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 2 

SUMMARY 25 

Drosophila Arc1 exhibits microbiota-dependent, tissue-specific differential expression, 26 

mitigates the impacts of germ-free rearing on insulin signaling and growth rate, but is 27 

dispensable for metabolic homeostasis in Acetobacter-colonized flies. 28 

ABSTRACT 29 

Perturbations to animal-associated microbial communities (the microbiota) have 30 

deleterious effects on various aspects of host fitness, including dysregulated energy 31 

metabolism. However, the molecular processes underlying these microbial impacts on 32 

the host are poorly understood. In this study, we identify a novel connection between the 33 

microbiota and the neuronal factor Arc1 that affects metabolism and development in 34 

Drosophila. We find that Arc1 exhibits tissue-specific microbiota-dependent expression 35 

changes, and that flies bearing a null mutation of Arc1 complete larval development at a 36 

dramatically slowed rate compared to wild-type animals. In contrast, monoassociation 37 

with a single Acetobacter sp. isolate was sufficient to enable Arc1 mutants to develop at 38 

a wild-type rate. These developmental phenotypes are highly sensitive to composition of 39 

the larval diet, suggesting the growth rate defects of GF flies lacking Arc1 reflect metabolic 40 

dysregulation. Additionally, we show that pre-conditioning the larval diet with Acetobacter 41 

sp. partially accelerates Arc1 mutant development, but live bacteria are required for the 42 

full growth rate promoting effect. Finally, GF Arc1 mutants display multiple traits 43 

consistent with reduced insulin signaling activity that are reverted by association with 44 

Acetobacter sp., suggesting a potential mechanism underlying the microbe-dependent 45 

developmental phenotypes. Our results reveal a novel role for Arc1 in modulating insulin 46 
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signaling, metabolic homeostasis, and growth rate that is specific to the host’s microbial 47 

and nutritional environment. 48 

INTRODUCTION 49 

The physiology and life history traits of animals are shaped in remarkable ways by 50 

interactions with commensal and beneficial microorganisms (the microbiota). For many 51 

metazoans, microbial symbionts play integral roles in post-embryonic development and 52 

physiology to yield fit and fertile adults (McFall-Ngai et al., 2013; Robertson et al., 2019). 53 

Thus, perturbations to the microbiota can have profoundly deleterious consequences for 54 

its animal host. For example, germ free (GF) or antibiotic-treated mice exhibit decreased 55 

body fat (Smith et al., 2007), abnormal intestinal epithelial architecture (Hayes et al., 56 

2018), fewer differentiated immune cells (Ekmekciu et al., 2017), and 57 

neurodevelopmental defects (Sampson and Mazmanian, 2015). In humans, dysbiosis of 58 

the gut microbiota has been implicated in the pathogenesis of a wide range of disorders, 59 

such as Type 2 diabetes (Larsen et al., 2010), obesity (Shen et al., 2013), and autism 60 

(Gilbert et al., 2013). However, the molecular factors that actuate microbial influence on 61 

host physiology and development are not comprehensively understood. Drosophila 62 

melanogaster and its gut microbiota are an ideal model to discover such factors given 63 

Drosophila’s extensive genetic resources, the low-diversity and readily-cultured bacterial 64 

communities associated with laboratory fly cultures, and the consequent technical ease 65 

of generating GF and gnotobiotic fly populations (Broderick and Lemaitre, 2012; Douglas, 66 

2018; Martino et al., 2017). 67 

From a screen to discover microbiota-responsive neuronal genes, we identified 68 

Drosophila Activity-regulated cytoskeleton associated protein 1 (Arc1) as being 69 
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differentially expressed in GF flies. Arc1 is a Drosophila homolog of mammalian 70 

Arc/Arg3.1, an immediate early gene and master regulator of synaptic plasticity in the 71 

brain (Carmichael and Henley, 2018; Shepherd and Bear, 2011). Arc transcription is 72 

highly upregulated by synaptic activity and while the brain is encoding novel information 73 

into neural circuits (Chen et al., 2020; Guzowski et al., 1999). Accordingly, reduced Arc 74 

expression impairs memory formation and learning ability in rodents (Guzowski et al., 75 

2000; Shandilya and Gautam, 2020), and defects in human Arc function have been linked 76 

to a variety of neurological and neurodevelopmental disorders, including Alzheimer’s 77 

disease (Bi et al., 2018), autism spectrum disorders (Alhowikan, 2016), and schizophrenia 78 

(Fromer et al., 2014). Arc partially regulates synaptic plasticity by interacting with 79 

endocytic machinery to regulate synaptic surface presentation of AMPA-type glutamate 80 

receptors (Chowdhury et al., 2006; DaSilva et al., 2016; Wall and Corrêa, 2018). Both 81 

mammalian Arc and fly Arc1 encode retroviral group-specific antigen-like amino acid 82 

sequences, and are predicted to have independently derived from ancient Ty3/Gypsy 83 

retrotransposons (Ashley et al., 2018; Campillos et al., 2006; Cottee et al., 2019; 84 

Pastuzyn et al., 2018). Recently, it was shown that Arc and Arc1 proteins can self-85 

assemble into capsid-like structures that package and transport mRNAs (including 86 

Arc/Arc1 mRNA) into cultured neuronal cell lines and across synapses in vivo, constituting 87 

a novel mechanism of cell-cell communication (Ashley et al., 2018; Erlendsson et al., 88 

2019; Pastuzyn et al., 2018). 89 

As with mammalian Arc, Drosophila Arc1 expression is strongly upregulated by 90 

neuronal activation (Guan et al., 2005; Mattaliano et al., 2007; Montana and Littleton, 91 

2006; Mosher et al., 2015). At the larval neuromuscular junction (NMJ), Arc1 protein-92 
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mediated transfer of Arc1 mRNA from the boutons of motoneurons to post-synaptic 93 

myocytes appears to be required for appropriate synapse maturation and synaptic 94 

plasticity (Ashley et al., 2018). Further, Arc1 loss-of-function mutants have elevated fat 95 

levels, altered metabolomic profiles, are starvation resistant, and differentially express a 96 

repertoire of enzymes involved in central carbon metabolism (Mattaliano et al., 2007; 97 

Mosher et al., 2015). These phenotypes may be at least partially attributable to Arc1 98 

activity in the brain, where its expression in adults is concentrated in a subset of large 99 

neurons in the pars intercerebralis (Mattaliano et al., 2007). However, the precise cellular 100 

pathways and mechanisms through which it affects metabolism are not known.  101 

In Drosophila, metabolic functions directly impact developmental timing and whole-102 

organism growth that occurs exclusively during the larval stages (Edgar, 2006). Fly larvae 103 

progress through three developmental instars, increasing in size approximately 200-fold 104 

prior to pupariation and metamorphosis (Robertson, 1963). Both the timing of 105 

developmental progression and the magnitude of larval growth are genetically regulated 106 

by multiple intersecting nutrient-responsive inter-organ signaling pathways, including the 107 

insulin/insulin-like growth factor (IIS) pathway (Brogiolo et al., 2001; Rulifson et al., 2002), 108 

the 20-hydroxyecdysone biosynthetic pathway (Buhler et al., 2018; McBrayer et al., 109 

2007), and target-of-rapamycin (TOR) signaling (Colombani et al., 2003; Layalle et al., 110 

2008). IIS and TOR signaling are highly functionally conserved between Drosophila and 111 

vertebrates (Edgar, 2006; Gilbert, 2008). The microbiota also has a significant impact on 112 

fly metabolism; GF larvae exhibit prolonged larval development and stunted growth 113 

compared to conventionally-reared or gnotobiotic flies (Newell and Douglas, 2014; Shin 114 

et al., 2011; Storelli et al., 2011; Storelli et al., 2017; Wong et al., 2014). Commensal 115 
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bacteria appear to impact Drosophila growth through numerous mechanisms, including 116 

nutritional provisioning and activation of host signaling pathways via secreted metabolites 117 

(Chaston et al., 2014; Consuegra et al., 2020; Kamareddine et al., 2018; Keebaugh et al., 118 

