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The influence of pH on the adhesion of two Lactobacillus strains to Caco-2 human intestinal cells was
investigated. One strain, Lactobacillus johnsonii La1, was adherent at any pH between 4 and 7. The other one,
L. acidophilus La10, did not attach to this cell line under the same experimental conditions. On the basis of
these results, we used the monoclonal antibody technique as a tool to determine differences on the surface of
these bacteria and to identify a factor for adhesion. Mice were immunized with live La1, and the hybridomas
produced by fusion of spleen cells with ONS1 cells were screened for the production of antibodies specific for
L. johnsonii La1. A set of these monoclonal antibodies was directed against a nonproteinaceous component of
the L. johnsonii La1 surface. It was identified as lipoteichoic acid (LTA). This molecule was isolated, chemically
characterized, and tested in adhesion experiments in the same system. The adhesion of L. johnsonii La1 to
Caco-2 cells was inhibited in a concentration-dependent way by purified LTA as well as by L. johnsonii La1
culture supernatant that contained LTA. These results showed that the mechanism of adhesion of L. johnsonii
La1 to human Caco-2 cells involves LTA.

Lactobacilli are normal inhabitants of the human gastroin-
testinal tract (48). Lactobacillus is a subdominant genus in the
colon, where it is largely outnumbered by other genera, such as
Bacteroides and Bifidobacterium. In contrast, lactobacilli are
among the dominant bacteria in the small bowel, although at
much lower levels than in the colon (45, 48). In addition, they
are of industrial interest in the manufacture of fermented milk.
Some specially selected strains recently have been introduced
in products for which health claims have been made (36). The
beneficial biological effects attributed to these strains are the
promotion of colonization, metabolic activities beneficial to
host health, and immune stimulation of the host (25). Of par-
ticular importance is the potential of probiotics to reinforce
mucosal defense, especially at the gastric and small bowel
levels (9). However, little is known about the precise mecha-
nisms by which lactobacilli exert their biological effects in vivo.

Among the properties exerted by lactobacilli, adhesion to
enterocytes is a key feature of probiotic bacteria. In the small
bowel, this property may contribute to the creation of a tran-
sient barrier effect. It is currently not known by which mecha-
nism(s) lactobacilli colonize the gastrointestinal tract. The ca-
pacity of lactobacilli to adhere to the intestinal epithelium
remains controversial. This property is important, since it pre-
vents their elimination by peristalsis and thus represents an
ecological competitive advantage in the gastrointestinal tract
ecosystem. Evidence that adhesion to intestinal epithelial cells
is biologically relevant and important for the establishment of
the bacteria in the gut ecosystem has been obtained in recent
studies (2, 32). Despite recent in vitro experiments with cul-

tured human intestinal cell lines as models of mature entero-
cytes of the small intestine (7, 12, 17, 22), bacterial cell surface-
associated factors of lactobacilli potentially acting as adhesins
remain to be characterized. Different mechanisms have been
proposed, and it seems that the adhesion of lactobacilli and
bifidobacteria does not depend on a unique and ubiquitous
mechanism. Some Lactobacillus strains have the abilities to
hemagglutinate human erythrocytes (47) and to bind to man-
nose (1), to rat colonic mucins (40, 50), or to glycolipids iso-
lated from rat intestinal mucosa (59).

Mechanisms involving proteins or proteinaceous compo-
nents as mediators of adhesion have been described for some
lactobacillus strains, including Lactobacillus johnsonii La1 (7),
L. acidophilus BG2F04 (17) and LB12 (12), L. fermentum 104
(28), and L. crispatus JCM 5810 (53). The importance of lipo-
teichoic acid (LTA) as a mediator of the adhesion of Lacto-
bacillus spp. or other bacteria to human epithelial cells also has
been demonstrated (5, 11, 41, 42, 47, 51, 52). The adhesion of
Lactobacillus spp. to epithelial cells also depends on bacterial
physiology and physicochemical parameters, which can be
modulated by growth conditions (19, 39, 43). Finally, it appears
that in vitro the pH of the adherence assay may be of crucial
importance, as reported recently (27, 28).

