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Vibrio cholerae is indigenous to the aquatic environment, and serotype non-O1 strains are readily isolated
from coastal waters. However, in comparison with intensive studies of the O1 group, relatively little effort has
been made to analyze the population structure and molecular evolution of non-O1 V. cholerae. In this study,
high-resolution genomic DNA fingerprinting, amplified fragment length polymorphism (AFLP), was used to
characterize the temporal and spatial genetic diversity of 67 V. cholerae strains isolated from Chesapeake Bay
during April through July 1998, at four different sampling sites. Isolation of V. cholerae during the winter
months (January through March) was unsuccessful, as observed in earlier studies (J. H. L. Kaper, R. R.
Colwell, and S. W. Joseph, Appl. Environ. Microbiol. 37:91–103, 1979). AFLP fingerprints subjected to
similarity analysis yielded a grouping of isolates into three large clusters, reflecting time of the year when the
strains were isolated. April and May isolates were closely related, while July isolates were genetically diverse
and did not cluster with the isolates obtained earlier in the year. The results suggest that the population
structure of V. cholerae undergoes a shift in genotype that is linked to changes in environmental conditions.
From January to July, the water temperature increased from 3°C to 27.5°C, bacterial direct counts increased
nearly an order of magnitude, and the chlorophyll a concentration tripled (or even quadrupled at some sites).
No correlation was observed between genetic similarity among isolates and geographical source of isolation,
since isolates found at a single sampling site were genetically diverse and genetically identical isolates were
found at several of the sampling sites. Thus, V. cholerae populations may be transported by surface currents
throughout the entire Bay, or, more likely, similar environmental conditions may be selected for a specific
genotype. The dynamic nature of the population structure of this bacterial species in Chesapeake Bay provides
new insight into the ecology and molecular evolution of V. cholerae in the natural environment.

Vibrio cholerae is indigenous to the aquatic environment
(42). However, contaminated water supplies in some parts of
the world have caused selected, pathogenic clones of the spe-
cies to become dominant in epidemics. Thus, cholera continues
to be an important cause of morbidity and mortality in many
areas of Asia, Africa, and Latin America. Historically, the
genetic diversity of Vibrio cholerae was characterized by sero-
typing, with the result that ca. 200 serogroups can be distin-
guished on the basis of epitopic variation in the cell surface
lipopolysaccharide (LPS) (43). Until recently, all recorded
pandemic and epidemic cases of cholera were associated with
strains carrying the type O1 antigen. The remaining non-O1
strains were considered of little epidemic importance. How-
ever, an epidemic which began in India late in 1992 and spread
to several neighboring countries was caused by an O139 strain
(1, 34, 37). The V. cholerae O139 strain proved to be genetically
similar to V. cholerae O1 and is hypothesized as having evolved
from strains of the early seventh pandemic (22, 31) by a mech-
anism involving insertion of exogenous DNA encoding the
O139 LPS (6, 7).

The recent discovery of a lysogenic filamentous phage,

CTXF, that encodes the toxin genes shines new light upon the
evolution of pathogenicity in V. cholerae (41). The receptor for
CTXF, the toxin-coregulated pilus, is encoded by an operon
that is part of the transmissible pathogenicity island (PAI).
Karaolis et al. (29) reported finding the cholera PAI in two
clinical non-O1, non-O139 cholera toxin (CT)-positive strains
and suggested that PAI can be transferred among V. cholerae
strains.

Intrigued by the emergence of the O139 strain, investigators
have focused on the genetic diversity and population structure
of V. cholerae non-O1, O139 strains (4, 19). Yamai et al. (43)
examined 1,898 strains of V. cholerae non-O1, O139 collected
worldwide and found approximately 2% of the strains pro-
duced CT. Dalsgaard and colleagues (19) found CT-producing
strains were prevalent in serogroup O141, with 10 of 16 strains
testing positive for CT, including 7 strains recovered from stool
and water samples in the United States. A clone of serogroup
O37 that demonstrated epidemic potential in the 1960s was
shown to be genetically closely related to the pandemic O1 and
O139 clones, suggesting the new cholera clones arose by mod-
ification of a lineage that is already epidemic or is closely
related to such clones (4).

In recent years, outbreaks of cholera-like disease caused by
non-O1, non-O139 strains have been reported on several oc-
casions (5, 20, 39). An unusual upsurge in the incidence of
cholera-like disease in Calcutta, India, between February and
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May 1996 was attributed to the non-O1, non-O139 serogroups
(39). Results of PCR assays indicated that none of the non-O1,
non-O139 strains were positive for the toxin-encoding genes,
suggesting that these serogroups of V. cholerae cause diarrhea
by a mechanism quite different from that of toxigenic V. chol-
erae O1 and O139 (39).

