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A B S T R A C T

Non-typhoidal Salmonella serovars are a significant global cause of foodborne infections, owing their trans-
mission success to the formation of biofilms. While the role of these biofilms in Salmonella’s persistence outside
the host is well understood, their significance during infection remains elusive. In this study, we investigated the
impact of Salmonella biofilm formation on host colonization and virulence using the nematode model Caeno-
rhabditis elegans. This infection model enables us to isolate the effect of biofilm formation on gut colonization and
proliferation, as no gut microbiome is present and Salmonella cannot invade the intestinal tissue of the nematode.
We show that a biofilm-deficient ΔcsgD mutant enhances gut proliferation compared to the wild-type strain,
while the pathogen’s virulence, the host’s immune signaling pathways, and host survival remain unaffected.
Hence, our work suggests that biofilm formation does not significantly contribute to Salmonella infection in
C. elegans. However, complementary assays in higher-order in vivomodels are required to further characterize the
role of biofilm formation during infection and to take into account the impact of biofilm formation on compe-
tition with gut microbiome and epithelial invasion.

1. Introduction

Non-typhoidal Salmonella (NTS) infections remain a significant
public health concern, affecting over 95 million individuals annually
and contributing to approximately 3 million disability-adjusted life
years (DALYs) worldwide [1]. The success of this enteropathogen stems
from its ability to alternate between host and non-host environments
[2]. To shield themselves from the inhospitable external environment,
NTS serovars aggregate to one another and embed themselves into a
self-produced extracellular matrix, forming so-called biofilms [3,4]. The
composition of the biofilm matrix varies greatly depending on the
environmental conditions, but is generally characterized by the presence
of water, exopolysaccharides, proteinaceous compounds, and eDNA.
The vast majority of these matrix components are under control of the
major biofilm regulator CsgD. Upon csgD expression, EPS production is
activated and a mature biofilm can be formed [3,5]. Although the role of
CsgD has mainly been studied outside the host, recent work supports
that csgD is also expressed inside the intestinal tract [6,7]. Even more,
curli fimbriae, functional bacterial amyloids known to play an important
role in Salmonella biofilms, have been detected inside the cecum and

colon of orally infected mice [6]. While additional proof of biofilm
formation in vivo is being collected, profound insight into its role during
pathogenesis is missing.

In order to unambiguously determine the contribution of biofilm
formation in the host, effects on distinct aspects of the infection process,
such as invasion, colonization, and immune activation, need to be
considered. While the currently available in vitro models lack the
required complexity to fully capture these interactions [8,9], commonly
used in vivo systems, such as the murine model, present challenges in
distinguishing specific effects due to their inherent complexity [10]. The
Caenorhabditis elegans infection model offers an excellent compromise.
This free-living, bacterivorous roundworm is one of the best-studied
laboratory organisms in life sciences due to its transparency, rapid
reproduction, and ease of manipulation. The presence of
evolutionarily-conserved signaling pathways and the possibility to
tightly control the intestinal microbiome enhances the utility of
C. elegans as an infectious disease model [11]. Notably, Salmonella has
been proven to effectively colonize the C. elegans gut, causing persistent
infection[12–14]. However, Salmonella is unable to invade the nema-
tode’s epithelial cells, allowing to specifically investigate the
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contribution of biofilm formation on gut colonization and proliferation
[12].

Desai et al. (2019) confirmed Salmonella’s capacity to form sessile
aggregates within the nematode’s intestine. Interestingly, they observed
that the non-aggregating ssrB-null strain actively downregulated crucial
innate immune pathways, leading to a significant reduction in host
survival [14]. SsrB, a component of the SsrA/SsrB two-component reg-
ulatory system, acts as a dual transcriptional regulator, activating both
csgD and Salmonella pathogenicity island 2 (SPI-2) and downregulating
Salmonella pathogenicity island 1 (SPI-1) [15–17]. This multifaceted
nature of SsrB complicates the direct attribution of the effects observed
by Desai et al. to cell aggregation. Consequently, in the present study,
the more downstream ΔcsgD deletion mutant was used to more specif-
ically assess the impact of biofilm formation. We show that a
biofilm-deficient strain proliferates within the C. elegans’ intestine to a
higher extent than the wild-type strain, without affecting virulence. The
absence of biofilm formation did not impact SPI-1 expression or func-
tionality, nor did it influence nematode mortality. Correspondingly, no
alterations were observed in the activation of host’s innate immune
pathways. Therefore, our work suggests that Salmonella biofilms do not
confer an advantage during infection in the C. elegans model.

