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Strains of the Bacillus cereus (Bc) group are sporulating bacteria commonly

associated with foodborne outbreaks. Spores are dormant cells highly resis-
tant to extreme conditions. Nevertheless, the pathological processes asso-
ciated with the ingestion of either vegetative cells or spores remain poorly

understood. Here, we demonstrate that while ingestion of vegetative bacteria
leads to their rapid elimination from the intestine of Drosophila melanogaster,
a single ingestion of spores leads to the persistence of bacteria for at least 10
days. We show that spores do not germinate in the anterior part of the intes-
tine which bears the innate immune defenses. Consequently, spores reach the
posterior intestine where they germinate and activate both the Imd and Toll
immune pathways. Unexpectedly, this leads to the induction of amidases,
which are negative regulators of the immune response, but not to anti-
microbial peptides. Thereby, the local germination of spores in the posterior
intestine dampens the immune signaling that in turn fosters the persistence
of Bc bacteria. This study provides evidence for how Bc spores hijack the
intestinal immune defenses allowing the localized birth of vegetative bacteria

responsible for the digestive symptoms associated with foodborne illness

outbreaks.

Organisms are subjected to various environmental stresses including
starvation, temperature variation, chemicals, and microbes. Healthy
individuals overcome these assaults by engaging defense mechanisms
that maintain their homeostasis. Among the stressors, opportunistic
enteric bacteria become pathogenic when host defenses are dimin-
ished or inefficient.

The evolutionarily conserved innate immune system is the first
line of defense against bacteria, and adult Drosophila has proven to be
a powerful model for innate immunity studies’. In the midgut, the local
innate immune system is mainly mounted in the anterior parts'>. First,
anterior enterocytes can rapidly sense the presence of allochthonous

(i.e., non-commensal) bacteria and secrete reactive oxygen species
(ROS) in a DUOX-dependent manner to block bacterial proliferation®*.
Concomitantly, luminal ROS are perceived by a subpopulation of
anterior enteroendocrine cells that respond by releasing the DH31/
CGRP neuropeptide, which promotes visceral muscle spasms to pro-
voke the expulsion of bacteria from the midgut in less than 4 h post-
ingestion*. Nevertheless, if the load of allochthonous bacteria is higher
and/or if the immune ROS and visceral spasms are insufficient to
eliminate them, the allochthonous bacteria can start to proliferate,
releasing muropeptides from the peptidoglycan (PGN), a bacterial cell
wall component, that bind to the transmembrane and intracellular
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immune receptors PGRP-LC and PGRP-LE, respectively*®. Conse-
quently, the Immune deficiency (Imd)/NF-kB pathway is activated,
leading to the expression of anti-microbial peptides (AMPs) beginning
4-6 h post-ingestion’'°. Because a prolonged activation of the local
innate immunity is responsible for chronical inflammation which is
detrimental for the individual, a robust negative feedback is turned on
to tune down the Imd pathway once the bacteria are cleared. For
instance, the PGRP-SC1 & 2 and PGRP-LB amidases have been descri-
bed as negative regulators of the Imd pathway mainly acting by
digesting the extracellular PGN fragments and thus blocking the
recognition process by the Imd pathway receptors®" ™, Altogether,
these combined means of defense allow an efficient sensing and
elimination of the allochthonous bacteria allowing the survival of the
individual.

However, the detection of bacterial spores by the local innate
immune system of the intestine and their elimination remains chal-
lenging for host organisms. Indeed, spores can resist many biological,
chemical, or physical treatments'*">. Among opportunistic bacteria,
the widespread environmental spore-forming bacteria belonging to
the Bacillus cereus (Bc) group are well-known worldwide food poi-
soning pathogens that cause diarrheal and/or emetic-type illnesses'®".
Bc is the first cause of foodborne outbreaks (FBOs) in France ™ and in
Europe?. When nutrient-rich conditions are encountered, Bc spores
can germinate, giving rise to vegetative cells which can even pro-
liferate. Such favorable conditions are present in the small intestine of
mammals, where it is assumed that spores are able to germinate and
probably proliferate to ultimately trigger diarrhea due to the produc-
tion of enterotoxins'*?. In vitro experiments have indicated that Bc
vegetative cells can be destroyed by the acidic pH of the stomach and
the biliary salt of the duodenum while spores can resist”>?. The
effectiveness of the gut innate immune system to fight Bc vegetative
cells has been demonstrated®. In contrast, nothing is known concern-
ing the behavior and the fate of Bc spores in the intestine in vivo and
the related immune response mounted by the host.

Here, thanks to in vivo studies in Drosophila melanogaster, we
demonstrate that spores of Bc group can persist for at least ten days in
the intestine and we could detected their germination only in the
posterior part of the midgut. Next, we demonstrate that the spores do
not trigger any detectable immune responses in the anterior parts of
the Drosophila midgut. Once in the posterior midgut, germinated cells
trigger the Imd immune pathway in a PGRP-LE-dependent manner.
Strikingly, we found the amidases PGRP-SC1/2 and PGRP-LB, which are
negative regulators of the Imd pathways, to be induced while the AMPs
were repressed. In flies deficient in the PGRP-LE receptor, the cytosolic
members of the Imd pathway or the PGRP-SC1/2 and PGRP-LB ami-
dases, the persistence of the bacteria in midgut was reduced. Sur-
prisingly, removing Relish, the NF-kB-like transcription factor,
downstream of the Imd pathway has no impact on bacterial persis-
tence. However, the depletion of Dif, another NF-kB-like transcription
factor, together with Relish provided proof of a critical cooperation of
both transcription factors in regulating amidase and AMP expressions
in the posterior midgut and thus the bacterial clearance. Altogether,
we provide evidence that spores belonging to the Bc group persist in
the intestine when ingested as spores and escape the anterior immune
response. Spores reach the posterior regions of the midgut where they
germinate, and vegetative bacteria induce expression of amidases that
act as negative regulators of the Imd pathway, dampening the pro-
duction of AMPs, and consequently fostering the persistence of the
bacteria.

Results

Spores of the Bc group persist in the Drosophila intestine

The Bc group is subdivided into at least eight phylogenetically very
close genomospecies'***?, For this study, we selected two Bc sensu
stricto strains: the Bc ATCC 14579 type strain®* and the probiotic strain,

Bc Bactisubtil, whose ingestion of spores have been used to alleviate
gastrointestinal disorders®. We also selected two Bacillus thuringiensis
subspecies kurstaki (Btk) strains (Btk SA-11 and Btk ABTS-351) because
of their broad use as microbial pesticides and the fact that Btk has been
suspected to be responsible for FBOs'***%,

To determine whether, upon ingestion, Bc or Btk spores behaved
the same as vegetative cells, we fed flies continuously with con-
taminated food (Fig. 1a) and assessed the amount of Bc or Btk bacteria
in the Drosophila midgut at different times. We observed that
regardless of the strain used, Bc/Btk were still present in the Drosophila
midgut at least 10 days after the initial contact with spore-
contaminated food (Fig. 1b). These data were very different from
what we observed using Bc ATCC 14579 or Btk SA-11 vegetative cells,
whose loads in the intestine rapidly decreased within 24 h (Fig. S1a).
Unlike Bc, during sporulation, Btk produces Cry toxins embedded in a
crystal, which displays specific entomopathogenic properties. Btk is
widely used specifically to kill lepidopteran larvae that are broad crop
pests'. Because the presence of Cry toxins might influence the beha-
vior of Btk in the midgut, we engineered a Btk SA-11“” strain cured of
its plasmids and therefore devoid of Cry toxins (see Experimental
Procedures). We also used a Btk *“” obtained from the Bacillus Genetic
Stock Center (#4D22, https://bgsc.org/) also devoid of Cry toxins.
Importantly, the SA-114“ and the Btk ““” spores behaved like Btk SA-11
and Bc ATCC 14579 spores (Fig. 1b), refuting any possible role of the
Cry toxins in Btk persistence. The commercially available preparation
of the Btk ABTS-351 spores is known to contain 46% of additives (ec.
europa.eu). To assess the potential involvement of those additives in
the intestinal persistence of Btk ABTS-351, we extended our study to
the commercial preparation, which we compared with a Btk ABTS-351
spore preparation made in our laboratory without any additives. We
noticed that the commercial spores as well as the “homemade” Btk
ABTS-351 spores behave similarly in the Drosophila midgut
(Figs. 1b and S1b), suggesting that the additives present in the com-
mercial preparation did not contribute to the persistence of Btk ABTS-
351 spores.

