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Six lactic acid bacteria (LAB), isolated from the intestinal tract of the longevous population, were prominent

for their strong bacteriostatic ability. In this study, the adhesion properties of the six strains were determined

in vitro to explore their potential to be used as probiotics. The hydrophobicity and aggregation activity were

firstly detected and were varied from 14.83% to 57.3% and 12.7% to 31%, respectively. Moreover, the

adhesion activity to the intestinal crypt cells (IEC-6 cells) was proved to be varied from 5.4 to 21.7

bacteria numbers per cell. Furthermore, all the tested LAB samples could inhibit 3 Gram-positive and 3

Gram-negative indicator microorganisms to adhere to the IEC-6 cells. Meanwhile every sample was

inclined to exclude rather than displace or compete to inhibit the indicator microorganisms to adhere to

IEC-6 cells. Afterwards, the adhesion activities of the LAB were demonstrated to be highly affected by

the surface proteins considering the treatments of heat, pepsin, trypsin and NaIO4. The surface proteins

(8–14 kDa) of every sample were isolated and proved to be helpful to regain more than 30% of the

adhesion activity for the corresponding samples. This study will be beneficial to examine the

characteristics of these strains especially L. casei g9 when used as probiotics in dairy food products.
1. Introduction

Lactic acid bacteria (LAB) have long been of interest to the dairy
and agriculture industries with the status of GRAS (generally
regarded as safe), and some have been found as ubiquitous
members of the intestinal epithelial mucosae of healthy
subjects.1,2 Specic selected LAB strains have been increasingly
introduced and characterized as probiotics for functional food
products.3 The criteria suggested for the selection of probiotics
are safety, tolerance to gastrointestinal conditions, ability to
adhere to the gastrointestinal mucosa, and competitive exclu-
sion of potential pathogens.4,5

Adhesion to intestinal epithelial cells is considered to be the
rst step for the LAB strains performing benecial effects on the
health of the host, and high adhesive ability can promote the
gut residence time of LAB strains, restrain potential pathogens
and protect intestinal epithelial cells (IECs).6,7 Bacterial-
mediated adhesion is initially based on non-specic physical
interactions between two surfaces, which then enable specic
interactions between adhesive components and complementary
receptors.8 Hydrophobicity and aggregation activity play key
roles in the rst contact between the bacterial cell and the
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mucous or epithelial cells.9 Various surface determinants on the
LAB strains are involved in the specic adhesion to the IECs.
The balance of electrostatic, van der Waals interactions, the
hydrophobic character of the cell surfaces and the aggregation
ability have long been suggested to inuence the adherence of
lactobacilli to human epithelial cells.10,11

Specic adhesive properties of some LAB may inhibit the
colonization of pathogenic bacteria resulting of antagonistic
activity against adhesion of gastrointestinal pathogens.12 The
term of “competitive exclusion” was rstly used to describe the
scene that one species of bacteria was more vigorous than
another species in competing for receptor sites in the intestinal
tract. Exclusion refers that the probiotics inhibit pathogen
adhesion with different mechanisms and properties, including
the production of substances and the stimulation of IECs.
Competitive exclusion means that the bacteria compete for
available nutrients and mucosal adhesion sites mediated by the
bacterium-to-bacterium interaction. Using human mucosal
material, the effect of probiotic bacteria on the competitive
exclusion of pathogens has been demonstrated.8,12 Based on the
reported work, the potential adhesion activity should not be
generalized because adhesion tend to be strain specic and the
health benet of adhesion attributed to one strain is not
necessarily applicable to another strain even within one
species.1

Previously, six LAB strains, isolated from the intestinal tract
of longevous population of China, have been identied with
This journal is © The Royal Society of Chemistry 2020
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some probiotic properties in our lab, such as tolerance to acid
and bile and the antimicrobial activity against potential path-
ogenic bacteria. In this study, the adhesive characteristics of the
six LAB were evaluated including the hydrophobicity, aggrega-
tion activity, adhesion activity and the related surface proteins
of the cells. The aim of this study was to determine the capacity
of the six LAB to colonize the gastrointestinal tract. This study
could be helpful to apply the tested strains into dairy food
products.

