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The adaptive in vivo mechanisms underlying the switch in Salmo-
nella enterica lifestyles from the infectious form to a dormant
form remain unknown. We employed Caenorhabditis elegans as
a heterologous host to understand the temporal dynamics of Sal-
monella pathogenesis and to identify its lifestyle form in vivo. We
discovered that Salmonella exists as sessile aggregates, or in vivo
biofilms, in the persistently infected C. elegans gut. In the absence
of in vivo biofilms, Salmonella killed the host more rapidly by
actively inhibiting innate immune pathways. Regulatory cross-
talk between two major Salmonella pathogenicity islands, SPI-1
and SPI-2, was responsible for biofilm-induced changes in host
physiology during persistent infection. Thus, biofilm formation is
a survival strategy in long-term infections, as prolonging host sur-
vival is beneficial for the parasitic lifestyle.

Salmonella | biofilms | carrier state | CsgD | SsrB

Intracellular survival of Salmonella Typhimurium requires the
activation of a genetic program, which involves two distinct

type III secretion systems encoded on Salmonella pathogenicity
islands 1 and 2 (SPI-1 and SPI-2). Activation of SPI-1 catalyzes
the uptake of Salmonella across the intestinal epithelium
(reviewed in ref. 1), whereas SPI-2 genes are required for sur-
vival in an acidic vacuole (2–4). For host transmission and in vivo
persistence, Salmonella relies on its ability to form multicellular
communities (5). A hallmark of Salmonella carriage is the for-
mation of biofilms on gallstones of asymptomatic patients (6),
and a significant proportion of Salmonella carriers ultimately
develop hepatobiliary carcinomas (7).
A clear understanding of Salmonella biofilms and their role in

pathogenesis is lacking due to the absence of in vivo evidence of
biofilm-driven dormancy during asymptomatic carriage. In this
regard, the mouse model of infection has proven to be limited, due,
in part, to the inability to determine the lifestyle features of
Salmonella-colonized organs. In other gram-negative pathogens
such as Vibrio cholerae, it has been established that the bacteria
residing within host-associated biofilms exhibit enhanced virulence
compared with those adapted to the planktonic lifestyle (8, 9). In
the present work, we determine that for Salmonella, the biofilm
lifestyle is advantageous for persistence in the host compared with
the more detrimental infections caused by planktonic cells.
Activation of SPI-2 genes in Salmonella requires the sensor

kinase SsrA and its cognate transcription factor SsrB, which,
together, comprise the SsrA/B two-component regulatory system
(TCRS) (2–4). In our earlier work, we identified SsrB as a novel
molecular switch in Salmonella Typhimurium that acts to drive
two distinct lifestyle fates. In the phosphorylated form, SsrB∼P
activates the transcription of virulence genes that promote the
intravacuolar lifestyle (4, 10, 11). At neutral intracellular pH 6.8
(12), the levels of SsrA kinase are low (13), and unphosphory-
lated SsrB drives the formation of biofilms by up-regulating the
expression of the master regulator gene csgD (5 and reviewed in
ref. 14). An increase in CsgD levels leads to enhanced curli fiber
expression, as well as up-regulation of matrix components (ref. 15
and references therein). We now harness the Caenorhabditis elegans

infection model (16, 17) to extend our understanding of coloniza-
tion dynamics during persistent infections by Salmonella. In this
simple model host, Salmonella forms biofilms in the intestinal lu-
men. Superresolution imaging of these static aggregates determined
that they vary in area from 10 to 60 μm2 and they express all of the
hallmarks of in vitro biofilms. Surprisingly, biofilm formation acti-
vated host defenses, leading to growth advantages in vivo. During
biofilm-favoring conditions, Salmonella SPI-1 virulence genes were
down-regulated, allowing the appropriate functioning of host innate
immunity pathways. In an ssrB-null strain, biofilms did not form,
toxin genes were up-regulated, and host survival was reduced. Thus,
formation of the carrier state in the form of biofilms alters host
physiology to promote survival, enabling persistence of Salmonella
in the host. This may be akin to how Salmonella survives in distal
sites such as the gallbladder, liver, and spleen.

