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Environmental isolates of Vibrio cholerae of eight randomly amplified polymorphic DNA (RAPD) fingerprint
types from Calcutta, India, that were unusual in containing toxin-coregulated pilus or cholera toxin genes but
not O1 or 0139 antigens of epidemic strains were studied by PCR and sequencing to gain insights into V.
cholerae evolution. We found that each isolate contained a variant form of the VPI pathogenicity island.
Distinguishing features included (i) four new alleles of tcpF’ (which encodes secreted virulence protein; its exact
function is unknown), 20 to 70% divergent (at the protein level) from each other and canonical tcpF; (ii) a new
allele of foxT (virulence regulatory gene), 36% divergent (at the protein level) in its 5’ half and nearly identical
in its 3’ half to canonical toxT; (iii) a new tcpA (pilin) gene; and (iv) four variant forms of a regulatory sequence
upstream of foxT. Also found were transpositions of an 1S903-related element and function-unknown genes to
sites in VPI. Cholera toxin (ctx) genes were found in isolates of two RAPD types, in each case embedded in
CTXd-like prophages. Fragments that are inferred to contain only putative repressor, replication, and
integration genes were present in two other RAPD types. New possible prophage repressor and replication
genes were also identified. Our results show marked genetic diversity in the virulence-associated gene clusters
found in some nonepidemic V. cholerae strains, suggest that some of these genes contribute to fitness in nature,

and emphasize the potential importance of interstrain gene exchange in the evolution of this species.

Vibrio cholerae is a genetically diverse species that lives in
warm-water environments, often associated with plankton and
other aquatic organisms (9, 15, 31). Strains of just two of the
approximately 200 currently known O-antigen serogroups (50;
T. Shimada, personal communication), O1 and O139, cause
epidemic cholera—the acute, devastating diarrheal disease
that afflicts many thousands of people annually, especially in
developing countries. Although certain other serogroups cause
sporadic diarrheal disease (30, 37), most V. cholerae organisms
probably do not infect humans. Epidemic strains are also dis-
tinguished from most others by their production of cholera
toxin and a toxin-coregulated pilus (TCP) (15, 21).

Epidemic strains of V. cholerae have a complex natural his-
tory in areas of cholera endemicity, involving rapid transmis-
sion to humans via contaminated food and water during each
year’s cholera season and persistence or proliferation in
aquatic organisms or abiotic niches at other times. Several
recent major changes in patterns of epidemic cholera may stem
in large part from a combination of human factors and envi-
ronmental fluctuation that could affect the distribution of
aquatic host species. The bacterial changes include (i) the
replacement of classical biotype O1 strains beginning in 1961
by strains of the new El Tor O1 biotype (15), (ii) the reemer-
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gence of classical biotype strains in parts of Bangladesh in the
early 1980s and their disappearance a dozen years later (40;
A. K. Siddiqui, personal. communication), (iii) the emergence
of the new O139 serogroup in 1992 (38) and its persistence
along with El Tor Ol strains in South Asia since then (15, 16),
and (iv) the sudden appearance of cholera in Peru in 1991 (46),
which coincided with El Nifio climate warming and changes in
aquatic ecosystems (9, 29, 44).

Genetic recombination between divergent bacterial strains
can be advantageous, especially in complex or variable envi-
ronments, because it generates new genotypes more efficiently
than does mutation alone. Its importance in V. cholerae evo-
lution is illustrated by comparison of 0139 and El Tor O1
strains, which contain quite different O-antigen biosynthetic
genes but are closely related in most other genetic loci. This
suggests that O139 antigen genes were transferred from an
unknown donor into an El Tor-related strain that was well
suited to human infection and the South Asian environment.
0139 recombinants may have been selected by their ability to
infect adults with anti-O1 immunity, in addition to nonimmune
children (3, 4, 43, 51). A history of recombination involving
other gene loci has also been detected by DNA sequence and
multilocus enzyme electrophoresis analyses (3, 6, 22, 45).

Advantageous genes can also spread efficiently via special-
ized genetic elements whose establishment in new bacterial
lineages does not require homology-based recombination. For
example, the cholera toxin genes of epidemic V. cholerae
strains are within the genome of a filamentous M13-related
phage designated CTX¢ (48). Although a CTX¢ prophage can
be carried as a plasmid, it is usually found integrated into the
chromosome, often in a multicopy tandem array, and con-
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TABLE 1. Characteristics of environmental isolates of V. cholerae

VPI pathogenicity island” CTX¢ prophage®

RtAPD SCE isolate(s) Collection® Serogroup
ype tepA tepF F-T toxT  igl rstR rstA rstC ctx
la 4,6 1 08 +- cla I I epi - - - - -
1b 359 7 08 + cla I ND epi - - - - -
la 5 1 O11 +- cla I ND epi - - - - -
2 225, 226, 228 3a 035 epi cla 111 II1.IS env - — - - -
2 227 3b 035 epi cla 111 IILIS env - - - - -
3 258 5 042 epi cla v v env - - - - -
4 256, 257, 259, 260, 261, 265 5 042 epi cla v v env - - - - -
4 264 5 042 epi cla v v env + 5 264 + -
5 263 5 010 epi cla I 111 env + 4= + + -
6 188, 200, 201 2 044 epi env A\ v epi + 4+, cal + + +
7 223 4 027 epi env \'% \% epi + 4ax + + +
7 354 8 027 epi env v A% epi + s + + +
8 340, 341 6 069 epi elt v v env - - - - -

“ Collection dates and sources: 1, 7 July 1997, plankton, Lake Subhas Sarobar, Calcutta; 2, 2 December 1997, water from fish pond in village of Polan Heights near
Calcutta; 3, 8 January 1998, plankton (a) and water (b) from pond in Mohish Batan region of Calcutta; 4, 8 January 1998, plankton from Polan Heights fish pond; 5,
10 February 1998; water from pond in Mohish Batan region of Calcutta; 6, 5 May 1998, plankton water from pond in Mohish Batan region, Calcutta; 7, 19 May 1998,
water from Polan Heights fish pond; and 8, 19 May 1998, plankton water from pond in Mohish Batan region, Calcutta.

b Abbreviations: LJ, left junction (+%, yielded a 2.3-kb PCR product instead of the usual 1-kb product due to gene translocation [Fig. 7]); epi, epidemic; cla, classical;
elt; El Tor; env, environmental. The amino acid sequences of the encoded TcpA proteins are shown in Fig. 3. The amino acid sequences of TcpF proteins encoded
by alleles II, III, IV, and V, each of which is distinct from TcpF of canonical epidemic strains (designated type I here), are diagrammed in Fig. 5, and their relatedness
is summarized in Table 3. Five types of sequence in the ~200 to 230 bp between tcpF and toxT (designated F-T) were identified (type I, canonical, from strain 569B,
but also 99 to 100% matched to those of other epidemic [El Tor and classical biotype] strain sequences in the database. Other types are diagrammed in Fig. 6 and
described in the text.).

