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cholerae O1, which are closely related to the Asian and African seventh pandemic strains,
have been reported from among the Latin American strains, detailed phenotypic and
molecular studies seem to have been lacking. In the present study, we carried out
retrospective phenotypic and molecular analyses of 104 V. cholerae O1 strains (both
clinical and environmental), isolated in Mexico (1991 —1995), Peru (1991 — 1999), and
Guatemala (1993); the aim being to determine their ancestry and the evolutionary trends
to be able to develop unified global intervention and preventive measures. [Here we show
that the epidemics in 1991 and subsequent endemic cholera in Latin America were
attributed mainly to V. cholerae O1 El Tor in Peru, while El Tor, classical including
hybrid-variants of both biotypes in Mexico, confirming two regional pools of V. cholerae
01, and also, Asia-independent emergence of hyb-ET from co-existing progenitors of
both biotypes in Latin America.]

Materials and Methods

Bacterial strains. V. cholerae serogroup O1 strains characterized and compared
in the present study with their source, place, and year of isolation are shown in Table 1 &
2.

Confirmation of the V. cholerae strains. V. cholerae strains used in the present
study were of patents and surface water origins isolated in Latin America, between 1991-
1995, Department of Public Health, Faculty of Medicine, Universidad Nacional
Autonoma de Mexico. The bacterial strains shipped in soft agar were sub-cultured by
streaking on Luria agar (Difco Laboratories, Detroit, Mich) followed by taurocholate
tellurite gelatin agar (TTGA) (Difco Laboratories, Detroit, Mich.), and incubated at 37°C
for 18 to 24 h. Colonies with the characteristic appearance of V. cholerae were confirmed

by standard culture methods and identified by a combination of biochemical (Tison, D.
1999; 38) and molecular methods, as described previously (Alam 20061).

Serogrouping. The V. cholerae isolates that were identified using biochemical
and molecular methods (Alam et al., 2006; 1) were confirmed serologically by slide
agglutination test using specific polyvalent antisera to V. cholerae Ol and 0139,
followed by a monoclonal antibody that is specific for both (Alam ef al., 2006; Tison, et
al., 1999; 38).

Biotyping. Biotype determination involved a number of tests: chicken erythrocyte
agglutination; haemolysis of sheep erythrocytes; the Voges—Proskauer reaction;
sensitivity to polymyxin B; and Mukerjee classical phage IV and Mukerjee El Tor phage
V tests (Basu e al., 1968; 5). All tests were carried out as described in the Manual for
Laboratory Investigations of Acute Enteric Infections, WHO (1987). To complement the
biotype characterization by genetic traits, PCR assays targeted to detect /cpA (classical
and El Tor variant) (Keasler ef al., 1993; 20), and to the type of rs/R gene encoding the
phage transcriptional regulator were carried out using procedures described previously
(Kimsey e al., 1998; 21).
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Storage of strains. V. cholerae strains confirmed by biochemical, molecular, and
serological methods were sub-cultured on Gelatin Agar (GA) plates and a single
representative colony from the GA was aseptically inoculated into TINI broth (1%
Trypticase and 1% NaCl), incubated at 37°C for 3-4 hrs, and stored at -80°C with 15%
glycerol until required.

Genomic DNA preparation. For the extraction of the genomic DNA, the
harvested cells from 3 ml of overnight culture in LB broth (Miller) were subjected to
alkaline lysis by 10% SDS in the presence of TE buffer (10mM Tris-HCI, ImM EDTA,
pH 8.0). The cells were then treated with freshly prepared Proteinase K (ﬁna[
concentration 100 pg/ml in 0.5% SDS) and incubated at 37°C for 1 h. After incubation,
1.0% CTAB/NaCl (cetyl trimethyl ammonium bromide in 0.7M NaCl) was added
followed by incubation for 10 min at 65 C. RNA was removed by treating with RNase
(final concentration 100 pg/ml) at 37 °C for 1 h. This was followed by phenol chloroform
extraction and precipitation of the nucleic acid in the presence of isopropanol
(Chowdhury ef al , 2000; 8). Excess salt was removed by 70% alcohol wash and the
nucleic acid was air-dried, resuspended in sterile TE buffer and the purity was assayed
using a spectrophotometer (Gene Quant, England) that selfca]culates the ratio of optical
densities at 260 and 280 nm. The DNA was stored at -20 C for subsequent PCR analysis.

Confirmation of serogrouping by PCR assays. All the strains were reconfirmed
using V. cholerae-species-specific ompW PCR as described previously (Nandi e al.,
2003; 27). The serogroup of these strains was further reconfirmed using polyvalent Ol
and monovalent Inaba and Ogawa antisera, and by multiplex PCR targeted to identify
genes encoding O1 (wheO1) and 0139 (whf)139)-specific O biosynthetic genes and the
cholera toxin gene (ctxA) as described previously (Hoshino e al 1998; 16).

Genome screening of V. cholerae by PCR assays. The genome of the strains
was screened by PCR assays using 34 pairs of primers. The PCR primers used and the
conditions under which the tests were carried out have been described previously
(O’shea et al., 2004; 28). PCR reagents and kits were obtained from either Perkin-Elmer
or Invitrogen. During electrophoresis, DNA size of the known molecular weight marker
was included to estimate the size of the amplicons. The PCR products were analyzed by
electrophoresis in 1% agarose gels, stained with ethidium bromide, visualized under UV
light, and recorded using a gel documentation system (Gel Doc 2000, BioRad).

MAMA-PCR assay for determination of c£xB gene type. The mismatch
amplification mutation assay (MAMA) was recently developed to detect the sequence
polymorphism between the classical and El Tor c#xB focused on nucleotide position 203
of the ctxB gene (Morita et al , 2008; 24). MAMA-PCR assay was performed to test for
the presence of the ctxB genes specific for classical and El Tor biotypes. A conserved
forward primer (Fw-con, 5’- ACTATCTTCAGCATATGCACATGG -3°) and two allele-
specific polymorphism detection primers, Rv-cla (5’-
CCTGGTACTTCTACTTGAAACG-3") and Rv-elt (5'-
CCTGGTACTTCTACTTGAAACA -3°) (Morita et al., 2008; 24) were used in this
study. PCR conditions were as follows: after initial denaturation at 96°C for 2 min, 25
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cycles of denaturation at 96°C for 10 sec, annealing at 50°C for 10 sec, and extension at
72°C for 30 sec; and final extension at 72°C for 2 min. V. cholerae O1 isolates 0395
classical and N16961 El Tor were used as standard reference strains.

