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SUMMARY

Gut microbiota impacts the host metabolome and affects its health span. How
bacterial species in the gut influence age-dependent metabolic alteration has
not been elucidated. Here we show in Drosophila melanogaster that allantoin,
an end product of purine metabolism, is increased during aging in a microbiota-
dependent manner. Allantoin levels are low in young flies but are commonly
elevated upon lifespan-shortening dietary manipulations such as high-purine,
high-sugar, or high-yeast feeding. Removing Acetobacter persici in the
Drosophila microbiome attenuated age-dependent allantoin increase. Mono-as-
sociation with A. persici, but not with Lactobacillus plantarum, increased allan-
toin in aged flies. A. persici increased allantoin via activation of innate immune
signaling IMD pathway in the renal tubules. On the other hand, analysis of bac-
teria-conditioned diets revealed that L. plantarum can decrease allantoin by
reducing purines in the diet. These data together demonstrate species-specific
regulations of host purine levels by the gut microbiome.

INTRODUCTION

Commensal bacteria have a profound effect on host health. Gut microbiota can influence the host metab-
olome, as they modulate dietary components and provide some metabolites directly to the host (Tang
etal., 2019; Visconti et al., 2019). It is also possible that some bacterial cues stimulate specific metabolic
pathways in the host. However, the detailed connection between the microbiome and the host metabo-
lome, particularly in the context of aging, is only beginning to be identified.

Drosophila melanogaster is a powerful model for the mechanistic elucidation of host-microbiome inter-
action during aging. The advantages of Drosophila, with its abundant genetic tools, include the rela-
tively short lifespan and a small number of indigenous bacterial genera, predominantly Lactobacillus
and Acetobacter (Erkosar et al., 2013; Miguel-Aliaga et al., 2018). The simple bacterial communities,
nevertheless, can influence host aging, during which the gut microbiome becomes dysbiotic (Clark
et al., 2015; Guo et al., 2014). Several metabolites produced by the Drosophila microbiota are known
to limit the host lifespan. For instance, some bacterial species, such as Lactobacillus brevis or Glucono-
bacter morbifer, produce uracil and elicit intestinal damage (Lee et al., 2013). An expansion of Lactoba-
cillus plantarum in the gut of null mutant of the immune regulator PGRP-SD shortens the lifespan
through lactate (latsenko et al., 2018). Although many bacteria-derived metabolites that affect health
span have been identified, bacteria-dependent reduction of nutrient in the host diet remains unex-
plored. Besides, there are still many questions on how microbiota regulate the host metabolic pathways
during aging.

Here, we performed metabolome analyses to identify how gut microbiota influence the age-related meta-
bolic trajectory in Drosophila. Allantoin was found to be increased during aging in flies with normal micro-
biome but not with depleted Acetobacter persici. We also found that L. plantarum reduced purine levels
from the fly diet. In this study, we revealed how dietary and bacterial factors regulate allantoin as a marker
of total purine levels in the body.
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Figure 1. The Altered Microbiome by Oxidant Alters Age-Related Metabolic Trajectory
(A) Overview of phenotypes of the paraquat (oxidant)-experienced flies.

(B) Lifespan of control (Ctrl) or paraquat (PQ)-exposed wP" male flies. n = 131 (Ctrl), n = 123 (PQ). Log rank test, p < 0.0001.
(C-E) Whole body metabolome in young (1-week old) or aged (5-week old) wP" male flies with or without PQ treatment during larval stage. n = 6. Heatmap
(C), PLS-DA analysis (D), and Variable Importance in Projection scores (E) are shown.

(F and G) Quantification of allantoin (F) and 4-hydoxyproline (G) by LC-MS/MS in whole body of young or aged w
during larval stage.

Data are represented as mean and SEM. n = 6. Statistics: one-way ANOVA with Sidak’s multiple comparison test. **p < 0.01. ****p < 0.0001.

Dah male flies with or without PQ treatment

RESULTS
Microbiome Affects Age-Dependent Metabolic Shift

A previous study showed that low-dose oxidants such as paraquat during development selectively deplete
Acetobacteraceae and expand Lactobacillaceae (Obata et al., 2018). This altered microbiome suppresses
age-related immune activation and intestinal dysfunction, leading to lifespan extension (Figures 1A and
1B). To identify how the microbiome remodeling affects the host metabolome during aging, we quantified
whole-body metabolites in young or aged male flies with or without oxidant (paraquat) experience. Liquid
chromatography/tandem mass spectrometry (LC-MS/MS) was used to quantify metabolites in the whole-
body samples from 1-week-old versus 5-week-old flies; at that time the two lifespan curves did not differ
significantly (Figure 1B). The analysis enabled us to quantify the 69 metabolites in this setting. A heatmap
analysis revealed that the metabolome of paraquat-experienced young flies was not separated well from
that of control flies (Figure 1C, green versus light blue). When the flies were aged, in contrast, the cluster
between the two conditions became distinct (Figure 1C, red versus blue). Furthermore, a partial least
squares discriminant analysis (PLS-DA) showed that the metabolome of control flies strongly shifted during
aging along with the component 1 axis, whereas that of paraquat-experienced flies did not (Figure 1D).
These data implied that the gut microbiome influenced the flies’ “age-dependent” metabolic trajectory.

Among the top 15 metabolites in Variable Importance in Projection scores, which are used in a PLS model
to estimate a possible variable for the division among conditions (Figure 1E), we found that allantoin and 4-
hydroxyproline were robustly increased during aging in all tested “control” strains, wP2"°™eY, Canton S, and
w3 (Figures 1F, 1G, S1A, and S1B). The increases of these two metabolites during aging were suppressed
by early-life paraquat exposure (Figures 1F and 1G). Thus, these metabolites were regulated in a bacteria-
dependent manner. Neither allantoin nor 4-hydroxyproline feeding shortened the lifespan, suggesting
that these metabolites per se were not detrimental for flies (Figures S1C and S1D). Therefore, we decided
to understand the mechanism regarding how these metabolites were increased during aging.