Because spores could germinate and proliferate on the fly med-
ium, we checked this possibility by counting the number of Btk SA-11
bacteria on the fly medium in the absence of flies. We applied a heat
treatment in order to kill all germinated vegetative cells. We noticed
that 2 days after spore deposit on the fly medium, some of them
started their germination and even proliferated 4 days after deposit
(Fig. S1c). Hence, to remove this limitation in the persistence assess-
ment, we performed acute feeding. Flies were fed with spores for
30 min before being transferred onto fresh food medium (i.e. without
spores) (Fig. 1c). We first verified that upon acute ingestion of Bc ATCC
14579 or Btk SA-11 vegetative cells, they were readily cleared from
Drosophila midguts® (Fig. S1d). We then monitored the persistence of
spores in the Drosophila midgut upon acute feeding (Fig. 1d). We used
30 min of spore feeding as food intake internal control. At 30 min of
spore feeding, the bacterial load averaged 10* cells per midgut
regardless of Bc/Btk strain. Interestingly, the bacteria could persist up
to 10 days in the Drosophila midgut after acute spore ingestion
(Figs. 1d and Sle). Noteworthy, we included the monitoring of the
persistence of the probiotic Bc Bactisubtil strain and we found that Bc
Bactisubtil load was significantly higher 10 days after acute feeding
compared to all the other strains tested (Fig. 1d).

Because a recontamination of flies through their feces could occur
during the 10 days of our experiments, we examined the amount of
bacteria present in the feces and found only a small number of spores
and vegetative cells (Fig. SIf). We also considered the potential for
contamination by spores on the fly body during dissection. After
examining fly bodies at 2, 24, and 48 h post-feeding, we found an
average of 70 spores at 2 h, which decreased to 20 spores at 48 h
(Fig. Slg). Our findings indicate that there is no evidence of con-
tamination during the dissection or the reingestion of spores present
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in the feces that could account for this persistence. We also observed
that the bacterial persistence in the midgut was not dependent on the
genetic background of Canton S Drosophila since similar amounts of
bacteria were detected over the 10 days of monitoring in either w™ or
w8 isogenic flies (Fig. S1h). Finally, the persistence was also not
affected in axenic flies suggesting that the commensal flora does not
influence the Bc/Bt intestinal persistence (Fig. Sh).

The Drosophila midgut is subdivided into five major anatomical
regions (R1 to RS) (Fig. S1i)***. To analyze in detail the localization of
Bc/Btk along the midgut, we quantified the bacterial load in the ante-
rior and posterior midgut after acute feeding. We did not focus on the
acidic region due to its small size and the difficulty to dissect it accu-
rately. During the first two hours after acute ingestion, we found that
Bc/Btk bacteria were present in both regions of the midgut (anterior
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Fig. 1| Spores of the Bacillus cereus group persist in the Drosophila intestine.
a Experimental setup to assess bacterial load after a continuous ingestion of spores.
b Bacterial loads of dissected midguts after continuous ingestion of spores from
Btk or Bc strains. The dot indicates the mean number of colony-forming units
(CFUs) of at least three independent experiments per condition and time point.
Each experiment corresponds to the mean of five midguts. CFUs correspond to
spore and vegetative cell counts. Error bars correspond to the SEM. Source data are
provided as a Source Data file. ¢ Experimental setup to assess bacterial load after an
acute ingestion of spores. Flies are in contact with the contaminated medium for
30 min and then transferred to fresh vial devoid of spores. d Bacterial loads of
dissected midguts after acute ingestion of spores from Btk or Bc strains. The dot
indicates the mean number of CFUs (spores + vegetative cells) of at least three

independent experiments per condition and time point. Each experiment corre-
sponds to the mean of five midguts. Error bars correspond to the SEM. * represent a
statistically significant difference (p < 0.05) between Bc Bactisubtil and the other
strains 10 days post-feeding using the two-sided Non-parametric Mann-Whitney’s
test against each individual condition at 240 h. Source data are provided as a
Source Data file. e Bacterial loads in split Drosophila midguts after acute intoxica-
tion with Btk (SA-11) or Bc ATCC 14579 spores. Dots correspond to independent
experiments and are the mean of five pooled midgut domains. Error bars corre-
spond to the SEM. The one-side Mann-Whitney tests were applied. Asterisks
represent a statistically significant difference between bacterial loads in the ante-
rior and the posterior midguts: **p < 0.01, *p < 0.05. Source data are provided as a
Source Data file.

and posterior). However, from 4 h onward, the posterior midgut har-
bored a significantly higher load of Bc/Btk cells compared with the
anterior midgut (Fig. 1e). Collectively, our results demonstrate that
Bc/Btk persist for up to 10 days in the midgut and may accumulate
preferentially in the posterior regions.

Spores of the Bc group germinate preferentially in the
posterior midgut

Spores are metabolically dormant and resistant to extreme environ-
mental conditions, allowing them to survive to extreme conditions®.
However, the presence of nutrients can trigger the process of germi-
nation, in which spores emerge from dormancy, growing into vege-
tative cells. Since the intestine is a favorable environment for spore
germination, we hypothesized that Bc/Btk spores might germinate in
the Drosophila midgut. To address this question, we developed a
robust fluorescent staining technique suitable for visualizing spores
and differentiating them from their outgrowing vegetative cells. Dor-
mant Bc/Btk spores harbored a red fluorophore cross-linked to the
spore outer membrane. Once germinated, vegetative cells started to
express the green fluorescent protein (GFP). The use of this novel tool
endowed with dual red/green (R/G) labeling allowed us to follow the
process of germination in real-time (Fig. 2a and supplementary
movie 1).

The use of the Btk SA-117° fluorescent strain in vivo first revealed
that at 0.5- and 2-hours post-ingestion, Btk spores occupied the lumen
of the whole midgut (Fig. S2a, b). Few vegetative cells were detectable
in the posterior midgut 2 h post-ingestion (inset in Fig. S2b). Btk SA-11¥¢
spore germination was evident in the posterior midgut 4 h after
ingestion (Fig. 2b, c). Interestingly, we found that regardless of the Bc
group strain, excepted Bc Bactisubtil, spore germination occurred
markedly in the Drosophila posterior midgut at 4h after ingestion
(Fig. S2d). Twenty-four hours post-ingestion, we detected mostly
vegetative cells in the posterior midgut (Fig. S2c). Noteworthy, very few
germinated cells were observed for Bc Bactisubtil 24 h post-acute
feeding (Fig. S2d). To further confirm that spores mainly germinated in
the posterior midgut, we performed measurements of colony-forming
units (CFUs) in the anterior and posterior parts of the midgut by
comparing heat-treated intestinal samples (to kill germinating spores
and vegetative cells but not spores) to non-heat-treated samples
(cumulating spores, germinating spores and vegetative cells). Interest-
ingly, we did observe in the anterior midgut region the almost exclusive
presence of Bc/Btk spores, even 3 days after acute ingestion (Fig. 2d).
However, in the posterior midgut, we observed the appearance of the
first Bc/Btk germinating spores as early as 30 min after ingestion
(Fig. 2e). Together, these results demonstrate that the germination of
Bc group spores begins 30 min after oral ingestion and occurs mainly in
the posterior midgut of Drosophila melanogaster.

Spores do not trigger detectable Drosophila midgut innate
immune response

The persistence of spores in the Drosophila midgut raises the question
of how the local innate immune system can tolerate spores and/or

vegetative cells. As mentioned previously, in response to enteric
infection, the anterior Drosophila midgut (R1 and R2 regions) initiates
immune responses via the luminal release of ROS and, if necessary,
AMPs>*2¢%8 To test the release of local immune ROS (HOCI) in
response to Btk vegetative cells or spores, we used the R19S probe, a
HOCI sensitive fluorescent dye***. First, we confirmed that Btk vege-
tative cells induced ROS only in the anterior region 1-hour post-
ingestion (Fig. 3a, middle panel). Surprisingly, Drosophila fed with Btk
spores did not show ROS induction either in the anterior or in the
posterior regions of the Drosophila midgut at that time (Fig. 3a, lower
panel), though spores germinated in the posterior midgut
(Fig. 2 and S2). We investigated the potential ROS production at later
time points (i.e. 4, 8 and 24 h) in the posterior midgut and no HOCI
production was detected (Fig. S3a). In parallel, we specifically knocked
down the expression of Duox in Drosophila enterocytes by RNA
interference and examined the resulting impact on the spore persis-
tence. We first confirmed that, 4 h after ingestion of vegetative cells,
the silencing of Duox in the enterocytes increased the load of Btk
compared with control intestines* (Fig. 3b). However, Duox silencing in
Drosophila enterocytes did not impact the Btk persistence after spore
ingestion (Fig. 3b). Based on these data, we inferred that ingestion of
spores does not induce the production of Duox-dependent ROS.

