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IbeA in extraintestinal pathogenic Escherichia coli (EXPEC) strains was previously described for its role in
invasion. Here we investigated the role of IbeA and IbeT, encoded by a gene located downstream of ibeA4, in the
adhesion of the avian EXPEC strain BEN2908 to human brain microvascular endothelial cells (HBMEC). The
AibeA mutant was less adhesive to HBMEC than the wild-type strain BEN2908 was. Because strain BEN2908
also expresses type 1 fimbriae, we measured the adhesion specifically due to IbeA by comparing the adhesive
properties of a Afim derivative of strain BEN2908 to those of a double Afim AibeA mutant. No differences were
observed, indicating that the reduction of adhesion in BEN2908 AibeA could be due to a decrease in type 1
fimbria expression. We indeed showed that the decreased adhesion of BEN2908 Aibed was correlated with a
decrease in type 1 fimbria expression. Accordingly, more bacteria had a fim promoter orientated in the off
position in a culture of BEN2908 AibeA than in a culture of BEN2908. Expression of fimB and fimE, two genes
encoding recombinases participating in controlling the orientation of the fim promoter, was decreased in
BEN2908 AibeA. A reduction of type 1 fimbria expression due to a preferential orientation of the fim promoter
in the off position was also seen in an ibeT mutant of strain BEN2908. We finally suggest a role for IbeA and

IbeT in modulating the expression of type 1 fimbriae through an as yet unknown mechanism.

Extraintestinal pathogenic Escherichia coli (EXPEC) strains
are responsible for a wide range of diseases in humans and
animals. In humans, almost 80% of urinary tract infections, as
well as almost 20% of newborn meningitis cases, are caused by
ExPEC strains (23, 45). In chickens, EXPEC strains are respon-
sible for avian colibacillosis, which results in different syn-
dromes, ranging from superficial dermatitis to respiratory in-
fections that frequently develop into systemic infections (12,
32). Phylogenetic studies have shown that avian EXPEC strains
are closely related to human ExPEC strains (40, 44). Addition-
ally, avian EXPEC strains share common virulence genes with
ExPEC strains isolated from patients with urinary tract infec-
tions or meningitis (16, 40, 44). Several potential virulence
factors have been described for EXPEC strains. These viru-
lence factors confer different properties, such as adhesion to
host cells through type 1 and P fimbriae, iron acquisition, toxic
activity toward eukaryotic cells (cytotoxins), and resistance to
host defenses.

ibeA is an EXPEC virulence gene that was first described for
strain RS218, isolated from a patient with human newborn
meningitis (26, 46). ibe4 encodes a 50-kDa protein and is
located on the GimA genomic island. This island is inserted
between yjiD and yjiE and is predicted to contain four operons,
three of them potentially involved in carbohydrate metabolism
(24). In addition to ibeA, the GimA4 operon is predicted to
contain two other genes, ibeR and ibeT. ibeR encodes a poten-
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tial transcriptional activator homologous to the DhaR protein
of the Dha operon of E. coli, while ibeT is supposed to encode
a protein belonging to the Na*/H™" antiporter family (24).

Huang et al. showed that the deletion of ibeA in strain
RS218 decreases its virulence in an infant rat model of men-
ingitis (26). Invasion assays with human brain microvascular
endothelial cells (HBMEC) also indicated that the ibeA mu-
tant strain is less invasive than the wild-type (WT) strain (25).
Recent findings by Zou et al. indicate that ibeT is also involved
in adhesion and invasion of HBMEC by strain RS218 and is
required for the development of meningitis in infant rats (54).

We previously demonstrated that ibeA4 also plays a role in
the pathogenicity of the avian EXPEC strain BEN2908 for
chickens (18) and showed that its expression is increased in the
early stage of chicken infection (8). ibeA was detected in ap-
proximately 20% of EXPEC strains of avian origin and is more
prevalent in 02, O18, and O88 strains. In vivo studies showed
that chickens inoculated with an ibe4 mutant had significantly
fewer bacteria in the blood and in the liver than did those
inoculated with the WT strain. Furthermore, in HBMEC, an
ibeA derivative of strain BEN2908 is less invasive than the WT
strain (18).

Despite these numerous studies, the precise role of ibeA in
the invasion process remains to be clarified. Based on the
hypothesis that IbeA is an invasin, several putative cellular
receptors for IbeA have been characterized, including Ibe10R
on bovine BMEC (43) and vimentin (55) and the PSF protein
(56) on HBMEC. Although these interactions with surface
receptors were described for the invasion process, the possi-
bility remains that they also participate in the adhesion of
bacteria to eukaryotic cells. As an example, Khan et al. have
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recently shown that preventing adhesion of strain RS218 re-
sults in less invasion (28).

