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[bookmark: OLE_LINK1]Abstract
Some lactic acid bacteria (LAB) possess probiotic properties beneficial to human health. However, both gastric acid and bile salt have adverse influences on the survival and viability of ingested probiotics. This research investigated the changes in potential probiotic properties of LAB strains after treatment with simulated gastrointestinal (GI) conditions. Three strains of LAB, namely Lactobacillus acidophilus BCRC 10695, Lactobacillus paracasei BCRC 14023 and Bifidobacterium bifidum BCRC 14615, were used as potential probiotics and Clostridium perfringens BCRC 13019 was used as the pathogen in the test of antagonistic property of LAB strains. Tests included acid and bile salt tolerance, adhesiveness, antagonistic effect, β-galactosidase activity and safety property of LAB strains after sequential acid and bile salt treatments. Of the three strains, L. acidophilus BCRC 10695 was the most tolerant of acidic conditions, while L. paracasei BCRC 14023 was more tolerant of bile salt than the other two. Lower pH (pH 2 - pH 3) plus higher concentration (0.2-0.3%) of bile salt would lead some LAB strains to death. Adherence rates of LAB strains that survived after exposure to acid solution of pH 4 and then to 0.1% bile salt solution, in descending order, were: L. paracasei BCRC 14023 (80.6%) ＞ L. acidophilus BCRC 10695 (9.71%) ＞ B. bifidum BCRC 14615 (5.20%). The survived LAB strains pretreated with acid (pH 4) and bile salt (0.1%) retained the ability to decrease the adherence rates of C. perfringens BCRC 13019 on Caco-2 cells. Exposure to the same acidic condition followed by higher bile salt concentrations (0.2-0.3%) caused damage to the cell membrane of the LAB strains, as revealed by higher β-galactosidase values. The invasion assay showed that the three LAB strains had no invasiveness in vitro after sequential treatments with acid and bile salt, which simulated gastrointestinal conditions.
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1. Introduction

Probiotics are live microorganisms, which when consumed in adequate amounts, confer a health effect on the host (FAO/WHO, 2001; Guarner and Schaafsma, 1998). Probiotics are important for health and it is imperative that we increase our knowledge of them. Probiotics have been used as health foods for a couple of decades and their effects on human health have been widely discussed and investigated (Collado et al, 2009; Karapetkov et al., 2011; Saarela et al., 2002; Sharma and Devi, 2014). Most studies on probiotics have focused on lactic acid bacteria (LAB). LAB strains give several health advantages to humans, which include: balancing gut microbiota (Restall, 2004), inhibiting pathogenic infection (Gopal et al., 2001), improving lactose intolerance (Sharma and Devi, 2014), lowering blood cholesterol (Bosch et al., 2014) and reducing colon cancer (Kazuhiro and Joseph, 2000), etc.
Both the varieties and total number of microorganisms in the digestive tract are determined by an array of complex factors intrinsic to conditions of respective parts of the gastrointestinal (GI) tract, and extrinsically related to diet, stress and drugs, etc. (Holzapfel et al., 1998). Most microbes have low rate of survival and viability in acidic conditions, such as those in the human gastric environment with pH values ranging from 1.5 to 3.5. Transient microbes are often shown in low number in the duodenum because of the presence of harmful intestinal fluids like bile salt and pancreatic juice (Holzapfel et al., 1998). In order for probiotic bacteria to produce beneficial effects to humans, they must be resistant to the gastric acid and bile juice (Hyronimus et al., 2000). Those harsh conditions that challenge LAB strains can be simulated in vitro and used for the screening of probiotics (Salminen et al., 1998; Toit et al., 1998).
In addition to acid and bile salt tolerance, probiotics must be able to adhere to the gut epithelial mucosa and colonize in the microbial ecosystem in order to compete with harmful organisms (Gagnon et al., 2004; Tuomola et al., 1999). Studies on the probiotic effects of LAB strains primarily focus on acid and bile salt tolerance, adhesiveness to intestinal epithelial cells, and competition with pathogens in the GI tract (Mandal et al., 2006; Muthukumarasamy et al. 2006; Zhang et al., 2011). For the acid and bile salt tolerance tests, many studies have conducted their experiments using them separately (‘alone’), rather than explore the combined effects of sequential acid and bile salt treatments (Curto et al., 2011; Goderska et al., 2003; Lee and Heo, 2000). However, fewer studies have analyzed the remaining probiotic properties of LAB strains after exposure to sequential acid and bile salt treatments that simulate the actual GI environment. This research aimed to investigate the remaining potential probiotic properties of the chosen LAB strains after being treated with gastric acid, followed by bile salt. Moreover, β-galactosidase activity that reveals the degree of cell membrane injury of LAB strains after exposure to unfavorable conditions (Noh and Gilliland, 1993; Taranto et al., 2006) was determined.
  
2. Materials and methods
2.1. Bacterial strains and culture conditions
Lactobacillus acidophilus BCRC 10695, L. paracasei BCRC 14023, Bifidobacterium bifidum BCRC 14615 and Clostridium perfringens BCRC 13019 were purchased from the Bioresource Collection and Research Center of the Food Industry Research and Development Institute in Hsinchu City, Taiwan. These strains were selected as potential probiotic candidates for the current research because our previous study had confirmed their in vitro promising probiotic properties compared with that of Sporolactobacillus inulinus BCRC 14647 (Huang et al., 2007). Furthermore the possible applications of L. acidophilus BCRC 10695 in the food industry were also investigated (King et al., 2007; Tsen et al., 2007, 2008, 2009). Lactobacilli were grown in de Man, Rogosa and Sharpe (MRS) broth or on MRS agar medium (Difco LAB Laboratories, Detroit, MI, USA). B. bifidum was incubated in MRS broth or on MRS agar medium containing 0.05% (w/v) L-cysteine-hydrochloride (Cys-HCl, AppliChem, Darmstadt, Germany). C. perfringens BCRC 13019 was cultured with Gifu anaerobic medium (GAM) (Nissui, Tokyo, Japan). All strains were incubated at 37℃. B. bifidum and C. perfringens were grown anaerobically in an atmosphere generation system (gas-generating kit; Oxoid, Basingstoke, Hampshire, UK). Lactobacilli were propagated under microaerophilic conditions. The stock cultures of all strains were preserved at -80℃ in 20% glycerol. 

