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Abstract The probiotic properties and inhibitory effect on
Salmonella Typhimurium adhesion on human enterocyte-like
HT-29-Luc cells of three Lactobacillus plantarum strains iso-
lated from fermented fish, beach sand and a coastal plant were
determined. Compared with the type strain L. plantarum
NBRC 15891T, which was isolated from pickled cabbage,
L. plantarum Tennozu-SU2 isolated from the acorn of a coastal
tree showed high autoaggregation in de Man, Rogosa and
Sharpe (MRS) broth and an antagonistic effect against S.
Typhimurium in brain heart infusion (BHI) broth.
Furthermore, heat-killed L. plantarum Tennozu-SU2 cells
inhibited S. Typhimurium adhesion on HT-29-Luc cells. Both
live and heat-killed L. plantarumTennozu-SU2 cells showed an
inhibitory effect on gut colonisation in BALB/c mice, as
assessed by viable Salmonella count in faecal samples and by
invasion into liver and spleen tissues. The properties shown in
this study suggest that L. plantarum Tennozu-SU2 is useful as a
starter and probiotic bacteria in functional food material.
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Introduction

Salmonella is a well-documented pathogen known to contam-
inate a wide range of foods, including chicken, egg products

[1, 2] and other meats [3], vegetables [4] and dried fish prod-
ucts [5]. Although most cases of human infection with
Salmonella enterica subsp. enterica serotype Enteritidis result
from the consumption of contaminated foods, the incidence of
salmonellosis from Salmonella Typhimurium has remained
relatively stable or increased in Europe and other countries
[6–8]. Although it is a gram-negative bacterium, S.
Typhimurium shows resistance not only to disinfectants but
also to dry and acidified environments [9, 10]. Acid tolerance
response (ATR) of pathogenic bacteria, such as that to an
amino acid decarboxylase, is noted as an adaptive strategy in
foods, as well as in humans and other hosts [11]. Additionally,
some strains of S. Typhimurium, such as DT104, show mul-
tidrug resistance [12].

Various lactic acid bacteria (LAB) strains are used as
probiotics. Immune promotive effects, and antagonistic capac-
ities against food-related pathogens are important properties
of probiotics. Lactobacillus plantarum has been isolated from
plant materials as well as various environments, such as
fermented foods (high salinity and acidified), animal intestine
and beach cast algae and used as a starter and probiotic
[13–15]. There are many reports regarding the immune-
promoting activities of LAB, and L. plantarum strains in par-
ticular, both in vitro and in vivo [16–20]. Inhibitory effects of
several species of LAB, particularly Lactobacillus
acidophilus and Lactobacillus casei, on S. Typhimurium in-
fection in mice have also been reported by many researchers
[21–24]. However, the inhibitory effect of L. plantarum in
mice is not clear, although there are a few studies using human
enterocyte-like Caco-2 cells in vitro [25].

Some LAB, including L. plantarum strains isolated from
areas near the coast, showed stress resistance against salt, acid
and bile, as well as bile acid-lowering capacity [26–29]. These
strains can be considered for use as probiotics. In this study,
the effect of three L. plantarum strains, isolated from
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fermented fish, beach sand and a coastal plant, on S.
Typhimurium adhesion on human enterocyte-like HT-29-
Luc cells was assessed. In addition, the inhibitory effect of a
selected strain, administered via drinking water, on S.
Typhimurium infection in BALB/c mice was investigated.

