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We characterized 100 Escherichia coli urosepsis isolates from adult patients according to host compromise
status by means of ribotyping, PCR phylogenetic grouping, and PCR detection of papG alleles and the
virulence-related genes sfa/foc, fyuA, irp-2, aer, hly, cnf-1 and hra. We also tested these strains for copies of pap
and hly and their direct physical linkage with other virulence genes in an attempt to look for pathogenicity
islands (PAIs) described for the archetypal uropathogenic strains J96, CFT073, and 536. Most of the isolates
belonged to E. coli phylogenetic groups B2 and D and bore papG allele 11, aer, and fyud/irp-2. papG allele
II-bearing strains were more common in noncompromised patients, while papG allele-negative strains were
significantly more frequent in compromised patients. Fifteen ribotypes were identified. The three archetypal
strains harbored different ribotypes, and only one-third of our urosepsis strains were genetically related to one
of the archetypal strains. Three and 18 strains harbored three and two copies of pap, respectively, and 5 strains
harbored two copies of hly. papGIII was physically linked to hly, cnf-1, and hra (reported to be PAI II,,.-like
genetic elements) in 14% of the strains. The PAI II ;4-like domain was inserted within pheR tRNA in 11 strains
and near leuX tRNA in 3 strains. Moreover, the colocalized genes cnf-1, hra, and hly were physically linked to
papGII in four strains and to no pap gene in three strains. papGII and hly (reported to be PAI I ppq,5-like
genetic elements) were physically linked in 16 strains, pointing to a PAI Iyy,5-like domain. Three strains
contained both a PAI II;,4-like domain and a PAI Iyyo,5-like domain. Forty-two strains harbored papGII but
not hly, in keeping with the presence of a PAI Il pp¢,3-like domain. Only one strain harbored a PAI I;-like
domain (kly only), and none harbored a PAI I,ys-like domain (papGI plus hly) or a PAI Ils;4-like domain
(papGIII plus hly). This study provides new data on the prevalence and variability of physical genetic linkage
between pap and certain virulence-associated genes that are consistent with their colocalization on archetypal

PAIs.

Escherichia coli is the most frequent cause of gram-negative
bacterial extraintestinal infections, such as cystitis, prostatitis,
pyelonephritis, bacteremia, and neonatal meningitis, in hu-
mans. Several virulence factors enhance the capacity of E. coli
to cause systemic infections; unlike most commensal E. coli
strains, extraintestinal isolates possess genes encoding various
combinations of adhesins (P and S fimbriae), iron acquisition
systems (e.g., aerobactin and yersiniabactin), host defense
avoidance mechanisms (capsule or O-specific antigen), and
toxins (e.g., hemolysin and cytonecrotizing factor) (13, 14, 17,
42). Genes coding for multiple virulence factors are located
together on large blocks of chromosomal DNA known as
pathogenicity islands (PAIs) (18).

Recent studies suggest that extraintestinal pathogenic E. coli
strains belong mostly to phylogenetic group B2 and, to a lesser
extent, group D (5, 8, 39). In contrast, commensal E. coli
strains generally belong to phylogenetic groups A and B1 (12).

In this study, we determined the phylogenetic group, genetic
diversity, and virulence gene distribution of 100 well-charac-
terized E. coli blood isolates from adults with community-

* Corresponding author. Mailing address: Service de Microbiologie,
Hopital Robert Debré, 48 Bd Sérurier, 75019 Paris, France. Phone: 33
140 03 23 40. Fax: 33 1 40 03 24 50. E-mail: edouard.bingen@rdb.ap-hop
-paris.fr.

3216

acquired urosepsis, according to host compromise status. We
also sought copies of pap and hly and their direct physical
linkage with certain virulence genes, consistent with their co-
localization on PAIs described for archetypal uropathogenic
E. coli strains.

MATERIALS AND METHODS

Bacterial strains. One hundred E. coli strains were recovered by blood culture
from 100 consecutive adults with community-acquired pyelonephritis and bacte-
remia between January 1999 and April 2001 in the Paris, France, region. A
spontaneous nonhemolytic mutant of one of these strains (P89-M1) was also
studied.

Pyelonephritis strain CFT073 from Baltimore, Md. (kindly provided by
H. L. T. Mobley, University of Maryland) (32); pyelonephritis strain 536 from
Wurzburg, Germany (kindly provided by J. Hacker) (7); and pyelonephritis
strain J96 from Seattle, Wash. (kindly provided by J. Hacker) (6) were used for
comparison.

