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We have examined the competitive binding of several species of Bifidobacterium and Escherichia coli Pb176,
an enterotoxigenic E. coli (ETEC) strain, to gangliotetraosylceramide (asialo GM1 or GA1), a common
bacterium-binding structure, and identified a factor(s) in the Bifidobacterium culture supernatant fluid that
inhibits the binding of E. coli Pb176 to GA1. The ETEC strain we used expresses colonization factor antigen
(CFA) II, which consists of coli surface-associated antigens CS1 and CS3. Competitive exclusion of ETEC from
GA1 molecules by Bifidobacterium cells was found by an in vitro thin-layer chromatography overlay binding
suppression assay. However, the ETEC cells were less effective in blocking the adherence of Bifidobacterium
cells to GA1. These findings suggest that the two bacterial species recognize different binding sites on the GA1
molecule and that the mechanism of competitive exclusion is not due to specific blockage of a common binding
site on the molecule. The neutralized culture supernatant fluids of Bifidobacterium species, including that of
Bifidobacterium longum SBT 2928 (BL2928), showed remarkable inhibition of the ETEC binding to GA1. Our
results suggest that the binding inhibitor produced by BL2928 is a proteinaceous molecule(s) with a molecular
weight around or over 100,000 and a neutral isoelectric point. The binding inhibitor produced by BL2928 and
other Bifidobacterium species is estimated to contribute to their normal anti-infectious activities by preventing
the binding of pathogenic strains of E. coli to GA1 on the surface of the human intestinal mucosa.

Infections of the gastrointestinal tract are a major health
problem for both adults and children worldwide. The major
causes of postweaning diarrhea in neonates include the ente-
rotoxigenic Escherichia coli strains, which bear colonization
factor antigens (CFAs) I and II (14). However, normal intes-
tinal microbes and some probiotic bacteria are believed to
enhance the host defense mechanisms against pathogens.
Since the first isolation of Bifidobacterium species by Tissier
(24) from a breast-fed infant, it has been acknowledged widely
that bifidobacteria are the predominant species of the intesti-
nal flora of infants (16, 18). A role for Bifidobacteria in host
resistance to infection has been repeatedly suggested from
various observations (9), but there is limited information on
the mechanism by which this might occur. A better under-
standing of the relationship between the two types of bacteria
may help to confirm that there is a beneficial role for bifidobac-
teria in ensuring the health of the host.
Recently, there has been renewed interest in the age-old

concept of using bacterial preparations with inhibitory activity
against enteric pathogens for protecting domestic animals and
humans. This concept is often referred to as bacterial interfer-
ence (21, 22). For example, lactose fermenters produce me-
tabolites that are antagonistic to the growth of pathogens. The
concept of competitive exclusion of pathogenic microbes by
lactic acid bacteria has been reviewed by Conway (3).
Several years ago, Mizutani and Mitsuoka (17) noted that

oral administration of several bifidobacterial strains lowered
the population of E. coli in the bacterial flora of gnotobiotic

mice. More recently, our laboratory confirmed that finding by
using Bifidobacterium strain BL2928 in the same system (5).
Those findings suggested the possibility of competitive exclu-
sion between bifidobacteria and E. coli in the intestinal flora.
Umesaki et al. (26, 27) demonstrated that the intestinal brush
border membrane of the mouse is rich in GA1, a neutral
sphingoglycolipid, and indicated that Enterobacteriaceae have a
high affinity for GA1 in vitro. They speculated that fucosylation
of the GA1 molecule in the intestinal brush border membrane
during the establishment of a germ-free strain of mice en-
hances host defense mechanisms against infection because it
alters the function of the glycolipid (25). Orø et al. (19) showed
also that E. coli strains harboring CFAs II and IV possess high
affinity for GA1.
In the present study, we examined the following two hypoth-

eses: (i) that several strains of both Bifidobacterium and E. coli
have an affinity for GA1 molecules and compete for binding
and (ii) that bifidobacteria produce a factor(s) that inactivates
or blocks the access of E. coli to GA1 receptor sites, with the
implication that in vivo the population of E. coli would be
lowered. To carry out this study, we used thin-layer chroma-
tography (TLC) overlay assays for evaluating the binding of
bacteria to the GA1 receptor and biochemical separation tech-
niques to isolate an inhibitory factor from Bifidobacterium cul-
ture supernatant fluid.