Materials and Methods

Bacterial Strains

A bacterial strain S. enterica subsp. enterica serovar
Typhimurium NBRC 13245T was pre-incubated in Luria-
Bertani (LB) broth (Becton, Dickinson and Co., Sparks,
MD) at 37 °C for 20 h (early stationary growth phase). Four
L. plantarum strains were used in this study. L. plantarum
Sanriku-SU7 (accession no. LC122588) was isolated from
fermented fish made in Iwate, Japan [13]. L. plantarum Izu-
SU2 (accession no. LC144968) and Tennozu-SU2 (accession
no. LC144970) were isolated from beach sand in the Izu
Peninsula and from acorns in a coastal park in Tokyo, Japan,
respectively [30]. L. plantarum NBRC 15891T isolated from
pickled cabbage was used for the typical strain. These
L. plantarum strains were pre-incubated in de Man, Rogosa
and Sharpe (MRS) broth (Oxoid, Basingstoke, UK) at 37 °C
for 24 h.

Effects of Acid and Bile on the Growth of L. plantarum
Strains

The effects of acid- and bile-induced stress were determined
as previously reported [31], with slight modification. The pre-
cultures of four L. plantarum strains (0.03 mL) were inoculat-
ed into 3 mL of MRS broth (control broth), MRS broth with
pH 4.1 or MRS broth containing 3% (w/v) of oxgall (Wako
Pure Chemical, Osaka, Japan) and incubated at 37 °C for 24 h.
The increased cell and other insoluble product amounts during
the incubation were expressed as the optical density (OD) at
660 nm (OD660) that was measured using a grating micro-
plate reader (SH-1000Lab; Corona, Electric, Hitachinaka,
Ibaraki, Japan). OD660 values in the acidified or bile-
containing broths were compared with ones from the control
broth.

Autoaggregation Assay

Autoaggregation assays were performed according to the
method described by Kos et al. [32] with some modification.
The strains were cultured in MRS broth for 24 h at 37 °C. The
cells were harvested by centrifugation at 5000g for 10 min at
4 °C, washed twice and resuspended in phosphate-buffered
saline (PBS, Nissui Pharmaceutical, Tokyo, Japan) to adjust
OD600 to 1.0. From each cell suspension, a 4-mL aliquot was

mixed by vortexing for 10 s and incubated for 2 h at 37 °C.
The autoaggregation (%) was expressed as (1 − (OD600 after
2-h incubation / OD600 before incubation) × 100.

HT-29-Luc Cell Adhesion Assay

The human enterocyte-like HT-29-Luc cells JCRB 1383 were
purchased from Japanese Collection of Research Bioresources
Cell Bank, Osaka, Japan. The adhesion assay was performed
according to a previously reported method, with some modi-
fication [33]. The cells were seeded in 48-well plates at a
density of 6 log cells/mL in Dulbecco’s modified Eagle’s me-
dium (DMEM, Wako Pure Chemical) containing 10% v/v
foetal bovine serum and were incubated at 37 °C in an atmo-
sphere of 5% CO2–95% air for 8 days to facilitate cell differ-
entiation. During this period, the medium was replaced with
fresh medium every other day. Alkaline phosphatase activity
in the cells was determined by colorimetric assay to confirm
the differentiation [28], as previously reported [34].

The L. plantarum grown in MRS broth was centrifuged
and resuspended in DMEM (9 log CFU/mL). After HT-29-
Luc cell differentiation, 0.05 mL of this L. plantarum cell
suspension was added (n = 3) and the mixture was incubated
for 1.5 h in a CULTUREPAL™ system (Mitsubishi Gas
Chemical, Tokyo, Japan). Subsequently, the wells were
washed with PBS thrice to remove non-adherent cells. Gram
staining was performed on the attached cells after methanol
fixation [35]. The blue-stained cells in three fields of view for
each well under a microscope were counted.

Antagonistic Effect Against S.Typhimurium in BHI Broth

The pre-culture of S. Typhimurium was diluted with 1000
times volume of PBS. The undiluted pre-culture (0.03 mL)
of L. plantarum strain with the diluted S.Typhimurium culture
(0.03 mL) was inoculated into 3 mL of brain heart infusion
(BHI) broth (Oxoid). After incubation at 37 °C for 24 h, viable
count of Salmonella was enumerated using deoxycholate
hydrogen-sulphide lactose (DHL) agar (Eiken Chemical,
Tokyo, Japan).