Paradoxically, IbeA is predicted to be a cytoplasmic protein
by several prediction programs, such as Psort (see computed
predictions at http://db.psort.org/), TMBETA-SVM (http:
//tmbeta-svm.cbrc.jp/), and BOMP (http://www.bioinfo.no
/tools/bomp). No putative signal secretion sequences or li-
poprotein signal sequence is found in the IbeA sequence (51).
Additionally, IbeA contains a putative flavin adenine dinucle-
otide binding domain (E value = 6.8e—06 [http://pfam.sanger
.ac.uk/]), which suggests an enzymatic activity. These predic-
tions apparently contradict previous reports concerning
interactions of IbeA with cell surface receptors, yet these in-
teractions were described only in vitro, using purified glutathi-
one S-transferase- or Hisg-labeled IbeA protein in pull-down
or ligand overlay experiments. Despite a recent publication
concerning protein folding intermediates of IbeA in solution
(38), no report clearly demonstrating that IbeA is indeed lo-
cated in the outer membrane of E. coli has been published so
far. Concerning IbeT, bioinformatic analysis has shown that it
belongs to the Na™/H™ antiporter family, a family of proteins
located in the inner membranes of gram-negative bacteria
(41).

Characterization of a putative adhesion mediated by IbeA
will have to take into account the adhesion mediated by other
known adhesins so that only the contribution of IbeA to ad-
hesion is measured. Among adhesins characterized so far for
ExPEC strains are type 1 fimbriae. Type 1 fimbriae are pro-
duced by many strains of E. coli, including nonpathogenic
strains, but were proven to be an important determinant in-
volved in binding and invasion of eukaryotic cells by various
pathogenic E. coli strains (3, 6, 28, 35, 49). In vivo, type 1
fimbriae are involved in the colonization of the trachea in avian
colibacillosis and might be required for interaction with lung
epithelial cells (31, 36). Several reports have also shown their
role in the development of urinary tract infections (19, 20, 37).

Nine genes, located on the fim operon, are necessary for the
biosynthesis of type 1 fimbriae. Their synthesis requires, be-
sides the assembly proteins FimC and FimD, the major subunit
FimA and the minor subunits FimF, FimG, and FimH. FimH
is the adhesin and is the component responsible for the man-
nose-sensitive binding ability of type 1 fimbriae (39). The ex-
pression of the fimAICDFGH operon is phase variable and is
mediated by a 314-bp invertible element (IE) that contains the
promoter of the fim operon (2). Depending on the orientation
of this promoter (on or off), it drives (or not) the transcription
of the fim genes and allows (or not) the expression of type 1
fimbriae. The percentage of bacteria with a promoter in the on
orientation therefore determines the percentage of bacteria
that express type 1 fimbriae within a bacterial culture. The
switch of the IE is regulated by several environmental signals,
such as temperature, osmolarity, pH, and amino acids, and is
mediated by site-specific recombinases, with the contributions
of other DNA-binding proteins, such as H-NS, IHF, and Lrp
(5). FimB and FimE are the most-studied site-specific re-
combinases involved in IE switching (30). Much less is
known concerning more recently described recombinases,
such as IpuA, IpuB, and IpbA (also known as HbiF or
FimX) (7, 21, 53).

In this work, the real contribution of IbeA to the adhesion of
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TABLE 1. Strains, plasmids, and primers used in this study

Strain, plasmid, Relevant characteristics Reference
or primer or sequence or source
E. coli strains
BEN2908 Avian ExPEC O2:K1:H5 Nal* 13
BEN2908 AibeA This study
BEN2908 AibeT This study
DM34 BEN2908 Afim 35
DM34 AibeA BEN2908 Afim AibeA This study
Plasmids
pUCI13 52
pUC23A ibeA gene cloned into pUC13 25
pKD4 11
pKD46 11
pCP20 11
Primers
ibeA primers
ibeA-5F TATTAGCATGATGTTGCTTG
ibeA-5SR TGCCAACAACCAACACGATC
ibeT primers
MC6 AAAATAACACTACCGTTTCA
CAGG
MC 49 GACATTAACGCGGGATGG
IE primers
Chl-F AGTAATGCTGCTCGTTTTGC 49
Chl-R GACAGAGCCGACAGAACAAC 49
Sfrr primers
PG 198 GCGTAGAAGCGTTCAAAACC
PG 199 CAAGATCGGACGCCATAATC
fimB primers
PG 340 CCTGACCCATAGTGAAATCG
PG 341 CTTTGCCTTAAGATCAATATC
fimE primers
PG 342 GGCATATCGGCATGGGATGC
PG 343 CGTTCCTGGGTCCAGCGTTC
ipbA primers
MC 38 CACACAGGATGAAGTCTACAG
MC 39 CCGTGAATGAAAGCC
ipuA primers
MC 40 AGTTTCTGCTGCGGG
MC 41 TAAGACGGGTATCCACAC
ipuB primers
MC 42 CTCTTTGTTTCTTTCTTGTC
MC 43 TATTAGTCTGGTGTC
ibeA mutant primers
PG1 GTATGGAATTTTATCTGGAAC
CCGCTCGTAATATACCTGTA
CTGGCAACC
PG2 AAGACTTTTACGCCATTTTGCT
GTAAGCGTTCCTGTACCGTC
TGAAT

