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The genetic relatedness of Vibrio cholerae O1/O139 isolates obtained from 100 patients and 146 of their
household contacts in Dhaka, Bangladesh, between 2002 and 2005 was assessed by multilocus variable-number
tandem-repeat analysis. Isolate genotypes were analyzed at five loci containing tandem repeats. Across the
population, as well as within households, isolates with identical genotypes were clustered in time. Isolates from
individuals within the same household were more likely to have similar or identical genotypes than were
isolates from different households, but even within a household, isolates from different individuals often had
different genotypes. When household contacts were sampled regularly for 3 weeks after the illness of the
household index patient, isolates with genotypes related to the index patient appeared in contacts, on average,
�3 days after the index patient, while isolates with unrelated genotypes appeared in contacts �6 days after.
Limited data revealed that multiple isolates from the same individual collected within days of each other or
even from a single stool sample may have identical, similar, or unrelated genotypes as well. Our results
demonstrate that genetically related V. cholerae strains cluster in local outbreaks but also suggest that multiple
distinct strains of V. cholerae O1 may circulate simultaneously within a household.

Vibrio cholerae is the etiologic agent of cholera, a secretory
diarrheal disease with a high mortality rate in humans if un-
treated (25). Serogroups of V. cholerae, a motile, Gram-nega-
tive, curved rod, can be defined serologically by the O side
chain of the lipopolysaccharide (LPS) component of the outer
membrane (9). V. cholerae is found in a variety of forms in
aquatic ecosystems (41, 42), and more than 200 different sero-
groups have been isolated, mostly from environmental sources
(45). However, the vast majority of V. cholerae strains that
cause the clinical disease cholera belong to serogroup O1 or
O139 (37, 42). V. cholerae O1, the historical agent of epidemic
and pandemic cholera and the current leading cause of cholera
both globally and in Bangladesh (42), is classified into two
major biotypes, classical and El Tor (44), and two major sero-
types, Ogawa and Inaba (48). The current global pandemic is
caused by V. cholerae O1 El Tor. A second pathogenic sero-
group, O139, emerged in the Bengal region in 1992 by hori-
zontal transfer of new LPS biosynthesis-encoding genes into
the El Tor biotype (1, 4). This new serogroup continues to
cocirculate with El Tor V. cholerae O1 serotypes Ogawa and
Inaba as a cause of disease in humans, although it accounts for

a smaller proportion of all cholera now than in its first years of
circulation (16, 20). Recently, comparative genomics has re-
vealed an extensive amount of lateral gene transfer between
strains, suggesting that genomic classification may be an alter-
native to serogrouping for classifying pathogenic V. cholerae
strains (11).

Toxigenic V. cholerae may be present in environmental
sources in regions of endemicity and emerge, often seasonally,
to cause cholera in humans (12, 18). Once an outbreak has
begun, organisms from one infected individual are more infec-
tious for the next individual, a property termed hyperinfectiv-
ity, and these forms may be able to pass directly from human
to human through fecal-oral contamination (35). However,
because vibrio organisms are difficult to isolate from impli-
cated environmental or domestic water sources (28, 29), little
is known about the diversity of V. cholerae in inocula that cause
human infection.

Established laboratory methods for differentiating V. chol-
erae strains, apart from serogrouping and serotyping, include
rRNA restriction fragment length polymorphism (ribotyping),
pulsed-field gel electrophoresis (PFGE), and multilocus se-
quence typing (MLST). These methods, however, have a lim-
ited capacity to differentiate between pathogenic V. cholerae
strains, as clinical isolates are relatively genetically monomor-
phic. For instance, V. cholerae O1 comprises approximately 30
ribotypes (39); however, only a few ribotypes are common in
clinical isolates, ribotypes evolve slowly, and all isolates of a
given pathogenic V. cholerae serotype in a local area over a
period of multiple years often belong to a single ribotype (8,
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14, 17). In a broad sampling of 154 V. cholerae isolates from
Bangladesh and worldwide over several decades, only 15 ri-
botypes were identified, and of these, many were found in
nonpathogenic environmental isolates only; only five ribotypes
were associated with the V. cholerae O1 El Tor biotype that
currently predominates as the cause of clinical disease, while
pathogenic isolates of serogroup O139 were indistinguishable
from each other by ribotype (19).

PFGE, in which restriction endonuclease digestion of
genomic DNA generates mutation-sensitive banding patterns,
is often more sensitive than ribotyping in detecting strain vari-
ation (7, 34, 51) and detects extensive genetic variation within
nonpathogenic V. cholerae serogroups (3, 46). However, PFGE
types change slowly and are useful primarily for distinguishing
between strains in different pandemics or between different
continental branches of those pandemics. In an analysis of 180
mostly western-hemisphere isolates (7), PFGE differences had
developed from a prior pandemic strain over the 30 years since
its arrival in Latin America, but a new strain that had been
causing disease for 2 years still had only a single PFGE type
across the 64 isolates analyzed. Similarly, in a Japanese study
(2), although 19 PFGE types were identified among O1 iso-
lates, the majority of the domestic isolates, along with several
imported isolates, belonged to a single PFGE type.

