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We report that the archetypal Escherichia coli strain C5 causing neonatal meningitis harbors a pathogenicity
island (PAI) designated PAI Is that is similar to the PAI II,,, of uropathogenic E. coli J96 inserted in the
leuX-tRNA gene. PAl-negative C5 mutants had a lower capacity than C5 to induce high-level bacteremia in a
neonatal rat model. However, no change in their resistance to the bactericidal effect of serum and their capacity

to cross the blood-brain barrier was observed.

Escherichia coli K1 is the leading gram-negative bacterial
cause of neonatal meningitis. The rates of mortality and neu-
rologic sequelae remain high despite advances in intensive care
(11, 27). The two major pathophysiological steps in E. coli
neonatal meningitis consist of bacteremia with intravascular
growth (14, 26) and passage of bacteria across the blood-brain
barrier (BBB). Clinical and experimental studies have demon-
strated a relationship between the magnitude of bacteremia
and the development of meningitis (9, 12, 20). Although the K1
capsule, the adhesin Sfa, the invasin IbeA, and the recently
described genes tralJ, cnfl, cigA, and nilA-C have been incrim-
inated in the virulence of E. coli causing neonatal meningitis
(ECNM) (1, 2, 17-19, 25), these factors have not been shown
to be sufficient for the development of the disease (1, 2). This
suggests that other genes may be involved in the two major
pathophysiological steps of E. coli meningitis.

We recently reported that genes encoding P-related fimbriae
(prs), hemolysin (hly), cytotoxic necrotizing factor (cnfl), and a
heat-resistant agglutinin (hra) were found to be clustered to-
gether on the bacterial chromosome of the archetypal ECNM
strain C5 (8). The combination of these four genes in associ-
ation with the insertion element IS/00 has previously been
described in uropathogenic E. coli strain J96, and they are
characteristic of a pathogenicity island (PAI) designated PAI
1L} (16, 29).

We now provide evidence that strain C5 harbors a PAI
similar to PAI II,y. In accordance with the nomenclature
described by Hacker et al. (16), we propose to name it PAI I-s.
Furthermore, by using a neonatal rat model, we also show that
this PAI contributes to the pathogenicity of ECNM strains by
inducing high-level bacteremia.

Bacterial strains. Strain C5 (O18:K1:H7), kindly provided
by C. Bortolussi (9), harbors the specific virulence genes en-
coding the adhesin Sfa and the invasin IbeA (5, 19). The C5
chromosome also contains prs, hly, cnfl, hra, and 1S100 genes
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(8). Strain ECOR 4, which lacks known virulence factors, was
used as a nonpathogenic reference (8, 24).

Selection of C5 mutant strains. Nonhemolytic C5 mutants
with spontaneous deletion of the putative uropathogenicity
island were selected on sheep blood agar.

Molecular methods. DNA from strain C5 and its mutants
digested by Notl were subjected to pulsed-field gel electro-
phoresis (PFGE) and then to Southern blotting and hybridiza-
tion as previously described (8). The primers for PCR probe
synthesis were as follows: papG.1, 5'-GACTCTTTCTGTGTC
TTGCG-3"; papG.2, 5'-GAACCAGATAGTACTCCTGG-3';
hly.1, 5'-AGGTTCTTGGGCATGTATCCT-3'; hly.2, 5'-TTG
CTTTGCAGACTGCAGTGT-3'; enfl.1, 5'-CAGTGACCGG
ATCTCCGTTAT-3’; cnfl.2, 5'-CGTGTAATTCTTCTGTAC
TTCC-3’; hra.l, 5-CAGAAAACAACCGGTATCAG-3’;
hra.2, 5'-ACCAAGCATGATGTCATGAC-3'; 1S100.1, 5’-TG
CCGTTCGGTTCGAAACTG-3'; and IS100.2, 5'-TGTACTG
CACCATCCGTTCC-3'. Detection of probes by chemilumi-
nescence was performed according to the manufacturer’s
instructions (DIG luminescent detection kit for nucleic acid;
Roche Boehringer Mannheim). The primers for PCR that
were used for localization of the PAI and for determination of
the sequence at the junction of the PAI and chromosome were
as follows: pheR.1, 5'-GCCGCAATCTTAAGCAGTTG-3';
pheR.2, 5'-GCACGACATTTCACGTCAGT-3'; leuX.1, 5'-G
TGCGACAGGTATAATCCAC-3'; leuX.2, 5'-GACTCGAT
TTGCATACGGTG-3'; and TspE4.D3, 5'-CTTAACCACCG
ATAAGGAGC-3'. Long-range PCR was performed as
previously described (10). Sequence analyses were performed
by ESGS (Evry, France).

