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The human gastrointestinal microbiota produces antagonistic activities against gastrointestinal bacterial
pathogens. We undertook a study to investigate the mechanism(s) by which a Lactobacillus acidophilus strain
of human microbiota origin antagonizes the gram-negative enteroinvasive pathogen Salmonella enterica serovar
Typhimurium. We showed that the cell-free culture supernatant of L. acidophilus strain LB (LB-CFCS) induced
the following effects in S. enterica SL1344: (i) a decrease in intracellular ATP that paralleled bacterial death,
(ii) the release of lipopolysaccharide, (iii) permeabilization of the bacterial membrane, and (iv) an increase in
the sensitivity of Salmonella to the lytic action of sodium dodecyl sulfate. Finally, we showed using two mutant
strains of Salmonella, PhoP MS7953s and PmrA JKS1170, that the two-component regulatory systems PhoP-
PhoQ and PmrA-PmrB that regulate the mechanisms of resistance to antibacterial agents in Salmonella did not
influence the anti-Salmonella effect of LB-CFCS.

One of the defense mechanisms by which a host species
combats gastrointestinal microbial pathogens is a first line of
chemical defense involving the production of antimicrobial
peptides (AMPs) by the epithelial cells lining the gut epithe-
lium (19). Together with this chemical system of defense of the
host cells, one of the basic physiological functions of the resi-
dent intestinal microbiota is that it acts as a microbial barrier
against microbial pathogens (25). There is increasing evidence
that the antibacterial activities of the lactobacilli that are part
of the human gastrointestinal microbiota (48) involve numer-
ous mechanisms of action, including the production of H2O2,
metabolites, and antimicrobial substances, including bacterio-
cins and nonbacteriocin molecules (44). Some Lactobacillus
strains, including Lactobacillus johnsonii La1 (5, 36), L. rham-
nosus GG (31, 46), L. rhamnosus DR20 (20), L. rhamnosus
GR-1, and L. fermentum RC-14 (34), have been reported to
produce antimicrobial activities. Little is known about the an-
tibacterial mechanism(s) of action of nonbacteriocin molecules
produced by Lactobacillus strains originating from the human
intestinal microbiota. We decided to investigate the mecha-
nism(s) by which Lactobacillus strains kill Salmonella enterica
serovar Typhimurium (S. enterica SL1344). As a test strain, we
chose L. acidophilus strain LB, a strain of human microbiota
origin that has antagonistic activities against gram-negative
enterovirulent pathogens (7–9, 33). In the cell-free culture
supernatant (LB-CFCS), this strain produces a non-lactic-acid,
nonbacteriocin molecule(s) with a low molecular mass which is
heat stable and partially resistant to proteolytic enzymes and

which exerts a rapid and dramatic killing activity against S.
enterica SL1344 (7). Moreover, LB-CFCS treatment results in
the killing of S. enterica SL1344 cells located within infected
cultured human intestinal cells (9). We provide evidence sug-
gesting that the mechanism of action involving bacterial mem-
brane damage is lethal to Salmonella. This conclusion is based
on data showing that exposing S. enterica SL1344 to LB-CFCS
promotes (i) the depletion of intracellular ATP, (ii) an in-
crease in membrane permeabilization, (iii) the release of lipo-
polysaccharide (LPS) from the bacterial membrane, and (iv)
sensitization of the bacterial membrane towards the lytic ac-
tion of detergent.

MATERIALS AND METHODS

Reagents. Bis-benzamidine (Hoechst 33258), lysozyme, Triton X-100, sodium
dodecyl sulfate (SDS), RNase A, DNase I, proteinase K, and polymyxin were
purchased from Sigma-Aldrich Chimie SARL (L’Isle d’Abeau Chesnes, France).
The C18G peptide (ALYKKLLKKLLKSAKKLG) was synthesized by Nano-
sphere Biotechnologies (Paris, France)

Bacterial strains. Salmonella enterica serovar Typhimurium strain SL1344 was
a gift of B. A. D. Stocker (Stanford, California). Wild-type S. enterica serovar
Typhimurium strain 14028s, PhoP constitutive and PmrA-positive strains, and
mutant PhoP and PmrA strains were a gift of E. A. Groisman (Howard Hughes
Medical Institute, Department of Molecular Microbiology, Washington Univer-
sity School of Medicine, St. Louis, Mo.) (Table 1). Bacteria were cultured in
Luria broth at 37°C and used until they reached the early logarithmic phase of
growth.