Allantoin Is Synthesized upon Increase of the Total Purine Levels

Allantoin is an end product of purine degradation pathway in Drosophila (Figure 2A). In humans, excess purine
bodies are metabolized into uric acid to excrete them from the body. Many other animals, including mice and
flies, have functional urate oxidase (Uro), which enables further degradation of uric acid into allantoin. We first
hypothesized that the age-dependent accumulation of allantoin might be due to the dysfunction of the excre-
tion process. We conducted an “excretion assay” using blue-dye food (Figure S2A, Shell et al., 2018). Unexpect-
edly, the total capacity of excretion did not decrease during aging (Figure S2B). We quantified allantoin levels in
collected excreta using LC-MS/MS to test whether allantoin excretion was specifically defective in the aged flies.
The amount of allantoin in excreta was not decreased, rather it was slightly increased (Figure S2C), suggesting
that old flies were capable of, more or less, excreting the metabolite. Theoretically, an increase of food intake can
upregulate allantoin levels. However, the capillary feeder assay (Ja et al.,, 2007) showed that food intake was
decreased during aging rather than increased (Figure S2D).

Next, we tested whether allantoin synthesis was upregulated in the aged flies. Drosophila Uro is predom-
inantly expressed in the Malpighian tubules, the fly counterpart of renal tubules (flybase.org). Gene expres-
sion of allantoin synthase Uro as well as its up- and downstream enzymes, Rosy and CG30076, was not
increased, at least transcriptionally, during aging in the Malpighian tubules (Figures 2A and S2E). Thus,
the upregulation of total purine levels, or its flux, is likely to be a cause of the age-related increase of allan-
toin. Interestingly, when we quantified each purine metabolite in young male flies, we noticed that the basal
level of allantoin was relatively low compared with that of uric acid (Figure 2B). It is believed that a majority
of excess purines, or nitrogen generally, are excreted in the form of allantoin. However, this pattern was
also the case in the excreta metabolites, suggesting that uric acid, not allantoin, is excreted despite flies
having functional Uro (Figure 2C).
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Figure 2. Allantoin Is Produced upon Excessive Purines
(A) Purine metabolism in Drosophila melanogaster.

(B and C) Quantification of purine metabolites by LC-MS/MS in whole body (B) or excreta (C) of young (1-week-old) wbah
male flies. n = 6.

(D and E) Quantification of adenine, xanthine, uric acid, and allantoin by LC-MS/MS in whole body of young (2-week-old)
wP male flies fed with a high-purine diet for 1 day (D) or 4 days (E). n = 6.

Data are represented as mean and SEM. Statistics: one-way ANOVA with Tukey’s multiple comparison test. *p < 0.05.
**p < 0,01, ****p < 0.0001.

To characterize the allantoin metabolism in flies, we fed male flies with allopurinol, an inhibitor of xanthine
oxidase used for treating hyperuricemia in humans (Figure 2A). Both uric acid and allantoin in the whole
body were decreased, whereas xanthine was increased (Figure S3A). On the other hand, feeding young
male flies with a high-adenine diet led to an increased allantoin, uric acid, and xanthine in a dose- and dura-
tion-dependent manner (Figures 2D and 2E). The allantoin level in the excreta was also elevated upon
adenine feeding, whereas uric acid was rather decreased for an unknown reason (Figure S3B).

The increased allantoin level by adenine feeding was correlated with shortened lifespan (Figure S3C),
consistent with the previous report (van Dam et al., 2020). Other dietary nutrients, such as sugars and amino
acids, can provide with substrates for purine biosynthesis. A high-sugar diet causes early mortality due to
the increased uric acid production and concomitant renal stones in flies (van Dam et al., 2020). High-yeast
feeding also induces uric acid accumulation and shortens the lifespan of Uro knockdown flies (Lang et al.,
2019). As expected, allantoin, as well as xanthine and uric acid, was increased in whole body by both dietary
manipulations (Figures 3A and 3B). Taken together, the allantoin level in flies is commonly elevated upon
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Figure 3. High-Sugar and High-Yeast Diets Increase Allantoin

(A and B) Quantification of xanthine, uric acid, and allantoin by LC-MS/MS in whole body of young (1-week-old) wP?" male
flies fed with a high-sugar diet (A, n = 5) or a high-yeast diet (B, n = 4) for 3 days. Data are represented as mean and SEM.
Statistics: one-way ANOVA with Tukey’s multiple comparison test. *p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001.

these lifespan-shortening dietary conditions. During aging, adenosine and xanthine, as well as allantoin,
were increased in male flies at 5 weeks of age, although adenine and uric acid were not (Figure S3D).
The increased allantoin in aged flies might be due to the increased total purine levels. It is possible that
uric acid levels are maintained during aging because allantoin synthesis can buffer the increased purine
metabolite levels to a certain extent. We assume that uric acid can also elevate during aging when the total
purine levels are beyond the animals’ capacity to handle.

Lactobacillus plantarum Decreases Dietary Purines

Purines are either synthesized in cells or ingested as nutrients. Considering that the microbiome possesses its
unique metabolic pathways, commensal bacterial species can modulate the purine levels in the Drosophila
diet. To test this possibility, we conducted a bacterial-conditioning assay (Figure 4A). Bacterial isolates were
added to standard fly diets and incubated at 25°C for 24 hours. The composition of this conditioned diet was
assessed by LC-MS/MS. In this experiment, we used Lactobacillus plantarum Lsi and Acetobacter persici A,
both of which were previously isolated in our laboratory (see Methods). Given that removing Acetobacteraceae
by paraquat reduces allantoin in aged flies (Figure 1F), it was expected that A. persici Ai would produce purines.
However, A. persici Ai did not increase purines in the diet, except for hypoxanthine; but rather, mildly decreased
purine nucleosides, adenosine and guanosine (Figures 4B—4H).

Surprisingly, we observed a sharp reduction of all three purine nucleosides by conditioning with
L. plantarum Lsi (Figures 4B-4D). Not only purine nucleosides but also purine bases (adenine and guanine),
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Figure 4. Lactobacillus Plantarum Decreases Purine Metabolites

(A) Experimental scheme of bacterial conditioning assay.

