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Phylogeny of Vibrio cholerae Based on recA Sequence
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We sequenced a 705-bp fragment of the recA gene from 113 Vibrio cholerae strains and closely related species.
One hundred eighty-seven nucleotides were phylogenetically informative, 55 were phylogenetically uninforma-
tive, and 463 were invariant. Not unexpectedly, Vibrio parahaemolyticus and Vibrio vulnificus strains formed
out-groups; we also identified isolates which resembled V. cholerae biochemically but which did not cluster with
V. cholerae. In many instances, V. cholerae serogroup designations did not correlate with phylogeny, as reflected
by recA sequence divergence. This observation is consistent with the idea that there is horizontal transfer of

O-antigen biosynthesis genes among V. cholerae stra

ins.

Understanding the transfer of genes within and among bac-
teria requires knowledge of the genetic relatedness of the bac-
teria. Pandemic strains of Vibrio cholerae have acquired the
major virulence factors cholera toxin and toxin-coregulated
pilus (TCP) by lysogeny (14, 27). The recent appearance of the
0139 epidemic strain of V. cholerae probably occurred via
acquisition of a new surface polysaccharide through a horizon-
tal gene transfer event (5, 8, 23). In order to better understand
this event and in hopes of predicting future events, we have
begun to generate multilocus sequencing (MLS) genotypes of
various strains of V. cholerae. MLS has three advantages over
multilocus enzyme electrophoresis: (i) MLS detects more vari-
ation for each locus (e.g., silent substitutions), (ii) convergence
of alleles is less likely, and (iii) MLS data are easily compared
across laboratories (16). Sequencing of aldA and the cholera
toxin genes, ctxA and ctxB, has proven useful in studying the
epidemiology of pandemic strains but is limited to toxigenic
isolates (12, 26). Sequencing the asd gene has broader appli-
cation but has been done for only 24 non-Ol isolates (13).
Studies using the pattern of IS1004 insertions and pulsed-field
gel electrophoresis (PFGE) have also looked at only limited
numbers of non-O1 V. cholerae isolates (5, 6).

In this brief communication, we report our results from
sequencing a 705-bp fragment of the recA gene from 107
strains that had initially been designated V. cholerae and 5
strains of other Vibrio species. The locus chosen for study was
recA because it has been shown to be useful for estimating
phylogeny, in contrast to some other genes (9). Strains are
listed in Table 1; strains are from our collection at the Uni-
versity of Maryland and include strains representative of
known outbreaks, as well as serogroup type strains from the
Smith Vibrio Reference Laboratory collection (22) of non-O1
V. cholerae.

Minipreparations of chromosomal DNA were made from
each strain using the Wizard genomic DNA purification kit
(Promega). DNAs were diluted to 10 ng/pl, and 1 pl was used
for PCR amplification of the recA gene. The base sequence
from 813 to 1598 (numbering based on the V. cholerae se-
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quence, GenBank accession no. X71969) of the rec4 gene was
determined in two directions from PCR products using cycle
sequencing and an ABI Prism 377 automatic sequencer (Per-
kin-Elmer). PCR was initiated with the primers rec-1 (GAAA
CCATTTCGACCGGTTC) and rec-2 (CCGTTATAGCTGT
ACCAAGCGCCC). These two primers were selected from
two regions conserved between V. cholerae and Vibrio anguil-
larum (accession no. M80525). The 30-ul PCR mixture con-
tained 0.5 U of Tag polymerase, a 10 uM concentration of each
primer, 20 mM KCl, 1.5 mM MgCl,, and 10 mM Tris, pH 8.5.
The reaction was carried out using one step of 94°C for 4 min,
28 cycles of 94°C for 30 s, 64°C for 45 s, and 72°C for 30 s, and
a final step of 72°C for 6 min in a 9600 thermocycler (Perkin-
Elmer). The 788-bp amplified product was purified using Wiz-
ard PCR purification columns (Promega). The eluted DNA
was precipitated with ethanol. Cycle sequencing reactions were
initiated with a 0.3 wM concentration of one of the PCR
primers using fluorescent-dye-labeled dideoxynucleotides (Big
Dye kit; Perkin-Elmer). There were 28 cycles of 94°C for 10 s,
50°C for 5 s, and 60°C for 4 min. The products were separated
on 6% denaturing gels under standard conditions in an ABI
Prism 377 automatic sequencer.