2.2. Acid and bile salt tolerance tests
LAB cultures grown at 37 ℃ for 48 h were centrifuged at 4 ℃, 4000 rpm for 15 min. The harvested cell pellets were washed with phosphate-buffered saline (PBS) and then re-suspended in the same solution. For the acid tolerance test, 1 ml of each cell suspension (about N × 109 CFU/ml) (Kasimoglu et al., 2004; Schuller-Malyoth et al., 1968) was added to 10 ml 0.1% peptone water adjusted to respective pH values of pH 2, 3 and 4 with 3.0 M hydrochloric acid (Hyronimus et al., 2000). Samples were incubated at 37 ℃for 1.5 or 3.0 h with shaking speed at 150 rev/min. The residual viable counts were determined by standard plate count (SPC) method after 24-48 h of incubation at 37 ℃. For the bile salt tolerance test, 1ml of each cell suspension was added to 10 ml 0.1% peptone water containing 0.1%, 0.2%, 0.3% (w/v) ox gall bile salt (Sigma), respectively. Samples were incubated in the same conditions used for the acid tolerance test and counted for viable cell numbers. To test the survival of LAB strains in simulated gastrointestinal conditions, the strains were first treated with respective acid solutions of pH 2, 3 and 4 for 3.0 h. The acid-treated bacterial pellets were obtained by centrifugation of the acid solution at 4,000 rpm for 15 min and then treated with different concentrations of bile salt of 0.1%, 0.2%, 0.3%, respectively for 3.0 h. The survival rate of each of LAB strains after sequential acid and bile salt treatments was determined. 

2.3. Tissue culture
The epithelium-like Caco-2 cell line BCRC 60182 was procured from the same institute where the LAB strains were obtained. The cells were grown in Dulbecco’s modified Eagle’s minimal essential medium (DMEM; Biochrom AG, Germany) supplemented with 10% (v/v) heat-inactivated (56 ℃, 30 min) fetal bovine serum (Biological, Israel) and 1% (v/v) 100 unit/ml penicillin-streptomycin (BioSource, USA). The cell line was incubated at 37 ℃ in a CO2 incubator with an atmosphere of 5% CO2/95% air. For the bacterial adhesion assay, the Caco-2 cells were seeded at a concentration of 3×105 cells/well in a six-well tissue culture plate with the culture medium replaced every other day. The monolayer cells were used for the adhesion assay after 15 days of incubation (Gagnon et al., 2004).

2.4. Adhesiveness assay of LAB strains with and without acid and bile salt pretreatments
At least 1.5 h before the adhesion assay, the DMEM medium in the well was aspirated with a Pasteur pipet. The Caco-2 cell monolayer was fixed with 0.25% glutaraldehyde for 15 min, washed three times with PBS and then fresh non-supplemented DMEM medium was added to each well (Lee et al., 2003; Wadsrömet al., 1997). One milliliter of each LAB suspension (N×108 CFU/ml in DMEM) (Kasimoglu et al., 2004; Schuller-Malyoth et al., 1968) was first treated with acid solutions of pH 2, pH 3, pH 4 respectively for 3 h, followed by treatment with 0.1, 0.2, 0.3% bile salt solutions, respectively for 3 h. The sequential acid and bile treated LAB strains were added to each well containing Caco-2 cells and incubated at 37℃ for 2 h in an atmosphere of 5% CO2/95% air. The wells were then washed five times with PBS to remove non-adherent bacterial cells (Gopal et al., 2001). The Caco-2 cells were lysed with 1 ml of 1% Triton X-100 solution (Sigma) for 5 min and the number of adherent lactic acid bacteria released from the surface of Caco-2 cells was determined by SPC method after 24-48 h of incubation at 37℃ (Huang et al., 2007; Matijašic et al., 2006). The procedure for the Adhesiveness assay of LAB strains without acid and bile salt pretreatments was also performed similarly to the method described above and used as control. The adherence rate (%) was calculated as follows:
	 adhesion of LAB to Caco-2 cell after sequential acid and bile treatments (CFU/ml) 

adherence rate (%) = 
 survival count of LAB after sequential acid and bile treatments (CFU/ml)
x 100%


