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The development of novel intervention strategies for the control of zoonoses caused by bacteria such as
Salmonella spp. in livestock requires appropriate experimental models to assess their suitability. Here, a novel
porcine intestinal in vitro organ culture (IVOC) model utilizing cell crown (CC) technology (CCIVOC)
(Scaffdex) was developed. The CCIVOC model was employed to investigate the characteristics of association of
S. enterica serovar Typhimurium strain SL1344 with porcine intestinal tissue following exposure to a Lacto-
bacillus plantarum strain. The association of bacteria to host cells was examined by light microscopy and
electron microscopy (EM) after appropriate treatments and staining, while changes in the proteome of porcine
jejunal tissues were investigated using quantitative label-free proteomics. Exposure of porcine intestinal
mucosal tissues to L. plantarum JC1 did not reduce the numbers of S. Typhimurium bacteria associating to the
tissues but was associated with significant (P < 0.005) reductions in the percentages of areas of intestinal
IVOC tissues giving positive staining results for acidic mucins. Conversely, the quantity of neutrally charged
mucins present within the goblet cells of the IVOC tissues increased significantly (P < 0.05). In addition,
tubulin-� was expressed at high levels following inoculation of jejunal IVOC tissues with L. plantarum.
Although L. plantarum JC1 did not reduce the association of S. Typhimurium strain SL1344 to the jejunal
IVOC tissues, detection of increased acidic mucin secretion, host cytoskeletal rearrangements, and proteins
involved in the porcine immune response demonstrated that this strain of L. plantarum may contribute to
protecting the pig from infections by S. Typhimurium or other pathogens.

Worldwide nontyphoidal Salmonella (NTS) bacterial strains
are responsible for between 200 million and 1.3 billion human
infections each year, resulting in an estimated 3 million deaths
(13). Salmonella enterica serovar Typhimurium is the second
most common serovar among those that are isolated from
humans in the United Kingdom, and infections by that serovar
represent a major public health issue (25). S. Typhimurium is
prevalent in pig herds in the United Kingdom and in 2007 was
responsible for 69.7% of all reported infections by that species
(15).

S. Typhimurium is commonly resistant to therapeutically
important antibiotics such as fluoroquinolones (11, 37). Until
recently, enteropathogens such as Salmonella spp. and Esche-
richia coli were controlled in pigs by the addition of in-feed

antimicrobial growth promoters (AGPs) (8, 28), but this prac-
tice was banned in the European Union in 2006 (12), and
alternative approaches to reduce food-borne pathogens in pigs
are needed (28).

Probiotics have been advocated as potential alternatives to
AGPs in treatment of pigs, and there is some evidence for their
efficacy as growth promoters in vivo (10, 28). Probiotics are
defined as live microorganisms that, when administered in
adequate quantities, confer a health benefit to the host (18). In
recent years, many significant advances have been made to-
ward understanding the mechanisms by which probiotics act
against food-borne pathogens (45). Probiotics are typically lac-
tic acid bacteria (LAB) such as lactobacilli, bifidobacteria, or
enterococci that can contribute to the control of E. coli, S.
Typhimurium, and Campylobacter jejuni in livestock (6, 10, 50).
The mechanisms by which they confer protection are largely
unknown.

Investigations into the interaction between the probiotic,
host intestinal epithelium, and pathogen have been limited by
the paucity of relevant in vitro and in vivo models (3). Tradi-
tionally, assays using cultured mammalian cell lines, gut ex-
plants, or whole-animal models have been used to study the
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adhesion of probiotics to host epithelial cells and how they may
affect the association of pathogens with the intestinal mucosa
(46). However, in vitro models of infection that use cultured
epithelial cells do not accurately replicate the response of
epithelial tissues to bacterial colonization (22, 44). Suitable
alternative assays that accurately mimic the host intestinal ep-
ithelium are required. One such model is in vitro organ culture
(IVOC), which permits studies of host-pathogen interactions
under physiologically relevant conditions, where tissues retain
their natural architecture and mucin layers.

To date, the conventional sponge biopsy IVOC method has
been used to study E. coli and Salmonella pathogenesis (24, 44)
but not for evaluating probiotics. Here we describe a novel
IVOC model to study the interaction of S. Typhimurium with
a porcine L. plantarum strain on porcine jejunal and colonic
tissues. Additionally, we assessed the modulation of host tissue
responses to probiotics (14, 16, 52) in this IVOC system using
a proteomic approach, MultiDimensional Protein Identifica-
tion Technology (MuDPIT).

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. Typhimurium strain SL1344 and L.
plantarum JC1 (B2028) were obtained from the Veterinary Laboratories Agency
Culture Collection (Weybridge, Surrey). SL1344 is an isolate that is virulent in
calves and has been extensively used to study Salmonella pathogenicity both in
vitro and in vivo (43, 56). L. plantarum JC1 is a putative probiotic strain isolated
from the feces of a 6-week-old male crossbred pig that was confirmed to be free
from Salmonella colonization by the use of standard microbiological techniques
(55). Furthermore, this L. plantarum strain has demonstrated strong antimicro-
bial activity against a panel of S. Typhimurium field isolates and was antagonistic
for S. Typhimurium invasion in vitro (13a). All stock cultures were maintained in
heart infusion broth (HIB)–30% (vol/vol) glycerol (Oxoid) at �80°C. Lactoba-
cilli were cultured statically in 20 ml of Mann, Rogosa, Sharpe (MRS) broth
(Difco, United Kingdom) in an anaerobic cabinet (Don Whitley, Yorkshire,
United Kingdom) (H2-CO2-N2 at 10:10:80) at 37°C for 24 h. S. Typhimurium
strains were cultured aerobically in broth composed of Luria-Bertani without
glucose (LB-G broth) at 37°C with gentle agitation (225 rpm) for 16 h or on
LB-G agar plates.

Porcine in vitro organ culture. Ten commercially crossbred, 6-week-old pigs
were housed for 7 days and fed a commercial ration with water ad libitum.
Immediately prior to IVOC studies, pigs were euthanized by stunning followed
by exanguination. Pigs were immediately subjected to postmortem examinations
and the gastrointestinal tissues exteriorized and aseptically sampled and then
placed into precooled complete RPMI 1640 medium (Sigma; Poole, United
Kingdom) containing 10% fetal bovine serum (Gibco, NY), 0.25% lactalbumin
hydrosylate, 75 mM mercaptoethanol, 0.2 �g ml�1 hydrocortisone (Sigma;
Poole, United Kingdom) (1:1 chloroform/ethanol), 0.1 �g ml�1 insulin, and 2
mM L-glutamine and L-aspartate as previously described (23). All chemicals,
unless otherwise indicated, were purchased from Sigma (Poole, United King-
dom). Tissues were subsequently aseptically trimmed to remove excess mesen-
teric adipose tissue. Trimmed tissues were then manipulated so that the mucosal
side was uppermost and immobilized in Scaffdex tissue crowns between the cell
crown and its base, providing a fixed surface area and limiting the bacterial
inocula to the mucosal side of the explant tissue. Immobilized tissues were then
placed into a 24-well plate (BD Biosciences) with the mucosal side facing up-
wards. Tissues were submerged in a predetermined volume of complete RPMI
1640 medium as described above, and IVOC tissues were inoculated differently
depending upon the experiment as indicated below. For all studies, the 24-well
plates containing IVOC tissues were incubated at 37°C on a rocker in a 95% O2

and 5% CO2 atmosphere. Uninfected control IVOC tissues were tested for the
presence of Salmonella bacteria to confirm the absence of preexisting infection.
Following infection, tissues were washed thoroughly using Hanks balanced salt
solution, homogenized in phosphate-buffered saline (PBS), and serially diluted
to facilitate enumeration (36). For this, dilutions from 10�1 to 10�4 were plated
onto brilliant green agar (BGA; Oxoid, Basingstoke) supplemented with 1 �g/ml
novobiocin in triplicate (Sigma; Poole, United Kingdom) and incubated aerobi-
cally for 16 h at 37°C to determine numbers of associated Salmonella bacteria. All

IVOC experiments enumerating viable bacteria were repeated in quadruplicate
on two separate occasions.

