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rhagic E. coli (EHEC) strains are generally considered to contain the LEE (39, 44). Most of the enteroaggregative E. coli
(EAEC) strains harbor the HPI of Yersinia enterocolitica (51).
A potential PAI has been described in a prototypical enterotoxigenic E. coli (ETEC) strain, H10407, which contains a tia
locus that mediates in vitro invasion into cultured intestinal
epithelial cells (J. M. Fleckenstein, N. J. Snellings, E. A. Elsinghorst, and L. E. Lindler, Abstr. Meet. Microb. Pathogenesis
Host Response, p. 37, 1997.)
Among the adhesins produced by pathogenic E. coli strains,
afimbrial adhesins encoded by the afa family of gene clusters
have been extensively studied (18, 19, 30, 34, 37, 42). We
recently described a new afa operon (afa-8) encoding an afimbrial adhesin widespread among bovine E. coli isolates associated with diarrhea and/or septicemia (35) and human E. coli
isolates associated with extraintestinal infections (20, 35; C. Le
Bouguénec, L. Lalioui, L. du Merle, M. Jouve, P. Courcoux,
S. Bouzari, R. Selvarangan, B. J. Nowicki, Y. Germani, A.
Andremont, P. Gounon, and M. I. Garcia, submitted for publication). This gene cluster is chromosome or plasmid borne
(20, 35), suggesting that it may be carried by a mobile element,
facilitating its dissemination among pathogenic E. coli strains.
Moreover, Garcia et al. (19) showed that the afa-3 gene cluster, carried by human pathogenic E. coli strains, is flanked by
insertion sequence elements and is able to translocate from a
plasmid to the chromosome by an IS1-mediated recombination
mechanism.
The aim of this study was to investigate the possible association of the afa-8 operon with a PAI. Sequence analysis of the
chromosomal regions downstream from the afa-8 operon identified a potential P4 integrase gene and a phenylalanine-spe-

Pathogenic Escherichia coli strains have the potential to
cause a wide variety of infectious diseases, including septicemia, newborn meningitis, and intestinal and urinary tract infections (UTIs). These strains carry virulence-associated genes,
which may encode toxins, capsules, invasins, adhesins, and
other virulence factors that enable them to overcome host
defenses, to proliferate, and to cause tissue damage and disease. These determinants are usually clustered on the chromosome in pathogenicity islands (PAIs) (24). The PAIs of uropathogenic strains were the first to be described in E. coli
species. At least four PAIs are present in the genome of uropathogenic E. coli (UPEC) strain 536. PAI I536 and PAI II536
encode the hemolysin and the P-related fimbrial adhesin, while
PAI III536 encodes the S fimbrial adhesin (9, 24, 25, 33) PAI
IV536 carries the fyuA (ferrin yersiniabactin uptake) and irp1
through irp5 (iron-repressible protein) genes originally found
in the PAI (HPI) of various Yersinia species (24). Two PAIs
were described in UPEC strain J96 and reported to encode the
hemolysin and the P or P-related fimbrial adhesins. PAI IIJ96
also encodes the cytotoxic necrotizing factor 1 (CNF1) (8, 55).
One PAI (PAI ICFT073) has been identified in UPEC strain
CFT073 and was reported to encode the hemolysin and the P
fimbrial adhesin (23, 32). In diarrheagenic E. coli strains, several pathotypes have been reported to carry PAIs. Enteropathogenic E. coli (EPEC) strains carry the locus of enterocyte
effacement (LEE) PAI (39, 40). Like EPEC, enterohemor-
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We recently described a new afimbrial adhesin, AfaE-VIII, produced by animal strains associated with
diarrhea and septicemia and by human isolates associated with extraintestinal infections. Here, we report that
the afa-8 operon, encoding AfaE-VIII adhesin, from the human blood isolate Escherichia coli AL862 is carried
by a 61-kb genomic region with characteristics typical of a pathogenicity island (PAI), including a size larger
than 10 kb, the presence of an integrase-encoding gene, the insertion into a tRNA locus (pheR), and the
presence of a small direct repeat at each extremity. Moreover, the GⴙC content of the afa-8 operon (46.4%) is
lower than that of the E. coli K-12/MG1655 chromosome (50.8%). Within this PAI, designated PAI IAL862, we
identified open reading frames able to code for products similar to proteins involved in sugar utilization. Four
probes spanning these sequences hybridized with 74.3% of pathogenic afa-8-positive E. coli strains isolated
from humans and animals, 25% of human pathogenic afa-8-negative E. coli strains, and only 8% of fecal strains
(P ⴝ 0.05), indicating that these sequences are strongly associated with the afa-8 operon and that this genetic
association may define a PAI widely distributed among human and animal afa-8-positive strains. One of the
distinctive features of this study is that E. coli AL862 also carries another afa-8-containing PAI (PAI IIAL862),
which appeared to be similar in size and genetic organization to PAI IAL862 and was inserted into the pheV gene.
We investigated the insertion sites of afa-8-containing PAI in human and bovine pathogenic E. coli strains and
found that this PAI preferentially inserted into the pheV gene.
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cific tRNA gene, consistent with the definition of PAIs. Partial
characterization of the afa-8-containing PAI from E. coli
AL862 indicated that this PAI is a 61-kb chromosomal region
that carries the afa-8 operon as the only known virulence
determinant. Moreover, this afa-8-containing PAI has a distinctive feature: the ability to insert into the two tRNAPhe loci
present on the chromosome of the same strain.
MATERIALS AND METHODS

in 15 l of template suppression reagent (TSR) and denatured by heating at 95°C
for 2 min, and the entire volume was loaded on an ABI 310 automated DNA
sequencing instrument (Perkin-Elmer). Sequence data were analyzed by ABI
version 3.0.1b3 software. Sequences were screened for similarity to previously
published sequences by using the computer programs BLASTN and BLASTX at
the National Center for Biotechnology Information. Multiple alignments were
performed with the CLUSTAL W program. We analyzed the partial sequence of
the island for the presence of open reading frames (ORFs) of at least 45 codons.
Statistical analysis. Proportions were compared by using the chi-square test.
Nucleotide sequence accession number. The GenBank accession numbers for
the sequences reported herein are AF072900, AF286670, and AF286671.

