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Live/Dead State Is Not the Factor Influencing Adhesion Ability of 
Bifidobacterium animalis KLDS2.0603

Two essential requirements for probiotic bifidobacteria are 
that they be “live” and have “colonization” ability, follow-
ing FAO/WHO guideline recommendations. The amount 
of research on the adhesion ability of bifidobacteria com-
pares poorly with that of other probiotic bacteria, such as 
lactobacilli. The aim of the present study was to determine 
how gastrointestinal conditions affect the adhesion ability of 
bifidobacteria, and to investigate the relationship between 
the adhesion ability and the live/dead state of bifidobacteria. 
The adhesion ability of Bifidobacterium animalis KLDS2.0603 
that had been subjected to the digestive enzymes, pepsin, 
trypsin, and proteinase K, was decreased significantly, but 
these treatments did not significantly change the strain’s 
survival rates, which were 98.78%, 97.60%, and 97.63% 
respectively. B. animalis KLDS2.0603 subjected to LiCl re-
tained its adhesion ability but had a lower survival rate 
(59.28%) than the control group (P<0.01). B. animalis KLDS 
2.0603 subjected to sodium metaperiodate exhibited higher 
adhesion ability than the control group (P<0.01), but the 
bacterial cells were killed totally. The results of transmission 
electron microscopy and laser scanning confocal microscopy 
showed that live/dead state of bifidobacteria was not one of 
the main factors that affected the adhesion ability of bifido-
bacteira, and that the substances affecting the adhesion 
ability of bifidobacteria were on the outer surface layer of 
the bifidobacterial cells. Our results also indicated that the 
substances related to the adhesion ability of bifidobacteria 
are proteinaceous. The above results will help us to under-
stand the adhesion and colonization processes of bifido-
bacteria in the human gastrointestinal tract.
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Introduction

The adhesion and colonization abilities of bifidobacteria are 
known to be critical prerequisites for performing their phy-
siological functions, such as, pathogenic microorganism 
exclusion and host immune modulation by initiating cell 
signaling with the immune system (Candela et al., 2005; Frece 
et al., 2005a; Collado et al., 2008; Jankowska et al., 2008). 
Therefore, adhesion to the intestinal mucosa is one of the 
essential requirements for screening probiotic bifidobacterial 
strains. According to a FAO/WHO (2001) report, probiotics 
can be defined as “living microorganisms, which exert health 
benefits beyond inherent general nutrition”. It is universally 
known that probiotics are always subjected to adverse con-
ditions when they pass through the gastrointestinal tract, 
including gastric acid, bile salts and digestive enzymes. The 
bacterial survival rates have been estimated at 20–40% for 
certain strains (Bezkorovainy, 2001). A remaining question 
is whether the adhesion ability of dead bifidobacterial cells 
differs from that of live cells? The relationship between ad-
hesion ability and the live/dead state of bifidobacterial cells 
has not been extensively studied.
  Several methods are currently used for the determination 
of bacterial adhesion ability, the most common methods 
being Gram staining and plate counting. Compared to Gram 
staining, plate counting is time-consuming and only enu-
merates viable cells (Le Blay et al., 2004). Therefore, Gram 
staining is always used to determine the adhesion ability of 
the total live and dead bacterial cells. It is known that cell 
surface structures are important factors in adhesion and 
colonization (Deepika et al., 2009; Watanabe et al., 2010; 
Samot et al., 2011). Nevertheless, there is little direct evidence 
regarding whether the components related to the adhesion 
ability of bifidobacteria are on the cell surface (Collado et 
al., 2007). To identify factors potentially involved in bifido-
bacterial adhesion, such as (glyco-) protein and polysac-
charides (Fontaine et al., 1994), we used selected enzymes 
and chemicals to treat the surface of the bifidobacterial cells. 
These treatments simulated the conditions that the bacteria 
experience in the gastrointestinal tract.
  To date, studies on the mechanism underlying the adhe-
sion ability of bifidobacteria have all been based on live 
bacteria (Ouwehand et al., 2001; Collado et al., 2007). To 
further understand the mechanism by which bifidobacteria 
adhere to human intestinal cells, we investigated the adhe-
sion ability, and the survival rate, of B. animalis KLDS2.0603 
subjected to different enzymatic and chemical treatments 
in vitro. Laser scanning confocal microscope (LSCM), com-
bined with a novel and substantially modified application of 
a double-staining procedure, was used to examine the ad-
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hesion ability of dead bifidobacterial cells, which has never 
before been successfully applied to study the adhesion ability 
of bifidobacteria. To gain information on the structural 
characteristics of the cell surface, and understand the rela-
tionship between adhesion ability and the live/dead state of 
bifidobacterial cells, we investigated the variation of sur-
face layers of B. animalis KLDS2.0603 subjected to various 
enzymes and chemicals, using transmission electron mi-
croscopy (TEM) and LSCM.