Clinical data. Community-acquired bacteremia was defined as a bacteremic
episode in which, at the time when the index blood sample was taken for culture,
the patient was not hospitalized or had been hospitalized for less than 48 h and
had not been hospitalized during the previous 28 days. Diagnostic criteria for
acute pyelonephritis were dysuria, temperature of =38.5°C, leukocyturia of
>10°/ml, E. coli level of =10° CFU/ml in midstream urine, and no other iden-
tifiable source of infection. The following data were recorded from the patients’
files: age, gender, and host compromise status (i.c., underlying medical condi-
tions such as diabetes mellitus, cancer, immunosuppression, or uremia or under-
lying urological conditions such as preexisting urinary tract abnormalities, uri-
nary tract instrumentation, or pregnancy).
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TABLE 1. Oligonucleotide primers used to amplify virulence-associated genes

Primer designation Primer sequence Target s;f)fil?cftfzg; Reference
chuA.1 5'-GACGAACCAACGGTCAGGAT-3’ chuA 279 9)
chuA.2 5'-TGCCGCCAGTACCAAAGACA-3’ )
yjaA.l 5'-TGAAGTGTCAGGAGACGCTG-3’ yjaA 211 )
yjaA.2 5'-ATGGAGAATGCGTTCCTCAAC-3’ )
TspE4C2.1 5'-GAGTAATGTCGGGGCATTCA-3' TspE4.C2 152 )
TspE4C2.2 5'-CGCGCCAACAAAGTATTACG-3' )
papC.1 5'-GACGGCTGTACTGCAGGGTGTGGCG-3' papC 328 (33)
papC.2 5'-ATATCCTTTCTGCAGGGATGCAATA-3’ (33)
papG.I.1 5'-TCGTGCTCAGGTCCGGAATTT-3' papGIl 461 (23)
papG.1.2 5'-TGGCATCCCCCAACATTATCG-3’ (23)
papG.IL.1 5'-GGGATGAGCGGGCCTTTGAT-3’ papGII 190 (23)
papG.11.2 5'-CGGGCCCCCAAGTAACTCG-3’ (23)
papG.IIIL1 5'-GGCCTGCAATGGATTTACCTGG-3’ papGIIl 258 (23)
papG.IIL2 5'-CCACCAAATGACCATGCCAGAC-3’ (23)
papG.II/IIL.1 5'-GACTCTTTCTGTGTCTTGCG-3’ papGII + papGIII 254 This study
papG.II/II1.2 5'-GAACCAGATAGTACTCCTGG-3' This study
sfa.1 5'-CTCCGGAGAACTGGGTGCATCTTAC-3’ sfa/foc 410 (33)
sfa.2 5'-CGGAGGAGTAATTACAAACCTGGCA-3' (33)
hly.1 5'-AGGTTCTTGGGCATGTATCCT-3’ hlyC 556 Q)
hly.2 5'-TTGCTTTGCAGACTGCAGTGT-3' )
cenfl.1 5'-CAGTGACCGGATCTCCGTTAT-3' cnf-1 230 (38)
cnfl.2 5'-CGTGTAATTCTTCTGTACTTCC-3' (38)
aer.1 5'-AAACCTGGTTTACGCAACTGT-3' aer (iucC) 269 Q)
aer.2 5'-ACCCGTCTGCAAATCATGGAT-3' 4)
fyuA.1 5'-TGATTAACCCCGCGACGGGAA-3’ fruA 780 31)
fyuA.2 5'-CGCAGTAGGCACGATGTTGTA-3’ (44)
irp2.1 5'-AAGGATTCGCTGTTACCGGAC-3’ irp-2 280 (44)
irp2.2 5'-TCGTCGGGCAGCGTTTCTTCT-3’ (44)
hra.1 5'-CAGAAAACAACCGGTATCAG-3' hra 260 This study
hra.2 5'-ACCAAGCATGATGTCATGAC-3’ This study
pheR.1 5'-GCCGCAATCTTAAGCAGTTG-3' pheR 350 This study
pheR.2 5'-GCACGACATTTCACGTCAGT-3' This study
yjgB.1 5'-ACCTTGCTCGCAGTTGATCT-3’ leuX (yjgB) This study

Detection of virulence determinants by PCR. All isolates were tested for seven
putative virulence factor genes characteristic of extraintestinal pathogenic E. coli
(chuA, outer membrane heme receptor; pap, P fimbriae; sfa, S fimbriae; hly,
hemolysin; cnf-1, cytotoxic necrotizing factor; aer, iron uptake system; and fyuA/
irp-2, iron uptake system). In addition, the 21 cnf-I-positive isolates were
screened for Ara (heat-resistant agglutinin) (45). The PCR was carried out in a
20-pl volume with 2 pl of 10X buffer (ATGC Biotechnologie, Noisy-le-Grand,
France), 20 pmol of each primer, a 200 pM concentration of each deoxynucleo-
side triphosphate, 2.5 U of Taq polymerase (ATGC Biotechnologie), and 3 pl of
bacterial lysate. PCR was performed with a Perkin-Elmer GeneAmp 9600 ther-
mal cycler with MicroAm tubes under the following conditions: denaturation for
5 min at 94°C; 30 cycles of 10 s at 94°C, 20 s at 55°C, and 30 s at 72°C; and a final
extension step for 7 min at 72°C. The primers used for PCR (Table 1) were
chosen from previously published sequences or were designed for this study (5,
9, 23, 31, 33, 38, 44).

