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ABSTRACT

The foodborne pathogen Listeria monocytogenes
(Lm) causes invasive infection in susceptible ani-
mals and humans. To survive and proliferate within
hosts, this facultative intracellular pathogen tightly
coordinates the expression of a complex regulatory
network that controls the expression of virulence fac-
tors. Here, we identified and characterized MouR, a
novel virulence regulator of Lm. Through RNA-seq
transcriptomic analysis, we determined the MouR
regulon and demonstrated how MouR positively con-
trols the expression of the Agr quorum sensing sys-
tem (agrBDCA) of Lm. The MouR three-dimensional
structure revealed a dimeric DNA-binding transcrip-
tion factor belonging to the VanR class of the GntR
superfamily of regulatory proteins. We also showed
that by directly binding to the agr promoter region,
MouR ultimately modulates chitinase activity and
biofilm formation. Importantly, we demonstrated by
in vitro cell invasion assays and in vivo mice infec-
tions the role of MouR in Lm virulence.

INTRODUCTION

Pathogenic bacteria depend on an arsenal of genes encod-
ing virulence factors to successfully infect their host. Dur-
ing infection, by exerting specific functions, each virulence
factor plays crucial roles ranging from cell invasion to nu-
trient acquisition and subversion of the immune system (1).
While the expression of such factors is fundamental at a

given time, their constitutive or over-expression is energeti-
cally wasteful and even harmful to the pathogen (2,3).

Thus, the tight regulation of virulence factors expression
becomes a crucial mechanism for pathogen survival and fit-
ness. Transcriptional regulators of virulence respond to var-
ious signals, both environmental and host-derived, and ac-
cordingly trigger a switch in the virulence factor expression
pattern (4,5).

Listeria monocytogenes (Lm) is a Gram-positive bac-
terium and the causative agent of the systemic disease lis-
teriosis. Although ubiquitous and commonly found grow-
ing in diverse environments, Lm switches from a saprophyte
into a deadly pathogen (6,7), currently holding the high-
est mortality rate among foodborne pathogens in Europe
(8). Lm is well equipped to survive the hostile conditions of
the human digestive tract, invade both phagocytic and non-
phagocytic cells, cross major biological barriers (intestinal,
blood-brain and placental barriers), cause septicemia in im-
munocompromised individuals, infants and the elderly and,
in the case of pregnant women, severely infect the foetus (9–
11).

Virulence regulation of Lm greatly depends on the tran-
scription regulator PrfA, which controls the expression of
a broad list of genes, including major virulence factors
and is thus regarded as the Lm master virulence regulator
(12). Despite this, several other important regulators such
as SigB (13), VirR (14), Hfq (15), MogR (16), DegU and
GmaR (17,18) contribute, to a lesser extent, to the Lm vir-
ulence regulatory network.

The GntR family of proteins is a large group of tran-
scription factors associated with the regulation of various
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biological processes in many diverse bacteria (19,20). Mem-
bers of this group share a basic structure including a highly
conserved DNA-binding domain at the N terminus, show-
ing a characteristic helix-turn-helix (HTH) motif, and an ef-
fector binding/oligomerization (E-O) domain at the C ter-
minus (21). Due to its higher diversity, the C terminus is
used to categorize the diverse GntR sub-families (FadR,
HutC, MocR, YtrA, AraR and PlmA) (19). FadR from Es-
cherichia coli is one of the best characterized GntR regula-
tors. FadR dimers bind to specific DNA sequences through
the HTH motif, while acyl-CoA binding to the E-O domain
causes dramatic conformational changes impairing DNA
binding (22). FadR regulates fatty acid biosynthesis and
degradation through activation and repression of several
genes (23).

The accessory gene regulator (agr) locus encodes a bac-
terial communication system consisting of a quorum sens-
ing module paired with a classical two-component system
(24). First described in Staphylococcus aureus, the Agr sys-
tem is found in many other Gram-positive bacteria (25). In
Lm, it has been associated with survival and competitive
advantage in soil, adhesion to surfaces and biofilm forma-
tion, invasion of mammalian cells, infectivity in the mouse
model and global changes in gene expression (26–30). Inter-
estingly, despite being the only quorum sensing system de-
scribed in Lm, it appears that monitoring population den-
sity is not its main function (31) and the role of its quorum
sensing properties is mostly unknown (32). Also, no regula-
tor of the Agr system has been described so far for Lm, its
autoregulation being the only regulatory mechanism pro-
posed (26,28).

We previously provided the first comprehensive view
of the genome expression of Lm directly in deep organs
(spleen) of infected mice (7). This enabled us to identify
and characterize novel virulence factors, otherwise difficult
to predict (33–35). It also showed that the in vivo differ-
ential expression of the Lm genome is coordinated by a
complex regulatory network, in particular through the up-
regulation of the two major virulence regulators, PrfA and
VirR, and their downstream effectors (7). Interestingly, dur-
ing mouse infection, Lm appears also to overexpress sev-
eral new potential virulence regulators. Here, we identified
a novel transcription factor––MouR––upregulated during
infection and involved in the orchestration of Lm virulence
regulation. Notably, we demonstrated that mouR encodes
a transcriptional activator of the Agr system and is neces-
sary for full virulence. We characterized MouR at the struc-
tural level, identified its regulon and demonstrated how it
controls biofilm formation and Lm chitinase-dependent im-
mune evasion, as well as revealed its role in Lm virulence.

MATERIALS AND METHODS

Bacterial strains and growth conditions

Strains used are detailed in Supplementary Table S1. Lm
EGD-e (ATCC-BAA-679) (WT) and E. coli were routinely
cultured in Brain Heart Infusion (BHI) and Lysogeny Broth
(LB) (Difco), respectively, at 37◦C aerobically with shaking.
BHI-agar and LB-agar (Difco) plates were used for growth
on solid media. To draw growth curves of Lm strains,

overnight cultures were diluted 1:100 in fresh BHI and ab-
sorbance (OD600 nm) was measured every 30 min. When
appropriate, antibiotics were added to the media: ampi-
cillin 100 �g/ml, erythromycin 5 �g/ml and kanamycin 50
�g/ml.

Mutant construction and strain complementation

The deletion of mouR (lmo0651) from the Lm EGD-e WT
strain was achieved by double homologous recombination
using the suicide plasmid pMAD (36). The detailed pro-
cedure was previously described (34). The primers used
are listed in Supplementary Table S2. Complementation
of the �mouR mutant strain was performed by genomic
reintroduction of the gene in trans, as described before (7).
Complementation was mediated by the Lm specific inte-
grative plasmid pIMK (37), through the construction of
pIMK(mouR) (Supplementary Table S1).

Plasmid for protein overexpression

The coding region of mouR was C-terminally fused to a
6-His tag by in-frame restriction enzyme cloning into the
pET28a expression vector, using the primers listed in Sup-
plementary Table S2, to create pET28a(mouR-6His).

