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The collagen-binding protein gene cnb was cloned from the probiotic Lactobacillus reuteri strain

Pg4. The DNA sequence of the cnb gene (792 bp) has an open reading frame encoding 263 amino

acids with a calculated molecular weight of 28.5 kDa. The cnb gene was constructed so as to

constitutively express under the control of the Lactococcus lactis lacA promoter and was trans-

formed into Lactobacillus casei ATCC 393, a strain isolated from dairy products with poor ability to

adhere to intestinal epithelial cells. Confocal immunofluorescence microscopic and flow cytometric

analysis of the transformed strain Lb. casei pNZ-cnb indicated that Cnb was displayed on its cell

surface. Lb. casei pNZ-cnb not only showed a higher ability to adhere to Caco-2 cells but also

exhibited a higher competition ability against Escherichia coli O157:H7 and Listeria monocytogenes

adhesion to Caco-2 cells than Lb. casei ATCC 393.
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INTRODUCTION

Aprobiotic is a livemicrobial feed supplement that beneficially
affects the host animal by improving its intestinal balance (1).
Species currently being used in probiotic preparations for animal
nutrition belong to the genera Bacillus, Enterococcus, Lactoba-
cillus, Streptococcus, and Saccharomyces (2). Of those microbial
species, lactic acid bacteria, such as members of the genera
Lactobacillus, are normal inhabitants of the intestine (3). There
is sufficient evidence to show that some strains of probiotic
Lactobacillus are effective at improving growth rate, feed effi-
ciency, and disease resistance and at reducing gut shedding of
enteropathogenic bacteria in livestock animals (4,5). In contrast,
Watkins andKratver (6,7) showed that the oral administrationof
high numbers of different Lactobacillus strains or the introduc-
tion commercialLactobacillus to drinking water did not have any
significant effect on broiler growth or feed intake. Jin et al. (8)
attributed the failure of probiotic lactobacilli to enhance chicken
production to the inability of microorganisms to colonize or
survive in the gastrointestinal tract or to their inability to
antagonize or competitively exclude the pathogenic bacteria.
Therefore, the idealmicroorganism for probiotic lactobacillimust
be able to provide competition against the adhesion of gastro-
intestinal pathogens to the intestinal mucosa and establish itself
and flourish in the intestine (9, 10).

Lactobacillus reuteri frequently occurs in the intestinal micro-
flora of various mammals and has been widely regarded as a

potential probiotic. Strains of this species have been shown to
possess the ability to adhere to epithelial cells and colonize the
intestine (11). The collagen-binding protein Cnb is a surface-
located protein from Lb. reuteri NCIB 11951 (12). Sequence
comparisons have shown that Cnb is a member of the family 3
solute-binding proteins (13), a group of proteins that typically
bind opines and polar amino acids. Most solute-binding proteins
in Gram-positive bacteria are lipoproteins (14). Cnb is unusual in
that it is not a lipoprotein and lacks the membrane anchor motif
LXXC normally associated with solute-binding proteins of
Gram-positive bacteria. In addition, its calculated isoelectric
point is a highly alkaline 9.78. Closely related homologues of
Cnb include BspA from Lactobacillus fermentum BR11 (15), a 29
kDa protein from Lb. fermentum RC-14 (16), and MapA from
Lb. reuteri 104R (17). These proteins are hypothesized to be
adhesion factors and probably interact with teichoic acids via
electrostatic interactions due to their strong cationic properties,
which are shared with the anchoring domain of Lactobacillus
S-layer protein subunits (18).

In the present study, we describe the cloning of the collagen-
binding protein gene cnb from Lb. reuteri Pg4, a strain isolated
from the gastrointestinal tract of healthy broilers, and hetero-
logous expression of the cnb gene in Lactobacillus casei ATCC
393, a strain isolated from dairy products that shows poor ability
to adhere to intestinal epithelial cells. We examined the recombi-
nant Cnb expression levels and the adherence ability to Caco-2
cells as well as the inhibition ability of the transformed strain Lb.
casei pNZ-cnb against the adhesion of pathogenic bacteria to
Caco-2 cells.

*Author to whom correspondence should be addressed (e-mail
jrliu@ntu.edu.tw; phone 886-2-33666011; fax 886-2-33666001).
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MATERIALS AND METHODS

Bacterial Strains, Plasmids, Cell Line, and Culture Conditions.

Lb. reuteri Pg4 (19) has been deposited in the Taiwanese Bioresource
Collection and Research Center with deposit no. BCRC 19618 and was
used to prepare genomic DNA for amplification of the collagen-binding
protein gene cnb.Lb. caseiATCC393 (AmericanTypeCulture Collection,
Manassas, VA) and Lactobacillus expression vector pNZ3004 (20) were
used to express cnb. All PCR products intended for sequence analysis were
cloned into pGEM-T Easy vector (Promega, Medison, WI). Escherichia
coli DH5R was used in all subcloning experiments. E. coli BL21 (DE3)
(Novagen, Madison, WI) and E. coli expression vector pGEX-4T-3 (GE
Healthcare, Piscataway, NJ) were used to prepare the purified recombi-
nant proteins for production of polyclonal antibody specific for Cnb. E.
coli ATCC 43894 (O157:H7) and Listeria monocytogenes ATCC 13932
were used to study the competition between Lactobacillus and pathogens
for adhesion to Caco-2 cells.