DNA sequencing of ctxB gene. Nucleotide sequencing of the cfx5 genes of eight
randomly selected strains of V. cholerae Ol representing El Tor, hybrid El Tor and
classical strains the ctxB gene types of which were determined by MAMA-PCR was
carried out using an ABI PRISM BigDye Terminator Cycle Sequencing Reaction kit
(Perkin-Elmer Applied Biosystems, Foster City, CA, USA) on ABI PRISM 310
automated sequencer as described previously (Nair et al., 2006; 26). The nucleotide
sequences of the reference strains were compared with the corresponding sequences of El
Tor strain N16961 (GenBank accession no. NC-002505), and the classical strain 569B
(GenBank accession no. U25679), which were retrieved from GenBank by BLAST
search.

DNA sequence and proteomic analysis. The chromatogram sequencing files
were inspected using Chromas 2.23 (Technelysium). Nucleotide sequences of the test
isolates were compared with the corresponding sequences of the N16961 El Tor reference
strain (NC_002505), the 569B classical reference strain (U25679), retrieved from
GenBank using Basic Local Alignment Search Tool (BLAST) (Altschul er al., 1997, 3).
Multiple sequence alignments were developed using CLUSTALX 1.81.13, and DNA
sequences were translated using GeneDoc version 2.6.002 alignment editor.

PFGE. The whole agarose-embedded genomic DNA from V. cholerae was
prepared. Pulsed-field gel electrophoresis (PFGE) was carried out with a contour-
clamped homogeneous electrical field (CHEF-DRII) apparatus (Bio-Rad) according to
previously described procedures (Cooper et al., 2004; 11). The conditions used for
separation were as follows: 2 to 10s for 13h, followed by 20 to 25s for 6h. An electrical
field of 6 V/cm was applied at an included field angle of 120°. Genomic DNA of test
strains were digested by the Nofl restriction enzyme (GIBCO-BRL, Gaithersburg, Md.)
and Salmonella braenderup was digested by Xbal with the fragments being used as
molecular size markers. The restriction fragments were separated in 1% pulsed-field-
certified agarose in 0.5X TBE (Tris-borate-EDTA) buffer. In the post electrophoresis gel
treatment step, the gel was stained and destained. The DNA was visualized using a UV
transilluminator and images were digitized via the 1D Gel documentation system (Bio-
Rad). The images were then processed using Quantity One Software (version 4.4.1, Bio-
Rad). The test fingerprint image was normalized according to the standard, and the
molecular weights of the DNA fragments were determined using Quantity One Software
(version 4.4.1, Bio-Rad). Digital images of PFGE fingerprint patterns were analyzed by
Dice similarity coefficient and UPGMA clustering methods (Bio-Rad), as recommended
by the manufacturer, and these were graphically represented as dendrograms.

Results
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Microbiological and serological tests. All strains tested (n=104) produced
characteristic colonies typical of V. cholerae when grown on microbiological selective
agar media such as TTGA. The presumptive colonies gave biochemical reactions that
were characteristics of V. cholerae, and all except two strains were primarily identified as
serogroup O1 because they reacted to polyclonal and monoclonal antibodies specific for
serogroup O1, but not to serogroup O139. All V. cholerae Ol strains, including the two
non-01/non-0139 strains that were not recognized by the polyclonal and monoclonal Ol
or 0139 specific antibodies, reacted to monovalent Inaba and Ogawa antisera, suggesting
that all belonged to serogroup O1 (Alam ef al., 2006;Tison, ef al., 1999, 1, 38).

Amplification of primers specific for V. cholerae serogroup O1 and ctxA by
PCR assays. All V. cholerae strains tested amplified the primers for species-specific
gene ompW by PCR (Nandi et al., 2003; 27). All strains tested, except the two
serologically non-O1/ non-0139, amplified the primers for the O biosynthetic gene
wbeQl, but not whfO139, and also the cholera toxin gene crxd, confirming all to be cixt
V. cholerae serogroup O1 (Hoshino er al 1998; 16),

Phenotypic and related genotypic characteristics. The results of the major
phenotypic and related genetic characterizations of the V. cholerae O1 strains (n=104) are
presented in Table 2. The V. cholerae O1 strains varied greatly in their phenotypic and
related genetic characteristics. Sixty of the 104 strains showed sensitivity to chicken
blood cells and El Tor-specific phage V, but were resistant to both polymixin B and
classical-specific phage IV, in a manner that was typical of the El Tor reference strain
N16961, and were thus recognized primarily as El Tor. All of these 60 phenotypic El Tor
strains amplified the primers for the genes :‘cpAEr and rstR25" but not rcpA"'"' and
rstR1%** further confirming their El Tor background. Forty-nine of these 60 primarily
identified El Tor represented all of the V. cholerae O1 strains of Peru, suggesting Peru as
a pool of El Tor in Latin America. The remaining 11 primarily identified El Tor strains
were however isolated in Mexico where V. cholerae O1 strains varied significantly in
their biotype-specific phenotypic and genetic markers.

Forty of the remaining 44 V. cholerae O1 strains appeared to be hybrid variants of
El Tor as they had major phenotypic classical markers that ranged from 1-4 in addition to
having major El Tor traits and amplifying the primers for the El Tor-specific alleles of
the genes, rcpAE' Tor and rstR2' ™ (Table 2). Thirty-six of these El Tor variants amplified
the CTX-prophage-encoded gene rstR1 Cl=s in addition to the resident rstR2™ ™, and were
thus designated as hybrid-El Tor. The remaining 4 El Tor variants had all the phenotypic
and related genetic traits comparable to El Tor reference strains N16961 except that 3,
including one of the two Guatemala, strains were sensitive to polymixin B, while one
being resistant to El Tor specific phage V. These El Tor vanants having phenotypic
classical traits may have provided clue of the requisite genetic recombination in the
emergence of hybrid-El Tor from the El Tor progenitors.

In sharp contrast, 4 of the remaining V. cholerae strains, including two that were
not recognized by polyclonal or monoclonal O1- or 0139-specific antibodies but reacted
to monovalent Inaba antisera, had the major phenotypic markers of classical biotype
(Table 2). Of these, the two serologically O1 strains possessing the major phenotypic and
related genetic classical markers, except that one being resistant to the classical specific
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phage IV while the other resistant to both polymixin B and the classical specific phage IV,
amplified the primers for the genes 1cpA“™* and rstR1"*, but not tcpA™ '™ or rstR2™ ™,
confirming them to belong to classical biotype, which 1s believed to remain extinct from
all cholera endemic region since 1980s. Although the two serologically non-O1 strains
had classical attributes such as they were sensitive to both Chicken blood cells and
polymixin B, they were however resistant to both classical and El Tor-specific phages
and did not amplify any of the primers for the biotype-specific genes tcpA, nor did they
amplify the CTX-phage-encoded genes ctxd or rstR, suggesting that these two strains
may have been originally toxigenic V. cholerae O1, and also biotype classical, but had
their CTX-prophage excised.

