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The expression of flagella correlates with different aspects of bacterial pathogenicity, ranging from adherence to host cells to ac-
tivation of inflammatory responses by the innate immune system. In the present study, we investigated the role of flagella in the
adherence of an atypical enteropathogenic Escherichia coli (aEPEC) strain (serotype O51:H40) to human enterocytes. Accord-
ingly, isogenic mutants deficient in flagellin (FliC), the flagellar structural subunit; the flagellar cap protein (FliD); or the MotAB
proteins, involved in the control of flagellar motion, were generated and tested for binding to differentiated Caco-2 cells. Binding
of the aEPEC strain to enterocytes was significantly impaired in strains with the fliC and fliD genes deleted, both of which could
not form flagella on the bacterial surface. A nonmotile but flagellated MotAB mutant also showed impaired adhesion to Caco-2
cells. In accordance with these observations, adhesion of aEPEC strain 1711-4 to Caco-2 cells was drastically reduced after the
treatment of Caco-2 cells with purified FliD. In addition, incubation of aEPEC bacteria with specific anti-FliD serum impaired
binding to Caco-2 cells. Finally, incubation of Caco-2 cells with purified FliD, followed by immunolabeling, showed that the pro-
tein was specifically bound to the microvillus tips of differentiated Caco-2 cells. The aEPEC FliD or anti-FliD serum also reduced
the adherence of prototype typical enteropathogenic, enterohemorrhagic, and enterotoxigenic E. coli strains to Caco-2 cells. In
conclusion, our findings further strengthened the role of flagella in the adherence of aEPEC to human enterocytes and disclosed
the relevant structural and functional involvement of FliD in the adhesion process.

Atypical enteropathogenic Escherichia coli (aEPEC) has emerged
as an agent of diarrhea in children and adults worldwide (1–3).

aEPEC has phenotypic and genotypic properties different from
those of typical enteropathogenic E. coli (tEPEC), which causes
diarrhea mainly in children �2 years old (4). The frequency of
aEPEC strains has increased in both diarrheic and nondiarrheic
children to the point that tEPEC strains are often outnumbered in
regions where diarrhea due to E. coli is endemic (5, 6). The main
difference between aEPEC and tEPEC is the absence of the EPEC
adherence factor plasmid (pEAF) in the former group (4, 7). This
plasmid encodes the bundle-forming pilus, which is responsible
for eukaryotic cell adhesion, as well as adhesion between bacterial
cells that culminates in the formation of bacterial clusters on the
cell surface. Furthermore, pEAF encodes proteins involved in the
regulation of several genes of the locus of enterocyte effacement
(LEE), which is a pathogenicity island essential for the dramatic
reorganization of the host cell cytoskeleton that leads to the for-
mation of attaching-effacing (A/E) lesion (8). Although aEPEC
lacks pEAF, it is also capable of forming A/E lesions. These lesions
result from the interaction between the outer membrane adhesin
intimin and Tir, the translocated intimin receptor. Tir is translo-
cated to the cytosol by the type 3 secretion system (T3SS) and is
inserted into the cell membrane, where it recognizes and interacts
with intimin. A number of other LEE-encoded and non-LEE-en-
coded effector proteins are also translocated by the T3SS, leading
to various enterocyte alterations that contribute to the occurrence
of tEPEC and aEPEC diarrhea (9, 10).

The first step in the development of diarrheal diseases medi-
ated by bacterial pathogens is gut colonization. In this initial pro-
cess of interaction between enterocytes and bacterial cells, multi-

ple bacterial surface structures may be involved, including flagella,
which contribute to bacterial motility (11, 12). FliC protein
(flagellin) is the major structural component of the flagellar fila-
ment, whereas the FliD (cap) protein forms a structure exposed at
the flagellar tip that is essential for flagellar shaft assembly (13).
The flagellar apparatus is associated with the MotA and MotB
proteins, which form the stator, a membrane pore channel essen-
tial for generation of the proton motive force that is required for
flagellar motility (14–16).

Several studies have provided experimental evidence of the
contribution of flagella to the pathogenicity of different bacterial
species by mediating adhesion and invasion of epithelial cells, as
well as contributing to biofilm formation and the activation of
innate and adaptive immune responses (11, 16–21). In addition,
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we have recently shown that flagellum expression by aEPEC strain
1711-4 (serotype O51:H40) is involved in binding to human en-
terocytes in vitro (22). We hypothesized that the flagellar cap pro-
tein (FliD) could mediate the binding of bacteria to microvillus
tips, since electron micrographs of Caco-2 cells infected with
strain 1711-4 show numerous bacteria adhering to cells by their
flagellar tips (22). In the present study, we demonstrated that FliD
mediates the adhesion of aEPEC, as well as of other prototype
diarrheagenic E. coli strains, to human enterocytes under in vitro
conditions and is therefore a relevant virulence-associated factor
expressed by these bacteria.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. aEPEC strain 1711-4
(serotype O51:H40) (23) and its isogenic mutants deficient in fliC
(17�fliC), fliD (17�fliD), or motAB (17�motAB), as well as mutants com-
plemented with plasmids pZE21MCS2Kmr (24), pET200/D-TOPO (In-
vitrogen), and/or pBAD202/D-TOPO (Invitrogen) containing fliC
(C1P1-8), fliD [17(pETfliD)] or motAB [17(pBADmotAB)], respectively,
were used (Table 1). The 17�fliD strain transformed with an empty clon-
ing vector (pET200/D-TOPO) was used as a negative control. The follow-
ing prototype diarrheagenic E. coli strains were used in inhibition assays
with purified recombinant aEPEC 1711-4 FliD and anti-FliD serum: tE-
PEC E2348/69 (serotype O127:H7), enterohemorrhagic E. coli (EHEC)
EDL933 (serotype O157:H7), and enterotoxigenic E. coli (ETEC) H10407
(serotype O78:H11). Strains harboring antibiotic resistance genes were
grown in Luria-Bertani (LB) broth containing 50 �g/ml kanamycin (Km),

60 �g/ml zeocin (Zeo), and/or 100 �g/ml apramycin (Apra). All strains
were stored in LB medium with 20% glycerol at �80°C.