Lactobacillus strains were grown in de Man, Rogosa, and Sharpe
(MRS) broth (Difco Laboratories, Detroit, MI) at 37 �Cwithout shaking.
E. coli was cultured in Luria-Bertani (LB) broth (Difco Laboratories) at
37 �C in an orbital shaker at 250 rpm. Ls. monocytogenes was cultured in
brain-heart infusion (BHI) broth (Difco Laboratories) at 37 �C in
an orbital shaker at 250 rpm. Agar plates were prepared by adding agar
(1.5% w/v) (Difco Laboratories) to broth.

The cancer-derived human colonic intestinal epithelial cell line Caco-2
was obtained from the Bioresource Collection and Research Center
(Hsinchu, Taiwan). Caco-2 cells were routinely grown at 37 �C in a
95% air-5% CO2 atmosphere in Dulbecco’s modified Eagle’s medium
(Biological Industries, Bet-Haemek, Israel) supplemented with 4 mM
L-glutamine (Biological Industries), 1.5 g/L sodium bicarbonate
(Biological Industries), 4.5 g/L glucose (Sigma-Aldrich Co., St. Louis,
MO), 10mg/L human transferrin (Sigma-Aldrich Co.), and 10% fetal calf
serum (Moregate Biotech, Queensland, Australia).

DNA Isolation andManipulation.GenomicDNAwasprepared from
Lb. reuteriPg4using theDNeasyBloodandTissueKit (Qiagen Inc.,Valencia,
CA). PlasmidDNAwas isolated fromE. coliusing theQIAprepMiniprepKit
(Qiagen Inc.). Restriction enzymes and T4 DNA ligase (New England
BioLabs Inc., Beverly, MA) were used according to the manufacturer’s
instructions. All other DNAmanipulations were performed using established
procedures (21). All DNA sequences were determined by an automatic
sequencing service provided by Mission Biotech Inc. (Taipei, Taiwan).

Cloning of the Collagen-Binding Protein Gene cnb from Lb.
reuteri Pg4. The cnb gene of Lb. reuteri Pg4 was amplified by PCR using
the oligonucleotide forward primer cnbF, 50 ACGCGTCGACGAAATT-
TTGGA 30, and the oligonucleotide reverse primer cnbR, 50 CCAATG-
CATTTATTCAGTAATA30 (the underlined sequences in the primers are
additional sequences that represent the restriction sites for SalI and NsiI,
respectively), designed on the basis of the Cnb gene of Lb. reuteri NCIB
11951 (GenBank accession no. X99716) as described by Roos et al. (12).
These twoprimerswere designed to place aSalI site at the 50 end and aNsiI
site at the 30 end of the PCR product, respectively. PCR amplification was
carried out with an initial denaturation at 94 �C for 4 min followed by 35
cycles of denaturation at 94 �C for 30 s, annealing at 50 �C for 30 s,
extension at 72 �C for 1min, and a final elongation at 72 �C for 7min. The
PCR fragments encodingCnbwere digestedwithSalI andNsiI and ligated
with SalI-PstI-digested pNZ3004 to generate pNZ-cnb (Supporting
Information Figure S1), which was sequenced to ensure that there were
no errors introduced by PCR.

Preparation of Polyclonal Antibody Specific for Cnb. The DNA
sequence encoding Lb. reuteri CnB was amplified by PCR from pNZ-cnb
using the oligonucleotide forward primer, 50 CGCGGATCCAAATTTT-
GGAAGAAAGC30, and reverse primer, 50 ATAAGAATGCGGCCGC-
TTATTCAGTAATA 30 (the underlined sequences in the primers are
additional sequences that represent the restriction sites for BamHI and
NotI, respectively). The PCR fragments encoding Cnb were digested with
BamHI and NotI and ligated with BamHI-NotI-digested pGEX-4T-3.
The E. coli expression vector pGEX-4T-3 is designed for the expression of
the recombinant protein fused to the 224 amino acid glutathione-S-
transferase (GST; 26.2 kDa) sequence upstream of the cloning site. The
fusion tag can be removed from the recombinant target protein byprotease
cleavage using thrombin. The resultant plasmid, designated pGEX-cnb,
was sequenced to ensure that no errors had been introduced by PCR and

was used to transform E. coli BL21 (DE3) by standard techniques
(Sambrook and Russell 2001). E. coli transformants were selected on
LB agar plates containing ampicillin (10 μg mL-1) (Sigma-Aldrich Co.).
To produce the recombinant protein,E. coliBL21 transformant cells were
cultured in LB broth, and cell growthwas thenmeasured turbidimetrically
at 600 nm (OD600). The overnight culture was prepared and subsequently
seeded at a 1:100 dilution into 5 mL of fresh LB broth. The cell cultures
were maintained at 37 �C and induced with 100 μM isopropyl-β-D-
thiogalactopyranoside (IPTG; Sigma-Aldrich Co.) for protein production
upon reaching an OD600 of 0.5. After 4 h of induction, the cells were
harvested by centrifugation at 5000g for 20 min at 4 �C.