Porcine in vitro organ culture competitive exclusion assays. For in vitro com-
petitive exclusion assays (Table 1), 100 �l of a 24-h L. plantarum JC1 culture
(�1 � 108 CFU) was used to inoculate IVOC tissues as described previously
(23). The S. Typhimurium inoculum (0.1 ml) was prepared by centrifugation of
a 16-h S. Typhimurium culture by the use of a Sigma Howie centrifuge at 2,447 �
g for 10 min, the supernatant was discarded, and the bacterial pellet was resus-
pended in 0.1 M PBS (pH 7.2) at an optical density (OD) of 1.2 absorbance units,
which equated to �1 � 109 CFU/ml. Ten porcine S. Typhimurium isolates (see
Table S1 in the supplemental material) were evaluated for their characteristics of
association to porcine epithelial tissue; no significant differences were observed
with S. Typhimurium strain SL1344 or any of the nine S. Typhimurium isolates,
following 30 min of exposure to either porcine jejunal or colonic IVOC tissues
(see Fig. S1 in the supplemental material). Therefore, S. Typhimurium strain
SL1344 was used to model S. Typhimurium association in all further assays.

Histopathological analysis of IVOC tissues. (i) Sample fixation and prepara-
tion. Following the appropriate infection period as outlined in Table 1, IVOC
tissues were collected into 10% (vol/vol) neutral buffered formalin held at am-
bient temperature and allowed to fix for a minimum of 24 h. Trimmed tissues
were processed routinely in paraffin wax, and 4-�m-thick sections were cut from
the blocks and subsequently stained with hematoxylin and eosin (HE), as de-
scribed previously (32). Tissues were then examined microscopically using a
Leica DMLB light microscope (Leica Microsystems).

(ii) PAS/Alcian blue staining and subsequent quantification. Porcine tissues
were infected and fixed as described above. Subsequently, representative 4-�m-
thick sections were stained with periodic acid-Schiff (PAS) stain for neutral
mucin detection or Alcian blue (AB) for acidic mucins as described previously
(7). For quantification of PAS/AB staining, the examined thresholds were pre-
defined by selecting representative examples across the normal expected spec-
trum for each stain. All microscopic evaluation studies were carried out under
blinded conditions by a veterinary pathologist. Twelve nonoverlapping consecu-
tive fields containing all the mucosal layers for duplicate pieces of IVOC tissue
were examined, and any area expressing positive staining within that threshold
and within the selected measurement field was expressed as a percentage of that
field. Thus, results were quantified as percentages of areas of positive staining.

SEM. Porcine tissues were infected as described above. Subsequently, IVOC
tissues were fixed in 3% gluteraldehyde prepared in a 0.1 M phosphate buffer.
Processing of the samples for scanning electron microscopy (SEM) was carried
out as described previously (23). Briefly, the specimens were cut into 2-cm2

pieces, washed in 0.1 M phosphate buffer, and postfixed in 1% (wt/vol) osmium
tetroxide. Subsequently, the specimens were rinsed in several changes of 0.1 M
PBS, dehydrated through the use of a graded ethanol series (up to 100%), and
placed into acetone. The specimens were then subjected to critical point drying
with liquid carbon dioxide and the fixed tissues attached to aluminum stubs by
the use of silver conductive paint, sputter-coated with gold, and examined by
SEM using a Zeiss Evo LS10 SEM at 10 to 20 kV.

TABLE 1. Association of S. Typhimurium with porcine jejunal and
colonic IVOC tissues following probiotic competitive

exclusion assaysa

Tissue type Assay (duration) Mean CFU/ml P value

Jejunum S. Typhimurium (30 min) 2.58E�06 NAb

Competition 2.18E�06 0.5837
Protection 3.11E�06 0.8935
S. Typhimurium (1 h) 2.41E�06 0.0043c

Displacement 2.14E�06 0.2845d

Colon S. Typhimurium (30 min) 3.14E�06 NA
Competition 1.05E�07 0.7045
Protection 7.81E�06 0.9274
S. Typhimurium (1 h) 6.50E�06 0.1790
Displacement 5.86E�06 0.6402d

a Each assay was repeated in quadruplicate with tissues pooled from two pigs
on two separate occasions (n � 8).

b NA, not applicable.
c Significant result (P � 0.05).
d P value calculated from data obtained with experimental control S. Typhi-

murium assayed for 1 h but not S. Typhimurium assayed for 30 min.
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Quantitative label-free proteomics of jejunal IVOC tissues. Porcine jejunal
IVOC tissues from two pigs were used for these studies and infected as described
above. This process was repeated on three separate occasions with pigs obtained
from the same litter, fed on the same diet, and housed under identical conditions
(n � 6). Postinfection IVOC tissues were stored at 4°C in 75 mM HEPES
containing protease and phosphate inhibitors (Sigma; Poole, United Kingdom)
prior to cellular lysis. Subsequently, tissues were homogenized using an Omni
tissue homogenizer (Camlab; Cambridge, United Kingdom) until the IVOC
tissues had been totally disrupted. To prevent further microbial contamination of
the homogenate, samples were boiled for 1 h to kill the majority of the associated
microflora and samples were stored at 4°C until required. Subsequently, 200 �l
of the concentrated IVOC homogenate was sampled and mixed with 2 ml of lysis
buffer containing urea (5 M), thiourea (2 M), CHAPS {3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate)} (2% [wt/vol]), SB3-10 (2% [wt/vol]),
pharmalytes (0.5% [vol/vol]), dithiothreitol (DTT) (100 mM), and Tris (40 mM).
The protein extract was desalted by dilution with ammonium bicarbonate (50
mM [pH 8.0]) and concentrated to �0.5 ml by centrifugation in a 5-kDa molec-
ular-cutoff (MWCO) Vivaspin centrifugal filter (Sigma; Poole, United King-
dom). Protein concentrations were estimated using the Bradford assay as de-
scribed previously (4).