2. Results

2.1. Biofilm formation diminishes intestinal proliferation

To determine the impact of biofilm formation on the establishment of
Salmonella infection, fourth-stage C. elegans larvae (L4) were infected
with either wild-type S. Typhimurium or the isogenic biofilm deficient-
mutant ΔcsgD. Hereto, worms were fed on lawns of the corresponding
Salmonella strain for 24 h. After the infection period, worms were
washed and homogenized in order to recover viable bacterial cells from
the intestine (Fig. 1A). It was observed that both the wild-type and
mutant strain colonized the C. elegans intestine to a similar extent,
reaching luminal densities of 103 CFU/worm (Fig. 1B). Given the
continuous feeding of Salmonella to the nematodes, comparable initial
colonization levels were anticipated. As indicated by Desai et al. (2019),
Salmonella biofilm formation is more likely to play a role in bacterial
persistence [14]. Therefore, the infection profile of wild type and
ΔcsgD-subjected nematodes were compared over time. Hereto, worms
were transferred to OP50 plates after 1 day of Salmonella exposure, and
bacterial accumulation was measured at day 1, 2, and 3 post-infection
(dpi). To differentiate between the effects of initial colonization and
subsequent accumulation, the latter will be referred to as proliferation.
As illustrated in Fig. 1B, overall cell numbers dropped equally for the
wild-type and mutant strain at 1 dpi. From 2 dpi onward, the ΔcsgD
strain proliferated substantially, achieving cell counts between 103-104

CFU/worm. In contrast, the wild-type cells exhibited lower counts at 2
dpi compared to 1 dpi, averaging below 103 CFU/worm. Although the
wild-type cells further accumulated at 3 dpi, they failed to reach levels
comparable to the mutant strain, showing significant differences at 2
and 3 dpi.

2.2. Enhanced persistence in biofilm-deficient strain is not associated with
SPI-1 expression

Aggregated cells have generally been associated with a reduced ac-
tivity of SPI-1 and, consequently, a decreased virulence compared to
their planktonic counterparts [21,22,25]. The observed difference in
bacterial proliferation within the nematode gut between the wild type
and the ΔcsgD mutant in the current study could thus be due to an
altered activity of virulence factors encoded on SPI-1. In order to
elucidate the involvement of SPI-1 activation, we determined the gut
colonization and proliferation of ΔhilA and ΔhilAΔcsgD deletion strains.
HilA is the central regulator of the SPI-1 virulence pathway, stimulating
expression of SPI-1-encoded genes [27,28]. Deletion of hilA has previ-
ously shown to significantly reduce SPI-1 activity, resulting in decreased
virulence in both nematodes and mice [13,23].

As shown in Fig. 2A, the bacterial load of both the ΔhilA and
ΔhilAΔcsgD mutants consistently exceeded the wild-type level, dis-
playing trends comparable to the ΔcsgD mutant. Consequently, deleting
hilA in a ΔcsgD background did not restore the wild-type phenotype. On
the contrary, the absence of hilA seemed to have a similar effect on
proliferation as the absence of csgD, suggesting an direct or indirect
positive relation between csgD and hilA. Therefore, hilA expression was
assessed using flow cytometry in both the wild-type and csgD-deletion
strain after 24 h in nematodes. The bimodal expression patterns
observed in Fig. 2B coincide with previous observations showing
bistable expression of SPI-1 in physiologically relevant conditions
[29–31]. However, no discernible differences in hilA expression were
identified when comparing the wild-type and ΔcsgD strain, rejecting a
direct regulatory link between hilA and csgD in this set-up. Despite the
lack of transcriptional changes, the efficacy of the SPI-1 encoded effec-
tors could still be affected. Specifically, as the SPI-1 effector proteins are
injected in the host tissue via a type three secretion system that requires
epithelial adherence [32], the absence of biofilm formation could
impede epithelial attachment and thus also inhibit SPI-1 effector
secretion and functionality. Therefore, downstream effects of SPI-1, such
as immune signaling and nematode killing, were investigated.