2018; Matos et al., 2017; Sannino et al., 2018; Shin et al., 2011). However, many gaps 119 

remain in our understanding of the molecular mechanisms linking the bacterial microbiota 120 

to larval metabolic function and growth dynamics. 121 

Here we reveal Arc1 as a novel host factor that modulates the microbiota’s impact 122 

on larval growth. Arc1 is transcriptionally altered in tissue-specific patterns in GF flies, 123 

and loss of Arc1 dramatically exacerbates the developmental growth delay of GF larvae. 124 

We further show that a single Acetobacter isolate is sufficient to restore normal larval 125 

development in Arc1 mutants, and that pre-conditioning the larval diet with this 126 

Acetobacter sp. partly restores a normal growth rate to GF Arc1 mutants. We further show 127 

that loss of both Arc1 and the microbiota results in multiple traits consistent with reduced 128 

insulin/insulin-like growth factor (IIS) pathway activity, and that monoassociation with 129 

Acetobacter sp. reduces the severity of these phenotypes. Together our data reveal an 130 

experimental system wherein a single microbiota member supports the health of a 131 

metabolically destabilized host genotype. Further, this work demonstrates a previously 132 

unrecognized role for Arc1 in altering insulin signaling in flies following microbiota 133 

removal. 134 

RESULTS 135 

The microbiota promote larval development of Arc1-deficient Drosophila hosts 136 

To identify host neuronal molecules and pathways that may be impacted by the 137 

microbiota, we conducted a transcriptomic screen to identify Drosophila genes that are 138 
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differentially expressed in adult fly heads upon elimination of the bacterial microbiota. 139 

From this work, we identified Arc1 among the genes that were most responsive to host 140 

microbial condition (Keith et al., 2019, bioRxiv). Specifically, we found that Arc1 141 

transcripts are elevated in the heads of adult wild-type Drosophila grown under germ-free 142 

conditions (GF; microbiologically sterile) compared to flies grown in gnotobiotic (GNO) 143 

polyassociation with a four-species bacterial community consisting of two Acetobacter 144 

(Acetobacter sp., A. pasteurianus) and two Lactobacillus (L. brevis, L. plantarum) isolates 145 

(Figure 1A). Notably, in published RNA-seq datasets comparing the gut transcriptomes 146 

of microbiota-associated Drosophila to GF guts, Arc1 is among the significantly 147 

differentially expressed genes (Bost et al., 2017; Dobson et al., 2016; Guo et al., 2014; 148 

Petkau et al., 2017); consistent with these studies, we found that Arc1 is transcriptionally 149 

decreased in the adult GF gut (Figure 1A). These microbiota-sensitive transcript level 150 

changes occur in multiple wild-type fly lines, but both changes were not observed in every 151 

wild type line (Figure 1A). Together our data demonstrate that Arc1 is a microbiota-152 

responsive gene, and the transcript response exhibits tissue specificity.  153 

Arc1 regulates lipid homeostasis and central carbon metabolite levels in 154 

Drosophila larvae (Mosher et al., 2015), and an Arc1 loss of function mutant exhibits 155 

enhanced starvation resistance in adult flies (Mattaliano et al., 2007). Intriguingly, recent 156 

studies have shown that these and other metabolic traits are also impacted by the 157 

microbiota, depending on dietary conditions and host genetic background (reviewed in 158 

Douglas, 2018). One of the major organism-level consequences of GF-induced metabolic 159 

dysregulation in Drosophila is a prolonged larval growth period (Strigini and Leulier, 160 

2016). Thus, to test for a physiologically relevant interaction between the microbiota and 161 
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Arc1 function, we raised wild-type flies (w1118) and a fly line bearing a CRISPR-mediated 162 

deletion of Arc1 (Arc1E8; Ashley et al., 2018) from embryo to adulthood either GF or GNO, 163 

and monitored their larval growth rate. Consistent with many previous reports (Chaston 164 

et al., 2014; Consuegra et al., 2020; Erkosar et al., 2015; Kamareddine et al., 2018; 165 

Keebaugh et al., 2018; Newell and Douglas, 2014; Sannino et al., 2018; Shin et al., 2011; 166 

Storelli et al., 2011; Storelli et al., 2017; Wong et al., 2014), we found that GNO wild-type 167 

animals completed larval development faster than their GF siblings (Figure 1B). On our 168 

laboratory’s routine diet (see Material and Methods) at 23ºC, wild-type GNO cultures take 169 

~7 days to complete larval development, and this period is extended by ~1.5 days under 170 

GF conditions (Figure 1B, Table S1). Strikingly, the larval growth delay induced by 171 

microbiota elimination was dramatically extended in larvae lacking Arc1. While Arc1E8 172 

mutant larvae grown under GNO conditions developed at a rate indistinguishable from 173 

wild-type GNO larvae, GF Arc1E8 animals took on average ~12 days to complete larval 174 

development (Figure 1B). These differences in larval growth rate were reflected in the 175 

rate of adult emergence, with wild-type and Arc1E8 GNO animals eclosing ~12.5 days 176 

after embryo deposition, wild-type GF eclosing after ~14 days, and Arc1E8 GF adults 177 

emerging asynchronously between 16-20 days (Figure S1A). We observed a similar, 178 

though less protracted, developmental delay for two independently-generated Arc1 loss-179 

of-function alleles (Arc1esm18 and Arc1esm113; Mattaliano et al., 2007) under GF conditions 180 

(Figures S1B, C), and in GF animals transheterozygous for Arc1E8 and Arc1esm113 (Figure 181 

1C). Further, ablation of Arc1-expressing cells using Arc1-GAL4 (Mattaliano et al., 2007) 182 

to drive expression of the pro-apoptotic reaper also extended the developmental period 183 

of GF larvae (Figure 1D). All larvae bearing loss of function mutations in Arc1 or ablation 184 
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of Arc1 expressing cells developed at the wild type rate when grown with the GNO 185 

bacterial community. Arc2 is another Drosophila Arc homolog in a genomic locus adjacent 186 

to Arc1; the two proteins likely represent an ancestral duplication event (Pastuzyn et al., 187 

2018). In contrast to Arc1 depletion, a P-element insertion in the Arc2 3’ UTR which 188 

decreased Arc2 expression (Figure S1D) had no effect on the developmental rate of GF 189 

larvae (Figure S1E). Together these results suggest a reciprocal host gene-microbe 190 

interaction: the bacterial microbiota facilitates the appropriate larval growth rate of Arc1-191 

deficient larvae, and Arc1 is a novel host protein that modulates the physiological 192 

response to microbiota loss during larval development. 193 

Monoassociation with Acetobacter sp. is sufficient to promote larval development 194 

of Arc1 mutant larvae 195 

We next asked whether the ability of our polymicrobial GNO community to promote 196 

larval growth rate was attributable to the effects of individual bacterial taxa or collective 197 

effects of the community. To this end, we generated wild-type and Arc1 null fly cultures 198 

in monoassociation with each of the four bacteria and measured time to complete larval 199 

development. Wild-type larvae monoassociated with each of the four bacteria developed 200 

significantly faster than their GF siblings, with the two Acetobacter isolates promoting 201 

slightly faster development than the two Lactobacillus isolates (Figure 2A). In contrast, 202 

only Arc1E8 mutant larvae monoassociated with Acetobacter sp. developed at an identical 203 

rate to polyassociated GNO larvae; Arc1 mutants associated with A. pasteurianus, L. 204 

brevis, and L. plantarum all developed at the same rate, ~2 days faster than GF, but ~2.5-205 

3 days slower than GNO and Acetobacter sp. monoassociated larvae (Figure 2B). While 206 

we did find significant differences in bacterial load among the four isolates, these 207 
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differences did not correlate with the impact of each bacteria on host developmental rate 208 

for either genotype (Figure S2). 209 

Because Acetobacter sp. alone was sufficient to enable Arc1E8 larvae to achieve 210 

a wild-type growth rate, we asked whether it would also be necessary in the four-species 211 

GNO community. Surprisingly, while mutant larvae associated with A. pasteurianus, L. 212 

brevis, and L. plantarum alone developed substantially slower than those associated with 213 

the four-species group or Acetobacter sp., the three together in a GNO community lacking 214 