We next investigated the induction of AMP genes in the Droso-
phila midgut following acute ingestion of vegetative cells vs. spores.
Using the DiptericinA-Cherry (DptA-Cherry) and AttacinD-Gal4 UAS-
Cherry (AttD>Cherry) reporters, two readouts for the activation of the
Imd pathway in the midgut*’, we first observed that the acute ingestion
of vegetative cells of the Erwinia carotovora carotovora (EcclS)
opportunistic bacteria-induced DptA and AttD expression in the ante-
rior midgut (Figs. 3c and S3b, ¢). Ecc15 was also capable of promoting
the spreading of AttD expression in the posterior R4 region (Fig. S3c).
However, Btk vegetative cells did not show significant changes in DptA
and AttD expression in either the anterior or posterior midgut (Figs. 3¢,
d, and S3b, c¢). These data are consistent with the fact that early ROS
induction followed by the visceral spasms are sufficient to rapidly
eliminate Btk vegetative cells upon acute ingestion (Fig. 3a, b)*, at least
before the Imd pathway can be induced. RT-qPCR analyses of the
expression of DptA, Defensin, and AttD genes on dissected midguts
confirmed the non-induction of AMP genes after acute ingestion of Btk
(or Bc) vegetative cells (Fig. S3d).

Monitoring AMP expression upon acute spore feeding revealed
that neither DptA-Cherry nor AttD>Cherry reporter genes were induced
in vivo in the anterior midgut (Figs. 3¢, d and S3b, c). Strikingly,
repression of the DptA-Cherry reporter expression in the posterior
midgut was observed (Figs. 3¢ and S3b). RT-qPCR analyses confirmed
the repression of DptA expression as well as the repression of Defensin,
AttD, and Drosomycin (Drs) expression (Figs. 3e and S3e). Importantly,
ingestion of Bc Bactisubtil spores that did not germinate in posterior in
midgut (Fig. S2d) did not led to the repression of AMP expression
(Fig. 3e). This emphasizes the significance of localized spore germi-
nation in the posterior midgut, which is essential for promoting the
down-regulation of AMP expression. Together these data suggest that
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Fig. 2 | Bt spores germinate preferentially in Drosophila posterior midgut.

a Time-lapse images of SA-11*° spores during germination. b Monitoring of SA-117¢
germination in vivo in Drosophila midgut 4 h post-spore-ingestion. Insets show
enlargement of a single focal plan. Note that anteriorly GFP (i.e. germinating
spores) are barely detectable. ¢ Plots of the average fluorescence intensity
(represented as mean gray value) of SA-11¥¢ germination measured along the
Drosophila midgut presented in b. For all plot analyses of average fluorescence
shown in this paper, the red line represents the average of the spore fluorescence

(NHS-ester Alexa546) and the green line represents the average fluorescence of
vegetative cells (GFP). d, e Bacterial load of Btk (SA-11) or Bc (ATCC 14579) in
anterior (d) and posterior (e) Drosophila midguts. Green bars (non-heated samples)
represent the whole Btk or Bc bacterial loads (spores and vegetative cells). Red bars
(heated samples) represent the proportion of spore loads. Data represent

the mean + SEM of at least five independent experiments. Each experiment corre-
sponds to five split midgut. Source data are provided as a Source Data file.
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To assess the involvement of the AMPs in Btk SA-11 persistence, we
used a fly strain in which the 14 AMP genes were deleted (AAMP14)"*2,
We quantified the Btk SA-11 load in the midgut of Wild Type (WT
- Canton S) and 4AMP14 flies. While both genotypes ingested a similar
amount of spores during the 30 min of feeding (Fig. 3f), 120 h post-
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feeding, in AAMPI4 mutant flies, we found a significantly higher Btk SA-
11 load compared with wild-type flies (Fig. 3f). This result suggests that
AMPs could kill germinating cells in the posterior midgut. To further
challenge this hypothesis, we monitored the fate of the Btk SA-117°¢
fluorescent strain in AAMPI4 mutant flies after acute ingestion of
spores. Interestingly, as soon as two hours post-ingestion, confocal
imaging showed higher levels of germinating spores in AAMPI4 mutant
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Fig. 3 | Bc/Bt spores do not trigger midgut innate immune response. a ROS
monitoring one-hour post-acute feeding with SA-11 spores or vegetative cells. ROS
production in the midgut is visualized by the HOCl-specific R19S probe (orange).
DAPI (blue) marks the nuclei. b SA-11 loads in midguts knocked down for the
expression of Duox in enterocytes 0.5 or 4 h after acute feeding with vegetative
cells or spores. The horizontal axis indicates the mean number of CFUs. Dots cor-
respond to independent experiments of five pooled midguts. ¢ DptA-Cherry
expression (red) in the anterior R1 midgut region (upper panel) and in the posterior
R5 midgut region (bottom panel) of Drosophila fed for 30 min with H,0, EccI5, SA-11
vegetative cells (Bt,g) or SA-11 spores (Bt,) and observed 24 h later. In each panel
anterior is to the left. Measured quantities are shown on the right graphs. The
results are given as the relative expression compared with the control (H,0). At
least three independent experiments were performed and each dot correspond to
one midgut. d AttD-Gal4 UAS-Cherry expression (red, AttD>Cherry) in the anterior
R1 midgut region (upper panel) and in posterior R4 midgut region (bottom panel)
of Drosophila fed for 30 min with H,0, EcclS5, SA-11 vegetative cells (Bt,), or SA-11
spores (Bt,) and observed 24 h later. Measured quantities are shown on the right
graphs. The results are given as the relative expression compared with the control

(H,0). At least three independent experiments were performed and each dot
correspond to one midgut. e qRT-PCR analyses of AMP expression in midgut upon
acute feeding with SA-11 or Bc spores. UC corresponds to flies fed with water. For
RT-qPCR results, mRNA levels in unchallenged wild-type flies were set to 100 and all
other values were expressed as a percentage of this value. RT-qPCR results are
shown as mean + SEM. Dots correspond to independent experiments of 10 pooled
female flies. f Bacterial load in the midguts of AAMP" mutant flies 0.5 or 4 h after
acute feeding with SA-11 spores. The horizontal axis indicates the mean number of
CFUs per midgut. Each dot corresponds to an independent biological replicate
where each replicate is the mean of five midguts. g Representative confocal images
showing SA-11%¢ spore germination in the anterior and posterior midgut of WT
(Canton S) and AAMP" mutant flies 2 h after acute feeding with spores. DAPI (blue)
marks the nuclei. Spores are in red, vegetative cells in green. The yellow fluores-
cence corresponds to germinating spores. Error bars correspond to the SEM. The
two-sided Mann-Whitney test was applied in b-d and f. A two-sided Student’s
t-tests were used to analyze data in e. *p < 0.05, *p <0.01, **p < 0.001, ns non-
significant (exact P values are provided in the source data). Source data are pro-
vided as a Source Data file.

posterior midguts than in WT posterior midguts (Fig. 3g). We did not
observe obvious changes in the anterior midguts where only spores
were present (Fig. 3g). Collectively, our data suggest that, though
repressed upon spore ingestion and their germination in the posterior
midgut, the weak production of AMPs is necessary to limit the Bc/Btk
bacterial load.

Amidases contribute to the intestinal persistence of spores
Since AMPs expression was downregulated after spore ingestion, we
wondered whether the amidases, which exert negative feedback on the
Imd pathway, could be induced by germinating spores™**°, First, we
verified by RT-qPCR analyses that the ingestion of Bc/Btk vegetative
cells could induce the expression of the three amidase encoding genes
in the midgut (Fig. S4). Interestingly, after spore ingestion, we
observed that PGRP-SCI and -SC2 were consistently induced both 4 h
and 24 h post-feeding while PGRP-LB was only induced at 4 h and was
repressed at 24 h (Fig. 4a). Noteworthy, Bc Bactisubtil did not induce
any amidases confirming that the germination of spores in the pos-
terior compartment is required to modulate Imd target genes (Fig. 4a).
We next assessed the Btk SA-11 intestinal load in mutant flies homo-
zygous for either the PGRP-SC1/2 or PGRP-LB loss-of-function alleles
(PGRP-SC1/2* and PGRP-LB* respectively)”. In midguts from these
mutant animals, no difference in bacterial load was observed com-
pared with control flies 30 min after spore feeding (Fig. 4b). However,
120 h post-feeding, the loss of PGRP-SC1/2 or PGRP-LB was associated
with a significant decrease in the number of Btk SA-11 in the midgut
compared with the WT flies (Fig. 4b). Because spores accumulated and
germinated in the posterior midgut of WT flies as early as 4 h post-
ingestion (Fig. 2), we monitored the fate of the spores in PGRP-SC1/2*
and PGRP-LB* deficient flies. Six hours after acute ingestion, confocal
imaging showed the presence of fewer red/green germinating spores
in the posterior midguts of PGRP-SC1/2* or PGRP-LB* flies compared
with WT flies (Fig. 4c), suggesting that in the absence of amidases, the
production of AMPs was able to kill germinating spores.

