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Université du Québec à Montréal, Département des Sciences Biologiques, C.P.8888, Succ. Centre-Ville,
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This study demonstrated the capacity of bacteriocin-producing lactic acid bacteria (LAB) to reduce intes-
tinal colonization by vancomycin-resistant enterococci (VRE) in a mouse model. Lactococcus lactis MM19 and
Pediococcus acidilactici MM33 are bacteriocin producers isolated from human feces. The bacteriocin secreted
by P. acidilactici is identical to pediocin PA-1/AcH, while PCR analysis demonstrated that L. lactis harbors the
nisin Z gene. LAB were acid and bile tolerant when assayed under simulated gastrointestinal conditions. A well
diffusion assay using supernatants from LAB demonstrated strong activity against a clinical isolate of VRE. A
first in vivo study was done using C57BL/6 mice that received daily intragastric doses of L. lactis MM19, P.
acidilactici MM33, P. acidilactici MM33A (a pediocin mutant that had lost its ability to produce pediocin), or
phosphate-buffered saline (PBS) for 18 days. This study showed that L. lactis and P. acidilactici MM33A
increased the concentrations of total LAB and anaerobes while P. acidilactici MM33 decreased the Enterobac-
teriaceae populations. A second in vivo study was done using VRE-colonized mice that received the same inocula
as those in the previous study for 16 days. In L. lactis-fed mice, fecal VRE levels 1.73 and 2.50 log10 CFU/g lower
than those in the PBS group were observed at 1 and 3 days postinfection. In the P. acidilactici MM33-fed mice,
no reduction was observed at 1 day postinfection but a reduction of 1.85 log10 CFU/g was measured at 3 days
postinfection. Levels of VRE in both groups of mice treated with bacteriocin-producing LAB were undetectable
at 6 days postinfection. No significant difference in mice fed the pediocin-negative strain compared to the
control group was observed. This is the first demonstration that human L. lactis and P. acidilactici nisin- and
pediocin-producing strains can reduce VRE intestinal colonization.

Although vancomycin has been used in human medicine
since 1958 (12), the first strain of vancomycin-resistant entero-
cocci (VRE) was isolated in Europe in 1986 (33) and a VRE
strain was subsequently isolated in the United States in 1987
(28). Since then, the proportion of VRE has risen throughout
medical centers and has made VRE a serious clinical problem
in many countries (6). The dissemination of VRE can lead to
clinical isolates resistant to all antibiotics, because enterococci
have become important nosocomial pathogens and a reservoir
for resistance genes. The dissemination of glycopeptide resis-
tance to other pathogenic bacteria, such as Staphylococcus and
Streptococcus species, has occurred previously because there is
no barrier to heterospecific expression or gene transfer among
gram-positive cocci (6, 27). Thus, alternatives to traditional
antibiotics are needed. To date, few effective therapies are
available to prevent and control intestinal colonization by
VRE.

Probiotic bacteria are live microorganisms that, when ad-
ministered in adequate amounts, confer a health benefit on the

host (8). The antagonistic activities of the probiotics against
food-borne and clinical pathogens resistant to antibiotics have
been observed previously during in vitro (9, 19, 20) and in vivo
(7) studies using animal infection models. Bacteriocins are
bactericidal peptides secreted by many species of bacteria. For
example, nisin kills bacteria by pore formation and uses lipid II
as a docking molecule, which undermines the ability of the
bacteria to synthesize the cell wall (10). Nisin may increase the
bacterial sensitivity to antibiotics by improving the entrance of
the antibiotic into the cell. Few studies using probiotics have
reported a capacity for preventing or reducing VRE coloniza-
tion. A randomized and placebo-controlled human study has
demonstrated that a yogurt containing Lactobacillus rhamno-
sus GG treats gastrointestinal carriage of VRE (13). However,
no study has implicated bacteriocin production by probiotics in
the prevention of infections with antibiotic-resistant bacteria.
Such strategies offer the prospect of developing antimicrobials
to which certain pathogens cannot adapt.

Lactococcus lactis MM19 and Pediococcus acidilactici MM33
were originally isolated from human stool, and this was the first
time that bacteriocin-producing strains of these species had
been isolated from the human gut (17). The bacteriocin se-
creted by P. acidilactici MM33 was purified and identified as
pediocin PA-1/AcH (18). The bacteriocin synthesized by L.
lactis MM19 is active against a wide spectrum of lactic acid
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bacteria (LAB) but also against vancomycin-sensitive Entero-
coccus faecium and methicillin-sensitive Staphylococcus aureus.
It can be inactivated by various proteolytic enzymes. Moreover,
the antimicrobial activity of the supernatant is resistant to
heating at 70°C for up to 15 min and stable at pHs ranging
from 2 to 8 (17).