L. acidophilus strain LB, isolated from a human stool (Axcan Pharmaceutical
Ltd., Houdan, France), was grown in De Man, Rogosa, Sharpe (MRS) broth
(Difco Laboratories, Detroit, MI) for 18 h at 37°C. LB-CFCS was obtained by
centrifuging at 10,000 � g for 30 min at 4°C. Centrifuged LB-CFCS was passed
through a sterile 0.22-�m Millex GS filter unit (Millipore, Molsheim, France). A
concentrated suspension (concentrated twofold) of the LB-CFCS was obtained
by freeze-drying. Two controls were used in our experiments. Since the various
LB-CFCSs displayed pH values ranging from 4.3 to 4.5, MRS broth adjusted to
pH 4.5 with HCl (MRS-HCl) was used as a first control. Since lactic acid is
known to permeabilize gram-negative bacteria (2) and since the twofold concen-
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trate of LB-CFCS obtained after freeze-drying and used in the experiments
contained 120 mM lactic acid, DL-lactic acid (MRS-LA) (final concentration, 120
mM) was used as a second control. The lactic acid content in the reconstituted,
twofold-concentrated LB-CFCS was checked.

Determination of killing activity. In order to investigate the mechanism of
action of the non-lactic-acid, nonbacteriocin molecule(s) present in the LB-
CFCS, we used an in vitro method that makes it possible to distinguish between
the lactic acid- and non-lactic-acid-dependent anti-Salmonella activities of Lac-
tobacillus strains (14). S. enterica SL1344 bacteria were centrifuged at 5,500 � g
for 5 minutes at 4°C, washed once with phosphate-buffered saline (PBS), and
then suspended in Dulbecco’s modified Eagle’s medium (DMEM). The bacteria
were counted, and a volume containing 2 � 108 CFU/ml was used to determine
the activity of LB-CFCS (twofold concentrate), MRS, MRS-HCl, or MRS-LA
(120 mM). Colony count assays were performed by incubating 250 �l of this
suspension with 250 �l of LB-CFCS or the control medium and 500 �l of DMEM
at 37°C. After exposure for 4 h, aliquots were removed, serially diluted, and
plated on tryptic soy agar to determine the bacterial colony counts. The pH of the
incubation medium in the presence of LB-CFCS, MRS, MRS-HCl, or MRS-LA
was 5.0 � 0.2.

The killing activities of LB-CFCS (twofold concentrate) versus two concen-
trations of S. enterica SL1344 (105 and 108 CFU/ml [final concentration]) were
compared to the killing activities of C18G (20 �g/ml) and polymyxin (10 �g/ml).
In addition, the killing activities were determined both in the presence of DMEM
as described above and in the presence of PBS-peptone, since C18G is known to
be more active in the presence of PBS-peptone (3).

Determination of intracellular ATP. To find out whether any damage had
been caused to the cytoplasmic membranes, the intracellular ATP was deter-
mined using an ATP assay kit (Perkin-Elmer Life Sciences, Paris, France) with
a white microtiter plate. The ATPLite monitoring system is based on firefly
luciferase and was designed for mammalian cells. Technical modifications were
necessary to enable us to measure the intracellular ATP of bacteria. S. enterica
SL1344 bacteria (final concentration, 109 CFU/ml) were incubated with MRS,
MRS-HCl, MRS-LA, or LB-CFCS (twofold concentrate) as described above for
the determination of the killing activity. After centrifugation (5 min, 5,000 � g),
the bacteria were washed twice and suspended in a similar volume of PBS. The
bacteria were lysed as previously described (6). Briefly, the bacterial suspension
was added to glass beads (0.10- to 0.11-mm diameter), and the mixture was
shaken vigorously six times for periods of 30 s at 4°C. The supernatant was
centrifuged (40 min at 14,000 � g, 4°C), and then the ATP content was assayed.
Aliquots (100 �l) of bacterial supernatant were directly pipetted into the wells,
and the lysis buffer and substrate solution were added according to the manu-
facturer’s instructions. The luminescence was measured in a Genios luminometer
(Tecan, Trappes, France). The ATP content (�M) was calculated using a stan-
dard curve plotted from a standard ATP solution.