Data were analyzed using Genescan (version 2.0) and Frac-
tura (version 3.0) software (Perkin-Elmer). Sequencing reac-
tions were performed in both directions to maximize the qual-
ity of the sequence. After trimming the low-quality sequence
on the ends, the remaining 705 bp of high-quality sequence
were aligned using CLUSTAL X (24). The aligned sequence is
shown in Fig. 1. Most (134 of 243) of the variable bases are in
the third, or wobble, position of the codons. The hyphen at bp
201 represents a 1-bp insertion in C0545; 11 bp later this strain
has a 1-bp deletion. Phylogenetic trees were calculated using
distance matrixes, unweighted pair group method with arith-
metic mean (UPGMA), neighbor joining, and bootstrapping
methods (PAUP, version 3.1; Sinauer Assoc., Sunderland,
Mass.). Each of the methods produced similar results.

All strains were streaked on Luria agar and on thiosulfate-
citrate-bile salts-sucrose agar to check for purity and were
tested for oxidase and spot indole (Remel, Lenexa, Kans.). The
20 most divergent strains were subjected to additional bio-
chemical tests for Vibrio species (17). These included API 20E
(bioMerieux, Hazelwood, Mo.), indole (Remel), and the string
test. Additional tube biochemicals were run after the addition
of 1% NaCl, including o-nitrophenyl-B-p-galactopyranoside,
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TABLE 1. Strains used”

Serogroup

Strai Place where Yr Classification Specimen

rain B —— . . . L Source and/or reference
Sakazaki Smith isolated isolated or description origin

AS119 ND ND India 1996 Diarrhea G.B. Nair (Sozhamannan, unpublished)

6707 ND o15 Hong Kong 1958 Night soil H. Smith collection

AM25 039 ND India 1995 Diarrhea G.B. Nair (Sozhamannan, unpublished)

6337 ND 0352 H. Smith collection

6313 ND 0309 Bangladesh 1962 Diarrhea H. Smith collection

AM107 0107 ND India 1996 Diarrhea G.B. Nair (Sozhamannan, unpublished)

5411 ND 042 Bangladesh 1961 Diarrhea H. Smith collection

ATCC 25873 037 ND Czechoslovakia Diarrhea ATCC 1

CS365 o1 ND Brazil El tor Diarrhea C. Salles

N16961 0O1 01 India El tor Inaba Diarrhea CVD 7

AM2 09 ND India 1995 Diarrhea G.B. Nair (Sozhamannan, unpublished)

S21 037 ND Sudan Diarrhea CVD 2

N16117 o1 o1 El tor Diarrhea CVD

AI1837 0139 ND Bangladesh Bengal Diarrhea J. Albert 11

981-75 065 ND India 1975 Diarrhea T. Shimada 21

CA385 o1 o1 Rough CVD 21

ATCC 25872 037 ND Czechoslovakia Diarrhea ATCC 1

1322-69 037 ND India 1969 T. Shimada 21

322 o1 ND El tor Diarrhea CVD

ATCC 25874 ND ND Czechoslovakia Diarrhea ATCC 1

MO10 0139 ND India 1992 Diarrhea P. Echeverria

MO45 0139 ND India 1992 Diarrhea T. Shimada

E7946 o1 o1 Bahrain El tor Ogawa Diarrhea CVD

8585 ND 0340 Iraq 1966 Feces H. Smith collection

3083 o1 o1 El tor Ogawa Diarrhea CVD

N15870 01 01 Bangladesh Diarrhea CVD

RV79 o1 o1 Sulawesi 1937 El tor Inaba Diarrhea CVD

5066 ND 024 Thailand 1960 Diarrhea H. Smith collection

6355 ND 057 Bangladesh Diarrhea H. Smith collection

5053 ND 056 Thailand 1959 Water H. Smith collection

5078 ND 037 Thailand 1959 Water H. Smith collection

6970 ND 0312 Bangladesh 1966 Diarrhea H. Smith collection

5069 ND 048 Thailand 1959 Contact H. Smith collection

498-7 0139 ND Thailand CT" TCP™ Diarrhea P. Echeverria

569B o1 o1 India 1948 Classical Inaba Diarrhea CVD 7

5011 ND 0333 H. Smith collection

395 o1 o1 India Classical Diarrhea CVD 7

NIH35A3 0O1 ND 1941 T. Shimada 21

7236 ND 0361 H. Smith collection

7261 ND 0362 H. Smith collection

5152 ND 050 United States (Maryland) 1960 Water H. Smith collection

C0545 05 ND India 1994 Diarrhea G.B. Nair (Sozhamannan, unpublished)