Thus, it was hypothesized that the oral administration of
bacteriocin-producing strains of LAB would decrease the in-
testinal VRE population in a rodent model.

The objectives of this study were as follows: (i) to evaluate
the potential of these strains to inhibit the growth of VRE in
vitro and in vivo using a mouse model of VRE intestinal
colonization; (ii) to identify the bacteriocin produced by L.
lactis MM19; (iii) to evaluate the resistance of both bacterio-
cin-producing L. lactis MM19 and P. acidilactici MM33 to
gastrointestinal conditions; and (iv) to demonstrate the safety
and the capacities of these bacteriocin-producing strains in
modulating intestinal microbiota in healthy mice.

MATERIALS AND METHODS

Bacterial strains and growth conditions. L. lactis subsp. lactis MM19 and P.
acidilactici MM33 isolates previously obtained from human stool (17) were used.
P. acidilactici MM33A, a mutant derived from P. acidilactici MM33 that has lost
its ability to produce pediocin through a plasmid curing procedure described in
detail elsewhere (18), was also used in this study. Lactobacillus rhamnosus GG
ATCC 53103, a well-known probiotic acid- and bile-tolerant bacterium, was used
as a positive control for the in vitro gastrointestinal resistance experiments. A
clinical isolate of vancomycin-resistant E. faecium was provided by the Centre
Hospitalier de l’Université de Montréal microbiology laboratory (Montréal, QC,
Canada). Previous PCR studies using primers (26) specific to the vancomycin
resistance genes have revealed that this isolate is a VanA-type VRE strain. The
LAB and E. faecium strains were maintained at �80°C in lactobacillus MRS
medium (Difco Laboratories, Detroit, MI) and brain heart infusion (BHI) me-
dium (Difco), respectively, each containing 10% glycerol (wt/vol). Before being
used, all strains evaluated were propagated for 2 days in MRS or BHI broth
overnight at 37°C without agitation.

In vitro VRE inhibition. An agar well diffusion assay was performed as de-
scribed previously (16) to verify the antimicrobial capacities of the neutralized
cell-free supernatants (CFS) against a VRE clinical isolate. CFS was obtained by
centrifuging a culture at 6,000 � g for 30 min at 4°C and neutralizing the material
to pH 6.5 by the addition of NaOH (5 M). The resulting CFS was then filtered
through a 0.2-�m-pore-size filter (Sarstedt, Montréal, QC, Canada). A volume of
30 ml of sterile BHI agar (45°C), containing 0.75% agar, was inoculated with 107

CFU of VRE/ml, poured into 100-by-15-mm standard petri dishes, and allowed
to solidify for 30 min at room temperature. Wells of 6 mm in diameter were cut
out, and 80 �l of the antimicrobial agent was placed into each well. All plates
were then placed at 4°C for 30 min, incubated at 37°C for 24 h, and examined for
inhibition zones. Inhibition was scored as positive if the width of the clearing
zone around the well was �0.5 mm. Antibiotics were also evaluated with this
method to ascertain the resistance of the VRE strain. Vancomycin and clinda-
mycin (Sigma-Aldrich, Oakville, ON, Canada) were used in concentrations rang-
ing from 0 to 800 �g/ml. When LAB supernatants were assayed, proteases from
Streptomyces griseus type XIV (3 mg/ml; Sigma) were added to the soft agar in
order to verify whether the inhibition was caused by bacteriocin (16).

PCR and DNA sequencing of the nisin gene. The PCR amplification was
performed as described by Millette et al. (18). The primers were designed from
nisin and pediocin PA-1/AcH structural genes. The nisin gene primers were
complementary to regions 17 bp upstream (5� CCGGAATTCATAAGGAGGC
ACTCAAAATG 3�) and 2 bp downstream (3� CGGGGTACCTACTATCCTT
TGATTTGGTT 5�) of the coding region for nisin (24), and the pediocin gene
primers were as described by Millette et al. (18). The EcoRI and KpnI restriction
sites were added at the 5� ends of primer 1 and primer 2, respectively, for cloning
purposes.