Materials and Methods

Bacterial growth conditions and cell culture
B. animalis KLDS2.0603 was grown in modified MRS (mMRS) 
broth (Oxoid Ltd., England) supplemented with 0.05% 
L-cysteine hydrochloride, and was incubated at 37°C for 24 h 
under anaerobic conditions (80% N2, 10% CO2, 10% H2).
  An epithelial intestinal cell line, Caco-2, was employed for 
the adhesion experiments (Candela et al., 2005). They were 
grown in Dulbecco’s modified Eagle’s Medium (DMEM) 
(GibcoTM Invitrogen, USA) supplemented with 10% heat- 
inactivated (56°C for 30 min) fetal bovine serum (GibcoTM 
Invitrogen) and 1% non-essential amino acids (GibcoTM 
Invitrogen), at 37°C in an atmosphere of 5% CO2 and 95% 
air. The cell culture medium was changed twice weekly.

Analysis of the adhesion ability of B. animalis KLDS2.0603 
to Caco-2 cells in vitro
Cells were seeded at a concentration of 1×105 cells/well in 
6-well tissue culture plates (NUNC, Denmark). The cell cul-
ture medium (2 ml/well) was changed every 2 days and 24 h 
before an adhesion assay. Cells were used for adhesion as-
says at late post-confluence, i.e., after 15–17 days in culture 
and complete differentiation. The culture medium was re-
placed by an antibiotic-free medium, the day before the ad-
hesion assay. Cell monolayers were carefully washed twice 
with phosphate-buffered saline (PBS: 140 mM NaCl, 3 mM 
KCl, 8 mM Na2HPO4, 2 mM KH2PO4, pH 7.2) before bac-
terial cells were added (Le Blay et al., 2004).
  Approximately 108 cells of B. animalis KLDS2.0603 were 
harvested by centrifugation (8,000×g, 10 min) and washed 
once in PBS (pH 7.2), then suspended in 1 ml of one of the 
following solutions: control buffer (PBS, pH 7.2); 0.1 M 
phosphate buffer (pH 2.8); 0.1 M acetate buffer (pH 4.5); 1 
g/L trypsin; 0.5 g/L pepsin; 0.5 g/L proteinase K; 5 M LiCl 
and 10 g/L sodium metaperiodate. After incubation for 1 h 
at 37°C, the bacterial cells were centrifuged at 8,000×g for 
10 min, washed twice in 1 ml PBS (pH 7.2), and resuspended 
in 1.0 ml DMEM (pH 7.2). Then, the cells of B. animalis 
KLDS2.0603 were incubated with a monolayer of fully dif-
ferentiated Caco-2 cells. After 1 h at 37°C in anaerobic con-
ditions (5% CO2 and 95% air), all monolayers were washed 
five times with PBS (pH 7.2) to release unbound bacteria, 
fixed with methanol, Gram stained and counted, using 20 
randomized microscopic fields per well (Del Re et al., 2000). 
Data were expressed as number of bacteria adhering to 100 
cells. Each adhesion assay was conducted independently, in 
triplicate.

