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Abstract

The foodborne pathogen Listeria monocytogenes is the causative agent of the invasive disease listeriosis. Infection by L. monocytogenes
involves bacterial crossing of the intestinal barrier and intracellular replication in a variety of host cells. The PrfA protein is the master regulator
of virulence factors required for bacterial entry, intracellular replication and cell-to-cell spread. PrfA-dependent activation of virulence genes
occurs primarily in the blood and during intracellular infection. In contrast, PrfA does not play a significant role in regulation of virulence gene
expression in the intestinal environment. In the gastrointestinal phase of infection, the bacterium encounters a variety of antimicrobial agents,
including medium- and long-chain free fatty acids that are commonly found in our diet and as active components of bile. Here we show that
subinhibitory concentrations of specific antimicrobial free fatty acids act to downregulate transcription of PrfA-activated virulence genes.
Interestingly, the inhibitory effect is also evident in cells encoding a constitutively active variant of PrfA. Collectively, our data suggest that
antimicrobial medium- and long-chain free fatty acids may act as signals to prevent PrfA-mediated activation of virulence genes in environments

where PrfA activation is not required, such as in food and the gastrointestinal tract.
© 2017 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Listeria monocytogenes is a Gram-positive bacterial path-
ogen that thrives in various environments, ranging from soil
and foods to different types of hosts [1]. The bacterium enters
the gastrointestinal tract of the host via ingestion of contam-
inated foods. In susceptible individuals, L. monocytogenes
may cross the intestinal barrier, the placental barrier and the
blood—brain barrier, causing life-threatening diseases such as
bacteremia and meningitis [1]. During infection, the bacterium
gains access to the cytoplasm of host cells, multiplies within
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the intracellular niche and spreads from cell to cell through
host actin polymerization [1,2]. The transcription regulator
PrfA controls the expression of key virulence factors that are
necessary for the intercellular lifestyle of L. monocytogenes
[2,3]. To activate transcription, the PrfA protein binds to a
specific DNA sequence, the PrfA box, located in the promoter
regions of virulence genes belonging to the core PrfA regulon
[3]. PrfA-regulated virulence genes encode proteins essential
for bacterial entry into non-professional phagocytic cells
(internalins InlA and InIB), escape from host cell vacuoles
(hemolysin LLO, phospholipases PlcA and PlcB, metal-
loprotease Mpl), replication in the host cytosol (sugar phos-
phate transporter Hpt) and actin polymerization and cell-to-
cell movement (surface protein ActA, internalin InlC) [2—4].
Furthermore, transcription of prfA is positively autoregulated
by the PrfA protein itself [3,4]. At the post-transcriptional
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level, PrfA is regulated by an RNA thermosensor leading to
increased production of PrfA at body temperature [5]. The
activity of the PrfA protein is usually very low in the external
environment but, upon infection of mammalian cells, PrfA
undergoes a conformational switch from an “inactive” to its
“active” form leading to a strong induction of PrfA-regulated
virulence genes [2—4]. Bacterial and host-derived glutathione
was recently described as a signaling molecule facilitating
PrfA activation in the intracellular environment [6—8].
Furthermore, a small peptide pheromone (PplA) produced by
L. monocytogenes may also facilitate PrfA activation [9].
Several mutant variants of PrfA locked in the “active”
conformation have been identified [2—4,10]. L. mono-
cytogenes carrying such a prfA* mutation constitutively ex-
presses PrfA-regulated virulence genes in vitro and bypasses
the need for bacterial and host-derived signaling molecules for
PrfA activation [2—4,6,9—11].

The alternative stress sigma factor, Sigma B (SigB), con-
trols expression of genes that are important for growth and
survival of L. monocytogenes under general stress conditions,
such as low pH and osmotic stress [12]. Furthermore, sub-
stantial evidence suggests a role for SigB in L. monocytogenes
virulence. SigB is known to modulate PrfA-mediated viru-
lence factor expression; firstly, one of the promoters upstream
from prfA depends on SigB [13,14]; secondly, the PrfA-
regulated internalin coding genes are preceded not only by a
PrfA box, but also a SigB promoter [15]. SigB and PrfA most
likely act to promote growth and survival of L. monocytogenes
at different stages of infection. Whereas PrfA is important for
transcription activation of virulence genes during replication
in the blood and the intracellular environment, SigB primarily
plays a role in controlling gene expression during adaptation
to the intestinal environment [16,17].