The cell pellet was resuspended in 1 mL of 0.1 M sodium phosphate
buffer (pH 7.4), sonicated for 10 min with an ultrasonicator (model XL,
Misonix, Farmingdale, NY), and fractioned into supernatant and pellet
fractions by subsequent centrifugation at 13000g for 20 min at 4 �C. The
GST-tagged recombinant protein, mainly present in the supernatant, was
captured on a GSTrap FF column (GE Healthcare). For thrombin on-
column cleavage, 10 U of protease/mg of bound GST fusion protein was
loaded onto the column and incubated at 25 �C for 16 h. Finally, the
purified recombinant Cnb proteins were obtained by removal of thrombin
using a HiTrap Benzamidine FF column (GE Healthcare) in series below
the GSTrap FF column (Supporting Information Figure S2). The purified
recombinant Cnbwas used to prepare polyclonal antibodies inmice (LTK
Biolab. Inc., Hsinchu, Taiwan).

Heterologous Expression of cnb Gene by Lb. casei ATCC 393.

The pNZ-cnb plasmid was electroporated into Lb. casei ATCC 393 as
described by Serror et al. (22). Subsequent to electroporation, theLb. casei
ATCC393 transformantswere incubated inMRSbroth containingMgCl2
(10 mM) at 37 �C for 3 h. The transformants were subsequently spread
ontoMRS agar plates containing erythromycin (10 μg/mL) and incubated
at 37 �C until the appearance of transformants. The transformants,
designated Lb. casei pNZ-cnb, were confirmed not only by direct colony
PCR using cnbF and cnbR primer set but also by reverse transcription
PCR (RT-PCR),Western blot, confocal immunofluorescencemicroscopy,
and flow cytometric analysis.

RT-PCR Analysis of RNA Isolated from Lactobacillus Strains.
Lb. reuteri Pg4, Lb. casei ATCC 393, and Lb. casei pNZ-cnb were
transferred to MRS broth and incubated at 37 �C for 24 h. The cells were
harvested by centrifugation at 5000g for 20 min at 4 �C. Total RNA was
extracted from the lactobacilli cells with TRizol reagent (Invitrogen,
Carlsbad, CA). Residual DNA was removed with RNase-free DNase I
(Invitrogen) treatment. RNA concentrations were measured in triplicate
using a NanoDrop spectrophotometer (NanoDrop Technologies Inc.,
Wilmington, DE). Exactly 2.0 μg ofRNAwas transcribed into first-strand
cDNA using M-MLV reverse transcriptase (Promega) and cnbF and
cnbR primer set. PCR reaction was then performed using the cDNA as
template for amplification with the above primer set. The transcript levels
of the housekeeping 16S rRNA gene were determined in parallel for each
sample using 16S-27f (50 AGAGTTTGATCMTGGCTCAG 30) and 16S-
1492r (50 CGGTTACCTTGTTACGACTT 30) primer sets.

GelElectrophoresis andWesternBlotAnalysis.Lb. reuteriPg4,Lb.
casei ATCC 393, and Lb. casei pNZ-cnb cells were cultivated and
harvested as described above. The cell pellet was resuspended in 1 mL
of 0.1 M phosphate-buffered saline (PBS; pH 7.4), sonicated for 10 min
with an ultrasonicator (model XL, Misonix), and fractioned into intra-
cellular extract and cell-wall pellet fractions by subsequent centrifugation
at 13000g for 20min at 4 �C.The intracellular extract and cell-wall pellet of
each Lactobacillus cell culture were analyzed using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) according to
the method described by Laemmli (23). Samples were placed in Laemmli
buffer, boiled, and separated on 12.5% SDS-PAGE gels (Bio-Rad,
Hercules, CA). Either gels were stained with Coomassie brilliant blue
(Sigma-Aldrich Co.), or the proteins were transferred to polyvinylidene
difluoride (PVDF) membranes (Immobilon-P, GEHealthcare) in transfer
buffer (48 mM Tris, 39 mM glycine, 0.037% SDS, and 20% methanol).

For Western blot analysis, the membranes were blocked in blocking
buffer (25 mM Tris, 150 mM NaCl, 0.1% Tween 20, and 5% nonfat dry
milk; pH 7.5) at room temperature for 1 h and then probed with mouse
polyclonal anti-Cnb antibody (1:10 dilution in PBS, LTKBiolab. Inc.) for
1 h at room temperature. Following this, the membranes were incubated
with a secondary horseradish peroxidase-linked anti-mouse IgG antibody
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(1:10000 dilution in PBS, GE Healthcare) for 1 h at room temperature.
Antibody-antigen complexes were detected using ECL Western blot
signal detection reagent (GE Healthcare).

Confocal Immunofluorescence Microscopic Analysis. Lactobacil-
lus cells were cultivated and harvested as described above. The cell pellet
was resuspended in 1 mL of 0.1 M PBS (pH 7.4) containing 10 g/L bovine
serum albumin and incubated at room temperature for 30 min. The cells
were then incubated with mouse polyclonal anti-Cnb antibody (1:10
dilution in PBS, LTK Biolab. Inc.) at room temperature for 1.5 h.
Following this, the cells were incubated with the secondary goat anti-
mouse IgG heavy and light chain antibody conjugated with Alexa Fluor
488 (1:2500 dilution in PBS, Invitrogen) at room temperature for 1 h.
Finally, the immunostained bacterial cells were harvested by centrifuga-
tion at 5000g for 20min at 4 �Cand then laid on a glass slide, air-dried, and
heat-fixed. Confocal immunofluorescence microscopic analysis was per-
formed using a Leica TCS SP5 II spectral confocal microscope mounted
on a Leica DMI 6000B inverted microscope (Leica Microsystems,
Heidelberg, Germany) with an HCX PLAPO CS 63�/1.4-0.6 oil immer-
sion objective and an argon laser (458, 476, 488, 514 nm) source.

