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Phylogenetic relationships, virulence factors, alone and in specific combinations, and virulence in a rat men-

ingitis model were examined among 132 isolates of Escherichia coli neonatal meningitis from France and

North America. Isolates belonging to phylogenetic groups A ( ), D ( ), and B2 ( ) had similarn p 11 n p 20 n p 99

high prevalence rates of the siderophores aerobactin and yersiniabactin and the K1 capsule (�70%) yet induced

different level of experimental bacteremia. Ectochromosomal DNA–like domains involved in blood-brain

barrier passage (PAI III536 [sfa/foc and iroN; 34%]; GimA [ibeA and ptnC; 38%]; PAI IIJ96 [hly, cnf1, and hra;

10%]) were restricted to B2 isolates. Among group B2 isolates, representatives of the O45:K1 clonal group

( ), which lacked these domains, were as able as the archetypal O18:K1 strain C5 to cause meningitis.n p 30

Molecular epidemiology combined with experimental virulence assays demonstrate that known virulence

factors are insufficient to fully explain the pathophysiology of ECNM and to allow for rational search for new

virulence factors.

Bacterial meningitis is a major cause of neonatal mor-

tality worldwide and is associated with a high incidence

of neurologic sequelae [1]. Escherichia coli is the second

cause of neonatal bacterial meningitis in industrialized

countries, after group B streptococci (GBS), but may

soon become the leading cause, with worldwide appli-

cation of “per partum” antibacterial prophylaxis against

GBS [2]. Moreover, several reports suggest that this

preventive strategy is responsible for the increased in-
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cidence of early-onset infection with E. coli [3–5]. This

underlines the need for a better understanding of the

molecular pathophysiology of E. coli neonatal menin-

gitis (ECNM) to develop new preventive strategies.

The pathogenesis of ECNM is characterized by high-

level bacteremia followed by penetration of the blood-

brain barrier (BBB) [6–9]. The capsular polysaccharide

K1 is a virulence factor with a key role in the bacteremic

phase [10, 11]. Other bacterial attributes contribute to

E. coli survival in serum and may thus be involved in

the pathogenicity of ECNM isolates. These factors in-

clude iron-uptake systems encoded by the loci iro [12,

13] and chu [14], the siderophores aerobactin [15] and

yersiniabactin [16–18], and other factors, such as he-

molysin that may facilitate access to iron and or resis-

tance to phagocytic cells [19–21]. Several specific vir-

ulence factors facilitate BBB penetration [9], such as
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K1 [22], fimbrial adhesin S (sfaS) [23–25], the invasin IbeA

(ibeA) [26, 27], and cytotoxic necrotizing factor (cnf1) [28, 29].

Extraintestinal pathogenicity genes in E. coli tend to be clus-

tered in chromosomal genomic structures acquired by hori-

zontal transfer and are known as “pathogenicity islands” (PAIs)

[30] or genetic islands [31]. Recently, these structures were

collectively termed “ectochromosomal DNA” (ECDNA) [32].

Some specific ECNM virulence factors were recently described

as being linked to ECDNA, such as sfaS in PAI III536 [33], cnf1

in PAI IIJ96 [34] or PAI IC5 [35], and ibeA in the genetic island

GimA [31]. The siderophores aerobactin and yersiniabactin,

which are potentially involved in the bacteremic phase, are

encoded by genes that may be included in such structures (PAI

ICFT073 and high pathogenicity island [HPI], respectively) [18,

36–39]. These ECDNAs vary in length from 30 kb to 1100 kb

and include other potential virulence factors that may be in-

volved in the pathogenesis of ECNM. Thus, epidemiological

studies of ECDNA within meningitis isolates will contribute to

the determination of genetic elements that are involved in the

pathogenesis of ECNM.

The characterization and comparison of virulence genotypes

(the complement of virulence genes and ECDNA present in a

given strain), in association with phylogenetic analysis, will lead

to a comprehensive picture of the origins and spread of viru-

lence factors within the population of ECNM isolates. The

application of this approach to a large collection of strains will

permit the definitions of different archetypal groups that may

be used to investigate the pathogenesis of this disease. Neonatal

meningitis isolates mainly belong to phylogenetic group B2 [40,

41], a group of highly pathogenic isolates frequently involved

in extraintestinal infection [36, 42–46], and, to a lesser extent,

groups D and A. Although ECNM isolates belong to several

clonal groups [40, 41, 47], most molecular and experimental

analyses have involved small numbers of strains, all belonging

to the main serotype (O18:K1) [47–49], which is considered

to be the archetypal group. Determination of virulence geno-

types and assessment of experimental virulence by use of bac-

terial isolates representative of other clonal groups, as well as

comparison with the archetypal group O18:K1, may throw new

light on the pathophysiology of ECNM.

Therefore, in the present study, we performed a phylogenetic

analysis of a collection of 132 ECNM isolates of French and

North American origins and screened them for the ECDNAs:

PAI III536 [33], PAI IIJ96 [34], GimA [31], PAI ICFT073 [36, 38],

and HPI [16, 18, 39]. We also further characterized a recent-

ly identified meningitis-associated genomic region termed

“GimB” [50] and determined its distribution in the isolate

collection. Finally, the virulence of representative isolates be-

longing to different clusters or clonal groups was assessed in

an animal model and was analyzed in comparison with the

virulence genotypes harbored by the isolates.