ibeT mutant primers

MC 36 CAGTTTTTATGTCGCGCTTACA
CCGATCATTTTTATGATGAT
CGTGTTGGGTGTAGGCTGG
AGCTGCTTC

MC37 CGGGATGGAGATTAATCCATC

CGGCAAACGCATTTATTATC
TTGAATAACCATATGAATAT
CCTCCTTAG

strain BEN2908 to HBMEC was investigated. Our results led
us to consider the possibility that expression of type 1 fimbriae
is modified when ibeA or ibeT is deleted.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and plas-
mids are described in Table 1. Bacteria were routinely grown in Luria-Bertani
(LB) broth at 37°C. Ampicillin (100 pg ml~"), kanamycin (50 pg ml™'), and
nalidixic acid (30 pg ml~") were used when necessary.

Cell lines and culture. HBMEC were kindly provided by C. Kieda (CNRS,
Orléans, France) (29). HBMEC were grown in Opti-MEM (Invitrogen) contain-
ing 2% heat-inactivated fetal bovine serum at 37°C and 5% CO,.

DNA techniques. Restriction endonucleases and modification enzymes (New
England Biolabs) were used according to the manufacturer’s instructions. DNA
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fragments were purified from agarose gels by use of a Nucleo-spin Extract II
purification kit (Macherey-Nagel).

Primers used in this study are described in Table 1. PCRs were performed with
an Applied Biosystems model 9700 apparatus, using 1 U Tag DNA polymerase
from New England Biolabs in 1X buffer, a 200 puM concentration of each
deoxynucleoside triphosphate, a 0.8 M concentration of each primer, and 10 ng
chromosomal DNA in a 50-pl reaction volume. Cycling conditions were as
follows: 1 cycle of 5 min at 95°C; 30 cycles of 10 s at 95°C, 10 s at 52°C, and 1
min/kb at 72°C; and a final extension of 5 min at 72°C. PCR products were
separated in 1% agarose gels for 1 h at 10 V/cm of gel.

Deletions of ibeA and ibeT were obtained as described by Datsenko and
Wanner, using primers PG1 and PG2 for deletion of ibe4 and MC36 and MC37
for deletion of ibeT (11). The replacement of ibeA was confirmed by PCR, using
primers IbeA-5F and IbeA-5R; that of ibeT was confirmed with primers MC6
and MC49. The Kan" cassette was then removed using plasmid pCP20, leaving a
scar of 80 bp. The deletions of ibeA and ibeT were confirmed by PCR and
sequencing, using primers ibeA-5F/ibeA-5R and MC6/MC49, respectively.

Adhesion assay. E. coli adhesion assays were performed on HBMEC. Cells
were distributed in 24-well plates. When the cell density reached 5 X 10° cells per
well, the cells were infected by the studied strain at a multiplicity of infection
(MOI) of 10. Bacterial inocula were prepared from an exponentially growing
culture grown at 37°C with agitation. Upon reaching exponential phase (optical
density at 600 nm of 0.5), bacteria were diluted to the desired concentration in
Opti-MEM medium and immediately used to infect cell cultures. The inoculum
size was determined by colony plate counting for each experiment. A final
concentration of 2% b-mannose was added to the inoculum, when required,
before bacteria were added to the HBMEC. After 90 min of infection, mono-
layers were washed with Opti-MEM and then lysed with cold sterile demineral-
ized water for 30 min at 4°C. The growth in Opti-MEM of strain BEN2908 and
its ibeA and ibeT derivatives was equivalent. Adherent and intracellular bacteria
were enumerated by plating 10-fold serial dilutions on LB agar. From previous
experiments, intracellular bacteria account for only approximately 2% of bacteria
recovered (18). We thus considered that counted bacteria represented mostly
adherent bacteria. The percentage of adhesion was thus calculated as follows:
100 X (number of recovered bacteria after 90 min of infection/number of bac-
teria inoculated). The results were expressed as relative adhesion (percentage of
adhesion for experimental strain versus percentage of adhesion of BEN2908
strain). Each assay was performed in triplicate and repeated at least three times.