Flow Cytometric Analysis. Lactobacillus cells were immunostained
as described above. Flow cytometric analysis was performed on a
CytomicsFC500FlowCytometry System (BeckmanCoulter, Inc.,Miami,
FL) with a 488 nm argon laser and a 525 nm emission filter. Immunos-
tained bacterial cells were diluted to approximately 106 cells/mL and
delivered at a low flow rate, corresponding to 150-300 bacterial cells per
second. The data were analyzed using CXP software (Beckman Coulter,
Inc.) with 18000 counts analyzed in each experiment. Counts weremade in
triplicate for each procedure.

Lactobacillus Adhesion Assays. Before adherence assays, Caco-2
cells were incubated with antibiotic-free medium at 37 �C for 24 h. Then,
the Caco-2 cells were removed from tissue culture flasks with an EDTA-
trypsin solution, washed three times in PBS, and resuspended in the same
buffer. The cells were then incubated with mouse anti-human CD29
(integrin β 1) monoclonal antibody conjugated with PerCP-eFluor 710
(1:10dilution inPBS; eBioscience, Inc., SanDiego,CA) at room temperature
for 1.5 h. Following this, the immunostainedCaco-2 cells werewashed three
times in PBS and then resuspended to 1� 106 cells/mL in the same buffer.

Lb. reuteri Pg4, Lb. caseiATCC 393, and Lb. casei pNZ-cnb cells were
labeled with 5(6)-carboxyfluorescein diacetate N-succinimidyl ester (CFSE,
Sigma-Aldrich Co.) as described by Logan et al. (24). Fluorescently labeled
bacterial cellswereadded into theCaco-2 suspension toyielda final concentra-
tion of 108 CFU/mL of bacteria and 106 cells/mL of Caco-2 cells and
incubated at 37 �C for 2 h. After incubation, the Caco-2 cells were washed
three times in PBS to remove nonadherent bacteria. The fluorescent
intensity of the Caco-2 cells with adherent lactobacilli was measured with
the Cytomics FC500 Flow Cytometry System (Beckman Coulter, Inc.)
using a 488 nm argon laser and a 525 nm emission filter for CFSE and a
755 nm emission filter for PerCP-eFluor 710. Flow cytometry was gated
using a forward scatter (FSC) versus side scatter (SSC) dot plot to include

Caco-2 cells and to exclude cellular debris and nonadherent bacteria. Cells
inside the gated area were confirmed by CD29 antibody conjugated with
PerCP-eFluor 710. A total of 10000 events were acquired, and the data
obtained from the flow cytometry were analyzed using the CXP software
(BeckmanCoulter, Inc.).Thisprogramproduceshistogramsof each individual
particle sample and calculates the mean green fluorescence intensity for
each cell population. Counts were made in triplicate for each procedure.

Inhibition of Pathogenic Bacteria Adhesion. Before adhesion
competition studies, Caco-2 cells were incubated, harvested, and immu-
nostained as described above.

In the study of competition between Lactobacillus and Ls. monocytogenes
for adhesion to theCaco-2 cells,Lactobacillus cellswere labeledwithCFSEas
described above, whereasLs. monocytogenes cells were labeledwith hexidium
iodide (HI) using the Live BacLight Bacterial Gram Stain Kit (Molecular
Probes,Eugene,OR) according to theprotocolsprovidedby themanufacturer.

In the study of competition between Lactobacillus and E. coliO157:H7
for adhesion to the Caco-2 cells, Lactobacillus cells were labeled with HI
using the Live BacLight Bacterial Gram Stain Kit (Molecular Probes)
according to the protocols provided by the manufacturer, whereas E. coli
O157:H7 cells were labeled with SYTO 9 using the same kit.

Fluorescently labeled bacterial cells (Lactobacillus alone, pathogens
alone, or Lactobacillus and pathogens together) were added to the Caco-2
suspension to yield a final concentration of (1-2) � 108 CFU/mL of
bacteria and 106 cells/mL of Caco-2 cells and incubated at 37 �C for 2 h.
After incubation, the Caco-2 cells were washed three times in PBS to
remove nonadherent bacteria. The fluorescent intensity of the Caco-2 cells
with adherent bacterial cells wasmeasuredwith the Cytomics FC500Flow
Cytometry System (Beckman Coulter, Inc.) using a 488 nm argon laser, a
525 nm emission filter for green fluorescence (CFSE and SYTO 9), a 620
nm emission filter for red fluorescence (HI), and a 755 nm emission filter
for PerCP-eFluor 710, and analyzed using CXP software (Beckman
Coulter, Inc.) as described above. Counts were made in triplicate for each
procedure, and the mean green fluorescence intensity and mean red
fluorescence intensity for each cell population were calculated.

Statistical Analysis.All results were analyzed using the general linear
model procedure available from the Statistical Analysis System software
package version 8.1 (SAS Institute Inc., Cary, NC). Duncan’s multiple-
range test (25) was used to detect differences between treatment means.
Each assay was conducted in triplicate.