MATERIALS AND METHODS

Isolates. We studied 134 isolates cultured from the cerebro-

spinal fluid (CSF) of 134 neonates from 1988–2000. Sixty-three

of these isolates have been partially characterized in a study

described elsewhere [40]. Ninety-one isolates were obtained

from various regions of France. Forty-one North American

isolates were provided by R. Bortolussi (Childrens’ Hospital,

Halifax, Canada), D. Goldmann (Childrens’ Hospital, Bos-

ton), K. Kim (Johns Hopkins University School of Medicine,

Baltimore), and J. Badger (Childrens Hospital Los Angeles) and

included the archetypal O18:K1:H7 isolates RS218 and C5,

which belong to the outer membrane protein pattern (OMP)

9 subclone [47]. For comparison, we also included the well-

characterized European O18:K1:H7 isolates IHE3034 (OMP 9

subclone) and IHE3036 (OMP 6 subclone) [25, 47, 51] isolated

in Finland and provided by J. Hacker (Institut für Molekulare

Infektionsbiologie, Würzburg, Germany). All isolates were stored

in 20% glycerol at �80�C.

Serotyping. K1 antigen was detected with antiserum to

Neisseria meningitidis group B, as described elsewhere [40], and

O antigens were screened for with antisera obtained from the

State Serum Institute (Copenhagen, Denmark).

Polymerase chain reaction (PCR) phylogenetic grouping.

The phylogenetic group was determined with a PCR-based

method that detects the chuA and yjaA genes and an anony-

mous DNA fragment, TspE4.C2, as described elsewhere [52].

The distribution of these markers among E. coli phylogenetic

groups categorized the isolates as follows: group A, chuA� and

TspE4.C2�; group B1, chuA� and TspE4.C2+; group B2, chuA+

and yjaA+; and group D, chuA+ and yjaA�.

Ribotyping. The isolates were automatically ribotyped by

use of the Riboprinter system (Qualicon) with the restriction

enzyme HindIII (New England BioLabs), as described else-

where [53]. For comparison, ribotypes also were obtained by

a manual method described elsewhere [40]. Computerized ri-

botypes were exported in .txt files, converted to .int files with

GelConvert 1.01 software (Qualicon), and imported into Gel

Compar software version 4.1 (Applied Maths). Clustering anal-

ysis was performed with the unweighted pair group method,

using the arithmetic averages (unweighted pair group method

with arithmetic mean [UPGMA]) method based on the Dice

coefficient for band matching [54], with a position tolerance

setting of 0.8% and an optimization setting of 0.25% (default

values are 1% position tolerance and 0.5% optimization). Bands

for analysis with the Dice coefficient were assigned manually,

on the basis of densitometric curves and the accompanying

hardcopy photograph. The ribotypes of the ECOR reference

isolates [55], obtained with the same technique in a study de-

scribed elsewhere [53], were compared with the ribotypes of

the meningitis-associated E. coli (MENEC) isolates. All the ri-

botype profiles have been added to the electronic Riboprint
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Table 1. Description of ectochromosomal DNA (ECDNA)–like domains potentially or shown to
be involved in the virulence of neonatal Escherichia coli meningitis isolates.

ECDNA-like domain Archetypal strain

Original name
of ECDNA

(length in kb)

Genes or clones defining
the ECDNA-like domains

in the present studya Reference

PAI III536 like UPEC 536 PAI III (∼71) sfa/foc, iroN [33]

GimA like MENEC RS218 GimA (20) ibeA, ptnC [31]

PAI IIJ96 like UPEC J96 PAI II (∼110) hlyC, cnf1, hra, [34]

PAI ICFT073 like UPEC CFT073 PAI I (∼124) pap, iucC, hlyC [38]

HPI like UPEC 536 PAI IV (38) irp2, fyuA [39]

GimB like MENEC C5 GimB (5.2) SauE15.L4, SauE15.L9,
SauE15.K12, TspE4.C4

This study

NOTE. MENEC, meningitis associated E. coli; PAI, pathogenicity island; UPEC, uropathogenic E. coli.
a Clones were obtained by subtractive DNA hybridization in a previous study [50].

database that we have created, as described elsewhere [53]. With

worldwide Riboprinter interconnection, this database provides

an invaluable tool for rapidly determining genetic relationships

between clinical ECNM isolates and isolates of this collection.

The ribotypes can be downloaded from the Riboprinter data-

base on electronic mail request to edouard.bingen@rdb.ap-hop-

paris.fr or marc.lange@pasteur-lille.fr. All data obtained in this

study (including dendrograms) are available at the Molecular

Typing Center website (research section: http://www.pasteur-

lille.fr/english/techno/ctm/index.html).

Pulsed-field gel electrophoresis (PFGE). PFGE was per-

formed as described elsewhere [36]. In brief, bacterial cells were

embedded in agarose and were lysed with detergent and pro-

teinase K (Sigma-Aldrich). DNA was digested with NotI (Roche)

and was subjected to PFGE in 1% agarose gel in 0.5� TBE buffer,

at 6 V/cm for 27 h, with pulse times varying linearly between 2

s and 49 s.

ECDNA-like domains. ECDNA-like domains of PAI III536

[33], GimA [31], PAI IIJ96[34], PAI ICFT073 [36, 38], and HPI

[16, 18] were detected by simultaneous identification of dif-

ferent characteristic genetic elements (table 1), using PCR, dot

blot, and Southern blot, as follows. The isolates were first

screened for the following genes by PCR: sfa/foc, sfaS, iroN,

ibeA, papC, papGII, papGIII, hlyC, cnf1, hra, iucC, fyuA, and

irp2. All the primers used in this study have been published

elsewhere [36, 40, 43], except for those used for iroN (iroN.1,

5′-GAAAGCTCTGGTGGACGGTA-3′; and iroN.2, 5′-CGACA-

GAGGATTACCGGTGT-3′). The ptnC gene in GimA (table 1)