Following protein quantification, 0.05 mg of the protein extracts was digested
with sequence-grade trypsin and then subjected to one-dimensional (1D) chro-
matography using an Agilent series 1100 high-pressure liquid chromatography
(HPLC) system and a Biobasic SCX column (ThermoHypersil [part no. 73205-
102130]) (100 by 2.1 mm; 5 �m pore size). Tryptic peptides were subjected to
chromatography at a flow rate of 0.25 �l/min with mobile phases comprising 2.5
mM ammonium acetate/ acetonitrile (75:25) (pH 4.5) (A) and 250 mM ammo-
nium acetate/acetonitrile (75:25) (pH 4.5) (B) (Fischer, United Kingdom), with
a 39-min binary gradient (0% B for 0 min, 0% B for 5 min, 35% B for 18 min,
100% B for 20 min, 0% B for 22 min, 0% B for 32 min, and 0% B for 39 min).
The optical density of the HPLC eluent was recorded at 280 nm, and 15 sequen-
tial 1-min fractions were collected using an automated fraction collector (Agilent
Technologies). Each of the fractions was concentrated in a centrifugal evapora-
tor (Eppendorf), resuspended in 20 �l of 0.1% formic acid and separated using
HPLC-coupled mass spectroscopy (MS), with the exception that an Agilent 6520
Acurate-Mass Q-TOF LC/MS system with an HPLC Chip Cube source (Agilent
Technologies, West Lothian, United Kingdom) was used. The chip consisted of
a 40-nanoliter enrichment column and a 150-mm separation column (part no.
G4240-62002; Agilent Technologies) driven by an Agilent Technologies 1100
series nano/capillary liquid chromatography system, and both systems were con-
trolled by MassHunter workstation data acquisition for Q-TOF (version B.01.03;
Agilent Technologies). Tryptic peptides were subjected to chromatography at a
flow rate of 0.6 �l/min with a 47-min binary gradient of 0.1% formic acid and
acetonitrile (Fischer; United Kingdom) as follows: 5% acetonitrile for 0 min, 5%
acetonitrile for 5 min, 40% acetonitrile for 40 min, 80% acetonitrile for 41 min,
80% acetonitrile for 45 min, and 5% for 47 min. This series was followed by the
next injection, with the injection volume set at 4 �l and the subsequent eluent
running straight into the mass spectrometer. The mass spectrometer was run in
positive-ion mode, and MS precursor scans were collected over an m/z range of
250 to 3,000 and at 5 spectra per s. Precursor ions were selected for tandem MS
(MS/MS) at an absolute threshold of 2,000 and a relative threshold of 0.01, with
a maximum of five data-dependent MS/MS sequence scans per cycle and active
exclusion set at 1 spectrum and released after 3 min. Precursor charge-state
selection preferences were set to 2 and then 3 positively charged ions.

Bioinformatics. Tryptic peptides were identified and assigned to proteins using
Spectrum Mill software (Agilent Technologies) by searching a range of appro-
priate databases. The spectrum count method was used to calculate the relative
abundances of proteins, and results are representative of the number of peptide
counts detected for each protein, following published guidelines (21, 31, 57). The
porcine genome sequence was incomplete at the time of writing, and it was
therefore necessary to interrogate the MS/MS data against multiple databases to
accurately identify proteins of interest from the HPLC-MS. Previous studies by
Hornshøj et al. utilized the trEST database, which is based on a library of porcine
expressed sequence tag (EST) sequences (26) (ftp://ftp.isrec.isb-sib.ch/pub
/databases/trest); however, we were unable to convert this database to a format
compatible with Spectrum Mill software (Agilent Technologies). Agilent pro-
vides a mammalian NCBInr database built into the Spectrum Mill software
(Agilent Technologies), and many porcine proteomics studies to date have suc-
cessfully utilized mammalian databases to identify porcine proteins (14). For this
study, a database was created based upon the Sus scrofa build1 FASTA file,
which is downloadable from NCBI (ftp://ftp.ncbi.nih.gov/genomes/Sus_scrofa
/protein/). This database contains the current build of the porcine genome
project and sequences from chromosomes 1, 4, 5, 7, 11, 13, 14, 15, 17, MT, and

X. The NCBI Sus scrofa build 1 database was evaluated against the NCBInr
mammalian database for use in this study, and although the NCBInr database
yielded significantly (P � 0.001) more protein identifications (see Table S2 in the
supplemental material), only 20.51% with a porcine origin were identified.
Therefore, we adopted the NCBI Sus scrofa build 1 database for this study,
demonstrating a consistent identification of only porcine proteins across all test
groups (see Table S2 in the supplemental material). Masshunter data acquisition
files were extracted using Agilent Spectrum Mill software (Agilent; United King-
dom), and the subsequent MS data files were processed against the Sus scrofa
database (see Table S3 in the supplemental material). Following the database
searches, results were compared using Microsoft Access; only proteins present in
all three of the replicates were processed. The false-discovery rate (FDR) was
determined by searching one data set using a combined forward-reverse decoy data
set created from Sus scrofa build 1 and the freeware DBToolkit (34), which is
available for downloading (http://code.google.com/p/dbtoolkit/). Proteins that con-
tained fewer than two distinct tryptic peptides after the database search were
discarded, 92 spectra and 12 proteins were identified from the reverse database,
and the FDR was calculated at 6.5% according to the methods of Wang et al.
(54).

Spectrum count normalization was applied to each sample replicate, enabling
accurate comparisons between test groups to be made. Spectrum counts were
normalized as described previously (58), and statistical analyses were performed
using the log of the normalized spectrum abundance factor [ln(NSAF)] for
spectrum counts, with changes in protein expression determined using Student’s
t test (58). Briefly, the NSAF for any protein k was calculated by determining the
spectrum count (SpC) divided by the protein length (L [in numbers of amino
acids]) and dividing by the sum of SpC/L for all the proteins (N) which were
present in all three biological replicates in the experiment, as follows:

(NSAF)k �
�SpC/L	k

�
i � 1

N

�SpC/L	i

(1)

Statistical analysis. With the exception of the proteomics data, all results were
presented as means of the standard deviations of the mean. A one-way analysis
of variance (ANOVA) was performed with commercially available software
(Microsoft Excel); a P value of �0.05 was taken to be significant.

RESULTS

Establishment of a polarized IVOC system using CC tech-
nology. A polarized IVOC system was generated using the CC
system from Scaffdex (Fig. 1). Porcine intestinal explants from
the jejunum and colon were immobilized between the cell
crown and toothed ring, resulting in the separation of the

FIG. 1. Cell crown insert from Scaffdex.
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apical (mucosal) and basolateral sides of the tissue explant
(Fig. 2). Subsequently, the apical mucosal side of the explant
was inoculated with S. Typhimurium or L. plantarum or a
combination of the two, as outlined in Table 2. The use of the
CC technology (Scaffdex, Tampere, Finland) facilitated the in
vitro culture of large porcine intestinal explants with a fixed
surface area. In addition to this, the bacterial inoculum was
limited to the mucosal (apical) surface of the intestinal ex-
plants, thus generating more physiologically relevant bacterial
association values and limiting artifacts commonly associated
with IVOC, as described previously (44). Furthermore, the
IVOC tissues generated using the CCIVOC system remained
well preserved following relatively short incubation periods of
up to an hour (data not shown).

