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To describe the phenomena of bacterial adhesion to intestinal cells and the competition for adhesion between
bacteria, mathematical equations based on a simple dissociation process involving a finite number of bacterial
receptors on intestinal cell surface were developed. The equations allow the estimation of the maximum
number of Lactobacillus sp. and Escherichia coli cells that can adhere to Caco-2 cells and intestinal mucus; they
also characterize the affinity of the bacteria to Caco-2 cells and intestinal and fecal mucus and the theoretical
adhesion ratio of two bacteria present in a mixed suspension. The competition for adhesion between Lacto-
bacillus rhamnosus GG and E. coli TG1 appeared to follow the proposed kinetics, whereas the competition
between Lactobacillus casei Shirota and E. coli TG1 may involve multiple adhesion sites or a soluble factor in
the culture medium of the former. The displacement of the adhered Lactobacillus by E. coli TG1 seemed to be
a rapid process, whereas the displacement of E. coli TG1 by the Lactobacillus took more than an hour.

Probiotics are viable bacterial cell preparations or compo-
nents of bacterial cells that have beneficial effects on the health
and well being of the host (9, 17). Many of the probiotic
bacteria are lactic acid bacteria and are useful in the treatment
of dysfunctions with disturb intestinal microflora and abnormal
gut permeability (10). Successful probiotic bacteria are usually
able to colonize the intestine, at least temporarily, by adhering
to the intestinal mucosa (1, 11, 19, 20). Studies have also
suggested that adhesive probiotic bacteria could prevent the
attachment of pathogens, such as coliform bacteria and clos-
tridia, and stimulate their removal from the infected intestinal
tract (1, 11, 19, 20).

Laboratory models using human intestinal cell lines such as
Caco-2 (2, 5, 8, 15, 22) and intestinal mucus (13) have been
developed to study the adhesion of probiotic lactic acid bacte-

ria and their competitive exclusion of pathogenic bacteria. In
this study, a quantitative approach is proposed for the design
of experiments and interpretation of data in laboratory studies
using cell line and mucus models. This approach provides a
better insight to the mechanism of competition between pro-
biotic bacteria and pathogens, and thus allows development of
more efficient probiotic products.

MATERIALS AND METHODS

Bacterial strains. Two commercial probiotic strains were used: Lactobacillus
casei Shirota obtained from Yakult Singapore Pty., Ltd., and Lactobacillus
rhamnosus GG (ATCC 53103) obtained from the National Collection of Indus-
trial and Marine Bacteria Ltd. (Aberdeen, Scotland). Both bacterial strains have
clinically demonstrated probiotic properties (9). The bacteria were cultured in
MRS broth (BBL Cockeysville, Md.) at 37°C with 5% CO2 for 18 h before the
study. Escherichia coli TG1 (Gibson, 1984) was obtained from C. K. Lim (of the
Microbiology Department) and it was grown in Luria-Bertani broth (BBL) at
37°C for 18 h before the study. E. coli TG1 was chosen for this bacterium has a
maximum adhesion to Caco-2 cells which falls between that of L. casei Shirota
and that of L. rhamnosus GG. For the mucus assay (see below) (methyl,19,29-3H)

FIG. 1. Adhesion of L. rhamnosus GG, L. casei Shirota, and E. coli TG1 to
human intestinal cell line Caco-2, presented as the number of bacteria bound per
100 Caco-2 cells versus the concentration of bacteria added (CFU per milliliter).
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FIG. 2. Double-reciprocal representation of the adhesion of L. rhamnosus
GG and L. casei Shirota to human intestinal cell line Caco-2. The lines indicate
the linear fit according to the least-squares method.
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thymidin was added to the media at a concentration of 10 ml ml21 (117 Ci
mmol21) to radiolabel the bacteria.