2.3. Matrix components do not interfere with host responses

In mammalian infections, it is widely recognized that SPI-1 effectors
activate Rho-family GTPases, the mitogen-activated protein kinase

Fig. 1. Salmonella biofilm formation diminishes intestinal proliferation in C. elegans. Fourth-stage larvae were infected with either the ATCC14028 wild-type
(WT) or the isogenic ΔcsgD strain. After 24 h of Salmonella exposure, worms were transferred to OP50 plates and infection was followed several days post-infection
(dpi). (A) Schematic of the experimental set-up. Synchronized L4 larvae were exposed to S. Typhimurium for 24 h, after which they were transferred to OP50 feeding
plates. After Salmonella exposure and at specific dpi, nematodes were pooled and homogenized for further analysis. (B) The wild-type strain proliferates to
significantly lower luminal densities than the ΔcsgD strain in the worm’s gut. P values are derived from mixed model analysis. Error bars show the mean ± sd (n ≥ 6
with five worms per condition in each replicate).
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(MAPK), and nuclear factor- κβ (NF-κβ) signaling pathways, leading to
the production of proinflammatory cytokines[33–35]. Although nema-
todes lack the NF-κβ pathway, they possess a conserved p38 MAPK
pathway, which plays an important role in pathogen resistance [36,37].
Accordingly, SPI-1 effectors impact p38 MAPK signaling upon infection
in nematodes [14]. Next to MAPK signaling, SPI-1 also affects nematode
killing, as evidenced by the increased host survival and enhanced bac-
terial proliferation upon hilA deletion [13]. Consequently, any potential
reduction in SPI-1 functionality in the csgD-deficient strain due to a
reduced adhesion to the epithelial cells could alter host responses, and
concomitantly bacterial proliferation. Alternatively, matrix components
themselves can influence immune signaling, as Salmonella amyloid curli
were shown to trigger inflammatory responses in mice [6]. Therefore,
we investigated the interplay between CsgD, HilA, and the immune
system of the nematode.

Considering that the p38 MAPK pathway plays an essential role in
the intestinal immunity of C. elegans [37–40], we determined the impact
of the MAPK pathway on the gut colonization of the wild-type and
mutant strains. Hereto, nematodes with a loss-of-function mutation in
the sek-1 gene, encoding an essential MAPK kinase [41], were infected as
described above. Surprisingly, following 24h of Salmonella exposure and
at 1 and 2 dpi, most strains showed lower bacterial loads compared to
infection in immunocompetent nematodes (Fig. 3A). Given the typically
higher susceptibility of MAPK-compromised nematodes to bacterial
infection, heightened colonization and proliferation levels were ex-
pected[38,42–44]. However, as C. elegans’ defense response can change
depending on temperature fluctuations and the diet type, these dis-
crepancies presumably result from nutrient batch variability and tem-
perature variation [45]. When comparing colonization between
wild-type and deletion mutants within immunocompromised nema-
todes, only the ΔcsgDΔhilA double mutant proliferated to significantly
higher densities than the wild type at 2 dpi. However, from 3 dpi on-
ward, all mutant strains exhibited significantly higher cell counts than
the wild type, resembling the infection dynamics in immune-competent
nematodes. Consequently, the increased bacterial loads of the mutant
strains do not (solely) seem to result from altered MAPK activation.
Accordingly, this assay did not allow us to understand the effect of
biofilm formation on SPI-1 efficacy.