PCR phylogenetic grouping. The phylogenetic group was determined by using
a previously described PCR-based method (9). Briefly, two-step triplex PCR was
performed directly on 3 pl of bacterial lysate with the primer pairs chuA.1-
chuA.2, yjaA.1-yjaA.2, and TspE4C2.1-TspE4C2.2 (Table 1). The PCR steps
were as follows: denaturation for 4 min at 94°C, 30 cycles of 5 s at 94°C and 10 s
at 59°C, and a final extension step for 5 min at 72°C.

Ribotyping. Total E. coli DNA was prepared as previously described (3, 4) and
then digested with HindIII and subjected to Southern blotting with E. coli 16S
rRNA plus 23S rRNA as the probe (2). The probe was labeled by random
oligonucleotide priming with a mixture of hexanucleotides (Amersham Pharma-
cia Biotech, Saclay, France) and cloned Moloney murine leukemia virus reverse
transcriptase (Life Technologies, Gibco BRL, Cergy Pontoise, France) in the
presence of 0.35 mM digoxigenin-11-deoxyuridine-5" triphosphate (Roche, Mey-
lan, France). Chemiluminescence was detected as previously reported (3).

PFGE and Southern blot hybridization. Pulsed-field gel electrophoresis
(PFGE) was used to determine the physical locations of genes representative of
PAI Il g¢-like genetic elements (papGIII, hly, cnf-1, and hra) (45) and of PAI

Icrro7s-like genetic elements (papGII and hly) (32). Thirty-four hly-positive
strains and the three archetypal strains J96, CFT073, and 536 were subjected to
PFGE as previously described (15). In brief, bacterial cells were embedded in
agarose, lysed with detergent and proteinase K (Sigma-Aldrich, St Quentin
Fallavier, France), and digested with NotI (Roche). PFGE digests were trans-
ferred to nylon membranes (Amersham Pharmacia Biotech) and hybridized with
digoxigenin-labeled probes generated from the primers specific for each gene
(Table 1) as recommended by the manufacturer (Roche).

Determination of the copy numbers of virulence genes. Southern blots used for
ribotyping were also used to determine the papG, aer, and hly copy numbers by
hybridization with digoxigenin-labeled probes. Strains harboring more than one
copy of these genes were subjected to another round of Southern blotting after
digestion with EcoRI, followed by hybridization with the same probes.

Localization of the PAI Iljy-like junctions on the K-12 chromosome map.
Long-range PCR was performed with the Expand Long Template PCR system
(Roche) to amplify the DNA region between pheR or leuX and hra, using the
same primers as for standard PCR (Table 1). The PCR was carried out according
to the manufacturer’s instructions in a 30-pl volume with 3 l of buffer 3, 12 pmol
of each primer, a 500 pM concentration of each deoxynucleoside triphosphate,
2.5 U of Taq mix, and 200 ng of genomic DNA.

Capsular typing. K1 antigen was detected with an antiserum to a Neisseria
meningitidis group B strain (11).

Statistical analysis. Fisher’s exact test was used. P values of <0.05 were
considered statistically significant.

RESULTS

Patients’ characteristics. Eighty-one of the 100 patients
were women. The median age was 66 years (range, 19 to 99
years). The median ages of the male and female patients were
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TABLE 2. Host characteristics according to papG alleles and phylogenetic group

No. (%) of strains

Associated host characteristic (n) With papG allele:

papC positive

From phylogenetic group:

papG pap negative
1I only Hlonly I+ I negative (n = 22) B2 D A Bl
(n =59) nm=5 (=9 (n=15) (n = 61) (n =27) m=11) (@w=1)
Noncompromise (41) 329(78) 2(5) 2(5) 1(2) 4k (10) 23 (56) 15 (37) 3(7) 0(0)
Any compromise (59) 27 (46) 3(5) 7(12) 4(7) 18 (30) 38 (64) 12 (20) 8 (14) 1(2)
Diabetes (24) 16 0 1 2 5 15 6 3 0
Cancer (6) 2 0 0 1 3 4 1 0
Immunosuppression (11) 5 0 0 1 5 8 1 2 0
Uremia (14) 6 1 3 0 4 10 3 1 0
Any urological compromise (8) 1 1 1 1 4 4 1 2 1
Urinary tract instrumentation (5) 3 1 0 0 1 4 1 0 0
Pregnancy (6) 2 0 3 0 1 4 2 0 0

“P = 0.002 versus any host compromise.
> P = 0.02 versus any host compromise.

67 and 64 years, respectively. Fifty-three percent of the pa-
tients were over 65 (81% of males and 47% of females). Forty-
one patients were noncompromised, and 59 had one or more
host compromise factors (Table 2). The median age was 58
years in the noncompromised group and 66 years in the com-
promised group.