(B-H) Quantification of (B) adenosine, (C) guanosine, (D) inosine, (E) adenine, (F) guanine, (G) hypoxanthine, and (H)
xanthine by LC-MS/MS in bacterial-conditioned diet with isolated strains. Ctrl, bacterial culture medium; L. p,
Lactobacillus plantarum Lsi; A. p, Acetobacter persici Ai. n = 4.

(I'and J) Bacterial growth of L. plantarum Lsi (I) and A. persici Ai (J) in purine- or pyrimidine-depleted medium during 21 h
of incubation. Relative absorbance (600 nm) to complete medium (Comp) are shown. n = 3.

(K) Quantification of allantoin by LC-MS/MS in whole body of young (1-week-old) wP?" male flies fed with bacterial pre-
conditioned diet. n = 5.

Data are represented as mean and SEM. Statistics: one-way ANOVA with Dunnett’s multiple comparison test (B-J) or a
two-tailed Student t test (K). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

xanthine, pyrimidine nucleosides (cytidine, thymidine, and uridine), and uracil were reduced in the condi-
tioned diet with L. plantarum Lsi, whereas hypoxanthine, cytosine, and thymine were not (Figures 4E-4H
and S4A-S4F). Allantoin was not detected in any of the conditioned diets. Next, we examined the speci-
ficity of the phenotype by testing other Acetobacter species, such as Acetobacter aceti, Acetobacter tro-
picalis, and Acetobacter pasteurianus in a small scale using a 1.5-mL tube (Figure S4G); none of them
decreased adenosine (Figure S4H). In contrast, Lactobacillus brevis, but not Lactobacillus acidophilus
and Lactobacillus murinus, decreased dietary adenosine (Figure S41), which suggested that the ability of
adenosine reduction is specific to some Lactobacillus species.

To understand what determines the capacity to decrease the purine levels, we performed a comparative anal-
ysis of the four Lactobacilli genomes. L. brevis lacked the majority of the genes involved in de novo purine
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Figure 5. Acetobacter Persici Activates IMD and Increases Allantoin during Aging

(A) Quantification of allantoin by LC-MS/MS in whole body of young (2-week-old) or aged (6-week old) wP?" male flies with
or without antibiotic treatment. n = 6.

(B) Quantification of allantoin by LC-MS/MS in whole body of young (1-week-old) or aged (5-week-old) wP" male flies
mono-associated with bacterial strains. GF, germ-free; L.p, Lactobacillus plantarum Lsi; A.p, Acetobacter persici Ai. n = 5.
(C and D) Quantitative RT-PCR analysis of Diptericin A (DptA) in whole body of young (1-week-old) male flies mono-
associated with the bacterial strains. n = 5 for wP?" flies (C) or n = 3 for Relish mutant flies (Relf%9) (D).

(E) Quantification of allantoin by LC-MS/MS in whole body of young (2-week-old) male flies fed with antibiotics. Either lacZ
or constitutive active form of IMD (IMD®?) was overexpressed ubiquitously by Da®%. RU486 is an inducer of GeneSwitch.
n=3-4.

Data are represented as mean and SEM. Statistics: one-way ANOVA with Sidak’s multiple comparison test (A and E),
Dunnett’'s multiple comparison test (C and D), or a two-tailed Student t test (B). *p < 0.05, **p < 0.01.

synthesis, consistent with the fact that this bacterium needed to utilize adenosine in the fly diet. Unexpectedly,
not only L. acidophilus and L. murinus but also L. plantarum Lsi possess genes for the de novo purine synthesis
pathway. We also inspected genes encoding transporters to ask whether specific expression of the trans-
porters explains the difference in purine metabolism. L. plantarum Lsi and L. brevis had homologs of the pu-
rine-cytosine transporter codB, whereas the other two strains did not. In contrast, there is a gene for NupC/
NupG family nucleoside transporter in the genome of L. murinus, L. brevis, and L. plantarum, whereas
L. acidophilus possessed a gene set encoding BmpA-NupABC, an ATP-binding cassette transporter for nu-
cleosides. The reason why some but not all Lactobacillus species reduced environmental nucleosides was
not obvious from the genome comparison.

We noticed that the difference in the ability to decrease purine nucleosides among Lactobacillus species
was correlated with the speed of bacterial growth (Figure S4J). This observation led to the assumption that
L. plantarum Lsi could utilize extracellular nucleic acids for rapid growth. To test this hypothesis, we
analyzed the bacterial growth on a chemically defined medium (see Methods). The medium contains the
nucleosides inosine and uridine as sole purine and pyrimidine sources, respectively. The growth of
L. plantarum Lsi was suppressed, if not abolished, upon either inosine or uridine depletion (Figure 4l),
whereas that of A. persici was not affected at all (Figure 4J). These data implied that the gut bacteria
L. plantarum decreased the purine metabolites of the fly diet by using them for promoting bacterial growth.

iScience 23, 101477, September 25, 2020 7
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To test whether this bacterial metabolism can influence fly metabolome, we fed young flies with
L. plantarum Lsi-conditioned diet. The bacterial conditioning of the low-yeast diet, but not the high-yeast
diet, led to the decrease of allantoin levels in flies (Figure 4K). Therefore, commensal bacterium
L. plantarum could reduce host purine levels by direct modulation of the host's diet, although this is depen-
dent on dietary condition.

On the other hand, the bacterial-conditioned diet with A. persici Ai had a significantly large amount of 4-
hydroxyproline (Figure S4K). Given that Acetobacteraceae is increased during aging (Guo et al., 2014; Ob-
ata et al., 2018), the age-dependent increase of 4-hydroxyproline might be attributable to an elevated
amount of direct provision by A. persici.