Free fatty acids (FFAs) have long been known to exhibit
potent antimicrobial activity against bacteria [18]. The pri-
mary target of FFAs is the bacterial cell membrane, where they
disrupt essential biological processes that occur within the
membrane, but the exact mechanism underlying the antimi-
crobial activity of FFAs is not well understood [18]. As a
foodborne pathogen, L. monocytogenes encounters a variety of
both unsaturated and saturated medium- and long-chain FFA
in foods and in the gastrointestinal tract of the host. Besides
being present in our diet, specific FFAs, such as the unsatu-
rated long-chain FFAs linoleic acid (C18:2), oleic acid (C18:1)
and arachidonic acid (C20:4), are also known as active con-
stituents of bile [19]. Interestingly, at subinhibitory concen-
trations, unsaturated long-chain FFAs have been shown to
inhibit the expression of virulence factors in the intestinal
pathogens Vibrio cholerae [19] and Salmonella enterica
[20,21]. Studies of FFAs present in milk revealed that the
saturated medium-chain FFA lauric acid (C12:0), as well as
unsaturated long-chain FFAs linoleic acid (C18:2) and Y¥-
linolenic acid (C18:3), exhibit a strong bactericidal effect on
L. monocytogenes [22,23]. Intriguingly, the invasive efficiency
of L. monocytogenes in Caco-2 enterocyte-like cells, which is
mediated by the PrfA- and SigB-regulated internalin InlA,
was strongly decreased in the presence of subinhibitory

concentrations of these FFAs [22]. The mechanism underlying
the inhibitory effect of medium- and long-chain FFAs on in-
vasion was not elucidated.

In this study, we sought to examine the effect of medium-
and long-chain FFAs on virulence gene expression in L.
monocytogenes. Interestingly, we found that subinhibitory
concentrations of antimicrobial FFAs act to downregulate the
expression of PrfA-activated genes. Importantly, the inhibitory
effect was also seen in the strain EGD-prfA*, expressing a
constitutively active variant of PrfA. Our findings suggest that
selected medium- and long-chain FFAs may act as signaling
molecules to prevent PrfA-dependent activation of virulence
genes in L. monocytogenes.

2. Materials and methods
2.1. Bacterial strains, plasmids and growth conditions

For this study, the wild type L. monocytogenes EGD sero-
type 1/2a and its isogenic mutant derivatives AprfA [24] and
AsigB [25] were used. The strain EGD-prfA*, expressing the
mid-level constitutively active PrfA mutant derivative PrfA-
GI155S [10,11], and the strain EGD-prfA*-FLAG, expressing
N-terminal 3 x FLAG-tagged PrfA-G155S, were constructed
by using the temperature-sensitive shuttle vector pAUL-A
[26]. For construction of strain EGD-prfA*, primers G155S-
A, -B, -C and -D were used for a 2-step PCR amplification
of a fragment containing the desired prfA* substitution (for
primers, see Table S1). For N-terminal FLAG-tagging of
prfA*, the primers PrfA-3 x FLAG-1, -2, -3 and -4 (Table S1)
were employed for a 2-step PCR amplification of a fragment
containing the 3 x FLAG-tag coding sequence inserted be-
tween codon 2 and 3 of prfA*. The DNA fragments were
inserted into pAUL-A and the resulting plasmids were intro-
duced into L. monocytogenes as described previously [27].
Homologous recombination was achieved as described in [28].
The plasmid phly-lacZ, containing a transcriptional fusion
between the hly promoter and the lacZ gene, was constructed
in a previous study [29]. The plasmid plhrA36-lacZ, contain-
ing a transcriptional fusion between the core promoter of the
IhrA gene and lacZ, was constructed previously [30]. L.
monocytogenes was routinely grown at 37 °C with aeration in
brain heart infusion broth (BHI, Oxoid). When appropriate,
cultures were supplemented with kanamycin (50 pg/mL) or
erythromycin (5 pg/mL). For cloning in pAUL-A, Escherichia
coli TOP10 (Invitrogen) was grown at 37 °C in Luria—Bertani
broth supplemented with 150 pg/mL erythromycin.

