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Background: L. monocytogenes meningoencephalitis has a mortality rate of up to

50% and neurofunctional sequelae are common. Type I restriction-modification systems

(RMS) are capable of adding methyl groups to the host genome. Some contain multiple

sequence recognition (hsdS) genes that recombine, resulting in distinct DNA methylation

patterns and patterns of gene expression. These phenotypic switches have been linked

to virulence and have recently been discovered in multiple clonal complexes of L.

monocytogenes. In the present study, we investigated the significant of RMS on L.

monocytogenes virulence during the acute phase of experimental meningitis.

Methods: L. monocytogenes strains containing RMS systems were identified, and

purified clones enriched for single hsdS alleles were isolated. In vivo, 11-day old Wistar

rats were infected with an inoculum containing (a) one of 4 single RMS allele variants

(A, B, C, D) treated with amoxicillin (AMX 50 mg/kg/dosis, q8h), (b) a mixture of all 4

variants with or without AMX treatment, or (c) different mixtures of 2 RMS allele variants. At

selected time points after infection, clinical and inflammatory parameters, bacterial titers

and brain damage were determined. Changes in the relative frequency of the occurring

RMS alleles in the inoculum and in CSF or cerebellum of infected animals were analyzed

by capillary electrophoresis.

Results: We have identified a phase variable RMS locus within L. monocytogenes

CC4 and generated stocks that stably expressed each of the possible hsdS genes

within that loci. Generation of these allele variants (A, B, C, D) allowed us to determine

the methylation pattern associated with each hsdS through SMRT sequencing. In vivo

infections with these single allele variants revealed differences in disease severity in that

C induced the worst clinical outcome and more pronounced hippocampal apoptosis;

D showed the most pronounced weight loss and the highest bacterial titer in the

cerebellum. A caused the least severe disease.

Conclusion: We identified that L. monocytogenes expressing hsdS (A) causes less

damage than when other hsdS genes are expressed. While expression of hsdSC and
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D worsened the outcome in L. monocytogenes meningitis. We also demonstrate a

competitive advantage of variants C and B over variant A in this model. Phenotypical

switching may therefore represent a mechanism of virulence regulation during the acute

phase of CNS infections with L. monocytogenes.

Keywords: listeria monocytogenes (L. monocytogenes), meningoencephalitis, restriction modification systems,

pathogenesis, inflammation, brain damage, neurolisteriosis

INTRODUCTION

Listeria monocytogenes, a gram-positive facultative intracellular
bacterium is a ubiquitous pathogen able to cause infections
of the central nervous system (CNS), bacteremia involving
the spleen and the liver, and localized gastrointestinal
symptoms (Disson and Lecuit, 2012). Listeriosis primarily
affects immunocompromised adults, the elderly and pregnant
women via a foodborne infection route with high mortality
rates of up to 50% (Yildiz et al., 2007; de Noordhout
et al., 2014; Koopmans et al., 2017). In around 30% of
the cases, listeriosis develops into bacterial meningitis
and meningoencephalitis (Charlier et al., 2017). After
Streptococcus pneumoniae and Neisseria meningitidis, Listeria
monocytogenes is the third most common causative pathogen
in meningitis/meningoencephalitis in around 5% of all cases
(Koopmans et al., 2013).

Infections of the CNS by L. monocytogenes cause neurological
sequela like epilepsy, hydrocephalus, strokes, severe intellectual
disability and motor impairment (Kasanmoentalib et al., 2010;
de Noordhout et al., 2014). In up to 18% of the patients,
sequelae are still present 3 months after infection (Pelegrin
et al., 2014). In neonates with a CNS infection, 44% developed
neurological sequelae (de Noordhout et al., 2014). Complications
like hydrocephalus occur in 28% percent of the cases (Hsieh et al.,
2009) and is a risk factor for higher mortality (Pelegrin et al.,
2014). Children are especially affected by long term disabilities.
After 5 years 44% of all cases of neonatal neurolisteriosis still
showed sequelae (Bedford et al., 2001).

The overshooting immunoreaction of the central nervous
system (CNS) is an important driver in the pathophysiology
of bacterial meningitis/meningoencephalitis and leads to poor
outcome (Agyeman et al., 2014). Adults show a severe
meningeal inflammation with a monocytic and granulocytic
infiltration. Ventriculitis is frequently encountered and, often
the periventricular tissue is being invaded. Commonly, L.
monocytogenes meningitis leads to micro-abscesses. Those occur
in proximity of the ventricles or perivascular spaces. Further
the infection with L. monocytogenes leads to subendothelial
inflammation of the meningeal arteries. Small vessel in the
parenchyma show thrombosis and parenchymal bleedings
(Engelen-Lee et al., 2018). The hippocampal formation of
patients dying in association with bacterial meningitis show
neuronal apoptosis of the granular layer in the dentate gyrus
(Nau et al., 1999). This is also true in experimental models (Leib
et al., 1996; Bifrare et al., 2003; Grandgirard et al., 2007b). The
hippocampus is important for spatial and verbal learning and

memory and damage within it leads to learning and memory
impairment consecutive to bacterial meningitis (Nau et al., 1999;
Wellmer et al., 2000; Loeffler et al., 2001; Leib et al., 2003).

The current therapy for listeria meningitis consists of
amoxicillin, ampicillin or penicillin G. A duration of 21 days or
longer is recommended, however there is no empiric data on an
optimal treatment duration (Tunkel et al., 2004; van de Beek et al.,
2016; Pagliano et al., 2017).