was assessed by dot blot hybridization with the homologous

subtractive clone SauE15.H10, as described elsewhere [50]. Be-

cause some of these genes have been described as belonging to

different PAIs (e.g., pap, hly, and iuc) [30, 36], PFGE was used

to determine the physical location and to show the physical

linkage of genes representative of PAI III536, PAI IIJ96, and PAI

ICFT073 (table 1). PFGE digests were transferred to nylon mem-

branes (Amersham Pharmacia Biotech) and were hybridized

with digoxigenin-labeled probes. The probes were generated as

recommended by the manufacturer (Roche), using primers spe-

cific for the following genes: sfa/foc, iroN, papGII/III, hlyC, cnf1,

hra, and iucC. Finally, the insertion sites of the PAI IIJ96–like

domain and the HPI-like domain were determined by use of

long-range PCR, as described elsewhere [17, 36]. We also de-

termined whether the GimA-like domain was inserted in the

vicinity of the E. coli K12 gene yjiE, as in archetypal isolate

RS218 [31], by PCR amplification of the region between ibeA

and yjiE (2600 bp) with the following primers: ibeA.1, 5′-CCG-

CCGTTGATGTTATCAAG-3′; and yjiE.2, 5′-AACTGGTGAT-

CCCGATTCAG-3′.

We also further characterized a new genomic region defined

by 4 different clones obtained by subtractive DNA hybridization

between isolate C5 and nonpathogenic isolates (region 4 [50]),

designated now GimB in this study (table 1). We first deter-

mined the insertion site of this region in isolate C5 by using

a PCR-based approach with the following primers: livJ.1, 5′-

CTTCTGCCAGAGCCATATTG-3′; TspE4.C4.2, 5′-AGCTATA-

GCCGTTTCTACTAAT-3′; and rpoH.4, 3′-GACATGACCTTT-

GACCTGTC-5′. Long-range PCR was used to determine its

length and sequence. GimB was screened for in all our isolates

by dot blot hybridization, with 4 different subtractive clones,

as described elsewhere [50] (table 1). The GimB region was

sequenced by the ESGS company (Evry, France). DNA and

deduced protein sequences were used to search the DNA and

protein databases of the National Center for Biotechnology

Information by use of BLAST tools [56]. The sequence of GimB

has been submitted to GenBank.

Animal model of meningitis. E. coli bacteremia and men-

ingitis were induced by use of representative isolates from the

collection. The newborn rat model described by Bortolussi et al.

[8] and Kim et al. [10] was adapted, as described elsewhere [35].

Between 10 and 40 animals were infected with each isolate. In

brief, pathogen-free Sprague-Dawley rats were obtained from

Janvier Laboratories at age 4 days, together with the mothers. At
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Figure 1. Phylogenetic relationship, ectochromosomal DNA analysis (see table 1 for definitions) and virulence factors distribution among 134 neonatal
Escherichia coli meningitis isolates. Computerized ribotypes obtained by use of the Riboprinter system were subjected to cluster analysis, and the phylogenetic
group (A, B1, B2, and D) was determined by polymerase chain reaction (PCR). Each ribotype was compared to the ribotypes of 72 isolates in the ECOR
collection and is designated by its phylogenetic group and a lower-case no. Ribotype prevalences in North America and France also are indicated. iucC
alone was present but not comprised within a PAI ICFT073-like domain, and iroN alone was present in a sfa/foc-negative isolate. For serotypes, only the
distribution and the no. of strains having the serotypes O7:K1; O18:K1, and O45:K1 are shown (*), including archetypal strains C5, RS218 (N. America)
and IHE3036 (Finland) (**); PCR hra/pheR fragment size 5.2 kb (†); PCR hra/leuX fragment size 8 kb (#); and archetypal strain IHE3034 (Finland) (***).

age 5 days, the pups were inoculated intraperitoneally with

cfu in physiological saline. For each experiment, an200 � 50

inoculum was prepared from the frozen stock of the strain with

no more than 1 passage in vitro. Eighteen hours after inoculation,

5 mL of blood was obtained by tail incision. The animals then

were killed, and 5 mL of CSF was immediately obtained by cis-

ternal puncture. Bacterial counts were determined by culture.

The detection limit in blood and CSF was cfu/mL.24 � 10

Statistical analysis. Proportions were compared between

groups by use of Pearson’s x2 test or Fisher’s exact test, as

appropriate. Bacterial counts in the animal model were com-

pared by use of the t test. was considered to denoteP ! .05

significant differences. Data are expressed as .mean � SE

RESULTS

Phylogenetic analysis and serotypes. To accurately determine

the genetic relatedness of the 134 isolates, ribotypes were obtained

by use of the automated ribotyping system and were subjected

to cluster analysis and comparison to ribotypes of the ECOR

reference strains, in addition to a PCR grouping method. The

134 isolates harbored 23 ribotypes (figure 1), and we observed

a perfect identity between automated and manual ribotypes (data

not shown). UPGMA cluster analysis revealed that all but 1 of

the automated ribotypes linked by a genetic distance of 165%

belonged to the same PCR-based phylogenetic group (figure 1).

Moreover, half the ribotypes were identical to the ribotype of 1

of the 72 ECOR reference isolates, corroborating the observed

phylogenetic grouping. Each ribotype was thus confidently af-

filiated to 1 of the major phylogenetic groups and was designated

by its group and a lower-case number. Only one ribotype (B12),

corresponding to a single isolate, could not confidently be affil-

iated (figure 1). Phylogenetic groups B2, D, A, and B1, respec-

tively accounted for 76%, 15%, 8%, and 1% of the isolates. Four

ribotypes (A1 [ ], B21 [ ], B23 [ ], and B28n p 10 n p 59 n p 10

[ ]) accounted for 70% of the isolates, and 11 ribotypesn p 15

were represented by a single isolate (figure 1). All the ribotypes

exhibited by �3 isolates were found on both continents, except

for ribotypes B23 ( ) and B27 ( ), which were re-n p 10 n p 6

stricted to France and North America, respectively. Ribotype di-
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Table 2. Virulence genotypes defined by different combinations of ectochromosomal DNA (ECDNA) and virulence factors
in 54 of 59 isolates harboring ribotype B21.