In this study, we examined at a molecular level the mecha-
nism by which L. johnsonii La1, which has antipathogenic ef-
fects in vitro and in vivo, adheres to cultured human intestinal
cells (7, 8). We report data showing that LTA present at the
bacterial cell surface is involved in the adhesion of L. johnsonii
La1 to Caco-2 intestinal cells. In addition, we show that La1
adhesion, although influenced by pH, occurs at any pH be-
tween 4 and 7.

MATERIALS AND METHODS

Bacterial strains and growth conditions. L. johnsonii La1, Lj1, and La16 and
L. acidophilus La10 and La27 were grown under anaerobic conditions in De
Man-Rogosa-Sharpe (MRS) broth (Difco) overnight at 37°C when used for the
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preparation of antigenic material or for 48 h when used for the adhesion assay.
All lactobacilli were from the Nestlé Culture Collection (Lausanne, Switzerland).

Preparation of bacterial surface proteins by guanidinium hydrochloride ex-
traction. An overnight culture of 40 ml of bacteria was prepared and centrifuged
for 10 min at 4,000 3 g and 4°C. The pellet was washed once with cold phos-
phate-buffered saline (PBS) (pH 7.2) and then resuspended in 5 M guanidinium
hydrochloride (pH 7) (1 ml/10 mg [wet weight]). The supernatant fluid was
dialyzed overnight against running water at 4°C in dialysis tubes with a cutoff of
12,000 to 14,000 daltons and lyophilized.

Preparation of bacterial surface antigens by Triton X-100 extraction. An
overnight culture of 40 ml of bacteria was prepared, centrifuged at room tem-
perature for 10 min at 4,000 3 g, and resuspended in PBS (1 ml/100 mg of
bacterial pellet). The suspension was placed in ice and sonicated six times for 30 s
each time at 75 W with a Microson ultrasonic cell disruptor (Heat Systems
Ultrasonics). Phenylmethylsulfonyl fluoride and Triton X-100 (Sigma) were then
added to final concentrations of 5 mM and 1%, respectively. The lysate was
strongly vortexed, kept overnight at 4°C, centrifuged, and stored at 220°C.

Preparation of monoclonal antibodies against living La1 bacteria and/or La1
surface proteins. BALB/c mice were injected subcutaneously in the lymph nodes
with either 0.1 mg of La1 surface proteins prepared by guanidinium HCl extrac-
tion or 0.1 ml of packed living La1 cells two times at a 1-week interval. Three
days after the second injection, the spleens were removed and squeezed to a
suspension, which was mixed with NS1 cells (American Type Culture Collection).
Fusion with polyethylene glycol was performed as described previously (26).

Screening for antibodies against bacterial surface proteins. Maxisorb polyvi-
nyl wells (Nunc) were coated with 100 ml of a bacterial surface protein solution
(10 mg/ml) overnight at 4°C. After saturation with 250 ml of a solution (10 mg/ml)
of gelatin in 0.1 M Tris-HCl buffer (pH 8), the wells were incubated for 2 h with
100 ml of hybridoma cell culture supernatant fluid (SN). After three washings
with PBS (pH 7.2) containing 0.05% Tween 20 (PBS-Tween), 100 ml of goat
anti-mouse total immunoglobulin (Ig) coupled to biotin (Dako Diagnostic) and
diluted in PBS-Tween containing 10 mg of bovine serum albumin (BSA) per ml
was added, followed by avidin peroxidase (Dako Diagnostic) as described by the
manufacturer. Enzymatic activity bound to the wells was revealed with a TMB
(tetramethyl benzidine) substrate kit (Pierce) and measured at 450 nm.

Screening for antibodies against living bacteria. Bacteria (L. johnsonii and L.
acidophilus strains) from overnight cultures were centrifuged, washed two times
with PBS (pH 7.2), and adjusted to an optical density at 650 nm (OD650) of 10
in PBS. For coating, 0.3 ml of this suspension was diluted to a final volume of 10
ml with a carbonate-bicarbonate buffer (pH 9.6) (coating buffer). Maxisorb
polyvinyl wells were coated overnight at 4°C with 100 ml of this suspension. After
saturation with gelatin, bacteria on the wells were incubated for 2 h at room
temperature on a rotating shaker with 100 ml of SN. After three washings with
PBS-Tween, the wells were incubated for 1 h at room temperature with a 1/1,000
solution in PBS-Tween of goat anti-mouse total Ig coupled to alkaline phospha-
tase (Sigma). After three washings with the same buffer, the substrate p-nitro-
phenyl phosphate (Sigma) dissolved in the appropriate buffer was added to the
wells. Readings of enzymatic activity were made at 405 nm after 2 h at 37°C with
a Dynatech MR 5000 microtiter plate reader.