8-76 77 ND India 1976 Diarrhea T. Shimada 21

571-88 0105 ND India 1988 Diarrhea T. Shimada 21

234-93 0141 ND India 1993 Diarrhea T. Shimada 21

1421-77 080 ND India 1977 Diarrhea T. Shimada 21

AS67 0190 ND India 1996 Diarrhea G.B. Nair (Sozhamannan, unpublished)

AM124 O11 ND India 1996 Diarrhea G.B. Nair (Sozhamannan, unpublished)

5043 ND 0175 H. Smith collection

5811 ND 0102 H. Smith collection

7977 ND 018 Bangladesh 1965 Water H. Smith collection

8635 ND 0321 H. Smith collection

5714 ND 0351 H. Smith collection

7920 ND 033 Japan 1968 H. Smith collection

9183 ND 0347 Guam 1977 Unknown H. Smith collection

5051 ND 09%4 Thailand 1959 Water H. Smith collection

5052 ND 038 Thailand 1959 Water H. Smith collection

C677 ND 014 Thailand NAG-ST Diarrhea P. Echeverria

9794 ND 0357 H. Smith collection

AS12-1 010 ND India 1995 Diarrhea G.B. Nair (Sozhamannan, unpublished)

5180 ND 0176 India 1963 H. Smith collection

6701 ND 019 Hong Kong 1958 Water H. Smith collection

32-90 ND ND Thailand 1990 NAG-ST Diarrhea P. Echeverria 3

5694 ND 077 Bangladesh 1962 Water H. Smith collection

C0845 083 ND India 1995 Diarrhea G.B. Nair (Sozhamannan, unpublished)

5096 ND 016 Thailand 1960 H. Smith collection

169-68 022 ND 1968 Environment ~ CVD (Sozhamannan, unpublished)

8105 ND 0358 H. Smith collection

7995 ND 0320 1968 Sewer H. Smith collection

AS414 039 ND India 1997 Diarrhea CVD (Sozhamannan, unpublished)

NG288-36 0139 ND Thailand CT™ TCP™ Diarrhea P. Echeverria

C0560 027 ND India 1994 Diarrhea CVD (Sozhamannan, unpublished)

9211 ND 0348  United States (Maryland) 1977 Water H. Smith collection

Continued on following page
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TABLE 1—Continued
Strai Serogroup Place where Yr Classification Specimen
train . . L - Source and/or reference
Sakazaki Smith isolated isolated or description origin
9248 ND 0349  United States (Maryland) 1977 Water H. Smith collection
5029 ND 061  Thailand 1959 Water H. Smith collection
8691 ND 0363 H. Smith collection
M556 074 ND  Argentina 1993 D. Karaolis 13
PS15 ND 0106 United States (Maryland) Sediment C. Kaysner
7449 ND 064  Philippines 1962 H. Smith collection
C0668 ND ND  India 1994 Diarrhea CVD (Sozhamannan, unpublished)
C0639 O11 ND  India 1994 Diarrhea CVD (Sozhamannan, unpublished)
984-81 89 ND  India 1981 Diarrhea T. Shimada 21
5037 ND 044  Thailand 1959 H. Smith collection
C0603B 0108 ND  India 1994 Diarrhea G.B. Nair (Sozhamannan, unpublished)
1074-78 O1 O1 Brazil 1978  Nonpathogenic Sewer CVD 15
El Tor
6291 ND 046 H. Smith collection
CS367 ND ND  Brazil Diarrhea C. Salles
8497 ND 0343  United States 1973 Septic H. Smith collection
5047 ND 0175 Thailand 1959 H. Smith collection
7165 ND 0201 Bangladesh 1966 Water H. Smith collection
5697 ND 083  Bangladesh 1962 Water H. Smith collection
5064 ND 012 Nanking, People’s Republic of China ~ 1932? H. Smith collection
5103 ND 022  Thailand 1959 H. Smith collection
7902 ND 0115 Bangladesh 1962 Diarrhea H. Smith collection
NG653-36 0139 ND  Thailand CT™ TCP™ Diarrhea P. Echeverria
VO11627 0139 ND  Thailand CT™ TCP~ Diarrhea P. Echeverria
8536 ND 0332  Yugoslavia Sewer H. Smith collection
Arg3 0139 ND NAG-ST Environment CVD
9009 ND 0175 Hungary 1976 Environment H. Smith collection
M554 083 ND Germany 1994 D. Karaolis 13
A-5 031 ND  Japan Shrimp CVD 2
NRT36S 031 ND  Japan NAG-ST Diarrhea CVD 18
MO6-24 NA NA  United States V. vulnificus Blood CVD
5310 NA NA V. vulnificus H. Smith collection
9115 NA 0345 Philippines 1976 V. parahaemolyticus NonHD H. Smith collection
AS530 045 NA India 1997 Diarrhea G.B. Nair
AS555 NA NA India 1997 Diarrhea G.B. Nair
6358 NA 0160 V. mimicus H. Smith collection
6306 NA 0107 Bangladesh 1961 V. mimicus Diarrhea H. Smith collection
61956 NA NA  Bangladesh V. mimicus Diarrhea CVD, Kaper
523-80 0115 NA India 1980 V. mimicus Diarrhea T. Shimada 21
8643 NA NA V. mimicus H. Smith collection