MATERIALS AND METHODS

Bacterial strains, culture conditions, and radiolabeling. The bifidobacterial
strains used in this study were isolated from normal human intestinal contents
and have been used as the starter strains for making fermented milk. Bifidobac-
teria were grown in Briggs liver analog (BLA) medium (20 g of tomato juice
broth [Difco] per liter, 15 g of protease peptone no. 3 [Difco] per liter, 1 g of
yeast extract [Difco] per liter, 15 g of glucose per liter, 5 g of NaCl per liter, 0.2 g
of L-cysteine z HCl per liter, 1 g of Tween 80 per liter) under static culture
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conditions for 2 to 3 days at 378C. For radiolabeling, the bacteria were cultured
in 10 ml of either BLA broth or glucose-peptone-vitamin (GPV) broth (Table 1)
in the presence of 18.5 MBq of [35S]methionine (specific radioactivity, 3.73 1013

Bq/mmol; ICN Biomedicals, Mississauga, Ontario, Canada) under static culture
conditions for 2 to 3 days at 378C. Enterotoxigenic E. coli (ETEC) Pb176 (CFA
II; CS1 plus CS3) was used as the indicator strain. The binding specificity of the
ETEC strain to GA1 glycolipid has been previously reported by Orø et al. (19).
For metabolic labeling, the ETEC strain was cultured in 10 ml of either M9
medium (8) as a minimal medium or tryptic soy broth (Difco, Detroit, Mich.) in
a rotary shaker at 150 rpm for 12 h at 378C with 7.4 MBq of [35S]methionine
(specific radioactivity, 3.7 3 1013 Bq/mmol). The binding specificity and affinity
of the bacteria for GA1 was the same in both types of culture.
TLC overlay assays. The TLC overlay assays were carried out as described by

Karlsson and Stroenberg (12) with slight modifications. TLC chromatography
was performed on silica gel-precoated plates (POLY GRAM SILG plastic plate;
Brinkmann Instruments Division, Sybron Canada Ltd., Rexdale, Ontario, Can-
ada). The plates were developed in chloroform-methanol-water (60:40:9 or 65:
24:4) and then allowed to dry in air. The dried chromatograms were dipped in
water in a square petri dish (100 by 100 mm), and the water was removed by
aspiration and replaced by Tris-buffered saline (pH 8.0) containing 1% (wt/vol)
gelatin and 0.02% sodium azide (gelatin-TBS).
For visualization of glycolipids, an identical plate was sprayed with orcinol

reagent and incubated at 1008C for color development. The plate was blocked
with gelatin-TBS overnight at 378C, after which the solution was decanted and
replaced with phosphate-buffered saline containing 1% bovine serum albumin
(BSA-PBS). The plates were washed three times with BSA-PBS with gentle
rotation (50 rpm for 5 min). Subsequently, [35S]methionine-labeled bacteria were
washed three times with BSA-PBS by centrifugation (6,000 3 g for 10 min) and
resuspended in BSA-PBS to give a concentration of 2 3 109 CFU/ml. For
bifidobacteria, the concentration was 3 3 108 CFU/ml. The bacterial suspension
was poured over the TLC plates, and binding was allowed to proceed during
incubation at 378C with gentle rotation (50 rpm). After 1.5 h, the suspension was
removed by gentle aspiration and the plates were washed five times with BSA-
PBS by gentle rotation in a petri dish (25 rpm for 5 min). For binding suppression
assays, the labeled bacteria were preincubated with an inhibitor at a given
concentration for 0.5 h in BSA-PBS at 378C. In several cases, live bacterial cells
were also used as an inhibitor. The bacterial mixture was poured over the TLC
plates and further incubated with gentle rotation (50 rpm) at 378C for 1.5 h.
Once the overlay was completed, the plates were gently washed five times with

