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Abstract

Probiotic bacteria play an important role in protecting the host from intestinal colonization of pathogenic bacteria. We have dev
new analytical approach based on a real-time PCR technique for quantifyingBifidobacteriumadhesion to intestinal epithelial cells. Real-tim
PCR analysis showed that adhesion to enterocyte-like Caco-2 cells represented a variable phenotype in the genusBifidobacterium, enabling
classification of three adhesion behaviors: high adhesiveness (>40 bifidobacterial cells/Caco-2 cell); adhesiveness (5–40 bifidobacte
cells/Caco-2 cell); no adhesiveness (<5 bifidobacterial cells/Caco-2 cell). This molecular methodology was successfully used in co
tition studies in enteropathogens. All bifidobacterial strains examined evidenced displacement activity towards important entero
(S. typhimurium, Y. enterocoliticaandE. coli EPEC). Real-time PCR is a rapid, accurate and sensitive method for detecting and quan
different bacterial genera and species simultaneously adhering to a epithelial cell monolayer.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

A large population of microorganisms, the so-called m
crobiota, inhabit the human gastrointestinal tract and fo
a closely integrated unit with the host. The quantity
living bacteria which compose the human microbiota
range from 1011 to 1012 CFU/g of luminal content and
contain up to 500 different species [10]. Several bioche
ical, immunological and physiological features of the h
man host are responses to metabolic activities of the no
microbiota [3,27]. By modulating these host microbio
associated characteristics and by protecting the host
pathogen colonization, the normal microbiota have a di
impact on human host well-being. In particular, well b
anced microbiota play a major role in preventing widespr
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0923-2508/$ – see front matter 2005 Elsevier SAS. All rights reserved.
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l

colonization of enteric pathogens [15]. From the host po
of view, such a barrier effect can be considered as one o
main functions exerted by the gut microbiota. Three me
anisms of action are involved in the barrier effect played
the intestinal microflora: (i) prevention of enteropathoge
adhesion to the host enterocytes; (ii) favorable competi
with exogenous pathogens for nutrient availability in
gastrointestinal ecological niches; (iii) inhibition of grow
of pathogenic bacteria by bacteriocin production and low
ing of the pH.

Intestinal disorders, antibiotic treatment, stress,
changes in diet influence the individual microbiota, res
ing in their depletion and imbalance [7]. The reduction
the normal microflora has negative effects on human w
being and can be frequently associated with greater
susceptibility to enteropathogenic bacterial infections.
order to overcome problems associated with microflora
balance, or to generally improve the health of the host,
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concept of modulating the human microbiota by admin
tration of probiotic bacteria has been established [4,6
20,22,23]. Probiotics are defined as “live microbial fe
supplements which beneficially affect the host animal
improving its intestinal balance” [6].Bifidobacteriumrep-
resents such a probiotic bacterial genus and therefo
widely used in food and pharmaceutical probiotic prepa
tions [12,24–26]. Bifidobacteria represent about 8–10%
the normal adult fecal flora and constitute one of the m
important human intestinal microbial groups [2,9,19]. T
presence of bifidobacteria in the gastrointestinal tract
been associated with several health-promoting effects
as prevention of diarrheas, amelioration of lactose into
ance and immunomodulation [18,24,25]. Furthermore, a
for Bifidobacteriumin host infection resistance has been p
posed, as in vitro and in vivo studies suggested that s
bifidobacterial strains exert an antagonistic activity tow
enteropathogens such asEscherichia coliEPEC,Salmonella
entericaserovar Typhimurium andYersinia pseudotubercu
losis [1,8]. However, although the genome ofB. longumhas
recently been sequenced and annotated [21], there is on
complete information about bifidobacterial physiology a
ecology, and very little is known about the specific mec
nisms of direct interactions between bifidobacteria and
host.

In this study we propose a new analytical approa
based on real-time PCR and genus- species-specific prim
for the in vitro evaluation of bacterial adhesion to epith
lial cells. In comparison with traditional techniques ava
able (viable counts, radiolabeled bacteria, light and e
tron microscopy) [32], the analytical approach propo
here is rapid, sensitive and particularly useful for bac
ial competition studies. This new molecular approach
been used to study the competition between different
fidobacterial strains belonging toB. lactis, B. bifidumand
B. longumspecies, and three important enteropathogenS.
entericaserovar Typhimurium,Y. enterocoliticaandE. coli
EPEC) for adhesion to monolayers of enterocyte-like Ca
2 cells.

