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Urinary tract infection is the most frequently diagnosed kidney and urologic disease, and Escherichia coli is
by far the most common etiologic agent. Defined blocks of DNA termed pathogenicity islands have been found
in uropathogenic strains to carry genes not generally found in fecal strains. We have identified one of these
regions of DNA within the chromosome of the highly virulent E. coli CFT073, isolated from the blood and urine
of a woman with acute pyelonephritis. This strain, which is cytotoxic for cultured renal cells and causes acute
pyelonephritis in transurethrally infected CBA mice, contains two distinct copies of the pap operon and is
hemolytic. One pap operon was localized on a cosmid clone which was used to identify three overlapping cosmid
clones. By using restriction mapping, DNA hybridization, sequencing, and PCR amplification, a region of
approximately 50 kb was found to be present in this uropathogenic strain and to have no corresponding
sequences in E. coli K-12. This gene block also carries hemolysin genes hlyCABD. The pathogenicity island
begins 7 bp downstream of dadX (catabolic alanine racemase; 26.55 min) and ends at a position in the K-12
genome 75 bp downstream of the metV tRNA gene (62.74 min); this suggests that a chromosomal rearrange-
ment has occurred relative to the K-12 linkage map. The junctions of the pathogenicity island were verified by
PCR amplification directly from the genomic DNA of strain CFT073. DNA sequencing within the boundaries
of the junctions revealed genes not previously identified in E. coli or in some cases bearing no known homologs.
When used as probes for DNA hybridization, these sequences were found significantly more often in strains
associated with the clinical syndromes of cystitis (82%) and acute pyelonephritis (79%) than in fecal strains
(19%; P < 0.001).

The urinary tract is among the most common sites of bac-
terial infection, and Escherichia coli is by far the most common
infecting agent at this site (21). Individuals at high risk for
symptomatic urinary tract infection (UTI) include neonates,
preschool girls, sexually active women, and elderly women and
men. In 1991, the last year for which pertinent information is
available for the United States, UTIs were the cause of 9.6
million physician visits (33) and were noted on 1.5 million
hospital discharge summaries (32).

The most serious UTI is acute pyelonephritis. This infection
in one or both kidneys usually results from the ascent of or-
ganisms from the bladder via the ureter and is distinguished
from other UTIs clinically, pathologically, and by characteris-
tics of the causative organisms. Certain E. coli phenotypes have
been found more frequently in the urine of patients with acute
pyelonephritis than in the urine of patients with cystitis or
asymptomatic bacteriuria or in the feces of normal individuals
(reviewed by Johnson [18]). E. coli strains from a small group
of O serotypes have characteristics epidemiologically associ-
ated with acute pyelonephritis in the normal urinary tract.
These include P fimbriae, hemolysin, aerobactin, serum resis-
tance, and encapsulation. These observations have been inter-
preted as evidence for the existence of a set of virulence factors
that allow specific clones of E. coli to cause pyelonephritis.

Recently, examples of clustered virulence factors, virulence
cassettes, or pathogenicity islands (PAI) in a number of patho-
genic bacterial species have been described. Enteropathogenic
and enterohemorrhagic E. coli and Citrobacter freundii (26),

meningitis-associated E. coli (4, 5), Helicobacter pylori (1, 22),
Salmonella typhimurium (27), and Yersinia pestis (9) all can
possess clustered virulence genes that are not found in less
virulent strains of these species (23, 31). Indeed, Hacker and
colleagues (14, 20) were the first to describe and name such a
PAI in a virulent uropathogen. Other uropathogenic strains of
E. coli have also been identified as having PAIs, which are
large stretches of DNA containing genes not found in the
genome of fecal E. coli strains (38) or clustered virulence
determinants (6, 15, 25). Our laboratory has identified a dis-
tinct PAI in the highly virulent pyelonephritogenic E. coli
CFT073 and has determined the precise insertion points of
these sequences within the genome. Some of the genes found
within these new sequences have not been previously identified
in E. coli, in some cases have no recognized homologs, and are
associated with virulent strains.