Intestinal cell culture. The Caco-2 cell culture (7) was used in the adhesion
assay. This human colon adenocarcinoma cell line was obtained from the Amer-
ican Type Culture Centre (Manassas, Va.). The cells were cultured in Dulbecco’s
modified Eagle’s minimal essential medium (DMEM) (GIBCO-BRL), contain-
ing 25 mM glucose, 20% (vol/vol) heated inactivated fetal calf serum (GIBCO-
BRL), and 1% nonessential amino acids (GIBCO-BRL). The cells were grown at
37°C in 5% CO2. For the adhesion assay, monolayers of Caco-2 cells were
prepared in two-chamber slides (Lab-Tek chamber slide; Nunc Inc.) by inocu-
lating 2.8 3 105 viable cells into 2 ml of culture medium. The medium was
replaced every two days.

Intestinal mucus. Intestinal mucus was isolated from feces of healthy adult
volunteers as described earlier (13). In short, fecal extracts were prepared by
homogenizing feces in phosphate-buffered saline (PBS) (pH 7.2) containing
protease inhibitors and sodium azide and centrifuging the suspension at 15,000 3
g. The mucus was isolated from the clear fecal extract by dual ethanol precipi-
tation. The crude mucus was further purified by size exclusion chromatography.

Human ileostomy glycoproteins were a generous gift from J. G. H. Ruseler-
van Embden of the Erasmus University, Rotterdam, The Netherlands.

Adhesion assay. (i) On Caco-2 cells. Fifteen-day-postconfluent Caco-2 mono-
layers were washed twice with 1 ml of sterile PBS before the adhesion assay. One
ml of the test bacteria at concentrations between 1 3 105 and 4 3 108 CFU ml21

were added to 1 ml of complete Caco-2 medium. This suspension (2 ml) was
added to each chamber of the two-chamber slide and incubated at 37°C, in a 5%
CO2–95% air atmosphere, with gentle rocking. After incubation for 60 min, the
monolayers were washed twice with sterile PBS (pH 7.2), fixed with methanol,
Gram stained, and examined microscopically. Visual counting of adhered cells
was adopted in this study, for it allows the differentiation of the gram-positive
Lactobacillus and gram-negative E. coli. Each adherence assay was conducted in
triplicate by two students (Y.Y.L. and W.L.T.), and the number of adherent
bacteria was counted on about 1,000 Caco-2 cells, in 60 randomly selected
microscopic fields. To stimulate the physiological pH condition of the gastroin-
testinal tract, all experiments were done at pH 7.

In the study of the competition for adhesion on Caco-2 cells, Lactobacillus and
E. coli were added simultaneously or sequentially to the Caco-2 cultures before
counting. In the latter case, free cells of the first bacterium were removed by
washing with PBS (pH 7.2) before the second bacterium was added. The lactic
acid bacteria have the tendency to form chains and aggregates. It was necessary
to disperse the chains and aggregates of the bacterial cells before the adhesion
study, to ensure that cells observed under the microscope in the adhesion assay
were cells adhered to Caco-2 and ileosotomy glycoprotein surfaces (13).

(ii) On immobilized mucus and ileostomy glycoproteins. The study of adhe-
sion of the microorganisms on mucus and ileostomy glycoproteins was performed
as described earlier (13). In short, human intestinal mucus or human ileostomy
glycoprotein was passively immobilized in microtiter plate wells. Bacteria were
allowed to bind to the mucus or ileostomy glycoproteins at concentrations be-
tween 4.4 3 106 and 4.1 3 108 CFU z ml21. The radioactivity was assessed by
liquid scintillation. The relation between the measured radioactivity and the
number of bacteria was determined by plate counting.

Theory. In many studies on the adhesion of bacterial cells to intestinal epi-
thelial cells, when the number of bacterial cells adhered to intestinal cells is

plotted against the concentration of bacterial culture, a section of a rectangular
hyperbola is obtained, as shown in Fig. 1. Such a relationship implies a process
of simple dissociation. That is,

Bacteria 1 Intestinal cell ¢O¡
k 1 1

k 2 1
Bacterium-Intestinal cell complex

where k 1 1 and k 2 1 represent the dissociation constants for the reaction. The
process is similar to the reaction between a substrate and an enzyme that forms
a substrate-enzyme complex, without the formation of a product.