RESULTS
Analysis of the sequence of the afa-8 operon. The recombinant cosmid pILL1211 was previously described as a cosmid
carrying the afa-8 gene cluster cloned from the chromosome
of the bovine pathogenic E. coli strain 239KH89 (35). A 4.2kb sequence from this cosmid was published (accession no.
AF072900) and reported to carry the afaC, afaD, and afaE
genes encoding the outer membrane protein anchor (AfaC),
the invasin (AfaD), and the afimbrial adhesin (AfaE), respectively (Fig. 1) (35). In this study, we completed the genetic
characterization of the afa-8 operon by sequencing 2 kb upstream from the afaC gene. Computer analysis revealed three
ORFs, ORF1, ORF2, and ORF3, which mapped to the same
loci as and had similar sequences to the afaF, afaA, and afaB
genes from the afa-3 operon (19), respectively (Fig. 1). These
results confirmed that the genetic organization of the afa-8
operon was similar to that of the afa-3 operon.
The first ORF, afaF, was transcribed in the opposite orientation to the other ORFs. It encoded a peptide of 62 amino
acids (aa) with a molecular mass of 7.22 kDa, similar to those
of the E. coli regulatory proteins DaaF (5) (67% identity and
74% similarity) and AfaF encoded by the afa-3 operon (19)
(66% identity and 72% similarity). Five hundred ninety-nine
base pairs downstream from the afaF gene was the afaA ORF,
encoding a peptide of 127 aa with a calculated molecular mass
of 14.4 kDa. This peptide exhibited homologies with E. coli
regulators such as DaaA (5) (58% identity and 65% similarity),
AfaA encoded by the afa-3 operon (19) (54% identity and 61%
similarity), and PapB (3) (36% identity and 47% similarity).
The afaA gene is followed by an 80-bp noncoding region and
the afaB ORF, encoding a 255-aa protein similar to the
periplasmic chaperone proteins involved in the biogenesis of
bacterial adhesive structures. The predicted sequence of the
AfaB product was similar to those of the AfaB protein involved
in the production of the afimbrial adhesin AfaE-III (19) (66%
identity and 71% similarity), the NfaE protein chaperone involved in the production of the nonfimbrial adhesin NFA-I (1)
(63% identity and 69% similarity), and the AggD chaperone of
EAEC (49) (59% identity and 66% similarity). A gram-negative pilus assembly chaperone motif (FPEDRESLQWLCVK
GIPP) was found in the AfaB protein encoded by the afa-8
operon (28, 29, 58). A putative signal sequence was identified
in the AfaB protein, resulting in a predicted mature peptide of
232 aa with a deduced molecular mass of 24.9 kDa and a pI of
8.71.
Determination and analysis of the complete sequence of the
afa-8 operon (6,246 bp) showed that the G⫹C content of this
operon (46.4%) was slightly different from that of the genome
of E. coli MG1655 (50.8%) (7).
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Bacterial strains, cosmids, and culture conditions. Four partially characterized collections of human E. coli strains were used in this study. The first
consisted of 44 isolates from urine specimens, 18 of which carried the afa-8
operon (Le Bouguénec et al, submitted; C. Le Bouguénec, personal communication). The second collection consisted of 40 blood isolates from cancer patients
(26), 14 of which carried the afa-8 operon (Le Bougénec et al., submitted). The
third collection consisted of 16 strains isolated from stool specimens from children with diarrhea (21). The fourth collection consisted of 35 E. coli strains
isolated from the feces of healthy volunteers (26).
We also studied 39 strains isolated from calves (36 strains) and piglets (3
strains) with intestinal and extraintestinal disorders. All 39 strains have been
reported to carry the afa-8 operon (35; J. P. Girardeau, personal communication).
E. coli HB101 (10) was used as a host for maintaining cosmid clones. E. coli
K-12/MG1655 (7) was used as a control for PCR assays.
The cosmid vector pHC79 (16) was used in cloning experiments.
E. coli strains were grown in Luria broth without glucose (10 g of tryptone, 5 g
of yeast extract, and 5 g of NaCl per liter [pH 7.0]) or on Luria agar plates
(containing 1.5% agar) at 37°C. E. coli-harboring cosmid clones were grown with
100 g of carbenicillin per ml.
DNA analysis and genetic techniques. Total plasmid DNA was extracted by
the Kado method (31). Recombinant cosmids were routinely isolated by alkaline
lysis (38), and whole-cell DNA was prepared by cesium chloride gradient (34).
Standard procedures were used for restriction endonuclease digestions and other
common DNA manipulations (38). Pulsed-field gel electrophoresis of genomic
DNA from E. coli AL862, using restriction enzyme NotI, was performed as
previously described (11). Primers, sequences, and the predicted sizes of the
PCR products are given in Table 1. The cycling conditions were initial denaturation at 95°C for 5 min followed by 30 cycles at 95°C for 30 s, 65°C for 30 s, and
72°C for 1 min. For amplification of the iuC gene from the aerobactin operon,
annealing was performed at 55°C. For amplification of afaE-8-pheR, afaE-8-yjdC,
afaE-8-pheV, and afaE-8-yqgA regions, each cycle consisted of 1 min at 94°C,
1 min at 65°C, and 2 min at 72°C.
Cosmid library. Genomic DNA was extracted from E. coli AL862 isolated
from the blood of a cancer patient and partially digested with restriction endonuclease Sau3A. Restriction fragments (35 to 50 kb) were sized on a sucrose
gradient (10 to 40%) and ligated to the BamHI-digested and alkaline phosphatase-treated cosmid vector pHC79 DNA as previously described (38). Cosmids were packaged in vitro into phage lambda particles by using the  DNA in
vitro packaging module (Stratagene, Austin, Tex.) and used to infect E. coli
HB101. Carbenicillin-resistant HB101 transductants were screened by colony
hybridization.
The absence of rearrangements of the inserts from the recombinant cosmids
during the molecular cloning processes was confirmed by Southern blot hybridization experiments.
Hybridization. Bacteria grown for 3 h on nitrocellulose filters were used for
colony hybridization as described by Grunstein and Hogness (22). For Southern
blot hybridization, total plasmid DNA and DNA restriction fragments were
submitted to electrophoresis and transferred to nitrocellulose sheets (0.45-mmdiameter pore size; Schleicher and Schuell, Inc.) by the Southern blotting technique (53). Hybridization was performed under stringent conditions (65°C), with
PCR products (Table 1) labeled with 32P by using the Megaprime DNA labeling
system (Amersham International) as probes and signals detected by autoradiography with Amersham Hyperfilm-MP.
DNA sequencing. Double-stranded DNA was sequenced by Big Dye Terminator chemistry (Perkin-Elmer Applied Biosystems, Foster, Calif.). For each
cycle, the sequencing reaction mixture contained 16 l of Big Dye Terminator
mix, 13 pmol of primer, and 0.4 to 0.8 g of DNA in a total volume of 40 l. The
cycling conditions were initial denaturation at 95°C for 5 min followed by 75
cycles at 95°C for 30 s, 55°C for 30 s, and 60°C for 4 min. Excess dye terminators
were removed with a spin column (Millipore S.A., Molsheim, France), and
reaction mixtures were dried in a vacuum system. Each sample was resuspended
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TABLE 1. PCR primers used in this study
Specificity