The distribution of V. cholerae causing 1991 epidemic and subsequent endemic
cholera in Latin America shows that all V. cholerae O1 irrespective of their spatio-
temporal origins in Peru had all the phenotypic and related genetic markers of El Tor
reference strain N16961, suggesting Peru to be a regional pool of prototype El Tor (Table
2). Conversely, V. cholerae strains 1solated in Mexico, all of which were confirmed as
serogroup O1, included both biotype classical and the El Tor occurring along with the
hybrid variants, suggesting Mexico to be the other regional pool having diverse. Also, the
hybrid-El Tor was found predominating among the El Tor strains in Mexico since 1991,
showing the direct evidence of genetic transition from prototype El Tor to hybrid-El Tor
in Latin America. Guatemala, a country geographically linked to Mexico, had one each of
V. cholerae O1 belonging to ctx- classical, hybrid-El Tor, and phenotypic El Tor variant,
all being isolated in 1993. Although this study was limited to analysing V. cholerae
isolated in Peru, Mexico, and Guatemala, the results presented herein suggest that the
emergence of hybrid-El Tor in Latin America may have occurred in the region having the
Gulf of Mexico in common. Nonetheless, the extended survival of the classical biotype
strains in Latin America, as were being isolated until 1995, was a significant event in the
history of cholera.

MAMA-PCR. The mismatch amplification mutation assay (MAMA)-PCR using
primers specific for classical or El Tor (Morita et al., 2008; 24) offers a precise and
accurate method for determining the type of the cholera toxin (CT) that cholera serogroup
strains of V. cholerae O1 produce. The Latin American V. cholerae O1 strains including
the reference classical (0395) and El Tor (N16961) strains were analysed for determining
their CT-type by MAMA-PCR in the present study. As shown in Table 2, all the
Peruvian V. cholerae O] strains that were primarily recognized as biotype El Tor
amplified the primers specific for the gene crxB*' ™™, but not the coxB™™, further
confirming that they were prototype of the 7" pandemic El Tor in nature. Likewise, V.
cholerae O] strains that were primarily identified as El Tor in Mexico, including the
variants having phenotypic classical markers, amplified the El Tor-specific gene coeB™ ™,
but not ctxB™, confirming their prototype El Tor traits. In contrast, the whole lot of V.
cholerae O1 El Tor strains possessing the CTX***-phage-encoded gene rstR1°**, and
were thus designated hybrid-El Tor, including the two classical biotype strains in Mexico,
amplified the gene cxxB™™, but not crxB™' ™™, further confirming their CT to be of
classical biotype. The results obtained in MAMA-PCR assays, while the reference
classical (0395) and El Tor (N16961) strains serve as controls, confirm the co-existence
of both classical and El Tor biotypes including the hybrid-El Tor in Mexico. Furthermore,
the concurrence of CTX“**- phage-encoded genes, cixB" and rstR1Y, in the hybrid-El
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Tor of V. cholerae O1 may be suggestive of the incorporation of the entire TR,
phage into the El Tor progenitor.

Multi-locus genetic screening. The multi-locus PCR screening for the vibrio
pathogenicity 1sland (VPI), biotype-specific major virulence and related genes and gene
clusters provide an important tool to determine the biotypes of V. cholerae O1 (Dziejman
etal ,2002; O’shea eral, 2004). Thirty four V. cholerae O1 strains of different spatio-
temporal origins, covering the deduced biotype categonzations as determined by their
phenotype and related genetic properties, were subjected to extensive multi-locus genetic
screening by PCR assays in the present study; and compared with the reference El Tor
(N16961) and classical (0396) strains. The 33 different genomic loci that were targeted in
the present study include ompU, toxR, ace, the housekeeping genes encoding malate
dehydrogenase (mdh) and chaperonin (groEL), major virulence marker genes encoding
CTX®D, RS1®, toxin-linked cryptic plasmid (TLC), repeat in toxin (RTX), Pilin E (PilE),
hemolysin (Hly), and the mannose-sensitive hemolysin agglutinin (MSHA), which is a
type IV pilus. In addition, the clusters included the most important El Tor biotype-
specific marker genes, such as Vibrio seventh pandemic island-I (VSP-I) and VSP-II,
Vibrio pathogenicity island-1 (VPI-1), and also Intl4 integron, which altogether covered
more than 165 kb of the V. cholerae genome (Dziejman er al , 2002: 12, O’shea er al ,
2004; 28). As shown in Table 3, the overall data of multi-locus genetic screening
appeared in concordance with the sero-biotype categorizations made primarily based on
the microbiological, phenotypic, and genetic data, except that the prototype ET had two
distinct regional patterns in the VSP-II ORFs. Notably, all the Peruvian El Tor strains
tested amplified all but two ORFs (512 and 514), while the prototype El Tor strains in
Mexico failed to amplify the ORFs 512, 514, and 516 of the VSP-II gene cluster. This
consistent clonal divergence between the V. cholerae O1 El Tor isolated in Peru and
Mexico suggests that the 1991 epidemics in Mexico was presumably not an extension of
Peru. In any case, the hybrid-El Tor strains however amplified the primers for all the 33
targeted genomic loci in a manner that was indistinguishable from the V. cholerae O1 El
Tor reference strain N16961.

The results of the multi-locus genetic screening of two of the V. cholerae O1
classical biotype strains that were isolated in Mexico revealed that none of these two
strains amplified any of the targeted ORFs of the VSP-I and VSP-II including that of the
RTX and RS1, showing a pattern that was indistinguishable from that of the V. cholerae
O1 classical reference strain 0395, further confirming their classical attributes. In
addition, the classical traits was further confirmed for the two serologically non-reacting
but phenotypically O1 classical biotype strains because they had the multi-locus genetic
pattern close to that of the classical reference strain 0395, except that these two strains
did not amplify any of the targeted genes of the VPI-1 and CTX-prophage gene clusters.