Fluorescent labeling with bis-benzamidine (Hoechst 33258). To find out
whether the LB-CFCS treatment had caused membrane damage, we used an
adaptation of the techniques described by Wouters et al. (53). Bacteria were
incubated after being exposed to the DNA-binding probe Hoechst 33258, small
amounts of which are able to pass through intact membranes. When the probe
enters cells after damage of the membranes, binding to DNA increases the
fluorescence of Hoechst 33258. After incubating S. enterica SL1344 bacteria
(final concentration, 5 � 108 CFU/ml) for 3 h with DMEM, MRS, MRS-HCl,
MRS-LA, or LB-CFCS (twofold concentrate), the bacteria were washed twice
and suspended in a similar volume of PBS. Hoechst 33258 was added to a final
concentration of 2 �g/ml and left to stand for 30 min before being washed three
times. Passage across the membrane was measured using a black microtiter
fluoroplate (Labsystems) and a Genios spectrofluorimeter (Tecan, Trappes,
France). Aliquots (108 cells in 200 �l) of a suspension in PBS were directly
pipetted into wells, and the fluorescence was monitored in three wells per sample

(excitation, 360 nm, with a half-bandwidth of 35; emission, 465 nm, with a
half-bandwidth of 25).

Release of LPS. To measure the release of LPS, S. enterica SL1344 bacteria
were radiolabeled with [14C]galactose as previously described (50). S. enterica
SL1344 was grown as described above in the presence of [14C]galactose (10
nmol/ml) (CFA 435; Amersham Biosciences, Orsay, France). After two washes
with PBS, the bacteria were suspended in DMEM. The bacteria (250 �l, 4 � 109

CFU/ml) were incubated with MRS, MRS-HCl, MRS-LA, or LB-CFCS (twofold
concentrate) (250 �l) and 500 �l of DMEM for 1, 3, or 6 h at 37°C. Bacteria and
supernatants were separated by centrifugation at 5,000 � g at 4°C for 30 min.
Radioactivity was determined in the incubating medium (bacteria and superna-
tant) and in the supernatant. The amount of LPS release was expressed as a
percentage of the total radioactivity (% LPS released).

The presence of LPS was determined in the supernatants. To do this, LPS was
extracted from the supernatants by the hot phenol-water protocol of Moran et al.
(37). LPS preparations were purified by treatment with RNase A, DNase I, and
proteinase K and by ultracentrifugation at 100,000 � g at 4°C for 18 h. The
purified LPS preparations were examined by SDS-polyacrylamide gel electro-
phoresis. After the gels had been fixed, LPS was detected by the modified silver
staining technique described by Fomsgaard et al. (17), and the radioactivity in the
gel was examined using a Typhoon scanner (Amersham Biosciences, Orsay, Ulis,
France). The LPS profiles obtained resemble the profile described by Moran et
al. (37), and labeled LPS was the main labeled product present in the superna-
tants.

Bacteriolysis assay. Sensitization of S. enterica SL1344 by LB-CFCS to the lytic
action of detergents (SDS and Triton X-100) and lysozyme was investigated in
microplates as described by Helander et al. (26), with some modifications. After
incubating the bacteria for 1h with DMEM, MRS, MRS-HCl, MRS-LA, or
LB-CFCS (twofold concentrate) as described above, the bacteria were washed
twice and then suspended in a similar volume of 10 mM HEPES containing 50
mM NaCl, pH 7.2. From this suspension, aliquots (108 cells in 100 �l) were
pipetted into microtiter wells in the presence of lysozyme, detergents, or buffer
only. Cell lysis was determined using a spectrophotometer at 405 nm. The value
for a control with no added lysozyme or detergents was taken as the 100%
reading; a lower percentage indicated that lysis had occurred.

