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ABSTRACT ARTICLE HISTORY
Super- and low-shedding phenomena have been observed in genetically homogeneous hosts Received 10 December 2024
infected by a single bacterial strain. To decipher the mechanisms underlying these phenotypes, we Revised 17 February 2025
conducted an experiment with chicks infected with Salmonella Enteritidis in a non-sterile isolator, Accepted 25 February 2025
which prevents bacterial transmission between animals while allowing the development of the gut KEYWORDS

microbiota. We investigated the impact of four commensal bacteria called Mix4, inoculated at Salmonella: carrier-state;
hatching, on chicken systemic immune response and intestinal microbiota composition and excretion; chicken; super-
functions, before and after Salmonella infection. Our results revealed that these phenotypes shedder; immune response;
were not linked to changes in cell invasion capacity of bacteria during infection. Mix4 inoculation microbiota; virulence

had both short- and long-term effects on immune response and microbiota and promoted the low-

shedder phenotype. Kinetic analysis revealed that Mix4 activated immune response from day 4,

which modified the microbiota on day 6. This change promotes a more fermentative microbiota,

using the aromatic compounds degradation pathway, which inhibited Salmonella colonization

by day 11 and beyond. In contrast, control animals exhibited a delayed TNF-driven pro-

inflammatory response and developed a microbiota using anaerobic respiration, which facilitates

Salmonella colonization and growth. This strategy offers promising opportunities to strengthen the

barrier effect against Salmonella and possibly other pathogens.
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Introduction

Salmonella infections are of significant medical and
economic concern in developed countries. In 2021,
the EU reported 15.3 cases per 100 000 population, an
increase from 2020 but still below pre-COVID-19
pandemic levels." The proportion of hospitalized
cases was 38.9% with a fatality rate of 0.22%.
According to the CDC, Salmonella is also a major
cause of death and hospitalization in the USA and
according to WHO, it is still considered a priority
bacterial pathogen in 2024 on every continent.”
Salmonella Enteritidis (SE) represents the predomi-
nant serovar in Europe, associated with 67.3% of all
Salmonella outbreaks." These foodborne outbreaks
are mainly related to poultry product consumption,
in particular through the ingestion of contaminated
eggs or poultry meat.> In both chickens and pigs,
Salmonella can colonize the intestine, then translocate
to induce a systemic infection, sometimes leading to
a lethal systemic infection, or more generally to
a long-term asymptomatic carrier state.*
Salmonella-infected animals often present highly
heterogeneous shedding levels. The same phenom-
enon may arise in other infectious diseases.” The
infected individuals that harbor and shed a given
pathogen at higher concentrations than their con-
geners are commonly referred to as “super-shedders.
” As they present a higher transmission rate, epide-
miological modeling has shown that 20% of the
individuals presenting the highest shedding levels
are involved in 80% of the transmission events.
Thus, super-shedders are a key target of control
strategies; subsequently, strategies that aim at iden-
tifying and controlling these animals are required.>®
Several causes may explain the super-shedding
phenomenon. Strain-level genetic differences have
been reported in the case of enterohemorrhagic
Escherichia coli O157:H7’ or Campylobacter
jejuni.® Host-related factors may include differen-
tial immune responses to Salmonella at
a transcriptional level”'® between susceptible and
resistant chicken lines.'"'* However, Salmonella
heterogeneous shedding has been observed even
in the context of a genetically homogeneous
infected host population (e.g. inbred mice"> and
chickens).'*'” Besides, several studies have investi-
gated the microbiota—pathogen interactions and
their role in the establishment of Salmonella super-

she:dding.16’17 In chicken, we demonstrated that (1)
in axenic chicken, Salmonella highly colonizes the
gut leading to the super-shedding phenotype; (2)
inoculating microbiota of hens to chicks before
infection completely inhibit Salmonella coloniza-
tion; (3) modulating the gut microbiota (GM) by
means of antibiotics subsequently modifies the pat-
terns of Salmonella shedding levels; and (4) the
presence of specific taxa before infection deter-
mines the acquisition of the super- or low-
shedder phenotypes.'®

All these results emphasized the importance of
the GM in the low- or super-shedder phenotype
and suggested the possibility to manipulate the GM
to limit Salmonella colonization and consequently
reduce their fecal shedding. In line with this, we have
already demonstrated that a consortium of four
commensal bacteria (namely ‘Mix4’) inoculated
before infection successfully reduces the Salmonella
shedding levels.'® Likewise, histological observations
revealed that the Mix4 inoculation is involved in the
maturation of the gut adaptive immune system. The
role played by commensal symbiotic bacteria in the
maturation of the gut immune system has been
recognized for long in mammalian hosts."”
Similarly, in chickens, it has been shown that early
microbial colonization of the intestine is required for
the proper development of the intestinal immune
system, in particular adaptive responses.zo’21

In order to predict the animal susceptibility and
counterbalance the ability of pathogens to over-
come the barrier effect in some animals, it is
important to better understand the causes of het-
erogeneity of infection. In this work, we aimed to
decipher the causes leading to the low- and super-
shedder phenotypes by testing the possible micro-
evolution of Salmonella virulence during infection,
and by analyzing the interactions between the
immune response and GM development before
and after Salmonella infection. For this purpose,
we used a specific isolator rearing system that
minimizes cross-contamination'>*?, and allows us
to control for several factors likely to be involved in
the appearance of super-shedding such as dose,
bacterial strain, host genetics, and bacterial trans-
mission. Within this framework, we studied (1) the
virulence traits of Salmonella strains recovered



from low- and super-shedding chickens and (2) the
effects of Salmonella infection and Mix4 inocula-
tion on the kinetics of GM composition and puta-
tive functions, and expression of systemic
immunity genes.

Results

The inoculation of four commensal bacteria (Mix4)
has a protective effect against S. Enteritidis
infection

To investigate the role of four commensal bacteria
(referred to as Mix4) consisting of strains of E. coli,
Lactobacillus rhamnosus, Enterococcus faecium and
Clostridium butyricum, on the low- and super-
shedder phenotypes of Salmonella, 140 chicks were
reared in four separate isolators after oral adminis-
tration of the Mix4 or of PBS after hatch and were
infected or not with S. Enteritidis at 7 days of age
(Figure 1(a)). We chose to infect chicks in isolators,
because this setup significantly reduces animal re-
infection and host-to-host transmission of
Salmonella. This reduction allowed us to more
clearly observe the heterogeneity of Salmonella
infection and the emergence of the low- and super-
shedder phenotypes.'>** This heterogeneity of
infection was observed in fresh fecal samples col-
lected throughout the kinetics and was characterized
by shedding levels ranging from no Salmonella to
more than 1 x 10 Salmonella/g feces (Figure 1(b))
as already described.'® When we compared the
median level of colonization, we observed
a significant reduction between animals infected
by S. Enteritidis and those that received the Mix4
before Salmonella inoculation (‘+SE’ vs ‘+Mix4
+SE’). These differences reached 2 logs 10 of differ-
ence at 13days after infection (p<0.001)
(Figure 1(b)). As previously described, chicks could
be clustered in three main groups with a hierarchical
clustering of Salmonella shedding kinetics levels as
illustrated in Figure 1(c,d).”” This clustering
included 30 ‘+SE’ chicks and ‘+Mix4+SE’ chicks.
The first group, represented in green, consisted
of chicks with the lowest levels of Salmonella
and was designated as “low-shedders” (LS).
The second group, in purple, included chicks
with very high levels of fecal excretion and was
designated here as “super-shedder” (SS). The
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third group, in orange, exhibited Salmonella
levels between those of the low or the super-
shedder groups and was classified as “intermedi-
ate shedders” (IS).

Strains isolated from LS and SS did not present
differences in their virulence traits

One hypothesis for the development of the LS
and SS phenotypes might be that Salmonella
virulence can change during infection of a host.
To test this hypothesis, two Salmonella colonies
were recovered from fecal samples of two LS
animals and two Salmonella colonies from two
SS animals at the end of the experiment. Then,
we compared adhesion, invasion, and intracellu-
lar multiplication capabilities of these strains to
those of the inoculated strain using the gentami-
cin protection assay, as previously described®.
Putative virulence modifications were tested in
LMH and IPEC-1, chicken and porcine epithelial
cell lines, respectively, and in HD11 and 3D4,
chicken and porcine macrophage cell lines,
respectively. However, no significant differences
were observed for any criterion, regardless of the
cell line used (Figure 2). These results strongly
suggest that the appearance of the LS and SS
phenotypes is not linked to changes in the cell
adhesion, invasion, and intracellular multiplica-
tion capacity of the S. Enteritidis strain during
in vivo infection, although this does not rule out
other modifications, such as in its metabolisms.

Gut microbiota overall diversity

Fresh fecal samples were collected individually
from all chicks before (at 4 and 6 days of age) and
after infection (at 11, 14, 20, 27 days of age, Figure 1
(a)). The GM composition was analyzed kinetically
in the “+Mix4+SE’ and the ‘+SE’ chicks infected
with Salmonella (shown in color in Figure 1(b)),
including an equivalent number of the three shed-
ding level categories shown in Figures 1(c,d). Their
GM composition was compared with that of unin-
fected control chicks inoculated with (‘+Mix4’,) or
without the Mix4 (‘Ctrl’). A total of 241 chicks
could be analyzed: 40 ‘+Mix4’, 42 ‘Ctrl, 84
‘+Mix4+SE’ and 75 “+SE’ chicks.
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Figure 1. Experimental infection of chickens by Salmonella Enteritidis in the presence of a cocktail of four commensal bacteria. (a) The
140 specific-pathogen-free chicks were splatted in four isolators and orally inoculated (‘Mix4’) or not (‘Ctrl’) at 1 days of age (DoA) with
the four commensal bacteria. Then there were orally inoculated with 5 x 10* salmonella enteritidis (SE) at 7 DoA. Fresh fecal samples
(FS) were collected at 4, 6, 11, 14, 20, 27 DoA. The fecal samples recovered were split in two part: one part was immediately frozen in
liquid nitrogen for DNA extraction and 16S rRNA gene sequencing and the second part was used to quantify salmonella load (b) levels
of Salmonella excretion for the isolator ‘+Mix4+SE" and ‘+SE’ at 11, 14, 20, 27 DoA. The chicks kept for 16S metabarcoding are
represented by colored solid dots according to the shedding category (green for low shedders, orange for intermediate shedders,
purple for super shedders; 15 and 14 chickens for isolator ‘+Mix4+SE’ and ‘+SE’ respectively); the other chicks are represented by
empty dots. (c) and (d) hierarchical clustering based on the level of salmonella excretion, defining the shedding categories of the
chicken bred in isolator ‘+Mix4+SE’ (C) and ‘+SE’ (D). Three clusters of chickens were considered in this study: low, intermediate and
super shedders (LS, IS, SS; in green, orange and purple respectively).
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Figure 2. In vitro virulence of Salmonella enteritidis strains recovered before and after chick infection. Two strains were recovered from
fecal samples of low-shedders at the end of the experiment (LS1 and LS2), and two strains from the super-shedders (S51 and SS2).
Adhesion, invasion and intracellular multiplication capabilities of these strains were compared to the parental strain (WT) inoculated
to chicks with the gentamicin protective assay at a multiplicity of infection of 10 bacteria for 1 cell. Virulence was tested in chicken
(LMH) and porcine (IPEC-1) epithelial cell lines, and in chicken (HD11) and porcine macrophage (3D4) cell lines. Results are expressed
as mean + SEM of the number of bacteria per 107 CFU deposited on the cells. Experiments were in duplicate and repeated at least

three times for each strain.

A large part of the diversity was related to the
Proteobacteria because abundances of Firmicutes
remained high but stable throughout the experiment.
At the family level, a trend was observed in the four
isolators with Enterobacteriaceae dominating
Proteobacteria (Figure 3). In the ‘+SE’ isolator,
Enterobacteriaceae accounted for 33.9% of the taxa
at the end of the experiment, irrespective of the pre-
sence of Salmonella (<1%). These results are in line
with previous studies showing a decrease in
Enterobacteriaceae over time during the development
of the chicken GM.** Similarly, Clostridiaceae abun-
dance decreased during the experiment in all isolators
(e.g. from 23.8% on day 4 to 11.5% on day 27 in
isolator ‘+Mix4’). In contrast, the abundance of
Ruminococcaceae and Lachnospiraceae increased in
all isolators. Lachnospiraceae became predominant in
the non-infected isolators (37.3%, 32.3% of the total
abundance for isolator ‘+Mix4" and ‘Ctrl,

respectively) and the Ruminococcaceae dominated
in isolator ‘+Mix4+SE’ (32.7%).

