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The locus of enterocyte effacement (LEE) is a large multigene chromosomal segment encoding gene products
responsible for the generation of attaching and effacing lesions in many diarrheagenic Escherichia coli strains.
A recently sequenced LEE harboring a pathogenicity island (PAI) from a Shiga toxin E. coli serotype O26
strain revealed a LEE PAI (designated LEE O26) almost identical to that obtained from a rabbit-specific
enteropathogenic O15:H� strain. LEE O26 comprises 59,540 bp and is inserted at 94 min within the mature
pheU tRNA locus. The LEE O26 PAI is flanked by two direct repeats of 137 and 136 bp (DR1 and DR2), as well
as a gene encoding an integrase belonging to the P4 integrase family. We examined LEE O26 for horizontal
gene transfer. By generating mini-LEE plasmids harboring only DR1 or DR2 with or without the integrase-like
gene, we devised a simple assay to examine recombination processes between these sequences. Recombination
was shown to be integrase dependent in a �recA E. coli K-12 strain background. Recombinant plasmids
harboring a single direct repeat cloned either with or without the LEE O26 integrase gene were found to insert
within the chromosomal pheU locus of E. coli K-12 strains with equal efficiency, suggesting that an endogenous
P4-like integrase can substitute for this activity. An integrase with strong homology to the LEE O26 integrase
was detected on the K-12 chromosome associated with the leuX tRNA locus at 97 min. Strains deleted for this
integrase demonstrated a reduction in the insertion frequency of plasmids harboring only the DR into the pheU
locus. These results provide strong evidence that LEE-harboring elements are indeed mobile and suggest that
closely related integrases present on the chromosome of E. coli strains contribute to the dynamics of PAI
mobility.

Shiga toxin-producing Escherichia coli (STEC) strains are
well-known enteropathogens that have recently emerged, caus-
ing serious forms of diarrheagenic disease and acute renal
failure (4, 15). The pathogenicity of these strains is due to
different independent elements such as phage-encoded toxins
(Shiga toxins) (34), plasmids (5), and chromosomal elements
(18, 33). A pathogenicity island (PAI) known as the locus of
enterocyte effacement (LEE) encodes the required bacterial
products for the production of the attaching and effacing (A/E)
lesions (29). The A/E lesion is characterized by the loss of host
cell microvilli (effacement) and intimate attachment of the
bacterium to the host membrane on a pedestal of polymerized
cytoskeletal elements (13, 25).

The LEE region, which is not present in the K-12 chromo-
some (3), shows some differences in length and location be-
tween different E. coli groups. In enteropathogenic E. coli
(EPEC) O127:H7 it is 35.637 kb in length and is inserted at ca.
82 min, next to the locus of tRNA for selenocysteine (9, 30).
The LEE region in STEC O157:H7 strain EDL933 shows the
same genes found in the EPEC LEE at the same location but
also possesses a fragment that encodes for a cryptic prophage
at the 3� end that is not observed in EPEC (36). The LEE
region in STEC serotype O26:H� strain 413/89-1 (NCBI ac-

cession number AJ277443) has a structure different from those
of the two loci described above. Referred to as LEE O26, it is
located at 94 min on the K-12 chromosome, adjacent to the
pheU tRNA locus, and has a total length of 59.5 kb. This LEE
PAI is virtually identical in sequence and length and shares the
same point of insertion on the E. coli chromosome as a LEE
PAI characterized from an enteropathogenic rabbit serotype
O15:H� (REPEC) isolate (45). The LEE O26 sequences are
flanked by two direct repeats of 137 and 136 bp (DR1 and
DR2) at its boundaries. An integrase gene with homology to
the P4 family of integrases is present immediately adjacent to
the DR2 repeat close to the pheU gene. The 137-bp DR1
repeat sequence is also present, albeit as a single copy in the
chromosome of E. coli K-12 (3).

An integrase is a site-specific recombinase that mediates a
wide range of biological outcomes by the sequential exchange
of two pairs of DNA strands (14, 16). The well-known inte-
grase family of tyrosine recombinases comprises 81 members,
including P4 integrase (12). Three boxes (A, B, and C) char-
acterize the family, the members of which share a high degree
of sequence similarity at the amino acid level, as well as a
conserved tyrosine residue close to the C terminus. The P4
integrase promotes integration and excision of the phage ge-
nome from that of the host (26) and thus regulates the life
cycle of the temperate phage. All of these processes involve the
conservative site-specific recombination of two DNA partners
(donor and recipient). Without these specific sequences, inte-
grases are not able to act on their target DNA (19).

A common feature of PAIs is that they are often flanked by
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small direct-repeat (DR) DNA sequences resembling attach-
ment (att) sites for phage integrases and contain potential
mobility genes, such as transposase and integrase genes (17).
PAIs possessing this general structure are unstable and have
been described for many organisms, including E. coli, Staphy-
lococcus aureus, Shigella flexneri, and Yersinia pseudotuberculo-
sis (1, 27, 36, 48). In contrast to these PAIs, the LEE loci of
STEC that have been characterized to date are bereft of ele-
ments that indicate mobility (i.e., flanking homologous se-
quences and the presence of active integrases) (36). Thus,
these elements appear to be stable entities residing within the
E. coli genome. For the LEE region of REPEC serotypes
O15:H� and O103:H2, an active integrase directly associated
with this PAI was identified that could mediate excision and
site-specific integration at the pheU tRNA locus of E. coli DH1
at low frequency (45).