Immunodot blot assay. Approximately 3 X 10® bacteria in exponential phase
were pelleted and resuspended in 1 ml of phosphate-buffered saline (PBS). Five
microliters of the bacterial suspension was then spotted onto a nitrocellulose
membrane. After being blocked with PBS-1% bovine serum albumin (BSA), the
membrane was incubated in PBS-1% BSA in the presence of the anti-type 1
fimbria antiserum 4168 at a 1/2,500 dilution (14) for 1 h, washed, and then
incubated in PBS-1% BSA with a horseradish peroxidase-conjugated goat anti-
rabbit immunoglobulin G antibody (Sigma) used at a dilution of 1/10,000. The
signals were detected using a Chemi-Smart 5000 cooled charge-coupled device
camera (Vilber-Lourmat, France) and Supersignal West Pico chemiluminescent
substrate (Pierce). This experiment was performed in triplicate. Quantification of
the spots was done with Bio-Profil Bio-1D++ software (Vilber-Lourmat,
France), and the background signal obtained with the afimbriate strain DM34
was subtracted from each intensity. The results were expressed as relative inten-
sities (percentage of intensity for the tested strain versus percentage of intensity
for strain BEN2908).

IE orientation assay. The orientation of the IE was tested as previously
described (49). A PCR was performed with primers Chl-F and Ch1-R, yielding
a 602-bp fragment containing the IE. This product was subjected to restriction
digestion by SnaBI (New England Biolabs). The digested PCR products were
separated in a 2% agarose gel. Fragments of 404 bp and 198 bp (on orientation)
or 442 bp and 160 bp (off orientation) were observed.

Real-time quantitative PCR (qPCR) analysis. Total RNA was extracted from
200 microliters of bacteria in liquid culture (optical density at 600 nm of 0.5).
Bacteria were mixed with 1 ml of Trizol (Invitrogen) and placed in lysing
matrix B tubes (MP Biomedicals). Bacteria were lysed by shaking tubes for
45 s at speed 6 in a Fastprep FP-120 apparatus (MP Biomedicals). One
hundred microliters of 1-bromo-3-chloro-propane was then added, and tubes
were centrifuged for 10 min at 10,000 X g. The aqueous phase was recovered,
and RNAs were precipitated with 500 wl of isopropyl alcohol and washed with
500 pl of 75% ethanol. RNAs were then resuspended in 50 wl of diethyl
pyrocarbonate-treated water, treated with DNase I, and purified on RNeasy
minicolumns (Qiagen). The quality of the RNAs was verified by agarose gel
electrophoresis.

Quantitative reverse transcriptase PCR (RT-PCR) was performed as de-
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FIG. 1. Adhesion of BEN2908 AibeA to HBMEC is reduced. Con-
fluent HBMEC were incubated with different strains at an MOI of 10.
After 90 min, cells were washed and bacteria were counted after lysis
of HBMEC with cold water. The percentage of adhesion of each strain
was calculated from three independent experiments, as follows: 100 X
(number of adhesive bacteria/number of bacteria inoculated). The
results are expressed as relative adhesion (percentage of adhesion of
test strain versus percentage of adhesion of BEN2908 strain). Strains
tested are indicated on the graph. The assay was performed three times
in triplicate. *, adhesion was significantly different (Mann-Whitney
test; P < 0.01) from that of strain BEN2908.

scribed by Chouikha et al. (8). Briefly, gene-specific reverse transcription of
RNAs was performed with Superscript RT III (Invitrogen), using primer PG
199 for fir (housekeeping gene), PG 341 for fimB, and PG 343 for fimE.
Samples without RT were concurrently prepared and analyzed for the ab-
sence of contaminating genomic DNA. Real-time qPCR analysis was per-
formed in an iCycler system (Bio-Rad), using Absolute qPCR SYBR green
mix (ABgene). cDNAs obtained as described above were diluted twofold in
nuclease-free distilled water. Four microliters was used for gPCR. The PCR
program consisted of 35 amplification/quantification cycles of 95°C for 15 s
and 60°C for 1 min, with signal acquisition at the end of each cycle. Primers
used for qPCR were as follows: PG198/PG199 for frr, PG340/PG341 for fimB,
and PG342/PG343 for fimE. Equation 1 from Pfaffl was used to analyze the
statistical significance of the data, using fir as a housekeeping gene standard
(34, 42).

Statistical analysis. Statistical analysis of adhesion and type 1 fimbria quan-
tification were done by applying the Mann-Whitney test. Exact P values were
calculated with StatXact software (version 5.0; Cytel Software, Cambridge, MA).