2. Materials and methods
2.1. Bacterial strains and culture conditions

The LAB strains of Lactobacillus rhamnosus grx19, L. acidophilus
ss, L. plantarum s7, L. casei g9, Bidobacterium animalis BLC and
Streptococcus thermophiles 90–57 were isolated from the gut of
subjects from Bama longevity, Guangxi province, China, in
2013. The strains were separately cultured in skim milk broth
for 12 h at 37 �C. The bacteria and supernatant were separated
by centrifugation. The harvested bacteria were suspended by
saline to 1 � 108 CFU mL�1. The supernatant was ltered by
0.22 mm Millipore ltration for the assay.

Escherichia coli CICC10899, Salmonella enterica WX29,
Staphylococcus aureus CICC10201, Pseudomonas brenneri
CICC10271, Clostridium difficile CICC22951, Bacillus subtilis
CICC10012 were bought from China Center of Industrial
Culture Collection (Beijing, China). All the strains were culti-
vated in Luria–Bertani broth at 37 �C except the Clostridium
difficile CICC22951 cultivated in Reinforced Clostridium
Medium broth. The bacteria were harvested aer incubation
for12 h and suspended to 1 � 107 CFU mL�1 by saline.

2.2. IEC-6 cell culture

IEC-6 cell was purchased from Maisha (Shanghai Biotech Co.,
Ltd., China). Cells were routinely cultured in the Dulbecco's
modied Eagle's minimal essential medium (DMEM; Hyclone
Laboratories, Inc., USA) supplement with 20% (v/v) inactivated
fetal calf serum (Hyclone Laboratories, Inc., USA), 1% strepto-
mycin (100 mg mL�1) and 1% penicillin (100 U mL�1) at 37 �C in
an atmosphere of 5% CO2/95% air. And then the cells were
digested by 0.25% trypsin for passage. The medium was
replaced every 2 days, and all the adhesion assays were per-
formed aer passage for 5 times.

2.3. Adhesion assays on IEC-6 cell

Bacterial adhesion tests on IEC-6 cells monolayer were carried
out in 6-well (22 � 22 mm) tissue culture plates. The pre-
cultivated IEC-6 cells were seeded at a concentration of 2 � 104

cells per mL per well and cultivated in an atmosphere of 5%
CO2/95% air at 37 �C until the formation of the dense cell layer.
Aer washing the IEC-6 monolayer cells twice with phosphate
buffer saline (PBS, pH 7.2), one milliliter bacterial suspension
and 1 mL DMEM culture were added to each well and incubated
for 60 min. Unattached cells were removed by PBS buffer for 5
times and then the attached cells xed for 20 min in methanol
then treated Gram staining. Adherent bacterial cells were then
This journal is © The Royal Society of Chemistry 2020
enumerated by microscopic examination. Twenty elds of
microscope were randomly selected and the bacteria adhered to
100 cells were counted. The bacterial adherence value was
dened as the number of the adhered bacteria per cell. Each
assay was performed in triplicate.

2.4. Surface hydrophobicity and aggregation activity of the
LAB strains

The surface hydrophobicity and aggregation assay were per-
formed according to the method described Xu with slight
modication.13 Using PBS buffer as control, xylene (0.4 mL)
mixed with bacteria suspension (4 mL) and then placed for
15 min obtaining the aqueous phase. The absorption value of
the sample and the control were detected under 600 nm wave-
length. Each assay was performed in triplicate with 10 parallel
samples. The surface hydrophobicity was calculated by the
equation.

Surface hydrophobicityð%Þ ¼ OD600ðcontrolÞ �OD600ðtestÞ
OD600ðcontrolÞ

� 100%

OD600 (control): the absorption value of the control, OD600 (test):
the absorption value of the sample.

The bacteria suspension (0.1 mL) mixed with PBS buffer (2.9
mL) and then detected the absorption with the 600 nm wave-
length. The aggregation activity was dened by the following
equation.

Aggregation activityð%Þ ¼ OD600 ð0Þ �OD600 ðtÞ
OD600 ðtÞ � 100%

OD600 (0): the absorption value of the bacteria aer blending
with the buffer, OD600 (t): the absorption value of the bacteria
blending with the buffer placing for 2 h.