Determination of survival rate of B. animalis KLDS2.0603
As described for the assay measuring B. animalis KLDS2.0603 
ability to adhere to Caco-2, bacterial cell suspensions was 
prepared and treated by various enzymes and chemicals. 
Then, the cell suspensions were serially diluted 10-fold and 
plated onto mMRS agar. The plates were incubated at 37°C 
for 36 h under anaerobic conditions before enumeration. 
Each survival rate assay was conducted independently, in 
triplicate. The survival rate was calculated as follows:

Survival rate (%) = [(CFU/ml) treatment / (CFU/ml) control] 
× 100

Observation of the adhesion interaction between Live/Dead 
bifidobacterial cells and Caco-2 cells by LSCM
The LIVE/DEAD® BacLightTM bacterial viability kit (Mole-
cular Probes, USA) that consisted of two separate stock 
solutions, SYTO9® and PI (propidium iodide), was used to 
determine the proportion of live/active cells (fluorescent 
green) and dead/inactive cells (fluorescent red) (Palencia et 
al., 2008). Stock solutions were dissolved in dimethyl sulf-
oxide at high concentration: 1.67 mM SYTO9® and 1.67 
mM PI following the manufacturer’s instructions.
  B. animalis KLDS2.0603 was grown at 37°C in 30 ml mMRS 
broth to late log phase. Cells were collected from 25 ml of 
bacterial culture by centrifugation (10,000×g, 10 min), and 
the pellets were resuspended in 2 ml of 0.85% NaCl buffer. 
One milliliter of this suspension was added to each of two 
50 ml centrifuge tubes containing either 20 ml of 0.85% 
NaCl (for live bifidobacterial cells) or 20 ml of 70% isopropyl 
alcohol (for dead bifidobacterial cells), and both bacterial 
samples were incubated at 25°C for 1 h with mixing every 
15 min, then centrifuged at 10,000×g for 10 min to collect 
bacterial pellets. The pellets were washed twice with 0.85% 
NaCl and mixed together in a 1:1 (live cells:dead cells) pro-
portion. Then, the adhesion ability of the mixture of live/dead 
B. animalis KLDS2.0603 was assayed as for B. animalis 
KLDS2.0603 adhesion to Caco-2, as described above. Cells 
of B. animalis KLDS2.0603 adhering to Caco-2 cells were 
stained with 500 μl fluorescence stain solution (SYTO9:PI 
= 1:1) and the adhesion ability of live/dead bifidobacterial 
cells to Caco-2 cells was determined microscopically at ex-
citation/emission maxima 480/500 nm for SYTO9 and 
490/635 nm for PI.

TEM examination of the surface of bifidobacterial cells sub-
jected to certain treatments
Cells of B. animalis KLDS2.0603 were subjected to 8 different 
treatments as described above, and then washed twice with 
PBS (pH 7.2). After centrifugation (10,000×g, 10 min), the 
cell pellets were resuspended in PBS (pH 7.2). The solution 
of treated bacterial cells was then spotted onto a vegetable 
parchment and adsorbed by the film with a copper screen. 
Cells of B. animalis KLDS2.0603 adhering to the film was 
stained with 3% phosphotungstic acid and examined mi-
croscopically (magnification, ×40,000). The cells of bacteria 
treated with PBS (pH 7.2) were taken as the control.
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Fig. 2. Analysis of the survival rate of B. animalis KLDS2.0603 subjected 
to different treatments. The error bars represent standard deviations of 
the means (n=3). a, b, c, d indicates significantly different at P<0.01 level.

Fig. 1. Analysis of the adhesion ability 
of B. animalis KLDS2.0603 subjected to 
different treatments. The error bars rep-
resent standard deviations of the means 
(n=3). a, b, c, d, e, f, g indicates sig-
nificantly different at P<0.01 level.