Further differentiation between V. cholerae isolates is
achievable by MLST, which characterizes isolates by internal
DNA sequences in selected housekeeping genes (32). Never-
theless, epidemic strains also cluster tightly in this typing
scheme (5, 32) and the method has been useful primarily for
determining relationships between nontoxigenic strains (36) or
for linking regional outbreaks (which typically appear mono-
clonal by these methods) with the pandemic strain responsible
(5, 33).

Although these methods have distinguished major pandemic
clones from other nonpathogenic human and environmental
isolates of V. cholerae, the near clonality of pathogenic O1 and
O139 strains means that established methods may not provide
sufficiently robust differentiation of these genetically similar
pathogenic strains to answer important epidemiological ques-
tions. Therefore, there is a need for other methods that can
distinguish among clinical O1 and O139 isolates and track the
epidemiology of outbreaks in a restricted geographic area on a
shorter time scale.

Multilocus variable-number tandem-repeat (VNTR) analy-
sis (MLVA) is one method that may be useful for differenti-
ating between pathogenic V. cholerae O1 and O139 strains that
would be indistinguishable by other techniques (15). This
method examines short repeating DNA segments at various
locations in the genome that can vary in number at each loca-
tion and uses the number of repeats at each varying locus as a
fingerprint to distinguish between isolates.

Escherichia coli is the paradigm organism for demonstrating
the value of the MLVA method. Noller et al. (38) showed that
E. coli O157 isolates that were indistinguishable by MLST
could be distinguished to some extent by PFGE but that
MLVA distinguished between isolates that had the same
PFGE type and did so in a manner consistent with the known
epidemiology of the isolates (38a). In addition, machine-scored
VNTR assays have been demonstrated to be robust and por-
table and to discriminate clearly between isolates by using

relatively few loci, therefore limiting the effect of compounding
genotyping errors (6).

For V. cholerae, five VNTR loci have been identified (15),
and the initial application of MLVA at those loci has demon-
strated distinct populations of clinical isolates of V. cholerae in
different geographic regions within Bangladesh and India (23,
47). Predominant isolates in each of two rural Bangladeshi
regions varied gradually over a time scale of months to years
(47), and isolates collected from India over a 15-year period
varied widely, with individual MLVA types clustering in time
and place—some with widespread dissemination and others
with limited local occurrence only (23). MLVA has also been
used to classify hybrid and altered V. cholerae variants and to
demonstrate their genetic distance from the pandemic El Tor
strain (10). Use of the MLVA method for epidemiologic study
of cholera requires that V. cholerae VNTR alleles remain rea-
sonably stable during bacterial replication in patients or in
laboratory culture after isolation. Some degree of stability of
two of the five loci used in V. cholerae MLVA has been dem-
onstrated previously by serial passage in vitro through four
overnight cultures (15). In this study, we used MLVA to ex-
amine V. cholerae O1 and O139 isolates obtained from infected
patients and their household contacts—including multiple iso-
lates from the same individual and isolates from multiple in-
dividuals within the same household—in a large city where
cholera is endemic.

MATERIALS AND METHODS

Clinical sample collection. Between March 2002 and June 2005, patients �6
months of age presenting to the International Centre for Diarrheal Disease
Research, Bangladesh (ICDDR,B) with acute watery diarrhea, most of whom
were residents of Dhaka city, were screened for V. cholerae infection by stool
sample culture. If cultures were positive for V. cholerae O1 or O139, written
informed consent was sought from patients and all available household contacts
(defined as individuals sharing a cooking pot with the patient for 3 or more
antecedent days), and consenting individuals were enrolled in a study approved
by ethical review boards of the ICDDR,B and Massachusetts General Hospital
(27). Household contacts were monitored for 3 weeks, and once-daily rectal
swabs were collected from them for culture 1, 2, 3, 4, 5, 6, 13, and 20 days after
the index patient’s presentation at the hospital. For the epidemiological analysis
reported here, all culture-confirmed index patients who had V. cholerae O1 or
O139 infection in at least one of their household contacts during the 3 weeks of
follow-up were retrospectively selected. All available O1 and O139 V. cholerae
isolates from these patients and their household contacts (sometimes including
serial isolates obtained over multiple days from a single contact, as well as
multiple contacts per index patient) were included in the analysis. Stool samples
from an additional nine patients with cholera were collected in August 2009 for
separate analysis.

