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Summary 19 

Commensal microbes colonize the gut epithelia of virtually all animals and provide several 20 
benefits to their hosts. Changes in commensal populations can lead to dysbiosis, which is 21 
associated with numerous pathologies and decreased lifespan. Peptidoglycan recognition proteins 22 
(PGRP) are important regulators of the commensal microbiota and intestinal homeostasis. Here, 23 
we found that a null mutation in Drosophila PGRP-SD was associated with overgrowth of 24 
Lactobacillus plantarum in the fly gut and a shortened lifespan. L. plantarum-derived lactic acid 25 
triggered the activation of the intestinal NADPH oxidase Nox and the generation of reactive 26 
oxygen species (ROS). In turn, ROS production promoted intestinal damage, increased 27 
proliferation of intestinal stem cells and dysplasia. Nox-mediated ROS production required lactate 28 
oxidation by the host intestinal lactate dehydrogenase, revealing a host-commensal metabolic 29 
crosstalk that is likely broadly conserved. Our findings outline a mechanism whereby host immune 30 
dysfunction leads to commensal dysbiosis that in turn promotes age-related pathologies. 31 
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Introduction 40 

The epithelial surfaces of most metazoan organisms are inhabited by complex microbial 41 
communities (Hooper and Gordon, 2001). The composition of these microbial communities is 42 
determined by an intricate interplay of genetic and environmental factors (Ley et al., 2006). 43 
Changes in healthy microbiota composition, referred to as commensal dysbiosis, have been 44 
associated with pathologies like inflammatory bowel disease, obesity, diabetes, neurological 45 
disorders, chronic inflammation and cancer (Clemente et al., 2012; Garrett et al., 2010). However, 46 
the vast diversity of mammalian microbiota and genetic complexity of the immune system are 47 
major obstacles to clearly establishing mechanistic links between host immune genotype, 48 
microbiota structure and disease phenotype. 49 

Because of the simplicity of its microbiota and physiological similarity with the mammalian 50 
intestine, the Drosophila gut is a model of choice to study human intestinal pathophysiology 51 
(Apidianakis and Rahme, 2011; Liu et al., 2017). Studies using this model have provided insights 52 
into innate immunity signaling, host-commensal interactions, and epithelial homeostasis during 53 
aging (Bae et al., 2010; Biteau et al., 2011; Broderick et al., 2014; Buchon et al., 2009a, 2009b, 54 
2013; Capo et al., 2016; Lemaitre and Hoffmann, 2007; Martino et al., 2017). Drosophila harbors 55 
a microbiota composed of 5 to 30 bacterial species, dominated by the genera Acetobacter and 56 
Lactobacillus (Broderick and Lemaitre, 2012; Wong et al., 2013, 2011). Although many 57 
Drosophila commensals inhabit the gut transiently and are constantly replenished from food, they 58 
affect various aspects of host physiology ranging from the promotion of larval growth to the 59 
defense against pathogens (Blum et al., 2013; Broderick et al., 2014; Martino et al., 2017; Pais et 60 
al., 2018; Sannino et al., 2018; Sharon et al., 2010; Storelli et al., 2011, 2018). As in humans, 61 
dysbiosis in flies is associated with disruption of gut homeostasis, inflammation and reduced 62 
lifespan, highlighting the importance of maintaining healthy microbiota composition and 63 
abundance (Clark et al., 2015; Guo et al., 2014; Li et al., 2016; Ryu et al., 2008; Sekihara et al., 64 
2016).  65 

Several host mechanisms restrict growth of both symbiotic and pathogenic bacteria in the 66 
Drosophila gut. Acid secretion by V-ATPases of the copper cell region in the middle midgut has 67 
been shown to eliminate most intestinal bacteria (Li et al., 2016; Overend et al., 2016; Storelli et 68 
al., 2018), while a chitinous barrier, the peritrophic matrix, shields epithelial cells from invading 69 
bacteria (Kuraishi et al., 2011). Moreover, two inducible host defense mechanisms control both 70 
pathogens and microbiota in the gut: antimicrobial peptides (AMPs) and reactive oxygen species 71 
(ROS) (Buchon et al., 2009a; Ha et al., 2005; Ryu et al., 2006; Tzou et al., 2000). Two ROS 72 
producing enzymes, the NADPH oxidases Duox and Nox, have been implicated in the control of 73 
intestinal microbes in Drosophila. The dual oxidase Duox (Ha et al., 2005) produces microbicidal 74 
ROS in response to uracil released by pathogenic bacteria (Lee et al., 2013). Nox produces ROS 75 
in response to commensal bacteria, such as L. plantarum, but how Nox is activated is not yet 76 
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known (Jones et al., 2013). ROS not only eliminate ingested pathogens but also damage 77 
enterocytes, thereby promoting the compensatory proliferation of intestinal stem cells (Buchon et 78 
al., 2009b; Hochmuth et al., 2011). 79 

In addition to triggering ROS, ingested bacteria activate the expression of several antimicrobial 80 
peptide genes in specific domains along the digestive tract (Buchon et al., 2009a; Tzou et al., 2000; 81 
Zhai et al., 2018). This response is initiated when DAP-type peptidoglycan from Gram-negative 82 
bacteria is sensed by the transmembrane recognition receptor PGRP-LC in the ectodermal parts of 83 
the gut or by the intracellular receptor PGRP-LE in the midgut (Bosco-Drayon et al., 2012; Buchon 84 
et al., 2009a; Kaneko et al., 2004; Kleino and Silverman, 2014; Neyen et al., 2012). PGRP-LC and 85 
PGRP-LE then recruit the adaptor IMD to finally activate the NF-kB-like transcription factor 86 
Relish (Kleino et al., 2017). The gut antibacterial response is kept in check by several negative 87 
regulators of the IMD pathway, notably by enzymatic PGRPs such as PGRP-LB and PGRP-SC 88 
that scavenge peptidoglycan. Flies lacking these negative regulators show excessive, deleterious 89 
local and systemic immune activation (Aggarwal et al., 2008; Charroux et al., 2018; Kleino et al., 90 
2008; Lhocine et al., 2008; Paredes et al., 2011; Zaidman-Rémy et al., 2006).  91 

The IMD pathway also shapes the commensal community structure in the intestine. For example, 92 
PGRP-LC and relish flies with defects in the IMD pathway are short-lived and exhibit increased 93 
bacterial loads in their guts upon aging (Buchon et al., 2009b). Chronic over-activation of the IMD 94 
pathway is also associated with microbiota dysbiosis, characterized by the expansion of 95 
antimicrobial peptide-resistant pathobionts (Ryu et al., 2008). However, the mechanism whereby 96 
immune dysfunction causes commensal dysbiosis and leads to age-related pathologies and lifespan 97 
reduction is not fully understood. 98 

We previously identified Drosophila PGRP-SD as a secreted pattern recognition receptor which 99 
functions upstream of PGRP-LC to enhance IMD pathway activation during systemic infection 100 
(Iatsenko et al., 2016; Monahan et al., 2016). In contrast to canonical mutants of the IMD pathway, 101 
a null mutation in PGRP-SD reduces but does not abolish the immune response, providing a 102 
sensitive tool to study the IMD pathway. In this study, we used the sensitized PGRP-SD 103 
background to investigate the role of IMD pathway in the control of intestinal homeostasis during 104 
infection and aging. Specifically, we asked whether PGRP-SD was required to maintain a stable 105 
commensal composition, and whether loss of PGRP-SD would lead to intestinal dysbiosis and 106 
dysplasia. 107 