Acetobacter sp. were sufficient to promote normal development. However, for 215 

experimental tractability we focused all subsequent investigation on wild type and Arc1 216 

mutants monoassociated with Acetobacter sp.. 217 

While the delayed pupariation rate of wild-type GF larvae reflects a moderately 218 

extended duration of all three larval instars (Figure 2C; Storelli et al., 2011), Arc1E8 GF 219 

larvae undergo substantially prolonged L1 and L2 phases (Figure 2C). Further, GF 220 

animals of both genotypes increase in size at a more gradual rate than those with 221 

Acetobacter sp., but this effect is highly exaggerated in Arc1 mutants, suggesting a longer 222 

time to attain the critical weights that trigger each molt and metamorphosis (Figure 2D; 223 

Mirth et al., 2005). The extended larval period could reflect reduced food consumption, 224 

but we did not observe feeding differences in Arc1-deficient larvae under either microbial 225 

condition (Figure S3).  Along with a lengthened time to pupariation, both wild-type and 226 

Arc1E8 GF larvae develop into smaller pupae, but, as with the developmental delay, this 227 

size reduction is greater for animals lacking Arc1 (Figure 2E). These data suggest that 228 

loss of Arc1 exacerbates the effects of GF rearing on both larval growth rate and growth 229 

capacity. 230 
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Host diet can modulate the Arc1-dependent GF larval developmental delay 231 

The developmental rate of wild type GF larvae is particularly sensitive to the 232 

concentration of dietary yeast, the primary source of ingested amino acids: the 233 

developmental lag of GF compared to conventional (CV) or GNO animals increases on 234 

diets with low yeast content, while feeding high-yeast diets enables GF larvae to develop 235 

at the same rate as microbe-associated larvae (Shin et al., 2011; Storelli et al., 2011; 236 

Wong et al., 2014). To determine how the loss of Arc1 impacts the dietary sensitivity of 237 

GF larvae, we reared Acetobacter sp.-associated and GF wild-type and Arc1E8 larvae on 238 

nine simplified diets containing systematically varied concentrations of dextrose and 239 

yeast, and monitored time to pupariation (Figure 3). 240 

As expected, in wild-type animals “high-yeast” (10%) diets eliminated the 241 

developmental gap between Acetobacter sp.-associated and GF larvae, regardless of 242 

glucose concentration, while on “low-yeast” (3%) diets wild-type GF larvae were 243 

consistently delayed. The exception to this was the 3% yeast-10% glucose diet, which 244 

substantially slowed the developmental rate of all conditions, a known effect of high-245 

sugar, low-protein diets (Musselman et al., 2011; Wong et al., 2014). Interestingly, on 5% 246 

yeast diets, increasing glucose concentration moderately accelerated the development of 247 

wild-type GF larvae, with a statistically significant delay observed only at the lowest 248 

glucose level. Overall, these data are congruent with published observations that GF 249 

rearing predominantly sensitizes wild-type flies to reductions in dietary protein content.  250 

GF larvae lacking Arc1 generally showed enhanced developmental sensitivity to 251 

dietary composition; GF Arc1E8 animals developed more slowly than GF wild-type on five 252 

out of the nine tested diets (Figure 3). Notably, GF Arc1E8 larvae were even delayed on 253 
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two “high-yeast” diets (10% yeast-3% glucose and 10%yeast-10% glucose), where the 254 

wild type GF larvae developed at same rate as wild type Acetobacter sp. animals. On 255 

most diets, Arc1 mutants associated with Acetobacter sp. developed at the same rate as 256 

wild-type Acetobacter sp.-associated larvae. One notable exception was the 3% yeast-257 

5% glucose diet, where Acetobacter sp. failed to have any growth rate promoting activity 258 

for Arc1E8 larvae. 259 

Importantly, while Arc1-deficient larvae grown GF still displayed a lengthened 260 

duration of larval development on multiple diets, none of the tested formulations yielded 261 

a magnitude of delay comparable to that observed on our laboratory’s routine diet (Figure 262 

1B). To compare the nutritional contents of the yeast-glucose diets to our cornmeal-yeast-263 

molasses diet (see Materials and Methods), we utilized the Drosophila Dietary 264 

Composition Calculator to determine the protein:carbohydrate (P:C) ratio of each recipe 265 

(Figure 3; Lesperance and Broderick, 2020). Relative to most of the tested yeast-glucose 266 

diets, our laboratory diet has a low P:C ratio of 0.06. Interestingly, the yeast-glucose diet 267 

with the P:C ratio closest to that of our diet (3% yeast-10% glucose; P:C 0.09) did not 268 

recapitulate the microbe-dependent developmental rate trends observed on our diet; 269 

specifically, Acetobacter sp.-associated wild-type and Arc1 mutant larvae developed 270 

substantially slower on this yeast-glucose diet than on our diet. This may indicate that the 271 

full growth rate promoting effects of this Acetobacter sp. are specific to the more complex 272 

nutritional substrate of the cornmeal-yeast-molasses diet and less dependent on the 273 

relative proportions of these two macronutrients. For example, cornmeal provides sugars 274 

in the form of complex polysaccharides that require a multi-step breakdown process 275 

involving amylases and maltases, which have previously been shown to be microbiota 276 
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responsive in Drosophila larvae (Erkosar et al., 2017). Additionally, differences in 277 

Acetobacter sp. developmental support could be due to different levels of bacterial 278 

population growth on the various diets. 279 

Together, these results indicate that the importance of Arc1 function during GF 280 

larval development is highly dependent on the host’s nutritional environment, and suggest 281 

that Arc1 may be particularly important for GF animals’ metabolic responses to dietary 282 

amino acid availability. 283 

Live Acetobacter sp. populations are required for optimal Arc1 mutant 284 

developmental rate 285 

We next sought to investigate the mechanisms by which Acetobacter sp. 286 

association enables Arc1-deficient animals to complete larval development at the same 287 

rate as wild-type monoassociated animals. Given that increasing the concentration of 288 

dietary yeast can substantially diminish the prolonged larval stage of GF Arc1 mutant 289 

larvae, we hypothesized that bacteria consumed with the diet may serve as a 290 

supplemental food source supporting Arc1E8 development, a mechanism for which there 291 

is precedent in wild-type Drosophila (Bing et al., 2018; Keebaugh et al., 2018; Storelli et 292 

al., 2017). To test this prediction, we inoculated GF wild-type and Arc1E8 cultures with 293 

heat-killed Acetobacter sp. cells daily throughout the larval developmental period until the 294 

entire population pupariated. Administration of heat-killed Acetobacter resulted in a slight, 295 

but not statistically significant, acceleration of developmental rate for GF Arc1 mutants 296 

(Figure 4A). Feeding with dead Acetobacter cells had no effect on wild-type GF larval 297 

developmental rate (Figure 4A). These data suggest Acetobacter sp. does not solely 298 

serve as a nutritional supplement to promote Arc1 mutant development.  299 
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The Acetobacteraceae are distinguished by the ability to generate acetic acid 300 

through partial oxidation of ethanol and other substrates (Saichana et al., 2015). Two 301 

studies showed that acetic acid/acetate consumption enables GF larvae or larvae 302 

associated with an Acetobacter mutant deficient for acetic acid production to develop at 303 

a rate comparable to those associated with live bacteria (Kamareddine et al., 2018; Shin 304 

et al., 2011); in contrast, acetic acid has also been reported to yield no effect on growth 305 

in a GF context, or, at higher concentrations, further extends the GF larval growth delay 306 

(Kim et al., 2017; Shin et al., 2011). Consistent with the latter results, we found that 307 

providing GF wild type or Arc1E8 larvae with dietary acetic acid at different concentrations 308 

either had no impact on growth rate, or increased the duration of larval development 309 

(Figure 4C, C’). This suggests that any acetic acid generation by our Acetobacter sp. 310 

isolate has minimal impact on larval growth under our dietary and husbandry conditions. 311 