Construction of mutant strains deficient in FliD or MotAB. Deletion
of fliD or motAB was carried out by exchange of the target gene with a gene
encoding Zeo resistance (ble) (25). Recombination events were facilitated
by proteins encoded by the � red phage genes contained in the pKOBEG
plasmid (26), which was inserted into the wild-type strain by electropo-
ration. The ble gene was amplified by PCR with primers described in Table
2. The purified PCR products were inserted by electroporation into the
wild-type strain previously transformed with pKOBEG. The preparations
were incubated at 30°C for 45 min and then plated on LB agar containing
Zeo; the plates were incubated at 30°C in ambient air for 24 h. Subse-
quently, transformants were cultivated at 37°C for 18 to 24 h to obtain
pKOBEG-cured clones. Zeo-resistant clones that were unable to grow in
Apra-containing medium were selected and stored at �80°C. Homolo-
gous recombination events were confirmed by PCR with primers flanking
the fliD gene (fliD.verifF-5=/fliD.verifR-3=) (Table 2) (22).

Complementation of mutants deficient in FliD or MotAB. Primers
designed according to the pBAD Directional TOPO kit (Invitrogen) man-
ufacturer’s instructions were employed to amplify the motAB genes (Table
2). These genes were amplified by using the pBAD-202-motAB-FW and
pBAD-202-motAB-RV-1953 primers (Table 2) with genomic DNA from
strain 1711-4 and the High Fidelity Phusion Taq DNA polymerase
(Finnzymes, Finland). The conditions used were 30 s at 98°C; 35 cycles of
98°C for 10 s, 57°C for 15 s, and 72°C for 30 s; and a final extension at 72°C
for 10 min. After amplification, the PCR product was purified and ligated
into pBAD202/D-TOPO at a 2:1 insert-to-vector ratio. Afterwards, the
ligation products were used to transform competent TOP10 cells by elec-
troporation (E. coli Pulser Apparatus; Bio-Rad). Clones transfected with
the MotAB-encoding plasmid were selected after plating bacterial cells on
LB agar plates containing 50 �g/ml Km, followed by incubation for 18 h at
37°C. Recombinant clones were screened by PCR with three primer pairs,
pBADverf FW/pBADverf RV, pBADverf FW/pBAD-202-motAB-RV-
1953, and TrxFus-FW/pBAD-RV (Table 2). Taq MasterMix (Promega)
was used under the following conditions: 5 min at 94°C; 30 cycles of 94°C
for 30 s, 55°C for 30 s, and 72°C for 2 min; and a final extension at 72°C for
7 min. The same procedure was used to purify the plasmid containing the
motAB genes with the QIAprep Spin kit (Qiagen). Electrocompetent cells
mutated in the motAB genes were prepared and subsequently transfected
with the recombinant plasmid. The suspension was plated on LB agar
containing 50 �g/ml Km and 60 �g/ml Zeo and incubated for 18 h at
37°C. The colonies were selected and stored at 80°C.

For complementation of fliD mutants, pET200/D-TOPO from the
pET Directional TOPO kit (Invitrogen) was used. The fliD-FW-pET-
Topo and fliD-RV-pET-Topo primers were used to amplify the fliD gene
(Table 2). The correct orientation of the insert was confirmed by sequenc-
ing the PCR product with primers flanking the cloning sites, provided in
the pET Directional TOPO kit.

Motility test. The mutants and wild-type strains were assayed for mo-
tility as previously described by Sampaio et al. (22). Motility was demon-
strated by bacterial spreading around the initial inoculum, as evidenced
by increased turbidity.

Recombinant FliD protein production. The PCR product was cloned
and expressed by the E. coli pET200/D-TOPO expression system (Invit-
rogen) according to standard protocols. Purification was performed with
an ÄKTA Avant chromatography system with a HIS-Trap HP column
(GE Healthcare Life Science). The column was washed with Ni-nitrilotri-
acetic acid (NTA) buffer (20 mM Tris, 100 mM NaCl, and 10 mM imida-
zole adjusted to pH 8.0 with NaOH), and the protein was eluted with
Ni-NTA buffer containing 250 mM imidazole. The concentrated recom-
binant FliD protein was dialyzed into a buffer solution (20 mM Tris [pH
8.0], 100 mM NaCl, 10% glycerol). Protein concentration was determined
with the Bradford protein assay (Bio-Rad Laboratories) and measurement
of absorbance at 280 nm, assuming an extinction coefficient of 25,900
cm�1 · M�1.