 108 

Results 109 

PGRP-SD is induced by oral infection in an IMD-dependent manner 110 

To study the role of PGRP-SD in the gut immune response, we monitored its expression profile in 111 
the gut by RT-qPCR after Erwinia carotovora (Ecc15) and Pseudomonas entomophila (Pe) oral 112 
infections (Basset et al., 2000; Vodovar et al., 2005). PGRP-SD was induced at 6h and 24h post 113 
infection in wild-type but not in Relish or PGRP-LE mutant guts (Figure 1A, Figure S1A), 114 
indicating that PGRP-SD expression in the gut is under IMD pathway control. To visualize the 115 
expression pattern of PGRP-SD in the gut, we generated a PGRP-SD-GAL4 line in which the 116 
GAL4 gene is under the control of 177 bp of PGRP-SD upstream sequence (Figure 1B). The cloned 117 
region contains two canonical conserved Relish-binding sites (Figure 1B), consistent with the fact 118 
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that PGRP-SD expression is under control of Relish (Buchon et al., 2009a). PGRP-SD-119 
GAL4;UAS-mCD8::GFP expression was not detected in uninfected flies. However, Ecc15 120 
infection induced GFP expression in the proventriculus, the copper cell region, and in small cells 121 
scattered over the entire gut (Figure 1C, Figure S1B). These cells were negative for the 122 
enteroendocrine cell marker Prospero, indicating that they are not enteroendocrine cells but rather 123 
progenitor cells (Figure S1B’). Most of them were positive for the intestinal stem cells marker 124 
Delta, suggesting that largely these cells represent intestinal stem cells (Figure S1B”). This 125 
expression pattern corresponds to regions already reported to be IMD pathway responsive (Fink 126 
et al., 2016). Thus, PGRP-SD is a bona-fide IMD pathway gene that responds to bacterial stimulus 127 
in the gut.  128 

PGRP-SD is required in the gut for IMD pathway activation and defense against oral 129 
infections 130 

To further analyze the role of PGRP-SD in the intestinal immune response, we used PGRP-SDsk1 131 
mutants that we previously generated using CRISPR-Cas9 method. The PGRP-SDsk1 allele has a 132 
small deletion, which induces a frameshift causing a premature stop codon and leading to a peptide 133 
of 50 residues lacking the PGRP domain (Iatsenko et al., 2016). We measured the expression of 134 
Diptericin (Dpt), a readout of the IMD pathway, by RT-qPCR in the guts of PGRP-SDsk1 mutants 135 
after Ecc15 and Pe oral infections. Dpt was significantly lower in the mutant compared to wild-136 
type flies 6h and 24h post-infection (Figure 1D, Figure S1C). In line with these results, PGRP-137 
SDsk1 mutants carrying a Dpt-lacZ reporter showed weaker gut X-gal staining after Ecc15 oral 138 
infection compared to wild-type flies (Figure S1D-E). RNAi-mediated silencing of PGRP-SD 139 
using specific GAL4 drivers in PGRP-SD-positive cells (pPGRP-SD-GAL4), in midgut 140 
enterocytes (Myo1A-GAL4), in copper cells (Labial-GAL4), and in stem cells (esg-GAL4) 141 
mimicked the PGRP-SDsk1 mutant phenotype upon Ecc15 oral infection (Figure 1E). Ubiquitous 142 
(Act-GAL4), gut-specific (Myo1A-GAL4), and PGRP-SD-cell specific overexpression of PGRP-143 
SD was sufficient to restore the expression of Dpt in the mutant after Ecc15 infection (Figure 1F). 144 
Consistent with reduced IMD pathway activation, PGRP-SDsk1 homozygous and 145 
transheterozygous mutants (Figure 1G), and PGRP-SD RNAi flies (Figure S1F) showed increased 146 
sensitivity to Pe oral infection. Altogether, our data show that PGRP-SD plays a role in the gut by 147 
promoting IMD pathway activation, akin to its role in the systemic immune response. 148 

PGRP-SD is necessary for microbiota-induced expression of negative regulators in the gut  149 

Considering that a null mutation in PGRP-SD reduces but does not completely block the immune 150 
response, the PGRP-SDsk1 mutant provides a sensitive tool to probe the role of the IMD pathway 151 
in the control of microbiota. We found higher PGRP-SD expression in the guts of conventionally 152 
raised flies (with their endogenous microbiota) compared to their axenic counterparts (Figure 1H). 153 
Similarly, intestinal PGRP-SD expression increased when axenic wild-type flies were fed L. 154 
plantarum (LpWJL), a representative member of the microbiota. This induction was completely 155 
blocked in PGRP-LE but not in PGRP-LC mutants, indicating that PGRP-SD is induced by the 156 
microbiota in a PGRP-LE-dependent manner in the midgut (Figure 1I). We next investigated 157 
whether PGRP-SD modulates IMD pathway activity to commensal bacteria. To achieve this in a 158 
controlled way, axenic flies were recolonized with a defined quantity of LpWJL (see methods) and 159 
tested for IMD pathway activation 6h after. Contrasting with Ecc15 infection, oral ingestion of the 160 
symbiotic bacterium LpWJL induced a low level of Dpt expression (Figure 1J) but a high level of 161 
PGRP-SD-dependent expression of PGRP-LB, PGRP-SC1, and pirk that encode negative 162 
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regulators (Figure 1K, Figure S1G-H). The fact that a commensal bacterium strongly induces 163 
expression of negative regulators likely contributes to the immune tolerance to colonizing bacteria.  164 

Previous studies have shown that PGRP-LB mutant flies have higher systemic immune activation 165 
upon oral infection due to the transfer of uncleaved PGN from the gut lumen to the hemolymph 166 
(Zaidman-Rémy et al., 2006). Given that PGRP-SD is required in the gut for the expression of 167 
negative regulators of the IMD pathway, PGRP-SDsk1 mutants might also show a higher systemic 168 
immune activation upon oral infection. We were indeed able to detect a much stronger systemic 169 
Dpt expression in PGRP-SDsk1 mutant flies compared to wild-type at 24h and 48h post Ecc15 oral 170 
infection (Figure S1J). Importantly, overexpression of PGRP-SD or PGRP-LB in enterocytes was 171 
sufficient to restore systemic Dpt expression to wild-type levels in Ecc15-infected PGRP-SD 172 
mutants (Figure S1J). These results indicate that PGRP-SD, by controlling the expression of 173 
negative regulators of the IMD pathway in the gut, also contributes to immune tolerance to 174 
commensal bacteria. 175 

PGRP-SDsk1 mutants show reduced lifespan and age-related dysplasia 176 

Alterations of the IMD pathway have been associated with reduced lifespan (Capo et al., 2016; 177 
Liu et al., 2017). This together with the fact that PGRP-SD expression increases with age (Figure 178 
S2A, Guo et al., 2014) prompted us to assess the lifespan of PGRP-SDsk1 mutants. Conventionally 179 
reared PGRP-SDsk1 flies live significantly shorter compared to wild-type flies (Figure 2A). 180 
Eliminating the microbiota by putting flies on antibiotics-supplemented food strongly increases 181 
the lifespan of PGRP-SDsk1 mutants, indicating that the microbiota contributes to the premature 182 
death of the mutant. One of the aging hallmarks in flies is intestinal stem cell (ISCs) over-183 
proliferation and mis-differentiation leading to dysplasia (Biteau et al., 2010, 2011; Choi et al., 184 
2008; Guo et al., 2014; Li et al., 2016). Use of an intestinal progenitor marker (esg-GAL4, UAS-185 
GFP) confirmed that young wild-type flies (3d old) had a low level of epithelium renewal, which 186 
strongly increased in 21d old flies (Figure 2B). ISCs proliferation in 21d old PGRP-SDsk1 mutant 187 
was much higher compared to wild-type flies. This phenotype was dependent on the microbiota 188 
since under axenic conditions ISCs overproliferation in the mutant was rescued (Figure 2B). 189 
Consistent with this, immunostainings with an antibody against Phospho-Histone 3 (PH3), a 190 
specific marker for mitotic cells, revealed more PH3 positive cells in 21d old conventional but not 191 
axenic PGRP-SDsk1 mutant flies compared to wild type (Figure 2C). These results indicate that 192 
PGRP-SDsk1 mutants are short-lived likely due to microbiota-driven dysplasia.  193 