BSA-PBS by rotation (25 rpm for 3 min for each washing), dried in air, and
autoradiographed for 2 to 3 days at 2708C. To quantitate bound bacteria,
densitometry of autoradiograms was performed with an LKB Ultroscan XL laser
scanner (Pharmacia-LKB Biotechnology AB, Uppsala, Sweden). If the radiola-
beling efficiency of the bifidobacteria was poor, the plates were treated with
mouse anti-bifidobacterial ascites fluid (1:250) at 378C for 1 h with gentle rota-
tion (50 rpm). After the plates were washed with BSA-PBS (three times for 3 min
each), they were overlaid with horseradish peroxidase-labeled goat-anti mouse
immunoglobulin (1:250, vol/vol) (Zymed Laboratories, Inc., San Francisco, Cal-
if.) at 378C for 1 h. Thereafter, the plates were washed three times (for 3 min
each) with BSA-PBS and twice more with PBS. Colour development was per-
formed with the POD immunostain set (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan), as specified by the manufacturer, until control bacterial binding
was clearly detected.
Preparation of culture supernatant fluid. BLA broth was used to cultivate

bifidobacteria. A static culture was centrifuged to remove the cells (10,000 3 g

for 15 min), and the pH of the supernatant was adjusted to ca. 6.0 with 10 N
NaOH. The supernatant was filtered through a fiberglass filter to remove large
debris and then through a 0.45-mm-pore-size filter unit (Millipore, Bedford,
Mass.). The sterilized cultured supernatant was stored at 2208C until used.
Ammonium sulfate fractionation. Solid ammonium sulfate was added to the

filtered supernatant by stirring until the solution reached 85% saturation. This
solution was kept at 48C overnight to allow complete precipitation of the protein
and then centrifuged at 10,000 3 g for 15 min, and the pellet was resuspended in
distilled water. The suspension was dialyzed at 48C against distilled water (mo-
lecular weight cutoff, 6,000 to 8,000) with six changes of water. The resulting
preparation was stored at 2808C, and a portion of it was lyophilized.
Molecular weight estimation. The lyophilized precipitate was reconstituted to

0.16 to 0.10 of its original volume with PBS containing 0.02% sodium azide and
applied to a Bio-Gel P100 column (column volume, 200 ml; 36 by 200 mm;
Bio-Rad Laboratories, Richmond, Calif.) which was equilibrated with the same
buffer at a flow rate of 0.7 ml/min at 48C. The void volume fraction (P100V) was
collected, dialyzed against distilled water, freeze-dried, and stored at2808C. The
remaining eluate (P100S fraction) was also pooled, dialyzed (molecular weight
cutoff, 2,000), and freeze-dried. The P100S fraction was loaded onto a Bio-Gel
P10 column (200 ml; 36 by 200 mm; Bio-Rad) equilibrated with PBS containing
0.02% sodium azide. The void volume fraction (P10V) and the remaining frac-
tion (P10S1, which included the column volume) were collected separately.
Another 100 ml of eluate (P10S2) was also collected. The three fractions were
dialyzed (molecular weight cutoff, 2,000) and freeze-dried.
Deionization of culture supernatant fluid. Three different methods of deion-

ization were used to avoid inactivation of potential inhibitory factors: (i) dialysis
with Spectra/Por membrane tubing (SpectrumMedical Industries, Inc., Houston,
Tex.) with a molecular weight cutoff of 6,000 to 8,000; (ii) ion-exchange chro-
matography with a mixed-bed resin, AG501X8 (Bio-Rad Laboratories, pH ca. 6);
and (iii) hydrophobic interaction chromatography with Bond Elut C8 (Analy-
tichem International, Inc., Harbor City, Calif.). For the hydrophobic interaction
chromatography, the active fraction was eluted with 50% methanol and then
dialyzed against cold distilled water.
Proteinase K treatment. Ammonium sulfate precipitates and the P100V frac-

tion were treated with proteinase K at 378C overnight at enzyme/substrate (E/S)
ratios of 1:1, 1:10, and 1:100 in 25 mM HEPES–Hanks balanced salt solution.
The reaction was terminated by adding phenylmethylsulfonyl fluoride dissolved
in isopropanol (10 mg/ml) to give a final concentration of 100 mg/ml. The
resulting reaction mixture was dialyzed against distilled water (molecular weight
cutoff, 2,000), lyophilized, and then used in TLC overlay inhibition assays.
Lipid extraction. The lipid fraction was extracted from 100 ml of culture

supernatant with chloroform-methanol (1:1, vol/vol), and the resulting chloro-
form layer was dried with a flash evaporator. The lipid fraction was dispersed in
BSA-PBS with a sonic disruptor, and the suspension was used in the binding
suppression assay.
Heat treatment. The ammonium sulfate precipitates from the neutralized

cultured supernatant of BL2928 were heat treated at various temperatures for 10
min and used in TLC overlay inhibition assays.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis. Protein

profiles of the different fractions obtained were examined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis with a 7.5% acrylamide gel (13). All
the gels were stained either with Coomassie brilliant blue R250 or with silver
reagent, using a silver staining kit (Bio-Rad Laboratories).
Determination of protein content. The protein content of all fractions was

measured with a protein assay kit (Bio-Rad Laboratories). Bovine serum albu-
min was used as the standard. The relative protein content was also measured by
monitoring the spectrophotometric absorption at 280 and/or 254 nm.