Sample processing. Rectal swab specimens from household contacts were
collected in Cary-Blair transport medium. These samples, as well as initial stool
samples from suspected index patients, were cultured on taurocholate-tellurite-
gelatin agar. After overnight incubation, suspected V. cholerae colonies were
confirmed by slide agglutination with specific monoclonal antibodies to identify
the serogroup (O1 or O139) and the O1 serotype (Ogawa or Inaba). A single
colony was picked for each stool sample or rectal swab specimen. Nine additional
stool samples collected in 2009 were mixed with glycerol and frozen at �80°C
(24) and then shipped to the United States, where 17 to 20 colonies per specimen
were selected after growth on thiosulfate-citrate-bile salt-sucrose agar.

Isolates from both parts of the study were stored in glycerol at �80°C and then
recultured on Luria-Bertani (LB) agar. Individual colonies were selected and
placed in 200 �l of LB for overnight culture. In addition, for each of three
arbitrarily chosen clinical isolates, a 96-well plate with 200 �l of LB broth per
well was inoculated with 95 individual colonies per isolate, and daily for 30 days,
2 �l of each culture was transferred into 200 �l of fresh broth on a new plate.
After culturing (on day 2 or 31), DNA was isolated from 5 �l of culture using
Prepman (ABI) by following the manufacturer’s instructions.
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V. cholerae O1 and O139 isolates were then genotyped at each of five previ-
ously identified VNTR loci (15, 47). Each locus was amplified by PCR using the
previously described forward primer (47) and a new end-labeled reverse primer
(see Table 1). The labeled fragments were separated using a 3730xl ABI Auto-
matic Sequencer. The size was determined using internal lane standards
(LIZ600; ABI, Foster City, CA) with the Gene Mapper v4.0 program (ABI) and
the formulae in Table 1. This new method was tested in 54 instances, in all of
which it and the previously used sequencing method produced identical results.
Alleles were identified by the number of repeats at a locus (rather than by the
arbitrary numeric allele labels used in prior publications [23, 47]). Numbers of
repeats were listed sequentially for the five VNTR loci (VC0147, pVC0437,
VC1650, VCA0171, and VCA0283) to generate an isolate genotype (e.g., the
genotype 9 4 6 21 14 indicates nine repeats at locus VC0147, four at promoter of
VC0437, etc.).

For selected isolates, MLST and PFGE were also performed. MLST was
performed by following the published protocol for nine loci: dnaE, lap, recA,
pgm, gyrB, cat, chi, rstR, and gmd (22). PFGE was performed by following the
Centers for Disease Control and Prevention PulseNet protocol for V. cholerae
using the enzyme NotI (13).

Statistical and analytical methods. The relatedness of V. cholerae isolates was
assessed using several different measures with a range of specificities. Alleles
were compared at each of the five individual VNTR loci, and the relatedness of
MLVA genotypes was assessed by using eBURST (http://eburst.mlst.net) (21) to
divide isolates into clonal complexes within which all genotypes could be con-
nected through a chain of single-locus variants. In addition, isolates were com-
pared on the simple basis of the serogroup and, for O1 isolates, serotype. For the
isolates selected for PFGE and MLST analyses, PFGE data were evaluated using
criteria proposed by Tenover et al. (49), with isolates whose banding patterns
differed by three or fewer bands called closely related, and MLST sequences of
these selected isolates were also compared pairwise.

Using each of the relatedness measures, comparisons were made between
isolates from different households, between an isolate from an index patient and
the first isolate from each contact within the corresponding household, and
between initial and subsequent isolates from the same individual. When the
isolate from the index patient in a household was missing or could not be
recultured (N � 3), the first contact isolate was redefined as that household’s
index isolate. Average numbers of days between collections for isolates within a
household or from an individual were compared between groups with different
degrees of relatedness, using unpaired two-sample t tests without assuming
uniform variance with P � 0.05 as the threshold of statistical significance. Com-
putations and statistical analyses were performed using Excel, R, and Stata 9.0.

RESULTS

Isolates from 100 index patients were successfully analyzed.
In addition, initial isolates from 146 distinct household con-

tacts (range, 0 to 5 contacts per index patient) were analyzed,
along with 68 additional isolates obtained on days after the day
of initial positive culture from 50 contacts (1 of whom had been
redefined as an index patient because of a missing isolate from
the original index patient). Of the 214 nonindex V. cholerae
isolates that were collected on follow-up surveillance days,
there were 56 isolates identified on day 1 after presentation of
the household index patient, 51 on day 2, 33 on day 3, 24 on day
4, 16 on day 5, 17 on day 6, 13 on day 13, and 4 on day 20.

