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Abstract

Most human listeriosis outbreaks are caused by Listeria monocytogenes evolutionary lineage | strains which possess
four exotoxins: a phosphatidylinositol-specific phospholipase C (PIcA), a broad-range phospholipase C (PIcB), listeri-
olysin O (LLO) and listeriolysin S (LLS). The simultaneous contribution of these molecules to virulence has never been
explored. Here, the importance of these four exotoxins of an epidemic lineage | L. monocytogenes strain (F2365) in
virulence was assessed in chicken embryos infected in the allantoic cavity. We show that LLS does not play a role

in virulence while LLO is required to infect and kill chicken embryos both in wild type transcriptional regulator of
virulence PrfA (PrfA™T) and constitutively active PrfA (PrfA*) backgrounds. We demonstrate that PIcA, a toxin previ-
ously considered as a minor virulence factor, played a major role in virulence in a PrfA* background. Interestingly, GFP
transcriptional fusions show that the plcA promoter is less active than the hly promoter in vitro, explaining why the
contribution of PIcA to virulence could be observed more importantly in a PrfA* background. Together, our results
suggest that PIcA might play a more important role in the infectious lifecycle of L. monocytogenes than previously
thought, explaining why all the strains of L. monocytogenes have conserved an intact copy of plcA in their genomes.

Introduction
Listeriosis, a zoonotic foodborne disease of mam-
mals and birds, is caused by the Gram-positive faculta-
tive intracellular bacterium Listeria monocytogenes. In
humans, listeriosis is characterized by febrile gastroen-
teritis, meningoencephalitis, abortion and septicemia
with a mortality rate of 30% [1]. L. monocytogenes infec-
tions in birds result in focal necrosis of intestine, spleen,
liver, kidneys, heart, lungs and air sacks, while menin-
goencephalitis is uncommon [2, 3].

Four L. monocytogenes exotoxins have been described
to date: PlcA, PlcB, the cholesterol-dependent cytotoxin
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LLO and the thiazole/oxazole-modified toxin LLS. plcA,
pleB and hly (the gene encoding LLO) are encoded in the
Listeria Pathogenicity Island 1 (LIPI-1) under the tran-
scriptional control of the PrfA regulator and contribute
to escape from the endocytic and secondary vacuoles [1,
4, 5]; traditionally, a predominant role on vacuolar escape
has been attributed to LLO and PlcB over PlcA [6]. LLS
is a streptolysin S (SLS)-like virulence factor encoded by
lIsA in the Listeria Pathogenicity Island 3 (LIPI-3). LLS
causes only weak red blood cell hemolysis in vitro and
neither is cytotoxic for eukaryotic cells nor confers resist-
ance to phagocytic killing [7]. LLS also behaves as a bac-
teriocin, being preferentially expressed in the intestine of
infected mice and favoring colonization of the intestine
by L. monocytogenes [7, 8].

Listeria monocytogenes pathogenesis studies have
been mainly performed with the evolutionary lineage II
strains EGD-e, EGD and 10403S that possess the LIPI-1
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but lack LIPI-3. Interestingly, these lineage II strains have
been rarely associated to human disease [9, 10]. On the
contrary, a subset of L. monocytogenes lineage I strains
that are frequently associated with human listeriosis
outbreaks possess LIPI-3 [7] besides expressing LIPI-1.
These lineage I strains have been poorly characterized
and no studies to date have addressed the simultaneous
impact of LIPI-1 and LIPI-3-encoded toxins on virulence.

The chicken embryo has been recently reported as a
reliable, inexpensive and easy to set up infection model
for studying L. monocytogenes pathogenesis and sev-
eral other bacterial diseases [11-14]. The present study
was undertaken to gain deeper insight into the role of
the PlcA, PlcB, LLO and LLS exotoxins of the epidemic
L. monocytogenes F2365 strain (responsible for the 1985
California listeriosis outbreak [15]) in chicken embryos
infected in the allantoic cavity.