Phylogenetic analysis and ribotyping. Sixty-one, 27, 11, and
1% of the isolates belonged to phylogenetic groups B2, D, A,
and B1, respectively (Tables 2 and 3). Fifteen ribotypes (I to
XV) were identified among the 100 isolates. The numbers of
ribotypes in groups B2, D, A, and Bl were 6, 5, 3, and 1,
respectively. However, four ribotypes (I, n = 20; I, n = 19; 111,
n = 12; and IV, n = 12) accounted for 63% of the isolates. Five
ribotypes were represented by seven or more isolates, and two
ribotypes were represented by a single isolate (Fig. 1; Table 4).
Representative ribotypes are shown in Fig. 1. The archetypal
strains CFT073, 536, and J96 harbored ribotypes I, III, and XI,
respectively, and could thus be considered genetically related
to, respectively, 20, 12, and 2 of our strains.

Prevalence of virulence factors. papC was found in 78 iso-
lates, 73 of which harbored papGII and/or papGIII. The most
prevalent papG allele was allele II (68%) (Tables 3 and 4).
Allele III was present in only 14% of strains, and none of the
strains contained papG allele L. fyuA and irp-2 were detected in
92% of the isolates. sfa/foc, aer, hly, and cnf-1 were found in
2,680, 34, and 21% of the isolates, respectively. Eighteen iso-
lates had two copies of pap, and two strains had three copies.
Five strains had two copies of hly, and five strains had two
copies of aer (Table 4). papG allele 111, sfa/foc, and cnf-1 were
restricted to phylogenetic group B2 strains. K1 antigen was

TABLE 3. Distribution of virulence factors in E. coli

detected in 20 isolates, of which 18 belonged to phylogenetic
group B2 and 13 belonged to ribotype II.

Prevalence and physical location of virulence gene combi-
nations. As combinations of some virulence genes with pap
and/or hly may suggest the presence of PAIs described for
archetypal strains (18, 19), we examined various combinations
of papG and virulence factors. PFGE was applied to strains
with putative PAI 1I;4¢-like domains (papGIII, hly, cnf-1, hra
positive) and putative PAI Icprg75-like domain (papGII, hly
positive). Southern blotting of PFGE gels showed that Aly was
physically linked to cnf-I and hra in 21 strains. These three
genes were linked to papGIII in 14 strains and to papGII in 4
strains (P28, P52, P77, and P83) and were found alone in 3
strains (P50, P57, and P167) (Table 4). The presence of colo-
calized PAI Il,4s-like genetic elements in 14 strains suggested
the presence of a PAI similar to PAI II,4e. Interestingly, one
strain (P100) bore two copies of the physically linked combi-
nation of papGIII, hly, cnf-1, and hra (Fig. 2). hly was physically
linked to papGII alone in 16 strains. Three of these latter
strains also harbored another copy of Aly, linked to cnf-1 and
hra. The smallest NotI DNA fragment containing papGII and
hly was approximately 200 kb long, and those containing Aly,
cnf-1, and hra were about 280 kb long (data not shown).

During subculture, a nonhemolytic colony of P89 occurred
spontaneously. This mutant, designated P§89-M1, was further
investigated. PFGE of DNA digested with NorI showed that
P89-M1 had a DNA fragment approximately 120 kb shorter
than that of the wild-type strain (700 versus 580 kb) (Fig. 2).
PFGE Southern blot hybridization with papGII/GIII, hly, cnf-1,
and Ara probes showed that all of these genes (physically linked

urosepsis strains according to phylogenetic group

No. (%) with:

Group (n)

papC g;stu Cll):s};(fll Claslsml};(ir 11 sfalfoc aer hly cnf-1 fpudlip-2
Total (100) 78 59 5 9 26 80 34 21 92
A (1) 5 (45) 1(9) 0 0 0 6 (55) 0 0 11 (100)
Bl (1) 0 0 0 0 0 0 0 0 0
D (27) 21 (78) 20 (74) 0 0 0 26 (96) 1(37) 0 20 (74)
B2 (61) 52 (85) 38 (62) 5(8) 9(15) 26 (43) 48 (79) 33 (54) 21 (34) 61 (100)
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FIG. 1. Representative ribotypes after HindIII digestion of the 100
II (19 strains, group B2); lane 3, ribotype III (12 strains, group B2); la

. e

urosepsis strains. Lane 1, ribotype I (20 strains, group B2); lane 2, ribotype
ne 4, ribotype IV (12 strains, group D); lane 5, ribotype V (7 strains, group

D); lane 6, ribotype VI (6 strains, group A); lane 7, ribotype VII (4 strains, group A); lane 8, ribotype VIII (4 strains, group D); lane 9, ribotype

IX (4 strains, group B2); lane 10, ribotype X (4 strains, group B2); lane

11, ribotype XI (2 strains, group B2); lane 12, ribotype XII (2 strains, group

D); lane 13, ribotype XIII (2 strains, group D); lane 14, ribotype XIV (1 strain, group B1); lane M, molecular size marker.

on the 700-kb NotI DNA restriction fragment) were absent
from the 580-kb DNA fragment (Fig. 2). This demonstrated
that the genes characteristic of PAI 11,4, were clustered on a
DNA fragment of approximately 120 kb on the P89 chromo-
some and were spontaneously deleted en bloc. These charac-
teristics are in accordance with those described for PAI 11,4,
demonstrating that strain P89 harbors a PAI similar to PAI
1L} (6, 45).