V. cholerae non-O1, O139 strains are readily isolated from
the coastal environment (17, 42). The geographic distribution
of V. cholerae in the Chesapeake Bay has been correlated with

FIG. 1. Chesapeake Bay sampling stations included in this study. F, Susquehanna River flats; S, SERC; K, Kent Island; H, Horn Point laboratory.

TABLE 1. Primer and adapter sequences used for AFLP analysis
of V. cholerae from the Chesapeake Bay

Adaptor or primer Oligonucleotide sequence

HindIII adaptor ...............................59-CTCGTAGACTGCGTACC-39
39-CTGACGCATGGTCGA-59

H01 primer.......................................59-GACTGCGTACCAGCTTA-39
TaqI adaptor ....................................59-GACGATGAGTCCTGAC-39

39-TACTCAGGACTGGC-59
T02 primer .......................................59-CGATGAGTCCTGACCGAAC-39
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FIG. 2. Environmental parameters measured at the Susquehanna River flats, Horn Point, Kent Island, and SERC stations between January and July 1998. (A)
Salinity. (B) Bacterial abundance and temperature. Bacterial abundance (bar graph) was determined by epifluorescence microscopy and is presented as the number
of bacteria per milliliter of seawater. Temperature was determined in situ. (C) Chlorophyll a (measured fluorometrically in micrograms per milliliter of seawater).
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salinity (28). V. cholerae strains were isolated at stations rang-
ing in salinity from 4 to 14 ppt, but were not detected when
salinity dropped below 4 ppt or above 14 ppt. In spite of
repetitive efforts, O1 is not readily isolated from environmental
samples, even in cholera-endemic areas (16). A study of the
cell surface characteristics of V. cholerae O1 and non-O1 re-
vealed that environmental non-O1 strains possess exposed
phospholipids in their outer membrane and are resistant to
lytic agents (10). V. cholerae O1 is susceptible to lysis; there-
fore, entering a viable but nonculturable (VBNC) state serves
well as a survival strategy (16). Furthermore, environmental
non-O1 strains appear to be capable of converting to the O1
serogroup under the influence of selected environmental con-
ditions (16). Although the majority of environmental V. chol-
erae isolates do not contain toxin genes (42), a study of the
molecular diversity of naturally occurring V. cholerae strains
should offer insight into the ecology, evolution, and epidemi-
ology of V. cholerae as a species. To date, relatively little effort
has been made to study the population structure and molecular
evolution of this bacterial species in its native habitat, the
aquatic environment.

Amplified fragment length polymorphism (AFLP) is a high-
resolution DNA fingerprinting technique that has been effec-
tively used to distinguish closely related bacterial strains (2, 25,

26, 32). In a previous study (27), we evaluated this technique
for use in examining the genetic diversity of V. cholerae and
found it to be highly sensitive and reproducible. In the study
reported here, the technique was used to analyze the temporal
and spatial diversity of V. cholerae in the Chesapeake Bay.

MATERIALS AND METHODS

Isolation of V. cholerae from Chesapeake Bay. Water and plankton samples
(phytoplankton and zooplankton) were collected at four stations in the mid- to
upper Chesapeake Bay over a 7-month period from January to July 1998 (Fig. 1).
Station F (39°349N, 76°019W) was located on the Susquehanna River flats near
the mouth of the Susquehanna River. Station S (38°539N, 76°329W) was located
at the Smithsonian Environmental Research Center (SERC) south of Annapolis
on the Western Shore of the Bay. Station K (38°529N, 76°209W) was at Kent
Island in the middle of the Bay. Station H (38°359N, 76°089W) was off the dock
at the University of Maryland Horn Point Laboratory, Cambridge, Md., on the
Eastern Shore. Samples were taken at the second or third week of each month,
except during June, when two samples were taken (the first one during the
second week, and the second during the fourth week). Ca. 200- to 300-ml water
samples were collected aseptically, concentrated on 0.2-mm-pore-diameter fil-
ters, and enriched in alkaline-peptone-water (APW [1% peptone, 1% NaCl; pH
8.4 to 8.6]) for isolation of V. cholerae (28). Plankton samples were collected by
pumping 100 to 600 liters of water through 64- and 20-mm-mesh-size plankton
nets. The concentrated plankton samples were also enriched for V. cholerae.
Enrichments were incubated at 25 to 30°C for 9 to 12 h. Bacterial colonies were
isolated from the enrichment cultures by using thiosulfate-citrate-bile-salts
(TCBS) agar. The colonies on TCBS were confirmed to be V. cholerae by both
biochemical testing and PCR amplification with V. cholerae rRNA-intergenic
spacer-specific primers, as described previously (14). Isolates were also examined
for the presence of the cholera toxin gene (ctx) by PCR amplification with
ctxA-specific primers, as described previously (33).

