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Microbial pathogenesis is mediated by the expression of virulence genes.
However, as microbes with identical virulence gene content can differ in
their pathogenic potential, other virulence determinants must be involved.
Here, by combining comparative genomics and transcriptomics of alarge
collection of isolates of the model pathogen Listeria monocytogenes,
time-lapse microscopy, in vitro evolution and in vivo experiments, we show
that theindividual stress responsiveness of L. monocytogenes isolates
determines their respective levels of virulence in vivo and reflects their
degree of host adaptation. The transcriptional signature that accounts for
the heterogeneity in the virulence of L. monocytogenes species is mediated
by the stress response regulator SigB and driven by differential stress
responsiveness. The tuning of SigB pathway responsiveness is polygenic
and influenced by multiple, individually rare gene variations. This study
reveals an overarching determinant of microbial virulence, challenging the
paradigm of accessory virulence gene content as the major determinant of
intraspecies virulence heterogeneity.

Bacterial pathogenesis is mediated by the expression of virulence fac-
tors, most of whichare encoded by core genes and are therefore shared
by allisolates of agiven species'>. However, virulence can vary within
aspecies*™. Accessory genes are asource of virulence heterogeneity,
by modulating the pathogenic potential of a given clade*” "3, How-
ever, microbes withidentical virulence genes can differin virulence*",
suggesting the involvement of other determinants of intraspecies
virulence heterogeneity.

Listeria monocytogenes is an environmental bacterial pathogen
that alternates between saprophytic and host-adapted lifestyle™™".
It is a major foodborne human and zoonotic pathogen'2° able to
cross the intestinal barrier, disseminate systemically and be shed
back in the intestinal lumen and faeces®*’. It can cross the blood-
brain barrier, resulting in meningoencephalitis and the placen-
tal barrier, leading to fetal and neonatal infection'>?°. The genus
Listeria includes pathogenic and non-pathogenic species?, and while
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listeriosis is rare, Listeria asymptomatic faecal carriage is common
and associated with pathogenic species®. L. monocytogenesis ahighly
clonal but heterogeneous species®: Based on studies conducted in
France and other Western countries*>** %, CC1, CC4 and CCé6 are the
clonal complexes (CCs) most associated with a clinical origin, while
CC9 and CC121 are the most common among food isolates and very
rarely cause listeriosis*. Clinically associated CCs are overrepresented
inseverelisteriosis cases, and isolates belonging to these CCs are more
virulentinvivo* than those from food-associated CCs*. While previous
studies have evidenced this L. monocytogenes intraspecies virulence
heterogeneity****, its extent, biological relevance and underlying
mechanisms are unknown.

L. monocytogenes virulence genes are regulated by two key tran-
scriptional regulators, SigB and PrfA. The stress response factor SigB
controls alarge regulon mainly containing stress response genes® >,
thevirulencegenesinlA and inlBinvolved in host invasionand immune
escape®®”, and prfA. PrfA controls the transcription of the Listeria
pathogenicity island-1(LIPI-1), inlA, inIB and prfA itself**** The major
L. monocytogenes virulence genes are part of its core genome, under
purifying selection®”*°, yet loss-of-function mutations in these genes
canbe observed across the L. monocytogenes species*’. However, vari-
ations in core virulence genes do not fully explain the heterogeneity
of L. monocytogenes virulence**°. In addition, while some lineage- or
CC-specific accessory genes have been associated with virulence*"?,
there is no overarching mechanism that fully explains the virulence
heterogeneity of L. monocytogenes.

L. monocytogenesvirulence favoursits faecal shedding ,illus-
trating its link to L. monocytogenes host adaptation™"*#°%2 while
reduced virulenceis associated with saprophytism?. In the life history
of abacterium, selective pressures on segregating populations can
lead to phenotypic differences'**** and, in the long term, intraspe-
cies heterogeneity and ultimately speciation. If L. monocytogenes host
association is mediated by virulence genes and saprophytic growth
selects for theirloss, the recent life history of isolates could have influ-
enced their virulence level, resulting not only in inter-clonal but also
intra-clonal virulence heterogeneity. Given that L. monocytogenes
gene content is highly similar and very homogeneous for isolates of
the same CC, such intra-clonal virulence heterogeneity is unlikely to
be driven by accessory virulence genes**°. Harnessing a unique and
comprehensive collection of L. monocytogenes isolates, we investi-
gated the molecular mechanism(s) underlying inter- and intra-clonal
virulence heterogeneity.

21,29,37

Results

Closely related isolates differ in virulence

We showed previously that isolates from clinically associated CCs
are more virulent than those from food-associated CCs* in a human-
ized mouse model of orally acquired listeriosis®. Virulence is also

heterogeneous within clinically associated CCs, whereas isolates
from food-associated CCs are mostly hypovirulent, as assessed by
infection-induced weight loss (Extended Data Fig. 1a). To decipher
the molecular mechanisms underlying intra-clonal virulence hetero-
geneity, we assessed the virulence of pairs of closely related isolates
(the same cgMLST type, <7 allelic differencesin1,748 core genes’) and
identified 3 pairs from clinically associated CCs (hereafter referred to
as A, Band C) that showed a significant intra-pair virulence difference
(Fig.1a,b). For each pair, the more virulent isolate is hereafter desig-
nated H and the less virulentisolate h. Hand hisolates do not differ in
invitro growth in rich medium (Extended Data Fig. 1b). At a sublethal
oral inoculum, H and h differed in their capacity to colonize and per-
sist in the mouse gut and to be transmitted back to the environment,
as assessed by faecal shedding (Fig. 1c and Extended Data Fig. 1c,d).
There are no common genetic differences between the respective H
and hisolates across these H/h pairs (that is, the genetic differences
between H and h of a given pair do not overlap with those of the other
pairs), and allknown L. monocytogenesvirulence genes are conserved
in these 3 H/h pairs (see Supplementary Table 1 for an exhaustive list
of genetic differences).

Closely related isolates differ in SigB pathway activity

As no common genetic differences accounted for the differences in
virulence between H and h isolates, we hypothesized that common
transcriptional signatures might be associated with H and h isolates.
We therefore performed an RNA sequencing (RNA-seq) experiment
with the 3 H/h pairs during exponential growth in brain heartinfusion
(BHI) at 37 °C and identified 308 differentially regulated transcripts:
179 genes had higher transcript levels in H, and 129 genes had higher
transcript levelsin h (Fig. 1d,e and Supplementary Table 2). Over all
H/h pairs, genes with higher transcript levelsin Hwere highly enriched
in SigB regulon genes (74/179, x* = 335.11, P<107™), and SigB regulon
genes had significantly higher transcriptlevelsin H (Fig. 1f; P<10™). As
expected fromthese transcriptomic data, the InlA-dependentinvasion
of cultured cells expressing the InlA receptor human E-cadherin was
significantly higher in H than in hisolates, as was the expression level
of the SigB-dependent protein OpuCA (Extended Data Fig. 1e,f and
Supplementary Information). To assess whether any other regulon
or transcription factor could account for our finding, we searched the
promoter regions of significantly upregulated genesin H for enriched
DNA motifs (compared with all other promoter regions). We found
that 90/179 genes with higher transcript levels in H contained a motif
similar to the SigB binding site at the -10 box**¢ (E <107¢), of which
52 genes overlapped were also part of our curated SigB regulon list
(52/74, x*=16.401, P=5.13 x 107°). Given that no other sequence was
enriched in the 100 bp upstream sequence of these genes (Extended
DataFig.1g), we concluded that the transcriptional difference is mainly
driven by SigB (Fig.1d-f).

Fig.1|SigB activity differs between closely related but differently virulent

L. monocytogenesisolates. a, Body weight change and c.f.u. countinspleen,
liverand brain 5 d.p.i. after oral inoculation with 2 x 108 c.f.u. from 3 cgMLST pairs
of hyper- (H) and hypovirulent (h) isolates from CC1and CC4 (n = 6 per isolate

for pair A,n=13and n =12 for pair B, n =8 and n =7 for pair C). Pvalues for body
weight change, spleen, liver and brain for pair Aare 2.2 x107,4.8 x1073,1.3 x 1072
and1.2 x107% for pairBare1.9 x10™,1.2 107, 1.4 x 10 2and 1.1 x 107; and for pair
Care4x1072,6.5x1073,7.2x10"and 7.2 x 1073, respectively. b, Relatedness of
isolates estimated by allelic differences in cgMLST loci. Hisolates were compared
withthe hisolates and other isolates belonging to CC1and CC4. The comparisons
within the three pairs are indicated. The dashed line indicates the cut-off of 7
allelic differences which defines a cgMLST type. ¢, Area under the curve of c.f.u.
after oral inoculation with 2 x 107 c.f.u. of either h or H strains from days 1-7 post
inoculation (Extended Data Fig.1c,d), P=1.3 x10™.d, Differentially transcribed
genes between Hand hin RNA-seq experiment (n = 3) of isolates from b in BHI
inmid-exponential phase (OD,,, = 0.8). Heat map shows replica-adjusted and
variance-stabilized read counts normalized by z-score per significantly different

gene. Each column represents areplicate (n=3) inoneisolate (n = 6),and each
line represents a significantly different gene. e, Volcano plot showing fold
change in transcripts between H and hisolates on the x axis and negative log,,
ofadjusted Pvalues on the y axis. Dashed line shows significance threshold, and
colourindicates genes belonging to SigB (green), PrfA (red) or SigB and PrfA
(yellow) regulons. f, Box plot shows fold change between H and hisolates in genes
belonging to SigB, PrfA or both regulons, compared with all other genes. P value
for SigB regulonis 3.02 x 107, for PrfA regulon is 3.2 x 10 and for genes which
areinbothregulonsis3.32 x107. Fora, b and f, statistical comparison between
groups was performed with two-sided Wilcoxon rank-sum test and per group
against all other groups with two-sided Wilcoxon rank-sum test, with Benjamini-
Hochberg correction for multiple test. *P < 0.05, *P < 0.01, ***P < 0.001,