While the MAPK pathway serves as the primary intestinal defense
mechanism, other signaling routes may also be involved. Notably, mu-
tations in the daf/insulin-like growth factor (IGF) pathway, traditionally
associated with longevity and stress resistance[46–48], have been con-
nected to intestinal pathogen resistance [49–51]. Additionally, the
growth factor-β signaling (TGF-β) pathway has recently been suggested
to play a role in intestinal bacterial load regulation [52]. To directly

assess the impact of biofilm formation and SPI-1 on these defense
mechanisms, expression levels of daf-16 (daf/IGF pathway), lys-7
(daf/IGF pathway), and sma-3 (TGF-β pathway), together with levels of
sek-1, were measured at 2 dpi by means of qPCR. Relative expression
levels of the wild type and ΔcsgD mutant were similar for all analyzed
genes, suggesting that biofilm formation does not significantly affect the
immune response (Fig. 3B). Conversely, nematodes infected with the
hilA-deficient strain displayed lower activation across all genes, with the
exception of lys-7. Nevertheless, no significant differences in log fold
change betweenΔhilA-infected and wild type andΔcsgD-infected worms
were detected. The similar expression levels of the wild type and
csgD-deletion mutant suggest that biofilm formation does not impact
immune signaling, neither directly, nor indirectly by affecting SPI-1
functionality. Infection with the ΔcsgD mutant also resulted in a
similar killing profile of C. elegans as the wild type, whereas deletion of
hilA significantly increased host survival (Fig. 3C), further confirming
that the lack of biofilm formation does not impede SPI-1 functionality.

To corroborate our findings, nematodes were subjected to mixed
lawns of wild-type and csgD-deficient Salmonella. In this scenario,
modulation of immune pathways by one strain was anticipated to also
impact the other strain. CFU counting confirmed the 50:50 ratio on the
feeding plates before and after infection (Figure S2). In the worm, the
ΔcsgD mutant significantly outperformed the wild-type strain, reaching
significantly higher levels at 2 dpi (Fig. 3D). This further supports that
the colonization difference between the wild type and ΔcsgD mutant
cannot be attributed to host responses, especially given that confocal
microscopy showed colocalization of both strains throughout the nem-
atode’s gastrointestinal tract (Fig. 3E).

3. Discussion

The use of simple and easily manipulated model organisms in
studying pathogen-host interactions originates from pioneering studies
with the predatory amoeba Dictyostelium discoideum, and remains rele-
vant through investigations involving the soil-dwelling nematode
C. elegans [12,53]. The bacterivorous nature of C. elegans facilitates
bacterial infection and precise control of microbiome composition.
Moreover, the nematode’s evolutionarily conserved innate immune
pathways provide relevant insights into host manipulation by patho-
gens. Recently, C. elegans has emerged as a valuable asset in intestinal
biofilm research. Microbial biofilm formation within the nematode’s gut
has shown to impact bacterial proliferation and host lifespan, with
outcomes favoring or opposing the nematode depending on the patho-
genicity of the involved microbe[14,54–57]. Here, we demonstrate that
biofilm formation by Salmonella Typhimurium in C. elegans impairs

Fig. 2. Relation between hilA and csgD during Salmonella infection in C. elegans. Fourth-stage larvae were infected with either the ATCC14028 wild-type (WT)
or the isogenic ΔcsgD, ΔhilA, and ΔcsgDΔhilA strains. After 24 h of Salmonella exposure, worms were transferred to OP50 plates and infection was followed several
days post-infection (dpi). (A) ΔhilA and ΔcsgDΔhilA strains proliferate to similar luminal densities as the ΔcsgD strain in the C. elegans gut. P values are derived from
mixed model analysis. Error bars show the mean ± sd (n ≥ 6 with five worms per condition in each replicate). (B) Flow cytometric profile indicates no difference in
hilA expression between genomically-labelled wild-type and ΔcsgD Salmonella cells after 24 h of infection in C elegans. For each condition, a minimum of 1000
Salmonella cells were analyzed. The average of three replicates is shown (with approximately 100 worms per condition in each replicate). See also Figure S1.
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intestinal proliferation during early stages of infection, while leaving
host signaling and survival unaffected.