MATERIALS AND METHODS

Bacterial strains. E. coli CFT073 was isolated from the blood and urine of a
woman admitted to the University of Maryland Medical System for the treatment
of acute pyelonephritis. This hly1 pap1 sfa1 pil1 strain is highly virulent in the
CBA mouse model of ascending UTI (29) and is cytotoxic for cultured human
renal proximal tubular epithelial cells (28). It is phenotypically positive for the
production of P fimbriae, hemolysin, and type 1 fimbriae. E. coli DH5a (2) was
used as the recipient for gene bank and recombinant clones.

Four collections of E. coli strains were established from humans with appro-
priate clinical syndromes. The first consists of 61 isolates from the urine or blood
of patients (41 women and 20 men) who were admitted to the University of
Maryland Medical Systems with acute pyelonephritis (bacteriuria of $105 CFU/
ml, pyuria, fever, and no other source of infection) (28). The second collection
consists of 38 isolates from the urine of women with cystitis. These isolates were
kindly provided by A. Stapleton (University Washington) and B. Foxman (Uni-
versity of Michigan) (10). The third collection consists of 61 isolates from the
urine of 26 patients with long-term urinary catheters in place. Each was isolated
during the first week of a new epidemiologically defined episode of E. coli
bacteriuria (39). The fourth collection consists of 28 control strains of E. coli
from the feces of healthy women (20 to 50 years old) who had not had a
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symptomatic UTI or known bacteriuria within the previous 6 months and who
had not experienced diarrhea or received antibiotics within the preceding 1
month.

Cosmid library. A cosmid library was constructed with partially Sau3A-di-
gested genomic DNA isolated from E. coli CFT073. The DNA was ligated into
BamHI-digested pHC79. The ligation mixture was packaged in vitro with the
Gigapack lambda packaging kit (Stratagene) and used to infect E. coli DH5a.
Transformants were selected on Luria agar containing ampicillin (200 mg/ml).
Isolated colonies were organized in the wells of 96-well microtiter plates and
stored at 270°C in Luria broth containing 15% (vol/vol) glycerol. The library has
been used previously for the isolation of pap and hly sequences (29).

Nucleotide sequencing and analysis. Double-stranded DNA was used as a
template for sequencing by the dideoxy chain termination method (36). The
reactions were run with reagents from the Prism Ready Reaction Dye Deoxy
Termination Kit (Applied Biosystems) in conjunction with Taq polymerase. A
model 373A DNA sequencer (Applied Biosystems) was used, and the sequence

was determined in each direction. DNAsis software (Hitachi, version 2.1) was
used for analysis of the DNA sequence for base composition, identification of
open reading frames (ORFs) and restriction sites, and other basic analyses.
Apparent homologies between ORFs both outside and inside the PAI were
sought in GenBank by using the Wisconsin package (version 8.1; Genetics Com-
puter Group, Inc.).

PCR. PCR amplification was done by a standard method (2). The left junction
was amplified with primers 697 (59-TGTCGGCGTTCGTTGTC-39) and 698
(59-CTGGTGCTGGGGCTATT-39), using 25 cycles of 94°C for 2 min, 53°C for
30 s, 72°C for 40 s, 94°C for 30 s, and 72°C for 3 min. The right junction was
amplified with primers 682 (59-CCAGCAGGAAGTTGCGGA-39) and 684 (59-
AACACCATCTTTGCGCTTT-39), using 25 cycles of 94°C for 2 min, 52°C for
30 s, 72°C for 100 s, 94°C for 30 s, and 72°C for 3 min.