L. plantarum JC1 did not reduce the association of S. Ty-
phimurium with porcine IVOC tissues. To determine whether
L. plantarum JC1 could reduce the association of S. Typhi-
murium to jejunal and colonic IVOC tissue in vitro, competi-
tion, protection, and displacement assays were performed as
outlined in Table 2. No reductions in S. Typhimurium associ-
ation to porcine IVOC tissues were observed, and there ap-
peared be no change in the interaction of S. Typhimurium with
host tissues, as typical membrane ruffles on the jejunal IVOC

tissues were induced within 30 min regardless of the presence
or absence of L. plantarum (Fig. 3A or B, respectively).

Culture of jejunal tissue with L. plantarum JC1 was associ-
ated with damage to the brush border in the form of microvil-
lus blunting and membrane blebbing, which is associated with
cell death and membrane repair following sublethal cell dam-
age (Fig. 3D) (51). Tissue culture medium adjusted with inor-
ganic acid at pH 4.5 demonstrated similar damage to the epi-
thelium of the IVOC tissues (Fig. 3F), whereas heat-killed
(HK) L. plantarum caused no damage to the epithelial cells
(Fig. 3C). These data indicated metabolic activity, and possibly
a reduced pH was responsible for the extensive damage to the
intestinal epithelium of the porcine tissues (Fig. 3C and F). In
addition to this, all IVOC tissues that were examined by SEM
(Fig. 3) were also evaluated by HE staining; however, there
was no evidence of deep tissue damage or disruption of the
intestinal epithelial layer under any of the sets of assay condi-
tions outlined in Table 2 (data not shown).

Differential modulation of acidic and neutral intestinal mu-
cin levels following probiotic exposure. (i) Modulation of
acidic intestinal mucins. Exposure of jejunal tissues to L. plan-
tarum JC1 for 30 min led to a significant (P � 0.05) reduction
in the percentage of the area of the IVOC tissue that exhibited
positive Alcian blue staining. Furthermore, porcine jejunal tis-
sues exposed to heat-killed L. plantarum for 30 min demon-
strated no significant alterations to the percentage of the
IVOC tissues that exhibited positive Alcian blue staining, com-
pared to porcine jejunal tissues exposed to viable L. plantarum
JC1 for 30 min. Interestingly, exposure of IVOC tissues to pH
4.5 for 30 min (Fig. 4A) led to a significant (P � 0.05) 2%
reduction in Alcian blue staining across the whole IVOC tis-
sue, although this effect was observed only for jejunal tissues.
Unexpectedly, viable bacteria in the colonic tissue, but not
heat-killed bacteria, induced a significant (P � 0.05) reduction
in the amount of Alcian blue staining (Fig. 5A). Moreover,
combinations of L. plantarum and S. Typhimurium used for
CE assays as outlined in Table 2 indicated that S. Typhi-
murium did not affect the ability of L. plantarum JC1 to reduce
the amount of Alcian blue staining (Fig. 4A and 5A).

(ii) Modulation of porcine neutral intestinal mucins. Treat-
ment of jejunal IVOC tissues with either heat-killed or live S.
Typhimurium or L. plantarum resulted in a significant (P �
0.05) reduction in the percentage of the IVOC tissue exhibiting

FIG. 2. Inoculation of a polarized in vitro organ culture system.
Intestinal explants are immobilized between the cell crown and
toothed ring, with the mucosal side of the tissue facing the apical part
of the cell crown. Bacterial inocula are added to the apical chamber of
the cell crown, thus ensuring that the bacterial inoculum is limited to
the mucosal surface of the tissue and a fixed surface area is provided
for infection.

TABLE 2. Experimental strategy for IVOC infection studies

Assay type Experimental strategy

Competition assay ...........................................................................Inoculation with 108 CFU/ml L. plantarum and 108 CFU/ml S. Typhimurium
(SL1344) simultaneously for 30 min

Protection (exclusion) assay...........................................................Preincubation with 108 CFU/ml L. plantarum for 30 min and then inoculation
with 108 CFU/ml S. Typhimurium for 30 min

Displacement assay .........................................................................Preincubation with 108 CFU/ml S. Typhimurium for 30 min and then inoculation
with 108 CFU/ml L. plantarum for 30 min

S. Typhimurium (SL1344)a ............................................................Inoculation with 108 CFU/ml S. Typhimurium for 30 min
L. plantarum JC1a ...........................................................................Inoculation with 108 CFU/ml L. plantarum JC1 for 30 min
S. Typhimurium (SL1344)b ............................................................Inoculation with 108 CFU/ml S. Typhimurium for 1 h
L. plantarum JC1b ...........................................................................Inoculation with 108 CFU/ml L. plantarum JC1 for 1 h
Uninfected tissuea,b .........................................................................No bacterial inoculums were added

a Control conditions.
b Displacement assay control.
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positive PAS staining (Fig. 4B), suggesting that modulation of
neutral mucins in porcine jejunal tissues is a generic host
response to bacteria. Furthermore, both S. Typhimuirum
and L. plantarum induced significant reductions in the quan-
tity of negatively charged mucins present in the colonic
tissues, as indicated by the percentage of the tissue demon-
strating positive PAS staining (P � 0.05 and P � 0.001,
respectively) (Fig. 5B).

Host proteome changes in response to the exposure of ex
vivo jejunal tissues by L. plantarum and S. Typhimurium. (i) S.
Typhimurium-induced host proteome changes. Following in-
fection of IVOC tissues with viable S. Typhimurium for 30 min,
significant (P � 0.05) changes were induced in the relative

levels of expression of 6 host proteins (Table 3). Of these, the
relative abundances of four proteins increased, while those of
two decreased compared to uninfected tissue protein (Table
3). The levels of cytoskeletal proteins (tropomyosin and actin)
were below the detection limit in the uninfected control tissue,
although following infection of IVOC tissues with viable S.
Typhimurium for 30 min, those proteins were detected with
extremely high ln(NSAF) values of �3.21 and �3.41, respec-
tively, and were the most abundant proteins detected by
MuDPIT within the tissue (Table 4). Moreover, SEM of Sal-
monella-infected IVOC tissues confirmed the presence of
membrane ruffles, significant loss of microvilli, and disruption
to the brush border integrity of cells, which are all character-

FIG. 3. Scanning electron microscopy of jejunal IVOC tissue following the addition of S. Typhimurium SL1344 (magnification, �2.0 k) (A),
following the addition of L. plantarum JC1 to the jejunal IVOC tissue before S. Typhimurium in a probiotic protection assay (magnification, �1.1
k) (B), following the addition of heat-killed L. plantarum JC1 (magnification, �1.0 k) (C), or following the addition of viable L. plantarum JC1
(magnification, �0.15 k) to jejunal IVOC tissues (D) or control uninfected jejunal IVOC tissue (magnification, �0.6 k) (E) and uninfected jejunal
IVOC tissue maintained in assay medium at pH 4.5 (magnification, �0.6 k) (F). Arrows (i) indicate the presence of a brush border; arrow (ii)
indicates membrane “pitting” and the loss of the brush border associated with bacterial invasion, arrow (iii) indicates a damaged epithelial cell with
characteristic rounded edges, and arrow (iv) demonstrates an unidentified cytoskeletal rearrangement.
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istic of the induced cellular pathology of S. Typhimurium-
infected cells (Fig. 3A) (35, 43). Additionally, inoculation of
IVOC tissues with S. Typhimurium significantly (P � 0.029)
reduced the expression of a 90-kDa heat shock protein that
is associated with the protection and trafficking of eukary-
otic signaling complexes and microtubule stability (Table 3)
(30, 38).