The relationship is based on the assumption that the interaction between the
bacterial cells and the intestinal cells or mucus remains in equilibrium. This
condition should be achieved if the bacterial cells do not penetrate the intestinal
cells.

It is also assumed that the concentration of the bacterial culture remained
essentially unchanged throughout the study, so that the concentration of the
bacterial culture can be considered equal to the initial bacterial concentration.
This condition is usually achieved when the total number of bacterial cells is
much greater than the number of bacterial cells adhering to the intestinal cells.
This is usually the case in most of the adhesion studies, where the concentration
of the bacterial cells added is in the range of 105 to 108 per ml, whereas that of
the intestinal cell culture (e.g., Caco-2 cells) is about 102 per ml and the number
of bacterial cells adhered to the Caco-2 cells is fewer than 10 per cell.

In the equation described above, if x is the concentration of the bacterial
culture added, e is the intestinal epithelial cell or mucus concentration, and ex is
the concentration of the bacterium-intestinal cell-mucus complex, then the con-
centration of free bacterial cells will be (x 2 ex).

Because the process is in equilibrium, the dissociation constant for the process
(kx) can be defined as kx 5 (k 2 1)/(k 1 1) 5 (x 2 ex)x/ex. This equation can be
rearranged to give an expression for the concentration of the bacterium-intesti-
nal cell-mucus complex, ex 5 e z x/(kx 1 x). When x is very much larger than kx,
ex approaches e. The maximum value of ex obtained when the intestinal cells or
mucus is saturated with bacteria as em, which may be written as

ex 5 em z x/~kx 1 x! (1)

When x is equal to kx, ex is equal to em/2; thus, the value of kx could be
experimentally obtained from the value of x, which gives half the maximum ex
(i.e., em/2).

Equation 1 can be rearranged to give a linear relationship.

1/ex 5 1/em 1 kx/em z x (2)

FIG. 3. Double-reciprocal representation of the adhesion of E. coli TG1 to
human intestinal cell line Caco-2. The lines indicate the linear fit according to the
least-squares method.

TABLE 1. Maximum number of adhered bacterial cells on 100
Caco-2 cells and dissociation constant of the adhesion

process for various strainsa

Strain em (cells/100 Caco-2 cells) kx (cells/ml)

L. casei Shirota 137.9 8.62 3 107

L. rhamnosus GG 1,612.9 2.08 3 108

E. coli TG1 500 4.76 3 108

a The values were calculated from equation 2 based on the data presented in
Fig. 2 and 3.

TABLE 2. Adhesion of bacteria to Caco-2 cells in mixed bacterial suspensiona

L. rhamnosus added
(cells/ml)

Total no. of cells counted
Observed
eE 6 SD

Observed
eL 6 SD

Observed
eE 1 eL

Observed
eE/eL

Predicted
eE/eLAdhered

L. rhamnosus
Adhered

E. coli Caco-2

1 3 108 3,289 420 995 42.21 6 1.32 330.55 6 45.40 372.76 0.128 0.166
2 3 108 3,801 281 954 29.45 6 19.36 398.43 6 46.64 427.88 0.074 0.071
3 3 108 3,443 130 981 13.25 6 8.85 350.97 6 19.08 364.22 0.038 0.041

a eE and eL number of E. coli TG1 and L. rhamnosus cells adhered to 100 Caco-2 cells, respectively.
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Hence, a plot of 1/ex against 1/x will give a straight line, in which the intercept on
the ordinate gives a value of 1/em, and that on the abscissa gives a value of 21/kx.