RESULTS

Binding patterns of bifidobacteria to glycolipids. Figure 1
shows the chromatograms of glycolipids developed on TLC
plates which were visualized by using orcinol reagent. Figure 2
shows the binding spectrum of several species of Bifidobac-
terium for glycolipids on TLC plates. The binding patterns
differed somewhat among various species of Bifidobacterium.
Bifidobacterium longum SBT 2928 (BL2928) bound to all gly-
colipids tested, including a mixture of globosides, and to phos-
phatidylethanolamine. The binding patterns of B. breve SBT
2803 and B. infantis SBT 2852 were relatively similar. B. bifi-
dum SBT 0583 showed particularly strong binding to ganglio-
sides. Three of the four species of Bifidobacterium tested
bound to the GA1 molecule, but the binding was relatively
weak except for B. breve SBT 2803. In general, binding to all of
the negatively charged glycolipids, ganglosides, and sulfatide
was observed. All the gangliosides tested exhibited comparable
affinity for bifidobacterial cells. Interestingly, however, all of

TABLE 1. Composition of GPV medium for bifidobacteria

Ingredient Amt
(g/liter)

Ammonium sulfate .......................................................................... 3
L-Cysteine HCl z H2O...................................................................... 0.5
K2HPO4............................................................................................. 1.1
KH2PO4............................................................................................. 1.9
MgSO4 z 7H2O ................................................................................. 0.2
Trypticase peptone (BBL) .............................................................. 30
Glucose.............................................................................................. 25
MnSO4 z 7H2O ................................................................................. 0.25
FeSO4 z 7H2O................................................................................... 0.015
Sodium acetate................................................................................. 1.5
Sodium citrate .................................................................................. 0.05
Tween 80........................................................................................... 0.1
Folic acid........................................................................................... 0.1
Nicotinamide .................................................................................... 0.001
Pantothenic acid............................................................................... 0.001
Pyridoxol ........................................................................................... 0.001
Riboflavin.......................................................................................... 0.001
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the Bifidobacterium strains also bound to the ceramide moiety
itself (Fig. 2B, lanes 1).
Binding patterns of E. coli strains to glycolipids. The glyco-

lipid-binding specificity of two strains of E. coli (ETEC Pb176
and commensal E. coli SBT3242) was examined (Fig. 3). Both
strains bound firmly to GA1, whereas binding to other glyco-
lipids and to phosphatidylethanolamine was virtually negligi-
ble.
Competition between bifidobacteria and E. coli for binding

to the GA1 molecule. Figure 4 shows the binding competition

between two strains of E. coli (ETEC Pb176 and E. coli
SBT3242) and BL2928. BL2928 clearly inhibits the binding of
both E. coli strains to GA1 on TLC; however neither of the
E. coli strains showed much inhibition of BL2928 binding to
GA1 (Fig. 4C). Almost identical results were obtained with the
other bifidobacteria (B. infantis SBT 2852, B. breve SBT 2803,
and B. bifidum SBT 0583 [data not shown]).
Inhibition of the binding of E. coli to GA1 by neutralized

culture supernatant fluid of bifidobacteria. To check the pos-
sibility that bifidobacteria produce factors that reduce the
binding affinity of E. coli strains to GA1, E. coli strains were
preincubated with neutralized Bifidobacterium culture super-
natant fluid before being overlaid onto TLC plates on which
GA1 had been developed. Figure 5 shows that culture super-
natants of all species of Bifidobacterium inhibited ETEC bind-
ing to GA1. In subsequent experiments, we focused on the
inhibitory activity of BL2928, because B. longum is a predom-
inant species in the human intestinal bifidobacterial flora and
it also serves as an important starter for producing fermented
milk.
Effects of BL2928 culture media and deionization on ETEC-