2.5. Bacteria labeling and inhibition of indicator
microorganisms

Labelling of bacteria. The indicator microorganisms were
marked with uorescence by the method described by Logan
et al.14

Inhibition the adhesion of indicator microorganisms. The
LAB suspension (1 mL, 2 � 109 CFU mL�1) were added into the
well of the plate containing the incubated IEC-6 cells and co-
cultivated for 2 h at 37 �C. Unbounded LAB cells were
removed by washing with PBS buffer for 3 times and uores-
cence labeled indicator microorganisms (2 � 108 CFU mL�1)
with 1mL PBS buffer were added into the wells and incubated at
37 �C for 2 h. And then, unbounded labeled bacteria were
washed for 3 times with PBS buffer, and the bounded bacteria
were released and lysed with 0.7 mL trypsin for 10 min. As all
the cells exfoliating, the reaction was terminated by adding
0.3 mL DMEM. Fluorescence detection was assessed by liquid
scintillation. The percentage of adhesion inhibition was calcu-
lated as the difference between the adhesion of the pathogen in
the absence and presence of the LAB strain.

Displacement of indicator microorganisms. Fluorescence
labeled strains were added into the wells containing the IEC-6
RSC Adv., 2020, 10, 24234–24240 | 24235
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Fig. 1 The hydrophobicity and aggregation activity of the six LAB. BLC:
B. animalis BLC, g9: L. casei g9, ss: L. acidophilus ss, 90–57: S. ther-
mophiles 90–57, grx19: L. rhamnosus grx19, s7: L. plantarum s7. Data
are mean values � sd (n ¼ 3). (a–f) significant difference (p < 0.05).
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cells and incubated at 37 �C for 2 h. Unbounded strains were
removed by washing for 3 times with PBS buffer, and then LAB
strains were added and incubated for 2 h. The wells were
washed to remove the unbounded strains. The bounded strains
were treated as described above. Displacement of indicator
microorganisms was calculated as the difference between the
adhesion of indicator microorganisms before and aer the
addition of the LAB strains.

Competition between indicator microorganisms and LAB
strains. In this part, one milliliter LAB strains (2 � 108 CFU
mL�1) and 1 mL indicator microorganisms (2 � 109 CFU mL�1)
were added simultaneously to the wells containing the IEC-6
cells and incubated for 2 h at 37 �C. Unbounded strains were
washed and the bounded strains were treated as depicted
above. Competitive exclusion was dened as the percentage of
indicator microorganisms bound aer competition with LAB
strains relative to the indicator microorganisms bound in the
absence of LAB strains.

All the assays were determined in three independent exper-
iments, and each assay was performed in quadruplicate.

2.6. Enzymatic and physico-chemical treatments of LAB
strains

As to proteases treatment, the LAB bacteria suspension was
separately treated by pepsin (400 U mL�1, dissolved in 0.05 M
glycine-HCl with pH 2.2) and trypsin (400 U mL�1, dissolved in
0.2 M PBS buffer with pH 8.0) at 37 �C for 30 min.

In the part of chemical treatment, the LAB bacteria suspen-
sion was treated by 5 M LiCl in ice bath for 30 min and NaIO4

(0.05 M, dissolved in the 0.1 M citric acid-phosphate buffer, pH
4.5) for 30 min at 37 �C, respectively. With regard to heat
treatment, the LAB bacteria suspension was treated at 121 �C for
5 min.

The disposed strain was centrifuged (10 000 � g, 4 �C, 10
min), washed and resuspended in the PBS buffer. And then
labeled by CFDA-SE, adhesion test to IEC-6 cells was performed
by the usual procedures. The relative adhesion ratio was
determined as the percentage of LAB strains bounded to the
IEC-6 cells with and without the treatment.

2.7. Surface protein extraction and cocultivation

The strain was cultivated as the usual procedure and then
centrifuged (10 000 � g, 4 �C, 15 min) and washed twice with
PBS buffer. The bacteria were treated with 5 M LiCl for 30 min
and then centrifuged (16 000 � g, 4 �C, 10 min) to collect the
supernatant to dialysis. The dialysate containing the surface
protein was isolated in dialysis bag (molecular weight cut off
8000–14 000 Da) for 24 h. The IEC-6 cells were cultivated with
the dialysate (37 �C, 2 h) and then washed by PBS buffer to
construct the adhesion assays on IEC-6 cell as described above.
The LAB strains treated with 5 M LiCl (30 min at 37 �C) to
remove the surface protein were used as the control samples.