Phase-variation (PV), a rapid and reversible process, allows
bacteria to diversify within populations and quickly adapt to
changing environmental conditions. This is a mechanism with
the potential to explain the ability of certain species, lineages or
clones of pathogenic bacteria to be more successful in causing
disease (Srikhanta et al., 2005; De Ste Croix et al., 2017, 2020a).
PV DNA methylation systems have been proposed as one
mechanism which could allow global gene expression changes
through alternate methylation of the genome (Srikhanta et al.,
2005; Manso et al., 2014). PV type I restriction modification
systems (RMS) have been implicated in species such as S.
pneumoniae (Manso et al., 2014; Li et al., 2016; Kwun et al.,
2018; De Ste Croix et al., 2019, 2020b), Streptococcus suis (Atack
et al., 2018), Mycoplasma pulmonis (Sitaraman et al., 2002) and
L. monocytogenes (Fagerlund et al., 2016) as potential epigenetic
regulators of bacterial virulence. In L. monocytogenes, as in many
other bacterial species, RMS tend to be specific to the accessory
genome of single phylogenetic units such as sequence type or
clonal complex (Chen et al., 2017; De Ste Croix et al., 2017; Lee
et al., 2019; Zamudio et al., 2020). Previously a PV type I RMSwas
described in L. monocytogenes lineage II sequence type 8 (ST8)
isolates of food and human origin (Fagerlund et al., 2016). We
identified a related phase variable type I RMS in L. monocytogenes
lineage I ST4.

The aim of this work was to isolate strains stably expressing
each of the PV hsdS genes of this type I RMS and characterize
the associated methylome changes and their potential effects on
disease associated phenotypes in an established infant rat model
of experimental meningitis/neurolisteriosis.

MATERIALS AND METHODS

Bacterial Strains, Growth Conditions, and
Growth Curves
L. monocytogenes isolates of sequence type 4 (ST4) were clinical
isolates from the Institute of Infectious Diseases in Bern and
blood culture isolates collected by the National Reference
Laboratory for Enteropathogenic Bacteria and Listeria (NENT)
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TABLE 1 | L. monocytogenes strains used in this study.

Strain Origin Source Type ST Accession

2250248 Bern CSF 4b 4 JACBGT000000000 This work

N12-0320 Zurich Blood 4b 4 NZ_QYGX00000000.1 Althaus et al., 2014

N12-0794 Zurich Blood 4b 4 NZ_QYGH00000000.1 Althaus et al., 2014

N13-0772 Zurich Blood 4b 4 NZ_QYEK00000000.1 Althaus et al., 2014

in Zürich (Table 1). Bacterial strains were grown at 37◦C on brain
heat infusion (BHI) agar plates or in BHI broth (Thermo Fisher
Scientific, UK). Wildtype (wt) clones of L. monocytogenes N12-
320 stably expressing a single RMS hsdS allele were generated.
These clones were generated through the passaging of single
colony isolates on BHI agar at 37◦C, followed by PCR analysis
of the hsdS locus using primers WRT3 and WRT4 as described
below. For each hsdS allele 3 clones were independently generated
and named A1-3, B1-3, C1-3, and D1-3. Each of these clones
is a wt isolate capable of recombination within the RM system
locus, however it is significantly enriched (>90%) for a single
hsdS allele. Stable hsdS expressing clones were also generated in
the CC4 strains 2250248 and N12-0794.

Clones enriched for a single hsdS allele, from strain N12-
0320, were used to confirm that all strains showed a similar
growth rate in vitro. Strains were plated on BHI agar (Oxoid,
UK) and incubated overnight at 37◦C. For each strain a sweep of
colonies was resuspended in BHI broth to an OD600 of∼0.4. An
additional 25%mix containing A1, B1, C1, and D1 was generated
by pooling strains in equal proportions by OD. Each sweep was
then diluted 1:100 in fresh BHI broth. 200 ul per strain per
replicate was aliquoted into a sterile, flat-bottomed, 96 well-plate
(Thermo Fisher Scientific, UK) and sealed with a Breathe-Easy
membrane (SigmaAldrich, UK). Growth was measured for 24 h
in an Eon Biotek plate reader (Biotek, UK) at 37◦C. Growth curve
data was plotted using ggplot2 in R/4.0.2. Data from independent
strains (e.g. A1, A2, A3) were used to generate error bars.

Molecular Analysis
SMRT Sequencing
We determined the complete genome of L. monocytogenes N12-
0794 hsdSA and N12-0794 hsdSC using single-molecule, real-
time (SMRT) sequencing. In short DNA was prepared from
exponential phase (OD0.4) cultures using the Zymo Clean &
Concentrator DNA kit (Cambio, UK) and the manufacturers
protocol. Sequencing libraries were prepared according to the
manufacturer’s instructions and sequenced on the PacBio Sequel
II instrument. Genomes were assembled de novo and reads were
analyzed for methylation patterns using SMRT analysis software
(available from Pacific Biosciences). Analysis was conducted
on CLIMB (Cloud Infrastructure for Microbial Bioinformatics)
(Connor et al., 2016).

GeneScan of hsdS Alleles in Recovered Samples
Bacterial colonies obtained from intra-cisternal infections of
Wistar Rat pups were analyzed for hsdS expression and compared
to the initial inoculating dose. To ensure only live bacteria were

analyzed all samples were plated on BHI agar and incubated at
37◦C overnight. All bacterial growth was collected and used for
PCR amplification of the phase variable region of interest with a
FAM labeled primer (WRT4 5′-[6FAM]CCAGTAATCCGGTTT
AAAGGC) and primer WRT3 (5′-CCAAGCGAATCTGTA
GCCC) (Sigma, UK). Following successful PCR amplification of
the phase variable region of interest, samples were digested using
EcoRV (NEB, UK), giving a unique fragment size for each variant
when in the active hsdS position (allele A 780, B 727, C 705,
and D 756 bp). Fragment size analysis of FAM labeled, digested
PCR products was done on an ABI Prism DNA sequencer using
the LIZ1200 size standard (Thermo Fischer Scientific, UK). Size
analysis of each labeled fragment was run in Peak Scanner
v1.0 (Thermo Fisher, UK). For homogenized organs 20 ul was
plated and for CSF samples (due to the small sample volume)
10 ul was plated. A minimum of 10 colonies were required for
analysis to ensure samples were representative, samples with <

10 colonies were not analyzed further. The initial inoculum for
each experiment was also analyzed by plating and PCR of the
recovered colonies. If two attempts to PCR amplify the locus of
interest failed the sample was excluded from further study.