Nucleotide sequences of primers

Size of PCR product (bp)

Representative strain

Reference

5⬘-CTAACTTGCCATGCTGTGACAGTA-3⬘
5⬘-TTATCCCCTGCGTAGTTGTGAATC-3⬘

302

239KH89

35

iuC

5⬘-AAACCTGGCTTACGCAACTGT-3⬘
5⬘-ACCCGTCTGCAAATCATGGAT-3⬘

269

J96

6

sfaD/sfaE a,b

5⬘-CGGAGGAGTAATTACAAACCTGGCA-3⬘
5⬘-CTCCGGAGAACTGGGTGCATCTTAC-3⬘

410

J96

36

cadC

5⬘-CCATTTTCAATCCAGTAAAGGG-3⬘
5⬘-ATCAGCGCCAATACCGTGCTC-3⬘

692

MG1655

This study

cadC/pheRa

5⬘-AGCCGCGCTTTGGTACAGTAGC-3⬘
5⬘-CCGAACTCAACCAGATTCTCCCC-3⬘

823

MG1655

This study

cadC/yjdCa

5⬘-AGCCGCGCTTTGGTACAGTAGC-3⬘
5⬘-CAGATGGAACTGGTGCTGGAAGG-3⬘

1,168

MG1655

This study

afaE-8/inta

5⬘-GATTCACAACTACGCAGGGG-3⬘
5⬘-CTGTCGCGTATTGACGGTTATAAAG-3⬘

1,102

239KH89

This study

afaE-8/pheRa

5⬘-GATTCACAACTACGCAGGGG-3⬘
5⬘-CCGAACTCAACCAGATTCTCCCC-3⬘

1,850

239KH89

This study

afaE-8/yjdCa

5⬘-GATTCACAACTACGCAGGGG-3⬘
5⬘-CAGATGGAACTGGTGCTGGAAGG-3⬘

2,255

AL862

This study

int/pheRa

5⬘-CTGAAGATGCCAGACTGTACGGC-3⬘
5⬘-CCGAACTCAACCAGATTCTCCCC-3⬘

239KH89

This study

int/yjdCa

5⬘-CTGAAGATGCCAGACTGTACGGC-3⬘
5⬘-CAGATGGAACTGGTGCTGGAAGG-3⬘

2,065

AL862

This study

pheR/yjdCa

5⬘-GGGGAGAATCTGGTTGAGTTCGG-3⬘
5⬘-CAGATGGAACTGGTGCTGGAAGG-3⬘

495

AL862

This study

afaE-8/yqgAa

5⬘-GATTCACAACTACGCAGGGG-3⬘
5⬘-CCGGATTACGCATCTGTGGCATT-3⬘

2,200c

AL862

This study

afaE-8/pheVa

5⬘GATTCACAACTACGCAGGGG-3⬘
5⬘-ATTTGATTGACGAGACGAGGCGAA-3⬘

1,800c

AL862

This study

Probe A

5⬘-ATCAGATGCCTAAAGAAGGAGAAAC-3⬘
5⬘-CAATACTCGGATAAGATGATTGC-3⬘

831

AL862

This study

Probe B

5⬘-TTTGATGAGCGATGTACTTTCCGAA-3⬘
5⬘-GCAGATACAACGTGAACATACCGA-3⬘

991

AL862

This study

Probe C

5⬘-GGACGATAATGTGATCGTCTATAAG-3⬘
5⬘-GTGGAAGATACTCATCTGCTACACG-3⬘

821

AL862

This study

Probe D

5⬘-CTGCTCGGCAATGTCTTTGGTGC-3⬘
5⬘-CTGTGTACCAGATGCAAGGGCG-3⬘

1,119

AL862

This study

Probe Ed

5⬘-CCAATCAGACAGTCTTATCCCATC-3⬘
5⬘-GGGCGCAGGAAAGTCACCATCC-3⬘

474

AL862

This study

657

a

Primer specific for a given region.
Detect sfa and foc sequences.
Sized approximately on agarose gel.
d
Deduced from sequencing of 576 bp at the right end of the insert of cosmid 3 (Fig. 4). This sequence displays no significant similarities to any known sequence in
the database.
b
c

Analysis of sequence of the region located downstream from
the afa-8 gene cluster. To determine whether the afa-8 operon
was associated with a PAI, we sequenced 2 kb downstream
from this operon in pILL1211. The afaE-8 gene was followed
by a 300-bp noncoding region and a 1,263-bp ORF transcribed
in the opposite orientation and encoding a putative protein of
421 aa. The deduced amino acid sequence of this putative

protein displayed the highest percentage of identity and similarity with the E. coli MG1655 prophage P4 integrase (13)
(67% identity and 74% similarity) and the bacteriophage P4
integrase (45) (54% identity and 66% similarity) (Fig. 2). This
integrase-encoding gene (int gene) is intact and has two possible AUG start codons, but only the first is adjacent to a
sequence resembling a ribosome-binding sequence (52; data
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FIG. 1. Genetic organization of the afa-8 operon. White boxes indicate ORFs sequenced in this study. Gray boxes indicate ORFs previously sequenced (35). Arrows show the direction of gene transcription.