The presence of an integrase, as well as two defined homol-
ogous regions, in O26 LEE suggests that this element is capa-
ble of mobility and indicates a possible mode for the insertion
of this genetic element via site-specific recombination. A more
general interpretation of this hypothesis suggests that in an
earlier evolutionary step these sequences were used to inte-
grate the LEE locus into a progenitor chromosome, generating
strains with a new A/E phenotype. In the present study, we
looked for evidence of mobility by generating mini-LEE O26
substrates comprising the direct repeat sequences (DR1 and
DR2) and the integrase. Our data indicate that the integrase
encoded on the LEE O26 element is indeed active and medi-

ates site-specific recombination using DR1/DR2. Furthermore,
we show that other elements present in the K-12 chromosome
play an active role in absence of the LEE O26 integrase by
promoting integration of LEE O26 substrates in the E. coli
chromosome.

MATERIALS AND METHODS

Bacterial strains and growth media. The bacterial strains and plasmids used
are summarized in Table 1. Bacteria were routinely grown at 37°C in Luria-
Bertani (LB) broth. The medium was supplemented with ampicillin (100 �g
ml�1), kanamycin (50 �g ml�1), or chloramphenicol (20 �g ml�1) as required.

DNA manipulations. Plasmid DNA isolation, restriction endonuclease diges-
tion, ligation, transformation, agarose gel electrophoresis, and other standard
DNA techniques were performed as previously described (40). PCR amplifica-
tions were performed by using the Expand High Fidelity PCR Kit (Boehringer
Mannheim, Germany). The oligonucleotides used to amplify the different se-
quences from the O26 LEE O26 region to confirm chromosomal integration and
to construct the nonpolar mutants are summarized in Table 2. Extraction of PCR
products and cloning experiments were performed according to standard proto-
cols (40). Restriction and modification enzymes were purchased from New
England Biolabs (Schwalbach, Germany). Electroporation was carried out by
using a Gene Pulser (Bio-Rad Laboratories) as described by O’Callaghan and
Charbit (35). The sequencing of all recombinant clones was performed by stan-
dard procedures and analyzed on an automatic sequencing apparatus Mega-
Bace1000. All sequences obtained were analyzed in contigs by using the SeqMan
software of DNAStar 93-98. The sequence of the O26 LEE has been deposited
at GenBank under the accession number AJ277443.

Site-specific recombination. Recombinant plasmids described in Table 1 were
used to transform chemically competent cells as previously described (40). Trans-
formation was performed by using precisely 200 ng of each plasmid, and the
entire mixture was plated. After overnight incubation at 37°C, plates were ex-
amined for the generation of cointegrate structures or for chromosomal integra-

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Descriptiona Source or
reference

Strains
413/89-1 Stx-producing E. coli O26:H� wild-type, bovine isolate 47
INV�F� E. coli K-12 F� endA1 recA1 hsdR17 (rK

� mK
�) supE44 thi-1 gyrA96 relA1 �80 lacZ�M15

�(lacZYA-argF)U169 deoR ��
Invitrogen

S17-�pir::RP4 E. coli Tpr Smr recA thi pro hsdRM� RP4:2-Tc:Mu:Km Tn7 �� pir 21
MG1655 E. coli K-12 recA� 3
MG1655recA56 srl300::Tn10 E. coli MG1655 derivative harboring the recA56 mutant allele; P1 transduction This study
MG1655�b4271 E. coli MG1655 derivative containing an in-frame deletion in the P4 integrase gene (b4271)

located in the leuX locus
This study

MG1655�b4271 recA56
srl300::Tn10

E. coli MG1655 derivative containing an in-frame deletion in the integrase gene and recA56 allele This study

E1294 E. coli INV�F� harboring plasmid pMMG-8; Apr This study

Plasmids
pBAD/Myc-HisC Apr Invitrogen
pTSC29 Cmr 37
pGP704 Apr; ori R64 mob RP4 21
pWH36 pBluescript II SK derivative; Apr This study
pWSK129 Kmr 46
pMMG-4 pGP704 harboring a 1.65-kb EcoRI fragment that corresponds to the initial sequence from LEE

O26 containing direct repeat 1 (LEE O26-1)
This study

pMMG-5 pGP704 harboring a 1.45-kb EcoRI fragment that corresponds to the final sequence from LEE
O26 containing direct repeat 2 and 500 bp of LEE O26 integrase (LEE O26-2)

This study

pMMG-7 pWSK129 harboring a 1.45-kb EcoRI fragment that corresponds to the final sequence from LEE
O26 containing direct repeat 2 and LEE O26 integrase (LEE O26-2)

This study

pMMG-8 pBAD/Myc-HisC, harboring an NcoI/BglII 1.19-kb fragment containing LEE O26 integrase gene This study
pMMG-12 pGP704 harboring an 860-bp EcoRI fragment containing only direct repeat 2 This study
pMMG-15 pGP704 harboring a EcoRI 1.19-kb fragment containing LEE O26 integrase gene This study
pMMG-16 pGP704 harboring a EcoRI 2.1-kb fragment containing LEE O26 integrase gene and direct

repeat 2
This study

a Cmr, chloramphenicol resistance; Smr, streptomycin resistance; Tpr, trimethoprim resistance; Apr, ampicillin resistance; Kmr, kanamycin resistance.
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tion after recombination via the repeat sequences (Fig. 1 and 2). The recombi-
nation frequency was monitored and is expressed as the number of recombinants
resulting from the transformation per 200 ng of plasmid DNA.