While all isolators show a similar abundance of
Enterobacteriaceae, striking differences emerged at
the genus level. In particular, Klebsiella sp. was
highly abundant in the “+SE’ isolator representing
23.4% at 11 DoA but decreasing over time to
represent 3.3% at 27 DoA. Among the other iso-
lators, Escherichia was dominant and Klebsiella sp.
remained below 3.5% at all-time points. These dif-
ferences likely reflect the role of environment on
the initial bacterial implantation in the gut micro-
biota, while retaining the same physiological
functions.” It should be noted that these isolator-
related differences decreased over the course of the
experiment, confirming that the non-sterile isola-
tors did not hamper the development of a complex
and diverse microbiota as previously described.'”
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Figure 3. Bacterial family-level composition. Bar plots show relative abundance (%) of the top 10 bacterial genera in fecal samples
from chicks reared in the isolator ‘“+Mix4’ (a), ‘Ctrl’ (b), ‘“+Mix4+SE’ (c), and ‘+SE’ (d), and for each age category before (i.e. 4, 6 days of
age) and after infection by S. Enteritidis (i.e. 4, 7, 13 and 20 days of age). The “other” in the figure represents bacterial families,

identified but not present in the 10 most abundant families.

Impact of Mix4 and Salmonella Enteritidis
inoculations on gut microbiota a-diversity

To analyze the effect of Mix4 inoculation and
Salmonella infection on GM composition, we scruti-
nized the GM diversity using two a-diversity indices
(Chaol and Shannon indexes, Supplementary Figure
S1). Strong significant differences between age cate-
gories were observed using the Chaol index (p <
0.001), indicating an increase in bacterial richness
over time. In contrast, the Shannon diversity index
demonstrated no significant differences between the
isolators, despite a slight increase in values (e.g. from
H =2.04+0.28 at 4 days of age to H=2.75+0.18 at
27 days of age in the “+Mix4’isolator). These results
indicate that, while the overall number of OTUs
increased over time, reflecting the gradual coloniza-
tion of GM by environmental bacteria, the GM was
constantly dominated by a few abundant OTUs at all
time-points of the experiment. Moreover, when com-
paring a-diversity between different isolators at the
same time points, we observed only a few significant

differences. These results confirm that, despite minor

differences in the GM development, chickens, in all
isolators, tend to acquire such a complex and rich
GM. Furthermore, the similar a-diversity patterns
suggest that neither Salmonella infection nor Mix4
inoculation significantly modified the species rich-
ness and diversity of the GM. Alternatively, this result
showed that variation in a-diversity cannot explain,
in our study, the drop of Salmonella colonization.

Impact of Mix4 and Salmonella Enteritidis
inoculations on the composition of microbiota and
its putative functions

The Bray-Curtis p-diversity index comparison of
taxonomic profiles revealed significant effects of
both age and isolator (Permanova, p <0.001 for
both), reflecting the varied outcomes of GM
development and breeding conditions across the
four isolators. This analysis also emphasizes the
substantial impact of S. Enteritidis and Mix4
inoculations on GM composition at every time
point, regardless of infection status (comparison
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Figure 4. Principal coordinate analysis summarizing Bray-Curtis distances between chicks. (a), (b), (c), the bray-curtis distances were
assessed between the four isolators: ‘Ctrl’, ‘+Mix4’, ‘+SE" and ‘+Mix4+SE’ at each age category, before infection (days of age) and after
infection (days post infection). In non-infected isolators, 35 chicks were reared to 27 days of age without being exposed to any
inoculation (‘Ctrl) or after inoculation with Mix4 (‘Mix4’). In this case, a subset of 6 chicks was retained for the metabarcoding
characterization of their gut microbiota. In the other two isolators, 35 chickens were reared until 27 days of age and infected with
Salmonella at 7 days of age after inoculation of Mix4 (‘+Mix4+SE’) or not ('+SE’). In this case, a subset of 14 chickens was retained for
characterization of their gut microbiota by metabarcoding. (d), Relative abundance of the main OTU assigned to Salmonella sp.
(representing >96% of the total abundance for this genus) in isolator (‘+Mix4+SE’) and 4 ('+SE’) at each age category after infection
(11, 14, 20 and 27 days of age, i.e. at 4, 7, 13 and 20 days post infection).

of the “+Mix4’ and ‘Ctrl’ isolators) (Figure 4(a-
c)). Figure 4(b) shows that a single inoculation of
four commensal bacteria had a short and long-
term effect on the composition of the microbiota
(p <0.001 before and at 20 DoA and p=0.034 at
27 DoA). Our analysis identified a total of 21, 15,
11, 20, 26, and 17 OTUs with significantly differ-
ent abundances, at 4, 6, 11, 14, 20 and 27 DoA,
respectively, between chickens that received Mix4
and those that did not; the most abundant of

which are shown in Table 1. Notably, at 4 days
of age, GM in the ‘“+Mix4” isolator showed
increased levels of Escherichia, Enterococcus, and
Clostridium sensu stricto, which may reflect the
Mix4 composition itself, although in the absence
of labeled strains, the metabarcoding cannot be
used to confirm this. At 14 or 20 DoA,
Clostridium sensu stricto and Enterococcus
remained enriched in the ‘+Mix4’ isolator.
Additionally, we observed enrichment for OTUs



8 (&) F.KEMPF ET AL.

Table 1. Main OTUs showing significant differential abundances between the controls and chickens inoculated with the Mix4 at

one day of age.

log2Fold Change* padj Family Genus Total abundance

4 days Cluster_1 7.602083 9.64E-11 Enterobacteriaceae Escherichia-Shigella 101403
of age Cluster_4 7.014246 8.58E-06 Lactobacillaceae Pediococcus 31423
Cluster_6 8.603256 5.53E-11 Enterococcaceae Enterococcus 31337

Cluster_11 13.606643 3.09E-29 Lachnospiraceae unknown_genus 28491

Cluster_8 8.184793 1.13E-08 Lachnospiraceae [Ruminococcus]_torques_group 26537

Cluster_3 11.43788 4.17E-09 Clostridiaceae_1 Clostridium_sensu_stricto_1 24241

Cluster_7 —4.69401 7.96E-03 Ruminococcaceae Flavonifractor 22367

Cluster_10 7.137203 5.78E-04 Lachnospiraceae Blautia 19615

Cluster_19 10.432867 8.40E-11 Lachnospiraceae [Ruminococcus]_torques_group 10548

Cluster_20 8.414882 8.14E-05 Clostridiaceae_1 Clostridium_sensu_stricto_1 7136

6 days of age Cluster_7 —3.308705 1.23E-03 Ruminococcaceae Flavonifractor 22367
Cluster_10 —6.497225 5.35E-08 Lachnospiraceae Blautia 19615

Cluster_19 5.983594 2.99E-08 Lachnospiraceae [Ruminococcus]_torques_group 10548

Cluster_28 —8.361391 8.36E-13 Erysipelotrichaceae Erysipelatoclostridium 7554

Cluster_35 7.418431 3.59E-06 Lachnospiraceae Marvinbryantia 6128

Cluster_40 5.414976 4.29E-04 Ruminococcaceae DTU089 4270

Cluster_18 3.630338 9.35E-03 Clostridiaceae_1 Clostridium_sensu_stricto_1 3253

Cluster_32 —4.286797 4,05E-03 Lachnospiraceae Sellimonas 2783

Cluster_43 4.951384 8.42E-03 Ruminococcaceae Ruminiclostridium_5 1744

Cluster_16 —3.607544 9.13E-03 Lachnospiraceae Anaerostipes 1569

11 days of age Cluster_24 —5.074642 5.14E-07 Lachnospiraceae unknown_genus 9323
Cluster_35 4.916488 3.75E-04 Lachnospiraceae Marvinbryantia 6128

Cluster_40 5.758536 3.72E-07 Ruminococcaceae DTU089 4270

Cluster_42 5.3012 2.63E-04 Lachnospiraceae Blautia 3330

Cluster_18 3.885406 3.81E-03 Clostridiaceae_1 Clostridium_sensu_stricto_1 3253

Cluster_48 4797527 3.75E-03 Lachnospiraceae Blautia 3169

Cluster_47 6.655841 6.19E-07 Ruminococcaceae Ruminiclostridium_9 3128

Cluster_32 5.098841 1.02E-06 Lachnospiraceae Sellimonas 2783

Cluster_43 4.674634 5.47E-03 Ruminococcaceae Ruminiclostridium_5 1744

Cluster_57 —4.507086 5.98E-04 Ruminococcaceae unknown_genus 1713

14 days of age Cluster_3 4.664522 6.64E-04 Clostridiaceae_1 Clostridium_sensu_stricto_1 24241
Cluster_10 —3.946612 2.15E-03 Lachnospiraceae Blautia 19615

Cluster_12 —3.535008 1.72E-03 Lachnospiraceae Multi-affiliation 17677

Cluster_24 —3.032701 6.31E-03 Lachnospiraceae unknown_genus 9323

Cluster_28 —3.782455 2.80E-03 Erysipelotrichaceae Erysipelatoclostridium 7554

Cluster_35 4699875 9.34E-04 Lachnospiraceae Marvinbryantia 6128

Cluster_36 —4.618438 5.27E-03 Lachnospiraceae [Ruminococcus]_torques_group 5660

Cluster_38 —4.264812 1.18E-03 Lachnospiraceae unknown_genus 4244

Cluster_42 6.211455 2.09E-05 Lachnospiraceae Blautia 3330

Cluster_41 —5.722887 6.64E-04 Lachnospiraceae Blautia 3266

20 days of age Cluster_6 3.117145 3.28E-04 Enterococcaceae Enterococcus 31337
Cluster_12 —6.393886 2.62E-10 Lachnospiraceae Multi-affiliation 17677

Cluster_19 3.930757 2.88E-04 Lachnospiraceae [Ruminococcus]_torques_group 10548

Cluster_24 —7.675636 4.57E-15 Lachnospiraceae unknown_genus 9323

Cluster_28 —6.661562 3.93E-07 Erysipelotrichaceae Erysipelatoclostridium 7554

Cluster_35 4.625334 6.12E-04 Lachnospiraceae Marvinbryantia 6128

Cluster_36 —6.723333 7.89E-06 Lachnospiraceae [Ruminococcus]_torques_group 5660

Cluster_38 —6.000532 5.04E-07 Lachnospiraceae unknown_genus 4244

Cluster_42 5.219572 3.70E-04 Lachnospiraceae Blautia 3330

Cluster_41 —5.780236 1.65E-05 Lachnospiraceae Blautia 3266

27 days of age Cluster_19 5.561029 6.29E-05 Lachnospiraceae [Ruminococcus]_torques_group 10548
Cluster_24 —6.252295 1.51E-06 Lachnospiraceae unknown_genus 9323

Cluster_28 —6.023934 1.10E-04 Erysipelotrichaceae Erysipelatoclostridium 7554

Cluster_36 —5.733201 3.35E-03 Lachnospiraceae [Ruminococcus]_torques_group 5660

Cluster_38 -6.362761 2.37E-05 Lachnospiraceae unknown_genus 4244

Cluster_42 5.583232 7.75E-04 Lachnospiraceae Blautia 3330

Cluster_41 —5.684589 9.59E-04 Lachnospiraceae Blautia 3266

Cluster_48 5.883437 7.90E-03 Lachnospiraceae Blautia 3169

Cluster_47 4942368 4.19E-03 Ruminococcaceae Ruminiclostridium_9 3128

Cluster_32 5.035097 1.22E-04 Lachnospiraceae Sellimonas 2783

*Positive log2 fold changes correspond to the OTUs enriched in isolator Mix4. We only report here the 10 main OTUs, determined by their total abundance
across the time series.

assigned to Ruminococcus torques group and
Blautia, indicating either divergence between iso-
lators or the long-term impact of Mix4 on GM
composition.