Results
Salmonella Forms Aggregates in the C. elegans Intestine. We were
interested in exploring Salmonella lifestyle changes in vivo after
infection in C. elegans. Toward this aim, we infected fourth-stage
C. elegans larvae (L4) with wild-type Salmonella expressing
mCherry and compared it with an ssrB-null strain. Larvae fed on
the Escherichia coli strain OP50-mCherry served as a control.
Confocal fluorescence imaging of live, persistently infected
worms at 2, 4, and 6 d postinfection (dpi) clearly showed that
both wild-type Salmonella and the ssrB-null mutant were able to
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Salmonella resides as an intracellular pathogen in eukaryotic hosts
and causes diarrhea or typhoid fever. In a small but alarming
proportion of infected humans, Salmonella exists asymptomati-
cally as biofilms, a basis for long-term disease transmission. Al-
though Salmonella biofilms have been observed in chronically
infected mice, mechanisms underlying why and how such multi-
cellular aggregates are formed in vivo remain poorly understood.
We exposed optically transparent Caenorhabditis elegans to Sal-
monella and observed the progression of infection in intestines
from free-living cells to static aggregates. We discovered that a
secreted toxin is down-regulated when Salmonella forms biofilms,
leading to an adaptive advantage in chronic infections. Hence,
Salmonella biofilms enable dormancy to prolong in vivo existence.
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successfully colonize worm intestines (Fig. 1A). However, there
was a marked difference in the colonization characteristics of
wild-type Salmonella at 6 dpi compared with the ssrB-null strain.
In the wild-type infection, discrete fluorescent clusters or ag-
gregates were visible in the intestinal lumen. In contrast, in the
ssrB-null–infected intestines, only individual mCherry bacteria
were evident at 6 dpi (Fig. 1A). No fluorescent signal was detected
in the worms fed on the control OP50 strain at 2, 4, or 6 d (Fig.
1A). Unphosphorylated SsrB was sufficient to enable the forma-
tion of in vivo aggregates, as observed in worms infected with a
D56A SsrB mutant (SI Appendix, Fig. S1). This result corrobo-
rated the genetic inability of the ssrB-null strain to form aggregates
in vivo, as established in our previous studies in vitro (5). The
inability of the ssrB mutant to exist as intestinal aggregates in vivo
was not due to mere growth differences, as Salmonella counts
recovered from ssrB-infected worms were not significantly differ-
ent from the wild-type infections at 6 dpi (SI Appendix, Fig. S2).
A closer examination also revealed differences in gut disten-

sion as a result of persistent infections by wild-type and ssrB-
mutant Salmonella strains. The lumen of worms infected with
either a wild-type or ssrB-null strain showed increased distension
compared with the control E. coli-fed worms (Fig. 1 A and B).
This distension resulted in a pathogen-driven constipation phe-
notype (17, 18). Surprisingly, in the ssrB mutant, the intestinal
lumen width at 6 dpi was nearly twice as distended as the lumen

of worms infected with wild-type Salmonella (∼14 μm compared
with ∼7 μm), indicating a stronger response to the infection (Fig.
1 A and B). Finally, we obtained a higher resolution view of the
spatial characteristics of wild-type aggregates at 6 dpi by super-
resolution imaging and confirmed their presence in the intestinal
lumen (Fig. 1C and Movie S1).

Salmonella Aggregates Are Static and Vary in Size. When bacteria
switch to a sedentary lifestyle, they come together to form ag-
gregates that ultimately develop to form mature biofilms that can
lead to persistent infections (19). In Salmonella Typhimurium,
this lifestyle switch requires transcriptional activation of the
central biofilm regulator, CsgD, by the atypical response regu-
lator, SsrB (reviewed in ref. 14). To understand the nature of the
Salmonella aggregates in the intestinal lumen at 6 dpi, we com-
pared wild-type aggregates with the individual fluorescent bacteria
in the ssrB-null infections (Fig. 1A). Time-lapse recordings revealed
that the aggregates in the intestines of wild-type–infected worms
remained static for the duration of a 300-s recording (Fig. 2A and
Movie S2). In contrast, the fluorescent molecules visualized in the
ssrB-null infections were mobile throughout the entire intestine
(Fig. 2A and Movie S3). These findings established that wild-type
Salmonella formed static, SsrB-dependent aggregates in vivo. De-
termination of the aggregate area formed by the wild-type Salmo-
nella strain indicated a range from 10–60 μm2 (Fig. 2 B and C).
However, in the ssrB-null–infected worms, most aggregates
were <10 μm2, with 90% of the aggregates in the range of 2–7 μm2

(Fig. 2D). Thus, we established that wild-type Salmonella aggregates
were static and ranged in size from 10–60 μm2, and that their for-
mation required SsrB.