To confirm that the observed lifespan and dysplasia phenotypes are indeed due to the mutation in 194 
PGRP-SD, we performed a rescue experiment, where we overexpressed PGRP-SD with the 195 
pPGRP-SD-GAL4 driver. This was sufficient to partially rescue the lifespan and PH3 counts in 196 
PGRP-SDsk1 mutants (Figure S2B-C). 197 

Previous studies have shown that the JAK-STAT pathway regulates the level of epithelial renewal 198 
by stimulating ISCs proliferation (Buchon et al., 2009b; Jiang et al., 2009). We observed that JAK-199 
STAT pathway ligands of the Unpaired family (Upds) were expressed at higher levels in 21d old 200 
PGRP-SDsk1 mutant guts compared to wild-type guts (Figure 2D, S2D). We obtained similar 201 
results using a reporter line of JAK-STAT pathway activation (10×Stat-GFP) (Figure S2E). In 202 
contrast, both wild-type and PGRP-SDsk1 mutant flies had low mitotic counts and reduced JAK-203 
STAT pathway activity under axenic conditions (Figure 2D, S2D). In line with this, blocking the 204 
JAK-STAT pathway by gut-specific RNAi-mediated silencing of upd2 elongated lifespan (Figure 205 
2E) and prevented ISC over-proliferation in the PGRP-SDsk1 mutant (not shown). Thus, the IMD 206 
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pathway regulator PGRP-SD contributes to intestinal homeostasis by preventing microbiota-207 
driven intestinal dysplasia. 208 

Overgrowth of Lp shortens lifespan of PGRP-SDsk1 mutants 209 

Considering that commensal dysbiosis is frequently associated with age-related host mortality 210 
(Buchon et al., 2009b; Guo et al., 2014), we assessed diversity and abundance of microbiota in 211 
wild-type and PGRP-SDsk1 mutant flies. To do this, we generated 16S rRNA clone libraries from 212 
DNA extracted from whole 21 day old wild-type and PGRP-SDsk1 mutant flies. As shown in 213 
Figures 3A and S3A, the vast majority (>95%) of microbes matched Lp irrespective of the host 214 
genetic background and fly age. Rare clones were identified as Acetobacter pomorum, A. 215 
pasteurianus, Enterococcus sp., Gluconobacter sp., L. brevis, which are frequently found in the 216 
Drosophila gut (Wong et al., 2013). With this approach, we found that both wild type and PGRP-217 
SD mutant flies are predominantly colonized with L. plantarum, suggesting that their differences 218 
in the lifespan are unlikely due to changes in microbiota composition. Therefore, next we checked 219 
the abundance of the microbiota in wild type and mutant flies by plating whole fly homogenates 220 
on MRS agar plates. We consistently recovered nearly 10 times more bacteria from PGRP-SDsk1 221 
mutants compared to wild-type flies (Figure 3B). Using qPCR with bacteria-specific primers, we 222 
confirmed that PGRP-SDsk1 mutants harbor more Lp than wild-type flies, while Acetobacter in the 223 
same samples was barely detected (Figure 3C, S3B). Therefore, we reasoned that differences in 224 
the lifespan between PGRP-SDsk1 and wild-type flies were unlikely due to changes in microbiota 225 
composition but rather due to overgrowth of Lp. To test this hypothesis, we colonized axenic wild-226 
type and PGRP-SDsk1 mutant flies with a Lp strain (LpSD) isolated from the PGRP-SDsk1 mutant. 227 
These LpSD-mono-associated 21d old PGRP-SDsk1 mutant flies showed higher expression of the 228 
JAK-STAT pathway ligand upd3 compared to wild-type flies, which is indicative of stronger JAK-229 
STAT pathway activation (Figure 3D). Similarly, we detected significantly more PH3 positive 230 
cells in the guts of PGRP-SDsk1 mutant flies colonized with LpSD, which is a sign of increased ISC 231 
proliferation and dysplasia (Figure 3E). Also, the lifespan of PGRP-SDsk1 mutant flies colonized 232 
with LpSD was substantially reduced compared to wild-type flies (Figure 3F). Thus, the 233 
colonization of axenic flies with Lp fully recapitulates phenotypes of conventional flies, indicating 234 
that the overgrowth of this microbe is the major cause of reduced lifespan in the PGRP-SDsk1 235 
mutant. Finally, we found that the lifespan of PGRP-SDsk1 mutant flies colonized with a wild type 236 
microbiota is similarly reduced as in PGRP-SDsk1 mutant flies colonized with their native 237 
microbiota. Also, the lifespan of wild-type flies was not affected by PGRP-SDsk1 microbiota. These 238 
microbiota transplantation experiments (Figure 3G) further proved that lifespan differences 239 
unlikely stem from changes in microbiota composition but rather from overproliferation of Lp in 240 
PGRP-SDsk1 mutant flies. We next investigated if other microbiota member could induce similar 241 
phenotypes as Lp in PGRP-SDsk1 mutants. Colonization of axenic flies with A. pomorum (Ap) also 242 
resulted in lifespan reduction and ISC proliferation (Figure S3C, S3D). However, this effect was 243 
not as dramatic as in case of Lp, and Ap affected both wild-type and PGRP-SDsk1 flies to the same 244 
degree. Also, there was not over-growth of Ap in PGRP-SDsk1 mutants (Figure S3E), indicating 245 
that not every microbiota member is excessively detrimental to PGRP-SDsk1 mutant.  246 

In addition, we observed that disruption of IMD pathway in another mutant, Relish, also results in 247 
overgrowth of Lp similar to PGRP-SDsk1 mutants. Also, Relish mutants have reduced lifespan and 248 
increased ISC proliferation (Figure S3F-H), suggesting that IMD pathway in general is a crucial 249 
regulator of intestinal homeostasis. 250 
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Induction of ROS by Nox but not Duox triggers dysplasia in PGRP-SDsk1 mutants 251 

In the Drosophila gut, oxidative stress has been shown to be both necessary and sufficient to trigger 252 
intestinal stem cell proliferation (Biteau et al., 2011; Hochmuth et al., 2011; Xu et al., 2017). This 253 
prompted us to explore the role of ROS in the age-related dysplasia of PGRP-SDsk1 flies. We 254 
detected a higher amount of ROS in 21d old PGRP-SDsk1 mutant compared to wild-type guts, using 255 
both Dihydroethidium (DHE) staining (Figure S4A) and fluorometric ROS detection (Figure 4A). 256 
The level of ROS was significantly (p≤0.05) lower in axenic flies with no difference between wild-257 
type and PGRP-SDsk1 mutant (Figure 4A, S4A). Re-association of axenic flies with LpSD was 258 
sufficient to induce ROS accumulation in fly guts (Figure 4B), suggesting that Lp specifically is 259 
responsible for ROS induction. 260 
When we fed flies with the antioxidant N-acetyl cysteine (NAC), it was sufficient to reduce the 261 
amount of ROS in PGRP-SDsk1 mutant guts to wild-type level (Figure S4B). Antioxidant food also 262 
decreased the level of ISC proliferation (PH3 counts) and JAK-STAT pathway activity as 263 
measured by upd3 expression in the mutant (Figure S4C, Figure 4C). Also, PGRP-SDsk1 mutants 264 
maintained on NAC-supplemented food lived longer compared to flies on standard food (Figure 265 
4D), suggesting that ROS contribute at least partially to the mutant’s early mortality.  266 

In Drosophila, Nox and Duox enzymes have been implicated before in ROS production in 267 
response to bacteria. Thus, we next investigated the source of ROS by RNAi-mediated silencing 268 
of Nox and Duox in flies mono-associated with LpSD. We observed that LpSD triggered ROS in 269 
control and Duox RNAi flies, but not in Nox RNAi flies (Figure 4E). In addition, Nox but not Duox 270 
RNAi significantly suppressed ROS generation in the PGRP-SDsk1 mutant (Figure 4E). Consistent 271 
with this, Nox inhibition by RNAi partially decreased the levels of JAK-STAT pathway activity 272 
(upd3 expression) and stem cell proliferation (PH3 counts) in the mutant (Figure 4F, 4G). 273 
Furthermore, the lifespan of the PGRP-SDsk1 mutant was significantly prolonged when Nox was 274 
inhibited by RNAi (Figure 4H). Therefore, all aging-related hallmarks of PGRP-SDsk1 mutant flies 275 
can be at least partially rescued by Nox inhibition.  276 