¢ +, allele very similar to those in epidemic strains; —, no gene detected; ND, not determined. The rstR4* and rstR4+x alleles are diagrammed in Fig. 9. rst4264

designates a gene that is unrelated to that in canonical CTX¢.

trolled by a prophage repressor. This repressor is inactivated in
the bacterial response to DNA damage, thereby allowing pro-
duction of progeny phage that can infect (lysogenize) new
bacterial hosts (14). CTX¢ repressors of three different spec-
ificities are known, and strains carrying one prophage can often
be infected or lysogenized by CTX¢ of other repressor speci-
ficities (11, 25). In a second example, the genes for TCP form
part of a 40-kb segment that is absent from many nonepidemic
strains, that has been designated a pathogenicity island (VPI)
(23), and that might also correspond to a temperate filamen-
tous phage (24). As remarkable examples of evolutionary co-
adaptation, the CTXd virion uses TCP as a receptor during
infection (48), and the VPI-encoded ToxT regulatory protein
helps turn on transcription of both TCP genes (also located in
VPI) and cholera toxin genes (in CTXd) in response to par-
ticular host or environmental conditions (7, 10, 15, 28).

There have been several reports of unusual nonepidemic
strains carrying tcpA (pilin) or ctx (cholera toxin) genes (8,
32-34). Here we present a more detailed analysis of two dozen
such isolates from Calcutta. Our results show that these genes
are also contained within VPI- and CTXd-type genetic ele-
ments, demonstrate a remarkable pattern of localized diversity
in them, and emphasize the potential importance of gene ex-
change as a force in V. cholerae genome evolution.

MATERIALS AND METHODS

Bacterial strains. The 24 environmental isolates of V. cholerae studied here
were obtained from water samples from Calcutta, India, by enrichment culture (8
of 122 tested) and PCR-based screening for tcpA (classical or El Tor) or ctx genes
and O-antigen typing, as described previously (8) (Table 1). Three reference
epidemic strains of V. cholerae were also used: O139 (SG24); O1 Ogawa, El Tor
biotype (VC20); and O1, Ogawa, classical biotype (0395) (2).

DNA fingerprinting. Genomic DNAs prepared by standard cetyltrimethylam-
monium bromide-phenol extraction from 1.5-ml overnight cultures were used
for DNA fingerprinting by the random amplified polymorphic DNA (RAPD)

method (1). Reactions were carried out in 25 pl containing 2.5 pl of 10X PCR
buffer, 20 ng of V. cholerae genomic DNA, 4 pl of 25 mM MgCl,, 20 pmol of
primers 1281 (5'-AACGCGCAAC) or 1283 (5'-GCGATCCCCA), 1 U of Ampli-
Taq DNA polymerase, and 2.5 pl of 2.5 mM deoxynucleoside triphosphates
under a drop of mineral oil for 45 cycles of 94°C for 1 min, 36°C for 1 min, and
72°C for 2 min in a Perkin-Elmer TC480 thermal cycler. After PCR, 8-pl aliquots
of product were electrophoresed in 1% agarose gels containing 0.5 mg of
ethidium bromide/ml and photographed under UV light. A 1-kb DNA ladder
(Gibco BRL, Rockville, Md.) was used as a size marker in all gels.

Characterization of CTX¢ and VPI. PCR tests for VPI pathogenicity island
and CTX¢ prophage genes were carried out using primers listed in Table 2 (the
approximate locations of genes in VPI and in CTX¢ that we studied are shown
in Fig. 1). Hybridization was carried out with DNA probes generated by PCR
from epidemic-strain DNAs. PCR was performed in volumes of 20 pl containing
10 ng of genomic DNA, 10 pmol of primer, and 1 U of Tag DNA polymerase for
30 cycles of 94°C for 40 s, 55°C (or 60°C when higher specificity was needed) for
40 s, and 72°C for a time chosen based on the size of the expected fragment (1
min/kb). Long-distance PCR was performed using the Advantage genomic PCR
kit (Clontech Laboratories Inc., Palo Alto, Calif.) when needed (fragments
longer than a few kilobases). Each PCR was carried out in a volume of 100 .l
containing 8 ng of genomic DNA, 40 pmol of each primer, 2 pl of 50X Advan-
tage genomic polymerase mix, 10 ul of 10X genomic PCR buffer, 2 pl of 50
deoxynucleoside triphosphate mix, 10 pl of MgCl, (25 mM), and MilliQ water.
The amplification conditions were: preincubation at 94°C for 15 or 30 s and then
35 cycles of 94°C for 30 s and 68°C for 6 or 12 min, with final extensions at 68°C
for 6 or 12 min for PCRs using primers tcpI-F and tcpA-R (classical variant) and
primers tcpA-F (classical) and tcpF-R to generate fragments of 3.9 and 9.2 kb,
respectively. All PCRs were carried out in a TC480 thermal cycler (Perkin-Elmer
Cetus, Foster City, Calif.).

Amplified products were electrophoresed in ethidium bromide agarose gels
(SeaKem; BMA, Rockland, Maine), and visualized and documented using a
video documentation system. PCR products were purified using a PCR product
purification kit (Qiagen Inc., Chatsworth, Calif.) and used as probes for dot blot
hybridization. For hybridization, 10 to 15 ng of genomic DNA from each V.
cholerae isolate was spotted on Hybond N* membrane (Amersham, Arlington
Heights, Ill.) and dried for 30 min. The membrane was then denatured with a
solution of 0.5 M NaOH and 1.5 M NaCl for 7 min and neutralized with two
washes of 150 ml of 0.5 M Tris-HCI (pH 7.4) and 1.5 M NaCl for 3 min each,
after which the membrane was dried for 1 h. DNA was fixed to the membrane by
UV cross-linking. Hybridization probes were prepared by PCR from reference
strains of V. cholerae 0139 (SG24), V. cholerae O1 Ogawa, El Tor biotype



