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The heat-stable toxin I gene in the human Escherichia coli isolate 18D is the estAl allele. The gene is not part
of a composite transposon, but inspection of the flanking DNA sequences suggests that it was at one time part
of a transposon. The hypothetical transposon originated from an event other than the occurrence that formed
Tnl681.

Enterotoxigenic Escherichia coli that cause diarrheal dis-
ease in some young animals and in humans of all ages
express adherence factors and toxins (5, 6, 19, 23). Different
E. coli enterotoxins were first identified by heat sensitivity.
The more heat-susceptible toxin was described as the heat-
labile toxin, or LT, and the more heat-stable toxin was called
ST (22). The toxin genes have always been found on plas-
mids (8, 24). Since the initial description of an ST, this toxin
class has now been shown to consist of two different groups
of peptides. The two groups are distinguishable by biological
assays, DNA sequences of the genes, and amino acid
sequences of the toxins and are designated STI and STII (1,
15, 18, 27, 30). Both classes of ST genes can exist as parts of
different composite transposons that are fully proficient in
moving from one locus to a site on another replicon (14, 26).
The two ST gene classes are designated estA (STI) and estB
(STII). The nucleotide sequences of four estA alleles have
been determined; the base sequences may vary as much as

30%, and the predicted amino acid sequences may vary by
38% (7, 16, 27, 29).
Chan and Giannella were the first to report the amino acid

sequence for STI (which was later revised) and showed the
peptide to be 18 amino acids in length with a remarkable
cysteine content of six residues (2, 30). The toxin was

purified from E. coli 18D, which had been isolated in
Kentucky from an infant with diarrhea. The amino acid
sequence of the peptide matched the carboxy-terminal por-
tion of a 72-amino-acid protein predicted from the nucleotide
sequence of an STI gene (estAl) from a calf isolate (27).
These results suggested that STI is made as a precursor with
54 amino acids at the amino-terminal end that must be
processed to release the mature toxin. Results from in vitro
coupled transcription-translation experiments have been
consistent with the existence of an STI precursor (13). The
STI biological activity has been shown to reside in a chem-
ically synthesized octodecameric peptide, thereby verifying
the 18-amino-acid peptide as the toxin moiety (12). Although
features of several STI alleles have been published, no
genetic information about the STI gene from strain 18D
(from which STI was first purified) has been reported. The
STI gene from this strain is described in this report.
The first experiments were designed to identify the repli-

con carrying the ST gene. Plasmids were isolated from E.
coli 18D (provided by R. Giannella) by alkaline lysis fol-
lowed by density gradient centrifugation (3). Examination of
the plasmids by electrophoresis in 0.7% agarose gels (15-cm
vertical gels electrophoresed at 120 V for 4 h in Tris acetate
buffer) indicated the presence of at least two large plasmids.

A size estimate for each plasmid was made by using two
plasmids (157 and 64 kilobase pairs [kb]) whose sizes had
been assessed by reconstruction from overlapping cosmid
clones (data not shown). The larger plasmid was estimated to
be 145 kb, and the smaller plasmid was estimated to be 100
kb. The STI gene was shown to be associated with the larger
plasmid in a Southern transfer hybridization experiment with
a mixed-site oligonucleotide probe (Fig. 1) (9, 28). The
enterotoxin plasmid was designated pST18.
To clone the STI gene, plasmids from strain 18D were first

cut with restriction enzymes that have single sites within the
lacZ portion of the cloning vector pKAN1 (a derivative of
pBS+ in which the ampicillin resistance gene had been
replaced with a kanamycin resistance gene) (21). DNA
fragments were separated on 1% agarose gels, and Southern
transfers to nitrocellulose were made. Hybridization with
the mixed-site oligonucleotide probe revealed the size of the
DNA fragment containing the STI gene for each digest (data
not shown). Kpnl was the enzyme chosen for STI gene
isolation, since cutting the plasmids with this enzyme
yielded a modest number of DNA fragments (about 15) and
since the fragment (6.5 kb) that hybridized to the ST gene
probe was smaller than 10 kb. pKAN1 and the plasmids from
strain 18D were cut with KpnI, ligated (10 ,ug ofpKAN1 and
50 ,ug of target DNA per ml), and transformed into DH5a
(Bethesda Research Laboratories, Inc., Gaithersburg, Md.)
(3). Transformants with a high probability of inserts were

recognized as white colonies on Luria agar plates with 50 jig
of kanamycin per ml and 50 jig of 5-bromo-4-chloro-3-
indolyl-3-D-galactopyranoside per ml and were screened by
colony hybridization (31, 32). A hybridization-positive trans-
formant was identified. The recombinant plasmid, pST181,
was shown to be composed of pKAN1 and a 6.5-kb KpnI
DNA fragment. Restriction enzyme mapping, Southern hy-
bridizations, and DNA sequencing (see below) placed the
STI gene 1,400 base pairs (bp) from one end of the cloned
fragment (Fig. 2). (The location of a unique Mlul site in IS]
made the placement of estAl unambiguous [see below].)
The estAl allele can be part of a composite transposon

(TnJ681) in which the toxin gene is flanked by inverted
repeats of the insertion sequence IS] (26). The nucleotide
sequence of IS] has been determined, and the element is 768
bp (17). The arrangement of four restriction enzyme recog-
nition sites (AatlI, FspI, MluI, and PstI), each present once
in IS], defines the location of the element. The positions of
these recognition sequences were determined in pST181,
and a single grouping of the sites consistent with the pres-
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FIG. 1. Agarose gel (A) and Southern transfer hybridization
autoradiogram (B) of plasmids from strain 18D. The plasmids were

hybridized to a mixed-site STI oligonucleotide probe (GCTGT
GAA[T,C]T[T,G]TGTTGTAATCC) (9). The amorphous band in the
middle of the gel is fragmented plasmid and chromosome.