Phylogenetic Analysis
As we previously described, the core-genome phylogenetic tree
for our Swiss isolates was build based on 1,596 core genes,
which represent 93.8% of the well-defined cgMLST scheme
(Zamudio et al., 2020). Gene markers for phase variable
Modification Restriction systems (pv-MRS) were identified in
our 160 Swiss isolates by using BLASTn with 100% coverage and
98% identity. The gene presence/absencematrix wasmapped into
the phylogenetic tree using the ggtree R package v1.15 (Yu et al.,
2017).

Bacteria Preparation for in vivo Infections
Clones enriched for a single hsdS allele, isolated from the strain
N12-0320, were used in all in vivo experiments. The bacteria
stored at −80◦C on ceramic beads were stroked on Columbia
sheep blood agar and incubated overnight at 30◦C. Single
colonies were picked up and grown at 30◦C in prewarmed brain
heart infusion broth (BHI) for 18 h, under static conditions. After
that, bacteria were pelleted at 1,560 rcf (Heraeus Biofuge Fresco,
Thermo Fischer Scientific, Waltham, Massachusetts, US) for
10min at 4◦C. The pellet was resuspended in sterile NaCl 0.85%.
This procedure was repeated twice. The resuspended bacterial
preparation was diluted in sterile NaCl 0.85% and adjusted to
the desired concentration by measuring the optical density at
570 nm. Inoculum size accuracy was checked by quantitative
culture on blood agar plates. For in vivo experiments, 10 µl of
the suspension were injected intracisternally.

Experimental Model of Neurolisteriosis
All animal studies were approved by the Animal Care and
Experimentation Committee of the Canton of Bern, Switzerland
(license no. BE 1/18). The model used in the present study was
previously established in our group (Michelet et al., 1999; Remer
et al., 2001). Per experiment 14 eleven-day old rat pups of mixed
sex and one dam were purchased from Charles Rivers (Sulzfeld,
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Germany). The dams were provided with tap water and pellet diet
ad libitum. Litters were kept in rooms at a controlled temperature
of 22 ± 2◦C. The average weight of the animals upon start of the
experiments was 22.0 ± 2.7 g. Our experimental model with 11-
day old rats, corresponds to term infants or very young children
<1 year old in term of brain development (Semple et al., 2013).
This model is therefore well-suited to investigate both the acute
phase of the disease and later neurofunctional deficits.

Via a 30-gauge needle (Becton Dickinson MicrolanceTM,
Allschwil, Switzerland) 10 µl of the bacteria suspension was
injected into the cisterna magna of infant rats. The animals
were weighted, clinically scored according to this scheme (1 =

coma, 2 = does not turn upright, 3 = turns upright in >5 s,
4 = turns upright in <5 s, 5 = normal) and CSF was gained
by puncturing the cisterna magna at different times points (18,
24, and 42 h post infection, hpi). These time points correspond
to (a) a time preceding the symptoms appearance, when we
begin to monitor the animals (18 hpi), (b) initiation of antibiotic
therapy, with a significant worsening of clinical symptoms (24
hpi), and (c) to the time of sacrifice, when we investigate the
development of acute brain damage by histology. Depending
on the experiment (see next paragraph), animals were treated
with either Amoxicillin (AMX 50 mg/kg/dosis, q8h) or saline,
starting at 24 hpi. Animals were checked regularly to evaluate
their health status by determining their clinical score. When
reaching a clinical score <2, animals were euthanized for ethical
reasons. At 42 h after infection, surviving animals were sacrificed
with an overdose of the anesthetic pentobarbital (Esconarkon,
Streuli Pharma AG, Uznach, Switzerland 200 mg/kg body weight,
i.p.,). Animals were perfused through the left ventricle with ice-
cold phosphate buffered saline (PBS). Brains were removed for
later histological processing. The cerebellar samples were frozen
on dry ice and stored at−80◦C for later homogenization.

Experimental Design
Infections With Single RMS Allele Variants
Animals (n = 36) received an inoculum prepared from a clone
enriched for a single hsdS allele as described above. Inoculum
sizes were 2.03 ± 0.55 × 107 cfu/ml for variant A (n = 3), 1.70
± 0.60 × 107 cfu/ml for B (n = 3), 2.19 ± 1.52 × 107 cfu/ml
for C (n = 3), and 2.46 ± 1.65 × 107 cfu/ml for D (n = 3).
The assignment of the animals for infection with one of the
variants was randomized with 9 animals infected per variants. All
animals were treated starting at 24 hpi with Amoxicillin (AMX
50 mg/kg/dosis, q8h). Two animals had to be sacrificed early,
due to traumatic puncture injuries (B: n = 1; D: n = 1) and two
animals died spontaneously from infection (A: n = 1 and C: n =

1). Thirty-two animals reached the endpoint of the experiment at
42 hpi (A: n= 8, B: n= 8, C: n= 8, D: n= 8).

