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The mechanism(s) underlying the antibacterial activity of probiotic Lactobacillus strains appears to be
multifactorial and includes lowering of the pH and the production of lactic acid and of antibacterial com-
pounds, including bacteriocins and nonbacteriocin, non-lactic acid molecules. Addition of Dulbecco’s modified
Eagle’s minimum essential medium to the incubating medium delays the killing activity of lactic acid. We found
that the probiotic strains Lactobacillus johnsonii Lal, Lactobacillus rhamnosus GG, Lactobacillus casei Shirota
YIT9029, L. casei DN-114 001, and L. rhamnosus GR1 induced a dramatic decrease in the viability of Salmonella
enterica serovar Typhimurium SL1344 mainly attributable to non-lactic acid molecule(s) present in the cell-free
culture supernatant (CFCS). These molecules were more active against serovar Typhimurium SL1344 in the
exponential growth phase than in the stationary growth phase. We also showed that the production of the
non-lactic acid substance(s) responsible for the killing activity was dependent on growth temperature and that
both unstable and stable substances with killing activity were present in the CFCSs. We found that the
complete inhibition of serovar Typhimurium SL1344 growth results from a pH-lowering effect.

Probiotic strains are defined as live microorganisms which,
when consumed in appropriate amounts in the food, confer a
health benefit on the host (7). The probiotic strains that are
currently most often being investigated are Lactobacillus spp.
and bifidobacteria. The effectiveness of selected Lactobacillus
strains used as probiotics to prevent and treat infectious bac-
terial and viral diarrhea, Helicobacter pylori gastroenteritis, and
urovaginal infections has been demonstrated in well-designed
in vitro and in vivo experimental studies and double-blind,
placebo-controlled clinical trials (23, 24). It is important to
note that previous reports have clearly indicated that the an-
tibacterial activity against bacterial pathogens is a strain-spe-
cific property and cannot be extrapolated to other Lactobacil-
lus strains.

The mechanism(s) of the antibacterial activity of probiotic
Lactobacillus strains appears to be multifactorial (24). In par-
ticular, by producing metabolites such as acetic and lactic acid
and thus lowering the pH, Lactobacillus strains inhibit the
growth of bacterial pathogens and sometimes even kill them
(28). The anti-Salmonella enterica serovar Typhimurium killing
activity of probiotic Lactobacillus and Bifidobacterium strains
has been previously investigated using an in vitro method in
which the activity was measured in the presence of Luria broth
(LB) or phosphate-buffered saline (PBS) (2, 5, 15). Using a
new in vitro method, we were able to distinguish between the
lactic acid- and non-lactic acid-dependent anti-Salmonella ac-
tivities of Lactobacillus strains known to be probiotic.
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MATERIALS AND METHODS

Bacterial strains. Salmonella enterica serovar Typhimurium strain SL 1344 (S.
enterica serovar Typhimurium SL1344) (6) was from Stocker B.A.D. (Stanford,
California). Bacteria were grown for 24 h at 37°C in LB (Invitrogen, Cergy,
France). Bacteria were subcultured in LB at 37°C and used until they reached the
early logarithmic phase of growth.

Lactobacillus johnsonii strain Lal was from the Nestec Research Center at
Vers-chez-les-Blanc, Switzerland (2). L. rhamnosus strain GG was a gift from
S. L. Gorbach (Tufts University). L. rhamnosus strain GR1 was a gift from G.
Reid (Lawson Health Research Institute, Canadian Research and Development
Center for Probiotics, London, Ontario, Canada). L. casei Shirota strain YT9029
was from Yakult Honsha Co., Ltd. (Japan). L. casei strain DN-114 001 was from
Danone Research Center (Le Plessis-Robinson, France). The food Lactobacillus
strain L. sakei CWBI 030202 was from the Centre Wallon de Biologie Industri-
elle (Université de Liege, Sart-Tilman, Belgium).