Lp overgrowth acidifies the intestine of PGRP-SDsk1 mutant flies 277 

Pathogen-derived uracil induces Duox-dependent ROS production (Lee et al., 2013), but how Nox-278 
dependent ROS production is activated is unclear. Lp is a representative of Lactic Acid Bacteria 279 
(LAB), which frequently acidify substrates due to the release of large amounts of lactic acid 280 
(Pfeiler and Klaenhammer, 2007). This raises the possibility that ROS production is a secondary 281 
consequence of acid production. We first assessed the gut pH of wild-type and PGRP-SDsk1 282 
mutants by feeding flies with the pH-sensitive dye bromophenol blue. As previously shown (Li et 283 
al., 2016; Overend et al., 2016), young wild-type flies (5d old) have an acidic region in the central 284 
part of the midgut corresponding to the copper cell region (referred to as normal) (Figure 5A). In 285 
contrast, older flies (21d old) often lose the acidic zone with the entire gut turning either basic 286 
(referred to as alkaline) or acidic (referred to as acidic). We estimated the proportion of normal, 287 
alkaline, and acidic guts in wild-type and PGRP-SDsk1 young (3-5d old) and 21d old flies. To do 288 
this, we fed each group of flies overnight on food supplemented with bromophenol blue dye, 289 
dissected their guts and determined the pH category based on colour (see representative images in 290 
Figure 5A). No difference was observed in young flies. However, nearly all the intestines of 21d 291 
old PGRP-SDsk1 mutants were acidic (Figure 5B). Of note, raising PGRP-SDsk1 flies in germ-free 292 
conditions reduced the proportion of flies with acidic guts, suggesting that Lp is responsible for 293 
the gut acidification during aging (Figure 5B). A corollary of this hypothesis is that old wild-type 294 
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flies with acidic guts should have higher Lp loads compared to those with alkaline guts. Indeed, 295 
when we dissected the guts from 21d old wild-type flies and estimated bacterial loads by qPCR in 296 
alkaline and acidic guts separately, we detected significantly more Lp, but not Acetobacter, in the 297 
acidic guts compared to alkaline ones of conventional wild-type flies (Figure 5C). 298 

Lactic acid produced by Lp is the cause of gut acidification and dysplasia 299 

We next investigated whether lactic acid itself is responsible for the gut acidification. A first 300 
indication for this came from the measurements of lactate concentration in the guts. We detected 301 
nearly twice more lactate in conventionally-raised PGRP-SDsk1 mutant compared to wild-type flies 302 
(Figure 5D), which likely reflects the increased Lp load in the mutant. Consistent with this, lactate 303 
levels were significantly lower when flies were raised in germ-free conditions. Next, we colonized 304 
axenic flies with a mutant strain of Lp (LpTF103), which is unable to produce lactic acid (Ferain et 305 
al., 1996), but is able to persist in the gut and fly food in similar quantities as LpWT (Figure S3I, J). 306 
Acidic guts were retrieved less frequently from flies colonized with LpTF103 as compared to those 307 
colonized with a wild-type strain, LpWT(Figure 5E). Next, we noticed that PGRP-SDsk1 mutant 308 
colonized with LpTF103 lives significantly longer compared to flies colonized with LpWT (Figure 309 
5F). LpTF103 mono-colonized flies had decreased ROS levels, establishing a link between lactic 310 
acid and ROS production (Figure 5G). Additionally, upd3 expression, a readout of the JAK-STAT 311 
pathway, was reduced in flies colonized with LpTF103 compared to flies colonized with LpWT (Figure 312 
5H). In line with this, LpTF103 colonized flies had decreased ISC proliferation as estimated by PH3 313 
counts (Figure 5I). These results suggest that commensal-derived lactic acid contributes to the age-314 
related changes observed in PGRP-SDsk1 mutants. We therefore compared the lifespan of wild-315 
type axenic flies maintained on standard medium to flies maintained on medium supplemented 316 
with L-lactic acid. Flies had a shorter lifespan when kept on L-lactic acid-supplemented medium 317 
(Figure 5J) and showed all the intestinal aging hallmarks, including elevated levels of ROS, 318 
increased JAK-STAT pathway activation and increased ISC proliferation (Figure S5A-C). Thus, 319 
treatment of flies with L-lactic acid recapitulates the phenotypes observed with flies colonized 320 
with Lp. In addition, blockage of monocarboxylate transporters required for lactate transport with 321 
cinnamate (Poole and Halestrap, 1993) could significantly extend the lifespan of PGRP-SDsk1 322 
mutant flies and reduce dysplasia, indicating that exogenous microbial lactate needs to enter the 323 
intestinal cells to induce ROS production (Figure S5D-E).  324 

Host Lactate dehydrogenase is required for Lp-mediated generation of ROS  325 

We next investigated how the elevated production of lactic acid contributes to ROS generation by 326 
Nox. Lactate triggers ROS production in rat male germ cells and in human leukemic cells via a 327 
mechanism involving the oxidation of lactate to pyruvate by Lactate Dehydrogenase (Ldh), which 328 
is accompanied by the transformation of NAD+ to NADH (Figure 6A) (Galardo et al., 2014; Luo 329 
et al., 2017). Then, NADH can be used by the NADPH-oxidase Nox to generate ROS. We 330 
interrogated the relevance of this pathway in Drosophila. Genetic silencing of Ldh by RNAi 331 
specifically in the gut was sufficient to partially rescue all the aging hallmarks of PGRP-SDsk1 332 
mutants colonized with LpSD, including the higher levels of ROS, PH3 counts, and upd3 expression 333 
(Figure 6B-D). Moreover, the lifespan of PGRP-SDsk1 mutants was significantly extended upon 334 
Ldh RNAi (Figure 6E). Additionally, we explored the lifespan of Ldh RNAi flies exposed 335 
specifically to L-lactic acid. We observed that Ldh RNAi flies live significantly longer on L-lactic 336 
supplemented food compared to control flies (Figure 6F). Moreover, feeding flies with oxamate, 337 
an inhibitor of Ldh, (Gillis et al., 2018), rescues all the aging hallmarks of PGRP-SDsk1 flies and 338 
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extends their lifespan (Figure S6A-D). In Drosophila there is only one Ldh that can convert only 339 
L but not D isomer of lactic acid. This implies that D-lactic acid should not be able to induce ROS 340 
as it cannot be utilized by the Drosophila Ldh. Consistent with this, D-lactic acid did not induce 341 
ROS, dysplasia and lifespan shortening in flies in contrast to L isomer (Figure 5J, S5A-C). These 342 
findings provide evidences supporting a central role of Ldh in ROS generation by Lp, likely by 343 
oxidizing L-lactate and generating NADH, a substrate for Nox. 344 

PGRP-SD overexpression prevents dysbiosis and extends lifespan 345 

Finally, we explored whether the overexpression of PGRP-SD could rescue aging-related 346 
pathologies of wild-type flies. Using the UAS-PGRP-SD transgene, we observed that gut-specific 347 
(Myo1A-Gal4 driver) PGRP-SD overexpression extends the lifespan of flies (Figure 7A). This 348 
effect is likely due to reduced dysbiosis in these flies, as PGRP-SD over-expression reduced Lp 349 
counts (Figure 7B). We also detected a lower amount of ROS in PGRP-SD-overexpressing flies 350 
(Figure 7C). Other aging hallmarks, like increased dysplasia (PH3 counts) and higher JAK-STAT 351 
pathway activity (upd3 expression) were also suppressed upon PGRP-SD overexpression (Figure 352 
7D-E). These results identify PGRP-SD as a key factor maintaining intestinal homeostasis and 353 
required for optimal longevity. 354 