Southern hybridization. DNA restriction fragments isolated from cosmid
clones were used as gene probes to determine whether sequences were present
in genomic DNA preparations of E. coli CFT073 and DH5a. The fragments were

FIG. 1. Isolation of overlapping cosmid clones covering the 50-kb PAI and constructs used for sequencing and Southern hybridization. The three overlapping cosmid
clones were identified by probing and restriction mapping of pap hly clones. HindIII sites common to these cosmid clones are shown. Subclones of the cosmid clones
were constructed, and restriction fragments (shown below the subclones) isolated from these constructs were used as probes to sequentially approach the junctions
between the K-12 DNA sequence and the uropathogen sequence. Nucleotide sequencing of specific fragments (seq) was used to locate the precise junctions.
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labeled with the enhanced chemiluminescence system (Amersham). Southern
blots were prepared by standard methods (35) and developed with the enhanced
chemiluminescence system (Amersham) as specified by the manufacturer.

Dot blot hybridization. E. coli strains were cultured in 200 ml of Luria broth in
96-well microtiter plates. Dot blots were prepared with these cultures as de-
scribed by Kafatos et al. (19).

Nucleotide sequence accession numbers. The sequences of the ORFs within
the boundaries of the left and right junctions of the PAI of E. coli CFT073 (see
Fig. 7) have been assigned GenBank accession numbers AF003741 and
AF003742, respectively.

RESULTS

PAI identification in E. coli CFT073. E. coli CFT073 is a
highly virulent pyelonephritogenic strain isolated from the
blood and urine of a woman with the clinical symptoms that
characterize acute pyelonephritis (28). There are two complete
and functional copies of the pap operon encoding two distin-
guishable P fimbrial types (29). Based on studies with E. coli
536 (7, 13, 16, 30, 34) and J96 (38), we hypothesized that each
of the pap gene clusters was associated with a distinct PAI. To
identify and characterize the first PAI, a cosmid gene bank was
screened for pap-positive clones. Of 1,000 cosmid clones
screened, 39 reacted with pap-specific probes. Of these clones,
10 had common restriction sites; 3 of these were subjected to
extensive restriction mapping and were found to overlap and
cover a region of approximately 50 kb (Fig. 1).

Three cosmid clones, 8-3f, 18-2f, and 5-4a, shared significant
regions of overlap in which they have identical restriction sites.
Cosmids 8-3f and 18-2f overlap by 27 kb; cosmids 18-2f and
5-4a overlap by 23 kb; all three cosmids overlap by 14 kb and
include the same 6.6-kb HindIII fragment found within only
one of the two pap gene clusters present in this strain. In
addition, two of the cosmids (8-3f and 18-2f) carry the entire
hemolysin gene cluster (hlyCABD) and produce an active he-
molysin; the third cosmid (5-4a) carries a portion of the hly
gene cluster of which there is only a single copy on the CFT073
chromosome.

Left junction. To localize the left junction (where “left” is
defined as the sequences associated with lower numbers on the
linkage map of E. coli K-12), deletion mutations of cosmid
clones 8-3f were constructed (Fig. 1). To determine whether
the sequence at the extreme left junction of clone 8-3fB was
inside the PAI or was included in K-12 DNA, the nucleotide
sequence was determined (seqL1) with primers based on cos-
mid vector pHC79. A sequence of 330 bp was determined. A
search of GenBank revealed a perfect match with E. coli K-12
sequences corresponding to dadA (D-amino acid dehydroge-
nase) and dadX (alanine racemase) (24); these sequences were
associated with the left-hand flanking region, which is present
between 26 and 27 min on the linkage map. This region of
cosmid subclone 8-3fB was thus identified as being outside the
PAI. To identify sequences not present on the K-12 map (i.e.,
inside the PAI), two restriction fragments (probes PK0.8 and
KP1.5 [Fig. 1]) were isolated, labeled, and hybridized with
chromosomal DNA isolated from E. coli DH5a and CFT073
which had been singly digested with each of five different
restriction enzymes (data not shown). Probe PK0.8 hybridized
to fragments from both strains but more strongly to CFT073
DNA. Probe KP1.5, a fragment immediately to the right of
probe PK0.8, also hybridized to DNA from both strains. How-
ever, the hybridization signal to DH5a was less intense than
the strong signal observed for CFT073, suggesting that the
junction between K-12-like DNA and the PAI of CFT073 may
be found within this fragment. Nucleotide sequencing of sub-
clone p8-3fB1.0 revealed that 7 bp downstream from dadX,
sequence identity between K-12 DNA and CFT073 DNA
ceases and sequence unique to CFT073 begins (Fig. 2). This
region represents the left junction of the CFT073 PAI and
maps to 26.75 min on the K-12 linkage map.