VoL. 183, 2001

GENETIC DIVERSITY IN ENVIRONMENTAL V. CHOLERAE 4739

TABLE 2. Sequences of primers used in this study

Primer® Primer sequence (5'-3") Coordinate” (5" end) Size (bp)° Use
LJ-F GTGAATCTTGATGAGACGCTCTG 872910 1,011 PCR
LJ-R GGTGAGCCAGGCTTATTTGGG 873920 PCR
SCE4.LJ-F2 GGATCATCAACCGAAGAGGTAGA This study Sequencing
SCE4.LJ-R2 GCCTGCATCACCACATTCCTCATA This study Sequencing
SCE4.LJ-F3 GGTTAGCTCTTCCATCGACAACA This study Sequencing
SCE4.LJ-R3 GGTCTGGAAATACCACAGCGT This study Sequencing
aldA-F GCATCTGATTATGACCAAAGAATAGG 875610 1,116 PCR
aldA-R GTCAATGGATGAAGCCACACAGTG 876725 PCR
tagA-F GGTGGTAAGATATTCACTCTTAATG 877014 351 PCR
tagA-R GAGACATCTATAGAATACTGGCTG 877364 PCR
tepl-F GCCGTCTCCGCATTAAGCTCTGCAC 887200 PCR
tepl-F2 GCCAACGTAATGATGCACGCAAGTA 888350 1,212 PCR
tcpH-R2 CGTTACACCAAGTGCTACAACGAAT 889561 PCR
tepA-F(cla) CACGATAAGAAAACCGGTCAAGAG M33514 617 PCR
tcpA-R(cla) ACCAAATGCAACGCCGAATGGAGC M33514 PCR
tepA-F(elt) GAAGAAGTTTGTAAAAGAAGAACAC 890480 47 PCR
tcpA-R(elt) GAAAGGACCTTCTTTCACGTTG 890951 PCR
tcpQ-R GAGGACTGTTCTGCAATCTGCTCAT 892609 PCR
tcpF-F GAGTTCCACATGCAGAAACAGGA 899444 PCR
tcpF-R GCCACGAATGTGGCTGTTATCTTATC 899724 PCR
toxT-F ACTGTATAGCAAAGCATATTCAGAGA 899658 1,115 PCR
toxT-R CAGTGATACAATCGAAAATAGGATC 900772 PCR
acfB-R GAGCGTGCTTTATCATGGTCGAT 902296 PCR
int-F GAAGTAATGAAACCGATAAGTGG 913253 347 PCR
int-R TGCTTTGTACCAGTCACAGATAG 912907 PCR
RJ-F TCGTTAGCGTGTCGGTTCGCAGG 914405 1,499 PCR
RJ-R TGCTTTGTACCAGTCACAGATAG 912907 PCR
ig-1-F GAGCCTGTGACACTCACCTTGTAT 1566438 629 PCR
rstA-R GCATAAGGAACCGACCAAGCAAGAT 1565810 PCR
rstC-R GCTCAGTCAATGCCTTGAGTTG 1564169 PCR
orfU-F GGTGTTATTTGATGGCTGCATG 1570758 3,713 PCR
ctxB-R GCTTCAGTAAGATATGCAATCCTCAG 1567046 PCR
tcpE-F2 GCTCCTGACAATGGCTGTTTATTCA 898458 PCR
tcpF n-F2 GCTATTCCTACTCCAGACCAACTA This study Sequencing
toxT.n-F2 GAGTTTGATTGTCGATCTCAGTT This study Sequencing
toxT-R2 CACAGTTCCAGAGGAGCAGAT This study Sequencing
tepJ-R2 GGGCACATGGAGCGATTTGAAT 900876 Sequencing
tepJ-R GCTTGGTCCAAGAGGGATAT 901444 PCR
226.tcpF-F GGATATTCCTACAGCTGAGCAGTT This study Sequencing
226.toxT-R GGTCATATGTGCTCACTATCTCT This study Sequencing

¢ LJ, left junction; RJ, right junction; aldA, toxT, and int, genes in the V. cholerae pathogenicity island; igl, RS, orfU, ctxB, and rstA, DNA segments and genes in the
CTXd¢ prophage; tepl, tcpQ, tcpF, and acfB, genes in the V. cholerae pathogenicity island VPI.
b Unless stated otherwise, the coordinates used here correspond to positions in the complete genome sequence of V. cholerae El Tor N16961 (19), available at

http://www.tigr.org/tdb/CMR/gvc/htmls/SplashPage.html.

¢ Size of diagnostic PCR product generated with pairs of primers (only those important to this analysis are given).

(VC20), and V. cholerae O1, Ogawa, classical biotype (0395), using primers
listed in Table 1. About 200 ng of each probe DNA was conjugated to horse-
radish peroxidase, and hybridization to filters was detected with a chemilumi-
nescent substrate (Amersham Pharmacia Biotech, Piscataway, N.J.) on X-ray
film, as previously described (47).

DNA sequencing. DNAs corresponding to parts of the rstR region of CTX¢
were PCR amplified using primers ig-I-F and rst4-R or ig-1-F and rstR-R (for-
merly RS-R) (Table 1); parts of the tcpA region were amplified using primers
tcpA-F of the classical variant and tcpQ-R, and PCR products used for sequenc-
ing were purified using a Qiagen kit and sequenced directly (without cloning)
using a Taq dye terminator sequencing kit (Perkin-Elmer), appropriate primers,
and an automated DNA sequencer (ABI Prism 377; ABI, Foster City, Calif.).
The sequences were aligned using the DNAsis software program and analyzed
using the Basic Local Alignment Search Tool program available on the National
Center for Biotechnology Information web site or programs in the Genetics
Computer Group (Madison, Wis.) package, PHYLIP of J. Felsenstein (http:
/[evolution.genetics.washington.edu/phylip.html), and clustal W of T. J. Gibson
and colleagues (http://www.csc.fi/molbio/progs/clustalw).

Nucleotide sequence accession numbers. The nucleotide sequence data for
VPI elements reported here have been deposited in GenBank with the following
accession numbers: AF133307 (rstR-4** from SCE223), AF133308 (rstR-5 from
SCE264), AF13309 (rstR-4* from SCE263), AF13310 (rstR-cal from SCE188),

AF319656 (rstA from SCE264), AF208385 (tcpA-env from SCE188), AF306795
(tcpE-tcp] segment from SCE4), AF306796 (tcpE-tcp] segment from SCE226,
which contains an IS903-related element), AF378526 (tcpE-tcpJ segment from
SCE263, which lacks an IS903-related element), AF306797 (tcpE-tcp] segment
from SCE256), AF306798 (tcpE-tcp] segment from SCE200), AF319954 (left
junction region of VPI from SCE4, including a DNA segment translocated from
chromosome 2), AF319652 (tcpP from SCE4), AF319653 (tcpP from SCE226),
AF319654 (tcpP from SCE256), and AF319655 (tcpP from SCE200). For loca-
tions of these segments, see Fig. 1. For a summary of salient features of strains,
see Table 1.