gene suggest that this gene cluster is carried by a PAI designated PAI I239KH89.
In E. coli K-12, the pheR gene is preceded by the lysine
decarboxylase regulatory gene cadC and is immediately followed by the hypothetical yjdC gene and maps to position 94
min in the chromosome (2, 7, 13). Surprisingly, sequence analysis of the region downstream from the pheR⬘ gene in E. coli
239KH89 showed a noncoding region (900 bp) that was not
similar to sequences in the database. Moreover, amplification
and sequence analysis of the cad-yjdC region (Table 1) in strain
239KH89 showed the presence of an intact pheR gene, not
disturbed by insertion (data not shown), suggesting that the
chromosome of this strain carries at least two copies of the
pheR gene, a complete copy between the cad and yjdC genes,
and a truncated copy (pheR⬘) containing PAI I239KH89.
To characterize the afa-8-containing PAI, we selected E. coli
AL862, a human blood isolate, carrying the afa-8 operon inserted into the pheR loci, near the yjdC gene, according to the
PCR results (Table 1). This PAI was designated PAI IAL862.
Determination of the right junction of PAI IAL862. Three
hundred recombinant clones from the cosmid library of E. coli
AL862 were screened by colony hybridization with the afaE-8
gene as a probe (Table 1) to identify the cosmids carrying the
right junction of PAI IAL862 with E. coli K-12-type sequences.
Two positive cosmids (cosmids 1 and 2) (Fig. 4A) were selected
for further studies. Analysis of the sequences downstream
from the afa-8 operon on cosmid 1 revealed the presence of
a 300-bp noncoding region followed by an integrase-encod-

FIG. 2. Comparison of predicted protein sequences for integrases of prophage P4 of E. coli MG1655, E. coli 239KH89, and bacteriophage P4.
Shaded residues are identical to those from the integrase of prophage P4 of E. coli. Gaps have been inserted to optimize the alignment.
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not shown). Phage integration results from homologous recombination between the attachment site attB (20 bp) on the
bacterial chromosome and an identical site (attP) on the phage
chromosome (15). The site of bacteriophage P4 integration
into the E. coli chromosome has been previously identified and
was shown to reside within the leuX tRNA gene (45). Although
not entirely identical to the attP gene, we identified, 197 bp
downstream from the int gene, an attB-like site that displayed
14 identical nucleotides over a 20-bp sequence (Fig. 3). The int
gene is followed by a noncoding region (219 bp) carrying a
136-bp sequence that is 95% identical to a region carrying the
phenylalanine-specific tRNA-encoding gene (pheR) in E. coli
MG1655 (Fig. 3). Only the 22 bp at the 3⬘ end of the 76 bp
encoding the tRNAPhe were conserved (pheR⬘), with a single
internal base pair deletion, and these residues carried the attBlike site (Fig. 3).
The G⫹C content of the afa-8 operon and the association of
this operon with a P4 integrase-encoding gene and the pheR⬘
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ing gene identical (100% identity) to those described in E. coli
239KH89. Downstream from the int gene, we identified the
76-bp sequence encoding the tRNAPhe and carrying the attBlike site at its 3⬘ end (Fig. 5B), which was followed by the
hypothetical yjdC gene.
Determination of the left junction of PAI IAL862. To identify
the left junction of PAI IAL862, an internal fragment of the
cadC gene was amplified (Table 1) and used as a probe to
screen, by DNA hybridization, 200 recombinant cosmids from
the cosmid library of E. coli AL862. Three positive cosmids
(cosmids 3, 4, and 5) (Fig. 4A) were selected for further stud-

ies. An oligonucleotide primer, internal to the cadC gene, was
used to sequence the PAI IAL862-specific DNA sequences from
the left junction. The cadC gene was found to be followed by
a 136-bp nearly perfect duplication of the right junction (Fig.
4B and 5). A segment consisting of 22 bp of the 3⬘ end of the
pheR gene with a single internal base pair deletion, carrying the
attB-like site, was found at the left junction (Fig. 5B). A 204-bp
noncoding region, immediately adjacent to the duplicated
region within the PAI, showed no similarity to sequences in
the database. This noncoding region is followed by two ORFs
(ORF1 completely sequenced and ORF2 partially sequenced)

FIG. 4. Partial structure of PAI IAL862. (A) Schematic diagram of the inserts of overlapping cosmids derived from PAI IAL862. The solid bars
represent the E. coli K-12 chromosome. PAI IAL862-specific DNA is represented by white bars. The estimated size of PAI IAL862 is shown above.
(B) ORFs deduced from the sequences at the left (5⬘) and right (3⬘) ends as well as the central region of PAI IAL862 are represented by boxes.
Direction of transcription (left or right) is indicated by boxes (below and above the line, respectively). DR, direct repeat. Cosmids 1, 2, 3, 4, and
5 correspond to pILL1259, pILL1255, pILL1267, pILL1269, and pILL1270, respectively.
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FIG. 3. Sequence alignment of the 219-bp region downstream from the int gene in E. coli 239KH89 with the region carrying the phenylalaninespecific tRNA gene (pheR) in E. coli MG1655. pheR is indicated by a horizontal arrow above the sequence in the direction of transcription.
Underlined nucleotides represent the attB-like site. Dashes represent identical nucleotides. Gaps have been inserted to optimize the alignment.
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(Fig. 4B). The sequence of the N terminus (48 aa over 88 aa)
of the putative protein encoded by ORF1 was very similar
(91% identity and 97% similarity) to the 61-aa product of ORF
L12 previously described in a putative P4 family prophage of
the LEE of the EHEC strain EDL933 (44) (Table 2). The
product of ORF2⬘, which was partially sequenced (141 bp), was
truncated by a stop codon and exhibited 80% identity (88%
similarity) to the C terminus of a putative product of ORF L11
in the same prophage (Table 2).
Determination of the size of PAI IAL862. A walking method,
involving the hybridization of probes derived from the sequences of the ends of cosmids carrying the right and left
junctions to filters containing cosmids from the library, was
used to order and to identify overlapping clones harboring PAI
sequences in the library. Positive hybridization was confirmed
by PCR. One miniset of five overlapping cosmid clones covers
the afa-8-containing PAI, including the right and left junctions
and giving a total size of approximately 61 kb (Fig. 4A).
Virulence factors carried by PAI IAL862. In addition to the
afa-8 operon, E. coli AL862 carries sfa/foc sequences encoding
the fimbrial adhesin of the S family and the iuC gene from the
aerobactin-encoding operon (Table 1). Hybridization and PCR
assays showed that none of these determinants is carried by
PAI IAL862, suggesting that the afimbrial AfaE-VIII adhesin is
the only known virulence factor encoded by this island.
Partial characterization of PAI IAL862 was initiated by sequencing the 3⬘ ends of the inserts of cosmids 1 and 2 and the
right end of the insert of cosmid 5 (Fig. 4A). Analysis of the
sequence of these regions led to the identification of seven
complete ORFs (ORF4 to -10) and two partial ORFs (ORF3⬘