Acetobacter persici Increases Allantoin via IMD Activation

The fact that L. plantarum decreases dietary purines suggested that abundant colonization of this bacte-
rium in the paraquat-experienced flies (Figure 1A) might prevent the age-related increase of allantoin. If
this is the case, removing this bacterium should result in increased allantoin during aging. Unexpectedly,
the elimination of all bacterial species, including L. plantarum, by antibiotics suppressed the increase of
allantoin (Figure 5A). These data therefore suggested that depletion of A. persici suppressed the age-
related allantoin elevation. To test whether A. persici Ai was sufficient for the phenotype, we performed
the gnotobiotic experiment. As we expected, A. persici Ai mono-association, but neither germ-free nor
L. plantarum Lsi mono-association, increased the allantoin level during aging (Figure 5B). These data sug-
gested that A. persici Ai was responsible for this phenotype. L. plantarum mono-associated flies showed a
tendency of low allantoin levels compared with the germ-free flies, implying that the bacterium can
contribute to better handling at purine levels during aging.

Drosophila has two innate immune signaling cascades, immune deficiency (IMD) and Toll pathways, the
counterparts of mammalian tumor necrosis factor receptor and Toll-like receptor pathways, respectively.
The IMD pathway is known to be hyperactivated during aging, which can be attenuated by removing micro-
biota (Clark et al., 2015; Guo et al., 2014; Obata et al., 2018). In our laboratory condition, aging expands the
ratio of Acetobacteraceae to Lactobacillaceae, at least in w°3" male flies (Figure S5A). Male flies with
A. persici Ai mono-association showed higher levels of Diptericin A (DptA) expression, which is one of
the readouts for IMD activation (Figure 5C), compared with germ-free or L. plantarum Lsi mono-associated
flies. This is interesting given that IMD pathway could be activated by DAP-type peptidoglycan found in
both gram-negative A. persici and gram-positive Lactobacillus spp. (Broderick and Lemaitre, 2012). A
null mutation for the IMD-regulated transcription factor Relish abolished the induction of DptA by
A. persici Ai (Figure 5D). In contrast, A. persici Ai did not upregulate a Toll readout Drosomycin (Drs) (Fig-
ure S5B). These data suggested that A. persici Ai is a potent activator of the IMD pathway.

To test straightforwardly whether IMD activation was sufficient for the age-dependent increase of allantoin
levels, we overexpressed the constitutive active form of IMD (IMDA) in young male flies under antibiotic
treatment. Ubiquitous expression of IMD““ by a drug-inducible GeneSwitch driver (Da®®) triggered a sharp
increase of allantoin (Figure 5E).

IMD Activation in the Renal Tubules Increases Allantoin in Aged Flies

IMD pathway is activated predominantly via microbiota-produced peptidoglycan (PGN). Monomeric PGN
can activate systemic IMD signaling (Charroux et al., 2018; Myllymaki et al., 2014). Interestingly, IMD acti-
vation in the Malpighian tubules, but not in the gut or fat body, increased allantoin (Figures 6A and S5C)
and also tended to increase adenine and uric acid (Figure S5D). We confirmed that IMD activation was
up-regulated in the aged Malpighian tubules (Figure 6B). Consistent with the phenotypes in aged flies (Fig-
ures S2D and S2E), neither gene expressions of allantoin synthesis enzymes nor food intake were increased
by IMD activation in the Malpighian tubules (Figures S5E and S5F). The increase of allantoin in Malpighian
tubule-specific activation of IMD pathway was correlated with a shortened lifespan (Figure S5G).

When Relish was knocked down in the Malpighian tubules, the age-dependent increase of allantoin was
suppressed (Figure 6C). We confirmed the phenotype by knocking down dredd, a component of IMD
pathway (Figure 6C), indicating the requirement of IMD activation in the Malpighian tubules for the
increased allantoin during aging. Taken together, the gut microbial species A. persici and L. plantarum
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Figure 6. IMD Activation in the Renal Tubules Increases Allantoin

(A) Quantification of allantoin by LC-MS/MS in whole body of young (2-week-old) male flies fed with antibiotics.
Constitutive active form of IMD (IMD*) is overexpressed using tissue-specific drivers (Lpp-Gal4, tub-Gal80®: fat body,
Uro-Gal4, tub-Gal80™: Malpighian tubules, NP1-Gal4, tub-Gal80™: gut). n = 5.

(B) Quantitative RT-PCR analysis of Diptericin A (DptA) in the Malpighian tubules of young (1-week-old) and aged (6-week-
old) wP?" male flies. n = 5.

(C) Quantification of allantoin by LC-MS/MS in whole body of young (1-week-old) and aged (4-week-old) male flies with
lacZ, Relish, or Dredd-RNAI in the Malpighian tubules. n = 5.

(D) Proposed model.

Data are represented as mean and SEM. Statistics: a two-tailed Student t test (A and B) or one-way ANOVA with Sidak’s
multiple comparison test (C). *p < 0.05, **p < 0.01, ***p < 0.001.

can influence the age-dependent metabolic trajectory of the purine metabolites, which may contribute to
shortening the hosts’ lifespan (Figure 6D).

DISCUSSION

Aging impacts metabolic alteration, which is influenced by gut microbiota. Despite the accumulation of descrip-
tive omics data, our mechanistic understanding of age-dependent shift of the metabolome is still in its infancy.
This study identified two metabolites, allantoin and 4-hydroxyproline, which were increased during aging in the
gut microbiota-dependent manner. The bacterial-conditioning assay demonstrated that 4-hydroxyproline was
directly produced by A. persici Ai, suggesting that the increase of 4-hydroxyproline is a signature of the expan-
sion of this bacterium during aging. On the other hand, allantoin and many other purine metabolites were not
directly produced by any bacterial species. Instead, the immuno-stimulatory capacity of A. persici accounts for
the age-related increase of allantoin, likely through accelerated purine biosynthesis by the host. Interestingly, a
rat model of hyperuricemia-induced nephropathy showed increased levels of uric acid and 4-hydroxyproline, a
phenotype similar to our aged Drosophila (Pan et al., 2019).
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Allantoin is identified as a potential caloric restriction mimetic, and feeding allantoin extends the life-
span in C. elegans (Calvert et al., 2016). We noticed that allantoin feeding slightly increased the fly
lifespan. However, the elevation of endogenous allantoin by manipulation of dietary sugar, yeast, or
purine was correlated with a shortened lifespan. The increase of pro-longevity allantoin can be an
adaptive response to aging, or the increase serves simply as a marker for increased total purine levels.
Some purines and uric acid levels are also increased in conditions with high allantoin levels, and uric
acid accumulation is a cause of shortened lifespan by high-purine diets (van Dam et al., 2020; Lang
et al., 2019). It might be interesting to test whether Uro overexpression can extend lifespan. Intrigu-
ingly, high-sugar diet induces dehydration, and the shortened lifespan of flies with the diet is fully
restored by water supplementation (van Dam et al., 2020). High-yeast diet can also induce dehydra-
tion, implying that water loss is the common mechanism to increase purine levels by these dietary
conditions (Ja et al., 2009). It is also noteworthy that dehydration stress (by decreased environmental
humidity) activates innate immunity in the Malpighian tubules (Zheng et al., 2018). Whether the dele-
terious effect of renal immune activation (Uro® > IMD®?) on lifespan can be attenuated through water
supplementation is worth testing.