Fig. 3. Observation of the adhesion of live/dead bifidobacterial cells to 
Caco-2 cells by LSCM (magnification, ×40). (A) the layer for the live bifi-
dobacteria adhered to the Caco-2 cells, (B) the layer for the dead bifido-
bacteria adhered to the Caco-2 cells, (C) the fitting picture from (A) and 
(B). 1, the Caco-2 monolayers; 2, live bifidobacterial cells; 3, dead bifido-
bacterial cells; 4, live and dead bifidobacterial cells.

Examination of the adhesion of bifidobacteria subjected to 
different treatments
B. animalis KLDS2.0603 was grown for 24 h at 37°C in 
mMRS broth to reach a concentration of 108 CFU/ml, then 
centrifuged at 8,000×g for 10 min. The bacterial cell pellets 
were subjected to 8 different treatments as described above, 
resuspended in 2 ml of 0.85% NaCl buffer, and then the cells 
were incubated on a monolayer of a fully differentiated Caco- 
2 cell culture on the coverslips in 6-well tissue culture plates 
(Bernet et al., 1993; Guglielmetti et al., 2008). After 1 h at 
37°C in anaerobic conditions, all monolayers were washed 
five times with 0.85% NaCl buffer to release unbound bac-
teria. Then the bacteria adhering to Caco-2 cells were stained 
with 500 μl fluorescence stain solution (SYTO9:PI = 1:1) 
and examined microscopically at 670 nm.

Statistical analysis
Means and standard deviations were calculated using the 
SAS 8.1 package (SAS Institute, USA). Significant differences 
between means were calculated at the P=0.01 level.

Results

Influence of different treatments on the adhesion ability of 
B. animalis KLDS2.0603
The adhesion ability of B. animalis KLDS2.0603 after 8 dif-
ferent treatments (PBS, phosphate buffer, acetate buffer, 
trypsin, pepsin, proteinase K, LiCl, sodium metaperiodate) 

was assessed after 1 h of incubation with Caco-2 cells and 
measured as the number of bacterial cells adhering to 100 
Caco-2 cells. The results (Fig. 1) indicated that the adhe-
sion abilities of bifidobacterial cells subjected to the phos-
phate buffer (pH 2.8), trypsin, pepsin, proteinase K, and 
LiCl treatments were lower than that for cells treated by the 
control buffer (PBS, pH 7.2) (P<0.01). In contrast, the ad-
hesion abilities of the cells treated with acetate buffer (pH 
4.5) and sodium metaperiodate were higher than cells treated 
with control buffer (PBS, pH 7.2) (P<0.01).

Determination of survival rate of B. animalis KLDS2.0603 
after different treatments
Plate counting was used to evaluate the survival rates of B. 
animalis KLDS2.0603 subjected to different enzymatic and 
chemical treatments (Fig. 2). B. animalis KLDS2.0603 was 
sensitive to sodium metaperiodate, which killed all the bac-
terial cells (live bacteria were not detected). The survival rate 
of this strain decreased to 59.28% after LiCl treatment (P< 
0.01). The survival rates were reduced very little when bifi-
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Fig. 4. Observation of the surfaces of B. 
animalis KLDS2.0603 after different treat-
ments (magnification, ×40,000). (A) Control
treatment (PBS, pH 7.2), (B) phosphate 
buffer (pH 2.8) treatment, (C) acetate buffer
(pH 4.5) treatment, (D) Trypsin treatment, 
(E) Pepsin treatment, (F) Proteinase K 
treatment, (G) LiCl treatment, (H) Sodium 
Metaperiodate treatment. The arrows indi-
cated the destroyed position on the surface 
of the bacterial cells.

Fig. 5. Observation of the adhesion of B. 
animalis KLDS2.0603 to Caco-2 cells after 
different treatments by LSCM (magnifica-
tion, ×40). (A) Control treatment (PBS, pH
7.2), (B) phosphate buffer (pH 2.8) treat-
ment, (C) acetate buffer (pH 4.5) treatment,
(D) Trypsin treatment, (E) Pepsin treatment,
(F) Proteinase K treatment, (G) LiCl treat-
ment, (H) sodium metaperiodate treatment.

dobacterial cells were subjected to trypsin, proteinase K, 
phosphate buffer (pH 2.8), acetate buffer (pH 4.5), and 
pepsin (97.60%, 97.63%, 98.83%, 99.91%, and 98.78% res-
pectively).