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Genotype and characteristics
Source or
reference

1711-4 aEPEC O51:H40, wild type 23
E2348/69 Typical EPEC, serotype

O127:H7
42

EDL933 EHEC, serotype O157:H7 43
H10407 ETEC, serotype O78:H11 44
17�fliD fliD::ble (Zeor) This study
17�motAB motAB::ble (Zeor) This study
17�fliC fliC::ble (Zeor) 22
pET200fliD fliD gene from 1711-4 cloned

into pET200/D-TOPO
This study

pBADmotAB motA motB genes from 1711-
4 cloned into
pET200/D-TOPO

This study

pZEKmfliC fliC gene from 1711-4 cloned
into pZE21-MCS2

22

pZE21-MCS2 Plasmid encoding Km
resistance (Kmr)

24

17(pETfliD) 17�fliD carrying pET200fliD
(Zeor Kmr)

This study

17(pBADmotAB) 17�motAB carrying
pBAD202/D-TOPO motAB
(Zeor Kmr)

This study

C1P1-8 17�fliC carrying pZEKmfliC
(Zeor Kmr)

22

MC4160-malT�224::zeo-(F�) Source of Zeo cassette (ble
gene)

Gift from
J. M.
Ghigo

pKOBEG-Aprar Plasmid encoding red � phage
operon, Apra resistance
(Aprar)

45
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FliD polyclonal antiserum preparation. Mouse anti-FliD sera were
generated by subcutaneous immunization of mice with 10 �g of purified
recombinant FliD protein emulsified in Freund’s complete adjuvant. The
animals were given booster injections two times with the same protein
concentration in incomplete Freund’s adjuvant at intervals of 2 weeks.
Nonspecific antibodies were removed from the anti-FliD mouse poly-
clonal serum by negative affinity purification with a whole-cell lysate of E.
coli BL21 (Invitrogen). Briefly, bacteria cultivated overnight in LB broth
(100 ml) were centrifuged, washed with phosphate-buffered saline (PBS),
and lysed by sonication, and the protein concentration was adjusted to 10
mg/ml of protein solution. Proteins were cross-linked with formaldehyde
(37%) and washed with PBS. The anti-FliD polyclonal serum was added
to the cross-linked protein pellet and incubated at 4°C for 3 h with con-
stant mixing. The supernatant was transferred to a new tube after a final
centrifugation step at 8,000 � g for 10 min.

Reactivity of the antisera was assessed and titers were determined with
native FliD protein of E. coli 1711-4 by immunoblotting and enzyme-
linked immunosorbent assay.

Immunodetection of FliD in purified native flagellin and mutants
strains. Purified recombinant FliD, native flagellin from aEPEC 1711-4,
and extracts of mutants strains (�eae, �fliC, and �fliD) were separated by
SDS-PAGE (12.5%), transferred to a nitrocellulose membrane, and pro-
cessed for immunoblot assays that were developed with the SuperSignal
detection kit (Pierce) after reaction with diluted anti-FliD specific poly-
clonal serum samples and a horseradish peroxidase-conjugated rabbit
anti-mouse IgG antibody (Sigma) as the secondary detection reagent.

Eukaryotic cell lines and culture conditions. Human colorectal ade-
nocarcinoma epithelial cells (Caco-2; ATCC HTB37) were cultivated in
Dulbecco’s minimum Eagle medium (DMEM; GIBCO-BRL) supple-
mented with 10% inactivated fetal bovine serum (FBS; Gibco-BRL), 1%
nonessential amino acids (Gibco-BRL), and 1% penicillin-streptomycin.
After 7 days of cultivation, cells were exposed to a trypsin solution (0.25%
in EDTA). Caco-2 cells were counted and distributed in six-well plates
(Corning Life Sciences) at approximately 105 per well.

Caco-2 monolayer infection experiments. Postconfluent polarized
and differentiated Caco-2 cells were prepared and used as reported earlier
(22). Briefly, cells were cultivated in six-well plates for 10 days. Each well
was inoculated with 40 �l of a suspension of bacteria grown in LB broth
for 18 h at 37°C and diluted 1:100 in PBS (	107 CFU/ml). Infected cells
were incubated for 3 h at 36 
 1°C in an atmosphere of 5% CO2. Mono-
layers were washed with PBS to remove nonadherent bacteria and used in
quantitative and qualitative assays (determination of the number of cell-
adherent bacteria). For the quantitative assays, infected cells were lysed
with 1% Triton X-100, plated on LB agar, and incubated at 37°C for 18 h.
To further assess the adherence of the MotAB-deficient mutant to Caco-2
cells, a group of plates was submitted to centrifugation for 5 min at 730 �
g immediately after inoculation. For the qualitative assays, a group of
infected monolayers was fixed with methanol, stained with May-Grün-
wald-Giemsa, and then mounted on glass coverslips for examination with
a light microscope.

Negative staining. Bacterial suspensions (100 �l) were immediately
centrifuged for 3 min at 500 � g, and pellets were washed with 400 �l of

TABLE 2 Primers used for PCR amplification or sequencing

Primer Nucleotide sequence
Amplicon size
(bp)

motAB-FW 5= GCTTATATCCATGCTCACGCTG 3= 1,800
motAB-RV 5= GGTCAACAGTGGAAGGATGAT 3=

motAB.zeo.RV 5= CTGAACATCCTGTCATGGTCAACAGTGGAAGGATGATGTCGTCATCGCTTGCATTAGAAAGG 3= 642
motAB.zeo.FW 5= AAATGTCTGATAAAAATCGCTTATATCCATGCTCACGCTGGAATGATGCAGAGATGTAAG 3=

pBAD-202-motAB-FW 5= CACCTGAGTGCTTATCTTATTAGGTTAC 3= 1,953
pBAD-202-motAB-RV-1953 5= AGCCCGAAAGATGGCATTCA 3=

fliCH40.zeo-5 5= GCCCAATAACATCAAGTTGTAATTGATAAGGAAAAGATCATGGTCATCGCTTGCATTAGAAAG 3= 642
fliCH40.zeo-3 5= AACCCCGCCGGTGGCGGGGTTTGAGCGATAAGTGTAAATTAGAATGATGCAGAGATGTAAG 3=