and -11⬘) (Fig. 4B and Table 2). Comparison of the products
of these ORFs to the sequences from the database showed that
PAI IAL862 contains a high density of genes that may be involved in sugar utilization: the ORF3⬘ to ORF4 products
showed homologies with proteins involved in ribose metabolism, while ORF8 to ORF11⬘ products showed homologies
with proteins of phosphotransferase systems. The ORF7 product was similar to the L13 IS2-like protein previously described
in a putative P4 family prophage of the LEE PAI of the EHEC
EDL933. The ORF5 and ORF6 products showed no similarity
to any known protein in the database.
Although the putative proteins encoded by the central region of PAI IAL862 were similar to proteins mainly described in
E. coli MG1655, the nucleotide sequences of this region
showed no similarity to the sequence genome of this strain.
Comparison of these sequences with unfinished genome sequences from the database revealed that the region carrying
ORF3⬘ to ORF6 is highly similar (81 to 95% identity) to a
chromosomal DNA sequence of Salmonella enterica serovar
Typhimurium. Despite this high level of similarity, the G⫹C
content of this region (39.7%) differs from that of the Salmonella genome (52%) (43). The region comprising ORF8 to
ORF11⬘ was very similar (81% identity) to a chromosomal
DNA sequence of Yersinia pestis and had a similar G⫹C content (46.6%) (4).
PAI IAL862 is duplicated on the chromosome of E. coli AL862.
Hybridization assays with total DNA from E. coli AL862 digested with NotI, with the afaE gene from the afa-8 operon
used as a probe, revealed two hybridizing fragments greater
than 300 kb in size, suggesting that there are two copies of this
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FIG. 5. Schematic diagram and nucleotide sequences of the junction sites of PAI IAL862. (A) The boxes represent the 136-bp direct repeat with
the left and right junctions indicated (see below); the 5⬘- and 3⬘-end nucleotides are shown for reference. The single diagonal lines represent the
chromosomal DNA of E. coli K-12. The arrows represente pheR sequences. The double diagonal lines represent intervening PAI-specific DNA.
(B) pheR regions were derived from E. coli MG1655. pheR/L and pheR/R, represent the left and right junction sequences of PAI IAL862,
respectively. pheR is indicated by a horizontal arrow above the sequence in the direction of transcription. Underlined nucleotides indicate the
attB-like site. The 136-bp direct repeat sequence is shown in boxes. Dashes represent nucleotides identical to the sequence of E. coli MG1655. Gaps
have been inserted to optimize the alignment.
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TABLE 2. ORFs identified by partial sequencing of PAI IAL862
ORF

Characteristic of homologous protein

Predicted
size (aa)

Function

Species (strain)

Length
(aa)

%Identity/
% similarity

Accession no.
(reference)

L12 putative protein

Escherichia coli (EDL933)

61

91/97

AAC31491 (44)

ORF2⬘

⬎47

L11 putative protein

Escherichia coli (EDL933)

76

80/88

AAC31490 (44)

ORF3⬘

⬎57

DeoR transcriptional repressor of
deoxyribose operon
DeoR transcriptional activator

Escherichia coli (MG1655)

252

58/71

P06215 (41, 56, 57)

S. enterica serovar
Typhimurium

252

53/69

AAB80741

RbsK
RbsK
RbsK
RbsK

Schizosaccharomyces pombe
Lactobacillus sakei
Haemophilus influenzae
Escherichia coli (MG1655)

318
302
306
309

36/46
34/42
33/43
32/41

O60116
AAD34338 (54)
P44331 (17)
P05054 (27)

L13 IS2-like protein
Transposase

Escherichia coli (EDL933)
Burkholderia glumae

133
401

37/48
27/39

AAC31492 (44)
BAA24920

Putative integral membrane protein
SgaT putative transport protein

Streptomyces coelicolor
Escherichia coli (MG1655)

516
484

49/61
30/40

CAB52363 (47)
P39301 (13, 48)

ORF4

314

ORF5

48

No significant similarities

ORF6

111

No significant similarities

ORF7

94

ORF8

418

ORF9

95

Hypothetical protein SCJ21.24c
B component (PtxB) of a putative
phosphotransferase enzyme II

Streptomyces coelicolor
Escherichia coli (MG1655)

⬎150
101

35/46
25/36

CAB52364 (47)
P39302 (13, 48)

ORF10

147

A component (PtyA) of a putative
phosphotransferase enzyme II
A component (PtxA) of a putative
phosphotransferase enzyme II
A component (SgcA) of a putative
phosphotransferase enzyme II

Escherichia coli (MG1655)

147

40/52

P32058 (13, 48)

Escherichia coli (MG1655)

154

36/49

P39303 (13, 48)

Escherichia coli (MG1655)

143

36/47

P39363 (13, 48)

Regulator of gluconate operon
Gluconate repressor

Escherichia coli (MG1655)
Pseudomonas aeruginosa

313
315

38/47
36/47

AAC6463 (7)
AAD01801

ORF11⬘

⬎124

putative ribokinase
ribokinase
putative ribokinase
ribokinase

operon on the chromosome of E. coli AL862 (data not shown).
The absence of hybridization on total plasmid DNA of E. coli
AL862 with the same probe confirmed the chromosomal location of the two copies of the afa-8 operon. Moreover, analysis
of E. coli AL862 cosmid library also showed other cosmids that
hybridized with the regions carrying ORF4 to ORF11 from
PAI IAL862 (Fig. 4B) and carried the afa-8 operon, but tested
negative for the yjdC gene. Sequence analysis of one of these
cosmids (cosmid no. 6) (Fig. 6) confirmed the presence of an
int gene, identical (100% identity over 440 bp) to that found in
the right boundary of PAI I, followed by the phenylalaninespecific tRNA pheV gene and the hypothetical yqgA gene. In
E. coli K-12, the pheV gene maps to position 67 min on the
chromosome (7), between the yqgA and yghD genes (7, 46). We
investigated whether the two copies of the afa-8 operon were
present on the chromosome of the same clone of E. coli
AL862, by using PCR to test 12 single colonies for genetic
associations of the afaE-8 gene with yjdC and of the afaE-8
gene with yqgA (Table 1). Both PCRs were positive for all 12
colonies, indicating that the chromosome of E. coli AL862
carries two afa-8-carrying PAIs: one inserted into the pheR
gene (PAI IAL862) and a second inserted into the pheV gene,
designated PAI IIAL862.