Adhesion of Live/Dead bifidobacteria to Caco-2 cells
According to the instructions of the LIVE/DEAD® BacLightTM 
bacterial viability kit, the SYTO9 stain generally labels the 
bacteria with intact membranes as fluorescent green, whereas 
propidium iodide penetrates only bacteria with damaged 
membranes and stains fluorescent red. The adhesion ability 
of live/dead B. animalis KLDS2.0603 was determined by 
this technique. In Fig. 3, the green points were the living 
bacteria stained by SYTO9, and the red points were the 
dead bacteria stained by PI. The large green backgrounds 
with irregular shapes were living Caco-2 cells, and the red 
ones were dead Caco-2 cells. LSCM examinations confirmed 
that the live cells could strongly adhere to Caco-2 cells and 
their intercellular spaces (Fig. 3A). Moreover, the bifido-
bacterial cells killed by isopropyl alcohol also showed high 
adhesion to Caco-2 (Fig. 3B), at levels comparable to that 
of the live untreated cells. The ratio for the adhesion of live 
and dead cells to Caco-2 cells was about 1:1 for the live and 
dead bifidobacterial cell mixture (Fig. 3C), which corre-
sponded to the ratio of live/dead cells used in this experiment.

TEM examination of the surface of bifidobacterial cells sub-
jected to certain treatments by TEM
Transmission electron microscopy was used to examine any 
changes on the surface of B. animalis KLDS2.0603. When 
the cells were subjected to a protease, such as trypsin, pep-
sin and proteinase K, the surface layers of the cells were di-
gested and destroyed; the appearance of the bacterial cells 
became fuzzy, and the cells adhered to each other (Figs. 4D, 
4E, and 4F). The surfaces of bifidobacterial cells subjected 
to phosphate buffer (pH 2.8) were rougher than those sub-
jected to acetate buffer (pH 4.5) (Figs. 4B and 4C), which 
indicated that the composition of the surface of bifidobac-
teria may be changed by low pH. The treatment with LiCl 
completely destroyed the surface layer of bifidobacterial 
cells (Fig. 4G). Although bifidobacterial cells subjected to 
sodium metaperiodate still maintained an intact morphol-
ogy, the cell nucleus became clear and the color of the bac-
terial cells was deeper than that of cells subjected to the 
control buffer (Figs. 4A and 4H).

Adhesion of bifidobacterial cells subjected to different treat-
ments
The adhesion of B. animalis KLDS2.0603 cells that had been 
subjected to different enzymatic and chemical treatments 
was observed by LSCM. PBS (pH 7.2) was used as the con-
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trol buffer for treating bifidobacterial cells (Fig. 5A). The 
adhesion ability was not affected significantly after the treat-
ment of acetate buffer (pH 4.5) (Fig. 5C); however, it was 
reduced significantly (Figs. 5D, 5E, and 5F) after treatment 
with various proteolytic enzymes. The same effect was ob-
served when the cells were treated with phosphate buffer 
(pH 2.8) (Fig. 5B) and LiCl (Fig. 5G). Although all the bifi-
dobacterial cells were dead following sodium metaper-
iodate treatment, their adhesion ability did not decrease.