RESULTS

RAPD types. The 24 V. cholerae isolates studied here (Table
1) had been chosen based on positive PCR with primers spe-
cific for fcpA genes of classical or El Tor biotype strains (des-
ignated fcpA-cla and fcpA-elt, respectively) or ctx genes; they
were of eight O antigen types, each of which was distinct from
the O1 or 0139 epidemic type (8). Our arbitrarily primed PCR
(RAPD) fingerprinting identified eight types (Fig. 2), probably
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FIG. 1. Abbreviated maps of VPI, CTX¢, and RSI, including

relative positions of genes that were studied here. These maps are not
complete or to scale. Genes indicated above the lines are transcribed
left to right; those below the lines are transcribed in the opposite
orientation These maps are based on references 15, 19, and 48.

each corresponding to a different background genotype. Iso-
lates of the same RAPD type were often from the same col-
lection, suggesting that they might be sibs. However, the same
RAPD type was obtained in different collections in two cases
(types 1 and 7), and isolates with matched RAPD patterns
were distinguishable by other traits or DNA markers in two
other cases (types la and 4) (Table 1). Although isolates of a
given RAPD type tended to be of the same serogroup, but two
serogroups (O8 and O11) were represented in isolates of
RAPD type 1, and conversely, isolates of two RAPD types (3
and 4) were each of the same serogroup (O42). These excep-
tions can be ascribed to interstrain gene transfer or to mutation
affecting O-antigen biosynthetic genes. In addition, one RAPD
pattern (type 7) closely matched that of O139 and El Tor O1
epidemic strains (Fig. 2), but the two isolates of this type
(which were collected at different times) differed from epi-
demic strains in O antigens and several other determinants
(Table 1).

VPI pathogenicity islands. In initial characterizations (8), 19
of the 24 V. cholerae isolates were found to carry tcpA alleles
closely matched to either tcpA-cla or tcpA-elt, whereas the
other five isolates (two RAPD types) seemed not to contain
either of these 7cpA alleles, even though only they carried ctx
genes (8). In follow-up experiments we observed strong hybrid-
ization of DNAs from each of our 24 isolates (the five anom-
alous, possibly fcpA-deficient isolates included) with probes
specific for regions adjacent to tcpA (a 3.9-kb fepl-tcpA seg-
ment on the left and a 9.2-kb tcpA-tcpF segment on the right)
(Fig. 1 and data not shown). Further PCR and hybridization
tests showed that each of the 24 isolates also carried aldA4 and
tagA sequences near the VPI left end and inf near its right end,
and that each also yielded PCR products corresponding to the
junctions between the left and right ends of VPI and flanking
DNA (primers LJ-F and LJ-R and primers RJ-F and RJ-R)
(Table 1). The only unusual result from these PCR tests was
obtained with isolates of RAPD type 1 (SCEA4, -5, -6, and -359),
which yielded a 2.3-kb rather than a 1.0-kb PCR product with
left-junction-specific primers. These results suggested that

J. BACTERIOL.

RAPD type

primer 1283

FIG. 2. RAPD profiles of representative V. cholerae environmental
isolates generated using primers 1281 and 1283. Lane designations
correspond to RAPD types discussed in the text and to SCE isolates
defined in Table 1, as follows: 1la, SCE4 and SCES5; 2, SCE226; 3,
SCE258; 4, SCE260 and SCE264; 5, SCE263; 6, SCE200; and 7,
SCE223. The O139 epidemic strain used is SG24. m, 1-kb ladder (size
marker).

each isolate contained an intact or nearly intact VPI pathoge-
nicity island.

New alleles in VPL. (i) zcpA. The region near tcpA of isolates
that lacked fcpA-cla or tcpA-elt alleles (RAPD types 6 and 7)
was studied further. PCR with primers flanking tcpA (tcpIl-F
and 7cpQ-R) yielded a product of the size matching that from
epidemic strains (~5.4 kb), and equivalent PCR using a primer
specific for a conserved sequence near the 5’ end of fcpA
(tcpA-F) along with tcpQ-R yielded a ~2.1-kb product in each
case. DNA sequencing of two such isolates (SCE188 and
SCE354; RAPD types 6 and 7) identified a new fcpA allele
(tcpA-env), only ~74% identical at the DNA level (77 to 78%
at the protein level) to corresponding 600-bp sequences from
tcpA-elt (GenBank accession no. U09807) and tcpA-cla (acces-
sion no. X64098) (36, 39). This new tcpA-env allele was also
distinct from fcpA alleles found recently in other nonepidemic
isolates (Fig. 3).

Much of the divergence among these various tcpA alleles
was in the carboxy-terminal half, which is thought to be ex-
posed on the pilus surface (27; R. Chattopadhyaya and A. C.
Ghose, personal communication; R. K. Taylor, personal. com-
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FIG. 3. TcpA alignment and phylogenetic tree. (A) Alignment of
inferred amino acid sequences of TcpA-cla with the TcpA-env protein
found here (from SCE188) and with other TcpA proteins (Nandi,
accession no. AF139626 [33]; Novais, accession no. AF030309 [34];
and El Tor, accession no. M33514). Periods indicate residues identical
to those found in TcpA-cla; only amino acid differences (relative to
TcpA-cla) are specified. *, position whose functional importance in
TcpA-cla was tested mutationally (27). (B) Inferred phylogenetic re-
lationships between fcpA alleles.

munication) (Protein Database accession no. 1QT2 [http:
//www.rcsb.org/pdb]); the amino-terminal third, which is bur-
ied in the mature pilus structure, is relatively better conserved
among isolates. Among the many differences between the
present fcpA-env allele and the fcpA-cla allele (Fig. 3A) is the
K187A substitution, which in the fcpA-cla context increases
pilus-mediated autoagglutination 30-fold (27).