PFGE and cluster analysis. The Norl-digested genomic DNA of V. cholerae O1
strains isolated in Peru (1991 — 1999), Mexico (1991 — 1995), and Guatemala (1992 —
1993), including one classical strain that was isolated in Mexico in 1983, were subjected
to PFGE analysis to determine their genetic relatedness and clonal origin. As shown in
Figure 1, the Noil restriction enzyme digested the genomic DNA of both the test as well
as the reference control strains into 20 to 23 fragments; the molecular sizes of the
restriction digested DNA fragments ranged between 20 to 350 kb, The overall banding
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patterns obtained with the Latin American V. cholerae O] strains were heterogeneous; a
great deal of diversity was observed both regionally and within and between the two
biotypes, including their hybrid genotypes that were analyzed.

When considered regionally, the PFGE patterns obtained with the Peruvian V.
cholerae O1 El Tor strains were highly homogeneous except that two strains 1solated in
the year 1997 and 1998 varied in their PFGE pattemns (Fig. 1), suggesting minor
divergence. Nonetheless, the overall PFGE patterns of the Peruvian El Tor strains were
by and large uniform and appeared analogous to that of the El Tor reference strain
N16961, suggesting the El Tor ancestry. The Mexican V. cholerae O1 biotype El Tor
strains, particularly their phenotypic and genetic variants showed significant diversity in
the number and positioning of the bands in the PFGE (Fig. 1), although the overall
banding patterns were comparable to that of the El Tor reference control, suggesting El
Tor lineage for them. The variation in the banding patterns was maximal with the hybrid-
El Tor strains having vanable number of classical traits (Fig. 2). The Mexican progenitor
El Tor strains were however related closely to the Peruvian El Tor in their PFGE patterns.
A close interrelationship that was observed between the Peruvian and Mexican prototype
El Tor, which resembled the prototype of 7* pandemic El Tor reference control (Fig. 2),
suggested the common El Tor lineage for both. The classical biotype strains including
their variants isolated in Mexico and Guatemala, which varied in their Noil restriction-
digested patterns (Fig. 2) despite being typical of the classical, suggested the classical
lineage for these strains.

To further understand the clonal relatedness between the V. cholerae Ol strains
isolated in Latin America, cluster analysis was performed by dendrogram using the PFGE
images of the Nosl-digested genomic DNA of V. cholerae O] strains isolated in Peru
(1991 — 1999) and Mexico (1991 — 1995) separately, and also putting them together with
the V. cholerae Q1 strains of Asian and African origins that were available in our soft-
database. The cluster analysis data obtained from dendrograms constructed with the Noil-
digested PFGE patterns (Dice similarity coefficient and UPGMA clustering methods)
revealed a high degree of homogeneity among the Peruvian prototype El Tor strains
because they formed a compressed, major cluster of the closely related strains,
irrespective of their spatio-temporal origins (Fig. 1). A couple of Peruvian El Tor strains
that varied with the majonty of the El Tor strains in their PFGE pattems however formed
a separate but closely related cluster, suggesting divergence. Although clustering
separated the Mexican El Tor from the classical biotype and the respective hybrid variant
strains, a great deal of divergence was apparent from the clustering pattems because they
formed large but loosely adherent clusters of genetically patchy strains (Fig. 2).

When the PFGE patterns of the Mexican V. cholerae O1 El Tor, classical, and
the hybrid variants of both biotypes were subjected to cluster analysis together with that
of the Peruvian El Tor for comparison, whilst the 0395 and N16961 served as the
classical and El Tor reference controls, respectively, major group-specific and regional
clusters were obtained. As shown in Fig. 3, clustering separated the El Tor from the
classical in one hand, the hybrids from their progenitor strains on the other, essentially
indicating the application of the PFGE in determining the clonal lineage. Furthermore, a
closely related major cluster that separated the Peruvian and Mexican prototype El Tor
strains from the rests suggests a common ancestry for them. When the strains in this
cluster was further analysed, the Peruvian El Tor strains formed a tight regional cluster

=1lI=



Running Title: Hybrid-El Tor co-exists with El Tor & classical since 1991 in Latin
America

suggesting them to constitute a genetically homogeneous regional pool, independent of
Mexico and Asia. The Mexican hybrid-El Tor strains showed a great deal of diversity by
forming a loosely adherent but large cluster of many assorted small clusters (Fig. 3),
which was shared by the Asian hybrid-El Tor strains, suggesting clonal interrelationships.
The pre-existing classical progenitor including their hybrid vanants that were isolated in
Mexico and Guatemala formed a major separate cluster, suggesting genetic relatedness.
The overall PFGE data and their analyses by dendrograms further suggest the 1991-
epidemics and the emergence of hybrid-El Tor to be local, Asia-independent, events that
involved locally existent V. cholerae O1 biotypes El Tor and classical in Latin America.

Discussion

V. cholerae O1 has two biotypes, classical and El Tor. The classical, which
presumably caused six cholera pandemics in the Ganges Delta of Bay of Bengal, was
introduced into the other parts of the world between 1817 and 1923 (Dziejman et al ,
2002; 9, Politzar et al., 1959; 27). Ever since V. cholerae O1 biotype El Tor initiated the
current seventh pandemic by resplacing classical biotype in early 1960s (Faruque er al.,
2003a), the classical had undergone slow extinction, since 1970s (Samadi 1983,
Siddique 1991). The El Tor causing endemic cholera continued to spread in Asia,
reached Africa (Scracia 2006) and finally in Latin America (Mata, L., 1994), in 1970
and 1991, respectively, and became endemic there.

When 1991-epidemics of cholera exploded into Latin America after about a
century, conceivably the case fatality was very high due to the lack of adequate
knowledge about the bacterium, appropriate intervention, and epidemiological
management (Mata, L., 1994; Wachsmuth et al., 1993). Although V. cholerae causing
1991-epidemics in Latin American was shown to be a clonal expansion of current 7"
pandemic El Tor from Asia, after Africa (Mata 1994, Wachsmuth IK, 1993;
Wachsmuth 1994; Popovic 1993, Cameron 1994), a significant recent development has
been the emergence of a hybrid-El Tor possessing the cholera toxin (CT) encoding gene
specific for the classical biotype, which remain extinct. While the hybrid-El Tor has
already replaced prototype El Tor in Asia and Africa (Nair 2006, Morita 2008; Safa
2008), our knowledge of V. cholerae causing 1991-epidemics and subsequent endemic
cholera in Latin America is limited, although understanding of the evolutionary trend of
V. cholerae in this huge continent appears crucial for unified global intervention and
preventive measures against cholera. This study, a retrospective one, shows toxigenic V.
cholerae 01 El Tor, classical, and an array of hybrid-variants of both biotypes in 1991-
epidemics and subsequent endemic cholera in Latin America. Our extensive phenotypic,
molecular, and phylogenetic characterizations of the Latin American V. cholerae Ol
strains and their comparison with that of Asia and Africa show Peru as a unique pool of
prototype El Tor; while El Tor co-existing with classical and hybrid-vanants (hyb-ET) in
Mexico as the other pool. Based on the clonal divergence of V. cholerae O1 ET of Peru
and Mexico, and the distinct clonal lineages of both classical and El Tor of Latin America
with that of Asia, showed 1991-epidemics to be local event in Mexico, not an extension
of Peru, and that the emergence of hyb-ET as local, Asia-independent events that
involved locally existent V. cholerae O1 in Latin America.