2.8. Statistical analysis

Statistical analysis was done by SPSS 20.0 soware (SPSS Inc.,
Chicago). Data were subjected to a one-way analysis of variance.
24236 | RSC Adv., 2020, 10, 24234–24240
3. Results and discussion
3.1. Hydrophobicity and aggregation activity of the LAB
strains

Hydrophobicity and aggregation are important factors that
greatly affect bacterial adhesion.8 It was reported that LAB
strains possessing hydrophobic cell surface and aggregation
capacity were more capable to adhere to the intestinal cells to
perform benecial effects.15,16 In this work, the hydrophobicity
and aggregation activity of the six LAB strains L. rhamnosus
grx19 (grx19), L. acidophilus ss (ss), L. plantarum s7 (s7), L. casei
g9 (g9), B. animalis BLC (BLC), and S. thermophiles 90–57 (90–57)
were separately determined by carbohydrate and spectropho-
tometer detection (Fig. 1).

The cell surface hydrophobicity of the studied strains was
signicantly different with the hydrophobic spectrum ranging
from 14.8% (90–57) to 57.3% (g9). Comparing with the other
strains, strain g9 and s7 revealed higher surface hydrophobicity
(Fig. 1). Though lots of researches have been done on the
bacterial hydrophobicity, the hydrophobicity obtained in this
work could not been strictly compared with the reported results
owing to the respective methods.17 However, the results were in
good accordance with some reported work that hydrophobicity
was strain-specic.6,8 The different hydrophobicity exhibited
among the tested strains might be mainly attributed to the
structurally and chemically heterogeneous bacterial surface,
such as the unique hydrophobic amino acids, polysaccharides
and other constitutions on the cell surface. Moreover, the others
conditions should also be considered in our future studies
including environmental factors, cell growth phase and degree
of pleomorphism.

The aggregation activity ranged from 12.7% (90–57) to 31%
(g9). Likewise, strain g9 and s7 showed higher aggregation
activity than the other strains, and strain 90–57 displayed the
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The adhesion activity of the specific LAB to the IEC-6 cells. BLC:
B. animalis BLC, g9: L. casei g9, ss: L. acidophilus ss, 90–57: S. ther-
mophiles 90–57, grx19: L. rhamnosus grx19, s7: L. plantarum s7. Data
are mean values � sd (n ¼ 3). (a–f) significant difference (p < 0.05).
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lowest activity. As aggregation activity of probiotic strains
appeared to be necessary for the initial adhesion to intestinal
mucosa, plenty of works were processed to gain information on
the structural properties of the cell surface that were respon-
sible for aggregation. For strain L. acidophilus M92, proteins
were reasonably considered as mediators in the aggregation
process because the aggregation activity was weakened by
proteolytic treatment.8 The specic components responsible for
the aggregation of the tested strains in this work would be
further excavated.
3.2. Adhesion capacity of the LAB strains to the IEC-6 cells

Adhesion to intestinal mucosa is regarded as a prerequisite for
colonization and is important for the interaction between pro-
biotic strains and the host to modulate the immune system and
antagonize against indicator microorganisms.18,19 The specic
LAB strain and IEC-6 cells were co-cultivated and the adhesion
was microscopically examined (Fig. 2). All the tested samples
Table 1 Competition, exclusion and displacement of Gram-positive stra