Animal model of meningitis. . coli bacteremia and menin-
gitis were induced in 107 rats as described by Bortolussi et al.
(9) and Kim et al. (20). Briefly, pathogen-free Sprague-Dawley
rats were obtained from Janvier Laboratories (Le Genest St
Isle, France) at 4 days of age, together with the mothers. At 5
days of age all pups were inoculated intraperitoneally with 200
+ 50 CFU in physiological saline of the C5 or mutant strains.
Three and 18 h after inoculation, 5 pl of blood was obtained by
tail incision. At 18 h, animals were sacrificed and 5 pl of
cerebrospinal fluid (CSF) was immediately obtained by cister-
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FIG. 1. Characterization of strain C5 and five nonhemolytic mutants by PFGE (A) and hybridization with Aly-specific (B) and cnfl-specific
(C) probes on Southern blots. Comparison of the macrorestriction profiles showed a 100-kb deletion in mutants CSM2, C5M4, C5SMS5, and C5M6.
Southern blotting showed that the deletion corresponded to the loss of the PAI Is. Lane C5, C5; Lane M1, C5M1; lane M2, C5M2; lane M4,
C5M4; lane MS, C5MS; lane M6, C5M6; lane m: molecular mass marker (concatemers of lambda DNA).

nal puncture. Quantitative cultures of all samples was per-
formed. Neonates with negative blood cultures were consid-
ered nonbacteremic. The detection limit of bacteria in blood
was 4 X 10* CFU/ml. During cisternal puncture, contamina-
tion of CSF by small amounts of infected blood can occur. As
bacterial counts in blood may be very high (up to 10* CFU/ml),
even slight contamination by blood can lead to a wrong diag-
nosis of meningitis. To prevent this, all CSF samples were
examined microscopically and red cells were counted. When
red cells were present, the probable number of bacteria de-
rived from infected blood was calculated using the following
formula: [level of bacteremia (in CFU per milliliter)] X [num-
ber of red cells in CSF (per millimeter?)/number of red cells in
blood (per millimeter’) (determined in a pilot experiment to
be approximately 5 X 10° per mm?)]. Thus, only CSF samples
in which bacterial counts were 10 times higher than expected
were considered truly infected.

Serum bactericidal activity. Serum was obtained from three
informed healthy volunteers. Blood was allowed to coagulate
for 2 h at 4°C, and the serum was then decanted and immedi-
ately aliquoted and stored at —80°C until use. To measure
serum bactericidal activity, 20 pl of a bacterial inoculum of 103
CFU/ml in physiological serum was added to 180 pl of freshly
thawed pure serum. Quantitative cultures were done 5 h later.
Experiments were repeated five times.

Statistical analysis. Comparison of proportion between two
groups was performed using the Pearson chi-square test or the
Fisher exact test, when appropriate. Comparisons of bacterial
counts in the animal model and in the serum bactericidal
experiment were performed using a two-sample unpaired and
a paired ¢ test, respectively. Data are expressed as mean =*

standard errors. A P value of less than 0.05 was considered
statistically significant.

Nonhemolytic C5 mutants were obtained at a rate of 10>,
The five mutants obtained from five different experiments
(C5M1, C5M2, C5M4, C5SMS5, and C5M6) were further char-
acterized. PFGE of DNA digested by Notl yielded a DNA
fragment 100 kb shorter than that of the wild-type strain (600
versus 500 kb) with all the mutants except C5M1 (Fig. 1A).
PFGE Southern blot hybridization with probes specific for prs,
hly, cnfl, hra, and IS100 showed that these genes were physi-
cally linked on the wild-type 600-kb NotI DNA restriction
fragment and that they were absent from the 500-kb DNA
fragment of mutants CSM2, C5M4, C5M5, and C5M6 (Fig. 1B
and C, hly and cnfl probes, respectively). These results showed
that the genes characteristic of PAI Il are clustered on a
DNA fragment of approximately 100 kb on the C5 chromo-
some, and they can be spontaneously deleted en bloc, suggest-
ing that strain C5 harbored a PAI similar to PAI II,;,, and
designated PAI Is.