2. Materials and methods

2.1. Bacterial strains and culture conditions

The bifidobacterial strains used in this study wereB. bi-
fidumS16 and S17,B. breveBBSF,B. lactisL15 and BI07,
B. animalisMB254 andB. longumE18.B. bifidumS16 and
S17 were isolated from fecal samples of breast-fed inf
andB. longumE18 from fecal samples of a healthy adu
B. lactisL15 originates from “Neslac” (Nestlé, Switzerland
B. lactis BI07 andB. breveBBSF from VSL Pharmaceu
ticals (Gaithesburg, MD, USA), andB. animalis MB254
from our collection. The enterotoxigenic human isol
E. coli H10407 and the enterotoxigenic bovineE. coli B44
(Deneke et al., 1983) were kindly provided by S. Tynkk
-

,

nen, Valio Ltd., Helsinki, Finland.Salmonella cholerasui
typhimurium- andYersinia enterocolitica-type strains were
kindly provided by A. Essig, Dept. of Medical Microbio
ogy, University of Ulm, Germany.

All bifidobacteria were grown on De Man–Rogos
Sharpe (MRS) broth with cysteine (0.5 g/l) at 37◦C under
an anaerobic atmosphere (Anaerocult, Merck, Darms
Germany).E. coli H10407 and B44 were cultivated at 37◦C
aerobically on TY-broth.S. cholerasuis typhimuriumand
Y. enterocoliticawere cultivated aerobically at 30◦C on
BHI-broth.

2.2. Caco-2 cell culture

The epithelial intestinal cell line Caco-2 [17] was e
ployed for the adhesion experiments. Enterocyte-like Ca
cells show marked characteristics of human intestinal c
including the ability to differentiate as well as to polari
and form tight junctions [17]. They were obtained from t
Deutsche Sammmlung für Mikroorganismen und Zellk
tur (DSMZ, Göttingen, Germany) and grown in Dulbecc
modified Eagle Medium (DMEM) (GibcoTM Invitrogen,
Karlsruhe, Germany) supplemented with 20% inactiva
(30 min, 56◦C) fetal calf serum (PAA Laboratories, Cölb
Germany) and 1% non-essential amino acids (GibcoTM In-
vitrogen), at 37◦C in an atmosphere of 5% CO2 and 95% air.
For the adhesion assays, cells were seeded at a concen
of 1× 105 cells/well in 24-well tissue culture plates (Falco
multiwellTM 24 well, Beckton Dickinson, Sparks, MD). Th
cell culture medium (2 ml/well) was changed every 2 day
and 24 h before an adhesion assay. Cells were used fo
hesion assays at late postconfluence, i.e., after 15–17
in culture and complete differentiation. The viable cell nu
ber, counted in a Neubauer chamber, was about 6×105 cells
per well.

2.3. Radioactive and non-radioactive adhesion assays

Bacterial adhesion to Caco-2 cells was evaluated eithe
using radiolabeled bacteria and counting Caco-2-bound
dioactivity (radioactive adhesion assay), or by quantifica
of Caco-2-bound bacteria with genus- or species-spe
primers via real-time PCR (non-radioactive adhesion ass
All experiments were made at least twice in triplicate.