Statistics. Data are expressed as means � standard deviations (SD) of at least
three separate duplicate experiments. Student’s t test was used to determine
whether the killing activity, intracellular ATP release, membrane permeabiliza-
tion, LPS release, or sensitization to the SDS lytic agent in the MRS-HCl,
MRS-LA, or LB-CFCS group was significantly different from that in the control
group.

RESULTS

LB-CFCS-induced intracellular ATP depletion in S. enterica
SL1344. Intracellular ATP was measured in wild-type S. en-
terica SL1344 with and without twofold-concentrated LB-
CFCS (Fig. 1). In the presence of MRS acidified to pH 4.5 with
HCl (MRS-HCl), there was no change in intracellular ATP
compared with MRS. Compared to bacteria exposed to MRS,
S. enterica SL1344 exposed to the twofold-concentrated LB-
CFCS displayed a gradual decrease in intracellular ATP as a
function of the time of contact. In parallel, a gradual decrease
in viable S. enterica SL1344 developed as a function of the time
of contact in the presence of LB-CFCS (at T0, 8.00 � 0.05 log
CFU/ml; at 2 h of contact, 6.10 � 0.07 log CFU/ml; at 4 h of
contact, 3.95 � 0.06 log CFU/ml) compared with growth in
DMEM (at 2 h of contact, 8.47 � 0.05 log CFU/ml; at 4 h of
contact, 8.70 � 0.06 log CFU/ml) and MRS-HCl (at 2 h of
contact, 8.04 � 0.04 log CFU/ml; at 4 h of contact, 7.11 � 0.05
log CFU/ml). After incubating S. enterica SL1344 with
MRS-LA for 1 h or 2 h, the intracellular ATP was the same as
that observed with MRS or MRS-HCl (Fig. 1), and the bacte-
rial viability remained unchanged after 2 h of contact (7.70 �
0.04 log CFU/ml). In contrast, a small decrease in intracellular
ATP was observed after 3 h of contact without a significant
change in bacterial viability (7.10 � 0.07 log CFU/ml).

TABLE 1. Strains of S. enterica serovar Typhimurium used for this
study

Strain Description Reference or source

SL1344 Wild type 16
14028s Wild type ATCC
55130 pho-24 (PhoP constitutive) Gift from E. A. Groisman
MS1953 phoP7953::Tn10 Tcr 15
JKS1170 pmrA::Tn10d Cmr (pmrA505) Gift from E. A. Groisman
EG7139 pmrA1::cat Cmr 47
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LB-CFCS-induced membrane permeabilization in S. en-
terica SL1344. The decrease in intracellular ATP observed
above indicates that the membranes of S. enterica SL1344 bac-
teria had been permeabilized. Membrane permeabilization by
LB-CFCS (twofold concentrate) was determined by measuring
the fluorescence due to the DNA-binding probe Hoechst
33258, of which a small percentage normally passes through
intact membranes (Table 2). As first controls, MRS and MRS-
HCl were used. The bacterial Hoechst 33258 fluorescence in
MRS- and MRS-HCl-treated bacteria was the same as that for
bacteria in DMEM. These results indicate that the membrane
integrity of S. enterica SL1344 bacteria is preserved after ex-
tended incubation and washing in the presence of MRS and
MRS-HCl. Consistent with the fact that lactic acid permeabil-
ized the bacterial membrane (2), a 3.2-fold increase in bacte-
rial Hoechst 33258 fluorescence was observed in the presence
of MRS-LA versus the DMEM-treated control. It was noticed
that MRS-LA induced less membrane permeabilization. In

contrast, the Hoechst 33258 fluorescence of S. enterica SL1344
was 7.5-fold greater in the presence of the twofold concentrate
of LB-CFCS than that of the DMEM-treated control.