After treatment of jejunal tissue with viable L. plantarum
JC1 for 30 min, seven proteins were significantly (P � 0.05)
differentially expressed (Table 3) compared to uninfected je-
junal tissues. Of these, four increased and three decreased in
expression compared to the results seen with uninfected tissue.
The eukaryotic cytoskeletal protein tubulin-
 (alpha 1a) was
below the detection limit in the uninfected tissues, whereas
after exposure of the IVOC tissues to viable L. plantarum,
tubulin-
 (alpha 1a) was detected with an ln(NSAF) of �4.03
(Table 4). Moreover, the high ln(NSAF) value for tubulin-

(�4.03) suggests that altered tubulin levels may play a key role
in the response of porcine tissue to L. plantarum.

(ii) L. plantarum protection assay-induced host proteome
changes. Following the protection assay, 12 proteins were sig-
nificantly (P � 0.05) differentially expressed (Table 3). Of
these, five proteins were increased and seven decreased in
expression compared to uninfected tissue results (Table 3).

Interestingly, the majority of the changes in the porcine intes-
tinal proteome following a probiotic protection assay were
consistent with the proteome changes exhibited with either
bacterial species alone. Additionally, the three most abundant
proteins following the protection assay were actin, tropomyo-
sin 2 (beta), and beta-5 tubulin, with ln(NSAF) values of
�3.51, �3.68, and �3.7, respectively (Table 4). Moreover, the
significant induction of beta-5 tubulin was unique to the pro-
biotic protection assay (Table 4). Tubulin-
 was also upregu-
lated, with an ln(NSAF) of �4.16; thus, upregulation of tubu-
lin-
 and beta tubulin accentuated the potential modulation of
microtubules by lactobacilli in vitro following a probiotic pro-
tection assay. In addition to this, a 60-kDa heat shock protein
was significantly upregulated following the protection assay
and monoassociation with L. plantarum, with ln(NSAF) values
of �3.9 and �3.85, respectively. Furthermore, the cytoskeletal
proteins KIAA0777, ezrin, nonmuscle myosin, and PDZ do-
main-containing protein 1 (PDZ-dc1) were detected at high
abundance in the uninfected jejunal tissue; however, all of the
aforementioned proteins were below the limit of detection in
the L. plantarum, S. Typhimurium, and protection assay groups
(see Table S4 in the supplemental material).

The major histocompatibility complex class I b molecule
(MHC-Ib) HLA-B, an immunoproteasome-associated pro-

FIG. 4. Analysis of the percentages of areas of jejunal IVOC tissues staining positive for AB (A) or PAS (B) following in vitro competitive
exclusion assays using L. plantarum JC1 (B2028). Uninfected tissue, heat-killed L. plantarum and S. Typhimurium, and assay medium at pH 4.5
were used as control conditions for both tissues. Results are presented as the means � standard deviations of the means. Asterisks indicate
conditions where the percentages of areas of the IVOC tissue exhibiting positive mucin staining were significantly (P � 0.05) different from the
uninfected control results.
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tease, and an Arf-associated protein were induced following a
probiotic protection assay with ln(NSAF) values of �5.62,
�4.61, and �4.66, respectively, giving results that were consis-
tent with the start of an adaptive immune response and sub-
sequent antigen presentation by enterocytes (Table 4). More-
over, association of L. plantarum or S. Typhimurium alone with
jejunal IVOC tissues induced the expression of HLA-B with
ln(NSAF) values of �5.40, �5.36, and �5.62 (Table 4). How-
ever, it is unclear whether L. plantarum or S. Typhimurium or
a combination of the two in the protection assay is responsible
for the induction of proteins involved in an adaptive immune
response.

DISCUSSION

Our results demonstrated that L. plantarum JC1 did not
competitively exclude S. Typhimurium SL1344 from associat-
ing with porcine IVOC jejunal or colonic mucosal tissues (Ta-

ble 1 [competition, protection, and displacement assays]) and
did not affect the cellular pathology (such as ruffle formation)
typically observed following early association with S. Typhi-
murium SL1344 (Table 3 [protection assay] and Fig. 3B).
These findings are contrary to observations from previous
studies. Servin and others (45, 46) demonstrated that the pres-
ence of LAB reduced pathogen association with or invasion
into traditionally cultured epithelial cells following in vitro as-
says. Similarly, we demonstrated that L. plantarum JC1 re-
duced the association of S. Typhimurium to monolayers and
3D aggregates of the porcine jejunal cell line IPEC-J2 (13a).
However, the IPEC-J2 cell line has not been observed to se-
crete or produce intestinal mucins other than a thin layer of
glycocalyx (42). Therefore, the difference in the mucin contents
between these in vitro systems may explain in part the observed
differences with respect to invasion of S. Typhimurium. Haque
et al. demonstrated that intestinal mucin could delay S. Typhi-
murium invasion into human IVOC tissues (24). These data

FIG. 5. Analysis of the percentages of areas of colonic IVOC tissues staining positive for AB (A) or PAS (B) following in vitro competitive
exclusion assays using L. plantarum JC1 (B2028). Uninfected tissue, heat-killed L. plantarum and S. Typhimurium, and assay medium at pH 4.5
were used as control conditions for both tissues. Results are presented as the means � standard deviations of the means. Asterisks indicate
conditions where the percentages of areas of the IVOC tissue exhibiting positive mucin staining were significantly (P � 0.05) different from the
uninfected control results.
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collectively suggest that the presence of both acidic and neutral
mucins represents an important factor affecting the adhesion
of S. Typhimurium to the intestinal epithelium. However, Tuo-
mola et al. demonstrated increased in vitro binding of S. Ty-

phimurium to human glycoproteins in the presence of some
Lactobacillus strains (53), suggesting that LAB strain differ-
ences may also play a role.

To the best of our knowledge, this report describes the first

TABLE 3. Differentially expressed proteins in jejunal IVOC tissues following a probiotic protection assay or the monoassociation of
S. Typhimurium or L. plantarum

Treatment group Accession no.b Protein identificationc
Mean NSAF
(uninfected

tissue)

Mean
ln(NSAFUninfected tissue)a

Mean NSAF
(test

condition)

Mean ln
(NSAF

Test condition
) P value

Salmonella 194044822 (Predicted) similar to peroxiredoxin 4 5.66E-03 �5.17 8.96E-03 �4.71 0.0079
194039391 (Predicted) heat shock 90-kDa

protein 1, beta
8.51E-03 �4.77 6.12E-03 �5.1 0.0129

194042660 (Predicted) similar to heterogeneous
nuclear ribonucleoprotein F
isoform 2