Exogenous bacteria Inhibition assay BLC g9

S. aureus Exclusion 61.37 � 0.35d 67.2 � 0.68c

Competition 41.94 � 0.41d 64.27 � 0.56a

Displacement 34.03 � 0.17d 47.03 � 0.17a

B. subtilis Exclusion 69.37 � 0.35b 66.37 � 0.35c

Competition 51.94 � 0.41b 52.7 � 0.17b

Displacement 38.03 � 0.17b 39.36 � 0.55a

C. difficile Exclusion 67.04 � 0.38a 59.4 � 0.35b

Competition 60.4 � 0.17b 43.6 � 0.17a

Displacement 20.49 � 0.41c 34.36 � 0.55a

a Data are mean values � SD (n ¼ 3). (a–f) signicant difference (P < 0.05

This journal is © The Royal Society of Chemistry 2020
were able to adhere to IEC-6 cells with different levels. The
adhered number of strains varied from 5.4 (90–57) to 21.7 (g9)
bacteria numbers per cell. In accordance with other previous
studies, adhesion was clearly demonstrated to be strain-
dependent property. Though the human intestinal epithelial
cell lines seemed to better represent the in vivo situation, the
IEC-6 cells were used as the in vitro models to test the adhesion
properties because they grow in culture forming a homoge-
neous and polarized cell monolayer which was advanced in
cellular interaction studies.20,21 The adhesion activity was
different because of the specic applied models in vitro,
nevertheless, the results were necessary to select the most
promising strains prior to the denitive human clinical
trials.22,23

As the samples performed similar trend in hydrophobicity,
aggregation activity and adhesion activity, the correlation
analysis was adopted. It was noted that adhesion activity was
positively correlated with the paralleled hydrophobicity (P <
0.05) and aggregation activity (P < 0.01). This result was in good
accordance with the reported work that adhesion ability was
correlated with hydrophobicity of lactobacilli surface as
measured by microbial adhesion to hydrocarbons.13

3.3. Inhibition of the LAB strains to the indicator
microorganisms to adhere to the IEC-6 cells

Pioneering studies have demonstrated that Lactobacillus strains
owning adhesive properties could enable them to inhibit and/or
prevent the colonization of epithelial cells by exogenous
bacteria.7,18 Considering on these six strains showing adherent
activity, 3 Gram-positive strains (S. aureus, B. subtilis, C. difficile)
and 3 Gram-negative strains (E. coli, S. enterica WX29, P. bren-
neri) were used as indicator microorganisms to estimate the
microbial inhibition activity of the LAB strains and the corre-
sponding experiments were composed of exclusion, competi-
tion and displacement (Tables 1 and 2).

Every LAB strain could signicantly prevent the adhesion of
the indicator microorganisms to the IEC-6 cells. All the studied
strains were inclined to exclude rather than displace or compete
to prevent the indicator microorganisms to adhere to the IEC-6
cells owing to the comprehensive evaluation of inhibition,
ins adhering to ICE-6 cells by the LABa

Adhesion inhibition (%) pathogens

ss 90–57 grx19 s7

57.04 � 0.38e 44.04 � 0.38f 57.04 � 0.38e 69.04 � 0.38b

38.6 � 0.17e 34.6 � 0.17f 38.6 � 0.17e 51.6 � 0.17b

31.03 � 0.17e 21.03 � 0.17fe 20.03 � 0.17f 38.03 � 0.17bc

62.04 � 0.38d 34.03 � 0.38f 59.71 � 0.27e 72.37 � 0.35a

37.6 � 0.17e 24.6 � 0.17f 41.94 � 0.41d 55.6 � 0.17a

30.03 � 0.25d 19.36 � 0.47f 24.03 � 0.17e 31.03 � 0.17d
c 39.71 � 0.27de 24.37 � 0.35g 37.71 � 0.27f 45.06 � 0.38e

24.6 � 0.17e 22.6 � 0.17f 23.6 � 0.17e 31.27 � 0.56d

19.49 � 0.41d 15.49 � 0.41f 18.49 � 0.41e 20.69 � 0.4c

) among all lactic acid bacteria strains within the same column.

RSC Adv., 2020, 10, 24234–24240 | 24237
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Table 2 Competition, exclusion and displacement of Gram-negative strains adhering to ICE-6 cells by the LABa

Exogenous bacteria Inhibition assay

Adhesion inhibition (%)

BLC g9 ss 90–57 grx19 s7

E. coli Exclusion 64.63 � 0.91d 74.81 � 0.57b 59.97 � 0.27e 29.63 � 0.61f 66.97 � 0.27c 77.97 � 0.27a

Competition 49.0 � 1.48e 62.6 � 0.17a 41.34 � 0.62f 21.34 � 0.62g 52.7 � 1.06cd 59.27 � 0.56b