We also found that daily inoculation with filtered supernatant from planktonic Acetobacter 312 

sp. cultures had no effect on either wild-type or Arc1E8 GF larvae, providing no evidence 313 

to support a role for metabolite(s) secreted in Acetobacter sp. planktonic culture in 314 

promoting larval growth rate (Figure 4B).  315 

The association of larval and adult Drosophila with their commensals involves 316 

bacterial proliferation on the flies’ diet and consequent continual ingestion of live and dead 317 

bacterial cells associated with the food bolus (Ludington and Ja, 2020). The host and its 318 

microbial partners therefore share a dietary niche, with the bacteria utilizing the flies’ food 319 

as a carbon source (Blum et al., 2013; Martino et al., 2018; Storelli et al., 2017). Prior 320 

work suggests that certain microbe-affected metabolic traits in Drosophila, including 321 

growth rate, result from bacterial utilization of dietary nutrients (Consuegra et al., 2020; 322 
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Huang and Douglas, 2015; Storelli et al., 2017). These microbiota-dependent host traits 323 

therefore arise from bacterial modification of the flies’ diet, resulting in an altered 324 

nutritional intake. We hypothesized that bacterial dietary modification might underlie 325 

Acetobacter sp. support of Arc1 mutant development. To test this hypothesis, we 326 

inoculated GF food vials with Acetobacter sp. planktonic culture, allowed colonization of 327 

the diet for five days, and then heat-treated the vials to kill all bacteria, resulting in an 328 

Acetobacter sp.-conditioned but microbiologically sterile larval food substrate. 329 

When fed the conditioned diet, wild-type GF larvae also developed slightly, though 330 

not significantly, faster than wild-type GF larvae on regular sterile food, and on un-331 

inoculated sterile food subjected to the same heat treatment used to sterilize conditioned 332 

media (Figure 4D). In contrast, Acetobacter sp.-conditioned food substantially 333 

accelerated GF Arc1E8 larval development compared to GF larvae on untreated and 334 

heated control diets, though still ~1.5 days slower than Arc1 mutants associated with live 335 

Acetobacter sp. (Figure 4D’). These data suggest that Acetobacter sp. modification of the 336 

larval diet may be an important, though not exclusive, mechanism by which this bacterial 337 

isolate promotes larval growth rate.  338 

Germ free rearing alters metabolic defects of Arc1 mutant animals and reduces 339 

insulin signaling 340 

 The rate of larval growth and development in Drosophila is an organism-level 341 

readout of systemic energy metabolism. Specifically, growth is promoted by the activation 342 

of multiple circulating-hormone-regulated signaling pathways, including the 343 

insulin/insulin-like signaling (IIS) pathway, which are responsive to and downstream of 344 

nutrient intake (Edgar, 2006). Following food consumption, insulin-like peptides (Ilps) are 345 
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synthesized by neuroendocrine cells in the brain and released into the hemolymph 346 

(Géminard et al., 2009). Ilps then circulate to principal metabolic tissues, including the fat 347 

body, and activate the insulin receptor (InR; Brogiolo et al., 2001; DiAngelo and Birnbaum, 348 

2009). This results in the nuclear exclusion of the transcription factor Foxo, the 349 

suppression of starvation responses, and growth promotion (Jünger et al., 2003; Kramer 350 

et al., 2003). Decreased IIS activity results in a larval growth delay, or in the most severe 351 

cases a complete growth arrest (reviewed in Baker and Thummel, 2007). Furthermore, in 352 

wild-type animals fed nutrient restrictive diets, individual commensal bacteria, including 353 

some Acetobacter, may promote larval growth and development in part via activation of 354 

host IIS (Kamareddine et al., 2018; Shin et al., 2011; Storelli et al., 2011). Arc1 has been 355 

previously implicated in metabolic homeostasis (Mosher et al., 2015), but not IIS signaling 356 

(Mattaliano et al., 2007). Further, we have shown that the growth rate of GF Arc1 mutants 357 

is delayed and sensitive to dietary composition (Figure 3), consistent with metabolic 358 

dysregulation. Thus, we hypothesized that the developmental delay of Arc1E8 GF larvae 359 

is a consequence of reduced IIS activity, and that Acetobacter sp. supports an appropriate 360 

Arc1E8 growth rate by restoring proper IIS signaling. 361 

In addition to a reduction in larval growth rate, loss of IIS signaling results in other 362 

growth defects. This includes a reduction in wing size, due to a reduction in cell number 363 

and cell size (Figure 5A; Rulifson et al., 2002). While wild-type GF larvae have a 364 

decreased larval growth rate (Figure 1B), and final larval size (Figure 2E), we did not 365 

observe any alteration to wing growth properties: cell size (inferred by cell density), cell 366 

number, and wing size were indistinguishable from that of Acetobacter sp.-associated 367 
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wild type animals (Fig. 5B-D). This may suggest that larval growth rate is particularly 368 

sensitive to metabolic perturbations under our culture conditions. 369 

Arc1 mutants grown under GF conditions exhibited a significant reduction in cell 370 

size, consistent with reduced IIS activity, whereas Acetobacter sp.-associated mutant 371 

wings had wild-type sized cells (Figure 5A,B). Surprisingly, though, loss of Arc1 increased 372 

cell number, regardless of microbial condition (Figure 5A,C). Since cell size was 373 

unaffected in Arc1E8-Actobacter sp. flies, this resulted in larger wings for these animals, 374 

whereas GF Arc1E8 wings were the same size as wild-type wings, due to their reduced 375 

cell size (Figure 5A,D). While increased IIS activity is associated with larger wings, this is 376 

accompanied by an increase in cell size (Brogiolo et al., 2001). This suggests that Arc1 377 

may also contribute to wing growth through unknown additional mechanisms.  378 

In addition to growth changes, loss of IIS pathway activity also results in resistance 379 

to adult starvation conditions (Broughton et al., 2005). Arc1esm18 mutants are likewise 380 

starvation resistant (Mattaliano et al., 2007). We observed the same phenotype, with 381 

Arc1E8 Acetobacter sp.  females taking longer to succumb to starvation than wild type 382 

Acetobacter sp. and wild type GF adults. This starvation resistance was strongly 383 

enhanced in GF Arc1E8 animals, which survived full nutrient deprivation ~two days longer 384 

than wild type animals (Figure 5E). Reduced mobilization of energy stores under 385 

starvation conditions is another consequence of reduced IIS activity (Broughton et al., 386 

2005; Luong et al., 2006). Thus, the strongly enhanced starvation survival of GF Arc1 387 

mutants, are consistent with deficient IIS function in the absence of Arc1 and the 388 

microbiota. 389 
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Activation of the insulin receptor (InR) results in the activation of PI3K increasing 390 

the membrane phospholipid PIP3 (Britton et al., 2002). This produces a membrane-391 

associated binding site for proteins containing the Plextrin homology (PH) domain, 392 

including the IIS effector Akt (Verdu et al., 1999). tGPH is a GFP-tagged PH domain that 393 

has been widely used as an in vivo reporter of PI3K activity and IIS pathway activation 394 

(Britton et al., 2002). In Acetobacter sp.-associated wild-type and Arc1E8 larvae and in 395 

wild-type GF larvae, we observed a strong membrane localization of tGPH in the fat body 396 

that was indistinguishable between those genotypes and conditions (Fig. 5F), suggesting 397 

that IIS signaling is not significantly perturbed in these larvae. In contrast, we found that 398 

the membrane localization of tGPH was strongly reduced in the larval fat body of GF 399 

Arc1E8 animals (Fig. 5F), indicative of reduced IIS pathway activation. Together these 400 

data demonstrate that aside from the larval growth delay, wild type GF larvae do not have 401 

phenotypes associated with reduced IIS signaling. However, when Arc1 is also 402 

eliminated, these animals exhibit many hallmarks of IIS deficiency. Likewise, Arc1 mutant 403 