(ii) toxT and tcpF. Initial PCR tests (8) had also suggested
that isolates of five RAPD types either lacked the toxT gene or
contained an allele that differed significantly from that in ep-
idemic strains (RAPD types 2, 3, 4, 5, and 8 in Table 1). Our
additional PCR tests indicated that the adjacent tcpF gene was
also either missing or divergent. However, tcpE and tcpJ se-
quences, which flank the tcpF-toxT segment, were found in
every isolate by PCR with primers fcpE-F2 and tcpJ-R. In
addition, PCR with these primers yielded products from each
of the 24 isolates: the expected 3 kb in 20 of 24 cases and a
1-kb-longer product in the other four, which all belonged to
one RAPD type (type 2). DNA sequencing showed that the
strains that had not yielded PCR products with standard foxT
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SCE263 5 KTSFLVNVYELRKFETYAFNKVFIDDYKIFWINKGSAKLUDKNCLVNYTI 54
iR

4 KKSFQTNVYRMSKFDTYIFNNLY INDYKMFWIDSGIAKLIDKNCLVSYET 53

SCE263 55 TENSVVLLKKNSIQRFSLMSLSDESISVCVLTIKNKFVNSLRHYLQGDLM 104

AT T Fe ] o e e e

54 NSSSIILLKKNAIQRFSLTSLSDENINVSVITISDSFIRSLKSYILGDLM 103

SCE263 105 IRNLYNEKKDLLLWNCELNDI SVLGEIVSTYDQTQYSEDFLKI FFSGFFS 154

R R D e s,

104 1 YSENKDLLLWNCE}H\TDIAVLSEVVNGFREINYSDEFLKVFFSGFFS 153

SCE263 155 KVEKKYNSI FITDDLDANHEKI SCLVKSDITRNWRWADICGELRTNRMILK 204

COLLCECCT DT T T

154 KVEKKYNSIFITDDLDAMEKISCLVKSDITRNWRWADICGELRTNRMILK 203

SCE263 205 KELESRGVKFRELINSIRISYSISLMKTGEFKIKQIAYLSGFASVSYFST 254

CECELEELC LT T THEELLH T

204 KELESRGVKFRELINSIRISYSISLMKTGEFKIKQIAYQSGFASVSYFST 253

SCE263 255 VFKSTMNVAPSEYLFMLTGVAEE 277

AR

254 VFKSTMNVAPSEYLFMLTGVAEK 276

FIG. 4. Alignment of ToxT from strains SCE263 and 569B (classi-
cal biotype, epidemic strain) (GenBank accession no. B45247). toxT
alleles nearly identical to that of SCE263 were found by sequencing in
isolates SCE226 and SCE256.

primers contained a new mosaic foxT allele: 62 to 64% identity
(protein level) to that of canonical foxT in its first half (5'-most
148 codons), and 99% identity to canonical foxT in its second
(carboxy-terminal) half (Fig. 4), the region that determines
specificity of ToxT protein binding to DNA regulatory sites.

Further sequencing revealed four markedly different alleles
of tcpF, a gene that encodes a secreted protein whose exact
role in virulence is not known (Taylor, personal communica-
tion). The inferred TcpF proteins were 31 to 79% identical to
one another and to canonical TcpF (Fig. 5; Table 3). Two of
the new fcpF alleles were associated with the novel foxT allele,
and the other two were in isolates carrying foxT alleles that
were nearly identical to those of epidemic strains (Fig. 6).

tcpF-toxT intergenic sequence. Between fcpF and toxT lies a
noncoding sequence that in epidemic strains is about 230 bp
long and contains binding sites for positive (TcpP and ToxR)
and negative (H-NS) regulatory proteins which help link roxT
expression to environmental conditions, host signals, and gen-
eral bacterial physiology (18, 35, 52). A tcpF-toxT intergenic
sequence of about 200 to 220 bp was also found in each envi-
ronmental isolate analyzed, and four types (referred to as F-T
types) were distinguished. The sequences F-T II (found in
RAPD type 1) and F-T V (in RAPD types 6 and 7) were 88 to
90% identical to one another and to the F-TI segment of
epidemic strains. The F-T III (in RAPD type 5) and F-T IV (in
RAPD types 3 and 4) sequences were 67% identical to each
other in a 169-bp shared segment but did not seem to be
related to the corresponding intergenic sequence in epidemic
strains. The F-T intergenic sequence in RAPD type 2 isolates
contained a transposable element insertion (see below) but
otherwise was identical to that in SCE263; therefore, it was
designated F-T III:IS.

Conserved sequences in VPI. The F-T intergenic sequence
contains binding sites for multiple regulatory factors, including
TcpP protein (18, 35), which is encoded within VPI. Accord-
ingly, 1.1-kb segments containing the 666-bp tcpP gene and
upstream sequences were PCR amplified from four isolates
representing each of the four different F-T intergenic sequence
types (SCE4, -226, -256, and -200). The sequences obtained
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Type I (569B) ----MRYKKTLMLSIMITSFNSFAFNDNYSSTSTVYATSNEATDSRGSE-------. HLRY
Type IT —---MKYKKTLMFSIMITSFNSSAFNDNYSSTSTVYATSNEATDSRGSE-~--—- - HLRY
Type IIT MKLTMKKLPQFILLSTAIPTMSYAFDDSYSSTSTVYTSNAEKPPADSGSNNVNSGQNLRY
Type IV —----MKLKLISSSIILLLSNSALAFNDNYSSTSTVYSSTONGDQASGSSG— -~~~ TNYRY
Type V

—-—--MRYKKTLMISIMITSFNTFAFNDNYSSTSTVYATSSEATDSRGSE-—--——-! HLRY

s . oWk Rkkkkkkk, . . : P

Type I (569B) PYLECIKIGMSRDYLEN-CVKVSFPTSQDMFYDAYPSTESD-GAKTRTKEDFSARLLAGD

Type IT PYLECIKLGMSRDFLDN-CVTVSFPTSSELFYGAYPADEE - - ~-GKKRTKEDFQARLLSGD
Type III PYIDCVNLGMKNENLSN-CVAVSFPTDSPKFYSAYPEKNESSFDRIRNSEELQKLLNNKQ
Type IV PFAECLSLGMPSSSLSSYCTTVSFPTDSKEFYGVFPSIEG - - - -VIRTPEDFNKILNSGA
Type V PYLECIKLGMSRDYLEN-CVTVSFPTLSELFYGAYPADEE - --GKKRTKEDFQARLLSGD

Kyogwa, gkk * A kR wx L w * ok, *

Type I (565B) YDSLQKLYIDFYLAQTTFDWEIPTRDQIETLVNYANEGKLSTALNQEYITGRFLTKEN-G

Type II YAGLEKYYVDYYLAQTTYDWHIPTRDQIESLVMLARDSKL,.SSTLNSEYLKGRFLTKND-G
Type IIT FGDIKRLYADLYLAQGVYDWDIPTAEQLOKLYNLEKQGALFN-DKHRYTDGCYAIKIG-S
Type IV YTELESKYIKPYLGQQTPDWAIPTPDOLQTLYNLSKNGDLYKESKDTYNSGRFLTKTDKG
Type V