Salmonella Aggregates Express Biofilm Markers. We next investi-
gated whether the static SsrB-dependent aggregates formed by
wild-type Salmonella were in vivo biofilms. Biofilms require ex-
pression of the master regulator of biofilms, CsgD, and the
quintessential biofilm matrix components, curli fibers (composed
of CsgA monomers) and cellulose (20–22). Interestingly, the
aggregative phenotype was also lost in the intestines of worms
fed with the csgD csgA double mutant, indicating a requirement
for Salmonella biofilm components (SI Appendix, Fig. S3). Im-
munofluorescence analysis of isolated intestines using anti-CsgD,
anti-CsgA, and anti–O-antigen antibodies detected the presence
of CsgD and CsgA (Fig. 3A) and O-antigen (Fig. 3B) in the
aggregates formed by the wild-type Salmonella strain at 6 dpi.
Individual fluorescent bacteria observed in the ssrB-null strain
were devoid of any CsgD- or CsgA-specific signals (Fig. 3A) or
any O-antigen–specific signals (Fig. 3B). The amount of O-
antigen detected in homogenates at 6 dpi obtained from worms
infected with the ssrBmutant was reduced compared with wild-type
infections (SI Appendix, Fig. S4). Moreover, calcofluor staining of
whole intestines confirmed the presence of cellulose around
colonized Salmonella in wild-type infections, but only a faint,
nonspecific background staining was observed in infections by
the ssrB-null strain (Fig. 3C). Specific signals for CsgD, CsgA, O-
antigen, and calcofluor were absent in the E. coli control worms
(SI Appendix, Fig. S8).
Since E. coli is the normal food source of worms, we examined

whether the Salmonella aggregates in the intestines also contained
E. coli. After exposing the L4 larvae to mCherry-expressing wild-
type Salmonella for 1 d, we shifted the worms to a plate containing
a GFP-expressing E. coli strain. Confocal fluorescence imaging of
such live infected worms illustrated that mCherry-expressing Sal-
monella formed pure aggregates in the intestine and GFP-
expressing E. coli were excluded from this organization (Fig. 3D).
Visualization of the ultrastructure of Salmonella aggregates in

C. elegans intestines by transmission electron microscopy (TEM)
is challenging, owing to the presence of intact E. coli in the in-
testinal lumen (Fig. 4A). To circumvent this problem, we fed

Fig. 1. SsrB-dependent formation of aggregates. (A) STm and ssrB colo-
nized intestines (green) at 2 and 4 dpi (arrows). STm formed aggregates
(magenta, Right Middle) at 6 dpi. E. coli-fed control worms were not colo-
nized. (Scale bar: 10 μm.) (B) Differences in intestinal luminal width between
STm and E. coli and STm and ssrB infections at 6 dpi (mean ± SD, n ≥ 7
worms). *P = 0.05 and **P = 0.005. (C) Superresolution imaging of STm
clusters (magenta) in the intestinal lumen (green) at 6 dpi. (Scale bars: 5 μm;
Inset, 2 μm.)
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E. coli lysates to persistently infected worms before TEM analysis at
6 dpi. In persistent infections by wild-type Salmonella, we de-
tected an electron-dense matrix around bacteria present in close
proximity to the glycocalyx layer of the intestinal microvilli (Fig.
4A, asterisks). This dense matrix was absent in the intestinal
lumen of worms persistently infected with the ssrB-null strain,
corroborating our confocal fluorescence imaging (Fig. 3 A–C).
Few bacteria and no matrix were observed in the E. coli control
intestine (Fig. 4A).