To determine whether PAI I -5 was inserted within the pheR-
tRNA gene as described for strain J96 (29), PCR was per-
formed with primers homologous to the flanking sequence of
the pheR-tRNA gene (6). This yielded a fragment of 350 bp in
strains C5, C5M2, and C5M4, suggesting that PAI 15 was not
inserted in this tRNA (Fig. 2). Based on work by Hacker et al.,
who described a PAI in strain 536 inserted in the leuX-tRNA
gene (7), and on our previous mapping of the clustered genes
near this region (8), we postulated that leuX-tRNA was the
PAI 15 insertion site. PCR was then performed with primers
homologous to the flanking sequence of this tRNA gene (7).
Amplification was negative with strain C5 but yielded a frag-
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FIG. 2. Agarose gel showing PCR products from strain C5 and
mutant strains C5M2 and C5M4. pheR.1/pheR.2, amplification of the
pheR-tRNA region, leuX.1/leuX.2, amplification of the leuX-tRNA
region; leuX.l/hra.1, amplification between leuX-tRNA and hra;
TspE4D3/leuX.2, amplification between TspE4D3 and leuX-tRNA.
Amplifications of leuX.1/hra.1 and TspED3/leuX.2 were obtained by
long-range PCR. M, molecular mass marker.

Ccs GTGCGACAGGTATAATCCACAACGTTTTCCGCATACCTCTTCAGTGCCGAAGTGGCGAAA
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ment of 150 bp with strains C5M2 and C5M4 (Fig. 2), suggest-
ing that the putative PAI was inserted in the vicinity of the
leuX-tRNA gene. Finally, to demonstrate the physical linkage
between the PAI and the tRNA gene, we attempted long-range
PCR between hra (a gene located at the end of the PAI [29])
and the leuX-tRNA region. This yielded a fragment of 7.7 kb,
demonstrating that PAI I-s was inserted in the leuX-tRNA
region (Fig. 2). This DNA fragment was used to determine one
side of the sequence of the PAI-chromosome junction. To
determine the sequence of the other side of the junction, we
attempted long-range PCR between our different subtractive
clones mapped in the region of the PAI (8) and the flanking
leuX-tRNA region. One of these, TspE4.D3 (accession number
AF222192), yielded a fragment of 4.5 kb. The sequence of the
junction site (Fig. 3) revealed that the PAI was flanked by
18-nucleotide direct repeats, as described for PAI 54 (7).
After a deletion event, one of the repeats remained at the
excision site, and six nucleotides of the leuX-tRNA gene were
deleted.

Two mutants, CSM2 and C5M4, were used in the experi-
mental meningitis model to assess the role of the uropathoge-
nicity island in the pathogenesis of neonatal meningitis. The
results were similar with the two mutants and are thus com-
bined here. Three hours after inoculation, the proportion of
bacteremic neonates was similar among the mutants (58 of 61
[95%]) and the wild-type strain, C5 (41 of 46 [90%]), and so
was the average bacterial blood count (2.95 = 0.37 versus 2.82
+ 0.44 log CFU/ml) (results not shown). However, 18 h after
inoculation, the proportion of bacteremic neonates was signif-
icantly lower among the mutants (46 of 61 [76%]) than with the
wild-type strain (46 of 46 [100%]) (P < 0.001) (Fig. 2), and the