To determine whether the PAI II;q4-like domain found in 14
strains was inserted within the pheR tRNA gene, as described
for strain J96, PCR was performed with primers homologous
to the flanking sequence of the pheR tRNA gene (Table 1).
DNAs from 11 of these 14 strains could not be amplified,
suggesting that their pheR tRNA genes were interrupted. To
confirm that this interruption was caused by the insertion of a
PAI II;4-like domain, we used a long-range PCR approach.
Amplification with primers chosen within the sequence of hra
(hra.1) (a gene located at the end of the PAI) (45) and the
flanking region of pheR tRNA (pheR.1) yielded a fragment of
5.2 kb with strain J96. Thus, long-range PCR was applied to
each of the 11 strains, and 6 and 5 of them, respectively,
yielded fragments of 5.2 and 7.5 kb (data not shown). Regard-
ing the three strains (P76, P53, and P97) in which the pheR
tRNA gene was not interrupted, we speculated that the leucine

X tRNA region was the other insertion site of the PAI II,-
like domain. This assumption was based on work by Hacker et
al. (18), who described a PAI on strain 536 which may resemble
PAI 11,44 (papGIII positive, hly positive, and cnf-1 negative but
having the cnf-1 flanking sequence) and is inserted in the
vicinity of the leucine X tRNA region. As hra was also present
in strain 536 and physically linked to papGIII and hly (see
below) (Fig. 2), long-range PCR between Ara and the leucine
X region (yjgB gene) (Table 1) was performed with this strain
and yielded a fragment of 8 kb. Long-range PCR was also
applied to the three strains (P76, P53, and P97) with positive
pheR amplification and gave fragments of 8, 4.5, and 4.5 kb,
respectively. With strain P100, harboring two PAI IIy4-like
domains, long-range PCR (hra.l-pheR.1 and hra.l-yjgB.1)
gave fragments of 5.2 and 4.5 kb, respectively. Thus, four
strains had a PAI IIs-like domain near the leuX tRNA gene.

Finally, as the colocalized genes hra, cnf-1, and hly, found in
seven strains lacking the papGIII allele (strains P50, P57, P83,
P167, P28, P52, and P77), may correspond to a modified PAI
II;94-like domain, we analyzed these strains in the same way.
We found that the pheR tRNA genes were interrupted in all
seven strains. Long-range PCR (hra.l-pheR.1) yielded prod-
ucts of 5.2 and 7.5 kb with five and two strains, respectively
(Table 4).
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TABLE 4. Characteristics of the 100 E. coli urosepsis isolates and of the three archetypal strains®

phylogenetic
group

B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2

B2
B2
B2
B2
B2

K1
antigen

ip2

+ 4+ o+ o+ 4+

aer | fyuA

sfaffoc

+ o+ o+ o+ o+

B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2
B2

hra

—fa
B

cnf1

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

Strains | Ribotype | papC | papG alleles| hly

P89
P166
P169

P28

P1

PT
P34
P35
P48
P75

P50
P57
P167
P15
P73
P18
P86
P93
P80
P5
P12
P16
P20
P23
P24
P29
P31
P40
P49
P55
P59
P91
P165
P76
P52
P77
P17
P47
P79
P163
P43
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TABLE 4—Continued

P14 v + + - - . nd - + + + - D
P32 v + + g 2 . i . + . . ) D
P37 v + + « = & nd > + % ” < D
P44 v + * = g = nd - + + + 2 D
P71 v + + 3 2 ’ Fid e p " + B D
P81 v + + s < & nd = + + " . D
P94 v + + - - - nd - + ¥ + - D
P99 I\ + # - - - nd - ¥ - - - D
P85 v + - - - - nd - % - - - D
P33 Y 5 = = = = nd . - . - - D
P39 v = 2 . . . nd . + = D
P162 v - - 5 - s | nd | = : « . 5 D
P98 \" + - - - nd - + + + + - D
P10 \ # * = = - nd - + + + = D
P19 \Y * + = s = nd = 5 + + 2 D
P42 V + + - - - nd - i 5 & _ D
P46 \% + + - - - nd - + + + - D
P92 \' + * - - - nd - * + #* - D
P22 Vv - - - - - nd - + + + - D
P11 Vi + - - - _ G - = . ” = r
P38 \Y/| + - - - - nd - + + + - A
P56 vi + - - - - nd . + + + - A
P72 Vi + - . - - | nd | - . + + . A
P26 Vi - - - - - nd - + + + - A
P78 Vi - - - - - nd - + + + - A
P61 Vil e + o = - nd - + + + - A
P90 Vil = - . - - nd - - + + - A
P96 Vil - . - | wd | - . + + . A
P161 Vil . - - - - i - . s + ) A
P45 Vil E * & = - nd - + + + - D
P54 Vil ¥ + B, N B} id ) z & " ) 5
P87 Vil + + - - - nd + + + " D
P168 Vi + + s s . nd _ b 4 ¥ 3 _ D
P53 IX - | +d + B . B2
P97 IX + | +d + + + B2
P100 X + | ++ad + + + B2
P70 IX o+ nd b ¥ + B2
P6 X & nd & F - B2
P65 X * nd & + - B2
P25 X - - - - - nd - - + %: - B2
P58 X - - = # £ + + = B2
P74 Xl + - +it + - * * & B2
P83 X + + 4+ . + - + + - B2
P13 Xil + + s = ) T . P D
P21 Xil - - - - + - - - D
P88 X + + - - + # * + D
P68 Xl - - - - + - - - D
P82 XIV - - - - - nd - 5 - % . B1
P95 XV s - < s 5 nd 5 = + + 3 A