—118—



Running Title: Hybrid-El Tor co-exists with El Tor & classical since 1991 in Latin
America

The microbiological culture, biochemical, and serological tests confirmed that the
cholera bacteria involved in Latin American epidemics, in 1991, and subsequent endemic
cholera (Mata 1994, Scracia 2006) were V. cholerae serogroup O1, while two V.
cholerae strains were serologically non-O1/ non-O139. These primary microbial results
were further complemented by results obtained with the genetic screening using simplex
and multiplex-PCR assays (Alam 2006), which confirmed that all of the test strains had V.
cholerae species-specific gene ompW (Nandi, 2003), ctx4 encoding the sub unit ‘A’ of
the CT, and the surface antigen (serogroup Ol -sepicific) encoding gene whe (Hoshino
1998). These results confirmed our initial results that the epidemics, 1991, and the
following endemic cholera in Peru (Mata 1994, Wachsmuth 1994) were caused by
toxigenic V. cholerae belonging to serogroup Ol (Popovic 1993; Cameron 1994). The
two serologically non-O1/ non-0139 strains that had the V. cholerae species-specific
genes ompW (Nandi, 2003) and the serogroup-O1 encoding gene whe (Hoshino 1998)
but not the crxA, suggesting that they were serologically non-O1/ non-0139 but crx” V.
cholerae O1 (Kaper 1995). The cix™V. cholerae O1 strains, which occur in the aquatic
environment (WHO 1984), have been reported to result due to the loss of CTX prophage
(Alam et al 2007 VBNC). Thus, the two serologically nonO1/ non 0139 but ctx™V.
cholerae O1 strains that were isolated from the water sources in Mexico and Guatemala
may have had their CTX @ excised, as the toxigenic strains surviving in the aquatic
environment can become non-toxigenic during the inter-epidemic periods (Alam et al
2007 VBNC).

V. cholerae O1 biotypes classical and El Tor are distinguished from each other
based on differences in their phenotypic and genotypic characteristics (Kaper 1995,
Morita 2008). The results of the phenotypic screening such as resistance to polymyxin B,
sensitivity to chicken blood cells and El Tor-specific phage V, but not to classical phage
IV, suggest the El Tor nature of the V. cholerae O1 strains that were isolated in Peru
(Chanda, 1973; Manning, 1994). The El Tor traits of these Peruvian strains were further
suggested by multiplex-PCR amplification of genes such as crxB-El Tor (Morita 2008),
tepA-El Tor (Keasler 1993) and rstR2-El Tor (Kimsey 1998) encoding subunit B of CT,
major pilin, and a repressor, respectively. Since these genes detected had their El Tor
alleles with the specific DNA sequence compositions, our data appeared in agreement
with the results reported earlier (Suraia 2009), confirming Peru as a pool of the ™
pandemic EI Tor that has been replaced by hybrid-ET in Asia and Africa (Nair 2006,
Morita 2008; Safa 2008). Unlike Peru, where El Tor was the only biotype recognized, V.
cholerae O1 in Mexico included both El Tor and classical together with strains that were
neither El Tor nor classical, because they were hybrid of both biotypes. This study thus
show two independent regional pools of V. cholerae O1 in Latin America, suggesting the
epidemics, 1991, and the subsequent endemic cholera to be caused by biotype El Tor in
Peru (Mata 1994; Wachsmuth 1994; Popovic 1993; Cameron 1994), while both El Tor
and classical, together with the hybrid variants of both biotypes, in Mexico.

Although as many as seven cholera pandemics have been recorded globally, a
little is known about the geographic distribution of V. cholerae beyond the Ganges Delta
of the Bay of Bengal, where cholera is endemic for centuries (Dziejman et al., 2002; 9,
Politzar et al., 1959; 27). Naturally, when cholera struck Latin America after about a
century in 1991, the reservoir and transmission of the V. cholerae causing the epidemics
was unknown; albeit, a handful of subsequent studies have proposed hypotheses that
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were however contrasting (Mata 1994; Wachsmuth 1994; Cameron 1994). This study
is the first to show the pre-1991 existence of the classical biotype in Latin America and
that the 1991 -epidemics and subsequent endemic cholera in Mexico were jointly caused
by both classical and El Tor biotypes, which coexisted and were consistent in being
isolated from both environmental and clinical sources of Mexico and Guatemala, since
1991. Despite the fact that the classical biotype strains were found pre-existing in Mexico,
the ecological niche for V. cholerae 1s not well defined for Latin America, nor do we
know of the pre-1991 existence of V. cholerae El Tor in Mexico. Nonetheless, the
extended survival of the classical biotype strains and its co-existence with El Tor, as
presented herein, support the supposition that the El Tor may also have pre-existed
sharing niche with the classical in Latin America, as did classical and El Tor in the
Ganges delta of Bay of Bengal until 1980s (Siddique 1994; Siddique 1996). The overall
results presented herein may be interpreted to indicate the ecosystem close to the Gulf of
Mexico as a persistent ecological niche for V. cholerae causing endemic cholera in Latin
America, as does the Ganges delta of Bay of Bengal in Asiatic cholera (Siddique 1994,
Siddique 1996).