YEGLEKLYVDYYLAQTTYDWHI PTRDQI ESLVNLAKDGKLTSTLNSEYLKGRFLTKND-S
. A . *

* ok ok kdk kg, % * *

Type I (569B) RYDIVNVGG-VPDNTPVKLPAIVSKRGLMGTTSVVNAIP--~--NEIYPHIKVYEGTLSRL

Type II SYNIVTVGN-VADSEPVKLPAVVSKRGLMGTSDIVNALP----TEIFPNIKIYS--ASQL
Type III SYTIGYIGQPNSKCSDIKLPNLVSSGVLVGDALTNVTGAPI IVNFNWIKRGLYQTTVSGF
Type IV EYVIAKIGN-VAEDSPLKLPDIVSKNGLHGSNLSDVELP~ - - -SNAVGKLTTKYTYVTTQ
Type V

DYKIVNVGS-VADSEPVKLPAVVSKRGLMGTSAVVNAIP----NEIFPNIKIYKGTSALL

* ok gk RTTaET] * ox

Type I (569B) KPGGAMIAVLEYDVNELSKHGY-~-~~-TNLWDVQFKVLVGVPHAETGVIYDPVYEETVKPY

Type I1 TPGNTFRAQMEYDVSELEKHGY - - - ~SDLSDI SATVIVGVPSGN-GVIYAPVYQEKSFIV
Type III KKESRIDVGVSIPTNELLKWGFSSDLLAANSTKGDVILGVPDVH-GVISNPVYTLSTHYS
Type 1V DYSRRFDATFTLIPDEFKREN-~--~ IDPTKVYFEVLYGKPGSD~-GIIRNPLKTTTPYYT
Type V

QPGIAFMAPMEYDTSELQKHGY - - - -SNVWDVSATVLVGIPSVN-GVIYDPIYKESLKVY

. . . . % ok Kok kg

Type I (569B) QP-SNNLTGKKLYNVSTNDMHNGYKWSNTMFSNSNYKTQILLTKGDGSGVKLYSK-AYSE

Type IT HH-TNNFPGKQIYTFSTNDLGNGFQWSNTMF SNPKYRTQVVLTKTDGSGVRLYSK-AYSE
Type III VR---SLG--DVWEFYSKGEENADVWKGKLNSNAK YQLQYVIVD--—- - KTTNKAVYSE
Type IV DPRSPNYS----YFIKSDSLHNKGDS SDNKYQIKLYTDPSKVSYLKALPIEFDCRSQFCE
Type V

*

HP-SDNYPGKKIFSVSTNDVHNGYQWSKAMEF SNSKYRTQVVLTKADGSGVKLYSK-AFSE
. . * : .

s

Type I (569B) NFK-

Type II KFK-
Type IIT LFRL
Type IV GVSD
Type V NEN-

FIG. 5. TcpF alignments generated with clustal W. Types II, III,
IV, and V are from environmental isolates as indicated in Table 1 and
in Fig. 6. Reference strain 569B (here designated type 1) is a classical
biotype O1 serogroup epidemic strain (fcpF sequence from GenBank
accession no. L01623).

from them were =97% identical to those of canonical epi-
demic strains in each case. Thus, sequence divergence in the
F-T intergenic space in these environmental isolates is proba-
bly not associated with major changes in the DNA binding
specificity of the TcpP regulatory protein.

Our sequencing of the tcpE-tcpJ segment also yielded about
130 to 180 bp in tcpE, just upstream of tcpF, and another 300
to 400 bp in fcp/, just downstream of toxT from each of the four
strains analyzed. These flanking sequences were, in each case,
=96% identical to sequences from canonical epidemic strains.
This reinforces the view of VPI as a mosaic, containing inter-
spersed regions of conserved and divergent sequence, a feature
that is common in temperate phage (20).

TABLE 3. Identities (protein level) among tcpF alleles

% Identity with type®:

Type
11 I v A% I (epidemic)
II 100 33 39 79 66
II1 100 33 33 31
v 100 36 33
\'% 100 70

“ Identities were inferred from DNA sequences of tcpF genes of SCE4 (type
II), SCE263 (type III), SCE258 (type 1V), and SCE200 (type V). The epidemic
(type I) strain used as a reference is 569B.
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Insertion in F-T intergenic space. The isolates of RAPD
type 2, whose fcpE-tcpJ region contained 1 kb of extra DNA,
were found to carry an IS903-related element with 98% DNA
sequence identity to one that had been found in the V. cholerae
genome (containing the transposase open reading frame
[ORF] VC0501) (19). In our RAPD type 2 isolates, this ele-
ment was inserted 60 bp downstream of the 3" end of the new
tepF allele in an F-T intergenic sequence that was otherwise
identical to that in a RAPD type 5 isolate (SCE263). The
element was positioned such that if regulatory sites in this
segment were arranged as they are in the divergent F-T seg-
ment in canonical strains (35), it would separate the binding
site for H-NS from those for TcpP and ToxR; its orientation
would also allow transcription initiated from upstream genes
or the element’s transposase promoter to continue into foxT.
Thus, the inserted element might affect toxT expression.

The inserted element found here seems likely to contain a
complete transposase gene. The closely related element found
outside VPI in the fully sequenced genome of an epidemic
strain contained a 10-bp deletion (frameshift) at position 327
in the 921-bp transposase gene (gene VCAO0501 in reference
19; coordinates based on our sequence). No inverted repeat
structure equivalent to the 18-bp terminal inverted repeats of
canonical IS903 (12, 17) was found in either inserted V. chol-
erae element.

Translocation deletion at the left end of VPI. The basis of
the unexpectedly large left junction PCR product in isolates of
RAPD type 1 noted above (Table 1) was investigated by se-
quencing this product from isolate SCE4. Inserted in this left-
junction DNA was a 1.6-kb segment containing the ORF
VCAO0577 and much of VCAO0578, in place of 300 bp that
includes the left junction of VPI with ancestral DNA in canon-
ical V. cholerae strains (Fig. 7). Since VPI is in chromosome 1
and these genes lie in chromosome 2 in the fully sequenced V.
cholerae genome (19), the rearrangement seen in SCE4 prob-
ably represents a case of interchromosomal translocation.
Comparison of sequences identified a 15-of-17-bp match be-
tween chromosomes 1 and 2 at the left end of the translocated
segment, but no equivalent match was found at the right end.
The VCAO0577 and VCAO0578 genes are referred to as “func-
tion unknown,” with no match to other entries in current
databases. Thus, this insertion-deletion rearrangement may
have resulted from chance recombination in a segment of short
homology and/or illegitimate recombination. This transloca-
tion might be adaptive (improve the bacterial phenotype) or
reflect an evolutionary accident that has not been eliminated
by genetic drift or contraselection if deleterious.