To assess whether the changes in taxa affected
the functional roles of the microbiota, we analyzed
the data using PICRUSt2.?® Figure 5, presented as
a cladogram, illustrates all metabolic pathways
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a Mix4/Ctrl _

b

l Day 27

Figure 5. Cladogram presenting a hierarchical overview of the MetaCyc pathways detected after the Mix4 treatment (a) and by
comparison of the SLT-LS and SLT-SS (b). the metabolic pathways, corresponding to the MetaCyt curated database, were detected
using PICRUSt2 after metabarcoding analysis. Central nodes represent general pathways while the progressively peripheral nodes
represent more specific pathways. The outer rings indicate the presence/absence of this pathway at different time-points. The colors,
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found in the MetaCyc curated database (at the date
of February 13th, 2024) which includes experimen-
tally defined metabolic pathways from all domains
of life. Figure 5(a) shows numerous metabolic
pathways with significantly different abundances
between the “+Mix4” and the ‘Ctr]’ groups from 4
days of age (38 pathways in the black circle) and up
to 20 (76 pathways in orange circle) and 27 days of
age (2 pathways in purple circle). It is interesting to
note that the greatest number of modified meta-
bolic pathways (112 pathways in the blue circle)
was obtained at 6 days of age, which is just before
infection, for the infected groups. These pathways
correspond to specific MetaCyc categories, as indi-
cated by letters in Figure 5 (J: aromatic compounds
degradation, P: carbohydrate biosynthesis path-
ways, D, L, O: fermentation and short chain fatty
acids (SCFA) production, Q: anaerobic respiration
pathways). A detailed analysis showed that Mix4
inoculation promoted the ‘degradation of aromatic
compounds’ pathways at 6 days of age, while path-
ways related to ‘SCFA production’ and ‘fermenta-
tion” were more prevalent in the Ctrl group at 4 and
6 days of age. Additionally, pathways related to
anaerobic respiration such as “menaquinol and
ubiquinol biosynthesis” were more prominent in
the ‘Ctrl’ group at 6 days of age. These results
suggest that the Mix4 modifies not only the GM
composition but also the associated metabolic
pathways, both in the short and long term.

When we compare the GM compositions between
the ‘Ctrl’ and “+SE’ isolators, we found significant
differences in B-diversities at every time point after
infection (p <0.001) (Figure 4(a)). Table 2 highlights
the main OTUs with differential abundances, among
the 32, 34, 41, and 17 OTUs detected at 11, 14, 20 and
27 days of age, respectively. As expected, Salmonella
was among the differentially abundant OTUs at all
time-points. Among the other Enterobacteriaceae, we
can observe, just after infection (4 Dpi or 11 DoA),
a lower abundance of Escherichia, in the ‘+SE’ group,

compared to the ‘Ctrl’ group. This trend later
reversed, with a higher abundance of another
Enterobacteriaceae (Klebsiella) in the infected group.
Additionally, genera such as Butyricoccus,
Oscillibacter, and Anaerostipes were constantly
enriched in the “+SE’ isolator, whereas several genera
from the Lachnospiraceae family were enriched in the
‘Ctrl’ isolator. However, as we observed certain differ-
ences between the two groups at 4 and 6 days of age, it
is difficult to determine whether these differences are
linked to infection by S. Enteritidis or to the fact that
the differences observed after infection are due to the
small difference present before infection.

Similar to the effects of Mix4 inoculation, infection
with S. Enteritidis led to significant differences in
numerous metabolic pathways between the ‘Ctrl’
and ‘+SE’ groups at each time point after infection
(218, 87, 149, and 13 pathways at 11, 14, 20, and 27
days of age, respectively). Overall, this result shows the
dramatic impact of infection on the composition of
the microbiota and the metabolic functions it sup-
ports especially in the first 2 weeks after infection,
although we cannot rule out the possibility that this
could be related to an ‘isolator effect’ (i.e. isolator-
related differences). This has been taken into account
later in the study.

When we investigated the impact of the Mix4
inoculation on S. Enteritidis infection, we observed,
Figure 4(c), significant differences in the B-diversity
indexes at each age. Before infection, the main OTUs
showing differential abundances between the ‘+Mix4
+SE’ and “+SE’ isolators were assigned to the genera
Escherichia, Klebsiella, and Clostridium sensu stricto
(Table 3). Notably, the most differentially abundant
OTUs are anaerobic bacteria known to produce short-
chain fatty acids (SCFA), key metabolic regulators of
gut health and homeostasis. After infection,
Faecalibacterium and Lachnospiraceae FE2018 group
were more abundant in the “+Mix4+SE’group, while
Butyricoccus, another SCFA producer, was more
abundant in the “+SE’group, at 6 days of age.

which varied depending of the days of age of chickens, represent differentially expressed pathways of particular interest. The letters
correspond respectively to the following nodes : A; L-ornithine biosynthesis; B; carboxylate biosynthesis; C; ubiquinol biosynthesis; D;
fatty acids biosynthesis; E; amide, amidine, amine and polyamine biosynthesis; F; secondary metabolite biosynthesis; G; siderophore
and metallophore biosynthesis; H; tetrapyrrole biosynthesis; I; amide, amidine, amine and polyamine degradation; J; aromatic
compounds degradation; K; carboxylic acid degradation; L; fatty acids degradation; M; nitrogen compounds metabolism; N; genera-
tion of precursor metabolites and energy; O; fermentation; P; glycan pathways; Q; superpathways.



GUT MICROBES (&) 11

Table 2. Main OTUs showing significant differential abundances between the control chickens and chickens inoculated with

Salmonella at 7 days of age.

log2 Fold Change* padj Family Genus Total abundance
11 days Cluster_1 11.482552 7.574324e-22 Enterobacteriaceae Escherichia-Shigella 86221
of age Cluster_8 7.079783 1.950891e-19 Lachnospiraceae [Ruminococcus] torques group 32666
Cluster_11 5.988923 4.890426e-12 Lachnospiraceae unknown genus 29291
Cluster_10 13.115918 1.439677e-18 Lachnospiraceae Blautia 22279
Cluster_7 9.295750 6.006828e-22 Ruminococcaceae Flavonifractor 21521
Cluster_17 —8.996010 3.595334e-05 Ruminococcaceae Butyricicoccus 14886
Cluster_27 —14.522571 2.816261e-10 Ruminococcaceae Oscillibacter 11314
Cluster_4 7.497209 5.862687e-07 Lactobacillaceae Pediococcus 9627
Cluster_24 18.825851 1.206431e-31 Lachnospiraceae unknown genus 9598
Cluster_26 —6.211751 1.197498e-05 Enterobacteriaceae Salmonella 6242
14 days of age Cluster_8 —1.628803 1.166537e-03 Lachnospiraceae [Ruminococcus] torques group 32666
Cluster_2 -10.814914 4,094032e-22 Enterobacteriaceae Klebsiella 23500
Cluster_6 —2.700800 4.467592e-03 Enterococcaceae Enterococcus 19568
Cluster_12 7.813864 4.419502e-22 Lachnospiraceae Multi-affiliation 18666
Cluster_17 —4.820679 3.566471e-06 Ruminococcaceae Butyricicoccus 14886
Cluster_14 —7.983574 2.712594e-16 Enterobacteriaceae Klebsiella 12801
Cluster_27 —8.695676 8.214947e-13 Ruminococcaceae Oscillibacter 11314
Cluster_24 6.500381 4.923764e-12 Lachnospiraceae unknown genus 9598
Cluster_16 —5.064924 2.263503e-08 Lachnospiraceae Anaerostipes 6706
Cluster_26 —7.809743 2.588012e-15 Enterobacteriaceae Salmonella 6242
20 days of age Cluster_2 —7.097424 1.58E-14 Enterobacteriaceae Klebsiella 23500
Cluster_12 8.745618 1.13E-27 Lachnospiraceae Multi-affiliation 18666
Cluster_17 —5.301376 2.83E-07 Ruminococcaceae Butyricicoccus 14886
Cluster_14 —5.913102 1.19E-09 Enterobacteriaceae Klebsiella 12801
Cluster_27 —6.266165 1.19E-09 Ruminococcaceae Oscillibacter 11314
Cluster_24 8.409352 2.32E-20 Lachnospiraceae unknown 9598
Cluster_16 —3.228757 3.28E-04 Lachnospiraceae Anaerostipes 6706
Cluster_26 —6.176414 1.10E-19 Enterobacteriaceae Salmonella 6242
Cluster_36 9.482414 9.49E-16 Lachnospiraceae [Ruminococcus] torques group 5104
Cluster_34 —6.526223 2.32E-08 Ruminococcaceae Multi-affiliation 4229
27 days of age Cluster_2 —7.342308 3.357631e-11 Enterobacteriaceae Klebsiella 23500
Cluster_14 —7.417478 1.181367e-09 Enterobacteriaceae Klebsiella 12801
Cluster_27 —6.035410 3.545815e-08 Ruminococcaceae Oscillibacter 11314
Cluster_16 —2.575678 6.648040e-03 Lachnospiraceae Anaerostipes 6706
Cluster_26 —6.562604 3.634769%¢e-14 Enterobacteriaceae Salmonella 6242
Cluster_19 —6.405544 1.900248e-07 Lachnospiraceae [Ruminococcus] torques group 6186
Cluster_36 7.155219 1.320247e-09 Lachnospiraceae [Ruminococcus] torques group 5104
Cluster_34 —3.766911 4.408238e-03 Ruminococcaceae Multi-affiliation 4229
Cluster_38 8.932455 3.187658e-14 Lachnospiraceae unknown genus 4182
Cluster_15 —3.843210 1.005126e-03 Lachnospiraceae Lachnospiraceae FE2018 group 3682

*Positive log2 fold changes correspond to the OTUs enriched in isolator ‘Ctrl". We only report here the 10 main OTUs determined by their total abundance

across the time series. padj= adjusted p value.

These differences in OTUs suggest distinct
metabolic pathways in the gut microbiota of the
two groups, both before and after infection, poten-
tially explaining the varying levels of Salmonella
colonization. This was supported by MetaCyc
pathway analysis, which revealed 62, 183, 203,
138, 154, 66 different pathways at 4, 6, 11, 14, 20,
27 days of age, respectively, between the ‘+Mix4
+SE’ and “+SE’ groups. These numbers of pathways
are close to those obtained between infected and
uninfected chicks. This suggests that Mix4 can
induce long-term changes in OTUs and metabolic
functions, even during S. Enteritidis infection.

The observed differences in OTU abundances
and metabolic pathways may be attributed to
several factors: (1) the presence of various envir-
onmental bacteria in the non-sterile isolators at

the beginning of the experiment, particularly
affecting OTUs assigned to Escherichia and
Klebsiella and responsible of a putative ‘isolator
effect’; (2) the influences of Mix4 inoculation on
GM B-diversity; and (3) the effect of Salmonella
infection in both Mix4-inoculated and non-
inoculated chickens. Supporting the third factor,
we found a significant drop in Salmonella rela-
tive abundances, as measured by metabarcoding,
in the ‘“+Mix4+SE’ isolator compared to the
‘+SE’ isolator, at 20 (p<0.001) and 27 days of
age (p=0.007) (Figure 4(d)). Under a mixed
linear model framework, analyzing the abun-
dance of the predominant Salmonella OTU
(which represents 96% of the total abundance
for this genus) over the entire time series, we
observed a significant impact of Mix4
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Table 3. Main OTUs showing significant differential abundances between the chickens infected with Salmonella at 7 days of age after
or not an initial inoculation of the Mix4 at one day of age.

log2 Fold Change* padj Family Genus Total abundance

4 days Cluster_1 12.584901 2.64E-33  Enterobacteriaceae Escherichia-Shigella 48793
of age Cluster_2 —6.176252 8.51E-03  Enterobacteriaceae Klebsiella 45255
Cluster_14 —7.651239 4.19E-04  Enterobacteriaceae Klebsiella 24579

Cluster_9 7.718807 6.60E-09  Clostridiaceae_1 Clostridium_sensu_stricto_1 21680

Cluster_18 10.651333 8.92E-06  Clostridiaceae_1 Clostridium_sensu_stricto_1 12535

Cluster_13 11.883421 1.48E-13  Clostridiaceae_1 Clostridium_sensu_stricto_1 11345

Cluster_11 -8.117112 3.31E-05 Lachnospiraceae unknown_genus 7469

Cluster_20 6.011752 4.82E-05  Clostridiaceae_1 Clostridium_sensu_stricto_1 7410

Cluster_33 4998913 2.42E-03  Clostridiaceae_1 Clostridium_sensu_stricto_1 6828

Cluster_3 7.033638 6.82E-09  Clostridiaceae_1 Clostridium_sensu_stricto_1 6306

6 days of age Cluster_1 1.694578 2.32E-03  Enterobacteriaceae Escherichia-Shigella 48793
Cluster_2 —3.469507 1.04E-03  Enterobacteriaceae Klebsiella 45255