Discussion 355 

The mucosal immune system uses multiple complex mechanisms to maintain a balance between 356 
preserving a beneficial microbiota and eliminating pathogens. This dynamic between immune 357 
system and microbiota undergoes age-related changes in animals, including humans (Heintz and 358 
Mair, 2014). In Drosophila, aging is associated with a series of hallmarks: a higher microbiota 359 
load, an increased immune response, elevated ROS, dysplasia, loss of compartmentalization and 360 
rupture of barrier permeability (Biteau et al., 2010; Buchon et al., 2009b; Clark et al., 2015; Guo 361 
et al., 2014; Li et al., 2016). Interestingly, precocious intestinal senescence equally affects mutants 362 
with immune over-activation (ex. Caudal, PGRP-LB) and immune deficiency (Relish, Foxo) 363 
(Buchon et al., 2009b; Paredes et al., 2011; Ryu et al., 2008). However, causal relationships 364 
between immune dysfunction, dysbiosis and dysplasia are not clearly established. Here, we used 365 
PGRP-SDsk1 mutant flies with reduced immune reactivity as a tool to characterize a pathway 366 
linking immune deficiency to precocious intestinal aging. We found that immune-deficient flies 367 
carried increased loads of the dominant microbiota member, Lp, which led to a higher release of 368 
lactate/lactic acid. This bacterial metabolite not only acidified the intestine, but also stimulated 369 
ROS production by NOX, which triggered precocious aging. Our model is appealing for two 370 
reasons. First, it does not involve a change in the microbiota composition per se, but rather an 371 
overgrowth of a common, preexisting microbiota member. Second, it shows how a bacterial 372 
metabolite, lactate, when processed by the host epithelia, drives ROS production and intestinal 373 
senescence. This model is likely to apply to other contexts, including mammalian gut microbiota. 374 

Previously, we identified PGRP-SD as a major immune sensor implicated in systemic immunity. 375 
In the present study, we uncovered the central function PGRP-SD plays in intestinal immunity, 376 
notably by inducing an efficient immune response to pathogens while promoting tolerance to 377 
microbiota. This differential response is due to its ability to control the expression of negative 378 
regulators that confer immune tolerance. By controlling the local expression of negative regulators 379 
of IMD pathway activity, PGRP-SD might prevent the systemic spread of immune activation, a 380 
function similar to that of PGRP-LE (Bosco-Drayon et al., 2012). 381 
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Numerous studies have reported an increase in total microbiota load in the gut upon aging, and 382 
speculated that this change contributes to host mortality, as elimination of microbiota often 383 
prolongs lifespan (Broderick et al., 2014; Buchon et al., 2009b; Clark et al., 2015; Guo et al., 2014; 384 
Li et al., 2016). It remained unclear whether increased microbiota loads caused accelerated ageing 385 
directly or rather indirectly, by inducing chronic immune activation in the gut. Our study answers 386 
this question by proving that the PGRP-SDsk1 mutant, which has increased microbiota loads but is 387 
incapable of chronic immune activation, still displays hallmarks of accelerated aging. Our findings 388 
unravel a direct causal mechanism linking increases in bacterial loads to gut senescence. 389 
Specifically, we showed that aging PGRP-SDsk1 mutants lose control over their microbial 390 
communities, resulting in increased microbiota loads dominated by Lactobacillus. The Lp-derived 391 
metabolite lactic acid/lactate stimulated ROS production by the NADPH oxidase Nox. Our model 392 
is supported by the observation that a lactic acid-deficient Lp strain did not cause any precocious 393 
aging in PGRP-SDsk1 mutants. Moreover, feeding flies with lactic acid was sufficient to 394 
recapitulate all the aging hallmarks caused by Lp. Importantly, lactate produced by the symbionts 395 
needed to enter and be processed in host cells to activate NOX. This was supported by the 396 
observation that inactivating the host’s lactate dehydrogenase or the lactate transporters in 397 
enterocytes suppressed Lp- or lactic acid-mediated dysplasia and lifespan shortening. 398 

In other contexts, dysbiosis with a change in microbiota composition, has been recognized as a 399 
contributing factor to epithelial dysplasia, immune-senescence and age-related mortality (Clark et 400 
al., 2015; Guo et al., 2014; Li et al., 2016). For example, flies with reduced Caudal expression and 401 
high IMD pathway activity favor the growth of the pathobiont Gluconobacter EW707, which 402 
drives host mortality (Ryu et al., 2008). In contrast, we did not find changes in microbiota 403 
composition between PGRP-SDsk1 mutant and wild-type flies, excluding the possibility that 404 
immune defects in PGRP-SDsk1 mutants favor the selection of pathobionts. Thus, excessively 405 
increased loads of an otherwise beneficial Lp symbiont in PGRP-SDsk1 flies seem to be solely 406 
responsible for the lifespan shortening. 407 

Of note, mammalian PGRPs have also been implicated in the regulation of microbiota 408 
composition. Mice deficient for any of the four PGRPs (Pglyrp1-4) are more sensitive to colitis 409 
than wild-type mice due to a more inflammatory microbiota (Saha et al., 2010). This points to a 410 
conserved role of PGRPs as modulators of host-microbe interactions in the gut. 411 

Moreover, our finding that a commensal bacterium becomes detrimental in the 412 
immunocompromised background holds true for mammals as well. For instance, Lactobacilli that 413 
are beneficial members of human gut microbiota (van Baarlen et al., 2013; Huttenhower et al., 414 
2012) were associated with diseases like D-lactic acidosis, bacteremia, endocarditis and localized 415 
infections (Cannon et al., 2005; Vitetta et al., 2017). Whereas these cases are rare and 416 
predominantly occurred in immunocompromised individuals, they raise awareness of the good 417 
microbe stereotype. As recently pointed out, whether the microbe is helpful or harmful is a 418 
question of context and involves a variety of host and microbial factors (Cirstea et al., 2018). 419 

Currently, there is a growing appreciation of how bacterial metabolites affect host physiology 420 
(Nicholson et al., 2012). Here, we identified Lp-derived lactic acid as an essential metabolite 421 
triggering Nox-dependent ROS production and ISCs proliferation. In this context, it would be 422 
interesting to test whether the same process, lactate production by the indigenous microbiota, can 423 
drive ROS production by Nox in mammals. While formal evidence is still lacking, this is likely to 424 
be the case. Indeed, L. murinus-derived lactate was found to accelerate colon epithelial turnover 425 
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in starvation-refed mice, although the role of ROS was not assessed (Okada et al., 2013). Other 426 
complementary studies have shown that Lp induces Nox-dependent ISC proliferation in the 427 
mammalian intestine as well (Jones et al., 2013), but whether lactic acid mediates this effect was 428 
not tested. Collectively, our results and these studies suggest a conserved mechanism of Nox 429 
activation by lactate which couples bacterial growth to ISC proliferation.  430 

In Drosophila two enzymes, Nox and Duox, can generate ROS and trigger ISC proliferation in 431 
response to microbes. Consistent with previous studies, we found here that induction of ROS by 432 
Lp required Nox but not Duox (Jones et al., 2013). We further showed that Nox was activated by 433 
microbiota-derived lactate, whereas Duox is activated by pathogen-released uracil (Lee et al., 434 
2013). Although both lactate and uracil ultimately activate ROS production, they may have 435 
contrasting roles in host metabolism. Duox-generated ROS primarily serve to eliminate pathogens 436 
and induce regeneration to repair acute, infection-induced damage, while Nox-derived ROS ensure 437 
a basal homeostatic level of epithelial renewal in response to microbiota. The fact that both 438 
oxidases are expressed in different regions and cell types of the gut further supports functional 439 
differences of these two enzymes (Dutta et al., 2015). This would explain why NADH, which is 440 
produced by lactate oxidation and is a substrate for both Nox and Duox, induces ROS exclusively 441 
in a Nox-dependent manner.  442 