In contrast to the findings of Desai et al. (2019), which associated
Salmonella biofilm formation with prolonged host survival, our study
reveals no disparity in nematode lifespan after exposure to a wild-type
or ΔcsgD mutant strain [14]. Even more, biofilm formation diminished
intestinal proliferation, with the mutant reaching significantly higher
cell counts at 2 and 3 dpi. Considering that Desai et al. employed the
more upstream ssrB-null strain, their observed reduction in lifespan may
not result solely from the lack of aggregate formation [14]. Importantly,
SsrB acts as a dual regulator, silencing SPI-1 expression while inducing
SPI-2 and csgD activation[15–17]. In mammalian hosts, this regulatory
switch aids in transitioning from the extracellular to the intracellular
environment upon host cell invasion. Considering that S. Typhimurium
is uncapable of invading intestinal epithelial cells in healthy metazoan
hosts, the role of SPI-1 and SPI-2 effectors is less straightforward in
C. elegans. Although their exact contribution to virulence is not fully
understood yet, both SPI-1 and SPI-2 deletion mutants have shown to
extend the nematode’s lifespan [13,23]. Also in this study, a hilA-dele-
tion mutant appeared less virulent than the wild-type strain, with
infected nematodes showing enhanced survival and lower immune
stimulation.

Considering that biofilm formation and virulence have been linked in
literature, we looked into the effects of csgD deletion on SPI-1 activity.
Traditionally, bacterial biofilms in general have been associated with
chronic infections, characterized by high levels of proliferation and
impaired virulence[18–20]. Although supporting evidence in literature
is scarce, an inverse relationship between biofilm formation and viru-
lence has also been proposed in the context of NTS infections specifically
[25]. For instance, comparative analyses between planktonic and
aggregated cells revealed a decreased expression of virulence genes
located on SPI-1 in the latter [21,22]. Additionally, during competition
experiments in mice, non-aggregated cells consistently outperformed
their aggregated counterparts, displaying a strong virulence advantage
[21]. However, in the current study, deletion of hilA in the ΔcsgD
background did not restore the wild-type phenotype. Even more, dele-
tion of hilA in a wild-type background seemed to have similar effects on
bacterial proliferation as deletion of csgD, suggesting a positive rather
than a negative link. Nonetheless, verification using flow cytometry
could not confirm this positive association, given that the biofilm
mutant exhibited a similar hilA expression profile as the wild-type strain.

Not only hilA expression appeared unmodified in the absence of
biofilm formation, also host responses were not significantly affected.
RNA analysis revealed no significant difference in immune activation
between the wild-type and biofilm-deficient strain, nor did infection in
immune-deficient nematodes change the proliferation dynamics. These
findings seem to be Salmonella-specific, considering that bacterial bio-
films have already been shown to interact with nematode signaling. For
example, biofilm formation by Staphylococcus enhanced pathogenesis in
immunocompetent worms, but not in MAPK-deficient nematodes [54,

58]. Also EPS produced by commensals have been reported to interact
with the nematode’s signaling pathways, as exposure to B. subtilis,
Lactobacillus rhamnosus, and Pseudomonas fluorescens biofilms resulted in
oxidative stress-mediated resistance to pathogens [55,57]. The effect of
matrix components on the host thus seems to vary significantly
depending on the species.

