell lines as well as for leukocytes, and is
lethal to small laboratory animals. It does not cause
fluid accumulation in the rabbit ileal loop but is
active in suckling mice after 4 hours.
The production of an extracellular, heat-labile,

protein enterotoxin by A. hydrophila has been
demonstrated in several laboratories. Separated from
haemolysin, this enterotoxin causes fluid accumu-
lation without mucosal injury in rabbit and rat intes-
tines. The onset of secretion is rapid (as fast as that
observed with E. coli ST). The enterotoxin induces
steroidogenesis, cAMP elevation, and cytotoxic
changes in Y1 adrenal cells, and elongation in CHO
cells; however, the cytotoxic activity of the
haemolysin often masks this reaction. Y1 adrenal
cells can be made more sensitive to the toxin by pre-
treatment with ,3-galactosidase or ,-glucosidase. The
A. hydrophila enterotoxin does not cross-react
antigenically with CT or E. coli LT, nor do the strains
producing it possess E. coli LT-like genes. The
enterotoxin does not appear to bind to the GM1
ganglioside or to mixtures of crude gangliosides. It
has been reported to occur in less than 5007 of isolates
from diarrhoeal patients. A second A. hyrophila
enterotoxin has recently been reported from Japan
which is antigenically related to CT. The frequency of
its occurrence has not been studied sufficiently, but
appears to be low.
Hydrophobic cell-surface properties, haem-

agglutinating activity, and fimbriae or fimbria-
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MEMORANDUM

like structures are common in enterotoxigenic
A. hydrophila. Unique patterns of haemaggluti-
nation have been correlated with the presence of
fimbriae and outer membrane proteins, but the role
of these moieties as colonization factors has not been
established.

P. shigelloides. Relatively few reports are available
on the virulence properties of P. shigelloides;
however, when tested in the rabbit loop assay, some
strains can cause fluid secretion. Virulence
properties, such as exo-enzymes and colonization
factors, have not yet been described.

RESEARCH NEEDS

Epidemiology and ecology of V. cholerae 01

(1) The epidemiology of endemic cholera in Africa
and the eastern Mediterranean countries needs to be
better described, with particular attention to
seasonality, transmission, risk factors, and the
possible role of aquatic reservoirs.

(2) There is a need to determine the factors that
support prolonged multiplication of V. cholerae 01
of both biotypes, particularly in aquatic micro- and
macrohabitats, and especially in cholera-endemic
areas.

(3) Simple means are needed to prevent the
secondary spread of cholera within families, e.g.,
safe, effective, and inexpensive water-purifying
agents, or containers for proper water storage at
home.

Phage typing and other markers of V. cholerae 01

(1) A more useful phage-typing scheme for
V. cholerae is needed. To this end, the Rostov scheme
needs to be further developed to permit better dis-
crimination between strains. This will require the iso-
lation of additional phages to produce a further sub-
division of phage types that have been found to be
particularly prevalent. A collaborative study of
strains from endemic areas should be organized in
which the scheme is evaluated in one or two other lab-
oratories with expertise in phage typing. The typing
phages, type strains, propagating strains, and chart
of reaction patterns should be supplied by the Rostov
laboratory. The study could be coordinated by the
WHO Diarrhoeal Diseases Control Programme.

(2) In addition to phage typing, other methods for
the subtyping of V. cholerae 01 are needed to assist
epidemiological studies of cholera. Examples of such
subtyping schemes which could be explored include:
typing based on surface antigens (other than lipo-

polysaccharide, electrophoresis of certain fractions
of the bacterium, and other biochemical finger-
printing systems.

Pathogenesis ofcholera andpotentialprotective anti-
gens

(1) Studies should be carried out to define more
precisely the process (or processes) involved in intes-
tinal colonization by V. cholerae 01, with the par-
ticular aim of identifying antigens that may contrib-
ute significantly to protective immunity.

(2) Intensive study is needed of the toxins of V.
cholerae 01 other than cholera toxin that may induce
intestinal secretion, including the shiga-like toxin and
the haemolysin, to assess their role in the path-
ogenesis of diarrhoea due to V. cholerae 01.

Immunization against cholera

(1) Studies are required on the determinants of
efficient uptake of antigen by M cells, based on the
hypothesis that efficient uptake will increase the
efficiency of local immunization. Such studies should
investigate the control of M-cell function, the nature
of antigen/M-cell interactions influencing uptake,
and antigen forms that are optimally absorbed.

(2) Efforts should be made to develop effective
adjuvants for enteric immunization; such materials
may act either by enhancing antigen uptake or by
altering lymphocyte function within Peyer's patches,
or both. Efforts should be made to ensure that such
adjuvants do not promote undesirable immune
responses to other antigens that may be present in the
intestine.

(3) Studies aimed at optimizing oral immunization
with living or non-living antigens or their combin-
ation should consider the possible effects of dose
interval, amount and form of the antigen, numb, of
doses, and age of the immunized host on both the
extent and the duration of induced immunity.

(4) Attenuated strains from which the genes for
shiga-like toxin and haemolysin or other secretogens
have been deleted, in addition to the cholera toxin
gene, need to be developed and tested for efficacy in
animal models and non-immune volunteers.

(5) Vaccine candidate strains (e.g., A-B+ and
other attenuated strains) should be evaluated in vol-
unteers in a cholera endemic area, e.g., in Africa and
Asia, to compare their effect with that observed in
volunteers in a non-endemic area.

(6) The immunogenicity and efficacy of the oral
cholera vaccine produced by the Pasteur Institute,
Paris, should be tested in volunteers.

(7) New formulations of oral vaccines that are easy
to administer to young children should be developed.
An ideal oral vaccine formulation should also:
(a) require no cold chain; (b) have a long shelf life;

848



RECENT ADVANCES IN CHOLERA RESEARCH 849

(c) achieve gastric transit without deleterious effects
on the vaccine; and (d) be inexpensive and practical
for mass vaccination.
Pathogens related to V. cholerae 01

(1) An effort should be made to establish the
relative importance of Aeromonas hydrophila and
Plesiomonas shigelloides as human enteropathogens.
This will require carefully designed epidemiological
investigations coupled with the identification and
characterization of potential virulence factors in
strains isolated from patients with diarrhoea, from
non-diarrhoeal controls, and from environmental
sources.

(2) Further studies of the virulence mechanisms of
V. cholerae non-Ol and V. mimicus should be
encouraged, particularly comparative studies with
V. cholerae 01, in view of their relevance for the
development of live oral cholera vaccine strains.

(3) A simple, rapid assay for cholera toxin should
be developed so that the toxigenicity of V. cholerae
strains can be established quickly.

(4) A selective medium needs to be developed to
differentiate V. cholerae 01 from V. cholerae non-
01; this would be particularly useful for the examin-
ation of water samples where the two organisms may
co-exist.
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