Immunoblotting experiments. Each bacterial surface protein preparation or
Triton X-100 extract (10 mg) was separated on sodium dodecyl sulfate–4 to 20%
gradient polyacrylamide gels (Bio-Rad) under reducing and nonreducing condi-
tions (35) and blotted onto nitrocellulose filters (Schleicher & Schüll). After
saturation with 10 mg of BSA per ml in 0.1 M Tris-HCl (pH 7.5)–0.15 M
NaCl–0.1% Tween 20 (buffer I), membranes were incubated with each of the
SNs showing binding activity toward La1 surface proteins in an enzyme-linked
immunosorbent assay (ELISA). They were then washed three times for 15 min
each time with the same buffer and incubated for 1 h with a 1/2,000 dilution in
buffer I of goat anti-mouse Ig coupled to peroxidase; the buffer also contained 10
mg of BSA per ml. After three more washings, membranes were incubated with
a chemiluminescent substrate (ECL kit; Amersham). Chemiluminescent bands
were revealed on film (667 iso 3000; Polaroid).

Electron microscopy. For transmission electron microscopy, bacteria in the
stationary phase were collected by centrifugation at 4,000 3 g for 10 min at 4°C.
They were fixed overnight with 0.1% glutaraldehyde–2% formaldehyde in 0.1 M
phosphate buffer (pH 7.4) and then washed with phosphate buffer. The cells were
embedded in 2% warm agar and, after solidification, small pieces were cut with
a razor blade and dehydrated stepwise in ethanol (50 to 100%) at room tem-
perature. The agar blocks were infiltrated with L. R. White resin (hard) and cut
into ultrathin sections (60 to 80 nm) with a Reichert ultramicrotome, and the
sections were floated on 1% bovine albumin–0.2% polyethylene glycol (Carbo-
wax 20-M; Union Carbide) in 50 mM Tris-HCl (pH 8.0). The sections were
incubated with SNs and controls (culture medium) overnight at 4°C. After a wash
in Tris-HCl buffer, labeling was performed with goat anti-mouse Ig–gold conju-
gate (10 nm; Bio Cell) for 3 h at 4°C. The sections were washed with Tris-HCl
buffer containing 0.2% polyethylene glycol and examined in a Philips CM 12
electron microscope at an acceleration voltage of 60 kV. For preembedding
labeling, washed bacteria were incubated with antibodies for 1 h at 0°C, washed
three times with PBS, and treated as described above.

Detection of lysate antigenic activity. Bacterial lysates containing 0.14 mg of
protein and 0.2% Triton X-100 were adjusted to a 1.1-ml volume with coating
buffer and loaded onto a calibrated Superose HR 6 column (Pharmacia) equil-

ibrated with the same buffer. Elution was done at a flow rate of 0.4 ml/min/
fraction. The contents of each fraction were diluted four times in coating buffer
and used to coat polyvinyl wells (100 ml/well). Detection of antigenic activity was
done by incubating each fraction with different monoclonal antibodies followed
by the secondary antibody as described above.

Purification of LTA from whole La1 bacteria. LTA was purified as described
by Fisher et al. (23). One liter of an overnight culture of La1 bacteria was
centrifuged for 20 min at 4,000 3 g and room temperature, and the pellet was
resuspended in 0.1 M sodium acetate buffer (pH 4.5) at 800 mg (wet weight)/ml
of buffer. Bacteria were defatted by being mixed with 2 volumes of methanol and
1 volume of chloroform overnight at room temperature. They were recovered by
filtration, washed with 2 volumes of methanol, and resuspended in 20 ml of 0.1
M sodium acetate buffer (pH 5). The suspension was mixed with an equal volume
of 80% aqueous phenol and stirred constantly for 45 min in a water bath at 65°C.
The emulsion formed after cooling was broken by centrifugation at 5,000 3 g and
4°C for 30 min. The upper phase was collected and extensively dialyzed against
0.1 M acetate (pH 5).