Virulence
genotype
subgroups Serotypea Origin No.

ECDNA-like domainsb and virulence factors
composing the different virulence genotypes

PAI III536

like
GimA
like

PAI IIJ96

like
PAI ICFT073

like
PapGII
alonec

iucC
alonec

iroN
aloned

I O45 France 28 � � � � + + +

II O18 France/N. America 12/1 + + � � � + �

IIIe O18 N. America 5 + + +f � � � �

IV O18 France 4 + + +g � � + �

Vh O18 Finland/N. America 1/1 + + � � � � �

VI O1 France 2 � � � + � � +

NOTE. The other 5 of the 59 isolates displayed a unique virulence genotype and were of serotypes O45 ( ), O1 ( ), O18 ( ),n p 2 n p 1 n p 1
and Oauto ( ). PAI, pathogenicity island.n p 1

a Only O antigens are indicated. All the isolates harbored K1 capsular antigen.
b See table 1 for definitions.
c papG or iucC present but not comprised within a PAI IIJ96- or a PAI ICFT073-like domain.
d iroN present in a sfa/foc-negative isolate.
e This group contained archetypal strains C5 and RS218.
f PAI IIJ96-like domain inserted in leuX tRNA colocalized with the pap operon containing the papGIII allele.
g PAI IIJ96-like domain inserted in PheR tRNA did not colocalize with the pap operon.
h This group contained archetypal strain IHE3036 (Finland).

versity was higher in North America (15 ribotypes and 41 iso-

lates) than in France (15/ 91). The distribution of phylogenetic

groups B2 and D differed significantly between France (81% and

9%, respectively) and North America (61% and 29%, respec-

tively) ( and , respectively), whereas the distri-P p .01 P p .002

bution of phylogenetic groups A and B1 was similar (9% and

1% vs. 7.5% and 2.5%, respectively). Archetypal strains C5,

RS218, and IHE3036 belonged to the most frequent ribotype

(B21), whereas archetypal isolate IHE3034 exhibited the ribotype

B24, which was represented by this single isolate (figure 1; table

2). The 14.9 kb HindIII rrn-containing fragment [57] was present

in 65% of the 132 isolates and in 73% and 51% of the isolates

obtained from France and North America, respectively.

Isolates belonging to the major ribotype (B21) were serotyped

as were the isolates used in the animal model. Other isolates

were screened only for the K1 capsule antigen, the 2 major O

antigens encountered worldwide in ECNM isolates (O18 and

O7) and O83 (frequent in The Netherlands). Eighty-nine per-

cent of the isolates produced the capsule K1. O18:K1 (n p

) was the most frequent serotype. It was exclusively found38

in group B2 and mainly ( ) in the closely related (∼90%n p 35

similarity) ribotypes B21 and B23(figure 1). O7:K1 ( ) wasn p 9

exclusively found in group D (figure 1). None of the isolate

were of the O83:K1 serotype. The serotypes of isolates belonging

to the major serotype (B21) and the strains used in the animal

model are given below.

Characteristics and prevalence of the ECDNA-like domains

involved in BBB penetration. Forty-five isolates were found

to harbor S-adhesin family genes. Among these 45 isolates, the

sfa/foc sequence was always physically linked to iroN on a frag-

ment ranging in length from 80 kb to 130 kb (figure 2), which

suggests the presence of a PAI III536–like domain (figure 1). Sur-

prisingly, 3 isolates harbored 2 copies of sfa/foc, and, in these 3

isolates, only 1 copy colocalized with the iro sequence. Thirty-

eight (82%) of the 45 isolates harbored the sfaS gene characteristic

of S fimbriae (Sfa). The absence of sfaS in the remaining 7 isolates

(B21 [ ], B26 [ ], and B28, ) suggested the pres-n p 1 n p 2 n p 4

ence of another adhesin, such as F1C-fimbriae or S/F1C-related

fimbriae. Indeed, using PCR, as described elsewhere [33], we

found that 5 of these 7 strains harbored the focA gene, specific

for F1C-fimbriae (data not shown). Southern hybridization with

the iroN probe revealed that, among the 45 isolates possessing a

PAI III536–like domain, 26 isolates harbored an additional copy

of iroN (figure 2, lane 4). Among the remaining 89 isolates lacking

a PAI III536–like domain, 38 isolates harbored a copy of iroN

(figure 1). Hence, 64 ( ) isolates harbored at least 1 copy26 + 38

of iroN that was not included in a PAI III536–like domain.

All the 51 isolates harboring the ibeA gene also harbored ptnC,

the 2 genes being characteristic of the GimA-like domain (figure

1; table 1). Long-range PCR between ibeA and yjiE was positive

in all 51 isolates, demonstrating that their insertion site was

identical to that described in the archetypal isolate RS218.

Genes hly, cnf1, and hra, characteristic of the PAI IIJ96–like

domain (table 1), were simultaneously present in 14 isolates and

always colocalized on a PFGE fragment varying in length between

210 kb and 700 kb (figure 2). The PAI IIJ96–like domain colo-

calized with the pap sequence in 9 of these 14 isolates. Eight

isolates had the papGIII allele (like strain J96), and 1 isolate had

the papGII allele. Thus, papC and papG were absent from 5

isolates. The insertion site was either PheR-tRNA or LeuX-tRNA
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Figure 2. Pulsed-field gel electrophoresis (PFGE) patterns of NotI-digested genomic DNA of representative isolates. Localization or colocalization of
DNA probes on DNA macrorestriction fragments in Southern hybridization experiments are as follows: A, papGIII, hly, cnf1, and hra; B, hly, cnf1, and hra;
C, papGII, hly, and iucC; D, sfa and iroN; E, iroN and iucC; F, iroN; and G, papGII. Lane 1, C5 (ribotype B21, subgroup III); lane 2, S97 (ribotype B28); lane
3, S43 (ribotype B26); lane 4, S126 (ribotype B21, subgroup IV); lane 5, S44 (ribotype B21, subgroup II); lane 6, S94 (ribotype B25); lane 7, S3 (ribotype B23);
lane 8, S46 (ribotype B21, subgroup II); lane 9, S88 (ribotype B21, subgroup I); lane 10, S95 (ribotype B21, subgroup I); lane 11, S34 (ribotype B21, subgroup
VI); lane 12, S14 (ribotype B21, subgroup V); lane M, molecular size marker (50-kb DNA ladder). See figure 1 and table 2 for definitions of ribotypes and
subgroups.