RESULTS

ibeA is required for adhesion of strain BEN2908 to HBMEC.
A previous report has shown that inactivation of ibe4 reduces
the invasion of HBMEC by strain BEN2908 (18). Given that
IbeA might directly interact with cell surface receptors, we
tested the possibility that the reduced invasion of an ibeA
mutant could be due to differences in adhesion. The adhesion
to HBMEC of strain BEN2908 was thus compared to that of
strain BEN2908 AibeA. Figure 1 shows that adhesion of strain
BEN2908 AibeA was reduced approximately twofold compared
to that of strain BEN2908 (55% = 8.17% versus 100%; P <
0.01). To confirm that the decreased adhesion was linked to
the deletion of ibeA, we transformed strain BEN2908 AibeA
with plasmid pUC23A (25), carrying ibeA, and with plasmid
pUCI13 (empty vector). Adhesion was restored by expression of
ibeA from plasmid pUC23A (107.46% = 27.41%), while the
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FIG. 2. Adhesion of bacteria to HBMEC in the presence or ab-
sence of b-mannose. Confluent HBMEC were incubated with different
strains at an MOI of 10 in the absence (A) or presence (B) of 2%
D-mannose. After 90 min, cells were washed and bacteria were counted
after lysis of HBMEC with cold water. The percentage of adhesion of
each strain was calculated from three independent experiments, as
follows: 100 X (number of adhesive bacteria/number of bacteria inoc-
ulated). The results are expressed as relative adhesion (percentage of
adhesion of test strain versus percentage of adhesion of BEN2908
strain). Strains tested are indicated on the graphs. The assay was
performed three times in triplicate. *, adhesion was significantly dif-
ferent (Mann-Whitney test; P < 0.01) from that of strain BEN2908.

empty plasmid pUC13 had a negative effect on adhesion, re-
ducing it about 2.7 times (20.35% = 8.35%). Altogether, these
results indicate that IbeA is involved in the adhesion of strain
BEN2908 to HBMEC.

Inactivation of ibed in a fim mutant does not decrease ad-
hesion. From previous studies concerning the adhesive prop-
erties of strain BEN2908, we knew that type 1 fimbriae are
important for the adhesion of this strain to eukaryotic cells (35,
36). Therefore, we hypothesized that the adhesion measured
above was not only mediated by IbeA but could also involve
type 1 fimbriae.

In order to analyze only the contribution of IbeA to the
adhesion of BEN2908, we measured the percentage of adhe-
sion specifically due to IbeA by using strain DM34, a derivative
of strain BEN2908 deleted of the fim operon (35, 36). As for
strain BEN2908, we deleted ibe4 from DM34, yielding strain
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FIG. 3. Surface expression of type 1 fimbriae is decreased in
BEN2908 AibeA. Five-microliter samples of exponential-phase cul-
tures of strains BEN2908, BEN2908 AibeA4, BEN2908 AibeA/pUC13,
BEN2908 AibeA/pUC23A, and DM34 were spotted on a nitrocellulose
membrane. Type 1 fimbriae were detected using an anti-type 1 fim-
briae polyclonal antibody. Quantification of the spots was performed
using BiolD++, and the background value obtained with the fim
mutant DM34 was subtracted. Quantification results are expressed as
percentages of the quantification obtained with strain BEN2908 and
are averages for three experiments. *, spot intensity was significantly
different (Mann-Whitney test; P < 0.01) from that of strain BEN2908;
*%, spot intensity was significantly different (Mann-Whitney test; P <
0.02) from that of strain BEN2908 AibeA.

DM34 AibeA. The adhesion activities on HBMEC of strains
BEN2908, DM34, and DM34 AibeA were then compared.

As expected, the adhesion of strain DM34 was reduced
almost fivefold compared to that of strain BEN2908 (100%
versus 23.98% * 9.66%; P < 0.01) (Fig. 2A). These results
confirmed that the loss of type 1 fimbriae was associated with
a loss of the adhesive properties of strain BEN2908. Surpris-
ingly, adhesion of strain DM34 AibeA was not significantly
different from that of strain DM34 (25.28% = 10.41% versus
23.98% * 9.66%) (Fig. 2A). This suggests that in the absence
of type 1 fimbriae, deletion of ibe4 did not affect adhesion on
HBMEC. We confirmed these results by performing adhesion
assays with strains BEN2908 and BEN2908 AibeA in the pres-
ence of 2% D-mannose to prevent type 1 fimbria-mediated
adhesion, and we found no difference in adhesion between
strains BEN2908 and BEN2908 AibeA (Fig. 2B), showing that
when we prevent adhesion through type 1 fimbriae, IbeA plays
very little, if any, role in the adhesive process.

This result led us to suspect that the loss of the adhesive
properties of BEN2908 AibeA was not the consequence of the
loss of an interaction between Ibe A and HBMEC surface re-
ceptors but was rather due to a decrease of type 1 fimbria
expression in this mutant.