The amplified PCR products were visualized and purified from a 2% agarose
gel by using a QIAquick gel extraction kit (Qiagen, Mississauga, ON, Canada),
and the nucleotide sequences were determined by Génome Québec (Montréal,
QC, Canada).

Acid tolerance of LAB. Simulated gastric fluid (SGF) was formulated accord-
ing to the guidelines of the U.S. Pharmacopeia. Briefly, SGF was composed of
3.2 g of pepsin (Sigma)/liter and 2.0 g of NaCl/liter, and the pH was adjusted to
1.5, 2.0, 2.5, or 3.0 by the addition of HCl (5 M). Volumes of 1 ml of overnight
MRS broth cultures of LAB were added to 19 ml of SGF at 37°C under mild
agitation (200 rpm) in a G24 environmental incubator shaker (New Brunswick
Scientific Co. Inc., NJ). After 30 min of incubation of the gastric solution, 1 ml
was collected, mixed in sterile phosphate-buffered saline (PBS; pH 7.4), and
immediately diluted in sterile peptone water (0.1%, wt/vol) and plated (by the
pour-plate method) onto lactobacillus MRS agar. Plates were incubated under
aerobic conditions at 37°C for 48 h. The average number of CFU from triplicate
analyses was determined by using a dark-field Quebec colony counter. A similar
process was carried out for bacteria without SGF treatment in order to deter-
mine the initial concentrations of LAB. Lactobacillus rhamnosus GG was used as
a positive control because it is a probiotic bacterium well known for its resistance
to gastrointestinal conditions (31).

Bile salt tolerance of LAB. The bile salt tolerance of LAB was ascertained in
MRS agar containing a commercial preparation of bile salts normally used to
inhibit the growth of gram-positive bacteria in broth. A bile salt mixture (Sigma
B-3426) was added in concentrations varying between 0 and 10% with incre-
ments of 1%. Another bile salt preparation (LP0055; Oxoid, Nepean, ON,
Canada) was also evaluated in concentrations from 0 to 24% with increments of
4%. The MRS agar containing the bile salts was then autoclaved for 15 min at
121°C, cooled, and finally plated. Aliquots of overnight MRS broth cultures (100
�l of bacteria in the stationary phase obtained after 24 h of growth) were
inoculated onto the surface of the bile salt-containing MRS agar, and the plates
were incubated at 37°C for 72 h under anaerobic conditions. The presence of a
bacterial lawn indicated good growth and thus good resistance of the bacteria to
bile salts, while the presence of small and isolated colonies indicated poor
resistance to bile salts. The absence of colonies indicated that LAB did not
tolerate the bile salts at the concentrations tested. The MIC was defined as the
lowest concentration of bile salts needed to totally inhibit the growth of colonies
as judged by visual examination.

Animals. Six- to eight-week-old female C57BL/6 mice (Charles River Labo-
ratories, St.-Constant, QC, Canada) were used for the evaluation of the fecal
microbiota in the microbiota modulation experiment, while 25- to 30-g female
CF-1 mice (Charles River) were used for the VRE intestinal colonization ex-
periment. Mice were housed in groups of three to five per plastic cage and kept
under specific-pathogen-free conditions with free access to a commercial diet
(lab diet 5001; Ren’s Feed & Supplies, Oakville, ON, Canada) and water. Cages
and bedding were changed every 2 days. This work was approved and supervised
by the INRS-Institut Armand-Frappier Animal Care Committee.

Fecal microbial population modulation following ingestion of LAB. To inves-
tigate the safety and the impact on gut microbiota of the oral administration of
bacteriocin-producing LAB, the methodology was adapted from O’Mahony et al.
(25). Briefly, healthy mice received a daily dose of 100 �l of a solution containing
1010 CFU of viable bacteria (L. lactis MM19, P. acidilactici MM33, or P. acidi-
lactici MM33A)/ml in 100 �l of PBS by the intragastric route by using a stainless
steel feeding needle and a 1-ml syringe. A group of mice received PBS alone as
a negative control. Mice were weighed on days 1, 9, 18, and 27 (day 27 being 9
days after the end of the feeding treatment), and any signs of physiological or
behavioral perturbation during the experiment were noted. Stool samples were
collected before the administration of PBS or LAB (day 1) and 9 and 18 days
after the beginning of the feeding procedures. The final analysis was done 9 days
after the end of the treatment (day 27 after the beginning of the treatment).
After defecation, the stools were collected directly into a preweighted 2-ml
sterile plastic tube. These tubes were kept on ice until microbial analysis (max-
imum, 1 h). Fecal populations of total culturable LAB, Lactobacillus spp., anaer-
obes, Enterobacteriaceae, Staphylococcus spp., and Enterococcus spp. were ana-
lyzed on selective media. This experiment was done twice using a total of 10 mice
per experimental group.