Whereas the extinction of the classical biotype following the emergence El Tor
biotype still remains largely a mystery, a significant recent development has been the
emergence of a new hybrid-El Tor, having the gene ctxB of classical biotype, replacing
the prototype El Tor. The corollary of such genetic shift is not fully understood, however
the hybrid-El Tor as an epidemic clone is becoming increasingly significant for
Bangladesh (Siddique 2007). While the world-wide distribution and the epidemiological
significance made the hybrid-El Tor as the most thriving one in the cholera endemic
regions of Asia and Africa (Morita 2008; Safa 2008), (Alam et al, unpublished data;
Siddique, 2007, 35), a recent study has however shown the V. cholerae O1 El Tor
prototype to be the cause of endemic cholera in Peru (Suraia 2009); albeit the study was
partial and does not essentially reflect the other cholera endemic countries of Latin
America. We herein provide further evidences, supporting the primary results of the
prototype El Tor nature of V. cholerae O1 causing endemic cholera in Peru (Suraia
2009), showing that the genetic shift from prototype El Tor to hybrid-El Tor was not a
local event limited only to Asia and Africa (Morita 2008, Safa 2008) but also true for
Latin America. Furthermore, this study is the first to provide direct evidence of the
extended survival of classical biotype in Latin America, showing how the hybrid variants,
in particular the hybrid-El Tor, emerged from the concurrently occurring progenitors, the
prototype El Tor and classical in Mexico, Since the V. cholerae O1 strains that were
analyzed in this retrospective study was limited up to 1995 in Mexico, further molecular
epidemiological and ecological study would be needed to understand the current scenario
of the V. cholerae in Latin America.

Now that the emergence of hybrid-El Tor proves to be a global event extended
also to Latin America, after it was first reported from Asia (Nair 2006) followed by
Africa (Morita 2008; Safa 2008), naturally the valid questions would be that when did
this change occur, and also, was this a single event that occurred in one of the endemic
areas and then spread, or multi-clonal occurring globally? All V. cholerae O1 El Tor
isolated in Bangladesh since 2001 were shown to be hybrid-El Tor, i.e., the V. cholerae
O1 El Tor strains isolated before 2001 were of 7 pandemic El Tor prototype (Nair,
2006; 26). Subsequent studies have however proposed the transition to be 1995 for Asia
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(Safa 2008). A very recent study has demonstrated the transition to be 1993 -1994 for
Southeast Asia, while all V. cholerae O1 El Tor 1solated before 1993 proved to be
prototype El Tor (Morita 2008). The emergence and spread of the hybnd-El Tor thus
occurred in around 1995 (Safa 2008), and the whole genetic shift presumably completed
in the latter half of the 1990s (Morita et al.,, US-Japan). Nonetheless, this study is the
first to demonstrate the genetic shift from prototype El Tor to hybrid-El Tor in Latin
America, showing that it was a local event in Mexico, occurring in 1991, and was
independent of Peru. Furthermore, evidence is provided here showing the hybrid variants
in Mexico to be the resulis of direct genetic recombination between the progenitor El Tor
and classical biotype strains that coexisted in Latin America.

The cholera toxin (CT) genes, ctxAB, are the integral part of a novel filamentous
bacteriophage, CTX®, which is bio-specific and lysogenizes V. cholerae genomes
(Waldor 1996), mostly of the O1 and 0139 cholera strains. That is, the CTX-prophages
of V. cholerae O1 are of two types, ‘El Tor-specific CTX®’ and the ‘classical-specific
CTX®. Despite CTX-prophages CTX-prophages are biotype specific, V. cholerae O1 El
Tor reported from Bangladesh was recently shown to be a hybrid of both classical and El
Tor biotypes (Nair 2002). Such hybrid V. cholerae O1 El Tor strain, the “Matlab
vanants” described earlier, harbouring classical type CTX-prophage was also reported
from Africa (Ansar 2004). Recent study shows that all of the V. cholerae Ol El Tor
isolated in Dhaka since 2001 were hybrids, while those isolated before 2001 had the
typical 7" pandemic El Tor attributes (Nair 2006). In the present study, the hybrid nature
of the CT of the El Tor strains isolated in Mexico and Guatemala was demonstrated by
the MAMA-PCR assay using classical-specific primers (Morita 2008), showing that
although the host bacterium was El Tor, its CT was of a classical biotype, the prototype
of which was reported from Bangladesh (Nair 2006, Safa 2006). While the Peruvian V.
cholerae 01 El Tor strains did only respond to the El Tor-specific primers by MAMA-
PCR assay (Morita 2008), suggesting El Tor nature of the c/xB genes. This may raise
valid questions as to why until recently the Peruvian V. cholerae O1 El Tor strains did
not switch from prototype to the hybrid type, while the El Tor strains like those of Asia
and Africa (Safa 2008; Morita 2008) the El Tor strains in Mexico and elsewhere did so
in as early as 1991. The answer may not be precise enough, but the likelihood of this
transformation in Mexico, but not in Peru, may be genetic recombination promoted by
the co-presence of the classical El Tor and biotypes strains in Mexico, as reported from
Bangladesh until 1970s (Samadi 1983; Siddique 1994), but not in Peru.

There are two different suppositions in regard to the emergence and global
spreading of the hybnd-El Tor in Asia and Africa (Morita 2008; Safa 2008). One claims
the hybrid-El Tor to be the result of clonal expansion of a single ancestral El Tor that had
acquired the cxB gene of the classical biotype in one of the cholera endemic regions
(Morita 2008). While, the other claims the emergence of the hybrid-El Tor to be multi-
clonal events occurring independently in each region, although direct evidence
supporting such hypotheses are lacking. The evidence is provided here showing that the
emergence of the hybrid-El Tor in Latin America was a local event occurring presumably
through genetic recombination between the progenitor classical and El Tor prototype that
co-existed in Mexico. Although we do not have V. cholerae strains to analyze beyond
1995 in Mexico, the extended survival of classical biotype strains until 1995 appears to
be a unique event in the present study because classical biotype is extinct even in
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southern Bangladesh, the last of the niches where this biotype prevailed until 1970s
(Samadi 1983; Siddique 1994). Nonetheless, the pre-1991 detection of classical biotype,
as confirmed in the present study, and its co-presence with prototype El Tor and the
hybrid variants of both biotypes since 1991 itself may have indicated a persistent niche
for V. cholerae in Latin America. Even if data supporting the unified transition for El
Tor to hybrid-El Tor in Asia is missing, this study, which demonstrates Asia-independent
emergence of hybrid-El Tor in Latin America in 1991, suggests that the emergence of
hybrid-El Tor may also be a local event in Asia (Nair 2002), although the hybnd-El Tor
in Africa was proposed to be an extension of Asia (Morita 2008; Safa 2008).