Planktonic Salmonellae Are Detrimental to Chronic Survival.We next
investigated how the ability of Salmonella to form biofilms af-
fected host survival. We monitored worms after 24-h exposure to
a control E. coli, wild-type, or ssrB-null Salmonella strain. A
representative curve is shown in Fig. 4B. Both wild-type and ssrB-
null Salmonella rapidly killed the worms, compared with the OP50
control. Worms persistently infected with wild-type Salmonella

(harboring biofilms in the intestine) lived longer (13 dpi) com-
pared with those infected with the ssrB-null strain (11 dpi), which
did not form biofilms (Fig. 4B). A reduction in lifespan was also
observed for worms persistently infected with the biofilm double
mutant csgD csgA strain (SI Appendix, Fig. S5). This established
that the SsrB-driven lifestyle switch to form biofilms conferred
Salmonella dormancy (i.e., a nonpathogenic carrier state), which
led to an adaptive advantage in vivo. Thus, a clear causal link
between formation of biofilms and dormancy is established, and
the formation of biofilms in vivo prolongs colonization and
survival of Salmonella.

Formation of Biofilms Down-Regulates Virulence. To investigate the
molecular basis for rapid death in worms infected with the ssrB-
null mutant, we analyzed our recent RNA-sequencing (RNA-
seq) data on wild-type and ssrB-null strains isolated during

Fig. 3. STm aggregates express biofilm markers and exclude E. coli. (A and
B) STm aggregates (magenta), but not ssrB-null, express the biofilm regu-
lator CsgD (green), the curli subunit CsgA (cyan), and O-antigen (cyan), as
detected by immunostaining of isolated intestines at 6 dpi. (C) The presence
of cellulose (cyan) was detected by calcofluor staining in only the STm-
infected intestines (magenta) at 6 dpi. (D) E. coli (green), a normal dietary
component, was not a part of luminal STm aggregates (magenta) at 6 dpi.
Dotted lines indicate intestinal boundaries. (Scale bars: 10 μm.)

Fig. 2. Intestinal STm aggregates are static. (A, Left) Single confocal image
(t = 0 s) of worms persistently infected with STm or ssrB null at 6 dpi. (A,
Right) Time-lapse projection of the same worms obtained at t = 300 s. The
mobility was determined through a series of acquisitions at 1-s intervals, and
the mobility of Salmonella was color-coded according to the heat map on
the right side. STm aggregates were completely immobile (white, Right
Upper), while ssrB-null appeared as a range of mobilities (magenta, green
blue, etc.; Right Lower) in the intestinal lumen. Dotted lines indicate intestinal
boundaries. (B, Left) STm aggregates and planktonic ssrB-null as visualized at
6 dpi in persistently infected intestines. (B, Right) Panels are color-coded
according to the heat map from area measurements in C. Large aggregates
were only visible in the STm infections and were absent in the ssrB-null strain.
(Scale bars: 10 μm.) Measurements of the aggregate area for STm and ssrB
infections (C) and frequency distribution of the same infections at 6 dpi (D) are
shown. STm aggregates have a maximum area of 60 μm2 (n ≥ 12 worms).
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growth of in vitro biofilms. SPI-1 genes, which are important for
uptake by intestinal epithelia (reviewed in ref. 1) and patho-
genesis in worms (23), were significantly up-regulated in the ssrB
mutant (SI Appendix, Table S1). To validate this result, we
measured the transcript levels of the SPI-1 regulator, fliZ (24);
the SPI-1–encoded transcriptional activators, hilD, hilA, and
invF; and the SPI-1 effector, sptP, in the wild-type and ssrB-null
strains by qRT-PCR. Normalized transcript levels were increased,
including: fliZ (∼fivefold), hilD (∼fourfold), hilA (∼sevenfold), invF
(∼fivefold), and sptP (∼fourfold) in the ssrB-null strain (Fig. 5A),
consistent with our RNA-seq results. We next performed qRT-PCR
analysis of SPI-1 transcripts from worms persistently infected with
wild-type and ssrB-null strains of Salmonella. At 6 dpi, there was an
up-regulation of in vivo transcript levels of fliZ (∼12-fold), hilD
(∼10-fold), and sptP (∼sevenfold) in the ssrB-null background (Fig.
5B). Thus, in persistent infections of wild-type Salmonella, SsrB
drove biofilm formation (Figs. 1–3) and inhibited the expression of
virulence genes encoded by SPI-1 (Fig. 5D and Discussion).

