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Staphylococcus aureus is a major cause of food poisoning outbreaks associated with dairy products, because of the ingestion of
preformed enterotoxins. The biocontrol of S. aureus using lactic acid bacteria (LAB) offers a promising opportunity to fight this
pathogen while respecting the product ecosystem. We had previously established the ability of Lactococcus lactis, a lactic acid
bacterium widely used in the dairy industry, to downregulate a major staphylococcal virulence regulator, the accessory gene reg-
ulator (agr) system, and, as a consequence, agr-controlled enterotoxins. In the present paper, we have shown that the oxygen-
independent reducing properties of L. lactis contribute to agr downregulation. Neutralizing lactococcal reduction by adding
potassium ferricyanide or maintaining the oxygen pressure constant at 50% released agr downregulation in the presence of
L. lactis. This downregulation still occurred in an S. aureus srrA mutant, indicating that the staphylococcal respiratory response
regulator SrrAB was not the only component in the signaling pathway. Therefore, this study clearly demonstrates the ability of
L. lactis reducing properties to interfere with the expression of S. aureus virulence, thus highlighting this general property of
LAB as a lever to control the virulence expression of this major pathogen in a food context and beyond.

Staphylococcus aureus is a major cause of food poisoning out-
breaks associated with dairy products, because of the ingestion

of staphylococcal enterotoxins preformed in foodstuff (1). In fer-
mented milk products, a strategy to combat S. aureus or any other
pathogen must respect the product ecosystem, which is crucial to
the manufacturing process and the development of the organo-
leptic properties of the final product. Biocontrol based on the use
of nonpathogenic lactic acid bacteria (LAB) appears to be an at-
tractive and sustainable strategy to combat bacterial pathogens.
The ability of LAB to inhibit S. aureus growth has been reported in
several contexts (2–6) and relies on properties such as acidifica-
tion, the production of bacteriocins and hydrogen peroxide, or
competition for nutrients (3, 6–10). LAB are also reportedly able
to interfere with the expression of S. aureus virulence, which in-
cludes staphylococcal enterotoxin production (9, 11, 12). How-
ever, with just a few exceptions (12), the inhibitory mechanisms
underlying this inhibition of virulence are still poorly understood.

We previously investigated the interaction between Lacto-
coccus lactis LD61 and S. aureus MW2 and established that L. lactis
downregulated the expression of the accessory gene regulator
(agr) system of S. aureus in mixed cultures as well as agr-con-
trolled enterotoxins such as enterotoxin C (13, 14). This agr
downregulation by L. lactis was observed under planktonic con-
ditions, in chemically defined medium (CDM) at a constant of pH
6.6 and under microaerobic conditions, and was further validated
under sessile growth conditions in a model cheese (15). The agr
system is a key virulence regulator in S. aureus, controlling the
time course of expression of virulence factors in relation to the
growth phase (1, 16, 17). It combines a two-component system
and a quorum-sensing system (see Fig. S1 in the supplemental
material). The agr system comprises two transcripts, RNAII
(which encodes agrBDCA, the structural components of the quo-
rum-sensing system) and RNAIII (which is the effector molecule
of agr). The agr system itself is tightly regulated by a complex

regulatory network that allows it to respond to several environ-
mental stimuli, which include nutrient availability, pH, and oxy-
gen availability (18–26). Indeed, we previously showed that a drop
in the pH partially accounted for the downregulation of agr ob-
served in a cheese matrix in the presence of L. lactis (15).

The present study was undertaken to unravel the mechanisms
involved in the downregulation of agr in the presence of L. lactis
under planktonic conditions in CDM at a constant pH of 6.6 that
we previously reported (13). First, the production of cyclic dipep-
tide in a Lactobacillus reuteri culture supernatant was previously
shown to downregulate the agr system in a mixed culture (12). We
thus questioned whether agr downregulation by L. lactis was me-
diated by the secretion of an effector or whether it required the
presence of L. lactis cells, metabolically active or not. Second, com-
pilation of our findings revealed that RNAIII downregulation also
occurred with other L. lactis strains (our unpublished results),
suggesting that general properties of L. lactis were involved. The
contributions of a lower pH and proteolysis were excluded in
CDM because the pH was regulated at 6.6 and the nitrogen nutri-
tion of S. aureus was achieved through free amino acids. Never-
theless, we could not totally exclude the contribution of lactic acid
production by L. lactis to agr downregulation, even at a constant
pH of 6.6. A contribution of the reducing properties of L. lactis to