Acetobacter sp. animals generally do not display evidence of IIS signaling defects. But 404 

the starvation resistance of Arc1E8 animals suggests that Arc1 mutants may be sensitized 405 

to reduced IIS signaling, which is exacerbated by GF rearing.  Thus, Acetobacter sp. is 406 

largely sufficient to promote IIS activity in Arc1 mutants, suggesting a potential 407 

mechanism by which Acetobacter sp. may promote organismal homeostasis in Arc1-408 

deficient hosts. 409 

DISCUSSION 410 

Here we reveal a novel and unexpected connection between the host gene Arc1 411 

and the bacterial microbiota in Drosophila: we demonstrate that Arc1 transcript levels are 412 
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responsive to the microbiota, and find that Arc1 functions to suppress metabolic and 413 

fitness deficiencies induced by microbiota removal. Arc1 exhibits microbiota-dependent 414 

expression, as its transcript levels are elevated or repressed in a tissue-specific manner 415 

in GF animals. Under our standard dietary conditions, GF rearing of wild type animals or 416 

Arc1 mutation in GNO animals independently induced no defects or only moderate 417 

defects in host metabolism-related traits. However, when both the microbiota and Arc1 418 

were lost, strong IIS-dependent metabolic phenotypes emerged. In animals lacking Arc1, 419 

association with one specific Acetobacter sp. alone was sufficient to restore normal IIS 420 

signaling and developmental rate. Our data suggest that Acetobacter sp. functions in this 421 

capacity through multiple mechanisms, one of which involves dietary modification. Thus, 422 

in GF Arc1 mutants, we propose that host genotype and microbial condition converge on 423 

the IIS pathway, leading to growth defects. 424 

Role of Arc1 in insulin signaling in GF flies 425 

We found that GF Drosophila lacking Arc1 exhibit phenotypes consistent with 426 

reduced IIS activity. Connections between Arc1/Arc and IIS/insulin activity have been 427 

considered previously. Arc expression can be strongly induced in cultured human 428 

neuroblasts by treatment with exogenous insulin (Kremerskothen et al., 2002). Arc1 is 429 

strongly expressed in one small cluster of large neurons in each lobe of both the larval 430 

brain and the pars cerebralis region of the adult brain that are proximal to and partially 431 

overlap with the insulin producing cells (IPCs; Mattaliano et al., 2007; Mosher et al., 2015). 432 

Further, Mattaliano et al. (2007) found that selectively restoring Arc1 expression in the 433 

IPCs was sufficient to revert the starvation resistance of Arc1 mutants. Yet beyond 434 

starvation resistance and the increased larval fat levels reported by Mosher et al. (2015), 435 
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loss of Arc1 resulted in no additional traits suggestive of reduced IIS signaling (Mattaliano 436 

et al., 2007). However, our data now reveal a microbiota-dependent component of the 437 

Arc1-IIS connection, as we primarily observed IIS-related phenotypes in Arc1 mutants 438 

grown under GF conditions. Further, Arc1 metabolic phenotypes are strongly influenced 439 

by nutritional composition, as we found that the developmental rate of GF Arc1E8 animals 440 

varied considerably on various dietary formulations. 441 

The IIS pathway coordinates nutritional intake, metabolism, and growth in a 442 

mechanistically conserved manner between Drosophila and vertebrates. The Drosophila 443 

IIS pathway is functionally analogous to the combined roles of the mammalian insulin 444 

pathway, which primarily regulates blood glucose levels, and the Insulin-like growth factor 445 

(IGF) pathway, which coordinates organismal growth (Edgar, 2006). Our data suggest 446 

that Arc1 is a regulator of IIS signaling, whose role is revealed by GF rearing. In addition, 447 

Arc1 likely impacts metabolism- and growth-regulating cellular processes beyond IIS, 448 

which may or may not contribute to the growth delay of GF Arc1E8 larvae. This is 449 

evidenced by the increased wing size and enhanced starvation resistance of Arc1 450 

mutants even in the presence of Acetobacter sp. (Figure 5D,E). Possible additional 451 

pathways influenced by Arc1 include Hippo signaling, which controls organ growth (Zhao 452 

et al., 2011), and ecdysone biosynthesis, which is nutrient responsive and regulates 453 

developmental rate (Edgar, 2006). 454 

How might Arc1 promote IIS-pathway activity? Mammalian Arc modulates synaptic 455 

plasticity in part by enhancing the endocytosis, and consequently reducing the membrane 456 

availability, of AMPA receptors (Chowdhury et al., 2006; DaSilva et al., 2016; Wall and 457 

Corrêa, 2018). Although it has not been shown for Arc1, this molecular function suggests 458 
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that Arc proteins may have the ability to regulate the recycling of other receptors, like the 459 

insulin receptor. An alternative mechanism is suggested by recent reports that Drosophila 460 

Arc1 and mammalian Arc encode polypeptides that can self-assemble into mRNA-461 

containing capsid-like structures, which are released from mammalian and Drosophila 462 

cell lines, and Drosophila neurons at the larval NMJ (neuromuscular junction) in 463 

extracellular vesicles (EVs; Ashley et al., 2018; Erlendsson et al., 2019; Pastuzyn et al., 464 

2018). These Arc/Arc1 capsid-containing EVs are taken up by recipient cells in both 465 

cultured mouse hippocampal neurons and at the NMJ, constituting a novel mechanism of 466 

intercellular mRNA transfer (Ashley et al., 2018; Pastuzyn et al., 2018). The functional 467 

significance of this mechanism in cell types and tissues outside the NMJ that may be 468 

relevant here (e.g. IPC-adjacent neurons) has not been studied, but it is tempting to 469 

speculate that Arc1-mediated mRNA transfer may play a role in Arc1’s metabolic function. 470 

Interestingly, Arc1 is broadly expressed; in addition to its expression in the brain 471 

(Mattaliano et al., 2007; Mosher et al., 2015), Arc1 is also expressed in the prothoracic 472 

gland (Mattaliano et al., 2007) and is transcriptionally enriched in the gut (FlyAtlas; Leader 473 

et al., 2018), where we and others have observed microbiota-dependent transcript level 474 

changes (Figure 1A; Bost et al., 2017; Dobson et al., 2016; Guo et al., 2014; Petkau et 475 

al., 2017). Additionally, knockdown of the transcription factor Seven-up, which reduces 476 

IIS activity, leads to strongly increased Arc1 expression in the larval fat body (Musselman 477 

et al., 2018). This implicates Arc1 in multiple organs that control energy homeostasis. We 478 

predict that Arc1 capsid-dependent intercellular mRNA transport and/or endocytic based 479 

receptor cycling might act at multiple nodes in the systemic inter-organ signaling 480 

dynamics of IIS.  481 
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Acetobacter sp. support of Arc1 mutant larval growth 482 

While loss of Arc1 significantly exacerbated the developmental delay of GF larvae, 483 

we found that monoassociation with Acetobacter sp. was sufficient for Arc1 mutants to 484 

develop at the same rate as wild-type Acetobacter sp.-associated larvae (Figure 2B). The 485 

reduced growth rate of GF Drosophila is one of the most consistent and reproducible 486 

microbiota-dependent host traits documented in the literature. As such, the mechanistic 487 

basis underlying microbial growth promotion has been investigated (reviewed in Strigini 488 

and Leulier, 2016). Our study revealed both similarities and differences between 489 

published mechanisms of bacterial impact on larval growth, and the ways Acetobacter 490 

sp. promotes development in an Arc1-deficient host.  491 

In laboratory Drosophila cultures, bacterial populations predominantly grow on the 492 

diet substrate, and are ingested along with the food (Ludington and Ja, 2020). We found 493 

that pre-conditioning the larval diet with Acetobacter sp. substantially accelerated GF 494 

Arc1 mutant development, suggesting that an interaction between Acetobacter sp. and 495 

the larval diet is a key feature of this bacterial isolate’s growth promoting activity (Figure 496 

4D’). There is precedent for bacterial modification of the diet altering host metabolism and 497 

growth in Drosophila. On nutritionally rich diets, Acetobacter tropicalis can prevent 498 

excessive accumulation of triglycerides in adult flies by metabolizing glucose in the food 499 

and reducing its availability to the host (Huang and Douglas, 2015). On nutritionally poor 500 

diets, L. plantarum depletes the levels of sugars and branched-chain amino acids, and 501 

increase the levels of glycolysis and fermentation products to promote larval growth 502 