Discussion

The surface layer of bifidobacteria plays the key role in the 
interaction between bifidobacteria and intestinal epithelial 
cells. Some papers have shown that components on the 
bacterial surface may be affected by protease treatment and 
various conditions (Pérez et al., 1998; Canzi et al., 2005; 
Frece et al., 2005b; Wang et al., 2010). In the present study, 
substantial variability in adhesion ability was observed for 
B. animalis KLDS2.0603 subjected to different treatments. 
The adhesion ability of B. animalis KLDS2.0603 was reduced 
after treatment with any of three proteinases (trypsin, pepsin, 
and proteinase K), thereby showing that the proteinaceous 
substances on the cell surface were involved in the adhe-
sion process of B. animalis KLDS2.0603. The adhesion ability 
of B. animalis KLDS2.0603 was increased significantly after 
treatment with sodium metaperiodate (Fig. 1). Carbohydrates 
on the cell surface would be oxidized by metaperiodate (Kos 
et al., 2003; Guglielmetti et al., 2009; Zhang et al., 2012); 
thus, this observation suggested that the adhesion ability of 
bifidobacteria was not affected by surface carbohydrates. We 
presume that the surface proteins related to the adhesion 
ability of bifidobacteria might have been exposed when the 
carbohydrates were oxidized (Greene and Klaenhammer, 
1994). Whatever the mechanism, we have demonstrated that 
these treatments can alter the adhesive characteristics of 
bifidobacteria.
  Previous studies have reported that some probiotics sur-
vive treatments with acid and bile salts (Bezkorovainy, 2001; 
Ouwehand et al., 2001; Takahashi et al., 2004; Liu et al., 
2007). In this study, the survival rate of bifidobacterial cells 
after treatments with proteolytic enzymes, LiCl and sodium 
metaperiodate were examined. The survival rate of bifido-
bacteria was strongly affected by treatments with sodium 
metaperiodate and LiCl (Fig. 2). Existing reports have shown 
that the important characteristic of sodium metaperiodate 
was oxidation and that more than 90% of S-layer proteins 
from probiotic strains could be extracted by LiCl (Kos et 
al., 2003). Therefore, whether the adhesion ability of bifi-
dobacteria is affected just by the live/dead state alone needs 
further study.
  The two-color fluorescence assay of bacterial viability is a 
novel staining technique for determining the live/dead state 
of cells. The applicability of the commercially available LIVE/ 
DEAD® BacLightTM bacterial viability kit has been evaluated 
on a wide spectrum of bacteria (Ananta and Knorr, 2004; 
Panicker et al., 2006; Palencia et al., 2008). In this study, we 
demonstrated that the adhesion ability of B. animalis KLDS 
2.0603 was not affected by the live/dead state of the cells 

(Fig. 3). The results of LSCM were similar to the adhesion 
ability determined by the Gram staining method (Fig. 1). 
Compared to the control assay, the total number of bacteria 
adhering to the Caco-2 cells was decreased when the bac-
teria were subjected to low pH, trypsin, pepsin, proteinase 
K, and LiCl. For sodium metaperiodate, which killed all the 
bifidobacteria, the adhesion ability was not affected sig-
nificantly (Wang et al., 2010). This indicated that the dead 
bifidobacterial cells with apparently normal morphology 
still showed good adhesion ability. The results of this study 
could help us to further evaluate the possible beneficial ef-
fects of dead probiotic cells.
  Combining the results of TEM (Fig. 4) and LSCM (Fig. 5), 
we found that the surface layers of bifidobacterial cells sub-
jected to trypsin, pepsin, proteinase K or LiCl were all de-
stroyed to a certain degree. Although all the cells of bifido-
bacteria subjected to sodium metaperiodate were oxidized 
and had deeper color than the cells subjected to the control 
buffer, the shape of the cells remained intact. This may help 
explain the strong adhesive ability of B. animalis KLDS2.0603 
treated by sodium metaperiodate.
  In conclusion, our findings indicated that adhesion ability 
of bifidobacteria was mediated by the components on the 
cell surface, and the effect of these components on adhe-
sion ability was correlated with the integrity of the cell, but 
not with the live/dead state of the cell. The cell components 
responsible for the adhesion ability of bifidobacteria prob-
ably were proteins or proteinaceous substances. However, 
to determine the characteristics of these proteins and the 
mechanism underlying the adhesion ability of bifidobacteria 
would need further investigation.
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