PrfliCH40F 5= AAATTTCTCGAGACCTAATTCCTTTTGATTGCAAAC 3= 1,833
fliCH40R 5= AAATTTTCTAGACAGGGGTTATTTGGGGGTTA 3=

Pet fliD FW 5= CACCATGGCAAGTATTTCATGC 3= 1,450
fliD-ext-3L 5= TTACTTGGAATTACTGTTGTTTTCG 3=

fliD.zeo.5 5= TATTCGTTTTACGTGTCGAAAGATAAAAGGAAATCGCATGGTCATCGCTTGCATTAGAAAGG 3= 642
fliD.zeo.3 5= TTGCCGCGTACATGACCTGTCTCCCGATGAATATTGATTAGAATGATGCAGAGATGTAAG 3=

fliD-FW-pET-Topo 5= CACCATGGCAAGTATTTCATCG 3= 1,600a

fliD-RV-pET-Topo 5= TCGCTTGGAATTACTGTTGTTTT 3= 200b

fliD.verifF-5= 5= CGTCAACCCTGTTATCGTCTG 3= 1,765
fliD.verifR-3= 5= AAACAGGCTCGCTCTAACCA 3=

pBADverf FW 5= ATGCCAATAGCATTTTTATCC 3= 685b

pBADverf RV 5= TCTGATTTAATCTGTATCAGG 3= 2,496a

TrxFus-FWc 5= TTCCTCGACGCTAACCTG 3= 238b

pBAD-RVc 5= GATTTAATCTGTATCAGG 3= 2,049a

a With insert.
b Without insert.
c Sequencing primer.
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PBS, centrifuged again, and resuspended in a 2.0% (vol/vol) formalde-
hyde–2.5% (vol/vol) glutaraldehyde buffered solution. A drop of each
preparation was placed under a Formvar/carbon-coated nickel grid and
allowed to dry for 5 min. The preparation was washed with water and
stained with saturated uranyl acetate solution. The material was examined
at 80 kV with an electron microscope (JEOL 1200 EX II; JEOL, Japan)
equipped with a GATAN 791 MultiScan camera (GATAN, Pleasanton,
CA) for image acquisition.

Transmission electron microscopy (TEM) of infected Caco-2 cells.
After infected Caco-2 cell monolayers were fixed with a 2.0% (vol/vol)
formaldehyde–2.5% (vol/vol) glutaraldehyde buffered solution for 24 h at
room temperature, they were rinsed with 0.1 M cacodylate buffer, pH 7.4,
and postfixed in 1% (wt/vol) osmium tetroxide. Specimens were then
exposed to a graded ethanol series and to propylene oxide. After being
embedded in epoxy resin and polymerized at 60°C for 48 h, ultrathin
sections were placed on Formvar-coated copper grids and stained with
saturated aqueous uranyl acetate and lead citrate. Samples were examined
with an electron microscope as described above.

Pre-embedding immunogold labeling for FliD protein for scanning
electron microscopy (SEM) and TEM. Caco-2 cell monolayers were
grown on glass coverslips for SEM immunogold labeling (Thermanox
174950; Thermo Scientific) or Aclar film disks for TEM immunogold
labeling (Ted Pella 10501-25). For FliD localization on Caco-2 cells, pre-
embedding immunogold labeling with 10-nm nanogold conjugate (goat
anti-rabbit 10-nm conjugate EMS 25108) was performed. Caco-2 cells

were washed with PBS and placed in fresh medium with 0.25 �g/ml of
purified FliD protein. The preparations were incubated for 30 min at 36 

1°C in an atmosphere of 5% CO2. The cell monolayers were fixed with
4.0% formaldehyde. A blocking buffer containing 1% bovine serum albu-
min (BSA) was added before incubation at room temperature for 1 h. For
some preparations, the primary murine anti-FliD antibody was incubated
(1:100 in 0.1 M PBS [pH 7.4], 0.1% BSA) for 30 min at room temperature
and then for 18 h at 4°C. Cells were then washed with PBS and incubated
with goat anti-rabbit 10-nm conjugate (1:10 in 0.1 M PBS [pH 7.4], 0.1%
BSA). Cells were washed with PBS, postfixed with 1% glutaraldehyde, and
washed four times with double-distilled water at 5-min intervals. Samples
were washed with 0.1 M cacodylate buffer.

For SEM immunogold labeling, samples were washed with 0.1 M PBS,
treated for 1 h with 1% (wt/vol) osmium tetroxide in 0.1 M cacodylate
buffer, and then washed with 0.1 M cacodylate buffer. Cells were subse-
quently incubated with 1% aqueous tannic acid for 30 min, washed in
distilled water, treated with 1% osmium tetroxide in 0.1 M cacodylate
buffer for 30 min, and washed with distilled water. Samples were then
dehydrated with a graded ethanol series and then critical point dried with
CO2 (Balzers CPD 030; Balzers, Germany). Specimens were mounted on
stubs and sputter coated with 25-nm gold particles (Leica EM SCD 500;
Leica, Germany). Images were obtained with a Quanta FEG 250 scanning
electron microscope (FEI, Austria). For TEM immunogold labeling, prep-
arations were rinsed with 0.1 M cacodylate buffer, pH 7.4, and postfixed in
1% osmium tetroxide. Specimens were then exposed to a graded ethanol
series and to propylene oxide for polymerization in epoxy resin. Ultrathin
sections were placed on Formvar-coated copper grids and stained with
saturated aqueous uranyl acetate and lead citrate. Samples were exam-
ined with a 1200EX II transmission electron microscope (JEOL, Japan)
at 80 kV.