**+p < 0.0001. For box plots, the hinges represent the first and third quartiles

of the distribution. The central line represents the median value. The whiskers
extend from the hinge to the largest or smallest value no further than 1.5 x IQR
from the respective hinge (where IQR is the inter-quartile range or distance
between the first and third quartiles).
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Fig.2|Hypervirulent SigB,;, isolates are more responsive to stressors.

a, Schemes depicting how SigB activity could differ at the single-cell level
accounting for the difference in bulk RNA with help of the SigB reporter system
(left side). The top row shows signal at the single-cell level for each scenario,
while the bottom row depicts the population level. RFP, red fluorescent protein.
b,c, Time-lapse fluorescence microscopy of pair A H/h isolates with a SigB-
dependent RFP reporter system, pSigB::tdTomato (white scale bars, 5 uM) (b) and
its quantification in arbitrary units of fluorescence intensity (a.u.) (c). A subset of
the pointsis shown. Each point represents a single cell in the field of view. The line
shows ageneral additive model fitted to all points. d. The same as in b but before
and after 100 min of presence of 5% EtOH. e, Quantification of several fields of
view (n=9forH, n=6forh) asinc. The dashed line shows the mean value of
fluorescence signal of the population mean per field of view per isolate at the end
of stress induction. f, The first derivative of each general additive model (GAM)
based on a.u. datafrome; the horizontal line indicates where the two groups are

significantly different (P < 0.05). g, The mean values of these a.u. derivatives over
the time that the stressor was present as a readout for SigB responsiveness per
field of view (n =9 forH,and n =6 for h). h, RT-qPCR of the same H and hisolates
retrieved from intestinal ligated loops 20 min post inoculation. Relative quantity
values are relative to housekeeping gene gyrB and have been log,-transformed.
Each point corresponds to anindependently infected ligated loop (n = 4 per
isolate, for opuCA, Imo0602, inlA and iniB; P=4.3 x107%,1.6 x10%,1.2 x 10 2and
6.7 x1073, respectively). Statistical comparison between groups performed with
two-sided Wilcoxon rank-sum test with Benjamini-Hochberg correction for
multiple test.*P < 0.05,**P < 0.01, ***P < 0.001. For box plots, the hinges represent
the first and third quartiles of the distribution. The central line represents the
median value. The whiskers extend from the hinge to the largest or smallest
value no further than 1.5 x IQR from the respective hinge (where IQR is the inter-
quartile range or distance between the first and third quartiles).
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Differential stress responsiveness mediates SigB pathway
differential activity

In Gram-positive bacteria®***%, SigB pathway activity is induced by
environmental stressors through the stressosome signalling cas-
cade®. The transcriptional profiling by RNA-seq was performed in
mid-exponential phase (Fig. 1d-f), acondition which reflects the basal
(that is, non-induced) activity of SigB in the reference strain EGDe*.
In the model firmicute Bacillus subtilis, SigB pathway activity shows
aphenotypic stochastic heterogeneity in the absence of stressor and
under constant stress level®® and is synchronous when stress levels
change®. We hypothesized that the differences in SigB pathway activity
we observed inbulk RNA could therefore correspond at the single-cell
level to differencesin either (i) basal activity, (ii) activation frequency,
(i) peak activity in activated bacteria or (iv) responsiveness to the pres-
ence of a stressor (Fig. 2a). We introduced a transcriptional reporter
system Py,z::TdTomato into paired H/h isolates (pair A) and followed
itsactivity by time-lapse microscopy at the single-cell level. SigB activ-
ity was uniform at low bacterial density but increased more rapidly
in H than h as a function of bacterial density (Fig. 2b,c). Because bac-
terial density and stationary phase are stressors and activate SigB in
L. monocytogenes®, the observation that SigB activity differs
between Hand hisolates at higher bacterial density suggests that this
differenceresults from adifferential stress responsiveness (hypothesis
(iv) inFig. 2a) and that the stress response of Hstrainsisinducedinlate
exponential phase, as in the RNA-seq experiment at optical density
at 600 nm (ODy,) = 0.8. Upon exposure to 5% EtOH (Fig. 2d,e, grey
background), astressor knownto activate the general stress response
in L. monocytogenes and B. subtilis™*, SigB-dependent transcript levels
increased more rapidly and to higher levels in H thanin h (Fig. 2e-g,
P=4.0x10"*), showing that the general stress response systemin His
more responsive to stressors thanin h. This differential stress respon-
siveness translates into differential SigB pathway activity between H
and h (Fig.1). We assessed SigB activity in the intestinal lumen of axenic
mice by infecting ligated intestinal loops with either Hor hisolates and
collected the luminal bacteria after 20 min. Again, the transcript level
of genes regulated by SigB was higher in H compared with h isolates
(Fig. 2h), showing that the transcriptional state of these isolates also
differsin vivo, in a condition which is relevant for pathogenesis.

Varying SigB pathway activity affects virulence

Having shown a correlation between differential stress responsive-
ness and virulence in H/h pairs, we aimed to investigate their causal
relationship by genetically manipulating SigB pathway activity. We
compared an H isolate with its isogenic mutants overexpressing
either RsbV (which activates SigB pathway activity) or RsbW (which
inhibits SigB pathway activity) (Fig. 3a,b)***>**, as well as with its iso-
genic AsigB loss-of-function mutant. As expected, the transcription
levels of opuCA, a gene which is only regulated by SigB**, differed in
all mutants compared with the wild-type parental strain, while hly
transcript levels did not significantly change (Fig. 3¢). This resulted
indifferential InlA-dependentinvasion of cultured cells, as inlA is regu-
lated by SigB* (Fig. 3d). Next, we orally inoculated humanized mice?
and showed that SigB activity correlates with weightloss at 5 days post

inoculation (d.p.i.) (R*=0.47, P< 8.1x107®) and c.f.u. counts in inner
organs (0.29 < R*<0.48, P< 4.3 x107) (Fig. 3e-i), indicating that the
relationship between SigB pathway activity and L. monocytogenes
virulence levelisindeed causal.

Differential stress responsivenessis genetically encoded

We next investigated how differential SigB pathway activity is deter-
mined in H/h pairs. As there were no common genetic difference
between the three different H/h pairs, we selected in each pair the
genetic difference which we anticipated to have the strongest impact
on gene function (frameshift mutations or mutations in essential
genes®, exhaustive list of genetic differencesin Supplementary Table1;
Extended Data Fig. 2a). We constructed deletion mutants for (1) pssZ/
[mo1913 (frameshift mutation in H of pair A at amino acid 193/334)
whichencodes for a putative glycosylhydrolase involved in exopolysac-
caride synthesis™®, (2) a trans-complementation for a point mutation
in the essential murC/Imo1605 gene (Ala322Thr mutation in h of pair
B) involved in cell wall synthesis® and (3) a trans-complementation
for a frameshift mutation in nnrD/Imo1622 (frameshift mutationin H
of pair Catamino acid 249/276), an (S)-NAD(P)H-hydrate dehydratase
predicted to be part of the stress response* (Extended Data Fig. 2b).
These genetic modificationsindeed influenced SigB pathway activity
accordingly, as assessed by transcript levels of four SigB-dependent
transcripts (Extended Data Fig. 2b), functionally showing that pssZ,
murC and nnrD play a role in modulating SigB pathway activity and
account for the difference in SigB pathway activity inthe three H/h pairs.
Asthese genetic modifications almost fully explain the transcriptional
difference in SigB-dependent genes between H and h strains in these
pairs, itis unlikely that epigenetics or other, non-genetic mechanisms
play amajor role in SigB-dependent virulence heterogeneity>*~.

Clinically associated CCs are enriched in high SigB

activity isolates

Having demonstrated a causal relationship between virulence (Fig. 1)
and differential stress responsiveness (Fig. 2) in H/h pairs, we next
investigated the relevance of these findings at the species level in
L. monocytogenes to explain both inter- and intra-clonal virulence
heterogeneity. Because virulence levels vary between CCs*, we
hypothesized that the relative proportions of isolates with either
low or high SigB responsiveness between CCs may account for their
respective clinical association. We therefore evaluated the hetero-
geneity of SigB pathway activity in alarge set of isolates representa-
tive of L. monocytogenes phylogeny and compared this with that of
PrfA, another major transcriptional regulator of L. monocytogenes™
that was not involved in the differential transcriptional signatures
identified in the H/h pairs®. As a readout of SigB pathway activity,
we evaluated the transcript levels of opuCA and Imo0602 from expo-
nentially growing cultures by fluorescent barcode hybridization
(Extended Data Fig. 3a-d), both of which are exclusively regulated
by SigB** and are indeed significantly different between H and h
(Extended Data Fig. 3e). We next applied thisapproach to the L. mono-
cytogenesisolate collection of the Listeria National Reference Center
inFrance, whichincludesall food and clinical isolates prospectively

Fig.3|Manipulating SigB activity affects virulence. a, Graphical depiction of
SigB cascade, adapted from previous work*, and layout of the used molecular
titration system to manipulate SigB activity by overexpressing either RsbV or
RsbW.b, RT-qPCR of rsbV and rsbW to confirm overexpression of these factors.
For WT and 4sigB, strains carried agenomic insertion of ared fluorescent
protein under the same promoter as rsbV and rsbW overexpression to make up
for potential fitness loss. NS, not significant. ¢, RT-qPCR of opuCA and hly.

d, Competition assay for InlA-dependent cell entry relative to the WT strain
(n=6foreach competitionindex, P=2.2x1073,2.2x10%and 4.1x107).

e-i, Percentage body weight change (e) and c.f.u. countinliver (f), spleen (g),
colon content (h) and brain (i) 5 d.p.i. after oral inoculation with 2 x 108 c.f.u.