In the case where two types of bacteria are present in the system and they
compete for the same receptors or adhesion sites (through steric hindrance of
cells in close vicinity), the competition for adhesion of each of the bacterial types
is determined by the affinity of the bacteria to the intestinal cells or the intestinal
mucus (kx) and the concentration of the bacterial culture (x). Thus, the ratio of
ex for bacterium 1 and bacterium 2 can be described as

ex1/ex2 5 em1/em2 z x1/x2 z ~kx2 1 x2!/~kx1 1 x1! (3)

Statistics. Differences between treatments were examined for the level of
significance by Student’s t test after analysis of variance.

RESULTS

Adhesion of bacteria to Caco-2 cells. When the concentra-
tion of adhered bacterial cells (cells per 100 Caco-2 cells) was
plotted against the concentration of bacterial cells added, a
hyperbolic relation was observed for all three of the bacteria
tested (Fig. 1).

The plots of the reciprocal of adhered cell concentration
versus the reciprocal of the concentration of cells added, for L.
casei Shirota and L. rhamnosus GG are given in Fig. 2, and that
for E. coli is given in Fig. 3. In all the cases a linear relationship
was observed. It follows from equation 2 that the intercept on
the ordinate gives the value of the reciprocal of the maximum
number of bacterial cells adhered to 100 Caco-2 cells (em). The
intercept on the abscissa is 21/kx, where kx is the dissociation
constant for the adhesion process. Thus, the values of em and
kx for the three bacteria were calculated, and they are summa-
rized in Table 1.

As shown in Table 1, among the three bacteria studied, the
maximum number of L. rhamnosus GG cells that can adhere to
Caco-2 cells is about 10 times that of the L. casei Shirota,
whereas the maximum adhesion number of E. coli TG1 is
between those of the two lactobacilli. E. coli TG1 was chosen
for this study as it would allow us to understand the competi-
tion of an enterobacterium with a lactic acid bacterium which
has a higher adhesion capacity (i.e., L. rhamnosus GG) and
with one whose adhesion capacity is lower (i.e., L. casei Shi-
rota).

L. casei Shirota’s having the lowest kx implies that it has a
higher affinity for adhesion to Caco-2 cells than do L. rham-
nosus GG and E. coli TG1; i.e., adhered L. casei Shirota dis-
sociates less easily than the other two bacteria.

Competition between Lactobacillus and E. coli for adhesion.
In this study, various concentrations of a Lactobacillus strain
(2 3 108 to 6 3 108 cells ml21) were mixed with an equal
volume of E. coli (2 3 108 cells ml21) and then added onto the
Caco-2 cells. The final concentration of the respective bacterial
strains is thus half of the original concentration. The Gram-
stained Lactobacillus and E. coli adhered on Caco-2 cells could
be easily differentiated and counted microscopically. The ob-
served concentrations of the adhered Lactobacillus and E. coli
and the predicted ratio of the two bacteria based on equation
3 are given in Tables 2 and 3.

In the case of L. rhamnosus GG, the predicted ratio of E. coli
and lactobacilli counted on Caco-2 cells (eE/eL) is comparable
to the observed values (Table 2). In the case of L. casei Shirota,
the predicted values of eE/eL are 1.169 to 1.806 for the three
concentrations of Lactobacillus added. A value of .1 indicates
that the Lactobacillus has been excluded by E. coli for adhesion
to Caco-2 cells. The observed values of eE/eL are 8 to 23 times
lower than the predicted values, ranging from 0.062 to 0.135.

Exclusion of E. coli by adhered lactobacilli. In the study, the
lactobacilli (108 cells ml21) were allowed to adhere to Caco-2
cells. Nonadhered Lactobacillus cells were removed by PBS,
and then the E. coli TG1 (108 cells ml21) was added and
incubated with Caco-2 cells for 1 h. The respective adhesion
number of the two bacteria was counted and is shown in Table
4.