Monitoring of cointegrate formation. Plasmids pMMG-4 and pMMG-7 were
simultaneously transformed into E. coli INV�F�. Transformant colonies that
were kanamycin resistant (Kmr) and ampicillin resistant (Apr) were isolated and
checked for the presence of cointegrates as follows. Transformants were pooled
into groups of 10 colonies, resuspended in 50 �l of LB broth, and lysed by using
an established procedure (22). The suspension was centrifuged, and 10 �l of the
supernatant was used as a template to perform a PCR with the primer pairs
ML1up-ML2lp and ML2up-ML1lp (to amplify the expected cointegrate frag-
ments of 1.76 and 1.34 kb, respectively) (Fig. 1). Pools from which positive
cointegrates were identified were screened to identify individual positive colo-
nies. Cointegrate formation was further identified by restriction analysis with
EcoRI and finally by DNA sequencing.

To evaluate the role of different genetic elements in cointegrate formation,
pMMG-7 was transformed simultaneously with either pMMG-4, pMMG-5,
pMMG-12, pMMG-15, or pMMG-16 (Table 1). These plasmids contain different
fragments originating from the ends of the LEE O26 PAI (see Table 1 and Fig. 3).
Precisely 200 ng of plasmid pMMG-7 was simultaneously transformed into E. coli
INV�F� with 200 ng of each of the pGP704 derivative plasmids. The number of
transformant colonies that were Kmr and Apr was counted to evaluate the
frequency of the homologous recombination between plasmid pMMG-7 and the
different pGP704 plasmid derivatives. In addition, five colonies from each inde-
pendent experiment were selected for further analysis. Plasmid minipreps were
prepared from overnight cultures, and these were analyzed for cointegrate for-
mation by restriction endonuclease digestion and PCR. The PCR strategy used
to amplify the recombinant sequence contained in each cointegrate involved two
reactions. The first reaction was performed with the forward primer of the LEE
O26-DR2 sequence (ML2up) and the reverse primer for each respective se-
quence from the pGP704 derivative plasmids. The second reaction was per-
formed with the reverse primer of the LEE O26-DR2 sequence (ML2lp) and the
forward primer for each respective sequence from the pGP704 derivative plas-
mids. The formation of a cointegrate structure was assumed when both PCR
products showed the expected size in the two reactions. The final conformation
was provided by direct DNA sequencing of the PCR products.

Chromosomal insertion. Chromosomal insertion of the pGP704 derivative
plasmids was achieved by transforming precisely 200 ng of each plasmid into E.
coli INV�F� as described above. Transformant colonies that were Apr were
isolated and checked for the chromosomal insertion of plasmid DNA by PCR.
The primers used were PheUup/ML2lp and PheUlp/ML2up for the integration
of plasmid pMMG-5, PheUup/ML2lp and PheUlp/DR2upEco for the integra-
tion of plasmid pMMG-12, and PheUup/ML2lp-Eco and PheUlp/Intup-Eco for
the integration of plasmid pMMG-16. The identity of each amplification product
was verified by DNA sequencing. The total number of colonies obtained was
enumerated, and the efficiency of the integration between different plasmids was
compared. Chromosomal insertions originating from the cotransformation of
pMMG-4 and pMMG-7 were detected by PCR with the primer pairs PheUup/
ML1lp and PheUlp/ML1up.

Cloning and expression of the LEE integrase gene. The LEE integrase was
PCR amplified with the primers Intup-Bgl and Intlp-Nco (Table 2) and cloned
into the NcoI-BglII sites of plasmid pBAD/Myc-HisC (Invitrogen). This resulted
in a plasmid construct (pMMG-8) in which the LEE integrase was positioned
immediately downstream of the Para inducible promoter. Different final concen-
trations of arabinose (ranging from 0.002 to 0.2%) were used to optimize inte-
grase expression as described by the manufacturer (Invitrogen). The results were
visualized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
Coomassie blue staining. The optimum concentration of arabinose required for
the maximum expression of the cloned LEE integrase was found to be 0.2%.

Site-specific recombination following integrase induction. To evaluate the role
of the LEE O26 integrase on DR-mediated recombination, plasmid pMMG-8
was transformed into E. coli INV�F� to generate the strain E1294. Competent
cells of this strain were then prepared after arabinose induction to ensure
optimum intracellular expression levels of the LEE integrase. To assess the
frequency of site-specific integration between plasmid-located DR sites, E1294
cells were simultaneously cotransformed with precisely 200 ng of plasmid
pMMG-7 and 200 ng of pMMG-4, pMMG-5, pMMG-12, pMMG-15, or pMMG-
16. The transformation mix was grown as two replicate cultures of 50 ml. After
20 min, arabinose (0.2%) was added to one of these cultures, and both were then
incubated for an additional 4 h before they were plated onto LB containing
ampicillin (Ap) and kanamycin (Km). The frequency of site-specific chromo-
somal integration was assessed essentially as described above, except that the

