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Phenotypic analysis of Escherichia coli strains causing bacteremia in cancer patients suggests that they
possess specific virulence properties. To investigate this hypothesis, we compared the frequency of the viru-
lence-related genes cnf1, cnf2, papC, hlyC, and iut in 155 E. coli strains isolated from hospitalized cancer
patients with epidemiologically unrelated cases of bacteremia to their frequency in 70 E. coli strains isolated
from the feces of healthy unrelated volunteers. Of the blood isolates, 24, 37, and 26% were positive for cnf1,
papC, and hlyC, respectively, versus only 6, 17, and 6% of the fecal isolates (P < 0.05 in all instances). By
contrast, 47% of both isolates carried the iut gene. The patients’ clinical characteristics did not significantly
influence these frequencies. The presence on various pathogenicity islands (PAIs) of a combination of the cnf1,
papC, and hlyC genes on the chromosome was strongly suggested by Southern blotting of pulsed-field gel
electrophoresis (PFGE) patterns with specific DNA probes. The phylogenetic relatedness among 60 strains
carrying three, two, one, or no virulence genes and 6 ECOR strains included as references was determined by
neighbor joining, the unweighted pair-group method with arithmetic mean, and Wagner analysis of the
randomly amplified polymorphic DNA (RAPD) patterns generated by 11 primers. Identification of a major
cluster including 96.4% of the strains carrying the cnf1, papC, and hlyC genes and ECOR subgroup B2 strains
suggested that the virulent E. coli strains causing bacteremia in cancer patients are closely related to ECOR
B2 strains. The presence in the E. coli population surveyed of a strong linkage disequilibrium, and especially
of a highly significant correlation between PFGE and RAPD genetic distances, confirms that clonal propaga-
tion has a major impact on the E. coli population structure. Nevertheless, low bootstrap values in the
phylogenetic tree suggested that frequent genetic exchange inhibits the individualization of discrete genetic
lineages, which are stable on an evolutionary scale.

Patients with cancer are highly susceptible to bacterial in-
fections, particularly during the periods of severe neutropenia
that follow anticancer chemotherapy. Bloodstream infections
caused by gram-negative bacteria are among the most frequent
of these infections and are associated with a high mortality rate
(1). Most of the gram-negative bacteria that cause these blood-
stream infections originate in the intestinal flora (55) and
reach the blood by a mechanism called bacterial translocation
(for a review, see reference 4). In experimental models, bac-
terial translocation is enhanced by intestinal colonization and
overgrowth of the translocating bacteria, by immunosuppres-
sion of the host, and by alterations of the intestinal mucosa (for
a review, see reference 4), all of which may occur in cancer
patients.

Escherichia coli is the most common gram-negative species
isolated from cancer patients with bacteremia (1, 55). Pheno-
typic studies performed on a series of strains isolated from the
blood of patients with various underlying conditions suggest
that the E. coli strains isolated from such patients express traits
associated with virulence more frequently than do the strains
isolated from the intestinal flora of healthy volunteers. These
traits include O serogroup (13), alpha-hemolysin (2, 7, 13, 43),
type B carboxylesterase (13, 21), cytotoxic necrotizing factor
(CNF) (13), aerobactin (2, 13, 43), and colicin (13). This was

confirmed by genotypic studies. For instance, hly, the operon
encoding alpha-hemolysin, aero, the operon which encodes
aerobactin, cnf1, which encodes CNF1, and pap, the operon
which encodes pyelonephritis adhesin pili, were found prefer-
entially in E. coli strains isolated from patients with urinary
tract infections (8, 43, 64); pap, hly, aero, and afa, the operon
encoding afimbrial adhesins, were found in patients with neo-
natal meningitis (5); and pap, hly, aero, and sfa, the operon
which encode S fimbria adhesins, were found in patients with
bacteremia (35, 43). cnf2, the gene encoding CNF2, has been
found only in strains isolated from animals (45).