Received 9 July 2014 Accepted 29 August 2014

Published ahead of print 5 September 2014

Editor: J. Björkroth

Address correspondence to Sergine Even, sergine.even@rennes.inra.fr.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.02287-14.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AEM.02287-14

7028 aem.asm.org Applied and Environmental Microbiology p. 7028 –7035 November 2014 Volume 80 Number 22

http://dx.doi.org/10.1128/AEM.02287-14
http://dx.doi.org/10.1128/AEM.02287-14
http://dx.doi.org/10.1128/AEM.02287-14
http://aem.asm.org


agr downregulation was also postulated. L. lactis is well known for
its strong reducing capacities (27, 28). S. aureus senses the redox
environment through several regulators, which in turn regulate
agr expression (29–37). Among these regulators is SrrAB, a redox
sensor that senses low redox potential under conditions of anaer-
obiosis, rather than low oxygen availability itself, and represses agr
expression (34, 36, 37). We thus hypothesized that S. aureus
sensed a low redox potential in the presence of L. lactis through
SrrAB (36, 37). To sum up, the present study was designed to
investigate whether any of the following mechanisms could ac-
count for agr downregulation by L. lactis: (i) lactate production,
independent of a lower pH; (ii) the release of an effector into the
medium; (iii) the necessary presence of L. lactis, alive or not; and
(iv) the decrease of the redox potential and the contribution of
SrrAB to the signaling pathway.

MATERIALS AND METHODS
Bacterial strains and growth conditions. L. lactis subsp. lactis bv. diacety-
lactis LD61 and S. aureus MW2 were used throughout this work (38, 39).

Mixed cultures of S. aureus and L. lactis and pure cultures (used as
controls) were grown in a 2-liter Biostat B Plus fermentor (Sartorius,
Melsungen, Germany) in CDM at 30°C with the pH regulated at 6.6 by the
automatic addition of 10 N KOH, as previously described (13, 14). The
fermentors were equipped with a redox electrode (Pt4805-DPAS-SC K8S/
200; Mettler Toledo), a pH electrode (Easyferm Plus K8 200; Hamilton),
and a dissolved oxygen probe (InPro 6820/12/220; Mettler Toledo). The
redox probes were verified with a standard solution at �300 mV � 30 mV.
The measured redox potential (Em) was corrected with regard to the ref-
erence hydrogen electrode to obtain Eh, as previously described (Eh �
Em � Er, where Er � 204 mV) (40, 41). Eh was not corrected with regard to
pH, as the pH was maintained constant at 6.6 throughout fermentation.
Oxygen probes were used to measure the oxygen pressure (pO2). They
were standardized in air-sparged water for 100% pO2 and in nitrogen-
sparged water for 0% pO2.

Both strains were subcultured and inoculated into the fermentor at
106 CFU ml�1, as previously described (14). Bacterial growth was esti-
mated by determining CFU using a micromethod, as previously described
(14). The number of CFU of the L. lactis population was determined on
M17 (Difco) agar plates supplemented with 0.5% glucose and incubated
at 30°C for 24 h. The number of CFU of the S. aureus population was
determined after growth on tryptic soy broth (AES, Combourg, France)
agar plates supplemented with 6.5% NaCl and incubated at 37°C for 24 h.
Bacterial growth was determined in duplicate for each sample (each time
point of an independent biological replicate).

Experimental design. The growth conditions described below were
used to test the involvement of different mechanisms in agr downregula-
tion in the presence of L. lactis, as mentioned in the introduction.

(i) Reference conditions. Experiments were performed in triplicate
(independent biological repeats) under microaerobic conditions (air in
the headspace of fermentors but no air bubbling). These conditions
(CDM at 30°C with a constant pH of 6.6 under microaerobic conditions)
are referred to here as the reference conditions.

(ii) Lactate production. To test the effect of lactate production on
agr downregulation, culturing of S. aureus MW2 was performed under
reference conditions (CDM with pH regulated at 6.6 under microaero-
bic conditions) with the addition of a lactate concentration corre-
sponding to the maximum concentration obtained in a mixed culture
with L. lactis (i.e., 70 mM).