¢ Physically linked genes on PFGE are represented in the same color (only Aly-positive strains were tested). nd, not done; number of (+),
number of copies of the gene. a, PCR hra/pheR fragment size, 5.2 kb; b, PCR hra/pheR fragment size, 7.5 kb; ¢, PCR hra/leuX fragment size,
8 kb; d, PCR hra/leuX fragment size, 4.5 kb.
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Using the Blattner website (www.genome.wisc.edu/html
/upec.html), which gives the sequence of CFT073 (16, 32), we
found that Aly and papGII were present on a 124-kb fragment
inserted between phel” tRNA and yghD genes on the K-12
chromosome map and that the aer operon was present in this
fragment. Thus, as aer was more frequent in papGII-positive
isolates (64 of 68 [93%]) than in papGIlI-negative isolates (17
of 32 [53%]) (P < 0.01) (Table 4), we investigated the physical
linkage of aer and papGII in the strains subjected to PFGE.
Among the 26 strains harboring aer, pap and aer were physi-
cally linked in 17. Moreover, papGII, hly, and aer were physi-
cally linked in 15 of these strains. The other two strains har-
bored papGII and aer, but not hly, colocalized on the same
DNA macrorestriction fragment of 210 kb (Fig. 2). Finally, in
only one isolate (P74) hly was not physically linked to pap.
Interestingly, 42 isolates harbored papGII without hly or cnf-1,
but 39 of these isolates also harbored aer (Table 4).

PFGE Southern blots of representative strains carrying the
hly and cnf-1 genes (P9, P28, P50, P53, P74, P§9, P100, and
P166), as well as mutant P§9-M1 and the archetypal strains
J96, CFT073, and 536, are shown in Fig. 2. As expected, ily was
coupled to papGIll, cnf-1, and hra on a 760-kb NotI DNA
fragment in strain J96 and was present alone on a 290-kb NotI
DNA fragment. Strain CFT073 harbored two papGII alleles,
one of which was physically linked to Aly and aer on an 800-kb
Notl DNA fragment. Interestingly, strain 536 harbored a pap-
GIII gene that was physically linked, on a 680-kb NotI DNA
fragment, with Aly (as expected) and also hra (Fig. 2).

Phylogenetic group versus host characteristics. The phylo-
genetic group distribution did not differ significantly between
compromised and noncompromised patients (Table 2).

papG alleles versus host characteristics. Strains bearing only
allele IT were more common in noncompromised patients than
in compromised patients (P = 0.002) (Table 2). In contrast,
papG-negative strains were significantly more frequent among
compromised patients (P = 0.005) (Table 2).

DISCUSSION

We used molecular methods to characterize a set of com-
munity-acquired urosepsis E. coli isolates obtained in France
and to compare these strains with archetypal uropathogenic
strains. The diversity of the isolates was shown by the presence
of 15 ribotypes, although a small number of ribotypes ac-
counted for most of the isolates. Such oligoclonality in extraint-
estinal E. coli has previously been reported (20, 35, 36). One-
third of isolates were accounted for by the three ribotypes to
which the three archetypal strains belonged; the most frequent,
ribotype I (n = 20), was harbored by strain CFT073, which is
the only urosepsis strain among the three archetypal strains
(32). However, isolates belonging to the second most frequent
ribotype (ribotype II) were genetically unrelated to any of the
three archetypal strains and were homogeneous with respect to
their virulence factor profiles and genetic background. Indeed,
all isolates belonging to ribotype II (n = 19) carried papGII,
fyuA, and irp-2 and lacked both Aly and cnf-1, suggesting close
genetic relatedness.