Accumulating evidence suggests that chronic activation of inflammatory response is a key driver of aging.
In Drosophila, systemic or intestinal IMD activation via commensal bacteria is believed to limit the lifespan
(Clark et al., 2015; Guo et al., 2014). However, the mechanism by which IMD pathway shortens organismal
lifespan is not fully understood. This study implies that the altered purine metabolism is one of the down-
stream events induced by the systemic IMD pathway. Allantoin is reported to be a biomarker of inflamma-
tion in a mouse model of inflammatory bowel diseases (Dryland et al., 2008). In humans, an age-related in-
crease in serum uric acid levels has been widely observed (Dalbeth et al., 2016; Kuo et al., 2015; Kuzuya
etal.,, 2002). Elevated uric acid is associated with many pathologies, including systemic inflammation (Lyng-
doh et al., 2011) and mortality (Meisinger et al., 2008). The gut microbiota from patients with gout is signif-
icantly different from that of healthy humans (Guo et al., 2016). It is interesting that in goslings, the gut mi-
crobiota-derived lipopolysaccharide increased the risk of visceral gout (Xi et al., 2019). Therefore, the gut
microbiota-dependent activation of innate immunity might be a general driver of hyperuricemia pathol-
ogies and organismal aging in mammals.

The fact that allantoin is increased by IMD activation in the Malpighian tubules implied that tissue-
and bacteria-specific mechanisms of immune response impact on the purine metabolism. However,
the detail of mechanism by which IMD pathway regulates purine metabolism is not elucidated.
Considering that IMD activation does not directly upregulate expression levels of allantoin synthesis
enzymes, it might regulate purine synthetic pathways. Purines can be synthesized de novo from
glucose and amino acids through the pentose phosphate pathway (PPP). It is reported that glycolytic
activity was attenuated during aging in Drosophila (Ma et al., 2018), potentially increasing glucose flux
to PPP. Alternatively, age-dependent acceleration of protein catabolism, possibly via immune activa-
tion, can produce free amino acids, leading to an increased purine synthesis to excrete excess nitro-
gen. This assumption, however, is not supported well by the fact that IMD activation in the gut or fat
body, the central metabolic organs, did not increase allantoin levels. In mammals, extracellular aden-
osine is known to be massively increased during inflammatory conditions via ATP breakdown (Antonioli
et al., 2019). How IMD activity in the Malpighian tubules leads to allantoin accumulation is to be inves-
tigated in future studies.

Many intrinsic and extrinsic factors, such as age, genotype, or diet, contribute to shaping the bacterial
communities (Claesson et al., 2011; Wan et al., 2019). Imbalanced bacterial communities (dysbiosis)
compromise health span. Either the direct provision of beneficial bacterium (probiotics) or dietary inter-
vention to increase the beneficial bacterium in the gut (prebiotics) is used to improve human health.
Given that microbes release many metabolites, cell wall components, and proteinaceous molecules
acting directly on the host tissues, these bacteria-derived factors mediate the beneficial or detrimental
effect of the gut microbiome, collectively termed “postbiotics” (Aguilar-Toald et al., 2018; Suez and Eli-
nav, 2017). In the present study, a bacterial conditioning assay demonstrated the altered nutritional
composition, as exemplified by the sharp reduction of purines within 24 hours of bacterial inoculation
with L. plantarum Lsi. This fermentation of the diet can occur in natural laboratory conditions where
the gut microbiome is synchronized to the dietary microbiome. We believe this assay can be used as a
model for studying how postbiotics work on the host physiology. Indeed, there are some postbiotic
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mechanisms by which Lactobacillus spp. suppress uric acid in serum in mice on a high-purine diet (Li
et al., 2014). It is interesting to test how much of the postbiotic effect is through reduction, rather than
production, of a particular nutrient in the diet.

Limitations of the Study

This study did not directly reveal how increased allantoin levels contribute to organismal aging. We tested
allopurinol together with IMD activation in the Malpighian tubules, but failed to rescue the shortened life-
span. This observation was correlated with the accumulation of xanthine, which can also form stones and
shorten lifespan. Also, neither the mechanism by which A. persici triggers IMD activation in aged animals
nor how IMD regulates purine levels was elucidated.

Resource Availability
Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Fumiaki Obata (fumiaki.obata@g.ecc.u-tokyo.ac.jp).

Materials Availability

All unique/stable reagents generated in this study are available from the Lead Contact without restriction.

Data and Code Availability
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Figure S1. Allantoin and 4-hydroxyproline are robustly increased during aging, but they

do not shorten lifespan. Related to Figure 1.