(iii) Secretion of an effector. To test whether agr downregulation in
the presence of L. lactis was mediated by the secretion of an effector,
S. aureus cells were cultured in L. lactis supernatants. Because L. lactis
LD61 underwent lysis in CDM under reference conditions at entry into
the stationary phase (14), L. lactis culture supernatants were collected
both at the end of the exponential phase (SNexp) and in the stationary

phase (SNstat) (i.e., before and after the lysis of L. lactis LD61). L. lactis
cells were removed by centrifugation (6,500 � g for 10 min at 4°C), and
the supernatant was filter sterilized (0.2 �m) prior to inoculation with S.
aureus.

(iv) Need for live L. lactis. In order to determine whether the presence
of live L. lactis cells was required, experiments using heat-killed L. lactis
cells were performed. L. lactis cells were grown until the end of the expo-
nential phase of growth under reference conditions. The cells were col-
lected by centrifugation, washed, heat killed by incubation for 30 min at
70°C, centrifuged, and suspended in fresh CDM prior to S. aureus inocu-
lation.

(v) Reducing properties of L. lactis. To test whether the decrease of
the redox potential in the presence of L. lactis was involved in agr down-
regulation, we performed two sets of experiments. First, cells were cul-
tured under reference conditions with the addition of potassium ferricya-
nide (24 mM), which was previously used to adjust the redox potential
and which does not interfere with bacterial growth at this concentration
(42). Second, cells were cultured under reference conditions except that
pO2 was maintained at 50%.

Construction of the srrA mutant of S. aureus MW2. The srrA mutant
of S. aureus MW2 was obtained essentially as described previously by
Hiron et al. (43), with the following modifications. Briefly, a recombina-
tion cassette was cloned into Escherichia coli NEB10-beta by using an
overlap PCR technique. This recombination cassette led to the insertion
of a stop codon and an XhoI restriction site in the srrA coding sequence at
position �108, followed by a deletion of 331 bp. To construct this cassette,
two fragments (referred to as boxes A2 and B2, corresponding to the
upstream and downstream regions of the fragment to be deleted, respec-
tively) were PCR amplified from MW2 genomic DNA by using the prim-
ers listed in Table S1 in the supplemental material. Boxes A2 and B2 were
mixed at equal concentrations and used as a template for a second PCR
using only the two external primers. The internal primers BoxA2-srrAB-
R-XhoI and BoxB2-srrAB-F-XhoI contained 20 nucleotides correspond-
ing to boxes B2 and A2, respectively, thus allowing overlap PCR to occur.
The hybrid PCR product, referred to as box A2B2, was cloned into the
pGEM-T vector (Promega, Lyon, France), resulting in plasmid pGEM-T::
BoxA2B2, which was then digested by BamHI and BglII. The BamHI-box
A2B2-BglII fragment was then purified after separation by agarose gel
electrophoresis and cloned into the temperature-sensitive shuttle vector
pMAD (44). The resulting plasmid, pMAD::BoxA2B2, was introduced
into S. aureus MW2 following subcloning into S. aureus RN4220, and
erythromycin-resistant transformants were selected at 30°C, the permis-
sive temperature for pMAD replication. Deletion of the chromosomal
region was subsequently achieved by double-crossover events, as previ-
ously described (44). Chromosomal deletions were checked by PCR (see
Table S1 in the supplemental material) and reverse transcription-quanti-
tative PCR (RT-qPCR), using primers reported previously (15).

RNA extraction and purification. RNA samples from S. aureus in
pure or mixed cultures were obtained and quantified, and their quality
was evaluated as previously described (13).

Reverse transcription-quantitative PCR. RT-qPCR was performed
in triplicate by using oligonucleotides previously designed for gyrB,
RNAIII, agrA, and srrA (15). The gene expression level was first reported
relative to the expression level of gyrB (internal standard) (15). The ex-
pression levels of genes in S. aureus MW2 in the stationary phase (24 h of
culture) in a pure culture were used as a reference. The expression levels of
genes in the exponential and stationary phases in pure and mixed cultures
were then calculated relative to the reference values.