Inhibition of bacterial adherence to differentiated Caco-2 cells by
antibodies or recombinant FliD protein. Rabbit anti-H40 antiserum
(Centers for Disease Control and Prevention) and preimmune rabbit se-
rum were diluted 1:10, 1:20, and 1:50. Mouse polyclonal anti-FliD anti-
body (this study) or preimmune mouse serum was serially diluted from
1:103 to 1:107. The independently tested concentrations of recombinant
FliD or BSA were 0.03, 0.06, 0.12, 0.25, and 0.5 �g/ml. All dilutions were
prepared in DMEM with 2% FBS. For assays with mouse or rabbit serum,
a total of 40 �l of bacterial culture incubated for 18 h at 37°C (	107

CFU/ml) in 1 ml of each serum dilution tested was added separately to
wells containing Caco-2 cell monolayers.

For assays with recombinant FliD, differentiated Caco-2 cells were
treated with different FliD or BSA concentrations and incubated for 30
min at 37°C in an atmosphere of 5% CO2. The preparations were washed
with PBS before 1 ml of fresh DMEM with 2% FBS containing 40 �l of an
18-h-old broth culture of strain 1711-4 (	107 CFU/ml) was added. For all
experiments, after 3 h of incubation at 37°C in 5% CO2, the preparations
were washed and lysed with 1% Triton X-100. Suspensions were plated on
MacConkey agar for determination of the total CFU count in each well.
Assays were independently performed three times in triplicate.

To evaluate the ability of FliD to inhibit the adherence of different E.
coli pathotypes, a single concentration of FliD (0.25 �g/ml) or BSA (0.25
�g/ml) was tested in Caco-2 cells before incubation with the prototype
tEPEC, EHEC, and ETEC strains. In experiments performed with serum
samples, bacterial cells were incubated with a single dilution of anti-FliD
or preimmune mouse serum (1:1,000) and subsequently transferred to
wells containing Caco-2 cells. Assays were independently performed three
times in duplicate.

Immunofluorescence assays. Caco-2 cell monolayers were treated
with recombinant FliD or murine anti-FliD serum, fixed with 4% para-
formaldehyde for 30 min, and then treated with permeabilization buffer
(saponin solution; Sigma). Monolayers were next washed and treated
with an anti-mouse secondary antibody conjugated to fluorescein isothio-
cyanate (FITC, green) before a final washing step. Actin and nuclear DNA
were labeled with 4=,6-diamino-2-phenylindole and tetramethyl rhoda-

FIG 1 TEM and negative staining of aEPEC 1711-4 cells and isogenic deriva-
tives mutated in the fliC (17�fliC), fliD (17�fliD), and motAB (17�motAB)
genes. The flagellar structure is indicated by black arrows. Note the absence of
flagella in mutants deficient in fliC and fliD (A). Also shown are motility tests
of the wild-type strain (B); isogenic mutants deficient in fliC (C), fliD (D), or
motAB (E); complemented mutants C1P1-8 (G), 17(pETfliD) (H), and
17(pBADmotAB) (I); and the 17�fliD mutant transformed with the empty
cloning vector (pET200/D-TOPO) (F).
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mine isocyanate (TRITC)-phalloidin, respectively. The slides were exam-
ined with a fluorescence microscope.

Statistical analyses. Values were obtained from the average of three
independent experiments performed in triplicate, and statistical analyses
were performed with Prism version 5.03 (GraphPad Software Inc.). Anal-
ysis of variance and post hoc Bonferroni analysis were performed to eval-
uate all results.

RESULTS
Lack of the flagellar structure or motility reduces the adherence
of aEPEC strain 1711-4 to Caco-2 cells. The presence and func-
tion of flagella in wild-type aEPEC strain 1711-4 and its isogenic
mutants deficient in the fliC (17�fliC), fliD (17�fliD), and motAB
(17�motAB) genes, as well as the corresponding complemented
mutants, C1P1-8, 17(pETfliD), and 17(pBADmotAB), respec-
tively, were evaluated by negative staining and motility assays in
semisolid agar (0.3%). Negative-staining analysis revealed that the
1711-4 and 17�motAB mutant strains produced flagella, while
17�fliC and 17�fliD did not (Fig. 1A).The 1711-4 wild-type strain
and the three complemented mutants were motile, as evidenced
by growth on the surface of agar plates (Fig. 1B), whereas the
isogenic fliC, fliD, and motAB mutants were nonmotile (Fig. 1C to
E). As expected, the 17�fliD strain transformed with pET200/D-
TOPO, used as a negative control, was nonmotile (Fig. 1F).

The strain 1711-4 derivatives mutated in fliC, fliD, or motAB
and the corresponding complemented strains were tested for the

ability to adhere to Caco-2 cells. Examination by light microscopy
showed that fewer bacteria adhered to Caco-2 cells infected with
the 17�fliD, 17�fliC, or 17�motAB mutant (Fig. 2A). Comple-
mentation of the mutants (for FliD, FliC, or MotAB) restored the
ability to adhere to Caco-2 cells (Fig. 2A). Three hours after infec-
tion, the expected loose bacterial clusters were observed on mono-
layers infected with strain 1711-4 or complemented mutants, but
a significant decrease in the number of adherent bacteria of all
three mutants was observed (Fig. 2A). Indeed, a significant quan-
titative decrease (P � 0.005) (	40-fold) in Caco-2 cell adherence
was detected for all three deficient mutants (17�fliD, 17�fliC, and
17�motAB strains) compared to that of the 1711-4 parental strain
(Fig. 2B). Of note, centrifugation did not enhance the adherence
of the 17�fliD, 17�fliC, and 17�motAB strains to Caco-2 cells
(Fig. 2B).