2.95E-03 �5.83 5.35E-03 �5.23 0.0188

47523680 Heat shock 10-kDa protein 1 2.09E-02 �3.87 3.37E-02 �3.39 0.0277
194043710 (Predicted) collagen, type VI, alpha 3

isoform 1
2.07E-03 �6.18 3.12E-03 �5.77 0.0280

194040685 (Predicted) importin 5 2.85E-03 �5.86 1.86E-03 �6.29 0.0286

L. plantarum 194044029 (Predicted) heat shock 60-kDa
protein 1 (chaperonin) isoform 1

1.02E-02 �4.59 2.13E-02 �3.85 0.0072

194041795 (Predicted) similar to
phosphoglycerate mutase 1
(phosphoglycerate mutase isozyme
B) (PGAM-B) (BPG-dependent
PGAM 1) isoform 2

7.13E-03 �4.94 1.30E-02 �4.34 0.0092

178056753 Phosphorylase, glycogen (liver) 3.15E-03 �5.76 1.43E-03 �6.55 0.0111
47522618 Vinculin 6.14E-03 �5.09 1.10E-02 �4.51 0.0184
47523680 Heat shock 10-kDa protein 1 2.09E-02 �3.87 3.11E-02 �3.47 0.0311
194040685 (Predicted) importin 5 2.85E-03 �5.86 1.63E-03 �6.42 0.0336
194035835 (Predicted) coatomer protein

complex, subunit alpha isoform 1
2.25E-03 �6.1 1.54E-03 �6.47 0.0413

Protection assay 194044029 (Predicted) heat shock 60-kDa
protein 1 (chaperonin) isoform 1

1.02E-02 �4.59 2.03E-02 �3.9 0.0009

194040622 (Predicted) lymphocyte cytosolic
protein 1 (L-plastin) isoform 2

7.16E-03 �4.94 1.16E-02 �4.45 0.0045

194035835 (Predicted) coatomer protein
complex, subunit alpha isoform 1

2.25E-03 �6.1 1.63E-03 �6.42 0.0064

194037554 (Predicted) similar to ATP synthase
subunit beta, mitochondrial

2.46E-02 �3.71 1.63E-02 �4.12 0.0075

194043617 (Predicted) ubiquitin C isoform 1 4.01E-03 �5.52 8.19E-03 �4.8 0.0165
194039820 (Predicted) similar to histone cluster

1, H2bd
6.28E-02 �2.77 3.08E-02 �3.48 0.0166

194037683 (Predicted) similar to lumican 7.26E-03 �4.92 1.12E-02 �4.49 0.0236
194037527 (Predicted) nonmuscle myosin light

chain
5.85E-02 �2.84 3.04E-02 �3.49 0.0261

194041795 (Predicted) similar to
phosphoglycerate mutase 1
(phosphoglycerate mutase isozyme
B) (PGAM-B) (BPG-dependent
PGAM 1) isoform 2

7.13E-03 �4.94 2.55E-03 �5.97 0.0426

194036973 (Predicted) tyrosine
3-monooxygenase/tryptophan 5-
monooxygenase activation protein,
zeta polypeptide

2.72E-02 �3.6 1.56E-02 �4.16 0.0480

194037380 (Predicted) similar to integrin, alpha
5 (fibronectin receptor, alpha
polypeptide)

1.02E-03 �6.89 3.78E-04 �7.88 0.0497

194034970 (Predicted) similar to ATP synthase,
H� transporting, mitochondrial F1
complex, alpha subunit 1, cardiac
muscle

1.08E-02 �4.53 1.38E-02 �4.28 0.0505

a ln(NSAF) is the natural log of the normalized spectrum abundance factor (NSAF). The higher the ln(NSAF) value, the greater the protein abundance within a
sample.

b NCBI GI numbers.
c BPG, 2,3-bisphosphoglycerate.
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TABLE 4. Induced proteins in jejunal IVOC tissues following a probiotic protection assay or the monoassociation of
S. Typhimurium or L. plantarum

Species
or assay Accession no. Protein identification Mean NSAF Mean

ln(NSAF)a

Salmonella 194034943 (Predicted) actin, alpha, cardiac muscle 1 4.28E-02 �3.21
194034025 (Predicted) tropomyosin 2 (beta) isoform 1 3.34E-02 �3.41
194040330 (Predicted) similar to 40S ribosomal protein S10 1.61E-02 �4.16
194037982 (Predicted) similar to thioredoxin domain-containing protein 5 precursor

(thioredoxin-like protein p46) (endoplasmic reticulum protein ERp46)
1.13E-02 �4.49

194038246 (Predicted) similar to calmodulin 9.66E-03 �4.67
194041070 (Predicted) similar to myosin light chain kinase 7.11E-03 �4.98
194044922 (Predicted) similar to adenine nucleotide translocator 2 6.15E-03 �5.09
178056732 guanine nucleotide binding protein (G protein), alpha-inhibiting activity

polypeptide 2
5.18E-03 �5.31

55742824 HLA-B-associated transcript 1 4.75E-03 �5.36
47523618 Citrate synthase 4.40E-03 �5.48
194034464 (Predicted) similar to fermitin family homolog 2 3.81E-03 �5.64
178056768 RAD51 homolog 3.60E-03 �5.63
194041072 (Predicted) similar to 155-kDa myosin light chain kinase homolog 3.10E-03 �5.82
194037042 (Predicted) similar to cadherin 17 1.93E-03 �6.29

L. plantarum 194043861 (Predicted) tubulin, alpha 1a 1.78E-02 �4.03
47523692 Thioredoxin 9.84E-03 �4.68
194037982 (Predicted) similar to thioredoxin domain-containing protein 5 precursor

(thioredoxin-like protein p46) (endoplasmic reticulum protein ERp46)
9.26E-03 �4.68

194041992 Glutathione S-transferase omega 7.99E-03 �4.84
194035873 (Predicted) similar to mucosal pentraxin 6.53E-03 �5.05
194044922 (Predicted) similar to adenine nucleotide translocator 2 6.07E-03 �5.13
55742824 HLA-B-associated transcript 1 5.41E-03 �5.4
194036006 (Predicted) similar to CCT3 protein 4.00E-03 �5.54
194039491 (Predicted) similar to isocitrate dehydrogenase 3 (NAD�) alpha 3.36E-03 �5.7
194034464 (Predicted) similar to fermitin family homolog 2 2.41E-03 �6.04
194035771 (Predicted) similar to guanylate binding protein 4 2.41E-03 �6.07
194037042 (Predicted) similar to cadherin 17 1.96E-03 �6.29
194037849 (Predicted) alpha-2-macroglobulin 8.13E-04 �7.12

Protection 194034943 (Predicted) actin, alpha, cardiac muscle 1 3.06E-02 �3.51
194034025 (Predicted) tropomyosin 2 (beta) isoform 1 2.54E-02 �3.68
113205892 Beta 5-tubulin 2.49E-02 �3.7
194043861 (Predicted) tubulin, alpha 1a 1.57E-02 �4.16
5835867 ATP synthase F0 subunit 8 1.29E-02 �4.4
47523632 Proteasome activator subunit 2 1.04E-02 �4.61
114326183 ADP-ribosylation factor family-like protein 9.96E-03 �4.66
194038246 (Predicted) similar to calmodulin 9.82E-03 �4.66
194040330 (Predicted) similar to 40S ribosomal protein S10 7.79E-03 �4.9
194037546 (Predicted) similar to protein canopy homolog 2 precursor (MIR-interacting

saposin-like protein) (transmembrane protein 4) (putative secreted protein
ZSIG9) isoform 3