Most uropathogenic E. coli strains are reported to belong to
phylogenetic group B2 (20, 25, 40), but the distribution of
community-acquired urosepsis isolates among the other phy-
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logenetic groups (A, Bl, and D) has not previously been as-
sessed. Using a triplex PCR method (9), we found that most of
our isolates belonged to group B2 (n = 61) and, to a lesser
extent, group D (n = 27). The fourth most frequent ribotype
(ribotype IV, 12 strains) belonged to group D. Moreover, 11
strains and 1 strain, respectively, belonged to the nonpatho-
genic groups A and B1. This is in keeping with our previous
data on extraintestinal E. coli: 68% of neonatal E. coli menin-
gitis isolates belonged to phylogenetic group B2, and 22, 6, and
4% belonged to groups D, A, and B, respectively (5). Very
recently, Johnson et al. (26), studying E. coli bacteremia strains
from diverse sources, found a prevalence of groups A, B2, and
D similar to that observed here. However, those authors found
a significantly higher proportion of B1 strains (19 of 189 versus
1 of 100; P = 0.006), possibly because of the heterogeneity of
the primary sites of infection from which their strains were
derived. It has been reported that most E. coli blood isolates
from immunocompromised hosts exhibit the B1 carboxylester-
ase phenotype, defined as belonging to groups other than B2,
and are devoid of virulence factors (25, 27, 40). Overall, our
results agree with these latter reports, as group A and Bl
strains were more frequent in compromised patients than in
noncompromised patients (15.2 versus 7.3%).

Few authors have studied the prevalence of virulence genes
in community-acquired urosepsis E. coli isolates (29, 31). The
proportions of isolates harboring papC, cnf-1, hly, and aer in
our study (78, 21, 34, and 80%, respectively) are comparable to
those found in blood isolates by Johnson and Stell (77, 16, 41,
and 80%), respectively) (31). The prevalence of these genes was
different in bacteremia isolates studied by Hilali et al. (20) and
Maslow et al. (35), but this may be explained by the diversity of
the primary source of infection in the latter studies.

Geographic location may also influence the distribution of
papG alleles in E. coli strains causing bacteremia (22, 24, 37).
Allele IT was the predominant papG allele among E. coli blood
isolates from adults in Seattle, Wash. (22); Long Beach, Calif.
(24); Nairobi, Kenya (24); and Sweden (22, 37). In contrast,
papG allele IIT was found by Johnson et al. in a majority of
isolates from Boston, Mass. (24). Allele II predominated
(68%) over allele III in our E. coli strains isolated from French
adults with bacteremia and urinary tract infection. Moreover,
the papG allele distribution differed according to host compro-
mise status. The observed associations between papGII and
noncompromised hosts and between papG negativity and host
compromise in our study are consistent with previous reports
(22, 37). Host compromise factors facilitate bloodstream inva-
sion by papG-negative E. coli strains (21). Five percent of our
strains were positive for papC and negative for papG alleles I,
I1, and III, in keeping with previous reports (26, 34, 37). This
suggests that another allele may be present or that papG may
be deleted. Interestingly, four of these five strains belonged to
phylogenetic group A.

Extraintestinal pathogenic E. coli isolates are known to carry
large chromosomal regions required for virulence; these so-
called PAIs have been defined in uropathogenic strains 536,
J96, and CFT073. We found various combinations of the genes
studied here. The concomitant presence of fyuAd/irp-2 (encod-
ing an iron uptake system representative of the Yersinia high-
pathogenicity island [HPI]) (1) was found in 92% of our strains
and thus seems to be characteristic of E. coli blood isolates. A
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similar high level has previously been found in E. coli urosepsis
isolates (31, 43). fyud/irp-2 was found in all of our isolates
belonging to phylogenetic group A. Similarly, these genes have
been found in all E. coli neonatal meningitis strains belonging
to group A (10). In contrast, fjuAd/irp-2 was found in only 32%
of ECOR group A strains (10) and in 30% of fecal isolates
(44). As phylogenetic group A strains are principal members of
the commensal flora (12), our results suggest that commensal
intestinal E. coli carrying fyuA/irp-2 would have a selective
advantage for causing bacteremia, although we did not per-
form functionality experiments. Johnson and Stell have sug-
gested that HPI may constitute a useful target for preventive
intervention (31). Likewise, from a practical point of view, the
absence of fyuA/irp-2 in a urinary tract isolate would tend to
exclude the risk of bacteremia in noncompromised patients.
Finally, the association of papC with fyuA/irp-2 could be the
minimal prerequisite for bacterial passage from a renal focus
of infection into the bloodstream of noncompromised patients.