VRE intestinal colonization experimental model. The VRE intestinal coloni-
zation experimental model was adapted from Donskey et al. (7). Daily subcuta-
neous administration of clindamycin (1.4 mg/day) for 5 days was used to disrupt
the intestinal microbiota as necessary to induce the VRE infection. Three days
after the end of antimicrobial administration, gastric inoculation with 250 �l of
an overnight culture of VRE in BHI broth was used to infect the mice. Approx-
imately 108 CFU of VRE was administered to the mice. From the beginning of
the antibiotic therapy, all groups of LAB-treated mice received once-daily doses
of 100 �l of a 1010-CFU/ml concentration of L. lactis MM19, P. acidilactici
MM33, or P. acidilactici MM33A bacteria, previously washed twice in sterile
PBS. The mice received the LAB until the eighth day after infection. Bacitracin
(Sigma) was administrated orally once daily at 600 U/day diluted in 100 �l of
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sterile PBS for 3 days following the infection of mice with VRE. This treatment
was then discontinued and replaced by treatment with PBS alone. Stool samples
were collected before the administration of antibiotics and 1, 3, 6, 8, and 12 days
after the VRE infection. Fecal concentrations of total culturable VRE were
analyzed using selective media. This experiment was done twice using a total of
eight mice per experimental group.

Quantification of stool organisms. All the feces were diluted in 1,000 �l of
sterile saline, homogenized with a pestle, and serially diluted 10-fold in 0.1%
peptone water. Finally, 100 �l of each dilution was inoculated onto the following
media: MRS agar for the detection of total LAB, Rogosa SL agar for the
selective detection of Lactobacillus spp., reinforced clostridium medium for the
quantification of total anaerobic and mesophilic bacteria, Baird-Parker agar for
the selective detection of Staphylococcus spp., MacConkey agar for the selective
enumeration of Enterobacteriaceae, Enterococcosel agar for the selective quan-
tification of total Enterococcus spp., and finally, Enterococcosel agar with 20 �g
of vancomycin (Sigma)/ml for the detection and enumeration of VRE. A volume
of 100 �l of the undiluted sample was also plated. MRS, Rogosa, and reinforced
clostridium medium plates were incubated in anaerobic jars at 37°C for 72 h,
while Baird-Parker agar, MacConkey agar, and both Enterococcosel agar plates
were incubated under aerobic conditions at 37°C for 48 h. When negative results
were obtained for Enterococcosel agar with 20 �g of vancomycin/ml after 48 h of
incubation, the plates were allowed to incubate for another 24 h. Because the
weights of fecal specimens varied, the lower limit of the assay for the detection
of VRE also varied. For statistical purposes, a value in CFU per gram that was
based upon the weights of individual specimens was assigned for feces without
microorganisms.

Statistical analysis. Acid resistance and bile salt tolerance experiments were
carried out in triplicate (n � 3). For each independent replication, three inde-
pendent samples were analyzed. Student’s t test was done using the SPSS statis-
tics program (version 10.0) to determine significant differences in viability be-
tween the LAB populations before and after acid treatment. Finally, an analysis
of variance and a multiple-comparison Duncan test were used to compare mi-
crobial populations in the feces of mice fed various LAB to the populations at
other time points and to those in the feces of the PBS control group. All
significant differences were determined at a P value of �0.05.

RESULTS

Bacteriocin gene identification. Two primers complemen-
tary to sequences occurring proximal to the 3� and 5� ends of
the nisin A and pediocin PA-1 structural genes were used to
amplify nisin and pediocin genes from the genomic DNA of L.
lactis MM19 and P. acidilactici MM33, respectively. Results
demonstrate that a 227-bp fragment was amplified from the
genomic DNA of L. lactis MM19 and a 188-bp fragment was
amplified from the genomic DNA of P. acidilactici MM33
when pediocin primers were used (data not shown). The am-
plified PCR products were sequenced and revealed 100% ho-
mology to the nisin Z gene of L. lactis MM19 and the pediocin
PA-1/AcH gene of P. acidilactici MM33.