2.2. Growth experiments in the presence of FFAs

Overnight (ON) cultures in BHI were diluted to optical
density at wavelength 600 (ODgpp) = 0.0002, and 5 mL was
transferred to glass tubes and supplemented with increasing
concentrations of FFAs. The following FFAs (purity > 99%)
were used: eicosapentaenoic acid (EPA; C20:5; Sigma-
—Aldrich); y-linolenic acid (GLA; C18:3; Sigma—Aldrich);
palmitoleic acid (PA; C16:1; Sigma—Aldrich); lauric acid
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(LA; C12:0; Nu-chek prep); palmitic acid (PAL; C16:0; Nu-
chek prep); and stearic acid (SA; C18:0; Nu-chek prep). The
FFAs were dissolved in 96% ethanol. Ethanol control samples
were included in all experiments where cultures were sup-
plemented with FFAs. The ethanol concentration in the control
sample was equal to that in the sample stressed with the
highest concentration of FFA. After 20 h, growth was
measured by determining the colony forming units (CFU) and/
or ODggg values. Furthermore, the CFU of the diluted ON
cultures was determined.

2.3. Purification of RNA and northern blot analysis

L. monocytogenes strains were grown in BHI medium until
ODgoo = 0.35. Then, the cultures were split and subinhibitory
concentrations of FFAs were added to the following final
concentrations: 4 pg/mL EPA, 4 pg/mL. GLA and 2 pg/mL
PA. As controls, cultures were left untreated or ethanol was
added corresponding to the final concentration present in the
FFA-treated culture containing the highest amount of ethanol.
After 1 h of incubation, 10 mL samples were drawn, snap-
cooled in liquid nitrogen and centrifuged at 11,000 relative
centrifugal force (rcf) for 3 min at 4 °C. Total RNA was pu-
rified as described previously [31]. Northern blot analysis was
performed as previously described with few modifications
[32]. Briefly, 20 pg of total RNA were loaded on a formal-
dehyde agarose gel next to 7.5 pL of RNA marker (Dyna-
Marker Prestain Marker for RNA High, BioDynamics).
Samples were separated for 3 h prior to capillary blotting on a
nylon Zeta-Probe GT membrane (Bio-Rad). The membrane
was hybridized with ?P-labeled DNA probes (Amersham
Megaprime DNA labeling system, GE Healthcare). The for-
ward and reverse primers used for PCR amplification of the
DNA probes are listed in Table S1.

2.4. Preparation of protein samples and western blot
analysis

L. monocytogenes ON cultures grown in BHI were diluted
to ODgpo = 0.02 and grown until ODgoq = 0.3 where the
cultures were split. FFAs were added to the following final
concentrations: 4 pg/mL EPA; 4 pg/mL GLA; 2 pg/mL PA;
10 pg/mL LA; 3 pg/mL or 100 pg/mL SA; 2 pg/mL or
150 pg/mL PAL. As controls, cultures were left untreated or
ethanol was added corresponding to the final concentrations
present in two of the FFA-treated cultures. After 1 and 3 h of
FFA exposure, 4 mL samples were centrifuged at 3000 rcf for
7 min. Supernatant was removed and pellets stored at —80 °C
until further use. Cell pellets were thawed on ice and re-
suspended in lysis buffer (0.1 M NaCl, 50 mM Tris—HCl
pH 7.5, 10 mM EDTA, 0.5% SDS). Cells were lysed in a
FastPrep FPI20 instrument (Thermo Electron Corporation) at
speed 6.0 for 2 cycles of 40 s with intermediate cooling. Lysed
samples were heated at 95 °C for 5 min and centrifuged at
1200 rcf for 5 min. Supernatants were transferred to new tubes
and centrifuged for 10 min at 20,000 rcf. The resulting protein
samples were stored at —20 °C until use. Western blot

analysis, antibody detection and amido black staining was
performed as described earlier [33] with the following modi-
fication: blotting was performed at 120 mA for 45 min. For
detection of FLAG-tagged PrfA, monoclonal o-FLAG anti-
body M2 (Sigma) was diluted 1:20,000. Monoclonal primary
antibodies a-Act and o-LLO (Abnova) were diluted 1:3000.
Mouse HRP-conjugated secondary antibody (DakoCytoma-
tion) was diluted 1:3000. All blots were developed using
Luminata Forte Western HRP substrate (Millipore) and
detected with the ChemiDoc XRS Imaging system (Biorad).

2.5. B-galactosidase assays

On cultures of L. monocytogenes EGD wild type, AprfA or
prfA* strains containing plasmids phly-lac, plhrA36-lacZ or
the empty vector pTCV-lac [34] were diluted to ODgno = 0.02.
At ODgog = 0.3, the cultures were split and FFAs were added
to the following final concentrations: 3 pg/mL EPA; 3 pg/mL
GLA; 2 pg/mL PA; 10 ng/mL LA; 3 pg/mL or 100 pg/mL SA;
2 pg/mL or 150 ng/mL PAL. As controls, cultures were left
untreated or ethanol was added corresponding to two of the
final concentrations present in the FFA-treated cultures. [3-
galactosidase assays were performed as previously described
[28].