2.5. Adhesion inhibition of C. perfringens BCRC 13019 by LAB strains 
The method reported by Wadsröm et al. (1997) but slightly modified was used to study the antagonism of pre-adhered LAB strains against the acid-bile pretreated pathogen of C. perfringens BCRC 13019. C. perfringens BCRC 13019 (ca. 108 CFU/ml) treated with acid solution of pH 4 followed by 0.1% bile salt solution was centrifuged at 4,000 rpm for 15 min to obtain its pellet. The pellet was washed three times with PBS and re-suspended in the same solution. The pathogen suspension was mixed with an equal volume of 2 mg/ml fluorescein isothiocyanate (FITC; Sigma) for 20 min to stain the bacterial cells. Excess fluorochrome was removed by centrifugation of FITC- labeled bacterial suspension at 4,000 rpm for 15 min, discarding the supernatant and washing the pellet three times with PBS. The pellet was re-suspended and cell concentration was adjusted to 108 CFU/ml. In addition, 1 ml of respective Lactobacillus acidophilus BCRC 10695, L. paracasei BCRC 14023 and Bifidobacterium bifidum BCRC 14615 (ca. N×108 CFU/ml) (Kasimoglu et al., 2004; Schuller-Malyoth et al., 1968) were added to the wells containing glutaraldehyde-fixed Caco-2 cell monolayers, incubated at 37 ℃ for 2 h in an atmosphere of 5% CO2/95% air to allow the LAB strains to adhere to the Caco-2 cells. After adhesion, the incubation medium was aspirated and Caco-2 cells were washed five times with PBS to remove the non-adherent LAB strains. Previously prepared 1 ml of FITC- labeled C. perfringens was added to the well containing the adherent LAB strains and wells were incubated at 37 ℃ for 2 h. The incubation medium was then discarded and the Caco-2 cell monolayer was washed five times with PBS to remove both the non-adherent LAB strains and pathogen. The number of FITC-labeled C. perfringens cells adhering to the Caco-2 cell monolayer was analyzed with a spectrofluorometer (Bio-Tek, FLX-800, USA) at 485 nm excitation and 528 nm emission wavelengths by recording the fluorescence intensity. The stained cells of C. perfringens were also observed with a fluorescence microscope (Olympus, IX71, Japan). Similar procedures were performed except C. perfringens was added to wells without pretreatment with acid and bile salt, and sample results were designated as the control. The FITC-labeled C. perfringens that adhered to the Caco-2 cells without pre-adherent LAB strains was marked as “LAB strain-free.” The extent of adhesion inhibition of C. perfringens by the LAB strains was expressed in adherence rate (%) of added number of C. perfringens and that of LAB strain-free group was designated as 100%. 

2.6. Displacement test
For the study of displacement effect of LAB strains, the method similar to the previously described steps was used, except that 1 ml of FITC-labeled C. perfringens suspension (ca. N x 108 CFU/ml) (Kasimoglu et al., 2004; Schuller-Malyoth et al., 1968) was first added into the well and adhered to the Caco-2 cell monolayer. One milliliter of each LAB strain with sequential acid and bile salt treatments was added into the well to evaluate the extent of displacement of LAB strains by analyzing the fluorescence intensity of C. perfringens (in experimental groups). The samples of LAB strains without pretreatment with acid and bile salt were designated as control. The group of FITC-labeled C. perfringens that adhered to the Caco-2 cells without adding competitive-LAB strain was marked as “LAB strain-free.” The extent of displacement of C. perfringens by LAB strain was expressed as adherence rate (%) of adherent C. perfringens and that of LAB strain-free group was designated as 100%.

2.7. β – galactosidase activity of LAB strains after sequential acid and bile treatments  
The β- galactosidase activity of LAB strains after treatment with acid and bile salt was assayed using the methods previously described (Noh and Gilliland, 1993; Wang and Sakakibara, 1997). LAB strains were added to respective acid solutions of pH 2, 3 and 4 for 3 h followed by respective 0.1%, 0.2% and 0.3% bile salt solutions for 3 h. Each treated LAB  cell pellet was isolated by centrifugation of bile solutions at 4 ℃, 4,000 rpm for 10 min. The pellets were re-suspended in 1 ml PBS and each suspension was mixed with 4 ml PBS containing 0.005 M o-nitrophenyl-β-D-galactopyranoside (ONPG; Sigma). The mixture was incubated in a water bath at 37 ℃ for 10 min and then 2 ml of 1 M sodium carbonate was added to stop the enzymatic reactions. The solution was centrifuged at 1℃, 5,000 rpm for 10 min to precipitate and remove the LAB cells. Absorbance of the supernatant was measured at 420 nm with a spectrophotometer (Hitachi, U-2000, Japan). The amount of o-nitrophenol (ONP) released was calculated based on the relationship between the A420nm and a standard curve. The β-galactosidase activity was expressed as micromoles of ONP released per milliliter of bacterial suspension in 10 minutes of incubation.

2.8. Invasion assay for LAB strains after sequential acid and bile treatments
The in vitro study for safety property of the tested LAB strains with and without pretreatment of acid followed by bile salt was carried out by an invasion assay as previously reported (Tang et al., 1993; Tsai et al., 2004). The Caco-2 cell monolayer was washed twice with PBS and re-incubated in fresh DMEM medium without penicillin-streptomycin for 1.5 h. The LAB strains were suspended in the same DMEM medium (ca. 103-109 CFU/ml), and 1 ml of each LAB strain suspension was loaded into a well containing the Caco-2 cell monolayer, incubated at 37 ℃ for 2 h in an atmosphere of 5% CO2/95% air. The medium was then aspirated and then Caco-2 cells were washed three times with PBS to remove non-adherent bacteria. The sample wells were incubated for another 2 h with fresh medium containing 100 μg/ml of tetracycline to kill the bacteria adhered to the surface of Caco-2 cells. Then the Caco-2 cells were washed five times with PBS and lysed with 1% Triton X-100. Viable count of LAB strains released from the inside of the lysed Caco-2 cells was determined by SPC method. The safety property of the LAB strains was represented by the invasion rate, which was calculated as follows: 
LAB number released from inner Caco-2 cells (CFU/ml)

invasion rate (%) =
x 100%

LAB number added to each well (CFU/ml)



2.9. Statistical analysis  
Data were analyzed for the comparison of differences between samples using Statistical Analysis System software (SAS, Version 9.2, 2008). Duncan’s new multiple range test, Dunnett’s test of the GLM procedure and the Student’s t-test were conducted for the difference tests, and p < 0.05 was considered to have significant difference.