5.50E-03 �5.26

194038713 (Predicted) hypothetical protein 5.46E-03 �5.25
194041070 (Predicted) similar to myosin light chain kinase 5.20E-03 �5.27
5835866 Cytochrome c oxidase subunit II 5.19E-03 �5.26
47523692 Thioredoxin 4.75E-03 �5.45
194034195 (Predicted) annexin A1, partial 4.29E-03 �5.56
194041992 Glutathione S-transferase omega 4.15E-03 �5.54
194040559 (Predicted) similar to periostin precursor (PN) (osteoblast-specific factor 2)

(OSF-2)
4.11E-03 �5.51

194035873 (Predicted) similar to mucosal pentraxin 3.94E-03 �5.58
55742824 HLA-B-associated transcript 1 3.63E-03 �5.62
178056732 Guanine nucleotide binding protein (G protein), alpha-inhibiting activity

polypeptide 2
3.62E-03 �5.67

194042175 (Predicted) similar to ribosomal protein S24 isoform 2 3.56E-03 �5.73
194037558 (Predicted) similar to nascent polypeptide-associated complex alpha subunit

isoform 3
3.39E-03 �5.7

194038973 (Predicted) similar to purine nucleoside phosphorylase (inosine phosphorylase)
(PNP)

3.32E-03 �5.72

194044922 (Predicted) similar to adenine nucleotide translocator 2 3.22E-03 �5.76
47523786 Voltage-dependent anion channel 3 3.19E-03 �5.98
194040738 (Predicted) similar to potassium channel tetramerization domain-containing 12 3.17E-03 �5.77
194044488 (Predicted) similar to dynein light chain 2a 3.01E-03 �5.82

Continued on following page
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use of IVOC to investigate host cell responses to L. plantarum.
The CCIVOC method proved to be a robust and reproducible
platform for studying host-pathogen interactions, as the por-
cine tissues remained well preserved (Fig. 3E). The fixed sur-
face area provided by the cell crown facilitated the reproduc-
ible enumeration of bacteria such as S. Typhimurium strain
SL1344 by the quantification of viable bacteria associated to
the IVOC tissues. Importantly, no bacteria associated to the
serosal side of the IVOC tissues were observed by light or
electron microscopy (data not shown).

In this study, we demonstrated that L. plantarum JC1 can
reduce acidic mucins present in jejunal and colonic goblet cells,
suggesting compound exocytosis of the stored mucin granule
mass. In contrast, L. plantarum JC1 simultaneously promoted
accumulation of PAS-positive neutral mucins within the goblet
cells of jejunal and colonic tissues (Fig. 4B and 5B). Previous
studies demonstrated that mucin production and secretion can
be modulated by L. plantarum and multispecies probiotic prep-
arations (9, 33), but these studies failed to examine the effects
of the presence of heat-killed (HK) L. plantarum on mucin
secretion. Interestingly, the effect of L. plantarum on mucin

secretion requires the presence of HK L. plantarum in the
jejunum but viable L. plantarum in the colon (Fig. 4B and 5B,
respectively). Moreover, significant (P � 0.05) increases in the
levels of neutral mucins were observed in the jejunal tissue by
the addition of HK S. Typhimurium and HK L. plantarum to
the tissues (Fig. 4B), thus demonstrating a generic host re-
sponse to bacterial association to the jejunal epithelium. Con-
versely, modulation of acidic mucin levels in the colon requires
viable L. plantarum (Fig. 5A) and is therefore an active process
and may indicate the involvement of bacterial proteins acting
as a mucin secretagogue. Previous studies demonstrated that
L. plantarum 299v secretes a potent heat-stable secretagogue
(33), possibly a bacteriocin-like molecule, that modulates the
host cell and thus elicits compound exocytosis of the stored
mucin granule.

In contrast to the stimulation of mucin secretion by probiotic
bacteria, some pathogens (such as Helicobacter pylori and Clos-
tridium difficile) can inhibit mucin secretion to facilitate colo-
nization (5, 47). This study demonstrated that S. Typhimurium
increases the amount of neutral mucins stored within goblet
cells during the early stages of infection of porcine tissues (Fig.

TABLE 4—Continued

Species
or assay Accession no. Protein identification Mean NSAF Mean

ln(NSAF)a

74024903 Hypoxanthine phosphoribosyltransferase 2.73E-03 �5.95
194043483 (Predicted) similar to catechol-O-methyltransferase isoform 1 2.55E-03 �6.02
72535188 GTP-binding protein SAR1a 2.54E-03 �6.08
113205694 Protein phosphatase 1 catalytic subunit gamma isoform 2.42E-03 �6.11
194038763 (Predicted) similar to proteasome alpha 6 subunit 2.42E-03 �6.07
194036227 (Predicted) similar to selenium-binding protein 1 (56-kDa selenium-binding

protein) (SP56)
2.40E-03 �6.12

194041072 (Predicted) similar to 155-kDa myosin light chain kinase homolog 2.30E-03 �6.14
194036006 (Predicted) similar to CCT3 protein 2.05E-03 �6.4
194034464 (Predicted) similar to fermitin family homolog 2 2.03E-03 �6.24
194042288 (Predicted) similar to heterogeneous nuclear ribonucleoprotein H3 1.92E-03 �6.36
194044393 (Predicted) similar to CG5862 CG5862-PA 1.86E-03 �6.32
178056768 RAD51 homolog 1.76E-03 �6.39
194040203 (Predicted) hypothetical protein 1.72E-03 �6.38
148225750 Heat shock 105-kDa/110-kDa protein 1 1.66E-03 �6.48
194037849 (Predicted) alpha-2-macroglobulin 1.65E-03 �6.42
55742742 Decorin 1.65E-03 �6.45
194037042 (Predicted) similar to cadherin 17 1.60E-03 �6.52
194039570 (Predicted) BTB (POZ) domain-containing 1 1.51E-03 �6.51
194036441 (Predicted) putative homeodomain transcription factor 1 1.48E-03 �6.57
194042021 (Predicted) similar to programmed cell death 4 1.46E-03 �6.58
194034819 (Predicted) similar to sorbitol dehydrogenase 1.40E-03 �6.67
194038870 (Predicted) phosphoenolpyruvate carboxykinase 2 1.34E-03 �6.79
194038294 (Predicted) chromogranin A (parathyroid secretory protein 1) 1.32E-03 �6.67
194044577 (Predicted) similar to tissue transglutaminase homologue (TGH2) 1.29E-03 �6.82
194037239 (Predicted) similar to thiosulfate sulfurtransferase (rhodanese) 1.23E-03 �6.72
194033945 (Predicted) similar to proteasome (prosome, macropain) 26S subunit, non-

