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Isolated deoxyribonucleic acid fragments encoding the heat-labile enterotoxin
of Escherichia coli were used to probe for homologous sequences in restricted
whole-cell deoxyribonucleic acid from Vibrio cholerae. Significant sequence ho-
mology between the heat-labile enterotoxin gene and V. cholerae deoxyribonu-
cleic acid was demonstrated, and apparent differences were observed in the
organization of the cholera toxin gene among different strains of V. cholerae.

Vibrio cholerae and some strains of Esche-
richia coli cause diarrheal disease in humans by
similar mechanisms: colonization of the small
intestine and production of enterotoxin. It has
been well established that one of the enterotox-
ins of E. coli, the heat-labile toxin (LT), shares
immunological determinants with cholera toxin
(8) and has the same mechanism of action, the
activation of adenyl cyclase (7). Recent immu-
nological (2), biochemical (3), and genetic (4)
data strongly suggest that LT and cholera toxin
possess similar subunit structure consisting of
an enzymatically active protein (A subunit) and
a binding protein (B subunit) which mediates
the adsorption ofthe toxin molecule to the target
cell. Such striking similarities between the two
toxins could conceivably result from the conver-
gent evolution of two different proteins, but a
common evoluntary origin is a more appealing
explanation. We report here the detection of
significant nucleotide sequence homology be-
tween DNA encoding LT and V. cholerae DNA.
The gene encoding LT has been isolated from

porcine strain P307 and characterized by Dallas
et al. (5). The gene encodes two proteins: a
25,500-dalton protein possessing adenyl cyclase-
activating activity (LT-A) and an 11,500-dalton
protein possessing adsorption activity for Y-1
adrenal cells (LT-B). The regions of the gene
encoding each of these subunits can be isolated
on specific restriction endonuclease-generated
fragments (Fig. 1). We employed a 1,275-base
pair HinclI fragment encoding the LT-A subunit
and a 590-base pair EcoRI-HindIII fragment
encoding the LT-B subunit as probes for se-
quence homology with V. cholerae DNA.

Cellular DNA was prepared by the method of
Brenner et al. (1) from V. cholerae classical
biotype strains 569B and 14035 and El Tor bio-
type strain 30167 and from E. coli strains C600
and C600 (P307). The DNA was digested to

completion with EcoRI, and the resulting frag-
ments were separated by agarose gel electropho-
resis. The fragments were transferred to nitro-
cellulose by the method of Southern (14) and
hybridized to radiolabeled LT probes. The nitro-
cellulose was then washed and exposed to X-ray
film for detection of probe DNA duplexed with
homologous sequences on the nitrocellulose.
The degree of homology required for stable du-
plex formation depends on the stringency of the
hybridization conditions, i.e., the temperature at
which the hybridization is carried out and the
ionic strength of the hybridization solution.
Highly stringent conditions will allow stable du-
plex formation between sequences of very close
homology, but such conditions are not necessar-
ily appropriate for examining the relationship
between DNAs whose sequences may have di-
verged from a common evolutionary origin. We
therefore used varying degrees of stringency in
hybridizations to detect homology between the
LT gene and V. cholerae DNA. The most strin-
gent hybridizations were carried out in 5 x SSC
(1 x SSC: 0.15 M sodium chloride, 0.015 M
sodium citrate) at 370C in 50% formamide.
Formamide lowers the Tm of DNA duplex mol-
ecules approximately 0.7°C for each percent
fonnamide in the hybridization solution (12).
Assuming a guanine plus cytosine content of 40
to 45% based on preliminary sequence data of
the LT gene (Dallas and Falkow, in preparation),
the calculated Tm of completely homologous se-
quences under these conditions would be ap-
proximately 65 to 680C. Asumig that each
percent nucleotide mismatch lowers the Tm of
the duplex by 1.4°C (10), these conditions would
allow a maximum mismatch of approximately
20%. Reduced-stringency hybridizations were
carried out under the same conditions of tem-
perature and ionic strength in reduced formam-
ide concentrations. In 25% formamide, a maxi-
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FIG. 1. LT encoding region of plasmid EWD299
(5). Probes wereprepared bypolyacrylamide gel elec-
trophoresis of restriction endonuclease digests of
EWD299, followed by electroelution of the appropri-
atefragments from thepolyacrylamide. Isolatedfrag-
ments were 32P-labeled in vitro by nick translation
(11) to a specific activity of 2.5 x 107 to 5 x 107 cpm/
pg ofDNA.

mum mismatch of approximately 33% would be
allowed under these conditions. In 20% form-
amide, the maximum mismatch in stable duplex
molecules would be approximately 36%.
The results of the hybridizations with the LT-