Infections With a Mixture of the 4 RMS Allele Variants

(A:B:C:D)
Animals (n = 28) received an inoculum prepared from a mix
of 4 clones enriched for the different hsdS alleles. The inoculum
size was 1.80 ± 0.35 × 107 cfu/ml (n = 3). The animals were
randomly assigned to a treatment with AMX (50 mg/kg/dosis,
q8h) or saline starting at 24 hpi. The assignment to the treatment

group was randomized (AMX n = 14, saline n = 14). Three
animals spontaneously died in the control group and one animal
of the AMX group had to be sacrificed early due to a traumatic
puncture injury, so that a total of 24 animals reached the endpoint
of the experiment at 42 hpi and were further included in the
analysis data (AMX = 13, control = 11). Apart from clinical,
histological and inflammatory parameters, the hsdS expression
(A:B:C:D) within the bacterial colonies recovered from the CSF
and cerebellum was compared to the original inoculum by
analysis of PCR fragments (GeneScan).

Infections With a Mixture of 2 RMS Allele Variants

(A:B, A:C, B:C)
Animals received an inoculum prepared from a mix of 2 clones
enriched for hsdS alleles A and B (A:B, n = 36), alleles A and C
(A:C, n = 24) or alleles B and C (B:C, n = 24). The inoculum
size was 1.46± 0.32× 107 cfu/ml for A:B (n= 3), 1.03± 0.11×
107 cfu/ml for A:C (n = 4) and 1.16 ± 0.37 × 107 cfu/ml for
B:C (n = 4). No treatment was applied for these experiments.
Twenty-five animals reached the endpoint of the experiment at
42 hpi for A:B, 16 for A:C and 15 for B:C. The hsdS expression of
the different alleles (A, B, C, and D) within the bacterial colonies
recovered from the CSF and cerebellum was compared to the
original inoculum by analysis of PCR fragments (GeneScan).

Quantitative cfu Determination
CSF samples were serially diluted in sterile NaCl 0.85% and plated
on CSBA plates. To prepare cerebellar homogenates, 1ml of NaCl
0.85% was added per gram of tissue and mechanically processed
in a glass homogenizer. The homogenate was serially diluted and
plated onCSBA plates. All plates were cultured at 37◦C overnight.
Results were expressed as cfu/ml for CSF samples, respectively,
cfu/g for homogenized tissue.

Analysis of Cytokine Expression in
Cerebellar Homogenates
Cytokines known to be upregulated during L. monocytogenes
meningitis (IL-1β, IL-6, IL-10, IL-18, TNF-α, and VEGF)
(Koopmans et al., 2014, 2018) were assessed using magnetic
multiplex assay (Rat Magnetic Luminex R© Assay, Rat Premixed
Multi-Analyte Kit, R&D Systems, Bio-Techne) on a Bio-Plex
200 station (Bio-Rad Laboratories) as described previously
(Perny et al., 2016; Muri et al., 2018). Cerebellum homogenates
were centrifuged (16,000 × g, 10min, 4◦C) and protein
concentration determined using PierceTM BCA Protein Assay kit
(ThermoFischer Scientific). 100–150 µg proteins were diluted to
a final volume of 50 µl. For each sample, a minimum of 50 beads
was measured. If the concentration of the sample was below
the detection limit, a value corresponding to the lower limit of
detection provided by the manufacturer was used. The detection
limits for undiluted samples were 2.93 pg/ml for IL-1β, 23.2
pg/ml for IL-6, 8.95 pg/ml for IL-10, 3.32 pg/ml for IL-18,11.5
pg/ml for TNF-α, and 15.6 pg/ml for VEGF.

Histopathology
Brain harvested at sacrifice were fixed for 4 h in 4% PFA
and cryo-preserved in a 18% sucrose in PBS at 4◦C for 24 h.
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After freezing the brains in methyl-butane at −80◦, forty-five
µm slices were cut and every 15th cut was mounted on a
gelatin coated glass slide. The slides were stained with cresyl
violet (Merck, Zug, Switzerland) for Nissl bodies and mounted
with DPX mounting medium for Histology (Sigma-Aldrich,
Buchs, Switzerland). The sections were analyzed for hippocampal
apoptosis as described previously (Grandgirard et al., 2007a).
Hydrocephalus was assessed by determining the volume of the
lateral and third ventricles normalized to the respective total
cortical volume. All volumes were determined using the Cavalieri
principle (Grandgirard et al., 2007a) using Image J for the analysis
(V. 1.45, National Institutes of Health, Bethesda, Maryland,
US). In our hand, a 15th cutting frequency allows enough
resolution to determine volumes using histology, with negligible
variation compared to water displacement method. Histologic
assessment was performed and evaluated by investigators blinded
to treatment modalities of the individual animals. Digital pictures
of the dentate gyrus were taken using an AxioImager M1
microscope equipped with an AxioCamMRc CDD camera (Carl
Zeiss Microscopy, Göttingen, Germany) at a magnification of
40x. Entire histological slices were scanned using a Path Enabler
IV scanner (Meyer Instruments Inc., Houston, TX, US) at a
resolution of 3,600 dpi.

Statistical Analyses
Statistical analyses were performed using GraphPad Prism
(Prism 8; GraphPad Software Inc., San Diego, USA). Results
are presented as mean values ± standard deviation if not stated
otherwise. Survival was calculated using a log rank (Mantel-Cox)
test. To compare differences between two groups, an unpaired
Student t-test or a non-parametricMann-Whitney test were used.
When comparing multiple groups, we performed either one-way
ANOVA with Tukey multiple comparison or a Kruskal-Wallis
with Dunn’s multiple comparison test depending on the normal
distribution of the groups. For data available for different time
points we performed a mixed-effects model of a 2-way ANOVA
with repeated measures (because of missing values for animals
that died spontaneously) and Tukey multiple comparison. The
active hsdS allele composition of each sample was compared
to the initial inoculum using a Kruskal-Wallis test. Normal
distribution was tested using the D’Agostino & Pearson test. A
p < 0.05 was considered statistically significant with p < 0.05 (∗),
p < 0.01 (∗∗), p < 0.001 (∗∗∗), and p < 0.0001 (∗∗∗∗).