In conclusion, we have discovered a fascinating example of interspecies metabolic crosstalk, 443 
where a microbe-derived metabolite is transformed by the host enzymes into a molecule affecting 444 
epithelium turnover and host lifespan. While microbial metabolites affecting host lifespan have 445 
been described before (Gusarov et al., 2013; Heintz and Mair, 2014), the exact mechanism was 446 
rarely identified. Our results establish a direct link between microbiota overgrowth and dysplasia, 447 
while revealing the importance of host-microbe metabolic crosstalk in promoting age-related 448 
pathologies. Further elucidation of the molecular relationship between the immune system, 449 
dysbiosis and host physiology may open up promising avenues for healthy aging. 450 
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Figure legends 660 

Figure 1. PGRP-SD is required in the gut for IMD pathway activation and protection against 661 
pathogens 662 

(A) RT-qPCR showing PGRP-SD expression in midguts of flies of indicated genotypes after 663 
Ecc15 oral infection. 664 

(B) Schematic representation of PGRP-SD promoter region. 665 
(C) Immunostaining showing PGRP-SD localization in the gut under unchallenged (UC) and 666 

infected (Ecc15) conditions. 667 
(D) RT-qPCR showing Dpt expression in midguts of wild-type, PGRP-SDsk1 mutant and 668 

PGRP-SDsk1 mutant over deficiency after Ecc15 oral infection. 669 
(E) RT-qPCR of Dpt expression in midguts after tissue- and cell- specific silencing of PGRP-670 

SD by RNAi. Dpt expression in GAL4-driver stocks crossed with w1118 was set to 100 and 671 
expression in GAL4 stocks crossed with UAS-PGRP-SD-IR was expressed as a percentage 672 
of this value. 673 

(F) Tissue-specific rescue of Dpt expression in PGRP-SDsk1 mutants 6 h post oral infection 674 
(hpi) with Ecc15 as measured by RT-qPCR.  675 

(G) Survival rates of flies orally infected with P. entomophila. 676 
(H) PGRP-SD expression in the midguts of axenic and conventional flies (5d old) measured by 677 

RT-qPCR. 678 

(I-K) RT-qPCR of PGRP-SD (I), Dpt (J), PGRP-LB (K) expression in the midguts of axenic 679 
and LpWJL-colonized flies 6 h post colonization (hpc).  680 

RT-qPCR results are shown as mean ± s.d. of at least three independent samples (n=20 female 681 
midguts per each sample). In 1F Dpt levels in infected wild-type flies (6 h) were set to 100 and 682 
all other values were expressed as a percentage of this value. See also Figure S1. 683 

Figure 2. PGRP-SDsk1 mutants are short lived due to microbiota-triggered dysplasia 684 

(A) Lifespan curves of wild-type and PGRP-SDsk1 mutant male flies under conventional and 685 
axenic conditions at 25 ºC.  686 

(B) Patterns of cell proliferation revealed by the expression of Esg-GAL4,UAS-GFP reporter. 687 
Flies were maintained on standard medium (conventional) or on medium supplemented 688 
with antibiotics (axenic) at 29 ºC. 689 

(C) Quantification of PH3-positive cells per midgut of 21d old wild-type and PGRP-SDsk1 690 
mutant under conventional and axenic conditions at 29 ºC. Mean±s.d of three experiments, 691 
n=10 guts per each genotype and experiment. 692 

(D) RT-qPCR detecting upd3 expression in wild-type and PGRP-SDsk1 mutant under 693 
conventional and axenic conditions at 29 ºC. Results are shown are shown as mean ± s.d. 694 
of at least three independent samples (n=20 female midguts per each sample). 695 

(E) Lifespan curves of PGRP-SDsk1 mutant at 29 ºC upon upd2 inhibition by RNAi in the gut. 696 
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See also Figure S2. 697 

Figure 3. Overgrowth of Lp shortens lifespan of PGRP-SDsk1 mutant 698 

(A) Relative frequency of bacterial 16S rRNA clones from libraries generated from 21d old 699 
wild-type and PGRP-SDsk1 mutant populations aged at 29 ºC. 700 

(B) Counts of culturable bacteria (CFUs) associated with wild-type and PGRP-SDsk1 mutant 701 
aged at 29 ºC. The horizontal bar represents mean value. The single dots represent mean 702 
individual CFU counts calculated from pools of n=5 animals.  703 

(C) qPCR detecting levels of bacteria relative to host DNA in 21d old wild-type and PGRP-704 
SDsk1 mutant flies aged at 29 ºC. The horizontal bar represents mean value. The single dots 705 
are mean values from pools of n=5 animals. 706 

(D) RT-qPCR detecting upd3 expression in axenic and LpSD-colonized 21d old wild-type and 707 
PGRP-SDsk1 mutant midguts. Flies were maintained at 29 ºC. Mean ± s.d. of at least three 708 
independent samples (n=20 female midguts per each sample). 709 

(E) Quantification of PH3-positive cells per midgut of 21d old wild-type and PGRP-SDsk1 710 
mutant under axenic and LpSD-colonized conditions at 29 ºC. Mean±s.d of three 711 
experiments, n=10 guts per each genotype and experiment. 712 

(F) Lifespan curves of axenic and LpSD-colonized wild-type and PGRP-SDsk1 mutant male flies 713 
at 29 ºC. 714 

(G) Lifespan of wild-type and PGRP-SDsk1 mutant flies colonized with their own or 715 
heterologous microbiota at 29 ºC. 716 

See also Figure S3. 717 

Figure 4. Induction of ROS by Nox triggers dysplasia in PGRP-SDsk1 mutant 718 

(A) Levels of ROS in 21d old wild-type and PGRP-SDsk1 mutant guts under conventional and 719 
axenic conditions at 29 ºC. Mean±s.d of four experiments, n=20 guts per each experiment 720 
and genotype. 721 

(B) Levels of ROS in 21d old axenic and LpSD-colonized wild-type and PGRP-SDsk1 mutant 722 
guts at 29 ºC. Mean±s.d of three experiments, n=20 guts per each experiment and genotype. 723 

(C) RT-qPCR showing upd3 expression in 21d old wild-type and PGRP-SDsk1 flies aged at 29 724 
ºC in the presence or absence of NAC. Mean ± s.d. at least three independent samples 725 
(n=20 female midguts per each sample). 726 

(D) Lifespan curves of wild-type and PGRP-SDsk1 mutant male flies exposed to NAC and 727 
untreated controls at 29 ºC. 728 

(E-G) ROS levels (E), upd3 expression (F) and PH3 counts (G) in LpSD- colonized 21d old 729 
flies of indicated genotypes at 29 ºC. Mean±s.d of three experiments, n=20 (E, F), n=10 (G) 730 
guts per each genotype and experiment. Asterisks above bars indicate significance relative to 731 
Myo1-GAL4>w1118 LpSD. 732 

(H) Lifespan curves of conventional male flies of indicated genotypes at 29 ºC. 733 

See also Figure S4. 734 

Figure 5. Lp-derived lactic acid induces ROS, dysplasia and shortens lifespan of flies 735 

(A) Intestines of 21d old flies fed the pH indicator bromophenol blue and maintained at 29 ºC. 736 
Three phenotypic categories are shown. 737 
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(B) Quantification of the three gut pH phenotypes in flies of indicated conditions and 738 
maintained at 29 ºC. Pooled results of two repeats (n=20 guts per condition). 739 

(C) qPCR detecting levels of bacteria relative to host DNA in 21d old wild-type guts that were 740 
identified as acidic or alkaline based on bromophenol blue staining. The horizontal bar 741 
represents mean value. The single dots are mean values from pools of n=5 animals. 742 

(D) Levels of lactate in axenic (ax) and conventional (CR) wild-type and PGRP-SDsk1 mutant 743 
guts at 29 ºC. Mean±s.d of three experiments, n=20 guts per each genotype and experiment. 744 

(E) Quantification of the three gut pH phenotypes in flies of indicated conditions. Pooled 745 
results of two repeats (n=20 guts per condition). 746 

(F) Lifespan curves of wild-type and PGRP-SDsk1 mutant male flies colonized with wild-type 747 
LpWT and lactic acid-deficient mutant LpTF103 at 29 ºC. 748 