Decreased expression of type 1 fimbriae on the surface of
BEN2908 Aibed. We thus compared the expression of type 1
fimbriae in strains BEN2908 and BEN2908 AibeA by using a
type 1 fimbria antiserum previously obtained in our laboratory
(14). Figure 3 shows that more type 1 fimbriae were detected
in a culture of strain BEN2908 than in a culture of strain
BEN2908 AibeA (100% versus 22.6% * 8.5%; P < 0.01). This
phenotype was complemented, albeit partially, by plasmid
pUC23A (41.5% = 15.7%): although such a level is signifi-
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FIG. 4. The fim promoter is preferentially in the off position in an
AibeA mutant. The IE was PCR amplified with primers Chl-F and
Chl-R from chromosomal DNAs of strains BEN2908, BEN2908
AibeA, BEN2908 AibeA/pUC13, and BEN2908 AibeA/pUC23A. The
PCR products were digested by SnaBI, and restriction fragments were
separated in 2% agarose gels. Std, DNA size standard.

cantly lower than that observed with strain BEN2908 (P <
0.01), it is significantly higher than that of the ibe4 mutant (P <
0.02). In agreement with the adhesion results, the number of
type 1 fimbriae in strain BEN2908 AibeA containing plasmid
pUCI13 (1% = 5.60%) was almost null, as the signal detected
was equivalent to that of the negative control strain DM34.
Introduction of plasmid pUC13 into strain BEN2908 also re-
duced type 1 fimbria expression, but only to a level similar to
that of strain BEN2908 AibeA containing plasmid pUC23A
(data not shown). Since expression of type 1 fimbriae is phase
variable, these data suggest that a larger number of bacteria
express type 1 fimbriae on their surfaces in a culture of strain
BEN2908 than in a culture of BEN2908 AibeA.

The IE is preferentially in the off orientation in BEN2908
AibeA. Phase variation of type 1 fimbria expression is con-
trolled by switching the orientation of an IE containing the fim
promoter. To confirm that the decreased quantity of type 1
fimbriae in BEN2908 AibeA was due to a larger proportion of
bacteria not expressing these fimbriae, we used a PCR-based
assay to characterize the orientation of the IE (33, 49).

In a population of WT strain BEN2908 cells, we observed
digestion patterns indicating that the IE was present in both
orientations (Fig. 4). In a population of strain BEN2908 AibeA
cells, we observed both restriction profiles, but digestion frag-
ments corresponding to the off orientation were more intense
than the one corresponding to the on orientation. This indi-
cates that there was more IE in the off orientation in the ibeA
mutant than in the WT strain. This phenotype was comple-
mented by introduction of plasmid pUC23A into strain
BEN2908 AibeA. In agreement with the results presented
above, introduction of pUC13 into the mutant strain BEN2908
AibeA increased the amount of IE in the off orientation.

These results clearly demonstrated that a deletion of ibeA
increased the proportion of IE in the off orientation, resulting
in an overall decreased expression of type 1 fimbriae at the
surfaces of the bacteria.

Expression of recombinases FimB and FimE is reduced in
strain BEN2908 AibeA. Since the orientation of the IE is in
part determined by the recombinases FimB and FimE, we
tested whether the expression of these recombinases might be
disturbed in an ibeA mutant. We quantified the expression of
fimB and fimE by quantitative RT-PCR, using fir as a house-
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FIG. 5. Quantification of fimB and fimE expression. Expression of
fimB and fimE in strains BEN2908 and BEN2908 AibeA was measured
by quantitative real-time PCR as described in Materials and Methods,
using the frr gene as a housekeeping gene standard. Results are relative
expression ratios compared to expression in the WT strain. Gray bars,
BEN2908; white bars, BEN2908 AibeA.

keeping gene (8, 34). The expression of fimB and fimE in strain
BEN2908 AibeA was reduced compared to their expression in
strain BEN2908 (Fig. 5). Using specific primers, we showed
that strain BEN2908 also possessed the ipbA gene but not the
ipuA or ipuB gene, all of which encode recently described
recombinases. However, expression of ipb4 was too low to
detect any significant change (data not shown).

Inactivation of ibeT also leads to decreased expression of
type 1 fimbriae. Recently, Zou et al. showed that inactivation
of ibeT also causes less adhesion of strain RS218 to HBMEC
(54). We therefore assessed whether deletion of ibeT in strain
BEN2908 also results in a decrease in type 1 fimbria expres-
sion. Inactivation of ibeT reduced the number of type 1 fim-
briae on the surfaces of the bacteria, to only 13.5% of the level
for strain BEN2908 (Fig. 6A). Furthermore, the IE was almost
exclusively in the off orientation (Fig. 6B). Inactivation of ibeT
therefore had a more pronounced effect on type 1 fimbria
expression than did inactivation of ibeA.

DISCUSSION

Previous studies have demonstrated the importance of Ibe A
in invasion of HBMEC and in the crossing of the blood-brain
barrier (24-26). We also showed that, as in meningitic E. coli
strains, IbeA is involved in the virulence of strain BEN2908 for
chickens (18). However, the role of IbeA in the virulence of
ExPEC remains unclear, despite the characterization of pro-
teins interacting with IbeA in vitro (43, 55, 56).