C5M2 GTGCGACAGGTATAATCCACAACGTTTTCCGCATACCTCTTCAGTGCCGAAGTGGCGAAA

C5 TCGGTAGACGCAGTTGATTCAAAATCAACCGTAGAAATACGTGCCGGTTCGAGTCCGGCC

C5M2 | TCGGTAGACGCAGTTGATTCAAAATCAACCGTAGAAATACGTGCCGGTTCGAGTCCGEGCC

C5 TTCGGCACCAAAAGTATGTARATAGACCTCAACTGAGGTCTTTTTTTATGCCTAARATTC

C5M2 | TTCG---------------~~--- deletion----------“--------—------

C5 AGTATTTATCTACCTTTCCAGCTATATTAACTCTCTCAAGGTCAACTGATATCAACGTAC

C5M2  -------eeee oo deletion-----------~--=-“co-----—-

C5 ATCTACCAACACATGTTGGTACAGATGATGGTATTTCCGGTTCGATAATGCTTGTACCAA

CBM2 -~ - mmmmme oo deletion---+------mmmommm oo~

cs CAGGGAGGGAATACGCATGGCATTAACAGATCTCAAAG,

CSM2 -------mmmmmmmmme e deletion---=------------~--~--~------

C5 s // GATGCAATGGAGCCTGTCGAGGCAGATGACGAGTA
(o453 v R e deletion----=----------——~“~-~-c-----
c5 ACAGAGCTCGGTATCTCAATCAGGACCTGATTGTCCTGCTTCGATGCCGAAAACCAGTGAT
CBM2 - -mmmmmme oo oo deletion-----=remmmmmm e
C5 TTTTCGTGTTGGTATCTGTGTTGGTATAGGATGGTGTTGTTTATTATTAACAATTTTAAAT
C5M2 -~ - - -mmmmm e deletion=-------------~--c---em
Cs CATGAGGTTAAATCGCATGTTCGAGTCCGGCCTTCGCACCACACCGTATGCAAATCGAGTC
C5M2  — == mm o CACCACACCGTATGCAAATCGAGTC

FIG. 3. Nucleotide sequence at the deletion site of the PAIL The tRNA coding sequence lexX is shown in the box. Boldface indicates the

18-nucleotide direct repeats.
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TABLE 1. Development of meningitis (defined as positive CSF
culture) in newborn rats with varying degrees of bacteremia

No. of animals with positive CSF

Level of bacteremia culture/no. of bacteremic animals (%)

(CFU/ml of blood)

. Strains
Strain €5 C5M2 and C5M4

4 X 10% to <10* 0/2 0/7

10* to <10° 3/5 (60 ) 2/11 (18)¢
10° to <10° 10/20 (50) 5/15 (33)¢
10° to <107 10/16 (62) 6/10 (60)*
107 to <10® 1/3(33 ) 3/3 (100)“
All bacteremic neonates

4 X 10% to <10® 24/46 (52) 16/46 (35)"

“ P, nonsignificant versus strain C5.

average bacterial blood count of bacteremic neonates was also
significantly lower among the mutants (5.2 * 1.3 versus 5.7 =
0.86 log CFU/ml; P < 0.018). Despite this significant difference
in level of bacteremia, the rate of meningitis among bacteremic
neonates was not significantly lower in the mutants (35%) than
in strain C5 (52%) (P = 0.09) (Table 1). Given the known
importance of the magnitude of bacteremia in the onset of
meningitis, the rates of meningitis among mutants and strain
C5 were also compared according to the degree of bacteremia
at 18 h postinfection; no significant difference was observed.
All these results suggested that PAI I in strain C5 is not
involved in the passage across the BBB (Table 1).

To investigate how the PAI I increases the level of bacte-
remia, we assessed bactericidal activity of human serum. Strain
CS5 was resistant relative to the nonpathogenic strain ECOR 4
(Table 2). No difference was observed between the two mu-
tants and C5, suggesting that this PAI is not involved in resis-
tance to complement activity.

In this study we obtained strong evidence that strain C5
harbors a PAI similar to PAI 11,4 Indeed, prs, hly, cnfl, hra,
and IS700 genes colocalized on a DNA fragment with a length
(approximately 100 kb) compatible with that of PAI I}, (110
kb). Furthermore, this fragment was spontaneously deleted, en
bloc, at a frequency of about 10~7, by recombinational events
involving nucleotide repeats as previously described for PAI (7,
15, 21). However, contrary to strain J96, the insertion site of
this PAI was in the leuX-tRNA region but not in the PheR-
tRNA (29).

One characteristic of ECMN isolates is their ability to in-
duce high-level bacteremia, which is required for passage

TABLE 2. Determination of serum resistance of strain C5, two
mutants (C5M2 and C5M4), and strain ECOR 4

Mean bacterial count in log CFU/ml

Serum (standard error) for strain®
sample no.
C5 C5M2 C5M4 ECOR 4
1 6.7 (0.7) 5.7 (0.8)" 5.8 (0.9)” 2.8 (0.9)°
2 5.7(1.1) 5.8 (0.6)b 5.37 (0.8)b 2.3 (0.6)°
3 5.3(0.8) 491 (0.4)” 4.95 (0.5)" 2.5 (0.8)°

“ Bacterial count was obtained 5 h after exposure to a 10’ CFU per ml
standardized inoculum in serum.