(n=18foreachderived strain, n =20 for the WT). Relative quantity values for
RT-qPCR were log,-transformed. Pvalues and R? shown for linear correlations.
Each point corresponds to abiological replication, either a single infected
mouse or cell culture well, or bacterial culture for RT-qPCR experiments. For box
plots, the hinges represent the first and third quartiles of the distribution. The
central line represents the median value. The whiskers extend from the hinge to
the largest or smallest value no further than 1.5 x IQR from the respective hinge
(wherelIQRis the inter-quartile range or distance between the first and third
quartiles). For precise Pvalues for in vivo comparisons, see Supplementary
Information. For qPCR results, unpaired, two-sided ¢-tests were applied. For all
other comparisons, Wilcoxon rank-sum test was applied.
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Fig. 4| SigB activity heterogeneity accounts for inter- and intra-clonal
virulence heterogeneity. a, Heat map showing the transcript levels, normalized
per transcript, of SigB-dependent genes (top), PrfA-dependent genes (bottom)
and co-regulated genes (centre) in 372 food isolates representative of the

L. monocytogenes species. CCs are ordered by clinical association. b, SigB
pathway activity measured by opuCA transcript level in food isolates from 15 most
prevalent CCs. CCs are ordered according to their increasing clinical association
from left to right. The grey area represents the mean value across all isolates.
Pvalues fromlefttoright,7.2x107,1.6 x102,1.13 x 1072, 0.64,0.92,0.61,0.19,
0.76407,2.57x107,0.62,5.7x10™,0.54,4.5x107%,6.6 x 10 *and 1.7 x10°°.

¢, Correlation of the median value of opuCA transcript counts of each CC with the
clinical association (frequency of clinical samples (C=clinical isolates) in total
sampling (C+F=clinical and food isolates), R = 0.5497, P=9.41 x10™*) and case

Clinical association
C/(F+C)

Case severity
(Cens + Cnd/ Crogal

severity (frequency of CNS and materno-neonatal (MN) cases in all cases (Cry,1),
R*=0.5137,P=1.59 x107%).d, The same as in b but for PrfA activity evaluated by
hlytranscript level. Pvalues from left to right, 0.11,2.60 x 107,5.1x 1073, 0.89,
1.10x1072,0.19,1.08 x107%,3.0x107%,1.5x107,0.15,1.1x10™#,3.1x 10, 0.65,

7.76 x102and 0.81. e, The same as in ¢ but for PrfA activity evaluated by median
value of hly transcript counts for each CC (R? = 0.1274, P=0.11and R*= 0.06158,
P=0.67,respectively). Statistical comparison with two-sided Wilcoxon rank-sum
test per group against all other groups in a, with Benjamini-Hochberg correction
for multiple test.*P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001. For box plots, the
hinges represent the first and third quartiles of the distribution. The central line
represents the median value. The whiskers extend from the hinge to the largest or
smallest value no further than 1.5 x IQR from the respective hinge (where IQR is the
inter-quartile range or distance between the first and third quartiles).

collected for surveillance in France. Food isolates are representative
of L. monocytogenes exposure of the general population, whereas
clinical isolates responsible for invasive listeriosis are enriched for
virulent isolates**. To capture the broad diversity of virulence in
L. monocytogenes, we assessed SigB pathway activity in 382 food
isolates from the 15 most prevalent CCs representative of over 80%
of the food sampling in France (Extended Data Fig. 4a,b).

Inthese food isolates, we found aninter- and intra-clonal hetero-
geneity in both SigB-regulated and PrfA-regulated gene transcripts
(Fig. 4a and Extended Data Fig. 5a). Isolates from clinically associated

CCs(CC1,CC2,CC4,CC6)* showed the highest level of SigB-regulated
transcripts, whereas isolates from food-associated CCs (CC9, CC121,
CC31)*showed the lowest (Fig. 4b,c). Isolates with high PrfA-dependent
transcripts were also enriched in certain CCs, such as CC37, CC8 and
CC2, but unrelated to their clinical association (Fig. 4d,e). Moreover,
the mediantranscript level per CC of SigB-dependent genes, in contrast
to PrfA-dependent genes, correlated with the degree of their clinical
association (Fig. 4c,e; R*=0.5497, P< 0.001 for SigB-dependent gene
opuCA versus R*=0.1274, P=0.11 for PrfA-dependent gene hly) and
with their association with neurolisteriosis (central nervous system
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(CNS)) and maternal-neonatal (MN) cases® (Fig. 4d,e; R* = 0.5137,
P<0.001 for SigB-dependent gene opuCA versus R*= 0.0616, P= 0.67
for PrfA-dependent gene hly). Thisis consistent with the fact thatboth
clinical association and association with CNS and MN correlate with the
relative enrichment of virulent isolates in a given CC**’,

As expected, the transcript levels of SigB-regulated genes sigB,
opuCAandImo0602are positively correlated with each other (Extended
Data Fig. 5b), as are those of the PrfA-regulated genes prfA, actA and
hly (Extended DataFig. 5b). Consistently, inlA and in/Btranscript levels
correlate with both SigB- and PrfA-regulated genes, in line with their
transcriptional regulation by both SigB and PrfA** (Extended Data
Fig.5b). While SigB- and PrfA-regulated genes do not show asignificant
correlationinisolates at the species level, they do correlateinisolates
from the same CCs, as expected from SigB’s role as a transcriptional
regulator of prfA (Extended Data Fig. 5c-e)*.

Patients with MN and CNS L. monocytogenes infection have, on
average, fewer immunosuppressive comorbidities than those with sep-
ticaemia' and would therefore be expected to be infected by isolates of
higher virulence, and thus higher SigB pathway activity, than patients
withsepticaemia®.Indeed, MN and CNS L. monocytogenesisolates from
alarge prospective cohort of patients with listeriosis (MONALISA, an
ongoing prospective cohort of listeriosis patients in France)' showed
higher SigB pathway activity thanthose from patients with septicaemia
(Extended Data Fig. 6a,b; P=0.0232 and P=0.0038, respectively),
an association consistent with the causal relationship between SigB
pathway activity and L. monocytogenes virulence described above.

Differences in SigB pathway activity account for intra-clonal
virulence heterogeneity

We next investigated experimentally the impact of SigB pathway
activity on virulence. As the broadest heterogeneity in SigB pathway
activity is observed in clinically associated CCs (Fig. 4a-e), we ran-
domly selected two pairs of isolates per CC from CC1, CC4 and CC6
that belonged to either the top third or bottom third of SigB pathway
activity of their respective CC (Fig. 4b and Extended Data Fig. 6c,d),
hereafter referred to as SigB,,,, and SigB,,,, (Extended DataFig.7a,b). It
isworthnoting that these SigBy,,, and SigB,,,, isolates were not chosen
based on their genetic similarity within CCs and differed both in gene
contentand sequence (for gene content, see Supplementary Table 3).
To assess whether SigB pathway activity sets L. monocytogenesvirulence
level, we co-inoculated mice orally with bothisolates of each pair and
assessed their respective bacterial loads at 5 d.p.i. in liver and spleen
(reflecting systemicinfection), brain (reflecting severe infection) and
colon content (reflecting transmission back to the environment)*>%,
SigB, isolates consistently outcompeted SigB,,, isolates (Extended
DataFig. 7c,d; P< 0.0001in all compartments), showing that SigBy,,
isolates are more virulent in vivo and better transmitted back to the
environment than SigB,,,, isolates.

Invitro evolution leads to attenuation of SigB activity
Virulence is linked to faecal carriage in L. monocytogenes and
Listeria'">***'*? (Fig.1c and Extended DataFig.1c,d), and low virulence

is associated with saprophytic growth in L. monocytogenes***°. To
study how saprophytic growth in a non-stressed condition affects
SigB-dependent virulence, we used a collection of isolates stored for
morethan2yearsat14 °Cinslow-growth tubes, in contrast to the iso-
late collection stored at —-80 °Cused so far in this study (Fig. 4 for food
isolate collection and Extended Data Fig. 5 for clinical isolate collec-
tion). Isolates conserved at 14 °C have a consistently significant lower
SigB pathway activity than those stored at =80 °C, in contrast to PrfA
regulon (Fig. 5a,b). The difference in mean SigB activity of a given CC
betweenlong-terminvitro growth at 14 °C and cryopreservation cor-
related with its clinical association (R*= 0.4572, P= 0.00338; Fig. 5¢).
This suggests that growth outside of the host leads to a loss of SigB
pathway activity. Isolates from CCs which do not show a loss of SigB
during in vitro growth, namely CC31, already have low SigB activity
and likely underwent suchan adaptation before sampling and storage
(Figs.4 and 5). To confirm that growth away from the host resultsin loss
of SigB activity, we performed an experimental evolution assay with
7 SigBy;gn isolates which were stored at -80 °C and belong to clinically
associated CCs. We grew these isolatesin vitro at14 °Cfor 300 days, and
this systematically led to a decrease in SigB pathway activity (Fig. 5d).
Inthe evolved populations, mutations accumulated over time, bothin
sigB and in rsb genes that encode SigB regulators (Fig. 5e), which are
expectedtoaccountatleastin partfor theresultingloss of SigB pathway
activity, as they include missense and frameshift mutations substitu-
tions (Supplementary File 1). To demonstrate that this effect is not
limited to this specific growth condition, we performed a daily passage
experimentinarichmediumthatalso resultedinaloss of SigB activity
(Fig. 5f). This suggests that, under growth conditions where virulence
isnotexpected to contribute to fitness, thatis, away from the host, SigB
pathway activity has a cost, leading to positive selection for the loss of
SigB pathway activity and possibly to arelaxation of purifying selection
onL.monocytogenes genes involved in SigB pathway activity. Itisworth
noting that we cannot exclude that under less stable conditions, for
example, fluctuating stress levels, SigB activity would have been main-
tained. By contrast, anincrease in SigB pathway activity and virulence
after in vivo passages starting from a SigB,,,, isolate is expected to be
excessively rare, given the low mutation rate in L. monocytogenes’ and
that the limited number of bacteria which cross the intestinal barrier
and disseminate internally*? imposes a strong bottleneck?*°. Together
with the moderate 5- to 10-fold fitness advantage per in vivo passage
of SigByg Over SigB,,, (Fig. 4d), this makes the emergence and fixation
of suchamutantinvivo a very rare event unlikely to be obtained inan
experimental setting. Accordingly, we observed no increase in SigB
activity after up to six in vivo faecal to oral passages (Fig. 5g).