Effect of Heat-Killed L. plantarum Cells on S.
Typhimurium Adhesion in HT-29-Luc Cells

The inhibitory effect was determined as reported previously
[36]. The L. plantarum cells cultured in MRS broth were
centrifuged, resuspended in DMEM (9 log CFU/mL) and then
heated in boiling water for 20 min. The heat-killed cell sus-
pension (0.05 mL) was added to the differentiated HT-29-Luc
cell culture in a 48-well plate (0.5 mL/well). After incubation
for 18 h, 0.05-mL medium containing S. Typhimurium cells
(9 CFU/mL) was added (n = 4) and the mixture was incubated
for 1.5 h using the CULTUREPAL system. The attached cells
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were removed as described previously. The attached cells
were treated with cold PBS containing 0.1% Triton X-100
(Wako Pure Chemical) for 10 min. Then, the number of viable
Salmonella in the detached suspension was determined using
DHL agar.

Effect of Live and Heat-Killed L. plantarum Cells on S.
Typhimurium Infection in BALB/c Mice

A selected L. plantarum strain was cultured in MRS broth,
washed with PBS and suspended in distilled water (DW) at an
OD600 of 2.0. Half of the suspension was heated in boiling
water. The animal experiments were performed in compliance
with the Fundamental Guidelines for Proper Conduct of
Animal Experiment and Related Activities in Academic
Research Institutions, under the jurisdiction of the Ministry
of Education, Culture, Sports, Science and Technology, and
approved by the animal experiment committee of Tokyo
University of Marine Science and Technology (approval no.
H28-4).

Mice were treated with the L. plantarum cell suspension
and inoculated with S. Typhimurium using a previously de-
scribed method [13, 33]. In total, 18 five-week-old male
BALB/c mice were obtained from CLEA Japan (Tokyo,
Japan). The mice were acclimatised in a negative pressure
rack maintained at 20–25 °C with 50–60% relative humidity
and were fed CE-2 diet (CLEA Japan) for 5 days prior to the
experiment. They were then divided into three groups of six
mice each and fed untreated water (control group), live cell
suspensions or heat-killed cell suspension as drinking water
for the next week. The mice were then anaesthetised using
diethyl ether, and as soon as they were mildly sedated, they
were administered 0.1 mL S. Typhimurium suspension (8 log
CFU/mL in PBS) via a flexible gastric feeding tube (Model
5200, Fuchigami, Kyoto, Japan). The mice inoculated with S.
Typhimurium were fed the same diet for the next 7 days.

Before the inoculation and 2 and 4 days after the inocula-
tion, viable Salmonella counts were determined with DHL
agar. The typical black colonies were counted as Salmonella.

Seven days after the inoculation, the mice were euthanised by
CO2, and then, the liver and spleen were aseptically removed
and weighed. DHL agar was used to detect Salmonella that
had invaded the organs. Data were expressed as mean ± stan-
dard error of the mean log CFU of S. Typhimurium per gram
of tissue.

Statistical Analysis

Statistical analysis was performed using the software EXCEL
statistical Ver. 6.0 (Esumi, Tokyo, Japan). One-way ANOVA
was used to assess the differences between the means.
Individual mean values were compared by Tukey’s test, with
the level of statistical significance set at p < 0.05.

Results and Discussion

Effects of Acid and Bile on the Growth of L. plantarum
Strains

The strains grew in the control broth from approximately 6 log
CFU/ml (OD660 nm ≒ 0) to 8 log CFU/ml (OD660 nm ≒ 1).
As shown in Fig. 1A, all four tested L. plantarum strains grew
at pH 4.1, though the OD was lower compared with that at
pH 6.5 (control broth). There was no significant difference
between the acid tolerance of the type strain and the other
strains. In the case of MRS broth containing 3% bile,
L. plantarum Izu-SU2 showed the highest tolerance with a
growth higher than that in the control broth (Fig. 1B). The
tolerance of L. plantarum Sanriku-SU7 and Tennozu-SU2
was slightly higher and lower, respectively, than that of the
type strain.