For radioactive adhesion assays, late exponential cul
of the respective bacteria were adjusted with sterile cul
medium to an optical density at 600 nm (OD600) correspond-
ing to 1× 108 cells/ml. 4.5 ml of this suspension was inc
bated at 37◦C for 30 min in the presence of 50 µCi [35S]
methionine (Amersham Pharmacia Biotech, Germany).
ter removal of the excess radioactivity by washing fo
times with sterile phosphate-buffered saline (137 mM Na
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4)
(PBS), the bacteria were resuspended in 4.5 ml DMEM
used for the adhesion assays.
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The Caco-2 cell monolayers at the bottom of the w
in the tissue culture plates (see above) were washed
DMEM and 1 ml DMEM with 1× 108 radiolabeled bac
teria was added, corresponding to approximately 170
teria per Caco-2 cell. After incubation for 1 h at 37◦C in
5% CO2 and 95% air, unattached bacteria were remo
by washing the monolayers four times with sterile PBS.
ter detachment of the Caco-2 cells from the plastic sur
by incubation with 200 µl trypsin/EDTA (PAA Laborato
ries) per well (10 min, 37◦C), the cells (Caco-2 cells an
adhesive bacteria) were transferred to a counting vial c
taining 100 µl 5% (w/v) SDS in 0.5 M NaOH. The wel
were rinsed with 200 µl PBS which was then also transfe
to the counting vial. After vigorous mixing, cells were lys
during incubation for 15 min at room temperature. Af
addition of 4 ml of scintillator Ultima Gold (Packard Bio
sciences, Dreieich, Germany), vigorous mixing and a fur
incubation for 1 h at room temperature, the radioactivity w
determined by liquid scintillation. The adhesion (given
percentage) was calculated from the ratio between the
dioactivity bound to the washed and lysed Caco-2 cells
the total radioactivity of all bacteria added at the start of
experiment.

For non-radioactive adhesion assays, the bacterial
tures were also adjusted with sterile culture medium to
OD600 corresponding to about 1×108 cells/ml. After wash-
ing the bacteria twice with sterile PBS, they were res
pended in DMEM and used for the adhesion assay.

Non-radioactive adhesion assays were performed acc
ing to the procedure described above for radioactive
hesion assays, except that unlabeled bacteria were a
and, after detachment from the plastic surface, the Ca
cells and the adhesive bacteria were transferred to a 1.5
reaction tube. The wells were rinsed with 200 µl st
ile PBS which was also transferred to the 1.5 ml re
tion tube. The suspensions then were frozen and st
at −20◦C until quantification of the bacteria by real-tim
PCR. For reference purposes (100% values), 1 ml aliq
of the original bacterial cell suspensions used in the
hesion assay were centrifuged, the cells resuspende
200 µl trypsin/EDTA plus 200 µl PBS and then froz
and stored at−20◦C until quantification of the bacte
ria.

For competition assays, suspensions of the selected b
rial strains were prepared as described above (about 1× 108

bacteria/ml). Caco-2 cell monolayers were incubated w
the first strain for 1 h at 37◦C in 5% CO2, washed with
2 ml DMEM and afterwards incubated with the second str
(1 h, 37◦C, 5% CO2). In the displacement assay, the fi
strain was the pathogen and the second theBifidobacterium,
whereas in the exclusion assay, the first strain was theBi-
fidobacteriumand the second the enteropathogen. Deta
ment and preparation of the samples for non-radioac
quantification were done as described above. For the 1
values (references), aliquots of each strain used were
pared and quantified separately.
-

d

-

-

-

2.4. Quantification of bacterial cells by real-time PCR

For quantification of bacterial cells by real-time PC
cell suspensions obtained from non-radioactive adhesio
says were thawed at room temperature and, after mixing
aliquot of 20 µl was transferred into a 0.2 ml-reaction tu
and incubated for 10 min at room temperature with 3.8 µ
trypsin inhibitor solution (Type I-S: from soybean, Sigm
1 mg/ml in H2O). Then the bacterial cells (Bifidobacterium,
E. coli, SalmonellaandYersinia)were specifically quanti
fied by real-time PCR performed with the genus- or spec
specific primers listed in Table 1.

Real-time PCR was performed in a LightCycler inst
ment (Roche, Mannheim, Germany) and SYBER Gree
fluorophore was used to correlate the amount of PCR p
uct with the fluorescent signal. Amplification was carri
out in a 20 µl final volume containing 2 µl of cell suspe
sion, 4 mM of MgCl2, 0.5 µM of each primer and 2 µl o
LightCycler-FastStart DNA Master SYBR Green I (Roch
The experimental protocol consisted of the following p
grams: (i) starting preincubation at 95◦C for 10 min; (ii) am-
plification including 30 cycles of 4 steps each at the temp
ature transition time of 20◦C/s: denaturation at 95◦C for
15 s, annealing at the appropriate temperature (Table 1
25 s, extension at 72◦C for 30 s, and fluorescence acquisiti
at the appropriate temperature (Table 1) for 5 s; (iii) m
ing curve analysis: heating at 20◦C/s to 95◦C; cooling at
20◦C/s to 60◦C with 15 s hold, and then heating 0.1◦C/s
until 99◦C. As internal standards we amplified serial di
tions of the respective bacteria in PBS ranging from 1× 106

to 1× 103 CFU/µl.