The right junction of PAI IIAL862 was determined by analysis
of E. coli AL862 cosmid library. This revealed cosmids 7 and
8 (Fig. 6), which carried ORF1, ORF3⬘, and ORF4 previously
described in the PAI IAL862, but not the cadC gene. These data
confirmed that the insertion sites of PAI I and PAI II are
different and suggested that these two PAIs are similar. Moreover, reciprocal hybridizations between restriction fragments
from the cosmids carrying PAI I (Fig. 4A) and the cosmids
carrying PAI II (Fig. 6) indicated that the two sets of cosmids
shared a region spanning PAI I. An oligonucleotide primer
designated in ORF1 was used to identify the right boundary of
PAI II. Sequence analysis of cosmid 7 (Fig. 6) revealed 448 bp,
carrying the 3⬘ end of ORF1 followed by a 204-bp noncoding
region identical (100% identity) to those found in the left
junction of PAI I. Immediately downstream from the noncoding region, we identified a segment consisting of 22 bp of the 3⬘
end of the tRNAPhe-encoding gene, which carries the attB-like
site. Forty-three base pairs downstream from this short repeat,
we found instead of the yghD gene another ORF, partially
sequenced (138 bp), able to encode a putative protein similar
to the N termini of integrases previously described in the LEE
PAI of EHEC strain EDL933 (54% identity and 69% similarity) (44) and the HPI of Yersinia pseudotuberculosis (63% iden-

Downloaded from http://iai.asm.org/ on November 26, 2020 by guest

88

ORF1

944

LALIOUI AND LE BOUGUÉNEC
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tity and 76% similarity) (11). It appears that the left junction of
PAI IIAL862 is not adjacent to the sequences described in
E. coli K-12. Moreover, the sequence of the 3⬘ ends of cosmids
7 and 8 showed no similarity to sequences in the database.
Analysis of the distribution of afa-8-carrying PAI. To determine whether sequences within the PAI IAL862 were specific
for pathogenic E. coli strains carrying the afa-8 operon, we
investigated the frequency of occurrence of the A, B, C, and D
regions (Fig. 7 and Table 3). These regions were amplified
(Table 1) and used as probes to screen by colony hybridization
three collections of clinical isolates. These collections comprised 70 afa-8-positive strains isolated from animals (calves
and piglets) with diarrhea or septicemia and from humans with
UTI or septicemia; 68 afa-8-negative clinical isolates from humans with septicemia, UTI, or diarrhea; and 35 afa-8-negative

strains isolated from healthy individuals. The distribution of
the A, B, C, and D regions in strains from various origins and
the correlation of these regions with the presence of the afa-8
operon are shown in Fig. 7 and Table 3. The four probes were
detected more frequently in pathogenic strains, regardless of
whether or not these strains carried the afa-8 operon, than in
strains isolated from healthy individuals. The proportion of
pathogenic strains testing positive with all of the probes was
significantly higher for afa-8-positive strains (74.3%) than for
afa-8-negative strains (25%) (P ⫽ 0.05). This difference was
confirmed by hybridization experiments of ABCD-positive
strains with probe E (Fig. 7), which reacted with 100% of the
afa-8-positive strains and with only 65% of afa-8-negative
strains. In contrast, the proportion of strains testing negative
with all of the A, B, C, and D probes was significantly higher in

FIG. 7. Distribution of sequences from PAI IAL862 among pathogenic and nonpathogenic E. coli strains. Regions from PAI IAL862 used as
probes are shown. Results of hybridization experiments are shown in Table 3.
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FIG. 6. Schematic diagram showing the positions of PAI I and PAI II from E. coli AL862. The gray bars represent sequences of PAI I and PAI
II. The black bars represent the E. coli K-12 chromosome. The stippled arrows within the black bars indicate the tRNAPhe genes, and the boxes
indicate the yqgA, yjhD, cadC, and yjdC genes, showing their orientation and their position on the E. coli K-12 chromosome. The PAIs and their
estimated sizes are shown above the E. coli K-12 chromosome map. DR, direct repeat. Cosmids 7, 8, and 9 correspond to pILL1254, pILL1266,
and pILL1271, respectively.
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TABLE 3. Results of hybridization studies
Strain type (n)

No. (%) of isolates that hybridized with probe(s)
ABCD

Pathogenic
afa-8 positive (70)
afa-8 negative (68)

52 (74.3)a,b
17 (25)b

Nonpathogenic (35)

3 (8.5)b

a
b
c

BCD

ABD

ABC

CD

AB

A

B

C

D

None

2 (2.9)
0 (0)

1 (1.4)
0 (0)

0 (0)
2 (2.9)

1 (1.4)
0 (0)

0 (0)
3 (4.4)

1 (1.4)
1 (1.5)

0 (0)
1 (1.5)

1 (1.4)
0 (0)

0 (0)
1 (1.5)

12 (17.1)c
43 (63.2)

1 (3)

0 (0)

0 (0)

2 (5.5)

0 (0)

4 (11.5)

0 (0)

0 (0)

0 (0)

25 (71.5)

Including strain 239KH89.
Among the ABCD-positive strains, 100% of the afa-8-positive, 65% of the afa-8-negative, and 33% of the nonpathogenic strains also hybridized with the E probe.
Strains carrying the afa-8 gene cluster on a plasmid (this study; J. Gérardin, personal communication).