Determination of environmental parameters. Both water temperature and
salinity were measured on site. For total bacterial direct counts, 20 to 50 ml of
water was fixed with a final concentration of 2% formalin and stained with DAPI
(49,69 diamindino-2-phenylindole), as previously described (35). Ca. 1- to 3-ml
fixed samples were filtered onto a 0.2-mm-pore-diameter black polycarbonate
filter (Millipore, Inc.). Bacterial direct counts were performed with an Olympus
epifluorescence microscope (Olympus, Inc.). Samples for chlorophyll a determi-
nation were collected onto Whatman GF/F filters and stored at 280°C until
analyzed. Chlorophyll a was extracted from the filter with methanol, and con-
centrations were determined fluorometrically (23).

AFLP analysis of V. cholerae genomic DNA. Genomic DNA from each isolate
(n 5 67) was extracted from an overnight culture by using the CTAB (cetyleth-
ylammonium bromide) protocol, as previously described (3). The purity and
quality of the DNA were determined by UV absorption with a UV spectropho-
tometer (Beckman Instruments, Inc., Fullerton, Calif.). One microgram of

FIG. 3. Frequency of V. cholerae isolation among total bacterial isolates on TCBS at the Susquehanna River flats, Horn Point, Kent Island, and SERC stations in
Chesapeake Bay between January and July 1998. V. cholerae was identified by biochemical testing and confirmed by PCR amplification with V. cholerae-specific primers.

TABLE 2. Numbers of V. cholerae strains isolated by enrichment
from Chesapeake Bay between January and July 1998

Mo

No. of strains

Susquehanna River
flats Horn Point Kent Island SERC

January 0 0 0 0
February 0 0 0 0
March 0 0 0 0
April 7 8 0 1
May 0 10 1 3
June 2 32 33 32
July 0 18 22 20
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FIG. 5. Similarity analysis of AFLP fingerprints for 67 V. cholerae isolates from the Susquehanna River flats, Horn Point, Kent Island, and SERC stations in
Chesapeake Bay collected between April and July 1998. The dendrogram was created by computing the similarity values according to the position of the bands with
Molecular Analyst/Fingerprinting software (Bio-Rad Laboratories). The isolates were either free-living bacteria from the water column or associated with smaller
phytoplankton (.20-mm- to ,64-mm-mesh fraction) or larger plankton (.64-mm-mesh fraction).
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genomic DNA was used for AFLP analysis. The procedures used for template
DNA preparation, PCR amplification, and gel electrophoresis are described
elsewhere (28). Restriction enzymes HindIII and TaqI were used in combination
to generate template DNAs for AFLP analysis. The primer and adapter se-
quences used for AFLP are shown in Table 1.

Data analysis. Digitized AFLP fingerprints were analyzed by using the Mo-
lecular Analyst/Fingerprinting software (Bio-Rad Laboratories, Richmond, Cal-
if.) following the manufacturer’s instructions. Images were straightened, un-
warped, and normalized by alignment to a reference strain included in each gel
and/or to an RTS-Ready Label molecular weight marker (Bio-Rad Laborato-
ries). Bands were selected by the computer program, with visual assistance for
correction or addition of bands. Dendrograms were created by computing sim-
ilarity values according to the position of the bands.

RESULTS

Environmental parameters. Seasonal fluctuation of salinity
in the upper and mid-Chesapeake Bay is shown in Fig. 2A. The
salinity in the Susquehanna River flats was essentially fresh-
water throughout the sampling period. At Kent Island and
SERC, salinity fluctuated between 2 and 8 ppt, while the high-
est salinity recorded in this study, ranging from 5 to 10 ppt, was
at Horn Point.