Site-directed mutagenesis

To create the MouR amino acid substitutions (R44A,
R48A, Y80F, H133F and H134F), site-directed mutations
were performed on pIMK(mouR) and/or pET28a(mouR-
6His) using the QuikChange II XL Site-Directed Mutage-
nesis Kit (Agilent Technologies) according to the manufac-
turer’s recommendations and with primers listed in Supple-
mentary Table S2.

Bioinformatic analyses

Gene sequences were obtained from the Genbank database
(38) and homologue searches were performed with the
BLAST tool (39). Search of conserved protein domains
and prediction of protein function were performed with the
web-based PROSITE (40) and NCBI’s Conserved Domain
Database (41) tools. Comparative analyses of protein se-
quences was conducted in MEGA7: Molecular Evolution-
ary Genetics Analysis version 7.0 (42).

RNA isolation and RT-qPCR

Lm cultures were grown in BHI to exponential phase
(OD600 nm = 1.0) and total RNA isolated by the phenol-
chloroform method described elsewhere (43), with modifi-
cations as described next. After lysis, RNA purification was
performed using the TripleXtractor reagent (Grisp, Porto)
following the manufacturer’s recommendations. DNA was
eliminated by DNase treatment (Turbo DNA-free, Am-
bion) and RNA purity and integrity was verified by 1%
(w/v) agarose gel electrophoresis and Experion Automated
Electrophoresis System (Bio-Rad Laboratories). One �g of
RNA was reverse-transcribed into cDNA using a random
hexamer cocktail-based kit (iScript Kit, Bio-Rad Laborato-
ries). qPCR was performed on one �g of cDNA in a 20 �l
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reaction volume using the iTaq™ Universal SYBR® Green
Supermix (Bio-Rad Laboratories) and a real-time PCR de-
tection system (iQ5, Bio-Rad Laboratories) with the follow-
ing cycling protocol: 1 cycle at 95◦C (3 min); 40 cycles at
95◦C (10 s), 56◦C (20 s) and 72◦C (20 s). Primers are listed
in Supplementary Table S2. Each group comprises three bi-
ological replicates each with three technical replicates. Data
were normalized to that of a reference housekeeping gene
(16S rRNA) and analyzed by the comparative threshold
(��Ct) method.

RNA-seq

DNA-free total RNAs were depleted for rRNA species
by processing with MICROBExpress Bacterial mRNA
Enrichment Kit (Ambion) following the manufacturer’s
instructions. Efficient enrichment was verified by Expe-
rion Automated Electrophoresis System (Bio-Rad Labo-
ratories) virtual gel analysis and Qubit 3.0 Fluorometer
(Thermo Fisher Scientific) analysis. Sequencing of mR-
NAs was performed using the Ion Total RNA-Seq Kit v2
(Thermo Fisher Scientific) and quality control for RNA
fragmentation and library construction was assessed by
Qubit 3.0 Fluorometer (Thermo Fisher Scientific) and 2200
TapeStation (Agilent) analyses. Template preparation was
achieved with an Ion Chef system (Thermo Fisher Scien-
tific) and sample sequencing was done in triplicates with
an Ion Proton System (Thermo Fisher Scientific). Gen-
eration of sequence reads and read trimming and filter-
ing was done with Torrent Suite v4.4 software with a
FileExporter v4.4 plugin for generation of FASTQ/BAM
files. To assess differentially expressed genes between Lm
WT and �mouR mutant strain, sequencing reads were
aligned to the reference genome sequence of Listeria
monocytogenes EGD-e (RefSeq: GCF 000196035.1, Gen-
Bank: GCA 000196035.1, assembly ASM19603v1 -http://
www.ncbi.nlm.nih.gov/assembly/GCF 000196035.1) using
the aligner TopHat2 (44). After transcript assembly, the rel-
ative abundance of each transcript was estimated by cal-
culation of the metric fragments per kilobase of transcript
per million mapped reads (FPKM) (45) using Cufflinks and
Cuffdiff tools (46). Statistical significance was attributed to
transcripts with fold change of expression higher than 2 or
lower than 0.5, a P-value below 0.5 and an FDR-adjusted
P-value below 0.1. Sequencing results are available on the
GEO database (https://www.ncbi.nlm.nih.gov/geo/) under
the accession number GSE106833.

Protein purification

Purification of 6xHis-tagged MouR and MouR(R44/48A)
(Supplementary Table S1) proteins was performed by E.
coli heterologous overexpression and chromatography as
described elsewhere (47) with some modifications. Briefly,
the growth of E. coli BL21(DE3), harbouring either
pET28a(mouR-6His) or pET28a(mouR(R44/48A)), for 3
h at 37◦C with agitation in LB supplemented with 0.5 M
IPTG was determined as a favorable condition for high
protein expression. Cultures were inoculated at 1:50 with
an over-night culture pelleted by centrifugation at 200 rpm
and re-suspended in LB. One litre of culture was grown

and lysed with a French Pressure Cell Press (Thermo) at
12 000 psi. Proteins were trapped in a nickel-based ma-
trix (Ni-NTA Agarose, Qiagen) and eluted with imidazole
in a low-pressure liquid chromatography system (BioLogic
DuoFlow QuadTec10 System, Bio-Rad). Lastly, imidazole
was removed by membrane dialysis (Spectra/Por Dialysis
Membrane, SpectrumLabs) and protein was concentrated
by Vivaspin (Sartorius Stedim Biotech) column centrifuga-
tion. For expression and purification of SeMet-MouR, E.
coli B834(DE3) harboring pET28a(mouR-6His) was grown
in 40 ml of LB overnight at 37◦C, collected and washed three
times with sterile deionized water and finally used to inoc-
ulate 1 l of SelenoMethionine Medium (Molecular Dimen-
sions). Purification was performed following the procedure
described for the native protein.