In Latin America, the hybrid-El Tor was however found with the variant strains
coexisting with the progenitor classical and El Tor strains only in Mexico, but not in Peru
The hybrid of each biotype, in particular the El Tor variants, varied significantly in the
proportion of traits of each other that they possessed, suggesting disproportionate trading
of genetic materials between the two. While the variant classical strains had only one or a
few of the phenotypic El Tor traits, the El Tor phenotypic variants had in addition major
classical traits, namely the cixB and rstR1 genes of classical biotype (Morita 2008,
Kimsey 1998), suggesting the latter to be analogue of the Matlab variant of V. cholerae
O1 El Tor (hybrid-El Tor) reported from Bangladesh (Nair 2002; Safa 2005). Although
the El Tor and its variants have already been replaced by the new hybrid-El Tor in Asia
(Nair 2002; Safa 2005) and Africa (Nair 2006; Morita 2008; Safa 2008), it would not
be possible for us to predict if the classical and El Tor progenitors that were found
coexisting with the vanants strains of both biotypes, until 1995, still exist or were
replaced by hybrid-El Tor that predominated in Latin America. Nonetheless, what made
the hybrid-El Tor of Latin America different from Asia (Nair 2002; Safa 2005) was that,
all had coeBS™ and rstR1°™ in addition to the resident rstR2" ™, suggesting that these
CTX“™.prophage-encoded genes may have been acquired concurrently, presumably
through the incorporation of the CTX ™"-prophage into the El Tor progenitor.

Unlike the hybrid-El Tor, which carried CTX" l"""-prophage—em:tzdt:d genes, none
of the variants classical in the present study harboured any CTX T prophage-encoded
genes other than that they had one or a few of the phenotypic El tor traits only. The
reason may presumably be of evolutionary in nature, nonetheless a recent study has
demonstrated the expulsion of CTX-prophage from naturally occurring V. cholerae O1 El
Tor (Alam 2007), showing how a toxigenic V. cholerae Ol tumns cix- in situ (Alam
2007). Also, a more recent study has shown how a cix- El Tor progenitor is transduced by
CTX"™.prophage from a toxigenic serogroup 0141 (Faruque 2008, Alam 2007). So,
we presume that the two serologically non-01/0139 but phenotypically classical biotype
strains representing Mexico and Guatemala, which lacked genes crxA4 and stR, and thus
CTX ““*“-prophage, may have been ctx” V. cholerae O1 classical strains having lost the
CTX-prophage from originally toxigenic classical strains. Even though the direct
involvement of progenitor El Tor and classical in the process of genetic recombination,
which likely resulted the hybrid-El Tor in Latin America and elsewhere (Nair 200%&
cannot be ruled out, the results presented herein support the incorporation of CTX
prophage into the progenitor El Tor, as reported elsewhere (Faruque 2008),

In addition to the conventional phenotypic and related genotypic traits that
distinguish the classical and El Tor biotypes strains, they are distinguishable in many
other genomic loci that show a high degree of genetic conservation (Beltran, 1999,
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Karaolis, 1995; Karaolis, 2001). Multi-locus genetic screening by PCR of the virulence
islands such as vibrio pathogenicity islands and the related genes, which constitute major
gene-clusters that are biotype-specific and unique, provides an important tool for
detecting genetic changes and characterizing new variants within and between the
biotypes of V. cholerae (Dziejman, 2002, Manning, 1994, Manning, 1999; O’shea et
al., 2004). The Latin American V. cholerae strains showing variable results in major
phenotypic and primary genetic characterizations were subjected to extensive multi-locus
genetic screening by targeting different genomic loci, which involved 11 major clusters
namely CTX®, RS1®, TLC, RTX, PilE, Hly, MSHA, VSP-I, VSP-II, VPI-1, and Intl4
integron, including the conserved genomic regions of the V. cholerae genome (Dziejman
2002; O’shea et al , 2004). The data presented here provide important insights into the
genetic traits of the V. cholerae O1 causing endemic cholera in Latin America, since
1991 (Mata 1994; Popovic 1993; Cameron 1994; Wachsmuth 1994). The data of the
multi-locus genetic screening appeared in complete agreement with the primary biotype
categorization made on the basis of the phenotypic and related genetic markers, except
that V. cholerae Ol prototype El Tor strains, which are replaced by the hybrid-El Tor in
Asia and Africa (Nair 2002, Nair 2006; Safa 2006; Ansar 2006, Morita 2008), varied
regionally and also differed slightly with the Mexican hybnd-El Tor including El Tor
control N16961 in their ability to amplify the VSP-II ORFs, suggesting unlike clonal
lineages for them. The Peruvian V. cholerae O1 El Tor strains that consistently failed to
amplify two particular VSP-I1 ORFs (Nusrin 2009) differed with that of Mexico, which
also failed consistently to amplify three particular VSP-II ORFs, suggesting two distinct
regional pool of clonally unlike V. cholerae O1 El Tor in Latin America. Such VSP-I1
genotypes among the El Tor in Peru was shown to be resulted by the acquisition of gene
encoding hypothetical proteins homologous to those present in the nitrogen-fixing
endophyte symbiotic Azoarcus sp. in the VSP-II region (ORF 20 and 21) by the
progenitor of the Peruvian V. cholerae strains (Nusrin 2009). Nonetheless, the consistent
clonal divergence that was observed between the El Tor of Peru and Mexico in the
present study may suggest the 1991-epidemics in Latin America to be local events,
caused by regional clones, and not an extension of Peru (Mata 1994; Wachsmuth 1K,
1993; Wachsmuth 1994; Popovic 1993; Cameron 1994).

The V. cholerae Ol strains that were primarily identified as biotype classical in
Mexico, in 1995, lacked the El Tor-specific ORFs of the VSP-I and VSP-II including that
of the RTX and RS1 but had the multi-locus genetic profile comparable to that of the
classical reference strain 0395, further confirming their primary biotype categorization
showing the extended survival of classical biotype strains in Latin America. Besides, the
two other serologically non-01/0139 but phenotypically classical strains, of which one
isolated in Mexico (1992) and the other in Guatemala (1993), also showed their multi-
locus genetic patterns close to classical, except that both failed to amplify any of the
targeted genes of the VPI-1 and CTX-prophage gene clusters, which may be suggestive of
their classical ancestry but also, expulsion of virulence gene clusters such as CTX-
prophage, as reported elsewhere (Alam 2007).