SigB-dependent stress responsiveness is a polygenic trait

In L. monocytogenes, the stressosome senses stress signals***>* and
activates SigB through a partner switching cascade*®. Genetically
manipulating this cascade leads to changes in virulence (Fig. 3 and
Extended DataFig. 2). However, genes encoding this cascade are fully
conserved and functional in H/h pairs (Supplementary Table 1) and
are highly conserved within CCs and across the L. monocytogenes

Fig.5|Invitro growthleads to SigB activity attenuation. a, Comparison of
transcript counts of opuCA per CC between isolates that have been stored in
cryo tubes or slow-growth condition. Pvalues from left toright, 0.13,3.8 x 1075,
29x107°,6.6x107°,5.5x107%,7.5x107%,3.5x10™,7.7x107%,2.7x107%,9.9 x 1078,
2.0x107,4.5x107,3.1x107,9.4 x 10 and 3.1x 10~°. b, Same as in a but for

hly. Pvalues fromleft toright, 0.4,0.93,0.23,6.7 x102,0.2,6.1x1072,0.5,0.39,
2x107,0.12,4.4 x1073,0.38,0.18,0.7 and 2.8 x 1072, ¢, Correlation of fold change
between cryo and slow-growth condition isolates and clinical association per
CC, suggesting that SigB activity was reduced the most in the isolates that come
from the most clinically associated CCs. P=3.38 x 107 d, SigB pathway activity
of mixed populations after growth in vitro (Pvalues from left to right, 0.19,
1.1x107,1.4x107,1.1x107,1.4 x107,1.1 x 107). e, allelic differences that were
arising in these populations. Alleles with a frequency above 25% at 300 days of

experimental evolution were annotated. Mutations in sigB or rsb genes which
reached atleast 20% at one point are described in Supplementary Data. f, Same
asindbut for 9 populations after daily passages in BHI for 100 days. g, Same
asindbut for in vivo passages from the faeces at 5 d.p.i. Statistical comparison
between groups performed with two-sided Wilcoxon rank-sum test with
Benjamini-Hochberg correction for multiple test. For experimental evolution,
values were compared with the non-evolved isolates (at O days of in vitro
evolution).*P<0.05,*P<0.01,**P< 0.001, ***P < 0.0001. For box plots, the
hinges represent the first and third quartiles of the distribution. The central line
represents the median value. The whiskers extend from the hinge to the largest
or smallest value no further than 1.5 x IQR from the respective hinge (where IQR is
the inter-quartile range or distance between the first and third quartiles).
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Fig. 6| SigB activity heterogeneity is polygenic across L. monocytogenes.

a, Schematic representation of stressosome and its upstream regulators.

The stressosome cascade forms a molecular funnel for stress signals, and
therefore mutations in the genes encoding parts of this cascade will have a
strong effect on SigB activity, while most mutations upstream are expected to
have weak effects on SigB pathway activity. b, Effect size on SigB activity and
FDR adjusted P value per unitig estimated with ChoruMM® The colour indicates
whether a unitig can be mapped to the sigB operon or the regions in its proximity
inthe reference genome EGDe. Bar plot on the right shows the distribution of
significant unitigs which could be mapped to EGDe genome (Methods) among
categories. ¢, Heritability of SigB pathway activity per CC, lineage and for all

Clinical (CC1, CC4, CC6) Food (CC9, CC31, CC121)

NS
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of the L. monocytogenes species, estimated by different ChoruMM models®.

d, dN/(dN+dS) value for all comparisons between the most prevalent allele of
each CC ofagiven group (Clinical corresponding to CC1, CC4 and CC6, Food
corresponding to CC31, CC121, CC9) comparing SigB-regulated (n =191) and
other core genes (n=1,604). P= 0.01for clinical CCs. Two-sided Wilcoxon

test to compare gene dN/dS between all core genes and SigB-regulated core
genes.*P<0.05,*P<0.01,**P<0.001, ***P < 0.0001. For box plots, the hinges
represent the first and third quartiles of the distribution. The central line
represents the median value. The whiskers extend from the hinge to the largest
or smallest value no further than 1.5 x IQR from the respective hinge (where IQR is
theinter-quartile range or distance between the first and third quartiles).

species’, in contrast to in vitro evolved isolates that are kept in a fixed
non-host environment and eventually lose SigB-mediated regulation
(Fig.5).Asinisolates which did not undergo in vitro experimental evo-
lution, the stressosome cascade and sigB are generally conserved; the
genetic variations underlying SigB-dependent differential virulence
in these isolates are expected to be found in genes acting upstream

of the stressosome, which serves as a molecular funnel for stress sig-
nals (Fig. 6a). While only few of these genes have been identified®,
they are expected to be numerous, given (1) the multiplicity of stress
signals, (2) the integrative nature of the stressosome*’****and (3) the
expected high number of SigB-regulated genes whose products also
feedback on SigB pathway activity (Fig. 6a)**. Yet, the individual effect
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of mutationsinthe various genes acting upstream of the stressosome
isexpected to be subtle compared to the drastic effect of mutationsin
the genes encoding SigB signalling cascade (Fig. 5d,e). Toidentify the
genetic determinants of SigB pathway responsiveness, we performed
agenome-wide association study (GWAS) on 1,597 L. monocytogenes
genomes spanning its genetic diversity, using the SigB pathway activity
value from our large transcriptional profiling as a continuous phe-
notypic variable (Fig. 6b; Methods)®*. To associate phenotypic and
genetic variations, we compacted all genomes into unitigs (that is,
maximally long sequences in a pangenome de Bruijn graph®). Given
the very clonal nature of L. monocytogenes population structure®**
(thatis, long branches and little intra-clonal variation®*), most unitigs
in our dataset have alow minor allele frequency within a given clone,
limiting the statistical power of the analysis (Extended Data Fig. 8).
Consequently, only unitigs with astrong effect size, such as mutations
in sigB, rsb genes or other putative unknown upstream regulators,
are identifiable with this approach (Extended Data Fig. 8). Indeed, we
mainly found significantly associated unitigs (Supplementary Table 4;
Methods) inthesigBor rsb genes (Fig. 6b, right panel), which occurred
mainlyin14 °Cstoredisolatesandin ourinvitro evolution experiment.
We estimated that a dataset containing up to two orders of magni-
tude moreisolates would be required to assess the significance of the
association of unitigs with a moderate to low effect on SigB pathway
activity (Extended Data Fig. 8a). While the GWAS detected little to no
signal beyond sigB or rsb genes, it estimated a high heritability of the
phenotype beyond those genes (Fig. 6¢c and Extended Data Fig. 8c),
especially within CCs that show abroad range in SigB activity, such as
CC7.Thisunderscoresthat SigB-dependent stress responsivenessis a
polygenic trait shaped by multipleindividually rare and/or weak genetic
factors, consistent with our observation that none of the H/h pairs
(Fig.1and Supplementary Table1) shared common genetic differences.

SigB regulon is under stronger purifying selectionin clinically

associated CCs

Having shown that the GWAS' statistical power is insufficient to iden-
tify rare single allelic variants associated with SigB pathway activity,
we hypothesized that the common genetic signature of isolates with
similar life histories and thus subjected to similar selective pressures
might be more readily detectable by examining larger evolutionary
distances, at the CC rather thanisolate level, and by considering the
SigB regulon as a whole rather than individual mutations. Thus, we
probed the conservation of the predominant allelic variant per CC of
SigB-regulated genes compared with that of other core genes between
clinically and food-associated CCs, with the hypothesis that the SigB
regulon is under greater purifying selection in clinically associated
CCs. Wefound that SigB-regulated genes have fewer non-synonymous
mutations compared to all mutations than other core genesinclinically
associated CCs (P=0.01) but notinfood-associated CCs (Fig. 6d), sug-
gesting a higher purifying selection on the general stress response in
clinically associated CCs. Taken together, these results suggest that
SigB pathway responsiveness is a polygenic trait shaped by the life his-
tory ofindividualisolates, which reflects their ecology, as highlighted
by the selective pressure on SigB-regulated core genes in clinically
associated CCs (Fig. 6d).

Discussion

The extent of intraspecies microbial virulence heterogeneity and its
underlying mechanisms are only partially explained by differences in
virulence gene content*®. Here we discovered that differential stress
responsiveness is an overarching determinant of L. monocytogenes
virulence level and host adaptation at theisolate level, which drivesthe
heterogeneity of L. monocytogenes virulence. The genetic determinants
of stress responsiveness that control virulence are multiple and indi-
vidually rare, consistent with the integrative nature of the stressosome
and reflecting the evolutionary paths of individual L. monocytogenes

isolates and their respective adaptation to the host'*"72%40424966 [¢

is worth noting that the existence of an overarching mechanism to
fine-tune virulence does not exclude the contribution of accessory
genes to virulence heterogeneity, as shown for lls, LIPI-4 and other
accessory genes*'>1>676%,

Virulence can impose important costs on environmental
pathogens'*>%’°, butit can also benefit them by participating in their
transmission'**"! Indeed, while virulence genes are under purify-
ing selection in natural L. monocytogenes isolates*”, we demonstrate
experimentally that prolonged slow growth of L. monocytogenes in
non-stressful conditionsleads to attenuation of SigB pathway activity,
consistent with previous observations’>”, and virulence. This suggests
that CCsenrichedinSigB,,, isolates are adapted to alifestyle away from
the host, as for CC9, CC121**° and most strikingly CC31, which has the
lowest SigB activity and is almost never responsible for clinical infec-
tion*. Conversely, clinically associated hypervirulent CCssuch as CC1,
CC4and CC6 (ref. 4) are enriched in SigB., isolates, are associated with
vertebrate hosts, particularly cattle?**?, and have a higher capacity
to colonize the gut'®**%*, At the intra-clonal level, the individual life
histories of L. monocytogenesisolates and the conditions under which
they have thrived result in different levels of stress responsiveness,
which in turn shape the L. monocytogenes virulence landscape and
host adaptation”. Consequently, the extent of loss of stress respon-
siveness of SigB,,,, isolates belonging to clinically associated CCs may
reflect the time during which they have evolved away from a host. It is
worth noting that our study was limited to food and clinical isolates,
and investigation of environmental and non-human host-associated
L. monocytogenes isolates would allow to complement our current
findings and potentially identify ecological contexts that favour either
high or low SigB activity.