There was extensive serological and VNTR genotypic vari-
ation among the 314 V. cholerae isolates studied (see Table S1
in the supplemental material). There were 130 isolates of the
O1 Ogawa serotype and 129 of O1 Inaba, with the remaining
55 isolates belonging to serogroup O139 (41, 42, and 17, re-
spectively, among the index isolates). When all five VNTR loci
were considered, there were 50 distinct genotypes among the
100 index isolates and 83 distinct genotypes among all 314
isolates. The numbers of distinct alleles among the isolates at
loci VC0147, VC0437, VC1650, VCA0171, and VCA0283 were
5, 5, 6, 14, and 20, respectively. When eBURST was used to
analyze the genotypes, six clonal complexes were identified.
The three largest eBURST complexes and their close corre-
spondence to serological grouping are shown in Fig. 1. Al-
though data about the year of isolation were not given to the
eBURST program, the trees it produced have 2002 genotypes
centrally located and all of the other genotypes are connected
to those central 2002 genotypes through a sequence of geno-
types isolated in the same or subsequent years, suggesting the
evolution of isolates over time. For example, all of the 2002
genotypes in group A are connected to each other through
other 2002 genotypes only, while a path connecting all 2003
genotypes must pass through 2002 genotypes and a path con-
necting the 2004 genotypes must pass through both the 2002
and 2003 genotypes. In addition to the six complexes, eBURST
identified 10 singleton genotypes, each occurring in one or two
isolates.

Differences in allelic variability between VNTR loci. As sug-
gested by the dissimilar numbers of distinct alleles identified

TABLE 1. PCR primers and formulae used to determine V. cholerae VNTR repeat numbers

Locus Dye-primer Expected
rangea (bp) Formulab

VC0147 Tetc-ACGTGCAGGTTCAACCGTG 186–224 (x � 150)/6
TTGTCATGGCTTGGATTTGG

VC0437 Tet-GTTGCCGCCATCACCAGCTTG 265–301 (x � 245)/6
CGTTAGCATCGAAACTGCTG

VC1650 Tet-CCGCTAACTGAGTGACCGC 370–440 (x � 307)/9
CTACCAAGCGGCGGTTAAGCTG

VCA0171 Famd-AGGCGCCTGATGACGAATCC 316–442 (x � 270)/6
GCTGAAGCCTTTCGCGATCC

VCA0283 Fam-GGAGGTAGCTACGAATTCTAC 118–244 (x � 95)/6
GTACATTCACAATTTGCTCACC

a The expected range of the sizes of the fragments produced by amplification using the primers is shown.
b In each formula, x is the size of the fragment for each individual isolate and locus pair. Genemapper v4.0 produces sizes in hundredths of a base pair. When the

formulas are applied, the value is rounded to the nearest whole number to determine the number of repeats.
c Tet, 6-tetamidite.
d Fam, 6-carboxyfluorescein.
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for different VNTR loci, less variability was seen in the three
large-chromosome loci (VC0147, VC0437, VC1650) than in
the two small-chromosome loci (VCA0171, VCA0283). In in-
stances where relatedness of isolates would be anticipated—
namely, between isolates from index patients and contacts
within the same household, particularly when both isolates
belonged to the same serogroup and serotype—the majority of
pairs at any locus had matching alleles, but alleles were more
likely to differ at the small-chromosome loci than at any of the
three large-chromosome loci; this is shown in Table 2. Using
the chi-square test, fewer contact isolates differed from the
index isolate in their household at VC0147, VC0437, or
VC1650 than at VCA0171 or VCA0283, both overall (P �
0.00002) and when the isolates were matched by serogroup and
serotype (P � 0.000001). In contrast, in instances where allelic
similarity would not be expected because the serotype or se-
rogroup differed between the index and contact isolates, alleles
also differed in most (71 of 95) single-locus comparisons and
there was no significant difference in the proportions of match-
ing alleles at small- versus large-chromosome loci (P � 0.09).
An alternative approach to evaluating differences in locus vari-
ability is to consider those contact isolates that differed from
the index isolate in the household. Of the 80 contact isolate
genotypes that did not fully match the index isolate genotype,
only two differed at a large-chromosome locus while matching
at both of the small-chromosome loci; in contrast, 31 of 80
differed at at least one small-chromosome locus and not at any
of the large-chromosome loci.

Stability of loci over time in vitro. In order to determine if
the numbers of repeats in the VNTR loci were stable over
time, and therefore useful for epidemiological analyses in the
same time frame, the stability of the loci after serial passage in
LB broth was examined according to a protocol used to mea-
sure the stability of tandem repeats in V. parahaemolyticus (6).
As shown in Table 3, serial passage of 95 lineages from each of
three distinct clinical isolates for 30 days produced only 18
lineages that had an allele distinct from the original allele
among the 1,425 tests (95 lineages by three isolates by five

FIG. 1. The three largest clonal complexes from eBURST analysis.
Each line between genotypes represents a change in a single locus.