TABLE 2. Oligonucleotides used in this study

Name Nucleotide sequencea Amplimer

ML1up TATGGACGGAGTAACAAGCC LEE O26-1: 1.65-kb amplimer that corresponds to the first
fragment of the LEE O26 locus containing direct repeat 1ML1lp CGTCAATCGTCTGGTAGAACA

ML1upEco TTGGTTTATGGAATCTGGAGTAACAAGCCAAC Same as above with restriction cutting sites for EcoRI and
BglII, respectivelyML1lpBgl CGTCAATCGAGATCTGGTAGAACATAATCTTCA

ML2up AGCAGGATTATATCTGATGAT LEE O26-2: 1.45-kb amplimer that corresponds to the final
fragment from LEE O26 containing direct repeat 2 and a
500-bp fragment of the LEE O26 integrase

ML2lp ATGGTTGCTGAACGTGTGGATT

ML2upBgl AGCAGGATTAGATCTGATGATGCCAGACTGTAC Same as above with restriction cutting sites for BglII and
EcoRI, respectivelyML2lpEco ATGGTTGCTGAATTCCGTGTGGATTATCCACTG

Intup-Bgl GCATTTGCCCGGAGATCTGATTACTGTTTTAATGGAGC 1.19-kb fragment containing LEE O26 integrase; restriction
cutting sites for BglII and NcoI, respectivelyIntlp-Nco GCGCCATGGGCCTGCTGGTACATCCTAATGG

Intup-Eco GCATTTGAATTCCCGGGATGATTACTGTTTTA 1.19-kb fragment containing LEE O26 integrase; restriction
cutting sites for EcoRIIntlp-Eco GCGCGGAATTCGCCTGCTGGTACATCCTAATGG

DR2up.Eco AGTTCAGCCGAATTCTGAATGCGTTAAAGAGGGTAC 860-bp fragment containing repeat sequence 2; restriction
cutting sites for EcoRIML2lp-Eco ATGGTTGCTGAATTCCGTGTGGATTATCCACTG

PheUup TTGGTTTATGGACGGAGTAACAA Used to evaluate chromosomal insertion in E. coli K-12
PheUlp GCAACGTGAAGATGTACTGGGAGA Used to evaluate chromosomal insertion in E. coli K-12

DP-�Int1 CACAACGAATTCGCATACCTCTTCAGTGC Construction of MG1655�b4271 mutant located at locus leuX;
restriction cutting sites for EcoRI and BglII, respectivelyDP-�Int2 AGATCTACAAGCAGATGCATACC

DP-�Int3 AGATCTGTTTATCAGTCCATTTGAATATG
DP-�Int4 GGTTCAGAATTCTGCTGAACAATTGCGATG

a Restriction sites are indicated in boldface.
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transformations were performed only with the pGP704 derivative plasmids
(pMMG-4, pMMG-5, pMMG-12, pMMG-15, and pMMG-16). For each exper-
iment, the total number of clones obtained was enumerated, and the results
obtained with or without integrase were compared. Five clones from each ex-
periment were tested by PCR to confirm the formation of the expected cointe-
grate. We note that since ampicillin resistance is encoded by both the pGP704
derivative plasmids and pMMG-8, it was not possible to distinguish the recom-
binants by antibiotic selection alone. However, the frequency of homologous
recombination and chromosomal insertion was determined by comparing the
number of colonies obtained with or without arabinose induction and by com-
paring the colony numbers to controls transformed with only plasmid pMMG-8.

Construction of mutants. Strains used in this assay were made recA56 by P1
transduction. P1 transductions (42) were carried out as previously described.
Defined integrase (b4271) and integrase (b4271)-recA deletion mutants of E. coli
K-12 strain MG1655 were constructed by using the temperature-sensitive gene
replacement system as previously described (37). To remove the integrase locus,
we initially PCR amplified the 5� and 3� ends of the integrase gene by using the
primer combinations �Int1-�Int2 and �Int3-�Int4. These amplification products
were cloned into the temperature-sensitive plasmid pTSC29, which contains an
origin of replication that permits it to replicate only at temperatures �30°C. The
resultant suicide plasmid was transformed by electroporation into MG1655, and
the recombinant strain was grown overnight at 30°C on 20 �g ml�1 clorampheni-
col plates. After restreaking at 30°C for 2 days, single colonies were streaked out
on 20 �g ml�1 chloramphenicol plates and placed at 42°C to select for single

crossover events. Chloramphenicol-resistant colonies were then grown at 42°C in
liquid LB medium containing 20 �g of chloramphenicol ml�1. Overnight cultures
were diluted 1:1,000 in liquid LB medium without antibiotics, grown to an optical
density at 600 nm of 0.5, and then plated out on LB plates. Colonies from these
plates were replica plated on 20 �g ml�1 chloramphenicol plates and LB plates.
Chloramphenicol-sensitive colonies were tested for the deletion of the inte-
grase locus by PCR. A colony that had a deletion in the integrase locus was
selected and named MG1655�b4271. A double mutant was constructed by
introducing the deletion into the MG1655recA56 srl300::Tn10 strain, thus
yielding MG1655�b4271 recA56 srl300::Tn10.