3. Results

3.1. Role of PrfA and SigB in the response of L.
monocytogenes fo unsaturated long-chain FFAs

A possible involvement of the stress sigma factor SigB and
the key virulence regulator PrfA in the response to unsaturated
long-chain fatty acids was assessed by subjecting L. mono-
cytogenes EGD wild type, AsigB and AprfA strains to growth
in BHI medium containing various concentrations of palmi-
toleic acid (PA; C16:1) and y-linolenic acid (GLA; C18:3). As
the FFAs were diluted in 96% ethanol, control samples were
included containing the highest concentration of ethanol added
to the cultures. After 20 h of growth, the optical density and
CFU values of the cultures were recorded. In line with pre-
vious observations, GLA and PA exert an antimicrobial effect
on L. monocytogenes in BHI medium (Fig. 1) [18,22]. At
20 pg/mL of GLA and 10 pg/mL of PA, growth of the wild
type and AsigB strains was restricted. In contrast to this, the
AprfA mutant was capable of growing in the presence of GLA
and PA (Fig. 1). This observation suggests that PrfA acts to
increase the sensitivity of L. monocytogenes to the unsaturated
long-chain FFAs GLA and PA in BHI medium.

To further explore the role of PrfA in the response to
various FFAs, growth of L. monocytogenes wild type, AprfA
and prfA* strains was recorded in the presence of increasing
concentrations of GLA, PA, the unsaturated long-chain FFA
eicosapentaenoic acid (EPA; C20:5), the saturated medium-
chain FFA lauric acid (LA; C12:0), and the saturated long-
chain FFAs stearic acid (SA; C18:0) and palmitic acid
(SAL; C16:0) (Fig. 2). For the saturated long-chain fatty acids
SA and PAL, no growth inhibition was observed for any of the
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Fig. 1. Growth of L. monocytogenes EGD wild type (white bars), EGDAprfA (gray bars) and EGDAsigB (black bars) in the presence of 20 pg/mL GLA or 10 pg/
mL PA. After 20 h of growth, ODg (left) and CFU values (right) were determined. As controls, growth was measured for untreated cultures (C) and cultures
treated with ethanol (Et) corresponding to the final concentrations in samples exposed to GLA (0.4% ethanol) or PA (0.1% ethanol). Furthermore, the CFU/mL at
time O of the growth experiment was determined (Background). The average of three independent biological replicates is shown.

strains tested, supporting a previous report stating that these
FFAs are not active against L. monocytogenes in BHI broth
[22]. Like GLA and PA, the FFAs EPA and LA exerted an
antimicrobial effect against the wild type strain (Fig. 2). With
respect to PrfA, growth was recorded for the AprfA strain in
the presence of GLA, PA, EPA and LA, at concentrations that
were inhibitory to both the wild type strain and the mutant
strain expressing the constitutively active PrfA* protein.
Apparently, the presence of wild type PrfA or PrfA* renders L.
monocytogenes more sensitive towards the medium- and long-
chain FFAs exerting an antimicrobial activity against this
pathogen. These results further substantiate a role for PrfA in
the response of L. monocytogenes to antimicrobial FFA.

3.2. Exposure to subinhibitory concentrations of
antimicrobial FFAs reduces the mRNA levels of PrfA-
activated virulence genes

To assess the effects of antimicrobial FFAs on the expres-
sion of PrfA-regulated genes, we performed a northern blot-
ting experiment. First, L. monocytogenes wild type, AprfA and
prfA* cultures were grown to early exponential phase in BHI