A probe are shown in Fig. 2. Under stringent
conditions (50% formamide), homology with the
LT-A probe was detected only in the E. coli
C600 (P307) DNA. This strain carries the Ent
plasmid from which the LT probes were derived.
Under conditions of reduced stringency, how-
ever, the LT-A probe detected homologous se-
quences in the V. cholerae DNA as well as the
C600 (P307) DNA. Fragments identical in size
to those detected by the LT-A probe were also
detected by the LT-B probe in the V. cholerae
DNAs if the hybridization was carried out in
20% formamide (data not shown). Therefore,
some sequence homology exists between the LT
gene and V. cholerae DNA. However, since the
stringency must be reduced for stable duplex
formation between the LT and V. cholerae
DNA, significant sequence divergence must
have occurred since a presumed exchange of the
enterotoxin gene between the two organisms.
These data do not permit a precise determina-
tion ofthe degree ofsequence homology between
the LT and cholera toxin genes. Predictions of
percent mismatch from hybridization analyses
are influenced by the distribution ofmismatched
base pairs, the nucleotide composition of each
mismatch, and the guanine plus cytosine com-
position of homologous sequences neighboring
the mismatched base pairs (15). Therefore, di-
rect sequence analyses have not always borne
out the percent homology predicted from hy-
bridization analyses (13, 15), and it is likely that
the influence of local guanine plus cytosine con-
tent differences within the hybrid molecules
would be increased with the small probes used
in the present study. With these limitations in
mind, it is still possible to obtain a rough esti-
mate of the degree of homology between the LT

FIG. 2. Autoradiograph showing hybridization of
the LT-A probe to EcoRI fragments of V. cholerae
and E. coli DNA. Cellular DNA wasprepared by the
method ofBrenner et al. (1) and digested with EcoRI.
Approximately 1 pg of each DNA digest was sepa-
rated by electrophoresis on a 0.7% agarose gel. The
fragments were denatured and transferred to nitro-
cellulose by the method of Southern (14). The nitro-
cellulose was incubated at 37°C for 3 h in the follow-
ing hybridization solution: 25% or 50% formamide,
5x SSC, 1 mM EDTA, 0.1% sodium dodecyl sulfate,
and lx Denhardt's solution (6). The nitrocellulose
was then incubated for 36 h in fresh hybridization
solution containing 8 x 101 cpm of 32P-labeled probe
DNA (denatured) per ml and 100 pg of sheared,
denatured calf thymus DNA per ml. The nitrocellu-
lose was then washed in 5x SSC-0.1% sodium dodecyl
sulfate for 45 min at 54.5°C or 65°C. The nitrocellu-
lose was then rinsed in 2x SSC at room temperature,
allowed to dry, and exposed to X-ray film for 24 h.
Tracks (a) through (c) were hybridized in 50% form-
amide and washed at 65°C. Tracks (d) through (h)
were hybridized in 25% formamide and washed at
54.5°C. (a) C600 (P307); (b) 569B; (c) C600; (d) C600
(P307); (e) 569B; (t) C600; (g) 14035; (h) 30167.

and cholera toxin genes from these data. A per-
cent homology on the order of 70% can be pre-
dicted from the hybridization conditions re-
quired for detection of homology between the
LT probes and V. cholerae DNA. The fact that
a somewhat lower stringency was required for
detection ofhomology with the LT-B probe than
with the LT-A probe (20% formamide for LT-B
versus 25% for LT-A) could indicate differences
in degrees of homology of the two probes with
the cholera toxin gene. It is as likely, however,
that differences in guanine plus cytosine content
and distribution between the two probes are
responsible for this observation.
The hybridization data obtained here raise

several interesting questions concerning organi-
zation of the cholera toxin gene. Different pat-
terns of restriction fragments were detected by
the LT probes in each of the strains examined.
*This suggests that the sequence environment of
the cholera toxin gene differs from strain to
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strain. Furthermore, at least four EcoRI frag-
ments were detected in the two classical biotype
V. cholerae strains, each greater than 20 kilo-
bases in length (size standards not shown). It is
difficult to envision how a single gene encoding
subunits totaling 30,000 daltons could span three
EcoRI sites at least 20 kilobases apart. One
explanation could be that the cholera toxin gene,
or at least a part thereof, exists in more than one
copy in strains of classical biotype. Such a pos-
sibility may explain the failure to obtain nontox-
igenic mutants of strain 569B despite intensive
efforts (9). A nontoxigenic mutant of an El Tor
biotype has been reported (9), and it is interest-
ing to note that only a single EcoRI fragment is
detected by the LT probes in the El Tor strain
studied here, as well as other El Tor strains we
have examined. Finally, identically sized frag-
ments were detected by both the LT-A and LT-
B probes in a given strain. This suggests that
portions of the cholera toxin gene encoding the
A subunit are contiguous with portions encoding
the B subunit, as in the case of E. coli.
Demonstration of nucleotide sequence homol-

ogy between the LT gene and V. cholerae DNA
establishes the evolutionary relatedness of the
two enterotoxins. This homology will permit the
use ofLT gene fragments to probe the structure
and organization of the cholera toxin gene. The
LT probe should also prove useful in determin-
ing the genetic potential of toxin production by
strains of vibrios of questionable toxigenicity,
such as strains of atypical biotypes and environ-
mental isolates.
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