RESULTS

Genetic, Genomic, and Phenotypic
Analysis of the Phase Variable Type I RMS
For the genetic and genomic analysis of the phase variable type I
RMS Lmo0320I in L. monocytogenes lineage I ST4 (sequence type
4, clonal complex 4 CC4) isolate N13-0320, we aligned the RMS
system loci of four ST4 genomes (Figure 1A). The 8,446 bp phase
variable RMS locus was found to be inserted into a hairpin in the
intergenic between lmo020 and lmo0521 in the reference strain
EGD-e (between GeneID 985284 and 985300) creating a deletion
of 32 bp. The structure of the locus was maintained between all
CC4 isolates with an hsdR gene coding for the restriction subunit,

an hsdM gene encoding for the methyltransferase, and one active
and one inactive hsdS gene encoding for the specificity subunit,
interspaced by the gene for a site-specific recombinase with a 99%
nucleotide identity spanning the whole locus. As already shown
for other phase variable type I RMS loci (Manso et al., 2014;
Fagerlund et al., 2016), shuffling of the single target recognition
domains (TRD) of the hsdS genes is readily evident from the
aligned genome sequences (Figure 1A). Testing our collection of
160 Swiss L. monocytogenes isolates of food and clinical origin
(Althaus et al., 2014) shows presence of the phase variable RMS
Lmo0320I in all eight CC4 isolates and the related isolates of
ST54 and ST1286 (Figure 1B). Further interrogation of our set
of genomes with the sequences of the Lmo0320I hsdR genes
detected orthologous systems in CC5 and CC8 with sequence
identity, respectively, of 3063/3063 (100%) (Lineage I CC5 isolate
N13-0402, accession RDSW00000000) and 3015/3063 (98%)
(Lineage II CC8 isolate N11-2036 accession QYHX00000000)
(Figure 1B). The hsdM genes shared a similar level of sequence
identity. Three of the Lmo0320I target recognition domains were
present in CC5, namely TRD 1.2, 2.1, and 2.2 (nucleotide identity
99–100%). In the more distantly related lineage II CC8 RMS
(Fagerlund et al., 2016), only one of the four TRDs was partially
conserved (TRD1.1, identity 642/695 92%).

Analysis of hsdS allele prevalence in single colonies of N12-
0320, N12-0794, and 2250248 showed that it was possible to
isolate colonies, and stocks derived thereof, which expressed
prevalently different hsdS alleles. Allele quantification showed
that over 95% of cells in overnight grown colonies (16
generations) had the same active hsdS allele (data not shown),
indicating that in this condition recombination in the locus
was a rare event. These enriched stocks were used for
SMRT sequencing. Methylome analysis identified four different
methylation targets for the four different hsdS alleles (Figure 1C).
In strain N12-0320, there are a total of 620 hsdSA, 531 hsdSB,
597 hsdSC, and 484 hsdSDmethylation sites, representing a huge
range of genes potentially regulated by a single type I RMS.

The growth rates of the N12-030 strains expressing different
alleles, used for all in vivo work in this study, were
analyzed in vitro. All strains showed a similar growth rate
(Supplementary Figure 1A).

Infections With Single RMS Allele Variants
All results presented in this paragraph are also summarized in
Supplementary Table 1.

Clinical Parameters
All animals developed meningoencephalitis, as demonstrated by
a worsening of clinical score and weight loss over time and
growth of bacteria in the cerebellum (Figures 2A–C).

Animals infected with the different variants didn’t
significantly differ in mortality (Supplementary Figure 1B).
Significant differences in clinical scores were observed between
animals infected with the different strains at 18, 24 h, and 42
hpi, with those infected with variant A having consistently better
clinical outcome scores at all time points and C significantly
worse (Figure 2A and Supplementary Table 2 for detailed
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FIGURE 1 | The phase variable Lmo0320I RMS in L. monocytogenes CC4. The locus of the Lmo0772I RMS is composed of an operon containing the co-transcribed

hsdR (restriction subunit), hsdM (methylation subunit) and hsdS (specificity subunit) genes, a site-specific recombinase (gray), and a further inactive hsdS gene without

a proper start codon and no promoter. The alignment of the locus for the phase variable RMS from four Swiss ST4 CC4 isolates indicates how recombination on the

inverted repeats within the hsdS genes (black bars) is able to shuffle the target recognition domains TRD1.1 (blue), 1.2 (green), 2.1 (orange), and 2.2 (pink) (A). To

investigate the phylogenetic context all L. monocytogenes phase variable RMSs were mapped on a core-genome phylogenetic tree of 160 Swiss L. monocytogenes

isolates (Zamudio et al., 2020). The color of the squares in the heat map are linked to the source (human in red, food in yellow and environment in purple), serotype

(presence in black and absence in gray) and phase variable RMS (pv-RMS-CC4 in blue, pv-RMS-CC5 in orange and pv-RMS-CC8 in green. The active variant (A, B,

C, or D) of each pv-RMS is indicated by a different shading. (B) Rearrangements within the locus generate the four possible hsdS alleles, A–D by creating different

combinations of TRDs 1.1 (blue), 1.2 (green), 2.1 (orange) and 2.2 (pink). Each TRD combination results in an alternative methylation pattern of the genome. These

methylation patterns were determined by SMRT sequencing and are shown to the left of each hsdS allele (C).

statistical analysis). After the application of AMX, there was an
improvement of clinical signs for all variants.

Animals infected with all variants showed pronounced
weight loss over time. In contrast to its effect on clinical
score, AMX treatment didn’t attenuate weight loss over
time. By comparing the different strains, infection with
variant A and B caused the smallest weight change
at all time points whereas variant D caused the most
pronounced weight loss over the duration of the experiment
(Figure 2B and Supplementary Table 3 for detailed
statistical analysis).