medium. Then, the cultures were split and exposed to subin-
hibitory concentrations of EPA, PA or GLA. Samples corre-
sponding to cells grown under non-stress conditions or
exposed to ethanol were included as controls. Growth was
recorded for all strains tested throughout the experiment
(Fig. S1). One h after FFA exposure, cells were harvested for
RNA extraction. The mRNA level of PrfA-dependent viru-
lence genes was assessed by northern blot analysis using
radiolabeled probes specific for virulence genes prfA, plcA,
pleB, hly, actA and inlA. An overview of the promoters and
expected transcript lengths of the PrfA-regulated virulence
genes is shown in Fig. 3, and the result of the northern blot
analysis is shown in Fig. 4. In BHI broth, PrfA-dependent
activation of the virulence genes in the wild type strain is
known to be relatively low. In line with this, faint bands cor-
responding to the expected transcripts were observed for the
control samples of the wild type strain (EGD; lanes C and Et).
Except for inlA, these bands were not observed in the control
samples of the mutant strain lacking PrfA (EGDAprfA; lanes
C and Et), supporting that PrfA is essential for the expression
of most virulence genes. In the prfA* mutant strain, all viru-
lence genes tested were highly expressed in a PrfA-dependent
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Fig. 2. Growth of L. monocytogenes EGD wild type (white bars), EGDAprfA (gray bars) and EGD-prfA* (black bars) in the presence of increasing concentrations
of EPA, GLA, PA, LA, SA and PAL. ODgq values were determined after 20 h of growth. As controls, ODgno was measured for untreated cultures (C) and cultures
treated with 0.07—0.36% ethanol (Et) corresponding to the final concentrations in cultures exposed to FFAs. The average of three independent biological replicates

is shown.
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Fig. 3. Schematic overview of the PrfA-regulated genes and transcripts tested in this study. The PrfA binding sites are indicated by black boxes; the known
promoters (P) and transcripts (dotted lines) are indicated. Below the dotted lines, the approximate lengths in of the transcripts are shown [3,42—44]. Modified from

Ref. [3].

manner under the control conditions, clearly demonstrating the
ability of the constitutively active PrfA* protein to activate
transcription during growth in BHI medium (EGD-prfA*;
lanes BHI and Et). Intriguingly, upon exposure to subinhibi-
tory concentrations of EPA, PA or GLA, PrfA-dependent
virulence gene expression was repressed in the prfA* mutant
strain as well as the wild type strain. These results indicate that
at subinhibitory levels, antimicrobial FFAs act as a signal to
repress transcription of PrfA-dependent virulence genes in L.
monocytogenes.

3.3. The cellular levels of virulence factors LLO and
ActA are downregulated in response to subinhibitory
concentrations of antimicrobial FFAs

To further investigate the effect of FFAs on PrfA-dependent
virulence gene expression, the cellular protein levels of PrfA,
ActA and LLO were assessed by western blot analysis. For
these experiments, a strain encoding a FLAG-tagged PrfA*
variant was constructed, which allows detection of PrfA*
protein levels using a-FLAG antibodies (Fig. S2A and S2B).
The FLAG-tag did not interfere with the ability of PrfA* to

activate transcription of hly, and at the RNA level, the strains
EGD-prfA*-FLAG and EGD-prfA* respond equally well to
the presence of subinhibitory concentrations of EPA
(Fig. S2C). Levels of the virulence factors ActA and LLO
were assessed using antibodies raised against these proteins.
The strain expressing FLAG-tagged PrfA* was grown in BHI
medium to early exponential phase; the culture was split and
cells were exposed to subinhibitory concentrations of EPA,
GLA, PA or LA. Alternatively, cells were treated with com-
parable levels of SA or PAL, or the highest concentration of
SA or PAL that could be added to the cultures without causing
precipitations in the growth medium. As controls, cultures
were left untreated or were exposed to two relevant concen-
trations of ethanol. Growth of the cultures was followed
throughout the experiment (Fig. S3C). After 1 and 3 h of FFA
exposure, cells were harvested and lysed and the cellular
fractions were employed for western blot analysis (Fig. 5A
and B; Fig. S3A and S3B). After 1 h of FFA exposure, only
minor differences between the FFA treated and control sam-
ples were observed for LLO and ActA (Fig. 5A), whereas,
after 3 h, their levels were clearly reduced in cells exposed to
the antimicrobial FFAs EPA, GLA, PA and LA (Fig. 5B;
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Fig. 4. Northern blot analysis of PrfA-regulated virulence genes in L. monocytogenes EGD wild type, EGD-prfA* and EGDAprfA. Samples were taken from
cultures exposed to subinhibitory concentrations of EPA, PA or GLA for 1 h as well as control samples from untreated cultures (C) or cultures treated with 0.08%
ethanol (Et). The northern blots were probed for prfA, picB, picA, hly, actA, inlA and 16S (loading control). Relative levels of the transcripts (normalized to 16S)
are shown below each lane. For comparison, the transcript lengths of the size marker are shown to the left.
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Fig. 5. Western blot analysis of LLO, ActA and PrfA*-FLAG. For the
experiment presented in (A) and (B), samples were taken from L. mono-
cytogenes EGD-prfA*-FLAG exposed to subinhibitory concentrations of EPA,
GLA, PA, LA or comparable levels of SA or PAL for 1 h (A) or 3 h (B),
respectively. Alternatively, samples were taken from EGD-prfA*-FLAG
treated with the highest concentration possible of SA (SA+) or PAL (PAL+).
As controls, samples were drawn from untreated cells (C) or cells exposed to
0.01% (Et) or 0.1% (Et+) of ethanol. For the experiment presented in (C),
samples were taken from L. monocytogenes EGD wild type and EGD-prfA*
exposed to subinhibitory concentrations of EPA, GLA or PA for 3 h. As
controls, cells were left untreated (C) or exposed to a final concentration of