TABLE 2. Number and percentage of initial V. cholerae isolates in household contacts differing from the index genotype in that household at
each VNTR locus

Condition (no. of isolates)

No. (%) of isolates differing at:

Large-chromosome loci Small-chromosome loci

VC0147 VC0437 VC1650 VCA0171 VCA0283

Overall (146) 35 (24) 30 (21) 36 (25) 61 (42) 58 (40)
Contact isolate matches index serogroup and serotype (127) 25 (20) 16 (13) 19 (15) 45 (35) 44 (35)
Contact isolate does not match index serogroup or serotype (19) 10 (53) 14 (74) 17 (89) 16 (84) 14 (74)

TABLE 3. Number of novel alleles in VNTR loci detected among
95 independent lineages after 30 days of serial passage of three

clinical isolates of V. cholerae in LB broth

Strain
No. of novel alleles in VNTR locus:

VC0147 VC0436 VC1650 VCA0171 VCA0283

297.1 0 0 0 6 0
328.0 0 0 0 3 3
137.3 0 0 1 4 1
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loci). No novel alleles were observed at the first or second locus
(VC0147 or VC0437), and the third large chromosomal locus
(VC1650) had a single lineage with a novel allele. In contrast,
the fourth locus (VCA0171) had a total of 13 lineages with
novel alleles (4.6%) and the fifth locus (VCA0283) had 4
(1.4%). Fourteen of those 18 novel alleles had one repeat more
or less, and the remaining 4 had two repeats more or less, than
the original number of repeats. There were 7 novel alleles with
an increased number of repeats and 11 with a decreased num-
ber of repeats (not statistically different; binomial, P � 0.24).
However, when the proportion of novel alleles at the large-
chromosome loci was compared with that at the small-chro-
mosome loci, the small-chromosome loci were significantly (chi
square, P � 1.12 � 10�6) more likely to have novel alleles.

Because of these suggestions of greater variability at the two
small-chromosome loci, subsequent MLVA of genotype relat-
edness focused on comparisons of three-locus genotypes using
only the three large-chromosome loci (the first three alleles
listed when five-locus genotypes are presented); however, five-
locus genotype comparisons were also performed as a second-
ary analysis. When only these three loci were considered, the
number of distinct genotypes among our 314 isolates was re-
duced to 19.

Interhousehold variation over time. The relatedness of iso-
lates from different households over the course of the study
was analyzed in relation to the time between isolations. By any
of a variety of measures of relatedness, ranging from loose
(same serogroup) to strict (identical five-locus genotype) cri-
teria, pairs of isolates from different households were more
likely to correspond if they were collected closer together in
time, with the probability of correspondence peaking around
30 days (Fig. 2). When serogroups and serotypes of O1 isolates
were compared, 51.2% of the isolate pairs isolated within �1
day of each other across our entire data set matched, while
only 35.5% of the pairs isolated more than a year apart
matched. When measured by the strict criterion of allelic cor-
respondence at all five VNTR loci, 23.2% of the pairs sepa-
rated by �1 day matched, whereas only 0.12% of the pairs
separated by more than a year matched. Similar analysis was
performed on only the 100 index isolates (not shown); exclu-

sion of contact isolates yielded trends similar to those seen for
all of the isolates.

Intrahousehold variation. Variation of genotypes within
households was also considered, with the expectation that
household contacts who developed V. cholerae infection within
days of the index patient in their household would be infected
by V. cholerae strains that were genetically identical or very
similar to the index isolate. In fact, this was not always the case:
13% of the household contact isolates differed from the index
isolate in the same household by serotype or serogroup, 24%
belonged to different eBURST clusters, nearly one-third dif-
fered at one of the large-chromosome VNTR loci, and more
than half differed from the index isolate of their household at
at least one of the five VNTR loci (Table 4). Contact isolates
that were genotypically or serologically unrelated to the index
isolate tended to occur later in time, relative to the index
isolate, than did contact isolates that were related, no matter
which criterion was used to judge relatedness; differences were
statistically significant for comparisons by serogroup (P �
0.04), eBURST cluster (P � 0.0003), three-locus (large-chro-

FIG. 2. Variations over time in the relatedness, by various criteria, of paired V. cholerae isolates from distinct Dhaka households.

TABLE 4. Relatedness of initial contact isolates to the index isolate
in the household

Condition No. (%)
isolatesa

Mean no. of
days after
index case
(95% CI)b

Same serogroup and serotype 127 (87) 3.2 (2.6–3.9)
O1 serogroup, different serotype 10 (7) 3.2 (1.6–5.8)
Different serogroup 9 (6) 9.2 (3.5–14.9)

Identical at large-chromosome loci 100 (68) 2.6 (2.1–3.2)
Different at large-chromosome locus 46 (32) 5.8 (4.1–7.4)

Same 5-locus genotype 67 (46) 2.7 (2.1–3.4)
Nonidentical, same eBURST clonal

complex
44 (30) 2.5 (1.5–3.5)

Unrelated by eBURST 35 (24) 6.6 (4.7–8.6)

a Total n � 146.
b CI, confidence interval.
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mosome-locus) genotype (P � 0.0006), and five-locus genotype
(P � 0.02) but not serotype (P � 0.08).