Materials and methods

Bacterial strains and cell lines

The bacterial strains used are listed in Table 1. L. mono-
cytogenes strains were grown at 37 °C in brain heart infu-
sion (BHI) broth in shaking (180 rpm) aerobic conditions.
Escherichia coli strains were grown in Luria—Bertani
(LB) broth at 37 °C in shaking (180 rpm) aerobic condi-
tions. When required, media were supplemented with
chloramphenicol 7 pg/mL, erythromycin 1.5 pg/mL or
ampicillin 100 pg/mL. The tissue culture cells used in this
study were Jeg-3 cells (human epithelial placenta cells;

Table 1 Bacterial strains used in this study
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ATCC HTB-36) and HD11 cells (avian macrophage cell
line [16]). Cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco) 2 mM Glutamax sup-
plemented with 10% (vol/vol) fetal calf serum (Biowest).
Cells were grown at 37 °C with 10% CO.,,.

Mutant construction
To construct the different deletion mutant strains, frag-
ments containing 500 bp DNA flanking the ORFs of
plcA, plcB, and hly were amplified by PCR using chro-
mosomal DNA of L. monocytogenes strain F2365 and
cloned into the suicide integrative vector pMAD as pre-
viously described [17]. Oligonucleotides used in PCR are
listed in Additional file 1. To construct the F2365 PrfA*
mutant strain which contains a point mutation (G145S)
in PrfA rendering it constitutively active, the prfA gene
and its flanking regions were amplified by SOEing PCR
using genomic DNA from F2365 and the oligonucleo-
tides prfA*-A/prfA*-B and prfA*-C/prfA*-D (Additional
file 1). These oligonucleotides introduce a silent muta-
tion in Cysl44 (codon TGC to TGT) and a missense
mutation in Glyl45 changing it to Ser145 (codon GGT
to TCT). The PCR fragment generated was inserted into
pMAD. Allelic exchange using pMAD was induced as
previously described [17], and deletion was confirmed by
PCR. All plasmids and strains were confirmed by DNA
sequencing.

Listeria monocytogenes F2365 carries a nonsense muta-
tion in inlB (codon number 34 is TAA) [18]. To facilitate

BUG Mutation/relevant genotype Strain References
1600 wild type L. monocytogenes EGD-e [10]

3012 wild type L. monocytogenes 4b F2365 [15]

3673 AplcA L. monocytogenes 4b F2365 This study
3671 Ahly L. monocytogenes 4b F2365 This study
4077 AplcB L. monocytogenes 4b F2365 This study
3781 AlIsA L. monocytogenes 4b F2365 (8]

3817 PHELP:LLS L. monocytogenes 4b F2365 [8]

3651 priA* L. monocytogenes 4b F2365 This study
3702 prfA* AplcA L. monocytogenes 4b F2365 This study
3657 prfA* Mhly L. monocytogenes 4b F2365 This study
3703 prfA* AplcB L. monocytogenes 4b F2365 This study
3615 pMAD:prfA* from L. monocytogenes 4b F2365 E. coli This study
3669 pMAD:plcA from L. monocytogenes 4b F2365 E. coli This study
3667 pMAD:hly from L. monocytogenes 4b F2365 E. coli This study
3670 pPMAD:plcB from L. monocytogenes 4b F2365 E. coli This study
4060 pAD-Phly-GFP L. monocytogenes 4b F2365 inlB corrected This study
4062 pAD-PplcA-GFP L. monocytogenes 4b F2365 inlB corrected This study
4052 pAD-Phly-GFP E. coli This study
4056 pAD-PplcA-GFP E. coli This study




Quereda et al. Vet Res (2018) 49:13

in vitro cell infection and imaging, a mutant strain which
contains a functional InlB [point mutation in the codon
34 (TAA to CAA)] was used [7].

Chicken embryo infections

Chicken embryos were used to assess the virulence of
L. monocytogenes as previously reported [11]. Eggs were
incubated for 9 days in an egg incubator set at a tem-
perature of 37.5 °C and a moisture level between 60 and
70% before infection. Overnight cultures of L. monocy-
togenes grown in BHI were diluted 100 times into fresh
BHI and grown at 37 °C in shaking conditions (180 rpm)
until ODg,, = 0.7. Bacteria were washed in 0.9% (wt/vol)
NaCl and diluted in the same NaCl solution to 5 x 103
bacteria/mL. The eggshell was perforated aseptically
and 100 pL of the bacterial suspension were inoculated
in the allantoic cavity [11]. The openings on the eggs
were sealed with paraffin and tape. Infected eggs were
returned to the incubator and monitored for viability
during 48 h. The presence of blood vessels and embryo
movement was used to score the viability of the eggs.
All experiments with chicken embryos were performed
in compliance with the Swedish animal protection law,
under which no specific approval is needed for work per-
formed in avian embryos before day 13.