Remarkably, luminal colonization by Salmonella is not positively
correlated with virulence in C. elegans. hilA knock-out mutants reached
significantly higher luminal densities than the wild-type strain, albeit
increasing nematode lifespan. Comparable trends related to hilA were
reported by Portal-Celhay and Blaser (2012), who performed coloniza-
tion and lifespan assays using a Δspi-1Δspi-2 strain. Concomitant with
the higher intestinal load, they observed enhanced nematode survival
after infection with the spi-1 and spi-2 deficient strain [13]. Presumably,
SPI-1 effectors damage the epithelial layer, subsequently not only
harming the host, but also hampering effective colonization by Salmo-
nella. This phenomenon was previously reported for Pseudomonas aeru-
ginosa, where Pseudomonas either slowly kills the nematodes by
accumulating in the intestine, or rapidly by excreting highly toxic
compounds [59]. However, this hypothesis does not apply to infection
with the ΔcsgD strain. Here, augmented colonization was not associated
with lower nematode survival, possibly due to unaltered SPI-1 expres-
sion. The lower bacterial load of the wild type compared to the csgD
deletion mutant could be explained by the cost associated with EPS
production. Indeed, we previously showed that EPS production by Sal-
monella is costly [60]. Also studies on other bacteria, including Bacillus
subtilis, Vibrio Cholerae and Pseudomonas aeruginosa confirmed the costly
production of EPS using a combination of competition assays,
single-gene expression analyses and metabolic modeling[61–64].
However, the cost of matrix production is known to vary depending on
the environmental conditions, making it challenging to formulate spe-
cific claims about its impact in the intestinal environment [65].

In summary, Salmonella biofilm formation does not appear to
contribute to infection establishment in C.elegans. Matrix production
had no discernible effect on virulence, and even impaired intestinal
colonization in the worm. These findings should be interpreted with
caution and not be generalized as infection in C. elegans differs signifi-
cantly from infection in mammals. Notably, C. elegans infections do not
involve epithelial cell invasion and a microbiome is absent during
growth under conventional laboratory conditions. Where this allowed us
to specifically investigate the role of EPS components on epithelial
attachment and luminal proliferation, this leaves out their contribution
to competition with the microbiome and intracellular replication.
Additionally, considering that C. elegans is grown at temperatures below
25 ◦C and that the activity of CsgD is temperature-dependent, the
regulation of Salmonella biofilm and/or virulence factors in the worm
can differ from regulation in mammals [66]. Complementary assays in
higher order in vivo models will consequently be required to further
characterize the role of biofilm formation in gut colonization and
infection.

Fig. 3. Salmonella biofilm components do not seem to induce immune signaling pathways in C. elegans. Fourth-stage larvae were infected with either the
ATCC14028 wild-type (WT) or the isogenic ΔcsgD, ΔhilA, and ΔcsgDΔhilA strains. After 24 h of Salmonella exposure, worms were transferred to OP50 plates and
infection was followed several days post-infection (dpi). (A) ΔcsgD, ΔhilA and ΔcsgDΔhilA strains proliferate to significantly higher luminal densities than the wild-
type strain in Δsek-1(km4) mutant worms. P values are derived from mixed model analysis. Error bars show the mean ± sd (n = 3 with five worms per condition in
each replicate). (B) qPCR analysis shows no significant difference in upregulation of immune signaling pathways in C. elegans after infection with different Salmonella
strains. Error bars show the mean ± sd. (n = 2 with approximately 500 worms per condition in each replicate. Filled bullets represent data from the first replicate,
whereas open squares represent data from the second replicate). (C) Worms infected with wild-type Salmonella die equally fast as worms infected with the ΔcsgD
mutant. Both die significantly faster than OP50-subjected control worms, as indicated by log-rank tests with Bonferroni multiple comparisons correction (PWT-ΔcsgD =

1, PWT-OP50 = 0.0002, PΔcsgD-OP50 = 0.0005, PWT-ΔhilA = 0.0808, PΔcsgD–ΔhilA = 0.2278, PΔhilA-OP50 = 0.2459) (n = 2 with approximately 50 worms per condition in
each replicate). (D) The ΔcsgD mutant proliferates to significantly higher luminal densities than the wild-type strain in C. elegans, both in mono- and in coculture. P
values are derived from mixed model analysis. Error bars show the mean ± sd (n ≥ 9 with five worms per condition in each replicate). (E) Confocal images indicate
colocalization of the wild-type (green) and ΔcsgD (red) strain within Δsek-1(km4) mutant worms at 3 dpi. Middle images show an overview (scale bars indicate 50
μm), and left and right images show zoomed-in orthogonal micrographs (scale bars indicate 10 μm). Images were taken with a Zeiss LSM 880 confocal microscope
(63× objective) and analyzed with the associated Zen Blue and Fiji software. Imaging was replicated three times with at least five worms per condition in each
replicate. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4. Material and methods