binding inhibition. Table 2 summarizes the effects of culture
media and several deionization procedures on the inhibitory
activity of neutralized culture supernatant fluid of BL2928.
None of the deionization procedures significantly affected the
inhibitory activity of the culture supernatant fluid. These re-
sults suggest that inhibition of E. coli binding was independent
of culture medium and ionic strength. The inhibitory materi-
al(s) was judged to have almost no charge at about pH 6 (from
the results of deionization with the mixed-bed ion-exchange
resin) and to have a molecular weight greater than 6,000 to
8,000 (from the results of dialysis).
Recovery of the inhibitory activity by salting out. The am-

monium sulfate precipitate (85% saturation) of the neutralized
culture supernatant fluid of BL2928 was dialyzed and recon-
stituted to its original volume with BSA-PBS. The binding-
inhibitory activity of this fraction was comparable to that of the
original neutralized spent-culture fluid of the strain (data not
shown).
Activity in the lipid fraction. The lipid fraction was extracted

from the culture supernatant fluid with chloroform-methanol
(1:1) and reconstituted in culture supernatant fluid to its orig-

FIG. 1. Thin-layer chromatograms of glycolipids. (A) Lanes: 1, 5 mg of asialo
GM1 (Accurate Chemical, Westbury, N.Y.); 2, 5 mg of asialo GM2 (Accurate
Chemical); 3, 20 mg of gangloiside mixture from bovine brain (Sigma Chemical
Co., St. Louis, Mo.); 4, 20 mg of an equal mixture of globosides (galactosylcer-
amide, lactosylceramide, globotriaosylceramide, and globotetraosylceramide;
Matreya, Inc., Pleasant Gap, Pa.); 5, globotetraosylceramide (Accurate Chemi-
cal); 6, 5 mg of phosphatidylethanolamine (Sigma). The TLC plate was devel-
oped with chloroform-methanol-water (60:40:9, vol/vol/vol). (B) Lanes: 1, 5 mg of
ceramide type III and 5 mg of ceramide type IV (Sigma); 2, 5 mg of glucosylce-
ramide (Sigma) and 5 mg of globotriaosylceramide (doublet; Accurate Chemi-
cal); 3, 5 mg of galactosylceramide (doublet; Sigma) and 5 mg of globotetraosyl-
ceramide (Accurate Chemical); 4, 5 mg of lactosylceramide (Sigma); 5, 5 mg of
sulfatide (Sigma). The TLC plate was developed with chloroform-methanol-
water (65:24:4, vol/vol/vol). The materials developed on both TLC plates were
detected with orcinol reagent.

FIG. 3. Autoradiograms of bound 35S-labelled E. coli strains. Lanes: 1, 5 mg of asialo GM1 (Accurate Chemical); 2, 5 mg of asialo GM2 (Accurate Chemical); 3,
20 mg of a gangloiside mixture from bovine brain (Sigma); 4, 20 mg of an equal mixture of globosides (mixture of galactosylceramide, lactosylceramide, globotriao-
sylceramide, and globotetraosylceramide; Matreya, Inc.); 5, globotetraosylceramide (Accurate Chemical); 6, 5 mg of phosphatidylethanolamine (Sigma). The TLC plate
was developed with chloroform-methanol-water (60:40:9, vol/vol/vol).
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FIG. 2. (A) Autoradiograms of bound 35S-labelled bifidobacteria. Lanes: 1, 5 mg of asialo GM1 (Accurate Chemical); 2, 5 mg of asialo GM2 (Accurate Chemical);
3, 20 mg of gangloiside mixture from bovine brain (Sigma); 4, 20 mg of an equal mixture of globosides (mixture of galactosylceramide, lactosylceramide, globotriao-
sylceramide, and globotetraosylceramide; Matreya, Inc.); 5, globotetraosylceramide (Accurate Chemical); 6, 5 mg of phosphatidylethanolamine (Sigma). The TLC plate
was developed with chloroform-methanol-water (60:40:9, vol/vol/vol). (B) Autoradiograms of bound 35S-labelled bifidobacteria. Lanes: 1, 5 mg of ceramide type III
(Sigma); 2, 5 mg of ceramide type IV (Sigma); 3, 5 mg of sulfatide (Sigma); 4, 5 mg of glucosylceramide (Sigma); 5, 5 mg of lactosylceramide (Sigma). The TLC plate
was developed with chloroform-methanol-water (65:24:4, vol/vol/vol).
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inal concentration. This fraction did not show any inhibitory
activity on the binding of ETEC to GA1. Even after reconsti-
tution of the lipid extract in 1/10 of its original volume, there
was no inhibitory activity (data not shown).
Effect of heat treatment on the inhibitory activity of the