Gene expression analysis

Total RNA from overnight cultures (ODgy, ~ 3) of
L. monocytogenes grown in BHI at 37 °C in shaking con-
ditions (180 rpm) was prepared as previously reported
[19]. RNA integrity was assessed by the RNA Integrity
Number (RIN) obtained from the Agilent Bioanalyzer.
Only RNA samples with a RIN higher than 9.8 were used.
For cDNA library construction, we used 1 pg of total
DNA-free RNA and the iScript” c¢cDNA Synthesis Kit
(Bio-Rad) in a thermal cycler using the following proto-
col: priming during 5 min at 25 °C, reverse transcription
during 30 min at 42 °C and finally RT inactivation during
5 min at 85 °C. qPCR and gene expression analysis were
performed as previously described [19]. Briefly, qPCR
reactions were set in a 10 pL final volume containing the
KKAPA SYBR FAST qPCR Master Mix (KapaBiosystems),
400 nM of gene specific primers and 5 ng of the cDNA
library as template. The reactions were performed in a
Bio-Rad iCycler (Bio-Rad) using the following reaction
conditions: 1 min at 95 °C; 44 cycles of 2 s at 95 °C and
20 s at 55 °C; dissociation curve of 15 s at 95 °C, 1 min at
60 °C and a progressive temperature increase until 95 °C.
Expression levels of the genes of interest were normalized
using gyrA as an internal standard. Oligonucleotides used
in qPCR are listed in Additional file 2. The n-fold change
of the transcript level was calculated using the AACt
method as already described [19]. Statistical significance
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was analyzed by using Student’s £ test. A P value of < 0.05
was considered significant.

Western blot

To analyze LLO expression in the L. monocytogenes
F2365 PrfA* and in the L. monocytogenes PrfA* AplcA
strains, protein extracts of bacteria were prepared from
stationary phase cultures grown overnight in BHI at
37 °C in shaking (180 rpm) conditions. Bacterial pel-
lets were sonicated and denatured samples were run on
SDS-PAGE gels (Biorad) and transferred onto PVDF
membrane (GE Healthcare) to perform immunoblot. The
primary antibodies used were affinity-purified rabbit pol-
yclonal antibody anti-LLO (R176) [20] and rabbit poly-
clonal antibody anti-EF-Tu (R114) [21]. EF-Tu was used
as a control of loaded bacteria. The secondary antibod-
ies were HRP-conjugated anti-rabbit (AbCys). The PVDF
membranes were developed by enhanced chemilumines-
cence using ECL2 (Amersham).

Hemolysis assay

Hemolysis was assessed by streaking 10 pL of frozen bac-
terial cultures to isolate single colonies onto Trypcase
Soy Agar + 5% Horse Blood (Biomerieux) and incubating
for 24 h at 37 °C.

plcA and hly transcriptional fusions

To fuse the plcA and hly promoters to a fluorescence-
encoding gene, we designed a chimeric construction
composed of the plcA or hly promoters (500 bp upstream
of the ATG of the respective gene of L. monocytogenes
F2365) fused with the gene encoding GFP-mut2 [22]
(generating PplcA-GFP and Phly-GFP) and cloned into
Sall-Smal-digested pAD vector (generating pAD-PplcA-
GFP and pAD-Phly-GFP). Gene synthesis to construct
PplcA-GFP and Phly-GFP was produced by Genecust
(Luxembourg). pAD-PplcA-GFP and pAD-Phly-GFP
were electroporated into L. monocytogenes F2365 InlB
corrected (BUG3824) [7].