Biofilms Promote Innate Immunity. The SPI-1 effector SptP is
known to disrupt Salmonella-induced mitogen-activated protein
kinase (MAPK) signaling by decreasing the levels of active
phospho-extracellular signal-regulated kinase (ERK) [mitogen-
activated protein kinase kinase (MAPKK)] (25), thereby tar-
geting a conserved p38/MAPK innate immunity pathway in C.
elegans (23). Since SptP was up-regulated in the ssrB-null in-
fection (Fig. 5 A and B), we hypothesized that the premature
worm death (Fig. 4B) was due to a decrease in p38/MAPK innate
immunity (23). To test this hypothesis, we probed the levels of
phospho-SEK-1 (ERK homolog) in worms persistently infected
with wild-type and ssrB-null Salmonella strains at 6 dpi by
Western blotting. Antibodies against total SEK-1 and tubulin served
as controls. We observed that phospho-SEK-1 was undetectable in

ssrB-null infections, in contrast to the wild type (Fig. 5C). Thus,
SptP levels were inhibited by SsrB in the in vivo biofilms formed by
wild-type Salmonella, and this led to activation of p38/MAPK in-
nate immunity signaling (Fig. 5 D and E). In the absence of SsrB,
when biofilms are absent in the worm gut, SptP disrupts host innate
immunity by decreasing the levels of phospho-SEK-1 (Fig. 5C).
Finally, when worms were persistently infected with an ssrB

sptP double mutant, intestinal aggregates were not formed at 6
dpi (SI Appendix, Fig. S6) and the premature death was rescued.
The worms survived similar to wild-type infections (SI Appendix,
Fig. S7). In the absence of sptP alone, in vivo aggregates were
formed in persistent infections (SI Appendix, Fig. S6), activation
of the p38/MAPK innate immunity pathway was intact, and the
time to death was similar to the wild type (SI Appendix, Fig. S7).

Discussion
Herein, we unraveled the basis of dormancy in persistent infec-
tions by investigating Salmonella biofilms during infection of a
live heterologous host, C. elegans. These findings are significant,
because Salmonella is known to form biofilms in chronically in-
fected humans (26, 27). Colonization of Salmonella Typhimu-
rium in host tissues such as chicken intestinal epithelia and
human epithelia also required the formation of multicellular
biofilms (28), although the regulatory mechanisms remained
unknown. In the present work, we established that pathways
established for in vitro biofilm formation (5) were also important
in vivo. However, understanding the adaptive advantage con-
ferred by a community lifestyle has remained elusive in studies
using the standard mouse model of infection (6). Using persis-
tently infected worms as model hosts, we determined that bio-
films are immunoprotective and that the planktonic lifestyle was
detrimental to the long-term survival of Salmonella in vivo. This
persistent lifestyle involves both cross-talk between two major
pathogenicity islands in Salmonella (SPI-1 and SPI-2) and up-
regulation of the biofilm pathway by the central regulator SsrB.
Our present studies thus unravel the significance of SsrB-driven
biofilms for enabling in vivo dormancy, which leads to prolonged
carriage in asymptomatic hosts.
Static aggregates of Salmonella were visible in persistently

infected intestines (Figs. 1A and 2A and Movie S2) that ranged
in size from 10 to 60 μm2 (Fig. 2C) and were encased in an ex-
tracellular matrix composed of curli, cellulose, and O-antigen,
typical of Salmonella biofilms (Fig. 3 A–C). Superresolution mi-
croscopy validated their presence in the intestinal lumen and pro-
vided high-resolution visualization of Salmonella dormancy in vivo
(Fig. 1C andMovie S1). Further, TEM enabled finer observation of
matrix-encased aggregates near the glycocalyx layer of the intestinal
microvilli in worms infected with wild-type Salmonella. It remains to
be determined whether infection by wild-type Salmonella prevents
motility in the intestinal lumen or is a direct result of aggregate
formation. In the future, it will be worthwhile to determine the
exact components of the glycocalyx layer and the surrounding ep-
ithelial tissue that are exploited by bacterial pathogens to survive as
matrix-encased aggregates in vivo. An aggregative lifestyle has also
been implicated in chronic infections of Pseudomonas aeruginosa
in the cystic fibrosis lung (29), in a hyperinfectious lifestyle in
V. cholerae (8), and as matrix-encased three-dimensional struc-
tures in Vibrio biofilms in vitro (30). Commensal E. coli was ex-
cluded from the intestinal aggregates of Salmonella (Fig. 3D) via
an as yet unknown mechanism that could be mediated by the
Salmonella type VI secretion system (31, 32). Importantly, bacteria
were present throughout the C. elegans gut (Fig. 3D), indicating
that the grinder was not sufficient for bacterial elimination (16).
The C. elegans persistent infection model can now be harnessed to
visualize the formation of mixed species biofilms in hosts and
further understand the mechanisms that enable cooperation or
competition between colonizing gut bacteria.