Nucleic acids were digested for 24 h at room temperature by the addition of 5
mg of DNase (Sigma) per ml and 50 mg of RNase A (Sigma) per ml. Toluene (1
ml) was added to the tube to prevent bacterial contamination. The preparation
was then concentrated to 5 ml by rotary evaporation at room temperature.
One-milliliter aliquots were passed through a Millipore filter (0.2-mm-pore size)
and loaded onto a Superose HR 6 column equilibrated with 0.1 M acetate buffer
(pH 4.7). Fractions were collected at a flow rate of 0.4 ml/min/fraction and
assayed for antigenic activity as described for the Triton X-100 extract of La1
bacteria. The active fractions were concentrated by rotary evaporation, equili-
brated in 0.1 M acetate buffer (pH 4.7) containing 0.05% Triton X-100, and
applied to a DEAE-Sephacel column (Pharmacia). Elution was done with this
buffer and a gradient of 0 to 0.5 M NaCl. Each fraction was analyzed for its
content of total neutral sugars (20) and phosphorus (13). Removal of Triton
X-100 from LTA was done by passage of purified LTA through an HR 6 column
equilibrated with 0.1 M ammonium bicarbonate buffer (pH 5).

Detection of LTA in La1 culture supernatant fluids. L. johnsonii La1 was
cultivated to the stationary phase and centrifuged as described above. The spent
culture supernatant fluid (SCS) was adjusted to pH 5 with 1 M NaOH, diluted 1/1
with 0.1 M ammonium bicarbonate buffer (pH 8.8), and loaded batchwise onto
a Superose HR 6 column. Antigenic activity was detected as described before.
Positive fractions were lyophilized for further studies.

Composition of the antigenic complex recognized by monoclonal antibodies.
Total neutral sugar content was measured as described by Dubois et al. (20).
Phosphorus content was estimated as described by Chen et al. (13). For quan-
titative analysis of carbohydrates, 50 mg of total neutral sugars was hydrolyzed in
1.5 ml of 4 N trifluoroacetic acid (Fluka) for 1 h at 125°C. The solution was
evaporated under a stream of nitrogen in a heating block at 45°C. The hydrolyzed
material was dissolved in 0.5 ml of Milli-Q water and passed through a Millipore
filter (0.2-mm-pore size). Twenty-five microliters was injected into a CarboPac
PA1 column of a Dionex carbonate system with amperometric detection (car-
bohydrate potentials on ED40) and analyzed by the methods described by the
manufacturer.

Ribitol and glycerol were detected on the same apparatus connected to a
CarboPac MA1 column. Alcohol sugars were eluted under isocratic conditions
with 0.48 M NaOH at a flow rate of 0.4 ml/min.

Qualitative analysis of hydrolysate carbohydrate content was done with thin-
layer chromatography silica plates. One microliter of hydrolysate containing 1 mg
of total neutral sugars was loaded together with known standards and chromato-
graphed with CHCl3-AcOH acid-H2O buffer (30:35:5). Detection was done by
immersion in lead tetraacetate-sodium fluorescein reagent (49).

For quantitation of fatty acids, pentadecanoic acid (1 mg) was added to the
preparations as an internal standard. After hydrolysis with 2 M HCl for 2.5 h at
100°C, HCl was evaporated under nitrogen in a heating block at 45°C. The dried
material was then treated as described by Lepage and Roy (37) and analyzed by
gas chromatography-mass spectrometry with a Finnigan SSQ-7000 mass spec-
trometer connected to an HP-5890 gas chromatograph (Hewlett-Packard).

For amino acid analysis, an aliquot of the preparations was evaporated and
hydrolyzed in 200 ml of a 0.5% phenol solution in 6 N HCl for 24 h at 110°C. Free
a-amino acids were analyzed by precolumn derivatization with phenylisothiocya-
nate as described by Bindlingmeyer et al. (8a).

Cell culture. Caco-2 intestinal cells (American Type Culture Collection) were
used between passages 40 and 90. Cells were routinely grown in Dulbecco
modified Eagle minimal essential medium (25 mM glucose) (Gibco BRL) sup-
plemented with 20% heat-inactivated (30 min, 56°C) fetal calf serum (Boehr-
inger) and 1% nonessential amino acids (Gibco BRL) as previously described (7,
8, 12, 15–17). Cells were cultured at 37°C in a 10% CO2–90% air atmosphere.
The culture medium was changed every 2 days. Cells were used at postconfluence
after 15 days of culturing (fully differentiated cells) (44). NS1 myeloma cells and
hybridoma cells were cultivated as described by Granato and Piguet (26).