LB-CFCS-induced LPS release from S. enterica SL1344. To
measure the release of LPS, S. enterica SL1344 bacteria were
radiolabeled by growing the organisms in the presence of
[14C]galactose. As reported in Table 3, in the presence of MRS
or MRS-HCl very little LPS was released from S. enterica
SL1344 into the incubating medium. Increases of 3.5-, 3.14-,
and 3.57-fold in LPS release were observed after 1 h, 3 h, and
6 h of contact, respectively, with twofold-concentrated LB-
CFCS. A control experiment conducted with MRS-LA showed
that no LPS release was observed after 1 h or 3 h of contact and
that 6 h of contact was required to obtain a twofold increase in
the release of LPS from S. enterica SL1344. As described above
for intracellular ATP, MRS-LA induced less of an effect than
LB-CFCS.

LB-CFCS sensitizes S. enterica SL1344 to the lytic action of
SDS. The data described above show that membrane perme-
ability was increased after exposing S. enterica SL1344 to LB-
CFCS. We conducted further experiments to find out whether
S. enterica SL1344 was also sensitized to detergent- or ly-
sozyme-induced bacteriolysis. The lytic effect of the anionic
detergent SDS is shown in Fig. 2. SDS had no effect on S.
enterica SL1344 after exposure for 1 h to DMEM or MRS.
Exposure to twofold-concentrated LB-CFCS considerably sen-
sitized S. enterica SL1344 to SDS. MRS-HCl and MRS-LA
produced little sensitization to SDS. The sensitization of S.
enterica SL1344 induced by MRS-LA was similar to that pro-
duced by MRS-HCl. The twofold concentrate of LB-CFCS had
more effect than either MRS, MRS-HCl, or MRS-LA. There
was no sensitization of S. enterica SL1344 in the presence of the
nonionic detergent Triton X-100 and of lysozyme for MRS,
MRS-LA, MRS-HCl, or LB-CFCS (not shown). It has previ-
ously been reported that Mg2� inhibits the action of many
membrane-permeabilizing agents (26, 28, 29). We therefore
investigated the effect of Mg2� on the permeabilization effect
of LB-CFCS and found that in the presence of excess Mg2� (10
mM), the LB-CFCS-induced sensitization of S. enterica SL1344
towards SDS is not inhibited (not shown).

Comparison of the killing activities of LB-CFCS and anti-
microbial peptides against S. enterica SL1344. The killing and
membrane permeabilization activities of LB-CFCS reported
above resemble the antibacterial activities produced by �-he-
lical and �-sheet antimicrobial peptides (19). We therefore

FIG. 1. Intracellular ATP content of S. enterica SL1344 after expo-
sure to LB-CFCS, MRS, MRS-HCl, or MRS-LA. S. enterica SL1344
bacteria (2 � 108 CFU/ml) were incubated in the presence of LB-
CFCS (twofold concentrate), MRS, MRS-HCl, or MRS-LA (pH of
incubation medium, 5.0 � 0.2). At predetermined intervals, aliquots
were removed for determination of the intracellular ATP content.
Data are expressed as means � SD of three separate duplicate exper-
iments. Statistical analysis was performed with a Student t test. *, P �
0.01.

TABLE 2. Membrane permeabilization of S. enterica SL1344 by
exposure to LB-CFCS

Test agent
Relative fluorescence

intensity

Ratio between
assay and controls

DMEM MRS-LA

DMEM 4,931 (1,130) 1
MRS 5,055 (950) 1.02
MRS-HCl 7,408 (846) 1.5
MRS-LA (120 mM) 15,786 (2,210)a 3.2
LB-CFCS (twofold concentrate) 37,120 (1,904)a,b 7.5 2.35

a The values for LB-CFCS and MRS-LA were significantly different from
those for DMEM, MRS, and MRS-HCl (P � 0.005).

b The value for LB-CFCS was significantly different from that for MRS-LA (P
� 0.005).