YeeS (98% identity) of E. coli MG1655, respectively (7). The
genes encoding the putative proteins YeeW to YeeS are contiguous on the chromosome of E. coli MG1655 and map to
position 45 min.
All of these data taken together indicate the variability of
the chromosomal location of afa-8 containing PAIs and suggest that these PAIs are preferentially inserted into the pheV
gene.
DISCUSSION
Genes encoding important virulence factors are often located on mobile genetic elements such as phages, plasmids,
transposons, and PAIs. They may therefore be transferred
from one cell to another, and this horizontal transfer represents a key genetic mechanism in the evolution of pathogens.
E. coli represents an example of a pathogen that has developed
by lateral gene transfer. Several PAIs carrying virulence genes
introduced into the genome via lateral transfer have been
described in pathogenic E. coli strains associated with intestinal or extraintestinal infections in humans. In previous studies,
we have described a new afa-8 operon, encoding an afimbrial
adhesin (AfaE-VIII), carried by bovine E. coli strains associated with diarrhea or septicemia (35) and human E. coli isolates associated with extraintestinal infections (20, 35). This
operon may be borne on a plasmid or on the chromosome (20,
35), suggesting that it is associated with mobility genes. In this
report, we used E. coli AL862, a human blood isolate, as a
prototype afa-8-carrying E. coli strain. We studied a putative
PAI carrying this operon to identify and to improve our understanding of the mechanisms involved in dissemination of
the afa-8 operon among pathogenic isolates.
The results reported here indicate that the afa-8 operon is
carried by a genomic region that fits within the category of
PAIs as defined by Hacker et al. (25). In strain AL862, the
afa-8 operon is (i) located within a 61-kb chromosomal region,
(ii) in the vicinity of a mobility gene (int gene), or (iii) associated with the phenylalanine-specific tRNA gene (pheR). Moreover, the G⫹C content of the afa-8 operon, which has been
completely sequenced in the bovine pathogenic E. coli strain
239KH89, is slightly lower (46.4%) than that of the chromosome of E. coli MG1655 (50.8%) (7). This new PAI was designated PAI IAL862. The presence of a putative integrase gene,
highly similar to that of bacteriophage P4, and a pheR gene at
the right extremity of this PAI, as well as a 14-bp sequence
resembling the attP site of bacteriophage P4 at both the right
and left extremities, strongly argues in favor of the hypothesis
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nonpathogenic strains and pathogenic afa-8-negative strains
(71.5% and 63.2%, respectively) than in pathogenic afa-8-positive strains (17.1%). Interestingly, hybridization experiments
with plasmid DNA isolated from the latter strains with the
afaE probe indicated in all of these strains that the afa-8
operon is plasmid borne. All of these data strongly suggested
the presence of a genetic element similar to PAI IAL862 in
most of the afa-8-positive pathogenic strains.
Variability in the chromosomal location of afa-8-carrying
PAI. Sixteen strains (7 bovine diarrheagenic strains and 9 human blood isolates) that reacted with the A, B, C, and D
probes and tested positive for the afaE-8–int genetic association were used to investigate the chromosomal location of the
afa-8-containing PAI. Genetic association of the afa-8 operon
with either pheR or pheV or yjdC or yqgA was investigated with
several set of primers, as indicated in Table 1. In one human
strain, PCR results suggested that the afa-8 operon inserted
into the pheR gene next to the yjdC gene, indicating that, like
PAI IAL862, the afa-8-containing PAI mapped to position 94
min on the chromosome. In 13 strains (7 human and 6 bovine),
PCR results suggested that the afa-8 operon inserted into the
pheV gene next to the yqgA gene, indicating that, like PAI
IIAL862, the afa-8-containing PAIs mapped to position 67 min
on the chromosome. In the two remaining strains (one human
and one bovine), although the afa-8 operon inserted into the
pheR gene, it was not associated with the yjdC gene. These
results suggested that as in E. coli 239KH89, afa-8-containing
PAI was located at an unknown position on the chromosome.
The chromosomal location of the afa-8-carrying PAI in strain
239KH89 was further investigated by sequencing of 4 kb downstream from the pheR gene, on cosmid pILL1211. This revealed a 947-bp noncoding region followed by nine ORFs. The
products of ORF1, ORF2, ORF3, ORF4, ORF5, ORF6, and
ORF7 displayed significant similarities to the peptides encoded by the L12 (78% identity), L11 (73% identity), L10
(73% identity), L9 (88% identity), L8 (90% identity), and L7
(95% identity) ORFs, respectively, previously described in the
putative P4 family prophage carried by the LEE PAI of EHEC
strain EDL933 (44). L7 and L8 were related to genes found
only in the P4-like family of cryptic prophages from E. coli
K-12, whereas L9 to L12 were completely unknown (44). The
products of ORF2 and ORF4 were truncated by a stop codon and a frameshift, respectively. The products of ORF6
and ORF7 also matched two hypothetical proteins of E. coli
MG1655, YeeW (63% identity) and YeeV (88% identity),
respectively. The products of ORF8, ORF9, and ORF10 were
similar to YeeU (89% identity), YeeT (94% identity), and
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confirms the capacity of E. coli species to evolve by horizontal
gene transfer.
Analysis of the chromosomal location of afa-8-containing
PAI in pathogenic E. coli strains indicated that this PAI inserted preferentially into the pheV gene, rather than the pheR
gene. It is well known that the pheR gene is followed by the
cadC gene on the chromosome of the prototype E. coli strain
MG1655 (7). However, analysis of the sequence of the insertion site of the afa-8-containing PAI in the bovine E. coli strain
239KH89 indicated that this PAI is adjacent to a truncated
copy of the pheR gene (pheR⬘) and mapped to position 45 min
on the chromosome. Sequence analysis suggested that this
truncated copy of the pheR gene corresponded to the left
junction of a remnant PAI carrying ORFs similar to those
previously described in the putative prophage of the LEE PAI
of E. coli EDL933, rather than to the right junction of the
afa-8-containing PAI. The significance of the integration of
this PAI into this truncated pheR gene is currently unclear, but
suggests that, as for the PAI II of E. coli AL862, the adjacent
regions of this PAI may have undergone considerable recombination over time. Whether such events occurred before or