Adhesion of L. johnsonii La1 and L. acidophilus La10 to Caco-2 cells. La1 and
La10 bacteria were grown in MRS broth for 48 h in the presence of 10 mCi of
tritiated adenine per ml (2.0 Ci/mmol; Amersham). For both bacteria, the spe-
cific radioactivities obtained were in the range of 1022 to 1023 cpm/CFU. The
bacteria were washed three times with PBS (pH 7.2) and resuspended in different
buffers at a concentration of 108 CFU/ml at pHs ranging from 3 to 7 (0.5 pH
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unit/step). For pH 5.5 to 7, 7.5 mM phosphate buffer–138 mM NaCl–3 mM KCl
was used, as suggested by Greene and Klaenhammer (27). For pH 3.5 to 5, 10
mM sodium acetate–138 mM NaCl–3 mM KCl was used. One milliliter of
bacterial suspension was incubated at 37°C for 1 h on Caco-2 cells (six-well
plates) which had been previously washed with the buffers at the respective pHs.
Afterward, supernatant fluids were removed and cells were washed three times
with the buffers at the respective pHs. Cell monolayers were disrupted by the
addition of 1 ml of 1 M NaOH. The lysate and a 0.5-ml wash sample were
transferred to a counting vial containing 1 ml of benzethonium hydroxide (Sig-
ma). The vial was placed in an incubator at 60°C for 1 h and cooled, and counts
were determined after the addition of 10 ml of Ultima Gold (Packard). Statistical
evaluation of adherence data was performed with a paired t test.

For adhesion inhibition assays (7, 15), Caco-2 cells were preincubated for 1 h
at 37°C with 1 ml of inhibitor diluted in acetate buffer (pH 5). After one wash

with the same buffer, radiolabeled La1 cells resuspended in pH 5 buffer were
added as described above. MRS broth acidified with lactic acid to pH 5 was
added as a control for La1 SCS. Statistical evaluation of adherence data was
performed with a paired t test.

Measurement of cell integrity. In each experiment, cell integrity was deter-
mined by measuring lactate dehydrogenase in postadhesion assay culture me-
dium (Enzyline LDH kit; Biomérieux).

RESULTS

Monoclonal antibodies from mice immunized with L.
johnsonii La1 surface proteins. SNs were analyzed in an
ELISA for binding to L. johnsonii and L. acidophilus surface
proteins extracted with guanidinium hydrochloride. All the
SNs binding to La1 surface proteins cross-reacted with the
surface proteins of the other strains. This result was confirmed
in blotting experiments in which a major protein with an ap-
parent molecular mass of 46 kDa was recognized on all blots
(data not shown). The positive SNs were also tested for binding
to living La1 coating polyvinyl wells. Almost no activity was
detected against the native determinants of the surface of these
bacteria.

Monoclonal antibodies against living L. johnsonii La1. An-
tibodies from 14 wells were reactive against living L. johnsonii
strains but not against the two strains of L. acidophilus. The
antibody activity could be divided into two categories. The first
one recognized L. johnsonii surface proteins. The second one

FIG. 1. Immunogold staining of thin sections. (a) L. johnsonii La1 treated
with monoclonal antibodies from the 113D2b3 clone supernatant. (b) L. aci-
dophilus La10 incubated with the same antibodies. (c and e) L. johnsonii Lj1
incubated with the 113D2b3 clone supernatant before embedding. (d) L. john-
sonii La1 incubated with hybridoma culture medium.
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recognized the three strains of L. johnsonii in an ELISA or in
suspension but did not bind to their surface proteins in West-
ern blotting or ELISA experiments, suggesting that the anti-
genic determinant was not carried by a protein. We focused
our attention on this latter category and selected hybridoma
cells secreting IgM antibodies (clone 113D2b3) and IgG anti-
bodies (clone 116A3b3). Both types of monoclonal antibodies
were used in parallel to identify the antigenic moiety recog-
nized on strains La1, La16, and Lj1.