“ ND, not determined; CT, cholera toxin; ATCC, American Type Culture Collection; CVD, Center for Vaccine Development, University of Maryland, Baltimore;

NA, not applicable.

Moeller’s ornithine decarboxylase, lysine decarboxylase, and
arginine dihydrolase, and purple broth with glucose, sucrose,
or arabinose (Remel). Critical reactions for selected strains are
shown in Table 2.

Figure 2 shows the phylogenic tree analysis on 705 bases of
sequence from the rec4 gene of 113 bacterial strains. A total of
187 nucleotides were phylogenetically informative, 55 were
phylogenetically uninformative, and 463 were invariant. As
expected, the Vibrio vulnificus and Vibrio parahaemolyticus se-
quences formed out-groups. One strain from the Smith collec-
tion (strain 5310), previously designated non-O1 V. cholerae,
clustered with V. vulnificus, an identification that was con-
firmed biochemically. Each of these clusters occurred 100% of
the time in 1,000 bootstrap replicates. When the V. vulnificus
and V. parahaemolyticus groups were removed, the number of
phylogenetically informative sites was reduced to 156.

The cluster labeled Vibrio mimicus in Fig. 2 contains four
strains that are sucrose negative (characteristic for V. mimicus)
and a strain that is biochemically indistinguishable from V.
cholerae (strain 8643). The cluster occurred 100% of the time
in 1,000 bootstrap replicates. The cluster labeled V. parahae-
molyticus in Fig. 2 contains one typical strain (9115) that is
arabinose positive and sucrose, lactose, and citrate negative
and contains two strains that are biochemically similar to V.
cholerae (AS530 and AS555). AS530 and AS555 show consid-

erable distance (100% in 1,000 bootstrap replicates) from the
more typical V. parahaemolyticus strain and may be atypical V.
parahaemolyticus strains, V. cholerae strains with atypical recA
sequences, or a previously uncharacterized species of Vibrio.

CGCGTTGGCTGCTGGTGGTCTACCAATGGGACGTATCGTTGAGATCTTCGGCCCTGAATC
LR LR Rk kK KR R KK KKRK Kkkkk kk Rk kk k| ok Kk k%
TTCGGGTAAAACGACACTGACTCTGGAACTGATTGCTGCTGCACAACGTGAAGGTAAAAC
LR L LURRRR KK KKK KK KR _RK KK KK kk kk kk kk KRXKK Kkkkk

CTGTGCGTTTATCGATGCCGAGCACGCACTGGATCCGGTTTATGCCAAAAAATTGGGCGT
LkhEEE hk Rk kkkkk Rkkkx k¥ Kk ¥k Xk Rxkkk ko kk kk