In vitro inhibitory activity. The anti-VRE capacities of su-
pernatants from L. lactis MM19 and P. acidilactici MM33 were
observed following the well diffusion assay using the VRE
strain (data not shown). No inhibition zone around the well
filled with the supernatant from P. acidilactici MM33A was
observed. In order to ensure that the inhibition of VRE was
caused by bacteriocin, proteases were added to the agar. Fol-
lowing this treatment, no inhibition zones around wells con-
taining the supernatants from L. lactis MM19 and P. acidilac-
tici MM33 were observed (data not shown).

MICs for VRE. The antibiotic resistance of the VanA-type
VRE strain was also evaluated, and the results showed that the
clinical isolate was resistant to all evaluated vancomycin con-
centrations between 0 and 800 �g/ml while, surprisingly, the
VRE strain was very sensitive to clindamycin at a concentra-
tion of 2 �g/ml (data not shown). To our knowledge, this is the

first report of a VanA-type VRE isolate’s being sensitive to
clindamycin.

Gastrointestinal resistance of the LAB. The results showed
that the bile salt mixture (Sigma) tolerance threshold was 4%
for all bacteria. However, the tolerance to bile salts from Oxoid
was 20% for the P. acidilactici MM33 and MM33A strains,
compared to 16% for Lactobacillus rhamnosus GG and 12%
for L. lactis MM19. Moreover, the results presented in Table 1
show that P. acidilactici MM33 and MM33A and Lactobacillus
rhamnosus GG survived under an acidic environment for 30
min. No significant difference (P � 0.05) between the initial
microbial population at 0 min and the population after 30 min
at pH �2.5 was observed for Lactobacillus rhamnosus GG,
while a slight reduction of viability was observed for both
strains of P. acidilactici. However, a significant reduction of
viability at pH 2 was observed for all bacteria tested. L. lactis
MM19 did not tolerate the gastric simulation as well as the
other bacteria tested, as seen by the high mortality rates at pH
�2.5. A 4.2-log10 reduction at these pHs was observed. How-
ever, complete survival at pH 3 was observed.

Changes in the intestinal microbiota as determined by plat-
ing onto selective agars. The influence of bacteriocin-produc-
ing LAB ingestion on the fecal microbial populations of
healthy C57BL/6 mice is shown in Fig. 1, 2, and 3. The LAB
counts in the feces of mice fed L. lactis MM19 were higher
(P � 0.05) than the starting levels after 9 and 18 days of
feeding. However, after feeding interruption, the levels of LAB
in these mice were similar to the initial counts (Fig. 1). The
ingestion of P. acidilactici MM33A, the non-pediocin-produc-
ing mutant, led to an increase (P � 0.05) of LAB after 18 days,
while the pediocin-producing strain did not quantitatively in-

TABLE 1. Survival of LAB after an incubation of 30 min at 37°C
in SGF (pH 1.5 to 3.0)

Microorganism Time (min) pH
No. of surviving

bacteria (log
CFU)a

L. lactis MM19 0 8.91 � 0.21B

30 1.5 	1
30 2.0 4.47 � 0.46A

30 2.5 4.69 � 0.71A

30 3.0 8.67 � 0.26B

P. acidilactici MM33 0 9.62 � 0.10C

30 1.5 	1
30 2.0 4.7 � 0.33A

30 2.5 8.62 � 0.26B

30 3.0 9.54 � 0.14C

P. acidilactici MM33A 0 9.47 � 0.16C

30 1.5 	1
30 2.0 4.54 � 0.42A

30 2.5 8.79 � 0.38B

30 3.0 9.37 � 0.22C

Lactobacillus rhamnosus GG 0 9.10 � 0.13B

30 1.5 	1
30 2.0 5.33 � 0.62A

30 2.5 9.08 � 0.14B

30 3.0 9.01 � 0.13B

a Data are means � standard deviations. Superscript letters A, B, and C
indicate a significant variation (P � 0.05) compared to the control (0 min) for
same LAB.
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fluence the LAB population (Fig. 1). P. acidilactici MM33 is
the only strain that significantly (P � 0.05) reduced the Entero-
bacteriaceae population in mouse feces after 18 days of feeding
(Fig. 2). Results shown in Fig. 3 indicate that MM19 feeding
significantly (P � 0.05) increased the culturable anaerobic pop-
ulations after 9 and 18 days. This increase was maintained after
the feeding treatment ended. The non-pediocin-producing
strain increased the population of anaerobes as long as the
feeding lasted, but after the feeding treatment ended, the level
of anaerobes was similar to the initial count. No modification
was observed for Lactobacillus spp., Staphylococcus spp., and
Enterococcus spp. populations with either bacteriocin-produc-
ing bacterium assayed.