Cerebellum homogenates at 42 hpi showed significantly
higher bacterial titers for animals infected with variants
B, C, and D compared to variant A, and variant
D showed the highest titer overall (p value for the
comparison allele A vs. B, pAvsB = 0.0263, pAvsC =

0.0018, pAvsD < 0.0001, Tukey multiple comparison test)
(Figure 2C).

No differences (p = 0.2886, one-way ANOVA) in bacterial
titers could be observed in the CSF harvested at 24 hpi, before
initiation of antibiotic therapy. However, CSF could be harvested
only in a subset of the animals (Figure 2D) (variant A 1.555 ±

0.0707 × 105 cfu/ml n = 2, B 4.896 ± 5.287 × 105 cfu/ml n
= 3, C 2.335 ± 3.062 × 105 cfu/ml n = 6, D 3.582 ± 1.265 ×

105 cfu/ml n= 5).

Inflammatory Parameters
The levels of different cytokines were investigated in
cerebellar homogenates at 42 hpi (Figures 3A–C). A
significant lower level of IL-1β concentration was observed
in animals infected with variant A compared to those
infected with D (p = 0.0488, Tukey’s multiple comparison
test). No further difference between the groups could
be reported. No difference in IL-18 concentration was
observed in animals treated with the different variants.
Animals infected with variant C and D resulted in lower
VEGF expression than A or B (pAvsC = 0.0319, pBvsC
< 0.0001; pBvsD < 0.0001, Tukey’s multiple comparison
test). Further infection with variant B resulted in higher
VEGF level than variant A (pAvsB = 0.0028). The
level of matrix-metalloproteinase 9 (MMP9) was not
different in animals infected with the different strains
(Supplementary Figure 2).
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FIGURE 2 | Clinical parameters in infection with single RMS allele variant. Clinical score (A), weight change (B) and bacterial titers in cerebellum at 42 hpi (C) and CSF

at 24 hpi (D) in animals infected with the 4 different hsdS allele variants (A: n = 8, B: n = 8, C: n = 8, D: n = 8). The vertical dotted lines represent separation between

the different time points and the initiation of the amoxicillin treatment is indicated by an arrow under the x-axis. The variants show altered virulence measured by the

clinical score, weight change and cerebellum titer. The detailed statistical analyses are provided in Supplementary Tables 1, 2. *p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001.

Histology
Animals infected with variant A show less apoptotic
cells in the hippocampus compared to animals infected
with variant C. A trend for less severe apoptotic
damage was also found for variant A compared
to variant D (pAvsC = 0.0500, pAvsD = 0.0792,
Dunn’s multiple comparison test, Figure 3D and
Supplementary Figure 3).

All animals showed enlarged ventricles. However, we
did not find any significant difference in hydrocephalus
for animals infected with the different variants
(p = 0.6670, one- way ANOVA, Figure 3E and
Supplementary Figure 3).

Infections With a Mixture of the 4 RMS
Allele Variants (A:B:C:D)
All results presented in this paragraph are also summarized in
Supplementary Table 1.

Clinical Parameters
Although 3 animals died prematurely in the saline-treated
group, the treatment did not alter survival over 42 hpi (p =

0.0826, Mantel-Cox, Figure 4A). The infection induced an initial
worsening of the clinical score up to 24 h post infection (hpi)
and of weight loss up to 42 hpi. The treatment with AMX
administered after 24 hpi significantly improved clinical score
compared to saline at 42 hpi (p = 0.0317, unpaired t-test), but
did not significantly attenuate weight loss (Figures 4B,C).

Bacterial titers investigated in cerebellum homogenates at
42 hpi showed a significantly lower bacterial titers for animals
treated with AMX (p < 0.0001, unpaired t-test, Figure 4D).

Analysis of the colonies recovered from the CSF and brains
of rat pups infected with the inoculum containing all four hsdS
clones in relatively equal proportions allowed us to determine
if any had a phenotypic advantage within a host meningitis
model. To account for the variations in inoculum composition
between the independent experiments, we calculated the change
in proportion for each allele between the inoculum and the
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FIGURE 3 | Inflammatory and histological parameters in infection with single RMS allele variant. Cytokine levels of IL-1β (A), IL-18 (B), and VEGF (C) measured in

cerebellum homogenate at 42 hpi in infant rats infected with the 4 different hsdS allele variants (A: n = 8, B: n = 8, C: n = 8, D: n = 8). The horizontal dotted line

represents the lower limit of detection, data points under the line are extrapolated measurements. The variants show different concentrations for IL-1β and VEGF.

Variant D leads to higher IL-1β level, whereas variant B shows elevated VEGF levels. No significance was found for IL-18 levels. Significant difference in the level of

apoptosis (D) was only found for the comparison between infection with variants A and C, while hydrocephalus (E) was not different between infection with the 4

variants. *p < 0.05; **p < 0.01; ****p < 0.0001.

different in vivo samples, as determined by PCR. All CSF samples
were collected prior to antibiotic treatment with amoxicillin, and
brain samples were analyzed by separating the treatment groups.
In this experimental paradigm, we did not observe any difference
between the alleles, either in homogenized brain tissue or in the
CSF (Figure 5).

Inflammatory Parameters
Except for VEGF, cytokines levels in cerebellum homogenates
were significantly more elevated in saline treated animals
compared to AMX treatment (IL-1β, p < 0.0001; IL-6,
p = 0.0065; IL-10, p = 0.0095; TNF-α, p = 0.0033)
(Supplementary Figure 4).