Recombinant FliD inhibits adherence of aEPEC strain
1711-4 to Caco-2 cells. To further investigate the role of FliD in
bacterial adherence to human enterocytes, we tested if purified
recombinant FliD would interfere with the adherence of strain
1711-4 to Caco-2 cells by preincubating the cells with different
concentrations of purified recombinant FliD. BSA was used as a
negative control. Pretreatment of Caco-2 cells with FliD, but not
with BSA, decreased bacterial adherence in a dose-dependent
manner, with saturation observed at 0.25 �g/ml of purified FliD
(Fig. 3A). The number of bacteria recovered in tests performed

FIG 2 Adherence of aEPEC 1711-4 bacteria and the corresponding deleted and complemented derivatives to Caco-2 cells. (A) Bacterial adherence to Caco-2 cells
was analyzed by optical microscopy 3 h after infection. Adherence tests were performed with differentiated Caco-2 cells and bacteria with or without a
centrifugation step. Bacterial clusters attached to Caco-2 cells (white arrows) were observed in assays performed with wild-type (WT) strain 1711-4 and the
complemented C1P1-8, 17(pETfliD), and/or 17(pBADmotAB) derivatives. Few adherent bacteria and no clusters were observed on Caco-2 cells incubated with
the 17�fliC, 17�fliD, and 17motAB mutants. Uninfected Caco-2 cells were used as a control. (B) Error bars indicate standard deviation (SD), and an asterisk
indicates a statistically significant difference between aEPEC 1711-4 and each deficient mutant tested (17�fliD, 17�fliC, or 17�motAB). Note the decreased
adherence of the mutant derivatives with regard to the wild-type strain (	40-fold) both in the presence and in the absence of a centrifugation step. For the
complemented mutants, the number of bacteria recovered was higher (	30-fold) than that of the wild-type strain (P � 0.005). Results are representative of three
independent experiments performed in triplicate.
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without previous treatment with FliD (2.5 � 107 CFU) was ap-
proximately 100-fold higher than in tests performed with Caco-2
cells preincubated with 0.25 �g/ml of purified FliD (3.5 � 105

CFU) (Fig. 3A). Similar results were observed in stained samples
examined by light microscopy (Fig. 3B). These results indicated
that purified FliD interfered with the adherence of aEPEC strain
1711-4 to Caco-2 cells.

Mouse anti-FliD and rabbit anti-H40 antibodies inhibit ad-
herence of strain 1711-4 to differentiated Caco-2 cells. To fur-
ther investigate the role of FliD in the adherence of strain 1711-4
to human enterocytes, we first generated a monospecific anti-FliD
antibody by immunizing mice with purified FliD and subse-
quently removing contaminating nonspecific antibodies reacting
with other proteins expressed by the E. coli strain. The specificity
of the anti-FliD antibody was evaluated by immunoblotting with
whole-cell lysates and culture supernatants of wild-type strain
1711-4 and its isogenic mutants deficient in the eae, fliC, or fliD
gene. The anti-FliD polyclonal antibody was highly specific for
FliD, and no reaction with the 17�fliD strain was detected (Fig.
4A). The FliD protein was detected mainly in whole-cell prepara-
tions of both strain 1711-4 and the eae-negative isogenic strain.
Only a residual reaction was detected in whole-cell extracts of the
17�fliC strain (Fig. 4A). Next, we treated strain 1711-4 with the
anti-FliD antibody, as well as with anti-H40 serum prepared with
whole flagella before infection of Caco-2 monolayers. The exper-

iments were also performed with preimmune mouse or rabbit
serum as a control. Preincubation of bacteria with the antibodies,
but not with preimmune serum, resulted in a dose-dependent
reduction in bacterial adherence to differentiated Caco-2 cells
(Fig. 4B and C). The decrease in the number of bacteria adherent
to Caco-2 cells ranged from 400-fold with the anti-FliD antibody
at a final dilution of 1/1,000 (from 3.5 � 107 to 8.0 � 104 CFU)
(Fig. 4B) to 20-fold with the anti-FliC-H40 antibodies at a final
dilution of 1/10 (from 1.2 � 107 to 6.0 � 105 CFU) (Fig. 4C). To
confirm the binding of anti-H40 antibodies to bacterial flagella,
cells of strain 1711-4 were treated with anti-H40 serum, labeled
with protein A-colloidal gold particles, and examined by TEM. As
shown in Fig. 4D, flagella of strain 1711-4 were labeled by the
anti-H40 antibodies.

Recombinant FliD binds to microvillus tips of human en-
terocytes. In order to determine if FliD mediates aEPEC interac-
tion with microvilli or other specific structures on the Caco-2 cell
surface, the recombinant protein was added to Caco-2 cell mono-
layers and subsequently observed by immunofluorescence. As
shown in Fig. 5A to C, cells treated at 0.25 �g/ml with purified
FliD, the anti-FliD antibody, and FITC-conjugated anti-mouse
IgG were specifically labeled on the cell surface in patches located
at the microvillus tips. In the reaction controls, cells incubated
only with FliD or the anti-FliD antibody were not labeled. The
same experiment was performed with cells treated with FliD, the