(A, B) Relative amount of allantoin or 4-hydroxyproline in whole body of aged (6-week-old)
male flies (CantonsS, w°3!) compared to young (2-week-old) flies. n = 5-6. (C, D) Lifespan of
wPeh male flies fed with allantoin (1 mM) or 4-hydroxyproline (100 pg/mL). Concentration
was determined based on the level of each metabolite in aged flies. n = 137 (Control), n= 118
(Allantoin) for (C). n = 133 (Control and 4-hydroxyproline) for (D). Log-rank test, p < 0.05.
Data are represented as mean and SEM. Statistics, two-tailed Student’s #-test. *, p <0.05. **,

P <0.01. #%* p < 0.001. **** p <0.0001.
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Figure S2. Quantification of excretion, food intake, and gene expression of enzymes for
allantoin synthesis during aging. Related to Figure 2.

(A) Experimental scheme of excretion assay. (B) Amount of total excreta in aged (7-week-
old) wP*" male flies. Relative to young (1-week-old) wP* male flies. n = 6. (C) Quantification
of allantoin by LC-MS/MS in excreta from young or aged w”** male flies. n = 6. (D)
Quantification of food intake by the capillary feeder assay in young (2-week-old) and aged (5-
week-old) wP# male flies. n = 6. (E) Quantitative RT-PCR of Rosy, Urate oxidase (Uro) and
CG30016 in the Malpighian tubules of young (1-week-old) or aged (7-week-old) wP* male
flies. n = 5. Data are represented as mean and SEM. Statistics, two-tailed Student’s #-test. *, p

<0.05. *** p < 0.001.
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Figure S3. The amount of purine metabolites upon allopurinol, high-purine diet, or
during aging. Related to Figure 2.

(A) Quantification of xanthine, uric acid and allantoin in whole body of young (1-week-old)
wPe" male flies fed with allopurinol (0.2 mM) for three days. n = 5-6. (B) Quantification of
uric acid and allantoin by LC-MS/MS in excreta from young (2-week-old) w”* male flies fed
with high-purine diet (Adenine, 10 mg/mL). n = 6. (C) Lifespan of w”** male flies fed with
high-purine diet (Adenine, 10 mg/mL). n = 135 (Control), n = 147 (Adenine). Log-rank test, p
< 0.0001. (D) Relative amount of adenosine, adenine, xanthine or uric acid by LC-MS/MS in
whole body of aged (5-week-old) wP# male flies. Relative to young (1-week-old) flies. n = 6.
Data are represented as mean and SEM. Statistics, two-tailed Student’s #-test. *, p < 0.05. ***,

p <0.001. ***%_p<0.0001.
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Figure S4. Bacteria modulate composition of fly diet in a species-specific manner.
Related to Figure 4.

(A-F) Quantification of cytidine, tymidine, uridine, cytosine, tymine, and uracil by LC-
MS/MS in fly diet conditioned with isolated bacteria strains. L. p, L. plantarum Lsi. A. p, A.
persici Ai. Ctrl, control medium. n = 4. (G) Experimental scheme of bacterial conditioning
assay in a 1.5 mL tube. (H, I) Quantification of adenosine by LC-MS/MS in fly diet
conditioned with bacterial species. n = 4 for (H). A.a, 4. aceti (NBRC 14818). A.t, A.
tropicalis (NBRC 16470). A.pa, A. pasteurianus (NBRC 106471). n =3 for (). L.p, L.
plantarum Lsi. L.b, L. brevis (NBRC 3345). L.a, L. acidophilus (NBRC 13951). L.m, L.
murinus (NBRC 14221). (J) Colony forming unit (CFU) of four bacterial species (L.p, L.b,
L.a, L.m) in fly diet. (K) Quantification of 4-hydroxyproline by LC-MS/MS in fly diet
conditioned with isolated strains. n = 4. Data are represented as mean and SEM. Statistics,
One-way ANOVA with Dunnett’s multiple comparison test. *, p <0.05, ** p <0.01, *** p
<0.001. **** » <(.001.
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Figure SS. IMD activation, lifespan, and purine metabolism in the Malpighian tubules.

Related to Figure S and 6.

(A) 16S rRNA amplicon sequencing analysis of gut microbiome in w3/ flies. (B)

Quantitative RT-PCR analysis of Drosomycin (Drs) in whole body of w”# young male flies

mono-associated with the bacterial strains. L. p, L. plantarum Lsi. A. p, A. persici Ai. GF,

Germ-free. n = 5. (C) Quantitative RT-PCR analysis of Diptericin A (DptA) of young male

flies with ctrl (lacZ) or constitutive active form of IMD (IMD®?) in the Malpighian tubules. n



= 5. (D) Relative amount of adenosine, adenine, xanthine or uric acid by LC-MS/MS in whole
body of young (2-week-old) male flies fed with antibiotics. Either lacZ or IMD* was
overexpressed in the Malpighian tubules. Relative to /acZ flies. n = 5. (E) Quantitative RT-
PCR analysis of Rosy, Urate oxidase (Uro) and CG30016 in the Malpighian tubules of young
(2-week-old) male flies. Either lacZ or IMD* was overexpressed in the Malpighian tubules. n
= 5. (F) Quantification of food intake by the capillary feeder assay in male flies. Either lacZ
or IMD®! was overexpressed in the Malpighian tubules. n = 6 (lacZ), n = 8 (IMDY). (G)
Lifespan of male flies with overexpressing lacZ or IMD®! in the Malpighian tubules. n = 130
(lacZ), n =121 (IMD®). Log-rank test, p <0.0001. Data are represented as mean and SEM.
Statistics, One-way ANOVA with Dunnett’s multiple comparison test (B) or two-tailed
Student’s #-test (C—F). **** p» <0.0001.