The Lactobacillus strains were grown aerobically in 10 ml of De Man, Rogosa,
Sharpe (MRS) broth (Difco Laboratories, Detroit, MI) 24 h at 37°C. Cell-free
culture supernatants (CFCSs) were obtained by centrifuging at 10,000 X g for 30
min at 4°C. Centrifuged CFCSs were passed through a sterile 0.22-pm-pore-size
Millex GS filter unit (Millipore, Molsheim, France). Since pH and the presence
of metabolites such as lactic acid have been shown to inhibit the growth of
pathogens and even kill them (28), three controls were used in these experi-
ments. Since the different CFCSs exhibited pH values ranging from 3.9 to 4.5, all
the Lactobacillus CFCSs were adjusted to pH 4.5 in all experiments. In some
experiments, Lactobacillus CFCSs were adjusted to pH 6.5 with NaOH. Fresh
MRS broth adjusted to pH 4.5 with HCI (MRS-HCI) was used as the first control.
It is noteworthy that the probiotic Lactobacillus strains all produce L-lactic acid
while L. sakei forms p,L-lactic acid. MRS broth containing D,L-lactic acid (60
mM; MRS-LA) as indicated was used as the second control. Finally, MRS broth
adjusted to pH 6.5 with NaOH was used as the third control.

Determination of the lactic acid concentration. A commercial - and L-lactic
acid determination kit of was used to determine the concentration of lactic acid
in the CFCSs (Test-Combination p-lactic acid/L-lactic acid UV method; Boehr-
inger Mannheim GmbH, Germany). After culturing for 24 h at 37°C, lactic acid
concentrations in the CFCSs were as follows: L. rhamnosus GR1, 46 = 6 mM; L.
rhamnosus GG, 63 = 8 mM; L. casei Shirota YT9029, 64 = 12 mM; L. casei
DN-114 001, 60 = 20 mM; L. johnsonii Lal, 61 * 16 mM, and L. sakei CWBI
030202, 43 + 2 mM.

Determination of the killing activity. The serovar Typhimurium SL1344 cul-
ture was centrifuged at 5,500 X g for 5 min at 4°C. The culture medium was
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discarded, and the bacteria were washed once with PBS and resuspended in LB
or Dulbecco’s modified Eagle’s minimum essential medium (DMEM; Invitro-
gen), as indicated. The bacteria were counted, and a volume containing 2 X 108
CFU/ml was used to determine the killing activity. A colony count assay was
performed by incubating 500 pl of serovar Typhimurium SL1344 at 2 X 108
CFU/ml in LB or DMEM with 500 pl of CFCS, MRS broth, or MRS-LA at 37°C.
At predetermined intervals, aliquots were removed, serially diluted, and plated
on tryptic soy agar (Invitrogen) to determine the bacterial colony count.
Inhibition of growth. Bacterial cultures were centrifuged at 5,500 X g for 5 min
at 4°C, washed once with PBS, and suspended in LB or DMEM. A volume of 100
ul containing 2 X 10° CFU/ml of serovar Typhimurium SL1344 in LB or DMEM
was mixed with 100 pl of Lactobacillus CFCS, MRS-HCI, or MRS-LA for 0 to
18 h at 37°C (pH of incubation medium, 4.5 * 0.2). At predetermined times, the
optical density at 612 nm was automatically determined using an automated
GENios microtiter instrument (Tecan France S.A., Trappes, France).
Statistics. Data are expressed as the means * standard deviations of at least
three separate duplicate experiments. The statistical significance was assessed by
Student’s ¢ test. Differences were considered significant at a P value of <0.01.

RESULTS

Killing activity against S. enterica serovar Typhimurium
SL1344. We conducted an experiment in order to distinguish
between the killing activity attributable to the presence of
lactic acid and that attributable to non-lactic acid molecule(s)
in the CFCSs. As shown in Fig. 1A, a decrease of 3.5 logs in
viable serovar Typhimurium SL1344 was observed when the
killing activity of MRS-LA (60 mM b,L-lactic acid; pH of the
incubation medium, 4.5 * (.2) was measured in the presence
of LB. As shown in Fig. 1B, when DMEM was added to the
incubation medium instead of LB (pH of the incubation me-
dium, 4.5 = 0.2), the data indicate that the killing effect of
MRS-LA was delayed. Indeed, a reduced killing activity was
observed after 4 h of contact (a decrease of 1 log in viable
serovar Typhimurium SL1344 [Fig. 1B] compared to MRS-LA
in the presence of LB [Fig. 1A]). However, a decrease of 3.0
logs in viable serovar Typhimurium SL1344 was observed for
MRS-LA after 8 h of contact in the presence of DMEM (Fig.
1B), which was comparable to the activity of MRS-LA found in
the presence of LB after 4 h of contact (Fig. 1A). It was
noteworthy that MRS-HCI alone shows a low level of killing
activity against serovar Typhimurium SL.1344, with a decrease
of 1.0 log after 4 h and 8 h of contact in the presence of both
LB (Fig. 1A) and DMEM (Fig. 1B) (pH of the incubation
medium, 4.4 = (.3).