In vivo anti-VRE experiment. Results presented in Fig. 4
show that the VRE densities observed 1 day postinfection were
lower by 1.73 log10 CFU/g (P � 0.05) for the group of L. lactis

MM19-fed mice than for the PBS-fed group. Moreover, L.
lactis MM19- and P. acidilactici MM33-treated mice had sig-
nificantly lower VRE densities than the PBS controls 3 days
after the infection (P � 0.05). The VRE populations were
reduced by 2.50 and 1.85 log10 CFU/g, respectively. Six days
after the infection, levels of VRE in L. lactis MM19- and P.
acidilactici MM33-treated mice were undetectable. VRE den-
sities in the feces of mice in the group fed the non-pediocin-
producing strain were similar to the levels measured for con-
trols for the duration of the experiment. Mice treated with
bacitracin for 3 days after the infection had undetectable levels
of VRE at day 3. However, the VRE population reappeared
when the bacitracin treatment was discontinued. Results pre-
sented in Table 2 show that 1 day after the VRE infection, all
mice were colonized by the pathogen, with the exception that
only 83% of the mice fed L. lactis MM19 showed detectable

FIG. 1. Total concentrations of culturable LAB in feces of C57BL/6 mice following the daily ingestion of L. lactis MM19, P. acidilactici MM33,
or P. acidilactici MM33A. An asterisk indicates a significant variation (P � 0.05) compared to the bacterial concentration on day 1 for the
experimental group and that on the same day for the PBS control. Error bars represent the standard deviations.

FIG. 2. Total concentrations of culturable Enterobacteriaceae in the feces of C57BL/6 mice following the daily ingestion of L. lactis MM19, P.
acidilactici MM33, or P. acidilactici MM33A. An asterisk indicates a significant variation (P � 0.05) compared to the bacterial concentration on
day 1 for the experimental group and that on the same day for the PBS control. Error bars represent the standard deviations.
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levels of VRE. At 3 days postinfection, the level of VRE-
colonized mice was reduced by 29% after the ingestion of L.
lactis MM19. Also, at 6 days postinfection, no mice that had
received bacteriocin-producing strains were colonized with the
nosocomial pathogen, while 60 and 50% of the PBS- and P.
acidilactici MM33A-treated groups were colonized, respec-
tively.

DISCUSSION

As reported by Corr et al. (5), intestinal infectious diseases
are a major cause of morbidity and mortality. Enterococci are
indigenous inhabitants of the mammal gut, are the second
most common nosocomial pathogen in the United States, and
are responsible for 3 to 4 cases of nosocomial bloodstream
infection per 10,000 hospital discharges (11). Glycopeptides
are often the only group of antibiotics able to control infection

with multidrug-resistant strains of staphylococci, streptococci,
and enterococci. The problem is that enterococci can be con-
sidered to be an important reservoir of resistance genes and
this glycopeptide resistance can be transferred to more-patho-
genic bacteria, such as staphylococci and streptococci (4, 6, 30).
To date, few effective therapies are available to prevent and
control intestinal colonization by VRE. As a result, alternative
prophylactic and therapeutic strategies are urgently required.

The results obtained in our study demonstrate the survival of
potentially probiotic L. lactis MM19, a nisin Z producer, and P.
acidilactici MM33, a pediocin PA-1/AcH producer, following
an in vitro model simulating the gastrointestinal transit and
also show significant probiotic-associated alteration of some
populations of the gastrointestinal microbiota. Moreover, the
consumption of the probiotic was associated with a trend to-
ward reduced intestinal colonization by VRE. These results
warrant a large-scale probiotic study in order to reliably assess
the statistical significance of these observations.