Crystallization and structure determination of MouR

Both native and SeMet-substituted MouR proteins were
stored in 50 mM Tris–HCl pH 8.0, 300 mM NaCl. Na-
tive crystals were grown at 20◦C from a 0.1:0.1 �l mixture
of a 10 mg/ml protein solution with a crystallization solu-
tion composed of 1.5 M lithium sulfate, 100 mM sodium
Hepes pH 7.5. SeMet-MouR crystals were grown from a
mixture of 6 mg/ml protein solution with a crystallization
solution composed of 3 M NaCl, 100 mM Tris pH 8.5.
Crystals were flash-frozen directly in liquid nitrogen. Na-
tive and SeMet diffraction data were recorded on beam-
lines Proxima 2A (Soleil, Gif-sur-Yvette, France) and ID29
(ESRF, Grenoble, France). The structure was determined
by the SAD (Single wavelength Anomalous Dispersion)
method using the anomalous signal from the selenium el-
ement. Data were processed with XDS (48) in space group
P41, with two copies per asymmetric unit. All expected Se
sites (eight by monomer) were found with SHELXD using
reflections in the 50–3.5 Å resolution range (49). Refinement
of Se atom positions, phasing and density modification were
performed with Phenix-EP. The high quality of the experi-
mental phases allowed automatic building (Autobuild pro-
gram) of most of the protein model. The model was refined
against the 2.2 Å native data set using PHENIX (50). The
final model contains residues 3–217 from both monomers.
In addition, 85 water molecules, 10 sulfate ions, one 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid and six
ethylene-glycol could be modelled into the electron density
maps. Statistics for data collection and refinement are sum-
marized in Supplementary Table S3. Data of the reported
crystal structure was deposited in the Protein Data Bank
(PDB) (https://www.rcsb.org) under the ID: 6EP3.

Electrophoretic mobility shift assays

Protein-DNA binding was set up in 20 �l reactions contain-
ing 240 ng of DNA synthesized with primers described in
Supplementary Table S2, binding buffer (50 mM HEPES
pH 7.5, 500 mM NaCl, 1mM EDTA, 0.1 mM DTT, 5%
glycerol, 0.01 mg/ml BSA) and increasing amounts of puri-
fied protein as previously described (35). DNA was first in-
cubated in binding buffer for 5 min followed by gentle mix-
ing of the protein and 20 min incubation at room tempera-
ture. The total reaction was loaded into a 10% acrylamide
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native gel and ran in TAE buffer. The gel was stained for
10 min in a 0.01% GreenSafe Premium (NZYTech) TAE
buffer solution and imaged in a GelDoc XR+ System (Bio-
Rad Laboratories).

Chitin hydrolysis assay

Evaluation of chitinase activity was performed as described
(51). Five gram of shrimp shell chitin (Sigma-Aldrich) were
pre-treated with 50 ml of HCl (37%) overnight. Treated
chitin was adjusted to pH 8 with NaOH and pelleted at 8300
g for 5 min, washed with ultrapure water seven times and
used to supplement LB-agar plates (6 mg/ml). 10 �l of Lm
overnight cultures were spotted on the plates and incubated
at 30◦C for 6 days. Chitin hydrolysis was evaluated by mea-
suring the radius of the degradation halo.

Biofilm formation

Lm ability to form biofilm was evaluated by crystal vio-
let turbidimetry assay (52). Overnight cultures of Lm were
diluted 1:100 in BHI and 100 �l (octaplicates) were trans-
ferred to sterile 96-well PVC plates (Corning) and incubated
at 30◦C for 20 h. Wells filled with sterile BHI served as con-
trol. Media was removed and loose bacteria were washed
three times with distilled water. Air dried wells (30 min) were
filled with 150 �l of 0.5% crystal violet (BDH) for 45 min.
Excess stain was washed three times with distilled water, the
plate was air dried and biofilm-associated crystal violet was
re-suspended in 200 �l of 99% ethanol. 100 �l of each well
was transferred to a new plate and the OD595 nm was mea-
sured in a plate reader (�Quant, Biotek).

Biofilm formation was also assessed as described (53). Lm
overnight cultures were diluted 1:100 in fresh BHI and were
grown at 30◦C on glass coverslips (22 × 22 cm) submerged
in a six-well plate. Three days post-incubation, the cover-
slips were washed three times with distilled water, fixed with
4% glutaraldehyde during 2 h and stained with 0.1% acri-
dine orange for 15 min. Coverslips were mounted onto mi-
croscope slides with Aqua-Poly/Mount (Polysciences) and
examined under a confocal laser-scanning microscope (Le-
ica SP5II). Sections were taken every 0.5 �m and processed
using Fiji-ImageJ (54,55). Biofilm thickness was calculated
using Leica SP5II software.

Cell invasion assays

Human cell lines invasion assays were performed as de-
scribed (33). Briefly, cells were grown to confluency in Ea-
gle’s medium with L-glutamine (EMEM) (Lonza), supple-
mented with nonessential amino acids (Lonza), sodium
pyruvate (Lonza) and 20% fetal bovine serum (FBS, Biow-
est) (Caco-2, ATCC HTB-37) or in Dulbecco’s modified
Eagle’s medium (DMEM) with glucose (4.5 g/l) and L-
glutamine (Lonza), supplemented with 10% FBS (HeLa,
ATCC CCL-2 and Jeg-3, ATCC HTB-36). Lm was grown to
exponential phase, washed and inoculated at a multiplicity
of infection of 75 for 1 h. Cells were incubated with medium
supplemented with 20 �g/ml gentamycin (Lonza) for 1h 30
min to eliminate extracellular bacteria, washed and lyzed
with 0.2% Triton X100. Bacterial suspensions were serially

diluted and plated on BHI-agar plates for CFU determina-
tion.

Intracellular multiplication

Assays of intracellular multiplication in mouse
macrophages were performed as described (33). RAW
264.7 cells (ATCC TIB-71, ∼2 × 105/well) were propa-
gated in DMEM (Lonza) supplemented with 10% FBS
(Biowest), infected as described above with exponential
phase bacteria at a multiplicity of infection of 10 for 30 min
and treated afterwards with 20 �g/ml gentamicin. At, 2, 5,
7 and 20 h post-infection cells were washed with PBS, lysed
in cold 0.2% Triton X-100 and bacterial suspensions were
serially diluted and plated on BHI-agar plates for CFU
determination.

Animal infections

Animal infections were performed with 6–9-week-old spe-
cific pathogen-free female BALB/c mice (Charles River
Laboratories) maintained at the IBMC animal facilities, in
high efficiency particulate air (HEPA) filter-bearing cages
under 12 h light cycles and in an ad libitum regiment of
sterile chow and autoclaved water. Intravenous infections
were performed by inoculation of 104 CFUs through tail
vein injection as described (56). For oral infections mice
were starved for 8–12 h before the procedure and inocu-
lated with 2 × 109 CFUs (in PBS with 150 mg/ml CaCO3)
by gavage. Mice were sacrificed by general anaesthesia 72
h post-infection and the liver, spleen and Peyer’s patches of
each animal were aseptically removed. Peyer’s patches were
washed twice with EMEM, incubated in EMEM supple-
mented with 100 �g/ml gentamycin (Lonza) for 1 h, and
washed twice with EMEM and once with PBS. Organs were
homogenized in PBS and homogenates were serial diluted
and plated on BHI-agar plates for livers and spleens or on
Listeria Selective Agar (Oxoid) plates supplemented with
Listeria Selective Supplement (Oxoid) for Peyer’s patches.
Animal procedures were in agreement with the guidelines
of the European Commission for the handling of laboratory
animals (directive 2010/63/EU), the Portuguese legislation
for the use of animals for scientific purposes (Decreto-Lei
113/2013), and were approved by the IBMC Animal Ethics
Committee as well as by the Direcção Geral de Alimentação
e Veterinária, the Portuguese authority for animal protec-
tion, under license 015302.