Nucleotide Sequence Accession Number. The nucleotide sequence
of Lb. reuteri Pg4 cnb has been submitted to the GenBank database under
accession no. HM589858.

RESULTS

Cloning of cnb from Lb. reuteri Pg4. The collagen-binding
protein genes of severalLactobacillus strains includingLb. reuteri
NCIB 11951 (12), Lb. reuteri DSMZ 20016 (26), and Lb.
fermentum BR11 (15) have been characterized and cloned in

Figure 1. Expression of Cnb in Lactobacillus cells. (A) RT-PCR for Cnb in Lb. rueteri Pg4, Lb. casei pNZ-cnb, and Lb. casei ATCC 393, along with the
housekeeping gene (16S rRNA). (B) Western blot for Cnb in the intracellular supernatant (IS) and cell-wall pellet (CW) of Lactobacillus cells. The purified
recombinant Cnb was used as a positive control (C). The samples (2 μg of protein in each lane) were separated by SDS-PAGE with a 12.5% gel and probed
with mouse polyclonal anti-Cnb antibody, followed by secondary horseradish peroxidase-linked anti-mouse IgG antibody.
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previous studies. The oligonucleotides cnbF and cnbR were
designed on the basis of the Cnb gene of Lb. reuteri NCIB
11951 (GenBank accession no. X99716). PCR conducted with
the primers cnbF and cnbR resulted in the appearance of several
amplified products, probably due to the ability of the primers to
anneal with various genome fragments encoding proteins with
similar properties. However, on the basis of the cnb sequences of
Lb. reuteri, a 792 bp fragmentwas expected for the cnb gene ofLb.
reuteri Pg4. A 792- bp fragment was therefore isolated, and
subsequent sequence analysis revealed 96.5% nucleotide se-
quence identity with the cnb of Lb. reuteriNCIB 11951. Transla-
tion of the open reading frame of cnb revealed a protein of 263
amino acids with a predicted molecular weight of 28.5 kDa. The
amino acid sequence alignment of the Lb. reuteri Pg4 Cnb and
other proteins available from GenBank showed that the highest
identity is with lr0793 protein from Lb. reuteri ATCC 55730
(100%, accession no. AAY86822), followed by ABC transporter
substrate binding component from Lb. reuteri JCM 1112 (99%,
accession no. YP_001841280), extracellular solute-binding pro-
tein from Lb. reuteri 100-23 (98%, accession no. ZP_03074063),

mucus adhesion promoting protein from Lb. reuteri 104R (97%,
accession no. CAC05301), and BspA from Lb. fermentum BR11
(88%, accession no. ACA45332).

Construction and Transformation of Lactobacillus Expression

Plasmid. For heterologous expression of Cnb in Lb. casei ATCC
393, the DNA fragments of Lb. reuteri Pg4 encoding Cnb were
cloned into the Lactobacillus expression vector pNZ3004, gen-
erating pNZ-cnb. The expression plasmid pNZ-cnb was used to
electroporate into Lb. casei ATCC 393 with efficiency similar to
that of pNZ3004 [(5-10) � 102 transformants μg-1 of DNA].
The presence of the cnb gene in the Lb. casei transformants
(designated Lb. casei pNZ-cnb) was demonstrated by direct
colony PCR (results not shown).

Heterologous Expression of Cnb in Lb. caseiATCC 393.RT-PCR
analysis was used to confirm the transcription of Cnb inLb. casei
pNZ-cnb. A 0.8 kb fragment representing Cnb was RT-PCR
amplified not only from the total RNA extracted from the Lb.
reuteri Pg4 cells as expected but also from the Lb. casei pNZ-cnb
cells, indicating that Cnb was successfully expressed by Lb. casei
pNZ-cnb (Figure 1A).

Figure 2. Confocal immunofluorescence microscopic examination of Lb. reuteri PG4, Lb. casei ATCC 393, and Lb. casei pNZ-cnb cells. Cells were labeled
with mouse polyclonal anti-Cnb antibodies, followed by goat anti-mouse IgG heavy and light chain antibodies conjugated with Alexa Fluor 488.
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The expression of Cnb in Lb. casei pNZ-cnb cells was further
confirmed byWestern blot analysis using Cnb-specific polyclonal
antibody. As shown in Figure 1B, clear bands at the expected size
for Cnb (about 28.5 kDa) signal were detected in either intracel-
lular supernatant or cell-wall fractions of Lb. reuteri Pg4 cells as
expected (Figure 1B, lanes 1 and 2), and also from those of Lb.
casei pNZ-cnb cells (Figure 1B, lanes 5 and 6), indicating thatCnb
was successfully and constitutively expressed under control of the
Lactococcus lactis lacA promoter.

Confocal ImmunofluorescenceMicroscopic and FlowCytometric

Analysis of Lb. casei pNZ-cnb. Immunofluorescence labeling of
Lactobacillus cells was performed usingmouse anti-Cnb antibody
as the primary antibody and Alexa Fluor 488 conjugated goat
anti-mouse IgG as the secondary antibody. As shown in Figure 2,
confocal immunofluorescence microscopy demonstrated that
immunostained Cnb was observed on both Lb. reuteri Pg4 and
Lb. casei pNZ-cnb cells, whereas Lb. casei ATCC 393 cells were
not stained, indicating that Cnb was displayed on the cell surface
of the former sets of Lactobacillus cells.