In this report, we analyzed in more detail the invasion-
deficient phenotype of an ibeA derivative of the avian EXPEC
strain BEN2908. We found that this decreased invasion was
linked to decreased adhesion to HBMEC. Because strain
BEN2908 also expresses type 1 fimbriae that could mediate
adhesion to HBMEC, we measured the contribution solely of
IbeA to the adhesion of BEN2908 to HBMEC by preventing
type 1 fimbria-mediated adhesion through a Afim mutation or
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FIG. 6. Deletion of ibeT decreases type 1 fimbria expression by
increasing the proportion of bacteria with the IE in the off orientation.
(A) Five-microliter samples of exponential-phase cultures of strains
BEN2908, BEN2908 AibeT, BEN2908 AibeA, and DM34 were spotted
on a nitrocellulose membrane. Type 1 fimbriae were detected using an
anti-type 1 fimbriae polyclonal antibody. *, spot intensity was signifi-
cantly different (Mann-Whitney test; P < 0.01) from that of strain
BEN2908. (B) The IE was PCR amplified with primers Chl-F and
Ch1-R from chromosomal DNAs of strains BEN2908, BEN2908
AibeT, and BEN2908 AibeA. The PCR products were digested by
SnaBlI, and restriction fragments were separated in 2% agarose gels.
Std, DNA size standard.

by the use of mannose. Surprisingly, our results showed that
deletion of ibeA in the absence of type 1 fimbriae did not have
any consequences on adhesion. Based on these data, we hy-
pothesized that a decreased level of type 1 fimbria expression
might be responsible for the lower adhesion level of BEN2908
AibeA. Notably, adhesion of strain DM34 remained relatively
high in these assays, suggesting that type 1 fimbriae are not the
only adhesins expressed by BEN2908; the high motility of
strain BEN2908 (data not shown) could indeed be involved in
its adhesion to HBMEC (4). We then showed that fewer type
1 fimbriae were found in a culture of BEN2908 AibeA, due to
a larger proportion of bacteria with an IE in the off orientation.
This might be explained by the lower expression of fimB and
fimE measured in BEN2908 AibeA. Type 1 fimbria expression
was only partially complemented by plasmid pUC23A, while
adhesion and the proportion of bacteria expressing type 1
fimbriae were restored to levels similar to those of the WT
strain. A possible explanation for these apparently inconsistent
results could be that bacteria that express fimbriae in the com-
plemented strain do so at a level lower than that of bacteria
that express type 1 fimbriae in the WT strain, with the propor-
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tion of bacteria expressing type 1 fimbriae being the same in
both strains.

The major finding of this report is that no difference in
adhesion was observed between ibe4 ™" and ibeA mutant strains
when type 1 fimbria-mediated adhesion was prevented. This
suggests that very few, if any, adhesive properties of strain
BEN2908 are due to direct interaction between IbeA and
HBMEUC surface proteins. In fact, the lower adhesion level of
BEN2908 AibeA was mainly due to a decrease of the propor-
tion of fimbriated bacteria with this strain. In the original
description of the ibeA gene, Huang et al. indicated that ex-
pression of S fimbriae and type 1 fimbriae was not reduced in
their original RS218 ibe4 mutant (10A23 mutant) (26). Our
data seem to contradict this first report. One reason why the
decrease in type 1 fimbriae in the ibe4 derivative may not have
been detected by Huang et al. might be the lower expression of
type 1 fimbriae in strain RS218 than in BEN2908 (our unpub-
lished observation), hence the lesser adhesive properties of
strain RS218 than of the strain used in this study, BEN2908
(18).

Furthermore, we found that the differences in adhesion be-
tween strains BEN2908 and BEN2908 AibeA were not ob-
served under certain growth conditions, i.e., when bacteria
were grown to stationary phase without agitation (data not
shown). These conditions are often used to characterize type 1
fimbria expression and may have been used by Huang et al. to
conclude that there was normal expression of type 1 fimbriae in
their ibeA mutant (26).

Our study also showed that an ibeT derivative of strain
BEN2908 expressed fewer type 1 fimbriae at its surface and
presented a larger proportion of IE in the off orientation than
the WT strain BEN2908 did. These results are in agreement
with the lower adhesion level of an ibeT derivative of strain
RS218 reported by Zou et al. (54). The number of type 1
fimbriae was lower in BEN2908 AibeT than in BEN2908 AibeA,
and the proportion of IE in the off orientation seemed to be
increased in BEN2908 AibeT compared to that in BEN2908
AibeA. Nevertheless, given their genetic location and the some-
how similar consequences of their deletion, we suggest that
ibeA and ibeT alter the expression of type 1 fimbriae through a
common but so far unknown mechanism. Our results suggest
that the larger proportion of bacteria with an IE in the off
orientation in BEN2908 AibeA might be related to decreased
expression of fimB and fimE. Expression of type 1 fimbriae is
regulated through sophisticated mechanisms, as reviewed by
Blomfield and Van Der Woude (5). Whether the decreased
expression of fimB and fimE is sufficient to explain the
observed phenotype of BEN2908 AibeA will have to be inves-
tigated. It has been shown that when the IE is in the off
orientation, the RNA encoding fimE is unstable due to early
rho-dependent termination (22, 27). It is therefore possible
that the reduced level of fimE RNA that we observed was only
a consequence, and not the cause, of the larger proportion of
IE in the off orientation. Strain BEN2908 also carries the iphA
gene but not the ipud and ipuB genes (data not shown). How-
ever, from our results, we could not conclude whether there
was a modification of ipbA4 expression in BEN2908 AibeA.
Interestingly, the phenotype of our BEN2908 Aibe4 mutant is
very similar to that of an ompA mutant of strain RS218 (50). In
particular, the reduction of fimB and fimE expression observed
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in our report is strikingly similar to that observed by Teng et al.
for their ompA mutant. It is thus possible that these modifica-
tions of type 1 fimbriae involve the same mechanisms.