in 7 isolates each (figure 1). Interestingly, in the 9 ribotype B21

isolates, the insertion site was dependent on the geographical

origin; it was PheR-tRNA in the 4 French isolates and LeuX-

tRNA in the 5 North American isolates (see below and table 2).

Thus, PAI III536–like, GimA-like, and PAI IIJ96–like domains

were found in 45 (34%), 51 (38%), and 14 (10%), respectively,

of the isolates. These 3 domains were exclusively encountered

in phylogenetic group B2, and their distribution did not differ

significantly between France and North America.

Characteristics and prevalence of PAI-like domains poten-

tially involved in the bacteremic phase. The distribution of

the PAI ICFT073– and HPI-like domains potentially involved in the

bacteremic phase of ECNM was different from that of the 3

former ectochromosomal-like domains. PAI ICFT073– and HPI-

like domains were encountered in phylogenetic groups A, D, and

B2. HPI-like domain was the most frequent ECDNA in our

collection (99%). Only 2 isolates, both belonging to phylogenetic

group D (ribotypes D2 and D4) did not harbor this PAI (figure

1). Whichever the phylogenetic group, the HPI-like domain al-

ways was inserted in the vicinity of asnT-tRNA. PAI ICFT073, which

encodes the siderophore aerobactin, was the least frequent ge-

nomic island–like domain (6%). In contrast, an aerobactin se-

quence was found outside a PAI ICFT073–like domain in 74% of

the isolates (figure 1). Interestingly, when these latter isolates also

harbored iroN ( ), the 2 genetic elements always colocal-n p 67

ized on a fragment of 120–130 kb in length (figure 2).

Characteristics of a new genomic region. A new genomic

region (previously named region 4) [50], defined by 4 different

clones (table 1) that were obtained by subtractive DNA hybrid-

ization between isolate C5 and nonpathogenic isolates, was fur-

ther characterized. Multiple amplification with primers homol-

ogous to strain K12 genes located in the vicinity of region 4,

previously mapped to the chromosome of strain C5 [50], sug-

gested that region 4 was inserted between the E. coli K12 genes

livJ and rpoH in isolate C5, because PCR between the 2 genes

was negative. Long-range PCR between these 2 genes was positive

in strain C5, yielding a fragment of 5.2 kb (data not shown).

Sequence analysis of this region 4 gave a content of 39.3%G + C

(compared with 50.8% in E. coli K12) and identified 6 complete

open-reading frames (ORFs). Comparison of the products of

these ORFs with database sequences suggested that region 4 con-

tains genes that may be involved in carbohydrate metabolism.
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Table 3. Experimental virulence of representative Escherichia coli meningitis isolates with the most frequent ribotypes in the
different phylogenetic groups.

Isolate
Serotype
(ribotype) Origin

Ectochromosomal DNA–like domainsa and virulence factors
Experimental

model, % of rats

PAI III536

like
GimA
like

PAI IIJ96

like
HPI
like

GimB
like

iucC
aloneb

iroN
alonec

Bacteremia,
mean log cfu/mL Meningitis

S82 Ont:K1e (A1) France � � � + � + � 0 0

S122 O12:K1 (A1) N. America � � � + � + � 0 0

S16 O7:K1 (D4) N. America � � � + � + � 50 (3.7)d 8d

S18 O7:K1 (D8) N. America � � � + � + � 80 (4.7)d 50

C5 O18:K1 (B21) N. America + + + + + � � 100 (5.7) 52

S88 O45:K1 (B21) France � � � + + + + 100 (6.4)d 69

S95 O45:K1 (B21) France 5 � � + + + + 100 (7.3)d 93d

a See table 1 for definitions.
b iucC present but not comprised within a PAI ICFT073–like domain.
c iroN present in a sfa/foc-negative isolate.
d , vs. strain C5 (t test for mean; x2 test for percentage).P ! .05
e Nontypeable.

The ORF-1 to ORF-4 products showed homologies with phos-

photransferase system proteins (Salmonella typhi; accession nos.

NP 458163 to NP 458165; 60%–66% aa similarity). ORF 5 and

ORF 6 showed homologies with proteins with phosphoglycerate

dehydrogenase (Methanocaldococcus jannaschii; accession no. NP

248012.1; 55% aa similarity) and dihydrodipicolinate synthase

activities (Bacillus halodurans; accession no. NP 242608; 55% aa

similarity), respectively. No mobility loci (e.g., IS and integrase)

and no repeat structures similar to those characteristics of PAI

were found. Finally, no tRNA genes were found in the flanking

regions. This region then was named GimB (genetic island of

meningitic E. coli) in keeping with the nomenclature of Huang

et al. [31]. GimB was screened for by dot blot hybridization,

with 4 different subtractive clones (table 1) and was found in 74

(55%) of our isolates (exclusively in group B2). PCR of the

junction region, between livJ and TspE4.C4 was positive in all

74 isolates, indicating an identical insertion site. The prevalence

of GimB in group B2 (74%) was significantly higher than that

of the PAI III536–like domain (45%) and the GimA-like domain

(51%) ( ).P ! .001

Nucleotide sequence accession number. We deposited the

complete GimB nucleotide sequence in the GenBank nucleotide

sequence data library under accession number AY170898.