(G-I) ROS levels (G), upd3 expression (H) and PH3 counts (I) in 21d old wild-type and PGRP-749 
SDsk1 mutant guts colonized with LpWT and LpTF103. Flies were aged at 29 ºC. Results are shown 750 
as mean±s.d of three experiments, n=20 (G, H), n=10 (I) guts per each genotype and 751 
experiment.  752 

(J) Lifespan curves of axenic wild-type and PGRP-SDsk1 mutant male flies on axenic medium 753 
without any acids (- acid) and on an axenic medium supplemented with 50 mM L-lactic 754 
acid (+L-lactic acid) or D-lactic acid (+D-lactic acid). Performed at 29 ºC. 755 

See also Figure S5. 756 

Figure 6. Ldh is required for Lp-mediated generation of ROS and dysplasia 757 

(A) Scheme illustrating potential mechanism of ROS generation by lactate.  758 

(B-D) ROS levels (B), PH3 counts (C) and upd3 expression (D) in LpSD- colonized 21d old 759 
flies of indicated genotypes at 29 ºC. Mean±s.d of three experiments, n=20 (B, D), n=10 (C) 760 
guts per each genotype and experiment. Asterisks above bars indicate significance relative to 761 
Myo1-GAL4>w1118 LpSD. 762 

(E) Lifespan curves of LpSD- colonized male flies of indicated genotypes at 29 ºC. 763 
(F) Lifespan curves of male flies of indicated genotypes at 29 ºC exposed to 50 mM L-lactic 764 

acid (+L-lactic acid) and untreated controls (-acid). 765 

See also Figure S6. 766 

Figure 7. Overexpression of PGRP-SD extends lifespan and reduces dysbiosis 767 

(A) Lifespan curves of males overexpressing PGRP-SD in enterocytes at 29 ºC.  768 
(B) qPCR detecting Lp levels relative to host DNA in 21d old flies overexpressing PGRP-SD. 769 

Flies were aged at 29 ºC. The horizontal bar represents mean value. The single dots are 770 
mean values from pools of n=5 animals. 771 

(C-E) ROS level (C), PH3 counts (D) and upd3 expression (E) in 21d old flies overexpressing 772 
PGRP-SD and aged at 29 ºC. Mean±s.d of three experiments, n=20 (C, E), n=10 (D) guts per 773 
each genotype and experiment.  774 

 775 
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Contact for reagent and resource sharing 777 

Further information and requests for resources and reagents should be directed to and will be 778 
fulfilled by the Lead Contact, Bruno Lemaitre (bruno.lemaitre@epfl.ch) 779 

Experimental model and subject details 780 

Drosophila stocks and rearing 781 

Drosophila genotypes used in this study are listed in the Key Resources Table. The stocks were 782 
routinely maintained at 25 ºC with 12/12 h dark/light cycles on a standard cornmeal-agar medium 783 
(see composition below). Fresh food was prepared weekly to avoid desiccation. Axenic stocks 784 
were established by bleaching and cultivating embryos on fresh medium supplemented with a 785 
cocktail of four antibiotics (see below) for at least one generation, and then maintained on this 786 
medium (Broderick et al., 2014). DrosDel w1118 iso isogenic flies were used as wild-type controls 787 
in this work. Male flies were used for survival and lifespan experiments, females – for all other 788 
experiments.  789 

Fly diets used in this study 790 

Standard cornmeal medium: 3.72g agar, 35.28g cornmeal, 35.28g inactivated dried yeast, 16 ml 791 
of a 10% solution of methyl- paraben in 85% ethanol, 36 ml fruit juice, 2.9 ml 99% propionic acid 792 
for 600 ml. 793 

Cornmeal medium with antibiotics for axenic flies: same composition as above with Ampicillin 794 
(50µg/ml), Kanamycin (50µg/ml), Tetracyclin (10µg/ml), and Erythromycin (10µg/ml) added just 795 
before pouring the food into vials. 796 

Cornmeal medium with N-acetylcysteine: same composition as a standard medium with 20 mM 797 
N-acetylcysteine. 798 

Cornmeal medium with oxamate: same composition as a standard medium with 10 mM oxamate. 799 

Cornmeal medium with cinnamate: same composition as a standard medium with 10 mM alpha-800 
cyano-4-hydroxycinnamic acid. 801 

Cornmeal medium without acid (control for a medium with lactic acid): same composition as a 802 
medium with antibiotics omitting propionic acid. 803 

Cornmeal medium with lactic acid: same composition as a medium with antibiotics with 50 mM 804 
L-lactic acid or D-lactic acid. 805 

Cornmeal medium with Bromophenol blue sodium (pH indicator): same composition as a standard 806 
medium with 2% Bromophenol blue sodium.  807 

Bacterial culture conditions 808 

Bacterial strains used in this study are listed in the Key Resources Table. Lactobacillus plantarum 809 
strains were cultured in Man, Rogosa and Sharpe (MRS) broth medium overnight at 37 ºC with 810 
shaking. Solidified MRS medium was used for estimation of colony forming units (CFUs). Ecc15 811 
and P. entomophila were cultured overnight at 30 ºC with shaking in LB medium. Specific details 812 
of doses and procedures are indicated below. 813 
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Method details 814 

Generation of PGRP-SD-GAL4 line 815 

A PGRP-SD-GAL4 line was generated by cloning a 177 bp sequence upstream of PGRP-SD gene 816 
into pBPGUw vector followed by PhiC31 integrase-mediated transgenesis, landing site 51C on 817 
chromosome 2 (BDSC strain 24482). Several independent lines have been obtained and tested. All 818 
lines behaved similarly in experiments. 819 

Generation of axenic stocks 820 

To obtain axenic fly stocks, embryos laid over a 16-h period on grape juice plates were collected 821 
from 4- to 10-day-old females. Embryos were rinsed in 1× phosphate-buffered saline (PBS) and 822 
transferred to 1.5 ml tubes. All following steps were performed in a sterile hood. Embryos were 823 
placed in a 3% solution of sodium hypochlorite for 10 min. The bleach solution was discarded and 824 
embryos were rinsed three times in sterile PBS. Embryos were transferred by pipette to tubes with 825 
antibiotics-supplemented food in a small amount of 100% ethanol and maintained at 25 °C. 826 
Subsequent generations were maintained in parallel to their conventionally reared counterparts by 827 
transferring adults to new tubes with antibiotics-supplemented food. The axenic state of flies was 828 
routinely assessed by culturing. 829 

Colonization of axenic flies with L. plantarum 830 

Axenic adult flies (2-4 day old) were starved for 2 h at 29 °C in an empty fly vial before being 831 
flipped to a vial with L. plantarum. An overnight culture of L. plantarum in MRS was adjusted to 832 
O.D.50 and mixed 1:1 with 5% sucrose. This mixture (150 µl) was applied to a filter disk covering 833 
food surface of the vial. Flies were incubated at 29 °C till dissection or for 24 h when they were 834 
flipped to a fresh vial with standard food. This procedure ensures consistent, simultaneous and 835 
persistent colonization of all individual flies (Bosco-Drayon et al., 2012). 836 

Microbiota transplantation 837 

The same procedure as for colonization of axenic flies with L. plantarum was followed. Instead of 838 
pure bacterial culture, homogenates of 15-20 day old wild-type and PGRP-SDsk1 mutant flies were 839 
used. To obtain homogenates, 5 female flies (wild-type or PGRP-SDsk1 mutant) were homogenized 840 
in 300 µl of MRS medium with a Precellys 24 instrument (Bertin Technologies, France). Fly debris 841 
was removed by brief centrifugation and supernatant was mixed with 5% sucrose and applied to 842 
filter disk as described above.  843 