Statistical analyses

Statistical analyses were performed with the software Prism
7 (GraphPad Software). Unpaired two-tailed Student’s t-
test was used to compare the means of two groups; one-way
ANOVA was used with Tukey’s post-hoc test for pairwise
comparison of means from more than two groups, or with
Dunnett’s post-hoc test for comparison of means relative to
the mean of a control group. Differences with a calculated
P-value above 0.05 were considered non-significant and sta-
tistically significant differences were noted as follows: *P <
0.05; **P < 0.01; ***P < 0.001.
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RESULTS

lmo0651 encodes a putative transcription regulator

In a previous study, we reported the transcriptome profil-
ing of Lm while infecting the mouse spleen and identified
the gene lmo0651 as highly expressed during spleen infec-
tion when compared to growth in BHI medium (∼=100-fold)
(7). In addition, lmo0651 was also previously shown to be
upregulated when Lm was infecting the mouse intestinal
lumen or incubated in human blood (57). Through bioin-
formatics and database analysis, the Lmo0651 protein was
predicted as a transcriptional regulator containing a pu-
tative typical GntR winged HTH DNA-binding domain
(19) (Figure 1A). Protein sequence alignments showed that
Lmo0651 appears to be conserved across the Listeria genus,
found in the genome of almost all pathogenic and non-
pathogenic species and serogroups (Figure 1B and S3A).
However, it has no close relatives outside the genus, the
closest hit being a protein from Isobaculum melis annotated
as a ‘DNA-binding transcriptional regulator, GntR family’
(Figure 1B). Although flanked by two predicted transcrip-
tion terminators, lmo0651 appears to be part of an operon
(lmo0648 to lmo0651) (57) comprising genes encoding po-
tential membrane proteins (lmo0648 and lmo0650) or simi-
lar to transcription regulators (lmo0649 and lmo0651) (Fig-
ure 1C).

MouR is the transcriptional activator of the Agr system

To study the role of Lmo0651 as a regulator and identify
genes under its control, we designed an RNA-seq-based
experiment to assess the genome-wide expression of both
Lm EGD-e WT and the �lmo0651 deletion mutant in ex-
ponential growth phase in BHI at 37◦C. When compared
to the WT strain, six transcripts (agrD, agrB, agrC, agrA,
fruA, lmo0278) appeared less abundant in the �lmo0651
mutant, while only one (lhrA) was more abundant (Figure
2A), suggesting that Lmo0651 acts mainly as a transcrip-
tional activator. Four of these genes (agrD, agrB, agrC and
agrA) are clustered in an operon located 639 kb away from
lmo0651 and encoding the components of the conserved
Agr quorum sensing system of Lm (32,58) (Supplementary
Figure S3B–E), which is involved in survival in the environ-
ment, biofilm formation and virulence (26–28,30). lhrA is
a non-coding short RNA (ncRNA) negatively regulated by
Agr (51) and known to regulate several genes, including the
chitinase-coding gene chiA through mRNA binding and in-
terference with ribosome recruitment (59,60). In addition
to Agr system related genes, fruA and lmo0278 were also
less expressed in absence of Lmo0651 (Figure 2A). These
genes are related to sugar uptake, fruA encodes one of the
components of a fructose-specific phosphotransferase sys-
tem and lmo0278 encodes a maltose uptake ABC trans-
porter (61,62). Both genes seem to be essentially related to
metabolic pathways and, furthermore, they appear to have
a complex dynamic type of regulation since they seem prone
to be similarly regulated in comparative genome-wide tran-
scriptomes (7,57,63,64).

We further confirmed our RNA-seq results by RT-qPCR.
We selected a subset of up- and down-regulated genes and
performed qPCR on cDNA from WT and �lmo0651 bac-

teria grown to exponential phase. RT-qPCR results and
RNA-seq data exhibited a very strong Pearson correlation
coefficient (R2 = 0.93) (Figure 2B), therefore validating the
differential expression levels detected by transcriptomics.

Together, these results pointed Lmo0651, renamed
MouR, as the transcriptional activator of the Agr system.

MouR is a dimeric GntR protein

To further explore the function of MouR, we purified
MouR and resolved its three-dimensional structure (Figure
3). The crystal structure of MouR was determined by the
SAD method using SeMet-substituted protein. The atomic
model was refined against a native data set to 2.2 Å resolu-
tion (Supplementary Table S3). The final model of MouR
shows a homodimer that includes residues Asn3 to Arg217
for both subunits and three histidines from the His-Tag for
one of the subunits (Figure 3A). The subunits in the homod-
imer display a RMSD of 1.5 Å (http://zhanglab.ccmb.med.
umich.edu/TM-align/) (65). The protein presents the fold of
the GntR superfamily of dimeric transcription factors with
each subunit composed by two domains (Figure 3B). The
N-terminal domain of MouR (Asn3–Cys73) is a winged-
helix dsDNA-binding domain, characteristic of the GntR
family, and includes the canonical HTH DNA-binding mo-
tif (�1–�2–�3) followed by a �-hairpin (�1–�2). The FadR
C-terminal putative regulatory domain (FCD domain), en-
compassing residues Val75–Arg217, contains an antiparal-
lel array of six �-helices (�4–�5–�6–�7–�8–�9) that form
a barrel-like structure. The presence of only six �-helices
within the FCD domain classifies MouR as a member of
the VanR subclass of the FadR family of GntR regulators.
The dimer interface is mediated exclusively by helix �4 of
the FCD domain (Figure 3A and C), burying a surface
of ∼1150 Å2 per monomer (calculated with ‘Protein inter-
faces and assemblies’ service PISA at the European Bioin-
formatics Institute; http://www.ebi.ac.uk/msd-srv/prot int/
pistart.html) (66). Residues that contribute to the dimer-
ization are listed in Supplementary Table S4, together with
an estimate of the accessibility of individual residues in the
dimer versus the monomer. Interface residues are located
mainly on �4 and the loop between �6 and �7 (Figure 3C).
The interface involves apolar contacts mediated by Ile89,
Phe90, Ala93 and Ile152, a network of hydrogen bonds and
electrostatic interactions involving Gln82, Glu85, Thr86,
Lys97, Glu145 and Gln149 (Figure 3C). It is known that
the regulatory domains of the FadR family bind small or-
ganic ligands leading to conformational changes that re-
orient their winged-helix domains and affect DNA bind-
ing (67,68). Analysis of the electron density map revealed
an internal polar cavity within the FCD domain, suggest-
ing a putative ligand-binding site (Figure 3A and D). FCD
domains commonly display three conserved histidines that
interact and bind a metal ion in the cavity (68). The den-
sity map of MouR structure revealed that only two his-
tidines (His133 and His134) are conserved whereas a tyro-
sine (Tyr80) is present in place of the third histidine (Figure
3D). In addition, this pocket is large, with a volume of ∼170
Å3 and the electron-density map shows unexplained density
in the cavity where a molecule of ethylene glycol, the cry-
oprotectant used to freeze the crystal, was modelled. Alto-
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Figure 1. lmo0651 encodes a novel GntR transcription factor. (A) Bioinformatic analysis predicts the locus lmo0651 of Lm to encode a transcription
factor with a typical N-terminal DNA-binding winged helix-turn-helix GntR domain and a C-terminal FadR domain. (B) Alignment of protein sequence
of Lmo0651 with orthologs from other Lm strains and Listeria species, with conserved amino acid residues highlighted in red. Amino acids conserved
between Lm EGD-e Lmo0651 and the putative GntR transcriptional regulator in Isobaculum melis (the closest relative outside of the Listeria genus found
by BLAST analysis) are marked in yellow. Critical DNA-binding arginines are highlighted with black boxes. (C) Genomic organization of the mouR region
in Lm EGD-e.
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Figure 2. Genes differently regulated in �mouR in vitro. (A) Fold change of
the expression of genes regulated by MouR as shown by RNA-seq. (B) Val-
idation of RNA-seq transcriptomics data by RT-qPCR. Data represented
as Log2 of fold change between in vitro gene expression of Lm WT and
�mouR in exponential growth in BHI at 37◦C as measured by RNA-seq
and RT-qPCR.