Virulence genes are often grouped in a single segment of the
bacterial chromosome, constituting a distinct functional ge-
netic unit called a pathogenicity island (PAI) (10, 24). PAIs
have now been isolated from many bacterial species (for a
recent review, see reference 25). They are often larger than 30
kb, have a G1C content different from that of the host organ-
ism, are often inserted into tRNA genes, may be flanked by
insertion sequence elements, may be lost by deletion at high
frequency, and, typically, are present more often in pathogenic
than in less pathogenic strains within the same species (25). E.
coli PAIs have been studied chiefly in uropathogenic and en-
teropathogenic strains. Several PAIs, all carrying hly genes and
numbered I, II, IV, and V, have been described in uropatho-
genic strains (10, 54). In addition to hly, PAI II contains prf,
encoding the P-related fimbriae (10), PAI IV contains pap
(54), and PAI V contains both prs encoding a P-related se-
quence and cnf1 (10). PAI III, a newly renamed locus of
enterocyte effacement, has been identified in enteropathogenic
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E. coli strains. It carries a specific set of virulence genes com-
prising sepA through sepI, encoding a type III secretion system
protein, espA and espB, encoding secreted proteins involved in
signal transduction, and eaeA, encoding intimin (37, 38). So
far, the presence of PAIs has not been reported in E. coli
strains causing bloodstream infections.

The population structure of E. coli, as represented by the
ECOR collection (41), is thought to be clonal, since it com-
prises five major clonal groups called A, B1, B2, D, and E (26).
Most E. coli blood isolates belong to the B2 ECOR group (48).
This is also true for E. coli strains isolated from patients with
neonatal meningitis (5). Recently, it was shown that the B2 and
D ECOR strains carried virulence genes, including hly, pap,
sfa, and kps, a cluster of genes encoding proteins involved in
export of type II capsular polysaccharides, more often than did
strains from the other ECOR groups (11). It was also reported
that a set of virulence genes comprising pap, hly, and sfa was
preferentially distributed in a major cluster of strains causing
bloodstream infections in patients with various underlying con-
ditions (35). All these studies suggest that a cluster of E. coli
strains acquired virulence genes by horizontal transfer, thus
defining a highly virulent group. The link between the B2
phylogenetic group and the virulence in E. coli strains causing
extraintestinal infection was recently confirmed in studies of
experimentally infected mice (47).

In the present study, we attempted to determine whether a
clustered distribution of virulence genes can be found in E. coli
strains causing bacteremia in cancer patients, and we used new
approaches to explore further the general problem of the pop-
ulation structure of E. coli and its mode of evolution.

MATERIALS AND METHODS

Bacterial strains and patient characteristics. We studied 155 strains of E. coli
isolated between April 1992 and December 1993 from consecutive patients with
bacteremia who were hospitalized at Institut Gustave-Roussy, a 420-bed French
cancer referral center. The major underlying diseases were leukemia in 8 patients
(5.2%), lymphoma in 17 (11%), solid tumors in 114 (73.5%) and unknown in 16
(10.3%). Neutropenia was defined as a leukocyte count lower than 500/mm3 at
the onset of bacteremia, and a urinary source of bacteremia was suspected when
more than 105 CFU of E. coli per ml was isolated from urine samples. We also
studied 70 E. coli strains isolated from the feces of healthy volunteers living in the
community. For each fecal sample, one colony was chosen at random and it was
assumed that the isolates of E. coli so obtained were representative of the
bacterial population present in the feces of the volunteers at that time.

E. coli reference strains isolated from humans or animals, with or without
known virulence genes, were used as positive and negative controls for the PCR
studies. Six E. coli strains from the ECOR collection (41) were used as reference
strains for the phylogenetic study, and three unrelated strains of enterobacteria
were taken as the outgroup (Table 1).

Bacterial cultures and DNA extraction. E. coli strains were grown on Luria-
Bertani agar or in Luria-Bertani broth at 37°C overnight. Genomic DNA was
extracted by rapid lysis, as described previously (50), and used as the target for
PCR assays.