The growth capacity of L. plantarum strains in the acidified
(pH 4) broth and broth containing a high bile concentration is
in agreement with previous reports [28, 37]. Probiotic screen-
ing for other LAB species, such as Lactococcus lactis, has
determined that some of these strains including their type
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strain cannot grow in the acidified and/or bile-containing
broths [28, 31].

Autoaggregation and Adhesion on HT-29-Luc Cells

Autoaggregation of probiotic strains appears to be necessary
for adhesion to intestinal epithelial cells [32]. Aggregation and
the adhesion capacity of LAB are regarded as factors for the
disruption of adhesion of pathogenic bacteria by competing
for binding to intestinal epithelial cells, which consequently
reduces pathogen colonisation and prevents infection [38].

Among the four strains, the autoaggregation was the
highest (about 60%) in L. plantarum Tennozu-SU2
(Fig. 2A). The aggregation of L. plantarum Sanriku-SU7
and Izu-SU2 was lower than 10%. In the adhesion assay, the
adherent cell count was higher and lower in L. plantarum Izu-
SU2 and Tennozu-SU2, respectively, though the difference
was not significant (Fig. 2B). This result was not in agreement
with result of the autoaggregation assay.

Antagonistic Effects in BHI Broth and HT-29-Luc Cells

S. Typhimurium inoculation size was approximately 3 log
CFU/mL BHI broth. None of the four LAB strains could
completely suppress the pathogen, which reached 8 log
CFU/mL during the 24 h co-incubation. However, the final
viable count of the pathogen was reduced to 25% by
L. plantarum Tennozu-SU2 and Izu-SU2 (Fig. 3A). This in-
hibitory effect was higher than that observed for the type
strain. Although the antimicrobial activity of various LAB
strains with bacteriocin has been reported [39, 40], it is con-
sidered that the tested strains have no bacteriocin and have a
competitive effect against Salmonella.

A comparison of the effect of heat-killed cells from tested
LAB strains on the adhesion and invasion of S. Typhimurium
in human enterocyte-like HT-29-Luc cells is shown in Fig. 3B.
The levels of pathogen adhesion in intact cells observed in this
study, approximately 6 log CFU/well, are in agreement with

those in previous reports [33, 41]. Adhesion of S.
Typhimurium was clearly inhibited to about 20, 40 and 50%
of the control by heat-killed L. plantarum Tennozu-SU2, Izu-
SU2 and Sanriku-SU7, respectively. The inhibitory effect was
not shown by type strain, though its adhesive activity was not
different from other strains (Fig. 3B). The aggregation rate of
the type strain was not considerably lower compared with the
other tested strains (Fig. 2A).

These results of the in vitro experiments indicate that
L. plantarum isolates from the coastal area, rather than the
type strain, have an inhibitory effect on the S. Typhimurium
infection without a bacteriocin. High molecular compounds,
such as some dietary fibres, and heat-killed probiotic cells can
affect barrier function as expressed through transepithelial
electrical resistance (TEER) [16, 42]. The cell membrane,
exopolysaccharides and other heat-treated compounds of the
LAB cells in this experiment affect the HT-29-Luc cells and/or
S. Typhimurium cells. More detailed studies involving prote-
omic and genomic experiments to evaluate the effect of intact
and heat-treated cell compounds on intestinal cells are needed.
From the results of this in vitro experiment, L. plantarum
Tennozu-SU2 was selected for the next experiment involving
an animal model system.