Environmental pathogens sense the host environment and
express virulence genes only when they serve an ecological func-
tion, namely, microbial replication within the host and the resulting
selection of the fittest for release into the environment'™* 421671747
and otherwise restrict their expression to limit metabolic costs'**%7°,
In L. monocytogenes, the general stress response system serves
as a stress-sensing system that also controls L. monocytogenes
virulence®**%, Indeed, SigB regulates the major virulence genesiniA,
inlBand prfA**, Theimportance of SigB responsiveness in regulating
L. monocytogenes virulence is highlighted by our recent finding that
higher levels of InIB expression result in increased systemic spread
duringinfection”, and a similar quantitative effect occurs for higher
levels of InlA expression, likely resulting in the higher bacterial loads
upon crossing the intestinal barrier of SigBy,, isolates, and thereby
contributing to hypervirulence. The host’s chemical, physical and
immune defences against infection constitute stressful conditions to
which microbes must adapt to associate with the host. It is therefore
consistent that the general stress pathway regulates genes involved
inhostassociation, asit does in L. monocytogenes (inlA and inlB, prfA
andindirectly LIPI-1 through PrfA)** and the host-associated bacterial
species Staphylococcus aureus (for example, sarA and adhesins)’, and
thatits differential responsiveness affects virulence and host adapta-
tion as we have demonstrated here.

Fine-tuning the responsiveness of the general stress pathway
emerges as a prime target for optimizing virulence gene expression
toadapttothe host environment, as we demonstrate here for L. mono-
cytogenes. Our findings challenge the conventional view of virulence
heterogeneity being mainly driven by accessory genes. Therefore,
gene content and comparative genomics may not be sufficient for in
silico virulence prediction for microbial surveillance purposes and
might need to be complemented with comparative transcriptomics.

Adaptive evolution is mainly studied at the level of gene func-
tion and expression level”, but we show here that fine-tuning the
responsiveness of transcriptional regulators is a very powerful and
gradual mechanism for niche adaptation, consistent with similar
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findings of adaptive evolution through transcriptional regulationina
Gram-negative bacterial pathogen’®. Bacteria with multiple lifestyles
areexpected to fine-tune their transcriptional programs according to
their ecological niches, potentially leading to transcriptional hetero-
geneity. The degree of such intraspecies heterogeneity depends on
(i) the environmental changes which isolates are exposed to, (ii) the
degree of differential niche preferences betweenisolates and (iii) the
genetic plasticity of the transcriptional program regulation. We expect
that such multi-layered transcriptional heterogeneity is not limited to
bacteria and that a deeper understanding of the transcriptional net-
works, their regulation and the selective pressures on their upstream
regulators will reveal comparable multilayered adaptive evolutionary
processes across the tree of life.

Methods

Isolate selection and information

Isolates were collected by the French National Reference Center for
Listeria in the context of clinical listeriosis cases in France, which are
mandatory to be declared, and food controls. In this study, we used
non-redundant food isolates (n = 382) and clinical isolates from the
MONALISA study (n =584) stored at -80 °C and additional isolates
(n=738) from a 14 °C storage collection. For the assessment of tran-
script levels in food isolates, isolates were selected from the 15 most
prevalent food CCs (Extended Data Fig. 4a) in a de-doubled sampling
from France for the period of August 2016 until July 2018. Isolates were
selected toreflect prevalence in the food sampling and genetic diver-
sity inside CCs. The main isolates and mutants used in this study can
be found in Supplementary Table 5. Gene content in Supplementary
Table 6 for SigBygn 0w isolates has been generated with Prokka v.1.14.5
and Roary v.3.11.2 7>, The full isolate list is available upon request.
Growth curves were established after 100x dilution of overnight cul-
tures in 200 pl BHI in a shaking 96-well microplate in a Tecan Infinite
M Nano at 37 °C and were measured during 400 min.

Mouse experiments

All in vivo experiments were carried out according to the Institut
Pasteur guidelines for laboratory animals’ husbandry and in compli-
ance with European regulation 2010/63 EU. In vivo data for Extended
Data Fig.1wereretrieved from source data fromref. 4. All procedures
were approved by the Animal Ethics Committee of Institut Pasteur,
authorized by the French Ministry of Research and registered under
APAFIS 14644-2018041116183944 and 39306-2022111412359059 v2.
L. monocytogenes isolates were grown in BHI overnight, diluted 20x
and grown until OD,, = 0.8 before being washed with PBS and diluted
in PBS to 10° c.f.u. ml™. Seven- to 11-week-old female mice (C57BL/6
mEcad E16P Kl (ref. 28)) were orally inoculated by gavage, as previously
described**. Colony-forming unitloads at 5 days post-infection were
assessed after homogenization of organs and serial dilutionsin PBS and
c.f.u. counts on BHI plates. For intestinal content, ALOA (Agar Listeria
according to Ottaviani and Agosti) plates (BIOMERIEUX AEB150072
and AEB684420) were used, which are selective for Listeria and which
allow toidentify L. monocytogenes.

For co-inoculations, L. monocytogenesisolates were transformed
with either pPCMC34 (TdTomato) or pCMC44 (GFP), both describedin
ref. 37. Toavoid abias due to adifference in virulence due to the plasmid,
for each co-inoculation both combinations were performed. We have
previously shown that these plasmids do not have different fitness
costsinvivo orin vitro”.

For ligated loop experiments, 8- to 11-week-old axenix-free mice
(C57BL/6 mEcad E16P KI (ref.28)) were used. Deep anaesthesia was
induced with a mix of ketamine (100 mg per kg body weight; Imalgene
1000; Virbac) and xylazine chlorhydrate (10 mg per kg body weight;
Rompun; Virbac), combined with analgesiawith buprenorphine (0.1 mg
per kg body weight, Vetergesic multidose 0.3 mg ml™). The skin was
cleaned with Surfa Safe Anios premium, alaparotomy was performed,

the smallintestine was exposed and anileal loop of 1.5 cmwas prepared
by clamping. L. monocytogenes isolates were grown in BHI overnight,
diluted 20x and grown until OD,, = 0.8 before being washed with
PBS (Gibco, Thermo Fisher Scientific 10010023) and diluted in PBS
t0 5.107 c.f.u. mI™. About 200 pl of inoculum (10° c.f.u. per loop) was
injected into the loop. After 20 min, mice were killed by cervical dis-
location. Intestinal loops were collected, with the content collected
inal.5 mltube that wasimmediately snap frozenin liquid nitrogen.
Concerning housing conditions, animals were maintainedina
facility whichislicensed by the French Ministry of Agriculture (agree-
ment B 75-15-01, 04, 05,06, 07,08, 09,11, A 75-15-13 dated 22 May 2008
and A 75-15-27 dated 12 November 2004). The facility has central air
conditioning equipment that maintains a constant temperature of
22 +2°C. Air is renewed at least 20 times per hour in animal rooms.
Lightis provided witha14:10 hlight/dark cycle (6:30 a.m.to 8:30 p.m.).
Animals werekeptin polypropylene or polycarbonate cages which com-
ply with Europeanregulations in terms of floor surface per animal. All
cages were covered with stainless steel grids and non-woven filter caps.

Protein expression levels
To assess the expression level of SigB regulon members, westernblots
against OpuCA were performed for all H/h strain pairs. Overnight
culturesin BHIwere collected by centrifugation, and bacterial pellets
were thenincubated with B-PER Complete Bacterial Extraction Reagent
(Thermo Fisher Scientific, 89821) supplemented with lysozyme and
DNase I for lysis. Protein concentrations were measured by using the
Qubit Protein AssayKit (Thermo Fisher Scientific, Q33212). About 17 pg
oftotal protein was mixed with reducing sample buffer (NuPage, Invit-
rogen, Thermo Fisher Scientific NPO32B), loaded ona Mini-PROTEAN
TGX precast gel (4-15%, Bio-Rad 4561041) for electrophoresis and
then transferred to a nitrocellulose membrane. The membranes were
blocked for 2 h with 5% non-fat milk diluted in PBS-Tween 1% and incu-
bated overnight at 4 °C with the primary polyclonal antibody directed
against OpuCA (dilution 1:2,000)*. After 1 h of incubation with the
secondary antibody (goat anti-chicken IgY Hand L chain (HRP), Abcam
ab6877,dilution1:2,000), immunodetection was performed by using a
chemiluminescence kit (Amersham ECL Prime, GE Healthcare, Sigma
Aldrich GERPN2232), and signals were detected using the PXiimaging
system (Syngene).

Quantification was performed by using Fiji*?, and OpuCA (signal at
about45kDA) quantification was normalized by the non-specific band
at-~70 kDa, which corresponded to the equal proteininput.