Water temperature in the Chesapeake Bay changed dramat-
ically over the study period, increasing from a low of 3°C in
January to a maximum of 27.5°C in July (Fig. 2B). A dramatic
increase in the bacterial population was detected in April at
station H (Horn Point), and between March and June, the
bacterial abundance at station S (SERC) increased nearly an
order of magnitude. Bacterial abundance was found to be
strongly correlated with water temperature (R2 5 0.7) at all
four stations in the Chesapeake Bay. A bloom of phytoplank-
ton, indicated by a peak in chlorophyll a concentration, was
detected at station H as early as February 1998 (Fig. 2C).
Fluctuations in the phytoplankton standing stock were ob-
served at all sampling sites.

Isolation and confirmation of V. cholerae from Chesapeake
Bay. V. cholerae was first isolated from both water samples and
plankton fractions at three of the four sites in April 1998
(Table 2). Between May and July, all three brackish water
sampling sites (Horn Point, Kent Island, and SERC) tested
positive for V. cholerae. V. cholerae was detected at the Sus-
quehanna River flats in the sample collected in late June 1998.
Since isolation was achieved by enrichment culture, quantita-
tive measurement of the true abundance of V. cholerae in bay
water or associated with plankton is not currently available,
because viable but nonculturable V. cholerae isolates were not
measured. However, the percentage of isolates confirmed pos-
itive for V. cholerae among the total isolates on TCBS in-
creased significantly from April to June at all sampling sites,
except at the Susquehanna River flats (Fig. 3). Thus, the abun-
dance of V. cholerae increases during the summer months
(June and July) in the Chesapeake Bay, as shown in earlier
studies (28). The frequency of isolation was correlated with
both water temperature (R2 5 0.8) and total bacterial abun-
dance (R2 5 0.5).

Isolates from TCBS agar were confirmed as V. cholerae by a
combination of biochemical testing and PCR amplification,
with V. cholerae-specific primers. An interesting observation
was that many PCR-positive isolates showed slight variations in
the standard biochemical test results. The frequent variations
were observed for methyl red, the Voges-Proskauer test, and
growth in nutrient broth with 0% NaCl. Occasional variations
were observed in the tests for lysine decarboxylase, ornithine
decarboxylase, and acid production from D-mannitol. A total
of 189 isolates tested PCR positive with V. cholerae-specific
primers (gel picture not shown). However, none of the isolates

tested PCR positive for the presence of the ctxA gene (data not
shown).

AFLP analysis of V. cholerae isolates. Sixty-seven V. cholerae
isolates, recovered from Chesapeake Bay in April through
July, were fingerprinted by the AFLP technique. Isolates show-
ing differences in biochemical tests were selected from the
June and July samples for analysis to avoid repetitive testing of
the same clone. All isolates collected from April through May
were subjected to AFLP fingerprinting, since only a few iso-
lates were obtained during this period. AFLP analyses with the
adapters and primers listed in Table 1 yielded 40 to 60 bands
for each isolate (Fig. 4). A similarity analysis of the fingerprints
yielded a grouping of isolates into three large clusters sepa-
rated by date of isolation (Fig. 5). These results indicated that
April and May isolates were genetically similar, and July iso-
lates were distantly related to isolates obtained early in the
year.

Genetic diversity of isolates did not correlate with sampling
location. That is identical banding patterns were observed for

FIG. 4. AFLP fingerprints of V. cholerae isolated from Chesapeake Bay by
using adapters and primer sequences described in Table 1. Lanes: M, reference
marker; 1, H19; 2, H8; 3, H12; 4, H23; 5, H30; 6, H21; 7, H11; 8, H27; 9, S20, 10,
H10.
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two isolates from two different sampling sites (Fig. 5, S14 and
H11). Furthermore, no strong correlation was found between
the genetic similarity of the isolates and the source of their
isolation.

DISCUSSION

The genetic diversity of V. cholerae O1 and O139 has been
studied extensively in recent years due to the availability of
advanced molecular techniques (8, 9, 11, 12, 15, 30, 36). In
contrast, the diversity of environmental isolates has been stud-
ied only sparsely in the context of their relationship to V.
cholerae O1 and O139 (12, 31, 39). The molecular diversity and
evolution of these groups of aquatic bacteria deserve in-depth
investigation in order to understand better their ecological role
and function in the aquatic environment. The results of the
study reported here provide the first systematic investigation of
the temporal and spatial genetic diversity of V. cholerae from
an estuarine and riverine environment, the Chesapeake Bay
and Susquehanna River flats.