In the case of L. rhamnosus GG, the concentration of the E.
coli TG1 counted (160.56 6 14.14 cells/100 Caco-2 cells) was
not statistically different (P . 0.05) compared with E. coli when
it was added alone and incubated with Caco-2 cells (169.16 6
15.63 cells/100 Caco-2 cells), whereas in the case of L. casei
Shirota, the concentration of the E. coli TG1 counted (122.26 6
15.66 cells/100 Caco-2 cells) was significantly lower (P , 0.05)
than that of E. coli (169.16 6 15.63 cells/100 Caco-2 cells).
However, in both of the studies involving L. rhamnosus GG
(62.36 6 11.10 cells/100 Caco-2 cells) and L. casei Shirota
(53.95 6 2.82 cells/100 Caco-2 cells), the counts of the lacto-
bacilli were much lower than those when L. rhamnosus
(397.7 6 53.2 cells/100 Caco-2 cells) and L. casei (78.94 6 9.60)
alone were incubated with Caco-2 cells. The values of eE/eL

were greater than 1; i.e., there were more E. coli cells than
lactobacilli.

TABLE 3. Adhesion of bacteria to Caco-2 cells in mixed bacterial suspensiona

L. casei added
(cells/ml)

Total no. of cells counted
Observed
eE 6 SD

Observed
eL 6 SD

Observed
eE 1 eL

Observed
eE/eL

Predicted
eE/eLAdhered

L. casei
Adhered

E. coli Caco-2

1 3 108 1,084 147 1,183 12.4 6 3.82 91.63 6 10.68 104.03 0.135 1.169
2 3 108 736 68 1,071 6.35 6 0.35 68.72 6 7.07 75.07 0.092 1.536
3 3 108 581 36 783 4.60 6 1.91 74.20 6 5.41 78.8 0.062 1.806

a eE and eL, number of E. coli TG1 and L. casei Shirota cells adhered to 100 Caco-2 cells, respectively.

TABLE 4. Results of the exclusion study in which Lactobacillus cells were allowed to adhere to Caco-2 cells before E. coli was addeda

Strain

Total no. of cells counted
Observed
eE 6 SD

Observed
eL 6 SD

Observed
eE 1 eL

Observed
eE/eLAdhered

Lactobacillus
Adhered

E. coli Caco-2

L. rhamnosus GG 484 1,246 776 160.56 6 14.14 62.36 6 11.10 222.92 2.57
L. casei Shirota 458 1,038 849 122.26 6 15.66 53.95 6 2.82 176.21 2.27

a eE and eL, number of E. coli and Lactobacillus cells adhered to 100 Caco-2 cells, respectively.
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Displacement of adhered E. coli TG1 by lactobacilli. In the
study, the E. coli TG1 (108 cells ml21) was allowed to adhere
on Caco-2 cells. Nonadhered E. coli cells were removed by
PBS, and then the lactobacilli (108 cells ml21) was added and
incubated with Caco-2 cells for 1 h. The adhesion numbers of
the two bacteria were counted and are shown in Table 5.

In both cases, the concentrations of the E. coli TG1 counted
are statistically lower (P , 0.05) than those when the E. coli
alone was incubated with Caco-2 cells (169.16 6 15.63 cells/100
Caco-2 cells). However, the values of eE/eL were greater than
1; i.e., there were more E. coli cells than lactobacilli.

Adhesion of bacteria to immobilized intestinal mucus and
ileostomy glycoproteins. When the number of bacterial cells
adhered to intestinal mucus or human ileostomy glycoproteins
per well (0.1-cm2 wells) was plotted against the number of
bacteria added per well, a near-linear to hyperbolic relationship
was observed for all three of the bacteria tested (Fig. 4 and 5).