V. cholerae O1 El Tor initiating the Latin American epidemic was shown to be
homogeneous initially (Popovic 1993, Cameron 1994, Mata 1994; Wachsmuth 1994),
although divergence was reported later (Dalsgaard 1997; Beltran 1999). Likewise, the
El Tor strains causing Peruvian epidemic were shown to be homogeneous, the multi-
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locus enzyme electrophoresis (MLEE) type of which was determined to be ET4
(Wachsmuth et al., 1993), while the Y pandemic El Tor in Asia and Africa was ET3
(Wachsmuth, 1993). Subsequent studies claimed at least two different clones
distinguishable by MLEE, ribotyping, PFGE and antimicrobial resistance pattern
(Dalsgaard, 1997; Popovic, 1993; Evins, 199). Also, the strains causing Latin American
epidemic was shown to belong to ribotype 5 that was also reported from several other
geographic locations (Popovic, 1993). A recent study however showed a variety of PFGE
profiles suggesting genetic diversity among the El Tor strains causing Peruvian cholera
epidemic (Suraia 2009). Except that two strains isolated in the year 1997 and 1998
varied in their PFGE pattemns showing minor divergence in the present study, the
homogeneity of the overall PFGE data revealed the Peruvian El Tor to be highly clonal.
Besides, the El Tor ancestry was confirmed by their characteristic PFGE patterns of the
El Tor reference control, suggesting possible clonal link with the 7" pandemic El Tor in
Asia (Mata 1994; Wachsmuth IK, 1993, Wachsmuth 1994; Popovic 1993; Cameron
1994).

In sharp contrast to the Peruvian V. cholerae O1 strains, which were all typical El
Tor, the PFGE pattemns of the Mexican El Tor strains were highly variable suggesting
divergence. Although maximum heterogeneity was observed with the hybrid-El Tor
strains, as was the case for classical strains of Latin America and their Asian classical
reference control showing clonal divergence, the prototype El Tor strains were however
comparable to that of the Peruvian prototype El Tor, suggesting clonal relatedness and
common El Tor ancestry for both, The classical strains that varied considerably among
them and also with their Asian counterparts, suggested an Asia-independent pool of
classical V. cholerae Ol in Latin America. The divergence that was observed between the
hybrid-El Tor of Mexico may have been resulted due to inter-biotype genetic
recombination and consequential genetic re-assoriments.

Since V. cholerae O1 El Tor and in Peru differed with that of Mexico, where the
classical strains were not homogeneous and also, the El Tor varied with hybrid-El Tor in
their major phenotypic and genetic traits, the PFGE images of the El Tor, classical, and
hybrid vanant strains in the present study were subjected to cluster analyses by
dendrogram to determine their clonal relatedness based on genetic signatures. The PFGE
images of pre-1991 classical strain isolated in Mexico, Asian and African hybrid-El Tor
including both El tor and classical control strains were also included for comparison in
the present study. The clonal disparity, which was demonstrated between the prototype El
Tor of Peru and Mexico, was further supported by the cluster analyses results, suggesting
that they had clonal divergence, and thus unlike clonally. The clonal divergence between
the Latin American and Asian classical strains was also indicated in the cluster analysis
data, although all the classical strains formed a separate cluster suggesting classical, but
not El Tor, ancestry for them. Since none of the two regional clusters of prototype El Tor,
one for El Tor of Peru while the other for El Tor of Mexico, include any of the El Tor of
Asia and Africa, which formed separate clusters or shared clusters with Mexican hybrid-
El Tor showing interrelationship, the Latin American epidemics appear to be regional
events, caused by V. cholerae O1 that are unlike clonally, and not an extension of Asia
(Mata 1994; Wachsmuth IK, 1993; Wachsmuth 1994; Popovic 1993, Cameron 1994).

A number of contrasting hypotheses exist in regard to how V. cholerae O1
causing epidemic and endemic cholera reached in Latin America. While the epidemic

~124—



Running Title: Hybrid-El Tor co-exists with El Tor & classical since 1991 in Latin
America

was proposed to be the result of dissemination of a single clone in one hand, the
association of distinct O1 strains with cholera in Mexico and Brazil (Coelho, 1995; Evins,
1995) appeared in contrast. This study, which is a retrospective one on the detailed
phenotypic and genetic characterizations of V. cholerae serogroup O1 strains isolated in
Peru, Mexico, and Guatemala, and their comparison with that of Asia, provided data
showing conclusively that the Latin American epidemics in 1991 and also the subsequent
endemic cholera to be local events caused by unlike clones of V. cholerae that
presumably evolved locally (Dalsgaard 1997; Beltran 1999). Since strains causing the
Latin American epidemic were diverse clonally and also differed considerably with that
of Asia and Africa, it is thus concluded that the Latin American V. cholerae O1 strains
may have pre-existed but were undetected because of the lack of surveillance due to the
fact that cholera was absent for a century (Popovic 1993).

Cholera, which has long been proposed to start at a point and then spread
(Faruque, 2005), is caused by a single clone of either serogroup O1 or 0139 (Alam,
2006), except for a few cases when both serogroups occur in the same location (Faruque,
2005). Recent molecular data however suggest that the cholera that starts at different
endemic locations is initiated by one or a few clones that prevail locally (Stine, 2008).
Although the source of the V. cholerae O1 nitiating the Latin American epidemic in Peru
still remains largely a question, the ‘single introduction hypothesis’ claims V. cholerae to
have migrated by emptying of contaminated bilge waters of ships arriving from cholera
endemic areas of Asia or Africa (McCarthy, 1994). Our data of the genetic divergence
between the V. cholerae strains of Peru and Mexico, and their consistent disparity with
those of Asia and Africa however appear in contrary to this hypothesis, as shown
elsewhere (Suraia 2009).

The other hypothesis is that the outbreak in Peru and its rapid spreading was
caused by the preexisting small population of pathogenic V. cholerae O1 that may have
survived in association with the zooplankton or phytoplankton in Peruvian coastal waters
(Craig, 1996). The data presented herein on the molecular characterizations of the V-
cholerae O] strains shows clearly that the El Tor strains that caused the Peruvian
epidemic in 1991 were different from that of the El Tor strains causing epidemic in
Mexico around the same time. Also, the pre-1991 existence of V. cholerae O1 classical
biotype strains in Mexico and the clonal divergence of El Tor and classical of Latin
America and Asia demonstrated in the present study suggest a persistent niche for V.
cholerae in Latin America. The sea surface temperature and the location of the Bay of
Bengal at sea level have shown a degree of correlation with the incidence of cholera in
Bangladesh (Colwell, 1996), although little is understood as to how these factors
contribute to seasonal cholera. Nonetheless, since cholera has been endemic in Latin
America, and V. cholerae has long been established as an autochthonous flora of brackish
waters and estuarine ecosystems (Colwell, 1992) where the bacterium survives in
association with plankton (Hugq, 1990; Craig, 1996), we presume that the South
American epidemic that began in the coastal regions of Peru spreading to 21 countries
including Mexico may have been triggered by environmental conditions related to the El
Nifio, which is a global event that was found linked to the incidence of cholera (Colwell
1996; Seas et. al. 2000).
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