3. Results

3.1. Separate Acid and bile tolerance 

The viable count (log CFU/ml) and survival rate (%) of the LAB strains challenged with respective acids of pH 2, 3 and 4 for 1.5 or 3.0 h are shown in Table 1. The ability of acid tolerance in the same conditions (i.e. in the same columns) among the tested LAB strains expressed, in descending order, based on the viable counts and survival rates was L. acidophilus BCRC 10695 ＞ L. paracasei BCRC 14023 ＞ B. bifidum BCRC 14615. After 3.0 h of incubation, viable counts of the three strains were significantly reduced compared with that of 1.5 h. 
Table 2 shows the viable count and survival rate of the LAB strains treated with respective 0.1, 0.2 and 0.3% of bile salt for 1.5 or 3.0 h. Results indicated that L. paracasei BCRC 14023 had the highest viable counts (5.94-7.11 log CFU/ml) and survival rates (0.54-7.99%) in the same conditions (p < 0.05 ). L. acidophilus BCRC 10695 showed higher survival rates (2.79-4.23 log CFU/ml, 0.00035-0.0093%) than B. bifidum BCRC 14615 (0-2.57 log CFU/ml, 0-0.0002%) at concentrations of 0.2% and 0.3%. However, there were no significant differences in survival between these two LAB strains when they were exposed to 0.1% of bile salt. After 3.0 h treatment at the same ox gall concentrations, the viability of each strain was significantly reduced compared with that of 1.5 h.

3.2. Tolerance of LAB strains in simulated gastrointestinal conditions

The viable counts and survival rates of each LAB strain after treatments with sequential acid of pH 2, 3, 4 and 0.1, 0.2, 0.3% bile salt solutions are shown in Table 3. At pH 4, the ability to survive the challenge of sequential acid and bile salt treatments in the same conditions among the 
tested LAB strains in descending order, based on the viable counts and survival rates, was L. acidophilus BCRC 10695 ＞ L. paracasei BCRC 14023＞ B. bifidum BCRC 14615, with the exception at pH 4 and 0.3%, whereas L. acidophilus BCRC 10695 showed no significant difference from that of L. paracasei BCRC 14023. LAB strains had no survival in most combined pH 3 and bile salt conditions, except under the condition of acid of pH 3 and 0.1% bile salt treatments where the viable counts and survival rates were 2.67 log CFU/ml, 0.00028% for L. acidophilus BCRC 10695 and 2.26 log CFU/ml, 0.000151% for L. paracasei BCRC 14023. No viable counts were found for the three LAB strains after treatments with acid pH 2 and bile salt (data not shown). In general, strains challenged with sequential acid and bile salts (Table 3) showed lower survival rates compared with those treated with either acid (Table 1) or bile salt (Table 2) only in the same conditions. 

3.3. Adhesiveness of LAB strains with and without sequential treatments of acid and bile salt

The adherence rates of L. acidophilus BCRC 10695, B. bifidum BCRC 14615 and L. paracasei BCRC 14023 without pretreatment with  acid and bile salt were 8.28%, 0.97%, and 0.012% respectively, and reached significant difference with each other. L. acidophilus BCRC 10695 had the highest adhesiveness. Table 4 shows the adherence (log CFU ml-1) and adherence rate (%) of LAB strains after treatment with pH 3 and pH 4 acid solutions followed by 0.1%, 0.2% and 0.3% bile solutions respectively. None of the strains exhibited adhesiveness except the combined acid and bile salt conditions of pH 4 and 0.1%. The adherence rates were: 80.68% for L. paracasei BCRC 14023, 9.71% for L. acidophilus BCRC 10695 and 5.20% for B. bifidum BCRC 14615. Only L. acidophilus BCRC 10695 (2.64 log CFU/ml) and L. paracasei BCRC 14023 (2.16 log CFU/ml) had survival counts after sequential acid and bile salt treatments with pH 3 and 0.1%. None of the LAB strains displayed adhesiveness at acid conditions of pH 2 (data not shown) and pH 3.

3.4. Antagonistic activity of LAB strains toward C. perfringens after the action of acid followed by bile salt

The adhesion inhibition (preventive effect) of FITC-labeled C. perfringens BCRC 13019 with and without acid and bile salt pretreatments by the LAB strains pre-adhered to Caco-2 cells is shown in Fig. 1a. The degree of inhibition is expressed as adherence rate of C. perfringens BCRC 13019 (%) and the value of the LAB strain-free group (without inhibition from the pre-adhered LAB strains) is designated as 100%. Compared with the LAB strain-free group, all the LAB strains exhibited a significant antagonistic effect toward the adhesion of C. perfringens BCRC 13019. For each LAB strain, C. perfringens BCRC 13019 pretreated with acid and bile salt displayed lower adherence rates in comparison with that without such treatment, though the pretreated pathogen did not show a significantly lower difference than the non-pretreated one for the identical LAB strains (p＞0.05). Fig. 1b shows the fluorescent microscopic photographs revealing the ability of each pre-adhered LAB strain to suppress the adhesion of FITC-labeled C. perfringens BCRC 13019 without acid and bile salt pretreatments. Each fluorescent point indicated a single adherent pathogen on the Caco-2 cells. When compared with the LAB strain-free group (A), Caco-2 cells pre-adhered with L. acidophilus BCRC 10695 (B), B. bifidum BCRC 14615 (C) and L. paracasei BCRC 14023 (D) had fewer fluorescent points, which means that prior coverage of the LAB strains on the Caco-2 cells showed an inhibitory activity against later adhesion of C. perfringens BCRC 13019. 
The displacement or therapeutic effect of the LAB strains with and without acid and bile salt pretreatments on the pre-adhered, FITC-labeled C. perfringens BCRC 13019 is shown in Fig. 2. Compared with the LAB strain-free group, all the LAB strains with or without prior sequential acid and bile salt treatments exhibited a significant displacement effect as shown by the significantly lower adherence rates of C. perfringens BCRC 13019. When comparing the influences of acid and bile salt treatments on the identical strain of LAB, only L. acidophilus BCRC 10695 without prior acid and bile salt treatments had a significantly lowering effect on the adherence rate of C. perfringens BCRC 13019.