CTXd prophage. Cholera toxin genes had been found in five
isolates (8) belonging to two RAPD types. Our PCR and hy-
bridization tests indicated that these ctx genes were embedded
in CTX¢-like prophages. DNA segments that may correspond
to RS1 prophage fragments, which contains just genes and sites
for phage replication, integration, and immunity (Fig. 1), were
found in ctx-negative isolates of two other RAPD types (Table
1). First, PCR of DNAs from the five ctx-positive isolates with
primers specific for CTX¢ prophage genes (orfU-F and
ctxB-R) (Fig. 1) yielded products of about 3.7 kb, which are
also obtained using epidemic strains. Second, these five DNAs
and also DNAs from two ctx-negative isolates (SCE263 and
SCE264) were found to hybridize with an RS1 probe, gener-
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FIG. 6. Allele content of environmental isolates. Each pattern of shading represents a different highly divergent sequence, as shown in Fig. 3,
4, and 5, and described in the text for ftcpA, toxT, and tcpF and the F-T intergenic (ig) sequence.

ated with primers ig-/-F and rstC-R. However, none of the
ctx-negative isolates hybridized with a probe specific for se-
quences between RS1 and ctx (generated with primers orfU-F
and ctxB-R). Third, PCR amplification with primers specific
for conserved sequences that flank the rstR repressor gene
(ig-1-F and rst4-R) generated products from six of the seven
RS1 hybridization-positive isolates (Fig. 8) but not from any of
the other 17 isolates studied here. A single 450-bp band was
obtained from two isolates (SCE223 [ctx positive] and SCE263
[ctx negative]); a single 600-bp band was obtained from an-
other isolate (SCE354 [ctx positive]), suggesting a different rstR
allele; and a doublet (450 and 600 bp) was obtained from each
of three other isolates (SCE188, SCE200, and SCE201, all ctx
positive and RAPD type 6). However, no PCR product was
obtained with these primers from the seventh RS1 hybridiza-
tion-positive isolate (SCE264) (Fig. 8A). Fourth, PCR using
the more distal rstC-R primer along with ig-1-F yielded a frag-
ment in the expected size range (2.3 to 2.7 kb) from each of the
seven RS1 hybridization-positive isolates (including the anom-
alous SCE264) (Fig. 8B).

1-872937 [1-518645 11-517029 1-873207
I
vcosls Y vcaoss VCA VCo0817
0577 transposase
mmmmy  Segment of Chr 1
MM Segment of Chr il

FIG. 7. Left-junction translocation. The insertion-deletion struc-
ture found at the left end of VPI in isolates of RAPD type 1 by PCR
and sequencing, as described in the text, is shown. VC and VCA
designations refer to genes in V. cholerae chromosomes 1 and 2, re-
spectively,in a V. cholerae reference strain (19). Numbers above the
map refer to rearrangement breakpoints, inferred by comparison with
the full genome sequence (19).

PCR products generated with ig-7-F and rst4-R or rstC-R
primers from representative isolates were sequenced, and pu-
tative ORF structures were identified (Fig. 9). The 600-bp
(larger) fragment from SCE188 was 100% identical in regions
of overlap to the sequence of rstR-cal (25). This segment, like
rstR-classical and rstR-eltor, was shown by others to have re-
pressor function (11, 26), even though it seemed to contain
overlapping ORFs of 59 and 15 codons (6-codon overlap). The
sequence of the smaller (450-bp) fragment contained two
ORFs (64 and 32 codons; 10-codon overlap) and was a 99%
match to that of the corresponding 450 bp from SCE263, a
ctx-negative isolate. It did not match other sequences in the
current GenBank database. Based on position relative to other
CTX¢ sequences, we suggest that this sequence also encodes a
new prophage repressor, and we provisionally designate it rstR-
4*. This sequence was also a 95% match to a 450-bp fragment
from SCE223, which, however, contains one continuous ORF
of 86 codons [due to one additional T in a poly(T) tract; T, in
SCE223 and T, in SCE188]; we designate this variant sequence
rstR-4%*%.

The sequence of the PCR product generated from the un-
usual SEC264 isolate with primers ig-1-F and rstC-R was a 95%
match over 243 bp at one end to canonical rstC (GenBank
accession no. U83795), which indicated that this PCR product
did indeed come from the targeted genomic region and was not
spurious. Three other ORFs were also identified in this 2.5-kb
PCR product, none of which closely matched known V. chol-
erae genes. Immediately adjacent to ig-/ (the location of rstR
repressor genes) was a 67-codon ORF; we designate it rstR-5
provisionally, based on similarity in position, orientation, and
size to other rstR genes and an inference that it might also
encode a repressor. Between rstR-5 and rstC were one ORF
with 34% protein-level identity to ORF320 of filamentous
pseudomonal phage IF1 (accession no. AAC62160) followed
by an ORF with 43% protein-level identity to gene V' (single-
stranded DNA binding protein) of filamentous coliphages M13
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FIG. 8. Representative results of PCR amplification of rstR and
adjacent regions. Lane designations correspond to SCE isolates, except
that VC20 and SG24 designate serogroup O1 El Tor and O139 epi-
demic strains, respectively, used for reference. (Top) Amplification
with primers ig-1-F (specific for conserved sequence in the CTXd
intergenic region, just to the left of rstR) and rst4-R. Note that no
amplification product was obtained from SCE264 with these primers
and that SCE188 yielded two different products, indicating that it is a
double lysogen. (Bottom) Amplification with primers ig-I-F and
rstC-R. Note that an amplification product was obtained from SCE264
with these primers.

and f1 (accession no. AAA32219.1); these were provisionally
designated rst4-264 and rstB-264, respectively, based on their
positions. ORF320 and gene V' are each involved in DNA
replication. Whether their homologs in SCE264 also mediate
CTX¢ prophage replication and integration, as do rst4 and
rstB of canonical CTX¢ prophages, is uncertain, especially
because SCE264 seems to contain only this fragment of a
prophage genome, not an intact CTXd-related prophage.