Chromosomal insertion in the recA and integrase mutants. To evaluate the
role of the integrase and recA genes in site-specific chromosomal integration, the
three strains (MG1655 and its isogenic derivatives �b4271 and the �b4271
recA56 srl300::Tn10 double mutant) described above were transformed with 200
ng of plasmid pMMG-12 or pMMG-16. E. coli strain MG1655 was also included
as a control. To account for differences in transformation efficiency between the
four strains, an ampicillin-resistant pBluescript II derivative plasmid (pWH36)
was also transformed into each of the strains. This provided a reference for each
transformation. The chromosomal integration frequency for plasmids pMMG-12
and pMMG-16 was then calculated for each strain by counting the number of
ampicillin-resistant colonies and expressing this number as a percentage of col-
onies grown with respect to the number of transformants obtained with plasmid
pWH36.

FIG. 1. (A) Schematic map of the E. coli O26 LEE O26 locus indicating the position of the direct repeats (DR1 and DR2) and the integrase
gene. Adjacent E. coli K-12 regions are indicated, as well as the PCR-amplified regions that were cloned to construct plasmids pMMG-4 and
pMMG-7, respectively. (B) Schematic diagram of plasmids pMMG-4 (pGP704 derivative containing DR1) and pMMG-7 (pWSK129 derivative
containing DR2 and the LEE integrase) indicating the mechanism of homologous recombination between the DRs and the resulting cointegrate
structure. Shown also are the primer concentrations used to monitor site-specific cointegration.

VOL. 74, 2006 GENETIC ELEMENTS IN LEE AND MOBILITY 4193



RESULTS

Generation of mini-LEE O26 substrates. In order to evalu-
ate the mobility of the O26 LEE O26 PAI, we generated
smaller derivates comprising the primary elements required for
homologous recombination, i.e., the integrase and the DR1/
DR2 direct repeats. The LEE O26-DR1 region was cloned in
the suicide plasmid pGP704 to generate plasmid pMMG-4 (see
Table 1 for a description of recombinant plasmids). This plas-
mid carries a kanamycin resistance gene marker and is unable
to replicate in an INV�F� recA56 strain (21). The LEE O26-
DR2 and integrase were cloned in the Apr plasmid pWSK129
to generate plasmid pMMG-7. We hypothesized that the co-
transformation of both plasmids should allow homologous re-
combination between DR1 and DR2 mediated by the integrase
and thus result in the formation of a cointegrate structure (Fig.
1) in the transformed E. coli strain.

Plasmids pMMG-4 and pMMG-7 were cotransformed into
E. coli strain INV�F� and transformant colonies resistant to
both ampicillin and kanamycin were selected. Plasmids were
isolated from individual transformant clones and analyzed by
PCR. The results showed a 1.76-kb amplification product using
the primers ML1up and ML2lp and a 1.34-kb amplification
product using the primers ML2up and ML1lp, both of which
correspond to the specific fragments of a cointegrate structure
(Fig. 1 and 4). DNA sequence analysis confirmed that the PCR
products were indeed the result of cointegrate structures
formed by homologous recombination between DR1 and DR2.
We note that we were never able to generate a single plasmid
harboring DR1-DR2-integrase and attribute this to integrase-
mediated spontaneous homologous recombination at the DR1
and DR2 sites.

Cointegrate formation occurs between plasmid substrates
containing the DR elements. To determine the generation of
cointegrates in a more quantitative manner, we constructed a
series of plasmids containing different sectors of the LEE PAI
ends (Fig. 3). Each of these plasmids (pMMG-4, pMMG-5,
pMMG-12, pMMG-15, and pMMG-16) was then cotrans-
formed together with plasmid pMMG-7 (LEE O26-DR2 and
integrase) into E. coli strain INV�F�. This enabled us to eval-
uate the frequency of homologous recombination between
sites, the results of which are summarized in Table 3. We
observed that recombination was obtained when one direct
repeat was present (pMMG-4, pMMG-5, pMMG-12, and
pMMG-16), whereas no recombination occurred when it was
absent (pMMG-15 or control pGP704).

Homologous recombination with the LEE DRs can occur at
both plasmid and chromosomal sites. To investigate the loca-
tion of cointegrate formation in more detail, we isolated 20
ampicillin–kanamycin-resistant colonies originating from a sin-
gle cotransformation experiment with the plasmids pMMG-4
and pMMG-7. Plasmid DNA was isolated from each of the
clones and examined by restriction endonuclease digestion and
PCR. Among these clones, 14 contained plasmids with the
expected recombined fragments described for the cointegrate
structure. However, six of the clones contained only plasmid
pMMG-7. Since plasmid pMMG-4 is not able to replicate in an
INV�F� strain (21), we hypothesized that the observed resis-
tance to ampicillin was due to chromosomal insertion of the
plasmid into the E. coli chromosome (Fig. 2). Subsequent
experiments indicated that for each cointegration experiment
with plasmids pMMG-4 and pMMG-7 chromosomal insertion
occurred at a frequency of approximately one in four clones.

Detection and characterization of chromosomal insertion.
To examine this chromosomal insertion event in more detail,
we transformed our plasmid derivatives containing various re-
gions of LEE O26 (pMMG-4, pMMG-5, pMMG-12, pMMG-
15, and pMMG-16) into INV�F� (see Fig. 2, for example). The
results of the transformation are summarized in Table 3. The
role of the DR sequences in mediating chromosomal insertion
was clear since no transformants were obtained from plasmids
lacking these sequences (i.e., plasmids pMMG-15 and the vec-

FIG. 2. Schematic diagram demonstrating the mechanism of ho-
mologous recombination between the pGP704-derivative plasmids
containing a copy of the LEE DR and the identical copy of the DR
sequence on the E. coli K-12 chromosome. The resultant chromosomal
integration structure is also shown, together with the primer set used
to monitor this insertion event.