3.5. β–galactosidase activity

Table 5 shows the β-galactosidase activity (μmol/10 min‧ml) of the LAB strains after treatments with pH 2, pH 3, and pH 4 acid followed by treatments with 0.1, 0.2, 0.3% bile salt solutions, respectively. In general, higher bile salt concentrations resulted in significantly higher β-galactosidase activity at the same pH values for each LAB strain.

3.6. In vitro invasiveness of LAB strains after sequential treatments with acid and bile salt 

The invasion rates were zero for all added levels (103 - 109 CFU/ml) of each LAB strain after treatment with acid (pH 4) followed by bile salt (0.1%). This indicates that the selected LAB strains had no invasiveness after treatment with simulated GI conditions.

4. Discussion

[bookmark: OLE_LINK2]A beneficial probiotic must tolerate both acid and bile salt to survive, colonize and grow in the gut (Collins and Gibson, 1999; Succi et al., 2005; Takahashi et al., 2004). In this study, L. acidophilus BCRC 10695 and L. paracasei BCRC 14023 showed the highest acid and bile salt tolerance among the tested LAB strains respectively (Table 1, 2). Each LAB strain showed significant reduction of survival when exposed to acid of lower pH values and to raised concentrations of bile salt. In an in vitro study simulating the human upper gastrointestinal transit system Charteris et al. (1998) found that Lactobacillus fermentum KLD was intrinsically acid resistant. Many studies have investigated acid and bile tolerance of probiotics (Charteris et al., 1998, Huang and Adams, 2004; Noriega et al., 2004). Nevertheless, such tests were often conducted separately (“alone,” not in combination sequentially) which does not accurately reflect the gastrointestinal conditions found in humans (Chávarri et al., 2010; Curto et al., 2011). Ingested LAB strains pass through the highly acidic environment of the stomach and move into the duodenum (Bouhnik et al., 1992; Mainville et al., 2005; Pouchart et al., 1992). Gastrointestinal environments change during and after a meal because of the buffering capacity of foods (McLauchlan et al., 1989; Morelli, 2000). That means bacteria moving through the GI tract are subjected to harsh conditions of existing gastric acid and bile salt (Berrada et al., 1991; Mainville et al., 2005). In vitro studies should, therefore, simulate the conditions of the GI system by conducting sequential treatment steps with acid and bile salt. In Table 3, each LAB strain treated with acid and then bile salt had lower survival rate compared with that treated with either acid (Table 1) or bile salt (Table 2) alone under the same conditions. LAB strains exposed to acid of high pH values followed by decreased concentrations of bile salt resulted in higher survival rates. The highest survival rate of all strains was found after exposure to acid at pH 4 and 0.1% bile salt. The treatments with acid and bile salt were then used for the follow-on tests for other probiotic properties. 
Goldin et al. (1992) indicated that probiotic strains might safely pass through the upper intestines and temporarily colonize the human gastrointestinal tract. One criterion for screening potential probiotics is to evaluate their ability to adhere to the intestinal surface; this is regarded as the first step for microbial colonization, leading to initiation of health benefits (Havenaar et al, 1992; Kotzamanidis et al., 2010). One of the experimental models used to assess LAB strain’s adhesiveness is the use of human Caco-2 cell line (Pinto et al., 1983). Although Caco-2 cell line originates from the colon adenocarcinoma, when incubated in culture medium, it spontaneously differentiates to form cell monolayers that exhibit structural and functional characteristics of mature enterocytes (Hilgers et al., 1990). The entero-like cells are valuable tools for in vitro studies related to intestinal cell function and cell-microbe interactions (Rao and Sankar, 2009). The classic characteristics of differentiated Caco-2 cells include polarized cell monolayer, monolayer covered with typical brush border microvilli and high levels of activity of the brush border associated enzymes, closely resembling the traits of the normal intestine. Based on the characteristics, Caco-2 cell line has been used in many studies as a model for testing the potential probiotic properties of lactic acid bacteria (Gopal et al., 2001; Lee et al., 2003; Matijašic et al., 2006). 
Aside from the traits and benefits of Caco-2 cells mentioned above, there still exist some ambiguous facts for the application of the cell line. For instance, mucin, a vital component of mucus secreted by the intestinal mucosa, plays an essential role as a barrier against adherence of pathogens to the mucous membrane. In addition, mucin may provide specific binding sites for bacterial adhesion (Gork et al., 1999). Whether Caco-2 cells used for the study of pathogen antagonism will secrete enough amount of mucin is controversial. Some studies have indicated that Caco-2 cells lack the MUC-2 gene of mucin and need probiotics to stimulate its gene expression, or extra addition of mucin to the cell line tissue culture system to inhibit bacterial translocation (Gork et al., 1999; Mattar et al, 2002). Others showed that the Caco-2 cell line  expresses mRNAs of MUC1, MUC3, MUC4 and MUC5A/C while lacking of MUC2 and MUC6 genes, thus indicating that the cell line is an excellent in vitro model for studying mucin expression (Bu et al., 2011; van Klinken et al., 1996).
The ability of Lactobacillus and Bifidobacterium to adhere to intestinal cells varies considerably between strains (Bernet et al., 1993; Coconnier et al., 1993; Gopal et al., 2001). Our study found that L. acidophilus BCRC 10695 had the highest adherence rate of 8.28% among the three strains. To examine the change in adhesiveness after acid and subsequent ox gall bile exposure, the adherence rates (%) of the LAB strains were determined by prior treatment with different acid solutions (pH 2-4) followed by 0.1-0.3% bile salt. The adherence rate of L. paracasei BCRC 14023 (80.68%) was higher than both of L. acidophilus BCRC 10695 (9.71%) and B. bifidum BCRC 14615 (5.20%) in acid solution of pH 4 and 0.1% bile salt (Table 4). The LAB strains which survived sequential acid and bile salt treatments displayed a higher adhesiveness (5.20-80.68%) than that without acid and bile salt pretreatments (0.012-8.28%). Lactobacilli and Bifidobacteria adhere to human intestinal mucosa by a mechanism that involves different components of protein factors on the bacterial cell surface (Bernet et al., 1993; Coconnier et al., 1993; Greene and Kleanhammer, 1994). In this study, most of the LAB strains that survived sequential acid and bile salt treatments lost adhesiveness except in the condition of acid at pH 4 combined with 0.1% bile salt (Table 4). This means that the adhesive factors present on the bacterial surface, such as proteins and carbohydrates, might be damaged by exposure to higher acidic condition (pH 2-3) or increased bile salt concentrations (0.2-0.3% at pH 4), thus leading to the disappearance of their adhesive property. 