We next examined the inhibitory effect of increasing con-
centrations of lactic acid after 4 h of contact (concentrations
ranging from 15 to 150 mM) (Fig. 1C). p,L-Lactic acid pro-
duced a dose-dependent killing activity in the presence of LB
(pH of the incubation medium, 4.4 = 0.4). In the presence of
DMEM (pH of the incubation medium, 4.5 = 0.2), lactic acid
showed a decreased dose-dependent killing effect.

The killing activity of the strains L. johnsonii Lal, L. rham-
nosus GG, L. casei Shirota YT9029, L. casei DN-114 001, L.
rhamnosus GR1, and L. sakei strain CWBI 030202 was exam-
ined in the presence of DMEM (Fig. 2A). The CFCSs of the
probiotic Lal, GG, YT9029, DN-114 001, and GR1 strains
promoted a dramatic decrease in the viability of serovar Ty-
phimurium SL1344 after 4 h of contact. In contrast, the food
strain Lactobacillus sakei CWBI 030202, which decreased the
viability of serovar Typhimurium SL1344 by 3 logs in the pres-
ence of LB (not shown), displayed no killing activity in the
presence of DMEM (Fig. 2A). This result suggests that the
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FIG. 1. Effect of DMEM on the killing effect of lactic acid against
S. enterica serovar Typhimurium strain SL1344. (A) Killing effect in the
presence of LB. (B) Killing effect in the presence of DMEM. (C) Con-
centration-dependent killing effect of lactic acid in the presence of LB
or DMEM. The killing activity of D,L-lactic acid in the presence of
LB or DMEM is shown. Values significantly different from control
values are indicated by an asterisk (P < 0.01).
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FIG. 2. Killing activity of CFCSs of the probiotic Lactobacillus
strains L. johnsonii Lal, L. rhamnosus GG, L. casei Shirota YIT9029
(LeS YT9029), L. casei DN-114 001, L. rhamnosus GR1, and L. sakei
CWBI 030202. (A) Killing activity of CFCSs in the presence of
DMEM. (B) Effect of MRS-HCI, MRS-LA, and L. johnsonii Lal
CFCS on the viability of Salmonella enterica serovar Typhimurium
strain SL 1344 at the stationary or exponential growth phase. The
killing effect was measured in the presence of DMEM. Values signif-
icantly different from control values are indicated by an asterisk (P <
0.01).

production of an antibacterial non-lactic acid molecule(s) by
Lactobacillus strains is strain specific.

As can be seen in Fig. 2B, the Lal strain was more active
against serovar Typhimurium SL1344 during the exponential
phase of growth than during the stationary phase of growth. In
contrast, MRS-HCI and MRS-LA both displayed similar activ-
ities against serovar Typhimurium SL1344 at all stages of
growth.

Characteristics of killing activity. We investigated whether
the temperature at which the probiotic Lactobacillus strains
had been grown had any influence on the production of the
non-lactic acid molecule(s) responsible for the killing activity.
We used L. rhamnosus GG as the test strain. As shown in Fig.
3A, no significant difference was observed at the time points on
the curves for the growth of GG bacteria at temperatures of
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FIG. 3. Effect of growth temperature on the Kkilling effect of L.
rhamnosus GG CFCS. (A) Strain GG grown at 32°C and 37°C.
(B) Killing effect in the presence of DMEM of CFCSs from strain GG
obtained after the growth of bacteria at 32°C or 37°C. Values signifi-
cantly different from control values are indicated by an asterisk (P <
0.01). OD, optical density.

32°C and 37°C. A highly significant decrease in the serovar
Typhimurium killing activity was observed when the GG bac-
teria were grown at 32°C compared to a growth temperature of
37°C (Fig. 3B), whereas the concentrations of lactic acid were
similar (at 32°C, 59 = 6 mM; at 37°C, 63 = 8§ mM).