PCR materials and methods. Primers were used to amplify intragenic frag-
ments of the genes cnf1 (15), cnf2 (46), papC (32), hlyC (17), iut (representative
of the aerobactin operon) (13b), and the tRNA pheR, which encodes phenylal-
anine tRNA and which is often the site of insertion from PAI V. Details of
primer sequences and predicted sizes of the amplified products are given in
Table 2. PCR amplification of bacterial DNA extracts was performed in 25-ml
volumes containing 5 ml of cell lysate for detecting cnf1 and cnf2 (51) and papC
(32). For detection of hlyC and iut, PCRs were performed using 15 mM Tris-HCl
(pH 8.3), 40 mM KCl, 200 mM each deoxynucleoside triphosphate (Boehringer
Mannheim, Meylan, France), 1 mM each primer, and 1 U of Ampli-Taq DNA
polymerase (Perkin-Elmer) per reaction. The concentration of MgCl2 optimized
for each PCR was 4 mM for hlyC and 1 mM for iut. PCR amplification consisted
of one cycle at 94°C for 5 min, 28 cycles of denaturation at 94°C for 45 s,
annealing at 69°C for 40 s, and extension at 72°C for 1 min, and one cycle of 72°C
for 5 min in a Thermocycler 9600 (Perkin-Elmer/Cetus). For the detection of
tRNA pheR, the PCR mixtures differed from those of hlyC and iut in that
Ampli-Taq DNA was replaced by DNA Taq polymerase (Boehringer Mann-
heim). PCRs were performed in a final volume of 50 ml containing 5 ml of cell
lysate. The concentration of MgCl2 was 1 mM. PCR amplification consisted of
one cycle at 94°C for 5 min, 25 cycles of denaturation at 94°C for 30 s, annealing
at 52°C for 45 s, and extension 72°C for 1 min, and one cycle of 72°C for 10 min.

Aliquots (10 ml) of the final reaction mixtures underwent standard gel electro-
phoresis in 2% agarose. Amplified DNA fragments of specific sizes were de-
tected by UV fluorescence after being stained with ethidium bromide.

PFGE typing. Epidemiological relationships between strains were assessed by
studying the pulsed-field gel electrophoresis (PFGE) patterns of genomic DNA
after restriction by XbaI, SfiI, and NotI (Boehringer, Mannheim, Germany), as
described previously (22, 23). These enzymes do not have restriction sites within
the sequences of the five virulence genes under study. An XbaI digest of Salmo-
nella enterica serovar Indiana (T461) DNA was used as a reference pattern for
strain analysis and band size determination. PFGE patterns were compared using
Gel-Compar software (Applied Maths, Kortrijk, Belgium). Strains with more
than seven distinct restriction fragments were considered different, as described
previously (56).

Southern blot hybridization. PFGE digests were transferred to nylon mem-
branes (Amersham) and hybridized with digoxigenin-labeled probes which were
generated by the specific primers of the cnf1, papC, and hlyC genes as recom-
mended by the manufacturer (Boehringer Mannheim).

Relationships among strains from our collection. A subset of 60 strains from
our collection were selected so as to include representative combinations of the
virulence genes under study. We chose 19, 13, 8, and 20 bacteremic strains among
those that carried three, two, one, and no virulence genes, respectively. DNA,
extracted as described previously (33), was subjected to 11 different randomly
amplified polymorphic DNA (RAPD) assays using the following commercially
available 10-mer primers: A1, A2, A3, A7, A9, A10, A13, A16, A17, A19, and

TABLE 1. Characteristics of the E. coli reference strains isolated
from humans and animals

Strain Phenotype ECOR
subgroup Host Reference

J96 Cnf1, Pap, Hly NDa Human 29
1520 Cnf1 ND Dog 45
BM4.1 Cnf1 ND Calf 45
BM2.1 Cnf1 ND ND 45
JL211 Cnf2 ND Calf 45
S5 Cnf2, Aero ND Lamb 45
BM2.10 Cnf1, Aero ND Calf 45
HB101 No known virulence

factor
ND Human 45

JL212 JL21 without Cnf2 ND Calf 45
ECOR4 ND A Human 42
ECOR25 ND A Dog 42
ECOR45 ND B1 Pig 42
ECOR48 Pap, Hly D Human 42
ECOR52 Cnf1, Pap, Hly B2 Orangutan 42
ECOR59 ND B2 Human 42

a ND, not determined.