We therefore investigated whether the repression of AMPs
expression upon spore ingestion was indeed dependent of amidases.
As expected, expression of AMPs was not repressed; indeed, it was
even induced by Btk SA-11 spore ingestion in a PGRP-SC1/2* or PGRP-
LB“ mutant background (Fig. 4d compared with 3e). Because amidases
can be produced by the enterocytes or by the fat body (a systemic
immune tissue) and can act at a distance from the site of production*,
we specifically silenced PGRP-SC2 or PGRP-LB in enterocytes and, while
food intake was not affected after the 30 min of feeding, we found a
significant decrease in the load of Btk SA-11 in the midgut 120 h post-
feeding (Fig. 4e). Conversely, the overexpression of PGRP-SC2 in
enterocytes resulted in an increased bacterial load 120 h post-feeding

without any effect on food intake measured after 30 min (Fig. 4e).
Overall, our data suggest that spores are not detected by the anterior
midgut immune response (i.e., no production of ROS or AMPs), and
reach the posterior regions where they germinate and can activate the
Imd signaling target genes PGRP-SCI, PGRP-SC2, and PGRP-LB. In turn,
amidases promote a repression of the basal expression of AMP-
encoding genes. Consequently, downregulation of AMP expression
favors Bc/Btk persistence in the posterior Drosophila midgut.

The Imd pathway contributes to the intestinal persistence of
bacteria

Because the expression of amidases is under the control of the Imd
pathway in the intestine, we first tested the involvement of the two
Imd pathway receptors, PGRP-LC and -LE, in Btk SA-11 persistence. In
flies homozygous viable for the loss-of-function mutant for either
receptor, similar amounts of Btk SA-11 were ingested compared with
WT flies after 30 min of spore feeding (Fig. 5a). Nevertheless, 120 h
after feeding, only PGRP-LE™? mutant flies showed a significant
decrease in Btk SA-11 intestinal load (Fig. 5a) similar to that observed
for flies lacking the amidases (Fig. 4b). We further tested mutants for
intracellular components of the Imd pathway. Loss-of-function
mutants for the cytoplasmic components Imd (imd**44) or Dredd
(Dredd™) also displayed a decrease in Btk SA-11 persistence 120 h
post-ingestion (Fig. 5a). Unexpectedly, the bacterial load in flies
homozygous mutant for the downstream Imd pathway NF-kB-like
transcription factor Relish (Relf°)** was similar to control flies
(Fig. 5b), although Rel has been found to be absolutely required in
midgut epithelial cells to respond to enteropathogenic bacteria®®**.
To further understand the apparent absence of Rel function in our
model of spore infection, we inhibited Relish expression specifically
in enterocytes. Silencing Relish in enterocytes did not change Btk
bacterial abundance in the midgut (Fig. 5b). In addition, we mon-
itored the fate of the Btk SA-117° fluorescent strain in Rel”?’ mutants,
six hours after acute ingestion. No obvious differences between WT
and Rel”’ were observed in the Drosophila midgut (Fig. 5c). We also
performed an epistasis experiment, removing both PGRP-SCI and
-SC2 amidases in the Relf loss of function background. Interestingly,
while food intake measured after 30 min was not affected, the bac-
terial load was lower 120 h post-feeding compared with the control
(Fig. 5b) to a similar extent to that of mutants for amidases alone
(Fig. 4b). This observation suggests that amidases act downstream of
Relish to control Btk persistence. Finally, we overexpressed in
enterocytes an activated form of Relish known to strongly induced
AMP expression®. As expected, we observed a reduced bacterial load
120 h after spore ingestion (Fig. 5b). Together, these data suggest
that Relish has no significant role in the control of amidase
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expression in the posterior midgut and that Btk persistence depends
on finely-tuned expression levels of amidases and AMPs.

Given these observations, we wanted to test the involvement of
Relish in controlling the remaining AMP expression in WT flies fed with
spores (Fig. 3e). In Relf° unchallenged flies, while DptA and Defensin
were drastically downregulated, AttD expression was not affected
(Fig. S5a). In addition, still in unchallenged flies, the absence of Relish
correlated with the downregulation of PGRP-SCla/b and PGRP-LB
expression but, unexpectedly, PGRP-SC2 was strongly upregulated

(Fig. S5b). Hence, the above data suggest that Relish is involved in the
repression of PGRP-SC2 expression and is not necessary for the basal
AttD expression.

We further investigated the midgut expression of AMPs and
amidases in a Rel"° mutant background upon spore ingestion. The
expression of AMPs was neither induced nor repressed (as one would
have expected since spore feeding induced AMP repression in a wild-
type background, Fig. 3e) 4 h or 24 h post-feeding with spores (Fig. 5d).
Even though PGRP-SC2 expression remained high, the expression of
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Fig. 4 | Amidases are involved in Bt/Bc persistence. a qRT-PCR analyses of ami-
dase expressions in midguts upon SA-11 or Bc spore acute feeding. UC corresponds
to flies fed with water. Results are shown as mean + SEM. The dots correspond to
independent experiments of 10 pooled female flies. b Bacterial load in midguts of
PGRP-SC1/2* double mutant or PGRP-LB “f mutant 0.5 or 120 h after SA-11 acute
feeding with spores. The horizontal axis indicates the mean number of CFUs per
midgut. Each dot corresponds to an independent biological replicate where each
replicate is the mean of five midguts. c Representative confocal images showing SA-
11%¢ spore germination in the anterior and posterior midgut of WT (Canton S),
PGRP-SC1/2* double mutant or PGRP-LB “f mutant flies 6 h after spore acute feed-
ing. DAPI (blue) marks the nuclei. Spores are in red, vegetative cells in green. The
yellow fluorescence corresponds to germinating spores (Fig. 2a). d qRT-PCR ana-
lyses of AMP expressions in midguts of PGRP-SC1/2 * mutants following acute

feeding with SA-11 spores. UC corresponds to PGRP-SC1/2* flies fed with water.
mRNA levels in unchallenged PGRP-SC1/2* flies were set to 100 and all other values
were expressed as a percentage of this value. Results are shown as mean + SEM.
Dots correspond to independent experiments of the mean of 10 pooled female
midguts. e SA-11 load in midguts of flies silenced for PGRP-SC2 or PGRP-LB or
overexpressing PGRP-SC2 specifically in enterocytes (using the myoIA® driver) 0.5
or 120 h after acute feeding with spores. The horizontal axis indicates the mean
number of CFUs per midgut. Each dot corresponds to an independent biological
replicate where each replicate is the mean of five midguts. Error bars represent
SEM. Two-sided Student’s t-tests were used to analyze data in a and d. Two-sided
Mann-Whitney test was used to analyze data in b and e. *p <0.05, *p < 0.01,

***p <0.001, ns non-significant (P values are provided in the source data file).
Source data are provided as a Source Data file.

amidases was not induced in Rel*”° mutants (Fig. 5e). Gathering these
data suggests that Btk intestinal persistence is not affected upon spore
ingestion by Rel*”” mutant flies because, first, the upregulation of PGRP-
SC2 likely compensates for the downregulation of PGRP-SCI and -LB
and second, the normal level of AttD expression might be sufficient to
limit Btk persistence, knowing that AttD expression was down-
regulated upon spore ingestion by WT flies (Fig. 3e).

Because in the absence of PGRP-LE receptor Btk load was lower
120 h after spore feeding (Fig. 5a), we wondered whether in PGRP-LE*?
loss of function mutant flies both the expressions of AMPs and ami-
dases were impacted. In PGRP-LE™Z unchallenged flies, the expressions
of DptA, Defensin, PGRP-SC1 and -SC2 were lowered while AttD and
PGRP-LB expressions were unaffected (Fig. S5c, d). Upon feeding PGRP-
LE™ flies with spores, none of the amidases were induced (Fig. 5g)
confirming that PGRP-LE is the primary receptor in the posterior
midgut that regulates amidase expression’. Conversely, both Defensin
and AttD were induced 4 h post-ingestion (Fig. 5f). Interestingly,
though mild, this rise in AMP expression was correlated with the
reduced bacterial load observed 120 h post-ingestion (Fig. 5a).