Double-reciprocal plots of adhered L. rhamnosus GG and E.
coli TG1 against the concentration of bacteria added are pre-
sented in Fig. 6 and 7. A linear relation was observed for both
plots. A double-reciprocal plot of adhered L. casei Shirota is
shown in Fig. 8 and 9. This plot appears to be composed of two
linear parts with a break at around 1.7 3 107 CFU ml21 for the
intestinal mucus and 9.3 3 107 CFU ml21 for the human
ileostomy glycoprotein. The calculated em and kx values for the
bacteria are shown in Table 5. For L. casei Shirota, the maxi-
mum number of bacterial cells that can adhere to intestinal
mucus at low cell concentrations (5 3 104 cells well21) was
four times lower than that measured at high cell concentrations
(2 3 105 cells well21), while the maximum number of bacteria
that can adhere to ileostomy glycoprotein at low cell concen-
trations (1.96 3 105 cells well21) was 5.1 times lower than that
at high cell concentrations (106 cells well21). However, its
adhesion affinities on intestinal mucus and ileostomy glyco-
proteins were higher at low cell concentrations.

DISCUSSION

Our studies indicate that the direct microscopic counting
and radioactive label counting as measures of bacteria adhe-
sion gave comparable results. The microscopic method was
adopted in the studies for competition for adhesion, for it
allows the differentiation of the different bacterial types on the
Caco-2 cell surface. The present study demonstrated that the
adhesion process of bacteria on Caco-2 cells follows the math-
ematical relationship (equation 2) developed for a simple dis-

FIG. 4. Adhesion of L. rhamnosus GG, L. casei Shirota, and E. coli TG1 to
immobilized human intestinal mucus presented as the number of bacteria bound
per microtiter plate well (surface area, 0.1 cm2) versus the concentration of
bacteria added.

FIG. 5. Adhesion of L. rhamnosus GG (A) and L. casei Shirota and E. coli
TG1 (B) to immobilized human ileostomy glycoproteins presented as the num-
ber of bacteria bound per microtiter plate well (surface area, 0.1 cm2) versus the
concentration of bacteria added.

FIG. 6. Double-reciprocal representation of the adhesion of L. rhamnosus
GG and E. coli TG1 to immobilized human intestinal mucus. The lines indicate
the linear fit according to the least-squares method.

FIG. 7. Double-reciprocal representation of the adhesion of L. rhamnosus
GG and E. coli TG1 to immobilized human ileostomy glycoproteins. The lines
indicate the linear fit according to the least-squares method.
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sociation process involving a finite number of adhesion sites or
receptors on Caco-2 cells (Fig. 2 and 3). Thus, this allows the
maximum number of adhesion sites (em) to be estimated for
each bacterial strain and the adhesion affinity of respective
bacteria for Caco-2 cells to be estimated.

Among the bacteria studied, L. rhamnosus GG has the high-
est adhesion at saturation cell concentration, which is about 10
times higher than that for L. casei Shirota and three times
higher than that for E. coli TG1 (Table 1). Thus, the calcula-
tions suggest that if L. casei Shirota and E. coli TG1 are
competing for the same adhesion sites or surface receptors on
Caco-2 cells, L. casei Shirota would not be able to prevent the
adhesion of E. coli.

L. casei Shirota, on the other hand, has a higher affinity
(lower dissociation constant [kx]) than L. rhamnosus and E.
coli. That is, L. casei Shirota adheres more readily to and
dissociates less easily from Caco-2 cells.

A similar approach, applying the principles of Michaelis-
Menten enzyme kinetics to the study of E. coli adhesion to
intestinal cell monolayers, was proposed (6). It was concluded
that the adhesion of E. coli involved an initial reversible bind-
ing step that was followed by an irreversible step. In the
present study and others (4, 11, 19, 20), we had observed
competition between adhered cells and free cells for adhesion
sites on intestinal cells. The discrepancy between the former
and the latter studies may be due to the use of undifferentiated
cells in the former study.