To substantiate the findings of the confocal immunofluores-
cence microscopic observation, flow cytometry was further used
to quantitatively analyze the cell surface display of Cnb. The cell
surface-displayed Cnb was stained with the primary and second-
ary antibodies, and Lb. casei ATCC 393 cells were used as a
control for flow cytometry. The results obtained clearly matched
the findings obtained bymicroscopic analysis. As anticipated,Lb.
casei pNZ-cnb showed a greater intensity of fluorescence signals
thanLb. caseiATCC393 (Figure 3). Themean green fluorescence
intensity of Lb. casei pNZ-cnb (17.85 ( 0.64) was significantly
higher than that of Lb. caseiATCC 393 (1.23( 0.02) (p<0.05).

Adhesion of Lactobacillus to Caco-2 cells. Lb. reuteri Pg4, Lb.
casei ATCC 393, and Lb. casei pNZ-cnb cells were labeled with
CFSE, a nonfluorescent membrane permeable ester, which is

converted to a fluorescent molecule by nonspecific intracellular
esterases and then covalently linked to intracellular proteins
through its succinimidyl group (27). Fluorescently labeled bac-
terial cells were assessed for their ability to adhere to the Caco-2
cells. Caco-2 cells with fluorescently labeled bacteria attached
showed a shift in fluorescence as a result of bacterial adhesion
when compared with the autofluorescence expressed by Caco-2
cells alone (Figure 4). Caco-2 cells were weakly autofluorescent as
seen in the scatter plot (Figure 4A), whereas Caco-2 cells incu-
bated with each fluorescent-labeled Lactobacillus strain for 2 h
shifted along the fluorescence axis in the scatter plot, indicating
adhesion of bacterial cells to the Caco-2 cells (Figure 4B-D).
However, the adhesion ability of Lb. casei ATCC 393 to Caco-2
cells was lower than that of Lb. reuteri Pg4. These results are
consistent with our previous study (19). On the other hand, Lb.
casei pNZ-cnb adhered efficiently to Caco-2 cells. There was an
8-fold increase in the mean green fluorescence intensity of Caco-2
cells incubated with Lb. casei pNZ-cnb (35.33( 3.14) compared
to those incubated with Lb. casei ATCC 393 (4.37 ( 0.50).
Interestingly, the mean green fluorescence intensity of Caco-2
cells incubated with Lb. casei pNZ-cnb was also significantly
higher than that of Caco-2 cells incubated with Lb. reuteri Pg4
(14.20 ( 1.74) (p < 0.05). This result demonstrated that
introduction of the cnb gene into theLb. caseiATCC393 resulted
in an increase in its adhesion ability to Caco-2 cells.

Competition between Lactobacillus and Ls. monocytogenes for
Adhesion to Caco-2 Cells. To study the competition between
Lactobacillus and Ls. monocytogenes for adhesion to intestinal
epithelial cells, we performed an adhesion assay inwhich different
Lactobacillus strains were added to the Caco-2 cell suspension at
the same time as Ls. monocytogenes. Lactobacillus and Ls.
monocytogenes were allowed to compete for cell adhesion at a
ratio of 1:1. Representative dot plots of the HI red fluorescence

Figure 3. Flow cytometric analysis of Lb. casei ATCC 393 and Lb. casei pNZ-cnb: (A) dot plot profile of size versus granularity (forward scatter versus side
scatter) analysis of the parental Lb. casei ATCC 393; (B) dot plot profile of size versus granularity (forward scatter versus side scatter) analysis of Lb. casei
pNZ-cnb; (C) histogramplot of the shift in fluorescence seenwith the labeled Lb. caseiATCC393 (dot line) versus Lb. casei pNZ-cnb (solid line). Bacterial cells
were labeled with mouse polyclonal anti-Cnb antibody, followed by goat anti-mouse IgG heavy and light chain antibody conjugated with Alexa Fluor 488. For
each experiment, 10000 cells were analyzed. The experiment was repeated three times with highly similar results.
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versus the CFSE green fluorescence profile of Caco-2 cells
adhered with CFSE-labeled Lactobacillus and/or HI-labeled Ls.
monocytogenes are shown in Figure 5A. The pathogenic strain of
Ls.monocytogeneswas found to adhere to Caco-2 cells efficiently.
In the presence of Lb. casei pNZ-cnb, however, the adherence of
Ls. monocytogenes to Caco-2 cells was significantly lower than
that seen in the other groups. To substantiate the findings of the
dot-plot profile analysis, themean green fluorescence intensity and
the mean red fluorescence intensity of the Caco-2 cells adhered
withLactobacillus and/orLs. monocytogeneswere calculated and
are shown in Figure 5, panels B and C.

Caco-2 cells incubated with HI-stained Ls. monocytogenes
exhibited a mean red fluorescence intensity of 9.61( 1.50, which
was significantly higher than the mean red fluorescence intensity
of Caco-2 cells alone (0.29 ( 0.08) (p < 0.05) (Figure 5C). In
addition, therewasno significantdifference inmean red fluorescence
intensity between Caco-2 cells with adherent Ls. monocytogenes
in the presence or absence of Lb. casei ATCC 393 (9.50 ( 0.70
versus 9.61( 1.50) (p> 0.05). In the presence of Lb. casei pNZ-
cnb, the mean red fluorescence intensity of Caco-2 cells adhered
with Ls. monocytogenes was only 1.58 ( 0.44, which was
significantly lower than the intensity of Caco-2 cells adhered with
Ls. monocytogenes in the presence of Lb. casei ATCC 393 or Lb.
reuteri Pg4 (p < 0.05). These results indicated that introduction
of the cnb gene intoLb. caseiATCC393 could improve its inhibition
ability against the adhesion of Ls. monocytogenes to Caco-2 cells.