Live microscopy imaging of SigB-dependent reporter system
For strain construction, the promoter of Imo2230 was inserted into
pPL2 with TdTomato (pCMC34 (ref. 37)). This SigB reporter system
was generated by digestion of pCMC34 with Sacl and Eagl (NEB R3156,
R3505). The promoter of [m02230 of EGDe was amplified by PCR
(Supplementary Table 5 for primers) and inserted into the digested
plasmid by ligation with T4 ligase (NEB, M0202M). For microscopy,
overnight cultures of bacteria were diluted 20x and grown in BHI until
mid-exponential phase (OD,, = 0.8) before being washed and loaded
on CellASIC ONYX microfluidic plates for bacterial cell culture (Sigma,
B04A-03) with the CellASIC ONYX system, according to the manufac-
turer’s instructions. After verifying that bacteria were loaded, they
were grown1-2 hbefore the start ofimaging. Images were taken every
10 min. Observation was performed at 37 °Cunder a Zeiss LM710 micro-
scope and acquisition with the ZEN v2.3 (black) software. At the first
field of view per strainat every time point, the image was autofocused
with fluorescence as input by the ZEN software (Zen Black v.2.3). For
each field of view, a z-stack was taken. For the analysis, each stack was
focused using the Brenner criteria, and bacteria were segmented and
identified with ilastik v1.4%, For stress induction, EtOH was used, as it
isaknowninducer of SigB activity’**and compatible with the experi-
mental set-up.
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Cellinvasion assays

Gentamicin assays were performed as described previously®*. In brief,
L20710r L2071 hEcad cellswere seeded in DMEM (Gibco, 31966) +10%
FBSin96-wellplates, each containing 20,000 cells at1 day before inocu-
lation. Cells were then washed with DMEM. L. monocytogenesisolates
were grown overnight at 37 °C before being co-inoculated with either
L20710r L2071 hEcad cells for1hinDMEMat 37 °C. After 1 h, cellswere
washed with DMEM +10% FBS + gentamicin (Sigma Aldrich, G1272)
400 pl mI™ and subsequently incubated with DMEM +10% FBS + gen-
tamicin 400 pl ml™ for 40 min before washes with DMEM gentamicin
200 pl ml™and subsequentincubation for 1h 20 min with DMEM gen-
tamicin200 pg ml™. After PBS washes, cells were lysed by incubationin
cold water, and bacterial load was assessed by serial dilutionsin PBS and
c.f.u. count on BHI plates. InlA-dependent invasiveness was assessed
by the c.f.u. count in L2071 hEcad - c.f.u. count in L2071. Statistical
analysis betweenisolates from the same cgMLST pair were performed
with paired Wilcoxon test and paired by experimental replicate.

Transcriptlevel screen and real-time quantitative PCR

We assessed transcript levels either by RNA hybridization with fluo-
rescent barcodes or real-time quantitative PCR (RT-qPCR). Bacteria
were grown in 2 ml BHI for 1 h 50 min until mid-exponential phase
(correspondingto OD,, = 0.8). Normal growth was assessed by opti-
cal assessment. Bacteria were pelleted and frozen in liquid nitrogen
before being lysed in lysis tubes with 0.1 mm zirconium oxide beads
(Ozyme, PO00919-LYSKO-A.O) ina precellys 24 (Bertin) in 450 pllysate
buffer (10% glucose, 12.5 mM Tris, 75 mM EDTA (Sigma Aldrich E5391))
and 500 pl acid phenol pH 4.3 (Sigma-Aldrich P4682). The aqueous
phase was used as cell lysate and input for the downstream applica-
tion. The RNA concentration of the cell lysate was measured by Qubit
broad range (Thermo Fisher Scientific Q10210) and diluted to 9 ng pl™.
The transcript levels, based on hybridization between gene-specific
probes (ordered from IDT) and RNA molecules, were then measured
with the nanostring plexset system (Nanostring, 121200001, SHO004,
100054) according to the manufacturer’s instructions. Probes were
hybridizing for 17 h at 67 °C. Probe sequences can be found in Sup-
plementary Table 5 and have been designed to maximize the match
between probe sequence and all known alleles of evaluated genes.
Three housekeeping genes, which are frequently used as references
inqPCRand which did not vary between H and h strains in the RNA-seq
experiment (Supplementary Table 2), gyrA, gyrB and rpoB, were used
to normalize transcript counts with the manufacturer’s software
Nanostring nSolver v.4.0.66. Six samples with high counts for all
target genes were used to normalize between batches of Nanostring
plexset probes, according to the manufacturer’s instructions. The
two isolates from pair B were used as controls for the assay for every
batch of isolates that were tested. Experimental batches constituted
40 different strains and the controlisolates. RT-qPCR assays were per-
formed as described previously”. Inshort, after reverse transcription,
complementary DNA was quantified onthe BI7500 Fast real-time PCR
system (Applied Biosystems) using the Power SYBR Green PCR master
mix (Applied Biosystems, Thermo Fisher Scientific A25742). qPCR
primer sequences canbe found in Supplementary Table 5. Transcript
levels are expressed as relative quantities (determined by differential
Ct) compared with the housekeeping gene gyrB. For mutants, dataare
expressed relative to the wild-type H strain.

GWAS and heritability

We conducted a GWAS to screen for sequences associated with SigB
pathway activity measure. Given the limited level of heterogeneity
per CCin our dataset of natural isolates (Fig. 5) and to increase the
power of our analysis, we also included data from in vitro evolved
isolates, resulting in atotal of 1,631isolates (Fig. 6a), of which 34 were
excluded during clustering. The GWAS was performed using ChoruMM
v1.0, amulti-component linear mixed model (LMM) that we recently

developed®, and applied to short contiguous sequence of nucleotides
called unitigs, extracted from the pangenome of isolates of interest
using u-counter®, Briefly, the raw sequencing data of isolates is split
into k-mers and assembled together using De Bruijngraphs based on
overlapping k-mers. The graphis then compacted to construct unitigs,
which are sequences corresponding to maximal unambiguous paths.
From our isolates sequencing, we obtained 530,726 unitigs. We used
chorumm’s built-in algorithm to both remove potential outlier iso-
lates and filter unitigs with extreme frequencies (n <50rn>n., -5,
corresponding to the unitigs being present in less than 5 genomes,
or in all but less than 5 genomes) to avoid false positives in down-
stream analysis (see ref. 62 for details). After filtering, we retained
1,597 strains and 441,091 unitigs, which correspond to 194,403 unique
unitig distribution patterns, thatis, when two unitigs were presentin
exactly the sameisolates, they would correspond to the same pattern
of presence/absence.

The multi-component LMM approach allows for fine modelling
of the population structure of L. monocytogenes and can output
both estimates of heritability per genetic component modelled and
single unitig association test. In all analyses, we included an inter-
cept and binarized variables corresponding to the lineage, CC,
experimental batches and storage conditions as fixed effect. We
first considered models including an extended number of genetic
random terms modelling at either the cohort, lineage or CClevel to
derive heritability. For the GWAS screening, we used a simplified
modelincluding only lineages as random effect and unitigs as fixed
effect. The unitig patterns were tested independently using a Wald
test, assumingthe test statistic follows a 2 distributionwith 1degree
of freedom under the null hypothesis. For more detail, see ref. 62.
Multiple tests were adjusted with Benjamini-Hochberg correction.
Significant unitigs (Supplementary Table 4) were mapped on closed
reference genomes of EGDe and hypervirulent CC1, CC4 and CC6
isolates with BLAST v.2.13.0%.

SigB pathway activity variance explained by top associated unitigs
was computed as the difference in adjusted R between linear genetic
models including unitigs of interest and a baseline model. The base-
line model included variables corresponding to binarized versions
of the experimental conditions, samples storage condition and Lis-
teria lineage. As for the GWAS and heritability estimation, the vari-
ance explained was derived using rank-inverse transformed sigB read
counts. Conversely, we did not included CC in the baseline model, as
those variables are expected to be highly correlated with some of the
associated unitigs. Unitigs were included using a forward procedure
based on their contribution to SigB pathway variance, starting with
the largest contributors to the less contributing ones. We identified
573 significant unitigs (Supplementary Table 4), of which 510 could
be mapped onto EGDe reference genome.

For comparison purposes, we also derived the unadjusted R% This
metric does notaccount for potential overfitting due to alarge number
of predictors, so that the R? estimation is expected to be biased upward.
Nevertheless, this analysis confirmed that significant unitigs that
contribute less to SigB pathway variance carry negligible additional
information, meaning that all the significant unitigs together can-
not fully explain the estimated heritability. Note that we did not use
aLMM in this estimation because of the lack of gold standard for the
derivation of variance explained by fixed effect from multi-component
mixed models.

Experimental evolution

Forinvitro experimental evolution under constant slow-growth condi-
tions, eightisolates from the top third SigB activity of clinically associ-
ated CCs were selected. Isolates were stored at 14 °C in aglucose-free
solid media (Bio-Rad 356-3683), sampled every 50 days and plated on
BHI plates before being storedin cryo tubes. For serial passage experi-
ments, 3 replicas of a SigBy,g, isolate per hypervirulent CCwas grownin
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200 pl of BHIin a 96-well plate. About 10 pl was passed into fresh BHI
every day for 100 days. Forin vivo evolution, mice were inoculated with
2 x10%c.f.u., as described above. Bacterial population at 5 d.p.i. were
isolated from faeces by plating on ALOA and used for a next cycle of
infection. For this, they were grown from ALOA in 5 ml BHI overnight
and used as described above; 6 cycles were performed in total. Tran-
scriptlevels of evolved populations were then assessed as described in
‘Transcript level screen and real-time quantitative PCR’and compared
with the non-evolved population.

Trans-expression mutant construction

For rsbVand rsbW overexpression, the rsbVand rsbW genes were ampli-
fied by PCR from CLIP2009/00558 genome (CC4; see Supplemen-
tary Table 5 for primer sequences and strain list) and cloned into the
pCMC12 vector®” between the EcoRV and Sall restriction sites (NEB
RO195M, R3138M). In the case of rsbV, blunt-end ligation without
EcoRV restriction was used due to a pre-existing restriction site for
thisenzymeinthe gene. The pCMC12 plasmidis a suicide vector which
integrates at the tRNAArg-attBB site as a single copy and allows the
high expression of the cloned genes in a constitutive manner under
the control of a strong promoter.

For murC and nnrD overexpression, the murC operon and nnrD
gene were respectively amplified (see Supplementary Table 5 for
primer sequences) from each member of the pair B and pair C (strain
list in Supplementary Table 5). The amplicons were cloned under a
strong promoter into the pCMC12 vector* between the EcoRV and
Sall restriction site, using the Gibson assembly (NEB E2611) technic
according to the provided protocol by the company.

The plasmids withthe cloned gene of interest were then electropo-
rated into previously prepared electrocompetent cells of the respective
strain. Clone selection was done followed by sanger sequencing to
verify the success of the cloning.

Construction of deletion mutants for Imo1913/pssZ

Deletion mutants were constructed as previously described® (see
Supplementary Table 5 for primer sequences). The flanking regions of
Imo1913were amplified by PCR from pair A (CC1). Once amplified, the
flanking regions were purified and joined to the pLR16-pheS plasmid®”
by Gibson assembly (NEB E2611) between BamHI and Kpnl restriction
sites. The plasmids were then purified and electroporated into previ-
ously prepared electrocompetent bacteria. After plasmid integration
and excision by sequence homology, deletions were verified by PCR
inside and outside of the target genes. Deletion mutants were then
confirmed by whole-genome sequencing to conserve those without
off-target mutations.