Cell infection and epifluorescence analysis of plcA and hly
promoter activity

HD11 and Jeg-3 cell suspensions were seeded in 96-well
tissue culture plates and grown for 24 h in an antibiotic-
free medium. The L. monocytogenes strains were grown
overnight in BHI, washed in PBS, and diluted in DMEM
infection media (1% FBS). Bacterial suspensions were
added to the eukaryotic cells at a multiplicity of infection
(MOI) of approximately two bacteria per cell and incu-
bated for 1 h. The cells were then washed, and extracellu-
lar bacteria were neutralized by adding complete medium
containing 40 pg/mL of gentamicin. After incubation for
2 or 6 h, the wells were washed with pre-warmed PBS
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and cells were lysed in distilled water containing 0.1%
TritonX-100. The number of viable intracellular L. mono-
cytogenes was determined by serial dilution and colony
counting on BHI agar plates. These experiments used six
technical replicates per bacterial strain and were repeated
three times using independent derived clones of each of
the strains. Statistical analyses were performed using the
Student’s ¢ test. For epifluorescence analysis of promoter
activity, infected cells were fixed with a paraformaldehyde
solution (4% in PBS) for 15 min at room temperature and
permeabilized (0.1% Triton X-100 for 3 min in PBS). Cells
were then rinsed four times in PBS, incubated with phal-
loidin conjugated to Alexa 546 and Hoechst for 30 min at
room temperature, and rinsed four times in PBS. Samples
were examined with a Zeiss Axiovert 135 epifluorescence
microscope (Carl Zeiss) associated to a charge-coupled
device (CCD) camera. Images were obtained with a x 63
oil immersion objective, and processed with MetaMorph
software (Universal Imaging).

Results

Contribution of PIcA, PlcB, LLO and LLS

to L. monocytogenes virulence in chicken embryos

The chicken embryo has been shown to be a reliable
model to assess the contribution of LLO to virulence
upon L. monocytogenes infection, as deletion of the gene
hly renders the bacteria fully avirulent [11, 23]. In order
to investigate in this avian infection model the role of the
four toxins secreted by epidemic L. monocytogenes strains
(PlcA, PlcB, LLO and LLS), we infected eggs with 5 x 10>
L. monocytogenes lineage 1 F2365 WT strain and similar
numbers of the isogenic deletion mutants AplcA, AplcB,
Ahly and AllsA. The mean hours until 50 and 100% death
of the infected eggs were monitored. The F2365 AplcA
and AplcB deletion mutants were not attenuated when
compared to the WT strain (Figure 1A, Table 2) while the
F2365 Ahly deletion mutant was avirulent as previously
reported for the L. monocytogenes lineage Il strain EGD-e
(Figure 1B, Table 2) [23]. To evaluate the role of LLS, a
deletion mutant of the structural LLS gene /[sA (F2365
AllsA) [7, 8] and an isogenic mutant that expresses con-
stitutively LLS (F2365 pHELP:LLS) [7, 8] were tested in
a chicken embryo survival experiment together with the
WT strain. LLS deletion or overexpression did not affect
L. monocytogenes infection of chicken embryos (Fig-
ure 1B, Table 2).

The epidemic lineage I strain F2365 is more virulent in
an oral mouse infection model than the lineage II strain
EGD-e, and this higher virulence is at least partially
due to the specific expression of LLS in the intestine of
infected mice [8]. Since LLS has no apparent role in viru-
lence in chicken embryos (Figure 1B) and its expression
was previously detected only in the intestine of infected
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animals (and absent in other organs) [7, 8], we speculated
that the virulence of the F2365 and EGD-e strains would
be similar in chicken embryos infected in the allantoic
cavity. To evaluate this hypothesis, we infected eggs
with 5 x 10? L. monocytogenes F2365 or EGD-e strains
and monitored for viability during 48 h. 50% of the
chicken embryos infected with both strains died ~ 30 h
after infection (Figure 1C, Table 2), confirming that LLS
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Figure 1 Survival curves of chicken embryos infected with
different strains of L. monocytogenes. A and B Survival curves of
9-day old chicken embryos infected with 5 x 107 L. monocytogenes
from an epidemic lineage | strain (F2365) and the indicated isogenic
deletion mutants. The survival of the chicken embryos was followed
for 48 h after infection by candling and embryo movement. Data
from one representative experiment is shown. At least 2 independ-
ent experiments were performed (see Table 2 for details). C Survival
curves of chicken embryos infected with L. monocytogenes F2365 and

o

EGD-e strains were performed as described in section A of this figure.
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Table 2 Mean time until death of chicken embryos

L. monocytogenes BUG strain Time (h) until 100% Time (h) until death Number Number
genotype death?® of at least 50%" of eggs of experiments
EGDe BUG 1600 413+£135 298 +10.15 14 2

F2365 BUG 3012 36.5 + 446 314 +435 26 5

F2365 AplcA BUG 3673 413+£135 4134135 13 2

F2365 Ahly BUG 3671 - - 21 4

F2365 AplcB BUG4077 440+£0 320+0 20 2

F2365 AllsA BUG 3781 3134189 293 +4.11 15 3

F2365 pHELP:/IsA BUG 3817 3000 240£0 10 2

F2365 prfA* BUG 3651 254437 171 4+£26 9 2

F2365 prfA* AplcA BUG 3702 - - 10 2

F2365 prfA* Ahly BUG 3657 - - 19 3

F2365 prfA* AplcB BUG 3703 413479 193 +48 13 2

The number of eggs and number of independent experiments are shown.