In the studies, each of the lactobacilli was mixed with an
equal number of the E. coli TG1 cells, and the mixed culture
suspension was incubated with Caco-2 cells. If the lactobacilli
and E. coli were competing for the same adhesion sites or

surface receptors, the ratio of adhered E. coli (eE) to lactoba-
cilli (eL) would be expected to be determined by their em, cell
concentration added (x), and kx as described by equation 3.
This was the case when the L. rhamnosus GG and the E. coli
TG1 were competing for adhesion on Caco-2 cells (Table 2).
The predicted eE/eL values were close to the observed values
obtained experimentally. The results of this study suggest that
to achieve the lowest eE/eL, the concentration of L. rhamnosus
should approach the saturation concentration, i.e., .100 3 kx
or .2.08 3 1010 cells/ml. A concentration of 105 viable cells
per ml of a probiotic product has been suggested as the ther-
apeutic minimum for humans (16). Consumption of 106 to 1010

viable cells per day is necessary for a beneficial effect to de-
velop (9, 16, 18). Equation 3 developed in this study suggests
that the concentration of the probiotic bacterium is a critical
parameter in determining eE/eL. It is, nevertheless, expected
that a sufficient volume of a probiotic cell suspension must be
consumed so that the probiotic cells can saturate the entire
gastrointestinal (GI) tract, especially the lower part of the GI
tract.

In the study of the competition between L. casei Shirota and
E. coli TG1, calculations from equation 3 predicted that the E.
coli would compete well with L. casei for adhesion (eE/eL . 1),
because of the lower em of L. casei (137.9 cells/100 Caco-2
cells) compared with E. coli (500 cells/100 Caco-2 cells). Even
if L. casei occupied all of the 137.9 adhesion sites, it could not
prevent the E. coli from adhering to the balance of the 362.1
sites. The observed eE/eL ranged between 0.135 and 0.062 (Ta-
ble 3); i.e., the Lactobacillus prevented the adhesion of E. coli
to Caco-2 cells. It is likely that the interaction of L. casei and
E. coli involved more than competition for the adhesion sites
on Caco-2 cells.

In the exclusion study, it was observed that L. rhamnosus
GG did not prevent the adhesion of E. coli to Caco-2 cells. This
may be due to the relatively high dissociation constant of L.
rhamnosus (2.08 3 108 cells ml21), and any dissociated Lacto-
bacillus cells were readily replaced by surrounding E. coli cells
in the culture medium. The concentration of E. coli deter-
mined (122.26 6 15.66 cells/100 Caco-2 cells) in the study
involving L. casei was slightly, though statistically significantly
(P , 0.05) lower than the concentration determined when E.
coli was present alone (169.16 6 15.63 cells/100 Caco-2 cells).
The lower dissociation constant (8.62 3 107 cells ml21) and
possibly a soluble protein factor produced by L. casei Shirota
may have hindered their displacement by E. coli cells. This
observation is in agreement with studies of humans and ani-
mals, where Lactobacillus cells were found to be replaced grad-
ually by enterobacteria after the intake of lactobacilli had

FIG. 8. Double-reciprocal representation of the adhesion of L. casei Shirota
to immobilized human intestinal mucus. The lines indicate the linear fit accord-
ing to the least-squares method.

FIG. 9. Double-reciprocal representation of the adhesion of L. casei Shirota
to immobilized human ileostomy glycoproteins. The lines indicate the linear fit
according to the least-squares method.

TABLE 5. Maximum number of adhered bacterial cells to human
cells and dissociation constant for various strainsa

Specimen and strain ex (cells/well) kx (cells/well)