FIG. 3. Schematic map of the end regions of the E. coli O26 LEE
O26 locus indicating the extent of the segments cloned in each plasmid
construct.
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tor control plasmid pGP704). Ampicillin-resistant transfor-
mants indicative of site-specific homologous recombination
and chromosomal insertion were obtained with the plasmids
pMMG-4, pMMG-5, pMMG-12, and pMMG-16. In the case of
plasmid pMMG-16 this was expected since it contains DR2
and the complete integrase gene. Plasmids pMMG-4 (DR1
alone) and pMMG-12 (DR2 alone) do not contain the LEE
integrase. The identification of chromosomal insertion events
upon transformation with these plasmids is indicative of an
additional chromosomally encoded recombinase that can me-
diate this process. Site-specific integration was also observed
with plasmid pMMG-5, which contains DR2 and a truncated
version of the integrase gene. Our data suggest that the prod-
uct of this truncated gene possesses partial activity, since the

frequency of recombination for this plasmid was higher than
that obtained in the absence of the LEE integrase but lower
than that for pMMG-16, which contains the complete LEE
integrase gene.

The 137-bp LEE-DR1 sequence is present as a single copy
on the E. coli K-12 chromosome (3). An analysis of clones
containing chromosomal insertions by PCR (Fig. 4) and se-
quencing revealed that all were integrated at this site in the
pheU tRNA locus. This included integrates derived from the
LEE O26 integrase as well as in its absence. Taken together,
our data demonstrate that plasmid-derived LEE-DR inser-
tion occurs via homologous recombination with an identical
DR found in the K-12 chromosome. Furthermore, this site-
specific insertion event is catalyzed at high frequency by the

FIG. 4. PCR amplimers obtained to confirm cointegrate formation obtained either with the respective recombinant plasmid or after insertion
into the chromosome. In the upper panel, the PCR amplimers obtained confirm the cointegrate formation with plasmid pMMG-7. Lanes: M,
molecular weight marker; F, original fragment cloned in the respective vector; int1 and int2 correspond to the two segments formed in the
derivative plasmids after homologous recombination; C�, negative control. In the lower panel, the PCR amplimers obtained to confirm insertion
in the K-12 chromosome are depicted. Lanes: M and F are as described for the upper panel; cr1 and cr2 correspond to the two amplimers obtained
with the primers PheUup and PheUlp, together with the respective primer set used to verify the formation of the chromosomal integration
structure. Molecular weight marker sizes (in kilobases): 0.1, 0.2, 0.3, 0.4, 0.5, 0.65, 0.85, 1.0, 1.65, 2.0, 3.0, 4.0, 5.0, etc., up to 12.

TABLE 3. Frequency of recombination events for the different plasmids used in this study

Recombinant event
Avg recombination frequency (no. of doubly resistant colonies)a

pMMG-4 pMMG-5 pMMG-12 pMMG-15 pMMG-16 pGP704

Cointegrate formation with pMMG-7 56.8 121.5 31.6 0 178.2 0
Chromosomal insertion 56.2 75.8 41.4 0 86.5 0

a That is, the number of doubly resistant colonies (to kanamycin and ampicillin) after transformation of 200 ng of each plasmid. The data represent averages from
three independent experiments.
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LEE integrase but can also occur at lower frequencies in its
absence.

Integrase activity. Since the LEE O26 integrase appeared to
play an active role in the recombination process, we examined
the influence of higher levels of the protein in the system. To
perform this, the integrase gene was cloned behind the arabi-
nose inducible Para promoter (plasmid pMMG-8). Optimal
expression of a 35-kDa integrase protein was achieved with a
0.2% final concentration of arabinose (Fig. 5). Thus, this was
the concentration used to induce the production of integrase
for all remaining experiments.

To observe the effect of increased amounts of LEE integrase
on site-specific integration at both plasmid and chromosomal
sites, the following approach was used. First, pMMG-8 was
transformed into E. coli TOP10 to generate strain E1294.
Competent cells of this strain were then prepared after 0.2%
arabinose induction to ensure optimal integrase production.
These cells were then transformed with our series of plasmid
derivatives containing various regions of LEE O26 (with or
without pMMG-7). This method contains an additional level of
complexity since ampicillin resistance is encoded by both the
pGP704 derivative plasmids and pMMG-8. Thus, it is not pos-

sible to distinguish the recombinants by antibiotic selection
alone. However, the frequency of homologous recombination
and chromosomal insertion could be determined by comparing
the number of colonies obtained with or without arabinose
induction and by comparing colony numbers to controls trans-
formed with only plasmid pMMG-8.