ammonium sulfate precipitates. The inhibitory activity of the
precipitates almost disappeared after they were heated at
1008C for 10 min. Heat treatment for 10 min at 608C caused an
approximately 90% loss of activity (data not shown).
Time-dependent production of the binding inhibitory activ-

ity. Figure 6 shows that there is a time-dependent increase in
the production of inhibitory activity as measured in ammonium
sulfate precipitates of BL2928 culture supernatant fluid. Ac-
tivity could be detected as early as 24 h after culturing BL2928.
Binding-inhibitory activity of BL2928 against various unre-

lated bacteria which bind to GA1. Figure 7 shows an inhibition
spectrum of the ammonium sulfate precipitate prepared from
culture supernatant fluid of BL2928 against several bacteria
which show affinity for GA1. The ammonium precipitate frac-
tion reduced not only the binding of enterotoxigenic E. coli
Pb176 to GA1 but also the binding to GA1 of two strains of

human commensal E. coli (SBT 3146 and SBT 3242), Pseudo-
monas aeruginosa SBT 3092, and Burkholderia cepacia 61 (the
last bacterium was isolated from sputum of Toronto patients
with cystic fibrosis).
Protease treatment of the fraction containing the binding-

inhibitory activity. Table 3 shows the effect of proteinase K
treatment of ammonium sulfate precipitates of BL2928 culture
supernatant fluid on ETEC binding to GA1. Proteinase K
treatment reduced the binding-inhibitory activity, and the de-
crease was more marked as the amount of proteinase K added
was increased.
Molecular weight estimation. Molecular weight estimation

of the ETEC-binding inhibitory activity of BL2928 was per-
formed by using a combination of two different gel filtration
columns (Bio-Gel P100 and Bio-Gel P10). Most of the activity
was found in the void volume after gel filtration through the
Bio-Gel P100 column (P100V fraction). Proteinase K treat-
ment of this fraction also reduced the ETEC-binding inhibitory
activity in a dose-dependent manner (data not shown).

FIG. 4. Competition between E. coli strains and BL2928 for binding to GA1. Relative binding strength of a commensal E. coli SBT3242 (A) and ETEC Pb176 (B)
to GA1 in the presence of various concentrations of BL2928. Values on the x axis express the optical density (OD) of BL2928 in the competition assay system. (C) Reverse
binding competition between labeled BL2928 and the two strains of E. coli. One OD unit corresponds to 2 3 109 CFU/ml for E. coli and 3 3 108 CFU/ml for BL2928.

FIG. 5. Inhibitory activity of neutralized cultured supernatants of several
species of bifidobacteria on the binding of ETEC (E. coli Pb176) to GA1.
Radiolabeled ETEC cells were suspended in each neutralized cultured superna-
tant and overlaid on TLC plates on which GA1 (5 mg) had been developed. The
binding strength was measured densitometrically and compared with the binding
strength of controls (in BSA-PBS), set to a binding value of 100. Data are
expressed as the mean relative binding strength 6 standard deviation (n 5 5).

TABLE 2. Effects of deionization on ETEC-binding inhibition by
neutralized spent culture supernatant fluids of BL2928a

Medium

% Relative binding inb:

Uninocu-
lated
medium

Neutralized culture supernatant fluidc

Intact

Deionized with:

AG501X8d Octyl-
silane Dialysis

BLA 75.4 6 8.3 16.5 6 3.3 23.4 6 4.7 20.9 6 2.9 30.3 6 3.5
MRS 105.0 6 8.2 37.0 6 5.0 42.6 6 3.8 44.5 6 9.1 52.0 6 6.6
MRS lacking
meat extract

120.0 6 20.0 56.0 6 6.4 43.7 6 7.2 54.8 6 4.0 52.3 6 8.4

GPV 85.6 6 10.7 31.0 6 6.0 38.0 6 5.8 40.9 6 7.7 45.6 6 4.9

a ETEC cells were coincubated with uninoculated medium or intact or deion-
ized neutralized spent culture supernatant fluid (reconstituted to the original
volume) and then overlaid onto TLC plates on which GA1 had been developed
as described in Materials and Methods. The control binding strength of ETEC to
GA1 was measured in BSA-PBS and was set at 100.
b Data are expressed as percent relative binding strength 6 standard deviation