Intestinal mucus
L. casei Shirota (low concn) 5 3 104 6.10 3 106

L. casei Shirota (high concn) 2 3 105 9.47 3 107

L. rhamnosus GG 2 3 107 8.28 3 1010

E. coli TG1 1.4 3 106 2.26 3 108

Iliostomy glycoprotein
L. casei Shirota (low concn) 1.96 3 105 2.24 3 106

L. casei Shirota (high concn) 1 3 106 1.14 3 108

L. rhamnosus GG 2 3 107 6.13 3 108

E. coli TG1 5 3 106 1.85 3 108

a Wells used were microtiter plate wells (0.01 cm2). The values were calculated
from equation 2 based on the data presented in Fig. 5 to 9.
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stopped (11, 19). Commercially available probiotic organisms
have not been reported to establish themselves permanently in
the human GI tract. Our results suggest that the concentration
of free (nonadhering) Lactobacillus in the GI contents needs to
be maintained at a high level to prevent the adhered lactoba-
cilli from being replaced by other bacteria; alternatively, the
lactobacilli need to divide rapidly to maintain a high local cell
concentration. The observation that adhered Lactobacillus
cells in the GI tract were gradually replaced by enterobacteria
suggests that the lactobacilli used were not able to grow suffi-
ciently rapidly to establish permanent residence in the GI tract.

There is ample laboratory and clinical evidence to demon-
strate that oral administration of lactobacilli could be used to
treat GI bacterial infection (9). The efficacy of lactobacilli in
displacing adhered E. coli on Caco-2 cells was investigated in
the displacement study (Table 6). The process of displacing
adhered E. coli with Lactobacillus appears to be slow. After 1 h
of incubation with lactobacilli alone, less than half of the ad-
hered E. coli cells were displaced. In the studies using fer-
mented milk containing lactobacilli to treat diarrheal disorders
in human patients (4, 12, 15), it was necessary that patients
consume the fermented milk for 2 to 3 days, before significant
improvement in clinical symptoms of the illness was observed.
It is important to recognize the slow process of displacing E.
coli with lactobacilli in the in vitro study, which could not
simply be explained by dissociation phenomena.

Although L. rhamnosus GG had the highest saturation cell
concentration, its adhesion affinity to intestinal mucus and
ileostomy glycoproteins was considerably lower than that of L.
casei Shirota or E. coli TG1. The double-reciprocal plots of L.
casei Shirota added versus bound, allowed two linear curve fits
(Fig. 8 and 9). This may mean that two binding mechanisms are
involved for this bacterium, one for a high bacterial concen-
tration (lower affinity) and one for a lower concentration (high-
er affinity). A possible explanation is that multiple adhesion
sites on the mucous layer are involved in the adhesion of an L.
casei Shirota cell. At low bacterial concentrations, a bacterium
adheres to a maximum number of sites on mucus, whereas at
high bacterial concentrations, a minimum number of adhesion
sites are involved. The data in Table 5 suggest that up to four
adhesion sites (2 3 105/5 3 104 5 4) on intestinal mucus and
five adhesion sites on ileostomy glycoproteins could be in-
volved in the adhesion of L. casei Shirota on intestinal mucus.
This explains the observation that at low bacterial concentra-
tions the affinity for mucus was high, whereas at high bacterial
concentrations the adhesion affinity was lower (Table 5). In
either case, the adhesion affinity is much higher than those for
the other two tested bacteria.

The quantitative approach developed in this study has
proven useful in the understanding of the mechanism and
kinetics of the adhesion process of bacteria on intestinal cells
and mucus and the competition between different bacteria for
adhesion. Our results may provide help in estimating the num-
bers of bacteria needed for future competitive exclusion studies.
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TABLE 6. Results of the displacement study in which E. coli TG1 cells were allowed to adhere to Caco-2 cells
before lactobacilli were addeda

Strain

Total no. of cells counted
Observed
eE 6 SD

Observed
eL 6 SD

Observed
eE 1 eL

Observed
eE/eLAdhered

Lactobacillus
Adhered

E. coli Caco-2

L. rhamnosus GG 209 1,183 982 120.47 6 15.56 98.30 6 11.30 141.75 5.66
L. casei Shirota 158 984 1,001 21.28 6 4.10 15.78 6 7.07 114.08 6.23

a See footnote a to Table 4 for explanation of eE and eL.
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