(Storelli et al., 2017). Because acetic acid bacteria frequently predominate the Drosophila 503 

microbiota, the impacts of acetic acid on fly physiology and development have been 504 
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investigated (Kamareddine et al., 2018; Kim et al., 2017; Shin et al., 2011). As in Kim et 505 

al. (2017), we found that acetic acid either increased or had no effect on the 506 

developmental delay of wild-type or Arc1 mutant larvae (Figure 4C,C’), suggesting acetic 507 

acid production by our Acetobacter sp. isolate likely has a minimal impact on Arc1 mutant 508 

development under our dietary conditions.  509 

Importantly, our data reveal that association with a live population of Acetobacter 510 

sp. is required for optimal growth rate promotion of Arc1 mutants. This suggests that 511 

additional mechanisms beyond dietary modification support larval development in the 512 

absence of Arc1. In wild-type flies, commensal bacteria have been shown to promote 513 

growth through mechanisms involving interactions between bacterial cell wall 514 

components and gut cells. For example, D-alanylated teichoic acids in the L. plantarum 515 

cell wall induce expression of intestinal peptidases, facilitating larval growth on protein-516 

poor diets (Consuegra et al., 2020; Matos et al., 2017). Further, the microbiota-responsive 517 

immune deficiency (IMD) pathway, which is activated in enterocytes by DAP-type 518 

peptidoglycan present in gram-negative and Lactobacilli cell walls, has been shown to 519 

promote metabolic homeostasis and larval development (Davoodi et al., 2018; 520 

Kamareddine et al., 2018).  521 

Taken together, our data suggest that the full impact of live Acetobacter sp. on 522 

Arc1 mutant metabolism and development involves a combinatorial effect of dietary 523 

modification and direct bacterial-host cell interactions. These two distinct modes of 524 

microbiota activity are analogous to the modes by which the microbiota influence host 525 

physiology in mammals. Bacterial breakdown of certain macro-nutrients (e.g. complex 526 

polysaccharides) in the human gut has been linked to health and disease states 527 
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(Cockburn and Koropatkin, 2016). In contrast, other functions, such as immune cell 528 

maturation and maintenance of gut epithelial architecture, appear to require bacterial cell-529 

derived antigens (Sekirov et al., 2010).  530 

 531 

Proposed evolutionary conservation of Arc-microbiota-insulin connections 532 

Our data raise the question of whether microbiota- and diet-responsive metabolism 533 

regulation is a conserved function for Arc proteins. It has been shown that chronically 534 

feeding mice a high fat diet (HFD), which induces insulin resistance and diabetic-like 535 

phenotypes as well as cognitive impairments, leads to suppressed Arc expression in the 536 

cerebral cortex and hippocampus  (Chen et al., 2020; Mateos et al., 2009). Comparably, 537 

flies reared on a HFD exhibited reduced memory formation and reduced Arc1 expression 538 

in the head (p<0.05, 1.35 fold-change reduction; Rivera et al., 2019). In rodent models, it 539 

is well established that HFD perturbs the composition of the gut microbiota in a manner 540 

that can mediate diabetic and other disease phenotypes (Kim et al., 2012; Murphy et al., 541 

2015). Our data thus raise the intriguing and previously unconsidered possibility that Arc 542 

function in the brain plays a role linking diet-induced gut dysbiosis to cognitive and 543 

metabolic impairments. 544 

MATERIALS AND METHODS  545 

Drosophila stocks and general rearing 546 

The following fly stocks were used in this study: w1118, Canton-S, and Oregon-R are long-547 

term lab stocks originally from the Bloomington Drosophila Stock Center (BDSC), Top 548 

Banana (kind gift from Dr. Michael Dickinson), y[1] w[1] (BDSC #1495), w1118; Arc1E8 (kind 549 

gift from Dr. Vivian Budnik and Dr. Travis Thomson), w[*]; Arc1esm113  (BDSC #37531), 550 
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w[*]; Arc1esm18 (BDSC  #37530), w[*];; P{w[+mC]=Arc1-GAL4.M}3 (BDSC #37533), w1118; 551 

P{UAS-rpr.C}14 (BDSC #5824), y[1]w[67c23]; 552 

P{w[+mC]y[+mDint2]=EPgy2}Arc2[EY21260] (BDSC #22466), w118;; P{tGPH}4 (BDSC 553 

#8164). Non-experimental fly stocks were maintained at 21-22°C. Our laboratory utilizes 554 

a yeast-cornmeal-molasses diet of the following recipe (percentages are given as wt/vol 555 

or vol/vol throughout Methods): 8.5% molasses (Domino Foods), 7% cornmeal (Prairie 556 

Mills Products), 1.1% active dry yeast (Genesee Scientific), 0.86% gelidium agar 557 

(MoorAgar). The diet is boiled for ~30-45 minutes, cooled to 60-65°C, supplemented with 558 

0.27% propionic acid (Sigma) and 0.27% methylparaben (Sigma) and dispensed to 559 

polypropylene vials. All experiments in this study utilized this diet formulation except those 560 

presented in Figure 2, which were conducted on yeast-glucose diets. Yeast-glucose diets 561 

consisted of the indicated proportions of active dry yeast (Genesee Scientific), dextrose 562 

(Fisher Scientific), and gelidium agar (MoorAgar), and were prepared as described in 563 

(Koyle et al., 2016). Diets were mixed, autoclaved, cooled to 60-65°C, supplemented with 564 

propionic acid and methylparaben, and dispensed to autoclaved vials. 565 

Bacterial stocks 566 

The Acetobacter sp., Acetobacter pasteurianus, Lactobacillus plantarum, and 567 

Lactobacillus brevis stocks utilized in this study were all isolated from conventionally 568 

reared Top Banana Drosophila cultures in our laboratory. Adult flies were surface 569 

sterilized in 10% sodium hypochlorite and 70% ethanol, rinsed three times and 570 

homogenized in phosphate buffered saline (PBS). Serial dilutions of fly homogenates 571 

were plated on de Man, Rogosa, and Sharpe (MRS; Weber Scientific) and acetic acid-572 

ethanol (AE; 0.8% yeast extract, 1.5% peptone, 1% dextrose, 0.5% ethanol, 0.3% acetic 573 
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acid; Blum et al., 2013) agar plates. Colonies with distinct morphology were streaked for 574 

isolation. Bacterial taxonomies were assigned by PCR amplification and sequencing of 575 

the 16S rRNA gene using universal bacterial primers 8F (5’-576 

AGAGTTTGATCTGGCTCAG-3’) and 1492R (5’-GGMTACCTTGTTACGACTT-3’; Eden 577 

et al., 1991). Sequences were searched against the NCBI nr/nt database via blastn 578 

(Altschul et al., 1990; Camacho et al., 2009; Morgulis et al., 2008) and taxonomies were 579 

assigned based on >97% sequence homology. The 16S rRNA sequence for isolate A22 580 