Statistical analysis. All statistical analyses were performed in triplicate
with R software (2013; R Foundation for Statistical Computing, Vienna,
Austria). Statistical analysis was applied to normalized gene expression
levels by using one-way analysis of variance, considering a P value of
�0.05 to identify, for each time point analyzed (exponential phase and
stationary phase), genes displaying a significant change in expression lev-
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els in pure versus mixed cultures. Multiple comparisons of conditions
were achieved by using the Tukey range test.

RESULTS
Lactate is not involved in agr downregulation in the presence of
L. lactis. S. aureus MW2 cells were cultured in the presence of
lactate. No inhibition of S. aureus RNAIII or agrA expression was
observed under these conditions in the stationary phase (Fig. 1).
Indeed, the expressions of RNAIII and agrA were slightly favored
by the addition of lactate. Therefore, regardless of its acidification
potential, lactate is not involved in the agr downregulation ob-
served in mixed cultures.

Live L. lactis is required to downregulate agr expression in
S. aureus. S. aureus was grown in the presence of L. lactis super-
natants. The growth of S. aureus was not altered in SNexp com-
pared to growth in CDM, whereas it was affected when S. aureus
was grown in SNstat. Hence, the final S. aureus population in the
stationary phase was 	5-fold smaller in the SNstat supernatant
than in a pure culture in CDM. The growth of S. aureus in L. lactis
supernatants did not significantly affect RNAIII induction in the
stationary phase compared to a pure S. aureus culture on CDM
(Fig. 1A). Similar trends were observed for agrA (Fig. 1B).

To investigate whether metabolically active lactococcal cells
were required or not, cells were cultured in the presence of heat-
killed L. lactis cells. As shown in Fig. 1A, RNAIII induction in the
presence of heat-killed L. lactis was similar to that observed in a
pure culture of S. aureus, indicating that the mechanism(s) in-
volved in RNAIII downregulation required metabolically active
L. lactis. Likewise, agrA expression was not significantly affected in
the presence of heat-killed L. lactis (Fig. 1B).

Reduction by L. lactis contributes to RNAIII downregula-
tion. Among the mechanisms that could account for agr down-
regulation, we hypothesized that the reducing properties of L. lac-
tis contributed to this downregulation. In the pure L. lactis culture,
the redox potential decreased markedly (down to �167 mV) after
8 h and then increased subsequently, at the same time that the pO2

increased (Fig. 2B). The pO2 increased at the time when the culti-
vability of L. lactis declined (Fig. 2A). In the S. aureus pure culture,
the redox potential decreased following a three-step kinetic (Fig.
2): first, a drop corresponding to oxygen exhaustion (after 4 h)
was observed; next, a slow decline of the redox potential was ob-
served until 10 h of culture, corresponding to the end of the expo-
nential phase of growth; and finally, the redox potential reached
its final value (�100 mV) after 20 h, corresponding to the station-
ary phase. In the mixed culture, a rapid decrease in the redox
potential was observed compared to the pure S. aureus culture,
reaching �178 mV after 8.5 h of culture. The redox potential then
increased and remained constant at �100 mV until 24 h, as in the
pure S. aureus culture. The redox potential therefore remained
lower in the mixed culture than in the pure S. aureus culture up to
20 h of culture.

To evaluate the impact of the lower redox potential in the pres-
ence of L. lactis on agr expression, we performed two sets of ex-
periments designed to compensate for the reduction in redox po-
tential in a mixed culture (see Materials and Methods). In the
presence of potassium ferricyanide, the initial redox potential
was higher than that under reference conditions (�500 to 600
mV versus �150 mV) (see Fig. S2 in the supplemental mate-
rial). The redox potential decreased only moderately until 15 to
16 h, which corresponded to entry into the stationary phase of

both pure S. aureus and mixed cultures. A sharp decrease then
occurred, reaching final plateaus at �10 and �110 mV in the
mixed and pure S. aureus cultures, respectively. As observed under
the reference conditions, the induction of RNAIII occurred in
pure S. aureus cultures in the presence of potassium ferricyanide
(Fig. 3B). Interestingly, in mixed cultures in the presence of po-
tassium ferricyanide, RNAIII downregulation by L. lactis was par-
tially released in the stationary phase. Hence, in the stationary
phase, the RNAIII expression level was 52-fold lower in the pres-
ence of L. lactis than in a pure S. aureus culture under reference
conditions, whereas the repression factor was only 14-fold in the
presence of potassium ferricyanide (Fig. 3A and B). A similar
trend was observed for agrA expression (Fig. 3D and E).