Fig. 4. The absence of biofilms leads to premature worm death. (A) Intes-
tines of STm-infected worms showed the presence of an electron-dense
matrix (white asterisks) around bacteria near the glyocalyx layer (yellow
arrow) of the intestinal microvilli (white arrow), as observed by TEM imag-
ing. (Scale bar: 1 μm.) (B) Worms colonized with the biofilm mutant ssrB-null
die faster, leading to 100% death at 11 dpi compared with 100% death at 13
dpi for STm infections. Control worms survive for 16 d (n = 2, with a total of
50 worms in each group).
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Secretion of effectors through the SPI-1– and SPI-2–encoded
type III secretion systems is required for invasion and in-
tracellular replication of Salmonella Typhimurium (33). SsrB, as
part of the SsrA/B TCRS, mediates transcriptional activation of
SPI-2 effectors to enable survival of Salmonella inside an acidic
vacuole in macrophages (4, 10, 12). At more neutral pH, in the
intestinal lumen, the SsrA kinase, which normally phosphorylates
SsrB, is down-regulated (4, 13). SsrB then acts noncanonically to
drive the biofilm pathway (reviewed in ref. 14). Thus, in the
absence of its cognate kinase, SsrA, antisilencing by SsrB leads to
transcriptional activation of the biofilm regulator, CsgD (5). We
discovered that the SsrB-CsgD pathway regulated the formation
of Salmonella aggregates in persistent infections in worms (Figs.
1A and 2 A and B and Movie S2). Furthermore, SsrB inhibited
SPI-1 signaling in biofilms in vivo (Fig. 5B), which limited Sal-
monella pathogenesis and prolonged host survival (Figs. 4B and
5C). Thus, by regulating the formation of biofilms, SsrB drives
persistence and dormancy in Salmonella. SsrB also inhibits SPI-1
genes during the transition from invasion to intracellular repli-
cation (34). In P. aeruginosa (35), the hybrid sensor kinase/re-
sponse regulator RetS regulates the switch from acute infections
to chronic persistence.
Conserved innate immunity pathways mediate the response of

C. elegans to bacterial infections (36). The SPI-1–encoded tyrosine
phosphatase, SptP, disrupts p38-MAPK innate immunity signaling
by decreasing the levels of active MAPKK, or SEK-1 in worms (23,
25). In intestinal biofilms, the level of SptP was controlled by the
action of SsrB, ensuring activation of p38-MAPK innate immunity.
Thus, Salmonella biofilms confer an adaptive lifestyle advantage in
persistent infections by directly altering host defense systems.

Methods
More information on the methods used in this study is available in
SI Appendix.

C. elegans Growth and Maintenance. The following C. elegans strains were
used in this study: Bristol N2 (37) and RZB286 [glp-4(bn2ts)I plst-1(msn190
[plst-1::GFP])IV]. RZB286 was generated by crossing RZB213 (38) and SS104
[Caenorhabditis Genetics Center (CGC)]. All strains were maintained on
nematode growth medium (NGM) plates seeded with OP50 E. coli. The
growth temperatures for N2 and RZB286 strains were 20 °C and 15 °C,
respectively.

Infection Regime. Infection plates of wild-type Salmonella enterica serovar
Typhimurium strain 14028s (STm), ssrB [14028s (ssrB::KanR)], or OP50 E. coli
expressing mCherry [plasmid pFPV-mCherry, a kind gift from Olivia Steele-
Mortimer, Rocky Mountain Labs, Hamilton, MT (Addgene plasmid 20956)]
were prepared by spotting 40 μL of overnight culture grown in Luria–Bertani
medium containing 100 μg/mL ampicillin on 60-mm NGM plates. These
plates were incubated overnight at room temperature (RT) and used for
infection assays the next day. Fresh plates were prepared for each infection.
Synchronized L4 nematodes on OP50 E. coli were shifted to 25 °C 1 d before
infection. Worms collected from these plates were washed three times using
sterile 1× phosphate-buffered saline–Tween (PBST; 0.1%) and placed sub-
sequently on appropriate infection plates. All infections lasted 24 h at 25 °C.
Worms were then collected, washed three times in sterile PBST, and trans-
ferred to OP50 E. coli plates (considered as 1 dpi after 24 h) at 25 °C. In some
experiments, worms were transferred to OP50 E. coli expressing GFP.