Intraindividual variation. Because unexpected variation
within households was seen in V. cholerae isolates, variation
within individuals was also evaluated. Serial isolates from a
single infected individual were obtained from only a small
number of individuals: a total of 68 follow-up isolates from 50
individuals were obtained between 1 and 11 (median 2) days
after the first isolates had been obtained from the same indi-
viduals. Similarly to isolates from different individuals within a
household, serial isolates obtained on different days from the
same individual differed by serogroup 3% of the time and at a
large-chromosome VNTR locus one-third of the time (31%),
with the majority of the isolates (62%) differing in some way in
the five-locus genotype. Serial isolates obtained closer together
in time were marginally more likely to be related than serial
isolates separated by several days (Table 5), although the dif-
ferences in average time intervals were not statistically signif-
icant. Of note, 6 of the 42 nonidentical follow-up isolates were
third or fourth isolates from an individual and matched some
prior isolate but not the first isolate from that individual. These
were treated as unrelated in Table 5 but suggest that the
passage of identical or related isolates over multiple days by an
individual occurs somewhat more frequently than our aggre-
gate data identify, and their failure to appear on the first day of
culture may be due to our collection of only one isolate per day
in the presence of what often appeared to be multistrain in-
fections.

Among the 42 follow-up isolates that did not completely
match the initial isolate from the same individual, there were
29 distinct genotypes, many of which were also seen elsewhere
among our population-wide 314 isolates. Of these genotypes,
eight (28%) were also isolated from some other individual
within the same household during the 3-week follow-up period,
another nine (31%) were isolated in a different household
within 1 month (mean 10.4 days), another three (10%) were
isolated in another household with more than 1 month of
separation, and the remaining nine (31%) occurred in no other
isolate in our study. Often, however, only one household was
enrolled per month, so these data are likely to underrepresent

the frequency of overlap of infecting genotypes between
households.

MLVA, MLST, and PFGE data. For three large households
that had been enrolled in our study within a short time, each of
the index and contact isolates was genotyped by MLST and
PFGE, as well as by MLVA. As Fig. 3A illustrates, the MLVA
genotype of the isolates could be the same or different in
individuals within the same household. Focusing on the three
more-stable, large-chromosome loci, contact A1 in household
A, for example, had a very different genotype than the index
patient on day 2 but a genotype that matched the index geno-
type on days 3 and 4. Similarly, in household C, the genotype
of the index patient did not match the first isolate of either
contact C2 or C3 but it did match the two isolates of C1 and the
third isolate of C3. The two distinct three-locus genotypes
present within the household were the same for household A
as for household C. In contrast, when analyzed by MLST, every
isolate among these three households had exactly the same
sequence type; i.e., all 4,364 sequenced base pairs were iden-
tical between any two isolates. Similarly, when the isolates were
genotyped by PFGE with NotI digestion (Fig. 3B), only three
variable bands were seen, and thus, by the criteria of Tenover
et al. (49), these variants are considered closely related, con-
sistent with the MLST data.

Relatedness between multiple isolates from the same stool
sample. The data in Fig. 3A suggested the possibility that
multiple strains circulated in the same household at the same
time and that even a single household member could shed
more than one strain when sampled on different days. This
raised the question of whether individual patients might be
infected simultaneously with more than one strain. Therefore,
further analysis of intraindividual variation was performed by
selecting multiple colonies from the same stool specimens col-
lected in 2009 from each of nine individual patients. Analysis
of 17 to 20 isolates from each individual stool sample showed
that most of the individual stool samples had multiple MLVA
genotypes present at the same time (see Table S2 in the sup-
plemental material). As shown in Fig. 4, only one stool sample
had the same genotype by MLVA in all of the colonies picked
from the same stool sample; the other eight had at least two
genetically distinct genotypes, and many had several distinct
genotypes. Single-locus variants (compared to the type that
made up the majority or in one case the plurality of isolates)
were seen in seven of the stool specimens, and double-locus
variants were seen in four of the specimens; it is worth noting
that none of the double-locus variants had a variant allele in
common with the single-locus variants in the same stool sam-
ple. Unrelated isolates (with a different three-locus genotype
and in a different clonal complex) were observed in six of the
stool samples. Although the number of single stool specimens
is small (nine), and although each single stool specimen was
sampled more thoroughly (17 to 20 isolates per stool sample)
than the individual colonies sampled over multiple days in
contacts (2 to 4 days of isolates per contact) in the earlier part
of the study, the fraction of stool samples with multiple geno-
types at the same time is consistent with the data from isolates
taken individually from sequential stool samples: 66% of the
single stool specimens had isolates with unrelated genotypes,
while 21% of the individuals who had single isolates from
multiple stool samples over time had isolates with unrelated

TABLE 5. Relatedness of subsequent isolates to the first isolate
from the same individual