Effect of Live and Heat-Killed L. plantarum Tennozu-SU2
on the S. Typhimurium Infection in BALB/c Mice

In this animal experiment, all mice survived the entire exper-
imental time course, while faeces were soft in control group
after inoculation with the pathogen. Four days after the inoc-
ulation, bodyweight was tended to be high in the mice fed live
L. plantarum Tennozu-SU2 cells (Fig. 4A). There was no
difference in the liver and spleen weights (data not shown).

Two days after the oral inoculation of 7 log CFU/mouse of
S. Typhimurium, 5.0 log CFU/g of Salmonella, expressed as
typical black colonies on DHL agar, was detected in faeces of
mice that were fed the control diet (Fig. 4B). Subsequently, the
viable count of Salmonella cells increased to 6.0 log CFU/g in
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4 days. This result suggests that S. Typhimurium colonised the
murine intestinal epithelial cells [43]. At 7 days after the in-
oculation, the Salmonella colonies could not be counted cor-
rectly, because there were higher numbers of other
Enterobacteriaceae colonies on the DHL agar plate. Both live
and heat-killed L. plantarum Tennozu-SU2 cells in drinking
water suppressed this colonisation slightly and approximately
eightfold at 2 and 4 days.

In all of the mice, Salmonella was detected in the liver
tissues. Approximately 4.8 log CFU/g tissue of Salmonella
was recovered from the liver of control mice (Fig. 4C). Live
and heat-killed L. plantarum Tennozu-SU2 cells reduced the
pathogenic counts to 4.4 and 4.6 log CFU/g tissue, respective-
ly. The count in mice fed heat-killed cells differed from counts
in other groups; however, the difference was small.

The spleen ofmice from all the three groups was also found
to be infected by S. Typhimurium. The viable count of S.

Typhimurium in the spleen of control mice was approximately
3.9 log CFU/g tissue. The viable counts in the tissues of mice
that were fed live or heat-killed L. plantarum Tennozu-SU2
cells were lower, about 3.5 log CFU/g (Fig. 4D). These results
are consistent with those obtained from the differentiated HT-
29-Luc cells (Fig. 3A, B).

As mentioned earlier, the inhibitory effects of several spe-
cies of LAB, particularly L. acidophilus and L. casei, on S.
Typhimurium infection in mice are known [21–24]. However,
the inhibitory effect of L. plantarum on S. Typhimurium in-
fection in mice had been not clear. The results from in vitro
and in vivo experiments conducted during this study indicate
that both live and heat-killed L. plantarum Tennozu-SU2 cells
have an inhibitory effect similar to that of those previous re-
ports about probiotic L. acidophilus and L. casei on S.
Typhimurium infection. It is known that L. plantarum has
high tolerance against acid, bile and salinity and has activities
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associated with immune and metabolic improvement [13, 14,
19, 20, 29]. To clarify the mechanisms, future studies
concerning immune-related cytokines from enterocyte cul-
tures and in vivo experiments are needed. Thus, we plan to
study the synergistic effects of L. plantarum Tennozu-SU2
with other dietary compounds, such as functional dietary fi-
bres, peptides and fatty acids.

Conclusion

In this study, the probiotic properties and inhibitory effect on
S. Typhimurium adhesion on human enterocyte-like HT-29-
Luc cells of three L. plantarum strains isolated from fermented
fish, beach sand and a coastal plant were determined.
Compared with the type strain, L. plantarum Tennozu-SU2
isolated from the acorn of a coastal tree showed high
autoaggregation in MRS broth and an antagonistic effect
against S. Typhimurium in BHI broth. Furthermore, heat-
killed L. plantarum Tennozu-SU2 cells inhibited S.
Typhimurium adhesion on HT-29-Luc cells. Both live and
heat-killed cells showed inhibitory effect on gut colonisation
of BALB/c mice, as assessed by a viable Salmonella count in
faecal samples, and invasion into liver and spleen tissues. The
properties shown in this study suggest that L. plantarum
Tennozu-SU2 is useful as a starter and probiotic bacteria in
functional food material.
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