TABLE 2. Oligonucleotide primers used to amplify virulence-
associated genes

Target gene Oligonucleotide sequence
(59339)

Predicted size
of amplified
product (bp)

Reference

cnf1 CATGCTTCTTCCTCAGTAGC 255 51
GTCTAAAAGGGGGGCAGCCA

cnf2 CTTCTTCAGTTGTTCCTCCG 583 51
TAAGGCGGGCACAAACCAGA

hlyC GCCAGAACAGTGCTTATCCT 1,576 This work
CCAGTTCCCCATTACACAGA

iut AGGTGACGGCTTTCTCTTCG 189 This work
TCTTGTTGTTCAGCCCTCCG

papC GACGGCTGTACTGCAGGGTGTGGCG328 32
ATATCCTTTCTGCAGGGATGCAATA

tRNA pheR AGCCGCGCTTTGGTACAGTAGC 1,168 This work
CAGATGGAACTGGTGCTGGAAGG
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A20 (kit A from Operons Technologies, Alameda, Calif.). Preliminary results
(not shown) showed that these primers generated distinct reproducible RAPD
patterns. RAPD assays were performed in duplicate in 61-ml reaction volumes
containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 100 mM each
deoxynucleoside triphosphate (Boehringer), 200 nM primer, 0.9 U of DNA Taq
polymerase (Boehringer), and 10 ng of bacterial DNA. A PTC 100 DNA Engine
machine (MJ Research, Watertown, Mass.) was used for amplification, which
comprised 45 cycles, each consisting of 1 min at 94°C, 1 min at 36°C, and 2 min
at 72°C. Amplified fragments underwent standard gel electrophoresis in 1.6%
agarose and were detected by UV fluorescence after staining with ethidium
bromide. Only the major bands of the resulting patterns were taken into account
in the analysis (63).

We used two previously described genetic population tests, namely, the f and
g tests (62), both based on the assessment of linkage disequilibrium (i.e., the
nonrandom association of genotypes occurring at different loci) by Monte Carlo
simulations with 104 iterations. As a null hypothesis, both tests take panmixia, a
situation in which genetic exchange occurs randomly. Means to avoid biases due
to geographical and/or temporal separation have been proposed (57, 61). The f
test only evaluates the probability of observing, by chance, a linkage disequilib-
rium as high as or higher than the one actually observed in the sample, whereas
the g test also evaluates the correlation between the genetic distances calculated
with two independent sets of genetic markers (here PFGE and RAPD patterns).
In a panmixia, these two sets of markers recombine independently and therefore
do not correlate. The correlation is evaluated by the nonparametric Mantel test
(34), which does not require an assumed degree of freedom in sample.

The unweighted pair group method with arithmetic mean (53), neighbor-
joining, and Wagner phylogenetic methods derived from the PHYLIP software
package (19) were used to assess the phylogenetic relationships between the
strains. S. enterica serovar Indiana and Citrobacter freundii were chosen as out-
groups to root trees because they are closely related to the genus Escherichia.
Only branch topologies found similar by all the above three methods were
considered significant, because agreement between the results of several phylo-
genetic methods is a strong indication that phylogeny has been correctly deter-
mined (28, 31). The robustness of the branches was estimated by the bootstrap
method (18).

RESULTS

Prevalence of virulence genes. The cnf1, papC, and hlyC
genes, but not the iut gene, were detected in a significantly
larger number of E. coli blood isolates from cancer patients
than in fecal isolates from healthy volunteers (Table 3). The
cnf2 gene was not detected in any human strains, as reported
previously (45). As shown in Table 4, four different combina-
tions of the genes under study were identified. Only the asso-
ciation of cnf1, papC, and hlyC occurred in significantly more
blood than fecal isolates (19 and 4.2%, respectively; P , 0.05).
Conversely, the absence of all virulence genes as detected here
was noted in more fecal than blood isolates (81 and 57%,
respectively; P , 0.05) (data not shown).

Clinical data analysis. We did not find any significant dif-
ferences between the number of virulence factors in strains
recovered from patients with or without the clinical character-
istics studied, which included the number of circulating poly-
morphonuclear leukocytes at the onset of bacteremia, the un-
derlying disease, and the association of bacteremia with a
positive urine culture (data not shown).