The results are summarized in Table 4. Plasmids pMMG-4
(DR1 alone), pMMG-12 (DR2 alone), and pMMG-5 (DR2
plus truncated integrase gene) displayed a higher level of ho-
mologous recombination when integrase expression was in-
duced in the recipient cells. This effect could be observed for
both the chromosomal insertion process and the generation of
plasmid cointegrates. When plasmid pMMG-16 (DR2 plus
complete integrase gene) was assessed for recombination effi-
ciency, no increase was observed after arabinose induction of
the recipient cells. This suggests that recombination mediated
by the LEE integrase is already highly efficacious when the
integrase is expressed from its endogenous promoter. As ob-
served previously, the plasmid derivative lacking the direct
repeat sequence (pMMG-15) was unable to mediate either
chromosomal integration or the formation of plasmid cointe-
grates. Thus, the numbers of resistant bacteria after transfor-

FIG. 5. Coomassie brilliant blue-stained sodium dodecyl sulfate-polyacrylamide gel of cell lysates of E. coli strain TOP10 harboring pBAD/
Myc-HisC (pBAD) or pMMG-8 (pBAD::integrase LEE). The strain harboring pMMG-8 was grown without arabinose induction or with 0.2, 0.02,
or 0.002% arabinose. The position of the 35-kDa LEE integrase protein is indicated. Optimal expression of the LEE integrase from pMMG-8 was
observed after 1 h induction with 0.2% arabinose.

TABLE 4. Increase of recombinant events after arabinose induction for the different plasmids used in this study

Recombination event

Avg recombination frequency (no. of doubly resistant colonies)a

pBAD vector
onlyb

pGP704 derivativec

pMMG-4 pMMG-5 pMMG-12 pMMG-15 pMMG-16 pGP704

� � � � � � � � � � � � � �

Cointegrate formation
with pMMG-7

8.3 9.7 30.4 85.7 39.5 96.0 64.0 221.2 7.7 7.9 87.5 110.5 8.7 8.3

Chromosomal insertion 10.1 11.8 216.2 593.0 224.2 693.7 237.0 421.5 11.1 12.3 112.2 119.5 9.8 11.0

a That is, the number of doubly resistant colonies (to kanamycin and ampicillin) after transformation of 200 ng of each plasmid. Values are averages from three
independent experiments.

b That is, strain E1294 harboring pBAD vector. �, Induction with 0.2% arabinose; �, no induction with arabinose.
c That is, strain E1294 harboring the relevant indicated plasmid. �, induction with 0.2% arabinose; �, no induction with arabinose.
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mation were essentially the same as the background level ob-
tained with the control plasmids pBAD/Myc-HisC and
pGP704. Taken together, the data demonstrate that overex-
pression of the LEE O26 integrase increases the frequency of
the recombination between DR sites. Furthermore, as ob-
served previously, site-specific recombination can occur in the
absence of the LEE integrase, indicating the presence of an
additional factor(s) intrinsic to E. coli K-12 MG1655 that me-
diates this process. However, irrespective of the source of
integrase, homologous recombination occurs only when the
specific direct repeat is present in both the donor and the
recipient, indicating that these integrases have strong affinities
for the same DR sequences.

Chromosomal insertion in an MG1655�b4271 recA56
mutant. Two main candidate genes were identified from the
genome sequence of E. coli K-12 that could contribute to
site-specific recombination of the DR-containing plasmids. A
P4-like integrase with strong overall homology to the LEE O26
integrase is located adjacent to the leuX tRNA locus at 97 min
on the E. coli K-12 MG1655 chromosome (b4271 [3]). The
recA gene encodes the major bacterial protein involved in
homologous recombination, DNA repair, the SOS response,
and prophage induction (39). In order to assess the contribu-
tion of these two proteins on site-specific recombination of the
DR-containing plasmids, a series of mutants were constructed.
In the first instance, mutant strains of MG1655 were created by
mutation of the respective genes individually (i.e., MG1655�recA56
and MG1655�b4271). Finally, a double MG1655�b4271 recA56
mutant was also constructed. These strains were then transformed
with either plasmid pMMG-12 (DR2 alone) or pMMG-16 (DR2
plus intact LEE integrase). The results are presented in Table 5.
A reduction in the number of viable colonies corresponding to
reduced chromosomal insertion of the respective plasmids was
observed in all three mutants. As expected, the chromosomal
integration frequencies were higher for plasmid pMMG16, which
harbors DR2 and an intact copy of the LEE integrase. From the
data it appears that the P4-like integrase (b4271) may be more
efficient at promoting site specific recombination between the DR
elements. Surprisingly, chromosomal integration was not com-
pletely prevented in the MG1655�b4271 recA56 double mutant.
Background recombination frequencies of ca. 20% were obtained
with both plasmids and suggest that an additional unknown ele-
ment(s) may contribute to this phenomenon. Integrase proteins

with related sequences and presumed common ancestry can rec-
ognize diverse core sites (6, 14). The E. coli K-12 MG1655 ge-
nome contains several P4-related integrases, such as the CP4 and
SF6 integrases (12), that may account for the residual recombi-
nation activity observed in the MG1655�b4271 recA56 double
mutant. However, the data indicate that both the P4-like inte-
grase (b4271) and the RecA protein play a role in site-specific
recombination of the DR-containing plasmids.

DISCUSSION

In this study we have shown that the LEE O26 integrase is
highly active and uses the DR1/DR2 sequences to mediate
site-specific recombination. The positioning of the element
between two short direct repeats is characteristic of mobile
elements, including temperate bacteriophages (7). The bacte-
riophage P4 integrase gene is also a feature that is character-
istic of many other PAIs (20, 32) and has been suggested as a
tool of insertion and excision of chromosomal sequences (1). A
prerequisite for site-specific recombination is the presence of a
target DNA sequence specifically recognized by the recombi-
nase. In the PAIs of several bacterial species, direct repeats are
present at each extremity; this is the case for Helicobacter pylori
(8), Vibrio cholerae (24), and Staphylococcus aureus (28),
among others.