Histology
Animals who received AMX treatment suffered less hippocampal
damage compared to animals who were treated with saline (p

= 0.0107, Mann Whitney test, Figures 6A,C,D). Unexpectedly,
animals treated with AMX had significantly more severe
hydrocephalus than animals treated with saline (p = 0.0163,
unpaired t-test) (Figures 6B,E,F).

Infections With a Mixture of 2 RMS Allele
Variants (A:B, A:C, and B:C)
The competition assay was repeated, but by reducing
the mix to only two variants, A:B, A:C, or B:C. The
animals were left untreated. All animals developed
meningoencephalitis, proven by growth of bacteria in the
cerebellum at 42 hpi and a worsening of clinical symptoms
(not shown).

Similar to the experiment with the mix of 4 variants, we
determined the changes in the proportion of different alleles
between the inoculum and the different in vivo samples. Analysis
of the recovered colonies, when compared to the inoculum,
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FIGURE 4 | Clinical parameters in infection with a mixture of the 4 RMS allele variants. Comparison between AMX-treated and saline-treated animals didn’t reveal

changes in survival (A) (AMX = 14, control = 14). In contrast, clinical score (B), weight change (C), and bacterial titer in the cerebellum (D) were significantly improved

by AMX treatment with amoxicillin improves outcome (AMX = 13, control = 11). Statistical significance was reached for clinical score and cerebellum titers. The

vertical dotted line represents the initiation of the amoxicillin treatment. *p < 0.05; ****p < 0.0001; ns: not significant.

revealed that in both the brain tissue and in the CSF, variant
A was significantly less represented when compared to the
inoculum (Figure 7). This decrease was not observed with the
other variants. Due to the nature of analysis a decrease in
one variant is accompanied by an increase in an alternative
variant. In both the brain and CSF, the observed reduction in
variant A is accompanied by an increase in variant C (p <

0.0001 and p = 0.0166, respectively). In addition, the grouped
comparison reveals that within the cerebellum the increase in
the variant C is also at the expense of the variant B (p =

0.0226) while B appears to outcompete A (p = 0.008) (Figure 7).
While no specific assay was conducted with the variant D,
inoculums contained up to 10% D due to the wildtype nature
of the strains. The results obtained are in line with those of
the single variant infection experiments, showing significantly
lower cerebellar titer for variant A in comparison to B and C
(Figure 2C).

DISCUSSION

In the present study, we identified a phase-variable RMS system
in a collection of clinical isolates of Listeria monocytogenes
strains. While not as ubiquitous as some PV RMS (Manso
et al., 2014), there appears to be a clear, clonal complex specific,
distribution of PV RMS in L. monocytogenes. Analysis of the 160
genomes recently published by Zamudio et al. (2020) showed
that all CC4 strains contain different orientations of the same
loci (Figure 1B). Isolation of clones expressing a single hsdS
variant in strains N12-0320, N12-0794, and 225078 allowed us
to confirm that changes in hsdS expression are on-going and
relatively stable at 37◦C. Long read sequencing of N12-0320
allowed us to identify different methylation patterns associated
with each hsdS (Figure 1C).

We tested clones enriched in one of the four allelic variants
derived from a CC4 serotype 4b clinical isolate that displays
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FIGURE 5 | Change in frequency of the expressed RMS allele between the inoculum and different in vivo samples in infection with a mixture of the 4 RMS allele

variants. The relative proportions of hsdS variants A (red), B (blue), C (gray) and D (white) between the inoculum and the bacteria harvested in the different in vivo

samples, including the brains of untreated animals (n = 10) or AMX-treated animals (n = 9) and CSF samples (n = 22), were not significantly different between the

alleles. A Kruskal-Wallis test found no significant differences between variant proportions in the inoculums and in vivo samples.

this phase variable RMS in a neonatal rat model. Such phase
variation mechanisms have been described in S. pneumoniae and
are shown to be important in virulence in pneumococcal invasive
diseases (Manso et al., 2014). While in Hemophilus influenzae a
PV type III RMS has been linked to virulence phenotypes such
as antibiotic resistance, biofilm formation and evasion of the
immune system (Atack et al., 2015). Here we show that phase
variation in type I RMS in L. monocytogenes leads to an altered
outcome in our animal model of listeria meningitis.

When comparing animals infected with the single RMS allele
variants, infection with variant A show the mildest clinical
disease phenotype on different parameters, including clinical
score, weight loss, bacterial titer in the cerebellum, cytokines in
cerebellum homogenate and hippocampal apoptosis. Mortality
was however not significantly different between all groups up
to 42 h after infection. Further cerebellar titers were lower in
comparison to other strains.

For variant B, the phenotype mostly resembled that of variant
A with defined differences, including more elevated cerebellar
bacterial titers. Elevated VEGF levels were found in animals
infected with this allele. Vascular endothelial growth factor VEGF
is secreted in the process of efferocytosis (Golpon et al., 2004;
Vandivier et al., 2006). Elevated VEGF levels in the cerebrospinal
fluid in cases of listeria meningitis is shown to be associated with
poor outcome (Koopmans et al., 2014). However, this was not

observed in our experimental model, neither on mortality rates
nor in the level of brain damage.

Variant C presented with the worst clinical disease phenotype
at 24 hpi and the most pronounced hippocampal damage
assessed by quantification of apoptotic cells in the dentate gyrus
of the hippocampus. Further variant C had significantly higher
cerebellum titers compared to variant A. For variant D, we
describe the most pronounced weight loss of all the variants and
the highest bacterial titer in the cerebellum.

These observed differences when animals were infected with
single variants demonstrate that changes in diseases severity are
caused by the phase variable epigenetic modifications. These
findings are in accordance to those observed by Manso et al.
(2014) where RMS mutants showed differences in virulence in
an intravenous mouse model of infection with S. pneumoniae.
To permit a more detailed investigation into the interaction
of bacteria expressing different hsdS alleles, we conducted
competition experiments where either two or four hsdS variants
were combined to create an inoculum.