Transparent Methods:

Fly husbandry and stock

Flies were reared on a standard diet containing 4 % cornmeal, 6 % baker’s yeast (Saf Yeast),
6 % glucose (Wako, 042-31177), and 0.8 % agar (Kishida chemical, 260-01705) with 0.3 %
propionic acid (Tokyo Chemical Industry, P0500) and 0.05 % nipagin (Wako, 132-02635).
Flies were reared under 25 °C, 65 % humidity with 12 h/12 h light/dark cycles. The wild-type
strains WP, Canton S and w*°3! were used in the previous study (Obata et al., 2018). The fly
lines were: Da-GeneSwitch (Dr. Veronique Monnier), UAS-lacZ (Dr. Goodman C), UAS-
IMD! (Petkau et al., 2017), NPI1-Gal4, tub-Gal80* (Jiang et al., 2009), Uro-Gal4; tub-Gal80"
(Terhzaz et al., 2010), Lpp-Gal4, tub-Gal80*/ TM6B (Brankatschk and Eaton, 2010), UAS-
relish-RNAi (BDSC: 33661), UAS-Dredd-RNAi (BDSC: 34070). Da-GeneSwitch, UAS-lacZ
and UAS-IMD! are backcrossed with w™**3/, Adult flies eclosed within two days were collected
and maintained for additional two days for maturation on standard diet. Then male flies were
sorted with a density of 15 flies/ vial and flipped to fresh vials every three days. For lifespan
analysis, the number of dead flies was counted every three days when flies were flipped to fresh
vials.

Adult-specific genetic experiments were performed using fub-Gal80”. Flies were
kept at 18 °C from embryo to adult flies and then shifted to 29 °C for six days or ten days. For
GeneSwitch, RU486 (Wako, 84371-65-3) dissolved in ethanol (Wako, 052-00467) or the same
amount of ethanol was added to standard diet to a final concentration of 200 uM, and flies were

fed with the diet for six days.

Bacterial culture and strains

Isolated bacterial strains pre-cultured with MRS broth (Wako, 521-03485) for over night were
cultured with the MRS broth for four to eight hours. Started ODgoo was 0.01-0.1. Bacterial
strains were: L. plantarum Lsi (Kosakamoto et al., 2020), A. persici Ai (Kosakamoto et al.,
2020), L. brevis (NBRC3345), L. acidophilus (NBRC13951), L. murinus (NBRC14221), A.
aceti (NBRC14818), A. tropicalis (NBRC16470), A. pasteurianus (NBRC106471). As for
colony forming unit (CFU) count, obtained samples were scattered on MRS plate (OXOID,
CMO0361) and incubated at 30 °C for two days.



Dietary manipulations

High-purine diet was prepared by adding adenine hemisulfate (Sigma, A9126) to standard diet
to a final concentration of two or ten mg/mL. For high-yeast feeding, male flies were fed with
diet containing various concentrations of yeast extract (BD, 212750) in addition to 6 % glucose
(Wako, 049-31165), 1 % agar, 0.3 % propionic acid, and 0.05 % nipagin for three days. For
high-sugar feeding, male flies were fed with diet containing various concentrations of sucrose
(Wako, 196-00015) in addition to 4 % yeast extract (BD, 212750), 1 % agar, 0.3 % propionic
acid, and 0.05 % nipagin for three days. For allopurinol administration, male flies were fed with

standard diet containing 0.2 mM allopurinol (Abcam, ab142565) for three days.

Bacterial manipulations

Antibiotics (200 pg/mL rifampicin, 50 pg/mL tetracycline, 500 pg/mL ampicillin) and 0.12 %
nipagin were added to standard diet to remove all bacteria. To remove Acetobacteraceae, larvae
were fed with 2.5 mM paraquat (1,1’-Dimethyl-4,4’-bipyridinium Dichloride, Tokyo Chemical
Industry, D3685), and adult flies were collected in standard diet.

Germ-free flies were established by the bleach-based method. Embryos collected
within four hours after egg laying were kept at 18 °C for overnight. The following day, larvae
were carefully removed from collected embryos. Embryos were sterilized by 70 % ethanol
three times and 3 % solution of sodium hypochlorites for five minutes. Embryos were then
washed by sterilized water thoroughly. Embryos were transferred to vials containing
antibiotics-supplemented diet (Ampicillin 50 pg/mL, Kanamycin 50 pg/mL, Tetracyclin 10
pg/mL, Erythromycin 10 pg/mL) for germ-free flies or vials containing UV-sterilized diet for
mono-association of flies. For mono-association, 40 pL of bacterial culture (L. plantarum Lsi
ODeoo = 0.2, 4. persici Ai ODgoo = 0.02) was added directly on embryos. Gnotobiotic

conditions of flies were constantly confirmed by plating on MRS agar.

Bacterial conditioning assay
For preparing bacterial-conditioned diet, L. plantarum or A. persici, 100 pL of cultured
bacteria (ODgoo = 0.2) was added on top of the standard diet (3 mL in fly vial) and incubated

at 25 °C with 65 % humidity. Twenty-four hours later, the upper half of the conditioned diet



(30-50 mg) was collected and the composition was analysed by LC-MS/MS. For feeding flies
with the bacterial-conditioned diet, 100 pL of the antibiotics-cocktail (10 mg/mL rifampicin,
2.5 mg/mL tetracycline and 25 mg/mL ampicillin) dissolved in 0.1N HCl was added to the
bacterial-conditioned diet to inhibit/kill the proliferation of bacteria. We fed the flies with this
diet for three days. For bacterial conditioning in a 1.5 mL tube, 2 pL of cultured bacteria
(ODsoo = 0.2) were added to the 30-50 mg of standard diet in a 1.5 mL tube. After 24 hours
with 25 °C, 65 % humidity, the diet in the tube was analysed by LC-MS/MS or subjected to
CFU count.

Quantitative RT-PCR analysis of immune activation or enzymes for purine metabolism
Total RNA was purified from four male flies or five to eight male Malpighian tubules using
ReliaPrep RNA Tissue Miniprep kit (Promega, z6112). cDNA was prepared from 100—400 ng
of the total RNA by the Takara PrimeScript RT Reagent Kit with gDNA Eraser (Takara bio,
RR047). Quantitative PCR was performed using TB Green™ Premix Ex Taq™ (Tli RNaseH
Plus, Takara bio, RR820W) and a Quantstudio 6 Flex Real Time PCR system (ThermoFisher)
using RNA pol?2 as an internal control. Primer sequences were:

RNA pol?2 forward, CCTTCAGGAGTACGGCTATCATCT.

RNA pol?2 reverse, CCAGGAAGACCTGAGCATTAATCT.