Taken together our data demonstrate that PGRP-LE is required to
sense Bc/Btk geminating cells in the posterior midgut and conse-
quently to activate the expression of the amidases. In turn, amidases
provoke a reduction of AMPs expression by tuning down the Imd
pathway but likely also by tuning down another pathway since Defensin
and AttD are still induced by the ingestion of spores in absence of
PGRP-LE. Consequently, the decrease in AMP levels favor the local
Bc/Btk persistence in the posterior midgut.

Toll pathway participates to the regulation of amidases and

AMPs in the posterior midgut in response to spore ingestion

The above data prompted us to investigate the possible involvement
of the immune Toll signaling pathway in the Drosophila posterior
midgut. The NF-kB-related transcription factor, the Dorsal-related
immunity factor (Dif), acts downstream of the Toll pathway during the
systemic immune response**™*’, To understand whether Dif could also
be involved in Bc/Btk persistence, we took advantage of flies homo-
zygous viable for the Dif loss-of-function allele, Dif*. While Dif* and WT
flies ingested similar amounts of spores during the 30 min of feeding,
120 h later, we observed a significant decrease of Btk SA-11 loads in Dif*
mutant flies (Fig. 6a). Confocal microscopy analysis confirmed the
decrease of Btk SA-117 fluorescent cells, primarily in the posterior
midguts of Dif' mutant flies, compared with WT (Fig. 6b). We con-
firmed the involvement of the Toll signaling pathway first by feeding
Myd88 loss of function flies with spores. Myd88 is an adapter acting
downstream of Toll receptor and upstream of Dif*>*, Second, we
specifically silenced Toll expression in enterocytes. In both mutants,
the bacterial load was reduced 120 h after feeding with spores (Fig. 6a).
To further analyze the role of the Toll pathway in the intestinal immune
response, we monitored the midgut expression of AMPs and amidases
in Dif' or Myd88 mutant flies by qRT-PCR. In uninfected flies, the
expression of DptA and Defensin was significantly lowered in both

mutants compared with WT, while AttD was not affected (Fig. S6a, c).
The expression of PGRP-SC2 was also not affected in these mutants
(Fig. Séb, d). Nevertheless, PGRP-SC1 was downregulated in Dif’
mutant flies but upregulated in Myd88 mutant flies (Fig. Séb, d). Finally,
PGRP-LB expression was unaffected in Dif’ mutant flies but down-
regulated in Myd88 mutant flies (Fig. Séb, d).

Feeding Dif’ mutant flies with spores only promoted the repres-
sion of Defensin 24 h post-feeding (Fig. 6¢). Notably, the global relative
levels of AMP expression upon spore ingestion were higher in Dif” than
in Rel"° (compare Figs. 6¢ and 5d), likely explaining why the bacterial
load was reduced in Dif’ mutant (Fig. 6a) but not in Rel”’ (Fig. 5b).
While amidases were all induced in a WT background upon spore
ingestion (Fig. 4a), in the absence of Dif, only PGRP-LB remained
inducible 24 h post-feeding (Fig. 6d). In Myd88 mutant flies fed with
spores, we observed an induction of the 3 AMPs 4 h post ingestion
(Fig. 6e) in correlation with the reduced bacterial load reported in
Fig. 6a. This result also pinpoints a role of Toll/Myd88 in repressing
AMP expression in WT background (Fig. 3e). Interestingly, all amidases
were induced 24 h post spore-feeding (Fig. 6f) suggesting that Toll/
MyD88 signaling is not involved in amidases upregulation upon spore
ingestion.

Dif cooperates with Relish to modulate the intestinal immune
response to spore ingestion

To confirm the cooperation of both immune signaling and their
downstream NF-kB transcription factors in regulating the expression
of amidases and AMPs in the posterior midgut, we generated a Dif”;
Rel*?° double mutant flies. We first monitored Btk persistence upon
spore ingestion in this genetic background. Dif’; Rel”° double
mutant and WT flies ingested a similar amount of spores during the
30 min of feeding (Fig. 7a). However, 120 h later there was a sig-
nificantly higher Btk SA-11 load in the double mutant flies compared
with WT (Fig. 7a). Consistently, 6 h after ingestion of Btk SA-117°¢
spores, more fluorescent bacteria were present in the posterior
midguts of Dif’; Rel’° double mutant flies compared with WT
(Fig. 7b). In this double mutant background and in absence of spore
feeding, the expressions of AMPs were lowered (Fig. S7a) suggesting
that Dif and Relish act as cofactors to maintain basal levels of DptA
and Defensin expressions while Dif and Relish act redundantly to
maintain the basal level of AttD expression (Figs. S5a, S6a, and S7a).
Our analyses of amidases expression in absence of spores revealed
that while both factors act as cofactors to maintain the basal
expression of PGRP-SCI, Relish was required to repress PGRP-SC2 but
Dif appears necessary for PGRP-SC2 upregulation in absence of Relish
(Figs. S5b, Séb, and S7b). Finally, PGRP-LB was only regulated by
Relish since its expression in the Dif’; Rel”° double mutant was
similar to the Rel° single mutant (Figs. S5b and S7b).

Upon spore ingestion, in the Dif”’; Rel*’ double mutant, the overall
levels of AMP expression were still low with no repression observed
(Fig. 7c). These low levels of AMPs correlated with the increased bac-
terial load observed (Fig. 7a). The expressions of amidases were also
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not upregulated in the Dif’; Rel?° double mutant (Figs. 7d and 4a) Discussion

confirming that Rel and Dif were necessary together for PGRP-SCI
induction while only Rel was required for PGRP-LB induction and Dif
for PGRPSC-2 induction (Figs. Se, 6e, and 7d). Overall, these results
demonstrate that Dif and Relish cooperate to tightly balance the
expression of AMPs and amidases in the posterior midgut of unchal-
lenged as well spore-fed flies.

The majority of Bc-dependent FBOs, is due to the ingestion of Bc
bacteria, which must grow in the gut and subsequently produce pore-
forming enterotoxins responsible for the onset of diarrhea
symptoms'®. However, the mechanisms by which Bc bacteria colonize
the gut and produce toxins remain poorly understood, and several
questions unanswered. Is the disease due to the ingestion of vegetative
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Fig. 5 | Imd pathway components are involved in Bt persistence. a, b SA-11
bacterial load in midguts of different genotypes for components of the Imd path-
way 0.5 or 120 h after acute feeding with spores. a Homozygous loss of function
mutants for PGRP-LE'2, PGRP-LC *, Imd*"%* or Dredd™. b Homozygous loss of
function mutant for Rel”’ or double homozygous loss of function mutant for PGRP-
SC1/24; RelE20. Silenced (Rel™") or overexpressed (Rel'”¢) Relish in enterocytes
(using the myolA® driver). The horizontal axis indicates the mean number of CFUs
per midgut. Each dot corresponds to an independent biological replicate where
each replicate is the mean of five midguts. ¢ Representative confocal images
showing SA-11¥C spore germination in the anterior and posterior midgut of WT flies
(Canton S) and Rel”° mutant flies 6 h after acute feeding with spores. DAPI (blue)

marks the nuclei. Spores are in red, vegetative cells in green. The yellow fluores-
cence corresponds to germinating spores (see Fig. 2a). d-g RT-qPCR analyses of the
expression of AMPs (d and f) and amidases (e and g) in Rel *° (d and f) and PGRP-
LE'2 (e and g) mutant flies 4 h and 24 h after acute feeding with SA-11 spores. UC
corresponds to flies fed with water. The dots correspond to independent experi-
ments of 10 pooled female flies. RT-qPCR are represented as relative level of
expression normalized to RP49 and Dpl genes. Error bars represent SEM. Two-sided
Mann-Whitney test was used to analyze data in a and b. Two-sided Student’s ¢ tests
were used to analyze data in d-g. *p < 0.05, *p < 0.01, **p < 0.001, ns non-
significant (P values are provided in the source data file). Source data are provided
as a Source Data file.

bacteria or spores? What is the distribution and the fate of ingested
spores along the gastrointestinal tract? How does the intestinal innate
immune system detect and fight the infection? Here, we deciphered
the behavior and fate of Bc cells in the intestine of Drosophila mela-
nogaster and demonstrated that spores escape the innate immune
system to reach the posterior part of the midgut/small intestine, where
they can germinate and persist for days (Fig. 7e).