It was also possible to demonstrate that the genes encoding
nisin in L. lactis MM19 and pediocin in P. acidilactici MM33
are identical to the nisZ gene (21) and to the pedA gene,
respectively (15). The hypothesis suggested by Millette et al.
(17) that the bacteriocin was different from nisin based on an
antimicrobial spectrum and on the pH and the temperature

FIG. 3. Total concentrations of culturable mesophilic anaerobes in feces of C57BL/6 mice following the daily ingestion of L. lactis MM19, P.
acidilactici MM33, or P. acidilactici MM33A. An asterisk indicates a significant variation (P � 0.05) compared to the bacterial concentration on
day 1 for the experimental group and that on the same day for the PBS control. Error bars represent the standard deviations.

FIG. 4. Changes in the densities of total vancomycin-resistant
Enterococcus populations in VRE-colonized CF-1 mice treated with
PBS (F), bacitracin (�), L. lactis MM19 (Œ), P. acidilactici MM33 (f),
and P. acidilactici MM33A (�). The intragastric VRE infection was
realized on day 0. The oral administration of bacitracin began the day
after the infection and continued for 3 days, after which it was stopped
and replaced by PBS feeding. The oral administration of LAB and PBS
began 7 days before the infection and continued for 8 days after the
infection. Error bars represent the standard deviations.

TABLE 2. Percentages of CF-1 mice colonized with a detectable
level of VRE

Inoculum

% of micea colonized with VRE on
postinfection day:

0 1 3 6 8 12

PBS 0 100 100 60 0 0
Bacitracin 0 100 0 100 100 100
L. lactis MM19 0 83 71 0 0 0
P. acidilactici MM33 0 100 100 0 0 0
P. acidilactici MM33A 0 100 100 50 0 0

a A total of eight mice for each group were used in two independent experi-
ments.

VOL. 74, 2008 ANTI-VRE CAPACITY OF LAB 2001



stability of the supernatant was not confirmed by the results of
this study. This outcome may be explained by the fact that
crude neutralized supernatant was used and it is known that
nisin in culture medium is not as heat stable as pure nisin (32).
Moreover, the nisin concentration to inhibit Listeria monocy-
togenes should be higher than the quantity produced in the
supernatant of L. lactis MM19.

The anti-VRE capacities of nisin Z and pediocin PA-1/AcH
demonstrated in this study are important since little informa-
tion exists about the capacities of bacteriocin-producing bac-
teria or their purified metabolites to control infections caused
by multidrug-resistant gram-positive bacteria. Severina et al.
(29) demonstrated the capacity of pure nisin to decrease the
viability of Streptococcus pneumoniae, Staphylococcus aureus,
and vancomycin-resistant E. faecium and Enterococcus faecalis
isolates. However, stable nisin-resistant mutants were isolated
after a few passages in nisin solution. Giacometti et al. (9)
studied the addition of nisin and various antibiotics against
methicillin-resistant Staphylococcus aureus (MRSA). They
showed that nisin activity is enhanced in the presence of other
antibiotics, and no resistance was observed. Brumfitt et al. (2)
observed a synergy between nisin and ramoplanin against
MRSA and VRE. Finally, Nascimento et al. (23) tested four
bacteriocins against many MRSA strains or coagulase-negative
staphylococci. They concluded that bacteriocins may represent
alternative agents to control important nosocomial pathogens.
Although some in vitro experiments have demonstrated the
potential efficacy of bacteriocins against antibiotic-resistant
bacteria, few studies have examined the utilization of live
strains of bacteriocin-producing LAB alone or in combination
with other antimicrobial compounds to eliminate MRSA or
VRE. Other experiments using VRE strains presenting other
vancomycin resistance genes will be needed to ascertain the
anti-VRE capacities of both bacteriocins. Moreover, a noncon-
ventional VRE strain harboring the vanA vancomycin resis-
tance gene was used in this study. It is known that every other
VRE strain reported in the literature has demonstrated intrin-
sic clindamycin resistance (3, 22). However, the particular
strain of VRE in this study was very sensitive to clindamycin.
Thus, more research is needed in order to elucidate this par-
ticularity.

A number of mechanisms for the modulation of the gastro-
intestinal microbiota by LAB are proposed. L. lactis MM19
and P. acidilactici MM33 produce nisin Z and pediocin PA-1/
AcH, respectively, and in vitro these factors are antagonistic to
a wide range of gram-positive bacteria. The production of
these antimicrobial factors in the gut may increase the compe-
tition with other microorganisms, conferring a survival advan-
tage on the bacteriocin-producing LAB. Thus, the competitive
exclusion of other microorganisms from this niche environ-
ment would affect the composition of the fecal microbiota.