compare lane Et with lanes EPA, GLA, PA and LA). Addition
of the non-inhibitory FFAs SA and PAL did not affect the level
of these virulence factors (Fig. 5B; compare lane Et with SA
and PAL, and Et+ with SA+ and PAL+-). As the expression of
PrfA is autoregulated in a positive manner, we would expect to
see a decrease in the level of PrfA*-FLAG protein in response
to the antimicrobial FFAs. Indeed, a minor decrease in the
level of FLAG-tagged PrfA* protein was detected after 3 h of
FFA exposure, when comparing the samples treated with the
antimicrobial FFAs, to the controls (C and Et) (Fig. 5B).
However, after 1 h of FFA exposure, the levels of PrfA*-
FLAG were comparable under all conditions tested (Fig. 5A).

To eliminate involvement of the FLAG-tag on the results
obtained in the western blot analysis, the cellular levels of
LLO and ActA was also examined in strains expressing wild
type PrfA and PrfA*. In the wild type strain, the cellular levels
of ActA and LLO were below the detection limit, whereas
both proteins were readily detected in the EGD-prfA* strain
expressing constitutively active PrfA* protein (Fig. 5C; S4A
and S4B). Notably, in the EGD-prfA* strain, ActA and LLO
levels were clearly reduced following 3 h of exposure to
subinhibitory concentrations of EPA, GLA and PA (Fig. 5C).

Collectively, the western blot analyses demonstrate that
subinhibitory concentrations of antimicrobial FFAs act to
downregulate the cellular levels of the PrfA-regulated viru-
lence factors LLO and ActA. Importantly, this effect is
observed in strains expressing the constitutively active variant
of PrfA, PrfA*.

3.4. PrfA-dependent transcription initiation is repressed
by antimicrobial FFAs

The experiments performed so far suggest that FFA stress
leads to a reduced expression of PrfA-dependent virulence
genes. In order to test if antimicrobial FFAs prevent virulence
gene expression at the level of transcription initiation, we
tested the [-galactosidase activity of wild type EGD,
EGDAprfA and EGD-prfA* strains carrying the phly-lacZ
fusion plasmid. In this pTCV-lac-derived plasmid, transcrip-
tion of the reporter gene lacZ is controlled by the PrfA-
dependent promoter of the virulence gene hly. For the B-
galactosidase assays, strains were grown in BHI medium to
early exponential phase. Then, the cultures were split and cells
were exposed to subinhibitory concentrations of EPA, GLA,
PA or LA. Alternatively, the cells were exposed to comparable
levels of the non-inhibitory FFAs SA or PAL, or the highest
concentration possible to add without causing precipitations.
As controls, cells were left untreated or were exposed to two
relevant concentrations of ethanol. After 20 h of growth, cells
were harvested and B-galactosidase activity was determined.
For EGD-prfA* containing the hly-lacZ fusion plasmid, the -

0.01% ethanol (Et). LLO and ActA were detected using o-LLO and o-ActA
antibodies, respectively, whereas PrfA*-FLAG was detected using o-FLAG
antibody. As loading controls, all proteins on the membranes were stained with
amino black (Fig. S3A, S3B and S4A, respectively). Relative levels of LLO,
ActA and PrfA*-FLAG (normalized to control) are shown below the lanes.
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galactosidase activity was strongly reduced in cells exposed to
the antimicrobial FFAs, relative to the controls (Fig. 6A;
compare C or Et to EPA, GLA, PA and LA). In contrast,
addition of the non-inhibitory FFAs SA and PAL did not
repress the [-galactosidase activities (Fig. 6A; compare Et
with SA and PAL; compare Et + with SA+ and PAL+). As
expected, the B-galactosidase activities measured in wild type