gether this suggests that the pocket binds a small-molecule
instead of a metal.

MouR-dsDNA complex model

The GntR superfamily of dimeric transcription factors is
characterized by the presence of an N-terminal winged-
helix DNA-binding domain. Three structures of FadR-
dsDNA complex are available on PDB: two from E.coli (ID:
1HW2 and 1H9T) (22,69) and one from Vibrio cholera (ID:
4P9U) (70). These FadR proteins in complex with DNA
present an identical structural arrangement of their winged-
helix domains and conserved DNA-interacting amino acid
residues. The superimposition of MouR winged-helix do-
main onto FadR-dsDNA complexes (ID: 1HW2, 1H9T
and 4P9U) shows that it has a similar structure. Therefore,
we modelled the MouR-dsDNA complex using the FadR-
dsDNA complex from E. coli (ID: 1HW2) (Figure 4A).
Analysis of the model strongly shows that Arg44 and Arg48
on the �3-helix appear ready to interact with DNA (Figure
4B). These two arginine residues are conserved in the GntR
superfamily (Figure 1B), supporting their involvement in

the binding to DNA. Among the other E. coli FadR (ID:
IHW2) residues (Arg35, His65 and Lys67) involved in DNA
contact, only the histidine (His63) is conserved in MouR,
Arg35 being replaced by the Lys35. However, in our model
these residues do not contact with DNA (Supplementary
Figure S1), probably because the MouR protein will un-
dergo structural adjustments when bound to DNA, accom-
modating the interaction of those amino acid residues with
the DNA strand. On the other hand, this model shows that
MouR Lys49 is also close to the major groove of the DNA
and may also be involved in the interaction (Figure 4B). Al-
though all known structures of winged-helix domain are
very similar, their mode of interaction with dsDNA can
vary greatly. While the majority of these interactions involve
the �3–helix binding in the major groove of the DNA (71),
our model of the MouR–dsDNA complex (Figure 4A) sug-
gests that only the top of this helix is implicated in the in-
teraction with dsDNA (Figure 4B).

MouR positively regulates the expression of the agr locus by
binding to the operon promoter

Based on MouR structure analysis, we hypothesized that
the �3-helix and in particular the conserved Arg44 and
Arg48 residues would be essential for its ability to bind
target DNA and, thus, crucial for its activity as a tran-
scriptional regulator. To test this, we engineered an Lm
strain to express, on a �mouR background, a mutated ver-
sion of MouR in which Arg44 and Arg48 were replaced by
alanine residues (Lm �mouR+mouR(R44/48A)). We con-
firmed that mouR(R44/48A) is expressed in this strain at
levels comparable to mouR in the WT strain (Supplemen-
tary Figure S2), and analyzed the expression of MouR-
regulated genes in the WT, �mouR, �mouR+mouR and
�mouR+mouR(R44/48A) strains. We observed that in the
�mouR strain the expression of the four agr genes was
highly repressed while lhrA was upregulated (Figure 5A),
as detected by RNA-seq. In the �mouR+mouR comple-
mented strain the expression of all five genes was re-
stored back to levels comparable to those of the WT (Fig-
ure 5A), definitively demonstrating the role of MouR in
the expression of the agr locus and lhrA. Inversely, the
�mouR+mouR(R44/48A) strain exhibited expression lev-
els of agr genes similar to those observed for �mouR (Fig-
ure 5A). This strongly suggests that these conserved argi-
nine residues at the N terminus of MouR are crucial for the
transcriptional activation of the agr genes.

To investigate whether MouR controls the expression
of the agr locus by direct binding of the operon pro-
moter, we performed electrophoretic mobility shift assays
to test protein-DNA interactions. We observed that increas-
ing amounts of MouR were able to delay the migration of
the band corresponding to the agr promoter (Pagr), 0.2 �M
of MouR being sufficient to delay the agr promoter mo-
bility (Figure 5B). Furthermore, increasing amounts of the
mutated MouR(R44/48A) variant failed to delay Pagr mi-
gration, clearly indicating that the arginine residues are es-
sential for the binding of MouR to the agr locus promoter.
As controls, we used Pagr with a purified unrelated regu-
lator (Lmo0443), or mixed MouR with its own promoter
region. In neither condition, we were able to detect a band
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Figure 3. MouR structure and dimerization interface. (A) Ribbon representation of MouR structure. Dimerization interface and ligand binding cavities
indicated by dashed-lined boxes. (B) Top: ribbon representation of the MouR subunit structure. The N and C termini and secondary structure elements are
indicated. Colour code: blue, winged HTH domain; green, FCD domain. Bottom: linear representation of MouR structural domains according to Pfam
(color code as the top). (C) The dimerization interface is enlarged to show some of the residues involved in the interaction (represented as magenta sticks).
Hydrogen bonds are represented by dashed lines, and distances between residues are indicated in Å. (D) Highlight of the putative ligand-binding cavity of
MouR (gray surface) with the conserved residues potentially relevant for ligand binding shown as orange sticks.

shift (Figure 5B), demonstrating that MouR acts as a DNA-
binding transcription factor with specific affinity to the pro-
moter of the agr operon.