ß-galactosidase staining 844 
 845 
Adult guts were dissected in PBS, fixed for 10 min in 0.5% glutaraldehyde on ice, washed in PBS, 846 
and incubated at 37°C in ß-galactosidase staining buffer (Na2 HPO4 10mM, NaH2PO4 1.6mM, 847 
NaCl 150mM, MgCl2 1mM, K3FeCN6 3.5mM, K4FeCN6 3.5mM, X-gal 4mg/mL) for about 15 848 
minutes (Paredes et al., 2011). 849 
 850 
Live Imaging and Immunofluorescence 851 
 852 
Imaging was performed as previously described (Buchon et al., 2009a). For detection of PH3 853 
positive cells by immunofluorescence, guts were dissected and fixed in PBS containing 0.1% 854 
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Tween 20 (PBT) and 4% paraformaldehyde and rinsed in PBT. Guts were incubated with the 855 
primary antibody (anti-PH3) diluted in PBT + 1% BSA. Anti-PH3 was revealed with an Alexa555-856 
coupled goat anti-rabbit antibody. Prospero and Dl-lacZ staining was performed similar to PH3, 857 
except that antibody dilutions were: 1:100 for anti-Prospero and 1:1000 for anti-lacZ. Esg-858 
GAL4,UAS-GFP, 10×Stat-GFP, and PGRP-SD-GAL4;UAS-GFP guts were fixed in PBS 859 
containing 0.1% Tween 20 (PBT) and 4% paraformaldehyde before microscopy. Nuclei were 860 
stained with DAPI (Sigma). For ROS measurement with DHE, guts were dissected and directly 861 
incubated in 30 µM DHE (Life Technologies) for 10 min at room temperature, washed twice and 862 
mounted for microscopy immediately. PGRP-SD-GAL4;UAS-GFP images were obtained using 863 
Zeiss LSM700 confocal microscope. All other images were obtained using a Zeiss Axioimager 864 
Z1. 865 
 866 
Microbiota analysis 867 

(A) Culture-independent. Multiple batches of 5 female flies per treatment/genotype were collected 868 
from independent experiments and frozen at -20 °C until used for DNA extraction. Total DNA 869 
was extracted from whole flies that were surface sterilized for 1 min in 95% ethanol using Puregene 870 
kit (Qiagen). Briefly, 5 flies were squashed in 300 µl of cell lysis solution on ice in 1.5 ml tubes 871 
using a pestle. After 15 min incubation at 65 °C, 100 µl of protein precipitation solution was added. 872 
Samples were vortexed and incubated on ice for 5 minutes. After centrifugation at max speed for 873 
3 mins, the supernatant was transferred to a new tube and DNA was precipitated with 300 µl of 874 
isopropanol. DNA was pelleted by centrifugation at max speed for 5 mins and the pellet was 875 
washed with 300 µl of 70% ethanol. After drying, DNA was resuspended in 240 µl of DNA 876 
hydration solution. This DNA was used for bacterial 16S rRNA amplification with 27F and 1492R 877 
primers. TOPO TA cloning kit (Thermo Fisher Scientific) was used to generate clone libraries 878 
from obtained PCR amplicons. Clone inserts were PCR amplified and sequenced using the vector 879 
primers T7 and M13R. At least 100 clones were analyzed per treatment/genotype. The BLAST 880 
sequence analysis tool was used to analyze sequenced clones.  881 

(B) Culture-dependent. Quantification of culturable fly-associated bacteria was determined from 882 
pools of ten female individuals from the same rearing tube. Flies were surface sterilized in 95% 883 
ethanol for 1 min and placed in 200 µl of 1× PBS in a 1.5-ml screw-top microcentrifuge tube 884 
containing glass beads. Samples were homogenized using a Precellys 24 instrument (Bertin 885 
Technologies, France), and then serial dilutions were made and plated on both Man, Rogosa, and 886 
Sharpe (MRS) and mannitol agar and incubated at 25°C. Colonies were counted after 48h. Based 887 
on colonies morphological features, two representative isolates were purified. Representative 888 
isolates were identified by PCR amplification and sequencing of the 16S rRNA gene. Subsequent 889 
quantification was based on designated morphological features with periodic validation by 16S 890 
rRNA amplification and sequencing. 891 

(C) Using quantitative PCR. Total DNA was extracted from whole flies as described in (A). DNA 892 
was diluted three times and 2 µl per reaction were taken for qPCR analysis using a LightCycler 893 
2.0 instrument and the SYBR green I kit (Roche). Lactobacillus and Acetobacter specific primers 894 
and Drosophila RP49 primers were used to estimate abundance of each microbes DNA relative to 895 
host DNA.  896 

Gut pH estimation 897 
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Petri dishes (5 cm) containing fly food supplemented with 2% Bromophenol blue dye (pH 898 
indicator) were prepared. Flies were fed overnight on this medium before dissection. Images were 899 
taken immediately after each gut was dissected.  900 

RT-qPCR 901 

For quantification of mRNA, whole flies (10) or dissected guts (20) were collected at indicated 902 
time points. Total RNA was isolated using TRIzol reagent and dissolved in RNase-free water. Five 903 
hundred nanogram total RNA was then reverse-transcribed in 10 µl reaction volume using 904 
PrimeScript RT (TAKARA) and random hexamer primers. Quantitative PCR was performed on a 905 
LightCycler 480 (Roche) in 96-well plates using the LightCycler® 480 SYBR Green I Master Mix. 906 
Primer sequences are listed in Key Resources Table and in Table S1. 907 

Oral infection 908 

For adult oral infection, 2–4 day old adults were dehydrated/starved for 2–3 h in empty vials at 29 909 
ºC. After starvation, flies were flipped to an infection vial with standard medium completely 910 
covered by a Whatman paper disk. The disk was soaked in control solution (150 µL of 5 % sucrose) 911 
or bacterial pellet mixed with control solution (150 µL of sucrose mixture with bacteria). To 912 
prepare bacterial pellet, overnight bacterial cultures (Ecc15 or P. entomophila) were concentrated 913 
by centrifugation and adjusted to O.D. 200. This adjusted pellet was mixed with sucrose in equal 914 
parts and applied to filter disc. Flies were flipped to fresh vials with standard medium next day 915 
after infection (Vodovar et al., 2005; Buchon et al., 2009).  916 

Lifespan analysis 917 

All lifespan experiments were performed independently at least three times using 2-3 cohorts of 918 
20 male flies per genotype/treatment each time. Freshly emerged flies were allowed to mate for 2 919 
days at room temperature and sorted according to sex and genotype. Aging experiments were 920 
performed at 29 ºC (except Fig. 2A) and flies were flipped to fresh vials every other day. Lifespan 921 
experiments with lactic acid were performed under axenic conditions (medium with antibiotics) to 922 
eliminate the contribution of microbiota. All other experiments were performed using standard 923 
medium and standard media supplemented with different chemicals. 924 

ROS quantification 925 

Amount of ROS in dissected guts (n=20) was estimated using Fluorimetric Hydrogen Peroxide 926 
Assay Kit (Sigma) following manufacturer's instructions and was normalized to total protein. 927 

Lactate quantification 928 

Amount of lactate in dissected guts (n=20) was estimated using Lactate Assay Kit (Sigma) 929 
following manufacturer's instructions and was normalized to total protein. 930 

Quantification and statistical analysis 931 

Data representation and statistical analysis were performed using GraphPad Prism 6 software. 932 
Survival curves were compared using log-rank tests, with Bonferroni corrections for p values 933 
where multiple comparisons were necessary. All survival and lifespan graphs show one 934 
representative experiment out of three independent repeats with 2-3 cohorts of 20 male flies per 935 
genotype. Mann-Whitney test was used to analyze data in Figure 1H, 7B-E, S3E. One-way 936 
ANOVA was used to analyze data in Figure 1E, 4E-G, 6B-D, S2A, S2C, S5A-C. In all other cases, 937 
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Two-way ANOVA was used. Where multiple comparisons were necessary, appropriate Tukey, 938 
Dunnett, or Sidak post hoc tests were applied. Other details on statistical analysis can be found in 939 
Figure legends. Statistical significance was set at p≤0.05. Asterisks indicate *p≤0.05, **p≤ 0.01, 940 
***p≤0.001, ****p≤0.0001, ns-non-significant, p>0.05. 941 
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