4.1. Caenorhabditis elegans strains and growth conditions

Two distinct C. elegans strains were utilized in this study, namely
strain AU37 Δglp-4(bn2) and strain AU37 Δglp-4(bn2)Δsek-1(km4). The
former was kindly provided by Bart Braeckman (Ghent University),
whereas the latter was obtained from the Caenorhabditis Genetic Center.
All nematodes were maintained at a constant temperature of 16 ◦C on
Nematode Growth Medium (NGM) plates seeded with Escherichia coli
OP50 and supplemented with 100 μg/mL ampicillin following standard
maintenance procedures [67].

4.2. Bacterial strains, plasmids, and growth conditions

Experiments were conducted using wild-type Salmonella enterica,
subsp. enterica serovar Typhimurium ATCC14028 [68] and isogenic
deletion mutants ΔcsgD, ΔhilA, and ΔcsgDΔhilA. Mutants originated
from the McClelland mutant library and were transferred to a clean
genetic background using P22 phage transduction [69,70]. Primers used
to verify the deletions are shown in Table S1. In order to distinguish
between the different mutants, the Salmonella strains harbored plasmids
encoding either a green (wild type and ΔhilA) or a red (ΔcsgD and
ΔcsgDΔhilA) fluorescent protein (pFPV25.1; gfpmut3; ApR and
pFPV25.1; dsred; ApR, respectively) [71]. For flow cytometric analyses,
wild-type and ΔcsgD Salmonella were genomically labelled with mRFP1
via scarless genome editing [72] (Table S1). E. coliOP50 served as a food
strain for the nematodes and was transformed with the pUC18.1 sacB
sacR plasmid (ApR) in order to differentiate between Salmonella and
OP50 during colonization assays [73].

All bacterial strains were cultivated in Luria-Bertani (LB) medium
supplemented with ampicillin (100 μg/mL) at 37 ◦C in shaking condi-
tions. Nematode infection and feeding plates were prepared using
standard conditions: 150 μL of normalized Salmonella or E. coli OP50
culture were spread onto NGM+Ap agar plates and incubated overnight
at 37 ◦C, creating lawns of bacteria for nematodes to feed on.

4.3. Nematode age synchronization

To ensure uniform developmental stages, nematodes were age-
synchronized using a bleaching procedure [67]. Briefly, nematodes
were washed off NGM plates with M9 buffer and subjected to a 3 mL
bleaching solution (1/3 5 M NaOH, 2/3 bleach). Following repeated
washing steps, the eggs were allowed to recover overnight at 16 ◦C with
gentle rotation. Subsequently, the L1 larvae were spotted onto standard
feeding plates and incubated at 25 ◦C for 48 h in order to reach the L4
stage.

4.4. Quantification of bacterial colonization in C. elegans

Intestinal bacteria were quantified as described previously [74]. In
short, synchronized L4 larvae were spotted onto NGM plates seeded with
normalized Salmonella culture at 25 ◦C. Following a 24-h infection
period, the nematodes were transferred to standard feeding plates and
maintained at 25 ◦C. At the designated time points, 15 worms per plate
were collected using a platinum wire and transferred to M9 buffer
supplemented with 25 mM levamisole (M9+Lev). Levamisole was
employed to induce paralysis and inhibit pharyngeal pumping. Subse-
quently, the worms were washed twice in M9+Lev and then twice more
in M9+Lev containing 100 μg/mL gentamycin. After the final washing
step in M9+Lev + gentamycin, the nematodes were incubated in this
antibiotic solution for 1 h at room temperature in order to kill remaining
bacterial cells attached to the outside of the worm. Following two
additional washing steps with M9+Lev, the nematodes were pooled in
groups of 5 and mechanically disrupted using the Kimble® pestles on a
motor (Sigma-Aldrich). The number of Salmonella cells within the

worm’s intestine could in turn be determined by plating out the lysates
and performing colony-forming unit counts.