® P, nonsignificant versus C5 bacterial count.

€ P< 0.05 versus C5 bacterial count.

INFECT. IMMUN.

across the BBB. The capsular polysaccharide K1 plays a key
role in this latter process (9, 20), but it is not sufficient to
explain the intravascular growth of ECNM, as naturally occur-
ring K1 strains do not all exhibit identical pathogenicities in an
experimental model (26). Other extraintestinal virulence fac-
tors that might be involved in intravascular growth (4, 5, 10)
include hemolysin and cytotoxic necrotizing factor. Indeed,
hemolysin gene transfer can convert avirulent fecal E. coli
strains into virulent organisms in an experimental model (30),
and both cytotoxic necrotizing factor and hemolysin are asso-
ciated with resistance to phagocytic cells (3, 22, 28). In con-
trast, previous work suggests that neither factor is involved in
extraintestinal pathogenicity (13, 23), and the roles of Aly and
cnfl are therefore still not clearly established in extraintestinal
pathogenicity. These conflicting results prompted us to inves-
tigate the contribution of PAI 15, which harbors cnfI and hly,
in the virulence of ECNM, focusing on the bacteremic step.

We used a well-documented and relevant experimental
model (9, 14, 20). With strain C5, we obtained results very
similar to those of Bortolussi et al. and Kim et al. (9, 20).
Indeed, we observed that the development of E. coli meningitis
was associated with a threshold level of bacteremia (approxi-
mately 10* CFU/ml) and that a relationship exists between the
magnitude of bacteremia and the rate of meningitis when the
number of rats (>10) was sufficient for comparison (Table 1)
(9, 20). We also used a method of spontaneous deletion to
investigate the influence of the PAI I -5 on virulence. It must be
pointed out that the length of this PAI (>100 kb) did not allow
a step of complementation of mutants in the aim to control the
restitution of virulence. However, the observed change in vir-
ulence was unlikely to be due to another concomitant deletion
or mutation, as two different mutants from two different cul-
tures were studied and gave similar results.

The mutants displayed the same capacity as the wild-type
strain C5 to induce bacteremia at 3 h postinfection. In contrast,
at 18 h, 24% of the mutant-infected rats had cleared the bac-
terium from the blood, compared to 0% of C5-infected rats.
Moreover, the average bacterial count in blood of bacteremic
neonates was significantly lower at 18 h in pups infected by the
mutants than in those infected by strain C5. These results
suggested that the PAI Is contributed to bacterial survival in
blood. To our knowledge, this is the first time that a putative
PAI has been directly incriminated in the bacteremic phase of
neonatal meningitis. However, the PAI did not influence re-
sistance to the bactericidal activity of serum. Although it can be
excluded that different activities of the complement may exist
between human and rat species, these results suggest that PAI
Is may be associated with resistance to other innate defenses,
such as neutrophil phagocytosis (3, 22, 28).

Comparing the rate of meningitis between mutants and C5,
according to the degree of bacteremia, we found no effect of
the PAI I.s on the second pathophysiological step of E. coli
meningitis represented by the BBB passage. This result is con-
flicting with the recent report of Badger et al. (2) identifying
the cnfl gene in strain RS218 as a contributor to E. coli K1
passage across the BBB. It must be pointed out that the 50%
reduction in invasiveness observed in cell cultures was not
confirmed by an animal model in the study of Badger et al. (2).
On the other hand, it cannot be ruled out that the number of
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infected pups we used was not sufficient to detect a slight effect
of the loss of the cnfl gene on the traversal of the BBB.

In conclusion, we have demonstrated the presence in strain
C5 of a PAI, designated PAI I, and its contribution to ex-
traintestinal virulence in a setting other than urinary tract
infection, specifically in the bacteremic phase of neonatal men-
ingitis. Further studies are needed to determine which genes of
this PAI are specifically contributing to the high sustained
bacteremia of strain C5.
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