after the acquisition of afa-8-containing PAI is unclear. Differences in the chromosomal location of PAIs carrying the
afa-8 operon indicate diversity in PAI evolution. These PAIs
probably have a common ancestor that inserted into the pheR
and pheV loci of E. coli. The possibility that these PAIs also
inserted into other tRNA-encoding genes should not be eliminated. The identification of an intact int gene, which presumably encodes a functional integrase protein, suggests that this
integrase is involved in the mobility of these PAIs. In addition,
direct repeat elements flanking PAIs may act as targets for
specific recombinases, thereby playing an important role in the
integration and/or excision of PAIs. Interestingly, PAI IAL862 is
flanked by a 136-bp imperfect direct repeat carrying an attBlike site. We therefore suggest that PAI IAL862 has probably
retained the capacity to excise from the chromosome.
In summary, we found that the afa-8 operon of the human
blood isolate AL862 is carried by a 61-kb PAI (PAI IAL862)
integrated into the pheR gene and possesses several characteristics suggestive of potential mobility. We also demonstrated
that E. coli AL862 contains another afa-8-containing PAI,
probably similar to PAI I, integrated into the pheV gene. Finally, we report that the afa-8-containing PAIs from human
and bovine isolates are preferentially inserted into the pheV
gene. Determination of the other genes carried by the afa-8containing PAIs will be an interesting field for future research.
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that PAI IAL862 was acquired via horizontal transfer from a
bacteriophage.
E. coli AL862 carries the sfa/foc sequences, encoding a fimbrial adhesin, and the iuC gene from the aerobactin-encoding
operon, but none of these determinants is carried by PAI
IAL862, indicating that AfaE-VIII adhesin is the only known
virulence factor encoded by this new island. However, the
partial nucleotide sequence of PAI IAL862 revealed new ORFs
with sequences similar to those of determinants encoding proteins involved in the utilization of various sugars. These regions
showed heterogeneous G⫹C contents and were similar to sequences from different bacteria (S. enterica serovar Typhimurium and Y. pestis), suggesting a stepwise acquisition of
these DNA fragments from heterogeneous sources, leading to
the mosaic-like structure of this island. These sequences, as
assayed by colony hybridization, are highly frequent in afa-8positive strains, (81.5%), less frequent in human pathogenic
afa-8-negative strains (25%), and generally absent from strains
isolated from healthy individuals and considered to be nonpathogenic. We therefore suggest that these newly described
genes are particularly found in pathogenic isolates and are
preferentially associated with the afa-8 operon. They probably
define PAIs similar to PAI IAL862. These new sequences may
contribute to the survival of the strains in certain ecological
niches and do not directly contribute to host damage and
infection.
One of the interesting features revealed by analysis of the
E. coli AL862 cosmid library is that the chromosome of this
strain carries two afa-8-containing PAIs: PAI I, described
above and located in the vicinity of the pheR gene; and PAI II,
located in the vicinity of the pheV gene. Similarly, the PAI I
and PAI II of UPEC strain J96 were inserted into the pheV and
pheR genes, respectively. These two PAIs differ in size and in
the virulence factors they encode (8, 9, 55). In contrast, the
PAI I and PAI II of E. coli AL862 are similar in size and genetic organization. In addition, they have identical sequences
at their extremities, suggesting at a first approximation that the
afa-8-containing PAI is present in two copies on the chromosome of E. coli AL862. To our knowledge, this is the first
report of such a phenomenon. Buchrieser et al. (11) previously
reported insertion of the HPI into any of the three asn tRNA
genes present on the bacterial chromosome of Y. pseudotuberculosis, but insertion occurred in different variants of the same
serotype and not in the same variant. Further studies are necessary to confirm that PAI I and PAI II from E. coli AL862 are
similar along their entire length. Unlike PAI IAL862, both extremities of which were adjacent to the E. coli K-12 chromosome, the right junction of PAI IIAL862 was adjacent to a
putative integrase-encoding gene and to other unknown sequences. It is likely that PAI IIAL862 is adjacent to an extrachromosomal segment that may define a putative PAI, designated PAI IIIAL862. Further studies are required to determine
whether this putative PAI carries the aer operon and the sfa/
foc sequences. E. coli AL862 also carries the fyuA, irp1, and
irp2 genes (Girardeau, personal communication) found in
the HPIs of various Yersinia species (11, 12, 14) and various
pathotypes of E. coli (50, 51), as well as a disturbed asnT locus,
suggesting that HPI has been acquired by this strain. All of
these data suggest that the chromosome of E. coli AL862
carries at least four PAIs (PAIs I, II, and III and an HPI) and
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Le Bouguénec, C., M. Archambaud, and A. Labigne. 1992. Rapid and specific
detection of the pap, afa, and sfa adhesin-encoding operons in uropathogenic
Escherichia coli strains by polymerase chain reaction. J. Clin. Microbiol.
30:1189–1193.
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afa-8 Gene Cluster Is Carried by a Pathogenicity Island Inserted into the
tRNAPhe of Human and Bovine Pathogenic Escherichia coli Isolates
Lila Lalioui and Chantal Le Bouguénec
Unité de Pathogénie Bactérienne des Muqueuses, Institut Pasteur, 75724 Paris Cedex 15, France
Volume 69, no. 2, p. 937–948, 2001. Page 939, Table 1, columns 2 and 3: Data for probes B and C should read as follows.
Probe B

5⬘-GGACGATAATGTGATCGTCTATAAG-3⬘ 816
5⬘-GTGGAAGATACTCATCTGCTACACG-3⬘

Probe C

5⬘-TTTGATGAGCGATGTACTTTCCGAA-3⬘
5⬘-GCAGATACAACGTGAACATACCGA-3⬘
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Novel Aeromonas hydrophila PPD134/91 Genes Involved in O-Antigen
and Capsule Biosynthesis
Y. L. Zhang, E. Arakawa, and K. Y. Leung
Department of Biological Sciences, Faculty of Science, and Tropical Marine Science Institute, The National University of Singapore,
Singapore 117543, and Department of Bacteriology, National Institute of Infectious Diseases, Tokyo, Japan 162-8640
Volume 70, no. 5, p. 2326–2335, 2002. Page 2329, Table 2, column 9, row 5 from the bottom: “72” should read “40a.”
Page 2332, Table 4, column 9, row 5 from the bottom: “73” should read “25a.”