@ Mean time (hours) until complete (100%) death of chicken embryos infected with different L. monocytogenes strains.

b Mean time (hours) until death of at least 50% of the chicken embryos infected with different L. monocytogenes strains.

does not play a role in the chicken infection model that
bypasses the intestinal stage. This result is relevant as
it confirms the absence of a cytotoxic role for LLS [7].
Overall, our results therefore suggest that only LLO plays
a major role in virulence in the chicken embryo model.

Critical role for PIcA in L. monocytogenes virulence in a
PrfA* background

The study of a prfA deletion mutant in the EGD-e back-
ground indicated previously that the transcriptional acti-
vator PrfA is required for full L. monocytogenes virulence
in the chicken embryo model [23]. We evaluated the phe-
notype associated to constitutive activation of PrfA by
using a F2365 PrfA* strain displaying a Gly145Ser substi-
tution in this transcriptional activator that causes consti-
tutive expression of LIPI-1 virulence factors [24]. Since no
study has been performed yet to evaluate whether LIPI-3
is regulated by PrfA, we evaluated first the transcript lev-
els of the LLS operon in the F2365 WT and F2365 PrfA*
strains. mRNA levels of the LIPI-3 genes were expressed
at the same level in the F2365 PrfA* strain compared to
the F2365 WT strain (Figure 2A), clearly indicating that
PrfA does not control LIPI-3 gene expression. In contrast
and as expected, plcA, hly and plcB transcript levels were
400-600-fold higher in the F2365 PrfA* strain compared
to the F2365 WT strain (Figure 2A).

To evaluate the role in virulence of PlcA, PlcB and
LLO in a PrfA* background, we infected 9 days old eggs
with 5 x 10? F2365 PrfA* strain and similar numbers of
the isogenic deletion mutants of these virulence factors.
The mean hours until 50 and 100% death of the infected
eggs were monitored. As expected, the F2365 PrfA*
strain killed 50% of the chicken embryos more rapidly
than the F2365 WT strain (= 17 h vs 31 h, respectively)

(Figures 1C and 2B, Table 2). In the F2365 PrfA* strain,
LLO was necessary to infect and kill chicken embryos as
observed in the F2365 PrfA¥" background (Figure 2B,
Table 2) [23]. Surprisingly, PlcA was absolutely required
for successful killing of chicken embryos in a PrfA* back-
ground, while a strain lacking PlcB showed a similar abil-
ity as its WT parental strain to kill 50% of the embryos
(Figure 2B, Table 2). These results highlight an unsus-
pected role for PlcA in virulence in a PrfA* background.

hly is on the opposite strand of plcA in the L. monocy-
togenes chromosome. Since 5’ regions often are impor-
tant for gene expression regulation [25] we studied
whether the effect of the deletion of plcA in virulence
was due to polar effects of the F2365 PrfA*AplcA mutant.
plcA deletion in the F2365 PrfA* strain led to a slight
increase in the amount of kly transcripts whereas it did
not alter the transcript levels of the other virulence fac-
tors in LIPI-1 (Figure 2C). The increase of hly transcript
levels in the PrfA*AplcA mutant could suggest a mecha-
nism of transcriptional interference or promoter compe-
tition between plcA and hly. Nevertheless, we confirmed
that the protein levels and the hemolytic activity of LLO
in the F2365 PrfA*AplcA mutant were similar to the WT
strain F2365 PrfA* (Figure 2D and E), suggesting that
the increased hly transcript does not necessarily give
increased LLO levels. Our results therefore indicate that
LIPI-3 is not regulated by PrfA and that PlcA plays an
unsuspected role in virulence when expressed constitu-
tively in a PrfA* background.