Competition between Lactobacillus and E. coli O157:H7 for

Adhesion to the Caco-2 Cells. Representative dot plots of HI red
fluorescence versus SYTO 9 green fluorescence profile of Caco-2

cells adheredwithHI-labeledLactobacillus and/orSYTO9-labeled
E. coli O157:H7 are shown in Figure 6A. E. coli O157:H7 was
found to adhere to Caco-2 cells efficiently. In the presence of Lb.
casei pNZ-cnb, the adherence of E. coli O157:H7 to Caco-2 cells
was significantly lower than that seen in the other groups
(Figure 6A). The mean green fluorescence intensity of Caco-2
cells incubated with SYTO 9-stained E. coli O157:H7 was
significantly higher than that of Caco-2 cells alone (197.33 (
19.86 versus 0.45( 0.07) (p<0.05), indicating thatE. coliO157:
H7 could efficiently adhere to Caco-2 cells (Figure 6B). In the
competition assays, the mean green fluorescence intensity of
Caco-2 cells adhered by E. coli O157:H7 in the presence of Lb.
casei pNZ-cnb was only 2.14 ( 0.45, which was significantly
lower than the intensity of Caco-2 cells adhered by E. coli O157:
H7 in the presence ofLb. caseiATCC 393 orLb. reuteri Pg4 (p<
0.05). These results indicated that Lb. casei pNZ-cnb could
decrease the adhesion of E. coli O157:H7 to Caco-2 cells.

DISCUSSION

Successful establishment of infection by pathogenic bacteria
requires adhesion to eukaryotic host cells, colonization of tissues,
and, in certain cases, cellular invasion (28). Most pathogenic
bacteria interacting with eukaryotic hosts express adhesive mo-
lecules on their surfaces that promote interaction with host cell
receptors or with soluble macromolecules (29). Although it is
believed that the maximum probiotic effect is achieved when
probiotic lactobacilli adhere to intestinalmucosal cells (30), less is
known about the surface molecules mediating Lactobacillus
adhesion to the intestinal mucosa (i.e., epithelial cells, mucus

Figure 4. Flow cytometric analysis of Lactobacillus adherence toCaco-2 cells: (A) autofluorescence of Caco-2 cells; (B)Caco-2 cells exposed to fluorescently
labeled Lb. reuteri Pg4; (C) Caco-2 cells exposed to fluorescently labeled Lb. casei ATCC 393; (D) Caco-2 cells exposed to fluorescently labeled Lb. casei
pNZ-cnb. Bacterial cells were labeled with CFSE and incubated with Caco-2 cells for 2 h. For each experiment, 10000Caco-2 cells were analyzed. Mean green
fluorescence intensity (MFI) was calculated from two independent experiments performed in triplicate.
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layer, or extracellularmatrices) and their corresponding receptors
than about the surfacemoleculesmediating adhesion of pathogenic
bacteria (31). Several exported proteins produced by Lactobacillus
have been described and characterized during recent years. It has
been shown that some are able to bind to epithelial components
such as mucin or extracellular matrix proteins, including fibronec-
tin, collagen, and laminin (32). Lactobacillus strains that possess
the ability to adhere to intestinal epithelial cells and/or the
extracellular matrices can compete with pathogenic bacteria for
the same receptors and occupy the potential binding sites in the
gut (31). The collagen-binding protein,Cnb, is one of the reported
extracellularmatrix adhesionproteins producedbyLb. reuteri (12).
Previous studies have demonstrated that the homologues of Cnb
mediate Lb. reuteri adhesion to the intestinal epithelial cells and
mucin (17 , 26 ). To the best of our knowledge, however, our
finding that heterologous expression of the cnb gene in a low-
adhesive Lactobacillus strain could increase its adhesion ability
has not been reported previously. In the present study, the cnb
gene was cloned from an adhesive Lb. reuteri strain Pg4 and
heterologously expressed in the low-adhesive Lb. casei strain
ATCC 393. The transformed strain Lb. casei pNZ-cnb not only

was demonstrated to be able to display Cnb on its cell surface
(Figures 2 and 3) but also showed greater adhesion ability to
Caco-2 cells than the parental Lb. casei ATCC 393 (Figure 4). It
has been reported that adherence of Lb. casei cells on the surface
of Caco-2 cells could stimulate the up-regulation of mucin
expression in Caco-2 cells, resulting in inhibition of pathogenic
bacteria translocation (33). Further investigation is required to
verify the colonization of Lb. casei pNZ-cnb in vivo and its
interaction with the host and the microorganisms present in the
host system.