A
phly-lacZ

300
BN EGD-priA*

B-galactosidase activity

vy

p/hrA36-lacZ

6007 [ EGD

Z —
s B EGDAprfA
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Fig. 6. B-galactosidase assay of hly-lacZ and lhrA36-lacZ expression in
response to FFAs. Samples were taken from L. monocytogenes EGD-prfA*
containing phly-lacZ (A) or L. monocytogenes EGD wild type, EGDAprfA and
EGD-prfA* containing plhrA36-lacZ (B). Cells were exposed to subinhibitory
concentrations of EPA, GLA, PA, LA or comparable concentrations of SA or
PAL. In addition, cells were treated with the highest concentration possible of
SA or PAL (indicated as SA+ and PAL+, respectively). As controls, cells
were left untreated (C) or treated with two relevant final concentrations of
ethanol (Et: 0.08%; Et+: 0.96%). Results are the average of three biologically
independent experiments, each carried out in technical duplicates.

EGD and EGDAprfA containing the phly-lacZ fusion plasmid
were very low under all conditions tested, corresponding to the
background levels expressed from the empty vector pTCV-lac
(Fig. SSA and S5B). To determine if the observed effect was
specific to the PrfA-regulated promoter of hly, the B-galacto-
sidase activity in EGD wild type, EGDAprfA and EGD-prfA*
containing the control plasmid plhrA36-lacZ was assessed. In
this plasmid, the PrfA-independent core promoter of lhrA,
named [hrA36, was fused to lacZ in pTCV-lac [30]. For all
three strains containing the [hrA36-lacZ fusion plasmid,
comparable levels of B-galactosidase activities were measured
under FFA treated and non-treated conditions (Fig. 6B).
Collectively, the results of the B-galactosidase experiments
demonstrate that, at subinhibitory levels, antimicrobial FFAs
act to prevent PrfA-dependent activation of transcription from
the hly promoter.

4. Discussion

As a foodborne and facultative intracellular pathogen, L.
monocytogenes senses and responds to a variety of signals
from the environment to express its virulence genes at the
appropriate locations in the infected host. SigB plays a major
role in adaptation during the intestinal phase of infection,
where it acts to upregulate a number of genes important for
in vivo survival, including those encoding the invasion pro-
teins InlA and InlB and the bile salt hydrolase Bsh [12,16,17].
After crossing the intestinal barrier, the major virulence
regulator PrfA activates the expression of core virulence genes
supporting the intracellular lifestyle of L. monocytogenes
[2—4,17]. In this work, we show that selected antimicrobial
medium- and long-chain FFAs commonly found in our diet
and as an active component of bile, act to repress PrfA-
dependent virulence gene expression. Importantly, these
FFAs inhibit transcription activation of virulence genes in a
strain expressing the constitutively active variant of PrfA,
PrfA*. PrfA-dependent expression of virulence genes was
strongly inhibited at the RNA level after 1 h of FFA exposure
(Fig. 4), whereas at this same timepoint, the level of PrfA*
protein itself was unaffected (Fig. 5). Since the PrfA* protein
is clearly present during exposure to the medium- and long-
chain FFAs, they most likely act by generating a signal that
efficiently prevents the PrfA* protein from turning on viru-
lence gene expression.