TABLE 3. LB-CFCS induces the release of LPS into the medium
by S. enterica SL1344

Test agent

% Radioactivity (mean [SD]) released
into medium after indicated

contact timea

1 h 3 h 6 h

MRS 2 (0.43) 7 (0.33) 7 (0.39)
MRS-HCl 2 (0.35) 7 (0.56) 7 (0.41)
MRS-LA (120 mM) 3 (0.38) 8 (0.43) 13 (1.03)
LB-CFCS (2-fold concentrate) 7 (0.47)b 22 (3.96)b 25 (1.3)b

a Results are means of three separate duplicate experiments.
b The values for LB-CFCS were significantly different from those for MRS,

MRS-HCl, and MRS-LA (P � 0.01).
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compared the killing activity of LB-CFCS against S. enterica
SL1344 to that of C18G and polymyxin. C18G is a synthetic
�-helical peptide derived from human platelet factor IV (11).
Polymyxin is a modified amino acid peptide with a single fatty
acid (51). Considering that C18G is more active against low
levels of Salmonella in the presence of peptone (3), we exam-
ined the activities of C18G, polymyxin, and LB-CFCS with a
low-level inoculum (105 CFU/ml) and a high-level inoculum
(108 CFU/ml) of S. enterica SL1344 in the presence of DMEM
or peptone. As shown in Table 4, C18G at a concentration of
20 �g/ml was inactive against S. enterica SL1344 at a concen-
tration of 108 CFU/ml in the presence of DMEM or peptone.
In contrast, C18G in the presence of peptone was active when
the concentration of S. enterica SL1344 was 105 CFU/ml, but
was inactive in the presence of DMEM. Polymyxin at a con-
centration of 10 �g/ml was active at low- and high-level inocu-
lums of S. enterica SL1344 in the presence of DMEM or pep-

tone. LB-CFCS produced a dramatic decrease in the viability
of S. enterica SL1344 in low- and high-level inoculums in the
presence of DMEM or peptone. It was noted that LB-CFCS
produced the same killing activity as 10-�g/ml polymyxin in the
presence of a low-level inoculum of Salmonella and was more
active in the presence of a high-level inoculum. Moreover,
LB-CFCS was active when C18G was inactive against S. en-
terica SL1344 at a high-level inoculum and in the presence of
peptone.

The two-component regulatory systems PhoP-PhoQ and
PmrA-PmrB in S. enterica serovar Typhimurium 14028s have
no influence on the killing effect of LB-CFCS. Resistance to
AMPs secreted by intestinal epithelium Paneth cells has been
reported, and its mechanism has been elucidated. Two two-
component regulatory systems, PhoP-PhoQ and PmrA-PmrB,
regulate the mechanisms of resistance of Salmonella to AMPs,
and mutations in these regulatory systems render the mutated
strains more sensitive to AMPs (13, 21). We investigated
whether a mutation in PhoP or PmrA in the S. enterica serovar
Typhimurium 14028s strain renders the mutant strains more
sensitive to LB-CFCS treatment. As shown in Fig. 3, the wild-
type 14028s strain was sensitive to LB-CFCS treatment, and
after 4 h of contact, there was a 5-log decrease in viability. The
14028s strain exposed to MRS-LA displayed a slight decrease
in viability. Consistent with previous reports (22, 45), we ob-
served that a mutation in phoP (strain MS1953) or pmrA
(strain EG7139) rendered the strains more sensitive to poly-
myxin than strains 55130 (phoP constitutive) and JKS1170
(pmrA positive), respectively. In contrast, no increase in sen-
sitivity compared with the wild-type 14028s strain was observed

FIG. 2. Increase in bacteriolysis of S. enterica SL1344 by SDS in the
presence of LB-CFCS. S. enterica SL1344 bacteria (2 � 108 CFU/ml)
were pretreated for 1 h with or without LB-CFCS (twofold concen-
trate), MRS, MRS-HCl, or MRS-LA (pH of incubation medium, 5.0 �
0.2). Cell lysis was monitored spectrophotometrically at 405 nm. The
value for the cell control with no added SDS was taken as 100%. A
lower percentage indicates that lysis has occurred. Data are expressed
as means � SD of three separate duplicate experiments. Statistical
analysis was performed with a Student t test. *, P � 0.01.