Epidemiological relationships between E. coli strains. Di-
gestion of E. coli DNA with XbaI, SfiI, and NotI produced 16
to 20 well-resolved fragments ranging from 20 to 700 kb (data
not shown). PFGE patterns were highly heterogeneous among
the different strains. PFGE resolved at least seven distinct
fragments when the patterns were compared pairwise. Thus,
on the basis of widely accepted interpretative criteria (56), we
concluded that the strains were epidemiologically unrelated.

Physical location of virulence genes. The results of Southern
blotting of PFGE patterns with the hlyC, cnf1, and papC probes
suggested that these three genes were physically linked in 22 of
the 32 strains (69%) carrying the three virulence genes (Table
4). The 32 strains were found in either blood or fecal isolates.
In 18 of 22 strains (82%), the three probes hybridized on the
same restriction fragment with all three restriction enzymes.
For the 10 strains carrying two virulence genes (Table 4), the
probes hybridized with all the restriction enzymes in 7 of the 10
strains (70%). The sizes of the hybridization bands in the
strains carrying three and two virulence genes were smaller
than 190 kb in 10 of 22 strains (45%) and 4 of 10 strains (40%),
respectively. This cutoff limit was chosen because the largest
previously described PAI in E. coli, PAI II, is 190 kb long (9).
Among the 22 strains carrying three virulences genes, the
tRNA pheR was conserved in size in only 2 strains (10%). In
comparison, 5 of 12 strains (42%) carrying no studied virulence
genes had tRNA pheR.

Population genetic and phylogenetic analysis. The RAPD
patterns generated by each primer were polymorphic (results
not shown), and there was a highly significant correlation be-
tween RAPD and PFGE genetic distances (r 5 0.33, P , 1024;
Mantel nonparametric test). The linkage disequilibrium f and
g tests were significant for both the overall sample, except for
the reference stocks and outgroups (f , 1024, g , 1024) and
for a main cluster referred to below as cluster I (f 5 1.3 3
1023, g , 1024) and shown in Fig. 1. However, f and g test P
values were not significant when the strains not included in
cluster I were analyzed separately.

Cluster I contained 29 strains, 28 (96.5%) of which carried at
least one virulence gene. This cluster also included the two B2
subgroup strains of the ECOR collection and reference strains
HB101 and J96. Note that 16 of 19 strains (84%) from our
collection carrying the association of papC, hlyC, and cnf1
genes were included in this cluster whereas 19 of 20 of our
isolates (95%) that carried no virulence genes were found
outside the cluster, like the ECOR strains from groups A, B1,
and D. Cluster I was identified by the three phylogenetic meth-

TABLE 3. Prevalence of virulence genes in E. coli strains isolated
from the blood of cancer patients and the feces of

healthy volunteers

Target gene
No. (%) of positive strains in:

P valuea

Blood (n 5 155) Feces (n 5 70)

cnfI 37 (24) 4 (6) ,0.05
papC 58 (37) 12 (17) ,0.05
hlyC 40 (26) 4 (6) ,0.05
iut 73 (47) 33 (47) NSb

a Chi-square test.
b NS, not significant.

TABLE 4. Combination of virulence genes identified in E. coli
strains isolated from the blood of cancer patients and the feces of

healthy volunteers

Gene combination

% (no.) of positive
strains in:

P valuea

Blood
(n 5 155)

Feces
(n 5 70)

No known virulence factors 57 (89) 81.4 (57) ,0.05
cnf1 1 papC 1 hlyC 19 (30) 4.2 (3) ,0.05
cnf1 1 papC 0.6 (1) 0
cnf1 1 hlyC 4 (6) 0
papC 1 hlyC 1.2 (2) 1.4 (2) NSb

cnf1 0 0
papC 16 (25) 11.4 (8) NS
hlyC 1.2 (2) 0

a Chi-square test.
b NS, not significant.
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FIG. 1. Rooted neighbor-joining tree generated by the phylogenetic relationships among 61 E. coli strains isolated from the blood of cancer patients or the feces
of healthy volunteers. The letters W and U indicate branches that were also found by the Wagner and UPGMA methods, respectively. Strains numbered up to 155
were blood isolates from cancer patients, and those with higher numbers were fecal isolates from healthy volunteers. p, h, and c indicates carriage of the papC, hlyC,
and cnf1 genes, respectively.
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ods used. However, the robustness of bootstrap analysis of this
cluster was low (0.24).