Right junction. A similar strategy to that described above
was applied to identify the right junction (where “right” is
defined as the sequences associated with higher numbers on

FIG. 2. Localization of the left junction of the PAI in E. coli CFT073. (A) The junction, located immediately downstream (7 bp) of dadX, is shown in relation to
conserved genes within the K-12 genome. (B) Alignment of the nucleotide sequence of the left PAI junction with the corresponding K-12 genome sequence (22).
Identical nucleotides are joined by vertical lines. The stop codons for dadX and ORF3 are doubly underlined and singly underlined, respectively. The left junction of
the PAI is marked with an arrowhead.
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the linkage map of E. coli K-12) of the PAI. To locate se-
quences that were outside the boundary of the PAI, sequenc-
ing of a subclone of cosmid 5-4a, namely, 5-4aB (Fig. 1),
identified the recB ORF present in the K-12 genome (60.6 min
on the K-12 linkage map). Southern hybridization with probes
derived from p18-2fB and p5-4aE was used to localize a re-
striction fragment containing the junction (Fig. 3). Probes
BB0.9, EB2.2, and BC1.4 all hybridized only to CFT073 and
not DH5a DNA, indicating that these sequences were inside
the PAI. However, probe CB1.6, a 1.6-kb ClaI-BamHI frag-
ment, hybridized to both CFT073 and DH5a DNA, indicating
that the junction resided within this fragment.

The precise location of the right junction was confirmed by
two sequencing reactions (seqR2 and seqR3 [Fig. 4]). Se-
quence analysis of the right junction indicated that the junction
occurs within the stop codon of a hypothetical ORF f447 in the
K-12 genome (Fig. 4A). The beginning of the CFT073 se-
quence, however, retains a stop codon which has changed from
TGA in K-12 to TAA in CFT073. This position would be 75 bp
downstream of the metV tRNA gene in the K-12 genome.

metV and ORF f447 map at 62.74 min; metV is the third of
three tandem formylmethionine tRNA genes, metZ, metW, and
metV, on the E. coli chromosome. That the left junction of the
PAI maps to 26.75 min and the right junction maps to 62.74
min demonstrates that a chromosomal rearrangement has oc-
curred in strain CFT073 relative to the K-12 linkage map.

PCR amplification of the junctions. To verify that the loca-
tion and sequence of the left and right junctions, determined
from sequencing of cosmid clones, correspond to those in the
chromosome of CFT073 and were not artifacts of construction
of the cosmid gene bank, we used PCR to amplify the left and
right junction regions directly from the CFT073 chromosome
(Fig. 5). For the left junction, primers 697 and 698 were used
to amplify a 1.4-kb fragment from CFT073 genomic DNA. This
corresponded to a fragment of identical size amplified from
cosmid 8-3f, which overlaps the left junction. As expected, such
a fragment could not be amplified from DH5a or from cosmid
5-4a, which overlaps the right junction. For the right junction,
primers 682 and 684 were used to amplify a 3.1-kb fragment
from CFT073 genomic DNA. A fragment of identical size was
amplified from cosmid 5-4a, which overlaps the right junction.
No such fragment was amplified from DH5a or from cosmid
8-3f, which overlaps the left junction. For both left and right
junctions, the nucleotide sequence derived from the cosmid
clones exactly matched the nucleotide sequence of the PCR
products amplified from chromosomal DNA of wild-type strain
CFT073 (data not shown). These experiments confirm that the
junctions of the PAI characterized with cosmid clones 8-3f and
5-4a are also present in wild-type E. coli CFT073.