In strain RS218, ibeA is located inside a genomic island that
contains several putative operons. Our data (Southern blots
and PCR [data not shown]) indicate that ibeA is also located in
such a genomic island in strain BEN2908 and that operons
GimAl, GimA2, GimA3, and GimA4 are present in strain
BEN2908. Huang et al. suggested that this island contributes to
invasion through a carbon source-regulated mechanism (24).
For example, genes from GimAl encode proteins that have
homologies with the different subunits of a putative phospho-
transferase-dependent dihydroxyacetone kinase. cg/D from
operon GimA?2 encodes a putative glycerol dehydrogenase that
could yield dihydroxyacetone from glycerol. Operon GimA3
encodes four proteins potentially involved in the formation of
3-phospho-p-glycerate and/or hydroxypyruvate from glyoxy-
late. Indeed, genes of GimA3 encode proteins that are very
similar to those involved in the D-glycerate pathway participat-
ing in the degradation of allantoin (10).

Based on our results regarding the above predictions and the
predictions of IbeA as a cytoplasmic protein and IbeT as an
inner membrane transporter, an alternative hypothesis to cur-
rent models is that IbeA does not directly mediate interaction
with HBMEC but rather acts upon expression of type 1 fim-
briae through modulation of a metabolic pathway. Unbalance
of this metabolic pathway by inactivation of ibe4 or ibeT would,
in turn, have consequences on the expression of various bac-
terial components, such as type 1 fimbriae. Interestingly, reg-
ulation of type 1 fimbriae by metabolic pathways is suggested
by several reports. Eisenstein and colleagues demonstrated
that growth in glucose inhibited the expression of type 1 fim-
briae (15). Gally and coworkers also showed that the fim switch
was regulated by environmental conditions, such as tempera-
ture or growth medium. FimB-mediated switching is thus in-
creased when bacteria are grown in minimal medium at a high
temperature (42°C), while FimE-dependent switching is higher
in rich medium and at a low temperature (28°C) (17).

Several reports have unraveled a series of regulators of fimB
and fimE expression. Inactivation of these regulatory pathways
leads to altered type 1 fimbria expression. For example, ex-
pression of fimB is regulated by N-acetylglucosamine and N-
acetyl neuraminic acid, through the NagC and NanR regula-
tors, respectively (47, 48). Aberg et al. also recently described
the control of fimB expression by the modification of ppGpp
levels (1), and cyclic-di-GMP was recently shown to be in-
volved in type 1 fimbria expression (9).

One possibility is therefore that expression of Fim recombi-
nases is controlled by an as yet unknown regulator, with this
regulator acting as a sensor of a component that is either a
substrate or a product of IbeA; inactivation of ibe4 would in
turn modify the concentration of this compound and conse-
quently alter the activity of this putative regulator. As a con-
sequence, type 1 fimbriae, and hence adhesive properties of
the ibeA mutant, would be decreased. Another possibility is
that the inactivation of the putative pathway involving IbeA
and/or IbeT leads to changes in the concentration of secondary
messengers, such as ppGpp or cyclic-di-GMP.

The exact role of IbeA in the infectious process remains to
be clarified. We have shown that it is required for full virulence
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of strain BEN2908 for chickens (18). Reduction of the adhe-
sive properties by an ibe4 mutation is likely to participate in
this reduced virulence, in particular in the first stages of coli-
bacillosis, such as interaction with lung epithelial cells. Yet one
cannot exclude that IbeA is also involved in another process
that is required for full virulence, and future research will have
to address this possibility.

In conclusion, this report opens up new possibilities con-
cerning the exact role of IbeA in the virulence of ExPEC.
Future studies will have to address the exact mechanism by
which GimA4 regulates type 1 fimbria expression. In particu-
lar, experiments with bacteria having a locked-on or locked-off
fim switch will answer the question of whether the effect seen
in this study is mediated only through regulation of fimB and
fimE expression. Altogether, new experiments should help to
validate or not validate the hypothesis that the lower propor-
tions of bacteria expressing type 1 fimbriae in BEN2908 AibeA
and BEN2908 AibeT might be the result of an unbalanced
metabolic pathway.
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