DISCUSSION

In this study, we found that the E. coli strains isolated from
cancer patients with bacteremia carried the virulence-associ-
ated papC, hlyC, and cnf1 genes more frequently than did
strains isolated from the feces of healthy volunteers. This result
might be considered somewhat unexpected since cancer pa-
tients are often severely immunocompromised and thus could
have been infected by much less virulent strains. The frequen-
cies of the papC, hlyC, cnf1, and iut genes in both fecal and
blood isolates were similar to those reported previously (35,
40). The high frequency of carriage of the cnf1 gene in our
collection of E. coli blood isolates was also in agreement with
a previous report on the phenotypic expression of CNF in
these strains (6), suggesting that cnf1 plays a role in the patho-
genicity of these isolates (16, 20, 27). In the present study, the
iut gene, which can be either plasmid or chromosome borne
(30, 39) and has never been found within a PAI (25), was
detected with a non-significantly different frequency in blood
and fecal isolates, in contrast with our previous observation
concerning aerobactin production in a similar collection of
blood isolates from cancer patients (2). However, the preva-
lence of aerobactin expression we observed in the later collec-
tion was dependent on the technique used, since it ranged from
52% using a chemical assay to 89% using a bioassay (2). Other
workers reported that the prevalence of the aero operon in E.
coli blood isolates varied from 53% of African strains to 81%
of American strains (35). The cause of these variations remains
unclear, but their existence makes the role of aerobactin pro-
duction uncertain in the pathogenesis of E. coli bloodstream
infections in humans.

Our finding that one or more of the other three virulence
genes detected were present in significantly more blood iso-
lates from cancer patients than in fecal isolates from healthy
volunteers suggested that they might be important in the
pathogenesis of bacteremia. Note that the prevalence of these
genes was not significantly different among the strains from
bacteremia patients, whatever their underlying disease and
immune status, as judged by the number of circulating poly-
morphonuclear leukocytes, or from the possible urinary source
of some cases of bacteremia. This suggests that bacterial fac-
tors were of major importance in the pathogenesis of this kind
of infection. However, 57% of the bacteremic strains had no
virulence factors. It is possible that the corresponding patients
had specific immune defects not recorded in this retrospective
study. These strains without virulence factors did not group in
any specific clone, suggesting that the belonged to the general
E. coli intestinal populations of the patients.

To establish whether the virulence genes papC, hlyC, and
cnf1 are linked in the same segment of the chromosome, sug-
gesting their inclusion in a PAI, we hybridized the PFGE
patterns generated by three restriction enzymes with specific
probes, as did others (9, 54). In 22 of the 32 strains carrying the
combination of papC, hlyC, and cnf1 genes (69%), these three
genes were indeed located on a single restriction fragment,
regardless of the restriction enzyme used. The 98% DNA se-
quence homology between papC and prs suggested that we had
detected prs in E. coli J96 and that the association of papC,
hlyC, and cnf1 found in our strains was probably part of a PAI
which is very similar, and perhaps identical, to PAI V. No
tRNA pheR was detected in 20 of 22 strains (90%), carrying the
combination of papC, hlyC, and cnf1, suggesting that this com-
bination of genes was probably located in a PAI, such as PAI

V. However, in some of our isolates carrying the three viru-
lence genes, the probes hybridized on a band as small as 87 kb,
whereas the reported size of PAI V is 110 kb (9, 54), suggesting
that one of the three restriction enzymes used had a restriction
site(s) in PAI V. This could not be formally confirmed, because
the full sequence of PAI V is not available. In some strains
carrying two virulence genes, the probes for papC and hlyC also
hybridized on a DNA fragment smaller than 190 kb. This is
compatible with the 170-kb long PAI IV, as described in E. coli
J96 (9). Finally, to our knowledge, the combination of cnf1 and
hlyC without papC, which we found in six strains, has not been
previously reported in a PAI.