The sequencing of several E. coli genomes has revealed the
widespread occurrence of multiple integrases with similar
specificities. We present evidence here to demonstrate that
these integrases provide an additional level for dissemination
and spread of PAIs. Several insertion loci have been described
for the LEE PAIs and include selC and pheU and, more re-
cently, pheV (23, 45). Adding a further level of complexity to
this is the observation that the same insertion locus can some-
times be altered by the insertion of additional foreign DNA
(2). The pheU locus of the E. coli serotype O6 strain J96 has
been the site of insertion of a different PAI (designated PAI
V), which harbors the hlyCABD gene cluster as well as other
virulence genes. A natural hemolysis-negative variant has been
described for strain J96, which has resulted from the excision
of the complete PAI V locus (44). It is of great interest to note
that the regions comprising the point of insertion, the DR1/
DR2, and the integrase genes are identical between J96 and
413/89-1 (44; unpublished data), suggesting that different ge-
netic loads have been introduced onto naturally occurring mo-
bile elements whose basic composition may not vary signifi-
cantly from that of the mini-LEE O26 elements generated in
the present study.

Differences in the LEE region have been reported among E.
coli strain types (9, 17, 23, 45). A cloned LEE element from
EPEC is able to confer the A/E phenotype and Esp secretion
upon E. coli K-12 (30), although the LEE from O157 is unable
to fulfill this function (10). These studies and several others
(11, 43) which further confirm genetic differences between
EPEC and EHEC LEE suggest an evolutive development of
pathogenic E. coli by insertion of foreign genetic elements
from different origins.

The formation of cointegrates between DR elements has
also been described for the B13 integrase of Pseudomonas.
Plasmids containing attB1 and attP plus int-B13 gave rise to
stable cointegrates when cotransformed into E. coli DH5�

TABLE 5. Chromosomal insertion of plasmids pMMG-12 and
pMMG-16 in the different mutants used in this study

Plasmid Strain % Integrationa

pMMG-12 Wild type 43.3
recA56 24.8
�b4271 17.2
recA56 �b4271 23.9

pMMG-16 Wild type 88.4
recA56 43.3
�b4271 20.7
recA56 �b4271 31.3

a That is, the percentage of chromosomal integration calculated with each
strain using, as a reference of growth on LB medium plus ampicillin, the same
strain transformed with plasmid pWH36 (Apr). Values represent an average of
three independent experiments.
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(38). Our results are in accordance with these findings, since an
intact integrase gene was required for precise recombination.
Ravatn et al. (38) also reported a lower but significant recom-
bination when the integrase was absent but did not provide a
plausible explanation for this. We have now shown that several
related proteins encoded by recombinase or integrase genes
present on the E. coli MG1655 K-12 genome may perform this
process. This background level of recombination and/or inser-
tion potential could be important for the acquisition of foreign
DNA elements by bacteria and most likely also accounts for
the low frequency recombination previously observed in
Pseudomonas in the absence of specific integrase (38).

The LEE O26 PAI occurs more widely in STEC bacteria
than the previously described LEE PAIs in O127:H� EPEC
and O157:H7 STEC, suggesting that it has been repeatedly
introduced into many clonal types by horizontal transmission.
A feature of LEE O26 is also its apparent stability, i.e., it is not
lost by spontaneous deletion from the chromosome (unpub-
lished observations), suggesting that either the integrase or the
flanking DR sequences harbor mutations rendering them in-
active. However, the results of the analysis presented here
provide strong evidence that LEE O26 is located on a mobile
genetic element. This also indicates that this LEE PAI may
have been acquired from a bacteriophage via horizontal trans-
fer since the integrase has a phage origin. To support this
hypothesis, one should assume the existence of a large phage
able to incorporate the complete LEE region. Other authors
have suggested that a normal P4 prophage may have initially
integrated into the pheU tRNA locus and created a suitable
environment for the integration of other mobile elements (41,
45). In agreement with this hypothesis are several studies
showing the association between PAI O122 and the LEE re-
gion, which appear to be contiguous in some strains (31).
During the evolution of some PAI elements, it also appears
that deletions within key sectors required for prophage lysis
have resulted in some sequences being stably incorporated into
the chromosome. Our results demonstrate that although a
complete prophage is not essential for the integration of mo-
bile elements, the presence of the direct repeats is crucial for
the chromosomal integration (and excision). LEE sequences
that have lost one or both direct repeats would therefore no
longer be mobile.

It is interesting to reflect that neither of the previously de-
scribed LEE PAIs inserted at the selC locus harbor direct
repeats and an integrase-like gene has only been detected
within the LEE locus of the O157:H7 EDL933 strain. Further-
more, all of these LEE loci have been described as nonmobile.
In the present study we have demonstrated two important
facets of PAI mobility: (i) the flanking direct repeats are in-
strumental for horizontal transmission of PAI elements and
(ii) integrases with similar specificities may function in trans to
promote the insertion of foreign DNA segments. Finally, this
implies that the LEE PAIs located at selC may represent an
evolutionary dead end and that other virulence properties
have been independently acquired. Further studies will be
required to elucidate the molecular and epidemiological
differences in these strains to explain their occurrence and
virulence potential.
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