Direct repeats at the junction. Other PAIs of E. coli uro-
pathogens have been associated with direct repeats of se-
quences present just inside and just outside the PAI (7, 20, 38).
Such a sequence, CCAGCGTCG, has been located 14 bp
downstream of the left junction and 12 bp downstream of the
right junction (Fig. 6). These sequences in strain CFT073 share
little or no homology with the repeated sequences reported by
Blum et al. (7) or Swenson et al. (38).

Novel genes inside the PAI. To determine whether newly
described genes were present within the boundaries of the
PAI, these regions were subjected to nucleotide sequencing.
Inside the left junction, 1.7 kb was determined and revealed an
ORF of 1,609 bp, predicting a polypeptide of 57.8 kDa (Fig. 7).
Inside the right junction, 3.6 kb was determined and revealed
ORFs of 882 and 1,578 bp, predicting polypeptides of 34.1 and
57.6 kDa, respectively (Fig. 7). Each of the three ORFs was
sequenced to completion. None of the three predicted poly-

peptides have been described for any E. coli strain, suggesting
that they represent novel genes in this species. However, ho-
mology searches reveal a similarity of the 34.1- and 57.6-kDa
polypeptides to an antiterminator in the sac gene cluster of
Bacillus subtilis and a sugar-specific component of a phospho-
transferase transport system used to import sugars, respec-
tively.

PAI sequences are associated with virulent strains. To de-
termine whether sequences found within the junctions of the
PAI were common to other uropathogenic strains of E. coli, a
probe was isolated and used to hybridize dot blots of genomic

FIG. 3. Southern blots of E. coli chromosomal DNA hybridized with probes
derived from cosmids 18-2fB and 5-4aE (right flanking region). Southern blots
were prepared as described in the legend to Fig. 2 and hybridized with each of
four probes. (A) Probe BB0.9 (see Fig. 1 for the locations of all the probes); (B)
probe EB2.2; (C) probe BC1.4. These three probes hybridized only to DNA from
strain CFT073 but not to strain DH5a, suggesting that the junction was to the
right of this point. (D) Probe CB1.6. This probe hybridized to DNA from
CFT073 and DH5a, indicating that the junction was within this 1.6-kb fragment.
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DNA isolated from clinical isolates (Table 1). The probe was a
2.1-kb PCR fragment amplified from a region of the pathoge-
nicity island that is 0.8 kb to the left of the right junction (the
location is shown in Fig. 7). A high proportion of isolates from
patients with cystitis or acute pyelonephritis reacted with the
probe (approximately 80%). These proportions were signifi-
cantly higher than for strains from patients with catheter-as-
sociated bacteriuria (46%) or from fecal strains (19%) (P ,
0.001), indicating that PAI sequences from strain CFT073 are
found in other virulent uropathogenic strains.

Arrangement of PAI sequences in other virulent strains. In
all descriptions of PAIs thus described for uropathogenic E.
coli, the organization of sequences was analyzed only for the
strain under study. To determine whether our findings could be
generalized to other strains, a Southern blot of HindIII-di-
gested genomic DNA from 12 strains was hybridized with an
11-kb HindIII fragment derived from within the CFT073
PAI (located between the pap operon and the right junc-
tion) (Fig. 8). Five E. coli strains (including CFT073) iso-
lated from the urine or blood of patients with acute pyelo-
nephritis were analyzed along with five E. coli strains
isolated from the urine of women with cystitis. These were

compared to E. coli SH1 (a lac-negative derivative of the
classic uropathogenic strain J96) and E. coli DH5a (repre-
sentative of K-12 genomic sequences).