PlcA is poorly expressed but necessary for cell infection

in vitro

To determine whether the reduced virulence of the
L. monocytogenes F2365 PrfA* AplcA mutant in chicken
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F2365 (WT) and F2365 PrfA* strain (PrfA*) strains grown to stationary phase (ODgq, = 3) in BHI in aerobic shaking conditions. *** = P < 0.001;

®x = P < 0.0001. B Survival curves of 9-day old chicken embryos infected in the allantoic cavity with 5 x 10? L. monocytogenes of the indicated
strains. The survival of the chicken embryos was followed for 48 h after infection by candling and embryo movement. Data from one representative
experiment is shown. At least 2 independent experiments were performed (see Table 2 for details). C LIPI-1 genes mRNA levels examined by real-
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embryos was related to a decreased ability to infect
cells, we quantified the internalization [2 h post-infec-
tion (hpi)] and replication (6 hpi) of the F2365 and
F2365 PrfA* strains as well as their isogenic plcA dele-
tion mutants in avian HD11 macrophages. Deletion of
plcA did not affect growth of the F2365 or F2365 PrfA*
strains in liquid BHI culture media (data not shown).
plcA expression was important at 2 and 6 hpi in PrfA¥T
and PrfA* genetic backgrounds for HD11 infection,
since lower numbers of F2365 AplcA and F2365 PrfA*
AplcA strains were detected when compared to F2365
and F2365 PrfA* bacteria, respectively (Figure 3A).

>

HD11 2 hpi

HD11 6 hpi

Viable intracellular bacteria
(CFU)

<
—
Viable intracellular bacteria

w
%

L. mono F2365 Phly-GFP L. mono F2365 PpIcA-GFP
I |l 1

HD11

Jeg-3

Figure 3 PlcA role and promoter activity in infection of
eukaryotic cells. A Number of viable intracellular L. monocytogenes
F2365, F2365 AplcA, F2365 PrfA* and F2365 PrfA* AplcA in HD11 mac-
rophages. CFU numbers were monitored at 2 h and 6 hpi. Indicated
are the number of viable intracellular bacteria determined. Three
independent experiments with 6 replicates at each experiment were
performed. One representative experiment is shown. Means and
standard deviation are shown (¥, P < 0.05; **, P < 0.01; *** P < 0.001;
**xx P < 0.0001). B Fluorescence microscopy to evaluate the pro-
moter activity of plcA and hly in the L. monocytogenes epidemic strain
F2365.HD11, and Jeg-3 cells were cultured in 96 well plates and
infected with L. monocytogenes F2365 InIB corrected pAD-PplcA-GFP
(right panels) or L. monocytogenes F2365 InIB corrected pAD-Phly-GFP
(left panels). Host cells were infected for 6 h and fixed. GFP is shown
in green. Actin (red) and nuclei (blue) were labeled with phalloidin
conjugated to Alexa 546 and Hoechst, respectively. Bars, 5 uM.
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Interestingly, the differences of PlcA in cell infection
were more significant when expressed in a PrfA* con-
text (Figure 3A), raising the question about the activity
of the plcA promoter. To address this issue, a transcrip-
tional reporter with the plcA promoter fused to GFP
was generated in order to assess plcA gene expression in
the F2365 strain. The GFP reporter was cloned into the
integrative plasmid pAD (generating pAD-PplcA-GEP)
and introduced in single copy in the genome of a F2365
strain in which we previously corrected its native non-
sense InlB mutation [7], allowing to assess the regulation
of the plcA promoter at the single-bacterium level by
microscopy upon cell infection. A similar GFP transcrip-
tional reporter was used for hly (pAD-Phly-GFP) as a
control. We next infected HD11 avian macrophages and
Jeg-3 human epithelial cells with the F2365 pAD-PplcA-
GEFP or F2365 pAD-Phly-GFP strains for 6 h. Intracel-
lular F2365 pAD-Phly-GFP was fluorescent at 6 hpi in
the cell lines tested, indicating that the kly promoter is
highly active in a PrfA¥" background (Figure 3B). Inter-
estingly, the activity of the plcA promoter was undetect-
able at 6 hpi in a PrfA¥T background in the cell lines
tested (Figure 3B), or at other infection times tested (2 h
and 24 hpi data not shown). These results demonstrate
that the plcA promoter is less active than the hly pro-
moter in L. monocytogenes F2365 PrfA¥T background,
and suggest that the absence of role for PlcA during the
chicken embryo infection is due to the low expression of
the phospholipase in the F2365 WT strain.