Lees et al. (2017) were unable to detect observable selective
advantages of hsdS variants in clinical blood and CSF samples,
however analysis of these samples was complicated by the lack
of known infecting strain. In contrast, a model infection as
presented here, and in De Ste Croix et al. (2020b), with a starting
inoculum of defined bacterial composition, allows for results
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FIGURE 6 | Histological parameters in infection with a mixture of the 4 RMS allele variants. Treatment of infected animals with AMX (n = 13) attenuated hippocampal

apoptosis in comparison to saline-treated animals (n = 11) (A) but was associated with enlarged ventricle size (B). Representative pictures of cresy violet-stained

sections of the apex of the dentate gyrus (C,D, bar size 50µm), with examples of apoptotic cells indicated with white arrowheads, or from entire sections with

enlarged lateral ventricles (E,F, bar size 2mm). *p < 0.05.

to be analyzed in comparison to the inoculating dose and can
therefore account for differences in the input population.

In PV RM systems there is likely to be continuous, stochastic
variation at the loci. This results in a continuous re-generation
of diversity within the bacterial population (De Ste Croix et al.,

2020a). When a bacterial species enters a host there is a high
probability of bottlenecking i.e., a significant reduction within the
population is observed. Non-selective bottlenecks will frequently
lead to high levels of divergence within the bacterial population
of biological replicates, while an in vivo fitness advantage is
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FIGURE 7 | Change in the proportion of PV RMS alleles between the 2 variants inoculums and in vivo samples. Results were pooled from seven independent

experiments and each variant is independently calculated as a percentage change from the initial inoculum for that experiment. The relative proportions of hsdS

variants A (red), B (blue), C (gray) and D (white) between the inoculum and the bacteria harvested in In vivo CSF and cerebellum samples. A Kruskal-Wallis test showed

that the proportion of the A variant is repeatedly reduced in comparison to the starting inoculum, while the C (CSF and brain) and B (brain) variants increase. p < 0.05

(*), p < 0.01 (**), and p < 0.0001 (****).

indicated by a population continuously driven in a single
direction (Aidley et al., 2017). The small but subtle differences
we have observed in hsdS profiles when animals are infected with
mixed inoculums suggests a potential competitive advantage. It
should also be considered that strains which induce a greater
level of damage may be selected against, and as a result be
underrepresented within animals which survive until the end
point of the experiment.

As there is little recombination of the RMS loci at higher
temperatures (>30◦C), we conducted mixed competition studies
of different allelic combinations to look for selective advantages.
When animals were infected with a mixture of 4 allelic variants,
we did not identify any variant as having a selective advantage in
either the CSF or the brain. To further explore the competition
between populations expressing alternate hsdS alleles we infected
animals with inoculums containing only two variants. This
approach allows us to have a larger starting proportion to
analyze against. Across multiple experiments we have observed
a reduction in the proportion of the variant A when compared to
the starting inoculum, in agreement with the clinical observations
in our single variant experiments where animals infected with the
variant A showed significantly better clinical scores at all time

points. The loss of the variant A is accompanied by an increase
in the variant C, further confirming the clinical score data of the
single variant infections.

In the case of the infections with the inoculum composed
of the 4 alleles, we designed 2 experimental groups that
received antibiotic treatment or only saline, to determine
whether antibiotic treatment could reveal a further selective
advantage of one of the alleles. Such an advantage was not
detected. However, we observed several differences between
the two treatment groups. AMX treatment improve clinical
parameters and decreased bacterial titers in the cerebellum.
Survival was lower in saline-treated animals, without reaching
statistical significance. In both groups, the observed mortality
was in the range (0–25%) from what has been reported
for neonates affected with neurolisteriosis (Mclauchlin, 1990;
Mylonakis et al., 2002; Koopmans et al., 2017). Hippocampal
apoptosis was also reduced. In contrast, treatment with
amoxicillin worsens the size of the hydrocephalus. In a
clinical setting, hydrocephali occur in 28% percent of neonatal
cases (Hsieh et al., 2009). Bacterial lysis under antibiotic
treatment could lead to an elevated release of bacterial
components and therefore aggravated inflammation, as it is
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proposed for pneumococcal meningitis (Agyeman et al., 2014).
However, in the present model, AMX treatment lead to a
diminished expression of all analyzed pro-inflammatory and
anti-inflammatory cytokines, so that inflammation couldn’t
account for the observed finding of increased hydrocephalus in
AMX-treated animals.

Our model has certain limitations and displays differences
when compared to human disease. For example, we did
not find any pathognomic abscesses (Engelen-Lee et al.,
2018) in the histological analysis, however, hydrocephalus
occurred in all animals. Further, we use Wistar rats which
express a wild type murine E-Cadherin which has been
shown not to interact with the cell invasion factor internalin
InlA (Lecuit et al., 1999, 2001). Our model does bypass
the different physiological barriers the bacteria must
cross in a natural food-borne infection by injecting the
pathogen into the cisterna magna. In doing so, we have
consistent CNS infection, but we remove the initial step
of bacterial invasion. In this model, we therefore couldn’t
investigate on the role of this phase variable loci early
in the disease process, but only when CNS invasion has
been established.

This study allowed us to gain a better insight
on bacterial determinants that influence virulence in
neonates affected by listeria meningitis, in particular
the development of brain damage. This will be
important to understand how the damage translates
into neurofunctional deficits, in order to develop specific
therapeutic strategies.

Work is on-going to fully understand the phenotypic
attributes of this PV RMS of Listeria monocytogenes
CC4 serotype 4b, however we observe differences in
virulence in an acute meningitis/meningoencephalitis
model. We now shall investigate long-term outcomes
and further look into the biochemical mechanics of this
altered virulence.
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