Our study demonstrated that the ingestion of bacteriocin-
producing bacteria was well tolerated by C57BL/6 mice over
the course of a 3-week feeding trial and could alter quantita-
tively the balance of colonic bacterial populations. The inges-
tion of P. acidilactici MM33 led to a reduction of the Enterobac-
teriaceae population, probably resulting from a modification of
the microbial balance in the gut. The nisin-producing strain
increased the total culturable LAB contents and the total
anaerobes in the feces of the mice as long as the mice were fed

L. lactis MM19, while the pediocin-producing strain did not
quantitatively influence these populations. It should be hypoth-
esized that a reorganization of the intestinal microbiota was
induced by the bacteria or the nisin production. However, a
mutant defective in nisin production should be used in order to
validate this point. The administered strains may replace or
stimulate the growth of the indigenous Lactobacillus strains,
leading to a variation of the bacterial species but not to a
quantitative modification, as observed for P. acidilactici
MM33. Manninen et al. (14) observed that the indigenous
Lactobacillus acidophilus populations in the small intestines of
dogs were stimulated following the ingestion of other non-
bacteriocin-producing species of the Lactobacillus genus. How-
ever, Bernbom et al. (1) demonstrated that the ingestion of
nisin-producing and also non-nisin-producing L. lactis strains
over 2 days increased only the Bifidobacterium populations in
the feces of rats harboring a human microbiota during the first
8 days but decreased the numbers of Enterococcus and Strep-
tococcus species in duodenum, ileum, cecum, and colon sam-
ples. Our experiment demonstrated that a longer period of
ingestion of nisin-producing bacteria could alter other micro-
bial populations in the mouse feces. Culture-independent tech-
niques such as denaturing gradient gel electrophoresis, fluo-
rescent in situ hybridization, or real time-PCR are presently
done to precisely determine the variations in fecal microbial
species during bacteriocin-producing-bacterium feeding exper-
iments.

Some antibiotics, such as bacitracin, may be used to manage
VRE infections, but in this study and also the study by Don-
skey et al. (7), an increase in VRE densities 3 days after the
end of the bacitracin treatment was reported. Donskey et al.
hypothesized that the inhibition of the normal microbiota by
bacitracin facilitates the recurrence of VRE infection after the
treatment ends. Recently, Corr et al. (5) demonstrated that the
bacteriocin production capacity of Lactobacillus salivarius
UCC118 is an important characteristic to control murine Lis-
teria monocytogenes infection. Our study demonstrated that
pediocin production by LAB is an important trait to reduce the
intestinal colonization by a VRE strain. It is interesting that
when the oral administration of LAB to the mice was discon-
tinued, no recurrence of the VRE was observed. To our knowl-
edge, this is the first clear evidence that bacteriocin-producing
strains of LAB reduce the intestinal colonization by VRE in an
animal model. No recurrence was observed. Donskey et al. (7)
showed that a strain of Bacillus was able to reduce the fecal
VRE concentration, but they did not implicate the production
of a bacteriocin. Although the bacteriocin-producing strains
are able to reduce the densities of VRE populations following
an infection facilitated by clindamycin, these strains have no
effect on the total Enterococcus spp. populations in the mouse
feces. It can be hypothesized that the production of bacteriocin
is an important characteristic of a probiotic in order to displace
a sensitive VRE strain from the gut. The bacteriocin produced
locally in the immediate environment of the producing bacteria
may eliminate particular strains of antibiotic-resistant bacteria
such as VRE. Also, the antimicrobial peptide or the presence
of a novel intestinal inhabitant may modify the indigenous
microbial populations, leading to the elimination of the VRE.

This is the first study reporting the capabilities of nisin- and
pediocin-producing strains to modulate the intestinal micro-
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biota of healthy mice and to reduce the intestinal colonization
of VRE-infected mice. These LAB strains were almost as re-
sistant to acid and bile as Lactobacillus rhamnosus GG, a well-
recognized probiotic bacterium. Both LAB supernatants inhib-
ited the growth of a clinical isolate of VRE in vitro. Although
additional studies are needed to determine if our results are
reproducible in VRE-infected patients, L. lactis MM19 and P.
acidilactici MM33 seem to be good candidates to eradicate or
control intestinal infections caused by multidrug-resistant bac-
terial pathogens.
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