(Acetobacter sp.) bore >97% similarity with >five different Acetobacter species so we do 581 

not assign a species-level taxonomic classification in this report. 582 

Generation of germ free and gnotobiotic fly cultures 583 

Germ free and gnotobiotic Drosophila cultures were generated according to established 584 

methods (Koyle et al., 2016). Synchronous populations of embryos were collected on 585 

apple juice agar plates. In a sterile biosafety cabinet, embryos were treated with 50% 586 

sodium hypochlorite solution for two minutes to eliminate exogenous microbes and 587 

remove the chorion. Embryos were then rinsed twice in 70% ethanol, twice in sterilized 588 

milliQ water, and once in sterilized embryo wash (2% Triton X-100, 7% NaCl). Sterilized 589 

embryos were then pipetted into autoclaved food vials to generate germ free cultures. To 590 

generate gnotobiotic flies, overnight cultures of bacterial isolates were grown in MRS 591 

broth (30°C with shaking for Acetobacter isolates and 37°C static for Lactobacilli). Sterile 592 

food vials were inoculated with 40µL of overnight cultures (OD~1) immediately prior to 593 

the addition of sterilized fly embryos. For polyassociated (GNO) flies, vials were 594 

inoculated with 40µL of a 1:1:1:1 mixture of overnight cultures of the four indicated 595 

bacteria.  596 
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All experimental Drosophila cultures were maintained in an insect incubator at 23°C, 70% 597 

humidity, on a 12:12 light-dark cycle. 598 

Larval and adult animals were confirmed as germ free or mono-/polyassociated by 599 

homogenization in sterile PBS and plating on MRS and AE agar plates.  600 

We did not maintain GF, GNO, or monoassociated flies over multiple generations; all 601 

experiments utilized independently-derived germ free or gnotobiotic animals. 602 

Developmental timing measurements 603 

Synchronous populations of embryos were collected in a six-hour time window and 604 

treated as described above to generate vials of defined microbial conditions. For 605 

pupariation and eclosion rate analysis, the number of pupae formed or empty pupal 606 

cases, respectively, were counted daily until 100% of the population had pupariated or 607 

eclosed. The duration of larval development is strongly affected by crowding conditions 608 

in the food (Klepsatel et al., 2018). Also, variable and unpredictable numbers of embryos 609 

do not survive the bleach and ethanol washes employed to generate germ free and 610 

gnotobiotic cultures (Koyle et al., 2016; Troha and Buchon, 2019; unpublished 611 

observations). Therefore, vials containing fewer than ten and greater than forty animals 612 

were omitted from analyses as either under- or over-crowded, respectively.  613 

Larval instars were determined via mouth hook and/or posterior spiracle morphologies 614 

(Oldroyd, 1951).  615 

Larval length and pupal volume were measured from images using Fiji (Schindelin et al., 616 

2012). For pupal volume, length (l) and width (w) of each pupa were measured and 617 

volume calculated as previously described (Layalle et al., 2008; Redhai et al., 2020): 618 

V=4/3p(l/2)(w/2)2. 619 
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Larval feeding assays 620 

Larval feeding was assessed via dye consumption (Buhler et al., 2018; Libert et al., 2007; 621 

Mosher et al., 2015; Shin et al., 2011). Stage-matched pre-wandering third instar larvae 622 

were transferred to autoclaved fly food containing 1.8% FD&C Red #40 dye (Ward’s 623 

Science,) and allowed to feed for 3 hr at 23°C. Guts were then dissected from 20 larvae 624 

in PBS and homogenized via bead beating in 1mL PBS. Homogenates were centrifuged 625 

at 13,000 rpm for 1 minute to pellet debris and absorbance of the supernatant was 626 

measured at 490nm with a Tecan Spark microplate reader. Weighed amounts of dyed 627 

food were similarly homogenized in PBS and A490 readings collected to generate a 628 

standard curve, which was used to calculate µg food consumed per larva. 629 

Mouth hook contraction rates were assayed as described (Bhatt and Neckameyer, 2013). 630 

Pre-wandering third instar larvae were transferred to apple juice plates coated with yeast 631 

paste, given 30 seconds to acclimate, and contractions were counted manually for 30 632 

seconds. 633 

Quantifying bacterial loads for monoassociated larvae 634 

Pre-wandering third instar larvae (8-10 animals per replicate) were removed from the food 635 

and surface sterilized in 10% sodium hypochlorite for 1 minute. Larvae were then rinsed 636 

three times in PBS and homogenized in 125µL PBS via bead beating for 30 seconds. 637 

Homogenates were serially diluted in PBS and dilutions were plated on AE (for 638 

Acetobacter) or MRS (for Lactobacilli) agar plates. Plates were incubated for 2-3 days at 639 

either 30°C (AE) or 37°C (MRS), and resultant colonies were counted manually from 640 

dilution plates bearing ~50-400 colonies. Bacterial loads were calculated as colony-641 
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forming units (CFUs) per larva, as previously described (Koyle et al., 2016), and log 642 

transformed for analysis. 643 

Dietary treatments  644 

Acetobacter sp.-conditioned diet 645 

To generate Acetobacter sp.-conditioned fly food (Figure 4), autoclaved food vials were 646 

inoculated with Acetobacter sp. overnight culture, as described above. Inoculated vials 647 

were incubated for five days at 23°C. Vials were then incubated at 65°C for 3 hr to kill 648 

bacteria. Sterility of the conditioned diet was confirmed by plating food and larval 649 

homogenates on AE plates, which consistently yielded no bacterial growth. Heated diet 650 

controls consisted of un-inoculated, autoclaved GF vials incubated at 65°C for 3 hr. 651 

Heat-killed bacterial feeding 652 

For experiments feeding GF larvae dead bacterial cells (Figure 4A), overnight cultures of 653 

Acetobacter sp. were heat-killed at 65°C for 1 hr and autoclaved food vials were 654 

inoculated with 40µL of heat-killed suspension prior to the addition of GF embryos. Vials 655 

were further inoculated with 40µL heat-killed bacterial suspension daily until 100% of the 656 

population had pupariated. Successful heat killing was confirmed for each daily inoculum 657 

by plating undiluted heat-treated bacterial suspension on AE plates, and by plating larval 658 

homogenates, which consistently yielded no bacterial growth. 659 

Cell-free supernatant feeding 660 

For Acetobacter sp. supernatant treatments (Figure 4B), overnight cultures of 661 

Acetobacter sp. (3mL in MRS, grown as described above) were filtered twice through 662 

0.22µm PVDF sterile membrane filters (Genesee Scientific). Autoclaved food vials were 663 

inoculated with 40µL of filtered media immediately prior to addition of GF embryos, and 664 
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vials were further inoculated with 40µL of filtered media daily until 100% of the population 665 

pupariated. Absence of live bacterial cells was confirmed by plating daily filtered media 666 

on AE plates, and plating larval homogenates.  667 

Acetic acid-supplemented diets 668 

For acetic acid supplementation of GF larval fly cultures (Figure 4C, C’), fly food was 669 

autoclaved and allowed to cool to ~50-60°C. Glacial acetic acid (Fisher Scientific) was 670 

then added to defined volumes of food to the indicated final concentrations (vol/vol 0.1% 671 

and 0.2%). For sodium acetate supplementation, solid sodium acetate (Sigma) was 672 

added to autoclaved, cooled food to a final concentration of 50mM. Supplemented diets 673 

were mixed thoroughly and dispensed to pre-autoclaved empty vials. 674 

Wing analysis 675 

Wings from adult females were dissected, mounted in Aqua-mount (Thermo Scientific), 676 

and imaged with a QICAM-IR Fast 1394 camera (Q-Imaging) on a Zeiss Axioskop2 Plus 677 

microscope. All measurements were collected using Fiji. Wing area was measured along 678 

wing margin, excluding the hinge. For cell size analysis, trichome density was measured 679 

with FijiWings2.3 software using the 150px trichome density feature (Dobens and 680 

Dobens, 2013). Cell count per wing was determined by multiplying the cell density 681 

measurement by the total area of the wing. 682 

Starvation resistance 683 

Five days post-eclosion, adult mated female flies were transferred to 1% agar-water vials, 684 

8-10 flies per vial. Flies were transferred to fresh agar-water vials daily. Survival was 685 

monitored daily until 100% of the population succumbed. The experiment was conducted 686 
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three times, ~50-120 animals per condition per replicate, and data were combined for 687 

analysis.  688 

RT-qPCR 689 

Heads and guts (proventriculus to hindgut, excluding crop and malpighian tubules) from 690 