TABLE 4. Comparison of killing activities of LB-CFCS, C18G, and
polymyxin against S. enterica SL1344

Test agenta

No. of viable bacteria (log CFU/ml
� SD) after 4 h of contact with

indicated concn of S. enterica
SL1344b

105 CFU/ml 108 CFU/ml

Control DMEM 7.03 � 0.11 9.03 � 0.09
Control PBS-peptone 7.07 � 0.37 8.38 � 0.06
LB-CFCS in DMEM 3.51 � 0.06d 2.21 � 0.12d

LB-CFCS in PBS-peptone 3.71 � 0.26d 3.03 � 0.28d

C18G in DMEM 5.94 � 1.17c 8.96 � 0.13c

C18G in PBS-peptone 3.80 � 0.20d 8.55 � 0.12c

Polymyxin in DMEM 3.02 � 0.30d 5.28 � 0.06d

Polymyxin in PBS-peptone 2.94 � 0.38d 5.05 � 0.18d

a LB-CFCS, twofold concentrate; C18G, 20 �g/ml; polymyxin, 10 �g/ml.
b Results are means of three separate duplicate experiments.
c Value not significantly different from control.
d Value significantly different (P � 0.01) from control.

FIG. 3. Killing activity of LB-CFCS against wild-type S. enterica
serovar Typhimurium strain 14028s and strains with mutations in the
regulatory system phoP or pmrA. Strain 55130 (phoP constitutive),
strain JKS1170 (pmrA positive), strain MS1953s (mutant in phoP), and
strain EG7139 (mutant in pmrA) were used for this experiment. S.
enterica 14028s or the mutants (2 � 108 CFU/ml) were exposed for 4 h
to the action of the control (DMEM), LB-CFCS (twofold concen-
trate), MRS-LA, or polymyxin (10 �g/ml), and the numbers of viable
bacteria were determined (log CFU/ml). Data are expressed as means
� SD of three separate duplicate experiments. Statistical analysis to
compare 14028s with the phoP mutant strain MS1953, the phoP con-
stitutive strain 55130, the pmrA mutant strain EG7139, and the pmrA-
positive strain JSK1170 alone was performed with a Student t test. *, P
� 0.01.
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when the mutated strains MS1953 and EG7139 were exposed
to LB-CFCS, whereas strains 55130 and JKS1170 did display
an increase in sensitivity (2.97- to 5.76-log decrease in viabil-
ity).

DISCUSSION

The present results and previous data (7, 9) indicate that a
Lactobacillus strain of human intestinal microbiota origin dis-
plays killing activity within the range defined as bactericidal
activity for an antibiotic against a microorganism, i.e., the kill-
ing activity needed to kill �99.9% of a test microorganism
after incubation for a fixed length of time under controlled
conditions (38). The data reported here offer new insights into
the mechanisms underlying the antibacterial activity of the
non-lactic-acid molecule(s) produced by LB-CFCS. The data
reported here provide the first evidence that the non-lactic-
acid molecule(s) present in the LB-CFCS can kill an entero-
virulent pathogen, S. enterica SL1344, by damaging the bacte-
rial membrane. Indeed, we observed a loss in intracellular ATP
in Salmonella exposed to LB-CFCS which correlates with a
dramatic decrease in bacteria viability. Interestingly, a similar
mechanism has also been recently reported for antimicrobial
molecules. Indeed, microcins produced by Escherichia coli pro-
duce an increase in cell membrane permeability accompanied
by intracellular ATP depletion, resulting in the cell death of
Listeria monocytogenes and diarrheagenic strains of E. coli (12,
43). Moreover, we provide evidence that a compound(s)
present in LB-CFCS permeabilizes the membrane of S. en-
terica SL1344. Permeabilization of the bacterial membrane by
antibacterial agents has been reported previously. For exam-
ple, the ovotransferrin antimicrobial peptide OTAP-92, a cat-
ionic fragment of hen ovotransferrin, causes permeation of the
E. coli membrane (32). The polycation polyethyleneimine per-
meabilizes the gram-negative membrane and increases the sus-
ceptibility of gram-negative bacteria to hydrophobic antibiotics
(26, 27). Permeabilization of gram-negative membranes by an-
tibacterial molecules is accompanied or not by the release of
LPS. The release of LPS from S. enterica serovar Typhimurium
has been reported after exposing the bacteria to polycations,
protamine, and a 20-residue lysine polymer (lysine20) (50) as
well as to LB-CFCS. The antimicrobial activity of lactoferrin
and lactoferricin was accompanied by the release of LPS from
the membrane of Salmonella (54). In contrast, the permeabi-
lization effect of EDTA (1) and chitosan (29) on the bacterial
membrane was not accompanied by LPS release. It is interest-
ing that the level of release of LPS from the membrane of S.
enterica SL1344 exposed to LB-CFCS is similar to that from
the membrane of S. enterica serovar Typhi exposed to the
�-lactam antibiotics ceftazidime and imipenem (52).