LAB strains can inhibit the adhesion of pathogens to intestinal epithelial cells, which has been verified in vitro (Bernet et al., 1993; Coconnier et al., 1993; Lee et al., 2000). In this study, untreated L. acidophilus BCRC 10695 with the highest adherence rate (8.28%) did not show a higher adherence inhibition against C. perfringens BCRC 13019 compared with B. bifidum BCRC 14615 and L. paracasei BCRC 14023 (Fig. 1a); treated L. paracasei BCRC 14023 (Table 4) also displayed no significantly higher displacement effect (Fig. 2) compared with L. acidophilus BCRC 10695 and B. bifidum BCRC 14615 (statistical data not shown). This finding is similar to that reported by Tuomola et al. (1999) who indicated that inhibition is not related to the adhesion ability of LAB strains. The inhibition could thus be related to the specific adhesion receptors in the gut that probiotics and pathogens are competing for (Lee and Puong, 2002) or possibly to other factors such as coaggregation interaction between LAB strains and pathogenic strains (Gueimonde et al., 2006; Reid et al., 1988). For the adherence inhibition test, this study used a level of LAB strain count mimicking that found in the intestines and investigated the preventive ability of probiotics against the pathogen used after sequential acid and bile salt treatments. The result demonstrated that LAB strains pre-adhered to Caco-2 cells showed a significant lowering effect on the adherence rate of C. perfringens BCRC 13019 with or without pretreatment with acid and bile salt compared with the LAB strain-free group (Fig. 1a). For each LAB strain, C. perfringens BCRC 13019 pretreated with acid (pH 4) and bile salt (0.1%) led to a lower adherence rate. This may indicate that pre-adhered LAB strains have a better preventive effect on the adhesiveness of acid and bile salt treated C. perfringens cells, though the effect did not reach a significant difference with the one without acid and bile salt treatments. For the displacement effect of LAB strains, this research simulated a prior coverage of the pathogen on the surface of intestines and tested the virtual therapeutic effect of LAB strains with or without pretreatment of acid and bile salt. In Fig. 2, the adherence rates of C. perfringens BCRC 13019 were significantly reduced by all tested LAB strains and the pathogen had lower adherence rates for those LAB strains without pretreatment of acid and bile salt. The non-pretreated L. acidophilus BCRC 10695 exhibited a significantly lowering effect on the adhesion of the pathogen compared with the pretreated identical LAB strain. This indicates that acid and bile salt may cause a harmful effect on LAB strains, resulting in a reduced displacement ability of probiotics, though both B. bifidum BCRC 14615 and L. paracasei BCRC 14023 did not reach significant differences of the same strains. Furthermore, the LAB strains caused lower adherence rates of the pathogen in the adherence inhibition test (Fig. 1a) than that in the displacement property test (Fig. 2), i.e. the potential probiotics displayed a higher preventive effect than their therapeutic effect. This result is similar to that reported by Lee et al. (2003) who found that displacement of pathogens was very different from adherence inhibition and the degree of displacement was generally lower than the degree of inhibition.
The modification of proteins by fluorescein isothiocyanate (FITC) will generate fluorescent proteins which can be detected by a spectrofluorometer. FITC is the fluorescein molecule with an isothiocyanate group (-N=C=S) on the bottom ring of its structure. This functional group of isothiocyanate reacts with amino and thiol groups of intracellular proteins to produce dithiourethane and N, N'-disubstituted thiourea adducts (Klonis and Sawyer, 2003; Schnaible and Przybylski, 1999). Thus it is impossible for FITC covalently bound to the proteins embedded in the cell membrane of bacteria (e.g. the pathogen) to transfer to other cells like probiotics. Based on the mechanism the fluorescent intensity detected can be thought of as the extent of fluorescence emitting only from the FITC-labeled pathogen, and not from the co-incubated lactic acid bacteria. And the diminished fluorescent intensity (Fig. 1b) can be interpreted as the result of reduced cell number of stained C. perfringens BCRC 13019 on the Caco-2 cells inhibited or replaced by the tested LAB strains (Fig. 1a and Fig. 2).
The β-galactosidase activity of the LAB strains increased with raised bile salt concentration at the same pH values (Table 5). Noh and Gilliland (1993) pointed out that ox gall would cause cellular membrane injury and resultant cellular permeability which leads to higher β-galactosidase activity. This study also found that lower pH resulted in lower β-galactosidase activity at the same bile concentrations. This might be due to the drastic decrease in viable count of each tested LAB strain (initial inoculum was 108 CFU/ml) after treatment with lower pH values of acid solutions, resulting in a subsequent reduced number of live bacteria per millimeter of specimen tested, and led to lower values of β-galactosidase.
The invasion rate obtained using invasion assay would reflect the degree of in vitro bacterial infectivity and pathogenicity (Ford et al., 1996). The value was zero for each of the LAB strains exposed to the sequential action of acid (pH 4) and bile salt (0.1%) solutions, thus demonstrating that they had no invasiveness in vitro. But the in vivo safety properties of these probiotic candidates need further inspection.