5-7 days-post-eclosion adult male flies (8-10 animals per replicate) were dissected in ice 691 

cold PBS and homogenized immediately in Trizol reagent (Thermo Fisher). RNA was 692 

extracted using the Direct-zol RNA Miniprep kit (Zymo Research) exactly following the 693 

manufacturer’s protocol. High quality RNA (A260nm/280nm ~2; 500ng) was used as template 694 

for cDNA synthesis using the qScript cDNA synthesis kit (QuantaBio). Product from cDNA 695 

synthesis reactions was used for qPCR with the PerfeCTa SYBR Green Supermix 696 

(QuantaBio) in an Applied Biosystems 7300 Real Time PCR System instrument. Data 697 

were normalized to Rpl32 and expression fold changes were calculated using the 2-DDCt 698 

method. Primers used in this study: Rpl32 (5’- ATGCTAAGCTGTCGCACAAATG-3’ and 699 

5’- GTTCGATCCGTAACCGATGT-3’; Ponton et al., 2011), Arc1 (5’- 700 

CATCATCGAGCACAACAACC-3’ and 5’-CTACTCCTCGTGCTGCTCCT-3’; Mosher et 701 

al., 2015), Arc2 (5’-CGTGGAGACGTATAAAGAGGTGG-3’ and 5’-702 

GACCAGGTCTTGGCATCCC-3’; FlyPrimerBank (Hu et al., 2013)).  703 

Fluorescence imaging 704 

Fat bodies from pre-wandering third instar larvae were dissected in ice cold PBS and 705 

fixed in 4% paraformaldehyde-PBS (Electron Microscopy Sciences) for 30 min at room 706 

temperature. Fat bodies were rinsed three times in PBS and mounted in aqua-poly/mount 707 

(Polysciences). Images were captured on a spinning disc microscope with a Celesta 1W 708 

light engine (Lumencor), an X-Light V2 scan head (Crest Optics), and a Prime95B CMOS 709 
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camera (Photometrics) on a Zeiss Axiovert 200M using Metamorph software (Molecular 710 

Devices). 711 

Statistical analysis 712 

Statistical tests were conducted and figures generated using R version 3.5.1 (R Core 713 

Team, 2019). For development data, the average time to pupariation was calculated for 714 

each vial from the number of individuals pupariating on each day until the entire 715 

population completed larval development. These per-vial values from at minimum three 716 

replicates were used for statistical analyses; full sample sizes and statistical test output 717 

for all development experiments in this study are reported in Table S1. Throughout, 718 

within-genotype comparisons among different treatments were conducted via one-way 719 

analysis-of-variance (ANOVA), while comparisons among different genotypes and 720 

treatments were conducted via two-way ANOVA, as indicated in the figure legends. Post-721 

hoc analysis among significantly different factors were conducted via Tukey test using the 722 

“lsmeans” package (Lenth, 2016). RT-qPCR data were analyzed via Student’s t-test. 723 

Starvation survival data were compared via Cox proportional-hazards model analysis 724 

using the “survival” package (Therneau, 2012). The threshold of statistical significance 725 

was considered p<0.05. 726 
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Figure 1. Arc1 exhibits tissue-specific microbiota-dependent expression changes, 1100 

and loss of Arc1 exacerbates the developmental delay of GF larvae. A. RT-qPCR 1101 

analysis of Arc1 transcripts in heads and guts of 5-day-old adult male wild-type flies. 1102 

Individual points represent normalized values for each replicate: n=3-4 per condition, 10 1103 

animals per replicate. Error bars represent standard error. * p<0.05, ** p<0.01, *** 1104 

p<0.001, n.s. = not significant Student’s t-test. B,C. Developmental time courses of 1105 

GNO and GF wild-type/control vs. Arc1 mutant animals, and D. larvae with Arc1-1106 

expressing cells ablated. Arc1>: Arc1-Gal4 crossed to w1118 background control, 1107 

Arc1>rpr: Arc1-GAL4 crossed to UAS-reaper. Error bars represent standard error. 1108 

Conditions sharing letters are not statistically different from one another, two-way 1109 

ANOVA with Tukey’s post-hoc test. For all developmental rate experiments, see Table 1110 

S1 for full sample sizes and statistical results. 1111 
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Figure 2. Monoassociation with Acetobacter sp. promotes development of Arc1 1127 

mutant larvae. A, B. Time to pupariation for wild-type and Arc1 mutant animals 1128 

monoassociated with each of the four bacterial isolates comprising the GNO condition. 1129 

GNO–3spp.: gnotobiotic community consisting of A. pasteurianus, L. brevis, and L. 1130 

plantarum. Conditions sharing letters are not statistically different from one another, 1131 

one-way ANOVA with Tukey’s post-hoc test. C. Percentage of larvae in the indicated 1132 

instar stage daily until 100% of the population reaches the pre-wandering or wandering 1133 

third instar stage. Data represent pooled percentages from three biological replicates for 1134 
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each day, ~30-60 animals per day. D. Larval length for both genotypes and microbial 1135 

conditions over time. Each data point represents an individual larva, three biological 1136 

replicates, ~10-20 larvae per replicate. Error bars represent standard error. E. Pupal 1137 

volume for each genotype and microbial condition. Each data point represents an 1138 

individual pupa. Conditions that share a letter are not statistically different from one 1139 

another, two-way ANOVA with Tukey’s post-hoc test. 1140 
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Figure 3. Host diet impacts microbial effects on wild-type and Arc1 mutant 1171 

developmental rate. Time to pupariation for wild-type and Arc1E8 Acetobacter sp.-1172 

associated and GF larvae reared on diets consisting of the indicated concentrations 1173 

(weight/volume) of yeast and dextrose. Red dashed lines indicate the time to ~50% 1174 

pupariation for Arc1E8 Acetobacter sp. and Arc1E8 GF animals on the 3% glucose-5% 1175 

yeast diet as an arbitrary reference to facilitate visual comparisons among diets. Values 1176 

in blue represent the protein:carbohydrate ratio for each diet as calculated with the 1177 

Drosophila Diet Composition Calculator (Lesperance and Broderick, 2020). Conditions 1178 

that share a letter are not statistically different from one another, two-way ANOVA with 1179 

Tukey’s post-hoc test. 1180 
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Figure 4. Acetobacter sp.-conditioned diet accelerates the development of Arc1 1193 

mutants. A. Daily administration of heat-killed Acetobacter sp. planktonic culture has 1194 

minimal effect on developmental rate of GF wild-type or Arc1E8 larvae. Two-way ANOVA 1195 

with Tukey’s post-hoc test. B. Daily administration of filtered supernatant from 1196 

Acetobacter sp. planktonic culture has no effect on developmental rate of GF wild-type 1197 

or Arc1E8 larvae. Two-way ANOVA with Tukey’s post-hoc test. C, C’. Rearing GF wild-1198 

type and Arc1 mutant larvae on diets containing acetic acid either further extends or has 1199 

no effect on the larval developmental delay. Each panel analyzed by one-way ANOVA 1200 

with Tukey’s post-hoc test. D, D’. Rearing GF larvae on sterile diet that has been pre-1201 

conditioned with Acetobacter sp. for five days (GF + conditioned diet) has no effect on 1202 

wild-type but partially restores developmental rate of Arc1E8 animals. GF + heated diet: 1203 
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GF larvae reared on GF diet heated under the same conditions used to kill Acetobacter 1204 

sp. after pre-conditioning. Each panel analyzed by one-way ANOVA with Tukey’s post-1205 

hoc test. Throughout, conditions that share a letter are not statistically different from one 1206 

another. 1207 
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Figure 5. GF Arc1 mutants exhibit phenotypes consistent with insulin signaling 1244 

defects. A. Schematic representing impacts of insulin signaling manipulations and Arc1 1245 

mutation-microbial condition interactions on wing organ properties. B-D. Wing 1246 

morphological parameters for wild-type and Arc1E8 females under Acetobacter sp.-1247 

associated and GF conditions. Each point represents an individual wing. Each panel 1248 

analyzed by two-way ANOVA with Tukey’s post-hoc test. E. Survival curves for adult 1249 
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female wild-type and Arc1 mutant Acetobacter sp.-associated and GF animals 1250 

transferred to starvation conditions 5-7 days post-eclosion. Data represent pooled 1251 

results from three biological replicates, ~50-120 animals per condition per replicate. 1252 

Statistical results represent Cox proportional-hazards model analysis. Conditions that 1253 

share a letter are not statistically different from one another. F. Representative images 1254 

showing GFP-tagged plextrin homology domain (tGPH) localization in the fat bodies of 1255 

pre-wandering third instar larvae of the indicated genotypes and microbial conditions. 1256 

Scale bar=100µm. Arrowheads indicate membrane-localized fluorescent signal. 1257 
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