Characteristics of the major ribotype. Fifty-nine isolates

belonged to ribotype B21 (48 from all the regions of France, 10

from North America, and the archetypal strain IHE3036 from

Finland) and represented 44% of our isolate collection. This

group of isolates was subdivided on the basis of the distribution

of ECDNA-like domains and virulence factors defining the vir-

ulence genotypes (table 2). The serotype of each isolate also was

determined. Six subgroups (I–VI), each containing at least 2

isolates, are described in table 2. The characteristics of the dif-

ferent subgroups were as follows. Subgroup I ( ) was en-n p 28

countered exclusively in different parts of France and alone rep-

resented almost one-third of french isolates. These isolates

harbored the genes iucC, iroN, and papGII, and none harbored

an ECDNA-like domain involved in BBB penetration (table 2).

Interestingly, all these isolates differed by only 2–5 bands on PFGE

(data not shown) and belong to the rare serotype O45:K1,

whereas the isolates belonging to the other subgroups were se-

rotype O18:K1 or O1:K1 (table 2). The 13 subgroup II isolates

(O18:K1) harbored a PAI III536–like domain, a GimA-like do-

main, and the aerobactin sequence. This was the only subgroup

to comprise isolates from both North America and France. Sub-

group III (O18:K1) contained 5 isolates (including the archetypal

isolates C5 and RS218) and was found only in North America.

This subgroup harbored a PAI IIJ96–like domain that colocalized

with the pap operon (containing the papGIII allele and inserted

in the leuX tRNA gene). In contrast, subgroup IV, found exclu-

sively in France, resembled subgroup III, except that it harbored

iucC and a PAI IIJ96–like domain (without the pap operon) in-

serted in the pheR-tRNA gene (table 2). Subgroup V resembled

also to subgroup III but lacked the PAI IIJ96–like domain. It

contained only 2 isolates (O18:K1), one of which was the ar-

chetypal isolate IHE3036. Subgroup VI was the only one to con-

tain isolates of serotype O1:K1 and to harbor PAI ICFT073–like

domains.

Experimental virulence. To identify a possible correlation

between the isolates’ genetic background and virulence geno-

type on one hand and their capacity to induce bacteremia and

meningitis on the other hand, we tested representative isolates

in a rat model of neonatal meningitis (table 3). Two represen-

tative isolates were selected from each phylogenetic group A,

D, and B2, and were compared with reference strain C5 (table

3). The panel isolates were chosen because they belonged to

the 1 or 2 of the most common ribotypes in each phylogenetic
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group and harbored the most frequent virulence gene pattern

in the relevant ribotype.

With the archetypal strain C5 (ribotype B21; virulence genotype

subgroup III), all the rats were bacteremic 18 h after challenge;

the level of bacteremia was log cfu/mL, and 52% of5.7 � 0.25

the animals had meningitis. Isolates S88 and S95 (both O45:K1),

belonging to the same ribotype (B21) and displaying the virulence

genotype of subgroup I, yielded significantly higher bacteremia

( and log cfu/mL, respectively; for6.4 � 0.37 7.3 � 0.6 P ! .05

both), and isolates S95 gave a significantly higher rate of men-

ingitis (93%; vs. isolate C5; table 3). With isolates S16P ! .05

and S18, both belonging to phylogenetic group D and serotype

O7:K1, bacteremia was less frequent than with isolate C5 (50%

and 80%, respectively) and also significantly less severe (3.7 �

and log cfu/mL; ; table 3). Probably as a0.3 4.7 � 1.1 P ! .05

consequence of the lower level of bacteremia, meningitis was less

frequently observed with S16 than with C5 (table 3). Finally,

isolates S82 and S122, belonging to phylogenetic group A, failed

to induce bacteremia (table 3). With these latter isolates, bac-

teremia was only obtained when the inoculum was increased

1000-fold (data not shown).

DISCUSSION

Over the past few years, major progress has been made in the

understanding of the pathophysiology of ECNM. In particular,

specific virulence factors have been identified and are now known

to be carried on ECDNA in most cases. However, most relevant

studies have been performed on a limited number of strains,

most of which belonged to the so-called archetypal group O18:

K1, the main serotype encountered in this disease [41, 47–49].

Little is known of the molecular pathophysiology of isolates be-

longing to other important serotypes, such as O7:K1 (encoun-

tered in Europe and North American) and O83:K1 (mainly de-

scribed in The Netherlands) [47–49]. Such investigations require

representative virulent isolates among the different clusteral or

clonal groups. Indeed, one-third of cases of ECNM occur in

premature neonates [49], who are immunologically immature

[58] and thus may be infected by less virulent strains [40, 59].

Unfortunately, such clinical data are generally unavailable in

ECNM isolate collections. One way to clarify this issue is to use

a reproducible experimental model to evaluate the intrinsic vir-

ulence of bacterial isolates. Here, we report for the largest in-

tercontinental collection of ECNM isolates to date the results of

(1) phylogenetic analysis, (2) distribution of virulence factor

genes and ECDNA-like domains, and (3) experimental virulence.