Above, our analysis of the MouR structure revealed an
internal polar cavity within the FCD domain, suggesting a
putative ligand-binding site with two conserved histidines
(His133 and His134) and a tyrosine (Tyr80) susceptible to
interact with a potential ligand in the cavity (Figure 3D).
To evaluate if the residues oriented towards the putative
C-terminal ligand-binding cavity play a role in the MouR-
dependent transcriptional activation of agr genes, we en-
gineered Lm �mouR strains to express MouR with the
residue substitutions: Y80F (Lm �mouR+mouR(Y80F)),
H133F (Lm �mouR+mouR(H133F)) and H134F (Lm
�mouR+mouR(H134F)). These substitutions alter the
physical-chemical properties of the residues lining the cavity

by decreasing the polar character of the cavity and reducing
the availability of hydrogen-bond partners. We confirmed
that mouR is expressed in these strains at levels comparable
to the WT (Supplementary Figure S2). The expression of
agrB was analyzed by RT-qPCR in these strains as com-
pared to the WT. Our data showed that agrB expression
in the mutant strains was not significantly different from
the WT strain, indicating that none of the mutations im-
paired the ability of MouR to activate agrB expression (Fig-
ure 5C).

MouR regulates chitinase activity and biofilm formation

While the Agr system has not been deeply characterized in
Lm, it was consistently associated with Lm chitinase activ-
ity and capacity to develop a biofilm (28,51). We thus an-
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Figure 4. Model of MouR-dsDNA complex. (A) Ribbon representation of the modelled MouR–DNA complex. The DNA is modeled based on the
superposition of the FadR–DNA complex (PDB ID: 1HW2) onto the winged-HTH domain of MouR. (B) The overall architecture of the winged-HTH
domain of MouR (shown in blue), with putative DNA-binding residues shown (represented as sticks). The helix (�3) involved in the interaction with DNA
is colored in red.

Figure 5. MouR positively regulates the expression of the agr locus by directly binding to the operon promoter. (A) Expression of agr genes and the
ncRNA lhrA determined by RT-qPCR performed with total RNA isolated from Lm WT, �mouR, �mouR+mouR or �mouR+mouR(R44/48A) cultures
in exponential growth in BHI medium at 37◦C. Expression levels are represented relative to WT. Values are mean ± SD of three independent experiments.
**P ≤ 0.01; ***P ≤ 0.001. (B) Electrophoretic mobility shift assays of increasing amounts of purified MouR, MouR(R44/48A) or an unrelated putative
regulator (Lmo0443) with a DNA fragment containing the promoter region of agr or mouR. Results are representative of at least three independent experi-
ments. (C) Expression of agrB determined by RT-qPCR performed with total RNA isolated from Lm WT, �mouR+mouR(Y80F), �mouR+mouR(H133F)
or �mouR+mouR(H134F) cultures in exponential growth in BHI medium at 37◦C. Expression levels are represented relative to WT. Values are mean ±
SD of three independent experiments.
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alyzed the potential connection between MouR and these
specific processes. We first confirmed that the in vitro growth
of the WT, �mouR and �mouR+mouR strains was simi-
lar (Figure 6A). To test Lm chitinase activity, we spotted
overnight cultures of the different strains on LB agar plates
supplemented with chitin. The formation of a translucent
halo on the opaque medium directly correlates with the
bacterial chitinase activity (51). Our data showed that the
mutant �mouR had a striking reduction in chitin hydrol-
ysis when compared to both the WT and �mouR+mouR
strains which, in turn, were comparable to each other (Fig-
ure 6B). A deletion mutant for agrC (�agrC), the sensor
kinase component of the Agr system (72), showed unde-
tectable chitin hydrolysis (Figure 6B). We also investigated
the role of MouR in biofilm formation on PVC microplates
by the crystal violet turbidimetry method (52). We observed
that the �mouR mutant developed a significantly reduced
biofilm relative to the WT strain, and that this defect was
successfully reverted by gene complementation (Figure 6C).
Again, the behaviour of �agrC further showed that the lack
of a functional Agr system renders Lm unable to form a
WT-like biofilm, thus confirming the relationship between
MouR and biofilm formation. 3-D analysis of 3-day-old
biofilms grown at 30◦C on a glass surface confirmed that
the mouR mutant formed a much thinner (maximal depth:
WT = 14±2 �m; �mouR = 4±1 �m) and less dense biofilm
than did the WT strain (Figure 6D).

Altogether, these results demonstrate how, by directly
regulating the Agr system, MouR controls Lm chitinase ac-
tivity and biofilm formation.

MouR is required for cell invasion and virulence

Taking into account the upregulation of mouR during Lm
infection in mice and its role in chitinase activity and biofilm
formation, we hypothesized that MouR could be impor-
tant for the invasion of eukaryotic cells and establishment
of systemic infection. To test this hypothesis, we infected
the human cell lines Caco-2, Jeg-3 and HeLa with Lm WT
and �mouR strains and assessed the number of intracellu-
lar bacteria. As compared to the WT strain, the �mouR mu-
tant showed a slight defect in the invasion of all cell lines, es-
pecially in the case of Jeg-3 and HeLa cells (Figure 7A), sug-
gesting a role for MouR in cell invasion. We then analyzed
the potential role of MouR in intracellular multiplication
by following the behavior of the WT and �mouR strains
after internalization in RAW murine macrophage-like cells.
Both strains grew with similar multiplication rates after up-
take, indicating that mouR deletion has no consequence on
intracellular multiplication (Figure 7B).

To investigate the role of MouR in vivo, mice were
intravenously or orally infected with WT, �mouR or
�mouR+mouR strains and the bacterial load per liver and
spleen was assessed 72 h post-infection (Figure 7C and D).
While no significant differences were detected in the bacte-
rial burden of intravenously infected animals (Figure 7D),
a significant reduction in the number of �mouR bacteria
was observed in the liver of orally infected mice (Figure
7C). Furthermore, mice infected with the �mouR+mouR
complemented strain showed bacterial levels comparable
to the WT, revealing a restored phenotype (Figure 7C).

Lm was previously shown to preferentially invade intesti-
nal Peyer’s patches following oral inoculation in the mouse
model used in our study (73,74). We thus assessed num-
bers of Lm present in mouse Peyer’s patches 72 h after oral
inoculation. The results showed that invasion of intestinal
Peyer’s patches was less efficient in the absence of MouR
(Figure 7E).

Altogether, our data indicate that MouR is necessary for
Lm virulence in a mouse oral inoculation model, though not
in an IV inoculation murine model.