Electron microscopy. L. acidophilus and L. johnsonii fixed
sections were incubated with SNs from 113D2b3 and 116A3b3
hybridoma cells, respectively. The control was hybridoma cul-
ture medium. Results were the same for both types of mono-
clonal antibodies. As shown in Fig. 1a, c, and e, the antibody
from 113D2b3 was bound to antigenic moieties localized on
the outer surface of L. johnsonii, in the wall, and inside the
cytoplasmic membrane. In some cases, the molecules recog-
nized by the antibody seemed to be dispersed in patches on the
surface of L. johnsonii. There was no significant difference in
staining between La1 and Lj1 bacteria. As shown in Fig. 1b for
La10, there was no staining with the different L. acidophilus
strains. The same staining pattern was observed with pre- or
postembedding labeling of bacteria.

Detection of the antigenic activity recognized by monoclonal
antibodies from clones 113D2b3 and 116A3b3. Fractions from
Superose HR 6 chromatography of an La1 surface protein
Triton X-100 extract were analyzed for binding to the mono-
clonal antibodies described above. As shown in Fig. 2, two
main peaks of antigenic activity were detected. They corre-
sponded to molecular masses of approximately 600 and 1,000
to 2,000 kDa. An identical pattern was observed for the L.
johnsonii Lj1 extract (data not shown). When eluted with 0.1 M
ammonium bicarbonate buffer (pH 8.8), the same Triton
X-100 extract gave a single peak reacting with both monoclonal
antibodies and eluting with an apparent molecular mass of 106

Da.
Purification of LTA from whole L. johnsonii La1. LTA was

purified as described in Materials and Methods. The peak of
antigenic activity corresponded to the one from a Triton X-100
extract eluted with 0.1 M ammonium bicarbonate buffer but

not to an absorption peak at 260 or 280 nm (Fig. 3A). This
result excluded contamination from proteins and nucleic acids.
The last purification step was done by anion-exchange chro-
matography with a linear NaCl gradient. The antigenic activity
was eluted at 0.1 to 0.2 M NaCl. The active fractions were
lyophilized for further analysis. The yield from 1 liter of culture
was approximately 4 mg (2.4 mg of total neutral sugars).

Detection of LTA in La1 SCS. La1 SCS (0.5 ml) taken at the
stationary phase and adjusted to pH 5 was mixed with 0.6 ml of
0.1 M ammonium bicarbonate buffer and loaded onto a Su-
perose HR 6 column under the same conditions as those de-
scribed before. As shown in Fig. 3B, analysis of the HR 6
fractions by an ELISA showed that the antigenic activity rec-
ognized by the monoclonal antibodies eluted as described for
LTA purified from defatted La1 bacteria (Fig. 3A) and the
Triton X-100 extract (Fig. 2). Figure 3B also shows that the
material bound by the antibodies again did not show an ab-
sorption peak at 260 or 280 nm. An estimation of the concen-
tration of LTA in La1 SCS was made by comparison of its
reactivity in the same ELISA. It seemed that the amount of
LTA present in 1 liter of La1 supernatant taken at the station-

FIG. 2. Detection of antigenic activity of L. johnsonii La1 Triton X-100
extract by chromatography on Superose HR 6. Molecular mass markers: 2,000
kDa, fraction 20; 750 kDa, fraction 30; 150 kDa, fraction 38; 67 kDa, fraction 43.
OD 450, optical density at 450 nm.

FIG. 3. Detection of antigenic activity of the aqueous fraction of delipidated
L. johnsonii La1 after phenol extraction and nucleic acid digestion (A) or La1
culture supernatant (B) by chromatography on Superose HR 6. OD, optical
density (numbers with OD are nanometers).
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ary phase was at least 10 times higher than that found in
pelleted bacteria.

LTA analysis. Chemical analysis of the pure product showed
the presence of phosphorus, glycerol, alanine, glucose, galac-
tose, and fatty acids at proportions of 1, 0.35, 0.5, 0.28, 0.18,
and 0.14, respectively, which corresponded to data obtained
for LTA from other lactobacilli (23). D-Glucose and D-galac-
tose were present at a ratio of 3:2. Phosphorus, glycerol, hex-
oses, alanine, and fatty acids were also detected in the La1 SCS
LTA fraction. In contrast to the results for pure LTA, N-
acetylglucosamine, N-acetylgalactosamine, and mannose were
also found in the hydrolysate of the peak of antigenic activity
from La1 SCS. They probably originated from the culture
medium and from the presence of an La1 polysaccharide.
Analysis of amino acids revealed only alanine, which excluded
contamination of the micelles of LTA with peptidoglycan or
proteins. Analysis of fatty acids showed the presence of C12:0,
C14:0, C16:0, C18:1, and C18:0 at proportions of 0.6, 1, 5.8, 6.6,
and 5, respectively.