Coregenome dN/(dN + dS) analysis

Forall core genes, dN/(dN + dS) between most common alleles per CC
were calculated. For core genome analysis, all genetic elements were
predicted for every genome with Prokka®™. Genes were then grouped by
Roary”. Genes with amino acid identity >95% were grouped together.
Genes that were present in at least 99% of all isolates in this study
(except evolved strains) were considered as core genes. For every CC
and every core gene, the most common allele was selected. For each
gene, CCmajor alleles were compared as follows: (1) alleles were aligned
with each other with MAFFT v.7.511 (ref. 88) with ‘-auto’; (2) dVand dS
(the number of non-synonymous and synonymous differences) were
calculated by PAML v.4.10.0 (ref. 89), used through codemlin python
from biopython v.1.84 (refs. 90,91), in pairwise mode. Comparisons
which failed due to differences in sequence length were excluded
resulting in comparisons in 1,795 core genes; (3) results were parsed
and divided in comparisons between clinically associated CCs (CC1,
CC4 and CC6) and food-associated CCs (CC9, CC31and CC121). Com-
parisons between SigB-regulated and other core genes were performed
with a Wilcox rank-sum test.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All datasets generated and/or analysed during the current study are
available from the corresponding author. RNA-seq data are available
onSequence Read Archive under the accession number PRJNA1097069.
Closed genomes of H/h isolates from pairs are available on bigsdb.
pasteur.fr, and raw reads are released on Sequence Read Archive (for
accession code, see Supplementary Table 5). Genome dataanalysed in
this study were generated in the context of the epidemiological surveil-
lance of listeriosisin France. Asmentioned in the ‘Décret no.2016-806
dul6juin 2016 relatif aux centres nationaux de référence pourlalutte
contre les maladies transmissibles” and in the ‘Arrété du 16 juin 2016
fixant le cahier des charges des centres nationaux de références pour
la lutte contre les maladies transmissibles’, all samples collected at
the French National Reference Center for Listeria as well as the data
generated from these samples belong to the French Government and
constitute a ‘national collection of biological resources of interest
to public health’, which has to remain under medical and industrial
confidentiality, and therefore they cannot be made publicly available.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Characterization of Hand hisolates. a. Body weight
change of mice 5 dpi (top) and CFU in the liver (bottom) after oral inoculation
with 2x108 CFU of isolates from CC1, CC4, CC6, CC9 and CC121. Each boxplot
represents 6 individual mice inoculated with the same Lm isolate shown grouped
per CCasin*. Food isolates are indicated by a dot below legend (2 isolates per CC).
Statistical analysis has been performed for eachisolate against all other

isolates of the same CC with Wilcoxon test (P values from left to right, for
CC1=(3.37x10%,4.83x107?,0.31,0.69, 0.45,0.74, 0.20, 8.58 x 107, 0.12), for
CC4=(5.2x103,2.15x10?,0.48,0.75,0.25,0.17,0.39,3.77 x 10?), for CC6 =
(8.5x1073,0.27,0.11,0.90, 0.58,0.33,0.12,0.23,0.31,4.8 x10?), for CC121 =
(4.9x107,0.11,0.63,0.88,0.36,0.30, 0.61,0.50) and for CC9 = (0.17,0.67,0.79,
0.45,0.59,0.40, 0.50, 0.45)). Of note, not allisolates from Fig. 1 belong to this
dataset*. b. Growth curve of isolates from Fig. 1. inamicroplate (Methods). Each
curve corresponds to asingleisolate, either H (dark red) or h (light red) from
Fig.1.c. CFUin feces per dpi after inoculation with h or H strains from Fig. 1. Line
indicates detection minimum for 0.05g of feces. d. As (c) but shown as boxplots
(n=3perisolate). Each point corresponds to the fecal carriage of a single infected
mouse at the respective day with P-values fromday 1to 7=(5.20 x103,2.2x10°%,
0.19,9.9x10*,1.08 x10%and 2.42 x10?). e. Cell invasion assay with isolates from
Fig.1(n=6, linesindicate experiments which were performed in parallel).

Cells were infected with overnight cultures of Lm and treated with gentamicin
after 1h, before being inoculated with gentamicin for 2h. InlA-dependent entry
was evaluated by difference in CFUin entry in L2071 hEcad cellsand L2071 cells
(For pairs A, Band C P-values =2.6 x10?,4.30 x 103 and 2.6 x 10?). f. Quantification
of 2 Western blots for each H and hisolate against SigB-dependent protein
OpuCA (Hushisolates, P=2.8 x10?). Each sample came from an independent
culture of the respective isolate. EF-Tu was used to check for amount of loaded
protein g. DNA motifs significantly enriched (identified by MEME®?) in 100bp
upstream and first 10bp of genes significantly more transcribed in Hisolates
against all other gene upstream regions and corresponding E-value. The motif

is similar to the -10 box described for SigB dependent promoters, GGGWAW, at
variable distance from the start codon ATG***. Two-sided Wilcoxon rank-sum
test and per group against all other groupsin (a), between groups of the same day
in (c) and paired two-sided Wilcoxon rank-sum test between results from same
experimentin (d) and unpaired for Hagainst hisolates in (f). * P<0.05, ** P<0.01,
*** P<0.001, ***P<0.0001. For boxplots, the hinges represent the first and third
quartile of the distribution. The whiskers extend from the hinge to the largest or
smallest value no further than 1.5 x IQR from the respective hinge (where IQR is
theinter-quartile range or distance between the first and third quartiles).
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Extended Data Fig. 2| SigB pathway differential responsiveness is genetically
encoded. a. Schematic depiction of genetic difference between Hand h

strain for all pairs. Mutation positions are indicated as amino acid residues.

Filled bar shows sequence similarity between alleles and vertical thin lines
indicate non-synonymous variations. b. SigB pathway activity of deletion

and complementation mutants measured by RT-qPCR of opuCA, [mo0602,
inlAand inlB (n=6for Pair A, n=4 for Pair Band C). Only relevant statistical
comparisons are shown (i.d. between ancestor and mutant strains). Each point
corresponds to anindependent culture of the respective strain or mutant.
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Values were normalized to the H strain of each pair. RQ values were log,-
transformed. Two-sided t-test was applied for statistical comparisons. * P<0.05,
* P<0.01, *** P<0.001, ***P<0.0001. For boxplots, the hinges represent the first
and third quartile of the distribution. For boxplots, the hinges represent the first
and third quartile of the distribution. The central line represents the median
value. The whiskers extend from the hinge to the largest or smallest value no
further than 1.5 x IQR from the respective hinge (where IQR is the inter-quartile
range or distance between the first and third quartiles)). For precise P-values, see
Supplementary Information.
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Extended Data Fig. 3| See next page for caption.
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Extended Data Fig. 3| Setup and validation of mid-throughput pathway
activity assay. a. Correlation of log,,(Nanostring read counts) for all evaluated
genes between cell lysate and purified RNA (R*=0.989, P=1.6x10™). This shows
that we could use cell lysates instead of purified RNA for our pathway activity
experiments b. Titration of RNA in 4 samples, showing that resultis not
dependent on RNA concentration between1and 100 ng. Optimal concentration
for coverage of the nanostring cartridge of 9 ng of RNA per sample was
established based on these data. c. Evaluation of individual probes in EGDe, EGD,
which has a constitutively active PrfA, EGD AprfA (left), EGDe and EGDe 4sigB
(center) and a CC4 and CC4 4inlB, demonstrating the specificity of our assay.
The housekeeping genes gyrA, gyrB, and rpoB were used for normalization.

d. Relation between nanostring counts in cell lysate and RT-qPCR on cDNA results
with primers from Table 3 in 34 Lm isolates. Values are expressed as log, of the
relative quantity to EGDe from the same experiment. e. Log2 of transcript levels
of pair B from Fig. 1 across different experiments of isolates batches from Fig. 2,
which hasbeen used as a control in the SigB pathway activity screen. Each point
corresponds to anindependent culture of the respective strain. For boxplots, the
hinges represent the first and third quartile of the distribution. The central line
represents the median value. The whiskers extend from the hinge to the largest
or smallest value no further than 1.5 x IQR from the respective hinge (where IQR is
theinter-quartile range or distance between the first and third quartiles).
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Extended Data Fig. 4 | Food sampling for SigB pathway activity screen.
a.Proportion of each CCin food sampling of the Listeria National Reference
Center in France (colored bars) and their cumulative value (open circles).
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The dashed line delimits on the left the 15 most prevalent CCs, which cover >80%
of the food sampling. These CCs have been considered in this study. b. Number of
isolates per CC considered in Fig. 5a-d.