5. Conclusions
Treatments with acid of lower pH values followed by higher concentrations of bile salt led to decline in survival of LAB strains. In some combined conditions of acid and bile salt treatments, LAB strains that survived lost their adhesiveness, possibly due to the injury caused by such critical conditions. The LAB strains that survived treatment with acid at pH 4 followed by exposure to 0.1% bile salt exhibited higher adherence rates and a slightly lower displacement effect toward the pathogen compared with the LAB strains not exposed to those unfavorable conditions.
 In summary, assessing the remaining potential probiotic properties of lactic acid bacteria by challenging the strains with simulated GI conditions is a suitable approach. With further research effort in this vein, we believe that our knowledge about probiotics can be increased.
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Table 1. Viable counts (log CFU/ml) and survival rates (%) of the LAB strains treated with acid solutions of pH 2, 
3, 4 for 1.5 and 3.0 h respectively
	Strain
	Initial count
	
	pH 2
	
	pH 3
	
	pH 4

	
	
	
	1.5 h
	3.0 h
	
	1.5 h
	3.0 h
	
	1.5 h
	3.0 h

	L. acidophilus
BCRC 10695
	8.30a
(100)*
	
	7.52±0.07ax
(16.88)
	5.72±0.07ay
(0.26)
	
	8.24±0.03ax
(87.81)
	7.93±0.06ay
(42.39)
	
	8.26±0.04ax
(91.17)
	8.07±0.04ay
(58.53)

	B. bifidum
BCRC 14615
	8.17a
(100)
	
	3.79±0.08cx
(0.0042)
	ND**cy
(0)
	
	5.49±0.07cx
(0.213)
	NDcy
(0)
	
	6.07±0.05cx
(0.787)
	4.73±0.04cy
(0.0363)

	L. paracasei
BCRC 14023
	8.23a
(100)
	
	6.03±0.09bx
(0.687)
	4.18±0.02by
(0.00933)
	
	8.08±0.05bx
(74.88)
	7.63±0.15by
(28.37)
	
	8.10±0.04bx
(77.59)
	7.98±0.06by
(57.78)

	a-c Different letters in the same column differ significantly at the 5% level, n=3
x-y Different letters within a row of the same pH values differ significantly at the 5% level, n=3
*Survival rate (%)
**ND: Not detected






















Table 2. Viable counts (log CFU/ml) and survival rates (%) of the LAB strains treated with 0.1, 0.2, 0.3% bile salt for 
1.5 and 3.0 h respectively
	Strain
	Initial count 
	
	0.1%
	
	0.2%
	
	0.3%

	
	
	
	1.5 h
	3.0 h
	
	1.5 h
	3.0 h
	
	1.5 h
	3.0 h

	L. acidophilus
BCRC 10695
	8.27a
(100)*
	
	5.86±0.13bx
(0.403)
	3.56±0.1by
(0.00202)
	
	4.23±0.07bx
(0.00932)
	3.23±0.04by
(0.000931)
	
	4.00±0.06bx
(0.00548)
	2.79±0.1by
(0.000347)

	B. bifidum
BCRC 14615
	8.28a
(100)
	
	4.9±0.07bx
(0.0415)
	2.57±0.18by
(0.000211)
	
	2.57±0.17cx
(0.000203)
	ND**cy
(0)
	
	1.65±0.06cx
(0.0000237)
	NDcy
(0)

	L. paracasei
BCRC 14023
	8.21a
(100)
	
	7.11±0.03ax
(7.99)
	6.06±0.07ay
(0.708)
	
	6.84±0.12ax
(4.42)
	6.12±0.04ay
(0.817)
	
	6.59±0.11ax
(2.56)
	5.94±0.06ay
(0.537)














a-cDifferent letters in the same column differ significantly at the 5% level, n=3
x-yDifferent letters within a row of the same bile salt concentrations differ significantly at the 5% level, n=3
*Survival rate (%)
**ND: Not detected



















Table 3. Viable counts (log CFU/ml) and survival rates (%) of the LAB strains treated with acid of pH 2, 3, 4 followed 
by 0.1, 0.2, 0.3% bile salt for 3 h respectively
	Strain
	Initial count
	pH 3
	
	pH 4
	

	
	
	0.1% 
	0.2% 
	0.3%
	
	0.1%
	0.2%
	0.3%

	L. acidophilus
BCRC 10695
	8.25a
(100)*
	2.67±0.12ax
(0.000281)
	ND**ay
(0)
	ND ay
(0)
	
	4.33±0.08ax
(0.0125)
	4.23±0.12ax
(0.00966)
	2.24±0.04ay
(0.0001)