Displacement 31.09 � 0.86e 44.36 � 0.55a 29.84 � 0.53f 13.64 � 0.55g 35.09 � 0.83d 42.69 � 0.4b

S.enterica WX29 Exclusion 71.55 � 0.86a 65.92 � 0.61b 60.38 � 0.93e 39.71 � 0.84g 57.38 � 0.93f 63.63 � 0.38d

Competition 51.27 � 0.56a 52.6 � 0.17a 37.1 � 0.4e 23.44 � 0.8f 40.1 � 0.4cd 42.6 � 1.06c

Displacement 36.46 � 1.04b 42.79 � 0.78a 47.89 � 0.48de 10.79 � 0.48g 27.46 � 1.04f 34.46 � 1.04c

P. brenneri Exclusion 58.63 � 0.61e 68.7 � 0.83 cd 45.63 � 0.38f 44.63 � 0.38g 73.97 � 0.27a 71.3 � 0.94ab

Exclusion 36.12 � 0.34e 50.2 � 0.74b 31.79 � 0.23f 31.79 � 0.23f 55.7 � 0.82a 44.46 � 0.54c

Competition 26.13 � 0.83e 37.46 � 0.36c 41.46 � 0.59b 10.79 � 0.48f 47.46 � 0.36a 30.79 � 0.48d

a Data are mean values � SD (n ¼ 3). (a–g) signicant difference (P < 0.05) among all lactic acid bacteria strains within the same column.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/2
5/

20
26

 1
:3

9:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
replacement and competition. In exclusion assay, all the strains
showed high inhibition activity ranged from 24.4% to 80%.
Meanwhile, the strains (g9 and s7) with higher adhesion activity
showed signicantly higher inhibition activity, among which,
strain g9 could inhibit more than 70% of S. aureus and E. coli. In
competition assay, the indicator microorganisms inhibited to
adhere to the IEC-6 cells were from 21.3% to 64.3%. Most of the
inhibitive ratio of the competitive samples was over 50%,
especially strain g9 to S. aureus and E. coli and strain BLC to C.
difficile. In displacement assay, the adhesion of the indicator
microorganisms was inhibited from 10.8% to 47.9%. More than
40% of S. aureus, E. coli and S. entericaWX29 could be inhibited
by strain g9 to adhere to IEC-6 cells as well as strain s7 to E. coli
and S. enterica WX29, strain ss to S. enterica WX29 and P.
brenneri and the strain grx19 to P. brenneri.

Generally, combining the assay of exclusion, competition
and displacement, the capacity of the studied LAB strains
inhibiting the indicator microorganisms to adhere to the IEC-6
cells was in accordance with their corresponding adherent
activity. The strain 90–57 with the lowest adherent activity
showed the weakest inhibition activity to all the indicator
microorganisms in each inhibitive assay. However, high adhe-
sion ability was not always associated with high inhibition
capacity against indicator microorganisms. Some commercial
strains with low adhesive ability had better inhibition ability
compared to strains with high adhesive activity.24–26 In addition,
most of the LAB strains in this study showed weak inhibitive
Table 3 Adhesion ratio of the LAB strains to ICE-6 cells under different

Treatment

Relat

BLC g9 ss

Pepsin 50.38 � 0.99b 50.02 � 0.37b 51.5 � 1
Trypsin 63.31 � 0.4de 68.15 � 0.84f 58.3 � 0
LiCl 33.24 � 0.37b 34.98 � 0.84b 36.89 � 0
NaIO4 81.81 � 1.27c 83.72 � 1.07d 78.22 � 1
Heat 17.83 � 1.17ab 18.93 � 0.61b 22.72 � 0

a Data are mean values � SD (n ¼ 3). (a–f) signicant difference (P < 0.05

24238 | RSC Adv., 2020, 10, 24234–24240
effect to Gram-positive bacterium C. difficile in the inhibition
assay compared with the other two Gram-positive indicator
bacteria. Therefore, specic components of the indicator
microorganisms could exist to inuence the inhibition process.
A large number of researches have reported that the ability of
inhibition varies with the Lactobacillus species and the potential
pathogens, even the same Lactobacillus genus.27 In conclusion,
the microbial inhibition process of LAB strains was complicated
and various determinants were involved in preventing indicator
microorganisms interacting with intestinal epithelial cells. The
specic mechanism of the inhibition process would be studied
in our followed work.
3.4. Tolerance ability of the LAB strains to pepsin, trypsin,
LiCl, NaIO4 and heat