3. Results

3.1. Evaluation ofBifidobacteriumadhesion to Caco-2
cells by real-time PCR

Caco-2 cell adhesion activity of 7 bifidobacterial stra
belonging to the human speciesB. bifidum, B. breveandB.
longumand the dairy speciesB. lactisandB. animaliswas
evaluated by a real-time PCR-based method (Fig. 1). N
adhesiveE. coli B44 and adhesiveE. coli H10407 strains
were used as negative and positive controls, respect
[31]. An extremely variable phenotype of adhesion could
observed with the different bifidobacteria.B. lactisBI07 and
B. animalisMB245 were the most adhesive strains (5.85×
103 and 5.45× 103 bacterial cells/100 Caco-2 cells),B. bi-
fidumS17 and S16 andB. lactisL15 showed an intermediat
adhesion activity (3.8×103, 3.38×103 and 3.3×103 bacter-
ial cells/100 Caco-2 cells), andB. longumE18 andB. breve
BBSF displayed the lowest adhesion capacity (1.94× 102

and 1.77 × 102 bacterial cells/100 Caco-2 cells). On th
basis of these results, we defined as non-adhesive bifido
terial strains with less than 5 bacterial cells adhering to
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Table 1
Genus- and species-specific primers used for quantification of bacterial cells in adhesion assays and their specific annealing and fluorescencition
temperatures

Primer Sequence Specificity Annealing
temperature (◦C)

Fluorescence acquisition
temperature (◦C)

Reference

Bif 164 5′-CATCCGGCATTACCACCC-3′ Bifidobacterium 60 90 [13,33]
Bif 662 5′-CCACCGTTACACCGGGAA-3′ Bifidobacterium 60 90 [13,33]
MINf 5 ′-ACGGTAACAGGAAGCAG-3′ Salmonella enterica 55 85 [29]
MINr 5′-TATTAACCACAACACCT-3′ Salmonella enterica 55 85 [29]
Y1 5′-AATACCGCATAACGTCTTCG-3′ Yersinia enterocolitica 63 85 [35]
Y2 5′-CTTCTTCTGCGAGTAACGTC-3′ Yersinia enterocolitica 63 85 [35]
ECO-1 5′-GACCTCGGTTTAGTTCACAGA-3′ Escherichia coli 60 88 [34]
ECO-2 5′-CACACGCTGACGCTGACCA-3′ Escherichia coli 60 88 [34]

Fig. 1. Adhesion of differentBifidobacteriumstrains and controls, the non-adhesiveE. coli B44 and the adhesiveE. coli H1040, to the Caco-2 cell monolaye
as evaluated by real-time PCR. The numbers given above the columns represent means± standard deviation.
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Caco-2 cell, as adhesive the strains with 5–40 bacteria ad
ing to one Caco-2 cell, and as strongly adhesive those st
with more than 40 bacteria adhering to one Caco-2 cell.

In order to validate bacterial adhesion values obtaine
real-time PCR analysis, adhesion of the seven bifidobac
and theE. coli controls was evaluated using the tradition
approach performed with radiolabeled bacteria (radioac
adhesion assay). The bifidobacterial adhesion patterns
tained using this traditional method (Fig. 2) were in agr
ment (P > 0.05) with those achieved by real-time PC
analysis for the following strains:B. bifidumS17 and S16
B. breveBBSF,B. lactisL15 andB. longumE18. Significant
divergences (P < 0.01) were found for the adherent strai
B. lactisBI07 andB. animalisMB254, which showed highe
adhesion values using the real-time PCR analysis.