ence of IS] was found. The grouping of sites was within 300
bp of the STI gene (Fig. 2).
By using the published sequence of estAl (from Tn1681),

oligonucleotide sequencing primers were made, and the
sequence for both strands of the gene and flanking DNA was

determined by the chain termination method (20). The STI
gene in strain 18D was found to be the estAl allele. The
absolute agreement in nucleotide sequences between STI
genes isolated from both a human and an animal strain is in
conspicuous contrast to the dissemination of the heat-labile
toxin gene, in which a human isolate allele can be distin-
guished from its porcine counterpart (32). On the 5' side of
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FIG. 2. Schematic diagram of pST181. The heavy line denotes
the vector portion of the plasmid (3,368 bp). Arrows show direction
of gene transcription (estAl, neo) or the numbering convention for
IS] (base furthest from arrowhead is nucleotide 1). The STI allele on
pST181 was determined to be estAl by DNA sequencing. Each tick
on the inside of the circle represents 950 bp.

the STI gene, a complete ISJ sequence was identified 294 bp
from the initiation codon proposed by So and McCarthy (27).
In Tn1681, 218 bp separate the two loci (Fig. 3). The
contiguous 218 bp of 5' flanking sequences were the same for
the two gene isolates. IS] in pST181 was opposite in
orientation when compared to the 5' IS] element in Tn1681.
In addition, the IS] element in pST181 was found to be
bordered on the opposite side by another insertion sequence,
IS30, starting at bp 537 and extending at least to bp 460 (the
extent of IS30 sequence present was not determined) (4). In
Tn1681, another copy of IS] begins 88 bp from the termina-
tion codon of estAl. The DNA sequence 3' to the termina-
tion codon of estAl in pST181 was extended 154 bp, but no
sequences homologous to IS] or IS30 were found. The
contiguous 88 bp at the 3' end of estAl were identical in the
two gene isolates (Fig. 3).
So et al. showed that estAl could be part of a transposon,

which they called Tn1681 (26). The ability of the STI gene to
transpose explained its location on a variety of replicons
(25). It should be noted that the exceptionally high AT
content (70%) of the STI gene suggests that it was probably
imported into E. coli (which has an AT content of 50%) from
another bacterium. Several features of the nucleotide se-
quences bordering estAl from strain 18D suggest that the
toxin gene was at one time part of a composite transposon
different from Tn1681. First, the bias for AT nucleotides is
also a feature of the bases 5' to both estAl copies up to but
not including the IS] elements. IS] has an AT content of
47% (17). The additional 75 bp before the start of the IS1
sequence in pST181 also have a high AT content (68%). On
the termination codon end of estAl from pST181, the same
88 bp are present, as in Tnl681, and this sequence has an AT
content of 70.4%. The sequence of an additional 66 bp has
been determined. For the next 12 bases, an AT nucleotide
bias is apparent but the AT tendency soon disappears as the
sequence is extended. It is conceivable that the flanking
AT-rich sequences surrounding estAl were part of the
original DNA that was transferred into E. coli. The STI gene
on pST18 has additional AT-rich flanking sequences com-
pared with those sequences bordering estAl in Tn1681.
Second, the orientation of IS] in pST181 is opposite to the 5'
IS] element in Tn1681. Finally, when IS] transposes as a
768-bp element, a short region at the site of insertion is
duplicated (10). The nucleotides surrounding IS] in pST181
are not duplicated.

lida, Meyer, and Arber have demonstrated in a stepwise
manner the formation of an IS] composite transposon and
have presented examples of decay products from these
mobile structures (11). With consideration of this work, a
possible model for the origin of estAl on pST18 is presented.
A DNA segment that included estAl was transferred into E.
coli from an organism that had DNA with a high AT content.
The ST gene was captured by IS] elements in at least two
separate events. One event formed Tn1681. The second
capture event included more of the original DNA flanking
estAL. The composite transposon from the second event
eventually became situated, through transposition, in an
IS30 element on pST18. The transposon then decayed by a
deletion event which removed one IS] sequence (on the 3'
side of estAl) along with part of the IS30 sequence.
The speculation on the origin of estAl on pST18 presented

here is interesting in two respects. First, it is another
demonstration of the genetic flexibility for bacterial viru-
lence determinants. These genes have been found on bacte-
riophages and plasmids as well as on the chromosome.
Tn1681 is an example of a transposon that includes a toxin
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FIG. 3. Nucleotide sequence of estAl and flanking regions from pST18. IS30 sequences are not shown but extend from at least bp 460 to
bp 537 (4). IS1 sequences are not shown but extend from bp 768 to bp 1 (17). The relative position of the 72-residue precursor form of STI
is shown below the nucleotide sequence (27). Arrows indicate the position of IS] in Tn1681. Below the sequence is a schematic diagram
depicting the arrangement of sequences flanking estAl for pST18 and Tn1681. The numbers in the schematic are base pairs and represent
distances between boxed regions.

gene (26). Second, it is probable that the STI gene did not
originate in E. coli but was recruited from another source at
least two separate times. This suggests that the genesis of a

particular bacterial pathogen through the acquisition of
genes that are determinants of virulence need not be a

one-time event, but, rather, appropriate circumstances for
pathogen formation may occur more than once and pathogen
formation is probably an ongoing process.
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