(n 5 5) compared with control binding.
c Neutralization was performed by adding 10 N NaOH until the pH reached 6.
d A mixed-bed ion-exchanger supplied by Bio-Rad.
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DISCUSSION

This study provides evidence that several strains of Bifido-
bacterium of human origin, including BL2928, release a pro-
teinaceous molecule(s) which interferes with the adhesion of
several strains of bacteria (including strains of ETEC and com-
mensal E. coli) to GA1 (asialo-GM1). Binding of E. coli strains
to GA1 was measured in vitro by TLC overlay binding sup-
pression assays.
ETEC strains are the major cause of bacterial diarrhea,

especially in infants (14) and in travelers to developing areas
(6). For many years, it has been claimed that ingestion of
certain preparations of bacteria, particularly lactose ferment-
ers (including bifidobacteria), can prevent or ameliorate bac-
terial diarrheas. Recently, interest has been focused on under-
standing the mode of the defensive action of these bacterial
preparations used as probiotics.
The predominance of bifidobacteria in the intestinal flora of

newborn babies has been well established (2, 18). Bifidobacte-
ria appear between days 2 and 5 after birth (16) and become
dominant within 1 week. At this time, they account for 99% of
the fecal microflora. The bifidobacterial biofilm covers the
intestinal epithelial wall and provides a defense against patho-
genic bacteria and/or opportunistic pathogens (1, 10, 15). Mi-
zutani and Mitsuoka (17) showed that some kinds of lactic acid
bacteria, including B. longum, lowered the population of E. coli
in the gut microflora in gnotobiotic mice. Faure et al. (4)

reported that B. longum conferred complete resistance to col-
onization by an E. coli strain pathogenic to gnotobiotic rats.
Yamazaki et al. (28) reported similar protective effects of B.
longum in gnotobiotic mice. Several possible protection mech-
anisms have been postulated (20), although the exact mecha-
nism(s) has not yet been elucidated. Bernet et al. (1) have
reported competitive binding between bifidobacteria and en-
teropathogens for cultured Caco-2 cells, but the mechanism of
competition was not described.
In the present study, we demonstrated that bifidobacteria,

especially B. longum, inhibit the binding of E. coli strains (in-
cluding one ETEC strain) to the GA1 binding site. Three of
the four Bifidobacterium strains that we tested showed affinity
to GA1; therefore direct competitive exclusion of E. coli strains
would be expected. The E. coli strains that bound to GA1
blocked the adherence of bifidobacteria to GA1 very slightly,
whereas there was a dramatic effect of bifidobacteria on re-

FIG. 6. Growth curve of BL2928 (A) and time-dependent expression of the
inhibitory activity for ETEC (E. coli Pb176) binding to GA1 (B) in ammonium
sulfate precipitates of culture fluids at various culture ages. The binding-inhibi-
tory activity is shown as the relative binding strength 6 standard deviation (n 5
3) compared with the binding strength (100%) in the presence of the starting
(zero time) medium. Ammonium sulfate precipitates were dialyzed and recon-
stituted to their original volume with BSA-PBS. BLA was used as the culture
medium in this experiment. OD, optical density.

FIG. 7. Spectrum of the inhibitory activity of ammonium sulfate precipitates
from cultured BL2928 supernatant on the binding of various bacteria to GA1.
Abbreviations: BC61, B. cepacia 61; PA3092, P. aeruginosa SBT 3092; EC3146, E.
coli SBT 3146 (commensal strain, human origin); EC3242, E. coli SBT 3242
(commensal strain, human origin); ECPb176, E. coli Pb176 (enterotoxigenic
strain, human origin); C, the assay was carried out in BSA-PBS; NB, the assay
was carried out with the ammonium precipitate fraction from fresh BLA (re-
constituted to the original volume with BSA-PBS); NB, the assay was carried out
with the ammonium sulfate precipitates from neutralized cultured BLA (recon-
stituted to the original volume with BSA-PBS). Data are expressed as the percent
relative binding strength 6 standard error of the mean (n 5 3) with respect to
control (100%) binding.