To optimize the phylogenetic analysis, we used both auto-

mated ribotyping and a PCR-based grouping method. The use

of standardized Riboprinter methodology permitted rigorous

comparison of all the patterns obtained, as well as a comparison

with those of isolates belonging to the ECOR reference collec-

tion that we have described elsewhere [53]. Few previous studies

have focused on the distribution of the 4 phylogenetic groups

of extraintestinal pathogenic E. coli [36, 40, 41, 44]. Our results

confirm the predominance of groups B2 and D and the minor

contribution of groups B1/A. The proportion of B2/D isolates

was similar in France (90%) and North America (90%), but a

higher proportion of group B2 isolates were observed in France

(81%) than in North America (61%). A similar high proportion

of group B2 isolates (81%) was found by Johnson et al. [41]

among 70 ECNM isolates from the Netherlands. This marked

predominance of group B2 isolates in France and in The Neth-

erlands could be due to clonal expansion of a group of serotype

O45:K1 and O83:K1 isolates, respectively [41, 49]. In the study

by Johnson et al. [41], the prevalence of phylogenetic groups

A and B1 differed from that found in our study in France (A,

1% vs. 9% [ ]; B1, 10% vs. 1%, [ ]). Johnson etP p .07 P p .02

al. [41] found that group B1 was the second largest group after

group B2, whereas group B1 was the smallest group in our

ECNM collection in both France and North America. This

difference may be explained by the different geographic source

or by differences in host status between the 2 studies. However,

our results strongly suggest that B1 is the phylogenetic group

with the lowest extraintestinal virulence. This is in agreement

with the rarity of extraintestinal virulence genes found in group

B1 isolates of the ECOR reference collection [40, 46, 60] and

from fecal microflora [61]. The rarity of group B1 ECNM iso-

lates is also in accordance with the very low frequency of group

B1 uropathogenic E. coli isolates that we have previously ob-

served, as described elsewhere [36].

The discovery of ECDNA involved in pathogenicity is chang-

ing the epidemiological approach to virulence factors in patho-

genic strain collections. Most of these structures are composed

of several virulence factors [30], which is unlikely to be a chance

occurrence. On the contrary, some virulence factors may be

juxtaposed on the bacterial chromosome, because they may act

synergistically at a particular pathophysiological step. Thus, al-

though PAIs may show variability due to deletion or insertion

of virulence factor genes, some of the genes may be interde-

pendent and thus constitute a “signature” or “backbone” of a

given ECDNA. For example, after studying the characteristic

virulence factor genes comprising PAI IIJ96in E. coli urosepsis

isolates, we recently found that hly, cnf1, and hra were consis-

tently physically linked, which suggests that they may form the

backbone of the PAI and, possibly, a virulence entity [36]. In

the present study, we again found that hly, cnf1, and hra always

colocalized in the 14 isolates that harbored these 3 genes. This

was not due to a clonal distribution of this PAI-like domain,

because the 14 isolates belonged to 3 different ribotypes and

because the PAI-like domain was inserted at 2 different sites.

Of interest, 5 of the 14 isolates did not harbor the pap operon

described in the archetypal PAI IIJ96. This feature, also observed
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in some urosepsis isolates [36] and probably in adult bacteremia

strains [62], illustrates PAI variability (probably due in this case

to deletion or insertion of the pap operon between the cnf1

and hra genes) that was suggested by analyzing the co-occur-

rence of these genes in extraintestinal E. coli strains [43, 63].

The PAI III536–like domain, which we defined by sfa/foc and

iroN colocalization, was found in 34% of our isolates and is

another example of a putative PAI backbone. Dobrindt et al.

[33], using a PCR-based approach, found that isolates har-

boring the genetic determinants coding for different members

of the S-adhesin family always harbored the iro locus. We con-

firmed this finding and also demonstrated that sfa/foc and iro

sequences are physically linked in isolates harboring both genes.

In contrast, 38 (28%) isolates harbored iro but not sfa/foc se-

quences, similarly to urosepsis isolates [12]. Our results thus

reconcile the apparently conflicting findings of Dobrindt et al.

[33] and Johnson et al. [12]. The consistent cotransfer of these

both genes when sfa is present in isolates harboring 6 different

ribotypes may indicate an “iroN dependency” of the sfa operon

for virulence expression. On the other hand, the presence of

iroN without sfa/foc suggests that the former gene may play a

role in virulence independently of sfa/foc. Likewise, the con-

sistent colocalization of iroN and iucC in isolates harboring

both genes, as well as their position on a fragment of !130 kb,

suggests that the iro locus is borne on a plasmid. This supports

work from Johnson et al. [12], who found a statistical asso-

ciation between iro and traT, a plasmid-borne gene. This pu-

tative location of iroN on a plasmid would explain why this

gene (not linked to sfa/foc) is present in phylogenetic groups

D and B2, whereas iroN sequences included in PAI III536 are

found only in group B2 (figure 1). Finally, we also found, for

the first time, that 2 copies of iroN could be simultaneously

present (26 of the 83 iroN-positive isolates). It is likely that

this duplication concerns the entire locus iro and not only the

iroN gene, because hybridization of PFGE Southern with a

probe homologous to the iroC gene gave identical results (data

not shown). To our knowledge, no other iron uptake system

has been previously found with such a rate of duplication.

Although specific studies are required, this last finding argues

in favor of a key role of iroN in iron acquisition and, thus, in

the virulence of ECNM isolates.

Our extensive analysis of virulence factors, both singly and

in specific combinations in the O18:K1 strain group revealed

that, although certain virulence determinants were variably

present (PAI IIJ96 [24%] and iucC [76%]), some others, such

as PAI III536 and GimA, had a very high prevalence (92% each).

Johnson et al. [64], studying O18:K1 cystitis isolates belonging

to the subclone OMP6, found the prevalence rates of ibeA

(comprised in GimA) and papGIII (probably comprised in PAI

IIJ96) to be 40% and 100%, respectively ( for both). ItP ! .001

may be hypothesized that the genetic background of bacteria

of clonal group O18:K1 may be favorable for the development

of extraintestinal virulence specialization, uropathogenicity be-

ing conferred in part by acquisition of papGIII via PAI IIJ96 and

meningitis by the acquisition notably of GimA. Moreover, it

might be possible for some strains to acquire both specialization

sequentially, and we believe that C5 and RS218 strains are rep-

resentative of these. It should be noted that this hypothesis of

double valence is of clinical relevance since it is known that

20% of cases of neonatal meningitis are a complication of uri-

nary tract infection [65, 66].