Recent reports have provided new insights into the activity
of members of the intestinal microbiota against enteropatho-
gens. Ramare et al. (41) have observed that when a human
intestinal strain of Peptostreptococcus colonized the guts of
gnotobiotic rats, it produced an antibacterial substance that
was active against several gram-positive bacteria, including po-
tentially pathogenic Clostridium spp. Similarly, a Ruminococ-
cus gnavus strain was able to produce an antibacterial sub-
stance, called ruminococcin A, that is also active against
various pathogenic clostridia (10). It has been established that

E. coli participates in antibacterial defense by producing large
proteins named colicins or microcins that insert into the inner
membrane, forming pores in the cell membrane (4, 12, 42).
Consistent with that, the microcin bactericidal spectrum of
activity was found to be restricted to Enterobacteriaceae, spe-
cifically to E. coli (43) and Salmonella (40) species, and it has
been observed that resident microbiota E. coli increased the
survival of Salmonella-infected germfree mice (30). Interest-
ingly, the non-lactic-acid molecules produced by resident Lac-
tobacillus strains have a wide spectrum of microbicidal activi-
ties against a large variety of gram-negative and gram-positive
bacteria (5, 7). Enteric bacterial pathogens have developed
sophisticated mechanisms to resist AMPs (39) and microcins
(18). For example, Salmonella induces remodeling of the bac-
terial envelope by enzymes that modify LPS (22, 24, 49). The
two-component regulatory systems PhoP-PhoQ and PmrA-
PmrB (13, 21) play a central role in resistance to AMPs, in-
cluding polymyxin, the �-helical antimicrobial C18G peptide,
and the �-sheet antimicrobial peptide protegrin (3, 23, 35). In
contrast to AMPs, our findings show that S. enterica 14028s
with mutations in phoP and pmrA showed no increase in sen-
sitivity to the killing activity of LB-CFCS.

In conclusion, it has been previously reported that Lactoba-
cillus strains producing non-lactic-acid molecules with in vitro
anti-Salmonella activities have the capacity to increase the sur-
vival of Salmonella-infected germfree mice and to decrease the
level of viable bacteria in feces of Salmonella-infected conven-
tional mice (5, 7, 31). In the intestine, Paneth cells discharge
effective concentrations of microbicidal AMPs into the small
intestinal crypts, thus providing the first line of defense against
pathogens and contributing to the innate immunity in the hu-
man small bowel (19). It is tempting to suggest that some
strains of Lactobacillus that inhabit the intestinal microbiota
may discharge an antimicrobial substance(s) into ecological
niches within the intestine and thus also contribute to the first
line of the chemical defense against enteric pathogens. How-
ever, the non-lactic-acid antibacterial molecule(s) that sup-
ports the killing activity of these Lactobacillus strains against
gram-negative pathogens has yet to be identified. A challenge
for the near future is to determine its structure(s) and to devise
the tools necessary to detect its presence in the intestine.
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