TABLE 3. Effect of proteinase K treatment on the ETEC-binding
inhibitory activity of ammonium sulfate precipitates

of BL2928 culture supernatant

Treatment Relative binding
strengtha

Control (BSA-PBS) ............................................................. 100
PPTb....................................................................................... 17.5 6 9.2
PK/PPT (1:100)c ................................................................... 29.2 6 10.0
PK/PPT (1:10) ...................................................................... 60.0 6 20.2
PK/PPT (1:1) ........................................................................ 95.0 6 11.8

a Data are expressed as relative binding strength 6 standard deviation (n 5 3)
compared with the control binding (100%).
b The assay was carried out in the presence of the ammonium sulfate precip-

itate fraction (reconstituted to one-fifth of the volume with BSA-PBS) from
neutralized culture supernatant of BL2928.
c Assays were carried out in the presence of proteinase K-treated ammonium

sulfate precipitates (reconstituted to one-fifth of the volume with BSA-PBS)
from neutralized culture supernatant of BL2928. Numbers in parentheses show the
ratio by weight (protein basis) of proteinase K to ammonium sulfate precipitates.
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ducing the binding of E. coli strains to GA1. In part, this may
be explained by the greater affinity of bifidobacteria for the
ceramide moiety of glycolipids. It is likely that bifidobacteria
form nonspecific hydrophobic interactions with GA1 and that
inhibition of E. coli binding is due in part to steric hindrance
effects, rather than to the attachment to specific carbohydrate
epitopes on the GA1 receptor.
As determined in this study, an inhibitory factor(s) in the

neutralized culture supernatants of bifidobacteria prevents the
binding of E. coli strains to GA1. The inhibitory factor(s) is
unlikely to be a lipid, as it was not extracted by organic sol-
vents. In addition, the precipitates obtained by salting out from
the culture supernatant retained most of the binding-inhibitory
activity, indicating that the inhibitor may be a high-molecular-
weight electrolyte(s). The activity was found to increase with
the time of growth of BL2928, reaching a maximum level about
72 h after the inoculation of BL2928. The involvement of other
nonbacterial constituents of the culture media was excluded as
contributing to the inhibitory activity. For example, BL2928
produced the active factor(s) even when cultured in GPV me-
dium, a defined medium for bifidobacteria which contains no
added proteins or other constituents which would be retained
within a dialysis membrane (molecular weight cutoff, 6,000 to
8,000) or eluted in the void volume fraction of Bio-Gel P100.
The binding-inhibitory activity produced by BL2928 was de-
stroyed by treatment with proteinase K. Cumulatively, our re-
sults argue for a proteinaceous nature of the binding inhibitor.
The factor(s) was partially resistant to organic solvents

(chloroform-methanol extraction and methanol elution from a
hydrophobic interaction chromatography column) and heat
treatment. Fractionation by gel filtration suggested that the
active component(s) had a molecular weight of at least
100,000. In addition, the factor(s) seemed to have a neutral
isoelectric point, because desalting with a mixed-bed ion-ex-
changer did not significantly affect its inhibitory activity around
pH 6. We do not have enough data as yet to judge whether the
inhibitor is a secreted protein(s) from BL2928 or is a loosely
associated surface layer protein(s). The exact mechanism(s) by
which it interferes with E. coli binding remains to be clarified.
It has been reported that several other microorganisms, includ-
ing P. aeruginosa and B. cepacia, also bind to GA1 (7, 23).
Since the binding of both of these strains was reduced by the
proteinaceous factor(s) released by BL2928, the factor(s)
probably interacts directly with the GA1 molecule rather than
with the different bacterial adhesins for GA1.
This is the first study to show that bifidobacteria produce a

proteinaceous factor(s) which inhibits the adherence of some
E. coli (and other) strains to the GA1 molecule in vitro. Ibrahim
and Bezkorovainy (11) reported that organic acids of bifido-
bacteria serve as anti-infectious agents. It is possible, therefore,
that organic acids and the proteinaceous factor(s) produced by
BL2928 work together in vivo to interfere with the binding of
E. coli strains to intestinal epithelium. Since the adhesion of
pathogenic bacteria to host tissues is regarded as a prerequisite
for colonization-based infection, inhibition by bifidobacteria
may help to prevent infection in the early stage of colonization.
It is not known yet whether all bifidobacterial strains secrete

the same or a similar proteinaceous factor(s). Future research
will examine the possible in vivo significance of the GA1-
binding phenomenon described and will be directed at the
purification and characterization of the inhibitory protein(s).
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