GAATATCGATGAGCTACTGG TTTCTCAGCCAGATACCGGCGAGCAAGCACTGGAAATTT
Lok Lk Kk kkRRA KKk KK KK KR KK Kk K _Kkk_kk_*
GTGATGCACTGGCTCGCTCTGGTGCTGTGGATGTCATCGTTGTTGACTCAGTAGCGGCTT
Khkkkhh Kk kk _kk kK _kk__ A kk Kk kk Kk XK *k Kk _kk Kk krkxk
TGACACCAAAAGCGGAAATTGAAGGCGAAATGGGCGATAGCCACATGGGTCTGCAAGCGC
Kokk Kk kk kk Kk kk Kkhkkkk kk Kkhkk Kk Kk khhhk Kk _khkkk *
QTATGTTGTCCCAAGCAATGCGTAAACTGACGGGTAACCTCARGCAATCCAACTGTATGT
Kkkkk Kk Kk Akkkk KXAhAKRA K Kk _kk KA kk Kk Xk Kk khhhrkkrhhkk
GTATCTTCATCAACCARATTCGTATGAAGATTGCTGTGATCTTTGGTAACCCAGAAACTA
K kkkhkk khKAKkKKK Kk AKKXKKAKAKK A AXRARRKKAK *Ahhkhkhk *hkhkx ok
CCACTGGCGGTAACGCACTGAAATTCTACGCTTCTGTTCGTTTGGATATTCGCCGTACTG
R kK Kk RRKKKKKK kK _Kkk Kk Kk Kk *k RRKKRK K k| Kk _FkkAE *
GCGCARATCARAGAAGGCGAAGAAGTGGTGGGTAACGAAACCCGTATCAAGGTTGTGAAGA
Gk kk kkAKKAKK hhk Kkk KK Kk Kk kk khhkk Kk KKAAK Kk _hk A%
ACAAGATTGCTGCGCCGTTTARAGAAGCGAACACTCAGATCATGTATGGCCAAGGTTTCA
LLokkkk |k ok dkk kkkdkkk ok kk kok kk ko kk kkkkk kk ok k% RE %
ATCGTGAAGGTGAATTGATCGATCTTGGTGTAAACACARAAGGTT
LLkk | kkkk _kk |k kk Kk Kk kk k% *

FIG. 1. Partial sequence for the recA gene of the El Tor strain N16961, as
aligned with 111 other analyzed sequences. An asterisk below the base indicates
that the base is conserved in all 112 strains; a period indicates that the base varies
in at least one strain. The hyphen at bp 201 is to accommodate strain C0545,
which has a 1-bp insertion at this point and a 1-bp deletion 11 bp later.
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TABLE 2. Selected biochemical reactions of out-group V. cholerae strains

Reaction with:

Strain

Arginine Ornithine

dihydrolyase

Lysine
decarboxylase

decarboxylase

VP

ONPG* (API 20E)?

Arabinose Sucrose

6358 -
6306 -
61956 -
8691 -
AS530 -
AS555 -
9115 -
NRT-36S -
AM?25 -
AS119 -
A-5 -
6707 -
AM1070 -
5411 -
6313 -
6337 -

e o o i S S S
R i S S S S S e S S

|
+

|

R ik o o T T B Ay

O T T S T S S S ISR AR R
I+ +

ok S N B

“ ONPG, o-nitrophenyl-B-p-galactopyranoside.
® VP, Voges-Proskauer.

The cluster labeled ‘5’ in Fig. 2 contains five strains that are
typical of V. cholerae, one Smith strain (6313) that is ornithine
decarboxylase negative (V. cholerae is 99% positive [17]), and
one strain differing from typical V. cholerae in three tests
(AM25, which was indole negative and sorbitol and rhamnose
positive). It was distinct 95% of the time in 1,000 bootstrap
replicates from the rest of the cholera-causing strains. A final
cluster containing only NAG-ST-producing Sakazaki sero-
group O31 strains (A5 and NRT36S) also diverges from the
main V. cholerae cluster (distinct in 97% of 1,000 bootstrap
replicates). The presence of biochemically identified V. chol-
erae in these four clusters suggests that there is a substantial
amount of genetic divergence within V. cholerae or that bio-
chemical tests may be more variable within the species than
previously recognized.

Our analysis indicates that several Smith-type strains are
actually other species of Vibrio, reflecting the improvements in
Vibrio taxonomy since the collection was first assembled. More
than 90% of the V. cholerae strains diverge from each other by
less than 10% of the sequence. Thus, the tree is shallow, and
although some clusters are well supported by bootstrap anal-
ysis, potentially interesting subdivisions of this species cannot
be unambiguously identified.