A second set of experiments was performed by maintaining the
pO2 constant at 50%. Under these conditions, the Eh was kept high
(	220 mV) in both pure and mixed cultures during the entire
experiment, and similar growth of S. aureus was obtained in both
pure and mixed cultures (data not shown). In a pure S. aureus
culture, the RNAIII expression profile was modified compared to
that under reference conditions because the agr system was
already strongly induced in the exponential phase. Indeed, the
expression levels of RNAIII and agrA even decreased in the
stationary phase in pure cultures (Fig. 3C and F). In mixed
cultures with a pO2 at 50%, RNAIII and agrA downregulation
by L. lactis was completely eliminated. Hence, in mixed cultures,
the expression levels of RNAIII and agrA were similar to the levels
obtained in pure S. aureus cultures in the exponential phase and
were even higher in the stationary phase.

Downregulation of the agr system by L. lactis is not mediated
by SrrAB in S. aureus. The involvement of SrrAB in signaling low
redox potential was tested by constructing an srrA-null mutant
(see Materials and Methods). In experiments with mixed cultures,
RNAIII and agrA downregulation still occurred in the srrA mutant
and was even more pronounced (see Fig. S3 in the supplemental
material), indicating that SrrAB was not involved in agr down-
regulation by L. lactis.

DISCUSSION
The reducing properties of L. lactis contribute to agr downregu-
lation. In previous studies, we established the ability of L. lactis
LD61 to inhibit the agr system under planktonic conditions in
CDM (referred to as reference conditions in the present study)
(13). Here, we have clearly demonstrated that the reducing prop-
erties of L. lactis contributed to the downregulation of the agr
system in mixed cultures. Hence, the redox potential was lower in
mixed than in pure cultures of S. aureus until 20 h. This was likely
the result of the strong reduction capacity of L. lactis, because it
also occurred in the pure L. lactis culture. The contribution of this
lower redox potential to agr downregulation was established by
the partial release of agr system (RNAIII and agrA) downregula-
tion when reduction of the medium by L. lactis was neutralized by
either adding potassium ferricyanide or maintaining the pO2 con-
stant at 50%.

It was observed that the reduction activity of L. lactis and the
downregulation of agr were not strictly correlated (Fig. 2B and 3A
and D): RNAIII and agrA downregulation occurred in the station-
ary phase, whereas there were no longer any differences in redox
potential at that time (24 h). However, the agr system is an auto-
inducing system (see Fig. S1 in the supplemental material). The
lower redox potential in mixed than in pure S. aureus cultures
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FIG 1 Expression of the agr system in S. aureus MW2 in the stationary phase under various conditions. Cells were cultured in CDM at a constant pH of 6.6 under
microaerobic conditions. S. aureus was grown either alone (MW2), in the presence of L. lactis LD61 (MW2�LD61), with lactate (MW2�lact), in the supernatant
of L. lactis LD61 grown under reference conditions until the exponential phase of growth (MW2�SnLD61exp) or the stationary phase of growth
(MW2�SnLD61stat), or in the presence of heat-killed L. lactis LD61 (MW2�LD61HK). The expression levels of RNAIII (A) and agrA (B) were determined by
RT-qPCR and are expressed relative to those of RNAIII and agrA in the stationary phase in a pure S. aureus culture (100%), respectively. Multiple comparisons
of RNAIII and agrA expression levels under various conditions were achieved by using the Tukey range test and are indicated by letters. The final S. aureus
population (black squares) is also plotted in panel A.

L. lactis Reduction Downregulates S. aureus Virulence

November 2014 Volume 80 Number 22 aem.asm.org 7031

http://aem.asm.org


from the middle of the exponential phase of growth of S. aureus to
20 h of culture probably inhibited autoinduction of the agr system
during this period, thus precluding any further induction during
the stationary phase.