The Southern blot (Fig. 8) revealed that homologous PAI-
related sequences were present in all the isolates from patients
with pyelonephritis, including SH1 (J96), and in four of five
strains from women with cystitis but were absent in DH5a.
While none of the strains shared identical patterns, three of
the strains from patients with pyelonephritis (CFT9, CFT26,
and CFT47) had similar patterns with respect to two promi-
nent bands. The pattern for strain CFT073 was distinctly dif-
ferent from that for all other strains. Strain SH1 was not
similar to other strains from patients with pyelonephritis but
was similar to strain 11 from a patient with cystitis. We con-
clude that while sequences homologous to those found in the
CFT073 PAI are present in other virulent strains, their ar-
rangement in the chromosome differs among strains.

DISCUSSION

A PAI of 50 kb has been isolated and characterized from the
highly virulent pyelonephritogenic E. coli CFT073. The PAI is

FIG. 4. Localization of the right junction by nucleotide sequencing of 5-4aB (seq R1). This sequence identified recB. (A) From sequencing and restriction mapping,
the right junction can be localized upstream of argA (N-acetylglutamate synthetase). (B) Alignment of the nucleotide sequence of the PAI junction with the
corresponding K-12 genome sequence. Identical nucleotides are joined by vertical lines. Sequences encoding the formylmethionine-tRNA genes, metZ, metW, and metV,
are underlined. The right junction of the PAI is marked with an arrowhead. The stop codon for ORF f447 is doubly underlined.
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marked with both pap sequences encoding P fimbriae and the
hemolysin gene cluster. While PAIs have been described for
two other strains, 536 (14, 20) and J96 (38), the sequences
described here have features that are distinct from those pre-
viously reported. First, at 50 kb, it is the smallest of the five
PAIs yet described for uropathogenic E. coli, which previously
ranged from 70 to 190 kb (6, 20, 38). Second, the site of
insertion is not specifically within a tRNA gene. It is, however,
within 75 bp of the metV gene. In the other strains, amino acid
tRNA genes are interrupted, but insertion of a PAI at this site
has not been reported. In addition, the specific genes found
within the boundaries of the junctions of the PAI share no
homology with genes previously reported to reside in an E. coli
uropathogen PAI or on the K-12 genome (38; search of the
GenBank database). Finally, insertion of the PAI appears to
be associated with a chromosomal rearrangement in strain
CFT073.

While the discovery and description of PAIs in two uro-
pathogenic strains has allowed previous investigators (14, 20,
38) to postulate that these sequences contain genes that con-

tribute to virulence, it has not been possible to make general-
izations regarding the frequency at which these sequences oc-
cur in different strains. However, based on the hybridization of
a strain collection with a unique probe derived from just inside
the right junction of the PAI (Table 1; Fig. 7), we have dem-
onstrated that the presence of these PAI sequences is a feature
of E. coli strains associated with more severe clinical syn-
dromes. Hybridization studies revealed that approximately
80% of strains isolated from patients with cystitis or acute
pyelonephritis were positive for this PAI probe. This alone is
an interesting observation, since it has not been determined
whether strains that cause acute pyelonephritis represent
clones that are distinct from those that cause cystitis. These
data provide evidence for similarity between the two types of
strains, but of course they represent a limited snapshot of the
genome. This high frequency was significantly different from
that of fecal strains, since only 19% of the strains reacted,
suggesting that fecal E. coli strains in general do not possess
these sequences. Strains from elderly nursing home patients
with catheter-associated bacteriuria (often asymptomatic)
were intermediate in their reactivity, with 46% of the strains
found to be positive for hybridization. This is the first report to
survey a large collection of clinical isolates of uropathogenic E.
coli for the presence of PAI sequences.