First of all, our findings confirm in vivo that after ingestion of
vegetative cells, the Bc load in the Drosophila intestine remains low and
that the bacteria are cleared in less than 24 h**>%, In Drosophila, it has
also been shown that the presence of vegetative cells in the anterior
midgut is rapidly detected, triggering the production of ROS and
visceral spasms, both cooperating to quickly evict the undesired
bacteria®. Therefore, the minimum infectious dose required to cause
intestinal disorders (at least 10° CFU?)) is likely difficult to reach upon
ingestion of vegetative cells. On the contrary, it has been suggested
that the capacity of spores to withstand extreme conditions would
allow them to overcome stomach acidity and bile salt attacks in the
duodenum, favoring germination in the posterior small intestine.
Consequently, the infectious dose could be more readily achievable, as
illustrated by the 10° spores/g of food that can be associated with
FBOs"™**. The spores of all Bc group strains we tested persisted up to
10 days post-ingestion. Consistent with our observations, studies have
shown that Bc can persist at least 18 days in the intestine of rats
transplanted with human-flora® and 30 days in mouse intestine*.
Moreover Bt could be detected in fecal samples in greenhouse workers
five days after cessation of bioinsecticide use”. Interestingly, we also
showed in vivo that spores accumulate and germinate (except for the
Bc Bactisubtil strain) in the posterior part of the Drosophila midgut.
Similarly, data suggest that spores derived from the probiotic B. sub-
tilis germinate in the jejunum and eventually in the ileum of mice®®*’.
Our data also highlight the very rapid germination of spores in the
posterior parts of the intestine (in less than 2 h). Indeed, while the
proximal regions of the Drosophila midgut is quite acidic and produce
digestive enzymes to break down food, the more distal parts of the
intestine harbor a more basic and anaerobic environment with nutrient
availability**%°", Interestingly, it has been shown, in vitro, that anae-
robic conditions slow down the growth rate of Bc but favor the pro-
duction of CytK, Nhe, and Hbl enterotoxins'®?*%*®, Hence, all the
conditions for spore germination and enterotoxin production are
encountered in the posterior Drosophila midgut, which accounts for
the occurrence of diarrheic symptoms when a critical bacterial load is
reached. However, contrary to what it has been observed for the B.
subtilis probiotic strain that can proliferate in the intestine with an
intestinal bacterial load either maintained or increasing over a short
period®**?, we never observed such an event with the different Bc/Bt
strains studied, even with the Bc Bactisubtil probiotic strain. Moreover,
in all our microscopic confocal observations, we did not detect
dividing bacteria. Hence, the capacity of probiotic strains to proliferate
could be one important feature allowing their establishment in the
intestine and the manifestation of their beneficial effects.

Importantly, our data also show that the local innate immune
response is ineffective in eliminating vegetative cells in the posterior

regions of the Drosophila midgut, which enables Bc/Bt persistence. Using
Drosophila genetic tools, we first show that spores are not detected in
the anterior midgut, unlike vegetative cells, which rapidly trigger
immune ROS production***. Strikingly, although spores germinate in the
posterior midgut, there is no release of immune ROS. Immune ROS are
normally produced in a DUOX-dependent manner in response to uracil
secretion by allochthonous bacteria®. Uracil is thought to serve as bac-
terial growth factor, promoting proliferation”. Hence, we can assume
that either Bc/Bt vegetative cells in the posterior midgut do not produce
uracil or the host receptor for uracil®® is absent from the posterior
midgut. Moreover, the germination of spores in the posterior midgut,
through the activation of the negative regulators, amidases, dampens
the production of AMPs. Interestingly, repression of AMP expression was
observed in lepidopteran larvae fed with commercial spores of Bt*® or
with spores of Bt HD73 strain’® suggesting a conserved mechanism, at
least in insects. Consequently, the combination of the absence of ROS
and the reduced levels of AMPs favor Bc/Bt persistence.

Why does spore germination in the posterior midgut induce only
genes encoding amidases and not those encoding AMPs? It has been
shown that the Imd pathway cytosolic receptor PGRP-LE is required in
the anterior midgut to activate AMP genes in response to pathogenic
bacteria and to upregulate the amidases PGRP-SC1 and -LB in the
posterior midgut in response to commensal bacteria. The transmem-
brane PGRP-LC receptor is also required in cooperation with PGRP-LE
in the anterior midgut to activate the expression of AMPs in response
to pathogenic bacteria, however, PGRP-LC is dispensable in the pos-
terior midgut>'***7"7_ Consistent with this observation, we found
that only PGRP-LE is involved in response to spore ingestion and local
germination in the posterior midgut. Therefore, in the posterior mid-
gut, the germination of spores allows the activation of the Imd path-
way in a PGRP-LE-dependent manner, leading to the induction of three
amidases (including PGRP-SC2) but not of AMPs. Noteworthy, many
convergent data suggest that only amidase genes are inducible in a
PGRP-LE-dependent manner in the posterior midgut while AMPs are
poorly inducible>'>*°, Hence the germination of spores of B¢/Bt in the
posterior compartment are perceived as if they were commensal
bacteria, inducing a tolerance response®’*” through the induction of
amidases that in turn dampen AMPs expression. Our spore ingestion
paradigm also reveals that when the Imd pathway is only mobilized in
the posterior midgut (spores are not detected in the anterior com-
partment) in a PGRP-LE-dependent manner, the only response elicited
is the induction of amidases, even if the ingested bacteria are non-
commensal ones. Consistently, the transcription repressor Caudal and
the negative Imd regulator Pirk have been shown to be involved in the
repression of AMP expression specifically in the posterior midgut™>7°,
Hence the midgut could be separated into two distinct immune
domains: the anterior midgut is competent to fight pathogenic bac-
teria ingested along with the food, and the posterior midgut is
immune-tolerant to sustain commensal flora. Bc/Bt spores have
developed a strategy to hijack this physiological state for their own
benefit, allowing them to escape the strong anterior immune response
that would otherwise kill the germinated cells. Consistent with this
model, it has been well demonstrated that the Drosophila posterior
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midgut is capable of increased cell turnover, when compared to the
anterior midgut, in order to overcome the damages caused by
pathogens®7”7-%, likely to compensate for a weaker innate immune
response.

Importantly, we cannot compare what we observe in this work
using spore feeding for 30 min with all the previous data published
using continuous feeding with more elevated doses of vegetative
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bacteria. In this latter case, most of the immune events occur in the
anterior midgut>®' while with spores that germinate in the posterior
midgut, almost nothing happens in the anterior midgut. Our spore
paradigm is similar to that of commensal vegetative bacteria, which do
not trigger an immune response in the anterior midgut, but induce
amidases in the posterior midgut to allow their tolerance by the
hOSt5'11'72’82.
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Fig. 6 | The Toll pathway is involved in Bt persistence. a SA-11 bacterial load in

midguts of Dif or Myd88 ¥*** homozygous loss of function mutant, or in midguts
silenced for Toll (Toll ®™*) in enterocytes (using the myoIA® driver) 0.5 or 120 h after
acute feeding with spores. The horizontal axis indicates the mean number of CFUs
per midgut. Each dot corresponds to an independent biological replicate where each
replicate is the mean of five midguts. b Representative confocal images showing SA-
11¥¢ spore germination in the anterior and posterior midgut of WT flies (Canton S)
and Dif' homozygous mutant flies 6 h after acute feeding with spores. DAPI (blue)

marks the nuclei. Spores are in red, vegetative cells in green. The yellow fluorescence

corresponds to germinating spores (Fig. 2a). c-f RT-qPCR analyses of the expression
of AMPs (c and e) and amidases (d and f) in Dif (c and d) or Myd88““>** (e and f)
homozygous mutant flies 4 and 24 h after acute feeding with SA-11 spores. Unchal-
lenged flies (UC) corresponds to flies fed with water. The dots correspond to inde-
pendent experiments of 10 pooled midguts. Error bars represent mean + SEM of at
least three independent experiments. Two-sided Mann-Whitney test was used to
analyze data in A. Two-sided Student’s ¢ tests were used to analyze data in c-f.
*p<0.05, *p <0.01, **p < 0.001, ns non-significant (P values are provided in the
source data file). Source data are provided as a Source Data file.

Unexpectedly, our work in Drosophila also revealed that Imd is
not the sole signaling pathway driving the innate immune response
in the posterior midgut. Indeed it has been well demonstrated that
Relish is absolutely required in the anterior midgut downstream of
the Imd pathway to mount an efficient immune response against
pathogens**%>#*, Interestingly, we observed that in the absence of
PGRP-LE and consequently in absence of amidases induction, the
AMPs were induced upon the germination of spores. This suggests
the existence of an alternative pathway that can trigger the induction
of AMPs in response to vegetative bacteria in the posterior midgut.
We show that in the posterior midgut, Dif intervenes to control DptA
and Defensin activation, probably in cooperation with Relish, since
the absence of one of the NF-kB factors is sufficient to shut down
their expression. In agreement, it has been shown that during the
systemic immune response, both NF-kB factors were able to form
hetero- and homodimers to differentially control AMP genes™*%,
Similarly, Relish and Dif likely cooperate to activate PGRP-SCI, since
its expression is reduced in either Dif or Rel loss-of-function mutants.
Interestingly, Relish and Dif appears to act redundantly to control
AttD expression since both have to be removed to observe its
downregulation. Finally, the induction of PGRP-LB appears to be only
under the control of Relish, and Dif and Relish exert opposite effects
on PGRP-SC2 expression. While Rel represses its expression, Dif is
required for its induction upon spore feeding. Interestingly, it has
been shown that the IkB factor Pickle can bind to Relish homodimers,
converting them into transcriptional repressors of AttD expression”.
Therefore, a combination of NF-kB homo- and hetero-dimers, plus
the presence of specific negative regulators, fine-tune the posterior
immune response, limiting the level of expression of AMPs to enable
commensal flora to become established, but also unfortunately
allowing some opportunistic bacteria to persist. Interestingly, a
role for Dif in shaping the intestinal commensal flora, downstream of
the Toll pathway, has recently been uncovered®. Along with our
results, this suggests that the Toll pathway is also active in the pos-
terior midgut to contribute to the immune response against
pathogens.