Discussion

Most of the studies performed to evaluate the role of
L. monocytogenes virulence factors have been carried
out using evolutionary lineage II strains, which are rarely
associated with human epidemics [9]. In the present
study we evaluated the contribution of the main tox-
ins encoded by LIPI-1 and LIPI-3 of a L. monocytogenes
strain responsible for a human listeriosis outbreak [15].
In both PrfA¥T and PrfA* genetic backgrounds, LLS
and PlcB minimally contribute to virulence in chicken
embryos infected in the allantoic cavity. This result is
valuable since LLS has been associated with infectious
potential in human listeriosis cases (always associated
with consumption of contaminated food followed by
intestinal barrier cross and deep organ colonization) [9,
26]. The absence of a role for LLS in virulence in chicken
embryos is in agreement with our previous observation
that demonstrated a major role for LLS as a bacteriocin
in the intestine during oral and intravenous infection of
mice [7, 8]. These results confirm that LLS contribution
to virulence is minimal in animal infection models that
bypass the intestinal route (as in this chicken embryo
model where L. monocytogenes is inoculated in the
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allantoic cavity) [7]. Moreover, we show that LLS is con-
trolled independently of PrfA.

It has been long thought that PlcA contribution to
virulence is minimal (no defect in escape from a pri-
mary vacuole or cell-to-cell spread and only two- to
threefold increase in LDg, in mice for AplcA mutants)
and that PlcB and LLO are the main molecular tools of
L. monocytogenes mediating vacuolar escape and cell-
to-cell spread [6]. The data presented here show that the
importance of PlcA in L. monocytogenes pathogenesis
could be more significant than previously thought, with
its effect masked until now by the low activity of the plcA
promoter in the L. monocytogenes strains and infection
models commonly used. Earlier reports using L. mono-
cytogenes strains carrying a PrfAV T also showed that the
level of plcA transcripts is lower than those of &ly dur-
ing intracellular growth of L. monocytogenes in bone
marrow-derived murine macrophages or Caco-2 cells
[27] or when these genes are expressed in a heterologous
host like Bacillus subtilis [28]. These results indicate that
although plcA and hly promoters are regulated by PrfA,
they are active at different levels in a PrfA¥ " background.

Previous studies performed to evaluate the contribu-
tion of PlcA to L. monocytogenes pathogenesis were per-
formed with the L. monocytogenes 10403S strain which
does not display a PrfA* phenotype [6], preventing it
from expressing high amounts of PlcA. The generation
of an artificial PrfA* mutation in the L. monocytogenes
lineage II strain EGD-e rendered it more virulent than
the WT strain in HeLa, Jeg-3 and RAW264.7 cells, and
in a mouse intravenous infection model [10]. Unfor-
tunately, mutations in the PrfA regulated genes in this
EGD-e PrfA* strain were not performed to uncover the
origin of the hypervirulent phenotype. The PrfA* muta-
tion performed in the present study in the F2365 strain
is artificial, but there are cases (like in the lineage II EGD
strain) which naturally display a PrfA* mutation leading
to constitutive production of LIPI-1 virulence genes [10].
Recently, it was suggested that PrfA becomes gradually
activated during the course of infection, with hly expres-
sion occurring with PrfA at a less active state and actA
expression only taking place when PrfA is fully activated
by glutathione (resembling a PrfA* phenotype, [29, 30]).
This highlights the necessity to also test the role of previ-
ously identified virulence factors in a PrfA* background
to fully appreciate their function.

The biological relevance of the PIcA results obtained
using the PrfA* strain should be interpreted in the con-
text of a constitutive activation of PrfA. However, it can
be speculated that in a PrfA¥T genetic background,
wild type PlcA levels might significantly increase in a
tissue-specific manner (e.g. phospholipid-rich tissue like
the brain) where its function is critical for successful
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infection. Moreover, it is remarkable that from all char-
acterized food or human L. monocytogenes isolates, only
one strain displays a truncation on plcA in its genome
[9], suggesting an important role for this virulence fac-
tor during infection or in the overall fitness of L. monocy-
togenes in nature.

Altogether, the present results show that LLO and
PlcA exotoxins play a major role during L. monocytogenes
pathogenesis in the chicken embryo model when the intra-
allantoic route is used whilst PlcB and LLS are dispensa-
ble. Further research is necessary to decipher the precise
contribution to virulence of historic but yet not completely
understood PrfA-regulated virulence factors like PlcA.
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