In all other reports, insertion of the PAI is associated with
interruption of a specific sequence. That is, sequences to the
left of the PAI are continued immediately following the right
junction of the PAI. The PAI of CFT073, on the other hand,
shows a site of insertion at 26.55 min at the left junction and
62.74 min at the right junction. This observation strongly sug-
gests that a rearrangement has occurred within the chromo-
some of CFT073. The left junction of the PAI was found 7 bp
downstream of the termination codon for dadX (alanine race-
mase), which localizes to 26.55 min on the E. coli chromosome
(3). The right junction was found within the stop codon of
ORF f447, a hypothetical gene in the K-12 genome which is
upstream of argA (which encodes N-acetylglutamate synthase)
(8). The right junction was also 75 bp downstream of the metV
tRNA gene. Strangely, argA maps to 62.75 min on the E. coli
chromosome. It is possible, however, that the presence of two
copies of the pap operon served as a crossover point at some
point in time for a chromosomal rearrangement. Studies by
pulsed-field gel electrophoresis may be necessary to resolve
this question. We can rule out, however, the possibility that this
is a cloning artifact. The three cosmid clones that cover the
50-kb PAI share significant overlapping sequences (Fig. 1).
Indeed, all three cosmids overlap by 14 kb and possess iden-

FIG. 5. PCR amplification of the left and right junctions of the PAI. Pairs of
oligonucleotide primers (697 and 698; 682 and 684) were used to amplify frag-
ments containing the junctions of the PAI. Cosmid 8-3f spans the left junction;
cosmid 5-4a spans the right junction. Templates for the reactions (indicated
above each gel) included genomic DNA from E. coli DH5a and CFT073 and
purified cosmids 8-3f and 5-4a. Amplified DNA was electrophoresed on agarose
gels along with standard DNA markers. The sizes of the predicted products are
marked beside the gels for the left junction (1.4 kb) and right junction (3.1 kb).

FIG. 6. Direct repeats adjacent to the junction of the pathogenicity island. Nucleotide sequences of the junctions of the PAI (arrows) reveal direct repeats of 9 bp
(underlined). One repeat is located 14 bp downstream of the left junction (i.e., just inside the PAI), and the other repeat is located 12 bp downstream of the right
junction (i.e., just outside the PAI).
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tical restrictions sites within the region of overlap. In addition,
all three clones carry a 6.6-kb HindIII fragment associated with
pap gene sequences, which differentiate it from the other copy
of the pap gene cluster marked by a 3.8-kb HindIII fragment
(29).

In other strains, the sites of insertion are always associated
with a tRNA gene. Previously, PAIs have been reported to be
inserted into tRNA genes selC (70-kb PAI I in strain 536 [12]),
leuX (190-kb PAI II in strain 536 [12]), pheV (170-kb PAI IV in
strain J96 [38]), and pheR (110-kb PAI V in strain J96 [38]). In
this instance, the PAI was inserted near but not within the
metV gene, another tRNA gene. This represents a different site
from that previously reported in other strains.

The stability of PAIs differs in uropathogenic strains. The
basis for this stability (or instability) appears to be due to the
presence of direct repeats found near the junctions of the
PAIs. Long direct repeats, such as those found in strain 536,
are associated with instability and spontaneous deletion of the
PAI from strain 536. Such deletion mutants can be isolated at
high frequencies (1023) (14). The phenotypes of P fimbriae
and hemolysin production, however, are stable within strain
CFT073; this may be due to the presence of only short direct
repeats (Fig. 6). The direct repeats of CFT073 may be of
sufficient size to have allowed initial integration of the PAI at
this site but are not sufficiently large to allow frequent pairing
and subsequent deletion of these sequences from the chromo-
some of strain CFT073.

It is likely that strain CFT073 contains a second PAI, which
is associated with the other copy of the P fimbrial genes present
in this strain (29). The two other well-characterized uropatho-
genic strains, 536 and J96, for which PAIs have been identified
both have two separate PAIs of different sizes (12, 38).