The microbial adhesion inhibition process of LAB strains was
complicated and various surface determinants were involved in
their interaction with intestinal epithelial cells, including
passive forces, electrostatic interactions, hydrophobic, steric
forces, lipoteichoic acids and specic structures.9,10 The cell
surface components were tightly related to the adhesion activity
of the LAB strains. To further understand the mechanism of the
adhesion, the feasible elements were primarily explored by
separately treating the LAB strains with protease, chemical and
heat (Table 3).

The adhesion activity of the LAB strains was decreased by
43.6–51.9%, 31.9–56.5%, 56.4–70.8%, 16–26.2% and 76.5–
treatments by fluorescence displaya

ive adhesion ratio (%)

90–57 grx19 s7

.38b 54.87 � 0.95c 56.38 � 0.79c 51.43 � 1.04b

.27c 54.8 � 0.62b 57.16 � 1.12c 61.41 � 0.16d

.57c 39.18 � 0.94d 39.62 � 0.82d 43.63 � 0.83e

.03b 80.8 � 1.63bc 73.79 � 0.71a 79.63 � 0.81b

.47d 18.02 � 0.86b 23.51 � 0.54d 21.11 � 0.71c

) among all lactic acid bacteria strains within the same column.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Effects of surface protein on the adhesion activity of the
specific LAB to the ice-6 cells. BLC: B. animalis BLC, g9: L. casei g9, ss:
L. acidophilus ss, 90–57: S. thermophiles 90–57, grx19: L. rhamnosus
grx19, s7: L. plantarum s7. Data are mean values � sd (n ¼ 3). (a–f)
significant difference (p < 0.05).
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83.3% treated by pepsin, trypsin, LiCl, NaIO4 and heat,
respectively. The adhesion activity reduced more than 50% with
the treatment of LiCl or heat suggesting that the main elements
mediating adhesion between bacteria and IEC-6 cells were
proteinaceous.

The surface proteins (weighted from 8 to 14 kDa) of the six
LAB were separately isolated and then co-cultivated with the
corresponding LAB strains removing the surface proteins. All
the tested strains regained more than 30% of the adhesion
activity to the IEC-6 cells (Fig. 3). These results were in good
accordance with the reported studies which indicated that the
major components responsible for bacterial adhesion to the
intestinal mucin types or epithelial cells were protein nature in
the genera of Lactobacillus and Bidobacterium.28,29

LiCl treatment is taken as the usual method to remove the
surface proteins.6 However, the residual adhesion activity of the
LAB treated by LiCl could still be as high as 43.6%. The results
obtained from these treatments indicated that not only the
surface proteins but also some other components on the cells
were deemed to inuence the adhesion process, such as some
heat sensitive non-protein compound. It was reported that lip-
oteichoic acid and exopolysaccharides could also contributed to
adhesion to the host epithelial cells and mucus as well as the
extracellular appendages, such as agella, mbriae and
pili.6,30,31 Hence, the specic components on the cell surface of
the LAB strains relating to the adhesion activity would be
identied in the followed work.
4. Conclusion

Adhesion of probiotics to the intestinal mucosa is also impor-
tant for the interaction between probiotic strains and the hos as
well as modulation of the immune system and antagonism
against pathogens. Thus, adhesion has been one of the main
This journal is © The Royal Society of Chemistry 2020
selection criteria for new probiotic strains and has been related
to certain benecial effects of probiotics. In this work, the
adhesion properties of the six strains were studied. The
hydrophobicity, aggregation activity and adhesion capacity to
IEC-6 cells of the six strains were prominent (especially L. casei
g9) and performed strain specic. Moreover, all the LAB were
inclined to exclude rather than displace or compete to inhibit
the indicator microorganisms to adhere to IEC-6 cells. The
surface proteins (8–14 kDa) played an important role in the
adhesion activities of the LAB. These results suggested that the
six strains could tightly adhere to the gastrointestinal tract and
this study will be benecial for these strains to be used as
probiotics in dairy food products.
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