Cluster_14 —3.58289 4.24E-04  Enterobacteriaceae Klebsiella 24579

Cluster_9 -1.939517 3.95E-03  Clostridiaceae_1 Clostridium_sensu_stricto_1 21680

Cluster_13 3.826454 1.88E-05  Clostridiaceae_1 Clostridium_sensu_stricto_1 11345

Cluster_11 —2.76462 3.50E-03  Lachnospiraceae unknown_genus 7469

Cluster_33 —2.142787 5.21E-03  Clostridiaceae_1 Clostridium_sensu_stricto_1 6828

Cluster_22 —3.165972 9.73E-06  Peptostreptococcaceae Clostridioides 4083

Cluster_17 —7.300275 1.91E-05 Ruminococcaceae Butyricicoccus 2266

Cluster_25 4.039372 9.70E-05  Ruminococcaceae Ruminococcus_1 2239

11days of age  Cluster_1 12.399227 1.92E-25  Enterobacteriaceae Escherichia-Shigella 101749
Cluster_5 21.155336 1.85E-41  Ruminococcaceae Faecalibacterium 44664

Cluster_4 20.766941 1.84E-35 Lactobacillaceae Pediococcus 42572

Cluster_11 7.653684 2.46E-64  Lachnospiraceae unknown_genus 30398

Cluster_8 4.784897 1.60E-11  Lachnospiraceae [Ruminococcus]_torques_group 29241

Cluster_3 15.743623 5.74E-16  Clostridiaceae_1 Clostridium_sensu_stricto_1 26691

Cluster_6 13.327381 2.03E-20  Enterococcaceae Enterococcus 26283

Cluster_7 7.571996 1.10E-36  Ruminococcaceae Flavonifractor 18757

Cluster_15 9.492674 3.35E-11  Lachnospiraceae Lachnospiraceae_FE2018_group 18481

Cluster_17 —4.792356 3.83E-04 Ruminococcaceae Butyricicoccus 14724

14 days of age Cluster_5 9.236231 3.18E-19  Ruminococcaceae Faecalibacterium 44664
Cluster_4 5.034865 1.29E-05 Lactobacillaceae Pediococcus 42572

Cluster_8 —1.48055 2.90E-03  Lachnospiraceae [Ruminococcus]_torques_group 29241

Cluster_2 —7.265631 9.72E-17  Enterobacteriaceae Klebsiella 23572

Cluster_15 10.582063 1.43E-33  Lachnospiraceae Lachnospiraceae_FE2018_group 18481

Cluster_17 —7.883887 4.04E-19  Ruminococcaceae Butyricicoccus 14724

Cluster_10 2.339149 3.66E-03  Lachnospiraceae Blautia 13010

Cluster_14 —6.7548 9.00E-15  Enterobacteriaceae Klebsiella 12832

Cluster_16 2.550652 1.38E-04  Lachnospiraceae Anaerostipes 11553

Cluster_27 -7.697138 1.59E-16  Ruminococcaceae Oscillibacter 11362

20days of age  Cluster_1 5.724529 2.68E-12  Enterobacteriaceae Escherichia-Shigella 101749
Cluster_5 11.006636 6.34E-24  Ruminococcaceae Faecalibacterium 44664

Cluster_4 5.526813 3.36E-06  Lactobacillaceae Pediococcus 42572

Cluster_11 —1.057028 2.15E-03  Lachnospiraceae unknown_genus 30398

Cluster_3 4.039704 4.80E-03  Clostridiaceae_1 Clostridium_sensu_stricto_1 26691

Cluster_6 5.11562 421E-07 Enterococcaceae Enterococcus 26283

Cluster_2 -5.141617 7.50E-08  Enterobacteriaceae Klebsiella 23572

Cluster_15 8.915778 1.67E-24  Lachnospiraceae Lachnospiraceae_FE2018_group 18481

Cluster_17 —4.674498 1.14E-08  Ruminococcaceae Butyricicoccus 14724

Cluster_14 —5.100881 2.24E-07  Enterobacteriaceae Klebsiella 12832

27 days of age Cluster_5 7.709119 443E-12  Ruminococcaceae Faecalibacterium 44664
Cluster_6 2.877993 8.22E-03  Enterococcaceae Enterococcus 26283

Cluster_2 —-3.137906 1.20E-03  Enterobacteriaceae Klebsiella 23572

Cluster_17 —3.51456 4.41E-05 Ruminococcaceae Butyricicoccus 14724

Cluster_14 —3.065228 1.48E-03  Enterobacteriaceae Klebsiella 12832

Cluster_27 —4.789005 8.65E-08  Ruminococcaceae Oscillibacter 11362

Cluster_25 6.425881 248E-11  Ruminococcaceae Ruminococcus_1 7923

Cluster_30 7.560867 4.58E-09  Clostridiales_vadinBB60 _group  unknown_genus 6287

Cluster_44 6.345545 3.45E-08 Lachnospiraceae GCA-900066575 3635

Cluster_22 3.290602 2.90E-06  Peptostreptococcaceae Clostridioides 3399

*Positive log2 fold changes correspond to the OTUs enriched in infected chicks which received Mix4. We only report here the 10 main OTUs, determined by
their total abundance across the time series.

padj= adjusted p value

inoculation on Salmonella OTU abundance (p =
0.015), alongside the effects of Salmonella inocula-
tion, age of the chicken, and individual variability.

In summary, the differences in OTU abun-
dances and metabolic pathways between the dif-
ferent groups could be linked to Mix4



inoculation and Salmonella infection, although
we cannot exclude a role for the batch effect
linked to the independent development of micro-
biota in the different isolators, during the first
days of age.

Impact of Mix4 inoculation on the short and long
term Salmonella Excretion

As we have recently demonstrated in pigs'’, the
LS and SS phenotypes are mainly influenced by
early interactions between immune response and
GM composition just after infection, it was
decided in the present analysis to classify ani-
mals according to their level of Salmonella colo-
nization at early (11 and 14 DoA) and late (20
and 27 DoA) stages of infection.'” Moreover, to
assess the effect of Mix4 on Salmonella coloni-
zation, we combined the two infection condi-
tions before performing the hierarchical
clustering. This analysis enabled us to classify
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chicks into three groups based on their
Salmonella shedding patterns (Figure 6). The
first group, labeled as Short- and Long-Term
Low Shedders (SLT-LS), consisted of chicks
that constantly exhibited low levels of
Salmonella shedding both in the short and long
term. Notably, the SLT-LS group only included
chicks that received the Mix4 inoculation.
The second group, labeled as Short-Term Super
Shedders (ST-SS), included chicks with high
levels of Salmonella excretion that either
remained stable or decreased over time. This
group had a comparable number of chicks with
or without Mix4 inoculation. The third group,
labeled as Short- and Long-Term Super
Shedders (SLT-SS), comprised chicks exhibiting
high initial Salmonella shedding levels that
increased over time. This group included eight
chicks that received Mix4 and 24 that were
infected without Mix4. These three categories
correspond to contrasting patterns of excretion
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Figure 6. Biplot of the Salmonella excretion by chicks. Biplot represents the short term (days 4 and 7 post infection) and long term
(days 13 and 20 post infection) Salmonella excretion of the chicks reared in isolator ‘+Mix4+SE’ (crosses) and ‘+SE’ (dots). A ward
classification made on the basis of short and long term excretion levels lead to a 3-classes distribution: the short and long term super
shedders (SLT-SS, in green), the short and long term low shedders (SLT-LS, in red) and the short term super shedders (ST-SS, in blue).



14 (&) F.KEMPFETAL.

over time (Supplementary Figure S2). These
findings underscore the protective effect of
Mix4 against Salmonella colonization, leading
to a higher proportion of SLT-LS. This may be
related to its influence on the GM composition
and/or function, which was then further
examined.

The GM composition is correlated to the shedding
phenotype of animals

Many OTUs were significantly different between
these three groups of excretion (i.e. the SLT-LS,
SLT-SS, ST-SS). For example, Supplementary
Table SI shows the main OTUs showing significant
differences in abundance between SLT-SS and
SLT-LS chickens after infection. However, since
our previous findings indicate that GM composi-
tion prior to infection determines susceptibility to
Salmonella colonization'®, we aimed to identify the
commensal bacteria involved in Salmonella
implantation and the barrier effect. To achieve
this, we analyzed the GM composition both before
infection and between the two extreme groups:
Short- and Long-Term Low Shedders (SLT-LS)
and Short- and Long-Term Super Shedders (SLT-
SS). Twenty OTUs were differentially abundant at
6 days of age, whereas we did not observe differ-
ences at 4 days of age (Table 4). Although no bac-
terial genus was enriched in the SLT-LS group,

many families were enriched in the chicks that
will become the most susceptible animals to
Salmonella (SLT-SS). Among them we observed
strict anaerobic bacteria (e.g. Lachnospiraceae,
Peptostreptococcaceae, Ruminococceae) known to
produce SCFA and facultative anaerobes (e.g.
Enterobacteriaceae, Erysipelotrichaceae). Interestingly,
Erysipelotrichaceae have been associated with host
metabolic disorders and inflammatory diseases.””

If we compared the GM metabolic pathways
found in the SLT-LS and in the SLT-SS groups,
we observed a massive difference before and after
Salmonella infection with 0, 226, 222, 211, 114 and
5 metabolic pathways differentially expressed at 4,
6, 11, 14, 20 and 27 days of age, respectively. This
result reveals that just before and just after infec-
tion the functions present in the GM were very
different between chicks that are susceptible (SLT-
SS) or resistant (SLT-LS) to Salmonella coloniza-
tion (Figure 5(b)). These differences are related to
numerous pathways related to fermentation, short-
chain fatty acid (SCFA) production, degradation of
aromatic compounds, anaerobic respiration, and
glycan metabolism (Figure 5(c)). Such dramatic
variations in the GM’s functional capabilities
could play a crucial role in Salmonella’s ability to
overcome barrier effect. This is particularly evident
in the metabolic pathways associated with anaero-
bic respiration, as illustrated in Figure 7. We can

observe that virtually all metabolic pathways

Table 4. Main OTUs showing significant differential abundances between the short- and long-term super shedders (SLT-SS) and the

short- and long-term low shedders (SLT-LS) before infection.

log2 Fold Change* padj Family Genus

4 days of age No differences

6 days of age Cluster_2 -11.17 5.05x107% Enterobacteriaceae Klebsiella
Cluster_14 —-9.74 1.48x107%° Enterobacteriaceae Klebsiella
Cluster_83 -8.18 1.47x107"° Enterobacteriaceae Escherichia-Shigella
Cluster_138 -7.65 427x107'° Enterobacteriaceae Escherichia-Shigella
Cluster_55 -7.95 7.78x107"° Lachnospiraceae Tyzzerella3
Cluster_51 -6.71 1.71x1078 Lachnospiraceae CHKCloo1
Cluster_77 -10.51 4.01x1078 Peptostreptococcaceae Paeniclostridium
Cluster_26 -6.75 1.52x1077 Enterobacteriaceae Salmonella
Cluster_46 —-9.89 3.44x1077 Erysipelotrichaceae Erysipelatoclostridium
Cluster_544 —6.42 221x107° Enterobacteriaceae Escherichia-Shigella
Cluster_436 -5.48 2.33x107° Enterobacteriaceae Klebsiella
Cluster_602 —6.64 1.61x107% Lachnospiraceae CHKCloo1
Cluster_17 —-6.80 2.05x107* Ruminococcaceae Butyricicoccus
Cluster_129 -5.96 7.42x107% Clostridiaceae 1 Clostridium sensu stricto 1
Cluster_677 —6.39 8.63x10~* Lachnospiraceae Epulopiscium
Cluster_336 -5.82 8.63x107* Enterococcaceae Enterococcus
Cluster_290 -4.18 9.38x107* Lactobacillaceae Pediococcus
Cluster_953 —-4.30 2.01x1073 Lachnospiraceae [Ruminococcus] torques group
Cluster_13 2.65 7.18x1073 Clostridiaceae 1 Clostridium sensu stricto 1
Cluster_35 -4.95 8.34x1073 Lachnospiraceae Marvinbryantia

*Positive log2 fold changes correspond to the OTUs enriched in the SLT-LS chickens.

padj = adjusted p value
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metabolic pathway. Each column corresponds to the GM analysis at a specific time-point. The positive log Fold changes correspond to

the pathways enriched in the short and long term super shedder

involved in menaquinol (vitamin K2) biosynthesis
are increased in the SLT-SS, in contrast to chicks
belonging to the SLT-LS group. This is also
observed after infection (11 and 14 DoA).
Similarly, another metabolic pathways involved in
anaerobic respiration and even aerobic respiration:
the ubiquinol (coenzyme Q10) biosynthesis path-
way, is also more highly expressed before infection
in chicks belonging to the SLT-SS group compared
with the SLT-LS group. Interestingly, both the
metabolic pathways for menaquinol (vitamin K2)

s (SLT-SS) compared to the short and long term low shedders (SLT-LS)

and ubiquinol (coenzyme Q10) biosynthesis play
crucial roles in the energy metabolism of intestinal
bacteria and especially in the electron transport
chain.?® However, later (20 DoA) the trend is
reversed as these pathways related to anaerobic
respiration are more expressed in chicks belonging
to the SLT-LS group compared to the group SLT-
SS. These differences could be related to
a modification of the immune response and there-
fore play an important role in Salmonella implan-
tation in the intestine. As for the metabolic
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pathways linked to the production of SCFA, the
picture is less clear before infection, since although
we have several differences between the two
groups, they do not go in the same direction and
are less strong than those linked to anaerobic
respiration. This is even more variable after infec-
tion, which prevents us from concluding on
a potential role for these metabolic pathways in

susceptibility to Salmonella colonization.