We found that the killing activities of the CFCSs obtained
after 24 h of culture of the L. johnsonii Lal, L. casei Shirota
YT9029, L. casei DN-114 001, and L. rhamnosus GR1 strains
rapidly decreased as a function of the number of days in stor-
age at 4°C (Fig. 4). After 1 day of storage, CFCSs of the GG,
L. casei Shirota YIT92029, Lal, and DN-114001 strains dis-
played the same residual killing activity, with a decrease of 2
logs in Salmonella viability. In contrast, the killing activity of
GR1 CFCS disappeared after 1 day of storage at 4°C, since the
residual activity was indistinguishable from the activity of
MRS-LA.
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FIG. 4. Development of the killing activity of the probiotic Lactobacillus strains L. johnsonii Lal, L. rhamnosus GG, L. casei Shirota YIT9029
(LeS YT9029), L. casei DN-114 001, L. rhamnosus GR1, and L. sakei CWBI 030202 during storage at 4°C. CFCSs of probiotic Lactobacillus strains
were obtained from a 24-h culture and kept at 4°C for 5 days. Killing activity against serovar Typhimurium SL1344 after 4 h of contact in the
presence of DMEM was determined at day 0, day 1, and day 5 of storage. Values that were significantly different from values of controls are

indicated by an asterisk (P < 0.01).

Inhibition of serovar Typhimurium SL1344 growth. We con-
ducted experiments to investigate the effect of pH and of lactic
acid on the growth of serovar Typhimurium SL1344. As shown
in Fig. 5, under control conditions, the growth of serovar Ty-
phimurium SL1344 began after 4 h, developed rapidly, stabi-
lized after 10 h, and did not develop any further after that.
When serovar Typhimurium SL1344 was cultured in the pres-
ence of MRS-HCI at pH 4.5, no bacterial growth was observed
in the presence of either LB (Fig. SA) or DMEM (Fig. 5B). In
the presence of LB (Fig. 5SA) or DMEM (Fig. 5B), MRS-LA at
pH 4.5 inhibited the growth of serovar Typhimurium SL1344
to the same extent. When MRS-HCI and MRS-LA were ad-
justed to pH 6.5, serovar Typhimurium SL1344 growth oc-
curred. Similarly, all the CFCSs of the L. johnsonii Lal, L. casei
Shirota YT9029, L. casei DN-114 001, L. rhamnosus GR1, and
L. sakei CWBI 030202 strains inhibited serovar Typhimurium
SL1344 growth at pH 4.5 but did not display any inhibitory
activity at pH 6.5 (not shown).

DISCUSSION

It has been previously reported that the antibacterial activity
of probiotic lactic acid strains generally results from the pro-
duction of H,0,, acids, strain-specific metabolites, bacterio-
cins, or non-lactic acid molecule(s) (24). Killing activity of
probiotic Lactobacillus and Bifidobacterium strains has been
previously investigated using an in vitro method in which ac-
tivity was measured in the presence of LB or PBS (2, 5, 15). By
adding DMEM to the incubating medium, we provide evidence
that only the killing activity of non-lactic acid molecule(s)
should be measured after 4 h of contact, since DMEM delays
the killing activity of lactic acid. But, it remains to be deter-
mined whether DMEM delays the killing activity of lactic acid.
In addition, we observed that the production of a non-lactic
acid molecule(s) that supports killing activity is dependent on
the temperature of growth. Finally, on the basis of the obser-
vation that a significant part of the killing activity had disap-
peared after 1 day of storage at 4°C, we believe that both an

unstable and a stable molecular species responsible for the
killing activity against Salmonella were produced in the CFCS
by the probiotic Lactobacillus strains.