3.2. Study of competition between bifidobacteria and
enteropathogens for adhesion to Caco-2 cells

To study competition between different bifidobacte
and adhesive enteropathogenic bacteriaS. entericaserovar
-

-

Typhimurium,Y. enterocoliticaandE. coli H10407 for ad-
hesion to Caco-2 cells, the real-time PCR-based adhe
assay was employed. On the bases of adhesion score
tained using real-time PCR (Fig. 1), we tested the stron
adhesiveB. lactis BI07, the adhesiveB. bifidumS17 and
S16 and the non-adhesiveB. longumE18. For each bac
terial coupleBifidobacterium(B)–enteropathogen (P) tw
competition conditions were performed: (i) a displacem
assay (P/B assay), in which the enteropathogen was add
the Caco-2 cell monolayer before the addition ofBifidobac-
terium; (ii) an exclusion assay (B/P assay), in which b
dobacteria were added to the Caco-2 cell monolayer be
the addition of the enteropathogen. At the end of both c
petition assays,Bifidobacteriumand enteropathogen cel
bound to Caco-2 cells were specifically quantified us
real-time PCR with genus-species-specific primers. Ad
sion values obtained for each strain under competition co
tions were compared with those achieved with single str
in adhesion tests performed using an analogous incub
time (S assay).
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Fig. 2. Adhesion of differentBifidobacteriumstrains and controls, the non-adhesiveE. coli B44 and the adhesiveE. coli H10407, to the Caco-2 cell monolay
as evaluated by use of radiolabeled bacteria and counting Caco-2 cell-bound radioactivity. Adhesion is given as the percentage of all bacteria bto the
Caco-2 cells. The values represent the means± standard deviation. The numbers above the columns represent the means± standard deviation bound to 10
Caco-2 cells as calculated from the percentage of binding.
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In Fig. 3 data regarding the displacement ofS. enterica
serovar Typhimurium,Y. enterocolitica, andEscherichia coli
H10407 from the Caco-2 cell monolayer exerted byB. bi-
fidum S16, B. bifidumS17, B. lactis BI07 andB. longum
E18 are shown. The adhesion values obtained in assays
single strains are shown as well. The ability of bifidob
terial strains to displace enteropathogens from the Ca
cell monolayer was evaluated by calculating the percen
duction of adhering enteropathogen cells in the displa
ment assay compared to that obtained in assays with s
the enteropathogen. Strong displacement activity tow
S. entericaserovar Typhimurium andY. enterocoliticawas
observed with allBifidobacteriumstrains tested. In partic
ular, the bifidobacteria displaced 97–99% and 75–80%
SalmonellaandY. enterocoliticacells, respectively. In con
trast, bifidobacterial displacement towardsE. coli H10407
was species-dependent.B. bifidumS16 and S17 displace
69 and 65% of the enteropathogen cells, whereasB. lactis
BI07 andB. longumE18 reached 86 and 76% values.
nally, it is noteworthy that all adhesive bifidobacterial stra
were able to significantly adhere to the Caco-2 cell mo
layer already colonized by enteropathogens. For insta
B. bifidumstrains andB. lactisBI07 showed adhesion va
ues higher than 103 bacterial cells/100 Caco-2 cells whe
cultured on monolayers previously colonized byS. enterica
serovar Typhimurium,Y. enterocolitica, andE. coli H10407.

Fig. 4 shows data on the exclusion ofS. entericaserovar
Typhimurium, Y. enterocolitica, and E. coli H10407 from
Caco-2 cell monolayers previously incubated withB. bi-
fidum S16, B. bifidumS17, B. lactis BI07 andB. longum
E18. For each strain the adhesion values obtained in
says containing the single strain are also shown. The
,

-

ity of the bifidobacteria to exclude enteropathogens fr
Caco-2 cells was evaluated by calculating the percen
of reduction of enteropathogen adhesion values with res
to those obtained in assays with solely the pathogen.
herent strainB. bifidumS16 was the only one to exert
significant exclusion effect towardsS. entericaserovar Ty-
phimurium, as shown by 39% reduction in adhesion of
pathogen to Caco-2 cells. Adhesive bifidobacteria, but
the non-adhesive E18 strain, showed a significant exclu
effect onY. enterocolitica. In particular,B. bifidumS16 and
S17, andB. lactisBI07 reduced the adhesion ability ofY. en-
terocolitica by 34, 52, and 68%, respectively. None of t
bifidobacterial strains tested were able to exert an exclu
effect towardsE. coli H10407 from the Caco-2 cell mono
layer. In the exclusion assaysB. lactisBI07, B. bifidumS16
and B. longumE18 showed a strong increase in the nu
ber of adhering cells when compared to assays contai
only the Bifidobacterium(Fig. 4). In particular,B. lactis
BI07 showed an increase in adhering cells of about 120,
and 500% in the exclusion assays withS. entericaserovar
Typhimurium,Y. enterocoliticaandE. coli H10407, respec
tively. Similar behavior was observed withB. bifidumS16
andB. longumE18, with increases in the adherent cells
between 90 and 400%.