Together, our data shed light on the conserved behavior and
strategy of Bc/Bt spores to escape the innate immune response in the
proximal part of the intestine, allowing them to reach and germinate in
the distal region. Our work also provides useful tools for further
investigation to understand when and how enterotoxins are produced
and trigger diarrheic symptoms. Our work also highlights that the
persistence and load of B¢/Bt can be enhanced and could potentially
lead to more severe symptoms in immunocompromised individuals.

Methods

Bacterial strains

The two bioinsecticide strains (SA-11 and ABTS-351) were used as
commercial formulations. In parallel, the strain ABTS-351 was also used
after bacterial isolation and “home-made” spore production as
described below. The Btk (#4D22) and Bc Bactisubtil (#6A8, also
written Bactisubtyl) strains were collected from the Bacillus Genetics
Stock Center (www.bgsc.org)**. The Bc (#ATCC 14579) was provided
by ANSES Maisons-Alfort. B. toyonensis strain were selected in this
work. Erwinia carotovora carotovora 15 (Ecc 15) was kindly provided by

Bruno Lemaitre®. Bacterial strains were grown in LB medium at 30 °C
for 16 h.

Construction of SA-114“”

The mutant SA-11°“> was obtained from the WT strain SA-11, by a
procedure of plasmid curing, as follows. After isolation on TSA-YE agar
(Biomérieux, 18 h culture at 30 °C), the strain SA-11 was sub-cultured
successively 3 times in 10 ml of brain-heart Infusion (BHI, Oxoid) broth
at 42 °C with agitation, for 64, 48 and 36 h respectively. The first BHI
culture was inoculated from an isolated colony, and the subsequent
cultures were inoculated with 100 ul of the previous ones. Clones from
the last culture were isolated on TSA-YE agar after serial dilution, then
subcultured on the sporulating medium hydrolysate of casein tryp-
tone (HCT) +0.3% Glc, to select clones unable to produce crystals
visible by phase contrast microscopy. The absence of plasmids carry-
ing the cry genes was checked by sequencing. Briefly, the genomic DNA
of SA-11“” and SA-11 WT were extracted using the KingFisher cell and
Tissue DNA kit (ThermoFisher) and sequenced with Illumina technol-
ogy at the Institut du Cerveau et de la Moelle Epiniére (ICM) platform,
as previously described”, (NCBI accession number: SAMN23436137
and SAMN23455549, respectively). The absence of cry genes in SA-
11““” has been confirmed from raw reads, using KMA’'. Consistently, a
plasmid reconstruction made with Mob-Suite’” suggested the loss of 4
plasmids in SA-11“” compared with SA-11 WT.

BtkACYCFP SA-11°FF, SA-112¢YCFP BcCFP) Be Bactisubtil®™, and B.
toyonensis®? strains

The GFP coding sequence was inserted into the pHT3I5 plasmid
(bearing the erythromycin-resistant gene)®* (gift from Didier Lereclus).
The pHT315-GFP recombinant plasmid was transfected and amplified
into competent dam/dcm’ E. Coli (NEB#C2529H) which allowed it to be
demethylated. pHT315-GFP was then extracted and purified using
either the Pureyield plasmid miniprep kit (Promega #A1223) or the
QIAGEN® Plasmid Mini Kit (QIAGEN). For the extraction using the
QIAGEN® Plasmid mini Kit, the DNA solution was concentrated by
isopropanol precipitation following the manufacturer’s recommen-
dations and resuspended in PCR-grade water. The DNA concentrations
were measured using the NanoDropl0O00O spectrophotometer
(Thermo Fisher Scientific).

The different strains from the Bc group were transfected with the
PpHT315-GFP plasmid as follows. Strains were plated on TSA-YE agar at
room temperature for 48 h, then subcultured in 10 ml of BHI for 18 h at
30°C, after inoculation from isolated colonies. The cultures were
diluted 1/100 in 100 ml BHI and incubated at 37 °C under agitation until
an OD600,,,, of about 0.3 was reached. Bacteria were washed in 10 ml
of cold electroporation buffer (400 mM sucrose, 1mM MgCI2,
phosphate-buffered saline 1X, pH 6.8) and then resuspended in 850 pl
of cold electroporation buffer. A hundred pl of each suspension was
incubated with 250 ng of plasmid DNA in ice for 5 min, then submitted
to electroporation using the MicroPulser Electroporator (Biorad, pro-
gram Sta), and 2 mm electroporation cuvettes. After the addition of
0.9 ml of BHI, bacteria were incubated for 2 h at 37 °C and isolated on
TSA-YE agar supplemented with 10 pg/ml of erythromycin. The selec-
ted clones were checked for the expression of GFP using fluorescence
microscopy.
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Spore production

Spores were produced as described in details in ref. 94. To summarize,
strains were plated on LB-agar plates and grown overnight at 30 °C.
Bacteria were grown at 30 °C in HCT-agar medium (pH 7.2) containing
per 1L: 5g tryptone (Oxoid), 2 g casein hydrolysate (Oxoid), 15 g agar,
3 g glucose, and salts as previously reported in a sporulation-specific
medium. After 10 days of incubation, spores were washed with 0.15%
NaCl and heat-treated for 20 min at 70 °C. Then cells were centrifuged
at 10,000xg, 8 °C for 20 min. Spores were washed with sterile deionized
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water and centrifuged at 10,000xg, 8 °C for 20 min. The supernatant
was discarded, and the washing was repeated once. The last pellets were
taken up in 10 ml and lyophilized (freeze-drying equipment model:
RP2V). The numbers of spores produced were determined by estimat-
ing the CFUs on LB plates after serial dilution of lyophilized spores.

NHS-ester-547 spore labeling (spore¥©)
Btk A /SA-1197 /SA- 114V /Bc/B.  toyonensis®"/Bc  Bactisubtil®”
spores (with known titer) were resuspended in 500 ul of sterile water
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Fig. 7 | Dif and Relish are synergistically involved in Bt persistence. a SA-11
bacterial load in midguts of Dif;Rel””* homozygous mutants 0.5 or 120 h after acute
feeding with spores. The horizontal axis indicates the mean number of CFUs per
midgut. Each dot corresponds to an independent biological replicate where each
replicate is the mean of five midguts. b Representative confocal images showing SA-
11%¥¢ spore germination in the anterior and posterior midgut of WT flies (Canton S)
and Dif:Rel"”® homozygous mutant flies 6 h after acute feeding with spores. DAPI
(blue) marks the nuclei. Spores are in red, vegetative cells in green. The yellow
fluorescence corresponds to germinating spores. ¢, d RT-qPCR analyses of the
expression of AMPs (c) and amidases (d) in Dif;Rel"® homozygous mutant flies 4
and 24 h after acute feeding with SA-11 spores. UC corresponds to flies fed with
water. The dots correspond to independent experiments of 10 pooled female flies.
Data represent mean = SEM. Two-sided Mann-Whitney test was used to analyze
data in a. Two-sided Student’s ¢ tests were used to analyze dataincand d. *p < 0.05,
**p < 0.01, **p < 0.001, ns = non-significant (P values are provided in the source data

file). Source data are provided as a Source Data file. e Bacterial persistence upon
ingestion of spores. Upper part: ingestion of vegetative cells triggers the release of
ROS in the lumen by the Duox enzyme located in anterior enterocytes. In addition
to their bacteriostatic activity, ROS induce visceral spasms that accelerate bacterial
clearance. Then, the binding of PGNs to the PGRP-LC transmembrane receptor
activates the IMD pathway, leading to the release of AMPs which in turn kill the
remaining bacteria. Lower part: ingested spores are not perceived by the anterior
midgut. Spores reach the posterior midgut where they encounter favorable con-
ditions for their germination. The release of PGNs by the germinating bacteria
stimulates the cytoplasmic PGRP-LE receptor directly and the Toll receptor indir-
ectly. The activated IMD and Toll pathways converge on the NF-kB factors Relish
and Dif, which activate the genes encoding amidases. The secreted amidases, by
digesting PGNs, exert a negative feedback on AMPs production in the posterior
midgut, favoring bacterial persistence.

and incubated 20 min at 70 °C (to remove any residual germinating or
vegetative GFP cells). 10ul of 1mM NHS-ester-547 (Interchim
#1H0880) were added and the sample was incubated for 1h with
gentle shaking at 4 °C. After centrifugation at 10,000%g, at 4 °C for
10 min, the supernatant was removed and the pellet of spores was
washed with 1 ml of cold sterile water. This operation is performed
twice. The final pellet was resuspended in the required volume of cold
sterile water to get the desired concentration spores/100 pl.

