


APPL. ENVIRON. MICROBIOL.

TABLE 1. Binding of V. cholerae 01 to phytoplankton and
zooplankton of Matlab, Bangladesh, watersa

Degree of bindingb to:
Plankton Whole Sample

specimens Exuvia s

Zooplankton
Copepods

Acartia sp. - + River
Acartia chilkaensis - + River
Acartia sewelli - + River
Cyclops sp. - + Pond
Diaptomus sp. - NP Pond

Cladocerans
Bosmina sp. - + River
Daphnia sp. - NP Pond
Ceriodaphnia sp. - + River
Diaphanosoma sp. - + River
Bosminopsis sp. - + Pond

Rotifers (Brachionus sp.) - + River, pond

Phytoplankton
Volvox sp. + + River
Pediastrum simplex + + River
Unicellular cyanobacteria + NP Pond
Spirulina sp. - NP River, pond

aDegree of binding observed for VC1, VC2, VC4, and VC5 isolates. VC3
attached in similar numbers to both whole plankton and exuviae.
b_, <10 V. cholerae 01 per specimen; +, >100 V. cholerae 01 per

specimen; NP, not present in sample.

0.1 ml of bacterial suspension, incubated for 60 min at 25°C,
and then washed by gravity filtration with 3 10-ml volumes of
sample water. Samples were transferred to wells containing
2% formaldehyde, incubated for 15 min at 25°C, and then
washed with phosphate-buffered saline (0.13 M NaCl, 5 mM
Na2HPO4, 1.5 mM KH2PO4 [pH 7.4]). Attached V. cholerae
01 were labeled with anti-V. cholerae 01 monoclonal anti-
body (3), washed with phosphate-buffered saline, incubated
for 1 h at 25°C with fluorescein-conjugated goat anti-mouse
immunoglobulin G (Organon Teknika, Malvern, Pa.), and
then rinsed in phosphate-buffered saline. Specimens were
transferred to microscope slides fitted with cover glasses and
examined by epifluorescent microscopy (Olympus, Lake
Success, N.Y.). Surfaces of zooplankton, phytoplankton,
and detritus were scored for low (<10), medium (.10 and
'100), and high (>100) numbers of attached fluorescent V.
cholerae 01 cells. In some experiments, sarnples were not
inoculated with V. cholerae 01 but were stained with 0.1%
acridine orange for 1 min at 25°C to observe bacteria that
were representative of the endogenous attached flora.

River and pond water contained diverse plankton species
(Table 1). Calanoid copepods, Acartia spp., and a Senecella
sp. were the predominant zooplankton in river water. The
third most abundant organism was a cladoceran, a Bosmina
sp. Other cladocerans, members of the genera Diaphano-
soma and Ceriodaphania were also present, but in lower
numbers. One or two species of Cyclops and a rotifer (a
Brachionus sp.) were observed. The predominant phyto-
plankton in river water were Spirulina, Volvox, and Pedias-
trum species.
Approximately 90% of the plankton flora of pond water

were strains of the genus Diaptomus, a calanoid copepod.
Most females were gravid, and many copepod nauplii were
present. The dominant phytoplankton was a unicellular
cyanobacterium. No Volvox spp. were observed. The most
abundant zooplankton in a separate pond was a Diaptomus

sp. Cyclops spp. were present in lower numbers. A Bosmi-
nopsis sp. was the dominant cladoceran, with some Daphnia
spp. Unicellular cyanobacteria and Spirulina spp. were the
dominant phytoplankton. A Brachionus sp. and another
unidentified rotifer were present. No Volvox spp. were
observed.

Results of binding experiments showed that VC1, VC2,
VC4, and VC5 attached preferentially to moulted zooplank-
ton exoskeletons (exuviae) rather than to whole specimens
(Table 1). Exuviae showed high numbers (>100) of V.
cholerae 01 on body and appendage parts (Fig. 1A),
whereas whole specimens typically had few (<10) or no
observable V. cholerae 01. In contrast, strain VC3 attached
in high numbers to both whole zooplankton and exuviae. In
general, numbers of V. cholerae 01 on individual plankton
were greater than 100 or less than 10, with few specimens
having between 10 and 100 bound bacteria. Acridine orange
stains of uninoculated zooplankton revealed that endoge-
nous populations of bacteria were also attached primarily to
exuviae, not to whole specimens. Therefore, V. cholerae 01
and endogenous bacteria were bound to similar plankton
structures, strengthening the hypothesis that V. cholerae 01
is a component of the adherent endogenous microflora of
Bangladesh waters. V. cholerae 01 was not observed on
natural (uninoculated) specimens, possibly because of the
inherent limitations on the numbers of specimens that could
be examined by microscopy.
High numbers of V. cholerae 01 were attached to whole

specimens and exuviae of three phytoplankton species (Ta-
ble 1). Interestingly, V. cholerae 01 and endogenous bacte-
ria displayed a consistent focal binding pattern on a Volvox
sp. (a colonial phytoplankton) which was not observed for
other phytoplankton species (Fig. 1B).

It has been reported previously that zooplankton promote
the growth of Vibrio species (15). Huq et al. (10, 11) showed
that the survival of V. cholerae 01 is enhanced when it is
cultured with laboratory-grown planktonic copepods iso-
lated originally from fresh and estuarine waters. Those
authors noted large numbers of V. cholerae attached to
plankton structures. Other aquatic biota, such as water
hyacinths from Bangladesh waters, have also been shown to
be colonized by V. cholerae and to promote its growth (25).
The mechanisms involved in attachment of V. cholerae 01

to plankton were not determined in the present study. It is
likely a complex interaction, with physical and chemical
requirements for both V. cholerae 01 and plankton, includ-
ing ionic and/or nonionic reactions between lipids, carbohy-
drates, and proteins. The preferential attachment of V.
cholerae 01 to exuviae rather than to whole plankton may
result from substances exuded by whole plankton that repel
bacteria and/or mask sites that are available on exuviae.
Likewise, bacteria may form attachment sites for other
bacteria.

It is known that during periods of reduced nutrient levels,
such as those encountered in aquatic environments, V.
cholerae 01 and other Vibrio spp. undergo physiological and
morphological changes. These include the production of
novel bacterial proteins and changes in fatty acids (1, 8, 9,
19). As has been shown for other Vibrio spp., adherence
properties can also be enhanced (6). Importantly, these
changes may be related to the viable, nonculturable form of
V. cholerae 01 described by Colwell et al., which is induced
by nutrient-deficient environments (4) and which occurs in
high concentrations in Bangladesh waters (3).
A direct relationship between attachment of V. cholerae

01 to chitin surfaces and human disease has been proposed
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FIG. 1. Fluorescence photomicrography of V. cholerae 01 VC1 attached to plankton. (A) Copepod exuviae; (B) Volvox species. VC, V.
cholerae 01 (green); chi, chloroplasts (red); ex, plankton exoskeleton.
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by Nalin et al. (18), who showed that chitin protects V.
cholerae 01 from the lethal effect of low pH. They suggest
that chitin may promote pathogenicity of V. cholerae 01 by
protecting it from the acidic environment of the human
gastrointestinal tract. Our experiments show that chitinous
surfaces of plankton concentrate V. cholerae 01 and may
increase the number of V. cholerae in a given unit of water.
Future experiments will determine if these levels reach an
infective dose and if attachment affects the physiology and
pathogenicity of V. cholerae 01.

This research was sponsored in part by World Health Organiza-
tion grant C6/181/70(A), Agency for International Development
grant DPE-5542-G-55-4060-00, and Public Health Service grant
R22,A1-14242 from the National Institutes of Health.
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