4. Discussion

This study reports for the first time the use of a real-ti
PCR-based method for evaluating bacterial adhesivene
human epithelial cells. The ability to adhere to the inte
nal epithelium represents a significant prerequisite for
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Fig. 3. Displacement assays performed with adhesiveB. bifidumS16,B. bifidumS17 andB. lactisBI07 and non-adhesiveB. longumE18 (B) withS. enteric
H10407 (P). For each couple P+ B, the log values of bacteria bound to 100 Caco-2 cells as obtained in assays containing single strains (assays
Error bars represent± standard deviation of mean values. Gray columns represent the pathogen, and white columns the respectiveBifidobacterium.
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icaserovar Typhimurium,Y. enterocolitica, andE. coli
S–B and S–P) and exclusion assays (assayB/P), are given. Error
Fig. 4. Exclusion assays performed with adhesiveB. bifidumS16,B. bifidumS17 andB. lactisBI07 and non-adhesiveB. longumE18 (B) with S. enter
H10407 (P). For each couple B+ P the log values of bacteria bound to 100 Caco-2 cells, as obtained in assays containing single strains (assays
bars represent± standard deviation of the mean values. Gray columns represent the pathogen, and white columns the respectiveBifidobacterium.



894 M. Candela et al. / Research in Microbiology 156 (2005) 887–895

In
d fo
tion
r a
ca-
tic
R-
ing
her

d
onal
tory
with
ew
aly-
vari

ness
40

o-
by

ells
en
ypes
wer

-
d-

ac-
ith
bil-
of
g
d of

ther
t the

cter-
type
ss
he-

ed
ery
bi-
d

e
ns

wer
ub-

ex-

om
r al-
rial
to-

r
y bi-
lated

on
om-
obo-

rial

a-
[8]
er-
-
s of

al-
hen
has

teria
nses

ex-
-

y in-
gen
ht
of

ls
d-
r, in

ded.
r
d ad-

ded
tion
r-

sed
ve-
ith
transient intestinal colonization of probiotic bacteria [30].
this perspective, a rapid, accurate and sensitive metho
studying bacterial adhesion can be useful for the selec
of probiotic bacterial strains. Provided specific primers fo
given organism are known, our method allows the quantifi
tion of this organism’s cell number adhering to a eukaryo
cell. A further important advantage of the real-time PC
based method is its efficacy in detecting and quantify
different bacterial genera and species simultaneously ad
ing to an epithelial cell monolayer.

As a first step in this study, adhesion of sevenBifidobac-
teriumstrains and twoE. coli control strains was evaluate
by means of the real-time PCR approach and the traditi
technique employing radiolabeled bacteria. A satisfac
agreement in the bacterial adhesion patterns obtained
the two methods demonstrates the reliability of the n
molecular approach here proposed. Real-time PCR an
sis showed that adhesion to Caco-2 cells represents a
able phenotype in the genusBifidobacterium, enabling clas-
sification into three adhesion behaviors: high adhesive
(>40 bifidobacterial cells/Caco-2 cell); adhesiveness (5–
bifidobacterial cells/Caco-2 cell); no adhesiveness (<5 bi-
fidobacterial cells/Caco-2 cell). The adhesion range pr
posed here is extremely different from that suggested
Del Re et al. [5], who studied adhesion to Caco-2 c
of the B. longumspecies by microscopy counting. Ev
though Del Re et al. proposed three adhesion phenot
as well, they report adhesion scores about 100 times lo
than those obtained in this study:>40 bacteria/100 Caco-2
cells as strongly adhesive, 6 to 40 bacteria/100 Caco-2
cells as adhesive, and<5 bacteria/100 Caco-2 cells as non
adhesive [5]. According to their classification, strongly a
hesiveB. longumstrains adhere with less than one bifidob
terial cell/Caco-2 cell. These data are in clear contrast w
results reported by Bernet et al. [1] on the adhesion a
ity of Bifidobacterium. Those authors estimated adhesion
B. breveandB. infantisstrains to Caco-2 cells by scannin
electron microscopy and referred to the presence of a kin
biofilm constituted by bifidobacteria adherent to each o
on the Caco-2 cell surface. These observations suppor
adhesion range here proposed for classifying bifidoba
ial adhesiveness. The variability of the adhesion pheno
shown in theBifidobacteriumgenus supports the usefulne
of real-time PCR analysis for rapid high-throughput ad
sion testing of probiotic strains.