ATPase 5
1.22E-03 �6.8

194035538 (Predicted) similar to N-myc downstream regulated gene 1 1.20E-03 �6.74
194035771 (Predicted) similar to guanylate binding protein 4 1.13E-03 �6.83
51592133 H� ATPase 1.11E-03 �6.85
194035289 (Predicted) similar to 5 nucleotidase, ecto 1.03E-03 �6.91
194042126 (Predicted) similar to LOC506564 protein 8.66E-04 �7.1
194034450 (Predicted) similar to nidogen-2 precursor (NID-2) (osteonidogen) 6.70E-04 �7.36
194036727 (Predicted) similar to tyrosine-protein kinase Lyn 6.29E-04 �7.39
194037681 (Predicted) similar to early endosome antigen 1 (endosome-associated protein

p162) (zinc finger FYVE domain-containing protein 2)
4.48E-04 �7.91

178056221 Complement C4 3.94E-04 �7.89

a ln(NSAF) is the natural log of the normalized spectrum abundance factor (NSAF). The higher the ln(NSAF) value, the greater the protein abundance within a
sample.
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4B and 5B). While this result needs to be confirmed in vivo, in
the jejunal tissues this process was also initiated by both HK L.
plantarum and HK S. Typhimurium (Fig. 4B), suggesting that
the jejunal tissue is modulated by structural components
present on the bacterial cell surface. Interestingly, viable S.
Typhimurium strain SL1344 is required to alter the level of
neutral colonic mucins (Fig. 5B), thus indicating an active
process; however, further study is required to elucidate how S.
Typhimurium exerts this effect. Additionally, S. Typhimurium
was not able to modulate the levels of acidic mucins in the
presence or absence of L. plantarum (Fig. 3). Collectively,
these data demonstrate differential characteristics with respect
to modulation of acidic and basic mucins in the jejunal and
colonic epithelium by S. Typhimurium and L. plantarum. Only
L. plantarum could modulate acidic mucin levels (Fig. 4A and
5A), and it is tempting to speculate that the production of
excess acidic mucin may facilitate a competitive exclusion ef-
fect versus S. Typhimurium. Modulation of neutral mucin was
a generic response to the binding or association of bacteria to
the epithelium. Finally, the jejunum and colon demonstrated
differential mechanisms for the modulation of mucin levels,
with colonic tissues requiring live bacteria to elicit changes in
the total quantity of secreted mucin and jejunal tissues re-
sponding to heat-killed bacteria (Fig. 4 and 5).

The decrease in the quantity of acidic mucin present within
the goblet cells of jejunal tissues maintained at pH 4.5 was
independent of bacterial association (Fig. 4A). Caballero-
Franco et al. demonstrated similar pH-dependent mucin se-
cretion from the LS 174T colonic epithelial cell line, although
it was not stated whether these were acidic or basic mucins (9).
Furthermore, culture of porcine tissue at pH 4.5 (Fig. 3F)
induced membrane perturbations and the formation of apop-
totic bodies on epithelial cells, which is consistent with pH-
induced damage (19), although it is currently unclear whether
this mucin secretion was in response to damage to the epithe-
lium or was merely stimulated by low pH.

Using multidimensional protein identification technology
(MuDPIT), we demonstrated significant (P � 0.05) changes in
the proteome of porcine jejunal tissues following exposure to
L. plantarum JC1. Tubulin-
 was expressed at a high relative
abundance with an ln(NSAF) of �4.05 in porcine jejunal tis-
sues following exposure to L. plantarum alone compared to
uninfected jejunal tissue, where tubulin-
 expression was be-
low the detection limit (Table 4). However, the biological sig-
nificance of this increase in the relative abundance of tubulin-

is unclear.

The interaction of S. Typhimurium with mammalian epithe-
lial cells has previously been well documented (largely using a
transcriptomic approach) (2, 17, 27, 40, 41). Shi and others
(46a, 46b) used quantitative label-free proteomics to elucidate
the response of human macrophages to S. Typhimurium infec-
tion. Similarly, in our studies, a marked change in cytoskeletal
proteins consistent with the invasion of S. Typhimurium into
the porcine epithelial cells was observed after infection of
jejunal tissue with S. Typhimurium (Table 3 and Table 4).
Moreover, the cytoskeletal proteins actin and tropomyosin
were detected at high abundance in jejunal tissues following
exposure to S. Typhimurium but were below the detection limit
in uninfected tissues (see Table S4 in the supplemental mate-
rial). In addition to this finding, the actin binding protein

actinin and membrane-bound annexin (A2) were highly abun-
dant in uninfected tissues but were below the detection limit in
jejunal tissues following infection by S. Typhimurium (see Ta-
ble S4 in the supplemental material). Additionally, membrane
ruffling in jejunal tissue was observed by SEM following S.
Typhimurium infection (Fig. 3A), consistent with the observed
changes to the proteome of the jejunum following S. Typhi-
murium infection (20).

To date, little is known with regard to how lactobacilli may
mitigate the invasive effects of enteropathogens or how they
interact with mammalian epithelial cells. Following a probiotic
protection assay (Table 3 and Table 4), the porcine jejunal
tissue demonstrated structural proteomic changes indicative of
the invasion of S. Typhimurium into host epithelial cells as
described above (20). Additionally, the same porcine tissues
exhibited proteome changes consistent with the association of
L. plantarum to porcine tissue, as described above (Table 3 and
Table 4). However, the porcine tissues demonstrated unique
proteome changes in response to the probiotic protection as-
say. These changes were not observed following the association
of S. Typhimurium alone or L. plantarum alone to porcine
tissues. Specifically, the proteins KIAA0777 (Arg/Abl-interact-
ing protein 2 [ArgBP2]), ezrin (Villin-2), non-muscle-related
myosin, and PDZ domain-containing protein 1 (PDZ-dc1)
were present in uninfected jejunal tissue but were below the
detection limit following the protection assay and indicated
the loss of integral membrane proteins that are essential for
the normal functioning of a eukaryotic cell (29, 48, 49) (see
Table S4 in the supplemental material). Following the probi-
otic protection assay, the expression of three proteins involved
in antigen presentation was induced; these included MHC-Ib
(CD 1d in humans), Arf family protein, and a proteasome
activator subunit (PA28 in humans) (1, 39) (Table 4). Collec-
tively, these proteins could represent the formation of an im-
munoproteasome and the subsequent presentation of antigens
by the MHC-Ib molecule. It is unclear, however, whether these
MHC-Ib molecules are from enterocytes (1), lymphocytes, or
other MHC-Ib-expressing cell types already present within the
jejunal tissue. MHC-Ib molecules in humans (when epithelium
associated) provide a ligand for CD8� T cells (1). Controls
utilizing monoassociated L. plantarum or S. Typhimurium also
demonstrated upregulated MHC-Ib molecules (Table 4); thus,
it is not possible to determine by this experimental approach
which of the aforementioned bacterial species were responsi-
ble for initiating an adaptive immune response in jejunal tissue,
assuming that this was not the result of combined effects.
Furthermore, it is unclear whether intestinal epithelial cells
(IECs) or lymphocytes present within the porcine tissue are
being primed to present antigens or whether antigen presen-
tation is initiated by L. plantarum or S. Typhimurium associa-
tion.

Collectively, our data demonstrate that L. plantarum
modifies the mucosal barrier function of porcine tissues.
Although L. plantarum JC1 was unable to reduce the early
association of S. Typhimurium to the porcine intestinal mu-
cosa, increased acidic mucin secretion and the potential
modulation of the host cytoskeleton demonstrate that this
putative probiotic is a suitable candidate for further in vivo
studies in the pig.
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