It has been previously reported that the probiotic strains L.
johnsonii Lal (2, 18, 27), L. rhamnosus GG (11-14, 16, 26, 27),
L. casei Shirota YT9029 (12, 13, 20, 25, 27), and L. rhamnosus
GR1 (4, 17, 22) exert antagonistic activity against gram-nega-
tive pathogens. We observed that the Lal, GG, YT9029, GR1,
and DN-114001 strains acted mainly by secreting a non-lactic
acid molecule(s) into the CFCS. Previous reports have indi-
cated that some of the non-lactic acid antibacterial molecules
produced by probiotic Lactobacillus strains and which are ac-
tive against gram-negative pathogens display nonbacteriocin
characteristics, although most of these molecules remain to be
identified (15). For the strain L. rhamnosus GR1, a bactericidal
substance that is neither lactic acid nor hydrogen peroxide has
been observed. The substance has a molecular mass greater
than 12 to 14 kDa, is heat labile, is not precipitated by up to
80% ammonium sulfate, and is extractable in chloroform (17).
The CFCSs of the strains Lactobacillus acidophilus LB and L.
johnsonii Lal contain a nonbacteriocin, non-lactic acid anti-
bacterial molecule(s) that is heat stable and insensitive to pro-
teases (2, 5). For the strain L. rhamnosus GG, a secreted,
low-molecular-mass, heat-stable, inhibitory substance has been
described that is distinct from lactic and acetic acids (26).
Lehto and Salminen (14) have proposed that L. rhamnosus GG
has a pH-dependent antibacterial effect against Salmonella,
since they observed that the effect of GG culture was abolished
when the pH was adjusted to 7. The substances with antagonist
activities against Escherichia coli strain O157:H7 by the strains
L. rhamnosus DR20 and L. acidophilus HNO17 were partially
inactivated by treatment with lactate dehydrogenase, suggest-
ing the presence of a non-lactic acid molecule(s) (10). It is
interesting to note that the results reported here show that
killing activity against Salmonella develops to a greater extent
during the exponential growth phase than during stationary
growth. This is a characteristic previously reported for de-
fensins which are known to contribute to the host’s mucosal
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FIG. 5. The inhibition of the growth of S. enterica serovar Typhi-
murium strain SL1344 is pH dependent. Serovar Typhimurium SL1344
(5 X 10° CFU/ml) was exposed to MRS-HCI (pH 4.5 or pH 6.5), or
MRS-LA (60 mM, pH 4.5) in the presence of LB (A) or DMEM
(B) for 0 to 18 h at 37°C. There was a significant difference (P < 0.01)
between MRS-HCI (pH 6.5) or MRS-LA (60 mM, pH 6.5) and MRS-
HCI (pH 4.5) or MRS-lactic acid (60 mM, pH 4.5), respectively, in the
presence of LB (A) or DMEM (B). OD, optical density.

defense in the small intestine (9). Indeed, metabolically active
bacteria are more sensitive to defensins than inactive bacteria.

It has previously been reported that Lactobacillus strains
inhibit the growth of gram-negative pathogenic bacteria (28).
This growth-inhibiting activity has generally been attributed to
the fact that Lactobacillus spp. lower the pH and/or produce
lactic acid. For example, strains of L. acidophilus, L. casei
subsp. rhamnosus, and Lactobacillus bulgaricus inhibited the
growth of clinical isolates of H. pylori (3, 19) and L. casei subsp.
rhamnosus strain Lcr35 reduced the growth of enteropatho-
genic Escherichia coli, enterotoxigenic E. coli, and Klebsiella
pneumoniae (8). The data reported here show that Lactobacil-
lus strains induce complete inhibition of the growth of serovar
Typhimurium SL1344 that results mainly from the effect of an
acid pH. Indeed, when we examined the inhibition of the
growth of serovar Typhimurium SL1344 by lactic acid and by
the probiotic strains L. johnsonii Lal, L. rhamnosus GG, L.
casei Shirota YT9029, L. casei DN-114 001, and L. rhamnosus
GR1, we found that inhibition occurred when the pH of the
incubation medium was acid and that no growth inhibition
occurred when the pH of the incubation medium was neutral.
Our findings are in agreement with those reported by Ogawa et
al. (21) showing that L. casei Shirota YT9029 reduced the

APPL. ENVIRON. MICROBIOL.

growth of Shiga-toxin-producing E. coli O157:H7 as a result of
the production of lactic acid and a pH-lowering effect.

In conclusion, we provide evidence that the killing effect of
probiotic Lactobacillus strains against S. enterica serovar Ty-
phimurium results mainly from the strain-specific non-lactic
acid molecule(s) present in their CFCSs. However, the anti-
bacterial activity of probiotic lactic acid strains is known to be
multifactorial (24). In particular, it has been demonstrated that
lactic acid participates in the antibacterial activity of probiotic
Lactobacillus strains. It is noteworthy that L-lactic acid displays
a greater antibacterial activity than p-lactic acid or p,L-lactic
acid. In consequence, the higher antibacterial activity of pro-
biotic Lactobacillus strains that produced L-lactic acid could be
related in part to the greater proportion of L-lactate in the
CFCSs than in strains producing D,L-lactic acid. Moreover, it
was noted that the mechanism of the antibacterial activity of
probiotic Lactobacillus strains that leads to the killing of bac-
terial pathogens may be due to a synergistic action of lactic
acid and the secreted non-lactic acid molecules. This synergism
has been previously reported by Alakomi et al. (1), who
showed that the lactic acid acts as a permeabilizer of the outer
membrane of gram-negative pathogens, thus increasing their
susceptibility to antimicrobial molecules by allowing these mol-
ecules to penetrate the bacteria.
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