Influence of pH on the adhesion of La1 and La10 to Caco-2
cells. It was recently reported that pH influences the binding of
lactobacilli to cultured human intestinal Caco-2 cells (27). In
order to improve our understanding of Lactobacillus adhesion,
a set of experiments under different pH conditions was con-
ducted. As shown in Fig. 4, there was a significant difference in
adhesion between L. acidophilus La10 and L. johnsonii La1.
The adhesion of L. johnsonii La1 was not pH specific, since L.
acidophilus La10 remained nonadherent at any pH of .4. On
the other hand, L. johnsonii La1 was adherent over the entire
pH range tested. As predicted, an acidic pH seemed to favor
the adhesion of La1, although the difference in adhesion be-
tween pHs 4 and 7 was not statistically significant. Cell viability
controls were performed with lactate dehydrogenase cell re-
lease. No significant loss of viability at a pH of .4 could be
demonstrated under the conditions used in these experiments
(data not shown).

La1 adhesion inhibition assays. Pure LTA was tested in
adhesion experiments with L. johnsonii La1 and enterocyte-
like Caco-2 cells. Preincubation of the cells with increasing
amounts of LTA in 50 mM acetate buffer (pH 5) resulted in
adhesion inhibition in the range of 60% for a concentration of
150 mg/ml or 0.09 mg of total neutral sugars per ml (Fig. 5A).

Since L. johnsonii La1 secreted LTA into the SCS, adhesion
inhibition experiments were also performed with La1 SCS har-
vested at the stationary phase. Figure 5B shows concentration-
dependent inhibition of La1 adhesion to Caco-2 cells. Signifi-
cant statistical inhibition was obtained in experiments with four
different La1 SCS samples and Caco-2 cells taken at four
different passages (P, 0.01).

DISCUSSION

The use of exogenous probiotics (e.g., Lactobacillus spp. and
Bifidobacterium spp.) has been proposed as a way to reinforce
mucosal defenses, especially in the small intestine, an organ
relatively poorly colonized in comparison with the colon (9). In
this context, L. johnsonii La1 and L. casei GG were recently
shown to have antipathogenic effects either in cellular or in
animal models (7, 8, 31). However, the adhesion mechanism is
not understood, and its specificity was recently questioned
(27). In the case of lactobacilli, it seems that the pH of in vitro
adhesion assays is a crucial parameter (27, 28). The pH of the
luminal small bowel is about 7. However, it is likely that in vivo,

FIG. 4. Influence of pH on the adhesion of L. johnsonii La1 and L. acidophi-
lus La10 to Caco-2 cells. Results are the mean 6 standard deviations for five
experiments done in triplicate. The asterisk indicates a P value of ,0.05 when
data were compared to pH 7 data for each strain by a t test. For La10, standard
deviations were always ,0.0437.

FIG. 5. Inhibition of La1 adhesion to Caco-2 cells at pH 5. Caco-2 cells were
preincubated with increasing amounts of purified LTA (A) or La1 culture su-
pernatant (B). Controls were acetate buffer (pH 5) (A) or MRS broth acidified
with lactic acid (B). Each assay was done in triplicate. Error bars are standard
deviations.
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due to metabolic activities of intestinal cells and bacteria and
to the presence of a mucus overlay, the pH in the vicinity of the
brush border of the enterocytes is acidic (21). In this study, we
demonstrated that although pH may play an important role in
enhancing the adhesion of lactobacilli, it is not the sole factor
involved. Indeed, a nonadherent bacterium, L. acidophilus La10,
remained nonadherent at any pH. In contrast, L. johnsonii La1
was adherent at any pH of .4, and this adhesion was not
significantly different from that observed at pH 7.

These results prompted us to look for a difference in the
molecules exposed on the surfaces of L. johnsonii and L. aci-
dophilus strains. First, monoclonal antibodies were produced
against La1 surface proteins obtained after guanidinium HCl
extraction. The antibodies cross-reacted with the surface pro-
teins of both L. johnsonii and L. acidophilus strains but did not
bind to La1 native bacteria. This result implied that surface
proteins obtained by guanidinium HCl extraction (L. johnsonii
does not have S layers, contrary to L. acidophilus) (4) are
denatured and should perhaps not be used as representative
models of the surfaces of bacteria for adhesion experiments.