In order to provide insights into the possible role play
by resident bifidobacteria in protecting against, or recov
from, pathogen colonization, the competition of different
fidobacteria (B. lactis BI07, B. bifidumS17 and S16, an
B. longumE18) and adhesive enteropathogens (S. enterica
serovar Typhimurium,Y. enterocolitica, andE. coliH10407)
for adhesion to Caco-2 cells was studied. For each couplBi-
fidobacterium–enteropathogen, two competition conditio
were tested: displacement and exclusion.

In displacement assays, cells of the enteropathogens
allowed to adhere to the Caco-2 cell monolayer and s
r

-

-

e

sequently the bifidobacterial strains were added. These
periments provide information about the capacity ofBifi-
dobacteriumto displace the respective enteropathogen fr
Caco-2 cells and to adhere to an enterocyte monolaye
ready colonized by the enteropathogen. All bifidobacte
strains examined exerted strong displacement activity
wards S. entericaserovar Typhimurium andY. enteroco-
litica, and significant activity towardsE. coli H1040, in-
cluding the non-adhesiveB. longumE18 strain. The latte
result suggests that the displacement activity exerted b
fidobacteria towards enteropathogens might also be re
to mechanisms other than mere competition for comm
adhesion sites, such as production of antimicrobial c
pounds or anti-adhesion factors. This hypothesis is corr
rated by Lievin et al. [14], who demonstrated thatBifidobac-
terium strains isolated from infants produce antibacte
lipophilic factor(s) effective in inhibitingS. entericaserovar
Typhimurium invasion of Caco-2 cells and in killing intr
cellular enteropathogenic cells. Moreover, Fujiwara et al.
reported a proteinaceous factor which in vitro inhibits adh
ence of an enterotoxigenicE. coli strain to gangliotetraosyl
ceramide molecules which are physiological constituent
the mammalian intestinal epithelium surface [11,28].

In exclusion studies, bifidobacterial strains were
lowed to adhere to the Caco-2 cell monolayer and t
the enteropathogens were added. This in vitro model
been designed to evaluate the capacity of bifidobac
to prevent enteropathogen adhesion. Different respo
were obtained by challengingBifidobacteriumwith entero-
pathogens. While all adhesive bifidobacterial strains
cludedY. enterocolitica, only B. bifidumS16 exerted exclu
sion activity towardsS. entericaserovar Typhimurium, and
no bifidobacteria strain excludedE. coliH1040. Since, in the
exclusion assay, anaerobic bifidobacteria are aerobicall
cubated on Caco-2 cells for more than 1 h before patho
addition, strong reduction in their metabolic activity mig
occur. Under these experimental conditions, the ability
bifidobacterial strains to prevent adhesion ofY. enterocol-
itica andS. entericaserovar Typhimurium to Caco-2 cel
might simply be attributed to competition for common a
hesion sites or, eventually, to steric hindrance. Howeve
view of the reduced metabolic activity ofBifidobacterium,
an in vivo exclusion effect towardsE. coli, dependent upon
the production of anti-adhesion factors, cannot be exclu

It is noteworthy thatBifidobacteriumstrains were neve
displaced by enteropathogens in exclusion assays, an
dition of pathogens even induced an increase in theB. bi-
fidum S16, B. lactis BI0 and B. longumE18 cell number
on the monolayer. Fast oxygen consumption by the ad
pathogens (which are administered at a high concentra
of 1×108 cells/ml) might have favored the growth of anae
obic bifidobacteria.

In conclusion, the real-time PCR-based method propo
here is a useful tool for evaluating the in vitro adhesi
ness of probiotic strains and their ability to compete w
pathogens for epithelial monolayer adhesion.
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