DISCUSSION

The present study of 24 Calcutta-region environmental iso-
lates of V. cholerae, chosen initially because of their unusual
combination of fcpA (pilin) or ctx (cholera toxin) gene se-
quences and O antigens, gives an intriguing glimpse into mi-
crobial genetic diversity. Although the strains were of just eight
RAPD fingerprint types, six major variants of the VPI patho-
genicity island and several different CTX¢ prophages or re-
lated RS1-type sequences were found in them. In retrospect,
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FIG. 9. OREF structures of putative repressor genes (rstR regions)
of CTXd-related prophages inferred from sequences of PCR products.
These two new sequences are designated as the fourth and fifth mem-
bers of a family of CTXd-related prophage repressor genes and are
therefore designated rstR-4 and rstR-5, pending tests for repressor
function.

the initial screen (for fcpA and ctx) (8) was rather limited:
many more types of VPI and CTX¢ elements will probably be
found when the screen is repeated using additional, perhaps
more highly conserved, genes from these elements. Based on
current data, however, it is clear that VPI and CTXd¢ are
mosaics, consisting of blocks of sequence that match those in
epidemic strains, adjacent to sequences that had not been seen
previously. The boundaries between most such segments coin-
cide with ends of genes or of functional domains, a pattern
reminiscent of that in lambdoid phage (20). Such mosaicism
implies a history of genetic exchange among these elements
and among the V. cholerae strains that carry them.

Each of the five isolates that carried ctx genes also contained
anew tcpA allele (tcpA-env) (Table 1; Fig. 3). The pilin protein
that it encodes differs from that of classical strains at 22% of
positions, including 8 of 17 that had been tested by mutation
and identified as functionally important (27). Assuming this
pilin to be functional, each of its potentially deleterious motifs
is probably compensated by other amino acid motifs that also
distinguish this pilin from that of classical biotype strains.

Individual TcpA pilin proteins assume a two-domain ladle-
like structure, with many copies assembled like overlapping
shingles in the mature bacterial pilus (5, 27). The amino-ter-
minal one-third (“handle”) of each is buried within the pilus,
and the carboxy-terminal two-thirds (“blade”) is exposed (5).
Most divergence among various TcpA proteins and related
pilins is found in this carboxy-terminal domain (Fig. 3) (5),
suggesting that much of this diversity may be adaptive. The
diversity might reflect, for example, natural selection for (i)
immune evasion during infection, (ii) phage susceptibility or
resistance in the environment, (iii) efficient aggregation in hu-
mans or the environment, (iv) adherence to aquatic hosts or
abiotic sites, and/or (v) efficiency in other steps in biofilm
formation (5, 27, 49).

Isolates of five RAPD types contained a new mosaic allele of
toxT, a gene encoding an AraC-type regulatory protein that
stimulates transcription of several virulence-associated gene
clusters and that helps coordinate bacterial responses to exter-
nal stimuli (10, 15). The divergence between the new and
canonical ToxT proteins is almost exclusively in their amino-
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terminal halves (Fig. 4), the domain that, by extrapolation from
AraC (42), might bind particular metabolites and/or regulatory
proteins. It is attractive to imagine that this new ToxT protein
helps mediate responses to intracellular signals and environ-
mental stimuli that are distinct from those to which canonical
ToxT responds and that this new roxT allele thereby contrib-
utes to colonization of particular hosts or abiotic niches.

Four new alleles of an extended regulatory sequence be-
tween fcpF and foxT were found. In epidemic strains this F-T
sequence contains binding sites for TcpP and ToxR, which
each stimulate toxT transcription, and also for H-NS, a protein
that diminishes foxT transcription (35, 52). The interplay of
these factors (whose own abundance or activity may vary with
physiologic state) affects the level of foxT expression and
thereby the expression of many genes in response to external
conditions. The four new F-T intergenic sequences found here
differ markedly from those of epidemic strains, and direct tests
will be needed to learn which regulatory factors act on them.
Whether the IS element in one of these F-T sequences affects
toxT transcription is also not known.

Four new alleles of tcpF were found, none closely related to
tcpF of epidemic strains (Fig. 5 and 6; Tables 1 and 3). Al-
though TcpF is a secreted protein and needed for virulence in
epidemic strains, its exact role is not understood (Taylor, per-
sonal communication). It is tempting to imagine, however, that
each variant TcpF protein found here is also functional and
that it might contribute to bacterial survival or growth in par-
ticular environmental niches.

The finding of ctx genes in environmental isolates raises the
possibility that this toxin contributes to V. cholerae growth in
certain environmental niches. The ctx genes were embedded in
CTX prophages that were also distinct from those of epidemic
strains. Since the lysogens we found also contained a new
tcpA-env allele, and canonical CTX¢ uses TCP as receptors,
the new CTXd¢ might infect via other structures and enjoy a
host range distinct from that of the canonical phage. Several
isolates seemed to contain only a fragment of CTXd¢, probably
equivalent to the 2-kb RS1 element that is found next to
full-length (~7-kb) CTXd¢ prophages in epidemic strains. The
finding of an RS1 element in only one isolate of RAPD type 4
suggests interstrain transfer of an RS1-containing DNA seg-
ment or its empty site, or the insertion or excision of RS1 as an
autonomous element.

Three putative rstR prophage repressor genes were found:
one identical to rstR-calcutta, which was present along with
rstR-eltor in a recent O139 strain (11, 25), and two others,
designated rstR-4 and rstR-5. These new rstR segments are
inferred to also encode prophage repressors, based on similar-
ities in position, orientation, and gene size to other well-doc-
umented rstR repressor genes (26) and on the general conser-
vation of arrangements of functionally equivalent genes in
divergent phage genomes (20). Given such conservation, per-
haps the new genes between rstR-5 and rstC in strain SCE264
also function in replication and integration. Among rstR read-
ing frames, most seem either to be very short or interrupted by
frameshift mutations (Fig. 9) (25, 26). The possible occurrence
of translational frameshifting in this locus and its possible
importance (13, 41) have not been tested.

In conclusion, these studies of the VPI pathogenicity islands
and CTX¢ prophages reinforce a sense that V. cholerae is
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extremely diverse genetically. We suggest that the VPI and
CTX¢ elements, certain of which are important during V.
cholerae human infection, can also benefit the bacterium in
certain other hosts or abiotic sites. The relatively few V. chol-
erae strains that cause epidemic cholera may have been created
by gene transfers that linked genes that facilitate transmission
in human populations with those fostering persistence and
proliferation in nearby environmental niches. The specialized
CTX¢ and VPI elements that figure importantly in this sce-
nario are themselves mosaics of genes from different sources.
The potential for scrambling of functional modules within
these elements and their transmission between strains may also
speed bacterial adaptation to diverse or inconstant environ-
ments and contribute to the emergence of new, highly virulent
strains of V. cholerae in at-risk human societies.
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