A particular focus was paid to animals that
received Mix4 but, despite this, exhibited high levels
of Salmonella excretion, i.e., those belonging to the
SLT-SS category (8 out of 32 individuals).
Interestingly, in the PCA, the GM functions of
these chickens were closer to those of other SLT-SS
chickens than to SLT-LS (Figure 8). This is particu-
larly observed just before and after infection,
although later on the functions carried by SLT-SS
animals that received Mix4 are different from those
of animals that received Mix4 but are SLT-LS. This
similarity between SLT-SS chickens with and with-
out Mix4 was less observed at the taxonomical level
(not shown), illustrating the interest of functional
inference in avoiding functional redundancy
between taxa. For example, in the short term, we
observed that pathways related to anaerobic respira-
tion (i.e., menaquinol and ubiquinol biosynthesis
pathways) were highly correlated with principal
component 1 (R, > 0.85), whose positive values
were also associated with the SLT-SS phenotype,
regardless of the treatment received by the indivi-
duals (mean value: 7.78,v-test =3.19 and mean
value: 2.29, v-test =0.83 for SLT-SS chickens with
and without Mix4 respectively). A reverse pattern
was observed in the long term (Figure 8), where
anaerobic respiratory pathways were instead asso-
ciated with principal component 1 (R, > 0.85) and
the SLT-LS category (mean value: 5.64; v-test = 1.77)
rather than with the SLT-SS category (mean value: -
3.11, v-test = —=0.98 and mean value: —1.56, v-test =
—0.72 for SLT-SS chickens with and without Mix4
respectively). Once again, this supports the hypoth-
esis that the shedding categories were primarily
driven by the functional composition of the GM.
Mix4 modulates the GM, leading mainly to the SLT-
LS phenotype but sometimes to the SLT-SS

phenotype.

Surprisingly, few differences in differential
metabolic pathways of the GM were observed at 4
DoA, just after Mix4 inoculation, and the most
significant differences were observed just before
infection (at 6 DoA), suggesting that it is not
Mix4 per se that is responsible for these metabolic
differences. Consequently, the host defenses them-
selves need to be investigated. Indeed, the presence
of super-shedders observed in both Mix4-
inoculated and non-inoculated groups (Figure 6)
suggests that factors other than Mix4 may also
influence Salmonella colonization levels, such as
the immune response or status.

The Mix4 inoculation has an impact on the immune
response

We have shown that modulation of the GM com-
position and function influences Salmonella colo-
nization and excretion. This effect could be direct
or via modulation of the immune response. To
determine whether the Mix4 inoculation modu-
lates the immune response, the gene expression
kinetics of 74 immune-related genes was analyzed
by RT-qPCR, from blood samples collected at var-
ious time points (Table 5). These genes had been
chosen to analyze both the innate and adaptive
immune response (Supplementary Table SII).
A total of 243 individuals across all timepoint
could be characterized in this way, for 66 immune
genes.

Three days after administration of four commensal
bacteria (4 DoA), significant differences in the
expression of MXI and MDA5 (IFIHI1) were
observed, indicating the induction of a strong type
I interferon signature in Mix4-inoculated chicks
compared to controls. By 5 days after Mix4 inocula-
tion (6 DoA), many immune genes were differentially
expressed, peaking just before Salmonella infection at
7 DoA. This timing may explain the different out-
comes of Salmonella colonization via a coherent pic-
ture of these gene expressions. MDA5 and IRF7,
which are known to be induced by bacterial chal-
lenge, indeed activate type I interferon, which in turn
activates Mx1 and CD69.>> This immune response
may be related to direct effects of Mix4 or to changes
in microbiota composition. In addition, increased
expression of ILI15, and HMOXI, produced by
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Figure 8. PCA summarizing functional compositions of the gut microbiota in SLT-SS (with or without Mix4) and SLT-LS chickens, at
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were inferred on the basis of taxonomy using PICRUSt2.2

phagocytic cells, suggests enhanced T cell prolifera-  the expression of CD69 to fight mucosal pathogens.
tion and activation, correlating with the higher CD69  However, evidence suggests that CD69 exerts
levels. These immune responses could prepare the a complex immune-regulatory role and could be
chicks for specific immunity or deal with bacterial  involved with HMOXI and SOCS1 in sustaining an
challenges.’**" Indeed, IL15, a key cytokine for acti-  anti-inflammatory response.’>>> In conclusion, in
vation and proliferation of T and NK cells, induces  these chicks we have both stimulation of the immune
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Table 5. Relative gene expression in blood of chicks that received or not the Mix4.

Gene FC at 4DoA FC at 6DoA FC at 11 DoA FC at 14 DoA FC at 20 DoA FC at 27 DoA
ALOX5AP 2,1

CCR2 -24

(D28 -2,0

CD69 2,6

D86 -2.8
CEBPB -23

CISH -4,8

CSF2RA -2,0

GAL6 2.2
HMOX1 2,1

IRF7 4,1

S0CS3 -29

STAT6 -2,2

s 2.2 2,8 2,5 2.0

MDA5 2.1 2,0 2,0

MX1 12.1 6.6 12,1 1,7 8.7

CD180 -24 -3.1
SOCS1 3.1 2.7

TNFRSF1A -25 -2.1

*FC represents the ratio between non-infected chicks treated or not with Mix4. Positive FC means that the gene is over-expressed in the ‘+Mix4’ group. Ratio

> 2.0, with a p value < 0.05 were considered.

response and regulation of this activation. In contrast,
in ‘Ctrl” chicks that did not receive Mix4, we observed
higher expression of genes known to drive a pro-
inflammatory response including tumor necrosis fac-
tor (TNF) response (TNFRSFIA, CSF2RA), phago-
cyte recruitment and activation (CSF2RA, CEBPB,
CCR2) and T cell differentiation (CEBPB, CD28,
STAT6).*** In addition, Mix4 inoculation exhibited
long-term effects, with six genes remaining differen-
tially expressed at 20 days of age. The most important
long-term effect of Mix4 appears to be the stimula-
tion of Gallinacin-6 (GAL6), also known as AvBD9,
a beta-defensin with potent antimicrobial activity
against food-borne pathogens.”®” Conversely, lower
expression levels of CD180, a toll-like receptor homo-
log and CD86, an activation marker of immune cells,
suggest a reduced capacity of the control group to
effectively respond to pathogens and maintain
immune homeostasis compared to the Mix4 treated
group.”®

Salmonella Enteritidis infection differentially
modulates the systemic immune response
dependent on Mix4 inoculation

Blood analyses revealed that only a small number
of genes (8 out of 74, or 11%) showed a modulation
of log 2 fold change greater than 2 in infected
chicks compared to uninfected chicks (Table 6).
Surprisingly, S. Enteritidis infection had a less pro-
nounced effect on gene expression than Mix4
inoculation (Table 5), both in terms of the number
and magnitude of changes. Furthermore, the same
genes (MX1 and IL15) were upregulated in chicks
infected by S. Enteritidis (at 11 DoA) or inoculated
with Mix4 (at 4 DoA) compared to control chicks.
The most significant modulation occurred at 7 days
post infection (Dpi) or 14 days of age (DoA), with
upregulation of 6 genes in infected chicks, suggest-
ing a peak in the type I interferon response (MX1),
accompanied by a pro-inflammatory response and
T cell differentiation (IL18, CEBPB, CD28, IL15).

Table 6. Relative gene expression in blood of chicks infected or not with Salmonella

Enteritidis.
Gene FC at 11 DoA FC at 14 DoA FC at 20 DoA FC at 27 DoA
Mx1 -48 -10.5 -29
s -23 -2.1
50CS3 -2.0 -2.8
I8 -3.0
CEBPB -23
D28 -2.0
CASP1 35
CTLA4 -24

FC represents the ratio between ‘Ctrl and +SE’ groups. Negative FC means that the gene is over-expressed in
infected chicks. Ratio > 2.0, with a p value < 0.05 were considered.



Regulatory immune responses were observed at 20
DoA, characterized by increased SOC3 and
decreased CASPI transcriptional levels in infected
chicks. Notably, systemic immune responses
showed minimal changes at 20 and 27 DoA (2
and 3 weeks post-infection), despite very high
levels of Salmonella.

When chicks were inoculated with Mix4 prior to
infection, Salmonella infection did not significantly
stimulate the systemic immune response. However,
more genes were modified by Salmonella infection
when chicks had received Mix4 compared to infec-
tion in chicks that did not receive Mix4 (15 DE genes
vs 8 (Tables 6 and 7)). The gene expression changes
in the Mix4-treated chicks indicated a dual response:
an initial pro-inflammatory response characterized
by upregulation of IL18, LGALS3, TNFRSFIA, and
LITAF, together with Major Histocompatibility
Complex class I and II genes (BF2 and BLB2I)
which help the chicken’s immune system to recognize
and respond to pathogens, ensuring both adaptive
and innate immune responses. This pro-
inflammatory response was accompanied by
a regulatory response involving genes such as IL10,
SOCS3 and CISH, detectable as early as 4 Dpi (Table
7). Interestingly, the same genes (SOCS3, ILIS,
CEBP), which were upregulated at 7 Dpi in chicks
infected without Mix4, were upregulated at 4 Dpi in
chicks infected in the presence of Mix4. Despite this,
the “Mix4+SE” group did not show higher stimula-
tion of immune genes than the “Mix4” group. Only
IL12B, encoding a key regulator of Thl polarization,
and the antimicrobial peptide genes AVBD2 and
AVBD6 were modulated 20 days after Salmonella
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infection. In addition, the expression of CD180 and
CD86 increased in the “Mix4+SE” group showing
that the downregulation of these genes by Mix4 was
counterbalanced by S. Enteritidis infection, enhan-
cing the ability of the “Mix4+SE” group to respond
effectively to pathogens compared to the “Mix4”
group.

Overall, Mix4 inoculation before infection appears
to modulate the timing and magnitude of the
immune response, leading to earlier and more regu-
lated systemic immune activation after infection.
These results suggest that Mix4 affects the immune
response in the long term, with even more significant
changes observed at 6 days of age, just prior to S.
Enteritidis infection. However, the effect of Mix4 on
immune stimulation is partly similar and therefore
masked by infection, as only five genes were detected
as differentially modulated between chicks treated or
not with Mix4 and then infected with S. Enteritidis
(Supplementary Table SIII). Notably, in the absence
of Mix4, we observed a greater inflammatory
response as evidenced by higher CASPI expression
from 4 DoA and a reduced response to antimicrobial
peptides (GAL2 and GAL6). In summary, these ana-
lyses suggest that differences in infection outcomes
within and between groups may be influenced by the
immune status of the chicks prior to infection.

Difference in the level of Salmonella excretion can
be related to differences in immune response before
and after infection

As variations in infection outcomes could be influ-
enced by the immune status of chicks prior to

Table 7. Relative gene expression in blood of chicks treated with the Mix4 and infected or not

with Salmonella Enteritidis.