Homologous recombination techniques were used to construct the sptP
[14028s (sptP::TetRA)] and csgD csgA [14028s (csgD::KanR csgA::CmR)] de-
letion mutants in the wild-type Salmonella strain (39). The sptP mutation
was transduced into the ssrB-null strain using standard P22 transduction
protocols to generate the ssrB sptP double mutant (40).

Fig. 5. Biofilms inhibit virulence and promote innate immunity. Real-time qRT-PCR analysis shows up-regulation of SPI-1 transcripts in ssrB-null during in vitro
biofilm conditions (A; n = 3, mean ± SD) and in ssrB infections at 6 dpi (B; n = 2, mean ± SD). (C) Decrease in phospho-SEK-1 levels in ssrB-infected worms at 6 dpi as
detected by Western blot. Antibodies against total SEK-1 and tubulin served as loading controls. Genetic schemes depict inhibition of SPI-1 SptP effector by SsrB (D)
and activation of innate immunity in the presence of STm biofilms due to SptP inhibition (E). ADP, adenosine 5′-diphosphate; ATP, adenosine 5′-triphosphate.
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Lifespan Analysis. For survival analysis, 50 to 60 N2 worms were placed on OP50
E. coli plates postinfection and counted daily. Worms that failed to respond to
probing by eyelash touch were considered dead. Worms that died due to
drying up on the walls of the plates were excluded from survival analyses. The
experiment was done twice to include biological replicates. All calculations
were carried out in Excel and plotted using GraphPad Prism 6 Software.

Immunofluorescence and Live Imaging. For live imaging, worms were mounted
with 0.2 mM levamisole on a 3% agarose pad on a glass slide, closed with a
coverslip, and sealed with wax. Immunofluorescence of in vivo STm aggregates
was conducted on surgically extruded intestine according to a method by Barth
Grant (https://wormatlas.org/gonadintest.htm). Briefly, worms at 6 dpi were
collected and washed in egg buffer and immobilized in 0.2 mM levamisole. The
immobilized worms were decapitated using hypodermic needles, allowing the
intestine to extrude. Intestines were then fixed using 1.25% paraformaldehyde
in egg buffer. Subsequently, the fixed samples were placed in 1× PBST-bovine
serum albumin (PTB; 1%) for 1 h at RT. This was followed by a 45-min incubation
in PTB containing 100 μg/mL lysozyme and 5 mM ethylenediaminetetraacetic
acid. The intestine samples were then incubated overnight at 4 °C in primary
antibodies against CsgD (1:3 dilution, anti-mouse; a kind gift from AaronWhite,
University of Saskatchewan, Saskatoon, SK, Canada), CsgA (1:1,000 dilution,
anti-rabbit; a kind gift from Matthew Chapman, University of Michigan, Ann
Arbor, MI), and O-antigen (1:1,000 dilution, anti-rabbit; a kind gift from. Aaron
White). Subsequently, the samples were stained at RT using anti-mouse sec-
ondary antibodies Alexa Fluor 488 (1:1,000 dilution) and anti-rabbit Alexa Fluor
405 (1:1,000 dilution) (Life Technologies, Singapore). Imaging was done three
times with at least 10 worms in each infection set.

RNA Isolation from Persistently Infected Worms. Around 100 worms were
collected at 6 dpi washing two to three times in 1× PBST and stored at −80 °C
or used immediately for RNA isolation. Total RNA isolation and DNase
treatment were done as described above. DNase-treated samples were then
depleted of host RNA using the MICROBEnrich Kit (Thermo Fisher Scientific,
Singapore). This was followed by enrichment of bacterial mRNA using the
MICROBExpress Kit (Thermo Fisher Scientific, Singapore).
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