L. lactis downregulation of agr relies on oxygen-independent
mechanisms. The reducing properties of L. lactis rely on two
different mechanisms. The first is oxygen dependent and corre-
sponds to the elimination of oxygen by NADH oxidase (NoxE)
(41). The second is oxygen independent and involves the electron
transport chain. L. lactis does not possess a complete electron
transport chain. However, some components, such as the mem-
brane NADH dehydrogenases NoxA and NoxB as well as
menaquinones (MK), have been shown to contribute to these ox-
ygen-independent reducing properties by oxidizing compounds
other than oxygen (41). In particular, L. lactis produces short-
chain quinone species that are involved in the reduction of O2,
Fe3�, and Cu2� in medium (45). Interestingly, L. lactis can also be
a source of quinone for group B streptococci (GBS), which are
naturally deficient in MK biosynthesis via bacterial lysis or by di-
rect cell-cell interactions (45). Alternatively, the oxygen-indepen-
dent reducing capacities of L. lactis may be related to the presence
of exofacial thiol groups on the bacterial cell surface, as previously
observed (46). These exofacial thiol groups are displayed on pro-
teins anchored to the cell surface, resulting in a reducing microen-
vironment around the cell.

During our study, the pO2 fell to 0% after 3 to 4 h of growth in
both pure cultures of S. aureus and mixed cultures, and differences
in redox potentials between these two conditions occurred once
oxygen had been eliminated. This indicates that the reducing
properties of L. lactis responsible for the lower redox potential in
mixed cultures than in pure S. aureus cultures, and hence agr
downregulation, rather rely on oxygen-independent mechanisms.

It is generally admitted that extracellular, and consequently
intracellular, redox potential can drastically affect bacterial phys-
iology. However, studies that have focused on the role of redox
potential are scarce. Hence, it was previously established that the
redox potential can influence the growth of bacteria, including
starter LAB (47, 48), probiotic bacteria (49, 50), and undesirable
bacteria (51). However, to our knowledge, although a direct effect
of the redox potential on bacterial growth has been proven
through chemical control of the redox potential or a modification
of the gas environment (H2 and N2) (47–51), the effects of the
reducing properties of LAB on the growth of pathogens or unde-
sirable bacteria have never been clearly addressed. Redox potential
is a complex parameter to study: it is not easy to grasp (black box
with several inputs and outputs), and it is difficult to control.
Increasing the complexity of the system by adding bacterial inter-
actions probably explains the scarcity of reports in this field. Nev-
ertheless, some papers have mentioned that the reducing potential
of LAB likely influences the growth of pathogens (27, 52). This
assumption was not supported by experiments but rather relied
on the previously generally accepted idea that the reducing prop-
erties of LAB were related to oxygen consumption only. In other
words, the consumption of oxygen by LAB results in an anaerobic
environment, which may impair the growth of obligate aerobes.
The same assumption can be made for virulence expression in-
stead of growth. Indeed, it could be assumed that the oxygen-
dependent reducing properties of L. lactis, i.e., its ability to elimi-
nate oxygen, would influence the expression of S. aureus
virulence, in the same way that oxygen exhaustion has been shown

FIG 2 Kinetics of growth (A), redox potential (B), and partial oxygen
pressure (C) in cultures of L. lactis LD61 alone (open squares), S. aureus
MW2 alone (black squares), or S. aureus MW2 with L. lactis LD61 (gray cir-
cles). Cultures were performed under reference conditions, i.e., in CDM at a
constant pH of 6.6 under microaerobic conditions. Shown are the kinetics
from one representative experiment out of the three performed.
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to influence the expression of S. aureus virulence in pure cultures
(26, 37, 53). However, the effect of L. lactis reducing properties,
including oxygen-dependent and -independent mechanisms, on
virulence expression in food pathogens such as S. aureus has never
been explored. Our study rigorously demonstrates that the reduc-
ing properties of L. lactis can downregulate the expression of the
agr system, a major staphylococcal virulence regulator. Further-
more, the monitoring of both redox potential and oxygen pressure
allowed us to discriminate between oxygen-dependent and oxy-
gen-independent mechanisms.