FIG 3 Recombinant FliD inhibits adherence of aEPEC strain 1711-4 to differentiated Caco-2 cells. (A) Quantitative plate assays were performed with different
FliD or BSA concentrations. Note the binding saturation obtained with FliD at 0.25 �g/ml. The number of CFU detected in cell monolayers treated with 0.5
�g/ml (4.1 � 105 CFU) was similar to that observed with 0.25 �g/ml (3.5 � 105 CFU). The presence of BSA did not interfere with bacterial cell adherence. Error
bars indicate standard deviation (SD). Values were obtained from three independent experiments performed in triplicate. (B) Light microscopy of Caco-2
monolayers pretreated with recombinant FliD or left untreated. Note the significant reduction in the adherence of bacteria to Caco-2 cells pretreated with FliD
at 0.25 �g/ml. Packed bacterial clusters adhering to the cells were observed on cell monolayers not treated with FliD, in contrast to the few bacteria present on
monolayers pretreated with FliD and infected with 1711-4. WT, wild type.
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anti-FliD antibody, and protein A conjugated with gold nanopar-
ticles. As shown by SEM, only cells incubated with FliD and the
anti-FliD antibody were labeled with gold nanoparticles (Fig. 5).
In addition, the labeling was clearly detected at the microvillus tips
(Fig. 5D). Again, cells treated only with FliD or anti-FliD poly-
clonal antibody were not labeled (Fig. 5E and F). A more detailed
analysis was carried out with samples analyzed by TEM. As shown
in Fig. 6, gold particles were specifically bound to the microvillus
tips of differentiated Caco-2 cells (Fig. 6A). These results indicated
that the aEPEC FliD protein specifically recognized a receptor
located at microvillus tips of human enterocytes.

Pretreatment with FliD or anti-FliD mouse serum signifi-
cantly reduces the adhesion of different E. coli pathotypes to
Caco-2 cells. Since FliD is conserved among different E. coli
strains, we determined the interference of purified FliD or anti-
FliD mouse serum on the adherence of prototype tEPEC, EHEC,
and ETEC strains to Caco-2 cells. As shown in Fig. 7, statistically
significant differences (P � 0.001) in the adherence of the differ-
ent E. coli strains tested to Caco-2 cells were observed in assays
carried out with cells previously incubated with purified FliD or
bacterial cells treated with anti-FliD serum. In experiments per-
formed with Caco-2 cells incubated with purified FliD, the levels
of adherence of the E. coli strains tested were 56-fold (aEPEC

1711-4), 15-fold (tEPEC E2348/69), 154-fold (EHEC EDL933),
and 90-fold (ETEC H10407) less than the values recorded in ex-
periments carried out with Caco-2 cells previously incubated with
BSA. Similarly, in experiments performed with bacterial cells in-
cubated with anti-FliD serum, the reductions in adherence to
Caco-2 cells were 269-fold (aEPEC 1711-4), 86-fold (tEPEC
E2348/69), 70-fold (EHEC EDL933), and 27-fold (ETEC H10407)
less than the values recorded in experiments performed with pre-
immune mouse serum (Fig. 7).

DISCUSSION

Flagella belong to the virulence armamentarium of many bacteria.
Besides motility, bacterial flagella also contribute to the adhesion
and invasion of epithelial cells, biofilm formation, and induction
of inflammatory responses (17, 20, 22, 27–31). In this study, we
demonstrated for the first time that the FliD protein of O51:H40
aEPEC strain 1711-4 contributes significantly to bacterial adhe-
sion to enterocytes in vitro and behaves as a true adhesin. Our
results are in accordance with and extend previous findings re-
ported by our group demonstrating the interaction between the
tips of flagella expressed by aEPEC and Caco-2 cell microvillus tips
(22). In addition, our results indicate that the FliD-mediated ad-
herence to Caco-2 cells is also present in different E. coli patho-

FIG 4 Specificity of anti-FliD antibody and inhibition of Caco-2 cell binding by anti-FliD and anti-H40 antibodies. (A) The specific recognition of recombinant
FliD protein by anti-FliD antibody was confirmed by immunoblotting. Note the intense reaction obtained with recombinant FliD protein and purified aEPEC
1711-4 native flagellin (PP), which is absent from the FliD-deficient mutant and drastically reduced in the FliC mutant. (B) Inhibition of adherence of strain
1711-4 to Caco-2 cells after incubation with anti-FliD or preimmune serum. (C) Inhibition of adherence of strain 1711-4 to Caco-2 cells by rabbit anti-FliC-H40
serum. Values were obtained from three independent experiments performed in triplicate. (D) The specificity of the anti-FliC-H40 serum was evaluated by
immunostaining. Note the localization of colloidal gold nanoparticles on the flagellar structure (arrow). WT, wild type; SD, standard deviation.
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types, which discloses an important physiological role of fla-
gella that may impact the behavior of these bacterial strains
under in vivo conditions.

Our results demonstrate that the adherence of aEPEC to

Caco-2 cells also requires functional flagellar machinery, since a
mutant defective in the expression of MotAB showed impaired
adherence to Caco-2 cells. This impairment was not overcome
when infected Caco-2 cell monolayers were submitted to a cen-

FIG 5 FliD protein adheres to the Caco-2 cell surface. Cell monolayers were treated with the recombinant FliD protein, anti-FliD antibodies, and/or FITC-
conjugated anti-mouse IgG (green). Actin and nuclear DNA were labeled with TRITC-phalloidin (red) and 6-diamino-2-phenylindole (blue), respectively. Cells
not treated with anti-FliD antibodies (A) or FliD protein (C) showed no labeling. Note the presence of FliD in clusters (green) on the Caco-2 cell surface (arrows)
(B). SEM of Caco-2 cells treated with purified FliD, anti-FliD serum, and protein A labeled with gold particles (10 nm). Note the aggregation of gold particles at
the tips of microvilli (white arrows) only after the cells were treated with FliD and anti-FliD serum (D). Note the absence of labeling in cell monolayers treated
only with FliD (E) or anti-FliD serum (F). DAPI, 4=,6-diamidino-2-phenylindole.