	B. bifidum
BCRC 14615
	8.28a
(100)
	NDcx
(0)
	NDax
(0)
	NDax
(0)
	
	3.72±0.06cx
(0.00288)
	NDcy
(0)
	NDby
(0)

	L. paracasei
BCRC 14023
	8.10a
(100)
	2.26±0.14bx
(0.000151)
	NDay
(0)
	NDay
(0)
	
	4.20±0.04bx
(0.0126)
	3.61±0.17by
(0.0032)
	2.21±0.12az
(0.00013)


a-cDifferent letters in the same column differ significantly at the 5% level, n=3
x-yDifferent letters within a row of the same pH values differ significantly at the 5% level, n=3
*Survival rate (%)
**ND: Not detected





a-c Different letters in the same column differ significantly at the 5% level, n=3.
x-y Different letters within a row of the same pH values differ significantly at the 5% level, n=3.
*Survival rate (%).






Table 4. The survival (log CFU/ml), adherence (log CFU/ml) and adherence rate (%) of the LAB strains 
	Strain
	pH 3
	
	pH 4

	
	0.1%
	
	0.1% 
	
	0.2% 
	
	0.3%

	
	survival
	adherence
	
	survival
	adherence
	
	survival
	adherence
	
	survival
	adherence

	L. acidophilus
BCRC 10695
	2.64a
(100)b
	ND**
(0)
	
	4.27
(100)
	3.19
(9.71)y
	
	4.21
(100)
	ND 
(0)
	
	2.29
(100)
	ND 
(0)

	B. bifidum
BCRC 14615
	ND (100)
	ND 
(0)
	
	3.69
(100)
	2.34
(5.20)y
	
	ND 
(100)
	ND 
(0)
	
	ND (100)
	ND 
(0)

	L. paracasei
BCRC 14023
	2.16
(100)
	ND 
(0)
	
	4.08
(100)
	3.98
(80.68)x
	
	3.64
(100)
	ND 
(0)
	
	2.4
(100)
	ND 
(0)


 treated with acid solutions of pH 2, 3, 4 for 3 h followed by 0.1, 0.2, 0.3% bile salt for 3 h respectively

 



 




x-yDifferent letters in the same column differ significantly at the 5% level, n=3
aViable counts treated with acid followed by bile salt; the initial inoculum: N×108 CFU/ml
bAdherence rate (%)
**ND: Not detected














Table 5. β-galactosidase activity (μmol/10 min．ml) of the LAB strains treated with acid of pH 2, 3, 4 
followed by 0.1, 0.2, 0.3% bile salt respectively 
	Strain
	control*
	pH 2
	
	pH 3
	
	pH 4

	
	
	0.1%
	0.2%
	0.3%
	
	0.1%
	0.2%
	0.3%
	
	0.1%
	0.2%
	0.3%

	L. acidophilus
BCRC 10695
	0.085aw
	0.142ax
	0.319ay
	0.346by
	
	0.366ax
	0.685ay
	0.763ay
	
	0.680ax
	0.941ay
	1.024ay

	B. bifidum
BCRC 14615
	0.074aw
	0.272ax
	0.293ax
	0.424ay
	
	0.325ax
	0.403ay
	0.533ay
	
	0.398bx
	0.810ay
	1.066az

	L. paracasei
BCRC 14023
	0.058aw
	0.095ax
	0.236ay
	0.319az 
	
	0.116bx
	0.335by
	0.450by
	
	0.178bx
	0.429by
	0.439by











*Control: β- galactosidase activity without treatment with of acid and bile
a-b Different letters in a column differ significantly at the 5% level, n=3
w-z Different letters within a row are significantly different from the control at the same pH values (p＜0.05)
































Fig. 1a. Adhesion inhibition of FITC-labeled C. perfringens BCRC 13019 (with and without pretreatment of acid of pH 4 and 0.1% bile salt) by LAB strains pre-adhered to Caco-2 cells. 
*Significantly different from the LAB strain-free (LAB-free) group without pre-adhered LAB strain (p＜0.05). 
aValues of the identical LAB strains do not differ significantly (p＞0.05).
A1, A2, A3: FITC-labeled C. perfringens BCRC 13019 without acid and bile salt pretreatments.
B1, B2, B3: FITC-labeled C. perfringens BCRC 13019 pretreated with acid and then bile salt.
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Fig. 1b. Fluorescent microscopic photographs showing the adhesion inhibition effect of LAB strains pre-adhered to Caco-2 cells on the adhesion of FITC-labeled C. perfringens BCRC 13019 without acid and bile salt pretreatments. (A) C. perfringens BCRC 13019 (LAB strain-free group), (B) C. perfringens BCRC 13019 inhibited by pre-adhered L. acidophilus BCRC 10695 (C) C. perfringens BCRC 13019 inhibited by pre-adhered B. bifidum BCRC 14615 (D) C. perfringens BCRC 13019 inhibited by pre-adhered L. paracasei BCRC 14023.

















Fig. 2. Displacement effect of LAB strains with and without pretreatment of acid (pH 4) and bile salt (0.1%) on the adhesion of pre-adhered, FITC-labeled C. perfringens BCRC 13019. 
*Significantly different from the LAB strain-free (LAB-free) group without adding LAB strains (p＜0.05). 
a-b Values with different letters for the identical LAB strains differ significantly (p＜0.05).
A1, A2, A3: LAB strains without pretreatment of acid and bile salt.
B1, B2, B3: LAB strains pretreated with acid and then bile salt.
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