4.5. C. elegans lifespan analysis

Lifespan analysis was performed as previously described [74].
Shortly, approximately 50 L4 larvae were infected with Salmonella for
24 h and subsequently transferred to standard feeding plates at 25 ◦C.
Survival was monitored daily with worms non-responsive to touch
considered to be death. Nematodes that crawled into or off the ager, and
nematodes that died due to a protruding vulva were excluded from
analysis [75].

4.6. Immune response monitoring

At 3 dpi, around 500 worms were collected and subjected to a series
of washing steps in M9 buffer. After the final washing step, worms were
snap-frozen in liquid nitrogen and stored at - 80 ◦C or used immediately
for subsequent analysis steps. Worms were mechanically lysed and total
RNA was extracted using the RNAeasy® Plus Mini Kit (Qiagen GmbH)
according to the manufacturer’s protocol. Following RNA isolation, the
samples were treated with DNAseI (Qiagen GmbH) for 15 min at room
temperature to eliminate genomic DNA. Removal of gDNA was
confirmed with PCR, while RNA integrity and concentration were
verified using the Nanodrop® ND-1000 Spectrophotometer (Thermo
Scientific).

Total RNA was converted into cDNA using M-Mulv reverse tran-
scriptase (Bioké), following the manufacturer’s protocol. The expression
levels of sek-1, daf-16, lys-7, and sma-3 were quantified by means of
qPCR. In order to accurately determine relative expression levels,
housekeeping genes act-1, rps-23, and rpb-12 served as internal controls.
Primers were made de novo, adapted from Kwon et al. (2016) [76], or
kindly provided by Luca Golinelli. A comprehensive list of all primers
can be found in Table S1. The qPCR assays were conducted using the
StepOnePlus™ System (ThermoFisher Scientific) in combination with
the Power SYBR™ green qPCR master mix (ThermoFisher Scientific).
Relative gene expression levels were determined by employing theΔΔCt
method, with non-infected worms as the control condition [75].

4.7. hilA gene expression measurement

A transcriptional gfpmut3-promoter fusion plasmid was electro-
porated into wild-type and ΔcsgD strains genomically labelled with
mRFP1 [77]. Nematodes were infected with these transformed strains
and at different time points post-infection, around 100 nematodes were
pooled, washed, and lysed as described above.

Flow cytometric analysis was conducted using the CytoFLEX S
(Beckman Coulter). Non-infected worms and bacteria either lacking the
promoter-fusion or constituently expressing gfpmut3 were used to
optimize the acquisition settings. Fluorescence, forward, and side scatter
data were collected for at least 1000 Salmonella cells, as determined via
gating based on size and red fluorescence. Data analysis was carried out
using the FlowJo software.

4.8. Confocal microscopy

Δsek-1(km4) mutant worms were infected as described above. For
confocal imaging, the worms were mounted with 25 mM sodium azide
on 2 % agarose pads on a glass slide and covered with a cover slide.
Bacterial colonization was observed using a LSM 880 confocal laser
scanning microscope (Carl Zeiss NV) combined with an Airyscan De-
tector using the 63× (oil immersion) objective and the associated Zen
Blue software. 488 nm and 510 nm lasers were used for visualization of
gfpmut3 and dsRed, respectively. Confocal images were analyzed using
the Zen Blue and Fiji software.
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4.9. Statistical analysis

The survival assay data was analyzed and Kaplan-Meier survival
plots were generated using the OASIS2 tool [78,79]. The colonization
and immune assays were processed using mixed model analysis in R and
graphical presentations were crafted using GraphPad Prism Software,
version 8.4.3.
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