Condition No. (%) of
isolatesa

Mean no. of
days after
index case
(95% CI)b

Same serogroup and serotype 66 (97) 1.9 (1.5–2.2)
O1 serogroup, different serotype 0 (0)
Different serogroup 2 (3) 9.5 (�10–29)

Identical at large-chromosome loci 47 (69) 1.9 (1.6–2.1)
Different at large-chromosome locus 21 (31) 2.6 (1.3–4.0)

Same 5-locus genotype 26 (38) 2.0 (1.6–2.3)
Nonidentical, same eBURST clonal

complex
28 (41) 1.7 (1.3–2.1)

Unrelated by eBURST 14 (21) 3.2 (1.1–5.3)

a Total n � 68.
b CI, confidence interval.
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genotypes, both consistent with an approximately 5 to 7%
independent chance per isolate of being unrelated to the pre-
dominant isolate. Similarly, using a stricter delineation, 89% of
the single stool specimens had isolates with distinct genotypes
of some kind, while 62% of the individuals who had isolates
from multiple stool samples over time had isolates with distinct
genotypes.

DISCUSSION

Our results demonstrate substantial variability of MLVA
genotypes among pathogenic V. cholerae O1/O139 isolates that
are difficult to differentiate by other commonly used typing
methods such as PFGE or MLST. This variability is present
not only within a large city where cholera is endemic, as an-
ticipated based on previous work, but also, more surprisingly,
within single households and even within individuals. Still, the
majority of isolates from the same household or same individ-
ual appear closely related by MLVA, whether judged by
eBURST complex or by three-locus genotype, and when they
are isolated within a short time span of weeks to months, a
large minority of isolates from separate households appear
closely related as well.

Clustering in time of MLVA relatedness was seen popula-
tion wide among our isolates. This trend is suggestive of suc-
cessive and sometimes overlapping local outbreaks of distinct
cholera strains that each cause multiple clustered infections
within a population and then recede. Similar patterns have
previously been observed by MLVA analysis elsewhere in Ban-
gladesh (47) and are also consistent with observed fluctuations
between Ogawa and Inaba serotype predominance (26) (per-
haps due in part to the development of serotype-specific im-
munity [31] and in part to serotype conversion [8]) and with the
dramatic emergence and subsequent fading to low levels of the

FIG. 3. (A) MLVA genotypes of V. cholerae isolates collected from three households in February and March 2004. The genotype of each isolate
is displayed as a five-digit number; identical genotypes have the same background and surrounding line. All of the isolates illustrated belong to
serogroup O1 serotype Inaba. (B) PFGE gel of NotI-digested DNA from the same isolates displayed in panel A. The variable bands are indicated
by arrows, and each lane is identified by the MLVA genotype and the source household, individual, and day.

FIG. 4. Proportions of genetic variants among colonies selected at
the same time from a single stool sample. Each pie diagram indicates
a separate stool sample; each sector is in proportion to the frequency
with which the type of genetic variant was found.
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novel serogroup O139 (40). In our data, not only identical
MLVA genotypes but also different but apparently related
genotypes were more likely to appear within a few days to
months of each other than less-similar genotypes, consistent
with a combination of processes contributing to genotypic di-
versity: emergent environmental strains replacing others in
clinical predominance, together with gradual evolution within
the clinically prevalent strains. In some instances, a fluctuation
from O139 predominance to O1 Ogawa or Inaba predomi-
nance clearly reflects unrelated outbreaks. However, the grad-
ual divergence of both three-locus and five-locus MLVA ge-
notypes within the population over time, the time-divergent
relationships within the eBURST clusters observed in Fig. 1,
and the minor changes in MLVA typing observed during 30
days of serial culture are all consistent with previous observa-
tions (23) that suggest that small, persistent genotypic changes
may be occurring as strains circulate through a human popu-
lation.

Stability of MLVA types. Within a household, we had antic-
ipated that we would attribute infections to only a single strain
of V. cholerae; we expected that an infected individual would
shed only a single strain and that infections in other household
members over subsequent days would match the first individ-
ual’s infection. By MLVA, we found this to be true less than
half of the time, although PFGE and MLST detected fewer
differences. The possibility that some of this variation within
households and individuals reflects instability or inaccuracy of
MLVA genotypes, rather than simultaneous infection by mul-
tiple strains of V. cholerae, must be considered. Also, in eval-
uating the significance of the high degree of variation observed
by MLVA, it is important to clarify what constitutes a “strain”
of V. cholerae. We propose that a strain could be reasonably
defined as an isolate or set of isolates that differ from related
isolates by a stably inherited marker that can be used for
epidemiological studies. With this definition, the pertinent
question in interpreting MLVA results is whether MLVA
types are stably inherited or intrinsically variable.