This observation led us to immunize animals with living La1.
This mode of immunization allowed us to detect on L. john-
sonii the presence of an antigenic determinant that was absent
from or masked on the surface of L. acidophilus. This result
was confirmed by ELISAs with living bacteria and by immu-
noelectron microscopy studies. Several observations suggested
that this antigenic determinant was carried by LTA: (i) its
chromatographic behavior, which was characteristic of amphi-
philes (14), and (ii) its detection in Triton X-100 lysates, bac-
terial extracts, and culture supernatants, which has already
been described for many oral streptococci and lactobacilli (38).
Finally, results obtained by chemical analysis of the purified
material were well in agreement with the chemical nature of
LTA (46, 56, 58). Localization of the reactive determinant in
the membrane, in the cell wall, and on the surface of La1 was
in accordance with the model proposed by Wicken and Knox
(57), who proposed a wall-membrane model in which LTA
molecules were embedded in the plasma membrane at their
hydrophobic glycolipid ends, while the long polar glycerol
phosphate chains extended by intercalation into the polysac-
charide-peptidoglycan network of the cell wall. It was sug-
gested that, in some cases, these chains came close enough to
the surface of the bacteria to act as surface antigens. Immu-
nogold labeling of La1 or Lj1 bacteria was similar to the pat-
tern observed for L. casei and L. fermentum (54).

LTA has been found in many lactobacilli and plays a major
role in the serological classification of lactobacilli (33, 34).
Moreover, numerous cross-reactions due to the common glyc-
erophosphate backbone of the different LTAs have been dem-
onstrated (29, 34, 47). As our monoclonal antibodies are spe-
cific for L. johnsonii, it is conceivable that the antigenic
determinant is carried on the carbohydrate moiety of LTA.

A strong inhibition of adhesion was observed with purified
LTA as well as with La1 SCS, indicating that LTA plays a role
in the mechanism of adhesion of L. johnsonii. Indeed, studies
with staphylococci (51), streptococci (3, 5, 41, 52), Bifidobac-
terium bifidus (42), and lactobacilli (11, 47) have shown that
LTA can inhibit their adhesion to epithelial cells. Binding of
LTA to mammalian membranes has already been described for
group A streptococci (6), in which LTA is anchored to a pro-
tein on the surface of the bacterial cells and interacts through
its lipid moiety with fibronectin molecules deposited on and
bound to the epithelial cells. Sherman and Savage (47) found
a positive correlation between the presence of LTA on Lacto-
bacillus strains and their adherence properties. This correla-
tion could have been due to the negative charge distributed on

the surface of the bacteria (43), probably as a result of the low
isoelectric point of LTA molecules. Electrostatic binding to
molecules at the surface of epithelial cells is possible as a
general mechanism of adhesion and does not exclude the pres-
ence of other proteinaceous adhesins (15, 17) or lectin-like
molecules of adhesion (1, 40). The lack of adhesion observed
with La10 bacteria also could have been due to the fact that
they may not have LTA exposed on their surface.

In conclusion, using a set of monoclonal antibodies specific
for a nonproteinaceous component of the La1 bacterial sur-
face, we were able to detect and isolate LTA, a molecule which
participates in adhesion of these bacteria to Caco-2 intestinal
cells. Future studies with other antibodies specifically recog-
nizing La1 cell wall proteins will aid in an understanding of
whether LTA is part of a complex system of adhesion mole-
cules, as suggested for other lactobacilli (10, 18, 24, 27, 30, 45,
55), or can be solely responsible for the binding of certain
bacteria to epithelial cells. This conclusion constitutes a revised
opinion of our previous reports (7, 12, 17).

ACKNOWLEDGMENTS

We thank P. Nicolas, S. Reymond, and N. Kusy for carbohydrate
analyses, K. Gartenman for amino acid analyses, and S. Metairon and
L. Fay for fatty acid analyses. We are also much indebted to M.-F.
Clerc for the artwork, to F. Stingele for reviewing the manuscript, and
to J.-R. Neeser for helpful discussions.

REFERENCES
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