V. cholerae is a dynamic and genetically diverse species in the
Chesapeake Bay. The presence, abundance, and genotypical
changes of the V. cholerae population were influenced or trig-
gered by environmental conditions, such as temperature, sa-
linity, and/or interaction with other microorganisms (plankton)
in the water column. Repetitive attempts to isolate V. cholerae
by culturing during the winter season (January to March) were
unsuccessful, indicating that V. cholerae organisms are present
in low numbers during the winter or are present in the VBNC
state. Colwell and Huq (18) reviewed the phenomenon of
VBNC in V. cholerae, showing that entrance into the VBNC
state is a common strategy for this species to survive low
temperatures, low nutrient levels, or other unfavorable envi-
ronmental conditions. Microcosm studies have demonstrated
temperature-induced recovery of V. cholerae from the VBNC
state (38), and the presence of V. cholerae and Vibrio mimicus
in the Chesapeake Bay during the winter has been shown, with
gene probes, by Heidelberg and Colwell (unpublished results).

The frequency of isolation of Vibrio cholerae was correlated
with an increase in water temperature in Chesapeake Bay, and
large numbers were isolated during the summer months. This
may reflect a relationship between growth rate or replication
rate and temperature, indicated by the strong correlation be-
tween temperature and total bacterial abundance in the Bay.
In addition, temperature changes also influence the succession
of microbial communities. Temperature increases in the water
column between April and July contribute significantly to the
genetic diversity and shift in population structure of V. cholerae
in the Chesapeake Bay. A high level of genetic diversity was
observed among strains isolated during the summer months,
with isolates obtained in July being the most distantly related
to the early April and May strains.

The correlation between salinity and the presence of V.
cholerae in aquatic environments has been provided in several
previous studies (18). Kaper et al. (28) found V. cholerae or-
ganisms only in stations where the salinity was between 4 and
14 ppt along a transect in the Chesapeake Bay. Colwell and
Huq (18) found that the greater frequency of isolation was
achieved at sites where the salinity was between 0.2 and 2 ppt.
The results of this study are in agreement with those of the
earlier studies in our laboratory. The riverine station, Susque-
hanna River flats, showed the lowest frequency of isolation
during the 7-month sampling period. Late summer and early
fall may be times of greater abundance of V. cholerae in the
Susquehanna River, and this relationship is the subject of fur-
ther study.

A strong association of V. cholerae with plankton has been
demonstrated previously (13, 21, 40). An examination of ge-
netic similarity among V. cholerae strains isolated within each
size fraction of plankton should elucidate specific interactions
between V. cholerae and plankton species. For example, a
certain genotype of V. cholerae may be dominant among free-
living V. cholerae, and a distinct genotype may be affiliated with
smaller plankton (.20-mm- and ,64-mm-mesh fraction, dom-
inated by phytoplankton) or larger plankton (.64-mm-mesh
fraction, dominated by zooplankton). However, our results do
not suggest a clear separation of genetic diversity or frequency
of isolation between organisms from these different fractions
of the sample. This may be due to the inclusion of nauplii and
juveniles of zooplankton in the smaller plankton. A larger
sample size from each fraction, coupled with analysis of spe-
cific zooplankton and phytoplankton species, may provide a
resolution of this issue. No correlation was detected between
phytoplankton abundance (as indicated by chlorophyll a con-
centration) and frequency of V. cholerae isolation, providing
support for the zooplankton-V. cholerae relationship. Thus,
analyses of the species of plankton present in the samples are
critical to the understanding of interactions of V. cholerae with
the planktonic assemblage. Identification of plankton species
in preserved samples is in progress.

The genetic diversity of V. cholerae was not correlated with
geographical location, since identical clones were isolated from
different locations across the Bay at the same time of sampling
(H11 and S14). We interpret this finding as the bacteria in
Chesapeake Bay either being transported by currents or wind-
driven water movement or responding similarly to environ-
mental conditions at the various geographical sites, with a
single genotype being selected. However, some degree of lo-
calization of similar genotypes was found in the small clusters
of isolates from the same site (Fig. 5).

The AFLP technique had been tested previously, with a
cross-section of bacterial families and species, including our
most recent research findings on the genetic fingerprinting of
Vibrio cholerae (24, 27, 32). The results of the studies show that
AFLP is a powerful technique, able to differentiate closely
related strains, including subbiotype diversity (2). The appli-
cation of the AFLP technique in this study clearly demon-
strated a genetic diversity of V. cholerae over space and time in
the Chesapeake Bay. The results of this study represent a
preliminary report of a larger study of cholera and climate. A
longer-term study of the genetic diversity of V. cholerae on a
global scale is under way, the results of which will be critical to
our understanding of the ecology and evolution of this aquatic
species and provide further insight into the epidemiology of V.
cholerae.
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