For years, the focus of studies of uropathogenic E. coli
strains has been P fimbriae and hemolysin. These proteins
represent prominent phenotypic markers of uropathogenic
strains, particularly the strains associated with upper UTI. Be-
cause of their ease of assay (agglutination or hemolysis of
erythrocytes), research has focused intensely on these gene
products as major players in the model for the pathogenesis of
upper UTI. While these genes may represent highly visible
markers for the presence of PAIs in uropathogenic strains,
they may themselves not be sufficient or even necessary for the

virulence of these organisms. We reported previously that con-
struction of isogenic mutants of strain CFT073 in which both
copies of the pap gene cluster were mutated resulted in no
measurable decrease in virulence in the CBA mouse model of
ascending UTI (29). This study included an analysis of more
than 100 mice challenged with the parent or pap-negative mu-
tant at four different inoculum concentrations ranging from
105 to 109 CFU. A similar lack of effect was observed when the
virulence of wild-type CFT073 and a TnphoA mutant with a
mutation within hlyD (hemolysin-negative phenotype) were
compared. No measurable loss of virulence due to the hemo-
lysin mutation was observed in the mouse model (17).

The lack of effect of such mutations, coupled with the pres-
ence of PAIs in pyelonephritogenic strains that encompass
hundreds of kilobases of DNA, suggests that the genes truly
associated with pathogenicity may reside in these uncharacter-
ized sequences present in the PAI of strain CFT073 and other
pyelonephritogenic isolates. Clearly, novel genes are encoded
within the PAI of CFT073. These genes appear to be distinct
from homologs identified by Swenson et al., who described new
PAI-associated genes by sample sequencing (38). This provides

FIG. 7. ORFs within the junctions of the PAI. The nucleotide sequence within the boundaries of the junctions (thick vertical arrows) of the PAI of E. coli CFT073
predicts one ORF inside the left junction and two inside the right junction (stippled boxes). Genes previously determined for the K-12 genome are indicated by
horizontal arrows above their gene designation. Homologs (best matches) of putative genes predicted by the PAI sequences are listed below the genetic map of these
newly described ORFs. Numbers preceding homolog names correspond to the positions of the predicted ORFs. Percent similarity (%S) and percent identity (%I) with
respect to the predicted amino acid sequences are shown in parentheses. The accession numbers for homologs are as follows: 1, P26212; 2, P19642. Probe 5/684-707,
a 2.1-kb PCR product amplified from a region of 0.8 kb inside the right junction, was used as a probe to survey an E. coli strain collection (Table 1). PTS,
phosphotransferase.

TABLE 1. Hybridization of the probe derived from within
the PAI of E. coli CFT073 with genomic DNA

from clinical isolates of E. coli

Source of
isolate

No. of strains positive
for hybridization with
probe derived from

within PAI/total no.a

% of hybridiza-
tion-positive

strains
Pb

Acute pyelonephritis 53/67 79.1
Cystitis 31/38 81.6 NSc

Catheter-associated
bacteriuriad

23/40 46.9 ,0.001

Fecal sample 5/27 18.5 ,0.001

a A 2.1-kb probe (probe 5/684-707) which was PCR amplified from a region
within the pathogenicity island that is 0.8 kb inside the right junction was used for
dot blot hybridization with genomic DNA from strains isolated from the indi-
cated source; the location of the probe is shown in Fig. 7.

b Compared to acute pyelonephritis isolates, using a chi-square test.
c NS, not significant (P . 0.3).
d First-week isolate.
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evidence that the PAIs of one uropathogenic strain may differ
from those of another. As we and others continue our studies
of the PAIs of uropathogenic E. coli, it is likely that we will be
able to place strains into one of several categories, each rep-
resenting defined mechanisms of pathogenesis in the develop-
ment of UTI and acute pyelonephritis. This is reminiscent of
diarrheogenic strains of E. coli that were once grouped to-
gether but have now been found to have distinct mechanisms
of pathogenesis. For example, strains classified as enterotoxi-
genic, enteropathogenic, and enterohemorrhagic appear to
have distinct sets of genes associated with their ability to cause
diarrhea (11). It is likely that we will also be able to subdivide
uropathogenic strains of E. coli into distinct classes of patho-
gens once the PAIs of individual strains are further character-
ized.
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