Lb. casei ATCC 393 showed weak ability to compete with Ls.
monocytogenes in adhering to Caco-2 cells. Introduction of the
cnb gene into the Lb. caseiATCC 393 cells resulted in an increase
in its adhesion ability to Caco-2 cells and improvement of its
ability to compete with Ls. monocytogenes in adhering to Caco-2
cells (Figure 5). Ls. monocytogenes is a facultative intracellular
Gram-positive bacterium that is responsible for foodborne ill-
nesses and may lead to encephalitis, meningitis, stillbirths, and
infection of the central nervous system in newborn or immuno-
compromised patients (34). The virulence of Ls. monocytogenes
stems from its capacity to adhere, invade, and multiply within

Figure 5. Flow cytometric analysis of adherence of CFSE-labeled Lactobacillus and/or HI-labeled Ls. monocytogenes to Caco-2 cells: (A) representative dot
plots of HI red fluorescence versus CFSE green fluorescence of Caco-2 cells adhered with fluorescence-labeled bacteria (the percentage of cells in each
quadrant is indicated); (B) mean green fluorescence intensity and (C) mean red fluorescence intensity of Caco-2 cells adhered with fluorescence-labeled
bacteria [bars with different letters indicate significant difference (p < 0.05)].
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professional and nonprofessional phagocytes. Several listerial
surface proteins are involved in these processes. Sequence com-
parisons with previously characterized proteins suggest that 12
listerial surface proteins are predicted to have a mucin-binding
domain (35). It is known that mucin was constitutively expressed
in Caco-2 cells (36). Therefore, the strong adhesion of Ls.
monocytogenes to Caco-2 cells observed in this study may be
attributable, in part, to listerial mucin-binding proteins. As Cnb
can bind to mucin efficiently (17) and competes with listerial
mucin-binding proteins for the samemucin receptor proteins, it is
reasonable to assume that the introduction of the cnb gene into
Lb. casei ATCC 393 cells could improve its competition with Ls.
monocytogenes in adhering to Caco-2 cells.

Lb. casei pNZ-cnb also showed great ability to compete withE.
coliO157:H7 in adhering to Caco-2 cells (Figure 6). E. coliO157:
H7 is an enterohemorrhagic E. coli (EHEC) strain and causes
bloody diarrhea that can progress to a fatal illness due to acute
kidney failure (hemolytic uremic syndrome), particularly in
children (37). EHEC produces a distinct histopathological lesion

on intestinal epithelial cells known as the attaching and effacing
(A/E) lesion, the formation of which is mediated by the EHEC
outer membrane protein intimin with its translocated receptor
Tir (38). Although EHEC also has other adhesin molecules such
as pili, fimbria, Efa-1, Iha,Cah, andOmpA that allow it to adhere
to host-cell surfaces (38), no gene encoding a putative collagen-
binding protein was found in the genome of E. coli O157:
H7 (39, 40). Because the receptors for Cnb and E. coli adhesins
were different, the inhibitory effects of Lb. casei pNZ-cnb on E.
coli O157:H7 adhesion to Caco-2 cells may be attributable, in
part, to the nonspecific steric hindrance of pathogen binding
receptors on the Caco-2 cell surface by Lb. casei pNZ-cnb.

Probiotic lactobacilli are normally selected empirically from
native isolates. In recent years, there has been interest in the
development ofmethods to induce the expression of heterologous
proteins in Lactobacillus to improve its efficiency. Examples of
such potential applications of genetically modified Lactobacillus
include strains that produce antibodies for use as recombinant
live vaccines, enzymes for detoxification and fiber degradation,

Figure 6. Flow cytometric analysis of adherence of HI-labeled Lactobacillus and/or SYTO 9-labeled E. coli to Caco-2 cells: (A) representative dot plots of HI
red fluorescence versus SYTO 9 green fluorescence of Caco-2 cells adhered with fluorescence-labeled bacteria (the percentage of cells in each quadrant is
indicated); (B) mean green fluorescence intensity and (C) mean red fluorescence intensity of Caco-2 cells adhered with fluorescence-labeled bacteria [bars
with different letters indicate significant difference (p < 0.05)].
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and cytokines for immune intervention (41). Lb. caseiATCC 393
has been suggested as a carrier for oral vaccines, and its expression
vectors have previously been constructed for surface expression
or secretion of various antigens (42-44).AlthoughXuandLi (44)
indicated that Lb. casei ATCC 393 was able to tolerate bile,
survive transit in the upper gastrointestinal tract, and adhere to
and colonize intestinal tracts, Edlman et al. (45) and Liu et al. (19)
found that Lb. caseiATCC 393 showed poor ability to adhere to
intestinal epithelial cells; however, introduction of the cnb gene
into Lb. caseiATCC 393 cells resulted in an increase in its ability
to adhere to the intestinal epithelial cells, thereby resulting in an
appropriate vector for delivering heterologous antigens for oral
vaccines. Future research will be directed toward coexpressing
cnb and antigen genes in Lb. caseiATCC 393 and confirming the
immune protection of the transformedLb. caseiATCC 393 strains.

In conclusion, the collagen-binding protein gene cnb was
cloned from Lb. reuteri Pg4 and heterologously expressed in
Lb. casei ATCC 393. The transformed strain Lb. casei pNZ-cnb
constitutively expressed Cnb on its cell surface and showed a
higher ability to adhere to Caco-2 cells than its parental strain.
Furthermore,Lb. casei pNZ-cnb also exhibited a higher competi-
tion ability against E. coli O157:H7 and Ls. monocytogenes
adhesion to Caco-2 cells.
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