FIG 6 TEM immunostaining analyses of Caco-2 cells incubated with purified FliD. (A) In the bottom right corner is a higher magnification of a microvillus tip
with bound gold particles (arrows). (B) Nanoparticles were not observed in cell monolayers not treated with FliD protein.
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trifugation step. The MotA and MotB proteins form the flagella
stator channel are located in the bacterial membrane (14). The
MotAB-deficient mutant assembles intact but nonfunctional fla-
gella at the bacterial surface. Considering that the external portion
of the flagellar filament is composed of FliC and FliD, our findings
also indicate that flagellar movement is important for the interac-
tion of FliC or FliD with putative cognate receptors on Caco-2
cells. Flagellar movement probably increases the probability that
flagellated bacteria will find and interact with specific receptors on
the microvillus tips, but functional active flagella are required for
efficient adherence to intestinal cell microvilli. Future experi-
ments will address additional features of FliD-associated adher-
ence to Caco-2 cells.

The involvement of FliD in the adherence of an aEPEC strain to
human enterocytes was demonstrated experimentally for the first
time in this study. We confirmed that FliD-mediated adherence
occurs through the interaction with receptors located at the mi-
crovillus tips of Caco-2 cells. Taken together, our results indicate
that FliD is the relevant adhesin for aEPEC strains expressing the
H40 flagellar type.

Previous studies have addressed the role of flagella in the ad-
herence of pathogenic E. coli to eukaryotic cells but produced
conflicting evidence. Girón and colleagues reported that a typical
EPEC mutant strain deficient in MotB did not show any signifi-
cantly impaired adherence to HeLa cells compared to that of the
parental strain (19). Nonetheless, HeLa cells, derived from cervi-
cal cancer cells infected with papillomavirus, are known not to
form microvilli (32), which may affect flagellin-mediated adher-
ence. On the other hand, bacterial flagella have been associated
with the process of adherence of several pathogenic bacteria to
eukaryotic cells (31, 33–35).

It is noteworthy that the structural organization of the flagellar
shaft is similar to that found in different fimbrial adhesins, such as
type I fimbriae of uropathogenic E. coli strains, which comprise a

main stem and a tip-associated adhesin (FimH) that recognizes
numerous host receptors, including uroplakins (36). Like FimH,
FliD is located at the tip of the flagellar structure and could, in a
similar way, recognize a receptor on enterocytes. Similarly, the
CFA/I fimbriae expressed by ETEC strains are composed of a poly-
meric protein (CfaB), forming the fimbriae shaft, and a tip-local-
ized minor subunit (CfaE) with adhesive properties (37).

Aiming to elucidate the role of FliD as an adhesin, we evaluated
the adherence of aEPEC strain 1711-4 to Caco-2 cell monolayers
pretreated with different concentrations of purified recombinant
FliD protein. We found that recombinant FliD inhibited aEPEC
1711-4 adherence to Caco-2 cells in a dose-dependent manner.
Kim et al. demonstrated that purified FliD protein was essential
for flagellum assembly, host colonization, and motility in Helico-
bacter pylori in a mouse infection model (38). Other groups
showed that purified FliD protein is essential for adhesion to mu-
cus in an axenic cecal mouse model and participates in the initial
process of Pseudomonas aeruginosa adhesion to human tracheo-
bronchial mucins (39). Tasteyre and colleagues showed that ra-
diolabeled cultured cells bound with high affinity to the FliD pro-
tein of Clostridium difficile and weakly to intact flagella (28). The
same authors demonstrated in a mouse model that the adherence
of a nonflagellated C. difficile strain to cecal tissue was 10-fold
lower than that of a flagellated strain of the same serogroup (40).
The present results suggest that recombinant FliD specifically in-
teracts with receptors expressed on microvillus tips of Caco-2 cells
and, similarly to other bacterial species, ascribe an active role to
flagella in the adherence of aEPEC strain 1711-4 to human intes-
tinal cells.

Adherence of strain 1711-4 to host cells was also reduced after
the incubation of bacterial cells with monospecific anti-FliD se-
rum in a dose-dependent manner. The same result was obtained,
but at a much lower dilution, with anti-H40 antiserum. Mahajan
and colleagues evaluated the role of FliC as an adhesin in the

FIG 7 FliD-mediated adhesion of different E. coli pathotypes. Values are mean 
 standard deviation (SD). Note the significant decrease in the adherence of all
of the E. coli strains tested after incubation with Caco-2 cells with purified FliD or after treatment of bacterial cells with anti-FliD serum, compared with that in
assays performed with Caco-2 cells pretreated with BSA or preimmune mouse serum (P � 0.001). Values were obtained in three independent experiments
performed in duplicate.
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interaction of EHEC (O157:H7) with bovine intestinal epithelium
by using a commercial polyclonal antiflagellin serum (33). Com-
mercial polyclonal antibodies and the polyclonal anti-FliC an-
tibody used in this work were produced with crude flagellin
extracts. These extracts contain smaller amounts of FliD in
association with FliC, and consequently, the finding that anti-
flagellin serum inhibited bacterial adherence may therefore be
associated with the presence of anti-FliD antibodies.

Since FliD is conserved among flagellated E. coli strains, we
evaluated the role of FliD expressed by different E. coli pathotypes
in adherence to Caco-2 cells. Experiments performed with Caco-2
cells previously incubated with purified FliD or bacterial cells
treated with anti-FliD serum clearly showed that FliD-associated
adherence is also present in the E. coli pathotypes tested, including
tEPEC, EHEC, and ETEC. Roy et al. (41) demonstrated that the
EtpA protein mediates the binding of ETEC flagella to enterocytes
and that FliD partially inhibits the interaction of EtpA with FliC,
but no similar gene sequence (etpA) could be amplified from the
genome of aEPEC 1711-4 (data not shown). The present results
suggest that FliD can interact with a receptor(s) present on the
microvilli of enterocytes in the absence of EtpA, as demonstrated
with aEPEC strain 1711-4. On the other hand, FliD-associated
adherence reinforces the concept of bacterial adhesion as a com-
plex and multifactorial event.
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