One of the major findings in this study was the discovery

of a highly virulent clonal group (ribotype B21, subgroup I) of

French isolates harboring the same virulence determinants and

representing almost one-third of French isolates in our collec-

tion. Surprisingly, this clone was serotype O45:K1, which, to

our knowledge, has not been described previously in ECNM

isolates, except in Hungary [67] and during 2 outbreaks in

Germany [68]. It has been reported only rarely in the fecal

microflora of infants and adults [51, 69] and as an avian path-

ogen [51, 68]. Of interest, strains of human origin described

by Wullenweber et al. [69] and Ott et al. [51] were similar to

our isolates, P-fimbriae and aerobactin positive, and S fimbriae

and hemolysin negative, which suggests the presence of the

same clone throughout Europe. We found that 2 isolates (S88

and S95) representative of this clone and with different pul-

sotypes (figure 2) had at least the same capacity as strain C5

to induce bacteremia and meningitis in our experimental

model, although they did not harbor any of the ECDNA-like

domains implicated in BBB penetration. This is of major con-

cern, because these results suggest that BBB-penetration mech-

anisms other than sfaS-mediated adhesion and cnf1- and ibeA-

mediated endothelial cell invasion have developed in this clonal

group of strains, phylogenetically related to archetypal strains

(ribotype B21). It is possible that the significantly higher level

of bacteremia induced by S88 and S95 relative to C5 facilitates

their BBB passage. To explain this high level of bacteremia, we

first examined the resistance of these strains to serum bacte-

ricidal activity. Preliminary results suggest that strain C5 and

the O45:K1 isolates do not significantly differ in this respect

and thus, that other mechanisms account for the high level of

bacteremia in the O45:K1 strains (data not shown).

Also of particular interest was the marked difference in the

capacity of isolates S88 and S95 and the O7:K1 isolates S16

and S18 (phylogenetic group D) to induce bacteremia. Except

for the genetic island GimB and the iroN gene, which were

only present in isolates S88 and S95, all 4 isolates harbored the

same virulence genes known or potentially involved in the bac-

teremic phase, such as polysaccharide K1, HPI, and aerobactin

(table 3). The lesser pathogenicity of the O7:K1 isolates is in

agreement with data from Pluschke et al. [70], who showed in

an animal model that O7:K1 isolates from diverse sources were
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less virulent than O18:K1 strains in regards to mortality. Al-

though our results may be explained by differences in the lipo-

polysaccharides expressed by these isolates (O45 vs. O7), they

also suggest that GimB or the iron uptake system encoded by

iroN may be involved in the sustained high level of bacteremia

that characterizes ECNM.

The experimental virulence of isolates belonging to group A

also was noteworthy. The 11 group A isolates, found on both

continents, had similar virulence genotypes, most expressing

polysaccharide K1 (73%), HPI (100%), and aerobactin (100%).

The prevalence of this virulence genotype was higher than

among group A isolates of the ECOR collection (4%, 32%, and

24%, respectively) [17, 60]. These 11 isolates may thus con-

stitute an atypical virulence group among group A isolates,

which are generally defined as commensals. The 2 isolates rep-

resentative of group A, S122 from North America and S82 from

France, were avirulent in our animal model, which suggests

that, although capsular K1, HPI, and aerobactin may be a pre-

requisite for extraintestinal virulence, they are not sufficient to

transform a commensal into a meningitis-causing strain. Thus,

group A isolates harboring these virulence factors would prob-

ably only cause meningitis in vulnerable neonates. In our opin-

ion, phylogenetic grouping of ECNM isolates, which is now

relatively easy [52], should be done routinely. Detection of a

group A isolate causing infection in a normal-risk neonate may

point to a immune deficiency. This may also apply to the ex-

tremely rare group B1 isolates.

In conclusion, our results demonstrate that the known

ECDNA elements discovered in archetypal ECNM strains do not

fully explain the pathophysiology of bacteremia and the traversal

of the BBB during E. coli meningitis. Current archetypal men-

ingitis strains appear to be only partially representative of the

pathogenic mechanisms harbored by E. coli meningitis isolates.

The highly virulent O45:K1 clonal group of ECNM isolates found

in our study may serve to identify new virulence factors and

other genetic determinants that contribute to in vivo fitness, by

enhancing bacterial survival and transmissibility. It also may serve

to find common pathogenic mechanisms among different ECNM

clonal groups that may be used as potential target for a worldwide

efficacious prevention strategy.
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E R R A T A

In an article in the 1 September 2003 issue of the Journal

(Fischl MA, Ribaudo HJ, Collier AC, et al. A Randomized Trial

of 2 Different 4-Drug Antiretroviral Regimens versus 3-Drug

Regimen, in Advanced Human Immunodeficiency Virus Disease

(J Infect Dis 2003; 188:625–34), the list of authors should have

included the following 2 individuals: Lisa M. Demeter and Susan

H. Eshleman. Dr. Demeter’s affiliation is Division of Infectious

Diseases, University of Rochester, Rochester, New York; Dr. Esh-

leman’s affiliation is Department of Pathology, Johns Hopkins

Medical Institutions, Baltimore, Maryland. The authors regret

this error.

In an article in the 15 June 2003 issue of the Journal (Bonacorsi

S, Clermont O, Houdouin V, et al. Molecular Analysis and Ex-

perimental Virulence of French and North American Escherichia

coli Neonatal Meningitis Isolates: Identification of a New Virulent

Clone. J Infect Dis 2003; 187:1895–1906), there is an error in line

12 of the right-hand column on page 1896; the numeral should

be 6 (rather than 9), so that the “which” clause beginning on

line 11 reads as “which belong to the outer membrane protein

pattern (OMP) 6 subclone.” The authors regret this error.
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