In an attempt to identify the signaling pathways involved in agr
downregulation by L. lactis, an srrA-null mutant was constructed.
SrrAB has been shown to sense low redox potential under condi-
tions of anaerobiosis, rather than oxygen availability itself, and to
repress agr expression (36, 37). The activation signal is thought to
be reduced menaquinones (54). In addition, srrAB is also under
the control of Rex, which senses the NADH:NAD� ratio (33). The
expression level of srrA was measured in both pure and mixed S.
aureus cultures, which revealed that it was 4-fold higher in mixed
than in pure S. aureus cultures in the stationary phase (data not
shown). This higher expression level of srrA in mixed cultures was
in agreement with the release of Rex repression (33) and the au-
toinduction of srrAB expression under reduced conditions (37).
These findings thus corroborated the hypothesis that SrrAB
sensed the lower redox potential in the presence of L. lactis. SrrAB
was thus postulated to be the most promising candidate among all
the other redox sensors. However, agr downregulation still oc-

curred in an srrA mutant of S. aureus. This suggests that either
SrrAB did not mediate agr downregulation by L. lactis reducing
properties or SrrAB was not the sole regulator involved in the
signaling pathway. Indeed, other transcriptional regulators in-
volved in the regulatory network controlling agr expression have
been shown to be redox sensitive. These transcriptional regulators
include SarA, SarZ, MgrA, Rex, AirSR, and the agr system itself
(29–37, 55), although the role of these regulators at low redox
potential has not yet been clearly established. The signaling path-
ways involved in agr downregulation by L. lactis reducing proper-
ties probably rely on several of these redox-sensitive regulators, in
view of the redundancy between these regulators in terms of sig-
nals and regulons. Surprisingly, agr downregulation was even
more pronounced in the S. aureus srrA mutant. The redox status
of cells is known to be altered in an srrAB mutant because of the
higher levels of tricarboxylic acid (TCA) cycle enzymes found in
an srrAB mutant than in the wild type, combined with lower levels
of alcohol and lactate dehydrogenases (36). The altered redox sta-
tus of the cells may have reinforced and/or acted synergistically
with the L. lactis effect.

The search for other mechanisms involved in agr downregu-
lation by L. lactis. The release of agr downregulation by L. lactis in
the presence of ferricyanide was partial, suggesting the involve-
ment of other mechanisms. Although we did not identify these
other mechanisms, we were able to definitely exclude any contri-
bution of lactate production by L. lactis, at a neutral pH, to agr
downregulation. The lack of an effect of L. lactis supernatants on

FIG 3 RNAIII expression (A to C) and agrA expression (D to F) of S. aureus MW2 in a pure culture (black) and in mixed cultures with L. lactis LD61 (gray). Cells
were cultured under reference conditions (CDM at a constant pH of 6.6 under microaerobic conditions) (A and D), under reference conditions with the addition
of potassium ferricyanide (B and E), and in CDM at a constant pH of 6.6 and with pO2 at 50% (C and F). The expression levels of RNAIII and agrA were
determined by RT-qPCR during the exponential (exp) and stationary (stat) phases of growth and are expressed relative to those of RNAIII and agrA in the
stationary phase in a pure culture (100%), respectively. Significant changes of expression levels in pure versus mixed cultures were determined for each time point
by using one-way analysis of variance and are indicated by asterisks (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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agr expression also revealed that the downregulation of agr by
L. lactis was not due to the secretion of an inhibitory compound by
L. lactis, unless this compound is highly labile. Furthermore, this
result also indicates that agr downregulation was not due to the
exhaustion of a nutrient or effector required for agr induction
under mixed-culture conditions. The agr system is a quorum-
sensing-controlled system and thus directly senses population
density (19). A smaller population of S. aureus in a mixed culture
could thus also contribute to weaker agr induction under these
conditions. However, even if the final S. aureus population ob-
tained in a mixed culture with L. lactis was similar to that obtained
in SNstat, RNAIII expression was strongly downregulated in the
presence of L. lactis and was hardly affected when S. aureus was
grown in SNstat. This indicates that L. lactis downregulation of
RNAIII expression was not due to the smaller S. aureus population
under mixed-culture conditions. Further experiments will now be
necessary to complete the mechanistic scheme of agr downregu-
lation by L. lactis.

In conclusion, it appears that the ability of L. lactis to down-
regulate the agr system relies on at least two general properties of
LAB: their ability to decrease both pH (15) and redox potential via
oxygen-independent mechanisms (this study). Taking account of
these two properties as both technological and sanitary parame-
ters should contribute to a rational use of LAB starter strains that
are able to limit the expression of this major staphylococcal viru-
lence regulator and, as a result, of agr-controlled enterotoxins.
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