Gene FCat 11 DoA

FC at 14 DoA

FC at 20 DoA FC at 27 DoA

TNFRSF1A
IL10
SOCS3
CISH =27

CEBPB =21

BF2 =29
IL18 -2.8
CD180 =25
BLB21 -2.2
LGALS3 =22
LITAF =21
CD86

AVBD2

AVBD6

IL12B

-24
-3.8
=3.1

-2.2

FC represents the ratio between ‘+Mix4’ and ‘+Mix4+SE’ groups. Negative FC means that the gene is over-
expressed in infected chicks. Ratio > 2.0, with a p value < 0.05 were considered.
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infection, we further investigated the immune
response in relation to the fate of Salmonella colo-
nization using our groups of chicks categorized as
short- and long-term super-shedders (SLT-SS),
short-term super-shedders (ST-SS), and short-
and long-term low shedders (SLT-LS). Prior to
infection, chicks that would become SLT-LS exhib-
ited a more robust immune response compared to
those that would become SLT-SS (Table 8). This
higher activation of immune cells is characterized
by increased expression of chemokine receptors
such as CCR2, which is crucial for activation and
recruitment of monocytes/macrophages and CCRS,
which is important for T lymphocyte
recruitment™. Additionally, SLT-LS chicks showed
higher Galectin 3 expression (LGALS3), which acti-
vates the NLRP3 inflammasome and trigger the
release of the pro-inflammatory cytokine IL18
whose gene expression is also induced. These
immune differences were observed as early as 4
DoA, i.. after Mix4 inoculation, although no
significant log 2 fold change greater than 2 was
detected at 6 DoA (Table 8). The fact that no
gene was differentially expressed between the
SLT-SS and SLT-LS groups at 6 DoA, although
numerous differences were observed at this time
between chicks from isolators that had or had
not received Mix4 (Table 5), suggests that Mix4
induces a profound change in the immune
response early after its inoculation. However,
this effect was not correlated with the level of
colonization measured by comparing at 6 DoA
the SLT-SS and SLT-LS statuses. In fact, the

SLT-SS group included animals that had or
had not received Mix4, while all chicks of the
SLT-LS group had received the Mix4. This result
confirms that the immune response induced by
Mix4 inoculation is involved in the low-shedder
phenotype.

Four days after infection, the genes of chemo-
kine receptors CCR2 and of TNF receptor 1
(TNFRSF1A) both involved in cell recruitment
and orchestration of pro-inflammatory immune
responses, were more highly expressed in the SLT-
LS group compared to SLT-SS. This suggests that
the low level of colonization is linked to a more
rapid immune response in animals already primed
with Mix4. Subsequently, we observed a greater cell
mediated immune response in the SLT-SS group
characterized by higher BLB-21 gene expression at
14 DoA and CD86 at 27 DoA. In contrast, the SLT-
LS chickens concomitantly showed a higher anti-
and pro-inflammatory response characterized by
SERPINBI and TLRS5, respectively. When we ana-
lyzed how certain chicks can hinder Salmonella
multiplication in the long term (comparison
between short- and long-term super-shedders
(SLT-SS) with short-term super-shedders (ST-SS))
we observed that after Salmonella infection, chick-
ens in the ST-SS group exhibited a higher expres-
sion of antimicrobial peptide (GAL6) and develop
an anti-inflammatory micro-environment marked
by a higher gene expression of ILI0 and ARG2.
Indeed, IL-10 is a crucial cytokine in the immune
system, known for its anti-inflammatory proper-
ties, whereas ARG2, whose expression is regulated

Table 8. Relative gene expression in blood of chicks classified according to their Salmonella excretion level.

Day of age 4 6 1 14 20 27
Immune Fold Immune Fold Immune Fold Immune Fold Immune Fold Immune Fold
gene change* gene change gene change gene change gene change gene change
SLT-SS/ST- IL18 2.0 GAL6
SS
IL70
ARG2
SLT-SS CCR2 24 TNFRSF1A BLB21 -2.0 SERPINB1 26 CD86 =25
/SLT-LS
IL18 24 CCR2 TLR5 29
LGALS3 24
CCR8 39
ST-SS/SLT- ARG2 -43
LS
D14 -2.0

SLT-SS= short- and long-term super shedders; ST-SS= short-term super shedders; SLT-LS= short- and long-term low shedder.
*Positive fold change means that gene is more expressed in the denominator of the ratio. Ratio > 2.0, with a p value < 0.05 were considered.



by  IL-10,
mediators.*>*!

In conclusion, our results suggest that animals
that control Salmonella infection from the outset
exhibited early immune activation, before infec-
tion, likely induced by Mix4. This activation is
maintained shortly after Salmonella infection.
Conversely, animals that control Salmonella infec-
tion at a later stage are able to mount an anti-
inflammatory response post infection. However,
the difference in Salmonella colonization may also
be related to GM composition and at least to a close
interaction between these two components of the
barrier effect.

downregulate inflammatory

The immune gene expression and gut microbial
composition are partly correlated

In samples collected in ‘SE’ and ‘+Mix4+SE’ iso-
lators, we tested correlations between immune
gene expression levels (dCt) and taxon abundances
to determine whether we could identify the bacteria
that might be responsible for the type of immune
response detected, bearing in mind that correlation
is not equivalent to demonstration. For this, we
kept the 132 individuals across all timepoints fully
characterized for their gut microbial composition
and 66 immune genes expression patterns. This
was done within the SLT-LS (n=35), SLT-SS
(n=61) and ST-SS (n=36) categories at each
time point. All these correlations can be down-
loaded from a database available at https://doi.
org/10.57745/YD3IEX.

We identified numerous correlations at 4 DoA in
the three categories (Supplementary Table SIV). For
example, in the SLT-SS category, CD25 expression,
which is highly expressed in regulatory T cells
(which suppress immune responses)*?, is correlated
with the presence of Ruminococcus torques group.
Furthermore, in this category and at this age IL10
expression, which is a crucial anti-inflammatory
cytokine, is correlated to 26 OTU. These correlations
suggested that some commensal bacteria can be
correlated to the establishment of immune tolerance
or a strong immune cell recruitment. In contrast,
different types of correlations were observed in the
SLT-LS category at 4 DoA. We especially detected
a correlation of CSF2RA with Escherichia,
TNFRSF1A and TLR1 with Clostridiaceae 1 and of

GUT MICROBES (&) 21

GATA3 with Peptostreptococcaceae. Interestingly,
these genes contribute to balance immune responses
between inflammation and prevention of excessive
inflammation, suggesting a stronger stimulation of
the immune response compared with the SLT-SS
category.

In addition to these 81 correlations detected at 4
DoA within the three categories, it is interesting to
note that only three correlations for these three cate-
gories were detected at 6 days. Furthermore, after
infection, it is important to note that 109 correlations
were detected in the SLT-LS category and none in the
SLT-SS category. For example, at 11 DoA (4 days post
infection), TLR4 and CSF2RA expressions were cor-
related to Enterococcus and IL18 (a pro-inflammatory
cytokine known for its ability to enhance the produc-
tion of interferon-gamma) to Salmonella.

These correlations therefore confirm the inter-
relationship between the immune response and the
composition of the microbiota. They also highlight
the fact that these relationships can have a strong
influence on Salmonella colonization. This is sup-
ported by the correlations observed, before infec-
tion, in the SLT-LS category, where all the chicks
received Mix4 and where a correlation was found
with the bacterial taxa present in the Mix4, i.e.
Escherichia and Clostridiaceae.

Discussion

Although most studies of the virulence mechan-
isms of intestinal pathogens have focused on patho-
gen-host interactions, it is becoming increasingly
clear that the gut microbiota is an essential partner
to take into account®. Similarly, it appears that
there is heterogeneity in infection, the origins of
which are poorly understood’. Genetic variability
of the host was the first variability factor described.
However, several studies have pointed out the het-
erogeneity of Salmonella infection and shedding
patterns, even when analyzed in inbred hosts.'*'®
Conversely, numerous articles have shown that
differences in bacterial gene content or expression
could be attributed to the different levels of infec-
tion observed with different Salmonella strains.”'®
However, our study shows that the super- and low-
shedding phenotypes can also be observed using
the same Salmonella strain and that this cannot be
explained by a loss of virulence of the strain during
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animal infection. We demonstrated, indeed, that
the adhesion, invasion, and intracellular multipli-
cation capabilities of Salmonella strains recovered
from low and super-shedder chickens 3 weeks after
infection remained unchanged when compared to
the original inoculated strain. These abilities were
consistent in both phagocytic and non-phagocytic
cells. Therefore, we focused our analysis on the role
of other contributing factors.

Several studies on the early stages of Salmonella
infection show that colonization of the gastroin-
testinal tract always occurs in a broad context,
involving the immune response that is shaped by
the host’s specific intestinal microbiota. Moreover,
recent researches underscore the gut microbiota
(GM) as critical factors in resistance to Salmonella
colonization,** with well-documented roles in the
appearance of the super- and low-shedder pheno-
types in mice*. In particular, we have previously
demonstrated that several pre-infection microbial
features within the GM, including the presence of
Enterococcus faecium, can determine the occur-
rence of these phenotypes. Consistent with this
idea, early inoculation of chicks with a cocktail of
four commensal bacteria, which includes
Enterococcus  strain,  significantly  reduced
Salmonella excretion levels'®. However, the exact
mechanism has not been fully elucidated, especially
in light of the complex interrelations between the
microbiota and the immune response. In addition,
enteric pathogens such as Salmonella can also alter
the gut microbiota composition, which in turn
modifies the immune response and microbiota
composition.

In this study, we demonstrated that Salmonella
infection altered microbiota composition, without
affecting its richness and equitability, as measured
with the Chaol and the Shannon indices and as
previously described.*® Interestingly, as previously
observed, the abundance of facultative anaerobes
belonging to the Enterobacteriaceae increased after
Salmonella infection.*” Similarly, our study shows
that inoculation of four commensal bacteria at
birth does not alter a-diversity but changes -
diversity not only in the short term (a few days
after inoculation) but also in the long term. This
effect was observed in chicks whether or not they

were infected with Salmonella.

The protective role of Mix4 inoculation appears
to be multifaceted, with a significant effect on both
the immune response and gut microbiota compo-
sition as well as the metabolic pathways potentially
used by the microbiota. Notably, some of these
pathways are known to be involved in Salmonella
colonization as the production of short-chain fatty
acids (SCFA), which contributes to create a hostile
environment for Salmonella, support beneficial gut
bacteria, and strengthen gut immune defenses.*®
Mix4 inoculation also seems to hinder the estab-
lishment of a microbiota in anaerobic respiration,
which is essential for Salmonella to colonize the gut
effectively, supporting its growth, enhancing its
virulence, and helping it to overcome the coloniza-
tion resistance posed by the gut microbiota.**>°
This result may explain the difference in suscept-
ibility of the animals to Salmonella, but more gen-
erally, it suggests that it is possible, by inoculation
once at birth, to pilot the intestinal microbiota over
the long term to confer the desired properties,
bearing in mind the importance of the environ-
mental microbiota in the evolution of gut micro-
biota. This can easily be explained by the fact that
a start-up microbiota creates a given ecological
niche which guides the implantation of other envir-
onmental bacteria.”!

Our analysis of the immune response also reveals
the long-term impact of Mix4 inoculation. However,
this impact is more pronounced at 6 and 11 days of
age. Thus, in chicks inoculated with Mix4 we
observed, compared to the control group,
a stimulation of the type 1 interferon response
(MX1 and MDAS5) and higher gene expression levels
for IL15, CD69, HMOXI1 and SOCSI1. These inter-
connected genes play a crucial role in T cell prolif-
eration and activation®® but also signal the
establishment of a regulation of the immune
response. This balanced immune response may be
linked to the microbiota present at 6 days, but also to
the inoculation of the four bacteria making up Mix4,
which have these activating and regulating effects.
While lactobacillus and clostridium have an anti-
inflammatory effect via the production of SCFA,
inoculation of Enterococcus and E. coli Nissle can
have both a pro- and an anti-inflammatory effect, as
has been described.”>* Conversely, in the control
group, we noted a pro-inflammatory response with
an enhanced TNF-related response and increased



expression of genes linked to phagocytic activity and
recruitment, as well as T cell differentiation. These
differences, observed just prior to infection (6 DoA),
could contribute to a higher inflammatory response
in the absence of the Mix4, which could be favorable
to Salmonella colonization, as discussed below.