In keeping with previously reported studies utilizing other
molecular typing techniques (4, 19, 25, 26), V. cholerae O1 El
Tor isolates tended to cluster together. The cluster was distinct
in 73% of 1,000 bootstrap replicates. While O139 Bengal
strains generally fell within the El Tor cluster, there were
several strains (an environmental strain from Argentina [Arg-
3] and three nontoxigenic clinical isolates from Thailand
[NG653/36, VO11627, and NG288/36], which were also atypi-
cal of El Tor by ribotyping [P. Echeverria, personal communi-
cation]) that were not within the El Tor clade. The observation
that toxigenic O139 strains group with El Tor O1 strains is
consistent with previous studies, suggesting that the Bengal
0139 strain arose from a seventh-pandemic strain that had
acquired new genes for O-antigen synthesis. The El Tor group
did include four toxigenic Sakazaki serogroup O37 strains from
Czechoslovakia and Sudan. In ribotyping studies the O37
strains showed slight divergence from both El Tor (seventh-
pandemic) and classical (sixth-pandemic) clades (D. K. R.
Karaolis, S. Sozhamannan, J. A. Johnson, and J. B. Kaper,

Abstr. 98th Gen. Meet. Am. Soc. Microbiol., abstr. B-179, p.
85, 1998). Analysis of genes associated with CTX¢ and the
Vibrio pathogenicity island (VPI) demonstrated variations
unique to the O37 strains, suggesting that acquisition of these
phages by strains within this serogroup occurred at a different
points in time (Karaolis et al., Abstr. 98th Gen. Meet. Am. Soc.
Microbiol.).

Separation of El Tor and classical clades is well supported by
ribotyping, multilocus enzyme electrophoresis, PFGE, and se-
quencing of the asd, ctxA, and ctxB genes (6, 13, 26). However,
we found that classical strains 395 and 569B formed a cluster
with a Sakazaki O139 strain (498-7) and a Smith serogroup
0333 strain (5011). In keeping with our results with V. cholerae
O1 El Tor strain 1074-78, prior studies have demonstrated that
environmental O1 strains generally do not fall within the sixth-
or seventh-pandemic clades (13). Four clinical isolates from
India (AM2, AM107, C0639, and C0545) within nonepidemic
Sakazaki serogroups (i.e., not O1, O37, or O139), which have
been shown in the laboratory to cause severe diarrhea in rab-
bits (S. Sozhamannan, unpublished data), had divergent recA
sequences. One strain (AM2, Sakazaki serogroup O9) was
identical to the El Tor strains, suggesting a common strain
background. The other three (in Sakazaki serogroups OS5, O11,
and O144) had recA sequences that diverged widely from those
of epidemic strains.

As suggested by the above observations, V. cholerae sero-
group designations do not correlate with phylogeny, at least as
manifested by recA sequence divergence. There is sufficient
recA sequence divergence among strains within Sakazaki sero-
groups O1, O11, 039, 083, and O139 and Smith serogroup
O175 for strains within a single serogroup to appear in differ-
ent clades. The largest clade (El Tor) contains Sakazaki sero-
groups O1, 0139, 037, and O9 and one strain for which we do
not have Sakazaki typing data. The O139 pandemic strain is
thought to have arisen by horizontal transfer when the biosyn-
thesis genes for the O side chain of lipopolysaccharide O1 were
replaced in an O1 El Tor strain. Most O139 strains are clonal,
as indicated by molecular fingerprinting methods, such as ri-
botyping and PFGE. Several unusual nontoxigenic isolates in-
cluded in this study fell in other clusters. One of these strains
may have served as the source of the O139-specific DNA
acquired by the Bengal strain. Our data, showing O139 strains
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FIG. 2. Neighbor-joining tree of selected strains of Vibrio. The numbers on the branches indicate the number of the nucleotide changes; terminal branch lengths

were suppressed.

in four distinct clades, raises the possibility that there were
many such exchanges. Clustering of the O9 clinical isolate
AM2 and the O37 toxigenic strains within the EI Tor clade may
reflect horizontal transfer of these other O side chain lipo-
polysaccharide biosynthesis genes into the O1 El Tor strain
background. While there is clearly a need for further analysis
of sequence data from other loci, our observation of divergent
recA sequences in each of a number of different serogroups
(01, 011, 037, 083, and O139) and the presence of strains
from multiple serotypes (O1, 037, 0139, and O9) with iden-
tical recA sequences supports the hypothesis that there is fre-
quent horizontal transfer of genes associated with O-antigen
synthesis among V. cholerae strains.

Nucleotide sequence accession numbers. Individual sequences
were entered into GenBank as accession no. AF301020 through
AF301131.
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