Nature Microbiology


http://www.nature.com/naturemicrobiology

Article https://doi.org/10.1038/s41564-024-01859-8

a
@ 30000- ° o
>
P i @ ° e} [}
« 20000
‘F 10000 - &> °
od
o 8000 = R T
o o ‘
© 6000 -
o (o]
) © ?
E 4000~ é) ° ® ° o 0o®
5} e
e LTI YLl L
2 B Soe
I I I I I I I I I I I I
15000 -  *** * ** ** ** **.x*
< °® ° ® °
=1 - )
€ 10000 °o . o © 9 ® %o
E o o
et T T 1 L 1 WiweE®
> []
3o & :
07 I I I I I I I I I I I I I
8000 —  w##* [rm— * o [r— —
Q6000 -
£ &
g 4000 ;3 . 5 o ° °l@
Y P L L @
" o588 & : - :
I I I I I I I I I I I I I
20000 - *k P * * [— - * — *
< 15000 -
E Q
o 10000 - @ ©
g
@ o e
S 5000 -
0,@@%%%&%".@@&* B o @ 00 0o
I I I I I I I I I I I I I I I
< @®
3
: “ .
© O
: o g o B8
G 5 2 G Y ey B

] > J > A 5 > ) Vv A © N »
& F & &g T E T E PP
O O
Clinical association
b [
opuCA ces
Corr
Imo0602 1.0 ’g
sigB E 24 4
05 2 cor, *°°
8 o
inlB
0.0 3 CC5
. - s FF-—-————-———|/=—"=—-——-——--
inlA i N CC8 oCCi55
-0.5 =
hly 5 coaz 2%
k) ..\o
actA 1.0 ' ®ccg ~CC7
CC31 | occ2
prfA 0 ObCci21
‘ ccis ‘ ‘
Qi\“ S & ® 0@& & & 40 05 00 05 1.0
\\“0 *® Pearson correlation (opuCA-prfA)
d 25 oCC204 e ceiziy
CC9,,
—_ oCC18 —_ ccsy
_5 2.0 - OCCG -5
] & 20
° ..001 ®
S 15+ ccs g Gy
o L _ _ _ _ __ A ____ o 0037\%2‘3
El 3
] ] cct
T 101 q g5
Q lccaz, ®CC155 a 10 CC310e
=1 =1 CC5—®
> cea o7 o _CCi”e
2 054 ° cc3 < CC155 —Gg1g
cC9 CC3
co121 CC204
00 cca1g8cce o
I I I I I I I I
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Pearson correlation (opuCA-hly) Pearson correlation (opuCA-Imo0602)

Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Counts of other SigB and PrfA-dependent transcripts
and their correlations. a. Transcription screen results shown as log,,(read
counts) for other genes across CCs for isolates from Fig. 4. Statistical comparison
with two-sided Wilcoxon rank-sum test per group against all other groups. Asin
Fig. 4, each point corresponds to asingle isolate from the respective CC (n=372).
b. Correlation over all samples of transcript levels of all evaluated genes. SigB
regulated genes correlate strongly together, PrfA regulated genes as well and
inlA and inlB correlate with both. c.-e. Pearson correlation of transcript counts

per CCon x-axis and corresponding negative log,;,(P-value) without correction
for multiple testing for opuCA-lmo0602, opuCA-hly and opuCA-prfA, respectively.
The horizontal dashed line indicates P=0.05. For boxplots, the hinges represent
the first and third quartile of the distribution. For boxplots, the hinges represent
the first and third quartile of the distribution. The central line represents the
median value. The whiskers extend from the hinge to the largest or smallest
value no further than 1.5 x IQR from the respective hinge (where IQR is the inter-
quartile range or distance between the first and third quartiles).
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Extended DataFig. 6 | SigB and PrfA activity in clinical isolates. Transcript
levels of a. opuCA (P-values for MN vs. CNS = 0.9, for MN vs. S=1.5x 102 and for
CNSwvs.S=1.3x10?) andb. hly (P-values for MN vs. CNS = 0.13, for MN v5.S=0.3
and for CNS vs. S=0.4) of clinical Lmisolates from maternal-neonatal (MN),
central nervous system (CNS) or septic (S) infections. Each point corresponds to
asingleisolate (n =79 for MN, n=183 for CNS and n =288 for S). Confirming our
results, we selected for each CC 2 food isolates from the bottom, the center and
the top third of SigB activity and reproduced twice to test the robustness of our

assay. Pearson correlation of additional replicas A and B for c. opuCA and d. hly to
assess biological reproducibility of SigB pathway activity without correction for
multiple testing. For boxplots, the hinges represent the first and third quartile

of the distribution. The central line represents the median value. The whiskers
extend from the hinge to the largest or smallest value no further than 1.5 x IQR
from the respective hinge (where IQR is the inter-quartile range or distance
between the first and third quartiles).

Nature Microbiology


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-024-01859-8

relative count opuCA relative count sigB ~ ®

relative count Imo0602

cct cca cce
40000 |
* % * % * %k
30000 - - ‘ ‘ ‘ ¢
? & 5}
20000 -| ‘ ® e
10000 | i
T
cct cca cce
10000 |
*% * %
7500
500 .
5000 @ =
t .
2500 % H g
) L B ®
0 |
I I I
cct cca cce
8000 |
6000 *x *k
=]
4000 - ®
om
2000 $ & 3 8
0 |
I I I I
Q° & Q° $
c}% 6\&(\ O:,\Cb é\(g’v
@ pair A @ pair B
cct cca cce
[ J
[}
0.75 |
g 050
[a]
o
0.25 |
0.00 |

| | | | | | | | | | | | | | |
0 100200300400 0 100200300400 0 100200300400

Spleen -
Liver -
Brain -

Colon Content -

|
-10

Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| SigB pathway activity predicts intraclonal virulence
differences. a. SigB pathway activity for 2 isolates of CC1, CC4 and CC6 from
either the top (SigBy,g;) or bottom (SigB,,,), which have been selected for co-
infections. P-values for sigB, opuCA and Imo0602in CC1=2.4 x103,2.4 x10-3,
2.4x10%in CC4=8x10?5.7x10%,5.7x107,in CC6=2.5x10",0.15,3.0 x10™.

b. Growth curve of isolates from C. Triangle symbolize SigB,,,, and circles

SigBgh. €. CFUs of SigB,,, (x-axis) and SigBy,,, (y-axis) isolates from co-infections
with each10® CFUs. 2 pairs per CC were tested (circle/square) at 5dpiin liver,
spleen, brain and colon content. Marks along axis show distribution. Shades of
distribution show quartiles of distribution. d. Competition indexes, calculated as

the ratio of SigBy,g, to SigB,,, per mouse and organ from co-inoculations with each
10® CFUs. Each point corresponds to an organ coming from an independently
infected mouse. 2 pairs (circle/square) per CC (color asin a-d) of SigByg, Us SigBi,,
were tested, each in 6 mice. Competition indexes at 5dpiin liver, spleen, brain and
colon content. P-values in Spleen=2.75x10", in Liver=3.75x10°, in Brain =3.93
x103and in Colon Content=9.71x107. For boxplots, the hinges represent the
first and third quartile of the distribution. The central line represents the median
value. The whiskers extend from the hinge to the largest or smallest value no
further than1.5xIQR from the respective hinge (where IQR s the inter-quartile
range or distance between the first and third quartiles).
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Extended Data Fig. 8| GWAS power is not sufficient to capture genetic toits frequency and effect size. All significant unitigs are shown (green),
determinants of SigB pathway activity in our dataset. a. Estimation of effect together with arandom subset of non-significant unitigs (grey). The red dashed
on statistical power of higher effective population sizes for different minor allele lineindicates the sample size of the actual dataset. c. Cumulative heritability
frequencies (MAF) of unitigs (i.d. the lower frequency of presence or absence of a estimation in alinear model with all significant unitigs in +/- 10kb to sigB shown
unitigin the tested dataset). Dashed vertical line indicates the size of the current asR?or adjusted R?vs total heritability estimation from GWAS (dashed line,

dataset. b. Estimation of statistical power of each unitig in our dataset according Methods).
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A data availability statement has been added to the manuscript:

All datasets generated during and/or analyzed during the current study are available from the corresponding author. RNA-seq data is available on SRA under the
accession number PRINA1097069. Closed genomes of H/h isolates from pairs are available on bigsdb.pasteur.fr and raw reads are released on SRA (for accession
code, see Supplementary Table 5). Genome data analyzed in this study were generated in the context of the epidemiological surveillance of listeriosis in France. As
mentioned in the “Décret no. 2016-806 du 16 juin 2016 relatif aux centres nationaux de référence pour la lutte contre les maladies transmissibles” and in the
“Arrété du 16 juin 2016 fixant le cahier des charges des centres nationaux de références pour la lutte contre les maladies transmissibles”, all samples collected at
the NRCL as well as the data generated from these samples belong to the French Government and constitute a “national collection of biological resources of
interest to public health”, which has to remain under medical and industrial confidentiality, and therefore they cannot be made publicly available.
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Ethics oversight NA
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Data exclusions  Data were excluded when positive and/or negative controls were not as expected for gPCRs or when mice reached ethical endpoints before
the pre-determined timepoints of killing: they were terminated early without being included in data analysis.

Replication All data was replicated at least twice; for transcriptomics screen, a representative subgroup was used for replication (2x)

Randomization Isolates were randomized across groups for transcriptomics screen. For in vivo experiments, mice were randomized across cages.
For image analysis, randomization was not possible, but same segmentation and quantification has been applied to all images.
For Western Blots and growth curves, this was not relevant, as samples were processed in the same batches.

Blinding All isolates in the transcriptomics screen were given a identifier and randomized.

For image analysis of reporter system, blinding was not possible, but all data was analyzed in a batch and afterwards associated with isolate.
For other experiments, blinding was not possible.
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Antibodies
Antibodies used Primary antibody for WB : OpuCA (diluted 1:2000)
Secondary Antibody: Goat anti-chicken IgY H and L chain (HRP), ref : ab6877 from abcam (diluted 1:2000)
Validation delta SigB strain, which does not express OpuCA was used, as in the original publication of this antibody (DOI: 10.1155/2014/641647)

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Lab intern stock of L2071 and L2071 hEcad cells. The establishement of this cell lines are described in Lecuit et al 1999,
https://doi.org/10.1093/emboj/18.14.3956

Authentication None of the cell lines were identified, but positive and negative controls were used to assess their specificity
Mycoplasma contamination Cell lines were negative

Commonly misidentified lines  no commonly misidentified cell line was used in this study
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 7-12 weeks-old female mice were used of the strain C57BL/6 mEcad E16P K.
Wild animals No wild animals were used
Reporting on sex All animals used in in vivo study were female to reduce inter-individual differences and reduce therefore the number of animals

needed to make statistically sound conclusions.
Field-collected samples  No field collected samples were involved.

Ethics oversight Animal experiments were performed according to the Institut Pasteur guidelines for laboratory animals’ husbandry and in
compliance with European regulation 2010/63 EU.. All procedures were approved by the Animal Ethics Committee of Institut
Pasteur, authorized by the French Ministry of Research and registered under APAFIS #14644-2018041116183944 and
#39306-2022111412359059 v2.

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Plants

Seed stocks NA

Novel plant genotypes ~ NA

Authentication NA
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