Rosy forward, TGGTGACTTCCCACTGGAG.

Rosy reverse, GGTTCGGGTATTTCAAGCAG.

Uro forward, GCGATGTGGTTATAAGGAGAACA.

Uro reverse, TCTTCAGCACCCGGAGAC.

CG30016 forward, GATGCACGAAAGTTTTCTACCC.

CG30016 reverse, GGGATCTCCATTCCTGAATCT.

DptA forward, CGTCGCCTTACTTTGCTGC.

DptA reverse, CCCTGAAGATTGAGTGGGTACTG.

16S rRNA gene amplicon sequencing analysis
Flies were rinsed in 3 % bleach, 70 % ethanol and then washed extensively with PBS before

dissection. Dissected guts (four guts per sample) were collected in PBS on ice, then



transferred to 270 pL lysis buffer (20 mM Tris pH8.0, 2 mM EDTA and 1% Triton X-100)
with 20 mg/mL lysozyme from chicken egg (Sigma, L4919) and homogenized. Homogenized
samples were stored at -80 °C. Frozen gut samples were thawed at 37 °C for 45 min in a
1.5 mL microcentrifuge tube, transferred to a 2 mL tube containing 0.1 mm glass beads
(Scientific Industries, SI-BG01) and then incubated using a Mini-Beadbeater-24 (Biospec
Products, 112011EUR) at 2,500 rpm for 20 s. After 15 min incubation at 37 °C, 30 uL of
proteinase K and 200 puL Buffer TL (Qiagen) were added to each sample, followed by
incubation at 56 °C for 15 min. Genomic DNA was purified by QlAamp DNA Micro kit
(Qiagen, 56304), and V3—V4 variable region of 16S rRNA genes were amplified using
3411/806r primer set. PCR amplicons were purified using a QIAquick PCR Purification kit
(Qiagen, 28104) and sent to Fasmac for Illumina MiSeq sequencing and analysis. The data
were deposited to DDBJ (accession number, DRA 010501).

Genome analysis of Lactobacilli

Protein-coding sequences (CDSs) within the genomes of four Lactobacillus species were
predicted and annotated by using DFAST pipeline with the Prodigal option (Hyatt et al.,
2010; Tanizawa et al., 2018). In addition to the DFAST annotation, KEGG orthology
identifiers were assigned to the CDSs by conducting BLASTP search against KEGG protein
database (Kanehisa et al., 2014) with the following criteria: sequence identity > 40 %, e-value
< le-5, bit score > 70, and aligned region covering 40 % and more of both query and subject
sequences. Deduced CDSs among the four species were then clustered into homologous gene

groups by using OrthoFinder v2.3.8 (Emms and Kelly, 2019).

Measurement of metabolites or diet composition

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used to analyse fly
metabolites and diet composition. Four or five whosle bodies of adult male flies or 30-50 mg
of bacterial-conditioned diet were homogenized in 160 pL of 80 % methanol containing 10 pM
of internal standards (methionine sulfone and 2-morpholinoethanesulfonic acid), then de-
proteinised by 75 pL acetonitrile and 10 kDa column, followed by complete evaporation. The
samples were resolubilised in water and injected to LC-MS/MS with PFPP column (Discovery
HS F5 (2.1 mm x 150 mmL, 3 pm, Sigma-Aldrich) in the column oven at 40 °C. Gradient from

solvent A (0.1 % formic acid, Water) to solvent B (0.1 % formic acid, acetonitrile) were



performed during 20 minutes of analysis. MRM methods for metabolite quantification were
optimised using the software (Labsolutions, Shimazu). The data was normalized by methionine
sulfone and wet weight of the sample. The Heat map and PLS-DA analyses were conducted by
MetaboAnalyst 4.0 with the data after auto scaling (Chong et al., 2019).

Excretion assay

Flies were transferred onto standard diet containing 2 % blue dye (Brilliant blue FCF, Wako,
3844-45-9) at 25 °C, 65 % humidity for 21 hours. Five flies were then transferred to a 1.5 mL
tube containing 20 pL of 1 % sucrose, 1 % agar and incubated for four hours. To collect
excreta, 50 pL of water was added to the 1.5mL tube and dissolve by vortex, followed by
measuring absorbance at 630 nm. To quantify metabolites by LC-MS/MS, excreta was
collected by 300 pL of 80 % methanol containing 10 uM of internal standards (methionine
sulfone and 2-morpholinoethanesulfonic acid). The samples were then subjected to the

standard procedure for LC-MS/MS analysis as described above.

Purine or pyrimidine-depleted bacteria medium

We adapted a previously-reported chemically defined medium (Piper et al., 2017) for
bacterial culture with following modifications. Cholesterol and agar were not included. To
prevent precipitation, metal irons were reduced to one tenth of the original concentrations. For
purine- or pyrimidine-depleted medium, inosine or uridine was depleted respectively. To
assess the bacterial growth speed, bacteria precultured with purine/pyrimidine-depleted
medium (ODgoo = 0.02) were added in the corresponding medium and incubated at 30 °C for

21 hours.

Capillary feeder assay

Two glass capillaries containing 5 % yeast extract, 2 mg/mL red dye (Acid red 52, Wako,
3520-42-1), and n-Octyl acetate (1:100,000; TCI, 112-14-1) were inserted into the cap. Ten
male flies were placed in each empty vial. The level of the food was marked, and the vials

were laid in a container with wet towels to prevent water evaporation. The container was



incubated at 25 °C. After 24 hours, the amount of the food remained in the capillaries was

recorded. The vial without flies was also included in the container to subtract evaporation.

Quantification and statistical analysis

Statistical analysis was performed using Graphpad Prism 8 except for survival curves where
OASIS2 was used (Han et al., 2016). A two-tailed Student’s #-test was used to test between two
samples. One-way ANOV A with multiple comparison tests was used to compare among group.
Statistical significance is; *, p <0.05, ** p <0.01, *** p<0.001, **** p <0.0001. Bar graphs
were drawn as mean and SEM with all the data point shown by dots to allow readers to see the

number of samples and each raw data.
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