Surprisingly, the impact of S. Enteritidis infec-
tion on blood immune parameters seemed less
pronounced than that of Mix4 inoculation regard-
ing the level and number of immune genes signifi-
cantly modified (compare Tables 5 and 6). The key
distinction lies in the timing: immune gene expres-
sions related to Mix4 were detected at 4 and 6 DoA,
while those related to infection are detected at 11
and 14 DoA. This timing discrepancy arises from
the different inoculation days, with Mix4 adminis-
tered at 1 DoA and Salmonella at 7 DoA. Therefore,
contrary to what was observed in mice, inoculation
of chicks with four commensal bacteria induces an
immune response in part similar to infection with
S. Enteritidis. This finding is further supported by
the subtle changes in immune response observed at
the peak of Salmonella colonization (20 days) or
later compared to non-infected chicks. This low
immune response can be explained by the observa-
tion that activation of immune response to
Salmonella is detected in blood and not in second-
ary lymphoid organ.”* Another explanation could
be that in chick, where the infection is asympto-
matic, Salmonella does not strongly stimulate the
immune response as previously described with this
low infectious dose’” and in the same way as
a commensal bacteria during the maturation of
the immune response in chicks. Notably, the
immune response differs between infected or unin-
fected chicks when they have previously received
Mix4 or not (comparison of genes in Tables 6 and
7). This can be explained by the fact that the innate
immune response differs between primary and sec-
ondary bacterial infection.”® In our study, inocula-
tion with Salmonella or Mix4 seems to elicit
a primary innate immune response, whereas
Salmonella infection following Mix4 inoculation
would be considered by the immune response as
a secondary infection. A more detailed study of
immune response would allow us to consolidate
this hypothesis.

The heterogeneity of infection is based on the
observation that within a chick population or
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within an isolator, the gut microbiota and immune
response of the animals differ from one animal to
another leading to the super- and low-shedder
phenotypes. As immune response, GM composi-
tion and Salmonella excretion depend on animal
age and the days post infection, we have performed
a Ward classification taking into account the level
of Salmonella in the short and long term. With this
classification, we observed, that the short- and
long-term low shedders (SLT-LS) only included
chicks that received the Mix4, whereas short- and
long-term super shedders (SLT-SS), included
a large majority of chicks that did not receive the
Mix4 (24 out of 32). This analysis clearly shows the
protective effect, in certain animals, of the Mix4
against Salmonella implantation. However, some
chicks that received the Mix4 became SLT-SS,
strengthening the heterogeneity of infection. We
therefore analyzed the data according to levels of
Salmonella rather than treatment.

When we analyzed the GM composition between
SLT-LS and SLT-SS, there were no differences at 4
DoA but many significant differences at 6 DOA
(Table 4). The plausible hypothesis to explain this
result is that the differences, obtained when we
compared the GM compositions in Table 3, are
linked both to the isolator effect (two different iso-
lators) and to differences related to Mix4 inocula-
tion, independently of its action on Salmonella
colonization. When we merged the data from the
two isolators to define the SLT-LS and SLT-SS phe-
notypes, we discarded the isolator effect and retained
only those differences that influenced Salmonella
colonization, taking into consideration the protec-
tive action induced (or not) by Mix4. Consequently,
only differences in GM at 6 DOA are likely to be
relevant for Salmonella colonization.

When we analyzed the immune response
between SLT-LS and SLT-SS, differences were
observed at 4 DoA but not at 6 DoA (Table 8). By
applying the same rationale as with the microbiota,
where the merging of the two isolators allows us to
take into account only the immune differences
influencing Salmonella colonization, we can rea-
sonably conclude that the differences in immune
response at 4 DoA are essential for Salmonella
colonization.

Taken together, these results suggest that Mix4
inoculation at 1 DoA modifies, in certain chicks,



24 (&) F.KEMPF ET AL.

the immune response at 4 DoA, which subse-
quently modifies the GM composition at 6 DoA,
and may decrease Salmonella colonization 4 days
post infection (11 DoA). This hypothesis is strongly
supported by the numerous correlations we mea-
sured at 4 days after Mix4 inoculation (and not at 6
days) between immune gene expression levels and
taxon abundances. Thus, it seems that at 4 DoA,
inoculation of Mix4 into animals that block
Salmonella colonization induces a more stimulated
immune response, unlike animals that promote
colonization and have a more tolerogenic immune
response for not responding to the microbiota.
This activity could be direct since we detected
correlations between CSF2RA, TNFRSFIA and
TLR1 gene expression and abundance of
Escherichia and Clostridium sensu stricto 1, two
genera present in the Mix4 (Clostridium butyricum
belonging to the Clostridium sensu stricto 1 genus
and Clostridiaceae 1 family).

Finally, our results suggested how modification
of GM composition may inhibit or increase
Salmonella colonization. The GM metabolic func-
tions identified before infection indicate that the
microbiota of SLT-SS display metabolic pathways
related to anaerobic respiration and especially
those involved in the menaquinol and ubiquinol
biosynthesis pathways. This means that the GM of
chicks becoming SLT-SS use electron acceptors
known to be liberated during an inflammatory
response, whereas the GM of chicks becoming
SLT-LS are mainly in fermentation by using the
degradation of aromatic compounds pathway. This
hypothesis is strongly supported by the articles
describing, in mice, how Salmonella can overcome
colonization resistance by using its virulence fac-
tors able to trigger intestinal inflammation, which
in turn, increases availability of host-derived
resources, such as oxygen and nitrate radicals, tet-
rathionate, and lactate, all together enabling the
pathogen to overcome growth inhibition by
SCFA.*»***7~ This hypothesis is also strength-
ened in our model by the metabolic pathways
related to anaerobic respiration, which were
enriched (until 20 DoA) in SLT-SS compared to
SLT-LS chickens. This hypothesis may explain the
higher abundance of Enterobacteriaceae in the
infected group compared to non-infected chickens
(Table 2). Furthermore, we have shown that

animals that received Mix4 but became SLT-SS
have a microbiota (before or just after infection)
that uses anaerobic respiration like the microbiota
of SLT-SS that did not receive Mix4 and unlike the
microbiota of SLT-LS that received Mix4. This
result confirms the role of the microbiota in het-
erogeneity of infection, even if we cannot exclude
a role for host genetics as we used in this study an
immediate inbred chicken line, not a highly inbred
line.

From a synthetic point of view, we can conclude
that Mix4 inoculation promotes the activation and
maturation of the immune response, in certain
animals from 4 days, which modifies the evolution
of the intestinal microbiota and leads at 6 days to
a predominantly fermentative microbiota which
has a significant barrier effect, limiting the implan-
tation of Salmonella at 7 days and later. Conversely,
in control animals and some animals that received
Mix4, the “natural” development of the microbiota
leads, at 4 DoA, to TNF-driven inflammatory
response and to the implantation at 6 DoA of
a microbiota using anaerobic respiration, which
facilitates implantation and growth of Salmonella.
After S. Enteritidis infection, our results show that
chickens already primed with Mix4 exhibit
a greater and more rapid pro-inflammatory
response, which may explain the metabolic change
in the GM, which is more in anaerobic respiration
in SLT-LS than in SLT-SS at 20 DoA.

This view is consistent with that described in
mice, where Salmonella virulence factors trigger
an inflammatory response that allows Salmonella
to use anaerobic respiration and mixed acid fer-
mentation to outcompete the gut microbiota.”®*
Thus, many articles describe how Salmonella can
break the colonization resistance developed by the
holobiont. Our work goes a step further by showing
that although Salmonella is capable of overcoming
the barrier effect, even in livestock, this is only true
in certain animals in this population. We have
shown indeed that there is inter-individual varia-
tion in the ability to develop resistance to effective
colonization, even before the arrival of Salmonella.
Salmonella’s virulence could therefore only be
expressed in certain hosts, and it is possible to
make the host resistant to the mechanisms usually
put in place by Salmonella to overcome the barrier
effect. Moreover, our results show that it is the



metabolic functions carried out by the microbiota
and the immune status of the host that determine
the barrier effect. This new dogma refers to the
concept of microbiota-nourishing immunity,
a host-microbe chimera composed of the micro-
biota and host factors that confers colonization
resistance against pa‘thogens.61 By implanting sev-
eral commensal bacteria at birth, we can trigger
a long-term effect on the immune response and
the composition of the intestinal microbiota. If
the right bacteria are selected, this strategy opens
up numerous avenues for controlling not only the
barrier effect but also animal performance and
behavior, which are driven by these factors.

Materials and methods
Ethics approval

The in vivo experiment was carried out in compli-
ance with French legislation for the care and use of
laboratory animals, after authorization by the
French Ministry of Higher Education and
Research  (permit number APAFIS#5833-
2016062416362298 v3).

Housing conditions

The chicks used in the present study were reared in
isolators. An isolator is an experimental breeding
system allowing reduced cross contaminations
among animals through a constant filtration of air
and sterilization of feces (see'” for more details),
and a control of diet and environmental contam-
ination. A total of 140 white leghorn chicks (PA12
lineage) were raised in this study. PA12 chickens
correspond to an immediate inbred chicken line'”.
Moreover, a genotyping performed in 2012 as
described by chazara 2013 reveals that the PA12
line, although not considered as highly inbred, is
mainly of the B21 MHC haplotype with a small
proportion of chickens with B19 MHC haplotype
(97% and 3%, respectively). They originated from
the specific-pathogen-free (SPF) flock of the PFIE
(INRAE Val de Loire, France) which is a core facil-
ity specialized in experimental animal infections.
The Salmonella-free status of chicks before the
experiment was confirmed by analyzing blood
and fecal samples. Chicks were fed ad libitum,
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had free access to drinking water, and a 12:12 L:D
lighting scheme was applied. The two isolators
where the birds had been infected were in one
room, while the uninfected birds were in another.

Bacterial strains and culture conditions

A streptomycin and nalidixic acid-resistant
Salmonella Enteritidis phage type 4 strain LA5
was cultured aerobically in trypticase soya broth
(TSB; BioMérieux) supplemented with 500 pg/ml
of streptomycin (Sigma-Aldrich) for 24 h at 37°C
with shaking. The culture was harvested by centri-
fugation at 4500 x g for 20 min at room tempera-
ture and suspended in phosphate buffered saline
(PBS) containing 50% glycerol. The bacterial sus-
pension was aliquoted and stored at —80°C. On the
inoculation day, the challenge inoculum was pre-
pared by diluting a S. Enteriditis freezed aliquot in
PBS to achieve a final viable cell concentration of
2.5%10° CFU/ml.

A mix (namely “Mix4”) of four commensal
bacteria was developed based on the literature
and our previous results and has been already
described'®.  Escherichia coli Nissle 1917,%
Lactobacillus rhamnosus strain DSM 7133,
Clostridium butyricum strain DSM 10,702 and
Enterococcus faecium DSM 7134 strains were cul-
tured independently and mixed just before oral
inoculation. The inoculum was prepared by mix-
ing (1) 2.5mL of an overnight culture of E. coli
Nissle 1917 strain grown in 10 ml BHI medium
(Difco) at 37°C without agitation (2) 2.5mL of
an overnight culture of E. faecium strain grown
in 10 ml BHI medium at 37°C without agitation
(3) 2.5mL of an overnight culture of
L. rhamnosus strain grown in 10 ml BHI medium
at 37°C into an anaerobic jar with gas pack CO2
gas generator (BD BBL) (4) 2.5mL of a one-day
culture of C. butyricum strain grown in Wilkins
Chalgren medium at 37°C. The bacterial numbers
of E. coli, L. rhamnosus and E. faecium in the
inoculum were determined by plating serial dilu-
tion counting on (1) Tryptic Soy Agar (TSA; Bio-
Rad, Marnes-la-Coquette, France)
(2) m-Enterococcus (Difco) (3) DeMan-Rogosa-
Sharpe agar (MRS; Bio-Rad, Marnes-la-Coquette,
France), respectively. The number of C. butyricum
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was determined by counting colonies in bacterial
cultures made on a TSA medium containing, respec-
tively, ammonium citrate (0.5g/L) and sodium
metabisulphite (1 g/L) at 37°C for 48 h MRS plates
were incubated anaerobically into a jar with gas pack
CO2 gas generator.

Eukaryotic cells and culture conditions

Cell lines from different species were tested: chicken
hepatocellular carcinoma LMH (ATCC CRL-2117),
new-born piglet intestinal IPEC-1°* for epithelial
cells and macrophage-like chicken cell-line HD11°
and parental porcine monomyeloid cell line, 3D4/
2% for macrophage cells. Cells were routinely grown
in 75 cm” plastic tissue culture flasks at 37°C under
5% CO2 in the different recommended cell culture
media without antimicrobial compounds.