DISCUSSION

Virulence regulators are crucial elements of the genome of
pathogenic bacteria (10). They coordinate the transcrip-
tional shift that mediates the switch from a saprophyte into
a pathogen, granting the adaptability necessary to infect
host organisms (6,7). It has been predicted that at least 209
transcription regulator-coding genes exist in the genome of
Lm EGD-e (75). Whereas PrfA occupies the highest seat in
the virulence regulation of Lm, controlling the expression of
most of the main virulence factors (12), the identification of
novel regulators is key to understand how Lm fine-tunes the
expression of virulence determinants in order to optimally
promote infection dissemination (12). In addition, despite
the high abundance of transcription factors encoded in bac-
terial genomes, proper characterization of their 3D struc-
tures is limited (76,77). Here, we report the discovery and
molecular characterization of a novel virulence regulator,
MouR, along with the demonstration of its roles in the Lm
virulence regulatory network as the transcriptional activa-
tor of the Agr system.

To our knowledge, this is the first regulator of the Lm
Agr system identified. At least a dozen regulators have been
linked to the activation and repression of agr in S. aureus
(78). Although we do not rule out the existence of other reg-
ulators controlling Agr in Lm and also the existence of an
autoregulation mechanism as suggested before (26,28), our
data strongly indicate that MouR has an important role as
activator of the Agr system.

By resolving the structure of MouR we opened ways to
the classification and deeper characterization of this novel
regulator. As initially predicted by bioinformatics, the crys-
tal structure of MouR revealed that a monomer is com-
posed of a typically conserved GntR N terminus with a
winged-HTH DNA-binding domain and a variable C ter-
minus with an E-O domain. Deeper analysis of the C-
terminal structure led us to classify MouR as a member of
the FadR sub-family, the largest sub-group of the GntR su-
perfamily (19). The presence of exactly six �-helices within
the C terminus allowed us to further classify it as a mem-
ber of the VanR sub-class (79). Despite the large size of the
FadR sub-family, currently making up close to 50% of all
GntR proteins sequences on Pfam, only five VanR regula-
tors are presently available in the PDB database (67,68,79).
To our knowledge, this is the second GntR member (80)
and the first VanR type regulator described in Listeria. Our
structural data show that MouR is organized as a dimeric
unit. GntR transcription factors predominantly bind their
DNA–targets as dimers (79,81), however, the quaternary
organization of these proteins and their mode of interac-
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Figure 6. MouR regulates chitinase activity and biofilm formation. (A) Growth curves of different Lm strains in BHI. Overnight cultures were diluted
100-fold in BHI medium and incubated at 37◦C with agitation. Measurement of optical density (OD600 nm) was performed every 30 min. (B) Chitinase
activity of Lm WT, �mouR, �mouR+mouR and �agrC. Overnight cultures were spotted on LB agar plates supplemented with chitin and incubated at
30◦C for 6 days. Halo measurements are mean ± SD of four independent experiments. (C) Biofilm formation of WT, �mouR, �mouR+mouR and �agrC.
Cultures were diluted 100-fold in BHI, incubated in 96-well microplates for 20 h and biofilm formation was measured by the crystal violet assay. Wells with
BHI medium served as control. Results are mean ± SD of three independent experiments. (D) Confocal microscopy images of Lm WT and �mouR biofilm
developmed on glass surface. Overnight cultures were diluted 100-fold in BHI medium and grown on glass coverslips at 30◦C for three days. Bacteria were
stained with acridine orange (0.1%) and imaged on a confocal microscope with a 0.5 �m z-stacking. Top: top view of fluorescent biofilm-forming bacteria,
with x-z and y-z sagittal images on the right side and bottom of images, respectively. Lines indicate the planes corresponding to the sagittal images. Middle:
Integrated density over biofilm thickness calculated from images above. Bottom: 3D model of a representative field from Lm WT and �mouR biofilms,
created with Fiji-ImageJ. Florescence levels correlates to biofilm density and red lines indicate axis depth (�m). *P ≤ 0.05; ***P ≤ 0.001.

tion with DNA vary across the family. Our structure and
functional data show that the MouR dimer has a head-to-
head orientation and that residues Arg44 and Arg48 in the
�3-helices are involved in the interaction with DNA. The
presence of a pocket in the C-terminal domain of MouR
suggests the presence of an allosteric binding site. How-
ever, point mutations of the residues predicted to mediate
the putative ligand binding did not impair MouR regula-
tion of agrB, indicating that the presence of a ligand in this
pocket is not crucial for agr transcriptional activation. Fur-
ther studies should provide new insights about a possible
modulation of MouR activity by ligand molecules.

Transcription factors can control gene expression in a di-
rect or indirect fashion. This holds true in the case of S. au-
reus Agr as some of its regulators directly bind the agr pro-
moter, while others have an indirect mode of control (78).
Our results demonstrated the specific binding of MouR to
the promoter region of the agr locus, thus indicating that
Lm evolved a regulatory element to specifically control the

Agr system. In addition, the incapacity of MouR to bind its
own promoter suggests the absence of autoregulation, indi-
cating that MouR could itself be controlled by unidentified
regulators.

The Agr system was previously shown to have an impact
on both Lm stress response/adaptation and pathogenic-
ity, being in particular solidly linked to chitinase activity,
biofilm formation and virulence (28). The Agr system pro-
motes chitinase activity through negative regulation of the
short ncRNA lhrA, which itself binds to chitinase mRNA
(chiA) blocking ribosome access and translation (51,60).
Furthermore, Lm chitinase has been established as a viru-
lence factor involved in the modulation of the host immune
system, through suppression of the hostile inducible nitric
oxide synthase (iNOS) (82,83). Given the dual function of
the chitinase and the regulatory role of MouR on the Agr
system, it appears that MouR is involved in the adaptation
of Lm to both the environment and the host. This could be
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Figure 7. MouR is required for cell invasion and virulence. (A) Invasion of Caco-2, Jeg-3 and HeLa cell monolayers by Lm WT and �mouR, shown as
intracellular CFU counts relative to WT (fixed at 100%). (B) Intracellular replication behaviour of the Lm WT and �mouR in RAW 264.7 cells. Results
are mean ± SD of three independent experiments. CFU counts in spleens and livers of female BALB/c mice 72 h after (C) oral infection with 109 CFU of
WT, �mouR or �mouR+mouR and (D) intravenous infection with 104 CFU of WT or �mouR. (E) CFU counts in Peyer’s patches of female BALB/c mice
72 h after oral infection with 109 CFU of WT and �mouR. Each dot of the plot corresponds to one animal, mean values are represented by a horizontal
bar. **P ≤ 0.01.

a factor contributing to the prevalence of a conserved mouR
locus in pathogenic and non-pathogenic Listeria strains.