The virulence of bacteria may be influenced by FFAs
through various mechanisms. Studies on branched-chain fatty
acids (BCFAs) in L. monocytogenes suggested a link between
the membrane fatty acid composition and virulence [35,36].
When grown in BHI medium at 37 °C, the membrane of L.
monocytogenes contains very high levels of BCFAs. Inter-
estingly, exposure of L. monocytogenes to fatty acid pre-
cursors, which leads to a decrease in the proportion of
anteiso-BCFA in the membrane, had profound effects on the
expression of hly and inlA [36]. It was hypothesized that a
decrease in the content of anteiso-BCFAs in the membrane
suppresses either the level or function of PrfA [36]. However,
it still remains to be demonstrated if a signaling event
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affecting PrfA activity is taking place upon perturbations of
the fatty acid composition of the membrane. Interestingly,
studies in V. cholerae and S. enterica have demonstrated a
direct inhibitory effect of unsaturated or saturated long-chain
FFAs on the activity of major virulence transcription regula-
tors in these intestinal pathogens. The transcription regulator
ToxT in V. cholerae activates expression of the two major
virulence factors cholera toxin (CT) and toxin-coregulated
pilus (TCP). Antimicrobial unsaturated long-chain FFAs
present in bile, such as oleic (C18:1), linoleic (C18:2) and
arachidonic (C20:4) acids, repress ToxT-dependent activation
of ctx and fcp genes, encoding CT and TCP, respectively
[19,37,38]. In contrast, the non-inhibitory saturated long-
chain FFAs palmitic (C16:0) and stearic acids (C18:0) had
no significant effect on CT production [19]. It has been pro-
posed that unsaturated long-chain FFAs act by preventing
ToxT dimerization, or by preventing monomeric ToxT from
binding to DNA [37—39]. Indeed, resolution of the ToxT
crystal structure revealed that palmitoleic acid (C16:1) binds
directly to ToxT [37]. Furthermore, palmitoleic acid was
shown to reduce CT and TCP expression and prevent ToxT
binding to DNA in vitro [37]. Likewise, the presence of oleic
or linoleic acid decreases the DNA binding activity of ToxT
in vitro [37,38]. In S. enterica, a screening of extracts from
native plant species led to the identification of unsaturated
long-chain FFAs that downregulate the activity of the PhoP/
PhoQ two-component regulatory system orchestrating the
expression of virulence phenotypes in this pathogen [21].
More specifically, the presence of unsaturated long-chain
FFAs is detected by the sensor protein PhoQ, leading to an
inhibition of PhoQ autokinase activity [21]. This leads to
inactivation of the regulator PhoP, followed by a down-
regulation of PhoP-activated genes. Most recently, saturated
and unsaturated long-chain FFAs oleic (C18:1), myristic
(C14:0) and palmitic (16:0) acid have been shown to reduce
expression of the Salmonella pathogenicity island 1 (SPI 1)
type III secretion system in S. enterica, primarily acting
through the transcription activator HilD [20]. In this case, the
authors demonstrated that degradation of long-chain FFAs is
not required for this regulation and that oleic acid affects the
DNA binding activity of HilD [20]. Thus, in Vibrio and Sal-
monella species, medium- and long-chain FFAs act as
signaling molecules to downregulate virulence expression by
a mechanism that involves direct binding of FFAs to key
virulence regulators. Future studies in L. monocytogenes
should focus on elucidating whether medium- and long-chain
FFAs control the activity of PrfA by generating a signaling
event via the membrane or by direct binding to the PrfA
protein. Notably, of the six FFAs tested in the present study,
four (EPA, GLA, PA and LA) displayed an antimicrobial
effect on L. monocytogenes and were furthermore capable of
inhibiting the activity of PrfA. In contrast, SA and PAL had
no effect on bacterial growth and were unable to repress the
activity of PrfA. This observation indicates a putative corre-
lation between the antimicrobial activity of a specific FFA and
its ability to repress PrfA-dependent virulence gene expres-
sion that should be explored further in future work.

The mutant strain lacking prfA displayed an increased
tolerance to antimicrobial FFAs, whereas the prfA* mutant
strain behaved similarly to the wild type. It is not known why
the loss of prfA increases the tolerance to antimicrobial FFAs.
However, in addition to the virulence locus in L. mono-
cytogenes, PrfA also affects expression of multiple genes
encoding transporters, stress response proteins and proteins of
unknown function [2,40,41]. Future investigation into how
medium- and long-chain FFAs modulate global gene expres-
sion in L. monocytogenes will likely extend our understanding
of how PrfA contributes to the response to these antimicrobial
agents. Such studies may also lend insight into the mechanisms
by which L. monocytogenes uses specific FFAs as cues to
optimize the production of PrfA-dependent virulence factors.

Collectively, our studies suggest that selected antimicrobial
FFAs act to block PrfA-dependent activation of virulence
genes under conditions where their induction is not required,
such as in food and during the gastrointestinal phase of
infection [16,17]. In line with this, antimicrobial medium- and
long-chain FFAs are known to inhibit L. monocytogenes in-
vasion of enterocyte-like cells [22]. Since FFAs act on the
otherwise constitutively active variant of PrfA, this indicates
that FFAs hold the capacity to overrule other signals that might
lead to increased activity of PrfA. By improving our under-
standing of how FFAs affect the growth and virulence of L.
monocytogenes and other intestinal pathogens, we may elab-
orate new knowledge on how to use such compounds to
improve food safety and prevent foodborne infections.
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