Time-lapse fluorescence of SA-117C spore germination

SA-11* spores were placed on 1.5% agarose pads on a microscopy slide
and covered with a cover glass. The use of agarose pad allowed for
stabilizing spores to be achieved in the microscopy samples.
The agarose pads were incubated at 37 °C for 60 min to accelerate
spore germination process. The time lapse images were taken
once every 5 min for 90 min to avoid bleaching. Images were acquired
using the Zeiss LSM 880 microscope equipped with the AiryScan
detector.

Drosophila rearing and stocks

Flies were reared on our standard laboratory medium® in 12h/12h
light/dark cycle-controlled incubators. We used the following stocks:
WT Canton S (Bloomington #64349); w' (Bloomington #3605); w'™®
isogenic (gift from Bruno Lemaitre); Rel” (Bloomington #55714); w;
PGRP-LC* (Bloomington #55713); yw,; PGRP-LE'™® (Bloomington
#33055); w; PGRP-SC* (Bloomington #55724); w; PGRP-LB* (Bloo-
mington #55715; gift from B. Charroux); Dredd "¢ (gift from B.
Charroux); imd "4 (gift from B. Charroux); w; Dif’ (Bloomington
#36559); Myd88 > (Bloomington #14091); AAMPI14 (gift from B.
Lemaitre)’’; w; AttD-Gal4 UAS-cherry (gift from Leopold Kurz)®®; w;
DptA-cherry (gift from Leopold Kurz, Bloomington #55706); UAS-
DUOX ™' (Bloomington #38907); UAS-REL®™™' (Bloomington #33661);
UAS-PGRP-LB®™' (Bloomington #67236); UAS-PGRP-SC2*™' (Bloo-
mington #56915); UAS-Toll"™™ (Bloomington #35628); UAS-RelHA-VP16
(Bloomington #36547); UAS-PGRP-SC2*/CyO (gift from Heinrich
Jasper)®; w; myolA-Gal4; tubGal80ts UAS-GFP/TM6b (gift from Nicolas
Tapon)”. The w; Dif’: Rel ©° homozygous viable double mutant was
obtained using classic mendelian genetic crosses. Axenic Canton S flies
were obtained as described in ref. 95. It should be noted that we did
not isogenized flies because we wanted to understand whether the
persistence we observed was a general mechanism occurring inde-
pendently of the genetic background, which is indeed the case.

Drosophila oral intoxication

Five-six-days old virgin females Drosophila were reared at 25 °C. For
conditional expression of UAS-GAL80“linked transgenes, flies were
developed at room temperature, then shifted to 29 °C for 7 days to
induce transgene expression. Before intoxication, Drosophila females
were put into a new vial without medium for starvation for 2 h at 25°C

or at 29 °C for UAS-GAL8O" flies. This allows the synchronization of
food intake once in contact with the contaminated medium. Ten
females were transferred into a Drosophila narrow vial containing fly
medium covered with a filter disk where the spore solution was
deposited. The inoculum used for continuous and acute intoxication
were respectively 10 CFU/5 cm*/fly and 10® CFU/5 cm?/fly respectively.
For the acute intoxication, Drosophila were fed for 30 min with the
spore inoculum, then transferred to a new sterile vial until dissection.
For the continuous intoxication, Drosophila were let in contact with
the spore inoculum until the dissection time. For control conditions,
Drosophila females were fed with sterile deionized water in the same
conditions.

Bacterial load quantification (CFU) in Drosophila midgut

Flies were washed first in ethanol 70% and then in PBS1X before guts
dissection in PBSIX. Five whole midguts or 5 split parts (anterior and
posterior regions) were crushed in 200 pL of LB at various times post-
ingestion using a micro pestle and the homogenate was serially diluted
in LB and incubated overnight at 30 °C on LB agar plates. Colony
counting was performed the day after. Importantly the time point
30 min correspond to the end of the acute feeding and serve as food
intake control. In dot graphs, each dot corresponds to 5 intestines.
Each experiment (5 midguts/time point) was carried out at least in
three independent replicates.

Bacterial load quantification (CFU) on the filter disk

The filter disk was washed and vortexed in 1ml of sterile
water. The homogenate was serially diluted in sterile water and
incubated overnight at 30 °C on LB agar plates. Colony counting was
performed the day after. Three independent replicates were
performed.

Bacterial load quantification (CFU) in feces

After 2 h of starvation followed by 30 min of feeding with the spore
inoculum, 10 flies were placed in a new vial containing 5 mL of sterile
food and surrounded by filter paper. Then, flies were removed, the
filter paper was washed and vortexed in 5ml of sterile water. The
homogenate was serially diluted in sterile water and incubated over-
night at 30 °C on LB agar plates. The colony counting was performed
the following day. All experiments were conducted at 25°C. Three
independent replicates were performed.

Bacterial load quantification (CFU) on fly body

After acute intoxication, 10 flies were transferred in a new sterile vial.
Then 4, 24 or 48h later, flies were removed from their vial and
washed first 20 s in ethanol 70% and then 10 min in PBS1X. After, flies
were immersed in 100 ul of LB and the LB further plated on LB agar
plates over night at 30°C. Three independent replicates were
performed.730
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Heat treatment
The intestinal samples or the filter disk samples were heated
at 75°C for 25min to kill the germinating spores and the
vegetative cells. Afterward, the spores were enumerated as
described above.

In vivo monitoring of spore germination

Flies were fed with Btk SA-11¥°. Guts were dissected and fixed with 4%
formaldehyde in PBS1X for 20 min and immediately mounted in
Fluoroshield-DAPI medium. Images acquisition was performed at the
microscopy platform of the Institut Sophia Agrobiotech (INRAE 1355-
UCA-CNRS 7254-Sophia Antipolis) with the macroscope Zeiss Axio-
Zoom V16 with an Apotome 2 and a Zeiss LSM 880 microscope
equipped with the AiryScan detector. Images were analyzed using ZEN
and Photoshop software and Image).

RNA extraction and Real-time qPCR for Drosophila guts

At least three biological replicates were independently generated
for each condition. Total RNA was extracted from 10 Drosophila
midguts using Microelute Total RNA kit (Omega Bio Tek) and dissolved
in 20ul of RNase-free water. The quantity and quality of RNA
were assessed using a Thermo Scientific™ NanoDrop 2000. 550 ng
of extracted RNA was reverse transcribed to cDNA using Qscript™.
Real-time PCR was performed on AriaMX Real-Time (Agilent) in a
final volume of 20 pl, using the EvaGreen kit. Three technical replicates
were done for each experiment. Relative expression data were
normalized to RP49 and Dpl genes and calculated according to
the delta-delta C, method'®. All the results were analyzed with geNorm
software. In brief, this software allows normalization of each
gene expression level against a geometrical mean of the two reference
genes, as well as the integration of the technical replicates and
amplification efficiencies and associated errors (primer sequences are
listed in Table S1).

HOCI staining with R19S
The protocol is described in ref. 38.

Quantification and statistical analysis

Statistical analyses were performed using GraphPad Prism v.7.00 or
Microsoft Excel software (Anastats spreadsheet for Mann-Whitney’s
test, http://www.anastats.fr/). Data are presented as mean and SEM.
For all comparisons throughout our study, we performed two-sided
unpaired Non-parametric Mann-Whitney’s test or Student’s t-tests, as
specified on each figure legends. *p < 0.05, *p < 0.01, **p < 0.001, ns =
non-significant. For the t-tests (RT-qPCR), the exact P values are pro-
vided in the source data file. Diagrams and figures were produced
using PowerPoint.

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

Data availability

All source data needed to evaluate the conclusions are present in the
paper as a Source Data file. Source data are provided with this paper.
SAMN23436137 and SAMN23455549 sequences have been deposited
at the NCBI and are freely accessible. Source data are provided with
this paper.
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