Many aspects of our data suggest that the observed varia-
tions represent the concurrent circulation of multiple, stably
inherited MLVA genotypes. The correspondence of the three
major eBURST complexes to the O1 Inaba, O1 Ogawa, and
O139 groups lends credence to the significance of VNTR vari-
ations. Our experiment involving 30 days of serial culture in
vitro demonstrates that changes in MLVA genotype in culture
tend to be confined to specific loci and are too infrequent to
account for the variation seen in clinical isolates from one day
to the next in households or individuals. Also, the substantial
fraction of intrahousehold and intraindividual isolate pairs that
differed not only by MLVA but even by serotype and/or sero-
group demonstrates at least some concurrent presence of mul-
tiple strains within single households and infected individuals.
Although shifts between O1 Ogawa and O1 Inaba have been
described (48), the serogroup is certainly sufficiently stable to
be a strain marker, and 9 of the 19 observed serological mis-
matches between index and contact isolates were between the
O1 and O139 serogroups, not merely between serotypes of O1.
The MLVA results for multiple isolates from the same stool
sample, in which multiple genotypes were usually present at
the same time, also support the hypothesis that multiple strains
may infect a single individual.

Examining the day-to-day variation in the genotypes of iso-
lates within households also provides evidence that dissimilar-
ities between index and contact isolates represent real strain
differences. In the overall study population, it was observed
that more-closely related contact isolate variants tended to
occur fewer days after the index case than less-related vari-
ants—a difference that is also present as a nonsignificant trend
in the data for multiple variants from a single individual. This
observation would be most consistent with multiple exposures
occurring simultaneously or close in time for household mem-
bers or individuals. Further evidence of the cocirculation of
multiple distinct and stable strains (rather than clonal evolu-
tion within an individual) is the sequence of isolations made in
the example households illustrated in Fig. 3. If MLVA were
intrinsically hypervariable, it is unlikely that clonally evolving
isolates would match other isolates from the same individual or
isolates from the subsequent household, as was seen; the more
logical conclusion is that two different strains were circulating
simultaneously.

Despite these patterns that support some amount of true
strain differences within households, MLVA as an approach to
differentiating strains of V. cholerae is new and relatively un-
tested, and our data from in vitro culture do reveal some
degree of instability in some of the VNTR loci analyzed. Until
we understand more definitively the behavior of VNTR loci
relative to other accepted strain markers, and until our findings
regarding strain diversity are further validated in laboratory
studies and epidemiological samples, it remains possible that
some of the genotype differences we detected are a reflection
of unstable fluctuations in repeat numbers, either during trans-
mission and passage in human subjects or during the culture
and genotyping process. The three large-chromosome loci ap-
pear to be a more reliable means than the other two loci of
identifying stably inherited strain differences.

Potential origins and significance of MLVA variation. The
observed MLVA diversity within individuals and within house-
holds has multiple possible explanations. One possibility is that
typical infecting inocula of V. cholerae, at least in the setting of
this study where cholera is endemic in Bangladesh, contain
multiple genotypic variants and that individuals are infected
simultaneously by multiple strains of V. cholerae. This has not
been previously described, but it would not be entirely unsur-
prising given the large inocula of organisms necessary to pro-
duce cholera, i.e., at least 108 organisms in most volunteer
studies (30), 104 organisms under ideal conditions with de-
creased stomach acidity (43), and 102 or 103 as a typical expo-
sure in settings where cholera is endemic, which produces
illness in �10% of the individuals exposed (30). Another pos-
sible explanation for strain variation is that mutation and se-
lection of V. cholerae strains are occurring during passage
through the gut or during human-human transmission within
households. A third possibility is that V. cholerae exposure is so
common in the setting of this study that multiple, unrelated
infecting events occur within the 3-week surveillance window;
however, the fact that household contacts are far more likely to
become infected on day 1, 2, or 3 after the index infection than
on later days, even when the contact isolates differed from the
index strain, supports a single infection event in each house-
hold. These possibilities are not mutually exclusive, since in-
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ocula containing multiple strains could initiate the infection,
after which each of the strains could vary during the infection.

Another important question regarding MLVA variation is
its relationship to other aspects of the growth or virulence of
the organism. VNTR changes may be associated with other
changes also accruing in the genome, based on which different
genotypic variants detected by MLVA could differ also in fea-
tures related to pathogenicity or other clinical features. Fur-
ther work is required to epidemiologically characterize key
MLVA strains and study their relationship to clinical illness.

Conclusions. MLVA of multiple V. cholerae isolates from
within the same household suggests that a single household
and even a single individual may shed genetically distinct
vibrios within a short period of time. If this is true, it has
important implications for understanding the epidemiology of
cholera, since it may be the result of either more-diverse or
more-frequent exposure to pathogenic V. cholerae organisms
than has previously been recognized. Determination of the
extent and importance of the genetic variation associated with
the multiple cocirculating MLVA genotypes of V. cholerae,
including any associated changes in pathogenesis or transmis-
sion, will require additional laboratory and epidemiological
efforts.
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