Methods details
Adhesion and invasion assays

Cells were cultured for 5days in 24-well tissue
culture plates (Falcon) to obtain subconfluent
monolayers. Gentamicin protection assays were
performed as described previously.®” Each experi-
ment used three plates for adhesion, entry and
intracellular multiplication steps. In all conditions,
cells were infected with 10" CFU of the different
Salmonella strains diluted in 300 uL of DMEM
without serum at a MOI = 10 (multiplicity of infec-
tion). For adhesion assays, after 60 min of bacteria-
cell contact at 37°C, cells were washed at least four
times with PBS (phosphate buffer saline, Sigma)
and then lysed at 4°C with cold distilled water.
Viable bacteria (extra- and intra-cellular) were
counted after plating serial dilutions on TSA
(Tryptic Soy Agar). The number of internalized
bacteria was determined using a gentamicin pro-
tection assay to kill extracellular bacteria, as pre-
viously described. After 60 min of bacteria-cell
contact and 90 min treatment with gentamicin at
100 pg/ml (Gibco) to kill extracellular bacteria,
cells were washed and lysed in cold distilled
water. The number of internalized bacteria was
enumerated as before. To measure the intracellular
multiplication, after 90 min treatment with genta-
micin at 100 ug/ml (Gibco), cells were washed and

incubated for 18 h with 10 pg/ml gentamicin at
37°C. Cells were then washed one time and lysed
at 4°C with cold distilled water. Intracellular viable
bacteria were counted after plating serial dilutions
on TSA (Tryptic Soy Agar). Results were expressed
as the mean + SEM of the number of adhered or
invaded or multiplied bacteria relative to 107
inoculated CFU. Experiments were performed in
duplicate and repeated at least three times for each
strain by two different people.

In vivo experiment

For the in vivo experiment, the isolators were cleaned
but not sterilized and were left open to receive the
environmental microbiota. Four treatment groups of
35 chicks were randomly constituted and housed in 4
different isolators (designated by isolator ‘+Mix4’,
‘Ctrl’, “+Mix4+SE’ and “+SE’). On the day of hatching
the “+Mix4’ and ‘+Mix4+SE’ groups were orally
inoculated with 200 pl of the commensal bacteria
containing 7.7 x 10° CFU of E. coli Nissle 1917,
1.1x10” CFU of E. faecium, 1.3x10> CFU of
C. butyricum, and 2.5 x 10° CFU of L. rhamnosus.
The isolators were then closed. At 7 days of age, the
‘+Mix4+SE’ and ‘“+SE’ groups were orally challenged
with 5 x 10* CFU of S. Enteritidis LA5 (i.e. 0.2 mL of
a solution containing 2.5 x 10> CFU/mL); animals of
the control groups received the same volume of
a sterile saline solution.

Seven chicks for the ‘Ctr]" and “+Mix4’ groups, and
30 chicks for the ‘+Mix4+SE’ and ‘“+SE’ groups were
randomly selected for blood sampling and feces col-
lection at 4 and 6 days of age (DoA) and at 4, 7, 13 and
20 days post infection (dpi). Fecal samples were col-
lected by gently pressing the chick’s abdomen and
were rapidly frozen in a dry ice/alcohol bath for
microbiota analysis, or in ice for bacterial
numeration.”” At 21 dpi, animals were euthanized
by carbon dioxide inhalation. Venous occipital sinus
blood samples (100 ul) were collected to perform real-
time PCR. Blood were then mixed with 100 ul PBS
and 1.2 ml Trizol to be directly frozen at —80°C until
RNA extraction.

Bacteriology

To determine the bacterial load, the fecal samples
were weighted and homogenized in TSB medium



(ThermoFisher Scientific, Illkirch-Graffenstaden,
France). CFU/g feces were determined by plating
serial 10-fold dilutions on Salmonella—Shigella agar
plates containing 500 pg/mL streptomycin. When
necessary, the sample contents were enriched in 30
ml TSB to reveal contamination below the detec-
tion threshold. After 24 h at 37°C, these cultures
were plated on Salmonella-Shigella medium con-
taining streptomycin and incubated for 24 h. After
enrichment, the detection threshold was one bac-
terium per organ.

Immune gene expression

Total RNA were extracted from blood samples
using the Nucleospin 8 RNA Kit (Macherey
Nagel, Diiren, Germany) as recommended by the
manufacturer’s protocol and stored at —80°C. RNA
purity and concentration were measured with
a Nanodrop (Thermoscientific Nanodrop, Illkirch-
Graffenstaden, France) and their integrity was
assessed by 1% agarose gel electrophoresis. 200 ng
of RNA from each sample were reverse-transcribed
using iScriptTM cDNA Synthesis kit (Promega,
Charbonnieres-les-Bains, France) as described by
the manufacturer and the cDNAs obtained were
stored at —20°C and diluted just before use.

The primer sequences used in this study have
been partly obtained by Fluidigm D3TM (Fluidigm
France, Les Ulis, France) assay design service
(Supplementary Table SIII). The specificity of the
primers was checked by melting curve analysis and
gel electrophoresis of the amplified product (data
not shown). PCR efficiencies of the assays were
determined via calibration curves with a 5-point
dilution series of pooled blood samples from the
experiment in duplicates.

High-throughput qPCR was carried out using
the BioMark-HD 96.96 dynamic array IFC chip
(Fluidigm Corporation, CA, USA). Briefly, after
a pre-amplification step ensuring adequate
amounts of templates of the target genes for the
qPCR, the samples were treated with Exonuclease
I (E. coli) (New England Biolabs Evry, France) to
degrade unincorporated primers. Exonuclease
I-treated samples were diluted 1:5 with TE buffer
and 1.25ul of each of them used to prepare
a Sample Assay as recommended by the manufac-
turer’s instructions. Likewise, a Primer Assay was
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prepared. For this, IFC controller (Fluidigm) was
used to prime 96.96 dynamic arrays IFC Chip
(Fluidigm) with control line fluid. After loading
samples and assay mixes in the appropriate inlets,
the chip was placed in the BioMark Instrument for
PCR at 95°C for 10 min, followed by 40 cycles at
95°C for 15 sec and 60°C for 1 min. After comple-
tion of the run, a melting curve of the amplified
products was determined to confirm the specificity
of the reactions. Data were analyzed with the
Fluidigm real-time PCR Analysis Software avail-
able in the BioMark instrument (Fluidigm). For
normalization, three potential reference genes
were selected (GUSB, LDHA, and SDHA).
Primers have been designed between two exons of
the eukaryotic gene.

16S metabarcoding

Microbial DNA was extracted using the QIAamp
DNA Stool mini-kit following the manufacturer’s
instructions (Qiagen, Hilden, Germany). Briefly,
25mg of fecal or cecal contents were transferred
to a tube containing lysis buffer and sterile zirco-
nium beads. Samples were homogenized at max-
imum speed (FastPrep FP120, MP Biomedicals)
for four cycles of 45 s each, with cooling between
the second and the third cycle, and then heated
at 70°C for 15min. Following centrifugation
(5min at 16 000g, 4°C), a second extraction
step was performed. The two supernatants were
pooled for the DNA purification step. Proteinase
K was added, and the sample was heated at 70°C
for 10 min to degrade proteins. Ethanol was then
added, and DNA was purified using QIAamp
columns as per the manufacturer’s protocol. The
sample was eluted in 200 uL of Tris-EDTA buffer
AE (Qiagen). DNA quantity and quality were
measured with a Nanodrop spectrophotometer
and then diluted to a concentration of 5ng/mL.
PCR amplification was performed using the for-
ward primer 5°-TCGTCGGCAGCGTCAGAT
GTGTATAAGAGACAG - MID - GT -
CCTACGGGNGGCWGCAG-3" and reverse pri-
mer 5° - GTCTCGTGGGCTCGGAGATGTGTA
TAAGAGACAG - MID - GT - GACTACHVG
GGTATCTAATCC-3". The sequences in italics
served as the index and adapter ligation, while
the underlined sequences enabled amplification
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over the V3/V4 region of 16S rRNA genes. MIDs
(Multiplex  Identifier) represent different
sequences of 5, 6, 9, or 12 base pairs in length,
used to differentiate samples within the sequen-
cing pools. GTs correspond to a sequence which
separates the barcode from the following
sequence which will allow amplification of the
V3/V4 region with degenerate bases: N=the 4
bases at random, W = A or T. PCR amplification
was performed wusing a HotStarTaq Plus
MasterMix kit (Qiagen). The resulting PCR pro-
ducts were purified using AMPure beads
(Beckman Coulter). Next, the concentration of
PCR products was determined using spectropho-
tometry, and the DNA was diluted to 100 ng/pl.
Groups of 14 PCR products with different MID
sequences were indexed with the same indices
using Nextera XT Index Kit, following the man-
ufacturer’s instructions (Illumina, San Diego, CA,
USA). Prior to sequencing, the concentration of
differently indexed samples was determined using
a KAPA Library Quantification Complete Kkit
(Kapa Biosystems, Boston, MA, USA). All
indexed samples were diluted to 4 ng/pl, and 20
pM phiX DNA was added to a final concentra-
tion of 5% (v/v). Sequencing was performed
using MiSeq Reagent Kit v3 and MiSeq apparatus
according to the manufacturer’s instructions
(Ilumina). Thel6S rRNA gene sequencing
included 300 samples collected from 4 groups of
chicks bred in separate isolators (see above). The
read assembly yielded 13,963,327 16S rRNA gene
sequences.

An initial quality-trimming step of the raw
reads was performed using TrimmomaticPE
0.30.°® The data were then uploaded to the
FROGS analysis pipeline for further microbiota
characterization.®” First, paired-end reads from
each sample were clustered with no mismatch in
MID sequences. They were then selected based on
an expected read size of 292 bp, and a total
amplicon size ranging from 350 bp to 550 bp
with a mean of 460 bp. The resulting sequences
were clustered using Swarm,”® with aggregation
distance parameters set to 1 and 3 for the denois-
ing and final clustering steps, respectively. OTUs
containing chimeric sequences were removed

using VSearch.*” Additional quality control steps
included removal of very rare OTUs (relative
abundance < 0.00005% of the total read numbers)
and those containing sequences matching phiX
sequences recorded in a specific databank.®”
Finally, the resulting 287 OTUs, totaling
3,578,036 sequences, were classified using an
NCBI Blast+ search within the Silva SSU 123
database.”"”?

Bioinformatic and statistical analyses

Differences in means between two groups were
assessed using Student t-tests. To compare more
than two groups, depending on the sample sizes,
kind of variable and levels of comparison, we either
used one-way ANOVAs, Kruskal Wallis multiple
comparison tests, PERMANOVA (9999 permuta-
tions). Student t-tests, one-way ANOVA, Kruskall-
Wallis tests were performed using the dedicated
native R tools (R Development Core Team, 2020);
PERMANOVA tests were performed using the
adonis() function of the R-package vegan’”.

Differential abundances were assessed following
the hypothesis that abundances in each sample
followed negative binomial distributions. Under
this scheme, relative abundance may be modeled
by fitting a generalized linear model. Significant log
10 fold change ratios were detected using Wald
tests and Benjamini-Hochberg adjustment for
multiple testing (p <0.01). The computations
were performed using the R-package DESeq2
v. 1.24.0™.

Multivariate modeling of Salmonella relative
abundances was performed using linear mixed-
effects models, allowing random effects to be
taken into account. These computations were per-
formed using R-package nlme’”.

Diversity assessment was based on the Chaol
and Shannon a-diversity indices and the Bray-
Curtis p-diversity index. The computations of
diversity indices were performed using
R-package phyloseq v. 1.28.00.7°

Functional gene families and MetaCyc pathways
were predicted using the PICRUSt2 package.*
MetaCyc pathways were aggregated at the super-
pathway level using MetaCyc database’”.



Differential abundances were computed for the
pathways included within the Metacyc classes.

Super and low shedders classification was made
either directly by hierarchical clustering of the bac-
terial cell counts at 11, 14, 20, and 27 DoA
(Figure 1) or by first averaging the short term (11,
14 DoA) and long term (20, 27 DoA) excretions
which were later classified by hierarchical cluster-
ing (Figure 6). This second method led to the
identification of SLT-SS, SLT-LS, and ST-SS
groups.

Correlations between gut microbial species and
significantly differentially expressed immune gene
were investigated using HAIIA”®. Briefly, HAIIA is
a tool allowing to search for significant relation-
ships among high-dimensionality, heterogeneous
datasets using a hierarchical false discovery correc-
tion procedure. A false discovery rate of 0.01 using
Benjamini - Hochberg - Yekutieli (BHY) correc-
tion was used to screen for candidate correlations.
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