To ascertain whether the virulence factors were randomly
distributed over the entire spectrum of E. coli genotypes, we
analyzed the population structure and phylogenetic relation-
ships in a subset of representative E. coli isolates. For this
purpose, we used the multiprimer RAPD method, which has
been successfully applied to the study of the population genet-
ics of several microbial species such as Candida albicans (49,
58), Trypanosoma cruzi (12, 13a), and Leishmania spp. (3). This
method generates results equivalent to those of the reference
multilocus enzyme electrophoresis method (63) but is less
time-consuming and easier to perform. We found that 85% of
the E. coli strains that carried the combination of papC, hlyC,
and cnf1 were located in the same genetic cluster, together
with the two ECOR subgroup B2 strains. However, the robust-
ness of this cluster is not supported by bootstrap analysis. Thus,
although the strains inside the cluster tend to exhibit signifi-
cantly greater genetic similarity than those outside it, it would
hazardous to consider this cluster a real discrete phylogenetic
entity.

The cluster included most of the strains that carried at least
one virulence gene, whether they were isolated from blood or
feces. This observation, combined with the very sporadic oc-
currence of virulence genes among the strains outside the
cluster, suggested that the distribution of virulence genes was
not random but was preferentially linked to the cluster.

However, since the cluster also contained the two strains of
the ECOR subgroup B2, it probably corresponds to the clonal
subgroup B2 of the ECOR collection. In two recent investiga-
tions, the pap, hly, kps, and sfa genes were detected mainly in
the strains from this subgroup (11, 47). Also, a nonrandom
distribution of virulence genes was reported among clinical
strains isolated from patients with bloodstream infections (35)
and neonatal meningitis (5). In a collection of American and
African E. coli strains isolated from patients with bloodstream
infections, pap, hly, and sfa genes were found in a major cluster
(35), which was probably identical to the cluster described
here. It was recently shown that E. coli strains which were
isolated from patients with neonatal meningitis and carried the
ibe10 gene encoding brain endothelial cell invasion, the pap,
afa, sfa/foc, and hly genes were distributed mainly in a genetic
cluster corresponding to the B2 subgroup of the ECOR col-
lection (5). Thus, whatever their clinical or geographic origin,
most strains from this subgroup are likely to carry virulence
genes. Since we found that the virulence genes carried by
strains from cluster I were likely to be part of PAI IV or V, we
suggest that the distribution of PAI IV and V is preferentially
linked to strains from the B2 subgroup. Also, since PAIs are
suspected to originate from species other than E. coli by hor-
izontal transfer and since PAIs are integrated into specific
regions of the bacterial chromosome such as the tRNA locus,
we suggest that B2 subgroup strains are more prone to inte-
grate PAIs into their bacterial chromosome than are strains
outside this subgroup.

As regards the general problem of the E. coli population
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structure, the strong linkage disequilibrium found in the 60
isolates tested and in cluster I confirms the hypothesis that
clonal propagation has a major impact on E. coli genotype
distribution (44, 52). This linkage disequilibrium persisted
even when the genotypes rather than the strains were taken as
units of analysis. This indicates that our population of E. coli
does not correspond to the model of epidemic clonality, as
proposed for Neisseria meningitidis (36). Our results also do not
support the hypothesis that this sample of E. coli is divided into
discrete genetic entities called discrete typing units (59, 60).
The only strong bootstrap value that we found was in fact
related to the entire E. coli group. All the other branches were
weakly supported by bootstrap analysis, which suggests that
genetic exchange inhibits strictly separate evolution of the sub-
groups. This picture is comparable to the picture observed for
T. cruzi, a parasitic protozoan which is responsible for Chagas’
disease and is a typical case of a structured species whose
pattern is probably attributable to long-term clonal evolution
(57). In this parasite, the discreteness of the genetic lines that
subdivide the species is much more apparent than in E. coli.
Pseudomonas aeruginosa, in contrast, exhibits a picture of pan-
mixia, with no apparent linkage disequilibrium (14). The fre-
quency of genetic recombination therefore seems much stron-
ger in this species than in E. coli.

In conclusion, the present results suggest that even in im-
munosuppressed patients with cancer, specific strain charac-
teristics are of major importance in the pathogenesis of E. coli
bacteremia.
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Genome fingerprinting of Pseudomonas aeruginosa indicates colonization of
cystic fibrosis siblings with closely related strains. J. Clin. Microbiol. 26:1973–
1977.
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