We also demonstrate here that MouR plays a role in
the formation of Lm biofilm on abiotic surfaces. The rel-
evance of biofilm formation in the context of Lm infec-
tion is not fully understood but it is a common general
key feature for pathogen adaptation both outside and in-
side the host (84). Once established on surfaces or tools,
biofilms drastically increase Lm survival, persistence and ul-
timately promote dissemination (85,86). The impact of the
Agr system on biofilm formation in Lm has been shown be-
fore (26,87,88). Our data show that deletion of mouR does
compromise biofilm formation to a similar extent of that
of a �agrC mutant. The regulation of biofilm formation

in bacteria is very complex. In Lm, the Agr system is only
one of several regulatory elements that control biofilm for-
mation, among which are the biofilm-promoting motility
proteins flagellins (89) and the biofilm-repressing luxS sig-
nal transduction pathway (53). The orphan response reg-
ulator DegU has also been shown to play a role in Lm
biofilm formation (90), partly independent of its control
over flagella-related genes. In addition, a transcriptomics
study revealed that DegU could positively control mouR
expression at 24◦C (18), adding another layer to the Agr-
biofilm regulatory scene.

We show here that MouR appears to play a role in cell
invasion. Previous studies have demonstrated that the ex-
pression of internalins InlA and InlB, as well as InlA allo-
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cation to the membrane surface, are decreased in absence
of a functional Agr system (28,88), inducing a defect of cell
invasion (28,91). Although we did not detect a significant
downregulation of inlA/B expression in absence of MouR,
the invasion defect observed for the mouR deletion mutant
could be related to a slight deregulation of Lm internalins
due to impaired Agr functionality.

Importantly, we demonstrated that MouR is necessary
for full Lm virulence in the mouse oral inoculation model.
The absence of a defect in infectivity after intravenous in-
oculation points towards a role for MouR during the gas-
trointestinal phase of infection. In accordance, the mouR
mutant infects less efficiently Peyer´s patches. The impaired
ability to develop a biofilm in absence of MouR could pos-
sibly impact Lm prevalence in the digestive tract and the
successful crossing of the intestinal barrier, as previously
proposed (92). We also observed that the significantly de-
creased infectivity of the mouR mutant is only detected in
mouse livers. A similar phenotype has been reported for a
�agrD mutant where Lm was showed by bioluminescence
to spread to the spleen but not the liver of infected mice (28).
Considering the role of MouR and Agr on chitinase func-
tion, a differential modulation of iNOS/NO-based immune
response in different organs could account for such differ-
ences. In a previous study, endotoxic shock in response to
bacterial LPS induced different levels of iNOS expression
in the spleen and the liver (93). Further studies could reveal
a role for MouR/Agr in the modulation of the immune re-
sponse in different organs and/or cell types.

We thus propose MouR as a dimeric DNA-binding tran-
scription factor expressed by Lm that modulates, through
the Agr system, biofilm formation and the host immune
response, promoting bacterial virulence. This work reveals
MouR as a new target for innovative strategies against Lm
biofilm formation.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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for efficient allelic replacement in naturally nontransformable,
low-GC-content, Gram-positive bacteria. Appl. Environ. Microbiol.,
70, 6887–6891.

37. Monk,I.R., Gahan,C.G.M. and Hill,C. (2008) Tools for functional
postgenomic analysis of Listeria monocytogenes. Appl. Environ.
Microbiol., 74, 3921–3934.

38. Benson,D.A., Cavanaugh,M., Clark,K., Karsch-Mizrachi,I.,
Lipman,D.J., Ostell,J. and Sayers,E.W. (2013) GenBank. Nucleic
Acids Res., 41, 36–42.

39. Boratyn,G.M., Camacho,C., Cooper,P.S., Coulouris,G., Fong,A.,
Ma,N., Madden,T.L., Matten,W.T., McGinnis,S.D., Merezhuk,Y.
et al. (2013) BLAST: a more efficient report with usability
improvements. Nucleic Acids Res., 41, 29–33.

40. Sigrist,C.J.A., de Castro,E., Cerutti,L., Cuche,B.A., Hulo,N.,
Bridge,A., Bougueleret,L. and Xenarios,I. (2013) New and
continuing developments at PROSITE. Nucleic Acids Res., 41,
344–347.

41. Marchler-Bauer,A., Bo,Y., Han,L., He,J., Lanczycki,C.J., Lu,S.,
Chitsaz,F., Derbyshire,M.K., Geer,R.C., Gonzales,N.R. et al. (2017)
CDD/SPARCLE: Functional classification of proteins via subfamily
domain architectures. Nucleic Acids Res., 45, D200–D203.

42. Kumar,S., Stecher,G. and Tamura,K. (2016) MEGA7: molecular
evolutionary genetics analysis version 7.0 for bigger datasets. Mol.
Biol. Evol., 33, 1870–1874.

43. Pinheiro,J., Reis,O., Vieira,A., Moura,I.M., Zanolli Moreno,L.,
Carvalho,F., Pucciarelli,M.G., Garcı́a-del Portillo,F., Sousa,S. and
Cabanes,D. (2017) Listeria monocytogenes encodes a functional
ESX-1 secretion system whose expression is detrimental to in vivo
infection. Virulence, 8, 993–1004.

44. Kim,D., Pertea,G., Trapnell,C., Pimentel,H., Kelley,R. and
Salzberg,S.L. (2013) TopHat2: accurate alignment of transcriptomes
in the presence of insertions, deletions and gene fusions. Genome
Biol., 14, R36.

45. Trapnell,C., Williams,B.A., Pertea,G., Mortazavi,A., Kwan,G., van
Baren,M.J., Salzberg,S.L., Wold,B.J. and Pachter,L. (2011) Transcript
assembly and abundance estimation from RNA-Seq reveals
thousands of new transcripts and switching among isoforms. Nat.
Biotechnol., 28, 511–515.

46. Trapnell,C., Roberts,A., Goff,L., Pertea,G., Kim,D., Kelley,D.R.,
Pimentel,H., Salzberg,S.L., Rinn,J.L. and Pachter,L. (2013)
Differential gene and transcript expression analysis of RNA-seq
experiments with TopHat and Cufflinks. Nat. Protoc., 7, 562–578.

47. Glomski,I.J., Gedde,M.M., Tsang,A.W., Swanson,J.A. and
Portnoy,D.A. (2002) The Listeria monocytogenes hemolysin has an
acidic pH optimum to compartmentalize activity and prevent damage
to infected host cells. J. Cell Biol., 156, 1029–1038.

48. Kabsch,W. (1993) Automatic processing of rotation diffraction data
from crystals of initially unknown symmetry land cell constants. J.
Appl. Crystallogr., 26, 795–800.

49. Schneider,T.R. and Sheldrick,G.M. (2002) Substructure solution with
SHELXD. Acta Crystallogr. Sect. D Biol. Crystallogr., 58, 1772–1779.

50. Adams,P.D., Afonine,P.V., Bunkóczi,G., Chen,V.B., Davis,I.W.,
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