The association of papGIII, hly, hra, and cnf-1 was observed
in 14% of our strains, and these genes were located on a single
DNA macrorestriction fragment. A similar prevalence of the
physically linked combination of papC, hly, and cnf-1 (19%) in
E. coli isolates from cancer patients with septicemia has been
reported (20). However, the authors of that study did not test
for papG alleles. All of our strains bearing this combination
belonged to group B2. The association of these four virulence
genes, reported to be PAI Iljg-like genetic elements as in
reference strain J96 (6), suggests the presence of a PAI 1144~
like domain in 14 of our 100 strains. In one of these strains
(P89), the spontaneous en bloc deletion of these four genes
provides strong evidence for the presence of such a PAI. More-
over, we found that the insertion site of the PAI IIy4-like
domain was within pheR tRNA (as in reference strain J96) in
11 strains (including P89 and P100) and near leuX tRNA in
four strains (including P100, which carried two copies of these
four genes). Interestingly, we found that seven strains harbored
hly, hra, and cnf-1, colocalized without papGIII and inserted
within pheR tRNA. Among these seven strains, four carrying
the hly, cnf-1, and hra association harbored papGII instead of
papGIII on the same fragment. One of these four strains was
genetically related to J96. This may point to a PAI II,;y.-like
domain, with allelic exchange of papG or the presence of papG
allele II at another site and deletion of papGIII (31). In favor
of the first possibility is the presence of papGII, hly, cnf-1, and
hra on a 280-kb fragment in strain P52 (data not shown). The
second possibility is supported by the fact that three of our
strains carried the combination of Aly, cnf-1, and hra on the
same restriction fragment, without pap. Spontaneous deletion
of pap has been documented (17). A similar combination of
cnf-1 and hly without pap was described by Hilali et al. for 4%
of their E. coli blood isolates (20). It has been suggested that E.
coli PAIs undergo additional recombination processes that
lead to additions or deletions of genes within the PAI (18, 26,
45). These results, combined with the differences in PAI sizes
and site-specific insertion that we found, point to genetic plas-
ticity of PAI IIy4-like domains. However, the consistent phys-
ical linkage of cnf-1, hly, and hra that we found in 21 strains and
the statistical association between cnf-1 and hly found by other
authors suggest that this cluster of three genes may constitute
the backbone of the PAI and serve as specific markers of the
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PAI IIy¢-like domain. PAI IIy4-like domains were found ex-
clusively in group B2. This contrasts with the distribution of
HPI in groups B2, D, and A and suggests that certain PAIs may
be specifically restricted to particular phylogenetic groups.
Moreover, our results suggest that the PAI I144-like domain is
not restricted to a single clone, as we found it in four different
ribotypes, in contrast to other reports (28, 30) (Table 4). Only
two strains were genetically related to J96 by ribotyping, im-
plying that archetypal strain J96 is a rare cause of urosepsis in
France.

Genetic linkage of papGII to the hly locus, suggestive of the
presence of a PAI Iprg,5-like domain (16, 32), was found in
16% of our isolates, a prevalence lower than that previously
reported (16). Three of these strains also harbored a PAI
II;6-like domain (Table 2). Fifteen of these 16 strains also
harbored the aer locus colocalized with papGII and hly. The
smallest NotI DNA fragment containing the three genes was
found in two strains and was approximately 200 kb long. In-
terestingly, in two strains (P9 and P89), papGII and aer were
physically linked (without Aly) on a NotI DNA fragment of 210
kb. This, combined with the fact that 93% of strains harboring
papGII but not hly were aer positive, whereas aer is found at
a significantly lower prevalence (53%) in papGIlI-negative
strains, strongly suggests the presence of either a new PAI
containing papGII and aer or a PAI Iprg75-like domain from
which Aly has been deleted. However this needs to be sup-
ported by further experiments demonstrating the en bloc de-
letion of the genes belonging to the putative PAI. Further
studies are under way to confirm our hypothesis.

Finally, three of our strains carried papGII without hly, aer,
or cnf-1, which is compatible with a PAI II-grg75-like domain
(41), and one strain harbored hly alone, which is compatible
with a PAI Is54-like domain (7, 18).

The distribution of virulence factors in our E. coli ribotype I
urosepsis isolates is interesting. Indeed, the combination of
papGlI and papGIII was confined to ribotype I, while papGIII
alone was present in isolates belonging to three other ri-
botypes. Previous studies have shown an association between
serogroup 02 and papGII plus papGIII status (22, 24). The fact
that papGII alone was present in ribotype I, in contrast to
papGIII, suggests that papGII was acquired first by ribotype I
strains. Thus, the combination of papGIII, hly, cnf-1, and hra
(PAI IIy4-like domain) may have been acquired secondarily
on a papGlI-positive ribotype I background.

In conclusion, we characterized a collection of E. coli
urosepsis isolates from French adults with respect to their
phylogenetic background and virulence factor profile, in
comparison with archetypal uropathogenic isolates. We
found that most of the isolates belonged to phylogenetic
groups B2 and D and harbored papG allele 11 and the aer
and fyuA/irp-2 genes. This study provides data on prevalence
and phylogenetic distribution indicating direct genetic link-
age between pap and certain virulence-associated genes,
consistent with colocalization on PAIs, that have previously
been shown to exhibit statistical associations in other E. coli
strain collections. Moreover, we show the variability of such
gene associations, suggesting the plasticity of archetypal
PAIs, even if some gene associations may form the back-
bone of certain PAIs, such as the hly, cnf-1, and hra associ-
ation in the PAI II;y4-like domain. PAI II,4s-like and PAI
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Icpro73-like domains were found in 21 and 16% of our
strains, respectively, and three strains harbored both. Only
one strain harbored a PAI Is;4-like domain, and none har-
bored a PAI Ijys-like or PAI Ils54-like domain, suggesting
that these PAIs may not be important in the urosepsis mech-
anism.
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